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Abstract

Physical and functional attributes are reviewed for recently developed Rafimulucts that satisfy emerging fuel cell requirements—
including stronger, more durable membranes, and polymer dispersions of higher quality and consistency for catalyst inks and film formation.
Size exclusion chromatography (SEC) analysis has confirmed that dispersion viscosity is related to an “apparent” molar mass, resulting
from a molecular aggregate structure. Membranes produced with solution-casting and advanced extrusion technologies exhibit improved
water management and mechanical durability features, respectively. Additionally, DuPont has shown that experimentally modifled Nafion
polymer exhibits 56% reduction in fluoride ion generation, which is considered a measure of membrane lifetime.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of high purity oxygen and hydrogen, recovery of precious
metals, and dehydration/hydration of gas streams. In addi-

1.1. Nafion® PFSA polymer tion, NafiorP super-acid catalysts are used to produce fine
chemicals. Starting in 1995, DuPont began a series of pro-
DuPont introduced Nafidhperfluorinated polymeli] in cess and product development programs specific to PEM

the mid-1960s. Nafidh is a copolymer of tetrafluoroethy-  fuel cell applications.
lene or “TFE”, and perfluoro(4-methyl-3,6-dioxa-7-octene-
1-sulfonyl fluoride) or “vinyl ether”, as shown ifig. 1 1.2. Nafion® PESA membranes
Nafior® polymer is a thermoplastic resin that can be
melt-formed into typical shapes such as beads, film, and Tne traditional extrusion-cast membrane manufacturing
tubing. The perfluorinated composition of the copolymer process was developed for “thick” films, typically greater
imparts chemical and thermal stability rarely available with han 125.m. The extruded polymer film must be converted
non-fluorinated polymers. The ionic functionality is intro- from the SQF to the S@K form using an aqueous solution
duced when the pendant sulfonyl fluoride groups {80 of potassium hydroxide and dimethyl sulfoxide, followed by
are chemically converted to sulfonic acid (89. The  zn acid exchange with nitric acid to the final $©form
copolymer’s acid capacity is related to the relative amounts [2].
of co-monomers specified during polymerization, and can  Technical advances in fuel cell design and performance
range from 0.67 to 1.25med§ (1500-800EW, respec-  haye increased demand for thin membranes produced at pro-
tively). duction rates that will meet the lower conversion cost goals

The unique functional properties of NaffbFSA poly-  required for fuel cell applications. Furthermore, there is a
mer have enabled a broad range of applications. Initially, growing demand for larger production lot sizes, increased
Nafiorf® membranes were used for spacecraft fuel cells; ro|| lengths and improved physical appearance. To meet this
however, by the early-1980s, membrane electrolysis produc-need, DuPont developed a solution-casting process for sup-
tion of chlorine and sodium hydroxide from sodium chloride  pying high-volume, low-cost membrane to the fuel cell in-
emerged as the largest application for Nafianembranes.  qustry that was planning automated processes for membrane
Other important industrial applications include production glectrode assemblid3, 4].

DuPont’s new membrane process uses typical solution-

* Corresponding author. Tek:1-910-678-1224; fax+1-910-678-1496.  casting technology and equipment, as showrrig. 2 A
E-mail address: dennis.e.curtin@usa.dupont.com (D.E. Curtin). base film[1] is unwound and measured for thicknd8%.

0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2004.01.023



42 D.E. Curtin et al./Journal of Power Sources 131 (2004) 4148

- (CF,-CF,), - (CF,-CF), - predictable coating formulations, consistent processing,
(5-[CF2-CF-O]m-CF2-CF2-SOZF and improved fuel cell performance. A “third generation”
| dispersion is in the final R&D stages, and will provide
broader formulation capabilities for both solvent and poly-
Tetraflulll':cithylene Perfluoro(4—Melhyl-3,6-Dviio';g-gohztrene-l-sulfonyl Fluoride) mer content. It will also allow further process simplification
for preparing coatings, casting membranes and fabrication
of membrane electrode assembilies.

CF,

Fig. 1. Nafioff polymer structure before conversion to the sulfonic acid
form.

