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Disclaimer 
 

“This report was prepared as an account of work sponsored by an agency of the United 

States Government.  Neither the United States Government nor any agency thereof, nor any 

of their employees, makes any warranty, express or implied, or assumes any legal liability 

or responsibility for the accuracy, completeness, or usefulness of any information, 

apparatus, product, or process disclosed, or represents that its use would not infringe 

privately owned rights.  Reference herein to any specific commercial product, process, or 

service by trade name, trademark, manufacturer, or otherwise does not necessarily 

constitute or imply its endorsement, recommendation, or favoring by the United States 

Government or any agency thereof.  The views and opinions of authors expressed herein do 

not necessarily state or reflect those of the United States Government or any agency 

thereof.” 

 



Abstract 

 SOFCs are a very promising energy conversion technology for utilization of fossil 

fuels.  The proposed project is to improve the viability of SOFCs by introducing a novel 

stacking geometry.  The geometry involved has all active SOFC components and the 

interconnect deposited as thin layers on an electrically insulating support.  This allows the 

choice of a support material that provides optimal mechanical toughness and thermal shock 

resistance.  The supports are in the form of flattened tubes, providing relatively high 

strength, high packing densities, and minimizing the number of seals required.  The 

integration of SOFCs and interconnects on the same support has several other advantages 

including the reduction of electrical resistances associated with pressure contacts between 

the cells and interconnects, relaxation of fabrication tolerances required for pressure 

contacts, reduction of ohmic losses, and reduction of interconnect conductivity 

requirements.   

 In this report, we describe the processing methodologies that have been developed for 

fabricating the integrated solid oxide fuel cell (ISOFC), along with results on 

characterization of the component materials:  support, electrolyte, anode, cathode, and 

interconnect.  Screen printing was the primary processing method developed.  A centrifugal 

casting technique was also developed for depositing thin 8 mol % yttrium stabilized 

zirconia (YSZ) electrolyte layers on porous NiO-YSZ anode substrates.  Dense pinhole-

free YSZ coatings were obtained by co-sintering the bi-layers at 1400oC.  After depositing 

La0.8Sr0.2MnO3 (LSM)-YSZ cathodes, single SOFCs produced near-theoretical open-circuit 

voltages and power densities of 0.55 W/cm2 at 800°C. Initial stack operation results are 

also described. 
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I. Introduction 
 

Solid oxide fuel cells (SOFCs) can be an important technology for the clean 

utilization of coal, since they can achieve high fuel efficiencies and the waste heat 

produced is at a relatively high temperature.  SOFCs can also utilize the by-products of 

coal gasification without anode poisoning.  Recent results show that they can oxidize 

hydrocarbons such as methane without reforming.[1-3] SOFCs have undergone 

considerable development over the past decade.  However, tubular-cell-based 

technologies such as that being developed by Siemens Westinghouse remain the only 

well tested approach for SOFC stacking.  Tubular stacks avoid sealing and manifolding 

problems inherent to planar stacks, but take a large volume for a given cell active area 

and can show significant ohmic losses related to current transport around the tube 

circumference through the (La,Sr)MnO3 (LSM) cathode. Another problem is the 

relatively poor mechanical toughness of LSM.[4,5]  This is typical of SOFC ceramic 

materials, which are optimized for electrical properties rather than mechanical toughness.   

Planar stacks can provide higher power-to-volume ratios than tubular stacks, but 

are not as mechanically robust as tubes and require excellent seals.  Another problem 

with many planar stack designs is that they require pressure contacts between separate 

SOFC and interconnect plates.  This places stringent requirements on the flatness of 

large-area ceramic plates, making manufacturing difficult and expensive.  Furthermore, 

there are often relatively high resistances associated with these contacts, which 

deleteriously effect stack performance.   

 Based on the above arguments, it is clear that a choice between tubular and planar 

stacks involves trade-offs.  The aim of this project is to demonstrate and test a stack design 



that combines the best features of the tubular and planar designs. In this approach, many 

thin-layer SOFCs and interconnects, connected in series, are deposited onto ceramic 

supports. We term this design an “integrated SOFC,” (ISOFC) because of the strong 

analogy with integrated circuits where many devices and interconnects are on a single chip.  

