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Comprehensive utilisation of green hydrogen energy is an excellent pathway to 
reduce greenhouse gas emissions and simultaneously eliminate the carbon 
footprint released into the atmosphere. Meanwhile, hydrogen production via 
CuCl thermochemical cycle is an attractive process due to moderate-/low-
temperature requirements and high efficiency. Therefore, there is a huge 
potential for producing hydrogen from the copper chloride (CuCl) 
thermochemical cycle by utilising the power plant's excess heat. Currently, the 
CuCl hydrogen electrolytic process is part of the CuCl thermochemical cycle. It 
produces hydrogen at low temperatures utilising the expensive Nafion and 
Nafion-based membranes. A high-temperature CuCl hydrogen electrolytic 
process using a hybrid membrane as the alternative membrane to Nafion for 
hydrogen production was performed in this study. 
 

A polybenzimidazole/zirconium phosphate (PBI/ZrP) hybrid membrane was 
synthesized using the solution mixing method followed by phosphoric acid (PA) 
doping. It was then validated for water uptake, tensile strength, 
thermogravimetric analysis (TGA), copper (Cu) diffusion and ionic exchange 
capacity (IEC). The PBI/ZrP hybrid membrane was developed after the 
screening process of PBI and sulphated poly (ether ether ketone) (SPEEK) 
membrane with the advantage of having high tensile strength (85.17 MPa), high 
ionic exchange capacity (3.2 × 10−3 mol g−1), low copper diffusion (7.87 × 10−7 
cm2 s−1), sufficient water uptake (40 – 50 wt.%), a four-fold increase in proton 
conductivity compared to pristine PBI. The scanning electron microscope (SEM) 
was executed to evaluate the surface morphology of the membrane while SEM-
EDX detected the membrane’s composition. For the parametric study, the CuCl 
hydrogen electrolytic system with PBI/ZrP (0.5 A cm−2, 115 °C) produced 3.27 
cm3 cm−1 hydrogen (highest). At a higher CuCl flowrate, the PBI/ZrP showed a 
significant increment of 66% (up to 3.27 cm3 min−1) when the applied current 
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density was changed from 0.1 to 0.5 A cm−2. The CuCl hydrogen electrolytic 
process at 0.05 M CuCl concentration produced 2.69 cm3 min−1 and 2.15 cm3 
min−1 hydrogen for PBI/ZrP and Nafion 117, respectively. The operating 
temperature (p = 0.026) and current density (p = 0.000) were found statistically 
significant based on the p-value < 0.05. The CuCl hydrogen electrolytic process 
parameters were optimised using a response surface method (RSM) with a 
central composite design (CCD). The optimised parameter settings were 
temperature at 116 °C, current density at 0.773 A cm−2 and CuCl concentration 
at 0.075 M to get the optimum hydrogen yield of 0.7167 cm3 min−1. The actual 
hydrogen yield from the optimized parameter settings was 0.7709 cm3 min−1 with 
a discrepancy of 7.56% from the predicted value. 
 

The high-temperature CuCl hydrogen electrolytic process using a PBI/ZrP hybrid 
membrane for hydrogen has been performed and proven a good alternative to 
Nafion. At the same time, able to yield maximum hydrogen output with optimum 
operating parameters, thus minimizing the associated cost in the hydrogen 
production. 
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Penggunaan komprehensif tenaga hidrogen hijau ialah cara terbaik untuk 
mengurangkan pencemaran gas rumah hijau, pada masa yang sama 
menghapuskan jejak karbon yang dilepaskan ke atmosfera. Sementara itu, 
pengeluaran hidrogen melalui kitaran termokimia CuCl menarik kerana 
keperluan suhu sederhana / rendah dan kecekapan tinggi. Oleh sebab itu, 
terdapat potensi yang besar untuk menghasilkan hidrogen daripada kitaran 
termokimia kuprum klorida (CuCl) dengan menggunakan haba berlebihan dari 
loji kuasa. Pada masa ini, proses elektrolitik hidrogen CuCl ialah sebahagian 
daripada kitaran termokimia CuCl. Proses ini menghasilkan hidrogen pada suhu 
rendah menggunakan membran Nafion dan membran berasaskan Nafion yang 
mahal. Proses elektrolisis hidrogen kuprum klorida pada suhu tinggi 
menggunakan membran hibrid sebagai membran alternatif kepada Nafion untuk 
pengeluaran hidrogen dilakukan dalam kajian ini. 
 

Membran hibrid polibenzimidazol/zirkonium fosfat (PBI/ZrP) telah disintesis 
menggunakan kaedah pencampuran larutan diikuti pengedopan asid fosforik 
(PA). Kemudian, membran disahkan untuk pengambilan air, kekuatan tegangan, 
analisis termogravimetri, peresapan ion kupum (Cu) dan kapasiti pertukaran 
ionik (IEC). Membran hibrid PBI/ZrP dibangunkan selepas proses saringan 
membran PBI dan poli (eter eter keton) tersulfat dengan kelebihan kekuatan 
tegangan yang tinggi (85.17 MPa), kapasiti pertukaran ionik yang tinggi (3.2 × 
10−3 mol g-1), resapan kuprum yang rendah (7.87 × 10−7 cm2 s−1), pengambilan 
air yang mencukupi (40 – 50 wt.%), empat kali ganda konduktiviti proton 
berbanding dengan PBI asal. Mikroskop elektron pengimbas (SEM) dijalankan 
untuk menilai morfologi permukaan membran sementara SEM-EDX mengesan 
komposisi membran. Bagi kajian parametrik, sistem elektrolitik hidrogen CuCl 
dengan PBI/ZrP (0.5 A cm−2, 115 °C) menghasilkan 3.27 cm3 min−1 gas hidrogen 
(tertinggi). Pada kadar alir CuCl yang lebih tinggi, PBI/ZrP menunjukkan 
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peningkatan ketara dengan 66% (sehingga 3.27 cm3 min−1) apabila ketumpatan 
arus diubah daripada 0.1 ke 0.5 A cm−2. Proses elektrolitik hidrogen CuCl pada 
kepekatan CuCl 0.05 M menghasilkan gas hidrogen sebanyak 2.69 cm3 min−1 

dan 2.15 cm3 min−1, masing-masing untuk PBI/ZrP dan Nafion 117. Suhu operasi 
(p = 0.026) dan ketumpatan arus (p = 0.000) didapati signifikan secara statistik 
berdasarkan nilai p < 0.05. Parameter proses elektrolitik CuCl ini dioptimumkan 
dengan menggunakan kaedah tindak balas permukaan (RSM) dengan reka 
bentuk komposit berpusat (CCD). Ketetapan parameter yang dioptimumkan 
adalah suhu 116 °C, ketumpatan arus 0.773 A cm−2 dan kepekatan CuCl pada 
0.075 M untuk mencapai hasil hidrogen optimum pada 0.7167 cm3 min−1. Hasil 
hidrogen sebenar daripada tetapan parameter dioptimumkan adalah 0.7709 cm3 
min−1 dengan perbezaan sebanyak 7.56% daripada nilai jangkaan. 
 