1.4. Polymer chemical stability

Polymer dispersion is appliefB] to the base film, and
both materials enter a dryer sectipfi]. The composite The useful lifetime of a membrane is related to the chem-
membrane/backing film is measured for total thickn@$s ical stability of the ionomer. While NafiGhPFSA polymer
with the membrane thickness the difference from the initial has demonstrated highly efficient and stable performance in
backing film measurement. The membrane is inspected forfuel cell applications, evidence of membrane thinning and
defects[6], protected with a covershept], and wound on  fluoride ion detection in the product water indicates that the
a master roll[8]. The membrane is produced in a clean polymer is undergoing chemical attack. The fluoride loss
room environment[9]. Master rolls are slit into prod- rate is considered an excellent measure of the health and life
uct rolls, which are individually sealed and packaged for expectancy of the membrar&l]. Peroxide radical attack
shipment. on polymer endgroupgl2] with residual H-containing ter-

This process has several key advantages: (1) pre-qualifi-minal bonds is generally believed to be the principal degra-
cation of large dispersion batches for quality (e.g., free of dation mechanism.
contamination) and expected performance (e.g., acid capac- In this degradation mechanism, cross-over oxygen from
ity); (2) increased overall production rates for Fhembrane the cathode side, or air bleed on the anode side, provides
from solution-casting as compared to polymer extrusion fol- the oxygen needed to react with hydrogen from the an-
lowed by chemical treatment; and (3) improved thickness ode side and produceJ,, which can decompose to give
control and uniformity, including the production capability *OH or *OOH radicals. These radicals can then attack any

of very thin membranes (e.g., 19./). H-containing terminal bonds present in the polymer. Perox-
ide radical attack on H-containing endgroups is generally
1.3. Nafion® PFSA polymer dispersions believed to be the principal degradation mechanism. This

form of chemical attack is most aggressive in the presence
Two patented high-pressure processes, solvent-fa$ed of peroxide radicals at low relative humidity conditions and
and water-basefB], are used to convert NafiBnpolymer temperatures exceeding 90.
(sulfonic acid form) into polymer dispersions having solids ~ Hydroxy or peroxy radicals resulting from the decom-
contents ranging from 5 to 20% by weight. These disper- position of hydrogen peroxide in the fuel cell attack the
sions are formulated into carbon inks and catalyst coatings, polymer at the endgroup sites and initiate decomposition.
and used either “as supplied” or with modifig@, and/or ~ The reactive endgroups can be formed during the poly-
reinforcement materials to fabricate electrode coatings andmer manufacturing process and may be present in the
membrane$8—10]. polymer in small quantities. An example of attack on an
The manufacture of polymer dispersions has undergoneendgroup such as GK, where X = COOH, is shown
considerable change since first introduced by DuPont, with below.
the recent “second generation” dispersions exhibiting more  Several proposed mechanisms include the following se-
stable and consistent viscosity, improved acid capacity andquential reactions: abstraction of hydrogen from an acid
reduced metal ion content. These features enable moreendgroup to give a perfluorocarbon radical, carbon dioxide
and water (step 1). The perfluorocarbon radical can react
with hydroxy radical to form an intermediate that rear-
/4 brving ranges to an acid fluoride and one equivalent of hydrogen
fluoride (step 2). Hydrolysis of the acid fluoride gener-
ates a second equivalent of HF and another acid endgroup
(step 3).

R — CF,COOH+ *OH — Rf — CR* + CO2 + H2O (1)

3 Castin
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0 e Rf — CR® 4+ *OH — Rf — CROH — Ry — COF+ HF
/9 Clean Room \7 Coversheet (2)

Fig. 2. Solution-casting process for Naffomembranes. Rf — COF+ H20 — Rt — COOH+ HF (3)
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2. Experimental Kaptor® polyimide film. Film specimens approximately