The main objectives of the project are to develop materials appropriate for 

ISOFCs operating over a range of temperatures, to develop fabrication procedures, to 

fabricate small integrated stacks, test them, and verify the advantages noted above.  The 

detailed technical objectives are summarized below: 

1) Determine an optimal support material.  This involves fabrication of a few different 

bulk cell support materials, testing their mechanical toughness, thermal shock 

resistance, surface finish, and porosity (the latter two are required for cell fabrication 

and effective cell operation).   

2) Develop processes for patterned deposition of (La,Sr)CrO3 (LSC) interconnect 

material, and verify that dense, conductive layers are achieved. 

3) Develop masks and mask alignment techniques allowing accurate patterned deposition 

of the fuel cell components with pattern resolution of < 0.1 mm.  

4) Develop processes for depositing patterned fuel cell components, using a colloidal 

deposition [18] process, i.e. screen printing.   

5) Demonstrate successful operation of integrated stack elements containing 5 to 20 cells 

and interconnects. 

 
 The following report describes progress realized in the first year of this project 

towards demonstrating the ISOFC concept.  Good progress was made towards all of the 

above objectives, except for e) where only 2- and 3-cell stacks were tested.  We describe 



the processing methodologies that have been developed for fabricating the integrated solid 

oxide fuel cell (ISOFC), along with result on characterization of the component materials:  

support, electrolyte, anode, cathode, and interconnect.  Note that a major change in the 

processing approach was made in the first six months of this project.  The proposed 

process, based on sputter deposition, was changed to colloidal processing by screen 

printing and co-sintering.  The reasons for this switch are as follows: 

1) Screen printing readily provides patterned deposits with the accuracy required for 

implementing the ISOFC design, 

2) Screen printing is a low-cost process that is widely used for preparing thick ceramic 

layers, and is rapidly being adopted by a number of SOFC developers.  Thus, the use 

of screen printing in this work will make for more ready adoption of this technology 

by developers, 

3) All of the ISOFC layers can be deposited by screen printing, allowing a unified 

process scheme as opposed to the proposed approach combining colloidal and sputter 

processing. 



II. Executive Summary 

SOFCs are a very promising energy conversion technology for utilization of fossil 

fuels.  The proposed project is to improve the viability of SOFCs by introducing a novel 

stacking geometry.  The geometry involved has all active SOFC components and the 

interconnect deposited as thin layers on an electrically insulating support.  This allows the 

choice of a support material that provides optimal mechanical toughness and thermal shock 

resistance.  The supports are in the form of flattened tubes, providing relatively high 

strength, high packing densities, and minimizing the number of seals required.  The 

integration of SOFCs and interconnects on the same support has a number of key 

advantages:  

1) Since the support is not an electrically active part of the stack, it can be chosen for 

optimal mechanical properties.   

2) Since there are no separate interconnect pieces, there is a reduction in the number of 

seals required.  Furthermore, the cells can be fabricated in the form of flattened tubes, 

such that a seal-less design similar to tubular stacks can be implemented while retaining 

the high power-to-volume ratios of planar stacks.  

3) Since the SOFC components and interconnects are in intimate contact, electrical losses 

related to pressure contacts are greatly reduced, improving stack performance.  

4) Since there are no separate interconnect pieces and fewer gas-flow channels, there is a 

reduction in stack volume and weight.   

5) Large integrated stack elements can be made by increasing the number of cells. Thus, 

there is no need to make very large area cells. 



The main objectives of the project are to develop materials appropriate for 

ISOFCs operating over a range of temperatures, to develop fabrication procedures, to 

fabricate small integrated stacks, test them, and verify the advantages noted above.  The 

following report describes progress realized in the first year of this project.  Good progress 

was made towards all of the above objectives, as summarized below:  

1) The support material and processing techniques were investigated in detail and 

initial optimization carried out using statistical design of experiments.  Different bulk cell 

support  materials were tested for mechanical toughness and porosity.   

2) Screen printing was chosen as a technique that allows accurate patterned 

deposition of fuel cell components with pattern resolution of < 0.1 mm.  This represents a 

change from the initially-proposed approach, which involved masked sputter deposition. 

3) Screen printing processes were developed for patterned deposition of Ni-YSZ 

anodes, YSZ electrolytes, (La,Sr)MnO3 (LSM) and (La,Sr)(Co,Fe)O3 (LSCF) cathode 

materials, and (La,Ca,Sr)CrO3 (LSCC) interconnect material. 