Proses elektrolitik hidrogen CuCl bersuhu tinggi menggunakan membran hibrid 
PBI/ZrP telah dijalankan dan terbukti sebagai alternatif yang baik selain Nafion. 
Pada masa yang sama boleh menghasilkan hidrogen maksimum dengan 
parameter operasi optimum seterusnya meminimumkan kos-kos berkaitan 
dengan pengeluaran hidrogen. 
  



© C
OPYRIG

HT U
PM

v 

ACKNOWLEDGEMENTS 

A million thank goes to my supervisory committee: main supervisor Dr. Nordin 
Haji Sabli and my co-supervisors, Dr. Tuan Amran Tuan Abdullah, Prof. Dr. 
Luqman Chuah Abdullah, and Associate Prof. Ir. Dr. Shamsul Izhar Siajam for 
their guidance, encouragement, unconditional support, mentoring and motivation 
to complete my thesis. They gave full cooperation and helped to ensure the 
progress of this thesis ran smoothly and successfully. I wish to express my 
appreciation to all the staff and students for all the assistance provided. 

I am also indebted to my Director, Institute of Future Energy, Prof. Dr. Arshad 
Ahmad from Universiti Teknologi Malaysia for supporting my Ph.D study leave 
application. Special thanks to Assoc. Prof. Adnan Ripin for providing the CuCl 
electrolysis experimental rig to carry out my experiments. Utmost appreciation to 
the supervisory committee who guided and assisted me throughout the Ph.D 
journey and in completing the thesis. 

My strength, my motivation and my courage, dear beloved wife Mrs. Nurhidayah 
binti Selamat, my sons Irfan Muhriz and Ilman Muqri, mother Mrs. Tukijah binti 
Sanushi, father Mr. Ahmad Kamaroddin Juhari and all family members, 
colleagues and friends for their advice and support. 



© C
OPYRIG

HT U
PM

vii 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has 
been accepted as fulfilment of the requirement for the degree of Doctor of 
Philosophy. The members of the Supervisory Committee were as follows: 

Nordin bin Hj. Sabli, PhD 
Senior Lecturer 
Faculty of Engineering  
Universiti Putra Malaysia  
(Chairman) 

Shamsul Izhar bin Siajam, PhD 
Associate Professor, Ir  
Faculty of Engineering  
Universiti Putra Malaysia 
(Member) 

Luqman Chuah Abdullah, PhD 
Professor 
Faculty of Engineering  
Universiti Putra Malaysia 
(Member) 

Tuan Amran bin Tuan Abdullah, PhD 
Senior Lecturer 
Faculty of Engineering  
Universiti Teknologi Malaysia  
(Member) 

________________________ 
ZALILAH MOHD SHARIFF, PhD 
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia 

Date: 8 September 2022 



© C
OPYRIG

HT U
PM

viii 

Declaration by Graduate Student 

I hereby confirm that: 

• this thesis is my original work;

• quotations, illustrations and citations have been duly referenced;

• this thesis has not been submitted previously or concurrently for any other
degree at any institutions;

• intellectual property from the thesis and the copyright of the thesis are fully-
owned by Universiti Putra Malaysia, as stipulated in the Universiti Putra
Malaysia (Research) Rules 2012;

• written permission must be obtained from the supervisor and the office of the
Deputy Vice-Chancellor (Research and innovation) before the thesis is
published in any written, printed or electronic form (including books, journals,
modules, proceedings, popular writings, seminar papers, manuscripts,
posters, reports, lecture notes, learning modules or any other materials) as
stated in the Universiti Putra Malaysia (Research) Rules 2012;

• there is no plagiarism or data falsification/fabrication in the thesis, and
scholarly integrity is upheld in accordance with the Universiti Putra Malaysia
(Graduate Studies) Rules 2003 (Revision 2015-2016) and the Universiti
Putra Malaysia (Research) Rules 2012. The thesis has undergone
plagiarism detection software

Signature:________________________   Date: ______________________ 

Name and Matric No.: Mohd Fadhzir bin Ahmad Kamaroddin, 



© C
OPYRIG

HT U
PM

ix 

Declaration by Members of Supervisory Committee 

This is to confirm that: 

• the research and the writing of this thesis were done under our supervision;

• supervisory responsibilities as stated in the Universiti Putra Malaysia
(Graduate Studies) Rules 2003 (Revision 2015-2016) are adhered to.

Signature: 

Name of Chairman 
of Supervisory 
Committee: Dr. Nordin bin Hj. Sabli 

Signature: 

Name of Member of 
Supervisory 
Committee: Dr. Tuan Amran bin Tuan Abdullah 

Signature: 

Name of Member of 
Supervisory 
Committee: 

Associate Professor Ir. Dr. Shamsul 
Izhar Siajam 

Signature: 

Name of Member of 
Supervisory 
Committee: 

Professor. Dr. Luqman Chuah 
Abdullah 



© C
OPYRIG

HT U
PM

x 

 

TABLE OF CONTENTS 
 

 Page 
ABSTRACT i 
ABSTRAK iii 
ACKNOWLEDGEMENTS v 
APPROVAL vi 
DECLARATION viii 
LIST OF TABLES xiii 
LIST OF FIGURES xv 
LIST OF ABBREVIATIONS xx 
  
CHAPTER      
   

1 INTRODUCTION 1 
 1.1 Background of the Study 1 
 1.2 Problem Statement 3 
 1.3 Research Objectives 5 
 1.4 Limitation of the Study 6 
 1.5 Scope of Research 6 
 1.6 Significance of the Study 7 
 1.7 Organization of Thesis 8 
    

2 LITERATURE REVIEW 9 
 2.1 Introduction 9 
 2.2 World Energy Demand 9 
 2.3 Thermochemical Cycle of Copper Chloride 11 
 2.4 Hydrogen as an Energy Carrier 13 
 2.5 Hydrogen 16 
  2.5.1 Hydrogen from Fossil Fuels 21 
  2.5.2 Hydrogen from Water 21 
 2.6 Hydrogen Production Technologies 22 
  2.6.1 Steam Methane Reforming 30 
  2.6.2 Coal Gasification 32 
  2.6.3 Water Electrolysis 33 
 2.7 Electrolyser Technologies 39 
  2.7.1 Faraday’s Law of Electrolysis 43 
  2.7.2 Electrochemical Kinetics 44 
 2.8 Polymer Electrolyte Membrane 45 
  2.8.1 Proton Exchange Membrane (PEM) 49 
 2.9 Inorganic Fillers 61 
 2.10 Membrane Electrode Assemblies (MEA) 63 
 2.11 Design of Experiment Overview 64 
  2.11.1 Response Surface Methodology (RSM) 64 
  2.11.2 Central Composite Design (CCD) and 

