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ABSTRACT KEYWORDS
Polymer blends of Sulphonated Poly Ether Ether K etone (SPEEK)/Phos- Sulphonated poly ether
phorized Zirconia (PZD) with varying concentrations of PZD, were con- ether ketone (SPEEK);
sidered asmateria sfor synthesi zing Polymer Electrolyte Membranes (PEM). Phosphorized zironia;
The PZD was added to check for variations in the mechanical stability, composites;
solvent absorption and proton conductivity of the compositeswith virgin Phosphoric acid;
SPEEK. The membranes were cast from solution using N,Methyl-2- Polymer electrolyte
Pyrrolidone (NMP) as solvent. Preliminary lab results showed a decrease Membrane fuel cell;
inlon Exchange Capacity (1EC) for compositesfromvirgin SPEEK, ade- Membrane electrode
crease in the water and methanol absorption was evident in the compos- assembly.

ites. FTIR confirmed the presence of sulphonic acid groups in the mem-
branes and X Ray Diffraction (XRD) confirmed the amorphous nature of
the composites. Scanning Electron Microscopy (SEM) showed good ho-
mogeneity of the composites without any phase separations. Thermal
analysis confirmed thermal stability of the composites membranes upto
250°C and tensile test measurements showed higher tensile strength for
the composites than virgin SPEEK. Electrochemical Impedance (EIS)
showed an increase in proton conductivity for the composites when com-
pared to virgin SPEEK. After characterization, Membrane Electrode As-
sembly (MEA) wasfabricated with Nafion, SPEEK, SPEEK -PZD for per-
formance evaluation of the membranes. The composites showed higher
current density when compared to virgin SPEEK and Nafion.
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INTRODUCTION dimensiona stability!™™. However, inan erawhere sus-

tai nable growth and green technology isgiven crucia

Nafion prevailsasardiable Proton ExchangeMem-  importance, Nafion, with itsfluorine backbone can be
brane (PEM) for fuel cells, consideringitsvery good acause for a serious concern in terms of high cost,
proton conductivity, water absorption, durability and — environmental factors, and poor-capability to perform
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at high operating temperatures2. Itisvital to pursue
researchinthefield of aternate PEMsfor fuel cell ap-
plications, which can providean undying solutiontothe
environmental concerns, cost considerationsand per-
formance which isin commensuration or better than
that of the preval ent Nafion membrane. Sulphonated
Poly (Ether Ether Ketone) membraneshavebeenin-
vestigated extensivelyi*3 asdternativesfor Nafion pri-
marily dueto theflexibleether ether linkage, good wa:
ter absorption, moderate proton conductivity and abil-
ity to perform at temperatures upto 180°C34, most
importantly, SPEEK membranesarelessexpensve. An
important consideration for PEM isitsability towith-
stand the corrosive environmentsin thefuel cell and
good mechanica properties. Thiscan be achieved by
blending SPEEK with another polymericmaterid, which
can effectively combinewith SPEEK without any phase
separation. Many works based on SPEEK with aro-
meatic thermopl asticshaveresulted in membraneswith
good chemical resistance, high thermo-oxidative sta-
bility, mechanica strength. SPEEK -Polybenzimidazole
(PBI) blendsweresynthes zed in whichincreasing con-
centration of PBI in SPEEK showed improvedtensile
strength, therma stability and decreasein methanol up-
take®. SPEEK -PANI composite membranes showed
reduced methanol uptake upto four timeslower than
Nafion 117 and reasonable electrochemica dataand
thermal properties®.

Thecurrent researchaimsat developing aternative
PEM using SPEEK-PZD compositesand are synthe-
szed andtested for the gpplication assPEMsin PEMFC.
Zirconiaisphosphorized toimprove proton conductiv-
ity. Furthermore, PZD tend to form stronginteractions
with SPEEK and mix homogenoudy without any phase
separations”. SPEEK -PZD compositeisexpected to
show better propertiesthan virgin SPEEK intermsof
tenglestrength, initid decomposition temperature.

