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ABSTRACT

Thispaper reportson the performance of direct methanol fuel cells(DMFCs)
with the blend membranes of sulfonated polyether ether ketone (SPEEK)/
polyvinylidene fluoride (PV DF) asthe electrolyte. The characteristic prop-
erties of the SPEEK/PV DF polymer membranes were investigated using
thermo gravimetric analysis (TGA), scanning el ectron microscopy (SEM),
and the AC impedance method. The blend shows good thermal and me-
chanical properties and appreciable ionic conductivity. Though theionic
conductivity decreased with increasing content of PVDF, thereisanim-
provement in the mechanical propertieswith theintroduction of PVDF. As
aresult, the SPEEK/PVDF blends appear to be a good candidate as elec-
trolytes for applications in DMFC. The performances of the membrane-
electrode assembly (MEA) in DMFC, using the blend membranes of vari-
ous percentages of PV DF (2-10%) were evaluated by single cell test and
the maximum current density of 350 mA/cm?isobserved around 0.25 V.
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INTRODUCTION

Proton conductors areinteresting materials due
totheir potentia application assolid dectrolytein de-
vicessuchasfud cell, batteries, € ectrochromic glasses,
etc.l*4. For more than one and half decades, there
has been progressiveinterest in the devel opment of
ionic conducting membranes. With their exce lent prop-
erties, they replace conventiond liquid eectrolytesys-
tems | eading to favourable substantial improvements
inpopular eectronic devices such asbatteriesand fuel
cellg®9,

PEMswereinitially usedinfuel cellsduring the

196037 intheform of apoly styrenesulfonic acid mem-
brane. Inthe 1970s, DuPont Chemicals Nafion® was
used in Polymer Electrolyte Membrane Fuel Cell
(PEMFC) owing toitsexcellent proton conductivity
and very good thermal stability!®. After this, varietiesof
Polymer Electrolyte Membranes (PEMs) were devel -
oped for fuel cell applications. Thework of Kerres¥is
the classification of the membranesaccordingto their
materid. It includesperfluorinatedionomer membranes,
partialy fluorinated ionomer membranes, non-fluori-
nated ionomer membranes, high/ low molecular com-
posite membranes and organic/ inorganic composite
membranes. However, thereareafew drawbacks as-
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soci ated with the perfluorinated membraneswhichin-
clude(i) highcog, (ii) noneco-friendly nature, (iii) loss
of proton conductivity at elevated temperature, (iv) de-
pendence on relative humidity in keeping proton con-
ductivity, (v) highmethanol permesability inthe case of
direct methanol fuel cell (DMFC) etc.

To overcome the drawbacks associated with the
perfluorinated membranes, plenty of effortsweremade
inthelast few years. To reducethe cost and to make
themembrane eco-friendly severa hydrocarbon based
aromatic polymers'®d, incorporation of heteropoly
acids to improve the proton conduction¢9, blend
membranes?*2 were considered for useasPEM in
fud cdls. Amongthepoly(aryl ether ketone), sulfonated
poly(ether ether ketone) was promising as reported
ear' | a—[16—18,20] .

Inthe present study, blend membranesof sulfonated
poly(ether ether ketone) (SPEEK) and poly(vinylidene
fluoride) (PVDF) was synthesized. PVDFisakind of
hydrophobic material, and can reduce the water ab-
sorptiont?, Though the proton conductivity of mem-
branesmodified with PV DF decreased, good cell per-
formancewasreported earlier intheliteraturé®24, The
percentage composition of PV DFinthe SPEEK poly-
mer matrix wasvaried from 2% to 10% and theblend
membraneswere characterized by varioustechniques
like FT-IR, TGA, proton conductivity, UTM. These-
lectivity ratio of the blend membraneswas better than
SPEEK indicating that they can be successful candi-
datefor applicationsin DMFC.

