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Objectives

*  Develop a set of high-performance, matching polymer electrolyte membrane (PEM) fuel cell components and
pilot manufacturing processes to facilitate high-volume, high-yield stack production.

*  Demonstrate the matched component performance in a subcontractor’s 10-kW fuel cell stack.
OAAT R&D Plan: Task 13; Barriers A and B

Approach
* Phase 1

- Increase surface area of the 3M-patented, nanostructured, thin-film catalyst support system consistent with
high-volume manufacturing process.

- Develop anode catalyst compositions and structures with higher reformate tolerance and/or a non-precious
metal replacement for Ru by using a catalyst deposition process that easily generates new compositions and
structures.

- Investigate catalyst compositions and structures to produce higher-activity cathodes.

- Develop carbon electrode backing (EB) media, optimized for performance with the catalyst system and
flow field.

- Optimize the fuel cell flow field design for optimized water management and air bleed utilization with the
catalyst and EB components.

- Carry out pilot manufacturing scale-up of the processes for fabrication of catalysts, catalyst-coated
membrane assemblies, and electrode-backing media.

' The DOE draft technical targets for fuel cell system and fuel cell stack components, sensors, and catalysts can be
found in Tables 3, 4a, and 4b, Appendix B. Because the targets in Appendix B were updated after the reports were
written, the reports may not reflect the updated targets.
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Phase 2

- Evaluate matched component system performance in stack tests.
- Fabricate and deliver a 10-kW stack.

Accomplishments

Demonstrated a quantitative correlation of fuel cell performance and measured surface area, showing sixfold
fundamental enhancement of catalyst utilization of nanostructured thin-film catalysts vs. conventional catalysts.
Demonstrated multiple approaches to increase the surface area of the nanostructured catalyst support and
demonstrated a method to control the Pt crystallite size independent of the catalyst loading.

Demonstrated Pt,M, binary anode catalysts with performance equivalent to that of PtRu, by using non-precious
metals, M, for Ru replacement.

Demonstrated several Pt,M, binary cathode catalyst constructions that outperform the Pt control, by using non-
precious metals, M.

Successfully resolved water management issues with thin-layer catalyst by developing electrode backing (EB)
media with matched properties for desired operating conditions. Improved 30 psig current density by 50%.
Demonstrated stable 75°C (300 h, 0.6 A/cm?) operation with totally dry air and hydrogen inlet gases.
Determined the feasibility for operation at 120°C.

Developed the matched EB media by using an EB type that is amenable to high-volume manufacturing
processes. Scaled up the dispersion preparation process, conducted large-scale pilot plant coating evaluations,
and identified a coating method having the potential for meeting volume and quality requirements.

Developed advanced in-situ membrane electrode assembly (MEA) characterization techniques, including a
16-sample cell/16-channel potentiostat system for simultaneous characterization of catalyst surface areas; fast
Fourier transform electrochemical impedance spectroscopy on large area MEAs; and techniques to obtain cross-
over, H-pump, and anode over-potentials.

Completed in-depth study of thermal cycling conditioning protocol that increases MEA current density
performance by 50—-150% over entire voltage range and identified area of fundamental mechanism.

Made substantial progress on the scale-up and optimization of nanostructured catalyst, PEM, and catalyst-
coated membrane (CCM) fabrication processes by using pilot-scale equipment for all processes. Significantly
increased the catalyst support system fabrication rates and installed equipment for continuous processing and
on-line monitoring. Reduced defects and improved the reproducibility of the PEM fabrication process.
Conducted pilot-scale experiments and selected a path for continuous fabrication of CCMs with on-line
inspection.

Future Directions

Continue down-selection of the catalyst and catalyst support components, optimizing their properties and
constructions to improve performance of the baseline MEA.

Continue final down-selection of EB coating materials and coating process to optimize performance with
selected flow field and CCM.

Continue optimization of the fabrication processes for the catalyst, membrane, and catalyst-coated membrane to
improve yields, quality, and performance.

Define the final MEA and flow field parameters for the 10-kW stack build of Phase 2.

Introduction and anode and cathode gas diffusion layers. The

The membrane electrode assembly (MEA) is the
core component set of a PEM fuel cell stack. An
MEA consists of five basic components: anode and
cathode catalysts, ion exchange polymer membrane,

functions of these basic components are intimately
related, and the interfaces formed between them are
critical for optimum performance. For large-scale
volume fabrication at the costs and quality targets
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required by transportation applications, very high
yields and in-line process control of integrated
processes based on cost-effective materials are
required. This contract is directed toward
demonstrating high-performance, matching PEM
fuel cell components manufacturable by integrated
pilot processes, utilizing a patented nanostructured
thin film catalyst support system. It builds on an
initial contract, completed in FY 2000, which
demonstrated the feasibility of such an approach.

Approach

Our approach to developing high-performance,
matching PEMFC components and integrated pilot
manufacturing processes has several facets. These
include optimization of the individual components,
such as the anode and cathode catalysts and their
supports and the electrode-backing and gas-diffusion
layers, which are all made by processes consistent
with high-volume manufacturing methods. Other
facets include understanding and improving the
process yields, rates, and quality. During materials
or process optimization of a particular component by
multiple MEA sample testing, the appropriate
performance metric must be used, and the other
components must be held as constant as possible. At
the next level, these individually optimized
components are matched for best overall
performance at a particular set of operating
conditions. Figure 1 illustrates this concept.

For the anode and cathode catalyst development,
the unique nanostructured support and catalyst
coating methods offer many combinations of
materials and process conditions to generate new
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catalyst compositions and structures. The major
focus areas are generating higher surface area
supports, fabricating and testing new Pt,M, binary
constructions for anodes and cathodes, and reducing
air bleed — all with goals of increasing performance
and stability and reducing precious metal loading.
Development of carbon EB media has included
evaluation of different types of electrode backing
materials, coatings, coating configurations, and
coating processes. Evaluation involves measurement
of a variety of physical properties and of fuel cell
performance under a broad range of controlled
conditions using nominally identical CCMs.
Because this component is the interface between the
CCM and flow field, and water management in the
catalyst layers is an important function of this
component, performance screening in different flow
fields is also key to achieving matched components.

The flow field is an integral component of the
MEA system. The different operating characteristics
of the thin-layer-catalyst approach may benefit from
a different flow field design than traditional
dispersed catalysts. Our approach involves modeling
the gas flow velocity and pressure distributions for
various flow field types to obtain more uniform
reactant distributions. The gas permeability
properties of the various electrode backing and gas
diffusion layers are key inputs for this modeling and
have to be determined independently. Multiple flow
field designs are then tested with the various EB
materials to achieve the desired performance.

Scale-up of the processes for producing the
catalyst support structures, membranes, CCMs, and
EB media is being done in pilot plant facilities.
Process optimization and quality improvement
studies are being conducted, and improvements to
the processes and equipment, including on-line
monitoring and inspection methods, are being made
as the need is identified through the experiments.

Results

In the past year, significant progress has been
made on all the component developments indicated
in Figure 1, which will potentially go into improving
the baseline MEA. The baseline MEA has
effectively the same CCM as when the contract
started, no air bleed (AB) optimization, and no final
EB materials or flow field optimization.

The performance of the baseline MEA on
reformate is compared in Figure 2 to model targets
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Figure 2. Comparison of performance of our baseline
MEA, on reformate containing 50 ppm CO,
with target extracted from Figure 5 of
Reference 1, a systems model for an 80-kW
fuel cell system operating at 80°C,

3 atmospheres, and reformate/air
stoichiometries of 1.2 and 2.0.

extracted from an 80-kW automotive fuel cell
system model done by Argonne National Laboratory
and reported in Reference 1. The baseline MEA
does not have optimized anode or cathode catalysts,
catalyst supports, electrode backing, air bleed
utilization, or flow fields. We have chosen to
compare performance on the basis of cell power
density versus cell efficiency (lower heating value
[LHV] at temperature and pressure, corrected for
stoichiometry) because it reflects the important
parameters of capital costs versus operating costs
and shows the disparity more clearly than does, for
example, power density versus current density (see
inset in Figure 2). For any given power density, our
baseline performance is approximately 5% below
this model’s suggested cell performance. The DOE
FY2000 target of 0.9 g of Pt/peak kW (stack) is
essentially met by the catalyst loadings used in this
baseline MEA example.

Work completed to date on optimizing and
matching the various components illustrated in
Figure 1 has shown the potential for gaining the
additional efficiency. Improving the catalyst
activities and surface areas are important tasks under
investigation. A wide range of binary Pt,M,
catalysts is being screened to find a cathode catalyst
with greater mass activity and/or stability. The
continuous process for fabricating the
nanostructured catalysts allows a wide range of new
constructions to be made and tested. Besides catalyst
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composition (M, x, and y), the physical structure and
surface finish are controlled. Figure 3 illustrates
three-dimensional plots of cathode activity
performance metrics versus these composition and
structure factors obtained thus far for cobalt and
nickel binaries.

Screening for better or less-expensive anode
catalysts is also a major task. Finding a replacement
for Ru is a primary goal, along with reducing the
amount of Pt required for adequate reformate
tolerance. To facilitate the rapid screening of many
new catalyst constructions having different
compositions and structures, anode over-potential
(AOP) and AC impedance measurements are made
by using advanced techniques developed specifically
for these tasks. Figure 4 shows the best example to-
date of a new binary anode catalyst containing no
Ru and 0.1 mg/cm® of Pt, which has less AOP than
the PtRu control. By using AC impedance, Figure 5
compares the charge transfer resistance under
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Figure 3. Example data summary plots for Pt,Co, (top)
and Pt,Ni, (bottom) cathode binary catalyst
screening, showing the relative performance
metric plotted as a function of the

independently controlled catalyst structure and
composition variables.
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Figure 5. Example of two other new anode catalyst
materials, PtM; and PtM,, with non-precious
metal replacements for Ru, characterized by
electrochemical impedance spectroscopy. The
charge transfer resistance is shown for samples
with a relative composition factor varying over
two orders of magnitude and compared to the
baseline PtRu anode catalyst.

reformate for two other Pt-based binaries containing
non-precious metals as the second component. It is
plotted versus a relative composition factor, which is
varied over two orders of magnitude, and shows that
there is a range of composition in which the
performance approaches that of the PtRu baseline
control.
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Effective air bleed utilization is critical for
reformate tolerance with low catalyst loadings on
the CCM. Additional catalyst added at other places
in the MEA (reconfigured anode [RCA]) is known
to facilitate the chemical oxidation of CO. Using
non-precious metals to improve this air bleed
effectiveness is desired to meet the overall low
precious metal targets. Figure 6 shows the best
results to-date for an RCA containing a small
amount of a catalyst by using a nonprecious metal.
By using the AOP technique, this RCA catalyst
outperforms the MEA having no RCA or an RCA
based on PtRu.