Theobjectivesof the present work are

Synthesisof virgin SPEEK and SPEEK -PZD mem-
branes

Testing of compositesfor IEC, solvent absorption
and chemicd gability

Characterization of compositesusngFT-IR, XRD,
TGA, SEM, EIS,UTM

Fabrication of MEA and performanceevauationin
PEMFC
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EXPERIMENTAL

M aterialsand methods

Sulphonation of PEEK

PEEK powder, 150XF, was purchased from
Victrex, England. Sulphuricacid (AR) was purchased
from Nice Chemicals. Zirconiawas purchased from
SigmaAldrichand NMP, Ana ytica reagent, was pur-
chased from Nice Chemicals, Ortho-PhosphoricAcid
(AR) was purchased from Nice Chemicals. 10 g of
PEEK powder wastakenin around bottom flask and
reacted with cal culated quantity of sulphuricacidfor 6
hourg?8l. The reaction was carried out at room tem-
perature using amagnetic stirrer under constant rpm.
Thereaction wasterminated at theend of six hoursin
anicebath and resulting Sulphonated PEEK (SPEEK)
fibres obtained werewashed in doubledistilled water
until thepH of thewashwater isneutral.

Synthesisof SPEEK and SPEEK-PZD composite
membranes™

For the preparation of themembrane, thefollowing
procedure was adopted. SPEEK was dissolved in
NMP at room temperature. Theresulting solutionis
stirred for some time. The homogenous sol ution ob-
tained isthen filtered and cast onto aclean dry petri
dish. Membraneswere obtained by drying the contents
of the petri dish at 60°C. Theobtained membraneswere
palebrownincolour.

For phosphorization of Zirconia, few gramsof Zir-
coniaandAcetic acid with stlandard mol arity weretaken
and stirred in magnetic stirrer and sonicated for some
timeto disperse Zirconiain acetic acid. 50 ml of 5%
Phosphoric acid sol ution was added into ZrO, suspen-
siontophosphorizeZrO,. Themixtureafter being sirred
was heated upto 90°C in an oven and allowed to cool
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SOsH

Figurel: Sulphonation of PEE
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downto roomtemperature. Resultant precipitate (PZD)
wasfiltered and dried.

For thecomposites, measured quantity of PZD was
dispersedinNMPandthesolutionisstirred. ThePZD
solution wasthen added drop by drop into the SPEEK
in NM P solution and theresulting mixturewas stirred
for afurther 4 hourstill it turned homogeneous’®. This
homogeneous sol ution was cast onto aclean petri dish
and the contents were dried in the oven at 60° C for
dow evagporation of the sol vent to avoid any fissuresin
thefinal membrane. After the sol vent had evaporated,
the membranes were peeled off from the petri dish,
treated with 0.5N H,SO,, and washed with dei onized
water. A set of fivedifferent compositeswith varying
PZD concentrations of 2%, 4%, 6%, 8%, 10% were
synthes zed using the aforesaid technique. The synthe-
sized membraneswere of 80-100u thickness.

Fabrication of Membrane Electrode Assembly
(MEA)“8

The procedure for preparing a MEA adhered to
standard protocols. Carbon VVulcan X C-72 was pur-
chased from Precision Scientific, Coimbatore. Pt on
Vulcan XC-72 was purchased from Arora Matthey.
Teflon digpersion was purchased from SigmaAldrich.
Isopropyl Alcohol (1PA) was purchased from Rankem
Chemicals.

Purification of themembrane

Purification of themembraneisvery crucd and must
be performed before preparingthe MEA. Initially, all
membranes were allowed to bail in 3% H,0, for 45
minutes. Thisremovestheimpurities, if any, present on
the surface of themembrane. Themembraneswerethen
washed thoroughly with distilled water and boiled for
30 minutesin 10% H,SO, to remove any inorganic
impuritiesand to get themembraneinacomplete pro-
tonated form. Findly, themembranewaswashed with
boiling water to remove any excess acid present on the
surface of themembraneand dried.

Teflonization of theporouscarbon cloth

For thetefl onization process, a60% teflon disper-
soninwater avalablecommercidly was procured and
wasfurther diluted with deionised water intheratio of
1:5. the carbon clothishighly porousin natureandis
dippedintheabovedispersonfor 15 seconds. then it
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isplaced inamufflefurnace at 350°C for 5 hours. the
process of tefloni zationimprovesthe hydrophobicity of
the carbon cloth.

