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ABSTRACT 

 The challenge of methanol crossover, which seriously occurred using 

commercial Nafion® membrane, urging the number of studies on the development of 

novel proton exchange membrane (PEM).  The main objective of this research was to 

prepare and characterize sulfonated poly (ether ether) ketone (SPEEK)/graphene oxide 

(GO) nanocomposite as PEM.  The influences of oxidation conditions particularly 

oxidant ratio, reaction temperature, and oxidation time on the GO properties were 

investigated. GO prepared with loading ratio 1:3, at reaction temperature 35°C and 

oxidation time 5 days was found to be the optimum GO which demonstrated excellent 

desired properties which abundantly available hydroxyl and epoxide groups.  A fully 

exfoliated GO with high graphitic integrity was confirmed by x-ray diffraction (XRD) 

and was supported by x-ray photoelectron spectroscopy (XPS) and field emission 

scanning electron microscopy (FESEM). Subsequently, this optimized GO with 

various loading amounts was chosen to be incorporated into the SPEEK solution and 

further studied.  The effect of GO filler incorporation was investigated based on their 

physicochemical properties such as ion exchange capacity (IEC), swelling behavior, 

activation energy, proton conductivity, and methanol permeability.  A fully exfoliated 

GO in SPEEK matrix was confirmed by XRD and was supported by FESEM and 

transmission electron microscopy (TEM). Besides, the resultant SPEEK/GO 

nanocomposite membranes characteristics were compared with the blank SPEEK and 

commercially Nation®115 membranes. SPEEK/GO nanocomposite with 2.5 wt.% GO 

loading possessed a strong interfacial interaction between SPEEK matrix and GO 

fillers, which offered a high proton conductivity (0.13 S.cm-1) with lower methanol 

permeability (3.69 x 10-7.cm2s-1) compared to commercial Nation®115 membranes. 

Hence, owing to its promising improved characteristics and performance, 

SPEEK/GO0.25 had been identified as the best composite formulation for PEM. 
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ABSTRAK 

Cabaran aliran silang metanol yang berlaku dengan serius dalam penggunaan 

membran Nafion® komersial telah mendesak diadakan beberapa kajian pembangunan 

membran elektrolit polimer baharu (PEM). Objektif utama penyelidikan ini ialah 

untuk mensintesis dan mencirikan poli(eter eter keton) sulfonat (SPEEK)/grafin oksida 

(GO) sebagai PEM. Kesan-kesan keadaan pengoksidaan terutamanya nisbah bahan 

pengoksidaan, suhu, dan masa pengoksidaan terhadap sifat-sifat GO telah dikaji. GO 

yang disediakan dengan nisbah muatan 1:3, pada suhu tindak balas 35°C dan masa 

pengoksidaan 5 hari telah dikenalpasti sebagai optimum yang menunjukkan sifat-sifat 

yang dikehendaki dengan mempunyai banyak kumpulan berfungsi hidroksil dan 

epoksida. GO yang telah terkelupas dengan sempurna dan mempunyai struktur grafit 

yang yang berintegriti tinggi telah disahkan menerusi pembelauan sinar-x (XRD), dan 

disokong oleh spektroskopi fotoelektron sinar-x (XPS) dan mikroskopi elektron 

pengimbas pemancaran medan (FESEM). Seterusnya, GO yang optimum dengan 

pelbagai jumlah muatan telah dipilih untuk digabungkan ke dalam larutan SPEEK dan 

dikaji secara terperinci. Kesan penggabungan pengisi GO telah dikaji berdasarkan 

sifat-sifat kimia-fizik misalnya kapasiti penukaran ion (IEC), sifat kebengkakan, 

tenaga pengaktifan, kekonduksian proton dan ketelapan metanol. GO yang terkelupas 

sepenuhnya di dalam matriks SPEEK telah disahkan melalui XRD dan disokong oleh 

FESEM dan mikroskopi elektron penghantaran (TEM). Selain itu, ciri-ciri hasil 

membran nanokomposit SPEEK/GO yang terhasil telah dibandingkan dengan 

membran SPEEK kosong dan membran komersial Nafion® 115. Nanokomposit 

SPEEK/GO dengan muatan GO 2.5 wt.% mempunyai interaksi antara muka yang kuat 

antara matriks SPEEK dan pengisi GO, yang menawarkan kekonduksian proton yang 

tinggi (0.13 S cm-1) dan ketelapan metanol yang rendah (3.69 × 10-7 cm2 s-1) 

berbanding membran komersil Nafion®115. Oleh itu, dengan menjanjikan 

peningkatan ciri-ciri dan prestasi, SPEEK/GO0.25 telah dikenalpasti sebagai 

formulasi komposit terbaik bagi PEM.  

  



viii 

 

TABLE OF CONTENTS 

 TITLE PAGE 

 

DECLARATION iii 

DEDICATION iv 

ACKNOWLEDGEMENT v 

ABSTRACT vi 

ABSTRAK vii 

TABLE OF CONTENTS viii 

LIST OF TABLES xv 

LIST OF FIGURES xvii 

LIST OF ABBREVIATIONS xxiii 

LIST OF APPENDICES xxiv 

CHAPTER 1 INTRODUCTION 1 

1.1 Background of Study 1 

1.2 Problem Statement 4 

1.3 Objectives 6 

1.4 Scope of the Study 7 

1.5 Significance of Studies 8 

1.6 Thesis Organization 8 

CHAPTER 2 LITERATURE REVIEW 11 

2.1 Introduction 11 

2.2 Methanol Crossover 11 

2.3 The development of Polymer Electrolyte Membranes 

(PEM) 13 

2.3.1 Proton Electrolyte Membrane Concept 14 

2.3.1.1 Proton Transport in Polymer 

Electrolyte Membrane 16 

2.3.1.2 Activation Energy 19 

2.3.2 Commercial Proton Electrolyte Membranes 21 



ix 

 

