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ABSTRACT 

Proton conductors that proficiently operate at high temperatures (over 100oC) 

have been gaining increasing attention for proton exchange membrane fuel cells 

(PEMFCs). Many approaches have been taken to improve the proton conductivity of 

the membrane. The main challenge is in developing PEM with improved unidirectional 

proton-conducting channels through the membranes. Thus, this research has focussed 

on enhanced proton transport properties of ferrocene functionalized 

polybenzimidazole (Fc-PBI) membrane in oriented microstructures via magnetic field-

assisted solvent casting method. Commercially available PBI solution (Celazole® PBI 

S26) and ferrocene carboxylic acid (FCA) were used as the polymer matrix and the 

alignment agent, respectively. Before the fabrication of the membrane, the magnetic 

properties of PBI and FCA were investigated using a vibrating sample magnetometer 

(VSM), and both displayed enough magnetic susceptibility for alignment under a 

magnetic field. Therefore, it was hypothesized that magnetic field-aligned Fc-PBI 

membrane will improve the proton conductivity through the alignment of the proton-

conducting channel in PBI microstructures. Fc-PBI membrane was prepared from the 

mixture of FCA and PBI solution, followed by casting the mixture onto a glass plate 

using a scrapper. The casted solution underwent 0.3 Tesla magnetic field treatment in 

in- and through-plane directions. The physical properties of Fc-PBI membranes were 

characterized using Fourier transform infrared (FTIR) spectroscopy, X-ray 

photoelectron spectroscopy (XPS), diffuse reflectance Ultraviolet-visible (DR UV-

vis) spectroscopy, X-ray diffraction (XRD) spectroscopy, scanning electron 

microscopy (SEM), atomic force microscopy (AFM), and thermogravimetry analysis 

(TGA). The FTIR analysis of the Fc-PBI membrane identified the appearance of N-H 

amide peaks, indicating that the ferrocene moiety successfully bonded to PBI main 

chain. The FTIR results were in good agreement with XPS data, detecting the N-(C=O) 

signal. SEM and AFM images showed that the polymer microstructure was aligned 

towards the magnetic field direction. The TGA results confirmed that the thermal 

stability of the membranes was satisfactorily high to operate at high temperatures. 

Fenton’s test was performed, and the results showed a decrease in oxidative stability 

with a high amount of Fc content. In this case, the bivalent state of iron (Fe2+) in Fc 

transforms to ferric ion (Fe3+), initiating the Fenton reaction to decompose the 

membranes. Even with low oxidative stability, the proton conductivity of aligned Fc-

PBI in through-plane direction with 5 wt% FCA at 180oC is 0.024 Scm-1, which is 

better than that of pristine PBI. The protonic conductivity was found to increase with 

the formation of through-plane aligned proton channels, reflecting the ease of proton 

transportation through the short and continuous pathway through the membrane and 

the effect is more prominent at the high amount of Fc. Therefore, it is suggested that 

the magnetic field-aligned Fc-PBI would be a strong candidate for high-temperature 

PEMFC applications.  
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ABSTRAK 

Konduktor proton yang beroperasi dengan cekap pada suhu yang tinggi 

(melebihi 100oC) semakin mendapat perhatian bagi sel bahan api membran pertukaran 

proton (PEMFC). Banyak pendekatan telah diambil untuk meningkatkan 

kekonduksian proton membran tersebut. Cabaran utama ialah dalam menghasilkan 

PEM dengan saluran konduksi proton satu arah yang lebih baik. Dengan itu, 

penyelidikan ini tertumpu kepada peningkatan sifat pengangkutan proton membran 

polibenzimidazol berkefungsian ferosena (Fc-PBI) di dalam struktur mikro 

berorientasi melalui kaedah tuangan pelarut berbantukan medan magnet. Larutan PBI 

yang tersedia secara komersial (Celazole® PBI S26) dan asid karboksilik ferosena 

(FCA) masing-masing digunakan sebagai matriks polimer, dan agen penjajaran. 

Sebelum fabrikasi membran, sifat magnetik PBI dan FCA telah dikaji menggunakan 

magnetometer sampel bergetar (VSM), dan kedua-duanya mempamerkan kerentanan 

magnetik yang cukup untuk penjajaran di bawah medan magnet. Oleh itu, 

dihipotesiskan bahawa membran Fc-PBI yang sejajar medan magnet akan 

meningkatkan kadar kekonduksian proton melalui penjajaran saluran konduksi proton 

di dalam struktur mikro PBI. Membran Fc-PBI disediakan daripada campuran larutan 

FCA dan PBI, diikuti dengan menebarkan campuran tersebut ke atas plat kaca 

menggunakan pengikis. Campuran yang telah ditebarkan itu menjalani rawatan medan 

magnet 0.3 Tesla dari arah dalam satah dan melalui satah. Sifat fizikal membran Fc-

PBI dicirikan menggunakan spektroskopi inframerah transformasi Fourier (FTIR), 

spektroskopi fotoelektron sinar-X (XPS), spektroskopi pantulan serakan 

ultralembayung-cahaya nampak (DR UV-vis), spektroskopi pembelauan sinar-X 

(XRD), imbasan mikroskop elektron (SEM), mikroskopi daya atom (AFM), dan 

analisis termogravimetri (TGA). Analisis FTIR membran Fc-PBI telah mengenalpasti 

kemunculan puncak amida N-H, yang menunjukkan bahawa bahagian ferosena 

berjaya terikat pada rantai utama PBI. Hasil FTIR sesuai dengan data XPS, yang 

mengesan isyarat N-(C=O). Imej SEM dan AFM menunjukkan bahawa struktur mikro 

polimer adalah sejajar ke arah medan magnet. Hasil TGA mengesahkan bahawa 

kestabilan terma membran adalah memuaskan untuk beroperasi pada suhu tinggi. 

Ujian Fenton dilakukan, dan hasilnya menunjukkan penurunan kestabilan oksidatif 

dengan jumlah kandungan Fc yang tinggi. Dalam kes ini, keadaan besi dwivalen (Fe2+) 

dalam Fc yang berubah menjadi ion ferik (Fe3+), memulakan reaksi Fenton untuk 

menguraikan membran. Malah dengan kestabilan oksidatif yang rendah, kekonduksian 

proton bagi membran Fc-PBI yang sejajar dalam arah melalui satah dengan 5 wt% 

FCA pada 180oC adalah 0.024 Scm-1, yang lebih baik daripada PBI asli. Kekonduksian 

proton didapati meningkat dengan pembentukan saluran proton yang sejajar melalui 

satah, yang menggambarkan mudahnya pengangkutan proton melalui laluan yang 

pendek dan berterusan melalui membran dan kesannya lebih ketara pada jumlah Fc 

yang tinggi. Oleh itu, membran Fc-PBI yang sejajar dengan medan magnet sebagai 

calon yang berpotensi bagi aplikasi PEMFC pada suhu tinggi. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of Study 

Since ancient times, fossil fuels such as coal, natural gas (NG), and petroleum 

(oil) for energy generation have dominated the energy market. These great energy 

sources make modern life possible since they play a vital role in generating electricity, 

power systems, and manufacturing goods in the industry. However, the use of fossil 

fuels leads to the emission of billion tons of toxic gases that leads to global warmings, 

such as carbon dioxide (CO2), sulfuric oxide (SOx), and nitrogen oxide (NOx) species. 

