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membranes showing spherulitic pattern in pure PVDF and mesh-like morphology in
others; and(f) TGA thermograms of pure indicated specimens showing thermal stability
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Figure 5.5: Electrochemical and potentiodynamic polarization studies of the
membranes. (a) Nyquist plot of the indicated functionalized membranes (PVDF-g-s and
NH-g-s); (b) Bar diagram showing the proton conductivity of the functionalized
membrane (PVDF-g-s ,NH-g-s) at room temperature; (c) Proton conductivity of the
functionalized membranes as a function of temperature; (d) Bode phase and modulus
of PVDF-g-s ,NH-g-s membranes comparing Nafionl17 as a function of frequency; (e)
Tafel plot of blank, PVDF-g-s and NH—g-s at a concentration of 300 ppm; (f) Tafel plot
of PVDF-g-s with concentration variation; (g) Tafel plot of NH-g-s with concentration
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Figure 5.6: Radionuclide sorption experiments and radiation emission studies using
functionalized nanochannel membrane. (a) kinetics of Am™ sorption studies using
indicated functionalized membranes (PVDF-g-s and NH-g-s); (b)Bar diagram showing
maximum uptake efficiency of different functionalized membranes; (¢) Radiographic
images of the radioactive loaded different membranes on C-39 detector (right side
images are higher magnification of the corresponding left side images); (d) Deloading
of adsorbed Am™ ion in different complexing agents; (€) Schematic of the desorption of

functionalized PVDF-g-s comparing with the NH-g-s membrane.......c.cccceevenenne.n. 115

Figure 5.7: Complete fuel cell experiment using the developed membranes. (a) Proton
conductivity of the indicated membranes as function of temperature; (b) water uptake of
the functionalized membranes (PVDF, PVDF-g-s, NH, and NH-g-s); (c¢) Schematic

presentation of membrane electrode assembly using developed membranes; (d)
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Photograph of representative functionalized membrane showing its mechanical stability
along with flexibility; (e) Polarization curves of PVDF-g-s and NH-g-s membranes
comparing standard Nafion and open circuit voltage; and (f) Fuel cell performance in
terms of power density as a function of current density using the functionalized

membranes and comparison with standard Nafion.....cceeeeeieiiiieiiiiiiiiiiiiineiiennnn 119

Figure 6.1:Through nanochannel dimension are measured using SEM and AFM
morphological investigations, (a) AFM images of pristine PVDF, NH, PVDF-e and
NH-e showing the nanochannels by arrows under indicated fluence of Lit+ ions
bombardment; (b) the distribution of the nanochannel dimension as measured from the
respective AFM images; (¢) SEM images of pristine PVDF, NH, PVDF-¢, and NH-¢
after the bombardment of Li" ions at indicated fluence and the arrows show the location
of the nanochannels; and (d) the distribution of nanochannel diameter after the

irradiation followed by the chemical etching obtained from SEM images............... 130

Figure 6.2: Represent the 3-D figure of the etched membrane with fluence variation ,
the PVDF-¢ (1x10°% , PVDF-e (1x107), NH-e (1x10°) and PVDF-e (1x107) ions /cm®
are shown in (a), (b), (¢) and (d) , respectively. We are notifying that the channel
dimension and no. of nanochannel is higher in case of the PVDF-7 and NH- 7 etched

0010 10) =) 1< N 131

Figure 6.3: Cross-sectional SEM of nanohybrid membrane before and after the styrene
grafting followed by the sulphonation. (a) Low mag. SEM of NH-¢ (b) low Mag.SEM

of NH-7 (e¢) High mag. SEM of NH (d) High Mag. SEM of NH-

Figure 6.4: The evidence of the grafting (using styrene monomer) followed by their
sulphonation confirmed through different NMR nuclei studies, (a) the NMR spectra of
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the PVDF-7, and NH-7 indicating the assignment of possible proton. (b) PDVF NMR
spectra are given in the 6.4 (b) and PVDF-6 and NH-6; (¢) “C-NMR of the
functionalized and un-functionalized membrane. In *C-NMR the three new peaks at
chemical shift 118.7, 121.9 and 127.6 ppm indicate the grafting of the styrene monomer
on the back bone of the PVDF chain.(d) F-19 NMR of the pristine PVDF and its
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Figure 6.5: (a) FTIR spectra of PVDF, NH, PVDF-7, and NH-7 indicating the possible
bands for different functionalities and crystalline structure; (b) UV spectra of indicated
samples, before and after functionalization; and (¢) Surface morphology through AFM
after graft and  functionalization = showing the  coverage of the
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Figure 6.6: Characterization of membrane materials and to provide evidence of the
formation of the electro active (piezoelectric) B-phase and thermal stability. (a) XRD
patterns of PVDF, NH, PVDF-6, NH-6, PVDF-7 and NH-7; (b) Deconvolution of a
representative XRD spectra of NH-7 showing different phase fraction; (c) Piezoelectric
-content of the different membranes, calculated from the respective deconvulated
patterns; (d) DSC thermograms of PVDF, NH, PVDF-6, NH-6, PVDF-7 and NH-7
showing the respective melting temperatures; (e) Polarizing optical microscopic images
of PVDF, NH, PVDF-7 and NH-7; and (f) TGA thermograms of PVDF, NH, PVDF-6,
NH-6, PVDF-7 and NH-7, indicate their respective  degradation
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Figure 6.7: Characteristic parameters of the hydrophilic membranes as developed (a)
Water uptake of the indicated membranes; (b)lon exchange capacity, mmoles/g of the

