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ABSTRACT KEYWORDS
A flexible composite membrane with homogeneously distributed zirconia Titania composite;
and titania was prepared using sulphonated polystyrene ethylene buty- Zirconiacomposite;
lene polystyrene (SPSEBS) and commercial zirconiaandtitania. Thecom- Fuel cells;
posite membranes of SPSEBS up to 10 wt% zirconium dioxide and tita- SPSEBS;
nium dioxide content were prepared. The study was oriented towards the PEMFC.

optimization of the synthesis and characterization of such composite mem-
branes to choose the best inorganic composition in terms of thermal sta-
bility and proton conductivity. The proton conductivity of the composite
membrane was measured using el ectrochemical impedance spectroscopy
(EIS). The thermogravimetric analysis (TGA) analysis of the composite
membranes showed better thermal stability than SPSEBS membraneand at
the same time, higher content (wt.%) of inorganic material decreased the
proton conductivity. A good adhesion between inorganic domains and
the polymer matrix was confirmed through morphology studies such as
scanning el ectron microscopy (SEM) and atomic force microscopy (AFM).
The methanol permeability and selectivity ratio were decreased with in-
creasing inorganic materials. Thefeasibility of these hybrid membranesas
proton conducting electrolyte in proton exchange membrane fuel cell
(PEMFC) was investigated and results were compared with that of com-
mercial Nafion 117 membrane. Thesinglefuel cell test showed that the fuel
cell with homogeneous composite membrane showed better performance
under the fuel cell operating condition.
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INTRODUCTION nology. In particular, it should exhibit high proton con-

ductivity, along withlong-term mechanical stability!¥.

Proton exchange membranefuel cells(PEMFCs)  Thethreemain characteristics considered by the stan-
show excellent performance, providingtheright com-  dard characterization methods are,

position and operating conditions. ThePEM playsan e  Proton conductivity: It givesan estimate of the

important roleinthe development of thefue cell tech- proton conductivity, whichisthemainfunction of a
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proton exchange membrane. Thisproperty isusu-
ally evaluated with acid or water electrolytes (hy-
drated membranes) by impedance spectroscopy!?.
e Permeability tomethanol: The methanol mass
transport through DMFC membranesisvery com-
mon which results in detrimental effect on the

DMFC performance®.

e Water swelling: Itisusually associated with im-
proved proton conductivity!.

However, current PEM FCstill suffered fromthe
severeconditions, for example, low humidity, hightem-
perature and excess vegas contaminants. Thechdlenge
for the PEMFCs as a new power source isthat they
must operate over awiderange of conditionsand meet
stringent cost requirements. Particularly, itisdesirable
for portablegpplicationsthat thefud cdlsoperatewith-
out external humidification. Nanoscaled SIO,, TiO,,
ZrQ,, P,O, and heteropolyacidsare the commoninor-
ganic materid sused for producing such compostemem-
branesfor PEMFCS%3.

The present sudy aimsat expanding the character-
ization of aseriesof organi c—inorganic composite mem-
braneswith an extended range of zirconium dioxideand
titanium dioxide contents (1-10 wt.%), from standard
characterization methodsto test under PEM FC condi-
tions.

Currently themgor developmentsinfuel cell tech-
nology using hydrogen or methanol are based on
perfluorinated and sul phonated solid polymer e ectro-
lytes. Thesesolid dectrolytesoffer advantagesover das-
sical liquid electrolytes such as sulphuric acid. These
advantagesinclude reduced methanol crossover and
higher power densities. Sulphonicacidinsartionintosolid
polymer membraneiscurrently employed and iscom-
mercidly referredto asNafion. Thismembraneisvery
popular when used as alow temperature proton con-
ducting polymer membrane. Thismembraneisagood
proton conductor and isthe preferred membranefor
both hydrogen and direct methanal fudl cells(DMFC)9,

Nafionisvery expensive and hasanegativeinflu-
enceon pricing resulting in high cost fudl cellsnot af-
fordableto the public. (i) Most membranes currently
used in PEMFCs and DMFCswere not designed to
operate at hightemperatureswhere high temperature
fuel cellshavetheability to reform some hydrocarbon
fudsdirectly, (i) Thehigh methanol permeshility through
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the membraneresulting in catal yst poisoning and re-
duced cell potentidl, (iii) Low temperature designed
membranessuch asNafiondehydratesasthetempera
ture nearsand exceeds 100 °C. There are several rea-
sonsfor the devel opment of new membranes, (i) op-
eration of PEMFC at above 140 °C temperatures re-
ceivingworldwideattention (ii) consderation of theen-
vironmental friendlinessof materids(iii) reduction of
membrane cost!**%2,