This high number is largely attributed to the fossil fuels burning in China and India 

(1). To overcome this problem, some countries like the United Kingdom have decided 

to ban fossil fuel, especially in vehicles, by 2040 and looking forward to more green 

energy (2). 

In addition, nowadays, people who work in the industry are highly concern 

about fossil fuels depletion. According to the International Energy Agency (IEA), 

world oil production is reached to maximum and is expected to decline steadily year 

after year (3). This phenomenon will affect the industrial, transportation and the socio-

economic growth of the country (4). Thus, the world is now shifting from fossil fuels 

to another alternative and sustainable energy called fuel cells. 

Fuel cells were inverted back then in the middle of the 19th century with the 

principle of converting the free energy of a chemical reaction into electrical energy via 

an electrical current (5). Fuel cells offer zero-emission of toxic gases, high efficiency, 

design variability, and flexibility of fuel used (6). Figure 1.1 shows the efficiency 

characteristics of fuel cells compared with other electric power systems (7). Among 

various types of fuel cells for instance alkaline fuel cell (AFC), molten carbonate fuel 

cell (MCFC), phosphoric acid fuel cell (PAFC), and solid oxide fuel cell (SOFC), 
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proton exchange membrane fuel cells (PEMFC) are recognized as the best choice due 

to its low operating temperature (<90oC), easy start-up and fast response to changes in 

load and operating conditions, high power density, and have a robust system (8,9). 

Figure 1.1        Comparison of power generating systems efficiency (7). 

PEMFC generates electricity by combining the hydrogen as fuel and oxygen 

from the atmosphere as the oxidant, passing through the mixture via a membrane, and 

generating electricity with the release of water (H2O) as a waste product (10). To date, 

PEMFC has been widely used as commercial products in the residential home, 

batteries for portable devices, for instance, cell phones and laptops, and fuel cell 

engines for automotive applications by displacing the internal combustion engine (11). 

Despite all the advantages provided, PEMFC deals with the use of high purity of 

hydrogen gas fuel, which is hard to control, experienced carbon monoxide (CO) 

poisoning at the platinum (Pt) catalyst electrode, and humidity problem (12). By 

increasing the operating temperature, the rate of H2 adsorption increases and the rate 

of CO adsorption onto the anode catalyst decreases, hence reduce the poisoning of CO. 
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Thus, as an alternative, a high temperature-proton exchange membrane fuel cell (HT-

PEMFC) is being developed. 

HT-PEMFC offers high efficiency, easy water and thermal management, faster 

chemical kinetics at the anode and cathode, and heat utilization (13,14). HT-PEMFC 

performs under 120 to 180oC operating temperature at ambient pressure and without 

humidity (12). The key material in HT-PEMFC performance is the proton exchange 

membrane (PEM). PEM acts as the medium in transporting protons from anode to 

cathode. In other words, PEM creates a pathway for proton conductivity. Moreover, it 

also acts as the barrier between anode and cathode, prevents the inlet gases from 

mixing, and avoids the electron from passing through the membrane due to the 

presence of negative charge from SO3⁻ and electron repelling (10). 

The current state of the art for PEM is Nafion. It was first discovered in the late 

1960s by Walther grot of Dupont, and further developed and produced by the E.I. 

Dupont Company (15). Nafion is the commercial name for sulfonated 

tetrafluoroethylene-based fluoropolymer-copolymer. According to Kumar and his co-

workers, Nafion membrane provides good proton conductivity, excellent mechanical 

and thermal stability, and has a long lifetime (16,17). However, the proton conductivity 

of Nafion is strongly dependent on humidification. Thus, limit its performance at high 

temperature up to 100oC, since the capability to operate at high temperature offers 

more advantages than at low temperature. Thus, as an alternative to Nafion, many 

kinds of research had been done on non-fluorinated polymer membranes for HT-

PEMFC application. Non-fluorinated polymeric membranes have high thermal and 

mechanical stability, oxidation resistance, and cheaper than Nafion. 

Previously, polybenzimidazole (PBI) has been studied widely as it promises 

good mechanical, chemical, and thermal stability. Nevertheless, the use of pristine PBI 

permits shallow proton conductivity values compared to Nafion. Hence, an acid-doped 

PBI membrane has been introduced to improve the performance of PBI in PEMFC. 

Furthermore, without humidification, this membrane can produce excellent proton 

conductivity at a temperature as high as 200oC (13,18). 
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The performance of HT-PEMFC is not only dependent on the operation 

temperature but also on the structural properties of the polymer membrane. Recently, 

various ordered structure of proton-conducting channel has been developed to enhance 

the performance of HT-PEMFC for example, by adding nanoparticles fillers into the 

polymer matrix. Those fillers create an additional route for proton transfer via the 

formation of mesopores. Other than that, Gong and his co-workers have constructed 

nano-scale proton conductive channels via electrospinning and electric field (19). Such 

design has been proven to increase performance. Though, these synthesis methods are 

restricted to dielectric breakdown and expose to physical contact that could cause shear 

alignment. 

In the present work, a novel approach was proposed in fabricating well-aligned 

proton conductive channels of ferrocene functionalized PBI membrane under a low 

magnetic field (0.3 T) (Figure 1.2). Magnetic field alignments of the polymer can 

minimize the structural disorder of polymer membrane and enhance the proton 

conductivity of HT-PEMFC. This is due to the production of the straight proton-

conducting channel in the in- and through-plane direction of the membrane. In 

addition, over electrospinning and electric field, the magnetic field is free from 

dielectric breakdown, physical contact, and very practical for scalable production. In 

this perspective, the ferrocene-based compound was chosen as the functionalization 

group to PBI. Lin reported that ferrocene-type materials have many excellent 

properties towards the magnetic field; for instance, they exhibit ferromagnetic 

properties, low magnetic loss, low relative density, thermally stable (1.5 K to 450 K), 

and good resistance to radiation (20). Thus, with the presence of ferrocene, the 

membrane may align under the low magnetic field and provide excellent proton 

conductivity of HT-PEMFC. 
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Figure 1.2 The feasible effect of magnetic field on the casted ferrocene 

functionalized PBI membrane under the low magnetic field of 0.3 T. 
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1.2 Problem Statement 

This research is emphasized on the effects and the influence of magnetic fields 

towards well-aligned ferrocene functionalized PBI membrane synthesized under 

magnetic field (0.3 T) and its proton-conducting performances at high temperature 

(100 to 180oC). 

