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Résumé 

Les réactions de réduction de l'oxygène et de production de l’hydrogène sont des processus 

critiques dans l'utilisation efficace des dispositifs de conversion d'énergie électrochimique et 

d’électrolyse de l'eau. Les principaux obstacles au développement et à l’application à grande 

échelle de ces dispositifs sont leur coût élevé et leur durabilité à long terme qui est inadéquate. Au 

cœur de ces barrières, il y a l'utilisation de matériaux à base de métaux précieux qui jouent le rôle 

d’électrocatalyseurs, facilitant la réaction de réduction de l'oxygène (ORR) et la réaction de 

dégagement d'hydrogène (RDH). L'exploration de catalyseurs (ORR)/(RDH) non précieux, 

efficaces, peu coûteux et hautement durables, destinés à remplacer les catalyseurs rares et coûteux 

à base de platine est cruciale. Par conséquent, le but de cette thèse est de développer par des 

approches simples des électrocatalyseurs efficaces, peu coûteux et durables, sans métaux ni métaux 

précieux qu’on appelle ici électrolyseurs sans métal. Pour se faire, nous avons utilisé des méthodes 

de synthèse électrochimiques, hydrothermales et de dépôt par évaporation lente pour fabriquer et 

assembler des matériaux. Nous avons réussi à produire du graphène de haute qualité dopée à l'azote, 

qui a été évalué dans les ORR à la fois comme électrocatalyseur sans métal et comme matériau de 

support pour les électrocatalyseurs de métaux non précieux (NPMCs) de phtalocyanine de fer (II) 

(FePc). Nous avons également fabriqué des nanotubes de hautement ordonnés avec des 

morphologies contrôlées. Ces nanotubes de TiO2 sont utilisés comme potentielle électrode et 

comme matériau de support pour MoS2 pour dans les RDH. En effet, nous avons étudié les 

approches simples de fabrication d'électrocatalyseurs en utilisant des matériaux abondants et peu 

coûteux, ainsi que leur application potentielle en tant qu'électrodes actives pour les ORR et les 

RDH. 
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Dans cette thèse, nous avons d'abord étudié l'application du graphène en tant qu'électrocatalyseur 

sans métal pour les ORR. Nous avons réussi à fabriquer du graphène (GP) de haute qualité avec 

des couches contrôlées, en utilisant une méthode d’exfoliation électrochimique simple, polyvalente 

et économique. Nos études systématiques ont révélé que le précurseur (graphite), la température 

de l'électrolyte et les conditions de pyrolyse affectent principalement le nombre de couches, la 

qualité et la composition chimique du graphène. Par conséquent, tous ces paramètres de synthèse 

du graphène ont un effet significatif sur les ORR. L'échantillon de graphène optimisé a ensuite été 

traité thermiquement dans une atmosphère de NH3 pour obtenir du graphène dopé à l'azote (N-GP). 

En tant qu'électrocatalyseur sans métal, le N-GP950 optimisé présente une activité ORR efficace 

et une excellente durabilité avec des performances ORR comparables au catalyseur Pt/C de pointe 

dans un environnement alcalin.  

Par ailleurs, nous avons utilisé le N-GP950 fabriqué dans la section précédente pour l’utiliser 

comme support pour la phtalocyanine de fer (FePc) dans l’assemblage de FePc/N-GP950 en tant 

que ECSM. Pendant des décennies, le macrocycle métallique, FePc, a fait l’objet de nombreuses 

recherches en tant que précurseur de la préparation des électrocatalyseurs ORR. À ce jour, 

toutefois, son utilisation a été limitée par une faible activité électrocatalytique et une durabilité 

insuffisante s’il n’est pas incorporé dans le support de carbone par pyrolyse à haute température. 

Inspirés par sa surface large, uniforme et de haute qualité, ainsi que par ses performances ORR 

élevées, nous avons utilisé le support N-GP950 pour améliorer les performances ORR de FePc en 

tant que NPMCs. Les méthodes traditionnelles de synthèse des NPMCs impliquent des produits 

chimiques dangereux ou une pyrolyse à haute température, ce qui entraîne des problèmes 

d’environnement et de sécurité, en particulier lors de la production à grande échelle. De ce fait, il 

est impératif d’explorer des stratégies simples, sûres et peu onéreuses de fabrication de catalyseurs 
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ORR de hautes performances. Ici, nous avons également étudié le dépôt par évaporation lente, une 

approche rentable non pyrolyse, d'assembler le catalyseur Fe-N-C en tant que NPMCs en 

immobilisant FePc sur la surface de N-GP950. Les unités FePc se dispersent uniformément à la 

surface du N-GP950 et de fortes interactions électroniques- apparaissent entre FePc et N-GP950. 

Notre catalyseur composite optimisé (FePc-33/N-GP950), avec une charge de 33% en poids de 

FePc, présente une performance ORR extrêmement efficace. De façon remarquable, le FePc-33/N-

GP950 affiche la densité de courant la plus significative à 0.8 V (5.0 mA.cm-2), ce qui est 

comparable à 4.0 mA.cm-2 du Pt/C commercial. Le FePc-33/N-GP950 affiche également une 

excellente stabilité à long terme sans perte d'activité significative après des tests de durabilité 

accélérés pour 5000 cycles de potentiel. La présente étude propose une stratégie simple et peu 

coûteuse pour concevoir des catalyseurs ORR efficaces et durables destinés aux applications 

pratiques des piles à combustible alcalines et des batteries métal-air. 

Enfin, nous avons exploré la production électrochimique d’hydrogène, qui présente une flexibilité 

et une compatibilité pour l’utilisation de sources d’énergie renouvelables. La production 

d'hydrogène par méthode électrochimique offre la promesse d'un vecteur d'énergie propre et 

durable. Toutefois, la réalisation de cette promesse exigera des électrocatalyseurs durables, à faible 

coût, extrêmement efficaces. Dans cette étude, nous avons fabriqué des matrices de nanotubes de 

TiO2 hautement ordonnées et autonomes (TiO2-NTs) en anodisant des feuilles de Ti. Nous avons 

utilisé TiO2 comme catalyseur et également comme matériau de support de MoS2 pour RDH en 

milieu acide et alcalin. La morphologie des TiO2-NTs a été contrôlée en ajustant les conditions 

d'anodisation. Des propriétés telles que la longueur du tube, le diamètre, l'épaisseur de la paroi et 

la surface se sont avérées fortement dépendantes des conditions d'anodisation. Par la suite, nous 

avons synthétisé les couches de MoS2 qui ont été déposés sur des nanotubes de TiO2-NTs en tant 
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que couche active pour les RDH  en utilisant une méthode d'évaporation lente. Les cristallites de 

MoS2 se sont uniformément dispersées sur toute la surface des TiO2-NTs. Les couches de TiO2-

NTs, de MoS2 et de MoS2/TiO2-NTs sont tous actifs vis-à-vis de RDH  dans un environnement 

acide et alcalin. Les couches de MoS2/TiO2-NTs présentent des performances RDH 

particulièrement excellentes dans une solution acide à faible surpotentiel (170 mV) à 10 mA cm-2 

ainsi que sur une petite pente de Tafel (70 mV/décennie). Plus important encore, les MoS2/TiO2-

NTs affichent une durabilité supérieure pour les RDH après 5000 cycles de potentiel continu entre 

-0.4 et - 0.2 (V vs. RHE). Le composite MoS2/TiO2-NTs démontre le potentiel d'une électrode 

rentable pour la production électrochimique d'hydrogène. 
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Abstract 

The oxygen reduction and hydrogen evolution reactions are critical processes in the effective 

utilization of electrochemical energy conversion devices and water electrolyzers. The main barriers 

to the widespread development and application of these devices are their high cost and inadequate 

long-term durability. At the heart of these barriers is the use of precious metal-based materials that 

are the benchmark electrocatalysts to facilitate the oxygen reduction reaction (ORR) and hydrogen 

evolution reaction (HER) processes. The exploration of efficient, low cost and highly durable non-

precious ORR/HER catalysts to replace the rare and expensive Pt-based catalysts is critical. 

Therefore, the purpose of this thesis is to develop efficient, low-cost, and durable metal-free and 

non-precious metal electrocatalysts (NPMCs) via straightforward approaches. We employed 

electrochemical, hydrothermal, and slow evaporation methods to fabricate and assemble materials. 

We successfully synthesized N-doped graphene, which was employed as both a support material 

for FePc catalyst and a metal-free electrocatalyst for ORR. We also fabricated highly ordered TiO2-

nanotubes with controlled morphologies as a potential HER electrode, and as support material for 

MoS2 for HER electrocatalysis. Accordingly, in this thesis, we investigated the straightforward 

approaches to fabricate electrocatalysts by using earth-abundant and low-cost materials and their 

potential application as active electrodes for the ORR and HER. 

In this thesis, we first investigated the application of graphene as a metal-free electrocatalyst for 

the ORR. We successfully fabricated high-quality graphene (GP) with controlled layers, using a 

straightforward, versatile, and cost-effective electrochemical exfoliation method. Our systematic 

studies revealed that the graphite precursors, electrolyte temperatures, and conditions of pyrolysis 

primarily affect the number of layers, quality, and chemical composition of the graphene. 

Consequently, all these parameters of graphene have a significant effect on the ORR performance. 
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The optimized graphene samples were subsequently heat-treated in an NH3 atmosphere to obtain 

nitrogen-doped graphene (N-GP). As a metal-free electrocatalyst, the optimized N-GP950 exhibits 

efficient ORR activity and excellent durability with ORR performance comparable to the state-of-

the-art Pt/C catalyst in the alkaline environment. 

Furthermore, we employed the N-GP950 as the support for iron phthalocyanine (FePc) in the 

assembly of FePc/N-GP950 as NPMCs. For decades, the metal macrocycle (FePc) has been widely 

investigated as a precursor to prepare the ORR electrocatalysts. To date, however, the use of FePc 

has been limited by its weak electrocatalytic activity and insufficient durability when not embedded 

in carbon support via high temperature pyrolysis. Inspired by the high-quality and high surface area 

as well as the high ORR performance, we employed the N-GP950 as the support of FePc, forming 

FePc/N-GP950 composites with improved ORR performance as NPMCs. Traditional methods to 

synthesize NPMCs involve hazardous chemicals or high-temperature pyrolysis, leading to 

environmental and safety issues, particularly when scaling up. As such, exploration of low cost, 

straightforward and safe strategies to fabricate high-performance ORR catalysts is imperative. 

Herein, we report on slow evaporation, a cost-effective non-pyrolyzed approach, to assemble Fe-

N-C catalyst as NPMCs by immobilizing FePc onto the surface of N-GP950. The FePc units 

disperse uniformly on the surface of N-GP950, and strong - electronic interactions emerge 

between FePc and N-GP950. Our optimized composite catalyst (FePc-33/N-GP950), with a 

loading of 33 wt% FePc, exhibits highly efficient ORR performance. Markedly, the FePc-33/N-

GP950 displays the most significant current density at 0.8 V (5.0 mA cm-2), which is comparable 

to 4.0 mA cm-2 of commercial Pt/C. The FePc-33/N-GP950 also displays excellent long-term 

durability with no obvious loss of activity after accelerated durability tests for 5000 potential 
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cycles. The present study offers a low-cost and straightforward strategy to design efficient and 

durable ORR catalysts for practical alkaline fuel cell applications and metal-air batteries. 