Thispaper reportstheinfluenceof zirconiaandti-
taniaon proton conductivity and therma stability of sul-
phonated polystyreneethylenebutylene polystyrene/ zir-
coniaand titaniacomposite membranes. Thesdlection
of SPSEBS aspolymer matrix isduetoitshighthermd
strength, cheapness, easy handling ability, low metha-
nol crossover and good proton conductivity.

EXPERIMENTAL

M aterialsand methods

Polystyrene-block-poly (ethylene-ran-butylene)-
block-polystyrene (PSEBS) (Mw = 89,000; 29% sty-
rene) was obtained from Aldrich (Germany).
Chlorosulphonic acid (CSA) was purchased from
Spectro-Chem, Indiaand used without further purifi-
cation. Tri - butyl phosphate (TBP) (Lancaster) and
methanol (SRL) were purchased and used asreceived.
Thetetrahydrofuran (THF) solvent waspurchased from
Merck. Titania(10-15 nm; CASno. 13463-67-7) and
zirconia (10-15 nm; CAS no.1314-23-4) with high
purity of 99% each, were purchased from SigmaAldrich
(USA).

Sulphonation of PSEBS

The PSEBSwas dissolved in ameasured quantity
of chloroformto get aclear polymer solution and the
solution was allowed to cool in anice bath. Then a
required amount of chlorosulphonic acid (CSA) was
added drop wise over aperiod of timewith constant
stirring. Thereaction was carried out for three hours
and wasterminated by adding methanol. The sulpho-
nated PSEBSwasrecovered after removingall the sol-
vent by evaporation. Theproduct waswashed with DI
for severa timesuntil aneutral pH wasobtained. The
product wasthen dried at 75 °C for 24 hrs.
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ZrO,and TiO, compositemembranepreparation

Sulphonated PSEBS (SPSEBS) and silicawere
dissolvedin THF solvent and fivedifferent wei ght per-
centagesof ZrO,and TiO, (1, 2, 5, 7.5 and 10 wt %)
having good dispersion in the same solvent a so ob-
tained separately. Then, the polymer sol utionwas added
totheZrO,and TiO, dispersion and stirred until homo-
geneous solutionwas obtained. Findly, theentiresys-
tem was cast on aglass plate and the composite mem-
braneswere obtained after 48 hourson evaporation of
the solvent at room temperature. Theresultant mem-
branewaswashed several timeswith deionized water
and dried at 50°C for 24 hours. Thethicknessof adry
membranewas about 200+ 15 microns.

Degreeof sulphonation

The degree of sulphonation was cal cul ated from
thedementd analysisresult. Accordingtotheliterature
method™*?, the elemental analysiswas carried out for
the sulphonated polymersto ca cul ate the sul phonation
degree. From the sulphur content, the degree of
sul phonationwas ca culated according to thefollowing
equation.

_ Sgx100
- S; (@]

Where, S_and S; represent experimental and theoreti-
cal (assuming one—SO,H per repeat unit of SPSEBS)
sulfur content of SPSEBS.

| on exchange capacity (IEC)

DS

lon exchange capacity isdirectly dependent onthe
number of sulphonic acid groups present in the sulpho-
nated polymer. The sulphonated membranesand com-
posite membranes were soaked in the2M K Cl solu-
tion for 24 hoursto saturate the membranes and the
protonsrel eased by the membranes were neutralized
by sodium carbonate sol ution of known concentration
with phenol phthal ein asindicator. The |EC was cal cu-
lated by using theequation
Titer value Normality of
(inml) titrant (Na,CO,)

= /a (2
Weight of thedry polymer membrane(in g) mearg @)

IEC

Water absor ption

Water uptake was measured according to the
method described el sewhere. Water uptake was
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measured by immersing asampl e sheet into water at
room temperature. Then the membranewastaken out,
wiped with tissue paper very quickly, andweighed ona
microbalance. Water uptakewas calcul ated from
Weightof ~ Weight of
thewet polymer  thedry polymer
Weight of thedry polymer

Instrumentation

Thermal stability wasandyzed using athermo bal-
ance SDT Q600 US analyzer at a heating rate of 20
°C/min under nitrogen atmosphere. The glass transition
temperaturewasobtained by differentid scanning cao-
rimeter.

