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|. INTRODUCTION

Competitive Innovation:
Accelerating Technology Development

The Administration’s Office of Management and
Budget recently cited the Solid State Energy Conversion
Alliance (SECA) program as leading the way in
Government-industry partnerships.

“The SECA program leverages private-sector
ingenuity by providing Government funding to Industry
Teams developing fuel cells, as long as the Teams
continue to exceed a series of stringent technical
performance hurdles. This novel incentive structure
has generated a high level of competition between the
Teams and an impressive array of technical approaches.
The SECA program also develops certain core
technologies that can be used by all the
Industry Teams to avoid duplication of effort.
The program exceeded its 2005 performance
targets, and it is on track to meet its goal for

an economically competitive technology
by 2010”

The U.S. Department of Energy
(DOE) Office of Fossil Energy, through
the National Energy Technology
Laboratory (NETL) and in collaboration with the Pacific
Northwest National Laboratory, is forging government/
industry partnerships under SECA to reduce the cost
of fuel cells and to develop fuel cell coal-based systems
for clean and efficient central power generation. These
goals equate to removing environmental and climate
change concerns associated with fossil fuel use while
simultaneously establishing a foundation for a hydrogen-
based economy and a secure energy future in the United
States. With the successful completion of the first
cost reduction phase in fiscal year (FY) 2006, SECA is
one step closer to realizing its vision of cost-effective,
near-zero-emission fuel cell technology for commercial
applications.

Launched in 2000, SECA is an inventive
collaboration between government, the private
sector and the scientific community to accelerate the
development of modular, low-cost, fuel-flexible solid
oxide fuel cell (SOFC) systems that can operate on coal
gas, natural gas, bio-fuels, diesel fuel and hydrogen. This
approach will facilitate deployment into the marketplace
by making SOFCs fuel flexible and an affordable option
for energy generation. SECA’s DOE mission is to have

Office of Fossil Energy Fuel Cell Program

its fuel cell systems ready for FutureGen, soon to be the
world’s cleanest coal-fueled power plant.

The SECA cost reduction goal is to develop and
design SOFCs capable of manufacture at $400 per
kilowatt (kW) by 2010. Concurrently, SECA coal-based
systems will scale and integrate SECA SOFC technology
for delivery to FutureGen in 2011. Development of large
(greater than 100 megawatts) SOFC power blocks will
enable affordable, efficient, and environmentally-friendly
electrical power from coal. Key system capabilities to be
proven by 2015 include 50 percent or greater integrated
gasification combined cycle (IGCC) plant efficiency in
converting the energy contained in coal (higher heating
value, HHV) to grid electrical power; the capture of 90
percent or more of the carbon contained in the coal fuel

(as CO,); elimination of NOx to well below levels

of environmental concern; and a cost of $400/kW
for the fuel cell power block, exclusive of the coal
gasification unit and CO, separation subsystems.

The alliance is comprised of three groups:
Industry Teams, Core Technology program

participants, and federal government
management. The Industry Teams design
the fuel cells and handle most hardware

and market penetration issues. The
Core Technology program is made up

of universities, national laboratories,

small businesses, and other R&D
organizations and addresses applied technological issues
common to all Industry Teams. Findings and inventions
under the Core Technology program are made available
to all Industry Teams under unique intellectual property
provisions that serve to accelerate development. The
federal government management facilitates interaction
between Industry Teams and the Core Technology
program, as well as establishes technical priorities and
approaches.

Across the United States, SECA Core Technology
participants are working on dozens of fuel cell
projects, led by the brightest minds from leading
universities, national laboratories and businesses. These
competitively selected projects work together to provide
vital R&D and testing in support to the Industry Teams.

In the same spirit of healthy competition, the
Industry Teams leverage the collective ingenuity of
the Core Technology participants to independently
pursue innovations in fuel cell design that can be mass-
produced at lower cost. Focusing on Cost Reduction
and Coal-Based Systems, the Industry Teams are
working to solve the challenges of fuel cell technology,

FY 2006 Annual Report
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SECA CORE TECHNOLOGY & ADVANCED RESEARCH PARTICIPANTS
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each using different design and manufacturing
approaches. As a result, the SECA program is rich in
innovation, allowing it to reach its goals much faster.

Annual Report Sections

The Office of Fossil Energy and NETL are pleased
to present this FY 2006 Office of Fossil Energy Fuel Cell
Program Annual Report, a compilation of abstracts from
the fuel cell projects managed through these offices.
These abstracts are divided into sections as detailed
below.

SECA Cost Reduction: To achieve cost targets,
Industry Teams are engaged in refining and validating
advanced technology in 3-10 kW SOFC modules that
can be mass produced, aggregated, and scaled to meet a
broad range of applications. This development activity
is blending established manufacturing processes with
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state-of-the-art fuel cell technology advancements in
order to leverage the advantages of economies of high-
volume production. It also requires reaching a full
spectrum of large markets, such as auxiliary power units
(APUs) for trucks and recreational vehicles. SOFC-
based APUs provide on-board power while the vehicle
engine is off, addressing the challenges of anti-idling
legislation enacted in many states while at the same
time establishing production capacity to reduce cost and
enable delivery of large SECA systems to FutureGen
and the new breed of coal plants that follow. Additional
markets include residential-commercial-industrial
power, a wide range of distributed power generation,
and specialized applications for the military. Producing
a common module for these vast markets will create the
opportunity for the high-volume production required to
reduce cost to the necessary level.

SECA R&D: The Core Technology program
provides comprehensive applied research support in five
focus areas. This structure and the provisions in place
reduce cost by leveraging resources so that all Industry
Teams do not engage in separate applied research
programs paying multiple times for the same research
done once in the Core program. This approach also
ensures that only major issues are addressed. SECA
R&D’s goal is to raise the technology bar in large strides
rather than small steps. Core program areas are also
funded by special topics under Science Initiatives, Small

Office of Fossil Energy Fuel Cell Program
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Business Innovative Research, Basic Energy Sciences,
University Coal Research, and Historically Black
Colleges and Universities. The Core Technology focus
areas include the following:

e  Materials and Manufacturing — Research focuses
on improved reliability, improved performance,
ability to tolerate any fuel or air contaminants, and
reducing cost;

e  Fuel Processing - Develop fuel processing
technologies that will meet application requirements
such as zero water addition, space and volume
constraints, and transient capability;

e Power Electronics — Optimizes fuel cell power
system efficiency and cost in conversion of fuel
cell output to usable DC (direct current) and AC
(alternating current) power;

e  Modeling and Simulation - Creates design models
to determine a reliable operating space and guide
manufacturing; and

e Balance of Plant - Focuses on high temperature
heat exchangers and blowers to enable achieving
high efficiency, low cost, and a simple system.

SECA Fuel Cell Coal-Based Systems: To address
the issue of scalability and incorporation into IGCC
plants, DOE integrated the SECA Cost Reduction
activities with the SECA Coal-Based Systems program.
The goal of this program element is to develop and
demonstrate the fuel cell technology required for central
power stations and provide a power block to FutureGen.
It leverages the advances made in SOFC cost reduction
and technology under the SECA program by extending
that technology to large central power generation. Three
Industry Teams will transition their SECA cost reduction
projects into SECA coal-based systems projects and
develop systems for fuel cell incorporation into an
IGCC plant. All SECA Industry Teams will continue
SECA cost reduction activities through 2010 with the
best fuel cell stacks available for delivery to FutureGen.
It is anticipated that the best technology from any
Industry Team will be available for incorporation into
one or more of the SECA coal-based systems projects in
preparation for operation at FutureGen.

Fuel Cell Systems: The Hybrids program has
provided research advances in fuel cell systems by
linking technologies in a common system to generate
electricity from coal syngas at high efficiencies. Power
systems that contain a combination of high-temperature
fuel cells and integrated heat recovery devices (e.g., gas
turbines, steam generators, and Stirling engines) have the
potential for ultrahigh efficiency in converting fossil fuels
to electricity. The total efficiency of a hybrid system can
in principle be raised to greater than 70 percent (55%
demonstrated in small size), while NOx emissions are
essentially eliminated. Carbon dioxide reduction is also

Office of Fossil Energy Fuel Cell Program

facilitated through increased efficiency and capture. The
inherent ability to keep the fuel and air streams of the
fuel cell separated while producing power makes carbon
capture a particularly simple process.

Advanced Research: The High Temperature
Electrochemistry Center (HiTEC) was formed in 2004
to provide crosscutting, multidisciplinary research
that leads to advanced electrochemical technologies
minimizing the environmental consequences of using
fossil fuels in energy generation. HiTEC supports
future advances in the SECA and Office of Fossil
Energy Coal and Power programs by developing novel
electrochemical energy-conversion and integrated
technologies that advance the efficiency, reliability,
and cost goals of fuel cell systems beyond what can be
accomplished in the next five to ten years.

FY 2006 Key Program Accomplishments

SECA Cost Reduction: The Power of a Goal

The SECA program’s Industry Teams are hard
at work on the design and manufacture of a variety
of low-cost fuel cell prototypes. Recent testing of
these prototypes has demonstrated giant leaps made
toward fuel cell commercialization. Manufactured
with a scalable mass-production technique, these
SOEFC prototypes have exceeded all of SECA’s Phase
I targets for availability, efficiency, endurance, and
cost. Representative data include an availability of 90
percent, over and above the SECA Phase I target of 80
percent, and an efficiency of 41 percent in a 5.4 kW
system, surpassing the first SECA target of 35 percent.
The demonstrated superior efficiency in this small size
confirms the ability to achieve much higher efficiencies
in larger systems. And most significant of all, the $746/
kW system cost is well on its way to $400/kW by 2010.

2006 Annual SECA Workshop and Peer
Review Held in Philadelphia, Pennsylvania

The SECA program held its annual workshop,
including a peer review, during September 12-14, 2006,
in Philadelphia, Pennsylvania. Principal Investigators
of 26 projects provided presentations/oral briefings.

A panel of independent technical experts covering

all aspects of fuel cell technologies conducted peer
reviews of all the presented projects. The findings and
recommendations of the peer reviewers will be used by
the project managers to guide their future work and by
the Technology Development Manager at DOE to make
programmatic and funding decisions for the upcoming
fiscal years. The workshop proceedings and the peer
review report will be found on the program’s website at
http://www.netl.doe.gov/seca/.
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Summary

SECA has surpassed its first set of cost reduction
targets providing strong confidence in the 2010
$400/kW goal. By developing fuel cells to operate cost-
effectively on coal gas as well as natural gas,
bio-fuels, diesel, and hydrogen, it is building a bridge
to the hydrogen economy while solving today’s
environmental, climate change, and fuel availability
issues. The once distant vision of using clean, low-cost
fuel cell technology for everyday applications is now
within reach.

As these progress reports show, the SECA program
is on track to meet its goals of producing efficient,
affordable, low-emission, and robust fuel cells that are
able to operate using the current fuel production and
distribution infrastructure. The combination of basic
R&D and application of the new technologies developed
by the Industry Teams is proving to be highly effective.
The fuel cell technology being developed by SECA
has application to residential and commercial power,
industrial combined heat and power, transportation
APUs, and the primary goal of mega-watt scale units for
advanced power plants using coal with high efficiency,
carbon capture, and very low emissions. These advances
will permit the production of power from coal in any
state in the U.S. without environmental concern,
ensuring a secure and economical energy future.

FY 2006 Annual Report
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I.1 Development of a Low Cost 10 kW Tubular SOFC Power System

Objectives

Design of a common low cost generator to meet all
chosen markets.

Development of an anode supported micro-tubular
cell capable of twice the power density presently
achieved.

Design, build, and test an inverter with 94%
efficiency for conversion of DC to AC electricity.
Prototype testing of a natural gas fueled unit
meeting and exceeding SECA Phase I goals.

Accomplishments

Successful Fabrication and Testing of a Closed
End Isopressed Anode Tube: Anode tubes,
presently fabricated by extrusion, have been
manufactured through isostatic pressing containing
an integral closed end. Successful completion

of this development allows the reduction in the
number of steps required to make an anode tube
from four to one significantly decreasing cost. This
process also decreases the total manufacturing
operation by removing the need for a metallic braze
cap presently used to form a closed end.

Exceed 250 mW/cm? on Multiple Interconnection
Cells: A number of multiple interconnection cells
have been manufactured achieving >250 mW/cm>
This increases the average value from 120 mW/cm?
thereby cutting the required number of cells in half
for the same power level as well as cutting cost in
half.

Demonstrate a Tubular SOFC Achieving

>60 W/tube: Further advancements in larger
diameter tube technology and multiple take-off
connections have been integrated into a single
cell design. Previous advancements in isopressing
technology have also been incorporated. These
advancements take the single cell power from

5 W/tube at the start of the SECA program to
>60 W/tube.

Norman Bessette

Acumentrics Corporation

20 Southwest Park

Westwood, MA 02090

Phone: (781) 461-8251; Fax: (781) 461-8033
E-mail: nbessette@acumentrics.com

DOE Project Manager: Heather Quedenfeld

Phone: (412) 386-5781
E-mail: Heather.Quedenfeld@netl.doe.gov

Office of Fossil Energy Fuel Cell Program

e Cell Testing Exceeds 13,000 hours of Operation:
Cells that have been on test for 12,253 hours
(59 thermal cycles) and 13,429 hours (70 thermal
cycles) have been taken off test for analysis. These
cells operated at or above 75% fuel utilization for
the entirety of the test achieving high efficiency.
The results of this post-test analysis will be used to
enhance further generations of anode supported
SOFCs.

e Ceramic Interconnection Stack Test Exceeds
2,400 hours of Operation: The first small stack
test incorporating ceramic interconnections has
exceeded 2,400 hours of operation and completed
thirteen thermal cycles. To date, there has been no
noticeable power degradation.

o Prototype Assembly: A prototype system has
been partially fabricated to complete SECA Phase
I testing. This system incorporates the latest cell
technology advancements as well as generator and
balance of plant (BOP) enhancements. The unit
will be tested in the next few months according to
the outlined SECA test plan.

Introduction

The Acumentrics SECA project has focused on
the design and manufacture of micro-tubular SOFC
power systems approaching twice the power density
now achieved from state-of-the-art anode supported
tubular designs. Based upon DOE funding and a
focused research effort, these cells are now very near
to achieving this goal. These units will be capable of
entry into the telecommunication, remote residential,
and military markets. Operation on fuels including
natural gas and propane will be developed for the
telecommunication and remote residential markets.
Operation on liquid fuels, including diesel and JP-8, will
be developed for the military markets.

Working with Acumentrics to define market
segments and market requirements are a number of key
investors that are strategic players in their respective
markets. They include:

e  Chevron Texaco for remote markets and liquid fuels.
e  General Dynamics for liquid fuels as well as military

operations.

e Northeast Utilities and NiSource for integration in
the natural gas and electricity infrastructure.

e Sumitomo Corporation of Japan for introduction
and product definition into the Japanese market.

FY 2006 Annual Report



Il. SECA Cost Reduction

Norman Bessette

Approach

To achieve the final SECA goal of a manufactured
unit cost of less than $400/kW, work can focus on
increasing cell power thereby decreasing the number
of cells per kilowatt or decreasing the cost of each
component. With such an aggressive goal, work
must focus on both paths. To increase cell power,
work is centered on improved materials as well as
enhancements in geometry. Cells with increased anode
conductivities to decrease electrical bus losses are being
investigated. Improved conductivity of cathodes is
also being investigated to decrease the potential loss
associated with the electrochemical reaction on the air
side. Increases in cell tube diameter as well as multiple
contact points along the length are also being studied.

For subsystem cost reductions, the machine
is divided into four major sub-systems: the SOFC
generator, the control system, the power conditioning
system, and the fuel and airflow system. In the SOFC
generator, advanced materials and manufacturing
techniques are being investigated including metal
injection molding (MIM) as well as metal stampings.
Vacuum cast insulation to near net shape is also being
considered. For the control system, a controller area
network bus (CANBUS) architecture is being developed
as well as integration of control of all valves and
power electronics. For the power electronics sub-
system, the focus is on improving the overall DC/AC
conversion efficiency to avoid excessive losses which
compromise overall system efficiency and require more
cells and therefore more cost. In the air and fuel sub-
system, removal of redundant components as well as
qualification of equivalent components at lower cost is
the path chosen.

Results

Single Cell Power

In the past fiscal year, substantial advancements
have been made in increasing individual cell power.
To achieve the Phase III SECA goal of <$400/kW,
continual strides must be made in cell power to reduce
the number of cells as well as overall size of the
machine. By decreasing size and weight, there is a direct
relationship with overall cost at high volumes. Figure
1 shows the progress in increasing the power/tube
from the Acumentrics anode supported cell. The lower
curves, achieved in the 2002 to 2003 timeframe, show
a cell with a peak power of 7-15 W/tube. In the late
2005 timeframe, power was enhanced to >60 W/tube
representing a 4-8x increase in power from a single tube.
What is also worth noting is that the same number of
manufacturing steps is required for the 7 W tube as those
needed for a 60 W tube.
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FIGURE 2. Single Cell Performance Stability

Performance stability of these latest high power
cells has also been improved from those of the 2002
pre-SECA stage. Figure 2 shows a voltage versus time
plot for a group of five cells from the latest generation of
multiple interconnection cells. The plot shows that for
operating times exceeding 1,500 hours, the degradation
of these cells is well below the SECA Phase I and II
goals of <2% and <1%/500 hours and approaching
that of <0.1%/500 hours for Phase III. What should
be noted is that these operating times are nearing the
requirements for stand-by or peaking generators which
would be needed for 100 kW+ machines to offset high
demand loads. Cells of this vintage have now been
tested for >4,000 hours with very stable performance
and will continue to validate the requirements of 40,000
hours for continuous duty machines.

Stack Performance

In addition to substantial strides in cell
performance, significant progress has been made in
stack performance. To complete the SECA Phase I
machine testing, the unit must complete >1,500 hours
of operation with >80% availability, >35% efficiency,
and <4%/1,000 hours degradation. To validate the

Office of Fossil Energy Fuel Cell Program
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Acumentrics design, a 24-cell stack was tested under the
Phase I test conditions to assure that these conditions
could be met. Figure 3 shows the performance timeline
for this stack for a greater than 2,000-hour run. As can
be seen in the figure, the unit ran for greater than 1,900
hours and achieved an availability of >88%. A peak
efficiency of 35.2% was achieved and a degradation

of 1.2%/1,000 hours was achieved. Based upon these
results, Acumentrics is confident in their ability to pass
the SECA Phase I performance goals.