EXPERIMENTAL

Materials

PEEK was procured from Victrex, England and
wasdried overnight before use. PV DF was obtai ned
from Sigma-Aldrich. Catdysts(Pt/Vulcan XC-72 and
Pt-Ru/Vulcan XC-72) were purchased from Arora
Matthey, India. Sulfuric acid and N-methyl pyrollidone
wereobtained from SRL chemicals, India. All thema-
terialswere used asreceived.

Sulfonation of PEEK

About 10g of dry PEEK wastakenin a3-necked
RB flask. To this, required amount of sulphuric acid
was added and the contents of theflask were stirred at
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room temperature in the presence of an inert atmo-
sphere. After thedesired time, the contents of theflask
were poured into crushed ice. Theinnumerable num-
ber of fibresthat wereformed wasrecovered by filtra-
tionand it waswashed plenty of timeswith deionised
water until the pH of the washwater fallsabove 6.5.
The precipitate was then dried in an oven at 100°C
overnight. Thefina product obtained isthe sulfonated
form of poly(ether ether ketone) (SPEEK).

Preparation of blend membranes

Initialy, SPEEK wasdissolvedin NMPat 60°C.
Then, PV DF dissolved separately in NMPwas added
dowly tothe SPEEK solution under constant stirring.
After theaddition of PV DF, stirring was continued for
another six hours. The solution wasthen filtered and
cast onto aclean, dry petri dish. It wasthen dried at
90°C for about 8 hours and then at 110°C for another
5 hours. The membrane obtained was pale brownin
color and waspeeled off from the petri dish. Thedos-
age of PVDF inthe blend membranewasvaried be-
tween 0 and 10 while a 10% wi/v solution was main-
tained for casting.

Characterization techniques

Theionexchange capacity (IEC) indicatesthenum-
ber of milli equivadentsof ionsin 1gof thedry polymer.
It was determined by titration method. The membrane
initsacid form was weighed and then soaked in an
agueous solution containing alargeexcessof KCl in
order to extract al the protons from the membrane.
The el ectrolyte solution wasthen neutralized using a
very dilute Na,CO, sol ution of known concentration
(0.01N). The EW (equivalent weight) valueswere cal-
culated fromthe dry weight of the membranedivided
by thevolume and the normality of the Na,CO, solu-
tion. ThelEC valueswere expressed asnumber of meg.
of sulfonic groups per gram of dry polymer.

The amount of solvent uptake by the membranes
was studied. Thedried membraneswerewei ghed and
soaked inwater and methanol separately and alowed
to get equilibrated at room temperaturefor 24 hours,
above which the weight was constant. The swollen
membranes were then quickly weighed after blotting
the surfacewater and the values noted. The swelling
degree was determined using theformula,
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9 %100%

dry
Where, M, , =Weight of wet membrane; M, =Weight
of dry membrane.

For checkingthedurability of theblend membranes,
thefollowing procedurewas adopted. Initialy adppm
ferrousammonium sulfatein 3% H,O, wasfreshly pre-
pared and the solution was maintained at 80°C. The
blend membranewith the dimension of 0.5cm? wascut
and soaked inthe solution. Thetimerequired for the
physica disintegration of themembranewas carefully
noted down and reported.

TGA andysisismainly carried out to determinethe
thermal stability of the blend membranes. Thechange
inwelght of themembranewithincreaseintemperature
at aheating rate of 20°C/min in the range of the tem-
perature between 30°C and 800°C is followed using a
SDT Q600 US analyser.

The FT-IR spectra (450cm™* — 4000cm?) for the
dried membraneswererecorded using aPerkin EImer
FT-IR spectrometer at 25 + 2°C. Prior to the mea-
surement, the samplesweredried at 100°C for an hour
inorder toremovemoisture,

Themethanol permeability isaseriousfactor which
reducestheefficiency of thefud cell particularly in Di-
rect Methanol Fuel Cell (DMFC). The permestion not
only alowsthe methanol fudl to the cathodic compart-
ment but aso mixing of thefuel and theincoming gasat
the cathode. Thisdrastically reducesthe performance
of thefud cdll. Themethanol permeability of theblend
membraneswasanayzed using adigphragm diffusion
cell, consisting of two glass bottlesthat can beinter-
connected with acapacity of 50cm?. The membrane
can be clamped between the two compartments. Ini-
tially 25ml of deionised water wastaken in compart-
ment A and 25ml of 20% v/v methanol wastakeninthe
compartment B. Asaresult of concentration difference
between the two compartments, methanol flux arises
across the membrane. Theincreasein the methanol
concentration with respect to timein compartment A
wasfollowedusingaPAL Il digital refractometer.