15 x 7 x 0.4mn? were cut from multi-layer membrane
laminate for tensile DMA measurements. The test speci-
men was equilibrated at ambient temperature and humidity,
A sample of Nafio membrane is treated in a solution of ~ then clamped in the tensile fixture, which is flushed with
30% hydrogen peroxide containing 20 ppm iron{Pesalts  dry Nitrogen and cooled te-100°C. The test chamber’s
at 85°C for 16-20h. The resulting solution is checked for relative humidity was not controlled during the DMA tests.
fluoride ion content using a fluoride specific ion electrode. Small-amplitude oscillatory stresses were applied at a fre-
The same membrane sample is treated two additional timesquency of 10 Hz, while measurements were made of the
each treatment using fresh peroxide and iron. The resultsstorage modulu&’ and loss modulug€” (plus the derived
are recorded as the “total milligrams of fluoride per gram |oss tangent, tan delta E”/E’) as a function of tempera-
of sample” generated during the three treatment cycles. Fortyre. Each DMA test included a number of sequential heat-
membrane operating in fuel cells, the fluoride loss rate is ing cycles, where the maximum temperature for each cycle

reported as “micromoles fluoride ion per gram of sample progressively extended to a higher maximum temperature.
per hour”.

2.1. Polymer chemical stability measurements

. 25. face tens
2.2. Viscosity measurements 5. Surface tension
The air-liquid (surface) tension for Nafi®rpolymer dis-
persions was measured at €3 using the Wilhelmy plat-
inum plate method. The platinum plate is pre-cleaned by

Dispersion viscosity is measured using a Brookfield
(Middleboro, MA) digital viscometer model LVDVIH

employing a wide gap concentric cylinder geometry. Using

the SC4 series spindles and small sample adapter connecte

to a temperature controlled water bath (VWR), samples
were equilibrated at 26 + 0.1°C before measurements
were taken. For those samples that showed shear-thinnin
behavior, observed viscosities and shear rates were cor
rected at the spindle wall using established power law
relationships for viscosity, shear rate, and geométsj.
Dispersion viscosity is reported at 40'sshear rate.

2.3. Size exclusion chromatography (SEC)

SEC molecular characterization was performed using
a size exclusion chromatograph equipped with a Waters
(Bedford MA) 2410 refractive index (RI) detector, Waters
515 HPLC pump, Waters column heater, and Rheodyne
injector with 200wl sample loop. A Precision Detectors
(Franklin MA) PD2020 light scattering (LS) detector with
static light scattering at ¥5and 90 (A = 800nm) and
dynamic light scattering (DLS) at 90wvas installed within
the 2410 for constant temperature control {@). Samples
were eluted through two Polymer Laboratories (Amherst
MA) SEC columns (Plgel 1om MIXED-B LS) main-
tained at 50C. The LS detector millivolt output relative
to ARy and inter-detector volume were calibrated from an
average of six injections (190 of ~2mgmt1) of a nar-
row polystyrene standard (Aldrich, product/lot # 330345,
MW = 44, 000 g mot!) using dimethyl formamide (DMF)
as the mobile phase (0.6 mlmih).

2.4. Dynamic mechanical analysis (DMA)

The DMA responses were measured using a TA Instru-

aame treatment. The sample liquid is placed in a clean glass
essel, free of contaminates that may effect the surface ten-
sion of the liquid. The platinum plate (40 mm wigd®.2 mm
thick x 10 mm high) is attached to a force measuring de-

Yice (Kruss K100 Tensiometer) and bought down into con-

tact with the surface of the liquid being measured, along
the 40 mmx 0.2 mm bottom edge. The plate first is sub-
merged below the surface of the liquid to a depth of 2.0 mm
to wet the plate, and then pulled back to within 1t of

the liquid’s surface. The force of the liquid pulling down on
the plate (the liquid’s Wilhelmy force) is measured 60 s af-
ter the plate has stopped moving. The surface tension is the
Wilhelmy force divided by the wetted length of the plate (its
perimeter of 80.4mm). The cited surface tensions are av-
erages of three measurements, and reported in milliNewton
per meter (mN mt).

2.6. Contact angle

The contact angle data for NaffSrPFSA Membranes
was obtained with a Kruss Automated Goniometer DSAL10,
using an environmental chamber equipped with a dew point
sensor to monitor and control conditions. Dew point was set
at 12°C for measurements at 28, which yielded relative
humidity of 50% at 23C. For each drop of water placed on
a sample membrane, contact angles were measured every 5s
for 30 min. The reported “average” contact angle was based
on the average of contact angle measurements for five drops
of water placed on a particular sample, as a function of time
after droplet placement.

