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ABSTRACT

A novel quaternized polysulfone/functionalized MWCNT (QPSU/f-
MWCNT) composite polymer membrane was prepared, using the solution
casting method. The characteristic properties of the QPSU/MWCNT com-
posite membranes were investigated, using the FTIR, UV-Visible spec-
troscopy, thermo gravimetric analysis (TGA), scanning €lectron micros-
copy (SEM), X-ray diffraction (XRD) and Raman spectroscopy. Alkaline
membranefuel cell (AMFC) comprised QPSU/f-MWCNT composite mem-
brane, were prepared and examined. The experimental resultsreveal that
the AM FC empl oying a cheap non-perfluorinated (QPSU/f-MWCNT) com-
posite membrane which shows excellent electrochemical performances.
The maximum H./O, fuel cell performance was achieved for QPSU/5% f-
MWCNT membrane with apower density of 190 mW cm2. The composite
membranes were subjected to cyclic voltammetry studies for methanol
oxidation. The direct methanol alkaline membranefuel cell (DMAMFC),
exhibitsamaximum power density of 65 mW cm2for QPSU/5% f-MWCNT
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INTRODUCTION

Fud cdl systemshold promiseasdternative power
sourcesfor arange of applicationsfrom automobilesto
portable el ectronic appliances, dueto their high effi-
ciency, high energy density, and low emissiong™. For
low temperaturefuel cells, polymer electrolyte mem-
brane based fud cells (PEMFCs) are considered most
promising?. Thewidespread market penetration of these
PEMFCshasyet to beredlized mainly duetotheir high
costs (platinum (PY) catalysts, Nafion membranes), in-
sufficient durability, and systemlimitations?.
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Themost important advantage of dkainefud cells
(AFCs) over their acidic counterpartsisther greatly
improved oxygen reduction kineticsaswell asabetter
fuel oxidation kineticd*". Theseimprovementscan lead
to higher efficienciesand enabl e the use of non noble
meta cataysts, greatly reducing the cost of thedevice.
Indeed, hydrogen fueled AFCs can outperform all
known low temperaturefuel cellg®. However, AFCs
havetraditionaly employedliquid alkaineelectrolytes
containing metal hydroxides(e.g., potassium hydrox-
ide) that react with CO, to form metal bicarbonates,
and subsequently carbonatedts. If sufficiently highlevels
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of these saltsareformed, they can precipitate out of the
solution, decreasing the e ectrolyte conductivity and
eventually obstructing the el ectrode pores, of which
reduce power output!®, Polymerswith anchored or-
ganic cationshold great promise asakalineanion ex-
changemembranes(AEMSs), becausetheir cationscan-
not aggregatewith anionstoformacrystd lattice. There-
forethisenablesoperation under akaineconditionsin
the presence of CO,>*%. Additionally, inanakaline
membranefud cell (AMFC) or direct methanol aka-
linemembranefud cell (DMAMFC), thedirection of
the hydroxideion conduction opposes methanol cross-
over, thereby mitigating or possibly diminating thispro-
cess®>U, Although AEMFCsoffer important potential
advantages, thelower ionic conductivity of AEM scom-
pared to Nafion® isof great concern, becauseit may
lower the performance. Significant research effort has
been focused on the devel opment of new AEMsfor
AMFC and DMAMFC, but sofar only afew AEMs
have been evaluated for alkaline fuel cell applica-
tiong>12-17,

In thisreport, we chose polysulfone asastarting
materid to synthesizethedkaineanionexchangemem-
brane. The synthetic protocol for the quaternized
polysulfone (QPSU) based AEM shave been described
inour earlier report*®, However, themainissuewith
theanion exchangemembraneisitslow stability under
theworking conditions of theAMFC (i.e. 60 °C and
high pH) dueto S 2 substitution and Hofmann éimina-
tion*¥. To overcometheselimitations, carbon nanotubes
wereincorporated into theAEM, which was expected
toimprovethetherma and mechanica stabilities.

It would be more advantageousto investigate new
combinationsof theexisting materia sashybrid materi-
as, blends, and nanocompositesfor utilization of their
complementary properties®24, Inthiscontext, thereis
arenewed interest in devel oping quaternized polymer/
CNT compositesasnovel futuristic materials. One of
the main reasonsisdueto itscommon applications of
the two componentswhich offer the possibility to ob-
serveitssynergistic effects. Carbon nanotubes (CNTS),
which consist of singleor anumber of graphenelayers,
havefascinated much attention asareinforcing materia
for polymers, dueto their excellent mechanical proper-
ties, low density and high aspect ratiol?2?%, Recent re-
search resultson CNT-reinforced polymer composites
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havereved ed that physical properties, such astensile
modulus and strength, are affected by the amount of
nanotubes and their state of dispersion (or alignment)
within the polymer matrices?¥. Secondary forceinter-
actionsand stress/deformations arise from mismatch-
ing coefficentsof thethermal expansonbetween CNTs
and polymerswererecommended asthegoverning fac-
torsfor CNT-polymer matrix adhesion. To date, how-
ever, despite the abovementi oned advantageous prop-
erties, CNT-incorporated composite membraneshave
not beenwell exploited for fuel cell applicationg?.