Themeasurement of mechanicd propertieswascar-
ried out by HOUNSFIELD universal testing machine.
Thetenslestrength of the membraneswas determined
a ambient condition. Thesampleswerecarefully cutin
toasizeof 5x 50 mm, the cross head speed was set at
10mm/minand uptofailureof thematerid.

The membranemorphol ogy can beinvestigated by
scanning € ectron microscopewith energy di sperse spec-
trometer. Composte membraneswere scanned for their
morphol ogy to check theuniform dispersion of thein-
organic materid inthe polymer matrix using theAFM
techniqueusing microfabricated Slicon cantileverswith
aforce constant of approximately 40 N/m.

To know thelevel of dispersion of theinorganic
content in the polymer membranes and to know the
amount of crystdlinity, XRD measurementswere per-
formedusingaX’ pert pro Diffractometer.

The conductivitiesof the membraneswere deter-
mined by AC impedance spectroscopy. Themeasure-
ments were taken using Volta lab dynamic-EIS
voltammetry model PGZ 301.

Membrane electrode assembly (MEA)

Theédectrodesfor thesinglecell testinthe FC con-
ssted of gasdiffusonand catalyst layers; the detail sof
the el ectrode preparation are available el sewhere*d.
Thefue cdll testswere performed on an Electrochem
test bench usinga25 cm? activeareasingle cell.

% swelling = x100 (3)

RESULTSAND DISCUSSION

Absorption studies
Thewater absorption valuesare shownin Figure

. -
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1. Water absorption of the membranesisusually de-
fined inwel ght percentage with respect to theweight of
the dry membrane. The absorption of water depends
onthelEC. Higher the IEC, greater the absorption of
the solvent. Initially the membranerapidly absorbsthe
water and then gradually increaseswithtime.

Inthe case of composite membranes, thewater ab-
sorptionincreased with theincreaseininorganic con-
tent. Two different composite membranesfollowed the
sametrend. ThisisshownintheFigure1l. Thehydro-
philic channel sareresponsiblefor such high absorption
values. Thisleadsto an overal swelling of the mem-
branes. Thegreater swelling may be generated espe-
cidly intheinterface between polymer andinorganic
meaterid.
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Figurel: Water absorption of SPSEBS/TiO,and SPSEBY
Zr O, composite membr anes.

| on exchange capacity (IEC)

|EC providesanindication of the concentration of
the number density of sulfonic acid groups presentin
the polymer matrix, which areresponsiblefor the con-
duction of protonsand thusisanindirect and reliable
approximation of proton conductivity. It was observed
that, asthe concentration of thereinforcing materials
increased, the IEC decreased. Thisisbecause of the
incorporation of inorganic materia inthepolymer sys-
tem. Thevaluesareshowninthe TABLE 1.

Thermal stability

Thetherma anaysishasbeen performedtoinves-
tigate the patterns of dehydration. Thethermogram of
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SPSEBS/ZrO, composite membraneisshownin Fig-
ure2A. Therewasashiftin peak maximumduetoloss
of SO,H groupto higher value. Hencethere might be
enhanced polarizationin SO,H group by ZrO,, thus
enhancing itstherma stability. Oncethesegroupshave
logt, theremaining polymer matrix decomposed at higher
temperature, almost closeto that of pure SPSEBS. So
this observation suggestslossof SO,H group might not
affect 9gnificantly thebonding propertiesof theremain-
ing polymer matrixl,

TABLE 1: |EC valueswith respect totheinorganic material
content in S-PSEBS.