Finally, we explored the electrochemical production of hydrogen, which is a promising and flexible 

approach towards the conversion of intermittent renewable energy sources into clean chemical fuel. 

However, low-cost, efficient, and durable electrocatalysts are yet to be developed to attain 

economies of scale in hydrogen generation. In this study, we fabricated highly ordered free-

standing TiO2 nanotube arrays (TiO2-NTs), by simply anodizing Ti foils. The tube length, diameter, 

wall thickness, and surface structure of the TiO2-NTs can be controlled by adjusting the anodization 

conditions. Subsequently, we synthesized and supported MoS2 layers on free-standing TiO2-NTs 

as an active material for the hydrogen evolution reaction (HER) using a slow evaporation method. 

The layers of MoS2 uniformly disperse on the entire surface of the TiO2-NTs composite. The 

electrochemical test shows that the MoS2-supported free-standing (MoS2/TiO2-NTs) system 

exhibits excellent HER performance in acidic media with a low overpotential at 10 mA cm-2 (170 

mV), as well as small Tafel slope (70 mV decade-1). Also, the MoS2/TiO2-NTs displays superior 

durability for HER after 5000 continuous potential cycles between -0.4 and 0.2 (V vs. RHE). Our 

results demonstrate the potential of MoS2/TiO2-NTs composite for cost-effective electrochemical 

production of hydrogen. 
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Chapter 1  Introduction 

1.1 General introduction 

The impact of human activities on the environment is deeply rooted in the current combustion 

dominated energy generation technologies. These technologies of combustion of high gravimetric 

energy density fossil fuels are harmful to the environment and raise rise many global concerns, 

such as climate change, and acidic rains. The energy reliance on finite and diminishing world 

supplies of fossil fuels for energy is also is a threat to energy security and other global 

vulnerabilities [1, 2]. On account of ever-increasing energy consumption and demands, exploration 

for a new, clean, and sustainable energy conversion sources as a replacement of combustion-based 

energy sources attract significant attention. This search includes options for clean and sustainable 

energy conversion and storage processes, where electrochemical process is one of the most 

promising and exciting. 

Electrochemical reactions in devices such as fuel cells (FCs) and batteries provide an efficient and 

clean mechanism for energy conversion and storage. In particular, FCs attract significant attention 

in sustainable development and energy security because of their compatibility with renewable 

sources of energy carriers such as hydrogen and lower hydrocarbon alcohols. The advantages of 

FCs as future power generator include high efficiency and high energy density, and quiet operation, 

inherent stack modularity, and zero or low emissions [3]. As a result, FCs have a diverse range of 

applications covering small, stationary, and backup power, portable electronics, transportation, and 

power grid-scale systems [2-4]. Small, stationary power generators can provide 0.5 kW to 10 kW 

uninterrupted power supply to households, shopping malls, and data centers. Portable electronics 

include an auxiliary power units (APU), mobile devices, computers, and smart-phones, etc. 
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Moreover, the use of low-temperature FCs in transportation represents the future for the automotive 

industry. Indeed, buses, light vehicles (cars), and trains will soon be running on FCs [1]. 

In low temperature FCs, at the anode hydrogen is oxidized on the surface of the catalyst to produce 

electrons and protons. Electrons are then transferred to the cathode through an external circuit while 

protons are crossing the electrolyte medium. At the cathode, oxygen is reduced upon receiving 

electrons and promptly reacts with protons to produce water. Both of the half-reactions, at the 

anode and cathode, require active catalysts to promote the reaction rates of the hydrogen oxidation 

reaction (HOR) at anode and the oxygen reduction reaction (ORR) at the anode. The known active 

catalyst layers consist of platinum (Pt) nanoparticles dispersed on the carbon black (Pt/C). The Pt-

surfaces exhibit fast HOR electrode kinetics; thus, the anode Pt-loading can be scaled-down as low 

as 0.05 mgPt cm−2 without compromising the performance [5-7]. 

Conversely, the ORR at the cathode is particularly challenging as they involve complex 4 electrons 

transfer mechanism. As a result, the ORR kinetics are very slow and highly irreversible [8, 9]. 

Thus, highly efficient ORR electrocatalysts are needed to drive the FCs. Pt-based materials have 

been widely used as ORR electrocatalysts for decades. For example, Pt/C as ORR electrocatalyst 

were used in alkaline FCs in the early 1960s for the Apollo lunar mission [10, 11]. However, owing 

to the sluggish kinetics, ORR needs much higher Pt loading (0.4 mg cm-2) to achieve desirable 

performance in FCs. 

However, the high cost and limited supply of Pt hamper the large-scale commercial application of 

FCs. Also, Pt-based materials suffer from time-dependent activity [12, 13] and CO poisoning 

effects [14, 15]. Therefore, considerable efforts have been directed towards (i) development of 

highly active and durable Pt-based materials with decreased Pt content by engineering Pt 
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nanostructures with exposed high surface area [16], using alloys of Pt and low-cost metals [6, 17] 

or novel Pt support materials [18-20]; and (ii) replacing Pt-based catalysts with high-performance 

and low-cost, metal-free catalysts [21] and non-precious metal catalysts (NPMCs) [22, 23]. In the 

latter group, carbon-based nanomaterials have attracted worldwide attention. The use of these 

materials as alternative ORR catalysts, could significantly reduce the cost and increase the 

efficiency of fuel cells [20-25]. In particular, N-doped carbon materials and transition metal-

nitrogen-carbon (Me-N-C, Me = Fe, Co, Cu, Ni, Mn, etc.) are widely studied as metal-free and 

NPMCs, respectively in acidic and alkaline media. These materials exhibit high activity and 

excellent durability in addition to good alcohol and CO tolerance [25-30]. 

Recently, graphene, an emerging class of material has attracted significant attention for ORR 

electrocatalysis as metal-free electrocatalysts [31], NPMCs [32] or support material [33-35] owing 

to their unique physicochemical properties, such as large surface area, high electronic conductivity, 

and excellent chemical stability [26]. These unique properties are observed when the quality of the 

graphene is high having few layers and low degree of oxidation. However, methods to fabricate 

high-quality graphene on a large scale are limited. Nevertheless, among the many methods reported 

for the production of graphene, the electrochemical approach is appealing because it is not only 

environmentally friendly, simple, and straightforward, but also avoids the adventitious 

contamination of graphene from metallic atoms. Furthermore, this method allows control over the 

degree of oxidation and thus allows the tuning of the surface functional groups while conserving 

the majority of the intrinsic properties of graphene. Moreover, the as-exfoliated graphene can be 

doped with a heteroatom(s) to further enhance ORR electrocatalytic activity further. As such, the 

electrochemical is the most versatile approach to produce graphene in the quest for the 

developments of new ORR electrocatalysts. 
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On the other hand, the realization of meaningful utilization of FCs and energy relies on the supply 

of hydrogen or other fuels from renewable conversion processes. Hydrogen, with the highest 

gravimetric energy density chemical fuels (142 MJ kg−1, upper heating value), is considered as the 

ultimate clean energy carrier, which would significantly mitigate the environmental concerns due 

to zero emission of carbonaceous species in its use [36]. At present the primary source of hydrogen 

production is the steam reforming of fossil fuels, which is both energy intensive and emits 

greenhouse gases in the process [36, 37]. It remains a challenge to produce hydrogen sustainably 

and achieve economies of scale. Among the other hydrogen-producing means, electrochemical 

water splitting through hydrogen evolution reaction (HER) presents the most promising option. 

The HER process is a straightforward and clean route to produce H2. Nevertheless, the high-

performance catalyst for the HER is needed to overcome the overpotential of water reduction and 

consequently boost the efficiency of this critical electrochemical process. 

Currently, the most effective HER electrocatalysts are the precious metals Pt-based material. 

Unfortunately, rarity, high-cost, and instability of Pt-based materials seriously impede large-scale 

utilization of the technology [38]. Thus, the search for alternative electrocatalysts from low-cost 

earthly-abundant elements to replace the precious Pt-group metals is a central research topic for 

energy conversion. Several classes of transition metals-based materials are currently widely 

investigated as HER electrodes due to their high catalytic activity. The most promising transition 

metal-based HER electrodes include alloy (MoNi4) [39, 40], chalcogenides (MoS2, CoS2, CoSe2) 

[41-43], carbides (WC, Mo2C, Ni2C) [44, 45], phosphides (Ni2P, CoP) [46], and oxides (TiO2, 

SrTiO3, WO3, Fe2O3, ZnO) [47-50]. Even though most of these materials are active towards the 

HER, the synthesis methods involving complicated steps impede the scaling-up. However, despite 

progress made, further studies are highly desirable to develop a scalable and simple route for low-
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cost HER electrodes. In this section, we devote our effort to fabricate TiO2-NTs arrays by 

electrochemical method and use as a support to prepare MoS2/TiO2-NTs robust HER electrodes. 

Our research is driven by TiO2-NTs unique physical-chemical properties higher surface-to-volume 

ratio, low-cost and abundance. 

Specifically, in this thesis, we first focus on the development of low-cost graphene-based new 

materials as metal-free and non-precious metal electrocatalysts for ORR by using scalable, and 

simple, straightforward, and environmentally friendly approaches. The development and use of 

such materials in a quest to reduce the prohibitive price of FCs. Firstly, we prepared thin and large 

sheets of high-quality graphene by electrochemical exfoliation of graphite foil and plates. As metal-

free electrocatalysts, the graphene (GP) samples exfoliated from the graphite plate exhibited higher 

activity towards ORR than those of graphene samples (GPf) from graphite foil. Our results show 

that the ORR activity of the catalysts varied significantly with the exfoliating and post-exfoliation 

conditions. The optimal N-doped graphene (N-GP950) exhibits comparable ORR performance to 

commercial Pt/C catalysts. The current density of the N-GP950 at 0.8 V was six times higher than 

the as-prepared GP with excellent durability for about 5000 potential cycles between 0.6 and 1.0 

(V vs. RHE) [51]. For the graphene-based NPMCs, we supported iron II phthalocyanine (FePc) on 

an optimized sample of N-doped graphene (N-GP950). The transmission electron microscopy 

characterization of the FePc/N-GP950 revealed that the FePc molecules are highly dispersed on 

the surface of N-GP950. We also demonstrated that the high dispersion of FePc is the fate of the 

electronic interaction between the FePc molecules and the support material, the N-GP950. 