The performance efficiency results in Figure 2
are directly related to the cathode-specific activity,
since for every ~13 mV gain in the polarization
curve, the efficiency increases 1%. This activity, in
turn, is directly related to the catalyst surface area,
which is related to the surface area of the support.
During this reporting period, significant work has
gone into measuring the surface areas of the
nanostructured thin film catalysts by using advanced
electrochemical techniques. It is now extremely well
documented that our baseline catalysts have mass
specific surface areas of about 7 m’/g and effective
surface roughness factors of 12—15 cm?/cm?.
However, the activity per unit of real surface area is
six times that for conventional carbon particle
supported Pt. This phenomenon is illustrated in
Figure 7, where the polarization curves from two
nominally identical MEAs, one containing the
nanostructured catalysts and one containing
conventional carbon-supported catalysts, have been
replotted by normalizing to the real
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Figure 6. Example of improving air bleed utilization by
using nonprecious catalysts elsewhere in the
RCA to outperform PtRu.
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Figure 7. Example of the sixfold increased catalyst
activity of the nanostructured film thin-layer
catalysts compared to conventional carbon
particle-supported dispersed catalysts. For
MEAs having the same Pt mass loadings,
membranes, and gas diffusion layers, the V(J)
polarization curves overlap when J is
expressed in terms of A/cm? of planar area.
When current is normalized to the measured
electrochemically active surface area of each
catalyst type, the increased activity is revealed.

electrochemically active surface area. Investigation
of approaches to increase the surface area of the
nanostructured supports over the baseline values has
been an important task activity, and results this
period have identified several pathways consistent
with the established manufacturing process.
Extensive studies were conducted of different
electrode backing materials, coatings, and coating
configurations. The studies included MEA fuel cell
polarization tests with constant PEM and catalysts,
under highly controlled temperature, pressure, gas
composition, and humidification conditions. The
results have highlighted the fact that different
configurations provide optimum performance under
different conditions. Figure 8 illustrates the dramatic
improvement obtained in high-current-density
performance under pressurized conditions achieved
this year by development of matched electrode
backings. Anode and cathode EB optimization
studies were also conducted, and performance
correlated with three types of flow field design. The
EB materials and configurations demonstrating the
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Figure 8. Improvement in pressurized air performance
achieved by improved matching of the
electrode backings for improved water
management with the nanostructured CCM.

highest potential for meeting contract goals were
selected for optimization.

Processes and equipment for making membranes
and EB media were evaluated, and those having the
highest potential for meeting the volume and quality
goals were selected for optimization. Optimization
of these processes and those previously selected for
making catalysts and catalyst-coated membranes is
being done on pilot-scale equipment. Each step has
been demonstrated in a continuous (roll-goods)
mode that is capable of being scaled up to large
volumes. Modifications to the pilot plant equipment
are being made as the need is identified through
optimization experiments. On-line measurement
techniques have been identified and are being
implemented for use in the catalyst, membrane, and
CCM fabrication, as well as EB coating processes.
The goal of these on-line measurement techniques is
to provide a handle for monitoring and improving
quality. Figure 9 illustrates the uniformity of fuel
cell performance obtained from MEAs made from
different lots of continuously fabricated PEM,
different lots of nanostructured catalysts fabricated
both continuously and in batch mode, and different
lots of EB media. The uniformity of the polarization
curves reflects the reproducibility of all the CCM
components.
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Figure 9. Demonstration of the uniformity of MEAs
obtained with different fabrication methods
and material lots.

Conclusions

Significant progress is being made in all aspects
of the objectives of developing high-performance,

FY 2001 Progress Report

matching PEM fuel cell components and pilot
manufacturing processes. Results to-date indicate
that (1) the component optimization tasks have the
potential for meeting the original contract
performance and precious metal loading targets and
(2) the selected fabrication processes have the
potential for meeting the volume and quality
objectives. Future work includes continued
optimization of the catalyst, EB, and flow field
constructions and the processes for making them.
The final MEA and flow field parameters will be
defined near the end of Phase 1 for the 10-kW stack
build of Phase 2.

Reference
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Ahluwalia, Howard Geyer, and Michael
Krumpelt, “Fuel Cell Systems Analysis, FY
2000 Progress Report for Fuel Cell Power
Systems,” page 21.
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Objectives

*  Demonstrate proofs of concept for the large-scale preparation of high-performance electrodes for membrane
electrode assemblies (MEAs) and assess electrode and MEA architecture against Partnership for a New
Generation of Vehicles (PNGV) cost targets.

*  Design, build, and install equipment for a high-volume pilot plant capable of catalyzing 100,000 square meters
of electrode material per shift per year.

*  Complete process development and qualification of the pilot plant.
*  Benchmark MEAs fabricated at Southwest Research Institute (SWRI) against commercially available products.

* Incorporate MEAs into a 50-kW fuel cell stack built by General Motors (GM) and deliver stack to Argonne
National Laboratory for testing and evaluation.

OAAT R&D Plan: Task 13; Barrier B

Approach

«  Prepare MEAs by using ultra-low-load (<0.10 mg/cm? Pt) electrodes and test under hydrogen-air and
reformate-air operating conditions.

*  Determine the impact of large-scale catalyzation methods on MEA performance, if any, and develop
approaches to minimize the effects.

»  Establish in-situ process control methods for catalyst deposition and demonstrate high-efficiency metal
recovery approaches.

*  Finalize equipment design and construct pilot plant.

*  Fabricate sufficient ultra-low-load MEAs from catalyzed electrode material for incorporation into 50-kW stack.

Accomplishments

+  Conducted numerous small-cell (50 cm?) tests of SWRI-prepared and baseline MEAs with simulated reformate
under DOE hydrogen-air test conditions.
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Confirmed that performance of pilot-batch (~10 m?) continuous roll material is equivalent to that of small-batch
(0.2 m*) manufactured material. Prepared and evaluated 5—10-m” continuous lengths of cathode alloy electrode
material.

Incorporated continuously manufactured CARBEL™ CL gas diffusion materials from W.L. Gore & Associates,

Inc. (Gore), into MEA architecture.

*  Delivered several small-scale Pt and PtRu MEAs to GM for initial testing and evaluation.

+  Delivered ~12 full-scale (800 cm?”) MEAs to GM and completed initial series of short stack tests.

*  Completed cost analysis for electrode catalyzation method and assessed impact on overall MEA cost.

*  Selected manufacturer for pilot manufacturing system and initiated construction.

Future Work

*  Continue efforts to optimize anode catalysts for improved CO tolerance.

¢ Conduct additional short-stack tests at GM.

+  Complete construction, acceptance testing, and installation of pilot system at SWRI.

*  Catalyze anode and cathode materials at target production rates and demonstrate performance equivalent to that

of laboratory and pre-pilot materials.

*  Validate catalyst utilization and recovery methods of at least 95% efficiency.

e Fabricate MEAs for 50-kW stack.

Introduction

Progress in the adoption of polymer electrolyte
membrane (PEM) fuel cell technology in the
automotive area will depend to a large extent on the
economics of catalyst utilization, the MEA
production system, and the resultant performance in
a fuel cell system. Recent cost analyses have
suggested that MEAs can constitute up to 80% of
the cost of a fuel cell stack. Hence, improvements in
the inherent performance of MEAs, while
substantially reducing the catalyst content per unit
area, will contribute significantly to lowering the
cost of producing fuel-cell-generated power.
Therefore, the development of manufacturing
concepts permitting the continuous and high-speed
catalyzation of electrodes should have a significant
beneficial impact on the cost of the MEAs and the
dollars per kilowatt of power produced by the fuel
cell.

Until recently, most MEAs were produced in
time-consuming, batch-type processes. This
situation has existed because of generally
low-volume purchases of MEAs and the large
variety of MEA sizes and configurations required by
the various fuel cell systems manufacturers. In
effect, the industry is in a “chicken and egg”
situation in which low prices are desired for fuel cell
components, such as the MEA, to commercialize

fuel cells and attain high volumes, yet component
suppliers need high volumes to attain low prices.
Without a large present market, the investment risk
is considerable and may be beyond the means of any
industrial entity.

High-volume, continuous operations capable of
producing subcomponents (such as electrodes)
should dramatically reduce the cost of the finished
product. Southwest Research Institute is
investigating this premise by developing large-area,
vacuum-based electrode substrate coating
technologies to reduce the overall material content
of the finished part. Specifically, “ultra-low”
precious-metal-loaded electrodes with loadings of
0.10 mg/cm’ or less have been fabricated by using
state-of-the-art polymer electrolyte membranes and
electrode substrates procured from Gore. The best-
performing MEAs will be delivered to GM, which
will construct and supply a 50-kW fuel cell stack to
Argonne National Laboratory.

Approach

Significant progress has been made in the past
year in addressing key challenges relating to
optimizing power density under representative
operating conditions. Thousands of linear feet of
intermediate electrode material have been supplied
by Gore. This material has, in turn, been used at
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SwRI to produce catalyzed electrodes with platinum
loadings in the range of 0.05-0.10 mg/cm®. Figure 1
compares the performance of a standard “baseline”
MEA having nominal loading of 0.1 mg/cm® of Pt
per electrode with an MEA using SwWRI technology
and a loading of 0.05mg/cm” of Pt per electrode
under conditions of low fuel stoichiometry and
relatively high inlet gas and cell temperature.
Although both MEAs utilize 25-um GORE-
SELECT™ membranes, the baseline sample
employs a commonly used gas diffusion media
(GDM), while the SWRI sample uses CARBEL™
GDM. We believe the synergistic effects of higher
catalyst utilization and catalyst activity, coupled
with improved gas distribution, result in
significantly higher performance over the entire
voltage range.

