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ABSTRACT

The development of green, efficient and economic energy generation technology is
gaining importance to reduce the dependence on non-renewable energy sources and
decrease pollution. Polymer electrolyte membrane fuel cells (PEMFCs) received much
attention due to several advantages such as relatively high efficiency, high current
density, quick startup and light weight. Solid polymeric electrolyte is the heart of
PEMFCs which separate anode and cathode. The perfluorosulfonic acid membranes, in
particular, Nafion® has been a material of choice and technology standard. Owing to the
drawbacks associated with Nafion®, engineering thermoplastics such as poly(ether ether
ketone) [PEEK], polyimides [PI] and poly(benzimidazole) (PBI) emerged as a
promising alternative to the state of art perfluoroionomer membranes. To overcome the
technical challenges such as tolerance of CO impurity in fuel and complex water and
heat management, efforts have been focused to develop high temperature (HT)-
PEMFCs.

The present thesis is mainly focused on to develop cost effective and high
performance proton exchange membranes which can work at high operating
temperature under dry conditions. The thesis comprised of seven chapters.

Chapter I of the thesis is devoted towards the extensive literature survey on past and
present research work on PEMs with special emphasis on describing various
approaches adopted for HT-PEMFCs by replacing water with some protic solvents.

Chapter Il consists of the materials and methods used. The detailed procedures
adopted for the preparation of composite membranes by using various amounts of ionic

liquids ([omim][OTf] and [bmim][NTf,]) with SPEK/SPEEK as polymer matrix, cross-



linked membranes based on PVA, functionalized quantum dots (FQD) and sulfonated
poly(ether ether ketone), composite membranes based on various amount of ionic liquid
with SPEEK (cross-linked by different cross-linker such as ethylene glycol (EG) and
PVA/FQDs) and composite membranes based on ABPBI and ionic liquid. The details
of characterization techniques such as FTIR, differential scanning calorimeter,
thermogravimetric analysis, dynamic mechanical analysis, scanning electron
microscopy, X-ray diffraction, water uptake, leaching of ionic liquids, Proton
conductivity are also included in this chapter.

In Chapter 111, effect of varying amounts of hydrophilic and hydrophobic ionic
liquids on the properties of SPEK (DS 43%) /SPEEK (DS 72%) was investigated. The
interactions occurring among components were investigated by vibration spectroscopy
(FT-IR ATR). All the composite membranes exhibited good thermal stability as
compared to neat SPEK/SPEEK membranes due to electrostatic interactions between
cation of ionic liquids and sulfonic acid groups of polymer matrix. Proton conductivity
of all the composite membranes increased with increasing temperature and amount of
ILs and proton conductivities of composite membranes under anhydrous conditions
were found to be up to two orders of the magnitude (~100 times) higher than neat
polymeric material. Hydrophilic IL was more compatible with SPEK and gave
membranes with higher mechanical stability as compared to membranes based on
hydrophobic IL. lonic liquid based membranes are more flexible than neat membrane
due to the plasticization effect by the ionic liquids. SPEEK based composite membranes

showed better proton conductivity than SPEK due to the high degree of sulfonation.



In Chapter 1V, PVA was modified by using varying amounts of sulfonic and
carboxylic acid functionalized quantum dots followed by thermal cross-linking. The
hydrolytic stability improved significantly after cross-linking as neat PVA membrane
became fragile in water at room temperature and dissolved at 60 °C but cross-linked
PVA retains its shape even at 100 °C. All the cross-linked membranes exhibit higher
thermal stability as compared to neat PVA membrane. Proton conductivity of all the
cross-linked membranes increased with increasing amounts of FQDs up to 1.2 wt %
loading.

In the second part of the chapter SPEEK was cross-linked using PVA/FQDs after
optimizing the PVA: FQDs ratio (98.2: 1.2). The water uptake studies were carried out
at two different temperatures (25 °C and 70 °C after immersion for 24 h) and it was
found that hydrolytic stability of cross-linked membranes increased with increasing
amount of SPEEK in membranes. Thermal stability of PVA/FQDs/SPEEK membranes
was higher than PVA/FQDs membranes because in presence of SPEEK, cross-link
density increased and SPEEK itself has higher thermal stability. Proton conductivity of
PVA/FQDs/SPEEK membranes was also higher than the PVA/FQDs membranes
because more sulfonic acid groups were available for proton transfer in the presence of
SPEEK in membranes and maximum power density of 182mW/cm? was achieved for
the PEMFC using composite membrane XPVA/SP-70.

In Chapter V, effect of cross-linking on the performance properties of SPEEK in
presence of varying amounts of IL ([omim][OTf]) was investigated. For this purpose,
cross-linking of SPEEK was done using PVA/FQD or ethylene glycol (EG). The ratio

of SPEEK: PVA/FQD (70: 30) and SPEEK: EG (67: 33) was kept constant and amount
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of IL was varied from 30 to 70% (w/w). A monotonous increase in conductivity was
observed with increasing amount of IL and temperature (30-140 °C). This could be due
to the decrease in viscosity of IL as well as polymer matrix with temperature so the
ionic mobility increases which facilitate the proton transport route in the membranes. At
higher loading of IL in the polymer matrix, the membrane became more flexible so ILs
act as plasticizer and it helps in higher proton mobility. EG and PVA/FQD were used as
cross-linkers for SPEEK to reduce the leaching out of ionic liquid and enhance the
mechanical strength of membrane.