PEM that proficiently operate at high temperatures for PEMFCs have been 

gaining great attention. Many strategies have been taken to improve the proton 

conductivity of the membrane. Incorporating nanoparticles (NPs) into the polymer 

matrices and developing unidirectional proton-conducting channels through the 

membranes are some of the strategies to increase the proton conductivity of PEM. It 

was reported that iron oxide (Fe2O3) NPs could align the proton conducting channel in 

the polymer matrix under the magnetic field and increase the performance of PEMFCs. 

Nonetheless, the problem is, only the Fe2O3 NPs aligned directly towards the magnetic 

field, and it is not clearly confirmed through SEM micrograph that the desired channel 

is aligned or vice versa. Moreover, according to Hasanabadi, with the incorporation of 

NPs, the polymer chains of the membrane become separated from each other and 

results in blocking effect of NPs that reduce the proton conductivity of PEM (22). 

Therefore, the main challenge in this study is in developing unidirectional 

proton-conducting channel of the polymer microstructures with high proton 

conductivity. By aligning the polymer microstructures, the blocking effect of NPs 

could be overcome and the tortuous proton-conducting channel is reduced. Previously, 

it was reported that the orientation of polymer as an ion-conducting membrane can be 

controlled under a low magnetic field (<0.5 T) by using 4ʹ-(hexyloxy)-4-

biphenylcarbonitrile liquid crystals (60 cyanobiphenyl) as alignment agent, and 4-(3-

acryloyloxypropyloxy)-benzoesure 2-methyl-1, 4-phenylester (Rotary Mixer 257) as 

stabilizer (21). However, the limitation to this technique is that the liquid crystals starts 

to evaporate at 70oC. and become unstable at high temperature.  

In dealing with all the difficulties described above, ferrocene functionalized 

PBI membrane was synthesized using ferrocene carboxylic acid (FCA) as the 
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functionalization group to PBI and the alignment agent under 0.3 T magnetic field. 

The crucial parts here will be the comprehensive attempt to investigate the correlation 

between the effect of the magnetic field towards the formation of a polymer membrane 

with the presence of the ferrocene-based compound, its structural-properties 

relationship with the proton conduction mechanism, and its proton conductivity. It is 

hypothesized that the well-aligned membrane can be synthesized under a low magnetic 

field with FCA as the alignment agent and the functionalization group. This material 

is more efficient in terms of proton conductivity performance compared to the non-

oriented PEM. Based on the above considerations, the statement of the problem can 

be defined as follows: The novel cast low magnetic field-aligned ferrocene 

functionalized PBI or Fc-PBI membrane can be used as an improved 

performance PEM with high proton conductivity at high operating temperature. 

This study focussed on a novel cast-controlled orientation of Fc-PBI composite 

membrane. The impact of the bonding formation of ferrocenyl group with polymer 

matrices can influence the alignment of Fc-PBI molecule in the composite membrane 

under a magnetic field. A detailed exploration throughout this study can yield a 

fundamental understanding as well as the structural properties relationship of PEM 

towards proton transport mechanism and its proton conductivity in high operating 

temperature. 

1.3 Objectives of Study 

The novelty of this work lies in the preparation of novel PEM by using the 

ferrocene-based polymeric compound as the alignment agent under an external 

magnetic field. The ultimate goal of the present work is as follows: 

1. To fabricate Fc-PBI membrane by solvent casting method under 0.3 T magnetic

fields in the in- and through-plane direction.

2. To identify the effect of an external magnetic field on the structural,

morphological, thermal properties, and oxidative stability of the fabricated
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membranes by using FTIR, XPS, DR UV-Vis, XRD, SEM, AFM, TGA, and 

Fenton’s test. 

3. To evaluate the proton conductivity performance of Fc-PBI with respect to its

structural properties by using EIS.

4. To relate the structural properties relationship of PBI-based membranes with their

proton conduction mechanism.

1.4 Scope of Study 

In this research, in producing the well-aligned structure of PEM, 0.3 T 

magnetic fields were applied with ferrocene as the alignment agent. The controlled 

orientation of the Fc-PBI membrane was successfully cast by the solvent casting 

method. The solution was placed under 0.3 T magnetic fields and self-dried for 1 hour 

with further heating at 80oC for 24 hours to increase the mechanical strength. The Fc-

PBI cast without the presence of a magnetic field was prepared as a comparison. 

Several techniques were used to characterize the sample, for instance, scanning 

electron microscopy (SEM), atomic force microscopy (AFM), Fourier transforms 

infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), diffuse 

reflectance Ultraviolet-visible spectroscopy (DR UV-vis), X-ray diffraction (XRD) 

spectroscopy, thermal gravimetric analysis (TGA), and Fenton’s test. These 

physicochemical properties were related to the proton conductivity performance at 

high operating temperature, which was tested by using electrochemical impedance 

spectroscopy (EIS).  



9 

1.5 Significant of Study 

This research comprehensively investigates the effect of magnetic field on the 

Fc-PBI membrane, which can be applied in HT-PEMFC application. It would 

significantly contribute to the fundamental knowledge of the structural-properties 

relationship towards proton conductivity and its mechanism and would be useful to 

the energy industry in the future. Besides that, the new structure of PEM cast based on 

the magnetic field oriented here can be a potential PEM in the administration of the 

ferrocene-based polymeric compound in the future, with some highlighted value of 

high proton conductivity, high thermal stability, and better fuel cell performance at 

relatively low humidity and high operating temperature. 



129 

REFERENCES 

1. Mooney C. Fossil fuel emissions will reach an all-time high in 2017 , scientists

say — dashing hopes of progress. The Washington Post. 2017

2. Towards a sustainable future. The Star Online. 2017. 1–10.

3. International Energy Agency. World Energy Outlook 2011. Peris, France.

2011.