Pilot quantities of catalyzed electrode material,
up to several hundred square feet per run, have been
prepared at SWRI and in off-site demonstrations by
using near-full-scale manufacturing equipment not
fully optimized for our process requirements. Small-
scale (25-100 cm? active area) and full-scale
(800 cm” active area) MEAs have been fabricated by
using prepared electrode materials, with selected
examples provided to GM. A sample MEA prepared
for GM is shown in Figure 2. In addition to ongoing
hardware development and testing for the final stack
deliverable, GM has conducted single-cell and short-
stack testing and evaluation of MEAs fabricated at
SwRI. The effects of pressure, temperature,
stoichiometry, and humidification on cell-to-cell
performance, as well as short-term durability, have
been investigated. In initial tests, SWRI MEAs

25 cm? Cell, DOE Test Conditions
Ha/Air, Anode/cathode/cell=105/80/80C, 17/17 psi, 1.2/2.0
—a— SwRI 0.05/side, Carbel —e— Std 0.1/side, Std GDM

0.60

Cell Potential (V)

0.50
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Current Density (mA/cm2)
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Figure 1. Performance comparison of baseline and
experimental SWRI MEAs.
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Figure 2. An 800-cm” active area MEA fabricated at
SwRI.

exhibited better beginning-of-life performance than
baseline MEAs for both single cells and a large-
scale stack at high-pressure, well-humidified
conditions.

SwRI’s in-house small-cell testing has generally
confirmed that material produced by pilot-scale
processing exhibits performance equivalent to that
of material produced by using laboratory-scale
equipment. Cathode alloy catalysts have also been
evaluated and appear to hold promise for the further
reduction of platinum content. MEAs using PtRu
anode catalysts have been tested on reformate with
acceptable results. As shown in Figure 3, a
commercially available MEA using a
Nafion 112® membrane with a catalyst loading of
0.4 mg/cm” of Pt on the cathode and a similar
loading of PtRu on the anode is compared with a

25 cm? Cell, Reformate+2% Air Bleed
Reformate:40% H,, 20% CO,, 10 ppm CO, bal N,
Anode/cathode/cell=80/70/70C, 30/30 psi, 2/3.5 stoich
—4&— SwRIO.1/side —®— Std 0.4/side
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Figure 3. Comparison of SWRI and commercially
available MEAs using simulated reformate.
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SwRI-fabricated MEA using a 25-um GORE-
SELECT™ membrane and approximately

0.1 mg/cm? of PtRu and Pt on the anode and
cathode, respectively. Both MEAs use the same
commercially available cloth GDM.

Finally, design and specification of the pilot
manufacturing line has been completed, and, with
approval from DOE, construction began in late
2000. The system, once completed, will
accommodate intermediate electrode materials in
roll form up to 30 cm in width and up to several
hundred meters in length. A photograph of a system
resembling the equipment to be installed is shown in
Figure 4. The system is currently scheduled for
delivery and initial prove out at SWRI in October of
2001.

Figure 4. Pilot manufacturing line to be installed at
SwRI.
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Conclusions

SwRI has been tasked with developing a high-
volume pilot line for the catalyzation of practical
quantities of electrode material for use in
transportation applications. The MEAs produced
under this project should demonstrate sufficiently
low catalyst loadings and high material throughput
toward meeting PNGV’s projected MEA costs of
$10/kW. While significant progress has been made
in adapting the SwRI catalyst deposition technology
in the fabrication of reformate-tolerant PtRu anodes,
further work is required to increase CO tolerance
above 10 ppm and eliminate the need for air-bleed.
SwRI will continue to provide GM with test MEAs
using various anode and cathode catalyst
compositions and loadings for testing under
conditions of interest. The best formulations will be
produced as full-scale MEAs and assembled into
15-20-cell stacks. Baseline samples are being
provided by Gore for use in benchmarking
performance. Once the pilot system is delivered and
installed at SWRI, pilot-production runs will be
carried out by using established optimized anode
and cathode recipes to validate and confirm that
electrode catalyzation rates, catalyst utilization, and
production yields are consistent with program
targets.
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C. Development of a $10/kW Bipolar Separator Plate

Leonard G. Marianowski

Gas Technology Institute (GTI)

1700 South Mount Prospect Road

Des Plaines, IL 60018

(847) 768-0559, fax: (847) 768-0916, e-mail: len.marianowski@gastechnology.org

DOE Program Manager: Donna Lee Ho
(202) 586-8000, fax: (202) 586-9811, e-mail: donna.ho@ee.doe.gov

ANL Technical Advisor: Walter Podolski
(630) 252-7558, fax: (630) 972-4430, e-mail: podolski@cmt.anl.gov

DOE Contractor: Gas Technology Institute, Des Plaines, Illinois

Prime Contract No. DE-FC02-97EE50477, November 1998—October 2001

Subcontractors: Avery-Dennison-Stimsonite Corporation, Niles, IL 60714, Superior Graphite Corporation, Chicago, IL
60638; and Honeywell Inc., Torrance, CA 90504

Note: The Institute of Gas Technology (IGT) combined with the Gas Research Institute (GRI) in June 2000 to form the
Gas Technology Institute (GTI).

Objectives
*  Develop a low-cost molded graphite bipolar separator plate for polymer electrolyte membrane (PEM) fuel cells.
»  Evaluate the performance and endurance of the GTI molded graphite bipolar separator plate in fuel cell stacks.

*  Build a pilot-production molding line of 5-plates/h capacity to evaluate mass production of molded plates.
OAAT R&D Plan: Task 13; Barrier B

Approach

*  Select, blend, and optimize inexpensive raw materials for necessary electrical, chemical, and physical properties
of bipolar separator plates for a $10/kW-manufactured target cost.

*  Design, build, and operate the 5-plates/h pilot production molding line at PEM Plates, LLC (a joint venture
between GTI and Stimsonite).

*  Produce molded bipolar plates from the pilot line for the GTI and Honeywell fuel cell stack tests.

* Assemble fuel cell stacks at GTI to establish the functional performance and endurance of molded plates in
stack environments.

*  Honeywell, Inc., will assemble and test molded plates from PEM Plates in Honeywell’s fuel cell stacks for
comparison with a similar stack assembled with standard graphite plates.

Accomplishments

*  Met or exceeded DOE-specified electrical, chemical, and physical property targets with an optimized blend of
components in out-of-cell laboratory tests and single cell tests.

*  Demonstrated fuel cell performance within 5% of state-of-the-art machined graphite fuel cells in side-by-side
tests.

*  Built a 5-plate/h pilot molding production line facility and related equipment; produced plates for testing at GTI
and Honeywell and sent samples to several developers of fuel cell stacks.
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GTI demonstrated the operational functionality of the molded plates in multi-cell fuel cell stacks for heat

management, sealing, stacking stability, and water management.

Operated for over 2,300 h the first 20-cell GTI fuel cell stack using plates produced by PEM Plates with

excellent plate performance. Extended life tests of molded plates were accomplished by reuse in subsequent
fuel cell stacks, and those plates exceeded 5,000 h operation with no degradation.

GTI tested the molded bipolar plate performance in multiple fuel cell stacks of 4, 7, 20, 52, and currently

70 cells in both continuous and intermittent operation modes.

developers.

successful.

Confirmed the excellent properties of molded plate samples, as reported by several of the major fuel cell
Attempted to mold the sets of separator plates for the Honeywell fuel cell stack, but these attempts were not

Attempted to achieve $10/kW cost target. Target is within reach, with separator plate materials cost at $4/kW;

however, manufacturing costs at $6/kW depend on the details and complexity of the actual bipolar plate design.

Future Directions

bipolar separator plates.

Design and build the higher-capacity pre-commercial molding line incorporating process improvements.

Complete licensing discussions with commercial molders and fuel cell stack developers to supply GTI molded

Introduction

The U.S. Department of Energy (DOE)
sponsored a program with GTI to develop a molded
composite graphite bipolar plate that would be
inexpensive and perform as well as machined state-
of-the-art graphitized bipolar plates. GTI identified
and tested moldable blends of graphites, resins, and
various additives and produced a molded composite
graphite bipolar separator plate that is equivalent in
function and performance to state-of-the-art
machined graphite plates. These plates were tested
in this DOE program, as well as in several parallel
programs at GTI.

Applications for patents for the blended
components and the process have been submitted,
and PEM Plates, LLC, was formed to commercialize
the production of the molded graphite bipolar
separator plates. In the past year, PEM Plates,
without commitments of orders and a higher-
capacity second-generation molding machine, could
not sustain its efforts. Consequently, PEM Plates
was absorbed into GTI to continue the development
of a second-generation machine and process
improvements.

Material and production costs for commercial
quantities of the plates are estimated to be within
$10/kW; however, the manufacturing cost portion
will depend on the complexity of the design of the
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bipolar plates and the fuel cell stack. A variety of
different designs of anode and cathode gas-flow
channels with water cooling channels have been
molded (i.e., molded directly to net shapes with no
post-molding finishing or machining steps). No
significant geometrical or shape limitations have
been encountered; however, complexity in the flow
field design does dictate the achievable level of
tolerances of very thin plates. On the other hand,
because the molded composition plates exhibit a
degree of inherent flexibility with sufficient
strength, thinner plates are possible compared to
plates machined from much stiffer graphitized
carbon.

Results

Molded Bipolar Plate Tests

The molded graphite plates have been tested
over the past three years at GTI under several
parallel programs, and other fuel cell stack
developers have evaluated samples. As presented
previously, electrical, chemical, and physical
properties were measured in numerous out-of-cell
tests. Extensive single-cell tests of the plates have
shown consistent performance in excess of 5,000 h.
The molded plates have been successfully scaled up
from laboratory-size active areas of 60 cm” to the
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full-size DOE-vehicular-specification active area of
300 cm?. Figure 1 presents the comparison of the
hydrogen-air performance at atmospheric pressure of
a single cell with molded graphite flow field plates
to a cell with an identically machined flow field in
POCO graphite plates. The performance with the
molded plates is within 5% of the POCO plates at a
typical current density of 400 mA/cm”. However, at
the higher currents, the performance of the molded
plate is better because the inherent hydrophilic
nature of the GTI composition aids the removal of
product water, especially at high current densities.

