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A new class of stable poly(ethylemm®-tetrafluoroethylene)-based alkaline anion-exchange membrane
(AAEM) with enhanced tensile strength has been synthesized in response to the poor mechanical properties
of previously reported poly(tetrafluoroethylene-hexafluoropropylene) radiation-grafted AAEMs; this
type of AAEM exhibits significant through-plane conductivities (up to 0.634.004 S cm?! at 50°C
in water: conductivities that match requirements for application in fuel cells). The methanol permeabilities
of this new AAEM class were found to be substantially reduced relative to Nafion-115 proton-exchange
membranes; this offers the prospect that thin, low-resistance membranes may be used in direct
methanol alkaline fuel cells with reduced methanol crossover. The fuel cell power performances obtained
in a H/O, single fuel cell at 50°C with this AAEM is now within 1 order of magnitude of state-of-
the-art Nafion-based fuel cells. It is evident that the alkaline ionomers are not the primary performance
limiters of alkaline membrane fuel cells; performances are currently limited by the electrode architectures
that have been optimized for use in PEM fuel cells but not alkaline fuel cells. The need for electrodes
and catalyst structures that have been specifically tailored for use in AAEM-containing fuel cells is
highlighted.

Introduction (b) Higher energy density fuels compared to methanol,
including potentially carbon-neutral bioetharidly direct
There is substantial interest in the application of alkaline gicohol fuel cells. Preliminary studies in our laboratories
membranes (membranes that conduct hydroxide ions, thejngicate that the power density outputs of alkaline membrane
high pH equivalent to proton-exchange membranes such asye| cells at 50°C are higher with ethanol than with

Nafion by DuPont) in fuel cells. The advantages and methanol, a situation that is the reverse of that found with
disadvantages of this application of alkaline membranes haveNafion-based fuel cells.

been explained in detail in a previous revieand so the Alkaline anion-exchange membranes (AAEM) based on
main points only are summarized: (1) Potentially reduced the \widely utilized radiation-grafting methodoldgiyvolve
methanol permeability (relevant to application in direct he modification of preformed films (no film formation step
methanol fuel cells, DMFCs). (2) A significant change in required) and contain no M counterions, such as*Kor
water management (water generated at the anode anqya+ (as found in AAEMs based on KOH-doped polybenz-
consumed at the cathode). (3) Improved electrokinetics jmjigazolé), which would cause the same carbonate precipi-
leading to the use of the following: tation problems as found with traditional aqueous KOH-
(a) Non-Pt metal catalysts in fuel cells (provea recent electrolyte alkaline fuel cells when operated with £0
article by the authors have demonstrated that Ag/C cathodecontaining air or with methanol electro-oxidation to £
catalysts perform comparatively to Pt/C with alkaline the anodé.
membranes};this potentially extends the opportunity for Previous membrane investigations in our laboratory have
selective catalysts that would facilitate the development of concluded that AAEMs produced from the radiation grafting
mixed-reactant fuel celfs. of vinylbenzyl chloride, VBC, onto partially fluorinated poly-
(vinylidene fluoride), PVDF, preformed films with subse-
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Stable ETFE-Based Alkaline Membrane for Fuel Cells

Scheme 1. Synthesis of ETFE-Based Radiation-Grafted
Alkaline Anion-Exchange Membrane (ETFE—AAEM)
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as the AAEMs produced were physically weak due to
chemical degradation (serious dehydrofluorination side reac-
tions in the presence of alkafi)This led to development of
the fully fluorinated poly(tetrafluoroethylenss-hexafluo-
ropropylene), FEP, analogues of the above AAEMSs; these
exhibited superior chemical and thermal stabilftiesd
promising conductivities (up to 23 mS cfat 50 °C in
water—fully hydrated AAEMs)° Unfortunately, due to the
low radiation resistance of FEP, the resulting AAEMs were
still brittle and often contained small tears; this effectively

prevented fuel cell testing of these membranes on safety

grounds (even after extensive optimization studies). The
source of this radiation intolerance is that undesirabte2C
backbone bond breakage occurs in preference to thE C
bonds when fully fluorinated polymers are subjected to
radiation. Despite our earlier studies suggesting partially
fluorinated precursor films were not well-suited to the
production of radiation-grafted AAEMs, poly(ethylene-
tetrafluoroethylene), ETFE, films exhibit superior radiation
resistance (EH bonds are present that break, when irradi-
ated in air to form the peroxy radicals, in preference to the

C—C bonds) and have been successfully used to produce _ _ ; :
Cguently submerged in aqueous trimethylamine (Acros Organics, 50

radiation-grafted proton-exchange membranes with enhance
physical stability over FEP analogugstven though ETFE
can be considered to be a “head-to-head, tail-to-tail” isomeric
form of PVDF, it is well-known that the properties of these
two polymers are very differeAt.