Tothereportspertaining, thefabrication of acom-
posite membraneusing MWCNT asafiller material
and quaternized polysulfoneasapolymer electrolyte
membranetowards solid alkalinemembranefud cell,
has not been reported el sewhere. The present article
describesthe preliminary work in detail, the successful
synthes sof acompostemembrane by the sol ution cast-
ing technique, which exhibits significant thermal and
chemica stability with nolossof conductivity. Thiscon-
stitutesabreakthrough that allowsthe successful gppli-
cation of thisform of compositemembranesinfud cdls.
The composite membrane (QPSU/f-MWCNT) pro-
duced wascharacterized, usng FTIR, UV-Visbleand
Raman spectroscopy. Ex situ physicd characterizations
included TGA, XRD, tensilestrength and SEM andly-
sesand measurement of theionic conductivity, ion ex-
change capacity and methanol permeability. The most
important objectivewasto eva uatethe compostemem-
brane performance in a real scale AMFC and
DMAMPFC. The composite membranes were tested
withtheir cell voltageand power dengity valuesina25
cm? electrodecell area.

EXPERIMENTAL

Materials

Polysulfone (PSU, 500g) (CAS No. 25154-01-2)
was purchased from Sigma-Aldrich (USA). A
multiwalled carbon nanotube (MWCNT, 10-15 nm)
(CAS No. 25154-01-2) was purchased from Sigma
Aldrich (USA) with apurity of 99%. Other chemicals
like dimethylformamide (DMF), conc. nitricacid and
sul phuric acid were purchased from E-Merck (India).
All wereof an analytical grade, and were used asre-
ceived.
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20% of Pt on Vulcan XC-72 purchased from
AroraMathey Pvt. Ltd., India, was used asan anode
catalyst. Polytetrafluoroethylene (PTFE) binder (CAS
No. 9002-84-0), 60 wt % dispersioninwater and |PA
were purchased from Sigma-Aldrich (USA). Carbon
cloth was obtained from Cabot carbon Inc., Germany.
10%AgonVulcan XC-72 wassynthesizedin our |ab®
and was used asacathode catalyst. For theDMAMFC,
Pt/C and Pt-Ru/C were used as the anode and cath-
odemateridsthat were purchased fromArora-Mathey
Pvt. Ltd., India. All the solutionswere prepared with
doubledistilled water.

Functionalization of theMWCNTSs

Theas-receilved MWCNTs(1g) werefirst treated
with 50 mL of 3:1 mixtureof concentrated sulfuric and
nitric acid, and ultrasonicated for 16 h to introduce
carboxylic acid groupsontheMWOCNT surface. Upon
completion, the mixture was subjected to repeated
cyclesof washing with cold distilled water, to remove
theresidud acid followed by centrifugation until thesu-
pernatant of the mixtureattained thepH 7, which indi-
cated nil acidity inthesuspension. Thesamplewasthen
driedinavacuumoven at 100 °C for 6 h.

Prepar ation of the compositemembrane

QPSU/f-MWCNT composite membranes were
prepared by casting asolution of theakalineform of
QPSU and f-MWCNT. QPSU wasfirst dissolvedin
DMF at room temperature and then -MWCNT was
added dowly over timewith constant stirring. The per-
centage of -MWCNT inthemixturewasvaried from
2.5105%. Thestirring was continued for another 24 h.
The solution wasthen subjected to ultrasonication for
15 minutes. Theresultant viscousfluid mixturewasthen
spread onaglass platewiththe hep of adoctor’s knife.
Thefilmwasdried at 70 °Cfor 8 hand thenat 50 °C
for6h.

Fourier transforminfrared (FTIR)

Theinteraction of the polymer withmulti walled
carbon nanotubeswasdetermined by FTIR. The FTIR
spectraof QPSU and their corresponding composite
membranes were recorded in the transmission mode,
using the Perkin Elmer spectrometer by placingthemem-
branesin KBr window.
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Water absor ption

Thewater content (W) of thefind membranewas
determined, after equilibrating asample of the mem-
brane in deionized water at room temperature. The
membrane sampleswereremoved from thewater and
weighed immediatdy after blotting thefreesurfacewa
ter. Then, itisdried for over 4hat 80+ 5 °C. The
water content was deduced from thedifferenceinweight
betweenthewet (W,) and thedry (W,) membranein
unit gram H,O/g dry membranebased on thefollowing
formula®,

W, (%) = (W,-W,)/W,x 100
I on exchange capacity

Theionexchange capacity (IEC) of themembrane
was determined, the following procedures described
elsawheré?’l. Thequaternized polymer membranewas
soakedin 1 M potassium hydroxide (alkali) solution
for 24 hto convert the Cl- formintothe OH-form. Then,
the membrane was washed and soaked in deionized
water for 24 hto removetheattached dkdi. Themem-
brane wasthen equilibrated with 50 ml of 0.01M HCI
aqueous solution for 24 h, followed by back titration
for the determination of the IEC.