2.3.3 Improvement on Nafion® Membrane 23 

2.3.4 Development of Alternative PEM materials 26 

2.4 Materials Understudy 33 

2.4.1 Base Polymer 33 

2.4.2 Sulfonation Process 34 

2.4.3 Carbonaceous Material Filler (Graphene 

Oxide) 40 

2.4.4 Importance of Characterization 46 

2.4.4.1 X-Ray Diffraction Technique 48 

2.4.4.2 X-Ray Photoelectron Spectroscopy 

and Fourier Transform Infrared 

Spectroscopy 50 

2.4.4.3 Raman Spectroscopy 51 

2.4.4.4 Thermogravimetric Analysis 52 

2.4.4.5 Atomic Force Microscopy 54 

2.4.4.6 Transmission Electron Microscopy 

and Field Emission Scanning 

Electron Microscopy 55 

2.4.4.7 Solid-State Nuclear Magnetic 

Resonance 55 

CHAPTER 3 RESEARCH METHODOLOGY 57 

3.1 Introduction 57 

3.2 Materials Selection 58 

.3 Experimental setup 59 

3.4 Preparation of Graphene Oxide 60 

3.4.1 Optimization of parameters in graphene oxide 

preparation 61 

3.5 Physicochemical Characterization 61 

3.5.1 Fourier Transform Infrared Attenuated Total 

Reflectance 61 

3.5.2 Field Emission Scanning Electron Microscopy 61 

3.5.3 Transmission Electron Microscopy 62 

3.5.4 X-Ray Diffraction 62 

3.5.5 Atomic Force Microscopy 63 



x 

 

3.5.6 Raman Spectroscopy 63 

3.5.7 Solid State Nuclear Magnetic Resonance 64 

3.5.8 X-ray Photoelectron Spectroscopy 65 

3.5.9  Zeta Potential Measurement 65 

3.6 Preparation of SPEEK and SPEEK Nanocomposite 

Membranes 66 

3.6.1 Sulfonation Reaction Process 66 

3.6.2 Preparation of Nanocomposite Membrane 66 

3.7 Physicochemical Characterization of Membrane 67 

3.7.1 Hydrogen Nuclear Magnetic Resonance 67 

3.7.2 Fourier Transform Infrared- Attenuated Total 

Reflectance 68 

3.7.3 X-Ray Diffraction Analysis 69 

3.7.4 Morphology Structure Analysis 69 

3.7.5 Atomic Force Microscopy 70 

3.7.6 X-ray Photoelectron Spectroscopy 70 

3.7.7 Transimission Electron Microscopy 70 

3.8  Measurement and Investigation of Polymer electrolyte 

membrane Properties 71 

3.8.1 Proton Conductivity Measurement 71 

3.8.2 Ion Exchange Capacity (IEC) 73 

3.8.3 Swelling Measurement 73 

3.8.4 Methanol Permeability Measurement 75 

3.8.5 Thermal Stability Analysis 77 

3.8.6 Contact Angle Measurement 78 

CHAPTER 4 PREPARATION OF GRAPHENE OXIDE 79 

4.1 Introduction 79 

4.2 Effect of Oxidant On Formation of Oxygen 

Containing Functional Groups 79 

4.2.1 Functional Groups Existence 

Confirmation by Fourier Transform 

Infrared Spectroscopy 80 



xi 

 

4.2.2 Molecular Surface Structure 

Analysis by Field Emission Scanning 

Electron Microscopy 83 

4.2.3 Structural and Physical Properties 

Confirmation by X-Ray Diffraction 85 

4.2.4 Structure, Defects and Disorder 

Existence Confirmation by Raman 

Spectroscopy 89 

4.2.5 Physical Properties and 

Morphological Features 

Confirmation by Atomic Force 

Microscopy 93 

4.2.6 Chemical Bonding Network 

Formation Confirmation by Solid 

State Nuclear Magnetic Resonance 98 

4.2.7 Oxygen Speciation Determination by 

X-ray Photon Spectroscopy 103 

4.2.8 Surface Charge Evolution 

Determination by Zeta Potential 

Measurement 109 

4.3 Effect of Reaction Temperature on Oxygen-

Containing Functional Groups Evolution 111 

4.3.1 Functional Groups Existence 

Confirmation by Fourier Transform 

Infrared Spectroscopy 111 

4.3.2 Molecular Surface Structure 

Analysis by Field Emission Scanning 

Electron Microscopy 114 

4.3.3 Structural and Physical Properties 

Confirmation by X-Ray Diffraction 117 

4.3.4 Structure, Defects and Disorder 

Existence Confirmation by Raman 

Spectroscopy 121 

4.3.5 Physical Properties and 

Morphological Features 

Confirmation by Atomic Force 

Microscopy 124 

4.3.6 Chemical Bonding Network 

Formation Confirmation by Solid 

State Nuclear Magnetic Resonance 127 



xii 

 

4.3.7 Oxygen Speciation Determination by 

X-ray Photon Spectroscopy 130 

4.3.8 Surface Charge Evolution 

Determination by Zeta Potential 

Measurement 135 

4.4 Effect of Oxidation Time On C/O Ratio 137 

4.4.1 Functional Groups Existence 

Confirmation by Fourier Transform 

Infrared Spectroscopy 137 

4.4.2 Molecular Surface Structure 

Analysis by Field Emission Scanning 

Electron Microscopy 140 

4.4.3 Structural and Physical Properties 

Confirmation by X-Ray Diffraction 142 

4.4.4 Structure, Defects and Disorder 

Existence Confirmation by Raman 

Spectroscopy 145 

4.4.5 Physical Properties and 

Morphological Features 

Confirmation by Atomic Force 

Microscopy 148 

4.4.6 Chemical Bonding Network 

Formation Confirmation by Solid 

State Nuclear Magnetic Resonance 151 

4.4.7 Oxygen Speciation Determination by 

X-ray Photon Spectroscopy 154 

4.4.8 Surface Charge Evolution 

Determination by Zeta Potential 

Measurement 159 

4.4.9 Morphological Studies 161 

4.5 Proposed Model Mechanism of Oxidation 

Reaction 163 

4.6  Summary 170 

 