Consequently, the FePc/N-GP950 exhibited high ORR performance better than state of the art, 

commercial catalysts Pt/C. Secondly, we focused on the zero-emission spectrum for running the 

FCs from the standpoint of the production of the fuels. Without sustainable approaches to 
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producing hydrogen, all advantages of FCs to the environment would dwindle. Equally, we 

consider that it is urgent to develop a cost-effective and scalable HER electrodes. Therefore, our 

second focus is to prepare and study the physical and chemical properties of MoS2/TiO2 nanotubes 

as one kind of NPMCs for electrochemical hydrogen evolution. 

 

1.2 Abridged history of fuel cells 

The concept of FC has been around for about 200 years. Figure 1-1 shows some historical 

development of the FCs in the past two centuries. The principles of what is known today as FC was 

demonstrated for the first time by Humphry Davy as early as the 1800s. This was then followed by 

pioneering work of Christian Friedrich Schönbein in ca.1838 on what were to become FCs [52-

54]. In 1839 British chemist, physicist, and lawyer, Sir William R. Grove demonstrated the 

generation of electricity from an electrochemical reaction for the first time by reversing the 

electrolysis of water from what he termed a gaseous voltaic battery [2, 4].  

 

Figure 1-1 The historical development of fuel cells. 
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The gaseous voltaic battery proved that the chemical energy stored in hydrogen and oxygen bonds 

could directly convert into electricity at the surface of Pt catalysts in a sulphuric acid electrolyte. 

Glove is considered as the “father of the FCs” for this invention. Late in the 1880s, Ludwig Mond 

and Charles Langer further developed Glove’s device and named it fuel cell in their attempt to 

engineer the first practical FC using air and coal gas [10, 52, 53]. In their design, a porous non-

conducting diaphragm impregnated with dilute sulphuric acid acted as the electrolyte. The 

perforated leaves of Pt was coated with a thin film of Pt black electrodes [54]. With this cell, a 

current density of 6.5 mA cm-2 at the potential of 0.73 V was obtained. In the 1900s, FCs became 

a subject of intensive research and development but the invention of the combustion engines caused 

further development of FCs to be stagnant. 

In the 1930s Francis Bacon at Cambridge University adopted Mond and Langer’s 1889 concept of 

the FC to design a system which uses potassium hydroxide solution of as the electrolyte and nickel 

gauze as electrodes [52]. By the end of the 1950s, Bacon developed a 40-cell stack FC capable of 

generating 5 kW. The stack was able to power a welding machine, circular saw, and forklift [55]. 

Bacon's FCs attracted much attention during this time.  

In the early 1960s, Pratt & Whitney acquired the license of Bacon work to construct alkaline FCs 

to power the Apollo spacecraft [10, 55]. Following on, the National Aeronautics and Space 

Administration (NASA) developed FCs powered spacecraft to ideally supply both electricity and 

drinking water for the astronauts. Additionally, when the FCs devices was used in the electrolysis 

mode, it produced breathable oxygen and rocket fuel, hydrogen. The development of FCs in the 

1960s is marked by the invention of the polymer as solid electrolytes at General Electric through 
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the work of Thomas Grubb and Leonard Niedrach. Initially, sulfonated polystyrene membranes 

were used as solid electrolytes in the frontrunner of polymer electrolyte membrane fuel cells 

(PEMFCs) and soon later replaced by Nafion® membranes in 1966 [52]. These Nafion® 

membranes remain popular and are in use until today owing to their proven superiority performance 

and durability. 

The oil crisis and increasing environmental awareness in the 1970s further boosted the 

development of the FCs. The goal for zero emission and energy efficiency became the primary 

driving forces for FCs adoption in the subsequent decades, in addition to the concurrent calls in 

climate change and energy security [52]. Many automobile manufacturers and their partners in 

German, Japanese USA, and Canada began developing FCs powered vehicles by increasing the 

power density of PEMFC stacks and developing hydrogen fuel storage systems. During the 1980s 

and 1990s, most automobile manufacturers had demonstration models of hydrogen fuel cell 

powered vehicles. The world’s first demonstration of FC vehicle was a 10-meter transit bus 

developed in 1993 by the Canadian company Ballard Power Systems [52]. Taken together, these 

significant developments revolutionized FCs and placed hydrogen in an excellent position as the 

next energy carrier or fuel for the economy of the world. 

 

1.3 Fundamentals of Fuel cells 

FCs are electrochemical energy devices, which can convert the chemical energy stored in chemical 

bonds (fuels) directly into electrical energy without combustion process. The electrochemical 

reaction takes place at the two separated electrodes, electrochemical oxidation of fuel at the anode 

and electrochemical reduction of the oxidant at the cathode. The electrons pass through the external 
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circuit to provide electricity. Conventionally, most FCs consume hydrogen (or hydrogen-rich fuels) 

and oxygen (or air) to generate electricity, as depicted in the chemical reaction Equation 1-1. 

 

2H2 + O2 ⟶ E + H2O     (1-1) 

 

Figure 1-2  Schematic presentation of energy conversion differences between fuel cells and combustion engines. 

 

As FCs generate electricity directly from chemical energy (Figure 1-2), rather than heat or 

mechanical energy, they are not limited by the Carnot cycle and can theoretically reach higher 

efficiencies. Accordingly, the FCs are more efficient in extracting energy from a fuel. Under the 

reasonable operating condition, the efficiency of the fuel cell can be up to 60 % or higher, which 

is 2-5 times to that of internal combustion engines [2, 56, 57]. Furthermore, as the only by-product 

in operation is water, and no greenhouse gases, FCs present very clean and environmentally 

friendly energy conversion technology. Another great appeal of the FCs is that the waste heat is 

produced, it can also be harnessed, boosting system efficiency even further. Unlike batteries which 

need to be recharged and have a limited operating time, FCs will run as long as fuel is provided, 

making these devices particularly attractive for long-range transportation. However, FCs and 
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batteries can be complementary technologies in transportation, where the former serves long-

distance and heavy-duty vehicles, and the latter works for short-range and light-duty utility vehicles 

or urban transport. Also, utilization of FCs and batteries as hybrid system are more attractive to 

boosting the power.  

 

1.4 Types of fuel cells 

Primarily, FCs are classified according to the kind of electrolyte employed. This classification 

determines the characteristics and applications of these cells. Currently, there are a number of FCs; 

each with its advantages, limitations, and potential applications. These types are PEMFCs, 

phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel cell 

(SOFCs) and alkaline Fuel Cells (AFCs) [56, 57]. Table 1-1 lists the types of FCs. The FCs listed 

in Table 1-1, can also be divided into two broad groups: low-temperature, PEMFCs (50 – 100 ºC), 

AFCs (90 – 100 ºC), PAFCs (150 – 200 ºC) and high-temperature, MCFCs (600 °C) and SOFCs 

(1000 °C). These high-temperature ones can supply enough heat for internal reforming process, 

thus utilizing the waste heat. The PEMFC and AFC and which operates at rather low temperatures 

are best suited for transportation or domestic applications. AFCs are one of the first FC 

technologies to be developed, and they were the first type to be widely used in the U.S. space 

program to produce spacecraft electrical energy and onboard water [11, 52]. 
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Table 1-1 Comparison of different types of fuel cells [57] 

Types of fuel 

cells 

Fuel(s) Mobile 

phase 

Working 

Temperatu

re (C) 

Power level 

(kW) 

Electrical 

efficiency 

(%) 

Start-up Area of 

application  

Alkaline 

(AFCs) 

H2 OH- 90 – 100  10 - 100 >60 Fast 
 Backup 

 Space 

 Mobile  

 military 

PEMFCs H2 H+ 50 - 100 0.01 - 1000 53 - 58 Fast 
 Transport 

 Mobile 

portable 

Phosphoric 

acid (PAFCs) 

H2 H+ 150 -200 100 - 5000 >40 Moderate 
 Distributed 

generation 

Molten 

carbonates  

(MCFCs) 

H2 CO3
2- 600 - 700 1000 - 

100,000 

45 - 47 Slow 
 Power 

station 

Solid oxides 

(SOFCs) 

H2/CO O2- 600 - 1000 100 -100,000 35 - 43 Slow 
 Auxiliary 

power 

 Power 

station 

 

 

1.5. Alkaline fuel cells 

Traditionally, AFCs used an aqueous solution of potassium hydroxide (30 - 45 wt. %) as the 

electrolyte. The oxygen reduction kinetics are much faster in alkaline electrolyte than in acid, 

making the AFC a desirable system for future energy conversion devices. However, the use of 

concentrated hydroxide as an electrolyte restricts the application of AFCs to CO2-free condition in 

the fuel and oxidant. Thus, in the more extended operation of AFCs requires the use of high purity 

of feeds, which adds the cost. The higher open circuit potential of the cell can induce oxidation of 

CO2 to carbonates. The formation and accumulation of carbonates can destroy the electrolyte, 

which is one of the most challenging issues in AFCs. As a part of the solution in the recent 

advancement of AFCs, a polymer electrolyte has been under development as an anion exchange 

membrane (AEM) [58]. On the other hand, much of the interest in the anion-exchange membrane 
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fuel cells (AEMFCs) comes from the expectation that can overcome the existing cost barrier 

inherent to the PEMFCs [59, 60]. In principle, alkaline electrolyte allows for the use of non-

precious metal catalysts, which in turn dramatically reduces the cost per kilowatt of power in fuel 

cell devices [60, 61]. The construction of AEMFCs is similar to conventional PEMFCs except that 

they use an alkaline-based membrane instead of an acid-based membrane. The scheme shown in 

Figure 1-3 indicates that both FCs consists of anode, cathode, electrolyte membrane, and an 

external circuit. In both cells, the central component is the membrane electrode assembly (MEA), 

in which the electrolyte membrane is sandwiched between the two electrodes, anode, and cathode. 

The electrolyte membranes separate the gas reactants at either side and conduct protons (in 

PEMFCs) or OH- and water (in AEMFCs). However, in AEMFC technology, hydroxyl anions 

diffuse continuously across the electrolyte from the cathode to the anode while water diffuses the 

opposite direction [60]. On the other hand, water, which is estimated to be much higher than in 

PEMFCs per electron transfer, is both produced at the anode and as a reactant at the cathode. 

 

 

Figure 1-3 Schematic presentation of the PEMFCs and AEMFCs [60]. 

https://www.sciencedirect.com/topics/engineering/metal-catalyst
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Apart from allowing the use of low-cost non-precious metals catalysts at the anode and cathode, 

equally, the AFCs demonstrated high performance and efficiency above 60% (Table 1-1) for the 

practical applications [10]. However, despite advantages, in development AFCs faced stiff 

competition from other types of fuel cells since their inception. This is because AFCs demand high 

purity hydrogen gas and still rely on the expensive Pt catalysts. Other barriers to the development 

of AFCs technology related to poor chemical stability and low ion conductivity of the hydroxide-

conducting polymer [59, 60]. However, with the availability of AEMs, notwithstanding not as 

satisfactory as commercial PEMs and still in development stages, the investigation on metal-free 

and NPMCs becomes meaningful. 