In Chapter VI, proton conducting membranes based on poly(2,5-benzimidazole)
(ABPBI) using varying amounts of ionic liquids were studied. The ionic liquids such as
[bmim][OTf], [bmim][NTf,] were incompatible with ABPBI therefore we used
[bmim][H,PQ4], with proton accepting anion H,PO,. Composite membranes ABPBI/IL
were homogeneous, flexible with good thermal stability. A broad absorption band
observed in the FTIR spectra around 2700 and 2300 cm ™" is related to the protonation of
nitrogen of ABPBI and assigned to o(N*—H) stretching mode. Composite membranes
showed good proton conductivity at temperature ranging from 40 — 160 °C under dry
conditions. Formation of three dimensional network structures in the composite
membranes was proposed and proton conduction occurs mainly through the hydrogen
bonding network by a hopping mechanism. The final summary and conclusion are

given in Chapter VI of thesis. Suggestions for future work are also mentioned.

vii



TABLE OF CONTENTS

(0= 1 o O N N = i
ACKNOWLEDGEMENTS. .. titititiuieietieieiaseresasassessesssesssasassssssssssssssssesse ii
ABSTRACT ...ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiietatttetasasatttsesesssssasassssssssssssssnn iv
TABLE OF CONTENTS. it ttitiitiuitiiiiiiiiiiiieiiiaieiatitienenesecasacasasesnsensasass viii
LIST OF FIGURES....c.tutiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiecasecasastnscnesesasssisnnn Xiii

I S I N Y Xviii
LIST OF SCHEMES....ciuitiiitiiiiiiiiiiiiiiiaiiieiiiieietasesasactsssssimnssssssssass XX
GLOSSARY OF SYMBOLS AND ABBREVIATIONS. ..ot XXi
Chapter 1 Introduction and LItErature SUIVEY ...........cociiirirerererieiieesese s 1
00 1o T [T oo SRS 1
L2 FUBH COIIS .. ettt 2
1.2.1 Definition and Fundamental FEAtUIES ..........ccueviiriiirienieieieeees s 2
1.2.2 Brief Background of FUl Cell............cco oo 2
1.2.3TYPES OF FUBI CIIS ..ot 4
1.3 Application Of FUEI CellS........coiiiiiiiicec e e 5
1.4 Fuel Cells Based on Proton CONAUCTION .........cvevriiiiinienie et 6
1.4.1WOrking Of PEMECS .....coiiiiic ettt st s 7
1.4.2 Components OF PEMFC ..ottt st 8
1.5 Polymer Electrolyte Membranes (PEM) ........cccccooiiiiiiiii et 12
1.5.1 Perfluorosulfonic Acid (PFSA) Based PEMS ... 13
1.5.1.1 Proton Conduction Mechanism in PEMS............ccocriiiiiiiiiiineceesine 15
1.5.1.2 Chemical Structure and Morphology ..........coccoereieriiieie e 16
1.5.2 Non Fluorinated Hydrocarbon Based PEMS...........cccoeiiieiiiiinincne e 20
1.6 High Temperature Polymer Electrolyte Membranes (HT-PEMS) .........cccccoeveiiieiinnnn. 27
1.6.1 Why High Temperature PEMFCS...........cccoiiiiiiiiic e 27
1.7 Polymer/ IL Membranes for HT — PEMFCS..........ccocoiiiiiiiiiceese e 41
1.8 Motivation for the PreSENt WOIK ..........cceiviiiie i 45
1.9 ODJECTIVE ...ttt bbbttt bbbt 46
IO 1Y T S o - o USRS 47
1.12 FOrmMat Of TRESIS: ....eiieiee ettt sttt seeenee e 48
Chapter 2 EXperimental DetailS ...........cooeeiiiiee e 49

viii



P22 R 101100 18 o1 () o 1T 49

2.2 IMIALETIAIS ...ttt bbb e ettt 49
2.3 Preparation of Sulfonated Poly(ether ether ketone) (SPEEK) ........ccccccvvvvevvivcviiecienne 51
2.4 Characterization of SPEK and SPEEK ..o 52
2.4.1 Structural CharaCterization ............coocviieieieeiese e 52
2.5 Preparation of Functionalised QUantum DOtS ..o 57
2.5.1 Synthesis of CdSe QUANTUM DOLS ........ccceiviiiiiiriie e 57
2.5.2 Ligand EXCRANGE. .......cveiiiiisiiieite e 58
2.6 Synthesis of Poly(2,5-benzimidazole) (ABPBI) ........ccccoiiiiiiciiiiiee e 58
2.7 Characterization 0f ABPBI ........cooiiiie e 59
2.7.1 Structural CharaCterization ............ccovviverieie s 59
2.8 Preparation 0f MEmDIanes ... 60