Analysis of Variance (ANOVA) 
65 

 2.12 Summary 66 
   

 



© C
OPYRIG

HT U
PM

xi 

 

3 RESEARCH METHODOLOGY  68 
 3.1 Introduction 68 
 3.2 Experimental Phases of High-Temperature CuCl 

Electrolytic Hydrogen Production 
68 

 3.3 Materials and Chemicals 71 
 3.4 Membrane Development and Validation for CuCl 

Electrolytic System 
72 

 3.5 Preparation of Hybrid PBI Membrane 72 
  3.5.1 Preparation of Hybrid Sulphonated 

Polyether Ether Ketone (SPEEK) 
74 

 3.6 Membrane Characterisation 76 
 3.7 Membrane Electrode Assembly (MEA) 

Fabrication 
79 

 3.8 Copper Chloride Hydrochloric Acid (CuCl–HCl) 
Hydrogen Electrolytic System 

79 

 3.9 Evaluation of Operating Parameters on the 
Performance of the Hybrid Membrane Based 
Copper Chloride Hydrochloric Acid (CuCl–HCl) 
Electrolysis for Hydrogen Production 

82 

 3.10 Optimisation of Operating Parameters on the 
Performance of the Hybrid Membrane Based 
CuCl Electrolytic System 

82 

 3.11 Summary 83 
   

4 RESULTS AND DISCUSSION 84 
 4.1 Introduction 84 
 4.2 Polybenzimidazole and Sulfonated Polyether 

Ether Ketone Membrane Development and 
Validation 

84 

  4.2.1 Membranes Properties of PBI and 
SPEEK-Based Membranes 

91 

 4.3 Development and Characterisation of Hybrid 
Membrane for CuCl electrolysis 

93 

  4.3.1 Thermogravimetric Analysis for Hybrid 
Membranes 

93 

  4.3.2 Mechanical Strength Analysis for Hybrid 
Membranes 

96 

  4.3.3 Copper Diffusion Analysis for Hybrid 
Membranes 

98 

  4.3.4 Ionic Exchange Capacity and Water 
Uptake Analysis for Hybrid Membranes 

99 

  4.3.5 Electrochemical Impedance 
Spectroscopy (EIS) for Hybrid 
Membranes 

100 

  4.3.6 Proton Conductivity Analysis for Hybrid 
Membranes 

104 

  4.3.7 Scanning Electron Microscopy (SEM) 
Analysis with Energy Dispersive X-Ray 
(EDX) on PBI-based Hybrid Membranes 

105 



© C
OPYRIG

HT U
PM

xii 

 

  4.3.8 Hybrid Membranes Properties for 
Membrane Electrode Assembly 
Preparation in CuCl Electrolytic System 

114 

  4.3.9 Effect of Inorganic Filler and Acid 
Doping on Hybrid Membranes 
Properties 

115 

 4.4 Evaluation of Operating Parameters in High-
Temperature CuCl Electrolytic Hydrogen 
Process 

116 

  4.4.1 Effect of Temperature on Hydrogen 
Production 

117 

  4.4.2 Effect of CuCl Flowrate on Hydrogen 
Production 

119 

  4.4.3 Effect of Current Density on Hydrogen 
Production 

121 

  4.4.4 Effect of CuCl Concentration on 
Hydrogen Production 

122 

  4.4.5 Performance of the PBI/ZrP Hybrid 
Membrane on a CuCl Hydrogen 
Electrolytic Hydrogen System using 
Two Levels of Randomised Block 
Design (RBD) and Ranking using 
Fractional Factorial Design (FFD) 

123 

 4.5 Optimisation of CuCl Electrolytic System for 
Hydrogen production 

129 

  4.5.1 Significant Parameters for Optimisation 
of CuCl Electrolytic System 

129 

  4.5.2 Analysis of Variance for Optimization of 
CuCl electrolytic system 

135 

  4.5.3 Optimisation of CuCl Electrolytic 
Parameters using Response Surface 
Methodology (RSM) by Central 
Composite Design (CCD) 

138 

 4.6 Summary 151 
    

5 CONCLUSION AND RECOMMENDATIONS 153 
 5.1 Conclusions 153 
 5.2 Recommendations 154 
   

REFERENCES 156 
APPENDICES 195 
BIODATA OF STUDENT 208 
LIST OF PUBLICATIONS 209 

 
  



© C
OPYRIG

HT U
PM

xiii 

 

LIST OF TABLES 
 

Table    Page 
   
1 The calorific value of different fuels for combustion 

(Mazloomi & Gomes, 2012) 
17 

   
2 Colour-coded classification of hydrogen production 

(Dawood et al., 2020; ESMAP, 2020; Yue et al., 2021) 
18 

   
3 Summary of the technologies on hydrogen production, 

efficiency, and area of concerns 
24 

   
4 Comparison between alkaline and PEM electrolysis 

(Pierre Millet & Grigoriev, 2013a) 
27 

   
5 Electrolysis technologies comparison for hydrogen 

production 
28 

   
6 Summary of CuCl–HCl electrolysis system for hydrogen 

production using Nafion-based membrane 
38 

   
7 A comparison between PEM, alkaline and solid oxide/ 

high-temperature steam electrolysis 
43 

   
8 Proton Exchange Membrane of Commercial 

Manufacturers (Esmaeili et al., 2019; Shi et al., 2015) 
47 

   
9 Types of Polymer Electrolytes for the Hydrogen Economy 

(Di Noto et al., 2012) 
48 

   
10 Summary of PBI improvement techniques 57 
   

11 Chemicals and materials for the development of hybrid 
membranes 

71 

   
12 Summary of equipment and characterisations used for the 

hybrid membrane characterisation and copper chloride 
electrolysis 

76 

   
13 Properties of the Nafion 117, PBI, and SPEEK-based 

membranes for screening purposes 
92 

   
14 Mechanical properties of the pristine and hybrid proton 

exchange membranes 
97 

   
15 Tensile strength characteristics of PBI, Nafion 117, 

SPEEK, PBI-based, and SPEEK-based membranes 
98 

   



© C
OPYRIG

HT U
PM

xiv 

 