Generator Design

Work has continued in cost reduction of the
generator design with the goal of a simple system to site
and operate requiring a minimal amount of site services.
Figure 4 shows the existing system capable of achieving
>5 kW electrical output. This system is mounted in a
NEMA 3R cabinet for outdoor installation with two
separate cabinet spaces: one for the fuel cell generator
and gaseous balance of plant components and the
other for the electrical and control devices. Progress
has been made in advancing both metallic and ceramic
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recuperators for thermal recovery on the SOFC stack
side as well as cost and power reduction on the valve
and blower components. All of these improvements
reduce the parasitic load thereby increasing the overall
net electrical output. On the electrical side, the
integration of a >98% efficient DC/DC converter as well
as a >949% DC/AC inverter has been progressing. This
unit will be packaged and integrated into the existing
machine in the next fiscal year.

Conclusions and Future Directions

Continual advancements have been made
toward the SECA cost and performance targets in the
Acumentrics’ SOFC project. These advancements can
be summed as:

e Cell power densities exceeding 250 mW/cm?” or 2x
greater than previous technology.

e Individual cell power exceeding 60 W/tube or 4-8x
previous limits.

e  Stack stabilities with slightly over 1%/1,000 hour
degradation or only 30% of the SECA allowable
target.

e  Generator design with significant size and weight
reductions over pre-SECA designs well suited for
mass production.

The following activities are planned to futher
advance progress toward the SECA targets:

e Complete SECA Phase I Generator Performance
Testing: The SECA Phase I generator is nearing
completion of manufacture. The test plan is near
final review between Acumentrics and the DOE
project manager. The unit will then be tested
according to this plan.

e  Complete 95% Efficient Inverter Development:
By demonstrating the integration of an inverter
capable of over 95% efficiency versus the market
standard of 82-90%, overall system efficiencies
can rise by nearly 5 percentage points. This
improvement in overall efficiency can be taken as
fuel savings to reduce the overall cost of electricity
(COE). Another option is to operate the fuel cell
stack at a lower cell voltage point thereby increasing
the individual cell power requiring fewer fuel cells
and less overall capital cost.

e  Complete Preliminary Testing on Liquid Fuels
and Integration with an SOFC Stack: Preliminary
tests on liquid fuel delivery to single SOFC
tubes has been completed in the past with good
success. To further evolve to a complete machine,
existing reformer technology for liquid fuels will
be integrated with an SOFC stack to determine
issues such as thermal balance, flow distribution,

FY 2006 Annual Report
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and potential carbon formation. These results will
be used to successfully design a complete system
capable of operation on commercially available
liquid fuels.

FY 2006 Publications/Presentations

1. “Status of the Acumentrics SOFC Program”,
N.F. Bessette, Presented at the 2005 Fuel Cell Seminar,
Palm Springs, CA, November 16, 2005.
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1.2 10 kW Solid Oxide Fuel Cell Power System Commercialization

Objectives

e Demonstrate SOFC stacks that achieve target
performance, stability, and cost.

e Develop a waterless catalytic partial oxidation
(CPOX) or zero net water autothermal reforming
process that efficiently and cost effectively converts
ultra-low sulfur diesel fuel (ULSD) into a hydrogen-
rich synthesis gas for mobile applications.

e Develop a SOFC hot box (an insulated enclosure
containing SOFC stacks, manifolds, heat
exchangers, start-up burner, and reformer) design
that is compact and can be mass-produced at a cost
meeting the SECA Phase 1 cost target.

e Design and develop a SOFC system balance of plant
(BOP), including air and fuel supply systems, that
meets the cost and reliability targets.

¢ Demonstrate a control system to manage the SOFC
power system, including regulation of fuel and air
flows, management of electrical power generation,
and load sharing. The control system must operate
in conjunction with an energy storage system
through start-up, steady-state and transient loads,
and shut-down including emergency shut-down
without damage to the SOFC stack.

e Demonstrate an efficient electrical power
conditioning system to convert DC voltages and
invert to produce useable AC output.

Accomplishments

e Redox tolerance of a cell has been improved as
compared to a standard cell through the use of
modified materials and thermal processing. This
reduces redox degradation by more than 50%.

e A sulfur-tolerant anode was proposed, constructed
and tested with target levels of H,S addition with

Daniel Norrick

Cummins Power Generation

1400 73 Avenue NE

Minneapolis, MN 55432

Phone: (763) 574-5301; Fax: (763) 528-7229
E-mail: Daniel.a.norrick@cummins.com

DOE Project Manager: Heather Quedenfeld

Phone: (412) 386-5781
E-mail: Heather.Quedenfeld@netl.doe.gov

Subcontractors:
Versa Power Systems, Inc., Denver, CO
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promising results. Further investigation will be
conducted to confirm the mechanism and validate
the results.

e A baseline compressive seal has been reformulated
to improve compliance in stack assembly. These
improved seals achieved compression targets as the
design intended, and have been tested with single
cell, short and tall stacks with positive results.

e Control hardware and software have been
developed to provide steady-state and transient
control of a SOFC system.

e The Phase 1 deliverable prototype BOP, including
air and fuel supply systems, is nearing completion
and scheduled to begin testing in August.

e Significant progress in identifying, characterizing,
and applying cost-effective BOP utilizing high
volume, low cost, mass production components
from industrial and automotive sources.

Introduction

Solid oxide fuel cell power systems offer the
potential to generate electrical power from hydrogen or
hydrocarbon fuels cleanly, quietly, and efficiently. The
objective of the Cummins Power Generation (CPG)-
Versa Power Systems (VPS) project is to design and
develop a 3-10 kW SOFC-based power system that can
be competitive with existing small diesel generating
systems in terms of cost and package size, but offer
significant benefits in efficiency, emissions, and lower
noise and vibration. Achieving these objectives requires
advancement in five major areas:

1. Cell, interconnect, and SOFC stack performance
and robustness.

2. Optimized manufacturing processes for production
of cells, interconnects, and stack assemblies.

3. System design, thermal integration, and packaging
of the hot components and sub-systems including
stacks, fuel reformer, heat exchangers, and
insulation system.

4. Control system for regulating air and fuel flows
to the stacks in proportion to electrical load and
operating temperatures, and for managing electrical
load distribution between the fuel cell and batteries
during steady-state and transient loading.

5. Electrical power conditioning, including DC voltage
boosts (converters) and DC to AC power (inverter).

FY 2006 Annual Report
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The team has made significant progress in all five
areas during 2006 and is on plan to meet the Phase 1
objectives of the SECA program.

Approach

The CPG-VPS approach coordinates development
in a number of major areas, including the development
of planar solid oxide fuel cells, metallic interconnects,
and stacks as well as parallel development in planar
SOFC manufacturing and scale-up for economic
manufacturing. Parallel work will focus on development
of a diesel fuel reforming system compatible with
application requirements, fuel cell BOP, fuel cell and
power electronics system controls, and electronic power
conditioning.

Specifically, the CPG-VPS team is conducting work
to develop and evaluate advanced solid oxide fuel cells
that provide the required performance and durability
using ULSD reformate. Part of that development
requires conducting a progressive sequence of SOFC
stack tests to validate development of materials and
assembly methods for useable stacks that can achieve
high fuel utilization and low degradation rates. In
order to support the proposed application, we will
develop a diesel reforming process and scale-up the
reformer to system sized units, design and develop a hot
box subsystem which can be integrated into complete
SOFC power systems, and develop control hardware
and software required to regulate system operation.
Finally, we will integrate the BOP components, hot
box subsystem, and controls into a working deliverable
prototype, initiate prototype operation with stack
simulators to shakedown the system, install fully
operable SOFC stacks and conduct operation of the full
prototype through the SECA Phase 1 test sequence.

Results

Development work has continued to improve
cell performance, primarily through the development
of sulfur tolerant electrodes and cells with good
performance at reduced methane levels.

CPG demonstrated a high-efficiency inductor-based
DC-DC boost system which will be used to control
current flow and voltage supply to the inverter section
from the fuel cell stacks. The efficiency characteristics
of the boost as configured for the Phase 1 deliverable
unit are shown in Figure 1. A second transformer-based
DC-DC bi-directional boost is developed to provide and
regulate a mix of energy flows from the fuel cell and the
system’s battery pack.

Redox tolerance of a cell has been improved as
compared to a standard cell through the use of modified
materials and thermal processing. Redox induced
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degradation has been reduced more than 50% as
compared to a standard cell.

A sulfur-tolerant anode was proposed, constructed
and tested at 1 ppm and 5 ppm by volume H,S
concentration with promising results. Further
investigation will be conducted to confirm the
mechanism and validate the results.

A baseline production compressive seal has been
reformulated to improve compliance in the stack
assembly. These improved seals achieved compression
targets as the design intended and have been tested in
single cells, short and tall stacks with positive results.

Conclusions and Future Directions

Conclusions drawn from work to date include
revised cells that exhibit improved tolerance to sulfur.
A fully integrated SOFC prototype system is on schedule
to demonstrate SECA Phase 1 metrics by the end
of 2006. A fully controllable DC-DC boost can be
provided at high efficiency consistent with cost targets,
and a preliminary commercialization requirements
document for SOFC APUs in recreational vehicle and
truck applications has been written.

Future directions include work to define and test
a solution to allow system start-up, shutdown and
operation without purge gas and without stack damage.
Work to define and test a solution to allow stacks to run
reliably and with low degradation on diesel reformate
with up to 5 ppm by volume hydrogen sulfide equivalent
in the fuel stream will be conducted, and seals and
assembly methods, including cost-effective methods of
manufacture, will be developed. Part of that work will
involve development of a robust and self-contained stack
clamping solution demonstrating progress consistent
with mobile applications. Instrumented short stacks
and ongoing optimization of materials and stack design
will be used to assemble stacks that demonstrate target
performance and power degradation rates at design
conditions for reformate supply and power.

Office of Fossil Energy Fuel Cell Program
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The team will complete the final tailoring and
development of the DC boosts for the fuel cell and
battery system, and complete the development and
integration of the control system with the fuel cell, BOP,
and power electronics.

Culmination of 2006 work will be the SECA Phase
1 evaluation test including steady-state and transient
evaluations and reporting results to NETL before
making the unit available to NETL, Morgantown for
evaluation.

Office of Fossil Energy Fuel Cell Program
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FY 2006 Publications/Presentations

1. Cummins Power Generation SECA Program Phase 1
Results and Experience, Presentation given at the Fuel Cell
Seminar 2005, Palm Springs, CA.
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1.3 Solid State Energy Conversion Alliance

Objectives

e Develop a 3-5 kW SOFC power system for a range
of fuels and applications.

o Develop and demonstrate technology transfer
efforts on a 3-10 kW stationary distributed power
generation system that incorporates endothermic
reforming of methane, and then natural gas.

e Initiate development of a 3-5 kW system for future
mass-market transportation auxiliary power unit
applications, incorporating endothermic reforming
of diesel and gasoline.

Accomplishments

e  Peak Power Performance-Delphi’s SECA
demonstration system produced peak power of
4.24 kW on methane, achieving the SECA Phase I
goal of 3-10 kW.

e Peak Efficiency-Delphi’s system demonstrated a
peak efficiency of 37 percent, exceeding the SECA
Phase 1 goal of 35 percent.

e Power Degradation-Delphi’s demonstration system
matched the SECA Phase I durability goal with
power degradation of just 7 percent over 1,500
hours of operation.

e Factory Cost-Delphi met the SECA Phase I goal of
$800.00 per kW by achieving an estimated $770 per
kw.

e Successful fabrication, integration and testing of
30-cell stacks in the SECA Phase I demonstration
system.

e Development of a capable reformer was
substantially accomplished as the SECA
demonstration system reformer design underwent

Steven Shaffer
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significant systems level durability testing with
minimal degradation.

e  Delphi’s BOP component hardware was
fabricated and tested for SECA Phase I. With
the commencement of system durability testing,
BOP design efforts focused on supporting system
hardware builds and maintaining hardware
currently on system test. Supplier sourcing activity
during this period included identifying future
prototype and production suppliers for process
air manifolds, and cast integrated component
manifolds.

Introduction

Delphi has been developing SOFC systems since
1999. After demonstrating its first generation SOFC
power system in 2001, Delphi teamed with Battelle
under the SECA program to improve the basic cell
and stack technology, while Delphi developed the
system integration, system packaging and assembly,
heat exchanger, fuel reformer, and power conditioning
and control electronics, along with other component
technologies. Compared to its first-generation system in
2001, the Delphi-led team has reduced system volume
and mass by 75 percent. By January 2005, the Delphi
team was able to demonstrate test cells to DOE with
power density more than required to meet the SECA
2011 goals.

In addition to its compactness, another key
advantage of the SOFC is its high system fuel-efficiency,
particularly when its high temperature co-product heat
can be used in combination with its high electrical
output. For example, SOFCs can be teamed with
gas turbines driven by the SOFC’s co-product heat
to potentially generate power at 55 percent to 80
percent thermal efficiency (depending on scale and fuel
used). This is significantly more efficient than today’s
typical coal-fueled power plant thermal efficiency of 35
percent to 40 percent. By co-generating power on-site
at industrial facilities, commercial businesses, or even
residences, the SOFC’s high-grade co-product heat
will enable up to 90 percent efficiency in distributed,
combined heat and electrical power (CHP) generation.
Similarly, heavy-duty trucks will be able to utilize SOFC
auxiliary power systems for both heat and electrical
power when parked, to save 85 percent of the fuel that
today they consume when idling their main engine, and
likewise reduce idling emissions.

Office of Fossil Energy Fuel Cell Program
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While size and efficiency advantages are important
for many potential applications, the SOFC’s most
significant advantage overall is its very broad applicability
due to its inherent fuel-flexibility. With relatively small
changes, SOFC systems can potentially operate on a full
range of conventional and alternative fuels.

Approach

Delphi utilized a staged approach to develop a
modular solid oxide fuel cell (SOFC) system for a range
of fuels and applications including:

e Develop and test major subsystems and individual
components as building blocks for applications in
targeted markets.

e Integrate major subsystems and individual
components into a “close-coupled” architecture for
integrated bench testing.

e Integrate major subsystems and individual
components into a stationary power unit (SPU) for
the stationary market.

e Integrate major subsystems and individual
components into an auxiliary power unit (APU) for
the transportation market.

Results

To achieve the objectives of DOE/SECA Phase I,
the Delphi effort focused on the performance testing
and final system development to support Delphi’s
SECA Phase I demonstration tests. The SECA Phase
I demonstration system was able to produce 4.2 kW
net electric power output at greater than 35% fuel-to-
electric system efficiency. The system met the 1,500
hour durability target including one full-thermal cycle
at better than 99% operational availability. Delphi was
also able to meet the cost target for Phase I of $800
per kW by achieving an estimated $770 per kW. All of
these deliverables were achieved with a highly integrated
system design weighing in at 85 kg (39 kg/kW), and with
a package volume of 65 liters (30 liters/kW). Achieving
these Phase I deliverables was the result of system design
and integration efforts performed during Phase I, most
notably:

e  Delphi demonstrated cell power density in a 30-cell
stack assembly of 700 mW/cm? at greater than
0.7 V/cell at operating conditions of 750°C nominal
stack temperature, and simulated natural gas
reformate fuel with greater than 60% utilization
resulting in total power of 2.2 kW for the 30-cell
stack. The complete stack assembly has a mass of 9
kg and volume of 2.5 liters for a mass specific power
density of less than 4 kg/kW and volumetric power
density of more than 0.9 kW/1.

e  High efficiency fuel reforming strategy encompassing
both internal reforming of methane gas in the SOFC

Office of Fossil Energy Fuel Cell Program
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stack and anode tail-gas recycle. This provided
efficient thermal management of the SOFC stack, as
well as effective fuel processing efficiencies which
resulted in high system efficiencies.

e  High reliability fuel reformer, SOFC stack, process
air blower, electronic controller and electronic
subsystems, sensors and actuators were developed.
Delphi’s dedication to integration and leverage of
reliable automotive technology allowed for excellent
durability performance.

e MATLAB/Simulink-based control software with
rapid auto-code generation capability was utilized
to enable a rapid software development process and
the opportunity for many design iterations allowed
for deployment and optimization of new technology
in an efficient manner.

The SOFC system development effort during Phase
I benefited from the experience and lessons-learned from
several design generations of hardware. The current
design is shown in Figures 1-3.

FIGURE 1. Delphi SOFC Uncovered with Insulation

FIGURE 2. Delphi SOFC Covered Complete
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One of the key achievements in stack development
has been the successful fabrication and testing of
30-cell stack modules for integration into the system.
The 30-cell stacks have produced power greater than
2 kW each. Figure 4 shows the Delphi 30-cell stack.

With the commencement of system durability
testing, BOP engineering efforts focused on supporting
system hardware builds and maintaining hardware
currently on test. Supplier sourcing activity during

FIGURE 3. Delphi SOFC Uncovered with Application Interface Module

FIGURE 4. Delphi 30 Cell Stack
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this period included identifying future prototype

and production suppliers for process air manifolds,
cast integrated component manifolds, composite
insulation shells, and a new generation mass air flow
sensor. Coating tests for cathode heat exchangers
were completed and resulted in the optimization of the
Vapor Phase Aluminizing process at Delphi’s coating
supplier.

A multi-point fuel delivery system for gaseous fuels
was refined and produced in small quantities in order
to execute system level testing. Further development of
the endothermic reformer was carried out resulting in
initial recycle-based reforming performance that met

system requirements.

Conclusions and Future Directions

e Phase I SECA obijectives have been met for power
rating, efficiency, durability and cost.

¢ Improvements to reformer substrate and washcoat
thermal stability permitted rigorous durability tests
to surpass 2,500 hours of operation.

e Develop capability to operate using pipeline natural
gas with fuel desulfurizer.

e  Work on Phase II SECA requirements has begun.
Continue materials development for improving cells,
interconnects and seals.

e Continue work on increasing durability and
capability to withstand more thermal cycles.

e Ultimately, the SECA Phase III goals are to deliver
an SOFC power system capable of 40 percent or
greater efficiency at a factory cost of $400 per
kilowatt.

Special Recognitions & Awards/Patents
Issued

1. Patents issued: The US Patent Office Grant Numbers:
7008709, 7025903, 6984466, 6974646, 7001682, 1376725,
6967064, 7008715, 6989211, 1387427, 7001685, 7008716

FY 2006 Publications/Presentations

1. November 2005: 2005 Fuel Cell Seminar in Palm
Springs, CA., SOFC Stack and System Development: Latest
Results, Steven Shaffer, Dr. Subhasish Mukerjee, Sean Kelly,
Delphi Corporation.

Office of Fossil Energy Fuel Cell Program



[1.4 SECA Solid Oxide Fuel Cell Power Plant System Cost Reduction

Objectives

Specific cost-related objectives for this project

include:

Scale up existing SOFC cell area and stack size
(number of cells) within a building block unit and
stack tower to minimize cost.