2.8.1 Preparation of Composite Membranes Based on SPEK/SPEEK and Aprotic lonic

[T [T KSR 60
2.8.2 Preparation of Cross-Linked Membranes Based on PVA/FQDs and
SPEEK/PVA/FQDS.....c.iiiiiieiieistete sttt sttt st sttt neeneans 62
2.8.3 Preparation of Composite Membranes Based on SPEEK/EG/IL and
SPEEK/PVA/FQDS/IL .....ocuiiiiiiiiiieie sttt sttt sttt ans 65
2.8.4 Preparation of Composite Membranes Based on ABPBI/IL ..........cccccocevvevcininenne. 67
2.9 Characterization MethOaS ..........civiiiiieieiee e 69
2.9.1 Structural CharaCterization ...........ccoceverieieiisieese e eneas 69
2.9.2 Thermal CharaCterization...........ccoeiererieieieieese e nne s 69
2.9.3 Morphological CharaCterization .............cceovviiirineneieeeee e 70
2.9.4 Hydrolytic StaDIITY .......cviiiiiiiiiie e 71
2.9.5 Proton CONAUCTIVITY ......c.veiiiiiiiiiie et 72
2.9.6 SINGIE CIl TEST.....eieeieieieie et 72
Chapter 3 Preparation and Characterization of Composite Membranes Based on SPEK/SPEEK
and AProtiC 1ONIC LIQUIAS .....ouvevieiiiiiiiite st 74
K20 A 1 £ [N [ o SO PSRURPS 74
3.2 EXPEIIMENTAL ..ottt 77
3.2.1 Preparation of Composite Membranes Based on SPEK/SPEEK and Aprotic lonic
T U Lo 3RS 78
3.3 RESUILS AN DISCUSSION ....eevieiieiienie ettt see sttt e et e e see e e stesneeseesbeeneeseeeneeneeas 79



3.3.1 Characterization of SPEK and SPEEK .........ooioviiiiiiiii sttt seee e s e s evaee e 79

3.3.2 Characterization of SPEK/lonic Liquids Composite Membranes...........c.cccccevvennenn. 80
BLBL2 L FTIR ettt bbbt 80
3.3.2.2 ThermograVimetric ANAIYSIS........cvcveiiiiiie it 82
3.3.2.3 Proton CoNAUCTIVILY ......cveiiiieiciiecie et 85
3.3.2.4 Leaching Of 10NIC LIQUITS ......cc.ooveiiiiiiiiiie e 89
3.3.2.5 Dynamic Mechanical ANAlYSIS ..........ccoiiiiiiiiiiccee e 91
3.3.2.6 Scanning Electron Microscopy (SEM) ........ccooiiieicieiiiiineseseeeeeeee 93
3.3.2.7 X-ray Diffraction ANalYSiS.........cccoeiiiiiiiiieiisereees e 95

3.3.3 Characterization of SPEEK/IL Composite Membranes............ccocovvrerenereieeiennnnn 97
T T T I | ST RSS 97
3.3.3.2 ThermogravimetriC ANAlYSIS........cceoviiiiiiieieie e 98
3.3.3.3 Proton Conductivity of SPEEK/IL MemBranes..........cccccovvviveieneniveresnnneenens 101

KB 0 o] 013 o oSS 103
Chapter 4 Preparation and Characterization of Cross-Linked Membranes Based on PVA /FQDs
ANA SPEEK /PVA/JFQDS ..ottt sttt st sttt anenneas 105

o oo (U1 T O PRSPSR 105

4.2 EXPEIIMENTAL ......cuviiiiiicie ittt st sbe et et re e eesteeeesreere et 107

4.3 RESUILS AN DISCUSSION ....cvviiiiiiiiiiesieieieiesesie ettt sttt sne s 107

4.3.1 Characterization of Functionalized Quantum Dots (FQDS)........cccccecvviveveiesnennnns 107
T 0 I | USSP 107
4.3.1.2 UV-VIS Spectroscopy and Transmission Electron Microscopy...........coc.eu.... 108

4.3.2 Characterization of Cross-linked Membranes Based on PVA/FQDs ............cc....... 109
B R I | o USRS 109
4.3.2.2 WALEr UPLAKE ..o 111
4.3.2.3 Thermal CharaCterization..........cccccveveieiieieieese et 113
4.3.2.4 Dynamic Mechanical ANalYSIS .........coouiiiiriieiieeieesese e 117
4.3.2.5 Morphological CharaCterization .............ccoccoereieieiininisiee e 119
4.3.2.6 Proton CONAUCTIVITY .......oiveieieieieiiiisie st 121
4.3.2.7 MEA and Single Cell Performance............ccooeereininiiiiinine e 123

4.3.3 Characterization of SPEEK/PVA/FQDs Based Cross-Linked Membranes............ 125
L TR T R I | USROS 125
4.3.3.2 WaLer UPLAKE .....ooieieiiie e e 126
4.3.3.3 Thermogravimetric ANalYSIS. ..o e 129