Carbonization of theteflonized car bon cloth

Thisis aso called as the Gas Diffusion Layer
(GDL). Initidly Vulcan X C-72 (3mg/cn?) was mixed
with 3ml of deionised water and sonicated for 10 min-
utes. The sonicationisdoneto obtainafinedispersion
of the carbon particles. Then 2-3ml of isopropyl aco-
hol was added and sonicated again for 10 minutes. Fi-
nally, adrop of Teflon dispersion was added, mixed
and immediately coated on the carbon cloth by means
of abrush. Thecloth wasthen kept inamufflefurnace
at 350°C for 5 hours.

Catalyst layer first stage coating
Anode

Thecatayst usedisPt dispersed in carbon. For the
first stage, theamount of Pt taken was 0.125 mg/cn?.
The required amount of the catalyst isweighed and
mixedwith 3ml of water and sonicated for 10 minutes.
Then 1-2 drops of 1PA was added and sonicated for
another 10 minutes. Finally, onedrop of Teflon disper-
sonwasadded, mixed withthehel p of apainting brush
and coated immediately on the carbonized doth. It was
then dlowed inamufflefurnaceat 350°C for 3 hours.

Cathode

Thecatayst usedisPt dispersed in carbon. For the
first stage, the amount of Pt taken is0.125 mg/cm?.
Therequired amount of the catalyst wasweighed and
mixedwith 3ml of water and sonicated for 10 minutes.
Then 1-2 drops of 1PA was added and sonicated for
another 10 minutes. Finally, onedrop of Teflon disper-
sonwasadded, mixed withthehel p of apainting brush
and coated immediately on the carbonized dloth. It was
then alowed inamufflefurnaceat 350°C for 3 hours.

Catalyst layer second stage coating
Anode

Thecatayst usedisPt dispersed in carbon. For the
second stage, the amount of Pt taken was 0.125 mg/
cm?. Therequired amount of the catalyst isweighed
and mixed with 3 ml of water and sonicated for 10
minutes. Then 1-2 dropsof S-PEEK solutionisadded
and then coated immediately on the carbon cloth over
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the catalyst layer coated during thefirst stage. It was
thendriedinahot air oven at 80°C for 4 hours. The
el ectrode obtained after drying can be used asthe an-
odefor thefabrication of the MEA.

Cathode

Thecatalyst usedis Pt dispersed in carbon. For the
second stage, the amount of Pt taken was 0.375 mg/
cm?. Therequired amount of the catalyst isweighed
and mixed with 3 ml of water and sonicated for 10
minutes. Then 1-2 dropsof S-PEEK solutionisadded,
mixed and coated immediady on thecarbon cloth over
the catalyst |ayer coated during thefirst stage. Itisdried
in an oven at 80UC for 4 hours. The electrode ob-
tained isthe cathode that can be used for the fabrica-
tion of the MEA

Hot pressing of theelectrodeson the membrane

On either side of the membrane, a solution of
SPEEK in NMPwas applied and the el ectrodeswere
placed on either side. It was hot pressed at 80°C for
45 secondswith aload of 0.5 tonnes. Thetwo elec-
trodes stuck onto the membrane after the hot pressing
trestment. Theresultingassembly istheMembraneElec-
trodeAssembly.

Fourier transform infrared spectroscopy (FTIR)

The IR spectra (450 — 4000 cm-1) for the dried
membraneswererecorded with aPerkin Elmer FT-IR
spectrometer with an accuracy of +0.001 cm™at 25+
2° C. The samples were dried at 100 °C for an hour
before recording the spectrum.

X-Ray diffraction (XRD)

XRD measurementswereperformed usingan X’
Pert Pro diffractometer. The dried samples were
mounted on an a uminium sampleholder. Thescanning
angleranged from 1° to 80° with a scanning rate of 2°
per min. All the spectra were taken at ambient tem-
peratures (25+ 2 ° C).

Scanning electron microscopy (SEM)

The surface morphol ogy of the electrolyte mem-
branes were analysed using SEM (Hitachi S- 3400
N).Thesampleswerecut into sufficient Szeand sputter
coated with gold to make the samples el ectro conduc-
tive. The sampleswere then analyzed under vacuum
condition at an accelerating voltage of 10KV.