Tests of the molded plates in a well-
instrumented 300 cm” 20-cell stack with water-
cooling were conducted for over 2,300 continuous
hours, as shown in Figure 2. These tests
demonstrated the endurance of the plates with active
thermal management in the 300-cm’-size stacks with
the use of water-cooling. Stack testing was
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Oxidant air = 2.0 Stoic. (1447 cc/min) Cathode Vapor = 60°C
1000 @B800mA/cm? 1 Pcell = 1/1 atm.
— Operating Time = 244 hours
=
E
o
o
5 - 567 —1
E 567 ) -
5 510
E 400
24 IGT Molded Composite Plate
200 | & Machined POCO Graphite
0
0 200 400 600 800 1000

Current Density (mA/cm?2)

Figure 1. Comparison of molded graphite cell to
machined graphite cell.
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Figure 2. Life test of GTI 20-cell molded bipolar plate
fuel cell stack.
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conducted mostly in a continuous operation mode of
24 h/day and 7 days/week, but some tests were also
conducted in daily cycles of 8 h on and 16 h off,
with the molded stack plates cooling and reheating
each day. In both test mode environments, the
molded plates maintained their integrity, and the fuel
cell stack performed equivalently to stacks made
with machined graphite plates. Post-test chemical
analysis and physical measurements indicated a
stable plate composition with no change in measured
properties.

Results of tests of the molded plates operating in
fuel cells at various pressures (from one to three
atmospheres) showed the typical performance gain,
including successful gas sealing and water-cooling.
Figure 3 shows a variety of multicell stacks built
with 7-70 cells and tested at GTI in a variety of

programs.

Figure 3. Fuel cell stacks with 7, 20, 52, and 70 cells.

Measurements of Specific Plate Properties

The DOE-specified requirements for
conductivity, corrosion, and permeability have been
met or exceeded, as shown in Table 1. In addition,
other property assessments of the molded plates that
are important in the operation and structure of a fuel
cell stack were made by GTI. These included
measurements and investigations of crush strength,
strength within stacks, and strength during handling;
elastic and permanent creep; water uptake; chemical
leachability; cyclic immersion in boiling water
followed by freezing; proof of noncombustibility;
recyclability of components; and potential of reuse
of components into new plates or other products.

The values of conductivity were measured by
using the ASTM C-661 method, and the target
values were typically exceeded by a factor of three
to eight, depending on plate density. Conductivity
and surface resistance measurements were always
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Table 1. Molded plate properties: DOE-target values
plus GTI measurements.
Plate Property | Measured Value
DOE Specified Properties
tivit
Conductivity 300+ S/em, about 80% of
DI Uags(s POCO™ graphite value
> 100 S/cm
Corrosion 5
<5 uA/cm

DOE Target: < 16 uA/cm’
H, Permeability

<< 2 x 10 em’/em?-s

DOE Target:
<9 % 13¥6g§m3 Jorm’-s (dry, nonporous plates)
Additional Properties Measured by GTI

H, Bubble Pressure > 15psig

(wet, porous plates)
Crush Strength > 3,000 psi

—6° i

Flexibility 3 .6 % deflection at

midspan

o - -
Total Creep 1% elastic deformation

at 200 psi and 100°C
6,420 psi (820 std. dev.)
0 (in propane flame)

Flexural Strength
Combustibility

compared with measurements of POCO graphite
plates used as a standard.

The corrosion rate target of less than 16 pA/cm?
was also satisfied. Corrosion was evaluated in
hydrogen, air, and oxygen atmospheres in a dilute
sulfuric acid solution with 2 ppm fluoride by using
ASTM G5 method at 90°C and pH~4. The GTI
molded-composite blend exhibited total corrosion
rates below 5 uA/cm?®. Hydrogen permeability was
measured as a function of plate density, related to
molding pressure. Plates can be molded either more
or less dense than POCO graphite, thereby
controlling the porosity. The hydrogen permeability
rate measured for the dense, nonporous plates was
<<2x 10" cm*/cm*-s at 90°C and 207 kPa
(30 psig), which is always below the DOE-specified
value of 2 X 10 cm’/cm’-s.

Additional measurements were made of the plate
crush strength, plate flexural strength, plate mid-
span flexibility, and plate creep characteristics. The
molded plates are expected to withstand an
anticipated holding force of 200 psi pressure in the

127

FY 2001 Progress Report

fuel cell stack, including stacking dimensional
nonuniformities induced by gasketing or assembly
methods, plus a myriad of handling and packaging
actions from the production line to stack assembly.
The measured strength values shown in Table 1
yield a good safety margin. The strength and slight
flexibility of the molded composite plates
advantageously allow the stacks to be more durable.
The plates have retained their electrical and physical
properties after being subjected to immersion in
boiling water followed by freeze-thaw cycles.
Maximum loss of weight in any of the tests has been
on the order of 0.5%.

Molded Plate Production and Cost Estimates

Since PEM Plates was absorbed back into GTI,
discussions with potential licensee-molders and fuel
cell developers have progressed. The knowledge
from molding the composite plates in the 5-plates/h
pilot line (plus the experience of commercial
molders in the design of a second generation
molding machine) indicates that production rates of
hundreds of plates per hour are nearing reality. As
determined previously, for carload quantities, raw
material costs will be $4/kW or less. Production
costs are expected to be about $6/kW, but this cost
strongly depends upon the complexity of the plate
design.

Capital and operating costs were revisited for
the second-generation machines to produce
hundreds of plates per hour. Annual production
quantities of about 100 MW of fuel cells are needed
to achieve production costs below $6/kW for
reasonable separator plate designs. This quantity of
plates is equivalent to about 2,000 cars per year with
50-kW fuel cell engines.

Conclusions

After identifying a unique blend of component
materials for a molded graphite bipolar separator
plate for PEM fuel cells, development of a rapid
molding process began with a pilot production line.
Thousands of plates have been molded and
thousands of hours of fuel cell stack tests have been
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conducted, yielding performance practically
equivalent to state-of-the-art machined graphite
plates. In commercial production quantities, the
estimated costs of molded separator plates are about
$10/kW. However, more needs to be done to reach
commercial production:

* A second-generation molding machine needs to
be validated for production rates of hundreds of
plates per hour;
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Successful molding trials must be demonstrated
for several stack developer plate designs; and
Stack performance, endurance, and quality
verification testing is needed by stack
developers.
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D. Carbon Composite Bipolar Plates

T'M. Besmann (primary contract), J.W. Klett, and J.J. Henry, Jr.

Surface Processing and Mechanics Group and Carbon and Insulating Materials Group
Oak Ridge National Laboratory

P.O. Box 2008, MS 6063, Bldg. 4515

Oak Ridge, TN 37831-6063

(865) 574-6852, fax: (865) 574-6918, e-mail: besmanntm@ornl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: JoAnn.Milliken@ee.doe.gov

Contractor: Oak Ridge National Laboratory, Oak Ridge, Tennessee
Prime Contract No. DE-AC05-000R22725

Objectives

*  Develop a slurry-molded carbon fiber material with a carbon-chemical-vapor-infiltrated sealed surface as a
bipolar plate.

*  Collaborate with potential manufacturers to test and manufacture the resulting components.
OAAT R&D Plan: Task 13; Barrier B

Approach

»  Fabricate fibrous component preforms for the bipolar plate by using slurry molding techniques with carbon
fibers of appropriate lengths.

*  Fabricate hermetic plates using a final seal with chemical-vapor-infiltrated carbon.

*  Develop commercial-scale components for evaluation.

Accomplishments

+  Demonstrated ability to mold two-sided prototypical 100-cm” active area plate.

*  Demonstrated good polarization behavior in a cell.

«  Measured thermal diffusivity (0.0290 cm?/s) and determined thermal conductivity (1.37 W/m*K).
*  Provided two-sided specimens to industry for evaluation.

* Licensed technology to Porvair Fuel Cell Technology.

Future Directions
*  Develop bipolar plate material/configuration to meet various users’ unique requirements.

+  Transfer technology and assist in scale-up with Porvair.
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Introduction

During FY 2001, the Oak Ridge National
Laboratory (ORNL) carbon composite bipolar plate
effort has achieved several programmatic goals:
molding two-sided preforms, measuring thermal
diffusivity, and licensing the technology. We
produced two-sided components measuring 2.5 mm
in thickness with 100-cm” active area. Sample
components are being tested and evaluated at Plug
Power, Honeywell, Ballard, and International Fuel
Cells. We demonstrated previously that projected
costs would meet program goals, that the material
properties met program requirements, and that the
component had the substantial advantage of
weighing almost 50% less than competing materials.

Approach

Fibrous component preforms for the bipolar
plate are prepared by using slurry molding
techniques with 100-um carbon fibers (e.g., Fortafil)
in water containing phenolic resin. The approach
involves a vacuum molding process that produces a
low-density preform material. A phenolic binder is
used to provide green strength and assist in
providing geometric stability after an initial cure.
We fabricated a set of brass molds with channels
measuring 0.78 mm (31 mil) deep and wide. The
molds are used to impress channels and other
features into the preform material. The surface of the
preform is sealed by using a chemical vapor
infiltration (CVI) technique in which carbon is
deposited on the near-surface fibers sufficient to
make the surface hermetic. The CVI technique
involves placing the preforms in a furnace that is
heated to 1,300-1,500°C and allowing methane
(under reduced pressure) to flow over the
component. The hydrocarbon reacts and deposits
carbon on the exposed fibers of the preform, and
when sufficient deposition has occurred, the surface
becomes sealed. Thus, the infiltrated carbon
provides both an impermeable surface and the
necessary electrical conductivity so that power can
be efficiently obtained from the cell. Processing
times are in the range of 4 h.

Results

ORNL produced 100-cm” active area bipolar
plates with flow field patterns and other necessary
features molded into both sides by using brass molds
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of the Los Alamos National Laboratory (LANL)
design (Figure 1). Slurry-molded preforms
measuring 2.5 mm in thickness were produced for
fabrication into two-sided bipolar plates. The
preforms were placed between the brass molds, and
the assembly was placed in a heated press. The mold
was uniformly compressed to 10 kPa (14 psi) at
200°C and held briefly to both impress the features
and cure the phenolic resin. The molded preforms
released readily from the mold (a common release
agent was used), and the features were precisely
reproduced in the preform. The plates were
subsequently sealed by using the CVI process.