Scale up existing manufacturing infrastructure and
capabilities for SOFC cell and stack production on a
cost-effective basis.

Increase SOFC cell and stack performance to
maximize power and efficiency for reduced cost on
a per kilowatt basis.

Power block unit system cost goal is to be
<$400/kW.

Approach

The project is organized in three phases according

to schedule, technical and cost objectives. Following is a
short description of the approach as it relates to cost:

Phase I of the DOE-managed SECA program will
focus on cell and stack development activities. This
will include scale up of existing SOFC cell area

and stack size (number of cells) and performance
improvements. The Phase I deliverable for the 3-10
kW development project will be test demonstration
of a 3 kW power block system that meets all DOE
performance and cost metrics. This includes
demonstration of system peak power performance
that will be used as the basis for cost. The DOE
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specified metric for the Phase I 10 kW system
factory cost must be less than $800/kWe. The
Phase I deliverable for the Coal-Based, large-scale
SOFC project will be a test demonstration of a
representative SOFC stack building block unit on
simulated coal syngas. The system cost, exclusive of
the coal gasification and CO, separation subsystems,
must be $600/kWe or less at the end of the Phase I
project.

Phase II of the Coal-Based project will focus on
modularization of the Phase I stack building block
units into MW-size modules. Detailed design
engineering and analysis for multi-MW power plant
systems will be conducted. The Phase II deliverable
will be a test demonstration of a MW-size
representative SOFC stack module on simulated
coal syngas. Phase II system cost, exclusive of the
coal gasification and CO, separation subsystems,
must be $400/kWe or less at the end of Phase II,
and is applicable to both the baseline (>100 MWe)
system and the proposed Phase I11 proof-of-concept
system. The cost estimate must establish and

fully justify a reasonable estimate of the number

of systems and their respective size that must be
manufactured per year to support this cost goal. An
independent audit of the Phase II cost report will be
required.

Phase III of the Coal-Based project will focus

on design and fabrication of a proof-of-concept
multi-MW power plant including turbine for high
efficiency and CO, separation for low emissions.
Phase III system cost objectives are the same as in
Phase II. The Phase III deliverable will be long-
term testing of a multi-MW size power plant at a site
selected for FutureGen.

Accomplishments

Increased SOFC cell area and number of cells
per stack building block unit resulting in ~5-fold
increase in stack volumetric power output from
early generation stacks units.

Completed SECA Phase I 3 kW SOFC stack and
system test demonstration validating performance
of the scaled-up components. This test validation
included successful demonstration at the peak

power performance used to calculate system cost.

Developed preliminary factory cost bill-of-materials
(BOM) for stack and 3 kW system for DOE third
party audit validation. Estimated stack and system
costs for the 3 kW unit meets DOE metric for the
Phase I project.

FY 2006 Annual Report
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Introduction

Fuel Cell Energy, Inc. (FCE) has been engaged
in a Department of Energy (DOE)-managed SECA
Phase I project to develop a 3-10 kW SOFC power
plant system since April, 2003. FCE has recently been
selected by DOE to participate in a multi-phase project
for development of very efficient coal to electricity,
large scale (multi-MW) power plants with near zero-
emissions. This new project’s technical objectives will
be merged with the existing 3-10 kW project’s Phase
I technical objectives based on similarities for cell
and stack development. The primary objectives of
these projects are to develop affordable, SOFC based
power plant systems with high efficiency that are cost
competitive with other power generating technologies of
similar capacity without incentive funding support. In
order to be cost competitive with other power generating
technologies of similar capacity without the need for
incentive funding programs, significant SOFC stack
and system cost reduction must occur from the current
low volume development level to high volume, mass
production prices. The achievement of the program
cost targets is a key facet of the SECA projects. FCE
is ideally suited for these projects based on experience
with cost reduction successes for their commercial
fuel cell power plants now being installed worldwide.
FCE will use the cell and stack design of their SOFC
technology partner, Versa Power Systems, Inc (VPS)
as the basis for these projects. VPS has been actively
engaged in cost effective SOFC manufacturing process
research and development since 1998 and has well
establish processes, quality procedures and equipment
for the manufacture of small to intermediate size cells
and stacks as depicted in Figure 1. The DOE-specified
metric for the final program system cost determined to
be competitive with other power generating technologies
of similar capacity without incentive funding is
<$400/kW for a multi-MW power plant, exclusive of
coal gasification and CO, separation subsystem costs.

Cell Manufacturing
Process Flow

These Processes are
flexibie & scafable to high
velume and low cost
production

FIGURE 1. Versa Power Systems SOFC Manufacturing
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Approach

The path forward for development of cost
competitive SOFC power block systems includes a multi-
faceted approach for both SOFC stack module design
as well as system balance-of-plant (BOP) development.
The technical approach consists of an innovative fuel
cell stack configuration, fabrication of scaled-up cells,
newly developed fuel cell seals, novel implementation of
a fuel cell clustering concept and integration of SOFC
clusters with a gas turbine. The future development
plans include investigation of both fabrication and
operational issues related to scale-up of the fuel cell
active area. For the Coal-Based project, an innovative
and patented power cycle will be utilized to achieve very
high efficiencies by integration of the fuel cell with an
indirectly heated gas turbine. The power plant design is
projected to have a factory cost of $400/kW, based on a
production capacity of about 1.4 GW/year or twelve 120
MW power plants per year. This cost is very competitive
with today’s cost of combined cycle technologies.

The project is organized in three phases according
to schedule, technical and cost objectives. Details for
the three phases are as follows:

e PhaseI (2-3 years):
—  Scale up SOFC cell area and stack height
(number of cells) and improve performance.

- Design a baseline system that meets the project
technical objectives.

—  Ensure stack and power plant designs are
consistent with a projected cost of $800/kW for
the 10 kW development project, and $600/kW
for the large scale Coal-Based project.

—  Fabricate and validation test representative
stack building block units under simulated
commercial operational conditions.

e Phase II (2 years):
— Develop a detailed design and cost analysis for
the proposed power plant system that meets
project objectives.

—  Ensure stack and power plant design are
consistent with a projected cost of $400/kW
for a multi-MW system (exclusive of coal
gasification and CO, separation subsystem
costs) for the Coal-Based project.

—  Fabricate and validation test a representative
fuel cell module building block unit for the
multi-MW power plant on simulated coal
syngas.

e Phase II (5 years):

—  Complete detailed design for multi-MW power

plant system that meets project performance

and cost objectives. Cost objectives are the
same as in Phase II.

Office of Fossil Energy Fuel Cell Program



Jody Doyon

Il. SECA Cost Reduction

—  Procure and fabricate SOFC stack and system
components and assemble proof-of-concept
multi-MW power plant system including gas
turbine (>1 MW).

- Locate coal gasifier site and integrate multi-MW
power plant.

-  Conduct long-term (~25,000 hours) test
demonstration of multi-MW power plant system
on coal based syngas meeting project technical
objectives for performance (power, efficiency),
durability (load transients and thermal cycles),

degradation and cost.

Results

FCE has been engaged in a DOE-managed SECA
Phase I project to develop a 3-10 kW SOFC power plant
system since April, 2003. Much progress has been made
in the SECA Phase I project on cell and stack scale-up,
increased performance and cost reduction. A detail
factory cost estimate analysis and report for a
3-10 kW stack and system was submitted and audited by
DOE selected auditors. Results indicate the total 3-10
kW system cost estimated to be $773/kW based upon an
annual production rate of 50,000 units and a peak power
rating of 5.37 kW. This is less than the SECA Phase I
metric of $800/kW using the same assumptions. As
shown in Figure 2, the stack accounts for ~16% of the
total system cost, while the BOP components account
for ~73% of the cost. The remainder of the system cost
(~11%) is associated with building, commissioning
and testing (BC&T) of the power block unit. The low
cost associated with the stack reflects the many years
of process development and cost reduction activities
at VPS. The current cell manufacturing process has
three major fabrication operations for anode-supported

BC&T
11%

STACK
16%

BOP
73%

FIGURE 2. SECA Phase | 3-10 kW SOFC System Costs Breakdown
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planar cells: tape casting, screen-printing and co-firing
(TSC) as shown in Figure 1. The TSC process is a fully
integrated cell manufacturing process. Major process
improvements have resulted in reduced process steps
(number of sinter firings) with an associated reduction in
costs. Figure 3 shows that such process improvements
have resulted in ~65% cost reduction while overall
yields have improved by ~40%. All major manufacturing
and process steps have been demonstrated to be cost-
effective by the semiconductor packaging and multi-layer
capacitor industries. The TSC process can be further
engineered into repeatable mass manufacturing modules
for additional product cost savings. Economies of scale
and automation will provide the greatest effect on cell
equipment cost. Scale-up of SOFC cell area and number
of cells per building block unit was continued in the
SECA Phase I project, culminating in an approximate
5-fold increase in stack volumetric power density as
shown in Figure 4. Technology developments that

result in decreased material usage have also contributed
significantly to reduced cell component cost. Figure 5
shows a 51% cost savings attributed to decreasing the
thickness of the SOFC active cell component. While the
majority of the system cost is associated with the BOP,

120%

@ Normalized Cost|
B Process Yields

100%

80% -

60% -

20%

0% 4

SSIE

Tsc1
Manufacturing Process

TsC2

FIGURE 3. SOFC Cell Manufacturing Process Improvements
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FIGURE 4. SOFC Scale-Up SECA Phase | Program Accomplishments
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this is the area that presents the greatest opportunity
for further cost reduction. Greater than 75% of the
BOP costs are procured components. Once a design
configuration is stabilized to enable volume pricing,
multiple vendor sourcing is established and value-
engineering programs are in play, it is anticipated that
significant cost savings (>50%) will be realized. As the
power plant size becomes larger, the BOP and associated
costs will also diminish proportionally on a cost-per-
kilowatt basis. This provides the greatest cost reduction
opportunity for the Coal-Based, multi-MW sized power
plants to be developed in the new program. Finally,
technology improvements focused on enhanced cell
power output will be a major driver in reducing power
plant system costs. Figure 6 presents improvements

in cell power density output on a normalized basis
developed by VPS over the years and continued in the
SECA Phase I project. As can be seen, ~2-fold increase
in power density is expected over the current state-of-
the-art technology for the pre-commercial power block
units. This peak power performance operation was
demonstrated with the SECA phase I, 3 kW system test.
The high power density operation was executed at the
end of the 3-1 system test period, with stacks that had
operated for greater than 2,000 hours including multiple

Thin Cell Development

Material Cost
Reduction
1 mm -

0.6 mm 29%

0.3 mm 51%

Cell Thickness

Reduced cost, increased
power density per kg

FIGURE 5. SOFC Cell Thickness and Material Reduction
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load transients and thermal cycles providing confidence
in achieving this milestone performance goal.

Summary

e FCE has been engaged in a DOE-managed SECA
Phase I project to develop a 3-10 kW SOFC power
plant system since April, 2003. FCE has recently
been selected by DOE to participate in a multi-
phase project for development of very efficient, large
scale (multi-MW) coal to electricity power plants
with near zero-emissions with similar SOFC cell
and stack development and cost objectives.

e The primary objectives of these projects are
to develop affordable, SOFC-based power
plant systems with high efficiency that are
cost-competitive with other power generating
technologies of similar capacity without incentive
funding support.

e FCE is ideally suited for these projects based on
their cost reduction experience with commercial
fuel cell power plants now being installed worldwide
and the successes of their SOFC technology partner,
VPS, with SOFC cell and stack manufacturing
development and operational performance.

e Accomplishments in FCE’s SECA 3-10 kW
development Phase I project include expanded
manufacturing process capabilities, scale-up of
SOFC cell area and stack height and improved
performance resulting in ~5-fold increase in
volumetric power density.

e Completed SECA Phase I 3 kW SOFC test
demonstration of a system that contained scaled-
up cell and stack units as final validation of the
scale-up process and components. Peak power
performance was demonstrated that will be used for
the cost of electricity basis.

e The FCE team developed a preliminary factory cost
bill-of-materials (BOM) for stack and 3 kW system
to be audited by DOE third party expert. Stack
and system costs are below SECA Phase I program
requirements.

FY 2006 Publications/Presentations

1. “Coal Based Large SOFC/T Systems”, H. Ghezel-Ayagh,
J. Doyon, Fuel Cell Energy Inc. Paper presented at the 2006
Fuel Cell Seminar on November 13-17, 2006, Honolulu,
Hawaii.

2. “Development of Solid Oxide Fuel Cells at Versa Power
Systems”, B. Borglum, E. Tang, M. Pastula, J. Kelsall,

R. Petri, Versa Power Systems. Paper and presentation

at the 2006 Fuel Cell Seminar on November 13-17, 2006,
Honolulu, Hawaii.

3. “SOFC Development Status at Versa Power Systems,
Inc”, B. Borglum, Versa Power Systems. Presentation at the
2006 Lucerne Fuel Cell Forum, July 4, 2006.
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1.5 Solid State Energy Conversion Alliance (SECA)
Solid Oxide Fuel Cell Program

Objectives

Develop a fuel-flexible and modular solid oxide fuel
cell (SOFC) system (3 to 10 kW) that can serve

as the basis for configuring and creating low-cost,
highly efficient, and environmentally benign power
plants tailored to specific markets.

Demonstrate a prototype system of the baseline
design with desired cost projections and required
operating characteristics (Phase I); assemble and
test a packaged system for a selected specified
application (Phase II); field test a packaged system
for extended periods (Phase III).

Approach

Phase |

Establish a baseline system concept and analyze its
performance characteristics.

Perform a cost study to estimate system costs.
Develop a robust, reliable high-performance

SOFC stack technology amenable to low-cost
manufacturing.

Develop a fuel processor as a pre-reformer for
processing a variety of fuels.

Evaluate system thermal management to establish
a suitable recuperation scheme for the system.
Develop and implement a flexible control structure
incorporating required sensors.

Identify a flexible low-cost power management
subsystem.

Evaluate component integration.

Design, assemble and test a prototype system to
demonstrate performance meeting the program
requirements.

Nguyen Minh (Primary Contact),

Tony Campbell

GE Energy, Hybrid Power Generation Systems
19310 Pacific Gateway Drive

Torrance, CA 90502-1031

Phone: (310) 538-7250; Fax: (310) 538-7204
E-mail: nguyen.minh@ge.com

DOE Project Manager: Travis Shultz

Phone: (304) 285-1370
E-mail: Travis.Shultz@netl.doe.gov
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Phase Il

Deliver and test Phase I prototype at NETL.

Conduct a market study to identify and define
a specified application for Phase II.

Perform system design and analysis to define
system configuration and packaging for the selected
application.

Design, manufacture, test, and validate system
components and component integration.

Conduct cost estimate and Design-to-Cost to
establish a system cost that meets the Phase II cost
goal.

Assemble and operate a packaged system under
required conditions and demonstrate operational
characteristics meeting the Phase 11 requirements.

Continue technology, engineering, and
manufacturing developments for SOFC stacks and
balance of plant (BOP) to improve system cost,
performance, life, and reliability.

Accomplishments

The major accomplishment is the successful

completion of the Phase I prototype testing with the
demonstrated performance meeting or exceeding the key
Phase I requirements.

An extensive system build and integration process
was conducted to verify/validate/assess the various
components and integrated prototype system before
the final demonstration testing.

Demonstration testing was carried out for

the prototype. The system demonstrated the
performance that met/exceeded the key Phase I
minimum requirements. The prototype achieved
an efficiency of 41% (vs. 35% requirement) and a
degradation rate of 1.8% per 500 hours (vs. <2%
per 500 hours requirement). The system operated
for 1,720 hours (vs. 1,500 hours requirement)
with three thermal cycles (vs. one thermal cycle
requirement) and 15 power cycles (vs. nine power
cycle requirement). A projected high-volume cost
for the system is $724/kW (vs. $800/kW target).

Phase II of the project has been initiated. Detailed
plans and key activities have been developed for
Phase II work.

FY 2006 Annual Report



Il. SECA Cost Reduction

Nguyen Minh

Future Directions

Continue activities defined in the Phase II project
plan.

e Deliver a Phase I unit to DOE/NETL.

e Conduct various technology improvement/
advancement activities on the SOFC and the BOP
to improve system cost, performance, life, and
reliability.

e Design, assemble and test a packaged system under
required conditions and demonstrate performance
meeting the Phase II requirements.

Introduction

This project focuses on developing a low-cost, high-
performance solid oxide fuel cell (SOFC) system suitable
for a broad spectrum of power generation applications.
The overall objective of the project is to demonstrate
a fuel-flexible, modular 3-10 kW system that can be
configured to create highly efficient, cost-competitive,
and reliable power plants tailored to specific markets.
The key features of the SOFC system include a fuel-
flexible pre-reformer, a low-cost, high-power-density
SOFC stack, integrated thermal management, and
suitable control and power management subsystems.
When fully developed, the system is expected to meet
the projected cost of $400/kW.

Approach

The SOFC system is a stationary power module
(3-10 kW) capable of operating on different fuels. The
system consists of all the required components for a self-
contained unit, including fuel cell stack, fuel processing
subsystem, fuel and oxidant delivery subsystem, thermal
management subsystem, and various control and
regulating devices.

e The SOFC is a compact of anode-supported cells
(fabricated by the GE HPGS tape-calendering
process) and metallic interconnects. The
stack design is based on an advanced concept
that maximizes cell active area and minimizes
sealing. The fuel cell can operate directly on light
hydrocarbon fuels and incorporates materials
for high performance at reduced temperatures
(<800°C). These characteristics provide a low-cost,
fuel-flexible fuel cell suitable for operating under
various conditions. The tape calendering process
for manufacturing thin-electrolyte, anode-supported
cells is a potentially low-cost, mass-customization
technique suitable for high-volume production and
automation using available commercial equipment.

FY 2006 Annual Report
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e The fuel processor is a catalytic reactor that
functions as a pre-reformer. The system employs
an integrated thermal management approach to
utilize byproduct heat and reduce heat losses, and,
consequently, increase the overall system efficiency.
The system also has a flexible control structure
that can be modified or optimized for different
applications.

The project consists of three phases. Phase I of the
project focuses on developing system components having
the required operating characteristics, resolving critical
technological issues, and demonstrating a prototype
system. The Phase I work concentrates on system design
and analysis, cost study, stack technology development,
fuel processing development, controls and sensors,
power electronics, and system prototype assembly and
testing. Phase II will demonstrate a packaged system
selected for a specified application and further improve
technology and assess system cost. Phase III will extend
the Phase II effort to field test a packaged system for
extended periods to verify all the required performance,
cost, reliability, and lifetime for commercial uses.