= Pyl Peper
Thermogravimetricanalysis(TGA)

TGA andyssismainly carried out to determinethe
thermd gtability of themembranes. Thechangeinweight
of themembranewithincreaseintemperatureat aheat-
ing rate of 10°C/min in the range of the temperature
between 30°C and 500°C is followed using a STA 449
F1/F3 Jupiter analyzer. All therunswere carried out
under nitrogen atmosphere.

Univer sal testingmachine (UTM)

ThetensletestingisdoneaccordingtoASTM D
638, (TypeV) whereinthe polymer samplesarecutin
dumbbd | shapewith specified dimensions. Houndfidd
UTM wasused for the purpose. Thetestingwasdone
in standard laboratory atmosphere of 23°C +2°C and
50+ 5 % relative humidity at a crosshead speed of 10
mm/minand 500 N force.

| on exchangecapacity (I EC)1#

Theionexchange capacity (IEC) indicatesthenum-
ber of milliequivaentsof ionsin 1g of thedry polymer.
It was determined by titration method. The membrane
inits protonated form waswel ghed and then soaked in
an agueoussolution containingalargeexcessof KCl in
order to extract all 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. Thel EC valueswere expressed asnumber of meg.
of sulphonic groupsper gram of dry polymer.

IECiscdculated usingtheformula,

Titer value (in ml) x Normality of Titrant
IEC =
(meq/g)

Weight of the dry membrane (in grams)

Solvent absor ptiont8

The amount of solvent intake by the membranes
was studied. Thedried membraneswerewei ghed and
soaked inwater and methanol separately and allowed
to get equilibrated at room temperaturefor 45 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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SA = x 100 (%)
I\’idw

where,

M, . =Weight of wet membrane,

My, = Weight of dry membrane.
Dur ability of membranes®

For checkingthedurability of thed ectrolyte mem-
branes, thefollowing procedurewas adopted. Initialy
a4ppm ferrous ammonium sulfatein 3% H,0, was
freshly prepared and the temperature of the solution
was maintained at 80°C. The electrolyte membrane
with thedimension of 0.5cm?was cut and soaked in
thesolution. Thetimerequired for the physical disin-
tegration of the membrane noted down and reported.
The reaction is expected to occur by free radical
mechanism.

Electrochemical |mpedance Spectroscopy (EI'S)

The proton conductivity measurementsweretaken
using an aternating current impedance spectroscopy
device over afrequency range of 1-107hz with 50-
500mV oscillating voltage using asolatron gain phase
analyzer. Filmshaving 13mm diameter, sandwiched
between two stainlessstedl block dectrodeswith< “3
kg/cm2 pressure, were placed in an open, tempera-
ture-controlled cell. Thefilmswereprevioudy hydrated
by immersion for 24 h at room temperature. The con-
ductivity o of samplesinthetransversedirection was
cd culated from theimpedance data, usingtherel ation-
ship o = d/RS, where d and S are the thickness and
face areaof the membrane sample, respectively, and
where Was derived from thelow intersection of thehigh
frequency semi-circle on acomplex impedance plane
with the Re(Z) axis. The impedance data were cor-
rected for the contribution from empty and short-cir-
cuited cll.

Perfor manceevaluation

All the sampleswere subjected to testingin real
time PEMFC environment with hydrogen gasasfuedl.
Standard bipolar platesand copper current collectors
were used for this purpose. A multimeter was used to
detect the current for each load set by the load box.
Operating conditionswereroom temperature and at-

mospheric pressure.
Rescarch & Reotews On

RESULTSAND DISCUSSIONS

FTIR

Figure 2 showsthe comparative FTIR spectraof
SPEEK and thevarious compositionsof SPEEK-PZD
composites. All the six spectraexhibit an absorption
peak at approximately 1580 cmm*¥asaresult of C=C
stretching and an absorption peak at 1680 cnmr owing
to the C=0 stretching. The characteristic stretch for
O=S=0groupisintheregion of 1050 cm*9, Theex-
perimentd vauescoincidewiththedatafromliterature
(9 asthe peaksfor SPEEK at 1077cm™ and 1021 cnmr
1 confirm the presence of O=S=0 groups. Similarly,
the blends of 2% PZD show stretching at 1075 cm?
and 1018 cmr*confirming sulphonation. The4% PZD,
6% PZD, 8% PZD, 10% PZD composites showed
similar stretching at 1080 cm* and 1022 cm?, all of
which corroborate the sulphonation of the polymers.