functionalized membranes estimate using the radioactive nuclide CsCl; (c¢) Nyquist Plot
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of indicated membranes; (d) Bode phase and Bode modulus as a function of frequency
of indicated functionalized membranes; (e) Proton conductivity variation with
temperature of the different membranes as indicated; and (f) Arrhenius plot of different

membranes for the estimation of activation ENETZY...eeeeeeessesersarosscsassnsonssscsnsas 142

Figure 6.8: Fundamentals of radioactive waste management and the morphology of the
functionalized membranes (a) Kinetics of sorption of the radioactive Am" ions using
the indicated membranes; (b)Uptake of the radioactive Am"™ jons comparing with
pristine PVDF/NH;(c)Radiography of the indicated membranes on the C-39 detector
after the uptake measurements; (d) Schematic of the alpha spectrometry measurement
and energy loss from the different regions;(e) the depth profiles of ion exchangeable
groups present in the nanochannels for Li" membranes showing fluence dependency in
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Figure 6.9: Alpha spectrum of the **'Am’" Loaded Functionalized membranes (a)
spectrum recorded side one of membrane; (b) spectrum recorded second side of
membrane; (c¢) overlap alpha spectrum of the PVDF-6 membrane: the alpha spectrum
both side of the Li-ions bombardment, selective chemical etching subsequent grafting of
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Figure 6.10: (a) The schematic arrangement for the measurement of pulse height
spectrum; (b) a comparison of pulse height spectrum along with the background
spectrum; and (c) comparative study of the Ag" and Li" irradiated pulse height spectra

of  functionalized PVDF-6 PVDEF-7 membranes at two different

XX



LIST OF TABLE

Table 1.1: Classification of the fuel cell devices based on fuel, electrolytes and operating

L7001 0 1G] 11 23

Table 1.2: Channel diameter after etching process of Sn exposed on the piezoelectric -
phase PVDF thin foils at oxidizing agent 0.25 mol L' aqueous KMnO4 solutions with

Various alKaling CONC. ... nu ettt e e e e 33

Table 1.3: Results of the etching of the PVDF films which were irradiated with various

1008 ANA TTUCIICE . .o oot e e 33

Table 1.4: Ionic membrane characteristics of the various functionalized membrane
0aE1 1o o -] TR 34

Table 1.5: Comparative Fuel cell efficiency of the various membrane electrodes

Table 3.1: Comparison of proton conductivity (K™), methanol permeability (P), Activation
Energy (Ea) and selectivity parameter (SP) of HFP-12 and HFP-18 with the
standardNafion117 membrane at 25°C and 50% water-methanol

10010101 (<SP 66

Table 4.1: Conductivities (¥"x10? S cm™) of indicated membranes (functionalized PVDF

and nanohybrid) at different temperatures.............cooveiviiiiiiiii i 88

Table 4.2: Membrane conductivity (k™), methanol permeability (P) at 30 °C, energy of
activation (E,) and power density values for different membranes measured at 30 °C using

30% Methanol Water IIXTUTE. .. ..ovettttt ettt ettt 89

xx1



Table 6.1: The membrane characteristics such as, ion exchange capacity (IEC), water
uptake (WU), and activation energy (Ea) and proton conductivity (km) of the

functionalized MEMDIANES. .. ... ..ttt e e e 142

xXxil



LIST OF SCHEMES

Scheme 1.1: Chemical representation synthesis of functionalized membrane (PVDF)
through direct and pre-irradiation tagging of styrene monomer followed by
SULTONATION. ...t 12
Scheme 4.1: Schematic representation of the swift heavy ions irradiation on polymer
membrane, followed by selective chemical etching on irradiated membrane subsequent
grafting within the nanochannels followed by sulphonation. Bottom column indicate the
grafting reaction within the nanochannel followed by its sulphonation to make the

nanochannel conducCting. ............oiiiiiiiiii i e 76

Scheme 6.1: Schematic presentation of the irradiation, nanochannel formation, grafting
followed by the sulphonation to generate a functionalized

10015 0010) ¢ 14 [ TR 128

Scheme 6.2: Schematic representation chemical reactions of the ion beam bombardment
(Li" beam) which generate reactive sites (free radicals) followed by grafting using styrene
monomer and subsequently the sulphonation using chlorosulphonic acid. This
functionalization converts the nano-dimensional channels into conducting for the ions

transport and radionuclide capturing experiments. ...............ooeeviiiiiiiiinninneennnnn. 128

xXxiii



PEM

AEMs

CEMs

BPMs

PFSA

DMFCs

MEA

PEMFCs

PVDF

oCcVv

PTFE

PVDF-HFP

PVDF-CTFE
SHI

LET

NH

PSSA

MeV

PS

DS

IEC

wu

3-HT

LIST OF ABBREVIATIONS

Proton electrolyte membrane

Anion Exchange membranes

Cation exchange membranes

Bipolar membranes

Perfluorosulfonic acid

Direct methanol fuel cells

Membrane electrode assembly

Polymer electrolytes Fuel cell membrane.
Poly (vinylidene fluoride)