 

 

1.6  Oxygen reduction reaction 

The ORR is a fundamental process in FCs and other energy converting systems such as metal-air 

batteries. The ORR is a cathodic process that plays a critical role in the overall performance of the 

FCs. Table 1-2 summarizes the ORR mechanism in aqueous solution. The ORR is a multi-electron 

reaction, depending on the effectiveness of electrocatalysts, the mechanism may include several 

elementary steps involving different reaction intermediates. It can involve either indirect two-

electron (2e-) or direct four-electron (4e-) pathways. Generally, the 4e- direct pathway is highly 

desirable in FCs. The difference between the direct and indirect pathways is whether free H2O2 

molecules are released to the electrolyte or not. The ORR in alkaline electrolytes is most favorable, 

and the potential drop is low. As a result, AFCs yield the highest voltage at a comparable current 

density, leading to higher efficiency. As a consequence, the fast ORR kinetics in alkaline 
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electrolyte presents AFCs a gained advantage over the other kinds of FCs. For example, FCs can 

run with the decreased loading of noble metal electrocatalysts and also use the NPMCs. 

 

Table 1-2 Thermodynamic electrode potentials of oxygen reduction reactions [5] 

Aqueous electrolyte 

solution 

ORR reactions 𝑬°(V vs. RHE) 

Acidic O2 + 4H+ + 4e− → 2H2O 

O2 + 2H+ + 2e− → H2O2 

H2O2 + 2H+ + 2e− → 2H2O 

1.229 

 

0.70 

 

1.76 

Alkaline O2 + 2H2O + 4e− → 4OH− 

O2 + H2O + 2e− → HO2
− + OH− 

HO2
− + H2O + 2e− → 3OH− 

0.401 

 

-0.065 

 

0.867 

 

1.7 Electrocatalysts for the oxygen reduction reaction 

1.7.1 Precious metal-based electrocatalysts 

In the group of precious metal-based ORR electrocatalysts, Pt regarded as the best one. As a result, 

pure Pt metal-based ORR electrocatalyst has been widely developed and used for decades. The 

ORR process is susceptible to surface electronic properties. From single crystal studies, it is known 

that different surface facets of pure Pt exhibit various ORR activities depending on the particular 

electrolyte [62]. For example, in weakly adsorbing acid electrolyte like HClO4, the order of ORR 

activity is Pt (100) < Pt (111) < Pt (110). Whilst, in the strongly adsorbing electrolytes of sulfuric 

the ORR activity increases in the order Pt (111) < Pt (110) < Pt(100) due to the stronger adsorption 

of sulfate anion (SO4
2-) on Pt (111) vs. on Pt (100) surfaces which limits accessibility of Pt sites, 

and hence, prevent O2 adsorption [62, 63]. Thus, it is possible to idealize, hypothesize, and engineer 
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the surface of Pt with altered electronic properties. Accordingly, modified surface electronic 

properties induce a change in the adsorption behavior, specifically a shift to lower oxygen binding 

energy. This adsorption behaviour of intermediate species such as O, OH, might be the crucial step 

of ORR on metal catalysts, as suggested by Nørskov et al. [63, 64]. In their work, they show that 

for Pt (111) as an electrode, at high potentials, adsorbed oxygen tends to be so stable that the proton 

and electron transfer becomes impossible. By lowering the potential, the stability of the adsorbed 

oxygen decreases, and the reaction may proceed. Nørskov et al. also pioneered calculations of 

binding energies of oxygen and hydroxyl for several exciting metal atoms and plotted against ORR 

activity to obtain an excellent volcano plot [64] as shown in Figure 1-4. In which, the metal sitting 

at the top of the volcano plot, e.g., Pt and Pd are the best catalysts for ORR. For metal atoms that 

bind oxygen too strongly, the rate is limited by the removal of adsorbed O and OH species. For a 

metal surface that binds oxygen too weakly, the rate is limited by the dissociation of O2, or more 

likely, the transfer of electrons and proton to adsorbed O2. Thus, the volcano plot provides a room 

for improvement. 
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Figure 1-4 Trends in oxygen reduction activity plotted as a function of the oxygen binding energy for different 

metal atoms [64]. 

 

Another strategy used to optimize the activity of Pt-based catalyst is to increase the active exposed 

surface of the utilized Pt by preparation of nanostructured particles on support [63]. The effect of 

particle size and shape on the specific activity of Pt is still debatable [65]. However, in practice, it 

is difficult to reduce the Pt content with this approach because decreased loading increases the 

sensitivity of the catalyst to poisoning from contaminant even at trace amounts. The other approach 

is to engineer the specific structure of Pt-metal (Pt-M) as alloys nanoparticles, and core-shell 

nanostructures [66]. Figure 1-5 displays the schemes of Pt-M nanoparticles. Theoretical studies 

have shown that metals with lower binding energy than Pt are expected to have a higher rate of 

ORR. The alloys of Pt with Co, Fe, Ni, and Cr demonstrated to have smaller binding energies than 

Pt. Indeed, the experimental observation shows the Pt alloys of these metals have a higher ORR 

activity [64]. 
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Figure 1-5 Schematic illustration of Pt-metal nanostructures (a) alloy and (b) core-shell [66]. 

 

For example, the synthesized Pt-M materials containing core-shell structure with Pt as shell and M 

as a core (M = Co, Ni, Fe, Cr, etc.) demonstrated higher ORR activity than Pt/C. In this approach, 

a monolayer of Pt can be deposited onto nanoparticles of transition metals or less expensive 

precious metals. As a result, the amount of Pt utilization is significantly decreased for about ∼70 

wt% Pt in the bulk of pure particles used. It has been shown that the core can influence the 

properties of the Pt shell beneficially by modulating the d-band center. As a consequence, higher 

activity was reported for the Pt3Ni (111), Pt-AuNi, Pt-Cu and Pt-Pd, Pt-Co core-shell than that of 

current state-of-the-art Pt/C catalyst [63, 66]. The high performance of these alloys is attributed to 

the synergy of the surface geometry, electronic structure, and surface adsorption. The major 

challenge with this approach is the scalability and instability of the non-noble cores. Unfortunately, 

this approach still relies on the rare and the high-cost of Pt, which has been a subject to the primary 

barrier of the commercial mass market of fuel cells. Furthermore, the Pt-based electrode also 

suffers from susceptibility to time-dependent drift and CO deactivation. Thus, efforts are needed 

to identify alternative catalysts that are highly reliable, readily available, cost-effective, and show 

comparable or even better catalytic effects than Pt for cathodic ORR in FCs. 
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1.7.2 Non-precious metal-based electrocatalysts 

Transition-metal-based materials have been the focal point of non-precious metal electrocatalysts 

(NPMCs) investigations, due to their partially filled d-orbitals, low-cost and relatively high 

abundance on the earth’s crust. Research on NPMCs with Co as the central metal ion started in 

1964 with Jasinski’s discovery that a cobalt-phthalocyanine with M-N4 configuration is active 

towards the ORR [27]. Inspired by the heme-copper complexes present in cytochrome c oxidase 

(an enzyme catalyzing oxygen reduction in the prokaryotes and eukaryotes), Fe-based catalysts 

with Fe as the central metal ion later emerged [25, 67, 68]. Another kind of NPMCs for ORR was 

then developed by Yeager et al. based on the pyrolysis of macrocycles precursors without M-N4-

coordination [69]. Subsequently, numerous types of NMPCs widely developed and studied for 

ORR catalysis. These materials include transition metal chalcogenides, oxides, pyrolyzed M/N/C, 

(M = Fe, Co, Ni, etc.) compounds, and macrocycles (M-N4-macrocycles). Metal chalcogenides, 

such as transition metal compounds with S, Se or Te, have been studied and showed significant 

ORR activity. One of the most promising materials, Ru2Mo4Se8, exhibited only 100 - 150 mV 

lower half-wave potential than Pt in H2SO4 [70, 71]. The chalcogenide can lower the stable oxygen 

binding energy and thus increase the catalytic activity of Ru, Rh, and Co. However, the main 

concern with these materials is the cycle stability and high risk of toxicity [71, 72]. 

Transition metal oxides also have been explored in ORR as NPMCs [70]. Due to their 

oxidizedstate, these materials exhibit high stability in acid. Various combinations of oxides have 

been synthesized, and their electrochemical activities were evaluated, including ZrO2−x, Co3O4−x, 

and TaOx [70]. It is believed that oxygen vacancies in these materials might be the source of the 

catalytic activity. Some of these nanoparticles exhibited onset potentials as high as 0.94V vs. RHE 

[73]. Nevertheless, the low reliability of the synthesis approach and poor conductivity are 
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significant challenges to overcome for these materials [74]. Several methods to improve the 

performance of metal oxides catalysis have been deployed including the doping with nitrogen to 

reduce the band-gap and produce oxynitrides and supporting the metal oxides on conductive 

materials such as carbon nanotubes (CNTs). 

A breakthrough in NPMCs exploration for ORR came in 2009, when the Dodelet group reported 

the synthesis of highly active catalysts which reached high cell potential in a single cell PEMFCs 

[24]. In this work, they introduced pore filler and iron precursor into micropores of carbon black 

and pyrolyzed the precursor at high-temperature to obtain the Fe/N/C. In the later works, they 

extended the pore filler invention to other carbon sources, metal-organic framework (Basolite 

Z1200) [26] and porphyrin (chloroirontetramethoxyporphyrin) [75]. The prepared catalysts 

exhibited a high-power density of 0.75 W cm−2 at 0.6 V, which is comparable to a state-of-the-art 

Pt-based cathode with a loading of 0.3 mgPt cm−2 [25]. Concurrently, the Zelenay group reported 

on polyaniline-derived heat-treated Fe/N/C, which combined the high ORR activity with unique 

performance durability at 0.4 V [76]. However, the high-temperature pyrolysis of these materials 

results in the formation of complex structural composition and rises potential safety issues. 

On the other hand, transition metals macrocycles, porphyrins, and phthalocyanine, shown in Figure 

1-6 are the only ones reported to have relatively high ORR performance without the high-

temperature pyrolysis process. For instance, in 1964, it was demonstrated that cobalt 

phthalocyanine is exhibiting high activity towards ORR [27]. The catalytic activities of the 

macrocycles have a strong dependence on the center metal ion and the pH of the solution. For 

example, iron-based macrocycles exhibit a predominant 4-electron pathway in alkaline and the 2-

electron pathway under acidic electrolyte. The activity and stability of these complexes are 

compromised by the dissolution of the central metal species or the degradation of the macrocycle, 
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poor conductivity, and aggregation. The strategies employed to address these challenges include; 

i) attaching the electron-donating group to the FePc structure as an additional electron source to 

preventing issues arising from slow electron transfer, and (ii) supporting the FePc on a variety of 

carbon materials, such as carbon black, CNTs, and reduced graphene oxide. In spite of effort made 

in preparation and usage of FePc as ORR electrocatalyst, the level of performance cannot reach 

that of Pt-based catalyst in terms of both reactivity and durability. 