4) Conductivity of Ni-YSZ and LSCF electrode layers were measured, and it was 

found that the LSCF layers need to be thicker to satisfy sheet conductance requirements. 

5) Centrifuge and screen printing methods for YSZ electrolyte deposition were 

developed.  Both techniques yielded thin dense electrolyte layers.  Power densities as 

high as 0.45 W/cm2 were achieved in conventional anode-supported SOFCs using the 

centrifuge process.   

6)  Initial demonstration of the ISOFC concept with two and three cells was 

achieved, although with relatively low voltages and power densities.   

 



III. Experimental 

 
A. Fabrication and Testing of Porous Supports 

 
Important properties for the ceramic support include (1) high  resistivity, (2) high 

strength and toughness, (3) a stable porous structure at the operating temperature, (4) low 

cost, and (5) a thermal expansion coefficient matching that of YSZ (CTE ≈ 10.5x10-6 K-1). 

The primary material investigated in this project is partially-stabilized Zirconia (PSZ), 

which has excellent thermal expansion match with YSZ.  The partial stabilization results in 

transformation toughening and also results in a substantially lower ionic conductivity that 

fully stabilized zirconia.  In the experiments described below, PSZ processing was 

developed to produce high strength supports with reasonable porosity, and the effect of the 

electrical conductivity on shunting the SOFCs was estimated. 

1. Substrate Optimization 
 
 Ceramic supports were fabricated using standard ceramic processing techniques, 

i.e. calcining the as-purchased powder to vary particle size, thoroughly dry-mixing the 

powder with pore former, uniaxially pressing the mixture into pellets, and finally sintering.  

Archimedes density measurements and scanning electron microscopy were used to analyze 

the porosity and structure of the supports. In order to investigate the factors that most affect 

substrate porosity and strength, an experiment was designed using the D-Optimal method, 

which attempts to pick the trials that will give the most information based on the 

parameters in the experiment.  The factors and levels used in the study are listed below in 

Table 1. 

 



 
Table 1: Factors and levels examined in the substrate porosity study 

 
Factor Level 1 Level 2 Level 3

Material
Partially Stabilized 

Zirconia (PSZ, 3 mol% 
Y2O3, Tosoh TZ-3YS) 

Yttria Stabilized Zirconia 
(YSZ, 8 mol% Y2O3, 

Tosoh TZ-8YS) 

PSZ with 20 wt% 
Al2O3 (PSZ-A, 

Tosoh TZ-3Y20A) 
Calcining Time (hr) 2 3 4

Calcining Temperature 
(Celsius) 900 1000 1100

Filler (starch) amount 
(wt%) 5 10 15

 
 

 Powders (all from Tosoh) were mixed with appropriate filler (starch) and uniaxially 

pressed into four 1-inch diameter pellets.  The filler was burned out at 400ºC for 2 hours 

with a ramp rate of 5ºC per minute.  The samples were then sintered at 1200ºC for 6 hours 

with a ramp rate of 10ºC per minute.  Half of the pellets were set aside for mechanical 

testing, while the other half were sintered at 1400ºC for 6 hours to simulate the high 

temperature conditions that would be used in fuel cell fabrication.  One of the high 

temperature samples was used to measure porosity by the Archimedes method, using water 

as the fluid.  The biaxial flexural strength of all the samples was determined using the Ball-

on-Ring method.[6] Multiple regression analysis was used to formulate models for porosity 

and flexural strength in terms of the factors studied. 

2. Substrate resistivity 

 In order to investigate the effects of current shunting by the porous PSZ support, 2-

point conductivity measurements were performed on round PSZ pellets with about 30 vol% 

porosity and a thickness of about 1.5 mm.  Electrical contacts were made by painting silver 

squares on the flat sides of the pellets and attaching silver wires (see Fig. 1).  Resistance 

was read directly from the two contacts. 

 
 



 

 
Figure 1: 2-point conductivity measurement of porous PSZ substrate 

 
B. Screen Printing of ISOFC Layers 

1. Fabrication procedure 

 The anodes consisted of NiO (Baker) and YSZ (Tosoh) in a 70:30 weight ratio, 

translating to roughly 55 vol% Ni in the reduced state.  The material was sintered at 1200ºC 

for 6 hours after screen printing.  The cathodes consisted of La0.6Sr0.4Fe0.8Co0.2O3 (LSFC) 

and Gadolinium-doped Ceria (GDC) in a 1:1 weight ratio, which were sintered at 900ºC for 

3 hours after screen printing, or La0.8Sr0.2MnO3 (LSM) and YSZ in a 1:1 weight ratio, 

which were sintered at 1200oC for one hour.  All prints were made with inks formed by 

mixing the above powders with Heraeus vehicles, which consist mainly of ethyl cellulose 

and terpineol.   

