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Abstract: Fuel cells are energy conversion devices that show great potential in numerous applications
ranging from automobiles to portable electronics. However, further development of fuel cell components is
necessary for them to become commercially viable. One component critical to their performance is the
polymer electrolyte membrane, which is an ion conductive medium separating the two electrodes. While
proton conducting membranes are well established (e.g., Nafion), hydroxide conducting membranes (alkaline
anion exchange membranes, AAEMs) have been relatively unexplored by comparison. Operating under
alkaline conditions offers significant efficiency benefits, especially for the oxygen reduction reaction; therefore,
effective AAEMs could significantly advance fuel cell technologies. Here we demonstrate the use of ring-
opening metathesis polymerization to generate new cross-linked membrane materials exhibiting high
hydroxide ion conductivity and good mechanical properties. Cross-linking allows for increased ion
incorporation, which, in turn supports high conductivities. This facile synthetic approach enables the
preparation of cross-linked materials with the potential to meet the demands of hydrogen-powered fuel

cells as well as direct methanol fuel cells.

1. Introduction

Fuel cells are promising energy conversion devices for
stationary and mobile applications, however, improving their
performance and enhancing durability remain significant
challenges.> 2 Increasing the ionic conductivity and mechanical
stability of solid polymer electrolyte membranes to achieve
higher operating efficiencies are currently areas of intense
research. Many low temperature (<100 °C) fuel cells employ a
proton-exchange membrane (PEM) as the electrolyte. Of these,
the most common is Nafion, which is a perfluorinated polymer
containing pendant sulfonic acid side groups.?* Nafion has good
mechanical properties, excellent chemical stability, and exhibits
high proton conductivities (~80 mS/cm at 25 °C) when properly
hydrated.>~® However, Nafion’s use is limited to acidic condi-
tions and requires substantial dilution of carbon-based fuels (e.g.,
methanol) along with thicker membranes (less efficient) to
prevent uncontrollable membrane swelling and fuel crossover.®
Crossover occurs when fuel permeates the membrane from the
anode to the cathode causing substantial performance losses.
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A significant advantage of akaline fuel cells (AFCs) over
their acidic counterparts is greatly improved oxygen reduction
kinetics as well as better fuel oxidation kinetics.® *? These
improvements can lead to higher efficiencies and enable the
use of nonprecious metal catalysts, greatly reducing the cost of
the device. Indeed, hydrogen fueled AFCs can outperform all
known low temperature fuel cells’® However, AFCs have
traditionally employed liquid alkaline electrolytes containing
metal hydroxides (e.g., potassium hydroxide) that react with
CO, (present in the oxidant stream or fuel oxidation product
when using carbon-based fuels) to form metal bicarbonates and
subseguently carbonate salts. If sufficiently high levels of these
sdlts are formed, they can precipitate out of solution, decreasing
electrolyte conductivity and eventually obstructing electrode
pores, both of which compromise power output.*>* Polymers
with anchored organic cations hold great promise as alkaline
anion exchange membranes (AAEMs) because their cations
cannot aggregate with anions to form a crystal lattice. This
approach therefore enables operation under alkaline conditions
in the presence of CO,.*%'® Additionally, the direction of
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hydroxide ion conduction opposes that of methanol crossover,
thereby mitigating or possibly eliminating this process.*16
PEM-based fuel cells have benefited from alarge number of
studies,™* while AAEM technologies remain in their infancy.
Nonetheless, Varcoe and Slade and co-workers have made great
strides in this area by developing an AAEM containing
polymeric benzyltrimethylammonium hydroxide ions anchored
within a partially fluorinated, commercially available thin
film.*" 2! Their system exhibits good conductivities (34 mS/
cm at 50 °C), displays excellent performance under operating
conditions, and is highly tolerant to CO,.%2 Another noteworthy
AAEM system is derived from films of chloromethylated
polysulfones.?®2° The resulting AAEMSs display good conduc-
tivities (35 mS/cm at 30 °C) and highlight the importance of
having continuous ionic domains throughout the material to
provide pathways for ion conduction.”® This requirement is
supported by a recent study by Schmidt-Rohr and Chen of the
relationship between the conductivity and morphology of
Nafion.?® Their findings suggest that microphase separation leads
to hydrophobic regions that provide mechanical support for the
material and hydrophilic regions with ionic nanochannels that
provide a pathway for proton conduction. Cornelius and co-
workers have recently reported a novel AAEM that employs a
poly(phenylene) backbone, which exhibits good mechanical
properties and excellent conductivity (50 mS/cm at 30 °C).%’
More recently, Zhang and co-workers disclosed an AAEM using
apartialy fluorinated polysulfone system that shows remarkable
conductivities in excess of 60 mS/cm at 20 °C.% A variety of
additional AAEMs based upon pre-existing polymer systems
have also been described in recent literature, displaying awide
range of conductivities.?®3* Additionally, there are hydrocar-
bon- and fluorocarbon-based commercialy available AAEMs
that yield impressive performances.®**®> While all of these
systems demonstrate great promise for AAEM science and
establish the feasibility for akaline membrane electrode as-
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semblies, conductivity improvements are still necessary to reach
performances comparable to present PEM technologies.