4.3.3.4 Dynamic Mechanical ANAIYSIS .......ccccciviieiiiieie e 131

4.3.3.5 Morphological CharaCterization .............cccoceeveveiieeiiinie i 134
4.3.3.6 Proton CoNAUCTLIVILY .......ccoeiiiiiiiicic sttt 137
4.3.3.7 MEA and Single Cell Performance.........c.ccccvveveieeieenisiee e 138
O 4 Tod 111 (] LRSS RSPPRN 142
Chapter 5 Preparation and Characterization of Composite Membranes Based on
SPEEK/PVA/FQD/IL and SPEEK JEG/IL ......ccvciveiieeiiceseie e enaenens 144
o T8 A 1 T [N [ o SRS 144
5.2 EXPEIIMENTAL .....cviiiiieeceis et 146
5.3 RESUILS @Nd DISCUSSION ....vvevieiireiieieiieiesiesie e steeiesie e e e e e stessaesaesteenseseesseensesseeneenes 148
5.3.1 Characterization of Cross-Linked Membranes Based on PEEK/PVA/ FQDI/IL..... 148
ST J0 0 I | OSSPSR 148
5.3.1.2 ThermogravimetriC ANAIYSIS........cceiviiiiriiiieiesereeeees s 149
5.3.1.3 Dynamic Mechanical ANalySiS .........ccoocviiiiieiiiiic e 153
5.3.1.4 Leaching of 10NiC LiqUid.......c.cccooeeiiiiiiicii e 156
5.3.1.5 Proton CoNAUCTIVILY ......cc.oiiiieiiiiecie et 158
5.3.1.6 Scanning Electron Microscopy (SEM) .....cccccvoiiiiiiiiiiieie e 159
5.3.2 Characterization of SPEEK/EG/IL Composite Membranes ..........ccccccoeveveveinenns 161
5.3.2.1 Structural CharaCterization ............ccoevveireiiienenereeeeee e 161
5.3.2.2 Thermogravimetric ANAIYSIS........ccieiiiiiiiiieiece et st 163
5.3.2.3 Dynamic Mechanical ANalySisS .........ccccciieiiiieiiiiic e 165
5.3.2.4 Leaching of 10NIiC LiQUIAS .......ccceiieiiiicicic et 168
5.3.2.5 Proton CONAUCTIVITY ......ccueiuiiiiiiieieisis st 170
5.3.2.6 Morphological CharaCterization ............cc.coererereieieisese s 174
oI I o] o] 013 o oSS 177
Chapter 6 Preparation and Characterization of Composite Membranes Based on Poly(2,5-
benzimidazole) and lonic Liquid (ABPBI/IL) ......cc.coviiiiiiiiieiciceee e 178
O T8 A 1 (T [N T o SR 178
6.2 EXPEIIMENTAL.....cviiiiiiiiice bbbt 180
6.2.1 Synthesis of Poly(2,5-benzimidazole) (ABPBI) .........cccooeiviiiiiniic e 180
6.2.2 Synthesis of 1-Butyl-3-Methylimidazolium Dihydrogen Phosphate ([omim] [H,PO4])
......................................................................................................................................... 180
6.2.3 Preparation of Composite Membranes Based on ABPBI and [bmim][H,PO,] ...... 181

Xi



6.3 RESUITS AN DISCUSSION .....evveeeiiereiee s sttt e e e ettt e e e sttt e e s sttt e s s sttt e s s sbeeeesabeeesssbeeesssreeessnsrens 182

6.3.1 Structural Characterization of [bmim][HoPO4] .c.c.ccvvvvviiiiiiice e 182
6.3.2 Characterization of Composite Membranes Based on ABPBI/IL ...........c..ccccvene. 183
B.3.2.1 FT—IR oottt ettt s 183
6.3.2.2 Thermal CharaCterization...........cocevveiiininine e 185

6.3.2.3 Proton CoNAUCTIVITY ......cciiiieiiiiieieieseee e 189
6.3.2.4 Morphological CharaCterization ............c.ccocuierirereieiie e 193

ORI @0 o] 013 o oSS 196
Chapter 7 Summary, Conclusions and FULUIE SCOPE..........ceoererrerieiininisesese e 197
7.1 Summary and CONCIUSIONS. ........uuiiiriiireieieie e e 197
7.2 Suggestions fOr FULUIE WOTK .........cccoiiiiiiici s 206

L C T =) T ST RSTSS 207
2T T0 I USSR 230

xii



LIST OF FIGURES

Fig 1.1: Drawing of Grove's first basic cell or gas battery............ccccooviiiiiiiieiicces 3
Fig 1.2: Historical review of fuel CellS ... 4
Fig 1.3: Schematic of proton exchange membrane fuel cell (PEMFC) ........cccccooviviininiicnenee. 8
Fig 1.4: Chemical structures perfluorinated polymer electrolyte membrane............cc.cccceeenee. 14
Fig 1.5: Scheme of proton transfer mechanism (Grotthuss and vehicle mechanism)................ 15
Fig 1.6: Schematic view of Cluster — network model..........c..cccooveveiiiiiiiii e 17
Fig 1.7: Schematic representation of structural evaluation based on water content ................. 18