4. Maqbool W, Mat R, Ani FN. Fossil Fuel Energy Scenario in Malaysia-

Prospect of Indigenous Renewable Biomass and Coal Resources Fossil Fuel

Energy Scenario in Malaysia-Prospect of Indigenous Renewable Biomass and

Coal Resources. 2013 IEEE Conf Clean Energy Technol. 2013. 232–7

5. Stimming U, Carrette BL, Friedrich KA, Stimming U. Fuel Cells -

Fundamentals and Applications. In: Fuel Cells. 5–39; 2001

6. Sankir M. Proton Exchange Membrane Fuel Cell Systems based on Aromatic

Hydrocarbon and Partially Fluorinated Disulfonated Poly(Arylene Ether)

Copolymers. Ph.D. Thesis. Faculty of the Virginia Polytechnic Institute and

State University; 2005

7. Lanz A, Heffel J, Messer C. Hydrogen Fuel Cell Engines and Related

Technologies. In: Fuel Cell Technology. United States of America: College of

the Desert, Palm Desert, CA, USA. 53; 2001

8. Abid R. Dynamic Performance of a PEM Fuel Cell System. Ph. D. Thesis.

Department of Mechanical Engineering. Technical University of Denmark;

2013

9. Cheddie D, Munroe N. Review and Comparison of Approaches to Proton

Exchange Membrane Fuel Cell Modeling. J Power Sources, 2005. 147: 72–84

10. Peighambardoust SJ, Rowshanzamir S, Amjadi M. Review of the Proton

Exchange Membranes for Fuel Cell Applications. Int J Hydrogen Energy,

2010. 35(17): 9349–9384



130 

11. Wu J, Zi X, Martin JJ, Wang H, Zhang J, Shen J, et al. A review of PEM fuel

cell durability : Degradation mechanisms and mitigation strategies. J Power

Sources, 2008. 184: 104–119

12. Haque MA, Sulong AB, Loh KS, Majlan EH, Husaini T, Rosli RE. Acid Doped

Polybenzimidazoles based Membrane Electrode Assembly for High

Temperature Proton Exchange Membrane Fuel Cell: A Review. Int J Hydrogen

Energy, 2017. 42(14): 9156–79

13. Li Q, He R, Jensen JO, Bjerrum NJ. PBI-Based Polymer Membranes for High

Temperature Fuel Cells-Preparation, Characterization and Fuel Cell

Demonstration. Fuel Cells, 2004. 4(3): 147–59

14. Yang C, Costamagna P, Srinivasan S, Benziger J, Bocarsly AB. Approaches

and Technical Challenges to High Temperature Operation of Proton Exchange

Membrane Fuel Cells. Journal of Power Sources, 2001. 103: 1–9

15. Mauritz KA, Moore RB. State of Understanding of Nafion. Chem Rev. 2004.

104: 4535–4585

16. Kumar GG, Kim AR, Suk K, Elizabeth R. Nafion Membranes Modified with

Silica Sulfuric Acid for the Elevated Temperature and Lower Humidity

Operation of PEMFC. Int J Hydrogen Energy, 2009. 34(24): 9788–9794

17. Molavian MR, Abdolmaleki A, Tadavani KF, Zhiani M. A New Sulfonated

Poly (Ether Sulfone) Hybrid with Low Humidity Dependence for High

Temperature Proton Exchange Membrane Fuel Cell Applications. J Appl

Polym Sci, 2017. 1–7

18. Qingfeng LI, Hjuler HA, Bjerrum NJ. Phosphoric Acid Doped

Polybenzimidazole Membranes : Physiochemical Characterization and Fuel

Cell Applications. J Appl Electrochem, 2001. 31: 773–779

19. Gong X, He G, Wu Y, Zhang S, Chen B, Dai Y, et al. Aligned Electrospun

Nanofibers as Proton Conductive Channels through Thickness of Sulfonated

Poly(phthalazinone ether sulfone ketone) Proton Exchange Membranes. J

Power Sources, 2017. 358: 134–141



131 

20. Lin Z. Organometallic Polymers with Ferromagnetic Properties. Adv Mater,

1999. 11(13): 1153–1154

21. Gopinadhan M, Choo Y, Kawabata K, Kaufman G, Feng X, Di X. Controlling

Orientational Order in Block Copolymers using Low-Intensity Magnetic

Fields. Appl Phys Sci, 2017. 1–8

22. Hasanabadi N, Ghaffarian SR, Hasani-Sadrabadi MM. Magnetic Field Aligned

Nanocomposite Proton Exchange Membranes based on Sulfonated Poly(ether

sulfone) and Fe2O3 Nanoparticles for Direct Methanol Fuel Cell Application.

Int J Hydrogen Energy, 2011. 36(23): 15323–15332

23. Exxon Mobil Corporation. 2017 Outlook for Energy : A View to 2040. Texas.

2017.

24. Araya SS. High Temperature PEM Fuel Cells - Degradation and Durability.

Ph. D. Thesis. Aalborg University; 2012

25. Bacon F. Fuel Cell Today Industry Review 2011. Platin Met Rev, 2011. 55(4):

268–70

26. Li X. Principles of Fuel Cells. Taylor & Francis, New York. 2005. 572

27. Esmaeili N, MacA. Gray E, J.Webb C. Non‐Fluorinated Polymer Composite

Proton Exchange Membranes for Fuel Cell Applications‐A Review. Chem

Phys Phys Chem, 2019. 20: 1–39

28. Bagotsky VS, Skundin AM, Volfkovich YM. Proton-Exchange Membrane

Fuel Cells (PEMFC*). In: Electrochemical Power Sources: Batteries, Fuel

Cells, and Supercapacitors. 1st ed. John Wiley & Sons, Inc., Hoboken, New

Jersey, USA. 2015. 151–170

29. Bakangura E, Wu L, Ge L, Yang Z, Xu T. Mixed Matrix Proton Exchange

Membranes for Fuel Cells: State of the Art and Perspectives. Prog Polym Sci,

2016. 57: 103–52

30. Vassiliev A. High Temperature PEM Fuel Cells and Organic Fuels. Ph. D.

Thesis. Technical University of Denmark; 2014



132 
 

31.  Soczka GT, Baurmeister J, Frank G, Knauf R. Method for Producing a 

Membrane used to Operate Fuel Cells and Electrolysers. WO99/29763. 1999  

32.  Vekariya RL, Dhar A, Paul PK, Roy S. An Overview of Engineered Porous 

Material for Energy Applications: A Mini-Review. Ionics (Kiel), 2018. 24(1): 

1–17  

33.  Asensio JA, Sanchez EM, Romero PG. Proton-Conducting Membranes based 

on Benzimidazole Polymers for High-Temperature PEM Fuel Cells. A 

Chemical Quest. Chem Soc Rev, 2010. 39: 3210–3239  

34.  Sui S, Wang X, Zhou X, Su Y, Riffat S, Liu C. A Comprehensive Review of 

Pt Electrocatalysts for the Oxygen Reduction Reaction: Nanostructure, 

Activity, Mechanism and Carbon Support in PEM Fuel Cells. J Mater Chem 

A, 2017. 5(5): 1808–1825 

35.  Javad M, Rowshanzamir S, Gashoul F. Comprehensive Investigation of 

Physicochemical and Electrochemical Properties of Sulfonated Poly (Ether 

Ether Ketone) Membranes with Different Degrees of Sulfonation for Proton 

Exchange Membrane Fuel Cell Applications. Energy, 2017. 125: 614–28 

36.  Marani D, Epifanio AD, Traversa E, Miyayama M, Licoccia S. Titania 

Nanosheets (TNS)/ Sulfonated Poly Ether Ether Ketone (SPEEK) 

Nanocomposite Proton Exchange Membranes for Fuel Cells. Chem Mater. 

