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Abstract

Research and development was conducted on a proton exchange membrane (PEM) fuel cell stack to demonstrate the capabilities of Ionomem
C te heat.
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orporation’s composite membrane to operate at 120◦C and ambient pressure for on-site electrical power generation with useful was
he membrane was a composite of polytetrafluoroethylene (PTFE), Nafion®, and phosphotungstic acid. Studies were first performe

he membrane, cathode catalyst layer, and gas diffusion layer to improve performance in 25 cm2, subscale cells. This technology was t
caled-up to a commercial 300 cm2 size and evaluated in multi-cell stacks. The resulting stack obtained a performance near that of the
ells, 0.60 V at 400 mA cm−2 at near 120◦C and ambient pressure with hydrogen and air reactants containing water at 35% relative h
he water used for cooling the stack resulted in available waste heat at 116◦C. The performance of the stack was verified. This was the
uccessful test of a higher-temperature, PEM, fuel-cell stack that did not use phosphoric acid electrolyte.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the most promising types of fuel cells, the proton
xchange membrane (PEM) fuel cell, is currently being ag-
ressively researched and developed for use in on-site elec-

rical power generation for the replacement of the internal
ombustion engine in vehicle applications and for portable
ower. These cells allow better vehicular fuel economy be-
ause they are inherently more efficient than internal com-
ustion engines. They also meet more stringent emissions
tandards because they produce far fewer pollutants than in-
ernal combustion engines. Despite these advantages, signif-
cant obstacles to commercialization remain in the areas of
ost, durability, heat and water management, freeze protec-
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tion, and tolerance to poisons (such as carbon monoxid
the fuel.

The University of Connecticut (UConn) has develope
innovative higher temperature proton exchange memb
electrode assembly (HTMEA) that provides both exce
ionic conductivity within the membrane and improved e
trode structures for use in an under-saturated environ
[1]. This environment has a severe adverse effect on pr
PEM fuel cells because loss of water from the ionomeric e
trolyte results in a greatly reduced performance.Fig. 1shows
the strong dependency of commercial Nafion® 112 perfluo
rosulfonic acid membrane and UConn in-house memb
on the relative humidity in the gas contacting the memb
at 120◦C.

At UConn, solid proton conductors, such as ph
photungstic acid or zirconium hydrogen phosphate,
incorporated with Nafion® in the ionomeric electrolyt
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Fig. 1. Resistance of commercial Nafion® 112 membrane and UConn In-
house membrane as a function of relative humidity at 120◦C.

to provide more water-independent ionic conduction and
achieve improved performance at higher temperatures
(120◦C) at atmospheric pressure. This higher-temperature
operation increases power density, specific power, and
durability through system and component simplification.
Higher temperature enhances carbon monoxide tolerance
and eliminates the need for a selective oxidizer in the fuel
stream. Enhanced heat transfer due to increased temperature
differences decreases mass and volume required for heat
rejection. Higher-quality waste heat increases system
efficiency through cogeneration, and simplifies water man-
agement. The waste heat can be used to produce steam if a
hydrocarbon fuel is used to produce hydrogen using a steam-
reform reaction. The under-saturated operating environment
alleviates mechanical stress imparted by water expansion
upon freezing and facilitates rapid start-up in freezing con-
ditions because melting ice becomes unnecessary. Enhance
freeze tolerance and reduced system complexity makes the
system more durable. Cogeneration of useful waste-heat
makes the system more cost-effective and efficient. The fact
that the cell operates at near atmospheric pressure means
that a compressor that would reduce system efficiency is not
needed.

The objective of this program was to advance the higher
temperature membrane and electrode assembly technology
from the laboratory scale to full-scale demonstration in a
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2.1. Membrane

The membrane used in this program had a tri-layer struc-
ture. The central region consisted of a composite electrolyte
of Nafion® and solid phosphotungstic acid (PTA) impreg-
nated into a highly porous sheet of polytetrafluoroethylene
(PTFE). On each surface of this central region, a coating of
the Nafion and PTA were applied. This tri-layer arrangement
was used to provide better contact between the catalyst lay-
ers that were applied to both surfaces of the membrane. The
PTFE core was used to add strength to the membrane and al-
low the membrane thickness to be reduced to about 25�m to
result in lower cell resistance. The resistance of Nafion-based
membranes increases as the water content is reduced. Since
this membrane is thin, the water produced at the cell cathode
during operation can permeate through the membrane and
improve its conductivity.