Figl.8: (a) two views of an inverted-micelle cylinder, with the polymer backbones on the
outside and the ionic side groups lining the water channel ............c.ccccooeeeiiviieiennnn, 20

Figl.9: Chemical structure of sulfonated polymer electrolyte membranes based on hydrocarbon

[S10 1Y 1] PSSR 22
Figl.10: Schematic representation of the microstructures of Nafion and a sulfonated
polyetherketone (derived from SAXS eXperiments) .......cccccevvvvveeveneevese e 25
Figl.11: Different aromatic polymers carrying acidic ionic functionality away from the polymer
DACKDONE ChAIN ......ciiiie e 26
Fig 1.12: Adsorption of CO 0N PlatinUM.........ccocoiiiiiiiiieiseeee s 28
Fig 1.13: Scheme for synthesis of polybenzimidazole (PBI) in polyphoshphoric acid ............... 36

Fig 1.14: Some examples of cation and anion with their molecular structure generally found in
ILs, R is the alkylated ChaiNn..........c.cccovveiiiiii e 39
Fig 1.15: Synthesis procedure for protic ILs (by neutralization method) and for aprotic ILs (by

quaternization MEthOd)..........coviiiiiii e 40

Fig 2.1: FT-IR spectrum of sulfonated poly(ether ether ketone) (SPEEK)..........ccccoovviiinnnnne. 53
Fig 2.2: FT-IR spectrum of sulfonated poly(ether ether ketone) (SPEK) ........ccccovviiriiinnnnne. 54
Fig 2.3: "H-NMR spectrum of SPEEK in [DMSO-0g] .....covvuiveiereeeieeeeeeeeeeeeeesesseesese s 55
Fig 2.4: "H-NMR spectrum of SPEK in [DMSO-0g]......ccvvrvrererreseeereseesrssssessossensessenssssenenens 57
Fig 2.5: FT-IR SPectrum Of ABPBI .........cooi it s 59
Fig3.1: FTIR spectra of (a) neat [bmim][OTf], (b) neat [bmim][NTf,], (c) neat SPEK,
SPEK/OTf-60 and SPEK/NTf,-60 composite membranes...........cccoceevvervreiinnesienennens 81

Fig 3.2: TG traces of SPEK and SPEK/ILs composite membranes (heating rate 20 °C /min.).. 83
Fig 3.3: DTG traces of SPEK and SPEK/ILs composite membranes(heating rate 20 °C /min.) 84

Xiii



Fig 3.4: Proton conductivity of SPEK membranes with different IEC at different temperature
under hydrous condition (relative humidity 100%0).........cccccovivieiiiiieeieiecie e 85
Fig 3.5: Proton conductivity of neat SPEK and SPEK/ILs composite membranes at different
temperature under anhydrous CONAItIONS...........cccveveiieieii i 86
Fig 3.6: Proton conductivity (on log scale) of SPEK/ILs composite membranes as a function of
temperature under anhydrous CONAITIONS ...........ccveiveiiririienereeee e 88
Fig 3.7: Schematic representation of proton transport in SPEK/IL composite membranes....... 89
Fig 3.8: Leaching out of different ionic liquids at two different temperatures from composite
LTS 0] ] = LTSS 90
Fig 3.9: DMA scans (a) storage modulus vs. temperature (b) tan ¢ vs. temperature for neat
SPEK and SPEK/IL COMPOSIte MEMDIANES........cccoiviiriirieirenieieieiee st 92
Fig 3.10: SEM micrographs of neat SPEK, SPEK/OTf -60 and SPEK/NTf,-60 (a, c, and e) and
cross-sectional images of neat SPEK, SPEK/OTf and SPEK/NTf, membranes (b, d,

and f) (at 10 K magnifiCation) ...........ccoverereieieisisie e 94
Fig 3.11:(a) XRD patterns of neat SPEK and SPEK/OTf composite membranes (b) XRD
patterns of neat SPEK and SPEK/OTf composite membranes ..........cccceeevevvevnennnn, 96
Fig 3.12: FTIR spectra of neat SPEEK and SPEEK/IL composite membranes having varying
amounts Of I0NIC HQUIT ........coviiiece e e e 98
Fig 3.13: TG traces of SPEEK and SPEEK/ILs composite membranes...........ccccocveveveeeeiiennnas 99
Fig 3.14: DTG traces of SPEEK and SPEEK/IL composite membranes............cccceevevvenenenn. 100

Fig3.15: Proton conductivity of SPEEK/IL composite membranes at different temperature
under anhydrous CONAITIONS ..........cccieiie i s 101
Fig3.16: Proton conductivity (on log scale) of SPEEK/IL composite membranes at different
temperature under anhydrous CONTITIONS..........cccoviiiiiinereece e 103
Fig 4.1: FTIR spectra functionalized and non-functionalized quantum dots ..............ccccceveueee 108
Fig4.2: UV-vis spectra and TEM images of functionalized and non-functionalized CdSe