2010. 22(1): 1126–1133 

37.  Li Y, Zhang X, He G, Zhang F. Sulfonated Poly(henylene sulfide) grafted 

Polysulfone Proton Exchange Membrane with Improved Stability. Int J 

Hydrogen Energy. 2017. 42(4): 2360–2369 

38.  Garanin EM, Towers MS, Toothaker PW, Laali K, Tolmachev Y V. 

Conductivity of Highly Sulfonated Polyphenylene Sulfide in the Powder Form 

as a Function of Temperature and Humidity. Polym Bull, 2010. 64(6): 595–605  

39.  Zhang B, Ni J, Xiang X, Wang L, Chen Y. Synthesis and Properties of 

Reprocessable Sulfonated Polyimides Cross-Linked via Acid Stimulation for 

Use as Proton Exchange Membranes. J Power Sources, 2017. 337: 110–117 



133 

40. Özdemir Y, Üregen N, Devrim Y. Polybenzimidazole Based Nanocomposite

Membranes with Enhanced Proton Conductivity for High Temperature PEM

Fuel Cells. Int J Hydrogen Energy, 2017. 42(4): 2648–2657

41. Tian X, Wang S, Li J, Liu F, Wang X, Chen H, et al. Composite Membranes

Based on Polybenzimidazole and Ionic Liquid Functional Si-O-Si Network for

HT-PEMFC Applications. Int J Hydrogen Energy, 2017. 42(34): 21913–21921

42. Hogarth WHJ, Diniz Da Costa JC, Lu GQ. Solid Acid Membranes for High

Temperature (>140 °C) Proton Exchange Membrane Fuel Cells. J Power

Sources, 2005. 142(1–2): 223–237

43. Asmatulu R. Enhanced Transport Properties of Graphene-based, Thin Nafion®

Membrane for Polymer Electrolyte Membrane Fuel Cells. Int J Energy Res,

2017. 6–10

44. Siracusano S, Baglio V, Nicotera I, Mazzapioda L, Panero S, Navarra MA.

Sulfated Titania as Additive in Nafion Membranes for Water Electrolysis

Applications. Int J Hydrogen Energy, 2017. 5–12

45. Tanaka M, Takeda Y, Wakiya T, Wakamoto Y, Harigaya K. Acid-Doped

Polymer Nanofiber Framework : Three-Dimensional Proton Conductive

Network for High-Performance Fuel Cells. J Power Sources, 2017. 342: 125–

134

46. Kim K, Kim S, Ock J, Choi S, Kim K, Ko T, et al. Highly reinforced pore-

filling membranes based on sulfonated poly ( arylene ether sulfone ) s for high-

temperature / low-humidity polymer electrolyte membrane fuel cells. J Memb

Sci, 2017. 537: 11–21

47. Selva K, Rajendran S, Prabhu MR. Applied Surface Science A Study of

Influence on sulfonated TiO2-Poly (Vinylidene Fluoride-co-

Hexafluoropropylene) Nanocomposite Membranes for PEM Fuel cell

application. Appl Surf Sci, 2017. 418: 64–71

48. Sgambetterra M, Panero S, Hassoun J. Hybrid Membranes based on Sulfated

Titania Nanoparticles as Low-Cost Proton Conductors. Ionics, 2013. 19: 1203–

1206



134 

49. Zeng Y, Gu L, Zhang L, Cheng Z, Zhu X. Synthesis of Highly Proton-

Conductive Poly (Arylene Ether Sulfone) bearing Perfluoroalkyl Sulfonic

Acids via Polymer Post-Modification. Polymer, 2017. 123: 345-354

50. Jang H, Yoo E, Kannan R, Kim J, Lee K. Facile tailor-made enhancement in

proton conductivity of sulfonated poly ( ether ether ketone ) by graphene oxide

nanosheet for polymer electrolyte membrane fuel cell applications. Colloid

Polym Sci, 2017. 295: 1059–1069

51. Deluca NW, Elabd YA. Polymer Electrolyte Membranes for the Direct

Methanol Fuel Cell: A Review. J Polym Sci Part B Polym Phys, 2006. 44:

2201–2225

52. Kim DJ, Jo MJ, Nam SY. A Review of Polymer-Nanocomposite Electrolyte

Membranes for Fuel Cell Application. J Ind Eng Chem, 2015. 21: 36–52

53. Grigora IF. Performance and Degradation Tests on High Temperature Proton

Exchange Membrane Fuel Cells (HT-PEMFCs). MSc. Thesis. Aalborg

University; 2013

54. Sukumar PR. New Proton Conducting Membranes for Fuel Cell Applications.

Ph. D. Thesis. Max Planck Institute for Polymer Research; 2006

55. Mildred Dresselhaus. Massachusetts Institute of Technology. Basic Research

Need for the Hydrogen Economy. Canada. 2004.

56. Wang JT, Savinell RF, Wainright J, Litt M, Yu H. A Fuel Cell using Acid

doped Polybenzimidazole as Polymer Electrolyte. Electrochim Acta, 1996.

41(2): 193–197

57. Rosli RE, Sulong AB, Daud WRW, Zulkifley MA, Husaini T, Rosli MI, et al.

A Review of High-Temperature Proton Exchange Membrane Fuel Cell (HT-

PEMFC) System. Int J Hydrogen Energy, 2017. 42(14): 9293–9314

58. Li Q, Jensen JO, Savinell RF, Bjerrum NJ. High Temperature Proton Exchange

Membranes based on Polybenzimidazoles for Fuel Cells. Prog Polym Sci.,

2009. 34(5): 449–477



135 

59. Yu S, Benicewicz BC. Synthesis and Properties of Functionalized

Polybenzimidazoles for High-Temperature PEMFCs. Macromolecules, 2009.

42(22): 8640–8648

60. DeMeuse MT. High Temperature Polymer Blends. United Kingdom:

Woodhead Publishing Publications; 2014

61. Li X. Structure-Property Relationships in Polybenzimidazole Materials for

Gas Separation and Fuel Cell Applications. Ph. D. Thesis. University of South

Carolina; 2014

62. Krishnan NN, Joseph D, Duong NMH, Konovalova A, Jang JH, Kim H-J, et

al. Phosphoric Acid Doped Crosslinked Polybenzimidazole (PBI-OO) Blend

Membranes for High Temperature Polymer Electrolyte Fuel Cells. J Memb Sci,

2017. 544: 416–424

63. Moradi M, Moheb A, Javanbakht M, Hooshyari K. Experimental Study and

Modeling of Proton Conductivity of Phosphoric Acid Doped PBI-Fe2TiO5

Nanocomposite Membranes for using in High Temperature Proton Exchange

Membrane Fuel Cell (HT-PEMFC). Int J Hydrogen Energy, 2016. 41(4):