This article extends preliminary workand describes in
detail the successful synthesis of a physically stable AAEM,
based on the radiation grafting of VBC onto ETFE films
with subsequent quaternization with trimethylamine (Scheme
1) that exhibits significant conductivity with no loss of
thermal and chemical stability. This constitutes a break-
through that allows the successful application of this form
of AAEM in fuel cells. The alkaline membrane produced
was chemically characterized using solid-state NMR and

(8) Danks, T. N.; Slade, R. C. T.; Varcoe, J. R.Mater. Chem2003
13, 712.
(9) Herman, H.; Slade, R. C. T.; Varcoe, J.RMembr. Sci2003 218
147.
(10) Slade, R. C. T.; Varcoe, J. Bolid State lonics2005 176, 585.
(11) Chen, J.; Asano, M.; Maekawa, Y.; Yoshida, MMembr. Sci2006
269, 194.
(12) Brandrup, J.; Immergut, E. Holymer Handbook 3rd EditignJohn
Wiley and Sons: New York, 1989; p V48.
(13) Varcoe, J. R.; Slade, R. C. Electrochem. Commur200§ 8, 839.
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Raman spectroscopies. Ex situ physical characterizations
included thermal and stresstrain analyses and measurement
of the ionic conductivity in water, ion-exchange capacity,
and methanol permeability. Preliminary fuel cell test data
(H2/O, and DMFC) with this AAEM are also presented.

Materials and Methods

The synthetic protocol for the AAEMs has been described in
detail previousl§ and will only be summarized here along with
details of a few recent optimizations. Reverse osmosis (RO) water
was used throughout this study. The ETFE film (Bt thick
Nowoflon ET-film 6235, Nowofol Kunststoffprodukte GmbH,
Germany) was irradiated with &Co y-ray source (Defence
Academy of the United Kingdom, Cranfield University, Shriven-
ham, Swindon, UK) at a temperature of 231 °C to a total dose
of 7 Mrad (70 kGy) at a dose rate of 0.04 Mrad'i{0.4 kGy hr?)
and was stored at38 + 2 °C until required (after transportation
in solid CQ,); storage under these conditions is adequate for
retention of the radicals for at least 12 montha/inylbenzyl
chloride (VBC, Dow Chemicals, Lot # SA12012U01: 96.7%, meta/
para ratio= 1, stabilized with 75 ppm 4ert-butylcatechol and 811
ppm nitromethane, 132 ppm residual water content) was stored in
a refrigerator and used undiluted as the grafting monomer. Grafting
was conducted by immersion of the irradiated ETFE into the VBC,
purging with nitrogen for 2 h, and then heating the sealed grafting
vessel at 60°C for 67 h. Note: while grafting at 50C was the
optimum temperature with FEP and VBGhis was found not to
be the case with ETFE and VBC; very little grafting was observed
at 50°C and small scale tests indicated that’@0was optimal, as
has been previously reported with styrene-grafted ETFEhe
intermediate ETFHr-poly(VBC) membrane was produced as a
white translucent membrane with a degree of grafting, d.&.g.
100% x (Masgrafed — MaSHitial)/Massiia), of 23.6%. No further
optimization was conducted at this stage as 23.6% represents a good
level of grafting; our experience, and that of othEridicates that
grafting levels below 20% lead to reduced conductivities, while
grafting levels above 30% lead to excessive swelling in water and
brittle ion-exchange membranes.

The ETFEg-poly(VBC) intermediate membrane was subse-

wt %) for 4 h; this is less than the 24 h previously reported as
recent further optimization studies have confirmedt thah is
adequate for maximum quaternization levels (minimization of such
treatment times is always desirable). After the membrane was
washed several times in water, the resulting hydrophilic anion-
exchange membrane (now as chloride-form and obtained as orange
transparent membranes) was boiled in waterifch (to remove
residual trimethylamine and to fully hydrate the membrane) and
was finally washed in water several more times. Conversion to the
alkaline form, within 1 day of required use, was conducted as
follows: the chloride-ion form anion-exchange membrane was
submerged in aqueous potassium hydroxide (Fisher Scientific, 1.0
mol dn13, at least 10 times excess)rftt h with two changes of
KOH(aq) during this period to ensure complete ion exchange. The
resulting AAEM was then soaked in waterrfth h with at least

two changes of water to remove any lingering potassium hydroxide.
The final AAEM “as-synthesized” was obtained as dark brown/
orange membrane and was stored in the dark in water until required;
the AAEM was not allowed to dry out at any point before
measurements were conducted unless otherwise stated.