We have been developing new synthetic approaches to
AAEMs in which the entire material contains tetraalkylammo-
nium functionalities leading to continuous ionic domains,
thereby allowing unobstructed ion conduction without the need
for microphase separation. Materials with such high ionic
content would generally suffer from significant swelling unless
cross-links between polymer chains are installed to minimize
this undesirable effect. DeSimone and co-workers recently used
cross-linking to prepare a PEM system that exhibits conductivi-
ties that greatly surpass those of Nafion.*® This approach enabled
high ion content by mitigating swelling while providing
mechanical integrity and led to extraordinarily high proton
conductivities (254 mS/cm at ambient temperature). Addition-
ally, we sought to develop a system that does not require
postpolymerization modifications to attach tetraalkylammonium
functionalities because cross-linking can hinder such reactions.
Introduction of tetraalkylammonium groups to the monomer
prior to the polymerization process would provide a more
straightforward AAEM synthesis. We recently reported the use
of the Grubbs second generation catalyst to copolymerize a
tetralkylammonium-functionalized norbornene with dicyclo-
pentadiene.” This system provided facile synthetic access to
thin films under mild conditions, exhibited great material
properties, and led to effective AAEMs by hydroxide ion-
exchange following polymerization. Unfortunately, we were
unable to surpass hydroxide conductivities of 30 mS/cm. We
therefore turned our attention to developing a new system that
would support higher ion conductivity while retaining good
material properties and straightforward AAEM syntheses.

2. Results and Discussion

In an effort to improve conductivity, we prepared a variety
of tetraalkylammonium-functionalized cross-linkers (two am-
monium units and two ol efins within the same molecule), such
as compound 1 (Figure 1a), to enable cross-linking without the
need for dicyclopentadiene; the use of the latter detracts from
the ionic concentration and therefore the conductivity of the
material. Compound 1 is readily synthesized in good yields from
inexpensive starting materials, is readily scalable, and the
dication salt is easily separated from organic impurities.
Furthermore, polymerization using the air-stable Grubbs second
generation catalyst eliminates the need for air- and moisture-
free conditions during film casting, greatly simplifying mem-
brane preparation. We polymerized 1 during a slow evaporation
process, which led to uniform translucent thin films in near
guantitative yields. Upon conversion to the hydroxide form,
these materials became weak and difficult to handle. However,
unlike materials devel oped from non-cross-linkable ammonium-
functionalized cyclooctene monomers (analogous to 1 without
the benzyl cross-linker), these materials would swell in water
rather than dissolving, suggesting that cross-linking occurred
upon polymerization of 1. This behavior is similar to what we
observed with our previous norbornene-based system.*”

We found that addition of cyclooctene (COE) as a comono-
mer greatly improved the mechanical properties of the thin films.
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Figure 1. Monomer structure and film synthesis. (a) General AAEM synthesisincludes combining 1 and COE in a chloroform/methanol cosolvent. Addition
of the Grubbs second generation catalyst, followed by transfer to ametal dish at 35 °C and subsequent hydroxide ion exchange furnishes the desired AAEM.
(b) Photograph of film in the bromide form placed on top of a ruler to demonstrate the clarity of films. (¢) TEM of film in the bromide form showing a

featureless, amorphous morphology.