I onic conductivity

Theion conductivity of themembranewaseva u-
ated, by usngtheACimpedanceandyzer withanam-
plitudeof 20mV and afrequency rangeof 1 Hz— 500
kHz. Each membranewasfitted inaTeflon conductiv-
ity test cell that consisted of two Pt wires (acounter
electrode and aworking electrode) and two Pt foils
(reference electrode 1 and reference electrode 2).
Membraneresi stance was cal culated using theinter-
cept value of thereal axis(Z') inthe complex plane,
whichiscomposed of thereal axisand theimaginary
axis(Z"). lonic conductivity wascd culated viathefol -
lowing equation,

Conductivity (S/cm) =

(RxA)

Where,
R= Sampleresistance, Q, L=Wet sample thickness,
cmand A= Samplearea, cm?

M ethanol permeability and selectivity ratio
Methanol permeability measurements?2% were
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taken usingadiffusion cell. Thecell wasdivided into
two compartments; onewasfilled with deionized water
(called B compartment), and the other compartment
filled with a20 wt % methanol aqueous solution (caled
A compartment). Prior to testing, the prepared mem-
braneswere hydratedin deionized water for at |east 24
hours. The membranewith asurface areaof 0.58 cm?
was sandwiched by an O-ring and clamped tightly be-
tween two compartments. The magnetic stir bar was
kept dynamicintheglassdiffusion cell during the ex-
periment. The concentration of methanol diffused from
compartment A to B acrossthe membranewas exam-
ined, usingadigital refractometer. Analiquot of 0.20
mL was sampled from the B compartment every 30
minutes. Before the permeation experiment, acalibra-
tion curvefor thevaueof density vs. the methanol con-
centration wasprepared. Thecalibration curvewasused
to calculatethe methanol concentrationin the perme-
ation experiment. Themethanol permeability wasca-
culated fromthed opeof the straight-linepl ot of metha-
nol concentration vs. permeation time. The methanol
concentration in the B compartment asafunction of
time, isgivenintheequation below,

C, () =(AIV) (DK/L) C, (t-t,)

Where, Cisthemethanol concentration (mol L?), A
and L arethe polymer membranearea(cm?) and thick-
ness(um), D and K is the methanol diffusivity and par-
tition coefficient between the membrane and the solu-
tion. The product DK isthe membrane permeability
(P),t,, atimelag, isrelated to thediffusivity (D): t,=
L2/6D.

An e ectrolytemembrane, particularly DMAMFC,
should havetwo important properties,; oneisitsionic
conductivity should be the maximum and the other one
isthemethanal diffus on should betheminimum. Hence,
the higher theratio of ionic conductivity to methanol
permeability (referred to asthe selectivity ratio), the
better would be the membrane performance in the
DMAMPFC. Thissdlectivity ratioisanindication of the
performance of the e ectrolyte membrane.

Hydrolyticand alkalinestability test

Theboilingwater test (hydrolytic stability test) was
carried out by immersing the membranein water and
heating the water to itsboiling point, whereasin the
dkdinedability test, themembranewasimmersedina
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5 M sodium hydroxide solution over aperiod of time.
Alkalinestability test (or durability test) was car-
ried out to examinethe durability of the membranein
thefuel cell condition. In generd, the polymer mem-
brane, which undergoes degradation when fuel cell is
operated, can befound out using thismethod.

UV-visible spectroscopy

UV—Vis analysis was monitored on a T 90+ (PG
Instruments) UV—Visible spectrometer, in the wave-
length range of 200-800 nm with a scanning speed of
200 nm/min.

Thermogravimetricanalysis(TGA)

A TGA andyzer (TGA modd Q50V 20.6 build 31
systems) was used to test the thermal stability of the
QPSU and itscomposite membranes. QPUS and its
composite membraneswere heated from room tem-
perature to 800 °C at a heating rate of 10 °C min
under nitrogen atmosphere.

Scanning electron microscopy (SEM)

A scanning el ectron microscopy was used to view
the surface of the polymer membraneand asoto pre-
dict thedistribution of the nano particlesinto the poly-
mer matriX, and thesize of theparticles. The SEM mi-
crographswereobtained withthehelpof HITACHI S
3400 equipped with an energy dispersive X-ray ana
lyzer. The QPSU and QPSU/5% f-MWCNT com-
positemembranesweredried and then coated with gold
toview the SEM images.

Mechanical properties

Themechanica property of the membranescan be
determined using Universa Testing Machine(UTM).
Thetensile testing was done according toASTM D
638 standard. Hounsfield UTM was used for thispur-
posewith across head speed of 2mm/min and maxi-
mum load of 5000 N. The sampleswerecut into pieces
of 5mm x 50 mm (Thickness of the membrane 85+
Sum). For each testing at least three measurements were
taken and theaverage value wasreported.