(14) Horsfall, J. A.; Lovell, K. V.Eur. Polym. J.2002 38, 1671.
(15) Gubler, L.; Prost, N.; Gsel, S. A.; Scherer, G. Golid State lonics
2005 176, 2849.
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Routine Raman spectra were recorded on a Perkin-Elmer Systema proprietary loading of PTFE used as a binding material) were
2000 FT-Raman/near-IR spectrometer with a laser power of 1200 coated with a water-insoluble alkaline interface polymer as previ-
mW and a resolution of 4 cm. Liquid and membrane samples ously reported? Each electrode was coated with G480.1 mg
were mounted in the beam in glass vials at ambient temperaturecm-2 poly(vinylbenzyl chloride) (Aldrich, U.K.) using a spray gun
and pressure (the Raman spectrum of the dark brown AAEM was and ethyl acetate as solvent. To form the cross-linked (water
recorded with the membrane immersed in water to prevent the laserinsoluble) alkaline interface polymer, the treated electrodes were
burning the sample). High-resolution solid st&€{'H} and!>N- then immersed itN,N,N',N'-tetramethylhexane-1,6-diamine (Acros
{™H} nuclear magnetic resonance (NMR) data were collected at Organics, U.K., caution: toxic) for 12 h at room temperature,
the EPSRC solid-state service at the University of Durham on a washed with water, and ion-exchanged to the @&tm using the
VarianInnova spectrometer (with 8H resonant frequency of 300  procedure described for the AAEM above. Cross-linked anion-
MHz). F{*H} spectra were recorded on a Variafinity plus(with exchange materials produced using this particular diamine are
alH resonant frequency of 500 MHZPF{'H} spectra (CFGlshift reported to have enhanced thermal stability when in alkali compared
reference) were recorded using direct polarization and a magic angleto other diamines such abl,N,N',N'-tetramethylethane-1,2-di-
spinning rate of 14 kHz3C{'H} (TMS as a shift reference) and amine!® The AAEM and treated electrodes were assembled into
I5N{*H} (CH3NO; as a shift reference) spectra were recorded using the fuel cell fixture at a torque of 5.N m without pre-pressing
cross-polarization (with a flip-back pulse after acquisition) and a into MEASs; this is unusual, but the electrodes and this particular
spinning rate of 5 kHz. Measurements were carried out at ambient AAEM did not laminate unless pressed at 100 where they
temperature and pressure. To record spectra of the anion-exchangbecome black in color. Preliminary experiments with another
membranes, the samples were dried in the open atmosphere, t?AAEM " have shown that the performance is similar between fuel
remove excess water, before measurement. cells tested with pre-pressed and unpressed MEAs, so the latter

The ion-exchange capacity, defined in this study as mot(OH case was selected for this study to avoid damage to the AAEM.
g~Y(dry HAAEM), was determined using the standard back-titration As the MEAs were assembled in the fuel cell fully swollen and
technique reported previousty.Water uptake, WU= 100% x the MEAs are tested under conditions RHL00%, the membranes
(Mmass.et — Massgy)/massy), was determined gravimetrically from  are fully swollen during the entire test period. Therefore, the contact
the mass difference between samples of the hydrated AAEM “as- between the electrodes and membrane does not vary during the
synthesized” and when dried at a relative humidity (RH) of 0% tests.

(i.e. stored over anhydrous Cah a desiccator) for 7 days. The Fuel cell testing was conducted with an Arbin Instruments
thicknesses of the wet and dry AAEM were measured using an (College Station, TX) Fuel Cell Test Station (FCTS). The MEAs
outside micrometer. Thermogravimetric analysis was conducted onwere mounted in a % 5 cm test fixture containing graphite blocks

a TA Instruments TGA Q500, on H20 mg samples placed in Pt with machined triple serpentine flow channels (1 mm channel width,
crucibles; the measurements were conducted &C2min~t in 1 mm channel height, 1.5 mm rib width) and gold-coated current
flowing air (60 mL mirr%). A TA-XTplus Texture Analyzer (Stable  collector plates. The test fixture was assembled with retaining bolts
Micro Systems Ltd., Godalming, UK) was employed to analyze tightened to a torque of 5.5 N m. Fuel cell testing was conducted
the tensile stressstrain behavior of dumbbell-shaped specimens at a fuel cell temperature of € with H, and Q gases (laboratory

of the hydrated ionomers at room temperature; a constant crossheagrade, BOC) supplied at 2 dimin~1 flow rates and RH= 100%
speed of 1 mm ¢ was used for all samples. Due to the limited (dew point temperature= 50 + 1 °C); the gas lines between the
amount of sample available, the tests were conducted on non-dew point humidifiers and the fuel cell fixture were heated to
standard-sized samples (width3.2 mm and lengtlk 15 mm); as 10 °C above the set dew point to minimize condensation in the
this does not comply with ASTM D 882, the results cannot be supply pipes. These gas flows correspond to high gas and cathode
compared with values reported in the literature. However, all water stoichiometrieslf, cathode= 23, Atyanode= 11.5, andin,o cathode
ionomer samples were tested in an identical fashion and so the= 1.6 at a current density, of 1 A cm2, the water stoichiometry
properties of the ionomers can be compared relative to one anothercalculated from the gas dew points and assuming no back transport
The conductivity of the fully hydrated AAEM was determined via  of water from the anode to the cathode). For direct methanol fuel
impedance spectroscopy (Solartron 1260 frequency response anagell tests the anode was supplied with aqueous methanol (2 mol
lyzer allied with a Solartron 1287 potentiostat/galvanostat for control dm=3, 10 cn® min—2, Ayeon.anode= 7.8 ati = 1 A cm2) that was

of the d.c. bias) using the same procedure as reported previouslypreheated to 5& 1 °C. These high stoichiometries were deliber-
in a detailed study of the conductivities of FEP-based AAEMs.  ately chosen to minimize mass-transport interferences, which is
The permeation cell set up and methodology for determining valid for an initial membrane development study. The fuel cell
methanol permeabilities of membranes was as described in detaillemperature of 50°C was selected to ensure minimal thermal
by Nasef et al’f a CSi 200 Series gas chromatograph with flame degradation of the membranes during testing; current alkali anion-
ionization detector and a SolGel-WAX capilliary column (SGE, exchange materials containifighydrogen-atoms (as in the interface
Ringwood, Australia, 30 nx 0.25 mm i.d. and km film thickness) alkaline polymer used in this study, tRehydrogens allow Hofmann
was used for determination of methanol concentrations in aqueouselimination reactions to occdrgxhibit acceptable thermal stability
solutions. Any errors given in the text and tables relate to the sampleonly when kept below 60°C (as found for numerous anion-
standard deviation for at least three replicate measurements on the&xchange membranes and resi#gyBeginning-of-life cell voltage
membrane. (Veen, V) and power densityRger, MW cn1?) vs current densityi(