Prior to the start of this demonstrator program, good mem-
brane conductivity had been demonstrated at UConn in PEM-
FCs of 5 and 25 cm2 active area. This program required that
this technology be scaled up to 300 cm2 area.

The Nafion®, PTFE, phosphotungstic acid (NTPA) mem-
branes in this program were all produced by hand using the
approach shown inFig. 2. A porous PTFE sheet was mounted
in a hoop, and the composite electrolyte applied. After drying,
additional composite electrolyte was applied to each surface
a
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ulti-cell stack. Several features of higher-temperature P
uel cell stack technology were demonstrated, including
omponent scale-up, cell performance improvement,
ost-test analysis and evaluation.

. Experimental program

Development activities were performed on all of the c
onents of the fuel cell stack—the membrane, the cat

ayers, the gas diffusion layers, and the complete stac
embly.
d

nd the tri-layer membrane dried.

.2. Catalyst layers

Concurrent with the membrane scale-up, activities w
ndertaken for significant performance improvement b
pon optimization of the membrane-electrode-asse
MEA) electrode structure for the under-saturated, h
emperature, PEMFC environment. Improved quality
rocess control techniques were also implemented.

During this program, 47 individual 25 cm2 cells were fab
icated and tested to identify manufacturing steps and p

Fig. 2. Fabrication of a composite membrane for the fuel cell.
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dures that needed improvement for scale-up to full-size cells
and to demonstrate reproducible performance with the base-
line processes. Specific issues addressed in this testing were:

• catalyst selection and qualification;
• catalyst ink formulation;
• performance reproducibility;
• verification of scale-up process for MEAs.

The first step of scale-up from the research laboratory scale
(5 cm2 cell active area) to a useable commercial scale was a
series of three tests at 25 cm2. The analysis of these cells
tested showed that they reproduced the performance previ-
ously seen with the 5 cm2 laboratory cells. The performances
were 0.462, 0.468 and 0.436 mV at 400 mA cm−2 at 120◦C
on H2/air. All of these cells were an initial baseline design
using Pt/Ru black with Pt/Ru on carbon sublayer as the anode
catalyst and Pt black with a Pt/carbon sublayer at the cathode.
These catalysts were applied to the membranes using a spray
technique. The blacks of about 0.4 mg precious metal cm−2

were first applied to the membrane and the supported catalyst
applied over that layer. The supported catalyst loading was
about 10% of the black loading.

Much of the work of performance improvement involved
the evaluation of alternative cathode catalysts. The evalua-
tion of these catalysts involved the optimization of the cath-
ode structure. The results of this study are being published
e
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Fig. 3. Cell perfomance using various cathode catalysts (H2/O2, 1 atm,
120◦C, 35% relative humidity).

is beneficial from an oxygen diffusion and ionic conduction
standpoint.

2.3. Gas diffusion layers

Various commercial gas diffusion layers were evaluated in
the 5 and 25 cm2 cells. Performance diagnostics done on the
cells indicated that the gas diffusion layers were contributing
to a poor cell performance. Therefore, a new gas diffusion
layer configuration was developed that improved the perfor-
mance. That layer consisted of a Toray carbon paper layer
with a Vulcan XC-72/Teflon® layer screen-printed onto one
surface. The properties and characterization of that gas dif-
fusion layer has been published elsewhere[4].

A comparison of the cell performance obtained with that
gas diffusion layer and commercial layers is shown inFig. 5.
The commercial layers consisted of four types manufactured
by E-TEK (E-TEK Inc., Somerset, NJ) and one fabricated
by SGL (SGL Carbon Group, Short Hills, NJ). These perfor-
mance curves were obtained in 5 cm2 cells using hydrogen
and air reactants at 120◦C cell temperature with both inlet re-
actants saturated at 35% relative humidity (90◦C dew point).
The air utilization was 33% and the hydrogen utilization 25%.
lsewhere[2].
Four cathode catalysts were studied: platinum black (

esar, Ward Hill, MA), 40 wt.% Pt/C (Alfa Aesar, Ward Hi
A), 15 wt.% Pt/C and 47 wt.% Pt/C (Tanaka Kikinzoku K
yo, Tokyo Japan). The catalysts were thoroughly mixed
afion® solution by ultrasonic stirring before they were
lied to the membrane by spraying. Nafion® content for fou
athode catalysts ranged from 10 to 40 wt.%. Cathode
num loading was studied with the 15 and 46.5 wt.% P
atalyst layers. The membrane electrode assemblies
repared using a method developed at Ionomem Cor

ion using NTPA membranes manufactured in-house.
erformances of cells using these four catalysts at 12◦C,
tmospheric pressure, and 35% relative humidity hydr
nd oxygen reactants are shown inFig. 3. The performance o

he platinum black catalyst was found to be greatly impro
y the use of a pore-former to enhance catalyst effective
nd oxygen diffusion into the catalyst layer[3].