A xenon flash diffusivity technique was used to
measure the thermal diffusivity of the composite at
room temperature. A xenon flash lamp provided a
heating pulse to the specimen’s front surface. An
infrared detector was employed to record the back
surface temperature rise after the pulse. We
calculated the thermal diffusivity of the specimen by
using the analysis described in ASTM Designation
E1461 (1992) “Standard Test Method for Thermal
Diffusivity of Solids by Flash Method.”
Measurements of the through-thickness thermal
properties of the plate material were performed by
using a square sample cut from the plate with a
thickness of 2.461 mm. Five measurements were
taken, yielding an average thermal diffusivity o =
0.0290 cm*/s, S.D. = 0.0004 (assuming that the
specific heat of graphite yields a thermal
conductivity of 1.37 W/m*K). This value is low
because of the significant porosity in the material.
High thermal diffusivity is desirable to facilitate heat
removal from the stack.

Co900578

Figure 1. Completed carbon composite bipolar plate.
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Polished cross-sections revealed the structure of
the carbon composite bipolar plate. Figure 2 shows
the flow field in the plate, revealing the sealed
surface of the porous material. The relatively poor
tolerances on the mold appear to have caused some
disruptions in the surface of the plate. However,
higher-precision molds used by a fuel cell
manufacturer evaluating this technology have
demonstrated preparation of high-tolerance
components.

The 100-cm’-active-area, two-sided bipolar
plate prepared at ORNL was tested in a fuel cell at
LANL. Figure 3 illustrates the measured resistivity
and cell voltage behavior. The plate performed well
in a cell; however, LANL reports using high flow
rates to compensate for leakage from the seals along
the edges. This problem can be easily remedied by
use of an adhesive seal.

- 200pm

Figure 2. Optical micrograph of a polished cross-section
of a carbon composite bipolar plate.
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Figure 3. Resistivity and cell voltage from testing at
LANL reveals good properties and behavior.
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Conclusions/Future Work

During this period, ORNL (1) demonstrated the
fabrication of molded two-sided bipolar plates and
their infiltration with carbon and (2) measured
thermal properties and cell behavior. While the
through-thickness thermal conductivity was low, the
cell behavior was good. The technology has been
licensed to Porvair Fuel Cell Technology, and
several fuel cell manufacturers are evaluating
sample plates. Table 1 provides a comparison of
DOE targets and the materials developed.

Table 1. Material property targets and values.
DOE POCO Carbon
Property Target | Graphite | Composite

Bulk conductivity >100 200-300
(S/em)
Surface resistivity 8 12
(Q/cm)
Hydrogen <2x10°| Meets Meets
permeability target target
(cm’/cm’-s)
Corrosion rate <16 80 6
(MA/cm?)
High-volume <10 40 5.50
production cost
(3/kW)

Future work will concentrate on developing
carbon composite bipolar plates with unique
properties to meet the requirements of several fuel
cell manufacturers. It will also involve assisting
Porvair in scaling up the technology for production.

FY2001 Publication/Presentation

T.M. Besmann, J.W. Klett, J.J. Henry, Jr., and
E. Lara-Curzio, “Carbon/Carbon Composite

Bipolar Plate for Proton Exchange Membrane
Fuel Cells,” J. Electrochem. Soc. 147 (11) 2000.

Patents Issued

Bipolar Plate/Diffuser for a Proton Exchange
Membrane Fuel Cell, issued on March 14, 2000,
as U.S. Patent # 6,037,073.

Bipolar Plate/Diffuser for a Proton Exchange
Membrane Fuel Cell, issued January 9, 2001, as
U.S. Patent # 6,171,720.
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E. Cost-Effective Surface Modification for Metallic Bipolar Plates

M.P. Brady and L.D. Chitwood

MS 6115, Oak Ridge National Laboratory

P.O. Box 2008, Oak Ridge, TN 37831-6115

(865) 574-5153, fax: (865) 241-0215, e-mail: bradymp@ornl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: JoAnn.Milliken@ee.doe.gov

ORNL Technical Advisor: David Stinton
(865) 574-4556, fax: (865) 574-6918, e-mail: Stintondp@ornl.gov

Objectives

Develop a low-cost metallic bipolar plate alloy that will form an electrically conductive and corrosion-resistant TiN
surface layer during thermal nitriding to enable use in a polymer electrolyte membrane (PEM) fuel cell
environment.

OAAT R&D Plan: Task 13; Barrier B

Approach

*  Conduct a study of the nitridation behavior of a series of inexpensive Ni-Ti- and Fe-Ti-based alloys that can
meet DOE bipolar plate performance and cost goals.

* Identify a combination of Ti content, ternary and higher-order alloying addition(s), and nitridation reaction
conditions that result in the formation of an adherent, dense TiN surface layer.

*  Immerse nitrided alloy coupons in a 5% HF acid solution, measure weight loss, and conduct cross-section
electron microscopy evaluation to screen for the presence of defects in the nitride layer. Characterize nitride
layer microstructure and composition by x-ray diffraction and electron probe microanalysis. Use this
information in a feedback loop to modify alloy chemistry and nitridation processing conditions to optimize the
corrosion protection effectiveness of the nitride surface layer.

*  Measure electrical conductivity of select nitrided alloys by D.C. four-point probe.

»  Evaluate corrosion behavior of select nitrided alloys in simulated PEM fuel cell environments (in collaboration
with K. Weisbrod and C. Zawodzinski of Los Alamos National Laboratory [LANLY]).

Accomplishments

«  Evaluated the nitriding behavior of a series of developmental Ni-Ti- and Fe-Ti-based alloys with ternary and
quaternary alloying additions. Identified alloy chemistries/nitriding conditions that led to the formation of
adherent TiN-based surface layers with good corrosion resistance in short-term, 5% HF acid immersion
screenings.

*  Demonstrated capability of a new, industrial-scale, high-density infrared processing technique to nitride model
Fe-Ti and Ti alloys in seconds, compared with hours or days, by conventional nitriding techniques determined
in collaboration with C. Blue and V.K. Sikka of Oak Ridge National Laboratory (ORNL).

*  Delivered a series of model and developmental alloys to LANL for corrosion testing in simulated PEM fuel cell
environments. Established, by using a model refractory alloy, that a nitrided surface can exhibit sufficient
corrosion resistance, without significant Nafion® membrane contamination, in a PEM fuel cell environment.

*  Revealed through testing at LANL that the first generation of developmental nitrided Ni-Ti- and Fe-Ti-based
alloys exhibited inadequate corrosion resistance. Post-exposure analysis suggested that the corrosion
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susceptibility was related to poor nitride coverage at alloy grain boundaries. Preliminary evaluation of the first
alloy of a second generation of Ni-Ti-based alloys designed to eliminate this problem indicated a corrosion
current density on the order of 1-2 x 10 A/em? at 0.98 V versus SCE in pH 3 sulfuric acid at room-
temperature. This result is close to meeting DOE’s corrosion-resistance goals.

Future Directions

*  Optimize composition/nitridation conditions for the second generation of Ni-Ti- and Fe-Ti-based alloys to
eliminate corrosion susceptibility resulting from poor nitride coverage at alloy grain boundary sites. A go/no go
decision will be made regarding the ability of these nitrided alloys and this approach to meet DOE bipolar plate

corrosion-resistance goals.

*  Down select alloy composition and explore scale-up issues with commercial alloy producers.

* Implement process optimization study for inexpensive, rapid nitridation by using high-density infrared

processing.

*  Supply nitrided bipolar plates to Los Alamos National Laboratory and fuel cell manufacturers for in-cell

performance evaluation.

Introduction

The bipolar plate is one of the most expensive
components in PEM fuel cells. Thin metallic bipolar
plates offer the potential for significantly lower cost
than the currently used machined graphite bipolar
plates, and they may offer reduced weight/volume
and better performance than developmental carbon
fiber and graphite bipolar plates currently under
consideration. However, inadequate corrosion
resistance can lead to high electrical resistance
and/or contaminate the PEM. Metal nitrides
(e.g., TiN) offer electrical conductivities an order of
magnitude greater than that of graphite and are
highly corrosion resistant. Unfortunately,
conventional coating methods leave “pin-hole”
defects in the nitride layers that result in accelerated
local corrosion and unacceptable performance.

Approach

The goal of this effort is to develop a Ti-
containing bipolar plate alloy that will form an
electrically conductive and corrosion-resistant TiN
surface layer during thermal (gas) nitriding. There
are three advantages to this approach. First, because
the nitriding is performed at elevated temperatures,
pin-hole defects are not expected because
thermodynamic and kinetic factors favor complete
conversion of the metal surface to nitride. Second,
thermal nitridation is an inexpensive, well-
established industrial technique. Third, the alloy can
be formed into final shape by inexpensive metal-
forming techniques, such as stamping, before

133

thermal nitridation. The key issues are nitride layer
cracking, adherence, and morphology (discrete
internal precipitates versus continuous external
scales), which can be controlled through proper
selection of alloy composition and nitridation
conditions.

Existing commercial alloys were typically
designed to form oxide layers for corrosion
protection and do not thermally nitride to form a
corrosion-resistant surface layer. Therefore, this
effort is focused on designing a new family of alloys
specifically to form a corrosion-resistant TiN
surface. As shown in Figure 1 for a series of model
Ti-based alloys studied under this program, alloy
composition can significantly influence the
corrosion resistance of the resultant nitride surface
layer.

Ti-10Zx

T1

T1-10V-5Zr

Nitrided model Ti-alloy coupons after 20 h
immersion in 5% HF, illustrating that alloy
composition can significantly influence the
corrosion resistance of the resultant TiN-based
surface layer.