2.7. Electrical shorts tolerance

ments Model 2980. The test measurements used thick spec-
imens prepared by pressure laminating eight-layers of the A resistivity test measures the membrane’s electrical
2 mil Nafior® membrane at 1000 psi, 8C between DuPont  shorts tolerance caused by penetration of surface fibers
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from the gas diffusion layer. The test is performed in a con- 6
stant humidity, constant temperature room with the samples
conditioned at least 24 h before testing. The test apparatus
consists of the inner elements of a single fuel cell, namely,

the top and bottom electrode plates with lead wires and the
top and bottom Pocco graphite flow fields. These elements
sit on a rigid base in a constant rate of extension (CRE) test
machine and are compressed with a 25.4 mm diameter ball
mounted in the center of a 6.35 mm thick rigid steel plate.

The ball is pushed by a rod attached to the load cell, so the
plate remains parallel to the assembly. The DC resistance
of the stack is measured across the electrode plates using an

—o—Nafion® Polymer

—&— Chemically Modified Nafion®

uoride Emission (mg F/g Polymer)

ohmmeter. A square, 3mmx 50.8 mm, of a gas diffusion 0 . . . f f
backing (GDB) material is placed on the bottom flow field 0 10 20 30 40 50 60
with the microporous layer facing up. The membrane is Hours

place_d over the GDB and a second GDB piece is placed with Fig. 3. Fluoride emissions for membranes made using standard and chem-
the microporous layer facing down, over the membrane. The jcally modified Nafio® polymer.
top flow field is then placed on top. The stack is centered
over the bottom electrode plate and covered with the top
electrode plate with the insulated side up. The CRE machine Recently, DuPont has developed proprietary protection
is closed so that the load cell just begins to measure load.Strategies that substantially reduce both the number of poly-
The ohmmeter is attached to the electrode plates and theMer endgroup sites and their vulnerability to attack. Using
stack assembly is left to reach equilibrium as the “capacitor” €X Situ accelerated degradation protocélg,. 4 shows that
charges. The test begins once the resistance reading is stabl@embranes made the modified polymer (type A and type
The CRE machine is closed at a rate of 0.635 mmhin  B) exhibited 10 to 2% reduction in fluoride ion emissions
The resistance is recorded as a function of the applied loadWhen compared to the standard NafioN-112 membrane.
and the pressure causing an electrical short is reported. AThe reduction in fluoride ion release was consistent with the
“failure” occurs when the electrical resistance drops below reduction in the number of reactive polymer endgroups. It
10009. confirms that reactive endgroups are the vulnerable sites, and
that the polymer can be effectively protected using DuPont’s
o proprietary methods.
2.8. Accelerated lifetime It should be noted that the ex situ accelerated degradation
) ) _ _ ) _ tests do not necessarily correlate to fuel cell accelerated
The “time to failure” in hours is measured using a single gegradation results. In one case, when membranes prepared
fuel cell apparatus and proprietary testing protocols. This from treated and non-treated polymer were tested in a fuel
testis used to compare membranes and MEA designs againste|| configuration using accelerated operating conditions,
each other in a simulated fuel cell environment. both membranes generated similar amounts of fluoride ion.
Furthermore, clear relationships between accelerated test

3. Results and discussion

=
N

3.1. Polymer chemical stability

=
o

Previously, DuPont had determined that fluoropolymer
endgroup reactions could be minimized during extrusion
processes by pre-treating the polymer with elemental fluo-
rine[14,15]to remove reactive endgroups and impart greater

©

Relative Fluoride Emission Rate

thermal stability. When Nafidh polymer was treated in a 4 10 % 25X
similar manner, the number of measurable endgroups was 1
reduced by 61%, thus providing a good candidate for chem- 2
ical stability testing. Using the peroxide stability test, this e
treated polymer was compared with a sample of the same 0 ' '
N-112 Type A Type B

polymer before treatment. After >50 h of exposure, there was
a 56% decrease in total fluoride ion generated per gram of
treated polymer, versus the non-treated polymer, as showngig. 4. Reduction in fluoride emissions for developmental N&fiarem-
in Fig. 3 branes made using DuPont’s proprietary protection strategies.