Open circuit voltage

poly(tetrafluoro ethylene)
poly(vinylidene fluoride—co— hexafluoro propylene)

poly(vinylidene fluoride—co— tetrafluoro ethylene)
Swift heavy ions

Linear energy transfer
Nanohybrid
Polystyrene sulfonic acid
Mega electron volts
Polystyrene
Degree of sulfonation
Ion exchange capacity
Water uptake

3 —hexyl-thiophene

XX1V



P3HT

DCM
GPSC
SRIM

DMF
PVDF-s
PVDF-NH-s
QAPPESK
QAPVA

FEP-g-PVBTMAOH

QPPESN

FPAES-Im-52

SP
Symbols

(0

o <

> > Q=

pum

poly(3 hexylthiophene)
Dichloromethane
General Purpose scattering chamber
Stopping range of ions in materials
Dimethyl formamide
Direct sulphonation poly(vinylidene difluoride),
Direct sulphonation of the PVDF nanohybrid membrane
Quaternizedpoly(phthalazinon ether sulfone ketone
Novel cross-linked quaternized poly (vinyl alcohol) (PVA)

The radiation-grafting of vinyl benzyl chloride onto poly
(hexafluoropropylene-co-tetrafluoroethylene)

Quaternized phenolphthalein based poly(arylene ether sulfone
nitrile)

Fluorene-containing poly(arylene ether sulfone)s with
imidazolium groups

Selectivity parameter
Description
Alpha
Beta
Gamma
Delta
Trans
Gauche
Angstrom
Micro meter

Nano meter

XXV



Imax

Pmax

mW

Ea

Angle
Resistivity
Conductivity
Interplanar spacing
Volt

Ampere

Mili meter
Centi meter
Gram
Temperature
Current Density
Power Density

Mili watt

Mili ampere

Activation energy

Methanol permeability

Siemens

XXVi



PREFACE

Membrane technologies have been the key component of research in the last few decades,
with the latest improvement in both fabrication and design aspects. Porous / nanochannel
polymeric membranes have gained much attention in this perspective for their utilization in
a variety of fields such as adhesive, sensor, biotechnology, waste water treatment including
separation techniques and ion exchange membranes for polymer electrolytes membrane
fuel cell (PEMFCs), because of their excellent thermal, outstanding mechanical properties

along with electrical properties when suitably functionalized with some functional group.

This thesis mainly focuses the research work being conducted on fabricating
porous polymer membranes followed by the functionalization and subsequently their
applications in fuel cell technology as electrolytes membrane and Functionalized
membrane used for the waste water treatment mainly in the radionuclide tracing. In this
context, swift heavy ions (SHI) bombardment on the polymeric membrane design the
porous membranes having controlled channels dimension using ions of different size,
nanoparticles and fluence variation. The effect of SHI on the polymeric membrane creates
the reactive sites (free radicals), which are utilized to functionalize for relevant
applications. However, this thesis aims to discuss the fabrication of latent track/
nanochannels in polymer membrane and subsequent functionalization for energy

applications, especially in fuel cell technology.

The thesis consists of seven chapters; in the first chapter, we will discuss a brief
introduction of the polymeric membrane, materials like PVDF and its copolymer and their

conformations, Radiation-induced grafting (Swift heavy ions). A detailed literature survey
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has been carried on fuel cell technology and the effect of the SHI on the polymer. In the
second chapter, detail of materials, experiments, characterizations technique and
measurements are discussed. In third chapter functionalized (sulphonates) the PVDF-HFP
polymer membrane using chlorosulphonic acids and measures the DMFCs efficiency. In
the fourth chapter of the thesis, swift heavy ions, Sliver ions 120 MeV energy and 5x10’
ions /cm® fluence irradiated PVDF and its nanohybrid film followed by the chemical
etching subsequent grafting with the help of the conducting monomer 3-Hexyl thiophene
and sulphonation carried out grafted spices make the nanochannel / latent track into
conducting nanochannel for the ions transport. Furthermore, the functionalized membrane
assembled Fuel cell stack and measure cell efficiency. In the fifth chapter, Silver ions with
fluence 1x10” ions/cm® irradiated on the polymer film followed by the styrene monomer
grafting sulphonation subsequently for the purpose of the fuel cell membrane and
radionuclide tracing and in the sixth chapter, lithium ions irradiation with two fluences
1x107 and 1x10° ions/cm” and grafting of the styrene monomer followed by ionic group
tagging for low waste radionuclide sensing and finally in the last chapter (seventh) gives

significant observations, conclusions and suggestions of the future work.
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