Figure 1.
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Results

Results to date strongly support proof of
principle for thermal nitridation to protect a metallic
bipolar plate. A model, thermally nitrided refractory
alloy, Tribocor 532N (Nb-30Ti-20W wt. %),
exhibited a corrosion current density of only 6.1 X
107 A/em” at 0.98 V versus normal hydrogen
electrode (NHE) and stable behavior for 700 h under
1 A/em? in the LANL corrosion test cell (data of
K. Weisbrod, pH 3 sulfuric acid, 2 ppm F, 80°C);
the same alloy exhibited essentially no Nafion®
membrane contamination (~1% active sites affected)
after a 300-h immersion screening in pH 2 and pH 6
sulfuric acid (with air or hydrogen) (data of
C. Zawodzinski, LANL). These results establish that
a nitrided surface can perform well in a PEM fuel
cell environment. The key challenge is whether such
corrosion-resistant nitride zones can be produced
from an alloy that is sufficiently inexpensive to meet
DOE bipolar plate cost goals (refractory alloys, such
as Tribocor 532N, are too costly for transportation-
related applications).

Efforts have focused on the development of
inexpensive Ni-(5-15)Ti and Fe-(5-15)Ti wt.%-
based alloys that can meet the DOE cost goals. As
shown in Figure 2, composition/processing
conditions to form an adherent TiN surface layer on
Ni-Ti- and Fe-Ti-based alloys have been identified.
Bulk electrical conductivities were in the range of
1-2 x 10* Q'em™ after nitriding, which surpasses
the DOE electrical conductivity target by two orders
of magnitude.

Corrosion testing at LANL in simulated PEM
fuel cell environments indicated insufficient
corrosion resistance in the first generation of the
Ni-Ti- and Fe-Ti-based alloys. Post-exposure
analysis suggested that the susceptibility was related
to preferential nitridation at alloy grain boundaries,
which was exacerbated by alloy grain growth during
the nitridation treatment. A worst-case example of
this phenomenon is shown in Figure 3 for nitrided
Fe-35Ni-8Ti, a composition that was borderline for
external TiN surface layer formation. Although the
TiN layers shown in Figure 2 are of much higher
quality, there are similar, occasional small local
regions of preferential grain boundary nitridation,
which degrade the continuity and corrosion
protection effectiveness of the TiN surface layer.

A combination of process and alloy optimization
is being pursued to eliminate this problem. A heat
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— Ni-10Ti-2.5W-0.157x
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el Fe-10Ti-2Zr

Figure 2. Cross-section electron micrographs of nitrided
Ni-Ti- and Fe-Ti-based alloys (wt.%) showing
external TiN surface layer formation.

treatment step before nitridation has been added to
coarsen the alloy grain structure so that appreciable
grain growth during the nitridation treatment does
not occur. A promising alloying addition to modify
the nitrogen permeability of the alloy to minimize
preferential grain boundary nitridation has also
recently been identified. Preliminary results have
yielded corrosion current densities in the range of
1-2 X 10° A/em® at 0.98 V vs. saturated calomel
electrode (SCE) in pH 3 sulfuric acid at room
temperature, which are close to the DOE bipolar
plate corrosion resistance goal.
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Figure 3. Cross-section electron micrographs of nitrided
Fe-35Ni-8Ti wt.% highlighting preferential
nitridation and gaps at alloy grain boundary
sites. (Worst-case example shown to illustrate
effect.)

Alternative nitriding approaches are also under
investigation. High-density infrared processing
(http://www.ms.ornl.gov/sections/mpst/process/craig
blue/default.htm) is of particular interest because of
the rapid heating rates (> 400°C/s) and applicability
to continuous processing (collaboration with C. Blue
and V K. Sikka, ORNL) (Figure 4).
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Figure 4. High-density infrared processing lamp (picture
courtesy of Craig Blue).

Preliminary screening showed that model Ti- and
Fe-Ti-based alloys could be nitrided in seconds by
rapid infrared heating to just under their melting
points in a nitrogen-containing atmosphere
(conventional nitriding is done at lower temperatures
and typically takes hours or days). Although
conventional thermal nitriding is commercially
available and relatively inexpensive, the use of
infrared processing has great potential to further
reduce cost and increase throughput volume for the
industrial-scale production/nitriding of metallic
bipolar plates.

Conclusions/Future Work

Good progress has been made in developing
Ni-Ti- and Fe-Ti-based alloys to form a corrosion-
resistant nitride surface layer with the potential to
meet DOE cost goals. However, issues remain
regarding inadequate nitride coverage and protection
at alloy grain boundary sites. Efforts are focused on
optimization of alloy composition/nitridation
conditions to eliminate this susceptibility. A go/no
go decision will be made regarding the ability of
these nitrided alloys and this approach to meet DOE
bipolar plate corrosion resistance goals, and a down
select will be made regarding alloy composition.
Work will then focus on scale-up issues with
commercial alloy producers and delivery of nitrided
bipolar plates to LANL and fuel cell manufacturers
for in-cell performance evaluation.



Fuel Cells for Transportation FY 2001 Progress Report

F. High-Temperature Membranes

Thomas A. Zawodzinski (primary contact), Francisco Uribe, Wayne Smith, Michael Eikerling,
Lawrence Pratt, Antonio Redondo, Tom Springer, Judith Valerio, David Vernon, Don McMurry, and
Guido Bender

Los Alamos National Laboratory

Electronic and Electrochemical Materials and Device Research Group

Los Alamos, NM 87545

(505) 667-0925, fax: (505) 665-4292, e-mail: zawod@lanl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: JoAnn.Milliken@ee.doe.gov

Objectives

*  To develop new membranes and membrane electrode assemblies (MEAs) for operation at temperatures of
120-150°C.

OAAT R&D Plan: Task 13; Barrier B

Approach
*  Simultaneously carry out R&D on:

- Physical chemistry of polymer electrolytes,

- New polymeric electrolytes,

- New approaches to proton transport in polymer electrolytes, and
- Development of MEAs based on new polymer electrolytes.

*  Evaluate the following types of polymers:

- Poly(styrene sulfonic acid) side chains grafted to a TFE/perfluoropropylene copolymer and
- Polyarylene ether sulfones with varying degrees of sulfonation.

Accomplishments

Physical Chemistry

*  Began to collect data on transport in membranes.

*  Performed computational studies of different acid moieties.

New Membranes

*  Tested new materials for operation at 120°C.

* Initiated synthesis of new polymers with higher acidity.

MEAs

*  Fabricated MEAs for one class of materials.

+  Revisited high-temperature behavior of Nafion“-based MEAs.

Industrial and Other Collaborative Interactions

*  Worked directly with university partner in developing and testing high-temperature membranes.
*  Assisted DOE industry partners in MEA development for high-temperature membranes.

*  Assisted university partners in membrane characterization.
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Physical Chemistry

Apply computational tools more extensively.
New Membranes

MEA fabrication for stiffer membranes.

Industrial and Other Collaborative Interactions

Prepare new materials for operation above 120°C.

FY 2001 Progress Report

Started High-Temperature Polymer Membrane Working Group.

Substantially increase available data on transport in membranes.

Experiment with elevated temperature operation/alternative hydration methods.

Develop new means of facilitating proton transport in high-temperature MEAs.

Study oxygen reduction reaction (ORR) in high-temperature conduction media.

Work directly with membrane supplier in developing high-temperature membranes.
Assist DOE industry partners in MEA development for high-temperature membranes.
Assist university partners in membrane characterization.

Lead High-Temperature Polymer Membrane Working Group.

Introduction

The need for improved and less-expensive
membranes has long been recognized as a key factor
impacting the commercial introduction of polymer
electrolyte membrane fuel cells (PEMFCs). More
recently, it was realized that it is desirable to operate
at temperatures exceeding the currently typical
80°C. Operation at higher temperature would
facilitate stack and system thermal management,
increase CO tolerance, and improve electrode
kinetics. This is a very challenging task. We view
the polymer electrolyte development effort as a
long-term problem and have structured the work
described below accordingly. Also, we include work
that will lead to increased insight to guide the
overall effort.

Although much synthetic work is under way in
industrial, government, and academic laboratories, it
is unclear whether the range of that work is
sufficiently broad to solve the problem with high-
temperature membranes. The problem requires work
on all aspects of MEA components. Most efforts
address the need for improved thermal stability but
fail to address the requirement of maintaining
conditions conducive to proton conduction in the
polymeric medium. Furthermore, most proposed
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solutions pay scant attention to several serious
points of impact on the composite electrode
behavior. At this point, we do not know which of
several approaches is most promising. Thus, we will
implement (1) a full-fledged effort to explore
approaches involving polymer synthesis and
development, as well as implementation of new
“carrier” media to replace the function of water in
Nafion®, and (2) a study of proton transfer
dynamics. We will also leverage our work from
BES-Chemical Sciences activities related to
understanding fundamentals of the proton transfer
and transport processes. We will use our fairly well
developed theoretical approaches to explore specific
possibilities for new acid group types or for acid-
base interactions that could lead to progress in
proton transfer media.

We also must address the formation of MEAs
from any new polymers, including any critical
additives. We must develop a detailed understanding
of the materials aspects of MEA formation so that
we can approach the processing of MEAs. The ORR
activity within MEAs containing different additives
or other mechanisms of proton transfer must be
understood as well.
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Results

Physical Chemistry

Critical factors for the use of these membranes
in virtually every application include the membrane
conductivity and the electro-osmotic drag coefficient
(Ep). To measure electroosmotic drag, we adopted
the method discussed by Ren et al. (1997). This
method essentially uses a careful mass balance in a
potentiostated cell exposed to methanol. From the
water collected from the cathode effluent at various
current densities, we can separate the effects of
reaction, diffusion, and electro-osmotic drag on
water transport. At high current densities, a plot of
water flux across the membrane versus current
density becomes linear, as electro-osmotic drag
dominates over diffusion. Although this method
employs methanol in the measurement, it is not
strictly a “DMFC” method.

Experimental results including conductivity and
electro-osmotic drag coefficients derived from the
data are shown in Table 1 for a number of
experimental polymers, as well as for Nafion 117°%.
Columns 2 through 5 show data taken from tests
carried out in a fuel cell configuration, while proton
conductivity reported in the last column was
measured on an immersed free-standing film. The
selectivity (ratio of conductivity to methanol
permeation rate), columns 4 and 5, reflects the trade-
off between changes in conductivity and methanol
permeation rate and is a measure of the effectiveness
of a given membrane in the DMFC application.

