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Fiscal Year (FY) 2011 Objectives

«  To develop a new class of proton exchange membranes
using polymers based on heteropoly acid (HPA)
functionalized with organic monomers (polyPOM:s).

«  To understand the mechanism of proton conduction in
the polyPOMs and optimize it for proton conduction
under low humidity, higher temperature fuel cell
operating conditions.

Technical Barriers

This project addresses the following technical barriers
from the Fuel Cells section of the Fuel Cell Technologies
Program Multi-Year Research, Development and
Demonstration Plan:

(A) Durability
(B) Cost
(C) Performance
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Technical Targets

The materials have so far only been evaluated in terms
of proton conductivity at various temperatures and relative
humidity, Table 1.

TABLE 1. Progress towards Meeting Technical Targets for Membranes for
Transportation Applications

Target 80°C/100%RH | 30°C/60%RH 120°C/<50%RH
Date met April 2008 August 2008 January 2009
H* conductivity | 300 mS cm’ | 126 ms cm’ >100 ms cm”

RH — relative humidity

FY 2011 Accomplishments

+  Fabricated new HPA-based polymers based on two
distinct polymer chemistries which are designed to
allow the fabrication of films that will be highly proton
conducting, durable, cost-effective and have the
required mechanical properties of the proton exchange
membrane (PEM) fuel cell membrane.

+  Showed that the HPA linkages in one of these systems
are robust and will survive 10 hours of boiling water.

+  Demonstrated that the new polymers systems are able to
show proton conductivities as high as the generation I
model system films studied previously.
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Introduction

Currently, fuel cells based on perfluorosulfonic acid
(PFSA) PEMs are limited to operating conditions of <80°C
and very high inlet RHs, because proton conduction in
these materials depends strongly on the presence of water.
For automotive applications it is desirable to operate the
fuel cell at a temperature of <120°C and low RH to enable
the use of existing radiator technology and to eliminate
the parasitic loads and system complications associated
with externally humidifying the gas streams. Displacement
of internal combustion engines by PEM fuel cells would
dramatically facilitate the adoption of the H, economy and
enable a smooth transition from fossil fuels to H, produced
solely from renewable resources. Materials suitable for use
in automotive PEM fuel cells are being developed that have
high proton conductivities, >0.1 S cm™ at 50% RH and
operating temperatures of -30 to 120°C, with low area specific
resistance, <0.1 Qcm™. We anticipate that the use of HPAs
will generate membranes with oxidative stabilities higher than
observed for any PFSA ionomer to date.

DOE Hydrogen and Fuel Cells Program



V.C Fuel Cells / Membranes

Herring — Colorado School of Mines

Of all the inorganic proton conductors that have
been exploited for fuel cell applications HPAs may have
the greatest potential as they not only have high proton
conductivities, but they have significant synthetic versatility
[1]. In previous work (DE-FC02-0CH11088) we have
shown that the HPAs have very high proton conductivities
at room temperature and can be operated at ambient
conditions in a fuel cell using dry gases [2]. Importantly, we
demonstrated that some of the protons in HPA have very
impressive rates of proton diffusion at elevated temperatures,
>100°C, under dry conditions. The residual protons in these
systems are immobile at elevated temperatures resulting in
rather low conductivities. The two key challenges that need
to be addressed in practical membranes for fuel cell use, are
utilization of all protons under elevated temperature, dry
conditions, and immobilization of the water-soluble HPA.

Approach

Our approach is to functionalize HPA with monomers
so that they can be fabricated into polymeric materials with
the use of a suitable co-monomer. We initially chose to use
acrylates as the co-monomers in this project because acrylates
represent a polymer system in a kit leaving the synthetic effort
to be devoted to making the HPA monomers. This polymer
system allowed the chemistry to be easily varied so that the
effect of morphology could be studied. In addition as these
are free radical polymerizations the materials were obtained
easily as films from the polymerization of the cast solutions
of co-monomers. We are the first research group to fabricate
proton conducting free standing films of these materials, but
as they have previously been synthesized as gels [3], we are
able to fully disclose our research using this model system.
However, the system has certain inherent disadvantages.
The acrylate ester linkage is unstable to hydrolysis and the
polymers contain readily oxidizable methylene groups. In
addition it has been clear the polymers with >85 wt% of the
HPA are unstable to liquid water.

F A

The team assembled includes inorganic and polymer
chemists and chemical and materials engineers from both
CSM and 3M. CSM and 3M fabricate the HPA monomers,
and the extensive knowledge of polymers at 3M is heavily
exploited. The polymer system in this project is not
restricted, but the mode of proton conduction is mediated
by the HPA. In this year’s work we have concentrated on
making films with two new polymer chemistries so that we
can address the additional criteria, such as cost, durability,
and mechanical integrity that are need for a practical
proton conducting polymer. We have also used nuclear
magnetic resonance (NMR) to measure both the self-
diffusion coefficient of water and to quantify the amount of
water in the polymer. Comparing the NMR data with the
proton conductivity data allows us to understand proton
transport in these unique systems. We are correlating
proton conductivity with morphology as observed by atomic
force microscopy and small angle X-ray scattering (SAXS)
to enable us to understand structure proton conductivity
relationships.