Themeasurementsof proton conductivity, o (S/cm)
of the membranes were carried out using Autolab
Potentiostat Gal vanostat i mpedance anayser. Mem-
branes with required dimensions were cut and pre-
Research & Reotews On
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treated with 0.01N sulphuric acid and kept inwater for
100% hydration. Then it was placed between two sil-
ver dectrodeswith an areaof 1.33cm?withauniform
pressure applied to hold the system. Theres stance of -
fered by the membrane was cal cul ated and then con-
verted to conductivity valuesusing theformul a,
o=L/(RxA)

Where, o is the conductivity in S/cm; Ristheresis-
tance offered by themembranein ohms; L isthethick-
ness of the membranein cm and A isthe area of the
membranein cm?.

The surface morphol ogy of the blend membranes
wasinvestigated using Scanning Electron Microscope
(JEOL 6360 instrument). A piece of membrane was
vacuum sputtered with athinlayer of gold prior to SEM
examingtion.

The mechanical properties were obtained from
Hounsfield Universal Testing Machine. The samples
werecut intoasizeof 5mmx 50 mm asreported by D.
H. Dung et a1, The cross head speed was set at a
congtant speed of 10 mm/min. For each testing reported,
at least three measurementsweretaken and the aver-
agevauewasreported.

M EA preparation

Membrane electrode assembly (MEA) was ob-
tained by sandwiching the SPEEK/PV DF blend mem-
brane between the anode and cathode. For DMFC,
the e ectrocatalysts used were 40 wit% Pt:Ru (1:1) on
Vulcan XC-72 and 20 wt% Pt onVulcan XC-72inthe
anode (loading 0.5 mg/cm?) and cathode (loading 0.5
mg/cm?), respectively. The catalyst layer isobtained by
mixing the catalys, isopropy acohol (IPA), deionized
water and Nafion sol ution asbinder and was coated on
thecarbon cloth. Theelectrodeswereof 5cmx 5cm
(area=25cm?). The MEA wasfabricated uniaxially
by hot pressing the anode and cathode onto the mem-
brane at 100 °C with a pressure of 150 kg/cm?for 3
min.

Single cell test

Performance of themembraneswas measured with
DMFC test station. A singlecell with a25 cm? active
areawas used for the experiment. The external load
was applied by means of an electronicload whichis
manually controlled. Thefabricated MEA wasplaced
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inthetest cdll and the boltsweretightened with an equa
torque on each bolt. The experiment has been con-
ducted with 2M methanol at aflow rateof 20 mL/min
intheanodesideandinthecathodeside O, withaflow
rateof 40mL/minismaintained.

RESULTSAND DISCUSSION

Theresultsof IEC aregiveninTABLE 1. ThelEC
of Nafion 117 was al so given for comparison. Inthe
coding givenfor the blend membranes SP X, Sstands
for SPEEK, P stands for PVDF and X denotes the
percentage of PV DFintheblend.