Results

A prototype system was constructed to demonstrate
system performance as required in the Phase I project
objectives. This prototype system intended to be
flexible and robust to accommodate design changes
throughout the entire system integration process. The
assembly process began with specifications for various
components flowing down from the systems and
controls designs via scorecards so that components
could be sourced. A computer model and drawing
package of the system geometry was also used to guide
construction. Although many items were standard
components, a number were developed, modified or
designed specifically for the program.

The prototype system that was tested can be seen
Figure 1. There was an extensive system build and
integration process leading to the final testing of the unit
which was comprised of the following major steps:

e Component tests to verify basic operation of
components in stand-alone testing, develop
component performance maps, and support
component selection process.

e Cold tests (operation of system with only nitrogen/
air and without fuel cell stacks) to validate basic
operation of components integrated in system and
verify plumbing and electrical wiring.

e Hot tests (operation of system on methane without
fuel cell stacks) to verify and tune control system
hardware and software, combustor operation and
temperature controls, integrated operation of fuel

Office of Fossil Energy Fuel Cell Program
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FIGURE 1. SECA Phase | Prototype System
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FIGURE 2. Prototype System Test Sequence

processor, and thermal mapping of system and
improved insulation.

e Gen 1 System Test (operation of integrated system
without power electronics due to half-sized stacks)
to verify system operation including stack operation,
integrated operation of stacks with fuel processor,
thermal self sustaining operation and thermal
management, and startup and shutdown strategies.

e Gen 2 System Test (operation of integrated system
with power electronics) to demonstrate system
operation with performance meeting the Phase I
requirements.

The Gen 2 System Test is the final prototype
system demonstration test for Phase I. The timeline
test sequence for this test is shown graphically in Figure
2. Figure 3 shows the average cell voltage, gross DC
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power, and net DC power of the prototype system over
the entire test period (note that the peaks in the figure
are those relating to various transient events during the
test). The prototype system achieved a peak efficiency of
41%, a peak power of 5.4 kW, and a degradation rate of
1.8% per 500 hours. The system met/exceeded all of the
key Phase I minimum. A summary of the Phase I results
versus the requirements are given in Table 1.

TABLE 1. Summary of Prototype System Demonstration Test Results

Performance Parameter Requirements Results
DC Efficiency 35% 41%
Estimated Cost <$800/kW $724/kW
DC Peak Power 3-10 kW 5.4 kW

Steady State Degradation | <2% per 500 hrs 1.8% per 500 hrs

Thermal Cycle 1 3
Power Cycle 9 15
Cycle Degradation <1% 1.8%
Availability 80% 90%
Test Time 1,500 hrs 1,720 hrs

Conclusions and Future Directions

SECA Phase I was successfully completed. During
Phase I, major advances in SOFC technology were
made in the areas of performance, degradation/life,
stack design, manufacturing, and scaleup. Supporting
technology such as fuel processing, controls, power
electronics, and thermal management were also
developed/matured for integration in an SOFC power
system. Phase I culminated in the system test that
tied all of these advances in technology together in a
prototype system that was able to meet or exceed the
key SECA minimum requirements. The system achieved
a peak efficiency of 41% (vs. 35% requirement) and a
degradation rate of 1.8% per 500 hours (vs. <2% per
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500 hours requirement). The system operated for 1,720
hours (vs. 1,500 hours requirement) with three thermal
cycles (vs. one thermal cycle requirement) and 15 power
cycles (vs. nine power cycle requirement). A projected
high-volume cost for the system is $724/kW (vs.
$800/kW target).

Phase II of the project has been initiated. Phase
II focuses on delivering a Phase I prototype to DOE/
NETL, advancing SOFC and BOP technologies to
improve system cost, performance, life, and reliability,
and demonstrating a packaged system for a selected
application.

FY 2006 Annual Report

26

FY 2006 Publications/Presentations
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1.6 Small-Scale Low-Cost Solid Oxide Fuel Cell Power Systems

Objective

e To develop a commercially viable 5-10 kWe solid
oxide fuel cell power generation system that
achieves a factory cost goal of $400 per kWe.

Accomplishments

e  Demonstrated 90% higher power density (W/cm?)
and more than 2.5 times more power per cell for
Delta9 cells compared to tubular cells.

e Demonstrated over 3,000 hours voltage stability for
Delta9 cells at 1,000°C and 80% fuel utilization.

e Developed an alternate cathode composition with
10% lower cost and 50% higher conductivity (at
900°C) than present cathode composition.

e  Completed assembly of a prototype system.

Introduction

The objective of this project is to develop a standard
high-performance, low-cost SOFC system that can
be manufactured in high volume for application in a
number of different end uses, including residential and
as auxiliary power units in commercial and military
transportation applications. The proposed project is
a 10-year, three-phase project with prototype SOFC
systems being tested at the end of every phase, the first
of which will be completed this year. Performance and
cost improvements made during each phase will be
incorporated in each prototype, and products based on
each prototype will be made ready for market entry as
they become available.

Shailesh D. Vora

Siemens Power Generation

1310 Beulah Road

Pittsburgh, PA 15235

Phone: (412) 256-1682; Fax: (412) 256-1233
E-mail: Shailesh.Vora@siemens.com

DOE Project Manager: Don Collins

Phone: (304) 285-4156
E-mail: Donald.Collins@netl.doe.gov

Subcontractors:
Blasch Precision Ceramics, Albany, NY

Office of Fossil Energy Fuel Cell Program

Approach

We have identified key technical issues that must be
resolved to achieve low-cost commercial SOFC systems.
We will focus on cost reductions and performance
improvements to transform today’s SOFC technology
into one suitable for low-cost mass production of small
systems for multi-market applications. The key advances
identified are:

e Improved cell performance through design and
materials innovations to more than double the
power and thus reduce cost/kWe

e  On-cell reformation of natural gas fuel to eliminate
high-cost internal reformer components

e  Use of low-cost insulation and containment vessels
by lowering the system operating temperature

e  Use of net shape cast components to reduce
machining costs

e Simplification of stack and balance of plant (BOP)
designs to lower parts count

e High efficiency (95%) power conditioning systems
to improve overall system electrical efficiency

In addition to the key advances noted above,
adoption of more automated, mass production
techniques for cell, module and BOP manufacturing will
ensure overall SOFC system cost effectiveness.

Results

Prior to the start of the project, it was recognized
that Siemens’ seal-less tubular cell design would not be
able to meet the cost and performance targets of the
project. A need to develop a cell with higher power
density and compact design was identified.

A new design that combined the seal-less feature and

a flattened cathode with integral ribs was chosen. This
new design, referred to as a high power density (HPD)
cell, has a closed end similar to the tubular design. The
ribs reduce the current path length by acting as bridges
for current flow. The ribs also form air channels that
eliminate the need for air feed tubes. This cell design,
due to its shorter current path, has lower cell resistance
and hence higher power output than tubular cells.

A variation of the HPD design, Delta9, has a corrugated
surface which significantly increases the active area of
the cell, yielding higher power per cell. Figure 1 shows
the tubular and Delta9 cells.

During FY 2006, Delta9 cells produced 90% higher
power density and more than 2.5 times more power
per cell than tubular cells at 0.65 V, 900°C operating
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FIGURE 2. Voltage versus Current Density Comparison for Tubular and
Delta9 Cell

temperature and 85% fuel utilization. Figure 2 shows
the voltage versus current density comparison for
tubular and Delta9 cells. Figure 3 shows the voltage
versus current for tubular and Delta9 cells.

Delta9 cells were fabricated and tested for voltage
stability. Figure 4 shows voltage stability of a Delta9 cell
over approximately 3,000 hours of operation at 1,000°C
and 80% fuel utilization. There was no noticeable
voltage degradation for the Delta9 cell when tested
at conditions described above. This exceeds SECA
program goals for voltage stability.

Computational modeling of thermal and electrical
fields initiated in FY 2005 to optimize the cell and stack
design for maximum power and mechanical stability
from thermal stresses during stack operation continued
during FY 2006. Efforts were also directed towards the
development of cell-to-cell connections to bundle cells.

An alternative cathode composition was developed
and evaluated through cell testing. Initial results show
acceptable cell properties and performance, with
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material costs approximately 10% lower than that of
present compositions. This is very significant because
over 95% of the cell material is the cathode.

Assembly of a prototype system for residential
applications was completed. Figure 5 shows the flow
schematics of this system. The primary objective of the
system is to demonstrate operation of HPD cells in a
generator environment. The system will run on natural
gas; fuel reformation will be internal to the cell stack.

Conclusions and Future Directions

e  Fabrication processes for Delta9 cells were

Temperature (* C)

established, and electrical testing showed significant

improvement in power density over tubular cells.
Developed a new low-cost cathode composition.

Constructed prototype system to run on internally
reformed natural gas.

power and reliability.
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We will optimize cell and stack design for maximum
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FIGURE 5. Flow Schematics of Prototype Residential System
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e  We will evaluate and develop automated mass
production processes for cell, module and BOP
components.

FY 2006 Publications/Presentations

1. S. D. Vora, “Development of High Power Density
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lIILA.1 Evaluation of a Functional Interconnect System for SOFCs

Objectives

Evaluate complex interconnect structures based on
metallic substrates, including, but not limited to, clad
and coated systems and SOFC sub-cell structures.

¢ Demonstrate the production of complex
interconnect structures and systems.

e  Evaluate the interactions of simple and complex
interconnect systems with simulated local SOFC
environmental conditions, including atmospheres
and materials of construction expected to be in
contact with interconnects.

e Quantify performance of simple and complex
interconnect systems, particularly in the areas of
electrical properties (ALC/Pitt) and layer adhesion
(CMU/WVU).

Accomplishments

ATl Allegheny Ludlum / University of Pittsburgh

e Successfully produced multi-layered clad
interconnect structures and tested in simulated
anode gas and dual atmosphere exposures, with
initial results showing promise.

James M. Rakowski
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e Applied novel processing to common ferritic
stainless steels, resulting in the production of desired
structures.

Melted and processed novel stainless steel
compositions.

e Exposed E-BRITE alloy (Fe-26Cr-1Mo) and
model alloy RV 2103 (Fe-22Cr) specimens in
simulated cathode gas environments for indentation
spallation studies at Carnegie Mellon University.
The exposures were designed to simulate actual
exposures of up to 40,000 hrs at 800°C.

e  Provided Type 430 substrates to Arcomac Surface
Engineering for application of their coating systems.

Carnegie Mellon University

e  Performed macro-scale indentation spallation tests
on E-BRITE alloy (Fe-26Cr-1Mo) and model alloy
RV 2103 (Fe-22Cr) specimens exposed by Allegheny
Technologies, Inc. (ATI) in simulated cathode
gas. Tracked spallation densities as a function of
exposure time.

e Initiated macro-scale indentation tests on coated
Type 430 specimens from Arcomac Surface
Engineering (with substrates from ATI).

e  Performed proof-of-concept nanoindentation
tests on exposed E-BRITE alloy specimens from
ATI. Identified cracking geometries needed for
nanoindent modeling work.

e Initiated nanoindentation modeling to relate crack
size measurements from tests to stress intensity
factors and energy release rates.

West Virginia University

e Identified and tested several silver cermets as
contact paste materials for SOFCs.

e  Completed the study of evaporation characteristics
and microstructure changes of sterling silver and
pure silver under high-temperature exposure
conditions.

Introduction

The interconnect is a critical part of planar solid
oxide fuel cells (SOFCs). The interconnect serves
to separate the fuel and oxidant gas streams and
also collects the electrical output of the SOFC. A
shift from relatively inert ceramic interconnects to
metallic structures has been driven primarily by cost
considerations. Interconnect alloy selection has been
identified as one of two primary issues impeding the
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commercialization of SOFCs [1]. High-temperature
degradation due to surface oxidation is the primary
form of attack. Oxides in general have poor electrical
conductivity, leading to increased contact resistance as
they form and get thicker. This degrades the output of
the fuel cell over time and should be minimized.

In addition, oxides can spall due to high
compressive residual stresses at room temperature,
increases in oxide thickness, and/or changes in scale
adhesion to the substrate. Chromia scales, which
have higher conductivities than other oxides, can also
experience evaporation at high temperature, with
evaporated chromium degrading cathode performance.
Successful low-temperature SOFC interconnect systems
will have to address these concerns while minimizing
cost.

Approach

The approach in this project is to address the
evaluation of new ferritic stainless steel-based SOFC
interconnect systems in an integrated way, using
expertise from each of our four project participants.
Allegheny Ludlum is studying new interconnect alloys
and surface treatments to achieve optimal combinations
of reduced chromia scale growth, spallation resistance
and reduced chromia scale evaporation, while
minimizing cost. This includes the development of novel
clad systems and interactions with DOE laboratories
and industrial collaborators developing interconnect
coating systems. The University of Pittsburgh is
performing dual atmosphere tests on clad systems
from ALC and providing support for microstructural
studies. Carnegie Mellon is testing interconnects for
chromia scale spallation resistance using macro-scale
and nano-scale indentation tests. The goal of these
tests is to accelerate the evaluation of new interconnect
systems and to understand mechanisms leading to
premature interconnect failure by spallation. Tests
include bare alloys from ALC and coated systems from
DOE laboratories and industrial partners, using ATI
alloy substrates. West Virginia University is studying
silver cermet pastes to enhance the contact between
interconnects and cathode materials. Fundamental
studies of the performance of different paste
compositions will be followed up by studies of paste/
alloy combinations using alloys from ALC.

Results

ATI Allegheny Ludlum / University of Pittsburgh

Clad panels were produced using a variety of
alloys which are expected to be inert in the anode
environment, notably nickel 201 (UNS N02201),
oxygen-free copper (UNS C10100), and a commercially
produced Ni-32Cu alloy (UNS N04400). Some panels
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were also clad on the cathode side with oxidation-
resistant nickel-base superalloys. Examples of two as-
processed clad panels are shown in Figure 1. A test plan
was formulated to determine the resistance to oxidation
in simulated anode gas (SAG) and dual atmospheres,
along with the effects of thermal cycling.

e Testing in SAG resulted in a significant reduction
in weight gain as compared to a Type 430 stainless
steel control sample, attributable to the cladding
side exhibiting little to no oxidation. This can be
seen visibly in Figure 2 for a nickel-clad stainless
steel sample. Some accelerations in the rate of
weight gain were noted, which is due to mixed oxide
nodule formation on exposed Type 430 surfaces.

e Initial dual atmosphere results indicated that T430
stainless steel clad with copper or nickel resulted in
no oxidation on the anode side. There was evidence
of hydrogen migration to the air side, resulting in the
formation of mixed oxide nodules and oxide blade-
type features (Figure 3). The samples clad with the
Ni-32Cu alloy formed a thin, adherent manganese
oxide layer on the SAG side. Evidence of hydrogen
migration on the air side is much reduced to a few
scattered blade-like oxide grains (Figure 4). It is
hypothesized that the MnO scale is helping to block
transport of hydrogen across the interconnect.

e  The thermal cycling tests indicated that differential
thermal expansion between the clad outer layers

copper spacer

Stainless steel spacer Allay 400
Copper 101
T430 stainless steel
; e
T30 :l.l!nlus steel : o Sate
Stainless steel spacer N T S SR T

FIGURE 1. As-processed Clad Panels (light optical micrographs of
polished metallurgical cross-sections): Bi-Layer Type 430 Stainless Steel
Clad with Copper 101 Alloy on the Anode Side (left), Tri-Layer Type 430
Stainless Steel Clad with Ni-32Cu Alloy on the Anode Side and Ni-Base
Superalloy 600 on the Cathode Side (right)

FIGURE 2. Example of a Clad Sample Exposed for 1,371 Hours at 800°C
in SAG (Ar-4%H,-3%H,0): Type 430 Stainless Steel Substrate (left) and
Nickel Cladding (right)
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FIGURE 3. Oxide Scale as Formed on the Air Side of a Type 430
Stainless Steel Sample Clad with Nickel during a 100 Hour Dual
Atmosphere Exposure at 800°C (surface SEM micrographs; stainless
steel side exposed to air, nickel-clad side exposed to Ar-4%H,-10%H,0)

FIGURE 4. Oxide Scale as Formed on a Type 430 Stainless Steel
Sample Clad with Ni-32Cu Alloy during a 100 Hour Dual Atmosphere
Exposure at 800°C (surface SEM micrographs): Ni-32Cu Cladding (left,
as exposed to Ar-4%H,-10%H,0), Type 430 Stainless Steel (right, as
exposed to air)

and the inner core is not negligible. Some of the
samples, notably the two-layer ones clad with
Ni-32Cu, exhibited some curling.

Post-process treatments are being investigated in an
attempt to improve the performance of typical ferritic
stainless steels in the SOFC environment by mitigating
the formation of electrically resistive oxides of aluminum
and silicon at the scale/alloy interface.

e Samples of AL453 alloy, a Fe-22Cr-0.5Al alloy,
were treated in an attempt to sequester aluminum
in the form of stable particles. The initial results
were successful. Measurements and calculations
indicate that nominally all of the aluminum initially
present in the substrate has been sequestered with a
beneficial effect on ASR (Figure 5).

e Samples of Type 430 stainless steel (Fe-16.5Cr-
0.3Si) were treated in an attempt to remove silicon
from the surface without removing other elements,

Office of Fossil Energy Fuel Cell Program
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FIGURE 5. Effect of Surface Treatment on Relative ASR of AL453 Alloy
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FIGURE 6. Effect of Surface Treatment (Three Variants) on Relative ASR
of T450 Stainless Steel

notably chromium. The intent is to leave behind
silicon-depleted metal. The initial results were
successful, with scanning Auger microprobe analysis
(SAM) indicating that silicon was depleted at the
surface by a nominal factor of 40. Calculations
indicate that the treatment as-applied is capable of
removing approximately 40% of the total silicon in
a 0.5 mm thick substrate. The effect is likely to be
magnified near the surface due to the presence of a
silicon depletion gradient. The effect on ASR was
beneficial (Figure 6).

Base alloy development is progressing at ALC.
Several heats have been melted, cast, and processed to
flat rolled plates. Some surface issues were encountered
and were bypassed by machining the plates after rolling.
Testing is ongoing, with results expected by the end of
September 2006 for monolithic samples and samples
coated with oxidation-resistant layers and/or cathode
contact paste. Two primary alloy compositions are being
investigated:

e A superferritic stainless steel based on a modified
E-BRITE composition. The goal is to produce
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an alloy with the beneficial qualities of E-BRITE
alloy, while improving the resistance to oxide scale
evaporation and sigma formation.

e A Fe-Cr-Al alloy family containing a high level of
rare earth metals.