Figure 3 showsthe comparative FTIR spectraof
Zirconiaand Phosphorized Zirconia. Phosphorization
occurred at 1047 cm'*

XRD

FromtheFigure4, wefind that theintensity of the
peak decreasesfrom SPEEK to thecomposites. If the
intensity of peak isgreater, thenthecrysalinenatureis
greater inthe sample. We can concludethat asthe con-
centration of PZD increases, theamorphous nature of
the membraneal so increases. Amorphous compounds
havether atoms separated wide gpart providing excel -
lent mechanical strength and durability to the mem-

10%PZD
8%PZD
6%PZD
4%PZD
2%PZD
S-PEEK

mber (em

Figure2: FTIR of SPEEK and SPEEK -PZD Composites
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Figure 3: Showsthe compar ative FTIR spectraof Zirconia

and Phosphorized Zirconia. Phosphorization occurred at

1047 cm’?
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Figure4: XRD patternsof SPEEK and SPEEK -PZD compos-
ites

branes. The SPEEK-PZD membranesthuspotentialy
possess higher mechanical properties dueto itsin-
creased amorphous nature.

The SEM images of SPEEK and arepresentative
composite membranearegivenin Figure5. They ook
dense, clear and homogenous (absence of phase sepa-
ration) indicating avery good competibility betweenthe
constituents. Even at higher magnifications, the blend
membranes showed no fissures, which may be dueto
the use of high boiling solvent for the casting purpose.
Theevaporation of NM P solvent (boiling point 202°C)
was performed at 80°C indicating a very slow process
of evaporation.

TGA

Thethermogram of SPEEK and various compos-
itesaregivenin Figure 6. A morecareful evaluation of
thethermogram of the composite membranerevealed
atrend similar to SPEEK. A three-stage decomposi-
tionisobserved for thecompositemembranes. Thefirst
weight lossisobserved between 70°C and 125°C. This

= Pyl Paper

(a)

J '(b) :
Figure5: SEM imagesof (a) virgin SPEEK membraneand
(b) SPEEK-10%PZD

could bedueto theloss of physically and chemically
adsorbed water. Thislossisminimum for the compos-
ite membranewith 10% PZD and maximum for 2%
PZD. When the concentration of PZD isincreasedin
the composites, it resultsin alower absorption of wa-
tert. The second loss observed between 230°C and
460°C could be dueto the splitting of the sulphonic
acid groupings. Thefina weight loss above 500UC
could bedueto the decomposition of the polymer back-
bone.

Theresultsof tensile strength and percentage € on-
gation at break of SPEEK and the composite mem-
branesaregivenin Figure 7. Asthetwo polymersare
compatiblewith each other, anincreaseinthetensile
strength isobserved with increasing content of PZD,
thus making the membrane stiffer. On the other hand,

the percentage el ongati on decreases with increasing
Research & Reotews On
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Figure6: Thermogram of SPEEK and CompositeM embranes
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Figure 7 : Percentage elongation and tensile strength of
SPEEK and composites

content of PZD. The membranes are getting moreand
morestiffer with theaddition of PZD, the membranes
resist to elongate much and hence break without much

elongation.
| on exchange capacity (IEC)

Theresultsfrom the measurements of |EC values
for SPEEK and composite membranesareshownin
Figure8. Inorder to explainthetrendsseenin Figure
8, the presence and amount of available H* ionsin
sulphonic acid groupsthat directly influencethe con-
ductivity of themembranesis noted. Asthe composi-
tion of PZD inthe compositeincreasesrespectively,
thereisadecreasein the number of effectivereplace-
able protons. The effective amount of SPEEK de-

easeﬁ withan mcreasel nthe content of PZD inthe
¢.l¢41'¢
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IEC (meqg/g)