X-ray diffraction (XRD)

The membrane samplewas subjected to X -ray dif-
fraction studieswith Rich Seifert X-ray diffractometer,
using CuK o radiation of wavelength 1.5418A with a
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scan speed of 0.2°/sec. The peaks observed from the
X-ray diffraction spectrum wereandyzed and indexed,
using the Proszki software package.

Raman spectr oscopy

Raman spectrum isasimpletool to characterize
the QPSU/f-MWCNT composite polymer membrane.
Raman spectroscopy analysis was carried out using
Raman R3000 System, and by using a509 working-
length objective (8 mm). Raman excitation sourcewas
provided by 532 nm He-Ar laser beam with a beam
power of 0-90 mW and was focused on the sample
with aspot sizeof about 1 um in diameter.

Cyclicvoltammetry studies

Cyclicvoltammetry studieswere performed using
athreeelectrode system, equipped with CH electro-
chemical working station at atemperatureof 293+5 K.
All theexperimentd solutionswere preparedin double
distilled water and were thoroughly degassed with ni-
trogen throughout the experiments. Theglassy carbon
electrode (GCE) served astheworking electrodewith
anareaof 0.0707 cm?. Pt wire and saturated calomel
electrode (SCE) were used asthe counter and refer-
encedectrodes, respectively. All potentidsgiveninthis
study were with respect to the SCE reference elec-
trode. The potential range was scanned from-1.0 to
1.0V withthescanrate of 50 mV's?.

(a) Fabrication of theworking electrode

The GCE waspolished to amirror finishwith 0.1
pum alumina powder before each experiment and served
asprincipal substrate of theworking electrode. In or-
der to preparethemodified dectrode (i.e. QPSU/GCE),
the QPSU ionomer waswel | dispersed ultrasonicdly in
cyclohexanea aconcentration of 1 mg/mL, and 15 L
of the aiquot wastransferred on to a polished glassy
carbon disc electrode. After volatilization of the sol-
vent, theresultant modified e ectrode was used asthe
working el ectrode. The same procedure was adopted
for the QPSU/f-MWCNTs compositestoo.

Fabrication of theM EA and AM FC performance
study

Themembrane e ectrode assembly (MEA) struc-
tureispoised of an el ectrolyte membrane coated by a
catalyst on both the anode and cathode sides, and sand-
Research & Reotews On

wiched by agasdiffusionlayer. Thepreparation of the
diffusionlayer wasdiscussed in our earlier report™,
After the preparation of thediffusion layer, the catayst
slurry ink was prepared with the hel p of carbon sup-
ported platinum black and silver catalyst with aloading
of 0.5mg cm2and 0.375 mg cm? respectively for the
anode and cathode. Then, appropriate amount of dis-
tilled water and a cohol weremixedwell usngan ultra
sonicator. After theultrasonication, theblack durry was
coated on to therespective diffusion layers. The as-
prepared anode and cathode weredried in avacuum
ovenat 100 °Cfor 2 hours, and theninamufflefurnace
at 350 °C for six hours. The prepared virgin and its
composite membraneswere sandwiched between the
prepared anode and cathode electrodes, and hot
pressed at 80 °C with 1.5 ton pressure for about 2
minutes®,

Thefud cdl testswere carried out using anindig-
enousfuel cell work station. AMEA, of an areaof 25
cm?, was protected between the two graphite plates,
which had machined triple serpentineflow channels (1
mm channel width, 1 mm channel height and 1.5mm
rib width) and gold coated aluminum current collector
plates. Thefixturewas preserved at aconstant torque
of 5.5N m, using torque wrench and bolts. Fuel cell
measurements were taken at 60 °C with H, and O,
gaseswith flowing at therate of 20 and 40 mL min!

respectively.
DMAMPFC performancestudy

The above mentioned procedureremainsthe same
for the direct methanol akaline membrane fuel cell
(DMAMPFC). Theonly differenceisthereplacement
of Pt/C by Pt-Ru/C as an anode catalyst for the
DMAMFGC; i.e., catalyst durry ink was prepared with
thehelp of carbon supported platinum-ruthenium black
(Pt-Ru/C), and Pt/C catalyst with aloading of 0.5mg
cmr? and 0.375 mg cm? respectively for theanodeand
cathode. Fuel cell measurementsweretaken at 60 °C
with CH,OH and O, gases with the flow rates of 20
and 40 mL min’ respectively.