Carnegie Mellon University

ATI is providing CMU with interconnect alloy
specimens that have undergone exposures simulating
800°C for times up to 40,000 hours. Most exposures are
being performed in lab air at 900°C. Specimens tested
thus far are E-BRITE, having composition
Fe-26Cr-1Mo-0.2Si, and RV 2103, a 21.8Cr-0.033Mn
alloy with Ti, C, N, Ce, La, Al and Si in percentages
of 0.02 or less. Specimens of RV 2103 were provided
to yield a comparison between 26Cr and 22Cr alloys.
Specimens were in the as-rolled condition, with ground
finish rolls used for the final rolling operation. This
yields a surface Ra of approximately 8 pin.

A macro-scale indentation test has been developed
by the principle investigator J. Beuth and his students
(under DOE and National Science Foundation support)
for measuring the fracture toughness of interfaces
between oxide scales and metallic substrates [2-4]. The
test consists of indenting a coated or uncoated oxide/
alloy system with a Brale type conical indenter. The
indenter penetrates the brittle coatings (if present) and
oxide layer and plastically deforms the metallic substrate
below. This plastic deformation induces compressive
radial strains in the substrate. Because these strains
are transferred to the oxide, they can act to drive its
debonding. As illustrated in Figure 7 (as viewed from
above), indentation induces a radial distribution of
flaking-type spalls of the chromia scale. Systems with
poor adhesion between the chromia and interconnect
alloy exhibit a higher density of debonds and a larger
radial extent of debonding. Image analysis allows the
percentage of indentation-induced debonding to be
quantified as a function of radial distance from the
indent.

Each of the specimens sent to CMU has been
subjected to macro-scale indentation testing. Results
of debond density vs. radial distance from the indent
center are still being analyzed. However, some initial
observations and trends in the results are worth noting.
First, E-BRITE specimens with short exposure times
showed no debonding at all. In contrast, RV 2103
specimens subjected to the same exposures showed clear
debonding, with the density of debonding increasing
with exposure. It is clear that the E-BRITE alloy is
much more resistant to spallation at early exposure times
than the RV2103 alloy. Indentation tests on
E-BRITE specimens exposed for extended exposure
times have shown progressive increases in debond
density with exposure time. Further analysis of these
tests is underway.
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FIGURE 7. Indentation of E-BRITE specimens, as viewed from above.
White areas indicate spalls induced by indentation strains. Image
analysis yields a plot of debond percentage vs. normalized radius.

Macro-scale indent tests have also been performed
on coated specimens from Arcomac Surface Engineering.
These tests in the as-processed state will be followed
up by exposures at ATI and indentation tests at CMU.

A nano-scale indentation test is under development

for use in combination with the macro-scale test, to
probe toughnesses of chromia scales and chromia/
alloy interfaces on a local scale. The test involves
nanoindentation of the scale region of cross-sectioned
samples. Nanoindents induce cracks in the scale or

at the interface, and the length of the cracks can be
related to the scale or interface toughness. This test is a
means of measuring toughness directly, independent of
scale residual stress and thickness which have a strong
influence on toughness measurements on the macro scale.

West Virginia University

The experimental procedure for this research
involved creating an environment similar to what the
material would be exposed to in a real functioning fuel
cell. This was accomplished using a simple tube furnace
setup, illustrated in Figure 8. The tube furnace was
maintained at 800°C, and air flow rate was controlled at
approximately 3 I/min. The samples for this experiment
were small sterling silver and pure silver plates. The
main property of concern is the thickness reduction of
the sample during exposure. Each week the samples
were weighed, and the mass of the samples was taken as
the average of several measurements. Samples were also
evaluated using scanning electron microscopy (SEM)
to evaluate microstructure changes taking place on the
surface of the samples.

The evaporation characteristic of the sterling
silver samples during high-temperature exposure was
a relatively constant loss of mass over a duration of
27 weeks. Both types of pure silver samples (50 and
700 micron thickness) exhibited similar evaporation
characteristics, with the rate of evaporation decreasing
over time until a relatively constant rate was reached.
A plot of the rates for the exposed samples is shown in
Figure 9.
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FIGURE 8. Experimental Setup for Exposure of Samples
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FIGURE 9. Comparison of Evaporation Rate for Various Samples

It can be seen in Figure 9 that the sterling sample
evaporates the fastest, roughly 1 micron per week,
while the pure samples evaporate much slower, roughly
0.4-0.5 microns per week. SEM analysis of the samples
showed dramatic differences in the faceting behavior
of the silver in the samples. Figure 10 illustrates the
differing surface microstructures of the pure silver and
sterling silver samples.

The faceting of the silver in the pure silver samples
is much more dramatic than that of the sterling silver
samples. It appears that through high-temperature
exposure, the surfaces of the samples change until the
surface eventually reaches an orientation that is not
favorable to evaporation. It appears that the copper
oxide in the sterling silver samples may inhibit the
surface silver’s ability to reach the desired orientation,
whereas this is not the case in pure silver samples.
Therefore, the sterling silver samples continue to lose
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FIGURE 10. Comparison of Faceting of Sterling Silver and Pure Silver
after High-Temperature Exposure
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FIGURE 12. Time-Series SEM Backscatter Images of a Ag/LSM Sample

mass at a higher rate, while the pure silver sample’s rate
of evaporation is able to further decrease.

The evaporation test results and the follow-
up SEM analyses indicated that copper oxide may
be volatile when used as a protective oxide due to
migration and agglomeration of the oxide particles.
Figure 11 illustrates the behavior of the copper-oxide
particles during long-term high-temperature exposure.
Experiments were also carried out utilizing silver cermet
with lanthanum strontium manganese oxide (LSM) to
examine the volatility of LSM during high-temperature
exposure. Figure 12 shows the SEM results for the
samples. The LSM appears much more stable over long-
term high-temperature exposure than copper oxide. For
this reason as well as the evaporation characteristics of
sterling silver, the focus of our future research will be on
samples fabricated utilizing silver/LSM or silver/CeO.
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Conclusions and Future Directions

ATl Allegheny Ludlum / University of Pittsburgh

e Cladding appears to be a viable means of mitigating
anode-side oxidation. Certain alloys may also be
beneficial in reducing hydrogen migration.

e Novel post-processing appears to be capable of
removing aluminum and silicon from finished
stainless steel.

e  Future laboratory evaluation will focus on electrical
characterization of clad and post-processed
materials, novel compositions, and complex sub-cell
systems.

Carnegie Mellon University

e Macro-scale indent results are sensitive enough
to show a clear difference in spallation behavior
between 22Cr and 26Cr alloys at very short
exposure times. This suggests that the test could be
used for quick screening of new alloy systems for
spallation resistance.

e  Macro-scale indent tests performed on E-BRITE
have shown a progressive increase in spallation
density with exposure. The tests appear to be
able to track progressive loss of debond resistance
with exposure, for exposure times that would
not yield any spontaneous spallation in standard
thermogravimetric analysis tests.

e Macro-scale tests also appear well-suited for
tracking debond resistance in coated specimens.

e Nano-scale indent tests have shown the ability to
induce cracks in grown chromia scales, allowing the
direct quantification of scale or interface toughness.
These tests are under development.

e  Fracture analyses of macro-scale tests will
be performed to link test results to fracture
toughnesses, for predicting times to spallation in
alloy specimens.

e Coated specimens will be exposed and tested using
the macro-scale test.

e Nano-scale testing will proceed on specimens
subjected to a wide range of exposures to determine
directly if scale or interface toughness is changing
with exposure.

West Virginia University

e Surface orientation of silver appears to play an
important role in the evaporation rate of any
potential silver cermet materials.

e Due to migration and agglomeration of copper
oxide particles at high temperature, silver cermet
containing copper oxide particles is volatile
when used as a contact paste material in a SOFC
environment.
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lILA.2 Oxidation Resistant, Cr Retaining, Electrically Conductive Coatings
on Metallic Alloys for SOFC Interconnects

Objectives

e Enable the use of inexpensive metallic alloys as
planar SOFC interconnects (ICs) via protective
coatings.

e Develop and demonstrate novel, cost-effective
deposition processes to establish dense and uniform
protective and functional coatings on metallic
substrates.

e Evaluate protective coatings during exposures
relevant to SOFC ICs.

e  Optimize deposition process parameters to
maximize SOFC metallic IC performance and
ultimately reduce cost.

Accomplishments

e Developed and tested new, hybrid surface
engineering technologies combining large area
filtered arc deposition (LAFAD), electron beam
physical vapor deposition (EBPVD), unbalanced
magnetron (UBM) and thermal evaporation to
deposit dense and defect-free protective coatings in
an economically favorable manner.

e Reduced metallic alloy oxidation rate by an
order of magnitude. Rutherford backscattering
spectroscopy (RBS) results indicate stainless steel
samples with nanolayered CrN/AIN coatings
exhibit an order of magnitude increase in oxidation
resistance compared to uncoated counterparts.
Further improvement of diffusion/oxidation
barrier properties is achieved by newly developed
nanolayered and/or nanocomposite MCrAlYO
oxicermet coating were M=Co, Ti, Mn, or Ni.

e Developed two-segment coating architecture with
bottom oxidation barrier MeCrAlO nanocomposite
oxicermet segment, deposited by the LAFAD
process, followed by a (Mn,Co),0, spinel, Cr

Dr. Vladimir Gorokhovsky
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retaining, cathode compatible segment, deposited
by the hybrid filtered arc deposition (FAD)-EBPVD
process.

e Significantly reduced Cr volatility. Coated samples
of commercially-available 430 stainless steel
exhibited over a thirty-fold decrease in Cr volatility
compared with their uncoated counterparts.
Effectively complete blocking of Cr volatility is
expected, as uncoated portions of these samples
were exposed during this testing.

e Demonstrated over 1,000 hours of low (<10
mQ.cm?) and stable area specific resistance
(ASR) values with coated stainless steel samples.
Negligible chemical or physical changes were
observed in sample post-mortem analyses.

e Developed thermochemical modeling of
multielemental high temperature oxicermet coatings.

Introduction

The Arcomac Surface Engineering, LLC (ASE)
SECA project has focused on the development of
protective and functional coatings to enable the use of
inexpensive metallic alloys as SOFC ICs. Currently,
the IC components of planar SOFC systems account
for a dominant portion of the overall SOFC stack
cost. Inexpensive ferritic stainless steels are under
consideration for these components. However, when
exposed to the typical SOFC operation environment,
metallic alloys form blanketing oxide scales, which
dramatically degrade SOFC performance and limit
device lifetime. To date, deleterious issues with Cr
volatility, electrical resistance, and thermal-mechanical
and chemical incompatibilities have restricted the use of
metallic alloys as ICs in planar SOFC systems. ASE has
developed advanced coating deposition technologies,
which show promise for resolving these issues in an
economically-viable manner.

Approach

To achieve the SECA cost and performance
goals, the use of inexpensive ferritic stainless steels
as IC components is under investigation. ASE is
developing advanced, hybrid vapor plasma deposition
technologies to establish protective coatings on
commercially available alloys of interest as SOFC
ICs. These coatings are aimed at inhibiting thermally
grown oxide scale formation and outward Cr diffusion
while retaining low area electrical resistivity at 750°C
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in air during long-term exposures. Desired coating
compositions and architectures are determined through
thermodynamic and transport modeling in addition to
prior art. Appropriate deposition materials are acquired
and deposition processes are designed and executed
using ASE equipment. Coated samples are evaluated
under exposures simulating SOFC IC operation, and
sample coupon performance is analyzed. Results

are employed to assist in developing new coating
deposition process formulations. Promising coating
systems from preliminary testing are then subjected

to more prototypical SOFC IC conditions for further
assessments. Concurrently, economic evaluations of
coating process and interconnect component fabrication
are ongoing.

Results

The patented filtered arc plasma source ion
deposition (FAPSID) system developed by ASE
utilizes two dual filtered cathodic arc LAFAD sources
in conjunction with two UBM sputtering sources,
two EBPVD evaporators and a thermal resistance
evaporation source in one, universal vacuum chamber
layout as illustrated in Figure 1 [1,2]. This system has
demonstrated the capability to deposit nanocomposite,
nanolayered coatings with a wide variety of
compositions and architectures.

The present ASE two-segment hybrid coating
approach is shown schematically in Figure 2. Filtered
arc deposited, nanostructured coatings from the
MCrAlYO system (where M = Co, Ti, Mn or Ni), are
being investigated to comprise a lower, oxidation-
resistant, adhesion-promoting bond coating segment.
This layer is designed to function as an effective
barrier, blocking both inward and outward diffusion of
oxidizing species, while acting as an adhesion system
to the upper coating segment. The transition metal
dopants are selected to increase high temperature
electronic conductivity by forming nanolaminated
and/or nanocomposite thermistor-like oxicermets.
Thermochemical modeling, using newly developed
“TERRA” thermodynamic equilibrium calculation
code is developed to estimate phase composition of
multielemental oxicermet coatings and its interaction
with SOFC IC operating environments. A matrix of
these lower segment coatings have been successfully
deposited with excellent adhesion to metallic substrates
under consideration for SOFC interconnects. A
(Mn,Co),0, spinel coating deposited by the hybrid FAD-
EBPVD process comprises an electrically conductive,
Cr-retentive and SOFC cathode-compatible upper
coating segment. Other hybrid deposition methods,
employing filtered arc assisted thermal resistance
evaporation are also being explored to deposit the upper
segment coating. A matrix of upper segment coatings
has been successfully deposited in combination with
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and apart from the matrix of lower segment coating
compositions.

SOFC IC-related behavior of coated and uncoated
samples, i.e. high temperature oxidation, ASR, and
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FIGURE 1. Schematic lllustration of the FAPSID Surface Engineering
System, Showing (a) Top View and (b) Side View

SOFC Cathode
(e.g. LSF or LSM)

(Mn,Co),0, Columnar FAD assisted EBPVD
deposit — electrically conductive and
accommodates cathodel/interconnect
interfacial stresses

CoCrAION nanolaminated FAD corrosion
«— resi baond interlayer — improves coating
adhesion and blocks O, inward diffusion

Metallic Interconnect Substrate, e.g. Crofer
22 APU

FIGURE 2. ASE's Two-Segment, Hybrid Coating Concept
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Cr volatility have been investigated in collaboration
with researchers at Montana State University, Pacific
Northwest National Laboratory, Lawrence Berkeley
National Laboratory and NASA-Glenn Research Center.
Cross-section scanning electron microscopy (SEM)
images in Figure 3 illustrate the thermal stability of the
coating system. Figures 3a and 3b are of a two-segment

FIGURE 3. Cross Sectional SEM Images of Two-Segment Coating:
FAD CrCoAlYO Nanostructured Bottom Segment Coating with Filtered
Arc-Assisted EBPVD (Co,Mn),0, Upper Segment Coating on 430
Stainless Steel: (a) As-Deposited and (b) Subsequent to 300 Hours
Exposure to 800°C Air
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FIGURE 4. (a) Summary of ASR Results on Coated and Uncoated
Crofer 22 APU; (b) Cr Volatility Results from Coated and Uncoated 430
Stainless Steel
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coating on 430 stainless steel before and after 300 hours
exposure to 800°C air (throughout several thermal
cycles), respectively. Figure 4 displays a summary of the
ASR and Cr volatility results. Low ASR values, excellent
adhesion, oxidation stability and promising Cr volatility
data suggest the efficacy of the ASE two-segment coating
approach.

Conclusions and Future Directions

ASE has developed advanced coating deposition
processes, which may enable the use of inexpensive
metallic alloys as interconnect components in planar
SOFC systems. Multilayered nanostructured oxicermet
coatings, deposited by hybrid filtered arc assisted
techniques are being investigated to meet SECA SOFC
IC performance and cost requirements. A large-scale
FAPSID surface engineering process, offering favorable
economics through high yield and advanced hybrid
design, is under investigation for deposition of protective
coatings on SOFC ICs. Future work is dedicated
to optimizing the composition and architecture of
nanocomposite oxicermet coatings on prototype-size
SOFC ICs made of ferritic stainless steels to further
improve its thermal-chemical and mechanical stability,
barrier properties and reduced ASR during long-term
SOFC IC operation.
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lIILA.3 SOFC Research and Development in Support of SECA

Objectives

e Explore the effects and mechanisms of chromium
migration in SOFCs.

Approach

e  Operate cells with E-Brite current collectors and
determine voltage degradation rates.

e Identify chromium deposits in cathodes.

Accomplishments

e It was shown that direct contact of a metallic
interconnect with the cathode paste/cathode leads
to more rapid voltage degradation than expected
from the oxyhydroxide mechanism.

e In such cells, a manganese chromium spinel was
found near the metal interface, and chromium oxide
near the electrolyte.

e It appears that a volatile chromate species,
perhaps potassium dichromate, contributes to the
degradation.

Future Directions

e The second volatile species will need to be
unambiguously identified.

e  Methods for diminishing the chromium migration
will be explored.

Introduction

Chromium contamination of SOFC cathodes
has been observed by several groups of researchers
developing cells with metallic bipolar plates. Hilpert
et al. have attributed the chromium transport to the
formation of a volatile oxyhydroxide species that forms
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when chromium-containing steels are exposed to oxygen
and water at elevated temperatures [1,2]. The volatile
oxyhydroxide CrO,(OH), can form either by reaction

of the surface oxide with oxygen and water, or by direct
reaction of metallic chromium [3]. It has also been
shown that CrO,(OH), is the dominant species in the gas
phase when water is present [4], and that the cathode
acts as a nucleation site for the deposition of chromium
[5]. Quadakkers et al. provide an overview of this and
other issues related to metallic-based interconnects [6].
There is also work that indicates that both the cathode
and electrolyte composition can play a role in chromium
poisoning [7,8].

As discussed by Hilpert and others [9,10], the
chromium oxyhydroxide is presumed to be reduced to
chromium trioxide at the triple phase boundaries in the
cathode as shown:

2Cr0,(0H), + 6e™ + 3V.. = Cr,0, + 2H,0 + 30>

The oxide deposits block the access of oxygen to the
electrochemically active sites and cause the performance
decay of the cell. However, the magnitude of the effect
varies greatly between cells and stacks from various
organization. To better define the quantitative relations,
DOE set up a task force between General Electric, the
Pacific Northwest National Laboratory, and Argonne.
Our role was to experimentally determine the cell
degradation rates in cells with current collectors made of
E-Brite, an alloy made by Allegheny Ludlum.

Approach

A new experimental apparatus was jointly
developed by the three parties that would simulate the
flow field geometry of a typical planar stack. As shown
in Figure 1, the fuel cell housing is a two-piece circular
structure made of a machinable ceramic (MACOR) that
contains a 2.5-cm? metal current collector with five flow
channels. Under the channels is a fuel cell consisting of
a lanthanum manganite cathode, a zirconia electrolyte
and a nickel/zirconia anode. These cells were purchased
from InDec.