Membrane IEC (meg/g) Membrane |EC (meqg/g)
SPSEBS 2.07 SPSEBS 2.07
ZrO, - 1% 2.00 TiO, - 1% 1.94
ZrO,— 2.5% 1.95 TiO, - 2.5% 1.85
ZrO, - 5% 1.89 TiO, - 5% 1.76
ZrO, -7.5% 1.84 TiO,-7.5% 1.73
ZrO, - 10% 1.79 TiO, - 10% 172

Thethermogram of SPSEBS/TIO, compositemen-
branesisshowninFigure 2B. Thetraceisamost smi-
lar tothat of pure SPSEBS. Hence TiO, might not be
ateringthe bonding propertiesof the polymer matrix,
but there was ashift in peak maximum dueto |oss of
SO,H groupto higher value. Hencetheremight been-
hanced polarizationin SO,H group by TiO,, thusen-
hancing itsthermal stability. Oncethese groupswere
logt, theremaining polymer matrix decomposed at higher
temperature, almost closeto that of pure SPSEBS. So
thisobservation suggestslossof SO,H group might not
affect agnificantly thebonding propertiesof theremain-
ing polymer matrix. If TIO, makesinteractionwiththe
polymer matrix, even after the decomposition of SO.H
groups, theremight beabrupt changesinthe TGA trace.
But the decomposition appearsamost similar to pure
SPSEBS, though the peak maximum was shifted to
lower value, hence the decomposition of the polymer
might not beinfluenced by TiO,. Fromtheabovedis-
cussion, itisconcluded that TiO, supported SPSEBS
would beconveniently applied for ion exchange appli-
cationsevenupto 225°C.

Differential scanningcalorimetry

The DSC curvesof SPSEBS- ZrO,and SPSEBS
—TiO, areshownintheFigure 3. TiO, and ZrO, com-
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posites a so showed two stage Tg temperatures. The
first step Tg value around 160 °C for SPSEBS/TiO,
composite and 200 °C for SPSEBS/ZrO, composite
was mainly dueto the sulphonated polymers and sec-
ond transition was dueto theinorganic materia. The
presenceof inorganic materid increased the Tg of com-
positemembranes. Thisdatarevea sthat, theseinor-
ganic maeridsarenot bonded chemicaly with thepoly-
mer, although they are physically present inthe matrix
and till increased the glasstransition temperature of
the polymer. It a so confirmed the suitability of thein-
corporation of theinorganic material inthe polymer
matrix.
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Figure2: TGA curvesof (A) SPSEBS/ZrO,and (B) SPSEBY
TiO,compositemembranesof 1, 2,5, 7.5and 10% of zirconia
and titania content.
Research & Reotews On

Q)

{a.u)

Haat flow (Wig)

—1
= ! a0

1 200 g o

Temperature [°c1

Heat flow (Wrg)  (a.u)

B0 800

0 200 400
Temperature (°C)

Figure3: DSC curvesof (A) SPSEBS/ZrO,and (B) SPSEBY
TiO,compositemembranesof 1, 2,5, 7.5and 10% of zir conia
and titania content.

AFM analysis

The cross section surface AFM images of the
SPSEBS membrane and composite membranes are
shownintheFigure4. Theareaof theimageis5um x
Sum in the x, y plane with an extended z axis. However,
the surfacewasdramatically changed ininorganicin-
corporated membranes. Theinorganic moleculesaf-
fect the surface morphol ogy of the membranes.

X-ray diffraction studies

The XRD patterns of SPSEBS/ZrO, composite
membranes are shown in Figure 5. The spectrum car-
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Figure4: AFM imagesof (A) SPSEBS(B) ZrO,(5%) and
(C) TiO, (5% ) composite membr anes.
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riesthe patternsdueto crystalline phase of SPSEBS
and that of ZrO,. But all the peaks of ZrO, were not
observed in the spectrum. It was verified by the com-
parison with XRD patterns of ZrO, showninFigure
5A. Someof theintense patternsof ZrO,, for example,
the peak at 25.32° (20) in Figure 5A, was completely
absent inthe spectrum. Though theother patternswere
appearing, selectivemissing of thispatternillustrates
strong interaction of the plane corresponding to this
pattern of ZrO, with the polymer matrix. Thisinterac-
tion keeps closeto more of the polymer portion to this
plane. Hencethediffracted raysfromthis plane might
be completely fal se scattered by the polymer matrix.
Thisobservation aso suggested both polymer and ZrO,
were not completely noninteracting independent enti-
ties. Thisinteraction might bethe causefor shifting of a
peak maximum corresponding to the decomposition of
sulphonic groups of SPSEBSto higher values, asdis-
cussed in TGA andysis. Similar resultswere obtained
fortheTiO, system shownin Figure®.
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Figure 5 : XRD patterns of (A) zirconia and (B) to (F)
SPSEBS/Zr O2 compositemembranesof 1, 2,5, 7.5and 10%
of zir conia content.