 

 

 



xiii 

 

CHAPTER 5 PROPERTIES OF BLANK SULFONATED 

POLY (ETHER ETHER KETONE) AND 

SULFONATED POLY (ETHER ETHER 

KETONE)/GRAPHENE OXIDE 

NANOCOMPISTE MEMBRANE 173 

5.1 Introduction 173 

5.1.1 Functional Groups Confirmation 174 

5.2.2 Determination of Degree of Sulfonation (DS) 176 

5.2.3 Thermal Stability Study 179 

5.2 Blending GO into SPEEK matrix 181 

5.2.1 Effect of GO filler on functional groups 

distribution in SPEEK/GO membrane 181 

5.2.2 Effect of GO filler on structural properties of 

SPEEK/GO nanocomposite membranes 185 

5.2.3 Effect of GO filler on thermal stability of 

SPEEK/GO nanocomposite membranes 188 

5.2.4 Effect of GO filler on surface morphology of 

SPEEK/GO nanocomposite membranes 190 

5.2.5 Effect of GO filler on surface roughness of 

SPEEK/GO nanocomposite membranes 197 

5.2.6 Effect of GO filler on dispersion degree of 

SPEEK/GO nanocomposite membranes 200 

5.2.7 Effect of GO filler chemical bonding of 

SPEEK/GO nanocomposite membranes 201 

5.4  Summary 206 

CHAPTER 6 EFFECT OF VARYING GRAPHENE OXIDE 

LOADING ON BEHAVIOUR OF SPEEK/GO 

NANOCOMPOSITE MEMBRANE 207 

6.1 Introduction 207 

6.2. Ion Exchange Capacity (IEC) of SPEEK 208 

6.3. Swelling Behaviour Study 210 

6.4 Proton Conductivity 218 

6.5 Activation Energy for Proton Conduction 222 

6.6 Methanol Permeability 226 

6.7 Membrane Selectivity 228 

6.4 Summary 230 



xiv 

 

CHAPTER 7 GENERAL CONCLUSIONS AND 

RECOMMENDATIONS 231 

7.1  General Conclusion 231 

7.2 Recommendations 233 

REFERENCES 235 

LIST OF PUBLICATIONS 281 

 

  



xv 

 

LIST OF TABLES 

TABLE NO. TITLE PAGE 

Table 2.1 Summaries of Nafion Modifications for Fuel Cell 28 

Table 2.2 SWOT analysis of GO nanocomposite as PEM 45 

Table 3.1 Chemicals description 58 

Table 4.1 D spacing, the thickness of graphitic stack and number of 

layers from X-ray diffraction patterns of GO (1:2), GO (1:3) 

and GO (1:4) sample 87 

Table 4.2 FWHM, Raman shift and ID/IG of GO (1:2), GO (1:3) and 

GO (1:4) 91 

Table 4.3 Average size and mean roughness at different oxidant ratio 97 

Table 4.4 13C-NMR data of GO (1:2), GO (1:3) and GO (1:4) 99 

Table 4.5 Percentage of surface group distributions obtained from 

deconvolution of 13C MAS NMR peak regions of GO (1:2), 

GO (1:3) and GO (1:4) 100 

Table 4.6 Atomic concentrations of graphite flakes, GO (1:2), GO 

(1:3) and GO (1:4) 103 

Table 4.7 Surface group distributions obtained from the 

deconvolution of C1s XPS regions of the GO (1:2), GO 

(1:3), and GO (1:4). 108 

Table 4.8 FWHM, Raman shift and ID/IG of GO (25), GO (35) and 

GO (50) 122 

Table 4.9 Average size and mean roughness at different oxidant 126 

Table 4.10 13C-NMR data of GO (20), GO (35) and GO (50) 127 

Table 4.11 Percentage of surface group distributions obtained from 

deconvolution of 13C MAS NMR peak regions of GO (20), 

GO (35) and GO (50). 127 

Table 4.12 Atomic concentration of carbon and oxygen in raw 

graphite, GO (20), GO (35) and GO (50) structure. 130 

Table 4.13 Surface group distributions obtained from deconvolution of 

C1s XPS regions of the GO (20), GO (35) and GO (50) 134 

Table 4.14 D spacing, thickness of graphitic stack and number of layers 

from X-ray diffraction patterns of GO (1) , GO (5) and GO 

(7) sample. 143 



xvi 

 