All the team members used identical fixtures and
cells and operated them at 250 mA/cm? and air flow
rates of 70 standard cubic centimeters per minute.
Argonne ran three types of experiments. In the first,

a current collector made of E-Brite was used. In the
second the current collector was gold, and in the third,
the current collector was E-Brite with the ribs covered
with a gold foil. In the first set, chromium oxyhydroxide
was expected to form on the channel surfaces and under
the ribs. In the second, no oxyhydroxide was expected
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FIGURE 1. Schematic of the Cell Test Stand

to form, and in the third, oxyhydroxide formation was
expected only in the channels, where direct contact
between E-Brite and cathode is avoided.

Post-test analyses were conducted on the cathodes
by scanning electron microscopy and wide-angle X-ray
beam spectroscopy using the Advanced Photon Source
at Argonne National Laboratory.

Results

Cell Tests

A summary of various electrochemical cell tests is
shown in Figure 2. The dark line represents a 1000-hour
run with the gold current collector, showing virtually
constant performance. In contrast, the cell potential
declined rapidly when an E-Brite current collector was
used. In that test, a small amount of a yellow deposit
was noticed in the exit tube and on the cell after
shutdown and disassembly. This yellow deposit was
identified as K,Cr,O..

As discussed below, the potassium seems to
have come from the MACOR fixture, and to prevent
this interference, the MACOR housing was coated
with alumina. The lighter trace shows a more stable
performance of a cell with an E-Brite current collector in
the alumina-coated housing. Finally, a short light trace
represents a cell with an E-Brite current collector that
had the ribs covered by a gold foil.

Post-test Analyses

Figure 3 shows the distribution of chromium in
the cathode. Note that the cathodes consisted of two
distinct regions. The layer closest to the electrolyte,
labeled as “lower cathode” in the figure contained
zirconia to enhance the electrochemical performance,
while the “upper cathode” was single-phase strontium-
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doped lanthanum manganite. The figure reveals
unambiguously identified Cr,O, deposits (by two
distinct X-ray peaks) that are found mostly near the
electrolyte but also distributed to some extent in the
zirconia-containing part of the cathode. The manganese
chromium spinel MnCr,O,, that has been observed

by others, is found primarily near the interconnect
interface, and to a lesser extent, throughout the upper
cathode. A small rise is noticeable near the electrolyte,
as will be discussed further.

Discussion

Our chromium profiles across the cathode clearly
show chromium oxide deposits at the electrolyte
interface, which is consistent with the mechanism
proposed by Hilpert, where the chromium oxyhydroxide
is electrochemically reduced to chromium oxide and
affects the cell performance. Our profile also confirms
that a manganese-chromium spinel forms at the interface
of the cathode and the metal. This spinel is the result
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of a chemical reaction between the chromium oxide
covering the metal and the cathode:

1.5Cr,0, + 5La,Sr,Mn0, = 4 LaCr0, + 5 MnCr,0, + SrCr0, + 1.5 0,

The spinel is confined to the structural part
of the cathode and would not seem to affect the
electrochemistry. One should note the small amount
of spinel near the electrolyte, which, in our view, is
formed by the chromium oxide deposits at the electrolyte
reacting with the cathode as shown above.

We did not find the spinel phase in cells where the
interconnect ribs had been covered with gold foil.

The amount of chromium oxide near the electrolyte
was 3-4% in cells that were run in the MACOR fixture
and that were rapidly deteriorating. A mass balance
calculation that is beyond the scope of this report reveals
that the oxyhydroxide mechanism cannot account for
the amount of chromium oxide that was detected in the
MACOR cells. Since we found potassium dichromate in
the exit tube of these cells, we suspect that the latter did
contribute to the chromium transport.

We believe it is important to note this finding
because potassium oxide is present in many cements,
sealants, and glass/ceramic components. If the
potassium dichromate can contribute to the chromium
migration it could explain the wide range of cell
degradation rates reported in the literature.

Conclusions and Future Directions

It appears that the oxyhydroxide mechanism is
valid but may have only an insignificant effect on
long-term cell performance. Other volatile species
such as potassium and/or strontium dichromates
seem to contribute to the chromium transport. Future
experiments will focus on these compounds.
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lIILA.4 Intermediate Temperature Solid Oxide Fuel Cell Development

Objectives

e Fabricate and test a thin, supported lanthanum
gallate electrolyte based solid oxide fuel cell stack.

e Determine operating characteristics of the stack in
the intermediate temperature range.

Approach

e Develop fabrication process for thin, supported
lanthanum gallate electrolyte.

e  Verify performance of thin cells in button cell
configuration.

e Evaluate low temperature cathode materials using
symmetric cells.

e Test the new cathode material in short stacks.

Accomplishments

e Button cells were fabricated using the tape
lamination technique.

e  Preliminary cathode half-cell evaluation was
conducted using new cathode compositions.

Future Directions

e  Conduct round robin evaluation of cathode
half-cells.

e Select promising cathode compositions and develop
cathode application process.

e  Fabricate and test short stacks.
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Introduction

Reducing the operating temperature of solid oxide
fuel cells (SOFCs) offers several benefits: improvement
in long-term stability by slowing physical and chemical
changes in the cell materials, lower cost systems by the
use of less expensive balance-of-plant components,
compatibility with hydrocarbon reformation process
allowing partial internal reformation which in turn
reduces the heat exchanger duty, and finally, the
potential to improve thermal cycle capability. In
addition, the use of stainless steel interconnects is also
facilitated by the lower operating temperature.

A temperature range of 600°C to 700°C is ideally suited
to derive the performance stability, system integration
and cost benefits.

In order to derive the advantages of the lower
operating temperature, two factors that limit the cell
performance, namely the electrolyte resistance and
electrode polarization must be addressed. Lanthanum
gallate compositions have shown high oxygen ion
conductivity when doped with Sr and Mg. Unlike
other oxygen ion conductors, such as ceria and bismuth
oxide, that are potential candidates for lowering cell
operating temperature, the Sr and Mg doped lanthanum
gallate (LSGM) compositions are stable over the oxygen
partial pressure range of interest. The combination of
stability in a fuel gas environment and the high oxygen
ion conductivity makes the LSGM material a potential
choice for intermediate temperature SOFCs. However,
challenges in the development of electrode materials and
thin cell fabrication processes need to be overcome to
make use of the potential of the LSGM electrolyte.

Approach

Tape cast process development was performed
to cast LSGM tape of various thicknesses to provide
sintered electrolyte thicknesses ranging from 50 to 200
microns. The process variables included: powder surface
area, organic content in the tape slip, and sintering
temperature. The primary objectives of the activity
were to achieve sintered electrolyte density and flatness
required for stacking. Single cells and symmetric cells
with 2.5 cm? active area were tested for performance
characteristics.

While lanthanum cobaltite cathode has good
intermediate temperature catalytic activity, the primary
issues related to the use of cobaltite cathode are
excessive diffusion of Co into LSGM causing phase
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destabilization of the electrolyte, and the high coefficient
of thermal expansion of cobaltite compositions. Two
alternative cathode compositions were evaluated in half-
cell tests at the two universities.

Results

Thin electrolyte single cells were fabricated using
the tape lamination technique. Both anode and
cathode structures were evaluated as the support for the
electrolyte. The performance of a cathode-supported
cell is shown in Figure 1. The thin, 75 micron LSGM
electrolyte cells showed an area specific resistance of
0.5 ohm-cm?® at an operating temperature of 700°C.

The long-term performance of selected cells is shown
in Figure 2. Similar performance and stability results
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were also obtained using cells with the anode-support
configurations. Thus, the performance benefits of

using high conductivity LSGM electrolyte and the
stability improvement by using the modified anode were
established in single cell tests.

Sintering process development for fabricating
10 x 10 cm electrolytes was conducted. Initial trials with
thick electrolyte defined the sintering process to achieve
flat, dense electrolyte. Fabrication development of thin
cell structures has been initiated.

Conclusions

e Thin, supported cells meet the performance target of
0.5 ohm-cm?® resistance at 700°C.

e Long-term tests of single cells show stable
performance.

e  Alternative cathode materials show low cathode
polarization at temperatures < 700°C.
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lILA.5 Metal Interconnect for Solid Oxide Fuel Cell Power Systems

Objectives

e Select a surface treatment process for commercial
ferritic stainless steel to reduce oxide scale growth
rate.

e  Optimize treatment process condition to provide a
stable, conductive scale.

e  Measure the scale properties in SOFC relevant
conditions.

e Evaluate treated metal interconnects under SOFC
stack conditions.

Approach

e Select a heat treatment process to achieve a thin,
dense scale of a conductive oxide composition.

e Measure scale conductivity in air at target operating
temperature.

e  Measure air-side scale conductivity when the
opposite side is exposed to fuel conditions (dual
atmosphere test condition).

e  Evaluate scale morphology under fuel cell operating
conditions.

e Evaluate the effect of surface treatment on
chromium volatility.

e Measure interconnect repeat unit resistance under
stack operating conditions.

Accomplishments

e The surface treatment was found to reduce the scale
growth rate as determined by thermogravimetry
at 750°C. The treated metal coupons showed a
parabolic rate constant of 5 x 10”° gm?/cm*/hr
compared to 7 x 10® gm?/cm*/hr of uncoated
coupons. The low oxidation rate of treated
interconnects will enable achieving the target fuel
cell operating life of 40,000 hours.
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e Scale resistance was 10 millohm-cm? in air at 750°C
and less than one milliohm-cm? in humidified
hydrogen.

e Scale morphology was characterized as a function
of treatment process and test conditions relevant to
fuel cell operation.

e Stable, low air-side resistance was demonstrated
under dual atmosphere test conditions.

e Significant reduction in chromium evaporation was
observed with treated metal coupons.

e No detectable reactivity of treated metal and
potential cell joining perovskite compositions.

Future Directions

e  Verification of performance improvement in fuel cell
stack tests.

Introduction

Interconnects perform essential functions in a
fuel cell stack, namely, electrical connection between
adjacent cells and separation of air and fuel. In many
cases they also provide structural support for the stack.
The use of commercial alloy offers the potential for low-
cost interconnect components. This allows for achieving
the DOE target of low cost, modular fuel cell stacks.

The SOFC interconnect must simultaneously satisfy
several functional requirements. These functions require
materials with high electronic conductivity for the series
connection of individual single cells, gas impermeability
to separate fuel and oxidant gases, and chemical stability
and conductivity over a large oxygen concentration
range in order to maintain integrity in both the fuel and
air atmospheres. Thermal expansion match with the
rest of the cell elements is desired. Metal interconnects
are very desirable from the viewpoints of manufacturing
cost in addition to other functional requirements,
provided that the high conductivity can be maintained
at the operating conditions. It also lends itself to ease
of fabrication of gas channels and greater control over
dimensions to help improve the conformity as well as
uniform reactant distribution to ensure uniform current
density, high fuel utilization and high fuel efficiency.

The use of thin metallic sheets will also reduce

overall weight in the fuel cell system. High thermal
conductivity of metal interconnects will help distribute
the heat generated during the operation of the cell,
thereby reducing the cooling air requirement as well as
eliminating thermal stress failure of ceramic components
caused by sharp thermal gradients.
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The principal requirements of metal interconnects
can be summarized as follows: 1) thermal expansion
match with other cell components, 2) oxidation
resistance in air and fuel at the operating temperature,
3) conductive interface (scale) in air and fuel
atmospheres, 4) prevention of reactivity with electrode
materials to form insulating compounds, 5) low volatility
of major or minor constituents that poison electrode
activity, 6) compatibility with anode and cathode
environments, 7) uniformity in contact with the cells,
8) thermal cycle capability, and 9) cost. The present
work focuses on the development and evaluation of
conductive oxide scale on commercial ferritic stainless
alloys.

Approach

A commercial stainless steel alloy was selected. The
surface oxide scale was modified using an appropriate
coating and heat treatment process to provide a dense
conductive oxide scale. A second treatment layer
was applied to provide a low chromium activity in
the surface. Process development to achieve both
treatments in a single step was completed. The growth
rate, resistivity, and morphology of the scale were
determined as a function of time for the various surface
treatment conditions. The evaluations were made both
in single atmosphere (air or fuel) or dual atmosphere (air
and fuel on the opposite sides) conditions. Comparison
of chromium evaporation characteristics of treated
and untreated metal coupons was made using alumina
powder as the chromium getter.

Results

Thermogravimetry of a 400-series commercial
stainless steel was performed. Both untreated and
treated coupons were evaluated. Two types of
treatments were done. The first one was to heat treat
the coupon to grow a controlled, dense oxide scale
layer (treatment 50C940). In a second variation, an
additional treatment was done to provide a stable
chromium oxide composition as the outer layer
(treatment MI2). The comparison of the oxide scale
growth, via weight gain, is shown in Figure 1. The pre-
grown oxide layer was found to reduce the scale growth
significantly while the second treatment provided an
additional reduction in scale growth rate.

The resistances of the coupons were measured
after they were surface treated. Two coupons were
sandwiched using a conductive perovskite (e.g., Sr-
doped lanthanum cobaltite) as the contact paste. The
change in measured resistance values of the coupon
couples at 750°C in air is shown in Figure 2. The
coupons were subjected to several thermal cycles.
Similar measurements were also made in humidified
hydrogen using nickel paste as the contact layer,
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FIGURE 3. Resistance of Coupon Couples in Humidified Hydrogen at
750°C

shown in Figure 3. In both atmospheres, the resistance
values were below 10 milliohm-cm? meeting the target
interconnect resistance.

Earlier work showed that the oxide scale on the
air-side is disrupted when the opposite side is exposed
to hydrogen at the target cell operating temperature.
In order to evaluate the effect of dual atmosphere
exposure, resistance of coupon couples were measured
when one coupon is exposed to dual atmosphere. The
test arrangement and the results of a test using the
graded scale composition are shown in Figures 4a and
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4D, respectively. The low resistance measured under
realistic exposure conditions is encouraging. The scale
microstructure after the 1,000-hour test is shown in
Figure 5. Both the sandwich area with the current flow
in and away from the sandwich area show thin

(~3 micron) oxide scale, thus confirming the
effectiveness of the treatment under a dual atmosphere
exposure.

Chromium evaporation characteristics of the
untreated and treated metal coupons were evaluated
using an alumina getter. A schematic of the test
arrangement is shown in Figure 6. Various coupons
were exposed to the getter material at 750°C for 300
hours. A significant reduction in chromium content was
noted for the treated coupons as shown in Table 1.

Mixtures of treated and untreated stainless steel
powder and perovskite powder were heat treated to
evaluate the reactivity. The treated metal powder did
not show any evidence of new phases based on x-ray
diffraction analysis.

A resistance stack consisting of a series of
interconnects with different treatments was tested to
simulate the dual atmosphere stack conditions. Initial
results showed low resistance for some segments.
Additional tests are required to obtain statistical
information on the performance variations.
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TABLE 1. ICP Analysis of Al,0, Powder (ppm by weight)

Cr
Baseline powder <05
Powder exposed to untreated coupon 250
Powder exposed to treated coupon 140
Powder exposed to treated and LSCo thermal sprayed 4.1
coupon
Conclusions

Surface treatment to commercial ferritic stainless
steel is shown to reduce the oxidation rate in air at
SOEFC operating temperatures.

The resistance values of the stainless interconnect
meet the target.

The surface treatment provides improved stability
to the scale under dual atmosphere exposure
conditions.

A significant reduction in chromium evaporation
rate demonstrated.

The treatment also suppresses reactivity of metal
with cell joining perovskite materials.
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lILA.6 Novel Cathodes Prepared by Impregnation Procedures

Objectives

e Examine the feasibility of using different precursor
species to impregnate lanthanum strontium
manganite (LSM) into porous yttria-stabilized
zirconia (YSZ) using fewer steps.

e  Determine whether the addition of Co species could
be used to enhance performance of LSM-based
cathodes.

e  Assess the stability of impregnated lanthanum
strontium ferrite (LSF)-YSZ cathodes.

e  Compare the fabrication cost of impregnated
cathodes to one made by screen printing.

Accomplishments

e  We showed that similar results were obtained when
using various LSM precursors to produce LSM-YSZ
cathodes.

e  We showed that enhanced performance could be
achieved by adding LSCo to LSM-YSZ cathodes.

e  We have preliminary results showing that there is
a slow deactivation with LSF-YSZ cathodes.

Introduction

While the performance of conventional Sr-doped
LaMnO, (LSM)-YSZ cathodes is adequate at high
temperatures, LSM-YSZ composites exhibit only modest
performance at 700°C and poor performance at lower
temperatures. Since there is a move towards operation
at lower temperatures, cathodes with properties superior
to LSM-YSZ are clearly needed. In fact, cathode
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performance can be improved dramatically by replacing
LSM with other perovskites, such as Sr-doped LaFeO,
(LSF) or LaCoO, (LSCo) [1,2]. Unfortunately, it is not a
simple matter to substitute these alternative perovskites
for LSM. The conventional fabrication of LSM-YSZ
composites involves a high-temperature calcination

of LSM-YSZ mixtures to the electrolyte in order to
establish good connectivity between the electrode and
electrolyte. With LSM, calcination can be performed

at 1,250°C, a temperature that is sufficiently high

to sinter the YSZ in the electrode to the YSZ in the
electrolyte, thus forming a good three-phase boundary.
Unfortunately, it is not possible to calcine LSF-YSZ and
LSCo-YSZ mixtures at high temperatures due to the fact
that these oxides will undergo solid-state reactions.

An alternative approach to preparing composite
cathodes involves eliminating high-temperature sintering
of LSF (or LSCo) with YSZ. It has been pointed
out that the driving force for reaction between the
perovskites and YSZ disappears below 900°C. This
implies that the problem of interfacial reactions may
be primarily associated with processing the composite
electrode, rather than fuel-cell operation, although
interfacial reaction could also occur because of the
reducing conditions associated with the electrode-
electrolyte interface.

Approach

One way to form an oxide composite that is well
connected to the electrolyte, while avoiding the high-
temperature co-firing of YSZ and perovskite, involves
adding the perovskite to a porous matrix of the YSZ that
has already been sintered to high temperatures. The
porous YSZ matrix can be produced by simple methods,
such as tape casting or tape calendaring with pore
formers. The tapes with pore formers can be laminated
onto electrolyte tapes in the green state and co-fired
together with the green anode. Finally, the perovskite is
incorporated into the porous YSZ by infiltration.

Results

A. SOFC Cathodes Prepared by Infiltration with
Various LSM Precursors

The cathode properties of LSM-YSZ composites
formed by infiltration of porous YSZ with aqueous
salt solutions, with LSM nano-particles, and with
molten salts are essentially identical. The relatively
high mobility of LSM on YSZ, associated with surface
interactions between LSM and YSZ, causes the
final composite structures to be essentially the same,
independent of how the LSM is added. Figure 1 shows
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FIGURE 1. SEM images of a) the initial porous YSZ matrix; b) the
LSM-YSZ composite prepared by infiltration of the LSM nano-particle
suspension; c¢) the LSM-YSZ composite prepared by impregnation of
LSM molten salts.