Directly before fuel cell testing the AAEMs were converted to mA cm~2) steady-state polarization curves were collected under
the OH form, from the stored Clform, as described above. The
electrodes (25 cfn E-Tek 4 mg cm? unsupported PtRu-alloy- (17) Varcoe, J. R.; Slade, R. C. T.; Lam How Yee,Gem. Commun.
coated carbon cloth anode electrodes, E-Tek 4 mg emsupported 2006 1428.

Pt-black-coated carbon cloth cathode electredmsth containing (18) Komkova, E. N.; Stamatialis, D. F.; Strathmann, H.; WesslingJ M.
Membr. Sci.2004 244, 25.

(19) Tomoi, M.; Yamaguchi, K.; Ando, R.; Kantake, Y.; Aosaki, Y.;

(16) Nasef, M. M.; Zubir, N. A.; Ismail, A. F.; Khayet, M.; Dahlan, K. Z. Kubota, H.J. Appl. Polym. Sci1997 64, 1161.
M.; Saidi, H.; Rohani, R.; Ngah, T. I. S.; Sulaiman, N. A.Membr. (20) Zagorodni, A. A.; Kotova, D. L.; Selemenev, V. React. Funct.
Sci. 2006 268 96. Polym.2002 53, 157.
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Figure 1. °F{1H} direct-polarization MAS solid-state NMR spectra of
(a) ETFE, (b) ETFEg-poly(VBC), and (c) ETFEg-poly(vinylbenzyltrim-
ethylammonium chloride) anion-exchange membrane. * denotes spinning
side bands.

-70 -80 -90

galvanostatic control (constant reaction rates) using the FCTS'’s
integral electronic load with data points being recorded after
equilibrated to a constant potential (normally B min); before
thei/Vqe curves were recorded, each MEA was “conditioned” by
operating at high (potentiostatic cell discharge ¥t = 50 mV)

until the current density had stabilized at a constant value2 (i

was required for the AAEMMEA); this conditioning step allows

all the ionic materials in the electrodes to fully hydrate in a dynamic
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Figure 2. 13C{'H} cross-polarization MAS solid-state NMR spectra of
(a) ETFE, (b) ETFEg-poly(VBC), (c) ETFEg-poly(vinylbenzyltrimethy-
lammonium chloride) anion-exchange membrane, and (d) commercially
available poly(benzyltrimethylammonium chloride). * denotes spinning side
bands.

observed in all three spectra; this indicates that the ETFE
backbone is not undergoing significant changes on grafting
and amination, as was found with the FEP analogues but
not the PVDF analogués.This confirms the different
behavior of ETFE compared with that of PVDF when used
to form radiation-grafted AAEMs. The bands (labeled 3, 4,

environment where ions (and associated water molecules) are@Nd 5 in Figure 1) abr = —116,—122, and—130 relate to

moving. All current densities are referred to the geometric area of
the electrodes (25 cin

Results and Discussion

The tear-free AAEM produced from the ETREpoly-
(VBC) intermediate with degree of grafting of 23.6% yielded
an ion-exchange capacity (IEC) of (1.830.11) x 1073
molop- g2 (cf. 0.92 mol; g~* for Nafion-115Y). The water
uptake (WU) of the AAEM was 406t 4% (which corre-
sponds to a water content #f= 22 + 3 water molecules
per OH ion)!, which is lower than that found with a FEP
AAEM of a similar grafting level (degree of grafting:
23.9%, IEC= (1.02+ 0.03) x 1073 moloy g%, WU = 56
+ 5%, 4 = 30 + 4); this was expected due to the higher
crystallinity of ETFE compared with that of FEP and this
lowered swelling in water is expected to further translate
into higher strength. The thickness of the wet membrane “as-
synthesized” was 7& 3 um, which reduced to 63 3 um
on dehydration (again cf. the FEP analogue of similar
grafting level: 86+ 2 um wet, 654 2 um dry); this again
is indicative of the reduced swelling (desirable) of the
ETFE-AAEMs compared to the FEPAAEMs. The thick-
ness was fully recovered on rehydration via immersion in
water at room temperature.

Chemical degradation of the PVDF backbone in the
production of chemically unstable PVBAAEMs was
proven using solid-state NMRThis technique was therefore
applied to the ETFEAAEM. The °F{H} direct polariza-
tion NMR spectra of the ETFE, ETF&poly(VBC), and
the resulting anion-exchange membrane are presented
Figure 1. The same bands with the same line widths were

(21) Silva, R. F.; De Francesco, M.; Pozio, A. Power Source2004
134, 18.