16 The copper ion diffusivity characteristics of the proton 
exchange membranes tested 

99 

   
17 Water absorption and ionic exchange capability of proton 

exchange membranes examined 
100 

   
18 Analysis of variance table for the CuCl electrolytic system 124 
   

19 The Analysis of Variance (ANOVA) for the RSM CCD of 
the CuCl electrolytic system 

137 

   
20 Predicted response optimisation for hydrogen production 

using Minitab 18 
141 

   
21 Experimental Design using a randomized block design 

(RBD) by fractional factorial design (FFD) 
204 

   
22 Experimental Design using a Response Surface 

Methodology (RSM) by Central Composite Design (CCD) 
in Minitab version 18 

205 

   
23 The design of the two-level randomized block design for 

CuCl electrolytic experiments and the hydrogen 
production yield 

206 

   
24 The Design of the RSM-CCD for CuCl Electrolytic 

Experiments and the Hydrogen Production Yield 
207 

   
 
  



© C
OPYRIG

HT U
PM

xv 

 

LIST OF FIGURES 
 

Figure    Page 
   
1 The typical complete thermochemical cycle of CuCl–HCl 4 
   
2 The current global energy demand and the energy usage 

for the main sectors 
10 

   
3 Carbon emission factors for different processes for 

hydrogen production (Yadav & Banerjee, 2020b) 
11 

   
4 Schematic of a process flow diagram for the Cu–Cl cycle 

in the Clean Energy Research Laboratory (Naterer et al., 
2010a) 

12 

   
5 The typical complete thermochemical cycle of CuCl–HCl 13 
   
6 Global hydrogen production and consumption by sector 

(million metric tons) in 2019 
15 

   
7 Multiple ways of hydrogen production methods (Shiva 

Kumar & Himabindu, 2019) 
19 

   
8 The hydrogen colour codes according to the sources of 

energy used (Epelle et al., 2022) 
20 

   
9 Hydrogen production routes from the renewables, fossil 

fuels and nuclear resources with its utilisation in various 
sectors, including synthetic fuels, ammonia fertilisers, 
transportation etc. (Osman et al., 2022) 

22 

   
10 Electrolysis energy demand (Harvey et al., 2016) 29 
   

11 Conventional SMR process simplified flow diagram  
(Go et al., 2009) 

30 

   
12 The fundamental of the water electrolysis process  

(Rashid et al., 2015) 
33 

   
13 Conceptual scheme of the CuCl–HCl electrolysis in a cell 

with a proton exchange membrane (Naterer et al., 2013) 
36 

   
14 Schematic diagram of PEM electrolysis cell (Pierre Millet 

& Grigoriev, 2013b) 
40 

   
15 Schematic diagram of the alkaline electrolysis cell (Pierre 

Millet & Grigoriev, 2013a) 
42 

   



© C
OPYRIG

HT U
PM

xvi 

 

16 Generalised Scheme of PEM fuel cell and PEM 
electrolyser (Di Noto et al., 2012) 

47 

   
17 Some common polymer electrolyte matrices containing 

perfluorinated, hydrocarbon and aromatic main chains (Di 
Noto et al., 2012) 

49 

   
18 Hydrogen-bond chain in orthophosphoric acid undergoing 

quasi-coherent proton hops (Dupuis, 2011) 
51 

   
19 Visualisation of the Grotthus and vehicular mechanism 

that influence the proton conductivity of the membrane 
(Tung & Hwang, 2005) 

52 

   
20 The structural formula of Nafion® membrane by DuPont 

de Nemours (Pierre Millet & Grigoriev, 2013a) 
53 

   
21 Chemical structure of Poly-2,2’–(m-phenylene)-5,5’-

bibenzimidazole (PBI) film 
54 

   
22 Synthesis of poly(benzimidazole) (PBI) (Hwang et al., 

2014) 
55 

   
23 (a) Chemical structure of polybenzimidazole (PBI) and (b) 

possible proton transfer mechanism of PBI–H3PO4 blend 
membrane (Zuo et al., 2012) 

58 

   
24 The sulfonation reaction of PEEK into SPEEK (Lade et al., 

2017) 
60 

   
25 Research flowchart for CuCl hydrogen electrolytic 

experiment 
69 

   
26 The step-by-step method of synthesising a PBI/ZrP hybrid 

membrane for the CuCl electrolytic system 
73 

   
27 The step-by-step method of synthesising the SPEEK 

membrane for the CuCl electrolytic system 
74 

   
28 The step-by-step methods to synthesise a hybrid 

SPEEK/ZrP membrane 
75 

   
29 The schematic diagram of the electrolyser components 

including the MEA (Hanna Rosli et al., 2020) 
80 

   
30 The schematic diagram for the CuCl–HCl electrolytic 

system 
81 

   
31 The proton conductivity for the tested PEMs (Nafion, PBI, 

and SPEEK) 
86 

   



© C
OPYRIG

HT U
PM

xvii 

 

32 The ionic exchange capacity (IEC) for the tested PEMs 
(Nafion, PBI, and SPEEK) 

87 

   
33 The water uptake for the tested PEMsS (Nafion, PBI and 

SPEEK) 
88 

   
34 The Cu ion diffusivity for the proton exchange membranes 89 
   

35 The acid doping levels for different tested membranes 90 
   

36 Tensile strength values for different tested membranes 91 
   

37 Thermogravimetric analyses of Nafion 117, SPEEK, and 
PBI-based membranes 

94 

   
38 The TGA profile of the PBI and PBI-based membrane 

thermogravimetric analysis 
95 

   
39 SPEEK and SPEEK/ZrO2 thermogravimetric curves 96 
   

40 Nyquist curves for PBI, doped PBI, and PBI/ZrP interfacial 
resistance measurements 

101 

   
41 Cell setup for electrodes and membrane interfaces and 

representative equivalent circuits 
102 

   
42 The electrodes and the electrolyte in the interface concept 

in between different surfaces (Naya, 2010) 
102 

   
43 The equivalent circuits (a) two interfaces (b) simplified 

interface, modified from Naya (2010) 
103 

   
44 Nyquist curves of PBI/ZrP hybrid membranes for 

interfacial resistance measurements at 30 °C, 50 °C, 70 
°C dan 90 °C 

103 

   
45 Temperature impacts proton conductivity (mS.cm−1) in 

Nafion 117 and a PBI/ZrP hybrid membrane 
104 

   
46 SEM for surface and cross-section morphology of pristine 

PBI membrane 
106 

   
47 SEM Surface morphology 1,000× (10 µm) and 10,000 × 

(1 µm) for PBI/ZrO2 (top) and PBI/ZrP (bottom) 
107 

   
48 SEM cross-section morphology 5000× (5 µm) left and 

10,000 × (1 µm) right for (a) and (b) for PBI, (c) and (d) for 
PBI/ZrO2 and (e) and (f) for PBI/ZrP 