SEM images of a) the porous YSZ before impregnation,
b) LSM-YSZ composite made by impregnation of

LSM nano-particle suspension, and ¢) LSM-YSZ
composite prepared by impregnation of the LSM
molten salt. Figure 2 shows fuel cell performance

data for impregnated LSM cathode cells made by
impregnation of a) aqueous salt solutions, LSM-YSZ
(aq), b) molten salt, LSM-YSZ (molten), and c) nano-
particle suspension, LSM-YSZ (nano). Based on
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FIGURE 2. Fuel-cell data for cells operating in humidified H, (3% H,0)

at 973 K with LSM-YSZ cathodes prepared using different impregnation
methods, followed by calcination at 1,323 K: a) V- Polarization curves;
b) Cole-Cole plots of impedance data measured in humidified H, (3%H,0)
at 973 K at 300 mA/cm®. (@) LSM-YSZ (aq); (@) LSM-YSZ (nano);

(O) LSM-YSZ (molten).

previous work, we have estimated that the Co-ceria-
YSZ anode in these cells contributes an impedance

of approximately 0.2 Q.cm? independent of current
density. The resistance associated with the electrolytes
in each of the cells is predicted to be above 0.3 Q.cm?, in
reasonable agreement with the observed high-frequency
impedance between 0.35 and 0.40 Q.cm? observed in
Figure 2b. Therefore, it is straightforward to extract the
performance of the cathodes from these data, namely in
the range of 0.4 to 0.5 Q.cm®

B. Stability Studies of LSF-YSZ Electrodes

This work is still ongoing but recent data obtained
with a “symmetric” cell appears to be the most reliable
information we have on the stability of the LSF-YSZ
electrodes. This data is shown in Figure 3. The data
shows that the ohmic resistance of the cell does not
appear to be changing over a period of 1,300 h. That
is very encouraging, since any solid-state reactions at
the interface between the electrolyte and the electrode
would be expected to form insulating layers that would
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FIGURE 3. Results from a "symmetric" cell, using one of the LSF-YSZ
electrodes as a support. One of the LSF-YSZ electrodes is 300 microns
thick, while the other is 50 microns. The electrolyte is approximately
70 microns thick. The data in the figure shows the total ohmic and
polarization resistances, divided by two to account for the two
electrodes.

result in an increased ohmic resistance. However,
significant increases have occurred in the polarization
losses. While it is possible that these could be due

to diffusion through the Ag contact paste, we suggest
that something else is causing the increase. We are
still attempting to identify the mechanism for this
deactivation.

Conclusions and Future Directions

e The cathode properties of LSM-YSZ composites
formed by infiltration of porous YSZ with aqueous
salt solutions, with LSM nano-particles, and with
molten salts are essentially identical. The relatively
high mobility of LSM on YSZ, associated with
surface interactions between LSM and YSZ, causes
the final composite structures to be essentially
the same, independent of how the LSM is added.
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Infiltration of the molten salt allows for the fewest
number of infiltration steps, as few as two steps,
while infiltration with nano-particles required as
many as 40 steps.

e  We have preliminary results on the deactivation
of LSF-YSZ electrodes at 973 K. Ohmic losses
appear to be stable after 1,300 h. However, we are
observing an increase in the polarization losses after
this period of time. We are presently working to
identify the deactivation mechanism.
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[Il.LA.7 Characterization of Atomic and Electronic Structure of
Electrochemically Active SOFC Cathode Surfaces

Objectives

e Investigate the atomic/electronic structures of
various cathode materials using quantum chemical
calculations.

e  Predict the oxygen reduction mechanism on the
surfaces of these cathode materials in a solid oxide
fuel cell (SOFC).

Accomplishments

e The geometrical and electronic structures of the
possible O, adsorption on the modeled surfaces
of silver and CeO,-supported silver have been
predicted using density function theory (DFT)
calculations. Results indicate that the adsorption of
peroxide O,” is more stable than that of superoxide
O, on silver surfaces.

¢ The mechanisms of O, reduction and oxygen ion
transport on the modeled surfaces of silver and
CeO,-supported silver have been predicted from the
computed potential energy surface (PES). Results
suggest that oxygen reduction is more energetically
favorable on the CeO,-supported silver surface than
on unsupported silver surfaces.

e The effective charges of the intermediate oxygen
species on different silver surfaces have also been
estimated from DFT calculations.

Introduction

The interaction of oxygen molecules with oxide-
supported metal surfaces is considered as one of the
modern classics of heterogeneous reactions for fuel
cell and catalytic applications [1,2]. The reduction
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processes of oxygen molecules on the metal/oxide
interface, which correspond to the electrode/electrolyte
system, are the key reactions in the cathode region of
SOFCs. The oxygen reduction process may occur via
three parallel reaction routes, depending on the ionic
and electronic transport properties of the cathode and
electrolyte materials [3,4]. In the first route, oxygen
molecules are adsorbed on the triple-phase boundary
(TPB), where the electrolyte, electrode, and oxygen gas
meet, and the reduced oxygen ions can directly combine
with oxygen vacancies in the electrolyte. In the second
route, oxygen molecules are adsorbed and dissociated
on the cathode surface, which is a two-phase boundary
(2PB), followed by the transport of the dissociated
oxygen ions through the cathode to the electrolyte or
along the surfaces of the cathode to the TPB. In the
third route, oxygen molecules are adsorbed and/or
dissociated on the electrolyte 2PB surface, followed by
the transport of the adsorbed/dissociated oxygen ions
along the surfaces of the electrolyte to the TPB, where
they are reduced and incorporated into the electrolyte.
For SOFCs with metallic electrodes, it is generally
believed that oxygen reduction occurs predominantly at
the TPB since metal electrodes are electronic conductors
rather than ionic conductors. Nevertheless, the detailed
mechanism of oxygen-metal/oxide interaction is still not
well understood, and many fundamental concepts at the
microscopic level remain unclear.

Approach

The electronic calculation to identify the
intermediate and transition states in the oxygen
reduction process on the 2PB and TPB is optimized by
the spin-polarized DFT with the projector-augmented
wave method (PAW) [5,6]. The exchange-correlation
function is treated with the generalized gradient
approximation (GGA) of PW91 formulation [7] for the
total energy calculations. The Brillouin zone is sampled
by the Monkhorst-Pack scheme [8].

The 2PB is modeled by Ag(111) and Ag(110)
surfaces, which are constructed by 6-layer (111) and
(110) slabs. Both the (111) and (110) slabs have 2x2
surface cells with 4 Ag atoms. The Monkhorst-Pack
k-points, applied for the super cells of Ag(111) and
Ag(110) surfaces, are set as 8x8x1 along (112) x
(110) x (111) and 8x4x1 along (110) x (001) x (110)
directions, respectively. The cutoff energy and vacuum
space are kept at 400 eV and 10 A, respectively. The
top three layers are relaxed and the bottom three layers
are fixed at the computed lattice constant during the
structure optimization. The TPB is modeled by one Ag
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monolayer covered on Ce- or O-terminated CeO,(111)
surfaces. The CeO,(111) surface is constructed by a
p(2x2) 9-layer slab with 12 [CeO,] units. The top three
layers are relaxed, the Monkhorst-Pack k-points are
set as 3x3x1 along (211) x (011) x (111) directions,
and a 10-A vacuum space is presented along the (111)
direction during the calculation.

Results

O, Adsorption: Calculations of adsorption energy
suggest that the adsorptions on atop sites are less
stable than those on 3-fold hollow sites, which can
be rationalized from their bonding structures. Each
adsorbed O, at the atop position forms one chemical
bond with a single Ag atom; in contrast, the adsorbed
0O, at the 3-fold hollow site forms more bonds with
nearby Ag atoms. The calculations also suggest that
the side-on adsorbed O,* (a) is more stable than the
end-on adsorbed O, (a). In the end-on adsorption of
superoxide, only one O atom bonds with the surface,
while in side-on adsorption of peroxide, both O atoms
bond with the surface Ag atoms. The trends are
consistent with the results of previous experimental
observations [9,10].

The analysis of the bond lengths indicates that, first,
all adsorbed O,(a) has longer bond lengths than that
in the gas phase, 1.236 A; second, the adsorbed 0,(a)
with longer bond lengths has higher adsorption energies
because the adsorbate can donate more electrons and

form stronger Ag-O bonds to stabilize the whole system.

Therefore, the overall stability can be attributed to the
energy produced by forming strong Ag-O bonds, which
is more than the energy consumed by partially breaking
the O-O bond.

The vibration frequencies of the most stable
superoxide and peroxide on the modeled TPB, atomic
Ag covered on Ce- and O-terminated CeO,(111)
surface, were computed. The adsorptions of superoxide
forms with shorter O-O bonds have higher vibration
frequencies (1003-1079 cm™) than those of peroxide
forms (750-916 cm™). The O-O vibrations on
the modeled TPB are closer to the experimental
observations of O,(a) on the pure CeO,(111) surface,
0, (a): 1127-1135 cm™" and O,” (a): 831-877 cm ™
(11), than to those of O,(a) on metal surfaces, O, (a):
870-1020 cm ™' and O,> (a): 610-660 cm ™' [12]. This
implies that the Ag-covered CeO, surfaces still retain
the surface properties of CeO,(111) rather than those of
silver surfaces.

O, Reduction: The reduction process is related
to the O-O dissociation process from the most stable
O,(a) adsorption. On the modeled TPB of Ag-covered
O-terminated CeO,(111) surface, the transition state of
the O, reduction process has a 0.43-eV reaction barrier
when the O-O bond is extended to ~2 A. The resulting
product of the two dissociated O(a) prefers being
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adsorbed on the two nearest 3-fold hollow sites with an
exothermicity of -0.44 eV. On the other modeled TPB
of Ag-covered Ce-terminated CeO,(111) surface, the O,
reduction process has a 0.28-eV reaction barrier. The
dissociated O atoms prefer bonding with subsurface

Ce compared to surface Ag atoms with a much higher
exothermicity of 4.70 eV because the adsorption energies
on atop sites of O-Ce (5.55 eV) are much higher than
that of O-Ag (1.99 eV). The potential energy surface
(PES) with Bader charge [13] analysis of this process is
shown in Figure 1. As a result, the reduction processes
on the two modeled TPBs have low reaction barriers
and are highly exothermic.

On the other hand, the reduction processes on the
modeled 2PB of Ag(111) and Ag(110) surfaces have
0.85-eV and 0.60-eV reaction barriers, respectively.

The PES of the O, dissociation process on the Ag(111)
surface with Bader charge analysis, for example, is
shown in Figure 2. Unlike the TPB cases, the reduction
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0. 0,7 o107 0107
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FIGURE 1. PES and geometrical structures of 0,(a) - 20(a)
dissociation processes on a Ag-covered, Ce-terminated, CeQ,(111)
surface. The black numbers are the relative energies referenced to
0,(g)/surfaces (= 0). The red numbers are the Bader charges of the
adsorbed 0.
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FIGURE 2. PES and geometrical structures of 0,(a) > 20(a)
dissociation processes on a Ag(111) surface. The black numbers
are the relative energies referenced to 0,(g)/surfaces (= 0). The red
numbers are the Bader charges of the adsorbed 0.
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processes on the modeled 2PB are endothermic, 0.54 eV
on Ag(111) and 0.25 eV on Ag(110) surfaces. Therefore,
from the mechanism calculations, the O, reduction
process is energetically more favorable to occur on the
TPB than on the 2PB since the process has a lower
reaction barrier and higher exothermicity on the TPB.

Oxygen Ion Transport: The O ion transport refers
to the motion of the dissociated O(a) from one stable
site to another on the surface. Compared with surface
morphology, the separation between the stable sites on
the TPB is larger than that on the 2PB. Compared with
the electronic structure, the subsurface atoms of the TPB
have stronger interaction with surface O(a) than those of
the 2PB. Therefore, the transport process near the TPB
of Ag supported by the O-terminated CeO,(111) surface
has a higher energy barrier (~0.59 eV) than on the 2PB
of silver: the Ag(111) surface has a barrier of 0.37 eV
and the Ag(110) surface has a barrier of 0.17 eV. On the
other modeled TPB of Ag supported by Ce-terminated
CeO,(111) surface, the O ions transport from the surface
Ag layer directly to the subsurface Ce without any
barrier and with a high exothermicity of -3.56 eV. This
result suggests that any dissociated O at the TPB will
be dragged into the unsaturated Ce*" in the electrolyte
quickly.

These calculations predict that the TPB of Ag
supported by the Ce-terminated CeO,(111) surface
has the lowest energy barrier for O, reduction, and the
dissociated O ions can directly transport to the CeO,
bulk without any energy barrier, implying that the TPBs
are the most active sites for oxygen reduction. This
result agrees well with the experimental observation that
cell performance can be enhanced by increasing the TPB
area [14,15].

Conclusions and Future Directions

Oxygen-reduction mechanisms on silver-based
cathodes have been examined by spin-polarized DFT
calculation with the PAW method. The stepwise
reactions occurring on a silver-based SOFC cathode can
be described as

0,(g) (+e) > 0, (+e) > 0,7 > 20* (+V;°) > O}

whereV," represents an oxygen vacancy in the
electrolyte and O} corresponds to an oxygen ion at a
regular oxygen site in the electrolyte.

The computed energies of these reactions, as
summarized in Figure 3, show that the cathodic
reactions in an SOFC, the O, adsorption, dissociation,
and reduction as well as the combination of the
dissociated O ions with oxygen vacancies in the
electrolyte are energetically more favorable to take
place in the TPB region where subsurface Ce atoms
are present (together with oxygen vacancies). This
prediction is consistent with the experimental
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FIGURE 3. The stepwise reaction mechanisms of oxygen reduction
processes on Ag(111) and Ag(110) surfaces and at a TPB, silver-
covered, Ce-terminated Ce0,(111) surface. The underlined numbers
represent the heat of reaction, AH, in eV whereas the italic numbers
represent the reaction barrier, Ea, in eV.

observations that the efficiency of a SOFC can be
enhanced by increasing the TPB areas.

Future studies are briefly outlined as follows:

e Predict O, reduction mechanisms on different
cathode materials using similar approaches.

e Take into consideration the effect of temperature
and pressure in the calculations to predict the
catalytic activity of different cathode materials under
various conditions.

e Take into consideration the effect of an applied
direct current polarization in the calculations to
simulate practical SOFC operating conditions.
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lIILA.8 Functionally Graded Cathodes for Solid-Oxide Fuel Cells

Objectives

e Elucidate the mechanism of the oxygen-reduction
reaction using in situ vibrational spectroscopy and
ab initio analysis.

e Develop micro-impedance spectroscopy system
to discern the reaction mechanisms for oxygen
reduction and to elucidate the effect of electrode
geometry on overall performance of SOFCs.

e  Complete the construction of an ultra high vacuum
(UHV) system for temperature programmed
desorption (TPD) and sticking probability
measurements relevant to O,-cathode interactions.

e Analyze the kinetics of oxygen-reduction reactions
occurring at charged mixed ionic-electronic
conductors (MIECs) using two-dimensional finite
volume models with ab initio calculations.

e Determine oxygen permeation rate through dense
silver membranes to estimate the oxygen transport
rate under SOFC operating conditions.

Accomplishments

e Two distinct oxygen bands appeared at 825 and
1131 cm™, corresponding to peroxo- and superoxo-
like species, respectively, when partially reduced
CeO, was exposed to 10% O,. Periodic density
functional theory (DFT) calculations aided the
interpretation of spectroscopic observations.

e A lanthanum strontium manganese (LSM)
microelectrode (ME) generated from a patterned
LSM electrode was used to examine the
electrode-geometry effect using micro-impedance
spectroscopy.

e A UHYV system has been built for fundamental
study of cathode materials under well-controlled
conditions.
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e A numerical finite volume scheme was devised
to solve a nonlinear DC polarization problem for
mixed conductor thin films in two dimensions,
including the effect of sheet resistance.

e  Oxygen permeation through dense silver membranes
was determined to follow an Arrhenius relation with
an activation energy of 0.94 eV (21.7 kcal mol™).
The effective leaking current density was calculated
to be 0.0146 mA cm™ at 750°C.

Introduction

This project has centered on elucidating the
reaction mechanism of oxygen reduction on SOFC
cathode materials using experimental measurements in
conjunction with advanced theoretical tools
(i.e., quantum-chemical calculations and continuum
modeling). Accelerating the oxygen-reduction rate is
imperative to reduce the cathode/electrolyte interfacial
polarization resistance, which can be achieved by
understanding the elementary steps of the oxygen-
reduction reaction. The elementary steps of oxygen
reduction on cathode materials generally include:

(1) molecular and dissociative adsorption of oxygen
species, (2) dissociation of adsorbed oxygen species
along with charge transfer, (3) diffusion of adsorbed
molecular or dissociated oxygen species to the cathode/
electrolyte interface, and (4) incorporation of partially
charged oxygen ions into the electrolyte lattice.

Approach

Experimental methods along with theoretical
analyses have been carried out to guide the design of
functionally graded cathode materials in SOFCs. In situ
vibrational spectroscopy in conjunction with advanced
ab initio surface modeling was applied to measure
surface oxygen species at various metal-oxide surfaces.
Micro-impedance spectroscopy has been utilized to
elucidate the reaction mechanism of oxygen reduction
and to better discern the effect of electrode geometry
on the cathode materials. A TPD system has been
set-up to study adsorbed oxygen species on cathode
materials while concurrently running iz situ vibrational
spectroscopy. To examine the surface mechanism of
LSM thin films, we have produced a model of direct
current (DC) response in thin films. The inert properties
of silver over a wide temperature range could prove
it a strong candidate for intermediate-temperature
SOFC interconnect applications. Therefore, the oxygen
permeation rate through dense silver was measured in
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order to determine the effective leaking current density
under SOFC operating conditions.