2896–2910

64. Maity S, Jana T. Polybenzimidazole Block Copolymers for Fuel Cell:

Synthesis and Studies of Block Length Effects on Nanophase Separation,

Mechanical Properties, and Proton Conductivity of PEM. ACS Appl Mater

Interfaces, 2014. 6(9): 6851–6864

65. Choi SW, Park JO, Pak C, Choi KH, Lee JC, Chang H. Design and Synthesis

of Cross-Linked Copolymer Membranes based on Poly(benzoxazine) and

Polybenzimidazole and Their Application to an Electrolyte Membrane for a

High-Temperature PEM Fuel Cell. Polymers, 2013. 5(1): 77–111

66. Yang J, Jiang H, Gao L, Wang J, Xu Y, He R. Fabrication of Crosslinked

Polybenzimidazole Membranes by Trifunctional Crosslinkers for High

Temperature Proton Exchange Membrane Fuel Cells. Int J Hydrogen Energy,

2018. 43(6): 3299–3307

67. Wang F, Wang D, Zhu H. Montmorillonite–Polybenzimidazole Inorganic-

Organic Composite Membrane with Electric Field-Aligned Proton Transport



136 
 

Channel for High Temperature Proton Exchange Membranes. Polym Plast 

Technol Eng, 2018. 2559: 1–8 

68.  Devrim Y, Devrim H, Eroglu I. Polybenzimidazole/SiO2 Hybrid Membranes 

for High Temperature Proton Exchange Membrane Fuel Cells. Int J Hydrogen 

Energy, 2016. 41(23): 10044–10052 

69.  He C, Han K-F, Yu J-H, Zhu H, Wang Z-M. Novel Anti-Oxidative Membranes 

based on Sulfide-Containing Polybenzimidazole for High Temperature Proton 

Exchange Membrane Fuel Cells. Eur Polym J., 2016. 74:168–179  

70.  Hooshyari K, Javanbakht M, Adibi M. Novel Composite Membranes based on 

PBI and Dicationic Ionic Liquids for High Temperature Polymer Electrolyte 

Membrane Fuel Cells. Electrochim Acta, 2016. 205: 142–52 

71.  Abouzari-Lotf E, Ghassemi H, Mehdipour-Ataei S, Shockravi A. 

Phosphonated Polyimides: Enhancement of Proton Conductivity at High 

Temperatures and Low Humidity. J Memb Sci, 2016. 516: 74–82  

72.  Chen J-C, Wu J-A, Chen K-H. Synthesis and Characterization of Novel 

Imidazolium-Functionalized Polyimides for High Temperature Proton 

Exchange Membrane Fuel Cells. RSC Adv, 2016. 6(40): 33959–33970 

73.  Wang K, Yang L, Wei W, Zhang L, Chang G. Phosphoric Acid-doped 

Poly(ether sulfone benzotriazole) for High-Temperature Proton Exchange 

Membrane Fuel Cell Applications. J Memb Sci, 2018. 549: 23–27 

74.  Bu F, Zhang Y, Hong L, Zhao W, Li D, Li J, et al. 1,2,4-Triazole 

Functionalized Poly(arylene ether ketone) for High Temperature Proton 

Exchange Membrane with Enhanced Oxidative Stability. J Memb Sci, 2018. 

545: 167–175 

75.  Elumalai V, Annapooranan R, Ganapathikrishnan M, Sangeetha D. A 

Synthesis Study of Phosphonated PSEBS for High Temperature Proton 

Exchange Membrane Fuel Cells. J Appl Polym Sci, 2018. 135(10): 1–10  

76.  Vinothkannan M, Kim AR, Gnana kumar G, Yoo DJ. Sulfonated Graphene 

Oxide/Nafion Composite Membranes for High Temperature and Low 



137 

Humidity Proton Exchange Membrane Fuel Cells. RSC Adv, 2018. 8(14): 

7494–7508 

77. Zou G, Wu W, Cong C, Meng X, Zhao K, Zhou Q. Improved Performance of

Poly(vinyl pyrrolidone)/Phosphonated Poly(2,6-Dimethyl-1,4-Phenylene

oxide)/Graphitic Carbon Nitride Nanocomposite Membranes for High

Temperature Proton Exchange Membrane Fuel Cells. RSC Adv, 2016. 6(108):

106237–106247

78. Dewangan BJP, Yenkie MN. Novel Applications in Polymers and Waste

Management. Canada: Apple Academic Press Inc: 2018

79. Jones DJ, Rozière J. Recent Advances in the Functionalisation of

Polybenzimidazole and Polyetherketone for Fuel Cell Applications. J Memb

Sci, 2001. 185: 41–58

80. Cullity BD, Graham CD. Introduction to Magnetic Materials. 2nd ed. IEEE

Press. John Wiley & Sons, Inc., Hoboken, New Jersey: 2009.

81. Majewski P. Magnetic Alignment and Charge Transport Improvement in

Functional Soft Materials. Ph.D. Thesis. Yale University; 2013.

82. Purcell EM. Electricity and Magnetism. 3rd ed. Massachuttes: Cambridge

University Press. 2013

83. Schenck JF. The Role of Magnetic Susceptibility in Magnetic Resonance

Imaging : MRI Magnetic Compatibility of The First and Second Kinds. Int J

Med Phys Res Pract, 1996. 23: 815.

84. Jakubovics JP. Magnetism and Magnetic Materials. 2nd ed. New York:

Cambridge University Press. 1994

85. Spaldin NA. Magnetic Materials Fundamentals and Applications. 2nd ed. New

York: Cambridge University Press. 2010

86. Tamakloe B. Synthesis and Characterization of Polymer-Templated Magnetic

Nanoparticles. MSc. Thesis. Arizona State University; 2014



138 

87. Tang J, Yuan W, Wang J, Tang J, Li H, Zhang Y. Perfluorosulfonate Ionomer

Membranes with Improved Through-Plane Proton Conductivity Fabricated

under Magnetic Field. J Memb Sci, 2012. 423–424: 267–274

88. Wei X, Yates MZ. Nafions/polystyrene-b-poly(ethylene-ran-butylene)-b-

polystyrene Composite Membranes with Electric Field Aligned Domains for

Improved Direct Methanol Fuel Cell Performance. J Power Sources, 2010.

195: 736–743

89. Liu D, Yates M. Tailoring the Structure of S-PEEK/PDMS Proton Conductive

Membranes through Applied Electric Fields. J Memb Sci, 2008. 322: 256–264

90. Liu D, Yates MZ. Electric Field Processing to Control the Structure of

Poly(vinylidene fluoride) Composite Proton Conducting Membranes. J Memb

Sci, 2009. 326: 539–548

91. Oren YS, Freger V, Linder C. Highly Conductive Ordered Heterogeneous Ion-

Exchange Membranes. J Memb Sci, 2004. 239: 17–26

92. Gopinadhan M, Majewski PW, Osuji CO. Facile Alignment of Amorphous

Poly (ethylene oxide) Microdomains in a Liquid Crystalline Block Copolymer

Using Magnetic Fields : Toward Ordered Electrolyte Membranes.