In addition to the determination of cell performance, s
ral characteristics of the catalysts were measured in
tudy. Some of these are presented inFig. 4. The total surfac
rea, pore volume, and pore size were determined usin
ET nitrogen adsorption technique, and the platinum su
rea was measured by electrochemical hydrogen adso

n an actual fuel cell. The 46.5 wt.% catalyst resulted in
est performance because of its high catalytic activity a
iated with the high platinum surface area. This high
ace area is related to the high surface area of the ca
upport used for the platinum. The high platinum con
ration on this catalyst resulted in a thin catalyst layer
 Fig. 4. Four cathode catalyst characteristics[2].
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Fig. 5. Performance comparison using various gas diffuson layers (H2/Air,
1 atm, 120◦C, 35% relative humidity)[4].

In preparing these membrane electrode assemblies, cath-
ode and anode catalyst inks were sprayed directly onto
each side of an Ionomem higher-temperature Nafion®-PTFE-
phosphotungstic acid composite membrane (25± 2�m in
thickness). The catalyst-coated membrane was then sand-
wiched between two gas diffusion layers to obtain a 5 cm2

MEA for single-cell polarization measurement. The cathode
catalyst was 40 wt.% Pt/C (Alfa Aesar, Ward Hill, MA) and
the anode catalyst was 40 wt.% Pt–Ru/C with 1:1 atomic
ratio (E-TEK Inc., Somerset, NJ). Nafion® loading in the
catalyst ink was 25 wt.% for both the cathode and the an-
ode. Cathode and anode loading of precious metals was
0.45± 0.05 mg cm−2 each.

The performances of two 25 cm2 cells using the Tanaka
catalyst and new gas diffusion layer are shown inFig. 6.
This figure shows the performance of the two cells at both
80 and 120◦C using hydrogen and air as the reactants. For
the 80◦C condition, the reactants were saturated with water
vapor. For the 120◦C case, the conditions were similar to
the 5 cm2 cells described above. The performances of the
two cells at 120◦C are nearly identical and are about 0.6 V

F 0
(

at 400 mA cm−2 current density. The cell resistances at the
two temperatures are also plotted in the figure and are about
0.05� cm2 at 80◦C and 0.18� cm2 at 120◦C.

Numerous cells were assembled and tested to obtain the
data for establishing the baseline catalyst ink formulation
and catalyst application procedures. These cells incorporated
membranes and gas diffusion layers cut from full-scale parts
fabricated according to the scale-up procedures.

2.4. Stack configuration

Using the components evolved for performance improve-
ment, a stack was designed to demonstrate that performance
in a realistic stack size. The stack design selected had the
following configuration:

• four cells;
• 300 cm2 cell active area;
• commercial unsupported Pt/Ru anode catalyst;
• commercial Pt on carbon cathode catalyst;
• unitized membrane-electrode-assemblies with integral

seals;
• sweep flow field for fuel (hydrogen);
• interdigitated flow field for air, cross-flow with fuel;
• fine channel water-cooling between each cell;
• external air manifold;
•
•
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ig. 6. Comparison of performance of two cells at both 80 and 12◦C
H2/Air, 1 atm).
internal fuel (hydrogen) manifold;
plated machined end plates.

The design of the MEA is shown inFig. 7. Several stack
ere tested prior to the final 300 cm2 demonstrator stac

n order to clearly demonstrate the quality of the waste
rovided by the stack, a cooling cart, shown inFig. 8, was

abricated to simulate the device, such as a home, tha
hat heat.

After assembly, the demonstrator stack (B27) had a pr
heckout prior to performance testing. This checkout
isted of the determination of internal leakage, external
ge, and the presence of any electronic short circuits bet
omponents. These results were found to be acceptab
he stack was put on test. The performance data are sho
ig. 9.

Fig. 7. Component lamination to produce the unitized MEA.
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Fig. 8. Cooling cart and demonstrator stack at test.