Table 4.15 FWHM, Raman shift and ID/IG of GO (1), GO (5) and GO 

(7) sample 146 

Table 4.16 Average size and mean roughness at different oxidation 

time 150 

Table 4.17 13C-NMR data of GO (1), GO (5) and GO (7) samples 152 

Table 4.18 Percentage of surface group distributions obtained from 

deconvolution of 13C MAS NMR peak regions of GO (1), 

GO (5) and GO (7). 152 

Table 4.19 Atomic concentrations of graphite flakes, GO (1), GO (5) 

and GO (7) 154 

Table 4.20  Surface group distributions obtained from deconvolution of 

C1s XPS regions of the GO (1), GO (5) and GO (7). 157 

Table 5.1 Thermal degradation of SPEEK 180 

Table 5.2 Casting solution formulation composition of SPEEK/GO 

nanocomposite 181 

Table 5.3 Atomic concentration of SPEEK/GO0.25 204 

Table 5.4 Surface group distributions obtained from deconvolution of 

S2p XPS regions of SPEEK/GO0.25 nanocomposite 

membrane 204 

Table 5.5 Surface group distributions obtained from deconvolution of 

C1s XPS regions of the GO and SPEEK/GO0.25 204 

Table 6.1 Ion exchange capacity (IEC) of Nafion® 115, plain SPEEK 

and all SPEEK/GO nanocomposite membrane at 28 ˚C for 

24hrs 209 

Table 6.2 Contact Angle of Nafion®, plain SPEEK and SPEEK/GO 

nanocomposite membrane 217 

Table 6.3 Improvement on physicochemical properties of 

SPEEK/GO nanocomposite 221 

 

  



xvii 

 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE 

Figure 2.1 Methanol crossover phenomenon 12 

Figure 2.2 Transportation of ions through a perfectly permselective 

CEM 16 

Figure 2.3 Schematic illustration of proton transport in PEM. a) 

Vehicular Mechanism, b) Grotthuss Mechanism 18 

Figure 2.4 Energy diagram for proton transport without an applied 

field (dashed grey line) and under an applied electric field 

(solid black line). 20 

Figure 2.5 Chemical structure of Nafion® 21 

Figure 2.6 Chemical structure of common polymer electrolyte 

membrane based on hydrocarbon polymers 27 

Figure 2.7 Chemical structure  of poly (ether ether ketone) 33 

Figure 2.8 Sulfonation of PEEK 35 

Figure 2.9 Schematic representation of the microstructures of Nafion 

and sulfonated polyetherketone  38 

Figure 2.10 XRD patterns of graphite, GO, rGO and functionalized single 

graphene sheet 49 

Figure 2.11 The Lorentzian with parameters h = 1, E = 0, and F = 1  50 

Figure 2.12 Thermogravimetric analysis (TGA) curves of graphite, 

GO,and RGO 53 

Figure 2.13(A) 1D 13C MAS and (B) 2D  13C / 13C chemical-shift 

correlation solid-state NMR spectra of 13C-labeled graphite 

oxide with (C) slices selected from the 2D spectrum at the 

indicated positions (70, 101, 130, 169, and 193 ppm) in the 

w1 dimension.  56 

Figure 3.1 Flowchart on experimental work 59 

Figure 3.2 Distribution of hydrogen in SPEEK 68 

Figure 3.3 Schematic representation of the proton conductivity cell 72 

Figure 3.4 Diagram diffusion cell for methanol permeation test 75 

 



xviii 

 

Figure 4.1 IR spectrum of GO for different loading ratios of KMnO4 

(GO (1:2), GO (1:3), and GO (1:4). 81 

Figure 4.2 Water contact angle of GO (1:2), GO (1:3) and GO (1:4) 81 

Figure 4.3 FESEM images of GO sample at loading ratio (1:2) of 

KMnO4  a) high resolution, b) low resolution 84 

Figure 4.4 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 a) high resolution, b) low resolution 84 

Figure 4.5  FESEM images of GO sample at a loading ratio of KMnO4  

GO (1:4) a) high resolution, b) low resolution 84 

Figure 4.6 XRD pattern of GO sample at a different loading ratio of 

KMnO4 GO (1:2); GO (1:3) and GO (1:4) 86 

Figure 4.7  XRD peak fitting for GO sample at a different loading ratio 

of KMnO4  (a) GO (1:2); (b ) GO (1:3); (c ) GO (1:4) using 

Lorentzian equation. 88 

Figure 4.8 Raman spectrum of graphite, GO (1:2); GO (1:3); and GO 

(1:4) 90 

Figure 4.9 Lorentzian fit of GO (1:2); GO (1:3); and GO (1:4) 92 

Figure 4.10 Surface and thickness analysis of a) GO (1:2), b) GO (1:3), 

c) and GO (1:4) 94 

Figure 4.11  13C MAS NMR spectra of GO (1:2), GO (1:3) and GO (1:4)

 99 

Figure 4.12 X-ray photoelectron spectroscopy spectrum of GO 105 

Figure 4.13 High-resolution XPS spectrum of GO (1:2) 105 

Figure 4.14 High-resolution XPS spectrum of GO (1:3). 106 

Figure 4.15 High-resolution XPS spectrum of GO (1:4). 106 

Figure 4.16 Zeta potential measurement of GO at a different loading 

ratio of KMnO4  GO (1:2); GO (1:3) and GO (1:4). 110 

Figure 4.17  IR spectrum of GO for the different temperature of the 

reaction 112 

Figure 4.18 Water contact angle of GO (20), GO (35) and GO (50 113 

Figure 4.19 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 20C.  a) high 

resolution, b) low resolution 116 

Figure 4.20 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 35C a) high 

resolution, b) low resolution 116 



xix 

 