CF; in the various environments.The two small bands
(labeled 1 and 2 in Figure 1) &t = —75 and—81 relate to
CF3; atoms?® These bands belong to additional components
of the commercial ETFE membrane; the identity of these
components is proprietary. It is important to note that the
results reported in this paper are only strictly valid when
this particular type of commercial ETFE is used to form
AAEMSs. Spinning side bands were identified by observing
band shifts in spectra when recorded with varying MAS
probe spinning rates.

The'*C{*H} CP-MAS NMR spectra of the ETFE, ETFE-
g-poly(VBC), the resulting anion-exchange membrane, and
commercially available poly(vinylbenzytrimethylammonium
chloride) (Scientific Polymer Products Inc.) are presented
in Figure 2. As the spectrometer available possessed only
one decoupling channel anf{°F}-decoupling was not
present, theC—F carbon band observed &t = 118 was
relatively broad; the large band ¢ = 22 in the3C{'H}
spectrum of ETFE relates to th@—H carbons; the bands
match those previously reported in the literattfr€or the
ETFE-g-poly(VBC), the extra bands observeddat= 146,
135, 128, 47, and 41 relate to the poly(VBC) component
and match the bands previously found in fR&{H} CP-
MAS NMR spectrum of the FEP analog@idhe 3C{'H}
CP-MAS NMR spectrum of the anion-exchange membrane
exhibits the bands found in th€C{*H} CP-MAS NMR
spectrum of poly(vinylbenzytrimethylammonium chloride),
atoc = 147, 130, 68, 53, 45, and 41, superimposed on the
ETFE bands, confirming that grafting and quaternization

irProduced the expected functionality; the low line width band

(22) Aimi, K.; Ando, S.Magn. Reson. Chen2004 42, 577.

(23) Isemura, T.; Jitsugiri, Y.; Yonemori, 3. Anal. Appl. Pyrolysi4995
33, 103.

(24) Feng, J.; Chan, C. MRolymer1997, 38, 6371.
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Strain Figure 4. Conductivities in water (fully hydrated), at increasing temper-
Figure 3. Stress-strain curves for the precursor ETFE (long-dashed lines atures and determined using electrochemical impedance spectroscopy, of
— — —), the fully hydrated samples of ETFEAAEM (solid lines), Nafion- the ETFE-AAEM OH~ form (@, four replicate measurements), the EFFE
115 (short-dashed lise- - -), and an FEPAAEM (dotted lines:--). AAEM in CO3z?~ form (O, three replicate measurements), and Nafion-115
in H* form (M, three replicate measurements). Lines are guides to the eye

at oc = 53 is highly characteristic of N{Hz) carbons, and ~ °-

;r:'sh\;\/;ﬁ fuer;he(,;rritr:]:)grf:{ m: ?ir?':l gggerézklcnogn; r::?tgsr:rli%)elirt both the FEP-based AAEM and Nafion-115. The move from
P g exp : Y b the use of precursor FEP to the use of ETFE has led to

\l/vas conducted to Iopk for any variations in the, ﬁf Fhe fundamentally stronger membranes; this is fully consistent
H atoms that would indicate sample inhomogeneity; all the with other studies that have investigated sulfonic acid

components behaved with a commog,,Tconﬁrmmg the radiation-grafted PEMs produced using different types of
homogeneous sample expected for the synthetic methodology recursor film® As anticipated. the ETEEAAEM can
used. The!>N{'H} spectrum (not shown) of the anion- P ' P ’

o : ithstand lower tensile stresses than the ETFE precursor
exchange membrane exhibited the expected single band a : o :
_ membrane, showing that the process of radiation grafting
on = —328, exactly as observed for the FEP analogue. o . .
. : . and quaternization affects the mechanical properties of the
The membranes were also investigated using Raman

spectroscopy. As expected, the spectrum of the EFBEly- membrane. The ionomers were fully hydrated befor_e testing.
) . However, due to the small size of the samples, the ionomers
(VBC) was comprised of the superimposed spectra of

commercial ply(uny! benaylchloride) (Arich) and ETFE, - 22t SIRETEER SO (B EEEe L T ees of
while the spectrum of the AAEM was comprised of the 9 P

superimposed spectra of ETFE and commercial poly- samples of the same ionomer (as confirmed by subsequent

. . . . . tests on other ionomer membranes). It is well-known that
(vinylbenzyltrimethylammonium chloride). Of particular . . .
2 . the properties of such ionomers are very sensitive to
significance was that the GBI deformation band at 1268 P . o

- : humidity ?* The results discussed so far clearly indicate that
cm~tin the spectrum of ETFE-g-poly(VBC) disappeared on L 2o

L o . ETFE can be successfully radiation-grafted with vinylbenzyl
amination, confirming complete reaction of the £CH

9 , choride to form alkaline anion-exchange membranes in the
groups®® These Raman results further confirmed successful . L )
: L same manner as FEP, but with a reduction in undesirable
grafting and amination.

Thermoaravimetry (2C min-t in flowing ain was used swelling in water, enhanced tensile strength, no chemical
9 y ( . g air) degradation of the base polymer backbone, and no decrease
to probe theshort-termthermal stability of the membranes.

.~ in short-term thermal stability.