This figure shows the performance of the stack at
110–116◦C and ambient pressure using both hydro-
gen/oxygen and hydrogen/air as the reactants saturated at
90◦C. This was done to help diagnose the performance
characteristics. The performance on air was about 2.34 V at
400 mA cm−2, resulting in an average voltage of each cell
being 0.59 V, about the same as seen in the 25 cm2 single cell
testing mentioned above. The resistance of the stack mea-
sured using a current-interrupt technique is also shown. That
resistance is 0.65� cm2, resulting in an average cell resis-
tance of 0.16� cm2, somewhat better than the 0.18� cm2

measured in the smaller cells. Slight differences would be
expected because the stack was operated at a lower aver-
age temperature (110–116◦C) than that of the subscale cells.
Those cells were electrically heated to a uniform tempera-
ture while a temperature gradient occurred across the stack
because it was water-cooled. The cooling water inlet temper-
ature was 110 to 112◦C and the outlet temperature 116◦C.

The demonstrator stack was further tested at a lower tem-
perature of 100◦C since interest had been expressed in this
operating temperature for a near-term application. These data
are shown inFig. 10.

At the lower operating temperature, the stack performance
increased to 2.57 V at 400 mA cm−2 (0.64 V per cell). This

Fig. 10. Performance of demonstrator 4-cell stack, day 2, air, at 100◦C.

level is very acceptable for near term applications. The cell
resistance decreased to 0.11� cm2 because the relative hu-
midity of the reactants increased as the cell temperature was
reduced.

The overall stack voltage at 400 mA cm−2 and the higher
temperature remained at 2.46 V during day-3 testing, as
shown inFig. 11. The cell resistance also remained good
at 0.14� cm2.

3. Discussion

The present stack performance at 80◦C was compared
with that of three commercial manufacturers at the lower
temperatures, 65–70◦C, that they typically use. Other con-
ditions are atmospheric pressure using hydrogen and air as
the reactants and similar catalyst loadings[5–7]. This com-
parison is shown inFig. 12. The present stack can be seen
to provide performance near that of these manufacturers at
lower temperatures. At these conditions, the higher published
data indicate that a current density of 600–700 mA cm−2 can
be obtained at 0.7 V.

At the higher temperature, as shown inFig. 12, the present
stack resulted in a cell current density of about 200 mA cm−2

at the same 0.7 V. This means that the stack would have to be
larger to result in the same cell voltage (efficiency) as at the
Fig. 9. Performance of demonstrator 4-cell stack, day 2, at 110–116◦C.
 Fig. 11. Performance of demonstrator stack, air, day 3, at 110◦C.
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Fig. 12. Comparison of PEM cell performance of various manufacturer
[5–7].

higher temperature. However, that stack would integrate into
a much more efficient system with respect to waste heat and
carbon monoxide tolerance as described previously. This per-
formance at near 120◦C is above that which can be obtained
using hydrogen and air with polybenzimidazole/phosphoric
acid electrolyte at higher temperatures such as 160◦C.

To test the off-design capability the cell was allowable to
dry out by operating it with very low humidification. When
the cell dried out, the performance was drastically reduced.
Subsequently, the cell was wetted up and the performance
returned to previous levels. The ability to achieve a perfor-
mance recovery is shown inFig. 13. There is almost no effect
of a dry-out condition on the subsequent cell performance
and resistance. The ability of MEA to recover performance
from a dry-out condition is very critical to the reliability in
commercial applications.

With respect to the endurance capability of the demon-
strator stack, it was never endurance tested in the present pro-
gram due to the facility limitation in the laboratory. However,
subscale 25 cm2 cells were subjected to short-term stability
tests. The results of one of those tests are shown inFig. 14.
This test showed that the cell performance and resistance at
400 mA cm−2 on hydrogen/air reactants were stable in the
test period of 90 h at 105◦C.

Fig. 14. Short-term stability test voltage on a subscale cell at
400 mA cm−2 (H2/Air, 1 atm, 105◦C, 58% relative humidity).

4. Conclusions

This research and development program resulted in a
full-scale stack that successfully demonstrated the Ionomem
higher temperature membrane. This stack operated at about
120◦C with near-ambient pressure reactants saturated at
90◦C and provided a cell voltage in excess of 0.5 V at a
current density of 400 mA cm−2 using hydrogen and air re-
actants. The stack incorporated conventional bipolar plates
and provided thermal energy to water coolant fluid in a sep-
arate cooling cart. In this demonstration program, Ionomem
implemented 300 cm2 membrane electrode assembly (MEA)
batch-process fabrication that can be scaled to produce larger
stacks. Endurance verification of this design is still required.
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