108 

   
49 EDX spectra of a pristine PBI membrane 109 
   



© C
OPYRIG

HT U
PM

xviii 

 

50 EDX elementals distribution and concentration spectra of 
a pristine PBI membrane 

110 

   
51 EDX spectra of a PBI/ZrO2 membrane 111 
   

52 EDX elementals spectra of a PBI/ZrO2 membrane 112 
   

53 EDX spectra of a PBI/ZrP hybrid membrane 113 
   

54 EDX elementals spectra of a PBI/ZrP membrane 114 
   

55 Performance comparison of the effect of operating 
temperature on hydrogen production between a Nafion-
based MEA with a PBI/ZrP-based MEA 

118 

   
56 Performance comparison of the effect of CuCl flowrate on 

hydrogen production between a Nafion-based MEA with a 
PBI/ZrP-based MEA at 110 °C operating temperature 

120 

   
57 Effect of current density on hydrogen production via 

PBI/ZrP and Nafion 117 for 0.05 M CuCl at two different 
current densities (0.1 A cm−2 and 0.5 A cm−2) 

121 

   
58 Effect of CuCL concentration on hydrogen production via 

PBI/ZrP for 0.05 M CuCl at two different current densities 
(0.1 A cm−2 and 0.5 A cm−2) 

122 

   
59 The main effects plot for hydrogen production in CuCl 

electrolytic 
125 

   
60 The normal plot of the standardised effects of operating 

parameters on the CuCl electrolytic system 
126 

   
61 The half-normal plot of the standardised effects of 

operating parameters on the CuCl electrolytic system 
127 

   
62 The Pareto chart of the standardised effects of operating 

parameters on the CuCl electrolytic system 
128 

   
63 The boxplot of hydrogen production in the CuCl 

electrolytic system 
129 

   
64 Pareto Chart of the Standardised Effects (α = 0.05) for the 

Hydrogen Production in the CuCl Electrolytic System 
130 

   
65 The interaction plot for hydrogen production in the CuCl 

electrolytic system; CuCl concentration (M), current 
density (A cm−2) and CuCl electrolyte flowrate (cm3 min−1) 

131 

   
66 The normal plot of the standardised effects (α = 0.05) for 

hydrogen production in the CuCl electrolytic system 
132 



© C
OPYRIG

HT U
PM

xix 

 

67 The half-normal plot of the standardised effects for the 
CuCl electrolytic system 

133 

   
68 The main effects plot for hydrogen production in the CuCl 

electrolytic system 
134 

   
69 The boxplot of hydrogen production versus operating 

parameters in the CuCl electrolytic system 
135 

   
70 Interaction plot for hydrogen production with the CuCl 

electrolytic system parameters (temperature, current 
density and CuCl concentration) 

139 

   
71 Main effects plot for hydrogen production 140 
   

72 (a) Contour plot of hydrogen yield (cm3 min−1) - CuCl 
concentration vs temperature (b) Surface plot of hydrogen 
yield - CuCl concentration vs temperature 

142 

   
73 (a) Contour plot of hydrogen yield - current density vs 

temperature 
144 

   
74 (a) Contour plot of hydrogen yield - temperature vs current 

density 
145 

   
75 (a) Contour plot of hydrogen yield (cm3 min−1) - CuCl 

concentration vs temperature (b) Surface plot of hydrogen 
yield - CuCl concentration vs temperature 

147 

   
76 (a) 2-D Contour plot of hydrogen yield - CuCl 

concentration vs current density (b) 3-D Surface plot of 
hydrogen yield – CuCl concentration vs current density 

149 

   
77 (a) Contour plot of hydrogen yield - current density vs (b) 

Surface plot of hydrogen yield - current density vs CuCl 
concentration 

151 

   
78 The scheme of proton conductivity (through-plane) 

measurement equipment conductivity cell 
197 

   
79 Schematic of the conductivity cell (Balashov et al., 2011a) 197 
   

80 Proton conductivity measurement (a) A membrane test 
system MTS 740 (b) A NumetriQ PSM 1735 Frequency 
Response Analyzer (c) PC with EIS software 

199 

   
81 Cu diffusion test for (a) PBI membrane and (b) PA doped 

PBI membrane in 24 hours 
199 

   
82 Membrane sample after coating with platinum to minimize 

the charging current effect of SEM 
201 



© C
OPYRIG

HT U
PM

xx 

 

LIST OF ABBREVIATIONS 
 

ADL Acid doping level 

ANOVA Analysis of Variance 

CCD Central Composite Design 

CCUS Carbon capture, utilization & storage 

CuCl Copper chloride 

DMAc Dimethylacetamide 

DOE Design of Experiment 

EDX Energy dispersive x-ray 

EIS Electrochemical impedance spectroscopy 

FCEV Fuel cell electric vehicle 

GC Gas chromatography 

GHG Greenhouse gas 

HCl Hydrochloric acid 

ICE Internal combustion engine 

IEC Ionic exchange capacity 

LOHC Liquid organic hydrogen carrier 

LSV Linear sweep voltammetry 

MEA Membrane electrode assembly 

PBI Polybenzimidazole 

PEM Proton exchange membrane 

SEM Scanning electron microscopy 

SMR Steam methane reforming 

SPEEK Sulfonated poly(ether ether ketone) 

TGA Thermogravimetric analysis 



© C
OPYRIG

HT U
PM

xxi 

 

UV-Vis UV-Visible spectroscopy 

PFSA Perfluorosulfonic acid  

PA Phosphoric acid 

RBD Randomised block design 

RSM Response surface methodology 

  



© C
OPYRIG

HT U
PM

1 

 

CHAPTER 1 
 

INTRODUCTION 
 
 
1.1 Background of the Study 
 

The world’s current population as of August 2021 is almost 7.9 billion, as 
reported by the United Nations, surpassing the earlier prediction of 7.5 billion in 
2025 (da Silva Veras et al., 2017). The world needs enough staple food for the 
entire population, and to fulfil that, the world needs energy resources to move 
people around, powering the agricultural and agro-based industries as well as 
other activities (Abe et al., 2019; Midilli et al., 2021; Roeb et al., 2013). It is 
anticipated that the world’s energy demand will be 600 to 1000 EJ by 2050 
(Carey et al., 2020; Hosseini & Wahid, 2016; Kumar et al., 2020). A smart 
approach is essential to balance power demand and manage energy effectively 
(Ahmad et al., 2021; Awadallah et al., 2014). Due to the intense usage of 
conventional fuels to power the population activities, the depletion of ozone 
layers is now at an alarming level due to the effect of greenhouse gas (GHG) 
emissions like carbon dioxide and methane (Oladokun et al., 2016; Omoniyi et 
al., 2021; Owgi et al., 2021). As the world is united and committed to resolving 
GHG emissions, the Montreal Protocol (1987), Kyoto Protocol (1997) and Paris 
Agreement (2015) have been signed in the hope of recovering the ozone layers 
and reducing the impact of climate change by 2050 (Abdullah et al., 2019; 
Kimura & Li, 2019; Sanguesa et al., 2021; Stokes, 2020). Unlike two prior 
protocols that targeted only developed nations, Paris Agreement (2015) is more 
objective in reducing GHG emissions while targeting only a maximum of two 
degrees Celsius temperature increase by a collective commitment from all 
countries to cut their climate pollution (Baykara, 2018; Gielen et al., 2017). 
 