 

Figure 1-6 General structure of (a) metalloporphyrin and (b) metallopthalocyanine, where M is the central metal 

atom. 

 

Nevertheless, studies on these complexes are useful to gain fundamental insight into trends of ORR 

activity. The advantage of molecular compounds is that the d-orbital configuration can easily be 

controlled and the molecules can be well characterized to develop structure-property relationships. 

While the choice of graphene as a support material is driven by anticipation that the extended 

conjugation can provide a strong interaction with FePc through the π-π stacking. Furthermore, the 

development of a straightforward, simple, and feasible synthetic route to produce low-cost and 

robust electrocatalysts with controlled structure and excellent stability is highly desirable.  
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1.7.3 Metal-free carbon-based electrocatalysts 

Carbon nanomaterials are ideal candidates for catalyst supports and even metal-free catalysts due 

to their abundance, environmental acceptability, corrosion resistance, and unique surface and bulk 

properties. Activated carbon and glassy carbon have been long used as catalysts for specific 

chemical and electrochemical processes. Recently, new carbon nanomaterials of unique molecular 

structures and optoelectronic properties, including fullerenes, CNTs, graphene, and graphite 

nanoplatelets have been studied [20, 32, 77, 78]. These materials offer new prospects for the 

development of advanced carbon-based catalysts with much improved catalytic performance. The 

introduction of surface heteroatoms (e.g., nitrogen) into these carbon nanomaterials could further 

cause electron modulation to provide desirable electronic structures for many catalytic processes 

of practical significance. Consequently, metal-free heteroatom-doped carbon-based 

electrocatalysts demonstrated to be very tolerant of CO poisoning, which overcomes the inherent 

problems that Pt catalysts are facing. For example, the N-doped CNT electrode has been proved to 

be free from CO poisoning even after adding about 10 % CO with much higher electrocatalytic 

activity and better long-term operation stability than that of commercially available Pt-based 

electrodes in alkaline electrolytes [79]. 
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1.8 Hydrogen evolution reaction 

Hydrogen is highly considered to be the ultimate energy carrier of the future owing to its efficiency, 

clean combustion, and high gravimetric energy density (142 kJ g-1) compared to methane (33 kJ g-

1). The use of hydrogen energy carrier would significantly mitigate the environmental concerns due 

to zero emission of carbonaceous species. Hydrogen can be used as fuel in FCs and is also a 

promising solution in the conversion of renewable energies into chemical fuels that can be stored 

and transported [47, 80]. To realize these economies of scale, the supply of hydrogen from a 

sustainable source is required. Likewise, the advantages of hydrogen FCs are meaningless without 

a viable source of producing hydrogen. While oxygen occurs naturally in the air; hydrogen must 

be supplied from the decomposition of other molecules. The conventional method of producing 

hydrogen such as steam reforming processes are both energy intensive and unfriendly to the 

environment (producing CO2) [81]. On the other hand, photoelectrochemical and electrochemical 

hydrogen evolution are two possible approaches to realizing solar-to-hydrogen conversion. 

Photoelectrochemical (PEC) devices are promising as they have high solar-to-hydrogen efficiency 

[82]. However, for practical applications, PEC requires huge electrode area due to inherently low 

efficiency [83, 84]. Also, PEC naturally excludes all other renewable energies in the energy 

conversion process. Electrochemical HER is the most fundamental reaction in electrochemistry. 

Despite the lower solar-to-hydrogen efficiency than the direct photoelectrochemical route, the 

electrochemical HER is more attractive due to the higher flexibility and applicability [48, 83]. 

Combining grid-scale renewable energy harvesting infrastructures with electrochemical HER can 

efficiently convert the intermittent electricity obtained from renewable energies into more valuable 

H2 and thereby enhancing the diversity of renewable energy utilization [85]. Figure 1-7 shows a 

sustainable pathway for the integration of renewable energy into electrochemical HER and 
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circulation of hydrogen energy [48]. This process of hydrogen production is CO2-free and requires 

only water and electricity [86]. Nevertheless, the best known HER electrocatalyst is Pt/C. 

Unfortunately, the use of Pt-based catalyst limits the practical application of this method for the 

production of hydrogen. 

 

 

Figure 1-7 A sustainable pathway for the production and utilization of hydrogen energy [48]. 

 

1.8.1 Steam-methane gas reformation 

The steam-methane gas reforming is the primary source of hydrogen production today. In this 

process, methane is reacted with high-temperature steam (700 °C – 1000 °C) under pressure in the 

presence of a catalyst to produce hydrogen, carbon monoxide, and a relatively small amount of 

carbon dioxide according to reformer general Equation 1-2. Steam reforming is an endothermic 

reaction, whereby heat supply is required to complete the reaction process [87]. Subsequently, the 

water-gas shift reaction proceeds (Equation 1-3), whereby the carbon monoxide reacts with steam 

in the presence of a catalyst to produce carbon dioxide and more hydrogen. In the final process 

carbon dioxide and other impurities are removed from the gas stream, leaving substantially pure 
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hydrogen. Steam reforming can also be used to produce hydrogen from other fuels, such as ethanol, 

propane, or even gasoline [88]. 

CH4(g) + H2O(g)  
Δ
→  CO + 3H2    (1-2) 

  CO(g) + H2O(g) →  CO2 + H2 +heat  (1-3) 

1.8.2 Photoelectrochemical hydrogen evolution 

Photoelectrochemical hydrogen evolution from water splitting has been attracting significant 

attention recently due to its utilization of solar energy and hydrogen production [89]. In the early 

1970s, Fujishima and Honda demonstrated the use of TiO2 in the decomposition of water into H2 

and O2 under PEC conditions [90, 91]. Under light circumstances, the reaction involved in the 

water splitting of water is given in Equation 1-4 and Equation 1-5. 

HER: 4H+ + 4e−  → 2H2(g)    (1-4) 

OER: 2H2O(l) → 4H+ + O2 + 4e−   (1-5) 

Overall reaction: 2H2O → 2H2 + O2 (g), E = -1.229 (V vs. RHE), (G = 237.18 kJ mol-1) 

 

The negative sign in the electrodynamic potential implies that HER is an uphill process, and thus, 

additional energy must be supplied to complete the reaction. In PEC hydrogen evolution, a 

photocatalyst, which is a semiconductor, is irradiated by UV-visible light with energy greater or 

equivalent to the band gap of the semiconductor (Figure 1-8a). The light energy will be absorbed 

by the photocatalyst, which results in charge separation at the valence band and conduction band. 

The holes are produced at the valence band, and the photo-excited electrons jump into the 

conduction band. The holes trigger the oxidation of water at the surface of the conduction band 

while the photo-excited electrons at conduction band reduce the absorbed H+ onto the photocatalyst 

surface to H2. Generally, in the photoelectrochemical HER, semiconductors are utilized as a 
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photocathode or photoanode depending on the type of favorable reaction [91, 92]. The 

semiconductor electrode should be in contact with an electrolyte, which contains a redox couple. 

In the PEC system, hydrogen and oxygen production reactions take place at two different electrodes 

[93]. In principle, catalysts are needed to increase the kinetics of photoelectrodes to match with the 

charge generation and separation. However, PEC hydrogen evolution is hindered by the sluggish 

surface dynamics that impede the improvement of their performance. 

 

 

Figure 1-8 Schematic presentation of water electrolytic cells (a) photoelectrochemical based on n-type 

semiconductor [92], and (b) electrochemical process. 

 

1.8.3 Electrochemical hydrogen evolution 

Hydrogen production either by electrolytic or photocatalytic water splitting presents the most 

promising option. Currently, hydrogen is produced primarily from the steam reforming of fossil 

fuels [81, 83, 85]. It is particularly appealing to produce hydrogen from clean, renewable, and 

sustainable energy sources. The electrochemical hydrogen production process is CO2-free and 

requires only water and electricity. As shown in Figure 1-8b, electrochemical oxygen evolution 
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reaction (OER) takes place at the anode, and the HER occurs at the cathode. Naturally, the OER is 

a more complicated process involving 4𝑒− while HER subject of this study is a 2𝑒−process, one 

of the simplest and well-studied electrochemical reaction [84]. The mechanism of HER is highly 

dependent on the pH value of the electrolyte. In an acidic solution, H2 is generated from the 

reduction of either proton (H+) while alkaline electrolyte is from the reduction of H2O molecules. 

Both of these processes involve a series of elementary steps. HER in acidic media begins with the 

discharge step (Volmer step) where H+ ions adsorb on the catalyst surface to form an adsorbed 

hydrogen atom (Hads), (Equation 1-6).  

H+ + e− → Hads    (1-6) 

Hads + H+ + e− → H2   (1-7) 

Hads + Hads → H2    (1-8) 

Overall equation: 2H+ + 2e− → H2   (1-9) 

The second step is called electrochemical desorption (Heyrovsky step) where the adsorbed Hads 

combines with an H+ and an electron to form an H2 molecule, as described in Equation 1-7. 

Alternatively, H atoms adsorbed on the surface of the catalyst may combine to form H2 molecule 

in the so-called chemical desorption step or Tafel step (Equation 1-8). The overall HER is 

represented in Equation 1-9, the standard electrode potential (E°) is used as the reference for 

evaluating the standard electrode potential of electrochemical reactions. Regardless of the 

electrochemical HER being most straightforward, the detailed explanation of the pathway on 

different materials is not direct. By plotting the current exchange densities for HER on various 

metals versus calculated corresponding hydrogen adsorption energy (GH°) on distinct catalyst 

surface, Nørskov et al. constructed the volcano plot for the HER activity [94]. As shown in Figure 
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1-9, the results entirely reveal the origin of the superior HER activity of Pt group metals (Pt, Pd, 

Rh, Ir) and provide an intuitive description for the dependence of HER activity on hydrogen 

binding energy. The Pt-group minerals are located right on top of the volcano plot and have the 

optimal HER activities. Transition metals to the right of Pt group metals (Au, Ag, Cu) bonds to 

hydrogen too weakly to initiate the HER reaction, whereas to their right (Ni, Co, Mo, W) bonds to 

hydrogen too strongly to release the product. Pt is the best electrocatalyst for HER, primarily 

because the evolution reaction is thermo-neutral on Pt at the equilibrium potential. The volcano 

plot is useful in the development of HER electrocatalyst targeting materials which have GH closer 

to the thermoneutral (GH  0). 

 

 

Figure 1-9 Volcano plot of exchange current density (jo) as a function of DFT-calculated Gibbs free energy (ΔGH*) 

of adsorbed atomic hydrogen on pure metals [94]. 