QUANTUM AOLS (QDS) ...ttt 109
Fig 4.3: FTIR spectra of (A) neat FQD, (B and C) neat PVA and PVA/FQD based membranes

after NEAL trEAIMENT ......oviiecce e 110
Fig 4.4: Water uptake of PVA/FQD cross-linked membranes at different temperature........... 112
Fig 4.5: TG traces of neat PVA and PVA/FQD cross-linked membranes...........cc.ccoccvenennennae 114
Fig 4.6: DTG traces of neat PVA and PVA/FQD cross-linked membranes ............cc.ccooevnee. 115
Fig 4.7: DSC traces of neat PVA and PVA/FQD cross-linked membranes...........ccc.ccoceeeenee.e. 116

Xiv



Fig 4.8: DMA plots (a) storage modulus vs. temperature (b) tan J vs. temperature for neat PVA

and PVA/FQDs based cross-linked membranes ..........cccocvvvvveevreeiriecriecie e 118

Fig 4.9: SEM micrographs of neat PVA, PVA/FQD-1.2 (a, b) and cross-sectional images of
neat PVA, PVA/FQD-1.2 membranes (c, d) (at 5K magnification)..............cc.ccue.ee. 120

Fig 4.10: XRD spectra of neat PVA and PVA/FQD cross-linked membranes .............cc.cccc.... 121
Fig4.11: Proton conductivity of PVA/FQD cross-linked membranes at different temperature
UNET 100 %0 RH ...ttt 123

Fig4.12: 1-V and P.D. curves for PEMFC using PVA/FQDs composite membranes with H, and
02 08S TUBL AL 25 0C ... 124

Fig 4.13: FTIR spectra of neat SPEEK and SPEEK/PVA/FQDs cross-linked membranes...... 126
Figd.14: Water uptake of PVA/FQD-1.2 (XPVA) and SPEEK/PVA/FQDs cross-linked

MEMDIANES. ...ttt bbb 127
Fig 4.15: TG traces of neat SPEEK and SPEEK/PVA/FQDs based cross-linked membranes. 130
Fig 4.16: DTG traces of neat SPEEK and SPEEK/PVA/FQDs based cross-linked membranes....

............................................................................................................................... 131

Fig 4.17: DMA scans (a) Storage modulus vs temperature (b) tan J vs temperature for neat
SPEEK and SPEEK/PVA/FQDs based cross-linked membranes...........c..ccceveneene. 133

Fig 4.18: SEM micrographs of PVA/FQD-1.2, XPVA/SP-50 (a, ¢) and cross-sectional images of
PVA/FQD-1.2, XPVA/SP-50 membranes (b, d) (at 5 K magnification)................... 135

Fig 4.19: XRD spectra of neat SPEEK, PVA/FQD-1.2 and SPEEK/PVA/FQDs based cross-
lINKEA MEMDIANES ......icviiiicie e ettt 136

Fig 4.20: Proton conductivity of PVA/FQD-1.2 and SPEEK/PVA/FQDs based cross-linked
membranes at different temperature under (100 % RH) .......cccooeviiviiiiiiicnciene 138

Fig 4.21:(a) Power density vs current density curves (b) Cell voltage vs current density curves
for PEMFC using SPEEK/PVA/FQDs cross-linked membranes with H, and O, gas
FUBL AL 50 OC ... ittt et te et e e s be e s ae e s abe s be e teestaesreeas 139
Fig 4.22: (a) Power density vs current density curves (b) Cell voltage vs current density curves
for PEMFC using XPVA/SP-60 cross-linked membranes with H, and O, gas fuel at
30,50 @NA 70 OC ..ottt ettt 141
Fig 5.1: FTIR spectra of XSP and XSP/OTf (varying amounts of IL) based composite
MEIMDTANES......ei ittt et ettt st e et e e s be e e beesteesteeerbeebeesbeesaeesaeesnbeennas 149

Fig 5.2: TG traces of XSP and XSP/OTf (varying amounts of IL) based composite membranes.

XV



Fig5.3: DTG traces of XSP and XSP/OTf (varying amounts of IL) based composite
MEMDIANES. ..ottt se ettt ettt e e nes 152
Fig 5.4: DMA scans (a) storage modulus vs. temperature (b) tan o vs. temperature for neat
SPEEK and composite MemMbBIanes..........ccvevviiiiiieie s 154
Fig 5.5: Leaching of ionic liquid at two different temperatures from SPEEK and ionic liquid
based composite membranes with and without cross-linker ............c.ccocevvviviieninnne 156
Fig 5.6: Proton conductivity of XSP/OTf composite membranes at different temperature under
ANNYArOUS CONTITIONS. ...ttt 158
Figh.7: SEM micrographs of XSP, XSP/OTf-30, XSP/OTf-50, XSP/OTf-70 composite
membranes (a, b, ¢, and d) and cross-sectional images of XSP, XSP/OTf-30, XSP/OTf-
50, XSP/OTf-70 composite membranes (e, f, g and h) respectively (at 5 K