One of the most promising clean and green energy without any GHG emission 
or zero carbon footprint is green hydrogen (Dawood et al., 2020; Shiva Kumar & 
Himabindu, 2019). Hydrogen is an energy-dense (weight basis) substance with 
a 120 MJ/kg higher heating value (HHV), a clean gas with very low density and 
high dispersibility (Bessarabov et al., 2016; Li et al., 2010). Although hydrogen 
does not exist in the gas form naturally, it constantly forms as a compound with 
other atoms such as water (H2O), methane (CH4), butane (CH4H10), other liquids 
and hydrocarbon gases (Nicoletti et al., 2015). There are many techniques to 
produce hydrogen, categorised as fossil fuels or renewable sources. The 
hydrogen can be produced from renewable sources such as the biomass 
process (Ren et al., 2020) and water splitting process (thermolysis, photolysis, 
electrolysis) (Baykara, 2018; Nikolaidis & Poullikkas, 2017). 
 

Hydrogen produced from the electrolysis is categorised as green hydrogen only 
when the electrical energy is from renewable and sustainable sources. Other 
than that, there is also grey hydrogen which is produced from fossil fuels, mainly 
from steam methane reforming (SMR) and blue hydrogen, which is produced 
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from fossil fuels but with carbon capture, utilisation and storage (CCUS) (Carey 
et al., 2020; Edwards et al., 2021; ESMAP, 2020; Kaddami & Mikou, 2017). 
Electrolysis is a water-splitting process where an external voltage is applied 
across a circuit which is connected via a solid proton exchange membrane 
(PEM) that separates the electrodes and electrolytes that produce the hydrogen 
gas (cathode via hydrogen evolution reaction (HER)) and the oxygen gas (anode 
via oxygen evolution reaction (OER)) (Babic et al., 2017; Bessarabov et al., 
2016; Escorihuela, García-Bernabé, et al., 2019; Shiva Kumar & Himabindu, 
2019). The electrolysis process occurs in the electrolyser setup that comprises 
end plates, serpentine flow plates, membrane electrode assembly, gas diffusion 
layers with catalyst and current collectors (cathode, anode) (Araya et al., 2016; 
Bessarabov et al., 2016; Esposito, 2017; Xiao Li et al., 2020; Vincent & 
Bessarabov, 2017). 
 

Thermochemical water splitting is a highly efficient chemical conversion of water 
into hydrogen and oxygen production (Guban et al., 2020; Kim et al., 2019). 
Several cycles have been developed to manufacture hydrogen from 
thermochemical water splitting, but only a handful have been proved to be 
economically viable (Hall & Lvov, 2016; Ofelia Antonia Jianu, 2013). There are 
thermochemical cycles for hybrid sulfur (HyS) (Pingitore et al., 2019a), copper 
chloride (CuCl) (Dawood et al., 2020), cerium-chlorine (Ce-Cl) (Varin & Wronski, 
2013), vanadium–chlorine (V–Cl) (Alfaifi et al., 2018), hybrid chlorine (Cobourn 
& Easton, 2017), copper-sulfate (Cu-SO4) (Naterer et al., 2009a) and iron-
chloride (Fe-Cl) (Naterer et al., 2009a). All these thermochemical cycles use 
intermediate mediums to catalyse the reaction sequences of physical and 
chemical processes for water splitting within a closed and controlled circuit 
without emitting any emissions into the atmosphere (Farsi et al., 2019; 
Zamfirescu et al., 2019). However, only a few thermochemical cycles have a 
promising output and are feasible for hydrogen production. Nevertheless, the 
CuCl thermochemical cycle has been giving a very good output and is feasible 
practically. Therefore, the electrolysis step in the CuCl thermochemical cycle is 
a promising process to get a decent hydrogen production output.  
 

A decent PEM electrolysis requires a good PEM membrane as the membrane 
electrode assembly (MEA) for the electrolyser. A proton exchange membrane 
(PEM) functions as a membrane that separates the electrolytes in an electrolyser 
that acts as the proton conductor by allowing the movement of the proton from 
anode to cathode electrode for the production of hydrogen (Bessarabov et al., 
2016; Ran et al., 2017; Zhang et al., 2016; Zhou et al., 2021). Currently, the PEM 
fuel cells and electrolysers are mainly dominated by the perfluoro sulfonic acid 
(PFSA) membranes as the main component for MEA that operate well in the low 
region temperature up to 90 °C (Aili et al., 2011a; Mossayebi et al., 2016; Villagra 
& Millet, 2019). However, due to Nafion's high price, unstable thermal properties, 
fuel crossover, reduction of conductivity at high temperatures and swelling 
problems, alternative membranes are being developed from polybenzimidazole, 
sulfonated polyether ether ketone, polysulfone and polyimide-based membranes 
(Gashoul et al., 2017; Iulianelli & Basile, 2012; Mossayebi et al., 2016; Shaari & 
Kamarudin, 2019). Therefore, this study investigates the high-temperature 
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electrolysis of copper chloride in hydrochloric acid using a hybrid proton 
exchange membrane for hydrogen production. 
 

1.2 Problem Statement 
 

Hydrogen, the world’s most abundant element, is a reliable and renewable 
energy source. However, the main production methods for hydrogen, which 
include steam methane reforming and coal gasification, are still generating 
greenhouse gases along with hydrogen production. Today, over 90% of the 
world's hydrogen is produced by steam reforming of fossil fuels (natural gas and 
coal gasification) mainly due to lower cost of production and established methods 
(Chen et al., 2016; Edwards et al., 2021; Lei et al., 2019; Maggio et al., 2019; 
Zhaolin Wang & Naterer, 2014). As a result, greenhouse gasses are released 
into the atmosphere and contribute to the earth’s temperature increment. Carbon 
dioxides contributed 55% from the total percentage of greenhouse gases 
released into the atmosphere, followed by chlorofluorocarbon (CFC) 11&12 by 
17%, methane by 15% and other CFCs and nitrogen oxides by 7% and 6%, 
respectively (Nicoletti et al., 2015; Sahin & Esen, 2022) It is expected that from 
2017 to 2060 there will be a GHG emission of about 263,000 million tons of CO2 

being released to the atmosphere (Qiu et al., 2021). Apart from that, hydrogen 
production from fossil fuels also caused air pollution and threatened energy 
security (Ren et al., 2020). Therefore, a new approach to producing green and 
sustainable hydrogen should be investigated. 
 