The TG trace of ETFE showed that polymer degradation o L 1 '
commenced at 286 10 °C, which matches previously Membrane ionic conductivityg/S cnt?, is defined by
reported degradation dataDegradation commenced at 195 t
+ 10 °C for the intermediate membranes produced when ST RxA (1)
ETFE was grafted with VBC; this is consistent with FEP-
g-poly(VBC) membranes with degrees of grafting of20  wheret/cm is the fully hydrated membrane thickneB&2
30%? Finally, the degradation of the AAEM commences at is the membrane resistance through the thickness of the
130 £+ 10 °C, which is again consistent with FEP-based membrane (through plane not surface resistance), as deter-
AAEMs reported previoush/ and is above the 60C mined by impedance spectroscopy, @idn? is the area. A
maximum operating temperatures envisioned for these full comparison between Nafion-115 and the AAEM of the
membranes. conductivities below 60C is displayed in Figure 4. Selected

Tensile stressstrain curves were obtained to give an values are presented in Table 1. As expected, the AAEM
indication of the relative strengths of the AAEM, Nafion, was lower in conductivity than Nafion-115, in-line with the
ETFE precursor film, and a FEP-based AAEM (Figure 3, FEP-based AAEMs evaluated previoudlyA widely per-
all ionomers fully hydrated). It is immediately evident that ceived problem with the application of AAEMs in direct
the ETFE-AAEM can withstand higher tensile stresses than methanol fuel cells is that the electro-oxidation of methanol

(25) Fluoroplastics Vol 2— Melt Processible Fluoropolymergbnesajjad, (26) Chen, J.; Asano, M.; Maekawa, Y.; Yoshida, MMembr. Sci2006
S., Eds.; William Andrew Publishing: Norwich, NY, 2003; pp 408. 277, 249.
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Table 1. A Comparison of Selected Fuel-cell-relevant Physical

140

Parameters
- F 120
AAEM (OH™) AAEM (COz*")  Nafion-115
020%S et 0.0274+ 0.005 0.0117 0.0002 0.076t 0.009 F 100
o50YS cnt 0.034+0.004 0.0217 0.0008 0.11% 0.009 %
107 PyP/cme s71 54+28 19+ 9 > F8 o
104 d,/Scnds 50428 4.0+2.0 3 %
Wud (%) 40+ 4 36+ 4 > 60 <
MUe (%) 31+4 71+ 2 g
. . . F 40
a Conductivities of the ionomers in water (fully hydratetiMethanol
permeability.° The DMFC performance parameter defined in ed Gravi- E 20
metric water uptakes of the fully hydrated membraf&Sravimetric
methanol uptakes of the fully swollen membranes. Subscripts denote A 0

measurement temperatures°i. 0 100 200 300 400 500 600 700 800

. . il mA cm?
in the anode, producmg Glas a product, would cause Figure 5. Fuel cell performances (ambient pressures antiG@node: 4

carbonation of the AAEM and this would lead to severely mg cnr2 unsupported PtRu, +supplied at 2 dimin~t, and RH= 100%;
decreased conductivities. Therefore, the conductivities of thecathode: 4 mg cn? unsupported Pt black, supplied at 2 dfimin~,

. . . . . and RH= 100%) with the following: @®) the ETFE-AAEM (78 &+ 3um
AAEM were investigated in the C&" anion form (ion- fully hydrated thickness) synthesized and discussed in detail in this article;

exchanged with potassium carbonate (1 mol ¢nmather (m) a thicker AAEM (153+ 4 um fully hydrated thickness) that has been
than potassium hydroxide). Pre”minary results (Figure 4) detailed in ref 17;4)_ath_inner AAEM (Slﬂ: 2 um fully hydrated thiCkI"IeS.S)
indicated that the conductivities are not significantly de- g}gttsh:rs]dbfhee”f:éﬁ"se%gég rle?;rzggnft”%ea;fg?%?éf;_epresewme’s'
creased in the C® form compared to the OH form;

therefore, an in depth investigation into the properties of Previous values oP and® for Nafion-117 are reported to
AAEMs in CO:2~ form has been instigated and data will be be (18+ 1) x 107 cn? st and 1.51x 10* S cni® s (no

reported in due course. indication of errors), respectively:?® however, caution is
Empirical activation energies can be calculated as previ- required when comparing the physical properties of Nafion-
ously reported?® 115 and Nafion 117 (14% 9 and 203+ 2 um fully hydrated
thicknesses, respectivetyps there is growing evidence that
E,.=-bxR (2) physical properties such as equivalent weight (reciprocal to

) ion-exchange capacity), conductivities, and activation ener-
whereR is the molar gas constant 8.3145 J'tnol™* and gies for proton conduction are a function of Nafion mem-
b is the slope of In¢/S cnr?) vs (1000M)/K™* plots brane thicknesd A measure of the gravimetric methanol
determined using standard linear regression tec_hnlques;uptakes (Table 1, MU measured using the same method as
values of 7.1+ 1.4 and 6.2+ 2.4 kJ mof™ were obtained  \yater uptakes but where the dehydrated membranes were
for Nafion-115 and the AAEM(OH) respectively. The value  jmmersed in pure methanol to measure the mass gain) gives
for the AAEM was the same as that of Nafion-115 (within 5 gjgnificantly higher value for Nafion-115 than for the
experimental error) and was lower than the values previously o pg\m (despite similar water uptakes); this is fully consistent
reported for FEP-based AAEMSs (12460.6 kJ mof?).1 A with the permeability measurements above, with Nafion
higher empirical activation energy of 164 0.4 kJ mof* materials exhibiting a higher affinity toward methanol. It is
was determined for the carbonate-form AAEM. not known at this stage if this lower methanol permeability