Results

In the final year of this project we down-selected to
two practical polymer systems, both based on perfluorinated
backbones. The first is based on trifluorvinyl ether (TFVE)
monomers that can be thermally polymerized. In Figure 1
we show the general synthetic route to poly TFVE materials
with HPA as the protogenic group. A lacunary HPA is
functionalized with TFVE moieties via a silane linkage
and is then copolymerized thermally with various bi-
functional TFVE co-monomers. The polymerization results
in a perflourinated cyclobutane linkage between the co-
monomers. As the materials are somewhat brittle we add
10-15 wt% of polyvinylidene fluoride-hexafluoropropylene
(PVDF-HFP) so that thin films can be fabricated. The co-
monomers consist of biphenyl or phenyl rings bridged by a

PVDF-HFP
Co-monomers

[SiW,030]*

>——< < >~\ 0./
F>=<O \Si/ (CH22nSi/

n=2_8-10

Y

o0

silane or methylene chains.
C.F
.
F 2 |
X

R

/ |
™
L

OF F
‘C—C//

>——<

Fzé_éFz

F. F
o T o

FIGURE 1. General Synthetic Route to Poly Trifluorvinyl Ether (TFVE) Materials with HPA
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Pertinent data for these materials is shown in Figure 2.
Obviously with four co-monomer and a range of wt%
loadings of HPA monomer there is fairly large design space
to probe. Our first observation, Figure 2, top left, was
that the proton conductivity depended to a large extent
on co-monomer chemistry. The homo-polymer, entry
1, even with a very large loading of HPA had negligible
conductivity. Materials using the more ridged biphenyl
co-monomer and the silicone bridged co-monomer had
intermediate conductivity, entries 2 and 3, and the material
with the largest conductivity had a long methylene chain
incorporated into the polymer backbone. This initial
screening pointed us towards further investigation of the
co-monomers with methylene chain backbones. Results
from this study show a non-linear dependence of proton
conductivity with HPA loading, unlike the previously studied
acrylate system. In the top right of Figure 2 we show the
water uptake and loss during dynamic vapor sorption
experiment for an HPA-TFVE polymer co-polymerized with
the Si co-monomer. The material shows very little water
uptake, but a phase change around 40 wt% water uptake
and significant hysteresis on the second wet-up dry-down
cycle. In another study involving the C10 methylene co-
monomer the phase change is absent but significant water
uptake is observed above 90% RH. The SAXS data for both
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the C10 and the Si bridged co-monomers are shown in the
bottom left of Figure 2. Here we see sharp Bragg peaks

in the SAXS at low RH indicating that the phase present
under drier conditions is crystalline, as the material becomes
wetter the Bragg peaks disappear indicating an amorphous
phase. It is this amorphous phase that we believe is strongly
proton conducting. Finally in the bottom right of Figure 2
we show a comparison of the wt% water uptake between the
825 equivalent weight (EW) 3M ionomer our generation I
polyPOMS85v acrylate material and an HPA-TFVE material.
It should be noted that the water uptake of the HPA proton
conductors is much smaller than for the PFSA material and
is 10 times lower for the HPA-TFVR polymer than for the
PFSA material.

The second polymer investigated was a functionalized
Dyneon™ polymer developed at 3M. In Figure 3 we show
the general synthetic route to these polymers. First the
polymer is dehydrofluorinated and functionalized with
bromophenyl ether. The polymer is then phosphonated
and hydrolyzed so that a lacunary HPA can be attached.
Note that it takes two attachment points to attach one
HPA moiety. We believe that HPA only attached to one
are not immobilized, and thus, future work will be directed
towards double attachment points for all HPA in the film.
We discovered that for these materials the method of film
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FIGURE 2. Top left, proton conductivity for TFVE polymers with differing co-monmers at 80°C and 80% RH. Top right, dynamic vapor sorption data for a TFVE
polymer containing the Si co-monomer. Bottom left, SAXS data for a TFVE polymer with a C10 co-monomer and a Si co-monomer. Bottom right, comparison of
wt% water uptake for the 3M 825 EW ionomer, the polyPOM85vinyl acrylate materials and a TFVE polymer with a Si co-monomer.
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FIGURE 3. General Scheme Showing Functionalization of Dyneon™ Polymer with HPA Moieties

processing is extremely important. In Figure 4, left we show
proton conductivity data comparing the HPA functionalized
Dyneon™ polymer prepared with differing dissolution times
on different liners with the 825EW 3M PESA ionomer.
Interestingly it was the material that was not fully dissolved
when cast that gave the best proton conductivity. The
material that was fully dissolved reorganized on casting to
give dramatically poorer performance. We also compare the
stress strain curves for the HPA functionalized Dyneon™
polymer, the 825 EW 3M PESA ionomer, and our generation
I polyPOMS85v acrylate polymer. It can be seen that the
Dyneon™-based film is much stronger than either the 3M
ionomer or the generation I film.

Conclusions and Future Directions

«  We have functionalized two different perfluorinated
polymer systems with HPA that will ultimately lead to

DOE Hydrogen and Fuel Cells Program

practical polymer systems for fuel cells run under hotter
and drier conditions.

«  The new polymers have very little water uptake and
appear to be stronger than conventional ionomers.

«  Although this project is ending, future work will focus
on more robust HPA attachment and optimization of
the films to meet all DOE targets for membranes.
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1. “High Temperature, Low Humidity Operation of Proton
Exchange Membrane Fuel Cells” S.J. Hamrock and

A.M. Herring, Encyclopedia of Sustainability Science and
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2. “The use of polyoxometallates in fuel cell membranes”
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FIGURE 4. Left, conductivity data for the HPA functionalized Dyneon™ polymer and right, stress strain curves comparing the HPA Dyneon™ polymer, the 3M

825 EW PFSA ionomer and our generation | polyPOM85v acrylate polymer.
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