Figure 4.21 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 50C a) high 

resolution, b) low resolution 116 

Figure 4.22  XRD pattern of GO sample at different  reaction 

temperature  GO (20); GO (35) and GO (50) 117 

Figure 4.23 XRD peak fitting for GO sample at different reaction 

temperature GO (20); (b ) GO (35);(c ) GO (50) using 

Lorentzian equation 119 

Figure 4.24 Raman spectrum of graphite, GO (20); GO (35); and GO 

(50) 122 

Figure 4.25 Lorentzian fit of GO (20); GO (35); and GO (50) 123 

Figure 4.26 Surface and thickness analysis of a) GO (20), b) GO (35), 

c) and GO (50) 125 

Figure 4.27 13C MAS NMR spectra of GO (20), GO (35) and GO (50) 129 

Figure 4.28 X-ray photoelectron spectroscopy spectrum of C1s 131 

Figure 4.29 High-resolution XPS spectrum of GO (20) 132 

Figure 4.30  High-resolution XPS spectrum of GO (35) 132 

Figure 4.31 High-resolution XPS spectrum of GO (50) 133 

Figure 4.32 Zeta potential measurement of GO at different reaction 

temperature GO (20); GO (35) and GO (50). 136 

Figure 4.33 IR spectrum of GO for different oxidation time 138 

Figure 4.34 Water contact angle of GO (1), GO (5) and GO (7) 139 

Figure 4.35 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 35C and oxidation 

time 1 day a) high resolution, b) low resolution 141 

Figure 4.36 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 35C and oxidation 

time 5 day a) high resolution, b) low resolution 141 

Figure 4.37 FESEM images of GO sample at loading ratio (1:3) of 

KMnO4 with reaction temperature at 35C and oxidation 

time 1 day a) GO (7) a) high resolution, b) low resolution 141 

Figure 4.38 XRD pattern of GO sample at different oxidation time GO 

(1); GO (5) and GO (7) 143 

Figure 4.39 XRD peak fitting for GO sample at different oxidation time 

GO (1);(b ) GO (5) ; (c ) GO (7) using Lorentzian equation 144 

Figure 4.40 Raman spectrum of graphite, GO (1); GO (5); and GO (7) 145 



xx 

 

Figure 4.41 Lorentzian fit of GO (1), GO (5) and GO (7) 147 

Figure 4.42 Surface and thickness analysis of a) GO (1), b) GO (5), c) 

and GO (7) 149 

Figure 4.43 13C MAS NMR spectra of GO (1), GO (5) and GO (7) 153 

Figure 4.44 X-ray photoelectron spectroscopy spectrum of C1s 155 

Figure 4.45 High-resolution XPS spectrum of GO (1) 155 

Figure 4.46 High-resolution XPS spectrum of GO (5) 156 

Figure 4.47 High-resolution XPS spectrum of GO (7) 156 

Figure 4.48 Zeta potential measurement of GO suspensions obtained at 

different oxidation time GO (1); GO (5) and GO (7) 160 

Figure 4.49 TEM image of GO (5) at lower resolution 162 

Figure 4.50 TEM image of GO (5) at higher resolution (a) 200 nm (b) 

500 nm 162 

Figure 4.51 Possible mechanism of  oxidation pristine graphite 167 

Figure 4.52 Exfoliation process in GO 168 

Figure 4.53 Different degree of oxidation reaction which relies on 

environment 169 

Figure 5.1 FTIR spectra of PEEK and SPEEK 175 

Figure 5.2 Chemical structure of SPEEK 178 

Figure 5.3 1H NMR spectra of SPEEK (DS 57) 178 

Figure 5.4 TGA profile for SPEEK 180 

Figure 5.5 FTIR-ATR spectra for SPEEK and all types of SPEEK/GO

 183 

Figure 5.6 FTIR-ATR spectra for SPEEK and all of SPEEK/GO at 

2000-1000 cm-1 184 

Figure 5.7 FTIR spectra for GO,SPEEK and SPEEK/GO0.25 at 2000-

1000cm-1 184 

Figure 5.8 XRD spectra of GO 186 

Figure 5.9 XRD spectra for blank SPEEK and SPEEK/GO 

nanocomposite. 187 

Figure 5.10 The thermal analysis of the DSC curve of Nafion® , plain 

SPEEK and SPEEK/GO nanocomposite membranes 189 



xxi 

 

Figure 5.11 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification & 

d-high magnification) of plain SPEEK membrane 193 

Figure 5.12 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification & 

d-high magnification) of SPEEK/GO0.1 membrane 193 

Figure 5.13 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification 

&d-high magnification) of SPEEK/GO0.25 membrane 194 

Figure 5.14 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification & 

d-high magnification) of SPEEK/GO0.5 membrane 194 

Figure 5.15 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification & 

d-high magnification) of SPEEK/GO0.75 membrane 195 

Figure 5.16 Morphologies of the surface (a-low magnification & b-high 

magnification), and cross sections (c-low magnification 

&d-high magnification) of SPEEK/GO1.0 membrane 195 

Figure 5.17 Possible interactions between the individual fragments in 

the SPEEK/GO nanocomposite membranes 196 

Figure 5.18 AFM three-dimensional surface images and surface 

roughness of the membranes: (a)SPEEK, (b) 

SPEEK/GO0.1, (c) SPEEK/GO0.25, (d) SPEEK/GO0.5, 

(e) SPEEK/GO0.75 and (f) SPEEK/GO1.0 199 

Figure 5.19 TEM images of the microscopic morphology of the cross 

section (a) low magnification (b) high magnification 200 

Figure 5.20 (a) XPS survey spectra of SPEEK/GO0.25 and (b) high-

resolution spectra of S 2p 203 

Figure 5.21 XPS spectra of SPEEK/GO0.25.  (a) high resolution spectra 

of O1s and (b) high-resolution spectra of C1s 205 

Figure 6.1 Ion exchange capacity (IEC) of various membranes 209 

Figure 6.2 Percentage of water uptake for Nafion® 115, SPEEK and 

SPEEK/GO nanocomposite membrane at different 

temperature 212 

Figure 6.3 Percentage of methanol uptakes (1M) for Nafion® 115, 

SPEEK and SPEEK/GO nanocomposite membrane at 

different temperature 215 

Figure 6.4 Percentage of swelling for Nafion®115, SPEEK and 

SPEEK/GO nanocomposite membranes at different 

temperature 216 



xxii 

 