 For the four-cell stacks described below, the processing procedure was as follows.  

The anode (Ni-YSZ), electrolyte (YSZ), and interconnect (La0.65Sr0.2Ca0.16CrO3) were 

printed in that order, with a drying step after each layer, then subsequently co-fired at 

1400°C for 6 hours.  The cathode was then printed, dried, and the stack was sintered under 

the conditions described above.   

R



 

2. Electrode conductivity measurement 

Two-point electrical conductivity was measured for screen-printed anodes and cathodes. 

Silver contacts were made to both ends of the anode strip, which was printed on a porous 

PSZ substrate (Figure 2). 

 

 
 
 
 
 
 
 
 
 

Figure 2: Schematic of anode conductivity test 
 
 
C. Centrifugal Casting of Electrolyte Layers 
 
 Tests of the electrolyte fabrication method were done by preparing conventional 

anode-supported SOFCs. Ni-YSZ anode substrates were made by mixing YSZ powder 

(Tosoh) and NiO powder (Baker) in a weight ratio of 1:1. The powder was mixed with 

acetone and ball milled for about 30 hrs. 6 wt% starch was then added to the mixed 

powders and ball milled for another 2 hrs before being dried and pressed into pellets.  The 

pellet diameter was 20mm and thickness was 0.5mm.  An initial calcining was done at 

1000°C for 6 hours. 

 The YSZ slurry was prepared from 1 gram of YSZ powder (Tosoh) mixed with 200 

ml ethanol and sonicated for 1 hour to get a stable suspension or slurry. 

R 



 The Ni-YSZ substrates were placed in a vessel with a flat bottom and 10 mL of the 

slurry added along with 10 mL of ethanol.  The vessels were then placed in a centrifuge 

with a radius of 20 cm for 30 min at 1500 rpm.  In the centrifugal field, the ceramic 

particles in the suspension are forced down to the surface of the substrate to form a coating 

– the supernatant was clear after the centrifuge process.  After decanting the supernatant, 

the wet green body was allowed to dry. The coated pellets were dried in open air for more 

than 8 hours, sintered at 1000°C for 4 hours, and then 1400°C for 4 hours. 

 For the cathodes, La0.8Sr0.2MnO3 (LSM) (Praxair) was mixed with YSZ (Tosoh) 

in the weight ratio of 1:1.  A binder (Heraeus V737) was added to the mixed powder to 

make a slurry. The slurry was applied onto the YSZ electrolyte coating side of the coated 

pellet and then sintered at 1200°C for 4 hrs. Pt current collector grids were made by 

painting Pt paste (Heraeus, CL11-5100) on both the anode and cathode. The anode side 

of the cell was attached to one end of an alumina tube. The attaching and sealing were 

realized by applying silver paste (Hereaus, C1870).  Cell tests were carried out by 

flowing H2+3%H2O at ≈30ml/min to the anode side while the cathode was exposed to 

ambient air.   

 
IV. Results and Discussion 
 
A. Support Characterization Results 

 A representative three-dimensional plot of the flexural strength (Fig. 3) shows that 

PSZ generally has the highest strength, followed by PSZ-A and finally YSZ.  As expected, 

higher filler content results in lower strength due to increased porosity.  Figure 4, a strength 

plot holding material and filler content constant, shows a very slight decrease in strength 

with increasing calcining time and an apparent maximum with calcining at 1000ºC.  



Plotting the porosity at a calcining temperature and time of 1000ºC and 2 hours (Figure 5), 

respectively, shows a general increase in porosity with increasing filler content, as 

expected.  PSZ and PSZ-A show overall higher porosity than YSZ.  Holding the material 

(PSZ) and filler content (15 wt%) constant (Figure 6) shows very weak dependence of 

porosity on calcining time and temperature; the variations in porosity shown are easily 

attributable to error associated with the Archimedes method.  Comparing Figures 3 and 5 

with Figures 4 and 6, it is clear that the material and filler amount most affect the substrate 

strength and porosity.  Based on all the data, a good substrate formula for development of 

the ISOFC consists of PSZ calcined for 2 hours at 1000ºC with 15 wt% of added filler.  