Currently, only 4% of hydrogen is produced from the water electrolysis process 
(Gandía et al., 2013; Koponen et al., 2015; Mah et al., 2019; Sim et al., 2015a). 
The novel electrolysis system is crucial due to its importance in replacing 
conventional steam methane reforming that still emits greenhouse gases during 
the hydrogen production process (Luo et al., 2018). Furthermore, the electrolysis 
process produces high purity hydrogen and requires less space, and the 
equipment is compact to produce the same amount of hydrogen yield. 
 

The current CuCl–HCl polymer electrolyte membrane (PEM) electrolysis process 
used costly Nafion as its membrane and was only tested to operate at low 
temperature (< 90 °C) (Devrim et al., 2016; Seo et al., 2017; Shiva Kumar & 
Himabindu, 2019). Although Nafion is the most common membrane in PEM fuel 
cell applications, the conductivity of the Nafion membrane is heavily affected by 
membrane hydration due to the medium stage transformation from liquid to 
vapour, makes it unsuitable for high-temperature applications (Park et al., 2016; 
Sigwadi et al., 2019; Tahrim & Amin, 2019). Besides, the high permeability of 
copper for Nafion membrane in copper chloride (CuCl) electrolysis inhibits a 
longer electrolysis process, leading to less hydrogen production (Khurana et al., 
2015; Naterer et al., 2014b, 2017b). Hence, the improvement gained from a 
hybrid membrane that combines the properties of high conductivity, low copper 
permeability and highly thermostable material is suitable to be a Nafion 
membrane-based replacement. 
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Many researchers have recently accomplished the investigation of producing a 
valuable product from CuCl electrolysis by using Nafion as the proton exchange 
membrane (Abdo & Bradley Easton, 2016; Giddey et al., 2019; Kim et al., 2019; 
Sathaiyan et al., 2015). The complete typical thermochemical cycle of the CuCl 
diagram is shown in Figure 1. 
 

 
Figure 1: The typical complete thermochemical cycle of CuCl–HCl 

 

The thermochemical cycle of the CuCl (Figure 1) starts with the electrolysis of 
CuCl and HCl electrolytes at ambient temperature and up to 90 °C for the Nafion-
based membrane electrode assembly electrolyser. The process is followed by 
drying the CuCl2 before proceeding with the hydrolysis process, which produces 
copper oxychloride (Cu2OCl2) and hydrogen chloride (HCl) gas at a reaction 
temperature around 400 °C. The thermolysis of Cu2OCl2 at 500 °C and the 
hydrolysis process can utilise the freely available excess heat from the nuclear 
or power plant to excite the reaction to produce CuCl and O2. However, for this 
study, the focal point of research is the high temperature (100 to 130 °C) of CuCl 
electrolysis and the synthesised hybrid membrane that is more economical and 
performs better than the Nafion membrane. From previous studies, hydrogen 
has been the main output of the CuCl electrolysis process with copper (II) 
chloride (CuCl2) as the by-product which is slightly hazardous with only rating 1 
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of the hazardous materials identification system (HMIS), rating 0 for normal 
material and rating 4 for deadly health hazards (Scholar Chemistry and 
Columbus Chemical Industries, 2009). In a CuCl thermochemical cycle, the 
CuCl2 is produced after the electrolysis step. The reaction from the electrolysis 
stage converts CuCl into CuCl2. No chlorine gas (Cl2) is produced because the 
reaction produced CuCl2 in an aqueous form and hydrogen in a gas form 
(Ghandehariun et al., 2012; Khalid, 2017). Still, the process is limited to low 
temperatures, which is up to 90 °C only (Abdo & Bradley Easton, 2016; Seyedali 
Aghahosseini, 2013; Balashov et al., 2011b; Edge, 2013; Naterer et al., 2015a; 
Zhou et al., 2021) and the cost to acquire the Nafion membrane is relatively high 
(USD 600 to 1200 per m2; Euro 5000 per kg), which is up to four times costlier 
than PBI (Kraytsberg & Ein-Eli, 2014; Paidar et al., 2016b; Zhou et al., 2021; Zuo 
et al., 2012). Therefore, hydrogen production at high-temperature (above 100 °C 
and up to 200 °C) in the CuCl electrolysis has a considerable potential to be a 
sustainable source of producing green hydrogen. The novel electrolysis system 
is crucial due to its importance in replacing conventional steam methane 
reforming that still emits greenhouse gases during the hydrogen production 
process. Furthermore, the electrolysis process produces high purity hydrogen 
and requires less space, and the equipment is compact to produce the same 
amount of hydrogen yield. The Nafion membrane is a pioneer and widely used 
membrane for fuel cell applications. As for the fuel cell applications, it used 
hydrogen and air (oxygen) as the fuel to produce electrical energy and water as 
a by-product.  As for the PEM electrolyser using the Nafion membrane, the 
reactants are acidic electrolytes and water. The electrolytes are subjected to the 
hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction 
(OER) at the anode. In previous studies, Nafion is used for hydrogen production 
from the CuCl–HCl electrolysis via a Nafion-based PEM electrolyser. However, 
Nafion has a high copper diffusion which can accumulate at the cathode 
electrode, thus inhibiting the formation of hydrogen via HER. By replacing the 
Nafion with another alternative membrane, the efficiency of the hydrogen 
production process via PEM CuCl electrolysis can be increased with the 
reduction in ion crossover. Therefore, necessary research should be performed 
to check the feasibility of using a hybrid membrane other than Nafion as the 
proton exchange membrane with an improvement in the conversion of CuCl–HCl 
electrolytes and the hydrogen yield. 
 

1.3 Research Objectives 
 

The focus of this study is to synthesise a functional hybrid membrane for the 
membrane electrode assembly (MEA) set up in an acid-based high-temperature 
CuCl PEM electrolyser and optimise the operating parameters for the copper 
chloride electrolytic system to achieve an optimised hydrogen output. This study 
is divided into four focused objectives as follows: 
 
1. To develop and validate the PBI and SPEEK hybrid membrane component 

for membrane electrode assembly (MEA) preparation in CuCl–HCl 
electrolysis. 
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2. To evaluate the operating parameters on the performance of the hybrid 
membrane for CuCl–HCl electrolytic production. 