Figure 6.5 Hydrophilicity of Nafion®115, SPEEK and SPEEK/GO 

nanocomposites. 217 

Figure 6.6 Proton conductivity and methanol permeability of 

Nafion®115, plain SPEEK and SPEEK/GO nanocomposite 

membranes 220 

Figure 6.7 Arrhenius plot of proton conductivity 223 

Figure 6.8 Schematic drawing of methanol transport and proton 

transport mechanisms by Grotthus (hopping) and Vehicle 

(diffusion) 225 

Figure 6.9 The selectivity (ratio of proton conductivity to methanol 

permeability) of Nafion® 115, plain SPEEK and 

SPEEK/GO nanocomposite at 28 ˚C 229 

 

  



xxiii 

 

LIST OF ABBREVIATIONS 

AFC - Alkaline fuel cell 

PAFC - Phosphoric acid fuel cell 

MCFC - Molten carbonate fuel cell 

EFC - Enzymatic fuel cell 

PEMFC - Polymer electrolyte membrane fuel cell 

DMFC - Direct methanol fuel cell 

DEFC - Direct ethanol fuel cell 

SOFC - Solid oxide fuel cell 

PFSA - Perfluorinated sulfonic acid 

PVDF - Polyvinylidene  

SPEEK - Sulfonated poly(ether ether ketone) 

DS - Degree of Sulfonation 

IEC - Ion exchange capacity 

GO - Graphene oxide 

FET - Field-effect transistors 

AFM - Atomic Force Microscopy 7 

XRD - X-Ray Diffraction 

XPS - X-Ray Photoelectron Spectroscopy 

TEM - Transmission electron Microscopy 

TGA - Thermogravitmetric analysis 

FESEM - Field Emission Scanning Electron Microscopy 

FTIR - Fourier Transform Infra-Red Spectrometer 

1HNMR - Hydrogen Nuclear Magnetic Resonance 

13CNMR - Carbon Nuclear Magnetic Resonance 

H+ - Proton 

  



xxiv 

 

LIST OF APPENDICES 

APPENDIX TITLE PAGE 

A   Calculation of GO layer    266 

B   Summary of AFM result    267 

   Preliminary Result of Hydrophilicity Test  269 

C   Calibration Curve     272 

D   Proton Conductivity data and Calculation  277 

   Nyquist Plot       279 

 



 

1 

 

CHAPTER 1  

 

 

INTRODUCTION 

1.1 Background of Study 

Energy plays a significant role in sustainable development, as it provides 

underpin almost all aspects of human activity including social, economic as well as 

political.  Since the beginning of modernization and industrialization among 

developing countries, world energy consumption has increased significantly and more 

rapidly rather than the world population.  If the current trend perpetuates, people may 

suffer from an energy shortage crisis soon.  Coal, oil, and natural gas are three types 

of fossil fuels continue to dominate as the primary sources for current energy 

production.  However, the problem is fossil fuels are non-renewable and they are 

limited in supply and eventually will run out.  In addition to the limited resources, 

exhaust gases such as carbon dioxide (CO2), sulfur dioxide (SO2) and nitrogen oxide 

(NO) resulting from the combustion of fossil fuels contributes an adverse effect on the 

environment in terms of global climate disruption, human health problem, air, water, 

and soil pollution.  Therefore, extensive development and research have been 

conducted on renewable energy resources as it offers clean alternatives to fossil fuels 

based energy.  They produce little or no greenhouse gases and importantly will never 

run out (Hockenberry, 2008; Takashima et al., 2014) 

Renewable are sources that are continuously replenished by the action of the 

sun on earth.  They include wind, hydro-power, solar, biofuels, and geothermal.  

Nevertheless, these technologies also have some limitations, such as high cost and 

difficult to generate large quantities of electricity as produced by traditional fossil fuel 

generators.  Besides, it is also limited by the reliability of supply.  When the resources 

are unavailable so the capacity to make energy from them are limited (Turner, 1999; 

Varun et al., 2009)  This can be unpredictable and inconsistent, hence, another 

alternative is required to overcome these drawbacks. 
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Nowadays, fuel cell technology could be considered as a smart technology as 

well as a leading sustainable alternative to conventional energy generation techniques, 

whereby it able to operate with low emissions and high efficiency, thus, low 

consumption of primary energy.  Besides, the fuel cell generates electrical power 

without releasing the pollutant agent as it’s by-product is heat and water (Sundmacher, 

2010).  In the fuel cell, chemicals will constantly flow into the cell hence it will never 

go dead, as long as there is a flow of chemicals into the cell.  Most fuel cells in the 

market today use hydrogen and oxygen as their chemicals.  There are several different 

types of fuel cells, and each of them using different functional layers.  Fuel cells are 

classified by their operating temperature and the type of electrolyte they use.  Based 

on their operating temperature, low temperature (60-80°C) fuel cells are useful for 

small portable applications or powering the vehicles, whereas the high-temperature 

fuel cells work well for stationary power generation plants.  Main types of fuel cells 

include alkaline fuel cell (AFC) system, phosphoric acid fuel cell (PAFC) system, 

molten carbonate fuel cell (MCFC) system, enzymatic fuel cell (EFC) system, polymer 

electrolyte membrane fuel cell (PEMFC) system, direct methanol fuel cell (DMFC) 

system, direct ethanol fuel cell (DEFC) system and solid oxide fuel cell (SOFC) 

system.  Most fuel cells are powered by hydrogen, which can be fed to the fuel cell 

system directly or can be generated within the fuel cell system by reforming hydrogen-

rich fuels such as methanol, ethanol, and hydrocarbon fuels.   

Among these fuel cells, PEMFC has been projected as promising power 

sources for many potential applications due to its capability to generate high power 

density and have low weight and volume compared to other fuel cells (Wu, 2016).  