Nafion® Membrane Candidates
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Fig. 6. Surface tension measurements N&figolymer dispersions.
Fig. 5. Change in molar mass distributions after heating dispersions at
progressively higher temperatures.

3.2. Nafion® PFSA polymer dispersions

protocols and real-time fuel cell operating conditions have  Size exclusion chromatography—low angle laser light scat-

yet to be resolved satisfactorily. tering (SEC-LALLS) has been used to show that observed
DuPont continues to investigate those conditions presentaqueous dispersion viscosities were related to an “apparent”
during PEM fuel cell operation which initiate Fforma- molar mass, as a result of a process dependent aggregation

tion, including both initial and long-term release rates. The phenomenon. Typical viscosities are between 4 and 5 cP for
analysis includes identifying PFSA polymer and membrane the nominal 10% solids aqueous dispersions at the time of
features susceptible to attack, and subsequent modificationgnanufacture.

to minimize and/or eliminate polymer stress and degrada- As seen inFig. 5 there was a noticeable high molar
tion. In addition, the scope and range of fuel cell operating mass shoulder due to the aggregate structure in the mass
conditions are being assessed for their combined effect ondistribution of the “as made” dispersion. On heating the
fuel cell performance and membrane durability, including aqueous dispersions to high temperatures, the aggregate
polymer structure and endgroups. structure was irreversibly broken down resulting in narrower
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Fig. 7. DMA response data for NR-112 solution-cast membrane.
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mono-modal distributions, which were similar for all disper- 1.0
sions. The high temperature heating reduced viscosities to o 1-mil Nafion® Membrane
approximately 2 cP. Interestingly, limited two-angle depen- 09 '..'%\ —=—2-mil Nafion® Membrane
dant light scattering measurements had indicated a linear < g4
relationship between the radius of gyration and molar mass .8 ‘\,\
for the aggregate portion of the “as made” distribution. This g 07
was consistent with previous research, which concluded & 06 \-\\‘-\\.
that the dispersion particle shape was anisotropic, possibly 3T .
rod and/or ribbon form. © o5

This evidence suggested a model for Nafiodisper-
sions where elongated, charge stabilized particles exist on 04 ‘ ‘ ‘ ‘ ‘
a three-dimensional lattice with the particle centers of mass 0.0 0.2 04 06 08 10 12
at the lattice points. Furthermore, for dispersions that had Current Density (Alcm?)

even greater aggregate distributions, viscosity-shear thinningrig 8. single cell MEA performance at 68, 100% RH, 0 psig, bAir
might result as a consequence of particle overlap and lattice(so/60%), 0.7 mgicm2 total loading.
deformation in a shear field.

Based on this work and other process developments, 0.20

DuPont has introduced a new generation of polymer disper- ——1-mil Cell Potential

. . . . L. . —=—2-mil Cell Potential
sions offering increased acid capacities, reduced metal ion 08 —+1-mil Cell Resistance | |
content, and improved color and viscosity stability. The new —5-2-mil Cell Resistance | .15
dispersions are available in 5, 10 and 20% polymer content,
two acid capacity levels, and mixed 1-propanol/water and
water-only dispersions.

The surface tension of a polymer dispersion is an im-
portant consideration for optimization of catalyst coatings
and efficiencies, coating adhesion, and membrane formation 0.2
from dispersion. The surface tensions for the Naigoly-
mer dispersions are reported kig. 6. The “percent (%)” 0.0 } | | | 0.00
value next to each data point indicates the dispersion’s poly- 0 500 1000 1500 2000 2500
mer content, which when added to the wt.% water (indicated Time (hr)
on the graph) and wt.% alcohol (inferred) equal 100%. As _ , _ _

. . L . Fig. 9. MEA life test data: cell potential and resistance at 0.8 AZm
expected, the aqueous dispersions exhibit the highest SUnchanged for 2500 h.
face tensions (50 mN m); while increasing alcohol content
depresses the surface tension. For example, DE 2021 (con-
taining 20% polymer, 34% water and 46% 1-propanol) has Pelow —80°C, was not measured. When the membrane
a surface tension of 25 mNTA. The range of possible sur- sample is re-equilibrated to the initial ambient humidity,

face tensions offers broad formulation capabilities for MEA the DMA responses return to their original starting values.
fabrication. Figs. 8 and document single cell performance and life

test data for DuPont Fuel Cells three-layer MEAs fabricated

Cell Potential (V)

Cell Resistance (ohm-cm?)