The BPS series of polymers is a class of
polyarylene ether sulfones with varying degrees of
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sulfonation. The number following the BPS prefix
specifies the degree of sulfonation. For example,
BPS-40 corresponds to a polymer in which 40% of
the monomer has been sulfonated. Ion Clad consists
of poly(styrene sulfonic acid) side chains grafted to
a TFE/perfluoropropylene copolymer and was
obtained from Pall Corporation (id R-4010). Ion
Clad’s IEC is 1.5 meq/g.

These membranes initially showed good
performance and a low electro-osmotic drag
coefficient (1.1). However, over the course of
five days of testing, the experimentally determined
electro-osmotic drag coefficient had gradually
increased to 2.5, possibly because of degradation of
the polystyrene portion of the polymer.

The following important observations can be
made by reviewing Table 1:

High conductivities can be obtained, even with
aromatic sulfonate membranes under conditions
of high degrees of sulfonation.

Significantly lower electro-osmotic drag
coefficients are observed for most of the
aromatic sulfonates.

The conductivity derived from measurements
taken in the fuel cell configuration is lower than
that obtained from free-standing films.
Methanol permeation is much lower for the
aromatic sulfonates.

The lower methanol permeation rate does not
always translate to a lower selectivity.

The conductivity and drag coefficient of the
BPS polymers increases with increasing level of
sulfonation while the selectivity decreases.

Table 1. Membrane properties.
Electro-
Osmotic
Drag Proton
MeOH Perm (60°C)| Conductivity | Selectivity Relative |Coefficient| Conductivity
Membrane x10° (cm?/s) mS/cm 10° mS s/em® | Selectivity Ep (mS/cm)
Nafion 117" 2.83 84.67 29.96 1.00 ~3.6 110
BPS-40 0.61 38.48 62.65 2.09 ~1.5 80
BPS-45 0.83 28.22 33.85 1.13 ~1.9
BPS-50 0.88 40.22 45.95 1.53 ~2.5 100
BPS-60 2.23 52.29 23.49 0.78 ~3.0 170
lon Clad 0.58 25.93 44.67 1.49 1.1-2.5
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The one anomaly is that the conductivity of the
BPS-45 membrane does not lie between BPS-40 and
BPS-50 because the test membrane is much thinner
than the other membranes. Therefore, when the
interfacial resistances associated with the MEA are
normalized for membrane thickness, the BPS-45
membrane has a conductivity much lower than what
would have been observed had a thicker membrane
been used.

To rationalize the data, we must consider several
factors. These include the polymer water content,
acid group type, and polymer microstructure. The
water content of the BPS-40 and BPS-60 polymers
is similar and, on a per-sulfonate basis, is lower than
that of Nafion™. The higher conductivity is probably
most sensibly rationalized as being due to the high
ion-exchange capacity of the BPS polymers. The
effect of polymer microstructure is presently
unclear, and efforts to address this aspect are
ongoing.

We focus here on the influence of acid group
structure on these effects. A key determinant of
electroosmotic fluxes is the tightness of water
binding to sulfonate moieties. In Figure 1, we
compare the computed Density Functional Theory
(DFT) structure of water complexes with sulfonic
acids attached via perfluorinated and aromatic
moieties. Clearly, the less-acidic toluene sulfonic
acid has a more tightly packed water solvation

o+
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X

o
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sphere. This is a consequence of the less-delocalized
negative charge on the anionic conjugate base. The
higher charge density on the sulfonate more strongly
interacts with neighboring water molecules, creating
the observed structure.

Because the electro-osmotic drag coefficient is
related to the ease of “tugging” a water molecule
along with the moving proton, the formation of the
tighter solvation shell clearly will resist
displacement. Note that this is an overly simplistic
discussion of the phenomena underpinning electro-
osmosis. It is highly likely that structural factors,
notably pore structure, will play a key role in
determining the actual drag coefficient.

Similar calculations can be used to provide
substantial insight into the conduction and water
transport properties of polymers with different acid
groups. For example, we found that the bis
(trifluoromethanesulfonyl) imide acid undergoes
acid dissociation at roughly the same water content
as most other acid groups. However, in this case, the
transition of the hydronium ion thus formed to an
outer sphere position occurs upon dissociation, with
three water molecules present. All sulfonic acids
studied to date required six waters to bring about
this transition. This phenomenon accounts for the
higher conductivity at low water content observed
for imide-based polymers by the Clemson group.

<48
-

Figure 1. Computed structures of model acid hydrates, indicating tightness of binding of water of solvation to anion.
Left: Trifluoromethane sulfonic acid hexahydrate; Right: p-toluene sulfonic acid hexahydrate; Hydronium
oxygen to sulfonate oxygen distances: left: 0.4235 nm; right: 0.3914 nm.
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New Membranes

A series of poly-sulfonated sulfones was
synthesized for use as proton exchange membranes
(PEMs) in fuel cells by the McGrath group at
Virginia Polytechnic Institute and State University.
These materials are designated BPS-XX. These
copolymers are unique because they were
synthesized by direct polymerization of sulfonated
monomers, unlike previous efforts in which the
homopolymers were post-sulfonated. This approach
allows control of the exact location of the ion-
conductive sulfonic acid moiety on the aryl rings.
The polymers are formed by a step-growth
mechanism, which requires very pure reactants. The
sulfonic acid sites are meta to the sulfone in the final
product. In contrast, in the post-sulfonated analog,
sulfonation occurs on the activated ether rings along
the polymer backbone rather arbitrarily. One distinct
advantage of pre-sulfonation is that the sulfonic acid
sites are on the deactivated positions in the ring once
the polymer is formed. Placing the sulfonic acid on
these sites may afford a more stable acid group. The
sulfonic acid moiety in these polymers is unchanged
after aging 30 min in air at 220°C. When well
hydrated, these materials have conductivity
approaching that of Nafion (see below).

We are developing additional new membranes,
as well as membranes with different proton carrier
materials.

Membrane-Electrode Assemblies

Because of the physical properties of new
polymer electrolyte membranes, it is typically a
difficult challenge to make MEAs that exhibit
satisfactory performance. We have successfully
catalyzed the Virginia Polytechnic Institute and
State University membranes, but the performance
still lags our expectations. We expect to apply
approaches developed for the Virginia Polytechnic
Institute and State University polymers and other
high-temperature polymers (obtained from industry)
methods to new polymers.
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Industrial and Other Collaborative
Interactions

We have developed a series of collaborative
efforts with industry, other national laboratories, and
universities to achieve the targets for high-
temperature polymer membranes. To facilitate this
effort, we started the High-Temperature Polymer
Membrane Working Group, which has met twice to
date. Biannual meetings are planned to assess
progress.

To facilitate the development of new materials,
we have also initiated a series of projects on high-
temperature membranes at universities. Participants
include Virginia Polytechnic Institute and State
University, the University of Connecticut, Penn
State, Case Western Reserve University, and the
University of Wisconsin. Each participant has a
different approach to the problem, ranging from new
polymers to inorganic membranes. These
universities typically supply materials to
Los Alamos National Laboratory for testing.

Conclusions

The development of new polymer electrolytes
for operation at elevated temperature is under way.
However, this is a long-term project. Replacement
of water is the most difficult problem, but adequate
stability and cathode activity are not trivial
objectives to achieve. We have started to address
this problem this year. Fundamental work, including
computational and experimental studies of new acid-
functionalized materials, can be useful. The first
polymers geared for temperatures in excess of
100°C are emerging, and testing is showing that,
although promising, there are definite shortcomings.
Work continues to make viable new materials.

Reference

X.M. Ren, W. Hendersom, and S. Gottesfeld,
1997. J. Electrochem Soc. 144, 1.267.
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G. Metallized Bacterial Cellulose Membranes in Fuel Cells

Hugh O’Neill, Barbara R. Evans, and Jonathan Woodward (primary contact)
Chemical Technology Division

Oak Ridge National Laboratory

P.O. Box 2008

Oak Ridge, TN 37831-6194

(865) 574-6826, fax: (865) 574-1275, e-mail: oop@ornl.gov

DOE Program Manager: JoAnn Milliken
(202) 586-2480, fax: (202) 586-9811, e-mail: JoAnn.Milliken@ee.doe.gov

ORNL Technical Advisor: David Stinton
(865) 574-4556, fax: (865) 574-6918, e-mail: stintondp@ornl.gov

Objectives

» Develop an inexpensive, renewable, thermally stable cellulosic biomaterial for polymer electrolyte membrane
fuel cells (PEMFCs).

+ Construct and demonstrate the high-temperature operation of a membrane electrode assembly (MEA).
* Characterize the properties of the MEA and determine power densities.

* Optimize the power density of the MEA by in-vitro and in-vivo membrane modification methods.
OAAT R&D Plan: Task 13; Barriers A, B

Approach

*  Development of an in-house facility for bacterial cellulose generation.
*  Deposition of metals suitable as catalysts in cellulose matrix.

*  Synthesis of ion-conducting membrane by:

a) Infusion of electrolytes into the structure followed by dehydration,

b) Chemical modification of the hydroxyl (-OH) groups on the fibrils with sulfonate (-SO5>) groups to
enhance H' conductivity, and

¢) Modification of the membrane during synthesis with chemically altered glucose precursors.

e Characterization of the native and modified cellulose matrix properties with emphasis on reduced catalyst
loading, increased thermal stability, and enhanced ion-conducting properties.

*  Testing of the MEA to demonstrate low-hydrogen-gas (H,) crossover, high-carbon-monoxide (CO) tolerance,
high power density, and low cost.

Accomplishments

*  Made initial discovery: the spontaneous deposition of palladium in commercially available bacterial cellulose.
*  Demonstrated that in-house facility for cellulose production by Gluconacetobacter hansenii is operational.

*  Demonstrated the deposition of palladium, gold, and silver by G. hansenii cellulose.

*  Determined thermal stability and H, crossover characteristics of native cellulose.

*  Modified membrane with sulfonic acid groups.
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*  Determine the acid stability of the membranes under fuel cell operating conditions.

*  Generate proton-conductive membranes with high-temperature stability.

*  Develop current collectors.

*  Test MEA in collaboration with fuel cell developer.

* Incorporate MEA into fuel cell stack in collaboration with fuel cell developer.