TABLE 1: IEC and proton conductivity of blend membranes

Absorption, % Proton
Conductivity,

S. Membrane |EC,

No. Code  mequivig Wwater Methanol ms/em
1 SPEEK 2.23 1518 17.89 8.73
2 SP2 216 1367 1471 7.98
3 SP4 2.05 1044 1184 7.01
4 SP6 195 8.78 9.59 6.36
5 SP8 185 5.13 6.26 5.74
6 SP 10 1.69 3.22 4.57 5.15

ThelECvdueismaximumfor virgin SPEEK, which
wasfoundto be 2.23 mequiv/g. When PVDF wasin-
troduced, thereisareductioninthe|EC values. Thisis
duetothefact that thereisareduction inthenumber of
labileH* ionspresent inthe sulfonic acid groupings of
SPEEK that areresponsiblefor theexchange of ions.
When the concentration of PVDFintheblendisin-
creased, in otherswords, when the quantity of SPEEK
in the blend is decreased, thereisareduction in the
number of sulfonic acid groupingsand hencethe num-
ber of replaceable H* ions. Thisaccountsfor the de-
creasingtrendinthe | EC vaues.

Boththewater and methanol absorptionswerefound
to be higher for SPEEK when compared to the blend
membranes. Inthecase of SPEEK, hydrophilic charac-
ter was introduced upon the addition of sulfonic acid
groupings. Because of the presence of the hydrophilic
groups, SPEEK exhibitsahigher aosorption. Ontheother
hand, PV DFishighly hydrophobicinnature. Hence, the
introduction of PVDFin SPEEK decreasesthenet hy-
drophilic character of theblend membranes. Asaresult,
agradual decreasein the absorption capacity within-
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creaseinthe content of PV DF was observed.

The proton conductivity of SPEEK aswell asthe
variousblend membranesisgivenin TABLE 1. With
increase in the concentration of PVDF in the blend
membranes, thereisadecreasein the proton conduct-
ing ability. Thiskind of attitude may betheresult of the
followingfactors,

() Thereisadecreaseintheion exchange capacity
withincreasein the concentration of PVDF. Thisis
dueto thereductioninthenet SO,H concentration
when theamount of PV DF isincreased,

(i) Thereisareducingtrendinthewater absorption as
the content of PV DF isincreased. PVDFisawdll-
known hydrophobic polymer and hence within-
creasein PVDF, thereis adecrease in the water
absorption of the blend membranes. The absorbed
water actslikeacanal for the passage of protons
through themembrane. Hence, any reductioninthe
absorption capacity may |ead to decreased proton
conducting ability.

Themethanol permeability isacrucid factor which
decides the performance of the DMFC. With anin-
creaseinthe content of PV DF, the methanol perme-
ability decreasesand theresultsareshownin TABLE
2. Thismay bedueto the hydrophaobic natureof PVDF
asillustrated by the methanol absorption that prevents
methanol from transferring through the membrane. The
decrease in the methanol permeability makes these
blends asapossible low cost alternative to Nafion®
117 for applicationsas e ectrolytesin DMFC.

TABLE 2 : Methanol permeability values of the blend
membranes

Membrane M ethanal Selectivity Ratio,
Code Per meability, % Sscm
SPO 21.0 5.97 x 10°
SP2 17.5 8.27 x 10°
SP4 14.3 1.41x 10*
SP6 11.9 2.22 x 10
sP8 10.9 24.74 x 10°
SP10 10.1 6.97 x 10°

The sdlectivity ratio of pristine SPEEK was5.97 x
102 Sscm. The blend membranesexhibited aselec-
tivity ratio of 1-2 order higher than SPEEK. The higher
sdlectivity ratioindicatesthat the blend membranesare
better electrolytesfor applicationsin DMFC.
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In the durability study, the time taken for the
physical disintegration of thevariousblend membranes
was studied and the resultsare shownin TABLE 3.
It isevident from the result that thereisagradual
decreaseinthewithstanding ability of theblendswith
increasein the PV DF content. The possiblereason
could bethat the continuity in the polymer matrix is
lost due to the introduction of PV DF between the
host SPEEK matrix.