As enhanced crystallization of SPSEBS blocks
moreof thesulphonic acid groupsinthecrystal lattice,
they might be expected to have dightly decreased con-
ductivity andion exchange properties.
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Figure6: XRD patternsof (A) titaniaand (B) to (F) SPSEBY
TiO2 compositemembranesof 1, 2,5, 7.5and 10% of titania
content.

| mpedance spectr oscopy

|EC providesanindication of the content of acid
groups present in apolymer matrix, which arerespon-
siblefor the conduction of protonsand thusisan indi-
rect and reliabl e approximation of the proton conduc-
tivity. Generdly astheinorganic content increased, the
proton conductivity decreases. The proton conductivi-
tiesof SPSEBS membraneand compositeswereinthe
range of 10 S/cm.

It can be also observed that the proton conductiv-
ity decreased with increasein theinorganic content as
showninFigure?7. Itisbelieved that theinsitu growth
of theinorganic oxide phaseinthe polymer template
wasinfluenced by the nature of their functional groups.
Thusinthecaseof SPSEBS polymer composite mem-
branes, it can be assumed that during the membrane
casting theinorganic particles occupy space between
the molecul esand decreased the hydrophilicity of the
sulfonated polymer composite membranes. Conse-
quently thewater sorption cgpacity will besmaler, lead-
ing to adecreasein the proton conductance assisted by
water dynamics.

Singlecell performance

Membranes developed based on titaniaand zirco-
niawere self-humidifying composite membranes. The
Research & Reotews On

membraneswerefabricated from thehigh dispersion of
metd oxidesinathin SPSEBS matrix. Membranesfab-
ricated based on this concept should not require exter-
nal humidification and should suppressthe cross-over
of H,and O,

- 710, Ti0 2
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Figure7: Rdationship between the proton conductivity and
SPSEBS/metal oxidewith variouscompositions.
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Figure8: Polarization curvesfor (a) SPSEBS, (b) Nafion
117, (c) SPSEBS/ZiO, (5%) and (d) SPSEBS/TIO, (5%)
compositemembr aneat ambient temperatureand H,and O,
flow ratesof 40 ml/min each.

PEMFC single cell (cell area= 25 cm?) perfor-
mance of SPSEBS composite membranes with 5%
metal oxide content wereshown in Figure8. Titania
and zirconiacomposite membrane showed the OCP
valueof 0.858V and 0.841V respectively. Thepris-
tine SPSEBS membrane showed higher OCP value
(0.814 V) compared to Nafion membrane (0.724 V).
M aximum power density was achieved inthe case of
titaniacomposite membrane (287.7 mW/cm?) com-
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pared with zirconiacomposite membrane (261.6 m\W/
cm?), pristine SPSEBS (253.8 mW/cm2) membrane
and commercialy available Nafion 117 (225 mW/cm
2)membrane.

Thestudy demonstrated that composite membranes
based on SPSEBSwith TiO, and ZrO, could proveto
beaviablestrategy to overcomethedifficultiesof the
currently used Nafion 117 membrane.

CONCLUSION

The present study dedl swith thepreparation of in-
organic compos temembranes us ng sul phonated-poly-
styrene-ethyl ene-butylene-styrene and theinorganic
reinforcement ZrO, and TiO, with various composi-
tions. SPSEBS was synthesi zed by sul phonating the
PSEBS using CSA as the sulphonating agent. The
SPSEBS membrane and composite membraneswere
prepared by solution casting method. SPSEBS/metal
oxide composites showed improvement initsmechani-
ca and chemical stabilities. Hydrophilic nature of the
meta oxidesimproved the solvent absorption charac-
teristics. When the membraneswere pressed at vari-
ous temperatures, solvent sorption decreased drasti-
caly and mechanica stability increased reasonably. But
the proton conductivity got decreased with theinor-
ganic materid. Thisisdueto reductioninthenumber of
conducting protons because of theformation of bond
between sul phonic acid group and metal oxide. Com-
patibility of metal oxideswith SPSEBSwas obtained
fromAFM images. Even though it showed decreasein
conductivity, al thecomposites showed good perfor-
mancein PEM fud cell than SPSEBS membraneand
Nafion. Thisisdueto presenceof hydrophilic metal
oxidesinmembrane.
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