Introduction

In current PEMFC technology, perfluorosulfonic
acid-based membranes (e.g., Nafion™) have long
been the standard. The most notable drawbacks of
this type of membrane are their limited stability at
temperatures greater than 100°C, dependence on
H,O for conduction, and relatively high cost.
Operating temperatures greater than 120°C are
considered necessary for catalytic efficiency and
protection of the catalyst against carbon monoxide
poisoning.

The present concept proposes a cellulose matrix
secreted by bacteria as a suitable material for
PEMFC technology development (Figure 1a, 1b).
Each component of the membrane electrode
assembly (MEA) (catalyst and electrolyte
membrane) is constructed by using bacterial
cellulose, underlining the multifunctional nature of
this material. In addition, the novel fabrication and
processing methods of the components highlight the
innovative approach to MEA assembly proposed by

this concept. The main impact, at the system level,
of a cellulose-based PEM fuel cell is that it will
operate at temperatures >130°C, circumventing the
problems associated with Nafion"-based PEMFCs.

The initial discovery that led to the idea that this
material may be useful for PEMFCs was the
observation that bacterial cellulose samples
incubated in a solution of ammonium
hexachloropalladate turned black as a result of the
deposition of palladium (Pd) in the cellulose under
ambient conditions (Figure 2a). The precipitated
metal formed a homogeneous matrix of finely
divided metal particles dispersed evenly throughout
the pellicule. When dehydrated, the metallic
bacterial cellulose dried to a thin membrane
(Figure 2b) and, in the presence of a suitable
electron donor, catalyzed the evolution of H, in
aqueous solution. These observations indicated that
this material would act as a catalyst for the anodic
oxidation of H, and corresponding cathodic
reduction of O, in an MEA.

A hybrid material acting as the current collector
and catalyst layer will be synthesized by the

a. Growth of bacterial cellulose in glucose-rich medium
at 25°C.

Figure 1. Cultivation and processing of bacterial cellulose.

b. Processed bacterial cellulose after treatment with 1%
NaOH and Na-acetate (pH 4.5).
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a. Hydrated bacterial cellulose after incubation in

ammonium hexachloropalladate.
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i

b. Dried palladated bacterial cellulose.

Figure 2. Treatment of bacterial cellulose with ammonium hexachloropalladate.

incorporation of electrically conductive material,
such as carbon felt or paper, into the cellulose during
bacterial growth, followed by deposition of the
metal within the resulting matrix. A proton-
conductive membrane will be generated by chemical
modification of the cellulose to introduce the
appropriate reactive groups. The MEA components
will be assembled by using a simple cold-pressing
procedure, resulting in high interfacial contact and
compatibility between the layers.

Approach

An in-house facility for bacterial cellulose
generation has been established. The properties of
the bacterial cellulose are identical to those of the
commercial product used in the initial experiments.
The initial research goals are focused on
development of the electrolyte layer of the PEMFC.

Three different approaches for the fabrication of
an ion-conducting membrane are under
investigation:

(1) Over two hundred years of chemical
modification of cellulose has led to products
ranging from textiles to thermoplastics. Similar
techniques will be exploited to synthesize a
cellulose-based membrane with a proton-
conducting ability that rivals that of Nafion® but
operates at higher temperatures (130°C).

In its hydrated native state, bacterial cellulose
holds over 100 times its own weight in H,O. An
electrolyte membrane will be made by
dehydration of the material after infusion of
electrolytes into the structure. Potential reagents

2
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that will be tested are solid acids, such as

CsHSO..

(3) Modification of the membrane in-vivo by
introduction of chemically reactive groups
(SO;™) into the cellulose structure by addition of
glucose analogs to the medium during
cultivation will be demonstrated.

Development of the catalyst layer is also under
way. The mechanism of palladium deposition is
being investigated. This research will give insight
into methods to deposit other metals, such as
platinum. Future research will focus on the
development of current collectors and assembly and
testing of the MEA.

Results

As a proof-of-principle experiment, an MEA
was constructed by sequentially drying a layer of
bacterial cellulose that was infused with 1 M
potassium chloride between two layers of palladated
bacterial cellulose (Figure 3). Platinum (Pt) wires
were used as current collectors. Suitable controls
were carried out to demonstrate that the Pt wires
were not responsible for the anodic oxidation of Hs.
An output of 84.3 uW/cm® (192 pA and 0.48 V) was
demonstrated by using H, generated from a simple
acid-displacement reaction. These results are
preliminary and serve only to prove the hypothesis
that an MEA made with bacterial cellulose exhibits
fuel cell behavior (Figure 4). The experiment was
carried out at room temperature and ambient
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Figure 3. Membrane electrode assembly.
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Figure 4. Voltage versus current curve for cellulose-
based MEA. The resistance was increased in
2-kQ increments from 1 to 11 kQ. The
experiment was carried out at 26°C and 1 atm
by using a 4% H, stream at 40 mL/min.

pressure. Optimization of the reaction in terms of
temperature, pressure, and humidity would certainly
increase the performance.

Bacterial cellulose has the desired physical and
chemical properties for PEMFC technology. The
hydrated bacterial cellulose dries to a thin membrane
34 um in thickness, as measured by scanning
electron microscopy. The dried membrane does not
rehydrate; no swelling of the dried membrane was
evident after boiling for 30 min in H,O. The thermal
properties of the dried material were compared with
those of Nafion 117%. Thermogravimetric analysis
profiles of the bacterial cellulose and Nafion 117
are shown in Figure 5. The profile for dry bacterial
cellulose indicated that it loses H,O up to
approximately 100°C, above which there is no
weight loss to 130°C. In the dry state, decomposition
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Figure 5. Comparison of the thermogravimetric analysis
profiles of bacterial cellulose and Nafion 117
(solid line, cellulose; dashed line, Naﬁon®).

occurs above this temperature. However, under
humid conditions, it is likely that the thermal
stability would be increased. In contrast, the profile
for dry Nafion 117" showed that it continually loses
weight over the temperature range measured. This
demonstrates the favorable temperature stability
characteristics of bacterial cellulose compared to
Nafion 117%. In addition, the H, crossover
characteristics of bacterial cellulose and

Nafion 117" indicate that bacterial cellulose is
approximately 40% less permeable to H, than
Nafion 117" (Figure 6). It is mechanically stable to
tearing and can be folded repeatedly without
damage.

Preliminary data have been obtained for the
chemical modification of bacterial cellulose with
sulfonate groups. The ion-exchange capacity of the
membrane is approximately 1.1-1.2 mequiv/g
cellulose. However, the structural integrity of the
membrane was adversely affected. Further studies
are under way to investigate this observation.

Conclusions

Although the project has only recently obtained
funding and the results are preliminary, bacterial
cellulose does offer favorable characteristics for
PEMFC technology. The operation of a bacterial
cellulose-based MEA was demonstrated, albeit at
low efficiency. Efforts are directed to increase
efficiency by developing electrolyte layer, catalyst
layer, and current collectors. In the context of the
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300 program, the synthesis of a bacterial cellulose
membrane with ion-conducting ability is the most
250 - Naﬁin 17| importanjc goal for the overall success of the project.
o — low efficiency.
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Figure 6. Comparison of the crossover characteristics of
bacterial cellulose and Nafion 117 (solid line,
cellulose; dashed line, Naﬁon®). The

experiment was carried out in 4% H,/96% Ar
at 46 psi and 25°C.
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H. Carbon Foam for Fuel Cell Humidification
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Objective

*  Determine if graphite foams can be used in humidification systems to enhance the humidification of the fuel
cell inlet air.

*  Demonstrate the ability to combine cooling of power electronics and fuel cell coolant with humidification of the
inlet air.

OAAT R&D Plan: Task 13; Barriers B, C

Approach
*  Design and construct a humidification test cell to use different foam structures to effect evaporation of water.

*  Perform tests to characterize the humidification potential of the foam and develop optimized designs that
minimize pumping power yet maximize humidification.

Accomplishments

*  Demonstrated that foam could successfully humidify dry inlet air to 87% saturation at 60°C by using a
simulated power electronic device.

Future Directions

*  Collaborate with fuel cell manufacturer and an original equipment manufacturer (OEM) to commercialize the
technology.

¢ Determine whether the heat exchange process for humidification can be used to capture wastewater from the
fuel cell exhaust.

*  Develop a full-scale prototype humidifier for fuel cell applications.
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Introduction

The efficiency of the automotive polymer
electrolyte membrane (PEM) fuel cell depends on
many factors, one of which is the humidification of
the inlet air. If the inlet air is not sufficiently humid
(saturated), then the stack can develop dry spots in
the membrane, and efficiency and voltage will drop.
Therefore, it is necessary to ensure that humid inlet
air at the proper elevated temperature is supplied to
the stack. Current methods involve using a spray
nozzle to atomize water droplets onto a cloth or wire
mesh substrate. As the inlet air passes over the cloth,
it gains moisture and becomes more humid;
however, since the air is not preheated, the actual
level of humidification (percent humidity) drops as
the air is heated in the fuel cell. If heat could be
supplied to the water efficiently, the system would
become independent of the ambient conditions, the
inlet air could become more humid at the proper
temperatures, and the overall stack could maintain a
high level of efficiency. Graphite foam has been
demonstrated to be very efficient in heat transfer in
previous work with power electronic heat sinks and
automotive radiators. Using the carbon foam in the
PEM fuel cell may solve the inlet air humidification
problems. This unique graphite foam (Figure 1) has
a density between 0.2 and 0.6 g/cm’ and a bulk
thermal conductivity between 40 and 187 W/meK.
The ligaments of the foam exhibit a thermal
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Figure 1. Oak Ridge National Laboratory’s (ORNL’s)
graphite foam.
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conductivity higher than that of artificial diamond.
Additionally, in combination with a very accessible
surface area (> 4 m*/g), the overall heat transfer
coefficients of foam-based heat exchangers can be
up to two orders of magnitude greater than those of
conventional heat exchangers (in some designs).

The high thermal conductivity, combined with a
very high specific surface area (>4 m%/g), permits
the graphite foam to use waste heat from power
electronics, cooling fluids, and exhaust gases to
vaporize water on the pore surfaces more efficiently
than in previous work, thus enhancing
humidification. The high conductivity of the foam
will also permit heating of the inlet air, thereby
supplying hot, humid inlet air to the fuel cell stack,
regardless of the ambient conditions. As a further
benefit, the evaporative cooling effect
(humidification) in this ch