Due to their low sensitivity to orientation, favorable power to weight ratio, and fast 

start-up time, PEMFC is used mainly in stationary applications and transportation 

applications such as cars and buses.  However, the issue of hydrogen storage has 

become an ultimate barrier for PEMFC extensively applied in vehicles. 
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To counter this drawback, higher-density liquid fuels, such as methanol, 

ethanol, natural gas, liquefied petroleum gas, and gasoline can be used to substitute 

fuel, but the vehicles must have an on-board fuel processor to reform the methanol to 

hydrogen.  This requirement would increase the costs as well as maintenance.  The 

reformer also tends to releases carbon dioxide (a greenhouse gas), though less than 

that emitted from current gasoline-powered engines. Therefore, DMFC as a variation 

of the PEMFC become a solution for this issue (Kumar et al., 2014). 

Though DMFC technology is relatively new compared with other fuel cells 

powered by pure hydrogen and DMFC research and development is roughly 4-5 years 

behind for other fuel cell types, DMFC still be considered as a highly promising power 

source.  It is based on polymer electrolytes membrane (PEM) fuel cell technology.  

DMFCs exhibit several advantages such as liquid fuel, quick refueling, low cost, and 

compact cell design, thus making it suitable for various potential applications 

including stationary and portable applications (Li and Faghri, 2013).  DMFCs are also 

environmentally friendly, despite carbon dioxide is produced, however, there is no 

production of other pollutants (sulfur or nitrogen oxides).  Nevertheless, the 

development of commercial DMFCs has been hindered by some limitations, hence, 

extensive research and development have been conducted with the ultimate goal for 

improving the performance of DMFC system, however, the main focus of the studies 

should be emphasized on the drawbacks of PEM as it is the heart of DMFC system. 
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1.2 Problem Statement 

Polymer electrolyte membrane (PEM): a thin membrane which is the heart of 

the DMFC system enables fuel cells to conduct its electron by attracting the protons, 

and enabling them to diffuse through the layer while maintaining their proton state. To 

date, Perfluorinated sulfonic acid (PFSA) polymer electrolytes membranes 

(tradenames; Nation®, Flemion, Aciplex, Dow) is the most frequently used PEM as it 

exhibits excellent chemical, mechanical and thermal stability besides providing high 

ionic conductivities in a humid environment (Raj, 2005). However, these PFSA 

membranes are quite expensive and suffer from several shortcomings such as high 

methanol crossover, low conductivity at low water contents, and relatively low 

mechanical strength at a higher temperature.  Methanol crossover from the anode to 

the cathode through the membrane is one of the most critical barriers to the 

commercialization of the direct methanol fuel cell (DMFC) as it limited its 

performance and application. Most of the limitations associated with PFSA 

membranes can be overcome by modifying current PFSA or developing alternative 

membranes that could be operated at a temperature higher than 100 °C. 

The developments of polymer membranes can be classified into four groups: 

(1) modified PFSA membranes, (2) alternative sulfonated polymers and their inorganic 

composite membranes, (3) acid-base complex membranes, and (4) ionic liquid-based 

gel-type proton conducting membranes. Among them, sulfonated polymer membranes 

seem to have a promising future as replacements for the PFSA. The polymer 

electrolyte membrane is synthesized by incorporating of various inorganic filler into 

polymer matrix such as silicate, silica-aluminum oxide, zeolite, and titanium oxide 

(Nunes et al., 2002;.Ismail, Othman and Mustafa, 2009; Wu et al., 2007; Mishra et al., 

2012). Numerous of polymer materials such as sulfonated polystyrene, poly(phenylene 

sulfide), polyvinylidene fluoride (PVDF), polybenzimidazole, and sulfonated 

poly(ether ether ketone) (SPEEK) have been prepared and functionalized as potential 

membrane electrolytes for DMFCs application and the developments mainly aim to 

lower material cost for low-temperature operation (Jiang et al., 2012). 
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Many types of research have been done on graphene oxide (GO) by 

investigating its performance as functional materials in the various applications, such 

as polymer composites, energy-related materials, sensors, ‘paper’-like materials, field-

effect transistors (FET), and biomedical applications, due to its excellent electrical, 

mechanical, and thermal properties (Gao, 2015; Zhu, Murali, Cai, Li, Suk, Jeffrey R. 

Potts, et al., 2010). Besides, GO has shown its high dispersion property in the polymer 

matrix. It is easily dissolved in a variety of solvents, hence further helps in improving 

interfacial interactions with the polymer matrix. GO composite has been demonstrated 

good physical and chemical properties to be used as PEMs. 

 Chemically and thermally stable aromatic polymer, SPEEK has received 

considerable interest as the most promising alternative PEM. SPEEK is basically 

prepared by sulfonating PEEK with concentrated sulphuric acid (H2SO4) resulting 

sulfonic acid group substituted directly to the aromatic backbone (Li et al., 2005). 

These copolymers possess many good attributes in the DMFC system, such as good 

thermal stability, mechanical strength, low price, and improvable proton conductivity 

(Tsai, Kuo, and Chen, 2009; A.F.Ismail, Othman and Mustafa, 2009). Although it is 

improvable, the conductivity of the SPEEK membrane is still lower than PFSA. This 

proton conductivity greatly depends on the degree of sulfonation (DS). 