T T A T T T
0 2 4 6 8 10
% Composition PZD

Figure8: |EC of SPEEK and Composites
case of composites.
Solvent absor ption

The solvent absorption resultsfor SPEEK and vari-
ous compositemembranesareshowninFigure9. Wa:
ter and Methanol, both polar in nature, were thetwo
solventsused in thisaspect of the product character-
ization. Itisknown from the prior work reported inthe
literature®® that increased water uptakeleadstoincrease
intheconductivity of themembrane. However, beyond
athreshold (>30% to 40%), the benefit of increased
conductivity isoffset by theonset of mechanica degra-
dation of themembrane.

On comparing the water uptake of Nafion®117,
which is known to be 38%'%, the composite mem-
branes (with PZD) show ava ueof approximately 30%
t040%. Anincreasein the percentage of PZD in com-
posites is seen to cause a decrease in the water and
methanol uptake. Thiscan beexplaned by thefact that
hydrophilic SO,H groupsdecreaseon addition of PZD.

|

—— Water
Methanol

o 2 H I 5 10

% Composition of PZD
Figure9: Solvent absor ption of SPEEK and compositemem-
branes
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Figure10: Proton conductivity SPEEK -PZD Composites

Though the graph shows adecreasing trend in Water
and Methanol uptake, membranesstill exhibit optimum
water retention property necessary for proton conduc-
tion.

Durability studies

Thetimerequired for the degradation of SPEEK
and composite membranes are given in TABLE 1.
Chemicd and mechanicd degradation expectedly have
an adverse effect on the durability of the membrane.
The stability studies of the membranetowards perox-
idesolutionsgiveanideaabout thelifetime (durability
of membrane) of the membrane. The peroxidetestis
considered as an accel erated stability testing method.
Inthe present study, thedurability of thecompostemem-
branes showed aconstant valuewith increasing con-
centration of PZD. Thisisafavourabletrend for appli-
caionsindectrochemica devices. Virgin SPEEK with-
stood thetest condition for 3 hours. All thecomposite
membranesexhibited acomparable stability in Fentons
reagent at 80°C indicating that the stability of the com-
posite membrane are comparable to the stability of
SPEEK.

TABLE 1: Durability of SPEEK membraneswith PZD com-
posites

Membrane Timefor Disintegration
S-PEEK 3 hours
2% PVP 3 hours 15 minutes
4% PVP 3 hours 15 minutes
6% PVP 3 hours 30 minutes
8%PVP 3 hours 30 minutes
10% PVP 4 hours

—= Pyl Paper
Proton conductivity

Theresultsof the proton conductivity of SPEEK
and compositesaregivenin Figure 10. Astheamount
of PZD increases, the number of exchangeableH*ions
(SO,H groups) decreasesinthe sample. Thisinhibits
proton transport acrossthe membranethereby decreas-
ing the effective proton conductivity. However, anim-
portant aspect to note hereisthe capability of PZD to
improve proton conduction. Acidic modification
(Phosphorization) of Zirconiasupplements proton con-
ductivity of the membranes. Hence, even though the
amount of SO,H groupsdecreaseswithincreesing PZD,
the proton conductivity increases.

Per for manceevaluation

The current obtained at various|oadsfor SPEEK
and composite membranes are given in Figure 11.
SPEEK-PZD composites possesthe potentia of per-
forming equiva ent to or better than NafioninaPEMFC
environment. Moreover thevoltage measured for in-
creasing composition of PZD composite membranes
arebetter than that of Nafion. Thiscan beattributed to
thefact that Proton conductivity improvesdueto the
addition of phosphorized Zirconia

10% PZD

8% PZD
4+— 6% PZD
050 4% PZD
0454 —8— 2% PZD
—&— Nafion
—w— SPEEK

030

Current (A)

Load (Ohms)

Figurell: Performanceplots

CONCLUSIONS

From theresultsdocumented, we can conclude that
SPEEK- PZD composites are good candidates for
PEM Fuel Cellsowingto their high stability in corro-
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Sveenvironments, improved proton conductivity, good
therma stability and mechanica properties. Themem-
branes can also be used for DMFCsdueto low metha:
nol absorption.
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