RESULTSAND DISCUSSION

Functionalization of theMWCNT
There aretwo seriousissuesrelated with CNTS,

. -
A Tudéan Journal



RREC, 4(2) 2013

Rajangam Vinodh and Dharmalingam Sangeetha 53

whenthesematerid sareused asreinforcementsin poly-
mer composited®. A main problemistheaggregation
of CNTsinto bundles, resultinginwesk interfacia bond-
ing between the CNTsand the polymer matrix which
leads to a decrease in the electrical and mechanical
propertiesof the composites®. To overcomethisdif-
ficulty, itisessentia to develop astrong interface be-
tween thefillersand the polymer. Then, the effective-
ness of theload transfer could beimproved. A com-
monly accepted approach towardsthis objectivere-
ported thus far in the literature is the surface
functionalization of CNTS%*34. Generally, covalent
functiondizationwill makedefectsonthe CNT surface,
disrupting theextent of conjugation, and harmfully im-
pacting the charge carrier mobility in CNTS%). How-
ever, since MWCNTs are less prone to bundle than
SWCNTSs, and for the reason that it is possible to
functionalize the surfacelayersonly, the conductivity
will not bereduced significantly,

Carbon nanotubesfunctionalized with carboxylic
acid groupswereconfirmed by theFTIR. Figure 1 rep-
resents the FTIR spectra of the MWCNT and
functionalized MWCNT (f-MWCNT). Therearefour
distinct absorption peaksat 1564, 2862, 2932 and 3440
cmt respectively in Figure 1 (b). The spectrum shows
aband around 3440 cm?, which can be attributed to
the hydroxyl group (-OH). Bands around 2932 and
2850 cm* were dueto asymmetric and symmetric C-
H stretching. Intheacid-functionaized MWCNTsspec-
trum, the peak near 1560 cnr correspondsto thein-
frared-active phonon mode of the nanotubes, and the
peaks at 1740 and 1250 cm'* apparently correspond
to the stretching mode of the carboxylic acid groups.
These observations are clear indications of -COOH
groupson thesurface of the nanotubes.

Figure 2 representsthe FE-SEM photographs of
theas-purchased MWCNT and f-MWCNT, with their
corresponding EDAX spectra. Pristine MWCNTSs
which havesmooth surfaces, gppeared aslargebundles
with lengths in the order of microns and diameters
around 10-20 nm. After acid treatment, the f-
MWCNTswere disentangled and roughed, and their
lengthsweredightly reduced by both the oxidation and
ultrasonic treatment. Thesamewas confirmed through
the corresponding EDAX spectrumin the presence of
other eements.

—— 3

Full Peper

(@)

% Transmittance

T T
3500

2500

T T T T T T
4000 3000 2000 1500 1000 500

Wavenumber (cm™)

Figurel: FTIR spectraof (@) MWCNT and (b) functionalized
MWCNT.

Water absor ption, ion exchange capacity and con-
ductivity

Water uptakeisanimportant parameter in studying
theAMFCs, becausethewater that residesin the hy-
drophilic domainsfacilitates thetransport of the OH-
ions. However, alarge excessamount of water uptake
will resultintheloss of mechanica stability. Thewater
absorption, IEC and conductivity values of the QPSU
and their composite membranesareshownin TABLE
1. Asexpected, thewater uptake va uesincreased with
anincreaseintheweight fraction of thef-MWCNT in
themembrane. Thisincreasein water aosorptionisdue
to theincorporation of the functionalized (-COOH)
MWCNTSs.

TABLE 1: Water absorption, | EC and conductivity valuesof
QPSU/f-MWCNT compositemembr anes.

wenbrane  WlE | 1EC, Sty
QPSU 5.5 0.693 0.73x 107
QPSU/2.5% MWCNT 8.4 0.704 0.79x10?
QPSU/5% MWCNT 11.5 0.792 0.84x102

ThelECindicatestheintensity of exchangeablehy-
drophilic groups grafted onto the membrane matrix,
whichisresponsiblefor their charged nature. ThelEC
of thecompositesasoincreased with anincreaseinthe
weight fraction of thef-MWCNT and the maximum
IEC wasfound to be 0.792 meg/g for the QPSU/5%
f-MWCNT.
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Oneof themost important parametersthat govern
the suitability of apolymer electrolyte membranefor
useinafue cdl isitsionic conductivity. Theionic con-
ductivity of pristine QPSU wasfound to be 0.73x 10
S/cm. In the case of the composites, thereisan in-
creaseintheionic conductivity withanincreaseinthe
content of thef-MWCNT. Thisincreasing trend might
beaitributed to thetrangportation of hydroxyl ions, which
wasfacilitated by the presence of water moleculesby
the hopping mechanism. Theincreasingtrendinionic
conductivity wasa so associated with theacidic Site of
f-MWCNT in the presence of water.

M ethanol permeability and selectivity ratio

TABLE 2 showsthe methanol permesbility and se-
lectivity ratio of the QPSU and -MWCNT composite
membranes. When compared with the QPSU, the per-
meation of methanol in the case of composites, i.e. f-
MWCNT incorporated polymer matrix, thereisare-
markable decrement in the methanol permeshility. Also,
themethanol permestility of QPSU/f-MWCNT israther
lowwhencomparedtotheNafionmembrane Thisisowing
to themovement of the OH-anionsfrom the cathodeto
theanode, opposing thedirection of themethanol flux.
Themethand dectro-osmoaticeffect degpressesthemethandl
crossover through the membrane. The pristine QPSU

Rescarch & Reotews On
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electrolyte membranes exhibited asel ectivity ratio of
0.76 x10* Ss/cm?, while the composite membranes
exhibited higher selectivity ratio valuesthan those of the
pristine QPSU. It clearly revealed that the QPSU/f-
MWOCNT compodgtemembranescan besuccessfully used
intheDMAMFCs.