Highly sulfonated polymers will swell significantly at high temperature and 

humidity (Xing et al., 2005).  While both proton conductivity and methanol crossover 

increase with the increase of ion exchange capacity (IEC) of the membrane. Therefore, 

for practical use, the properties of the plain SPEEK membrane have to upgrade, which 

could be achieved by incorporating them with carbonaceous fillers.  Many studies have 

shown that the incorporation of carbonaceous can greatly enhance the usability of 

SPEEK as PEM in PEMFCs (Kayser et al., 2010; Marani et al., 2010; Gupta et al., 

2013). In this work, we aim at preparing and characterizing nanocomposite, GO based 

on the dispersion of nano-scaled GO into the SPEEK matrix. The optimized GO with 

enriched oxygen functional groups acts as a carbonaceous filler is expected could 

improve the diffusion of protons through continuous channels as well as provide the 

tortuous path for methanol, therefore producing better attributes of PEMs in terms of 

physicochemical properties, as well as thermal stability.  
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1.3 Objectives 

Based on the research background and problem statement identified the 

objectives of the research are:  

 

(a)  To synthesize and characterize graphene oxide using modified Hummer’s 

method  

(b) To develop and characterize the sulfonated poly (ether ether ketone)/graphene 

oxide membranes in terms of physicochemical properties, thermal stability, 

and membrane structural morphologies. 

(c) To study membrane behaviors in terms of proton conductivity, ion exchange 

capacity, liquid uptakes, swelling behaviors, and methanol permeability of 

sulfonated poly (ether ether ketone)/graphene oxide. 
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1.4 Scope of the Study 

To achieve the aforementioned objectives, the following scopes have been 

drawn: 

 

 

 

 

 

 

 

 1st 

 

 

  

 

 

 

 

    

  2nd 

 

 

 

 

 

 3rd 

 

 

 

  

1) Identifying the suitable fillers for polymer solution formulation based 

on data available in the open literatures. 

2) Preparation of graphene oxide from graphite using modified 

Hummer’s method  

3) Studying three significant parameters (oxidant ratio, reaction 

temperature and reaction time) and evaluating its effect on oxygen 

functional groups formation 

4) Analyzing on the GO using X-Ray Diffraction (XRD), field emission 

scanning electron microscopy (FESEM), Fourier transform infrared 

spectroscopy (FTIR) and Atomic Force Microscopy (AFM). 

 

7) Preparing SPEEK/GO membrane solution for flat sheet membrane. 

8) Determining GO dispersion state in SPEEK polymer matrix using XRD, 

FESEM, FTIR, AFM 

6) Determining the degree of sulfonation (DS) of SPEEK and SPEEK/GO  

 nanocomposite by using hydrogen nuclear magnetic resonance (1HNMR). 

5)Synthesizing of SPEEK polymer by sulfonation process 

9) Characterizing the membrane behavior of developed membranes in 

terms of liquid uptakes, proton conductivity and methanol permeability. 
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1.5 Significance of Studies 

This study is expected to prepare a high ratio with outstanding properties of 

carbonaceous nanofiller, graphene oxide (GO), which can be applied to develop 

potential SPEEK/GO membranes that possess better attributes in terms of higher 

proton conductivity as well as thermal stability and concurrently, lowering the 

methanol permeability, as a result, improving the efficiency and the durability of the 

PEM.  With these superior characteristics, it is expected to perform excellently in the 

DMFC system and at once would commercialize the application of DMFCs in the 

market, thus promoting a green and better environment. 

1.6 Thesis Organization 

This thesis explains in detail the synthesizing of GO for modifying the structure 

of the SPEEK polymer electrolyte membrane for DMFC. Though a lot of studies have 

been done on this area, however, is still challenging and required a lot of effort to 

produce the PEM with high proton conductivity and simultaneously low methanol 

permeability. This thesis consists of 7 chapters with specific objectives and outline of 

each chapter are given below: 

Chapter 1 describes general information about fuel technology and its’ 

potential, particularly for energy solutions.  Development and research are essentially 

required for the heart of fuel cell (PEM) to accomplish its commercialization.  Also, 

this chapter highlight the background of the study, problem statement, objectives as 

well as the scope of studies  

 Chapter 2 presents a comprehensive literature review of DMFC and PEM in 

particular.  Besides, it also discusses GO and its nanocomposites in depth.  Areas 

covered for GO particularly, include their history of fabrication, properties, 

characterization techniques, and applications.  Next, it explains the criteria have to 

consider in modifying PEM structure such as blending inorganics and polymers.  

Overview of polymer nanocomposites interface and interphase are also included. 
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Finally, the key parameters in the evaluation of PEM performance, methanol 

crossover, and proton conductivity are presented. 

Chapter 3 presents the methodology and description of the research process.   

It provides information concerning the method that was used in undertaking this 

research to synthesize GO, SPEEK, and SPEEK/GO.  Besides, it also covers all the 

techniques used to characterize both the filler and nanocomposite membrane.  The 

chapter proceeds to present with the key measurements used in evaluating and 

determining the interaction between PEM behaviors and its’ performance.  

Chapter 4 depicts the effect of studied parameters on the synthesized GO.  

Furthermore, it also discusses in detail the effects of studied parameters on the 

formation of oxygen functional groups based on various characterization methods used 

for describing their physicochemical characteristics. 

Chapter 5 reveals and confirms the success of the sulfonation process on Poly 

(ether ether) ketone (PEEK) backbone via FTIR and 1HNMR.  Herein it determines 

the degree of sulfonation for the SPEEK and studies the effect of sulfonation on 

thermal stability in particular.  In addition, it also studies the effect of GO loading on 

the property enhancement of the SPEEK matrix and covers some characterization 

methods used to indicate their physicochemical properties changes.  The study is 

performed by using Fourier transform infrared emission spectroscopy and is compared 

with the DSC study.   

Chapter 6 present the development and synthesis of GO that are compatible 

with the polymer SPEEK matrix.  This chapter further presents the effect of GO with 

SPEEK/GO membrane in terms of liquid uptakes measurement, swelling behavior, 

hydrophilicity properties, methanol crossover as well as proton conductivity. The main 

conclusions resulting in this project are summarized in Chapter 7.  Possible future work 

of research is also included. 
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