3.3. Nafion® PFSA solution-cast membranes

[® 1-Mil Nafion® E2-Mil Nafion® |

The tensile storage modulus exhibits three distinct re-

laxation modesd, B, ) as a function of temperature, and 0.74 1.05%
”» . -2.13%
all are sensitive to water content. Kyu and Eisenljéj 0.72 1 -3.61%
attribute thea-relaxation to the glass relaxation of the hy- S 0704 -1.75%
drophilic phase domains, and tigerelaxation to the glass < 068 -
relaxation for the fluorocarbon phase domainsFig. 7, £ 066 -7.06%
the DMA response for solution-cast membrane shows the % 064 4 -9.05%
dominanta-relaxation (Tg) shifting to lower values with Ty
successive heating cycles (and decreasing water content). @
. O 0.60
The Tg starts at 85C and decreases to approximately’65 0.58
during the six successive cycles. This response is similar to 100/ 100 0100 0/50 100/0

that of extrusion-cast membrane. Theaelaxation (50 to . o
10°C) is stronger for solution-cast membrane (starting from % Humidification - Anode/Cathode
ing above 100C in dry Np. Thewy-relaxation, which occurs  Ha/Air (50/50%), 0.8 Acnt?, 0.7 mgcm™2 total loading.
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with catalyst-coated 1 and 2 mil Nafit8rmembranes, and
using commercially available gas diffusion media.

The fuel cell performance gain for 1 mil membrane over
2 mil membrane at high current density operation under re-
duced humidification is more than the contribution from the
cell resistance differential alone. This gain represents en-
hanced water back-diffusion for the thinner membrgng.
The 1 mil membrane experiences a lower voltage decline
over the range of reduced anode and cathode humidification
levels, as shown ifrig. 1Q This provides a 10% increase in
fuel cell power output for MEAs using the 1 mil membrane
versus the 2 mil membrane.

Fabrication requirements, such as lamination, rein-

47
95
Cast NR112 (Annealed)
8 90 Extruded|N112 (Annealed)
% \ \\ Cast NR112 (As Made)
T 85
) Extruded N112 (As Made)|
2
< 80 \\_‘
= Cast NR112 (Boiled)
©
g 75 \
3
o M ———
o Measurements 1at 23°Cand 500/? RH Extruded N112 (Boiled)
0 500 1000 1500 2000

Time (seconds)

forcement, surface coatings, and other membrane relatedrig. 11. water contact angle for “as made” and treated 2.0 mil N&fion
processes rely heavily on interfacial strength, which can be membranes.

optimized by matching cohesive energies of adjacent lay-
ers. This attribute for Nafidhmembranes can be estimated
by measuring water contact angles. For this evaluation,
membrane samples were tested “as made”, “annealed” at
130°C for 30min in a dry nitrogen purged environment,
and “boiled” in D.I. water for 30 min and blotted dry prior

to testing.

Fig. 11lillustrates the degree of change in surface char-
acteristics achievable by various membrane treatments; as
well as how the surface characteristics change with time for
the various treatments. The water contact angle responses
for the extruded (N-112) and solution-cast (NR-112) mem-
brane samples were identical for the “annealed” state,
but very different for the “as made” and “boiled” states.
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Fig. 12. Single cell MEA performance at 66, 100% RH, 0 psig, bfAir
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thermal history (melt extrusion versus solution-cast) and wa- Cell’'s commitment and leadership in supplying membranes
ter content, which is higher for the solution-cast (NR) mem- and components to the fuel cell industry.
brane in the “as made” and “boiled” states; but very similar
for both membranes in the “annealed” state.
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