Further experiments are recommended to verify the validity of the models calculated in this 

study.  Note that linear shrinkages remained essentially constant at ≈ 20% in all cases. 
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B. Estimation of Support Leakage Current 

 One issue with PSZ supports is their ionic conductivity, which can lead to a 

shunting of the ISOFC stack current, decreasing cell voltage and efficiency.  Initial studies 

were done to estimate this leakage current using the following assumptions: 

• 10 cm x 10 cm ISOFC, 10% of cell area for interconnect 

• 45 2-mm-wide cells 

• 0.5 W/cm2 at 0.7 V (1.4 A, 31.5 V) 

Leakage currents calculated using the stack voltage and substrate resistance (derived from 

the substrate conductivity and dimensions) are listed below in Table 2.  Overall, the 

expected leakage currents are fairly small, < 4% of cell current at 800oC and < 1% at 

600oC, so cell performance should not be greatly affected by the substrate. 

 



Table 2: Porous PSZ substrate conductivity and calculated leakage currents at 
various temperatures 

T 600ºC 700ºC 800ºC

Conductivity 
(S/cm) 6.25 x 10-4 2.03 x 10-3 5.32 x 10-3

Leakage current
0.006 A
(0.42%)

0.02 A
(1.4%)

0.05 A
(3.6%)  

 
 

C. Electrode Conductivity 

 The ISOFC design requires that electrodes have sufficient conductivity to transport 

current across each cell without significant loss.  If one assumes a 0.6 Ωcm2 cell resistance 

(electrolyte ohmic loss and electrode polarization resistances) and 0.2 cm2 cell area (2 mm 

wide, 10 mm long), one obtains an individual cell resistance of 3Ω.  Assuming that the 

anode should contribute no more than one tenth of that measured resistance, its resistance 

should be 0.3Ω, which translates into a sheet resistance of 1.5 Ω/square.   

 Anode sheet resistances measured as shown in Fig. 2 are presented in Figure 7, 

which shows that the Ni-YSZ anode sheet resistance was well below 1.5 Ω/square.  Thus, 

Ni-YSZ anodes easily meet the conductivity requirements as expected.  Given that the 

electrode thickness was ≈ 10 µm, the Ni-YSZ conductivity was ≈1 x 103 S/cm in the 

500ºC-800ºC temperature range, in agreement with literature values.[7]   
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 The measured sheet resistances for cathodes consisting of La0.6Sr0.4Fe0.8Co0.2O3 

(LSFC) and Gadolinium-doped Ceria (GDC) in a 1:1 weight ratio, shown in Figure 8, are 

much higher than the desired 1.5 Ω/square.  The resistivity calculated for the thickness of ≈ 

10 µm at 800oC is 0.4 Ωcm.  The relatively high resistivity is presumably due to the high 

GDC content in the electrode; prior studies have shown that adding 50% of a poor 

conductor generally decreases the conductivity at least 10 times.  A relatively thick over-

layer of pure LSFC, on top of the LSCF-GDC, will be required to increase cathode 

conductivity.  (La,Sr)MnO3 has not been measured yet, but is expected to yield similar 

results.   
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C. Fabrication of Thin YSZ Electrolyte SOFCs By Centrifugal Casting  

 In this section, results on centrifugal casting of YSZ layers on Ni-YSZ anode 

supports are described.  The work was done in order to develop the process for use in 

ISOFC fabrication; by putting the layers on Ni-YSZ anode supports in this initial work, it 

was possible to evaluate the layers by single-cell SOFC testing.  In centrifugal casting, a 

suspension of ceramic powder is placed in a vessel and forced to settle onto a substrate by a 

centrifugal field.  This technique has the advantage of being simple, fast, and economical.  

Furthermore, very high quality layers are produced and thicknesses can be easily controlled 

over a large range.   

 Figure 9 shows the performance of a Ni-YSZ anode supported YSZ coating 

SOFC with LSM-YSZ as the cathode. The open circuit voltage (OCV) measured from the 

cell test is plotted in Fig. 10. The ideal OCV was calculated from the Nernst equation is 



also shown in Fig.10. The measured OCV agreed well with the calculated result, 

indicating that the YSZ electrolyte was fully dense and free of pinholes. The maximum 

power density of this SOFC was 0.45W/cm2 at 800oC.  The I-V curves show positive 

curvature, particularly at lower temperatures, indicating that there was a considerable 

overpotential component to the cell losses.  
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Fig.9 The performance of the Ni-YSZ anode supported YSZ coating SOFC with LSM-

YSZ cathode 
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Fig.10 The open circuit voltage (OCV) obtained from the cell test measurement 

compared to the theoretically calculated voltages. 