Subseguent conversion of the films from the bromide form to
the hydroxide form led to no discoloration, furnishing the final
AAEM as atranslucent pale brown thin film (Figure 1b). Figure
1c is a transmission electron micrograph of the amorphous
material in the bromide form, which shows only random
aggregations and no signs of well ordered structure, implying
that these materials contain a relatively uniform distribution of
tetraalkylammonium cations. Furthermore, differential scanning
calorimetry analysis of the thin films in the bromide form
revedled no melting temperature, whereas polycyclooctene
produced using the Grubbs second generation catalyst showed
a melting temperature of 37 °C. This supports the random
incorporation of 1 and COE into the cross-linked polymer
architecture. In an effort to maximize performance and gain a
better understanding for this system, we prepared a variety of
copolymers and studied their resulting mechanical properties
and conductivites.

The relationship between the ratio of COE to 1 and hydroxide
conductivity at room temperature is shown in Figure 2. The
trend displays a maximum conductivity of 69 mS/cm with a
composition of 1.5:1 mol equiv of COE to 1. Higher loadings
of 1 yielded materials with insufficient mechanical integrity for
reliable measurements when pressed into the conductivity clamp.
Diminished conductivity at higher COE loadings was expected
because the ion concentration within the polymer membrane is
decreased. The correlation between tensile strength and COE
loading is aso shown in Figure 2. Mechanical properties began
to degrade as the composition moved below 2 equiv of COE
and rapidly dropped off below 1.5 equiv. Increasing beyond 2
equiv of COE to 1 decreased the tensile strength, presumably
because the cross-link density decreased as well. The overall
trend between the two relationships shown in Figure 2 is
noteworthy because it implies that there is a significant
correlation between mechanical properties and conductivity.
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Figure 2. Influence of COE loading on conductivity and material properties
at 22 °C. Conductivity values (@) were obtained from measurements of
two separate films of the same composition and averaged. All films had a
[1]:[catalyst] loading of 25:1. Tensile stress values (a) are an average of
multiple measurements with error bars omitted for clarity. All tensile stress
errors are +4.2 MPa or less and calculated at the 95% confidence level.
See electronic Supporting Information for further details.

This correlation was further supported when we investigated
the impact of catalyst loading on conductivity and mechanical
properties (Figure 3). Conductivity generaly increased with
decreased catalyst loading. However, when the monomer to
catalyst ratio was increased above 100:1 moles of olefin to moles
of catalyst, the material became brittle and the conductivity
rapidly decreased. This loss of mechanical properties and
subsequent conductivity reduction is likely attributable to
excessive swelling, which occurs when there is insufficient
cross-link density to resist osmotic pressure.®® Water uptake
measurements act as a valuable aid in evaluating cross-link
density. For the AAEMs with low catalyst loading, water uptake
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Figure 3. Influence of catalyst loading on conductivity and material
properties at 22 °C. Conductivity values (®) were obtained from measure-
ments of two separate films of the same composition and averaged. All
films have a [COE]:[1] loading of 2:1. Tensile stress values (A) are an
average of multiple measurements with error bars omitted for clarity. All
tensile stress errors are +4.2 MPa or less and caculated at the 95%
confidence level. See electronic Supporting Information for further details.

as high as 225% was observed, whereas increasing catalyst
loading to increase cross-link density diminished water uptake
nearly 2-fold. Increased cross-linking improves the mechanical
strength of the membrane, but decreases the conductivity, which
is a commonly observed trend.?3°~4

These materials are very promising candidates for fuel cell
applications because they exhibit high hydroxide ion conductiv-
ity with impressive material properties. We postulate that these
conductivities and mechanical properties are a direct result of
cross-linking, enabling high ion content. A considerable benefit
of this system is that it is highly tunable for the desired
application. For example, films with lower cross-link density
can be synthesized to maximize conductivity when afuel such
as hydrogen is used and swelling is less problematic. By
contrast, COE loading can be varied to improve the material
properties and higher cross-linking densities can be installed to
combat swelling when carbon-based fuels are employed.
Notably, there is no observable swelling of our AAEMs with
high cross-link densities when immersed in 10 M agueous
methanol at 60 °C. All direct methanol fuel cells known to the
authors, regardless of the concentration of methanol in the fuel
reservoir, expose the electrolyte to only dilute agueous methanol
solutions of 1 molar concentration or lower, a value that is 1
order of magnitude below this system’ stolerance. Thisisavery
significant attribute for this system because using more con-
centrated fuels leads to higher energy densities.® Simply altering
the quantities of reagents used controls the film thickness, and
films can be reproducibly made as thin as 30 um in the
hydroxide form. While thinner films can be generated, self-
adhesion becomes problematic when handling these materials.