The ex situ methanol permeabilities atZDof the AAEM is an intrinsic property of AAEMs (in relation to Nafion);

and Nafion-115 are presented in Table 1 along with the s js pecause radiation-grafted PEMs (produced from
corresponding “DMFC performance parametérivhichis  grafting styrene onto preformed films with subsequent
defined a¥ sulfonation to form sulfonic acid functionality) also exhibit
reduced methanol permeabilities and so this may be intrinsic
=5 3) to ionomers produced using this synthetic methodof8gy.
The HJ/O, fuel cell performance with the AAEM is
where P/lcn? s7! is the methanol permeability; the higher presented in Figure 5. High catalyst loadings were used so
the value of®, the higher the DMFC performance will be that the same MEA could be used for the hydrogen and
with defined catalysts and when the membrane propertiesmethanol fuel cell tests during this study, which is focused
constitute the principle factors that dictate fuel cell perfor- on membrane development. The fuel cell containing the
mance. The (thickness-independent) methanol permeability AAEM produced for this study exhibited an open circuit
is the producP = DK whereD is the methanol diffusivity ~ voltage (OCV) of 0.99 V and a maximum power density of
andK the partition coefficient’ 94 mW cn12 under the test conditions used. These values
It is evident that methanol transport through the AAEM can be compared to those obtained with Nafion-115 mem-
is reduced significantly compared to Nafion; hence, thinner branes under almost exactly the same test conditions, the
membranes can feasibly be used in DMFCs, offsetting the only difference being that Nafion ionomer was painted to
lower conductivities. Within experimental errors in the values

of @, there is little difference between the two membranes. (28) Siu, A.; Pivovar, B.; Horsfall, J.; Lovell, K. V.; Holdcroft, S. Polym.
Sci., B: Polym. ChenR006 44, 2240.

(29) Scott, K.; Tamma, W. M.; Argyropoulos, B.Membr. Sci200Q 171,

(27) Xue, S.; Yin, GEur. Polym. J.2006 42, 776. 119.
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similar loadings onto the electrodes using Nafion ionomer
dispersed in low aliphatic alcohols (Aldrich, 5% by mass)
rather than the alkaline ionomer as described in the Experi-
mental Section above. With this benchmark Nafion-115
MEA, an OCV of 1.04 V and a maximum power density of
290 mW cm? were obtained. Therefore, this early develop-
ment AAEM is already producing 33% of the power obtained
with Nafion-115 under directly comparable test conditions.
This performance is only an order of magnitude below the
900 mW cm? H,/O, performances that can be obtained with
advanced MEAs consisting of catalyzed electrodes using
E-Tek Pt/C catalysts, 80C operation, and gas supply

Vcell v

LAAAM MALAD LA ML L T 0.0
. . 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34
pressures of 0.4 MP&This clearly demonstrates the promise il mA cm?

of this class of AAEM when applied to fuel cells, especially Figure 6. Fuel cell performances (ambient pressures antiGnode: 4

when the commercial electrode architectures used in thisMg cn? unsupported PtRu, agueous methanol (2 motgrsupplied at
10 cn® min~%; cathode: 4 mg ci? unsupported Pt black, Bupplied at

study are evidently not optimized for such application. ~ 2.dm min-1, and RH= 100%) with the following: ®) the ETFE-AAEM
The following question needs to be addressed: What is (78 + 3 um fully hydrated thickness) synthesized and discussed in detail
limiting the performance of the AAEMMEA? The in situ in this article; @) a thicker AAEM (153 4 um fully hydrated thickness)

. . . . that has been detailed in ref 174)(a thinner AAEM (51+ 2 um fully
area resistances, measured during fuel cell testing with thehydrated thickness) that has been detailed in ref 13. The filled symbols

AAEM using standard impedance spectroscopy measure-represent thd/e vsi plots and the open symbols represent Egy vs i
ments3 were 0.9Q cn¥ at current densities below 100 mA  Plots.

cm~2, dropping rapidly to 0.&2 cn¥ at this point (the onset ) _ .

of this drop is co-incident with the inflection in thée vs to _the thinnest AAEM); this repre_sents clear corroborating

i plot at this current density). Values in the range-0067 ewaence for the above hypothesis. )

Q cr? were obtained with the Nafion-115 benchmark MEA,  Figure 6 shows the DMFC performances with the same
Therefore, the in situ membrane resistance cannot accounfn™®e AAEMSs of different thicknesses. It is immediately
for the large loss of performance at low current densities evident that the power densities produced are considerably

for the AAEM tests. As discussed in an earlier communica- PoOrer, despite the similab values presented in Table 1,
tion, 3 the performance with the AAEMMEASs appears to than those obtainable with Nafion-115 MEAs (X300 mW

ot ) —2 iti i -of-the-
be primarily dictated by some form of mass transport CM ° power densities are achievable for state-of-the-art

limitation. Looking at the fuel cell reactions below, Nafion-based DMFCS). Testing the Nafion-115 MEA
benchmark described above produced an OCV of 0.66 V
anode: H(g) + 20H (membrane)~ and a peak power density of 31 mW cft Again the

unoptimized electrode architectures for alkaline MEAs and
water mass transport through the AAEMs are the prime
suspects leading to poor performance; if methanol perme-
cathode: HO(g/l) + ,0,(g) + 2¢ — ability or AAEM conductivity were the primary dictators of