Macromolecules, 2010. 43: 3286–3293

93. Brijmohan SB, Shaw MT. Magnetic Ion-Exchange Nanoparticles and their

Application in Proton Exchange Membranes. J Memb Sci, 2007. 303: 64–71

94. Chang C, Li H, Lai J, Liu Y. Nanocomposite Membranes of Nafion and Fe3O4-

Anchored and Nafion-functionalized Multiwalled Carbon Nanotubes

Exhibiting High Proton Conductivity and Low Methanol Permeability for

Direct Methanol Fuel Cells. RSC Adv, 2013. 3: 12895–12904

95. Liu X, Li Y, Xue J, Zhu W, Zhang J, Yin Y, et al. Magnetic Field Alignment

of Stable Proton- Conducting Channels in an Electrolyte Membrane. Nat

Commun, 2019. 10(842): 1–13

96. Beydaghi H, Javanbakht M. Aligned Nanocomposite Membranes Containing

Sulfonated Graphene Oxide with Superior Ionic Conductivity for Direct

Methanol Fuel Cell Application. Ind Eng Chem Res, 2015. 54(28): 7028–7037



139 

97. Hasanabadi N, Reza S, Hasani-sadrabadi MM. Nafion-based Magnetically

Aligned Nanocomposite Proton Exchange Membranes for Direct Methanol

Fuel Cells. Solid State Ionics, 2013. 232: 58–67

98. Hasani-sadrabadi MM, Majedi FS, Dashtimoghadam E, Vandersarl JJ, Bertsch

A, Moaddel H, et al. Magnetically Aligned Nanodomains : Application in

High- Performance Ion Conductive Membranes. Appl Mater Interfaces, 2014.

6: 7099–7107

99. Vinothkannan M, Kim AR, Yoo DJ, Yoon J. Toward Improved Mechanical

Strength, Oxidative Stability and Proton Conductivity of an Aligned Quadratic

Hybrid (SPEEK/FPAPB/Fe3O4-FGO) Membrane for Application in High

Temperature and Low Humidity Fuel Cells. RSC Adv, 2017. 7: 39034–39048

100. Lin J, Ma W, Shih C, Yu B, Teng L, Wang Y, et al. Reorientation of Magnetic

Graphene Oxide Nanosheets in Crosslinked Quaternized Polyvinyl Alcohol as

Effective Solid Electrolyte. Energies, 2016. 9: 1–13

101. Saito Y, Umecky T, Omukai H, Maeda S, Kojima T. Proton Conduction

Properties of Sulfonicacid Type Polymer Gel Electrolytes. J Phys Chem B,

2009. 113: 3021–3028

102. Ma W, Kumar SR, Hsu C, Shih C, Tsai S. Magnetic Field-Assisted Alignment

of Graphene Oxide Nanosheets in a Polymer Matrix to Enhance Ionic

Conduction. J Memb Sci, 2018. 563: 259–269

103. Cooper KR. Progress Toward Accurate Through-Plane Membrane Resistance

and Conductivity Measurement. ECS Trans, 2009. 25(1): 995–1007

104. Ma S, Siroma Z, Tanaka H. Anisotropic Conductivity Over In-Plane and

Thickness Directions in Nafion-117. J Electrochem Soc, 2006. 153(12): 2274–

2281

105. Park MJ, Balsara NP. Anisotropic Proton Conduction in Aligned Block

Copolymer Electrolyte Membranes at Equilibrium with Humid Air.

Macromolecules, 2010. 43: 292–298



140 

106. Silva RF, Francesco M De, Pozio A. Tangential and Normal Conductivities of

Nafion® Membranes used in Polymer Electrolyte Fuel Cells. J Power Sources,

2004. 134: 18–26

107. Soboleva T, Xie Z, Shi Z, Tsang E, Navessin T, Holdcroft S. Investigation of

the Through-Plane Impedance Technique for Evaluation of Anisotropy of

Proton Conducting Polymer Membranes. J Electroanal Chem, 2008. 622: 145–

152

108. Hasani-sadrabadi MM, Majedi FS, Dashtimoghadam E, Vandersarl JJ, Bertsch

A, Moaddel H, et al. Magnetically Aligned Nanodomains: Application in High-

Performance Ion Conductive Membranes. ACS Appl Mater Interfaces, 2014.

6: 7099–7107

109. Kealy TJ, Pauson PL. A New Type of Organo-Iron Compound. Nature, 1951.

168: 1039

110. Van Staveren DR, Metzler-Nolte N. Bioorganometallic Chemistry of

Ferrocene. Chem Rev, 2004. 104(0): 5931–5985

111. Martić S, Labib M, Shipman PO, Kraatz H-B. Ferrocene-Peptido Conjugates:

From Synthesis to Sensory Applications. Dalt Trans, 2011. 40(28): 7264

112. M. Laine R. Inorganic and Organometallic Polymers with Special Properties.

Michigan, USA: Kluwer Academic Publishers. 1992

113. Naji A, Cretin M, Persin M, Sarrazin J. Preparation of Membranes by

Electropolymerization of Pyrrole Functionalized by a Ferrocene Group. J Appl

Polym Sci, 2004. 91: 3947–3958

114. Park K-S, Schougaard SB, Goodenough JB. Conducting-Polymer/Iron-Redox-

Couple Composite Cathodes for Lithium Secondary Batteries. Adv Mater,

2007. 19(6): 848–851

115. Elbert J, Gallei M, Ru C, Brunsen A, Didzoleit H, Stu B, et al. Ferrocene

Polymers for Switchable Surface Wettability. Organometallics, 2013. 32:

5873–5878



141 

116. Scheid D, Cherkashinin G, Ionescu E, Gallei M. Single-Source Magnetic

Nanorattles by using Convenient Emulsion Polymerization Protocols.