 

The mechanism of the HER in alkaline media is very similar to that of acidic media, and the GH° 

still works for describing the adsorption behavior of hydrogen on the surface of catalysts. But the 

catalytic activity towards HER in alkaline of most metals is inferior to that in acidic medium. HER 
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in alkaline proceeds with the dissociation of H2O molecules to provide protons. The steps involved 

in alkaline HER are presented by Equation 1-10 (Volmer step) and Equation 1-11 (Heyrovsky 

step), while the Tafel step (Equation 1-8) remains similar to that of acid solutions. Equation 1-12 

depicts the overall HER reaction process in alkaline. The HER electrocatalysts are also grouped 

into three main classes. The first class is the precious metal-based electrocatalysts (PMCs). This 

class of catalysts, particularly Pt, are the most active HER catalysts. Unfortunately, their high cost 

and low abundance limit their large-scale application of water electrolyzers. As mitigation, several 

strategies have been put in place. The most common procedures are the development of 

nanostructures of PMCs or supporting the nanostructures of PMCs on low–cost substrates [95]. 

H2O + e− → Hads + OH−   (1-10) 

Hads + H2O + e− → OH− + H2  (1-11) 

2H2O + 2e− → 2OH− + H2   (1-12) 

 

Another approach is to alloy the PMCs with other metals permitting much lower catalyst loading 

to be used [96]. The second class is NPMCs, which include metals, oxides, chalcogenides, carbides, 

nitrides, and phosphides or their combinations. Nevertheless, the materials developed so far 

exhibited significant HER activity but suffered from limited stability [1]. The final class of HER 

electrocatalysts is metal-free. These electrocatalysts constitute carbon-based materials doped with 

heteroatoms such as N, B, O, S, P or their combination. The presence of heteroatoms in carbon 

lattice is believed to cause a structural disorder that changes the local electronic properties leading 

to the promotion of electrocatalytic activities [97]. The most active HER metal-free catalyst 

reported so far is the N and P co-doped graphene with an overpotential of 420 mV to reach a current 

density of 10 mA cm-2 in 0.5 M H2SO4 [97]. Despite the improved promising performance, thus 
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far the HER activity of metal-free electrocatalysts is too low and cannot compete with their metal 

containing counterparts. 

 

1.9 Thesis objectives and organization 

1.9.1 Thesis objectives 

The general objective of this thesis is the development of low-cost, robust, and highly durable 

electrocatalysts for ORR and HER, with a controlled structure using straightforward, simple, and 

feasible synthesis approaches. Specifically, the objectives of the thesis are: 

(i) To fabricate high-quality graphene by electrochemical exfoliation of graphite substrates 

and use as efficient metal-free electrocatalysts for the ORR. 

(ii) To develop durable and high-performance NPMCs towards ORR based on supporting Iron 

II phthalocyanine on the fabricated graphene by employing a straightforward slow 

evaporation approach. 

(iii) To fabricate a highly efficient and durable electrochemical hydrogen evolution 

electrocatalysts based on MoS2 supported free-standing TiO2-nanotubes by employing a 

straightforward slow evaporation approach. 

 

1.9.2 Thesis organization 

This thesis consists of 6 chapters (2 introductory chapters, 3 articles chapters, and one final chapter 

for the summary. The following is the outline of the structure of thesis:  

Chapter 1 Introduction. In this Chapter, we give a brief description of the history and fundamental 

of Fuel cells, oxygen reduction reaction, hydrogen evolution reactions, and their electrocatalysts. 
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Chapter 2 Experimental. In this Chapter, we present the description of synthesis and 

characterization techniques used throughout this work. 

Chapter 3 The use of graphene as a metal-free catalyst for oxygen reduction. In this Chapter, 

we present the results for the controlled synthesis of graphene via electrochemical route and its use 

as an efficient metal-free catalyst for oxygen reduction. We demonstrate the fabrication of large 

pieces of high-quality graphene via exfoliation of graphite plates and foils. The N-doped graphene 

exhibits high performance as metal-free catalysts for oxygen reduction. 

Chapter 4 Iron (II) phthalocyanine/N-doped graphene as non-precious metal electrocatalysts 

for oxygen reduction. In this Chapter, the results for non-pyrolyzed Iron (II) phthalocyanine on N-

doped graphene as a highly efficient non-precious catalyst for oxygen reduction. We discuss the 

direct and straightforward approach to fabricate iron (II) phthalocyanine/N-doped graphene as 

practical and durable oxygen reduction electrodes. 

Chapter 5 TiO2-nanotubes as potential support of MoS2 an active material for electrochemical 

hydrogen evolution. We present results for the controlled fabrication of TiO2-nanotubes on Ti 

substrate as a potential hydrogen evolution electrode. We describe an electrochemical method as a 

novel strategy to fabricate TiO2 nanotubes with controlled morphology and the fabrication of the 

composite MoS2/TiO2-NTs electrode. Finally, the results of TiO2 nanotubes as potential hydrogen 

evolution electrode presented. 

Chapter 6 Conclusions and recommendations based on the analysis of the results and the 

proposition of supplementary studies. 
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Summary 

 

 

Figure 1-10 Conceptual flow chart of the thesis. 
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Chapter 2  Experimental Methods 

In this chapter, the description of methods of fabrication and characterization techniques used in 

subsequent Chapters briefly presented. These are essential techniques used to study the structure, 

morphology, surface composition, and electrochemical properties of the prepared electrocatalysts 

materials investigated in this study. 

 

2.1 Synthesis techniques 

2.1.1 Electrochemical exfoliation of graphite 

An electrochemical exfoliation of graphite can be performed using either a two-electrode cell or 

three-electrode cell. The cell set-up consists of graphite or Pt as cathode or counter electrode, 

graphite plate or foil (graphene precursor) as anode or working electrode, reference electrode (in 

the three-electrode system) and the electrolytes. Electrochemical exfoliation can be performed 

using either a conventional DC power supply or potentiostat. Before to begin the experiment, the 

graphite substrates are cleansed by polishing followed by thorough washing in water by sonication 

(using an ultrasonic cleaner, 40 kHz, 80 W) for 15 minutes then dried under nitrogen. In this work, 

we used the DC power supply (PSC-260, Circuit Test Electronics) and the two-electrode cell. The 

cell setup and the associated steps in the fabrication of graphene are illustrated in block diagram 

Figure 2-1 (part A). During exfoliation, the graphite is connected to the positive terminal of a DC 

power supply, and a Pt wire was employed at the negative terminal while immersed in an electrolyte 

solution. A bias potential of +2.5 V applied between the electrodes for wetting and activation of 

graphite. With this applied potential, initiation of intercalation of electrolyte ions and water 

molecules into the interlayer spacing of graphite begins [16].  
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Figure 2-1 Schematic view of steps in preparation of graphene and FePc/N-graphene composite, (A) an 

electrochemical cell setup for exfoliation of graphite and subsequent procedures, (B) the steps to obtain N-graphene 

(N-GP). 

 

In the final stage, the bias potential is ramped up to +10 V to achieve the oxidation of edges, 

intercalation, expansion, and exfoliation. The bias potential can also be reversed to 10 V for 

reduction of oxidized carbon and final exfoliation [16, 98, 99]. Afterward, the exfoliated graphitic 

produce collected by vacuum filtration and repeatedly washed with Milli-Q water and ethanol to 

remove the residual electrolyte. After that, the product obtained is dispersed in a solvent of interest 

(dimethylformamide, N-methyl-2-pyrrolidone) by ultra-sonication. The graphitic particles are 

separated by centrifuging the dispersion at 1000 rpm for 10 minutes. Similarly, the supernatant can 

further be centrifuged at a different speed to fractionate the graphene (GP) into various layered 

components, 2500 rpm (multi-layer), 5000 rpm (thin layer) and 14000 rpm (few layers). As shown 

in Figure 2-1 (part B), the graphene components then re-dispersed in deionized water by low power 

sonication for 15 minutes and then frozen at -80 C. The graphene powder is obtained by freeze-
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drying. Finally, N-doping is achieved by heating the graphene powders at 950 °C under Argon/NH3 

atmosphere for 15 minutes to get the N-doped graphene (N-GP950).  

 

2.1.2 Electrochemical fabrication of Titanium dioxide 

Titanium dioxide nanotube (TiO2-NT) membranes can be prepared by electrochemical anodization 

of Ti foil in fluoride ethylene glycol solution or aqueous solution. The anodization experiment is 

performed in a polytetrafluoroethylene (PTFE) cell with a two- or three-electrode system [100-

102]. Graphite plate is used as a negative electrode. A positive bias potential is applied between 

the electrodes (Ti foil and graphite plate) placed 2 cm apart for a specified time using a DC power 

supply (PSC-260, Circuit Test Electronics).  

 

Figure 2-2 A scheme of fabrication of highly ordered TiO2-nanotubes arrays by anodic oxidation of Ti substrate (a) 

anodization experimental setup, and (b) a typical SEM image of the as-anodized TiO2-NTs. 

 

The anodization experiment cell setup and a typical SEM image of the as-anodized TiO2-NTs are 

shown in Figure 2-2. Before anodization, the substrates are polished by using 800 Grit fine silicon 

carbide sandpaper. Subsequently, the substrates are washed thoroughly by sequential 

ultrasonication (40 kHz, 80 W) in acetone, ethanol, and Milli Q water and dried under nitrogen gas. 

The as-anodized TiO2-NTs then was used to support MoS2 sheets. 
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2.1.3 Slow evaporation method 

Slow evaporation method can start by dispersing the support materials in a suitable solvent. To the 

dispersion, an equal volume of the solution of supporting material added dropwise while stirring. 

The mass ratio of support material and supporting material is fixed. The resulting mixture is 

continuously stirred at room temperature for at least two hours. Subsequently, the reaction mixture 

is slowly heated (65 C) to evaporate 75% of the original solution. Afterward, the slurry is left to 

dry in an air-oven at 95 C overnight, to yield the desired product. 

 

 
Figure 2-3  Schematic illustration of the immobilization of FePc on the N-doped graphene. 

 

In this study, the direct, slow evaporation method was used to immobilize FePc on the graphene 

under atmospheric conditions. The preparation scheme of FePc/graphene is shown in Figure 2-3. 

The grafting of FePc in the N-graphene is facilitated by the - interaction and interfacial bonds 

between the Fe in the FePc and the residual oxygen groups in the N-doped graphene. Additionally, 

the hydrothermal method was used to prepare the composite of MoS2 and TiO2-nanotubes. 
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2.1.4 Solvothermal synthesis 

Solvothermal synthesis involves solution-based chemical reactions carried out in a sealed, heated 

solution above ambient temperature and pressure. When a solvent is heated in a sealed vessel, the 

autogenous pressure is developed, which by far exceeds the ambient pressure. Thus, the solution 

is brought to temperatures well above their boiling points. The pressure within the sealed reaction 

vessel depends on other experimental factors, such as the percentage fill of the vessel and any 

dissolved salts [103, 104]. A typical solvothermal synthesis is commonly performed using Teflon-

lined stainless autoclave, as shown in Figure 2-4. 

 

 

Figure 2-4 A schematic cross-section view of a Teflon-lined, stainless autoclave. 