TABLE 3: Durability and mechanical properties

Tendle

Membrane Durability, Strength Per centage
Code hours ' Elongation, %
M Pa
SPO 25 24.6 28.7
SP2 2.2 30.2 25.2
SP4 2.0 35.9 239
SP6 15 38.1 20.1
SP8 13 40.2 15.7
SP 10 11 44.6 10.3

Themechanica propertiesof the blend membranes
aregivenin TABLE 3. Thereisanincreaseintheten-
sile strength as the content of PVDF increases. This
showsagood compatibility between theindividua con-
stituents of the blend and asaresult the blendswere
foundto bedtiffer and stronger.
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Figurel: TGA thermogram of SPEEK blended with (a) 2%
PVDF (b) 4% PVDF (c) 6% PVDF (d) 8% PVDF and (€)
10% PVDF

The TGA spectraof the blend membraneswere
showninfigure 1. A three-step therma degradation was
observedinthethermal studies. Theinitia weight loss
between 75°C and 175°C may be due to the loss of
adsorbed water along with trace amount of solvent
present inthe membrane. The second weight lossrang-
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ing from 200°C to 350°C may be due to the splitting
off of thesulfonic acid grouping fromthe SPEEK ma-
trix. Thefind lossbetween 400°C and 600°C could be
dueto the cleavage of the polymer backbone. Thereis
anincreaseinthethermal stability withincreaseinthe
content of PVDF. The blendswerefound to bether-
mally stableup to 200°C, which makes them suitable
asdectrolytesfor fuel cell gpplications.

The FTIR spectrum of the blend membranesare
showninfigure2. Thereisabroad envelopeinthehigh
energy region lying between 2100 and 3900 cm™. It
includesthe OH stretch of SO,H group of SPEEK and
C-H vibrationsof thearomaticring. Thefinestructure
bands at 2609 and 2428 cm™ are due to hydrogen
bonding of different OH groupingsinthe bulk material.
These hydrogen bonds are responsiblefor theinterac-
tion between the PV DF and the polymer matrix, be-
cause of whichthe blendsare said to be homogenous.
The C=0 vibration givesits peak closeto 1600 cnm.
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400C 300C 2000 1500 1000 500
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Figure2: FT-IR spectraof SPEEK blended with (a) 2% PVDF
(b) 4% PVDF (c) 6% PVDF (d) 8% PVDF and (e) 10%
PVDF

The SEM imagesof SPEEK and two blend mem-
branes are given in figure 3. The SEM images con-
firmed ahomogenous membrane without any pores.
Theabsenceof phase separation indicatesagood com-
patibility between the constituents.

Singlecell performancein DMFC

Figure4 showsthe polarization curveof thesingle
cell (25 cm?) SPEEK/PV DF blend membraneswith
different PV DF (2-10%) content. The performance of
thesinglecell was measured withincreasing content of
PVDFfrom 2%to 10%. Theperformanceof thesingle
cdl increased withincreasein PVDF content. It can be
seen that the highest cell current density of 350 mA/
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Figure3: SEM imagesof a) SPEEK, b) SP 6and SP 10
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Figure 4 : Polarization curves of SPEEK/PVDF (2-10%)
blend at room temperature
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cm?isobserved around 0.25V. Theresultsclearly in-
dicatethat the blending of PV DF with PEEK decreases
themethanol crossover thereby increasing the perfor-
manceof thefuel cell.

CONCLUSION

Inthe present study, blend membraneswith SPEEK
and PV DF were synthesized. The blendswerefound
to bemechanicdly stable. FT-IR studiesconfirmed the
interaction between the congtituent polymers. The SEM
imagesreved ed good compati bility between the con-
stituents of the blend. The prepared membraneswere
found to bethermally stableupto 200°C, which is highly
suitablefor fue cell applications. Thoughthereisare-
ductionin thewater retention capacity aswell asthe
proton conductivity, thereisasignificant improvement
in blocking methanol and hence abetter sdlectivity ratio
was observed with the blend membranes. The perfor-
mances of themembrane-electrode assembly (MEA)
using the blend membranes of various percentages of
PV DF (2-10%) were evaluated by singlecdll test and
the maximum current density of 350 mA/cm?isob-
served around 0.25V.
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