Langmuir, 2014. 30: 1204–1209

117. Ponniah S J, Barik SK, Borthakur R, Thakur A, Garai B, Jana S, et al.

Unprecedented Ferrocene–Quinoline Conjugates: Facile Proton Conduction

via 1D Helical Water Chains and a Selective Chemosensor for Zn(II) Ions in

Water. RSC Adv, 2015. 5(20): 15690–15694

118. Valtcheva IB, Kumbharkar SC, Kim JF, Bhole Y, Livingston AG. Beyond

Polyimide: Crosslinked Polybenzimidazole Membranes for Organic Solvent

Nanofiltration (OSN) in Harsh Environments. J Memb Sci, 2014. 457:62–72

119. Nayak R, Sundarraman M, Ghosh PC, Bhattacharyya AR. Doped Poly(2, 5-

benzimidazole) Membranes for High Temperature Polymer Electrolyte Fuel

Cell: Influence of Various Solvents during Membrane Casting on the Fuel Cell

Performance. Eur Polym J, 2017. 100: 111–120

120. Kim SK, Kim TH, Ko T, Lee JC. Cross-linked Poly(2,5-benzimidazole)

Consisting of Wholly Aromatic Groups for High-Temperature PEM Fuel Cell

Applications. J Memb Sci, 2011. 373(1–2): 80–88

121. Qian X, Gu N, Cheng Z, Yang X, Wang E, Dong S. Methods to Study the Ionic

Conductivity of Polymeric Electrolytes using A.C. Impedance Spectroscopy. J

Solid State Electrochem, 2001. 6: 8–15

122. Abdolmaleki A, Molavian MR. Synthesis and Characterization of Co

Nanocomposite Based on Poly(benzimidazole-amide) Matrix and Their

Behavior as Catalyst in Oxidation Reaction. Polym - Plast Technol Eng, 2015.

54(12): 1241–1250

123. Ma C, Ye K, Yu S, Du G, Zhao Y, Cong F, et al. Synthesis and Hypochromic

Effect of Phthalocyanines and Metal Phthalocyanines. Dye Pigment, 2007.

74(1): 141–147

124. Peral F, Gallego E. Self-association of Imidazole and Its Methyl Derivatives in

Aqueous Solution. A Study by Ultraviolet Spectroscopy. J Mol Struct, 1997.

415(1–2): 187–196



142 

125. Chambrier I, Cook MJ, Wood PT. Conformationally Stressed Phthalocyanines:

The Non-planarity of the 1,4,8,11,15,18,22,25-octaisopentyl Derivative. Chem

Commun, 2000. 2133–2134

126. Nakano T. Synthesis , Structure and Function of Π-stacked Polymers. Polym

J, 2010. 42: 103–123

127. Ghosh P, Mandal S, Majumdar S, Sarkar A, Ganguly S, Kargupta K. Enhanced

Power Generation, Faster Transient Response and Longer Durability of HT-

PEMFC using Composite Polybenzimidazole Electrolyte Membrane with

Optimum rGO Loading. Int J Hydrogen Energy, 2020. 45(33): 16708–16723

128. Lobato J, Cañizares P, Rodrigo MA, Úbeda D, Pinar FJ. A Novel Titanium

PBI-Based Composite Membrane for High Temperature PEMFCs. J Memb

Sci, 2011. 369(1–2): 105–111

129. Tashvigh AA, Chung T. Robust Polybenzimidazole (PBI) Hollow Fiber

Membranes for Organic Solvent Nanofiltration. J Memb Sci, 2019. 572: 580–

587

130. Lin K-YA, Lin J-T. Ferrocene-Functionalized Graphitic Carbon Nitride as an

Enhanced Heterogeneous Catalyst of Fenton Reaction for Degradation of

Rhodamine B under Visible Light Irradiation. Chemosphere, 2017. 182: 54–

64

131. Mack F, Aniol K, Ellwein C, Kerres J, Zeis R. Novel Phosphoric Acid-doped

PBI-blends as Membranes for High-Temperature PEM Fuel Cells. J Mater

Chem A, 2015. 3(20): 10864–10874

132. Chen J, Wu J, Chen K. Synthesis and Characterization of Novel Imidazolium-

Functionalized Polyimides for High Temperature Proton Exchange Membrane

Fuel Cells. RSC Adv, 2016. 6: 33959–33970

133. Rokhlenko Y, Gopinadhan M, Osuji CO, Zhang K, O’Hern CS, Larson SR, et

al. Magnetic Alignment of Block Copolymer Microdomains by Intrinsic Chain

Anisotropy. Phys Rev Lett, 2015. 115(25): 2–6

134. Ngamsantivongsa P, Lin HL, Yu TL. Crosslinked Ethyl Phosphoric Acid

Grafted Polybenzimidazole and Polybenzimidazole Blend Membranes for



143 

High-Temperature Proton Exchange Membrane Fuel Cells. J Polym Res, 2016. 

23(2): 1–11 

135. Kuo Y-J, Lin H-L. Effects of Mesoporous Fillers on Properties of

Polybenzimidazole Composite Membranes for High-Temperature Polymer

Fuel Cells. Int J Hydrogen Energy, 2018. 3: 1–10

136. Yue Z, Cai Y, Xu S. Phosphoric Acid-Doped Organic-Inorganic Cross-Linked

Sulfonated Poly(imide-benzimidazole) for High Temperature Proton

Exchange Membrane Fuel Cells. Int J Hydrogen Energy, 2016. 41: 10421–

10429

137. Bai F, Xiong L, Wang Q. Radiation Grafting Graphene Oxide Reinforced

Polybenzimidazole Membrane with a Sandwich Structure for High

Temperature Proton Exchange Membrane Fuel Cells in Anhydrous

Atmosphere. Eur Polym J, 2018. 25

138. Cipollini NE. Chemical Aspects of Membrane Degradation. ECS Trans, 2019.

11(1): 1071–82

139. Taylor P, Wang Q, Tian S, Cun J, Ning P. Degradation of Methylene Blue

using a Heterogeneous Fenton Process Catalyzed by Ferrocene. 2013. 1-10

140. Wang L, Ni J, Liu D, Gong C, Wang L. Effects of branching structures on the

properties of phosphoric acid-doped polybenzimidazole as a membrane

material for high-temperature proton exchange membrane fuel cells. Int J

Hydrogen Energy, 2018. 43(34): 16694–16703



153 

LIST OF PUBLICATIONS, CONFERENCES AND WORKSHOPS 

Publications 

Journal with Impact Factor 

1. Sean, N. A., Leaw, W. L., Abouzari-lotf, E., & Nur, H. (2021). Magnetic field-

induced alignment of polybenzimidazole microstructures to enhance proton

conduction. Journal of the Chinese Chemical Society, 68, 86-94. (Q3, IF:

1.967)

Indexed Journal 

1. Sean, N. A., Leaw, W. L., Abouzari-lotf, E., & Nur, H. (2020). Ferrocene-

modified polybenzimidazole membrane with enhanced proton conductivity.

Malaysian Journal of Chemistry, 22, 20-27.

Conferences 

1. Participant at the Nanomite Annual Symposium 2017 (NMAS 2017),

Universiti Putra Malaysia. 14th – 15th November 2017.

2. Participant at the 7th International Conference and Workshop on Basic and

Applied Sciences (ICOWOBAS 2019), KSL Resorts, Johor Bahru. 14th – 18th

July 2019.

3. Participant at the Nanomite Annual Symposium 2021 (NMAS 2021), Kuala

Lumpur, Malaysia & Cisco Webex. 11th – 12th March 2021.


	Blank Page
	Blank Page
	Blank Page
	Blank Page