MAGNITICATION).....etieiitie ettt 160
Fig 5.8: FTIR spectra of neat SPEEK, XSPEEK and composite membranes.............c.cc.cceveuee. 162
Fig 5.9: TG traces of XSPEEK and XSPEEK/OTf composite membranes............cc.ccocevernenee 163
Fig 5.10: DTG traces of XSPEEK and XSPEEK/OTf composite membranes ..............cccc.c..... 164

Fig 5.11: DMA scans (a) Storage modulus vs temperature (b) Tan J vs temperature of neat
SPEEK, XSPEEK, SPEEK/OTf and XSPEEK/OTf composite membranes............... 166
Fig 5.12: Leaching of ionic liquids at two different temperatures from SPEEK and ionic liquid
based composite membranes with and without cross-linker (after immersion for 48h in
water at varying teMPEratUre) ........cccvcvveieieeiesieeeesrese e ste e sre e eesre e sbesreeresee e 168
Fig 5.13: Proton conductivity of XSPEEK and XSEEK/OTf composite membranes at different
temperature under anhydrous CONAItIONS..........cccoveviiieriiiienic e 170
Fig 5.14: Proton conductivity of SEEK/OTf composite membranes at different temperature
under anhydrous conditions (For comparison this image is repeated here it is already
IN CRAPTET TIT) o 171
Fig 5.15: Proton conductivity (on log scale) of XSPEEK/OTf composite membranes at different
temperature under anhydrous CONTITIONS..........ccciiiiiiiiereeece e 173
Fig 5.16: SEM micrographs of XSPEEK, XSPEEK/OTf-30, XSPEEK/OTf-50, XSPEEK/OTf-70
composite membranes (a, ¢, e and ¢g) and cross-sectional images of XSPEEK,
XSPEEK/OTf-30, XSPEEK/OTf-50, XSPEEK/OTf-70 composite membranes (b, d, f

and h) respectively (at 5K magnification) ...........ccooeverereneniiiiese e 175
Fig 5.17:XRD spectra of XSPEEK and XSPEEK/OTf composite membranes .............cc.ccce.... 176
Fig 6.1: "H-NMR spectrum of [bmim][H,PO4] in [DMSO-Ug] «..ecvvvvvereeerrinreceenieevenieeinenn, 182
Fig 6.2: FTIR spectrum of [0mim][HaoPO4]...covieeieee e 183

XVi



Fig 6.3: FTIR spectra of neat ABPBI and ABPBI/IL based composite membranes................. 184

Fig 6.4: TG traces of neat ABPBI and ABPBI/IL based composite membranes...................... 186
Fig 6.5: DTG traces of neat ABPBI and ABPBI/IL based composite membranes.................... 187
Fig 6.6: DSC traces of neat ABPBI and ABPBI/IL based composite membranes.................... 188

Fig 6.7: Proton conductivity of ABPBI/IL based composite membranes at different temperature
under anhydrous CONITIONS ..........ccuiiiiriieriee s 190
Fig 6.8: Proton conductivity (on log scale) of ABPBI/IL composite membranes at different
temperature under anhydrous CONTITIONS..........cccviiiirirerei e 191
Fig 6.9: proposed mechanism for proton transport in ABPBI/IL based composite membranes....

Fig 6.10: SEM micrographs of neat ABPBI and composite membranes (a, b, ¢ and d) and cross-
sectional images of neat ABPBI and composite membranes (e, f, g and h) (at 10K
MAGNITICATION).....etitiitee et 194

Fig 6.11: XRD spectra of neat ABPBI and ABPBI/IL based composite membranes................ 195

XVii



LIST OF TABLES

Table 1.1:Types of fuel cell and their important features..........cccccvvveveiieiicic s 5
Table 2.1: Properties of PEEK (As given in manufacturer’s datasheet) .............c.ccocuvuvevunnnn. 50
Table 2.2:Details 0f I0NIC HQUITS.........ccoiiiiiieecce e 51
Table 2.3:Effect of reactions time on the degree of sulfonation in SPEEK ..............c.ccccveneenne. 56
Table 2.4:Details of feed compositions used for the preparation of composite membranes .. 61
Table 2.5:Details of cross-linked membranes based on PVA/FQDS .........ccccoovevivviveneneeniee. 63
Table 2.6:Details of cross-linked membranes based on SPEEK/PVA/FQDS ........c..cccocvvvienee. 64
Table 2.7:Details of composite membranes based on SPEEK/EG/IL.........c.cccocceviviivevenvaenne. 65
Table 2.8:Details of composite membranes based on SPEEK/PVA/FQDS/IL..........c.ccocevinnee. 67
Table 2.9:Details of composite membranes based on ABPBI/IL.........ccccccoovviveieneineieseeee, 68
Table 3.1:Results of TG/DTG traces of neat SPEK and composite membrane in nitrogen

atmosphere (heating rate 20 C)....oovvvieiieieiicic e e 84
Table 3.2:Composite membranes and regression results of composite membranes.................. 88