3. To optimise and validate the operating parameters suitable for the PBI/ZrP 
hybrid membrane-based CuCl–HCl electrolysis. 

 

1.4 Limitation of the Study 
 

This study was conducted under several limitations that may greatly influence 
the output of the research if no necessary actions were taken: 
 
1. Initially, the desired operating temperature was planned to range between 

100 to 200 °C to fully exploit the high-temperature electrolysis. However, due 
to the limitation of the gasket material and pressure build-up inside the 
electrolyser, the operating temperature was revised to have a range between 
100 to 130 °C. 

2. The concentration of the electrolyte CuCl–HCl was limited to 0.2 M CuCl in 
1 M HCl due to eroded peristaltic pump heads when applied a 1 M CuCl in 
2 M HCl electrolyte. It has also caused pitting corrosion to the electrolyser 
block made of stainless steel. Therefore, the electrolyser blocks were 
changed to titanium.  

3. The bipolar plate was changed from carbon graphite to titanium plate due to 
high-temperature vapours that can penetrate through the pores, which 
resulted in a drastic reduction in the hydrogen yield. 

 

1.5 Scope of Research 
 

The scopes of this study that determines the depth of the investigation to achieve 
the objectives mentioned above are: 
 
1. The screening of PBI and SPEEK doped membranes with phosphoric acid 

at optimized immersion temperature (30–100 °C) and time (40 –960 min). 

2. The development and validation of the PBI and SPEEK for hybrid membrane 
synthesis by dissolving the base membrane in dimethylacetamide (DMAc). 
This was performed via the addition of inorganic fillers: silicon dioxide (SiO2), 
titanium dioxide (TiO2) and zirconium oxide (ZrO2) to the PBI and SPEEK 
membrane, followed by phosphoric acid (PA) doping. The best-synthesised 
hybrid membrane was selected for the characterisation of chemical and 
physical properties prior to the preparation of membrane electrode assembly 
(MEA). 

3. The investigation of the performance of the selected hybrid membrane on a 
CuCl–HCl electrolytic hydrogen production system was applied by using two 
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levels of randomised block design (RBD). Operating parameters involved 
are electrolyte concentrations (CuCl and HCl), applied current density, 
temperature, and electrolyte flowrates. The significant parameters were 
ranked using a fractional factorial design (FFD). 

4. Three of the most significant parameters obtained from Objective (iii) were 
used to optimise the CuCl–HCl electrolytic system towards hydrogen 
production using a response surface methodology (RSM) with central 
composite design (CCD), simulated using the Minitab 18 Software. 

 

1.6 Significance of the Study 
 

This research has a promising potential for promoting sustainable energy where 
the newly developed CuCl electrolysis PBI/ZrP hybrid membrane participates in 
hydrogen production. Furthermore, the current usage of perfluorosulfonic acid 
membranes such as Nafion or Nafion-based membranes—as the main 
membrane used in electrolysis—is expensive and only proven for low operating 
temperatures below 80 °C for the CuCl hydrogen electrolytic process. The newly 
synthesised and developed hybrid membrane has improved properties such as 
higher proton conductivity (increase 4-fold compared to pristine PBI), lower 
diffusivity of copper ion (better than Nafion), thermally stable (up to 900 °C while 
Nafion fully decomposed at 600 °C) and cheaper than existing Nafion-based 
membrane (cost one-fourth of the Nafion). 
 

Additionally, the PBI/ZrP hybrid membrane was tested in high-temperature 
electrolysis (100–130 °C) of CuCl for the hydrogen production that was 
previously not tested or explored due to incompatibility of the Nafion membrane 
to operate at high-temperature. Furthermore, the Nafion membrane has high 
copper ion diffusion. The synthesis cost for PBI/ZrP hybrid membrane is 
RM10.78 per piece (49 cm2 for MEA preparation & electrolyser fitting. This has 
included all related costs for the addition of inorganic filler ZrO2 5wt% of PBI, 
chemicals DMAc & phosphoric acid, while the pristine Nafion 117 cost is 
RM24.34 per piece (49 cm2). This has included all related costs for the addition 
of inorganic filler ZrO2 5wt% of PBI, chemicals DMAc & phosphoric acid, while 
the pristine Nafion 117 cost is RM24.34 per piece (49 cm2). PBI/ZrP is estimated 
to be 56% cheaper than Nafion 117, with the additional benefit of lower copper 
diffusion across the membrane that can prolong the hydrogen evolution reaction 
(HER) at the cathode. By utilising the excess heat from the industrial powerplant, 
the cost for elevating the electrolysis temperature is basically zero. The main 
operating cost to run the high-temperature CuCl–HCl hydrogen electrolytic 
system is the fee required to pay the power supplier or generated from renewable 
energy resources such as solar, geothermal, and wind. Therefore, the PBI/ZrP 
hybrid membrane-based high-temperature CuCl–HCl hydrogen electrolytic 
system is very economical to operate at an industrial powerplant having excess 
heat. The excess energy can be tapped to produce green hydrogen with zero 
carbon footprint while simultaneously saving the heating energy required to 
elevate the operating temperature of the electrolysis process. 
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1.7 Organization of Thesis 
 

The following chapters are dedicated to carefully explain, discuss, and analyse 
their respective topic related to the high-temperature CuCl–HCl electrolysis 
using a hybrid membrane for hydrogen production. Chapter 2 reviews the 
hydrogen source, hydrogen technologies, polymer electrolyte membrane, 
thermochemical cycle of CuCl, and CuCl electrolysis.  
 

Chapter 3 describes the methodology of the experiment. A research 
methodology flow chart is attached to the commencement of the chapter and 
offers a summary of the flow of the research. The research plan is performed 
vigilantly and considers every part of membrane synthesis, characterisation, and 
testing.   
 

Chapter 4 highlights the membrane screening procedure to find a better 
alternative membrane than Nafion using polybenzimidazole (PBI) and sulfonated 
poly (ether ether ketone) (SPEEK) membranes. Two alternative membranes and 
eight modes of acid doping were used to screen the best membrane before 
incorporating the PBI or SPEEK for the metal-organic framework by introducing 
inorganic fillers like TiO2, SiO2 and ZrO2. PBI/ZrP hybrid membrane emerged as 
the best performing membrane. The optimisation was further refined with the top 
three significant parameters. The accuracy of the models, the behaviour and the 
interaction between the independent variables have been analysed.  
 

Finally, Chapter 5 summarises the principal conclusion of the present work, 
established from the results and findings. From the knowledge and experience 
gained in the present work, a list of useful recommendations is proposed to 
improve future work and its opportunities for research continuation. 
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