Results

Interactions between O, and CeO, were examined
experimentally by in situ Raman spectroscopy
and theoretically by density functional slab model
calculations. The ceria studies were carried out as a
way to test our quantum-chemical calculation methods
since the structure of ceria is simpler than the mixed
conducting oxide perovskites used for SOFC cathodes.
As illustrated in Figure 1(a), when partially reduced
CeO, was exposed to 10% O,, two distinct oxygen
bands appeared at 825 and 1131 cm™, corresponding to
peroxo- and superoxo-like species, respectively. In order
to verify the peaks were indeed an oxygen-containing
species, another Raman spectrum was recorded by
exposing the sample to 10% '*O, and observing any
shift in peak position. Periodic DFT calculations
based on the surface mode shown in Figure 1(b) aided
the interpretation of spectroscopic observations and
provided energetics and geometrical information for the
dioxygen species adsorbed on CeO,. The O, adsorption
energies on unreduced CeO, surfaces are endothermic
(0.91 <AE_,, <0.98 V), while those on reduced surfaces
are exothermic (-4. 0 <AE,, <-0.9 eV), depending on
other relevant surface processes such as chemisorption
and diffusion into the bulk. Partial reduction of
surface Ce** to Ce®" (together with the formation of
oxygen vacancies) can alter geometrical parameters
and, accordingly, lead to a shift in the vibrational
frequencies of adsorbed oxygen species compared to
those on unreduced CeO,. Moreover, the location of
oxygen vacancies affects the formation and subsequent
dissociation of oxygen species on the surfaces. DFT
predictions of the adsorption energetics support the
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FIGURE 1. (a) A representative surface model with nine layers for the
0,-Ce0,(111) interactions. (b) Typical Raman spectra of CeQ, sample
treated by 5% H, at 673 K before 298 K exposure to (1) Ar, (2) 10% 1502,
and (3) 10% '°0, atmospheres (all mixtures are diluted with Ar).
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experimental observation that oxygen adsorption and
reduction is energetically more favorable on reduced
ceria surfaces than on unreduced surfaces.

To examine adsorbed oxygen species on cathode
materials, nanoparticles of the desired mixed oxides
(LSM, lanthanum strontinum cobalt [LSC], and
samarium strontium cobalt [SSC]) were deposited
on a yttria-stabilized zirconia (YSZ) substrate
using combustion CVD (CCVD). To generate a
surface enhanced Raman signal (SERS) effect, silver
nanoparticles were deposited simultaneously with the
cathode material. Besides having a greater intensity,
the SERS spectrum also has more distinct peaks. The
key to observing adsorbed oxygen peaks in the Raman
spectra — besides having a high exposed surface area —
is having a surface sufficiently clear of surface hydroxyl
groups and other unwanted adsorbants before exposing
the sample to oxygen. We are currently testing various
evacuation regiments at different temperatures to find
a method that cleans the cathode surface sufficiently
enough to generate a detectable adsorbed oxygen
species signal.

Shown in Figures 2(a) and 2(b) are typical SEM
images of a tungsten carbide (WC) tip used for current
collection and an LSM microelectrode generated from
a patterned LSM electrode using an electrochemically
etched tungsten-carbide tip, respectively. The height
and width of the LSM patterned electrode and the
space between two adjacent LSM electrodes are 0.8,
11.5, and 20 pum, respectively. The rest of the patterned
LSM electrodes were used as the counter electrode
(CE). By controlling the position of the LSM ME, we
can separate the ME and CE by a single YSZ grain
boundary, or put the ME and CE onto a single YSZ
grain. Shown in Figure 2(c) is the effect of the LSM
ME perimeter on LSM-YSZ interfacial impedance at
650°C. It was found that the Ohmic portion of the
impedance decreased as the perimeter of the LSM
ME was increased. In addition, we found that the
product of the ME perimeter and the Ohmic portion
of the impedance also decreased with an increase
of the ME perimeter. The product should remain
constant if triple-phase boundaries (TPBs) are single
lines around the ME. It seems that the small ME has
a larger perimeter specific resistance as compared to
the larger perimeter MEs. A possible explanation is
that some unobservable delamination caused by the
scratching process has occurred. The smaller the
ME, the higher the relative percentage of delaminated
area and thus, the larger the Ohmic portion of the
impedance resistance. The proposed delamination
issue could be resolved by scratching the patterned ME
before the annealing process. Specifically, after the
patterned electrode was fabricated by the sputtering
process, the ME would be scratched, and then annealed
at higher temperature. Another observation was an
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increase in the impedance with increased DC bias,
suggesting the electrode reaction is mass transfer limited.
Application of DC bias should not change the shape of
the impedance spectrum, as the DC bias should only
influence the non-ohmic component. After applying
DC voltage, the impedance was collected without DC
bias again. No significant change was found indicating
that application of DC bias did not damage or alter the
ME. More detailed studies to interpret the experimental
observations with an electrochemical modeling are in
progress.

We have developed a model to predict the
electrochemical response of thin-film and patterned
electrodes, which we then used to account for sheet
resistance in 60 nm thick LSM thin films with current
collectors 50 um apart. We found that electrical
potential increases along the length of the film between
current collectors due to sheet resistance. Shown in
Figure 3 is a simulated, normalized cathodic current
density-voltage curve for the film. Note the Tafelian
behavior in Figure 3. The semi-log scale in the left-
hand plot of the figure reflects the shape of a co-limited
process. In this case, the limiting factors are ionic
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FIGURE 2. (a) An SEM image of a WC tip used for current collection

of ME. (b) An LSM microelectrode generated from a patterned LSM
electrode fabricated onto YSZ with large grains. (c) Impedance plots of
the LSM microelectrode on YSZ at 650°C. The different plots correspond
to the different ME perimeters listed in the plot. Note the decrease in
overall impedance with increased the ME perimeter.
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transport at low overpotentials, and sheet resistance at
high overpotentials. The reason for the switch is that the
vacancy transfer at the interface is potential-dependent,
with an exponential response to potential changes
(hence the Tafelian profile), while bulk electronic
transport is only linearly responsive to potential.

A greater concentration of vacancies in the bulk leads to
higher ionic conductivity, in turn leading to greater sheet
resistance losses. The problem is a difficult one to solve,
since consideration of sheet resistance obviates the
common assumption of ambipolar diffusion in MIECs,
which simplifies the mathematics considerably but

will not always be true for thin films. In addition, the
problem is in two dimensions and is nonlinear.

A numerical finite volume scheme was devised to solve
the problem. The scheme used is time-dependent (even
though the model results prior to steady-state are not
reliable), which enables the use of a linear solver. This
scheme works quite well at low overpotentials, however
at cathodic overpotentials above 500 mV, the method
slows down and ultimately becomes unstable. However,
the instability in the numerical solver we have found

so far is limited to high potential regions in which the
material itself would not be chemically stable in reality.

As illustrated in Figure 4, oxygen permeation
through dense silver membranes was determined to
follow an Arrhenius relation with an activation energy
of 0.94 eV (21.7 kcal mol™), which is comparable to
literature values. The quantitative oxygen permeation
and flux were also in agreement with reported values
from the literature. Though oxygen permeation rates
increased with temperature, the effective leaking current
density generated at high temperatures (0.0146 mA cm™
at 750°C) is still minimal enough to allow silver to meet
the gas separation requirements for SOFC materials.
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FIGURE 3. Current density-voltage curve for a 60 nm thick LSM film
with current collectors 50 um apart. Both linear (0J) and semilog (A)
plots are shown.
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FIGURE 4. Arrhenius plot of measured oxygen permeation rate through
dense silver versus inverse temperature (solid symbols) compared to
literature values (open symbols).

Similar to what has been found in previous literature,
degradation of the silver surface was observed to occur
at the grain boundaries after only a few hours. A silver
layer of about 12 pm (deposited by DC sputtering)

was sufficient to prevent a quantifiable oxidation front
within the Ni-YSZ anode after 8-hour exposure to SOFC
operating conditions, nevertheless significant surface
porosity was still observed. As silver theoretically makes
a viable SOFC interconnect material for intermediate-
and low-temperature SOFCs, the study on the grain
boundary degradation will be examined in more detail
for successful application.

Conclusions and Future Directions

In the past year, we made important progress
in elucidation of the reaction mechanism of oxygen
reduction on cathode materials for SOFCs by means
of experimental and computational approaches. The
combination of in situ Raman microscopy with ab
initio calculations has provided detailed molecular-level
information about surface adsorbed oxygen species.
A model for electrochemical response was established
to account for the effect of sheet resistance in LSM thin
films using a numeric finite volume scheme. Silver was
evaluated as a potential intermediate-temperature SOFC
interconnect by measuring the oxygen permeation rate
through dense silver membranes, which were determined
to follow an Arrhenius relation with an activation energy
of 0.94 eV (21.7 kcal mol™). Future studies are briefly
outlined as follows.

e Suitable methods for application of noble metal
nano-particles onto cathode materials, which result
in acceptable surface enhanced Raman signals, need
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to be developed. Once a method has been found
that can generate a strong surface signal, we will use
the mapping feature of our Raman spectrometer to
explore the presence of this signal near and around
the TPBs of our micropatterned electrode samples.
In addition, advanced ab initio modeling will be
carried out to interpret the surface adsorbed species
detected by SERS.

e TPD and sticking probabilities for O,-MIEC
interactions will be conducted to identify surface
adsorbed oxygen species and their desorption rates
including the kinetics of adsorption and desorption.

e  We plan to devise a steady-state scheme (not time-
dependent) to model the DC response of MIEC
thin films, which will require a nonlinear solver but
should be much faster at high overpotentials. After
combing the model with DFT calculations, it will be
compared with experiments.
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Objectives

e  Characterize the effect of sulfur poisoning on solid
oxide fuel cell (SOFC) performance and its recovery
process under various operating conditions.

e Investigate the detailed mechanisms for sulfur
poisoning of nickel-based anodes in SOFCs.

e  Establish scientific principles for rational design of
sulfur tolerant anodes.

e  Explore new sulfur tolerant anode materials to meet
SECA program objectives.

Accomplishments

e Revealed the effects of cell operating conditions
[including temperature, hydrogen sulfide (H,S)
concentration, cell voltage/current density, etc.] on
sulfur poisoning and recovery of nickel-based anode
in SOFCs.

¢ Demonstrated experimentally that sulfur poisoning
of nickel-yttria stabilized zirconia (Ni-YSZ) anodes
is not due to formation of conventional nickel
sulfides.

e  Characterized in real time the nickel sulfide
formation process on the surface of a Ni-YSZ
electrode and the corresponding morphology change
as the sample was cooled in H,S-containing fuel.

e  Predicted sulfur tolerance and catalytic activity
towards hydrogen oxidation for various transition
metals/alloys.

e Fabricated new anode materials that exhibit
excellent tolerance to H,S and promising cell
performance.
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Introduction

One of the unique advantages of SOFCs over other
types of fuel cells is the possibility of direct internal
reforming of commercial hydrocarbon fuels, thereby
eliminating the need for a separate fuel processing
subsystem. However, all fossil fuels contain some sulfur
compounds, which are converted to gaseous H,S in
the reforming process. Current SOFC anodes have
very limited tolerance to H,S. As a result, the H,S
concentration in the feed fuel must be reduced to less
than 1 ppm (by volume) for optimum performance,
which increases the complexity of the system and the
cost of operation. Although considerable efforts have
been devoted to the development of sulfur-tolerant
anode materials, a detailed understanding of the sulfur
poisoning process and its mechanism is still lacking, and
there is no anode material that is both sulfur-tolerant
and compatible with current cell materials/fabrication
techniques. The design of new materials largely
proceeds via trial-and-error, without much theoretical
guidance.

In view of these deficiencies, this project focuses
on (i) investigating the poisoning process of Ni-
based anodes by H,S in SOFCs and understanding
the poisoning mechanism, (ii) developing new anode
materials that have better sulfur tolerance and
comparable performance with current Ni-based anodes,
and (iii) establishing scientific principles that may
guide the selection of candidate sulfur resistant anode
materials for SOFCs.

Approach

The cell current at a constant voltage was monitored
continuously when H,S gas (at the ppm level) was
introduced and removed from the fuel flow under
different conditions (temperature, H,S concentration
and cell current density/voltage, etc.). The impedance
responses of the cell under open-circuit conditions
were also measured in fuels with and without H,S to
determine the contributions from the electrolyte and
different interfaces. The sulfur-anode interaction
was investigated by characterizing the chemical and
structural changes on the surface of dense Ni-YSZ
composites. This includes in sifu Raman spectroscopy,
in which the Raman signal and structure at elevated
temperatures were obtained on a real-time basis when
H,S was introduced and removed from the Raman
cell. The results from in situ Raman spectroscopy were
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also correlated with other ex-situ techniques such as
scanning electron microscopy (SEM), energy dispersive
x-ray (EDX), and x-ray diffraction (XRD), etc. to study
the sulfur-anode interaction.

Meanwhile, quantum-chemical calculations were
used to predict the adsorption energy and bond length
for sulfur and hydrogen atoms on various metal surfaces.
The results were used to predict sulfur tolerance and
anode activity toward electrochemical oxidation of H,
fuel for those different materials. An impregnation
method was used to introduce the precursors for sulfur-
resistant anodes into a porous YSZ layer bonded onto a
dense YSZ electrolyte. The anode was reduced in-situ
and tested in fuels with H,S under various conditions.

Results

Sulfur poisoning of the Ni-YSZ cermet anode
for SOFCs consists of two stages. The first is a rapid
degradation within a few minutes that causes the
majority of the decrease in performance, followed by a
gradual degradation that occurs over several hours or
even days. The extent of degradation is influenced by
cell voltage (or, alternatively, the cell current density).
The higher the cell current density (or the lower the
cell operating voltage), the lower the extent of sulfur
poisoning. The recovery of the poisoned anode can
be realized by continuous flowing of sulfur-free fuel,
and the recovery is faster when the cell current density
is higher [Figure 1(a)]. Impedance studies show that
the degradation in cell performance was caused by
a large increase in anode interfacial resistance while
there is no significant change in bulk resistance [Figure
1(b)]. The anode interfacial resistance increases as H,S
concentration increases [Figure 1(c)]. Correspondingly,
at certain temperature and cell voltage, the extent
of sulfur poisoning increases with increasing H,S
concentration until saturation is reached. With the same
concentration of H,S, the extent of sulfur poisoning
increases dramatically with decreasing temperature. The
lowest tolerable H,S level also decreases dramatically
with decreasing temperature [Figure 1(d)].

In situ Raman spectroscopy experiments show no
sign of conventional nickel sulfide formation on the
surface of the Ni-YSZ composite and there is also no
significant change in surface morphology when the
sample is exposed to fuels containing 50 ppm H,S at
high temperatures (>~500°C). However, when the
Ni-YSZ composite sample was cooled down in H,S-
containing fuels, conventional nickel sulfide (e.g.,
Ni,S,) gradually forms on the Ni surface, accompanied
by dramatic change in surface morphology [Figures
2(a) and 2(b)]. When the sample is cooled down
completely, the surface of Ni particles is full of ball-
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FIGURE 1. (a) Influence of cell voltage on sulfur poisoning and
regeneration for Ni-YSZ cermet anode at 800°C; (b) change in impedance
spectrum for a cell measured at 0CVs using 2-electrode configuration in
fuels with and without 1 ppm H,S; (c) change in impedance spectrum
for the anode/electrolyte interface measured at OCV using 3-electrode
configuration in fuels with different concentration of H,S; (d) influence

of H,S concentration on the extent of sulfur poisoning for Ni-YSZ anode
at different temperatures. R, represents the ohmic resistance of the cell
and Z"-R, the anode polarization resistance of the cell.
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FIGURE 2. Optical microscopy image (a) and corresponding Raman
spectrum from the Ni region (b) for the Ni-YSZ composite in in

situ Raman experiment at 216°C in a fuel with 50 ppm H,S; optical
microscopy image (c), corresponding Raman spectrum taken from the
Ni region (d), SEM image (e), S elemental map (f) and Zr element map
(g) for the Ni-YSZ composite heated treated at 600°C in 50 ppm H,S/50%
H,/1.5% H,0/48.5% N, for 20 h.

like and/or edge-like structures as shown in Figures

2(c) and 2(e). The Raman spectra give sharp peaks
corresponding to Ni,S . The distribution of sulfur on the
Ni-YSZ composite is confined to the Ni region [Figures
2(e) - 2(f)]. This preliminary study indicates that the
fundamental reasoning for sulfur poisoning is most likely
sulfur adsorption on the anode. Cooling of the anode in
H,S-containing fuel (even in the ppm range) should be
avoided since it causes formation of bulk nickel sulfides
and irreversible morphology changes.

Quantum-chemical calculations have been used
to estimate the adsorption energy of sulfur species and
hydrogen on different transition metal surfaces. Figure
3 shows the normalized adsorption energy for H,S and
H, on various transition metals surfaces obtained from
quantum-chemical calculations. According to the study,
the adsorption of sulfur on metals such as Ag, Cu, V,
Cr and Mo is significantly weaker compared with Ni,
suggesting possible sulfur tolerance for these materials.
New sulfur-resistant anodes have been prepared using
impregnation methods. They demonstrate acceptable
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FIGURE 4. Change of Current Density versus Time for Cells with New

Anode When 50 ppm H,S Was Introduced into and Removed from the
Fuel

cell performance and excellent sulfur tolerance or
even sulfur enhancement behavior in fuels with H,S
concentration up to 50 ppm, as shown in Figure 4.

Conclusions and Future Directions

The sulfur poisoning and recovery for SOFC Ni-YSZ
anodes is strongly influenced by operating parameters
such as temperature, H,S concentration, and cell current
density/voltage. Generally, sulfur poisoning is more
severe at lower temperature, higher H,S concentration
or lower cell current density (higher cell voltage). The
in situ Raman spectroscopy experiment suggests that
sulfur poisoning is not likely to be caused by formation
of conventional sulfide. However, bulk sulfides do form
at lower temperature (<400°C) in fuels with H,S in the
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ppm range, also causing dramatic morphology changes
at the Ni surface. Quantum-chemical calculations
suggest that some metals such as Ag, Cu and Mo

have lower sulfur adsorption energy and are potential
candidate materials for sulfur resistant anodes for
SOFCs. Based on the theoretical calculations, new
anodes have been prepared using impregnation methods.
Initial testing indicates that the new anode materials
display reasonable activity and excellent sulfur tolerance
(or even sulfur enhancement) in fuels containing up to
50 ppm of H,S.

Future work is briefly outlined as follows:

e Improve the sensitivity of detecting specific
adsorbed sulfur species on Ni anodes using in situ
Raman spectroscopy. Characterize the depth profile
of sulfur in the anode surface layer after exposure to
H,S for different periods of time.

e Determine the time evolution of surface reactive
sites, surface species, and anode microstructure
during long-term (>10> hours) exposure to H,S
contaminated fuel.

e  Use the experimentally observed correlations and
deduced mechanisms of sulfur-anode interactions
to predict the long term stability of Ni/YSZ anodes
when exposed to low level H,S contamination
(<10 ppm).

e Establish an effective operational window (in terms
of temperature, H,S concentration, cell voltage, etc.)
for SOFCs fed with sulfur-containing fuels.

e  Suggest possible modifications to the baseline
Ni-YSZ anode materials set that might increase the
performance stability and lifetime tolerance to sulfur
contaminated fuels.

e  Develop new sulfur-resistant anode materials with
better sulfur tolerance and long-term stability.
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