TABLE 2: Methanol permeability and selectivity ratio of
QPSU/f-MWCNT compositemembr anes.

Membrane per ml\éla%ikllﬁr;/?lcmzls r:ﬁI c;a,c ;Is\/”c:%e’
QPSU 2.63x10° 0.28 x 10*
QPSU/2.5% MWCNT 254x10° 0.31x10*
QPSU/5% MWCNT 2.46 x 10° 0.34x10*

Hydrolyticand alkalinestability

The property of IEC was measured after the hy-
drolyticand dkdinestability tests. Thelossof IEC was
foundto be1.14t01.73% for all the prepared mem-
branes, which clearly revealed that the IEC was not
significantly changed. Thisimpliesthat the prepared
QPSU/f-MWCNT composite membranes have good
mechanica and chemica stability.

FTIR

The FTIR spectra of the QPSU, QPSU/2.5% f-
MWCNT and QPSU/5% f-MWCNT are presented
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in Figure 3. The characteristic absorption peak of N-
CH, at 1475 cm™ in Figure 3 (a), and the sharp ab-
sorption bandsat 1397, 1364 and 1320 cm* weredue
to the introduction of the quaternary ammonium
group®™. Theresultsdepict that thequaternary ammo-
nium groups were indeed attached to the polymer,
whereasinthe composites, the changeintheintensity
ratio of the quaternary ammonium peskswas observed
between the bare polymer and the composites. This
may be due to the discrepancy in the polymer struc-
tures on the surface of the carbon nanotubes. Also, the
intensity of the peak was broadened, as evidenced by
thereductioninthereative strength of theIR Signasat
1600 cmr and 750 cm™.,
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Figure 3 : FTIR spectra of (a) QPSU, (b) QPSU/2.5% f-
MWCNT and (c) QPSU/5% f-MWCNT.

UV-visible spectroscopy

To elucidate the interactions between the f-
MWCNTsand thequaterni zed polymer matrix, the UV-
visible spectraof the QPSU and QPSU/ f-MWCNT
dispersgonin dimethylformamidesol vent weremeasured
(Figure4). The UV-Visiblespectroscopy was success-
fully usedfor the quantitative characterization of thecol-
loidal stability of thef-MWCNT dispersions® and for
theexamination of thedispers on behavior which have
correlationswith the solubility parametersbased onthe
interactions between thefiller and the polymert®3. By
comparing therelative height of the peak at 260 nm,
we can inferred that the band at 260 nm in the
nanocomposite revealed ahigher absorption than that
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inthevirgin polymer, whichindicatesthat thereisan
interaction between the -MWCNT and the QPSU
primarily viathe -t bondingi®4,

Absorbance

(b)
/)\\

200 300 400 500 600 700 800 900
Wavelength (nm)

Figure4: UV-Visblespectraof (a) QPSU and (b) QPSU/5%

f-MWCNT.

TGA

Theeffect of thef-MWOCNTS’ presence on the ther-
mal stability of the QPSU compositeswas studied by
meansof the TGA under N, atmosphere, asshownin
Figure5. Figure5(a) representsthethermogravimetric
curve of the QPSU membrane. Figure 5 (b) and (c)
represent the pristineMWCNT and 5% f-MWCNT
composite respectively. Once the -MWCNT was
added to the polymer matrix, thethermal stability of the
compositemembraneswassynergisticadly enhanced upto
550°C, and dsothe 5% -MWCNT possessed ahigher
amount of char residue (32%) than the QPSU (5%),
indicating the higher thermal stability. Theseresultsil-
lugtratethat the prepared composite membranes QPSU/
5% f-MWCNT arethermally stable at about 550 °C,
which is good enough for the usage in AMFC and
DMAMFCs. Cons dering theserequirementsfor prac-
tical applicationin DMAMFCs, the composite mem-
branesprepared using thef-MWCNT filler areagood
choice, becausethey have agood ionic conductivity,
low methanol permeghility, good swellingresstanceand
good thermal stability.