Table 3.3:Results of TG/DTG traces of neat SPEK and composite membrane in nitrogen

LR [01SY o] 1T =SSOSR 100
Table 3.4:Composite membranes and regression results of composite membranes................ 102
Table 4.1:Water uptake behavior of neat PVA and cross-linked membranes .............ccccocv..... 112

Table 4.2:Results of TG/DTG traces of neat PVA and modified PVA membranes in nitrogen
atmosphere (heating rate 20 °C/MIN) ..o 114
Table 4.3:Result of DSC scans of neat PVA and modified membranes.........c..cccocvevvevvivennnne 117
Table 4.4:Water uptake behavior of XPVA and SPEEK/PVA/FQDs cross-linked membranes128
Table 4.5:Results of storage modulus at different temperature and T, of the membranes from
DIMA GNAIYSIS. ...ttt 134
Table 5.1:Results of TG/DTG traces of XSP and XSP/IL composite membranes in nitrogen
AEMOSPNETE ...t 151
Table 5.2:Results of storage modulus at different temperature and T, of the membranes from
DIMA GNAIYSIS. ..ttt 155
Table 5.3:Results of percent weight loss of ionic liquid at two different temperatures from
SPEEK and IL based composite membranes with cross-linker and without cross-
BINKEE et 157

xviii



Table 5.4:Results of TG/DTG traces of XSPEEK and composite membranes with varying

amounts of ionic liquid in nitrogen atmosphere (heating rate 20 °C/min)............ 165
Table 5.5:Storage modulus and Tg of SPEEK, XSPEEK, XSPPEK/OTf and SPEEK/OTf
COMPOSILE MEMBDIANES ......eeiiiticic e 167
Table 5.6:Results of percent weight loss of ionic liquid in case of SPEEK/OTf and XSPEEK/OTf
after immersion in water for 48h at different temperatures............c.ccocevevviiinnnnne 169
Table 5.7:Regression results of composite membranes based on SPEEK/EG/IL.................... 173
Table 6.1:Results of TG/DTG traces of ABPBI and ABPBI/IL composite membranes in nitrogen
atmosphere (heating rate 20 T/MIN) ....ccocoiiiiiieiccecee e 187
Table 6.2:Result of DSC scans of neat ABPBI and composite membranes............ccccceevvvnnne 189
Table 6.3:Composite membranes and regression results of composite membranes................ 191

XiX



Scheme 2.1:
Scheme 2.2:
Scheme 2.3:
Scheme 2.4:
Scheme 2.5:
Scheme 2.6:
Scheme 2.7:
Scheme 2.8:
Scheme 3.1:
Scheme 5.1:
Scheme 6.1:

LIST OF SCHEMES

Sulfonation Of PEEK ..........ooiiioe e 52
Schematic for ligand exchange in quantum dotS..........cccocvveiirinenenenereee 58
Synthesis of poly(2,5-benzimidazole) ... 59
Preparation of SPEK or SPEEK and ILs based composite membranes............ 61
Preparation of PVA/FQDs based cross-linked membranes............ccccoeevvvennene. 62
Preparation of PVA/FQDs based cross-linked membranes............ccccceevvvennene. 64
Preparation of SPEEK/EG/IL based composite membranes............c.cccceevvenene. 66
Preparation of ABPBI/IL based composite membranes ..........cccccceevevevvinennnnn, 68
Reaction showing the exchange of proton by cationic group of IL.................... 82
Representation of XSPEEK/IL based composite membrane............ccccceevenene. 147
Preparation of [bmim][HoPO4] .ccovooviiiiiiii e 181

XX



GLOSSARY OF SYMBOLS AND ABBREVIATIONS

%

°C
cm
e.g.

Hz
i.e.

mmol
mL

nm
TEM
HR
PEMFC
MEA
PEM

DS
PEEK
PEK
PVA
ABPBI
TFA
SPEEK
SPEK
QDs
FQDs
DMAc
EG
TGA
DSC
DMA
IL

SEM
XRD
FT-IR
'H-NMR

percent

frequency

degree centigrade

centimeter

for example

gram

hour

hertz

that is

molar

millimole

milliliter

nanometer

transmission electron microscopy

high resolution

polymer electrolyte membrane fuel cell
membrane electrode assembly

proton exchange membrane or polymer
electrolyte membrane

degree of sulfonation

poly(ether ether ketone)

poly(ether ketone)

poly(vinyl alcohol)
poly(2,5-benzimidazole)
trifluoroacetic acid

sulfonated poly(ether ether ketone)
sulfonated poly(ether ketone)

guantum dots

functionalized quantum dots

dimethyl acetamide

ethylene glycol

thermogravimetric analysis

differential scanning calorimetry
dynamic mechanical analysis

ionic liquid

scanning electron microscopy

X-ray diffraction

fourier transforms infrared spectroscopy
proton  nuclear  magnetic  resonance
spectroscopy

XXI



	THESIS FINAL 03-12-2015.pdf