 

 

 

Figure 11.  Cross-sectional SEM image of the SOFC.  The Ni-YSZ anode-support is on the 

right, the YSZ electrolyte in the center, and the LSM-YSZ cathode on the left.  



 Fig.11 shows a cross-sectional SEM image of a SOFC after cell testing. It can be 

clearly seen that the YSZ coating is dense and has a thickness of ≈ 25µm. The anode shows 

a good uniform porosity.  At the interface of the electrolyte and the anode, the contact is 

very good. The cathode is also porous but shows some large scale pores along with a finer-

scale porosity. The cathode thickness was somewhat non-uniform with an average value of 

≈ 20µm.  

 Impedance spectra taken during a cell test are shown in Fig. 12. The semicircles, 

representing the combined anode and cathode interfacial resistances, decreased 

dramatically with increasing temperature as expected.  The left real-axis intercepts of the 

semicircles, representing the ohmic losses in the cell tests, also decreased with increasing 

temperature.  The information from Fig. 12 is listed in summarized in Table 3.  Also shown 

in Table 3 is the low-current cell resistance obtained from the slope of the I-V 

characteristics in Fig. 9.  The total cell resistance obtained from the impedance 

measurement matched very well with that obtained from I-V curves.   

 The calculated YSZ area specific resistance is also shown in Table 3.  At low T, the 

measured ohmic resistance agrees fairly well with the expected electrolyte resistance.  At 

higher T, on the other hand, it is clear that there is another ohmic loss besides the 

electrolyte.  These were believed to be wire losses in the cell test apparatus, because the 

YSZ area specific resistance at 800°C for a 25-µm-thick layer is ≈0.05 Ωcm2, a factor of 10 

less than the measured value.   
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Fig.12 Impedance spectra from the thin electrolyte cell at different temperatures 

 
Table 3. The resistance distribution of the fuel cell 

Temperature (°C) 600 650 700 750 800 

Rwc (Ωcm2)a 5.30 2.65 1.54 0.98 0.60 

Rwi (Ωcm2)b 5.3 2.7 1.6 1.0 0.6 

Rinterface (Ωcm2)d 4.3 2.0 1.1 0.5 0.2 

Rohmic (Ωcm2)e 1.0 0.7 0.5 0.5 0.4 

Interface loss 81% 74% 69% 50% 33% 

Ohmic loss 19% 26% 31% 50% 66% 

a. Whole resistance got from the I-V curve of the SOFC. 

b. Whole resistance obtained from the impedance spectra 

 
D. Demonstration of ISOFC Screen Printing  

 As noted above, screen printing was chosen because of its low cost (relative to 

technologies such as electrochemical vapor deposition and sputter deposition), its ability to 



produce patterns with 50 µm lateral resolution, and because all ISOFC layers can be 

deposited using this method.  The processing scheme was as follows.  First, the anode was 

deposited, followed by the electrolyte layer and the interconnect.  Second, these layers and 

the support were all co-sintered at 1400oC.  Third, the cathode layer was deposited.  Fourth, 

the cathode was sintered. 

 Figure 13 shows photographs taken of screen printed patterns showing the 

deposition sequence described above.  Below the photographs are schematic drawings 

showing cross-sections of the patterned layers.  This is perhaps not surprising given that the 

YSZ and PSZ powders were both made by the same process by Tosoh, such that the 

powders should sinter in a very similar manner. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13: Screen printed ISOFC layer images with cross-sectional drawings  
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Figure 14: Cross-sectional SEM micrograph of screen printed ISOFC layers
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 Figure 14 shows a cross-sectional SEM image of an ISOFC printed on a porous PSZ 

substrate.  The fired layer thicknesses are about 10 µm and the cathode and anode are visibly 

porous.   The YSZ electrolyte is fairly dense with only a small amount of closed porosity visible in 

the sample.  Furthermore, the substrate shows an open pore network, which allows gas transport to 

the electrode.  There were no catastrophic film failures (e.g. peeling or cracking) observed, so the 

shrinkages of the substrate and layers are in close proximity of one another.  There was, however, 

some slight sample curvature due to differential sintering, so further work must be done in order to 

achieve successful co-sintering.  Thus, this initial trial of ISOFC processing using screen printing 

and co-sintering shows that the desired patterning accuracy was achieved and each component 

showed the desired structure.  No electrical testing of these four cell stacks has been carried out at 

the time of this report. 