XRD

In order to confirm the influence of the carbon
nanotubes on the crystal structure of the QPSU, the
XRD spectra of MWCNTS, bare polymer (QPSU),

Research & Reotews On

——n ,
A Tudéan Journal



56 Multiwalled carbon nanotubes incorporated quaternized polysulfone composites

RREC, 4(2) 2013

Full Paper ==

and nanocomposites of 2.5% f-MWCNTsand 5% f-
MWCNTs were studied (Figure 6). The diffraction
pattern of the MWCNTsis characterized by astrong
peak at 26 = 25.9° ascribed to the graphite-like struc-
ture. The bare polymer show broad peak at 20 = 19-
20° representsthecrystaline nature of the polymer. The
addition of the f-MWCNTsinto the polymer matrix
did not causeadiscernible changeinthelattice struc-
ture of the QPSU which are shown in Figure6. It can
be seen only asmall reduction in the sharpnessof the
crystalline peaks, asthe MWCNTswerepresent inthe
polymer matrix, and aslight changeinthecrystaline
nature of thebare polymer, i.e. itslow crystalinity. The
low crystdlinity reved sthat amore amorphous phase
existsin the composite membrane, indicating that the
structure of the membraneis moredisordered, and the
QPSU and MWCNTsaremixed uniformly. Thegood
mixing of the QPSU and f-MWCNTsisuseful for the
enhancement of ionic conductivity.

100 4
90 (b)
BO—_
70—-
50—-
50—-
40_- (c)

Weight residue (%)

30 — (a)
20

10 4

0

T ¥ T T T ¥ T T T 4
200 300 400 500 600
Temperature (°C)

Figure5: TGA curvesof (a) QPSU, (b) f-MWCNT and (c)
QPSU/5% f-MWCNT.

TABLE 3: Percentage of crystallinity values of prepared
membranes.

—
0 100 700

Membrane % of crystallinity
QPSU 0.76
QPSU/2.5% MWCNT 0.53
QPSU/5% MWCNT 0.37

The calculated percentage of thecrystalinity of the
QPSU and QPSU/f-MWCNT compositesisgivenin
TABLE 3. Fromthetable, it can be seen that the per-
centage crystallinity of the compositein the 5wt % of
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f-MWCNT islow (0.37%). For akaline membrane
fuel cell applications, the membrane should possess
amorphous behavior; in other words, low crystallinity,
reveal sgood ionic conductivity. Hence poor crystallin-
ity givesbetter performancein afuel cell.

‘.‘AM " ) (a)

;— M‘tww
2
I
5

E J\N,_ . ()

M (d)

1|0'2|(}'3|0I4|015|015|0'70

20 (%)

Figure6: XRD patternsof (a) QPSU, (b) MWCNT, (c) QPSU/
2.5% f-MWCNT and (d) QPSU/5% f-M WCNT.

M echanical properties

Theextraordinary mechanical propertiesandlarge
aspect ratio makethe MWCNTs excellent candidates
for the development of MWCNT-reinforced polymer
nanocomposites. Theincorporation of the MWCNTSs
into the QPSU can dramatically increase thetensile
strength. Thetensilestrength of 51 MPafor the QPSU/
5% f-MWCNT and 39 MPafor the QPSU/2.5% f-
MWCNT, are 188% and 144% higher than that of the
virgin QPSU membrane (27 MPa). The hydrophilic
functiona groups (-COOH) on the MWCNT were
helpful inimproving theinteraction withthequaternized
groupsinthe QPSU. Therefore, thestronginteraction
between thef-MWCNTs and the quaternized polymer
matrix greatly enhanced the dispersion aswell asthe
interfacid adhesion, thusstrengthening theoverall me-
chanica performanceof thecomposite.

SEM

The surface morphology of the composite mem-
brane wasinvestigated by scanning el ectron micros-
copy. Figure 7 shows the SEM images of the 5% f-
MWCNT reinforced QPSU. The f-MWCNTs were
found to bedispersed uniformly inthe quaternized poly-
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mer matrix. A few whitedotsintheimagesrepresenting
theareaof thef-MWCNTYQPSU membrane, andthis
showsthat the multiwalled carbon nanotubes can be
effectively dispersed, when DMF was added viathe
described solvent evaporation method with the f-
MWCNTSs. The improved dispersion of the fine
MWCNTsin the QPSU may be duetoitshydrophilic-
ity and smdl sze, resultinginaperfect skinbeingformed
on thesurface of membrane.

Figure 7 : SEM images of a) QPSU and b) QPSU/5% f-
MWCNT.

Raman spectr oscopy

Figure 8 representsthe Raman spectrum of QPUSY
5% f-MWCNT. The sample (5wt % f-MWCNT on
QPSU) exhibited two distinct bandsgppearing at around
1350 (D-band) and 1625 (G-band) cm*. The D-band
and G-band reflect the structure of sp* and sp? hybrid-
ized carbon atoms, indi cating di sordered graphite, and
the order state on the QPSU surfaces, respectively“?,
Therefore, thedegree of the graphitization of the QPSU/

== Pyf/ Paper

f-MWCNT can be quantified by theintensity of the
ratio of the D to G bands. The pesk intensity ratios (1 /
|,) are0.73for the 5% f-MWCNT/QPSU. Thereare
no additiona peskspresent inthecompostemembrane,
I.e. corresponding to the QPSU polymer. It clearly re-
veded that thereis a strong interaction between the
quaternized polymer and thef-MWCNTSs.