 

Precise control over solvothermal synthetic conditions is essential for controlled-growth of 

nanostructures. This method is widely applied to generate different kinds of nanomaterials [103, 

105]. The controllable conditions in the hydrothermal reaction include the concentration, pH of the 

solution, time, pressure, and organic additives or templates, and temperature. In this study, the 

hydrothermal method was used to prepare the MoS2 nanostructures. 
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2.2 Physical characterization methods 

Various characterization techniques were employed to investigate different properties of prepared 

materials. The methods used in the present work include X-ray photoelectron spectroscopy (XPS), 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray Diffraction 

(XRD), and UV-visible electronic absorption spectroscopy. 

 

2.2.1 X-ray photoelectron spectroscopy 

XPS is a potent tool for material science. XPS is based on the measurement of kinetic energy (KE) 

of photoelectrons generated when a sample is irradiated with X-rays of well-defined energy (hν), 

e.g., from monochromatic Al Kα rays. Figure 2-5a illustrates the photoelectrons generation. From 

the relationship (Equation 2-1), the binding energy (BE) can be determined [106]. 

 

𝐵𝐸 = ℎ𝑣 − (𝐾𝐸 + 𝜑)   (2-1) 

 

Where φ is the work function of the material. The binding energies are characteristic for different 

orbitals of the specific element. The peaks in the XPS spectrum are the identity of particular atoms. 

Thus, the surface composition of the sample can be analyzed. A chemical environment, such as 

bonding in molecules causes the binding energies to shift. Therefore, it is possible to determine the 

identity of surface species, chemical nature (electronic state) as well as quantification. XPS is 

usually conducted under ultra-high vacuum (UHV) conditions. The information obtained in XPS 

comes from the surface of the sample, with a sampling depth in the order of 5 nm [106]. Figure 2-

5b shows the XPS spectrum of FePc/N-doped graphene composite where the electrons of various 

elements are labeled. In this work, the XPS has been used to determine the surface composition of 
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all materials studied, type of nitrogen functionalities, e.g., pyridinic, pyrrolic, etc., in the N-doped 

graphene, FePc, and FePc/N-doped graphene, and electronic interaction in the FePc/N-graphene. 

 

Figure 2-5 Principle of X-ray photoelectron spectroscopy (a) photoelectron generation caused by absorption of 

incoming light by a core electron, (b) a typical XPS survey spectrum of FePc/N-graphene. 

 

2.2.2 Transmission electron microscopy 

TEM is a compelling technique for structural and chemical characterization of materials. TEM can 

directly image atoms in a crystalline specimen at a resolution close to 0.1 nm, which is smaller than 

the interatomic distances [107]. TEM provides different types of diffraction patterns such as dots, 

regions, or circles which have originated from the irradiated area of the sample. Dotted, center-

circled and diffuse-circled diffraction pattern indicate mono-crystalline, the polycrystalline and 

amorphous structure of the specimen, respectively. This type of characterization of materials is 

essential at a length scale from atoms to hundreds of nanometers. Thus, TEM provides information 

such as particle size, shape, interparticle interaction, crystallinity, number of layers, and 

morphology. The specimen should be thin enough to allow to transmit through the sample. The 

beam of electrons is focused through the specimen. Interaction between the beam and specimen 
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generates scattered electrons according to the Bragg’s law along with some unscattered electrons 

in the forward direction after the sample has been detected [108-110]. The scattered beams at small 

angles are focused by the objective lens to form a diffraction pattern at its back focal plane. The 

scattered beams are recombined to create an image in the image plane. The block diagram of a 

typical TEM shown in Figure 2-6. In the case of diffraction patterns, the whole illuminated area of 

sample generates electrons to protect the screen, a virtual image of the specimen produced by 

placing a small aperture in the image plane of the objective lens. The pattern obtained by placing 

this aperture is called selected area electron diffraction (SAED). 

 

 

Figure 2-6 Block diagram of a typical transmission electron microscopy [109]. 

 

In this thesis, we used JEOL 2100F TEM at 200 KV [à l’école Polytechnique de Montréal] to 

obtain topological, morphological, compositional and crystallographic information about of the 

materials studied (the graphene, N-doped graphene, FePc, FePc/N-doped graphene, TiO2-
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nanotubes, and MoS2/TiO2-nanotubes). The TEM can be coupled with an analytical technique, 

energy dispersive X-ray spectroscopy (EDS) used for the elemental analysis. This technique relies 

on the interaction between the sample and electromagnetic radiation. The X-rays emitted from the 

sample during bombardment by an electron beam detected and analyzed to characterize the 

elemental composition of the analyzed volume. 

 

2.2.3 Scanning electron microscopy 

SEM is a powerful technique for imaging the surfaces of any material with a resolution down to 1 

nm. In SEM, a focused electron beam scans over the surface of the sample in vacuum to extract 

structural and chemical information point-by-point from a region of interest in the example. The 

average beam diameter of the SEM is in the range of 5 nm to 2 μm, and the working (accelerating) 

voltage is in the range of 2 to 50 KV. SEM deals with basically three types of electrons: secondary 

electrons, backscattered electrons, and elemental X-ray. In SEM, secondary and backscattered 

electron signals are used for the visualization of the surface of a specimen. Secondary electrons, a 

result of inelastic collisions, are used to image the surface structure of a sample with the resolution 

of 10 nm or better. Nevertheless, backscattered electrons, a result of the elastic collision, help to 

resolve topographical contrast and atomic number contrast with a lateral resolution better than 1 

micron. While secondary electron imaging infers energy of the emitted electrons below 50 eV, the 

backscattered electrons have a strength higher than 50 eV. SEM can only deal with conductive 

specimens and provides surface imaging. Also, it cannot detect the materials which have an atomic 

number smaller than that of carbon [108-110]. 
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2.2.4 UV-visible electronic absorption spectroscopy 

UV-visible electronic absorption spectroscopy (UV-vis) is one of the optical spectroscopic 

techniques widely used to study the optical properties of different materials. The basic operating 

principle of UV-vis spectroscopy based on the measurement of light absorption due to electronic 

transitions in a sample. In this technique, the wavelength of light required for the automatic 

transition originates from the UV and visible region of the electromagnetic radiation spectrum. The 

typical UV-vis consists of a light source, a monochromator, sample cell, and a detector. The light 

source which emits electromagnetic radiation in the UV region is a deuterium lamp while a 

tungsten lamp is used for wavelengths in the visible part of the spectrum. The monochromator is a 

diffraction grating; its role is to disperse the incident beam of light into its component wavelengths. 

Then the desired wavelength is focused on the sample cell. The light that passes through the sample 

cell reaches the detector, which records the intensity of transmitted light. The detector is either 

photomultiplier tubes, photodiodes, or a charge-coupled device [109]. 

 

 

Figure 2-7 Block diagram of key components of a typical UV-vis spectrometer. 

 

As illustrated in Figure 2-7, in a typical measurement, the intensity of light from a light source is 

measured by a detector, where no sample in the sample cell is taken as background/reference. If 

the sample absorbs light at any wavelength, the intensity of transmitted light will be reduced. The 
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intensity of transmitted light is then plotted as a function of light wavelength producing the 

absorption spectrum of a sample. Furthermore, the more effectively a molecule absorbs light of a 

given wavelength, the greater the extent of light absorption. These absorptions are explained by 

empirical expression known as Beer-Lambert law, (Equation 2-2), where absorbance, A, is related 

to the incident light intensity, Io, and transmitted intensity, I, molar concentration of the sample, c, 

length of the sample cell, l, in cm, absorption coefficient, α, and molar absorptivity, ε [109]. 

 

   𝐴 = 𝑙𝑜𝑔 𝐼𝑜 𝐼 =⁄ 𝜀𝑐𝑙 = 𝛼𝑐   (2-2) 

 

Therefore, both Io and I can be determined empirically, and if l and c are known, the absorption 

coefficient can also be determined. The absorption coefficient is dependent on the wavelength, and 

when plotted as a function of wavelength, λ, the spectrum of interest is obtained which represent 

fundamental electronic properties of the given sample. In most UV-vis spectrometers the 

wavelength range of 200 nm to 800 nm. The sample cell must be constructed of a material that is 

transparent to electromagnetic radiation used in the experiment and does not absorb radiation in 

this region of the spectrum. In this work, the UV-vis was used to determine the quality of the 

graphene exfoliated by electrochemical method and the electronic interaction in the FePc/N-

graphene composite. 
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2.2.5 X-ray diffraction 

The XRD method is a powerful technique for determining the crystal structure of crystalline 

materials [111]. A crystalline sample scatters incident X-rays according to Bragg’s law (Equation 

2-3): 

𝑛𝜆 = 2𝑑sin𝜃     (2-3) 

Where λ is the wavelength of the X-ray beam, θ is the incident angle, and d is the distance between 

crystal planes. The value of d is dependent on the Miller indices h, k, and l. The crystal phase of 

the materials can easily be identified by examining the diffraction pattern. While small angle 

scattering is useful for evaluation of the average interparticle distance, wide-angle is instrumental 

for refining the atomic structure of nanoclusters [111]. In this thesis, we have used a diffractometer 

named X-pert Philips (equipped with a Panalytical X'celerator detector), using graphite 

monochromatized Cu Kα radiation (λ = 1.54056 Å) to determine the crystal structure of the free-

standing nanotubes membrane. 

 

2.3 Electrochemical characterizations 

In this subsection, electrochemical techniques employed to characterize and evaluate the 

electrochemical properties of the electrocatalysts introduced. 

 

2.3.1 Rotating disk electrode 

The rotating disk electrode (RDE) is a widely used system to evaluate the electrocatalytic activity 

of ORR catalysts for fuel cells. It allows for the screening of catalysts under controlled quasi fuel 

cell conditions, i.e., constant reactant flux and steady state. Information that can be obtained 
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includes kinetic parameters such as the rate regular of the reaction, and electron transfer number 

[112, 113]. The RDE is simple to construct with a variety of electrode materials. Its assembly 

consists of a disk of the electrode material (inert metals and glassy carbon) embedded into a rod of 

an insulating material such as Teflon or epoxy resin (Figure 2-8a). The assembly is often referred 

to as an electrode tip. The electrode tip is attached to a control motor directly by a flexible rotating 

brass shaft and is rotated at a particular frequency, f (revolutions per second). From the rotation 

frequency, a useful descriptor of rotation rates, the angular velocity,  (s-1) is determined ( =

2𝜋𝑓). Electrical connection is made to the electrode by means of a brush contact [112]. RDE creates 

a totally defined solution flow pattern in which the mass transport of the species is almost 

completely due to convection. Thus, RDE can be used to calculate parameters related to mass 

transport. 