To further investigate the capability of this system, we
prepared films with an optimized ratio of the comonomers
([COE]:[1] = 1.5:1) and catalyst loading ([total olefin]:[catalyst]
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Figure 4. Impact of temperature on conductivity. Conductivities of Nafion-
112 (m) and of the optimized AAEM (@), which has a [COE]:[1] loading
of 1.5:1 and [total olefin]:[catalyst] loading of 90:1 are shown. Errors are
calculated at the 95% confidence level.

= 90:1) to maximize conductivity of the polymer membrane.
Table 1 shows the conductivities for the bromide, chloride,
bicarbonate, carbonate, and hydroxide forms of this composition
at room temperature and at 50 °C, demonstrating the excellent
conductivity and scope of this system. We observed a hydroxide
conductivity of 111 mS/cm at 50 °C. By comparison, Varcoe
and Slade’'s AAEMSs exhibited 34 mS/cm and 22 mS/cm at 50
°C for the hydroxide and carbonate forms, respectively.”
Cornelius and co-workers observed conductivities of 50 mS/
cm at 30 °C for their poly(phenylene)-based system in the
hydroxide form,?” and Zhang and co-workers system showed
87 mS/cm at 60 °C.% Furthermore, if carbonate and bicarbonate
species should form in the membrane under operating condi-
tions, the conductivities of our system are still significant,
suggesting that performance losses will not be detrimental to
overall performance. Indeed, it has even been shown that power
densities can be as good or better when CO, is introduced into
an AFC due to improved electrode kinetics in the presence of
carbonate.?>*? The ion-exchange capacity of the material is2.3
4+ 0.2 mmol OH~/g material which compares favorably to the
theoretical value (2.8 mmol OH™/g materia), indicating that
cross-linking enables high ion incorporation.

Figure 4 illustrates the correlation between conductivity and
temperature for Nafion 112 (measured using our experimental
set up, which correlates well with literature values)® & and our
AAEM with the composition optimized for conductivity. The
conductivity of this material steadily increases with temperature
and exhibits conductivities comparable to Nafion up to 90 °C
when immersed in water. These hydroxide conductivities are
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significantly higher than any reported AAEMs to date and
demonstrate the potential of this system. When one considers
that the mobility of protons is inherently faster than that of
hydroxide ionsin dilute solution by afactor of 1.77,% it iseven
more intriguing that our material conducts hydroxide ions nearly
aswell as Nafion conducts protons over this temperature range.

The long-term stability of AAEMSs is generaly of concern
due to known degradation pathways for tetraa kylammonium
ions under alkaline conditions (3-hydrogen elimination, direct
nucleophilic substitution at an o-carbon, or nitrogen ylide
formation).X%#3~%® We are confident that these materials will
exhibit good durability because the tetraalkylammonium ions
are devoid of S-hydrogens and are structurally analogous to
existing systems that already demonstrate good stability under
alkaline conditions.*3°¢ Additionally, the high ion content of
these materials makes them very hydrophilic, which will help
retain water within the membrane to reduce the reactivity of
the hydroxide ions, promote conductivity, and protect the
ammonium ions.**~** More importantly, the high conductivity
of this system will facilitate low temperature fuel cell operation,
greatly diminishing degradation rates.

3. Conclusions

We have successfully developed afacile new route for AAEM
synthesis that provides multiple points of variation to alow
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tuning of the system for the desired application. These AAEMs
exhibit high hydroxide ion conductivity, while retaining good
mechanical strength, making them very exciting candidates for
fuel cell applications. We are beginning to study the performance
and durability of these materials under operating conditions
using in-house fuel cell test stations with methanol and hydrogen
as fuels and are developing methods for hydrogenating the
polymer backbone to improve long-term stability. Moreover,
we are working to develop a soluble, non-cross-linked variant
of this system, which will provide solvent processability and
facilitate membrane preparation.
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