E. Initial Cell Test Demonstrations  

 Prior to using screen printing to deposit patterned layers, attempts were made to realize 

small 2 and 3-cell ISOFC stacks using the colloidal deposition process described in section C.  

Both the YSZ electrolyte and Ni-YSZ anode layers were deposited using this technique.  One 2-

cell ISOFC stack was fabricated using the centrifuge deposition technique for the anode (Ni-

YSZ) and electrolyte (YSZ) layers, with firing steps after each deposition.  Patterning was 

achieved by using masks of adhesive tape during the centrifuge process.  The LSFC-GDC 

cathode was hand painted and fired, after which a platinum interconnect was painted on and 

current collectors were applied.  Silver wires were attached to the anode and cathode current 

collectors and voltage and current characteristics of the stack were measured in hydrogen (Figure 

15).  The results of the test are shown in Figure 16.  

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Fuel cell test schematic 
 
 

 
 

Figure 16: Fuel cell test results, 2-cell stack 
 
 
 Though the power density was low (8 mW/cm2 at 750°C), the stack did demonstrate that 
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V. Conclusions 

 We have addressed some of the key issues pertaining to the development of the ISOFC: a 

resistive porous substrate, electrically conductive electrodes, accurate patterned deposition, dense 

electrolyte and porous electrodes, approximate substrate-layer shrinkage match, and a preliminary 

demonstration of the device.  The basic results and progress made can be summarized as follows: 

1) The support material and processing techniques were investigated in detail and initial 

optimization carried out using statistical design of experiments.  Different bulk cell support  

materials were tested for mechanical toughness and porosity.  An optimal PSZ support 

composition was determined and processing conditions that achieved good strength and porosity 

were determined. 

2) Screen printing was chosen as a technique that allows accurate patterned deposition of 

fuel cell components with pattern resolution of < 0.1 mm.  This represents a change from the 

initially-proposed approach, which involved masked sputter deposition.  It was shown that screen 

printing achieved sufficient lateral resolution for the ISOFC design. 

3) Screen printing processes were developed for patterned deposition of Ni-YSZ anodes, 

YSZ electrolytes, (La,Sr)MnO3 (LSM) and (La,Sr)(Co,Fe)O3 (LSCF) cathode materials, and 

(La,Ca,Sr)CrO3 (LSCC) interconnect material.  Layers with the desired porosity (or density) 

were obtained. 

4) Conductivity of Ni-YSZ and LSCF electrode layers were measured.  Ni-YSZ layers 

showed the desired conductance, but LSCF-GDC cathode layers were not conductive enough.  

Thus, additional pure LSCF layers are required for the cathodes to satisfy sheet conductance 

requirements. 



5) Centrifuge and screen printing methods for YSZ electrolyte deposition were developed.  

Both techniques yielded thin dense electrolyte layers.  Power densities as high as 0.45 W/cm2 

were achieved in conventional anode-supported SOFCs using the centrifuge process.   

6)  Initial demonstration of the ISOFC concept with two and three cells was achieved, 

although with relatively low voltages and power densities.   

 In future work, further microstructural and electrical characterization of the components 

will be conducted, particularly of the cathode and interconnect, to ensure that they have the 

properties for proper cell function.  Various materials and configurations (multi-layer structures, 

mixtures with electrolyte materials to extend triple-phase boundaries) will be investigated as 

possible cathodes.  LaCrO3 is being synthesized by the glycine-nitrate process and x-ray diffraction 

will be used for phase analysis after firing to identify undesirable products.  Since the LaCrO3 

interconnect is difficult to sinter to full density at the temperature used for the anode and electrolyte 

layers, a platinum interconnect will be used in the meantime to obtain a demonstration of the 

concept using screen printing.  The screen printing process will be continuously refined in order to 

achieve uniform, well-defined patterns.  Finally, the substrate will be further optimized and a 

thermoreversible gel-casting technique will be investigated as a possible substrate fabrication 

method. 
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