20H (membrane) (5) DMFC performance, then it would be expected that the MEA

with the AAEM produced in this study would give a similar
overall: Hy(g) + /,0,(g) — H,O(l/g) (6) performance to a comparable NafieMEA, as the values
of @ are similar. The OCVs increased 0-48.57-0.70 V

it can be seen that water is a stoichiometric reactant at theOn increasing membrane thickness as was expected; thinner
cathode (required to generate the Okhions). An initial membranes of similar chemistry are expected to allow more
working hypothesis, recently developed from the results of Methanol to cross over than thicker membranes. However,
fundamental in situ impedance spectroscopy stitiieshat ~ despite the reduced OCVs, the power performances were
the performances of AAEMMEASs are being hindered by  superior with the thinner membranes (peak powers increasing
limited back transport of the water generated by the anodefrom 1.2-2.2-2.8 mW cm? on decreasing membrane
to the required reaction sites at the cathode (the waterthickness); this again is characteristic of the water back-
supplied in the cathode gas stream cannot easily access th&ansport hypothesis presented above, with restricted water
oxygen reduction reaction (ORR) sites due to the PTFE transport to the cathode contributing to the lower perfor-
binder used in the manufacture of these commercially Mances.
available electrodes). Figure 5 compares the performance Itis difficult to compare directly the peak powers reported
curves, under identical test conditions, obtained with the above to literature values, as previous alkaline membrane
AAEM from this study with a thicker AAEM and a thinner DMFC studies have used aqueous methanol supplies that
AAEM (all of similar area resistances). It is evident that the contain 4 mol dnT3 KOH. This was due to a lack of
thinner the membrane, the better the/® fuel cell alkaline interface ionomer in the MEAs; the KOH is required
performance (5494—130 mW cn2 going from the thickest ~ to facilitate the transport of the OHions to the anode

2H,0(l/g) + 2e " (4)

(30) Hui, C. L.; Li, X. G.; Hsing, |.-M.Electrochim. Acta2005 51, 711. (32) Dillon, R.; Srinivasan, S.; ArigdA. S.; Antonucci, V.J. Power Sources
(31) Freire, T. J. P.; Gonzalez, E. R.Electroanal. Chem2001, 503 57. 2004 127, 112.
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catalyst reaction sites for reaction with the methanol (6OH —N*(CH,); sites, performance losses due to carbonation are
ions are required to oxidize 1 GBH molecule). Scott and  minimized?’” Therefore, the emphasis in this study, and all
co-worker have obtained power densities up to 18 mW<m  future studies of alkaline membrane direct alcohol fuel cells,
at 60°C using a European commercial AAEM (Morgane- must concentrate on metal-cation-free operation.
ADP, Solvay S.A., Belgium) with platinized Ti-mesh In summary, the type of AAEM evaluated in this study
electrodes (optimized for COrejection at the methanol has, for the first time, the right mix of chemical and physical
anodes) and aqueous methanol supply (2 molisupplied properties to allow successful application in solid-stafé-M
at 60 cn¥ min™) containing KOH (1 mol dm?).3® Coun- free alkaline fuel cells with power performances at levels
tanceau et al. obtained 18 mW chat 20°C using the same  that are considered promising. The restricted fuel cell
AAEM but with aqueous methanol (2 mol di) containing performances stem primarily from the unoptimized electrode
a significantly higher KOH content (4 mol dr¥);3* but <0.5 architectures used, with impeded mass transport of water to
mW cnm 2 was achieved when the KOH was removed from the cathode and methanol to the anode in the methanol case.
the aqueous methanol supply. Ogumi and co-workers achievedThis confirms the already highlightédequirement for the
6 mW cn1? at 50°C with a Japanese commercial AAEM  development of electrode configurations that are specifically
(AHA, Tokuyama, Japan) supplied with aqueous methanol targeted for application in alkaline membrane fuel cells. Once
(1 mol dnt3 supplied at 50 cfhmin™?!) again with added  suitable electrode architectures have been identified (includ-
KOH (1 mol dn73) and also with a poly(4-vinylpyridine)  ing those containing non-Pt-metal catalysts), work can then
interface ionomer on the electrod®sThese values are all commence on optimization of the fuel cell operating condi-
higher than those presented in Figure 6. However, addingtions with the ultimate aim of construction of cheap and
KOH into the methanol supply is not desirable for two powerful Pt-free low-temperature fuel cells. It is also clear
principal reasons: (1) The KOH constitutes a further thatthe development of high-temperature AAEMs (thermally
chemical component reducing the energy density of the fuel stable>60 °C) is a further research priority; such an advance
and making this fuel supply highly caustic. (2) The presence would lead to vastly improved membrane conductivities and
of K* (or any other M* cations) in the system will lead to  electrokinetic performances.
the formation of precipitates of carbonate/bicarbonate on
reaction of the OH with CO; (present either as a product Acknowledgment. The authors thank the Engineering and
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