D-band A
G-band

Intensity (A. U)

f
1500
Wave number (cm™)

Figure8: Raman spectrum of QPSU/5% f-M WCNT.
Cyclicvoltammetry studies

Totest theelectrocata ytic behavior of the QPSU
and QPSU/f-MWCNT in adirect methanol akaline
membrane fuel cell (DMAMEFC), cyclic
voltammograms at the bare GCE, QPSU/GCE and
QPSU/5% f-MWCNT/GCE were recorded in the
presence of 0.5M KOH and 1 M methanol with a
potential rangeof -1.0to +1.0V (Vs. SCE) at ascan
rateof 50 mV's?, and theresultsare presented in Fig-
ure 9. As shown in Figure 9, at bare GCE (a) and
QPSU/GCE (b) no e ectrooxidation or reduction oc-
curred. However, the QPSU/5% f-MWCNT/GCE
(c) in the 0.5 M KOH solution exhibited a
voltammogramwith anincreasing current, when com-
pared to the bare GCE and QPSU/GCE. Further-
more, when the samemodified electrodewaskept in
amixtureof 0.5M KOH and 1 M methanol solution,
adramatic changewasobserved inthe CVs. A large
anodic peak was observed at -0.2 V, and the peak
shifted dightly from theoriginal peak (0.9V). Thein-
crement of the catal ytic current and the decrease of
the overpotential are the two important factorsin
eva uating the catalytic effect, which proved that the
as-synthesized QPSU/5% f-MWCNT/GCE can be
effectively usedin DMAFC applicationstoo. Thisin-
creaseinthecataytic activity isdueto theinteraction
between the quaternized polymer and thef-MWCNTS.
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Figure9: Compar ativecydicvoltammogramsof a) bar e GCE,
b) QPSU, ¢) QPSU/5% f-MWCNT in 0.5M KOH and d)
QPSU/5% f-MWCNT in0.5M KOH + 1M methanol solution
with sweep rateof 50mVvs?.

AMFC performancestudy

The polarization and power density curvesof the
QPSU, QPSU/2.5% f-MWCNT and QPSU/5% f-
MWCNT, obtained from the alkaline membranefuel
cell, using Pt astheanode and Ag asthe cathode cata-
lysts, are presented in Figure 10. The measurements
weretaken by feeding hydrogen and oxygenwithaflow
rate of 20 and 40 mL/min respectively at 60 °Cwitha
relative humidity of 77%. Theakainemembranefuel
cell with a QPSU/5% f-MWCNT gave a better per-
formance than that with the QPSU/2.5% f-MWCNT
compositeand QPSU. The OCV for the QPSU/5% f-
MWCNT wasfound to be0.75 at 60 °C. In terms of
power density, the QPSU/5% f-MWCNT shows a
maximum power density of 190 mwW/cn?. Onthewhole,
in terms of OCV and maximum power density, the
QPSU/5% f-MWCNT showed better results, when
compared to the QPSU/2.5% f-MWCNT and QPSU
anion exchangemembrane.

DMAMFC perfor mancestudy

The performance of the QPSU/f-MWCNT was
investigated using Pt-Ru/C and Pt/C asthe anode and
cathode catal ystsrespectively; which aredepicted in
Figure 11. Thel-V curves showed theimproved per-
formance of thecompositemembranes, when compared
to thevirgin QPSU membrane, when DMAMFC was
operated at 60 °C. The OCV of the QPSU/5% f-
MWCNT wasfound to be 0.62 V and the maximum
Research & Reotews On

power density of 65 m\W/cm? was achieved, at acur-

rent density of 250 mA/cn?.
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Figure10: AMFC perfor mance of QPSU, QPSU/2.5% f-
MWCNT and QPSU/5% f-MWCNT composite membr anes.
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Figure1l: DMAMFC performanceof QPSU, QPSU/2.5% f-
MWCNT and QPSU/5% f-MWCNT composite membranes.

CONCLUSIONS

Thefiller, MWCNT wasfunctionalized by thecon-
ventiond acid treetment. Thecomposite polymer mem-
branes based on the QPSU and -MWCNT were pre-
pared by the solution casting method. Laboratory sudies
like water absorption, IEC and conductivity values
showed that the compositemembranes possessed prop-
erties, whicharesuitablefor work inafue cell environ-
ment. Thethermogravimetric andysissuggested that the
thermal stability of the composite membranewas ad-
equate. The SEM results reveded that -MWCNTSs
were distributed homogeneoudy throughout the poly-
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mer matrix. The XRD patternillustrated that the crys-
talinity of themembrane decreased withanincreasein
theMWCNT content; thisamorphousnature could fa-
cilitatetheionic conductivity of the composite mem-
brane. In-houseakalinemembranefud cdl comprisng
of the QPSU/f-MWCNT composite membranewas
assembled and examined. The QPSU/5% f-MWCNT
wasfound to show the maximum power density (190
mW cn?) and open circuit voltage (0.75 V). Thecom-
posite membranes were also subjected to cyclic
voltammetry studiesfor methanol oxidation and the
obtai ned results showed that the prepared composite
membranes which could also be applied anin direct
methanol akainemembranefue cell.
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