 

Figure 2-8 Schematic presentation of the working electrode, (a) rotating disk electrode and (b) rotating ring-disk 

electrode. 
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2.3.2 Rotating ring-disk electrode 

Rotating ring-disk electrode (RRDE), a variant of the RDE which includes a glassy carbon disk, 

and second electrode a concentric ring electrode (Pt or Au) placed outside the disk and used to 

analyze the species generated on the disk (Figure 2-8b). The ring is electrically insulated from the 

disk so that their potentials can be controlled independently. By measuring the current at the ring 

electrode, information about what is occurring at the disk electrode surface can be obtained. For 

example, if the potential of the ring is held at the foot of the wave for the reduction of species, O, 

present at disk electrode surface to form a product R, which is swept over to the ring by the radial 

flow. At the ring, the product R will be oxidized back to species О (or be collected). The ring 

current is recorded from the oxidation of R, at the ring electrode. The ring current relates to disk 

current by a quantity N, called the collection efficiency. The collection efficiency is the fraction of 

the material from the disk, which subsequently flows past the ring electrode. It can be expressed as 

a fraction between 0.0 and 1.0 or as a percentage. The collection efficiency is empirically 

determined using a well-defined redox system. The most straightforward redox couple is 

ferrocyanide/ferricyanide and is commonly used as the basis for evaluation of the collection 

efficiency [113-115]. The RRDE is placed in an electrolyte of interest (i.e., 0.1 M KOH) containing 

a small concentration (10 mM) of potassium ferricyanide, K3Fe(CN)6. The experiment is performed 

at varying rotation frequency, between 500 to 2000 rpm. The ring electrode is held at a constant 

potential of 1.55 V. At this potential, oxidation of [Fe(CN)6]
4- produced at disk electrode proceeds 

under diffusion control, while the oxygen evolution reaction at Pt ring is negligible [114-117]. The 

collection efficiency is then determined from the ratio of limiting ring (iR) and disk (iD) currents 

(in units of mA). During oxygen reduction experiment, the HO2
− species generated at the disk is 

detected at the ring electrode. The corresponding electron transfer number (ne-) and the fraction of 

current due to HO2
− is recorded by ring electrode (HO2

−) during ORR is calculated by Equations 
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1-3 and 1-4. The RRDE experiments are usually carried out with a bipotentiostat, which allows 

separate adjustment of disk and ring potentials. Several different types of tests are possible at the 

RRDE. The most common measurements are collection experiments, where the species generated 

from the disk is detected at the ring, and shielding experiments, in which the flow of bulk 

electroactive species to the ring is perturbed because of the disk reaction [113]. 

 

2.3.3 Electrochemical cell setup 

The electrochemical measurements were carried out in a three-electrode cell system under either a 

dry nitrogen or oxygen atmosphere at 22 C. The three-electrode electrochemical cell setup and 

block diagram of RRDE apparatus for a bipotentiostat are shown in (Figure 2-9a-b). 

 

 

Figure 2-9 Three-electrode electrochemical cell system. (a) A cell setup, and (b) block diagram of RRDE apparatus 

for a bipotentiostat. 

 

The electrodes used in this study were; the working electrode (WE): modified glassy carbon (GC), 

5.61 mm, or 5 mm. Reference electrodes (RE) were saturated calomel electrode (SCE) for acidic 

electrolyte and Hg/HgO in the alkaline electrolyte. In all ORR experiments, the counter electrode 
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(CE) was Pt-wire and graphite rod for the HER. All the electrochemical measurements were 

conducted by using either a bipotentiostat, PINE Research Instrumentation (Model PGSTAT-

72637) workstation or an Autolab electrochemical system (Model, PGSTAT-302, Ecochemie, 

Brinkman Instruments). 

 

2.3.4 Linear sweep and cyclic voltammetry 

Linear sweep and cyclic voltammetry methods have been widely employed for numerous necessary 

studies of electrochemical systems and analytical purposes. These techniques are especially 

powerful tools in the study of electrode reaction mechanisms and electrode surfaces. In linear 

sweep voltammetry, the potential is linearly swept concerning time (t) at a constant scan rate () 

from an initial potential E1 to a final potential E2. Figure 2-10a shows excitation where the potential 

is swept from positive to negative with time while recording the variation of current (i) as a function 

of potential (E). If the potential swept in the cathodic direction with the initial potential well 

positive of the formal potential of an electrode (E) for the reduction, only nonfaradaic currents 

would flow for a while. When the electrode potential reaches the vicinity of E°, the reduction 

process begins, and the current starts to flow. 

 

Figure 2-10 Line sweep voltammetry measurement. (a) Excitation of linear sweep voltammetry, (b) typical linear 

sweep voltammogram of reduction of electroactive species for stationary electrode [112]. (c) Characteristic ORR 

polarization curve of Pt/C recorded by RDE system with the electrode rotation rate of 2000 rpm [118]. 
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As the potential is swept further to more negative, the surface concentration of the oxidized species 

decreases drastically; hence, the flux to the surface (and the current) increases. As the potential 

moves past E°, the surface concentration of oxidized species drops nearly to zero, mass transfer of 

oxidized species to the surface reaches a maximum rate, and then it declines as the depletion effect 

begins. Therefore, the resulting current-potential curve is peaked, as depicted in Figure 2-10b. A 

typical LSV of oxygen reduction for Pt/C recorded from RDE system with an electrode rotation 

rate of 2000 rpm is shown in Figure 2-10c. From the LSV some performance parameters of the 

reaction kinetics are identified: the onset potential (Eonset), half-wave potential (E1/2), overpotential 

under a specific current density (ηj), and diffusion-limited current density (jL). The diffusion-

limited current density of the plateau (Figure 2-10c) is calculated from the Levich equation 

(Equation 2-6). This equation applies to the mass-transfer-limited conditions at the electrode 

surface and predicts that jL is proportional to the square root of angular velocity () in the unit of 

rad s-1 [118]. Where n, 𝐷𝑜, v, F and 𝐶o
∗s the total electrons transfer number, diffusion coefficient of 

the reactant, kinematic viscosity of the electrolyte, Faraday constant and concentration of the 

reactant in the bulk electrolyte, respectively.  

𝑗𝐿 = 0.62𝑛𝐹𝐴𝐷𝑜
2/3

𝜔1/2𝜈−1/6𝐶o
∗   (2-6) 
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+

1

0.62𝑛𝐹𝐴𝐷𝑜
2/3

𝜔1/2𝜈−1/6𝐶𝑜

  (2-7) 

The electrochemical and hydrodynamic properties of RDE/RRDE are correlated with the 

Koutecký-Levich (K-L) equation (Equation 2-7). Where, j is the measured current density, and jk 

represents the current density in the kinetic controlled effects, when the mass transfer are efficient 

to keep the 𝐶O at the electrode surface equal to the 𝐶O
∗  value, regardless of the electrode reaction. 
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From Equation 2-7, the plot of j-1 vs -1/2 at a given value of  is predicted to be linear, and the 

intercept of the plot allows the determination of kinetic parameters. Also, the ne- can be deduced 

from the slope of the linear plot.  

The ORR mechanism of oxygen reduction can be quantitatively probed based on the forced 

convection methods on the RRDE/RDE. In the RRDE method, the ORR takes place on the disk 

electrode, and production of peroxide/hydroperoxyl (HO2
-) can directly be measured by recording 

its oxidation current (Equation 2-8) on the ring disk.  Figure 2-11 depicts the schematic presentation 

of the oxygen reduction reaction processes on a RRDE, where k1, k2, k-2, k3, k4, and k5 are the 

reaction rate constants. It follows that when k2 = 0, direct 4e- transfer occur in the O2/OH- redox 

couple. And when the k1 = k3 = 0, 2e- transfer O2/HO2
- redox couple is the only process occurring 

at the electrode surface [119].  

HO2
-
 + OH

-
 → O2 + H2O + 2e-   (2-8) 

 

 

Figure 2-11 Schematic presentation of the oxygen reduction reaction processes on a rotating ring-disk electrode 

[119]. 
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The total number of electrons (ne-) transfer during the reduction of one oxygen molecule can be 

calculated by considering the disk current (iD) and ring current (iR) using Equation 2-9 where N is 

the collection efficiency of the RRDE, defined as the fraction of product from the disk to the ring. 

Similarly, the fraction of the HO2
- (𝜒𝐻𝑂2

−) is defined as the ratio of total moles of HO2
- produced to 

O2 reduced and is calculated by Equation 2-10. For RDE measurement, the electron transfer 

number can be calculated by a method based on the Koutecký-Levich theory, specifically using 

Equation 2-7, which describes the current density behavior on the RDE [112, 114].  

𝑛e− =
4𝑖𝐷

𝑖𝐷+𝑖𝑅/𝑁
      (2-9) 

𝜒𝐻𝑂2
− =

2𝑖𝑅/𝑁

𝑖𝐷+𝑖𝑅/𝑁
     (2-10) 

On the other hand, cyclic voltammetry (CV) is a reversal technique of the LSV where the potential 

of an electrode in solution is linearly scanned from an initial potential possibility to the final 

potential and back to the initial potential making one cycle (see Figure 2-12a). The data are 

recorded as current density vs. potential, and represented in a waveform called a cyclic 

voltammogram, as shown in Figure 2-12b.  A typical CV of Pt/C recorded in 0.1 M KOH solution 

saturated with nitrogen gas is shown in Figure 2-12c. The CV is a versatile technique, especially 

for initial electrochemical studies of new systems and in obtaining information about somewhat 

complicated electrode reactions. CV can probe information on redox active species within the 

catalyst, which can be correlated to the catalytic activity and ultimately giving information about 

the active site. If active redox species are present, a reduction and oxidation peak will be observed. 
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Figure 2-12 Cyclic voltammetry measurement. (a) Cyclic potential scan, (b) a resulting cyclic voltammogram of 

electroactive species for stationary electrode [113], (c) a typical cyclic voltammogram of Pt/C in 0.1 M KOH recorded 

at a scan rate of 50 mV s-1. 

 

Both techniques (LSV and CV) are used in this study to evaluate the activity and durability of the 

prepared material for the ORR. In practice, first, the background currents are recorded in the 

presence of inert atmosphere (N2-saturated electrolyte). Under similar experimental conditions, 

ORR currents are recorded in the O2-saturated electrolyte. Then the ORR currents (Faradaic 

currents) are obtained by subtraction of the background currents (measured under N2) from the 

current measured under O2. To condition the catalyst layer, the potential is cycled at various scan 

rates in the presence and absence of O2 until no change is observed in the voltammogram. The 

initial potential cycling ensures that the surface is electrochemically clean, and the whole accessible 

catalyst surface area is adequately wet with electrolyte [120]. 
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2.3.5 Accelerated durability test 

The accelerated durability test (ADT) was conducted with a glassy carbon modified electrode. The 

electrode was cycled between 0.6 and 1.2 V for 5000 cycles in O2-saturated 0.1 M KOH solution 

at room temperature, with scan rate 50 mV s-1. Before and at the end of 5000 cycles, LSVs were 

recorded to track the degradation of the catalysts. The scan rate of 10 mV s-1 and the rotation of the 

electrode of 1600 rpm were used. 

 

2.3.6 Chronoamperometry 

Chronoamperometry (CA) has the simplest potential waveform, the potential step. During CA 

measurement, the potential is changed instantaneously from the initial possibility to the first step 

potential, and it is held at this value for the first step time. If the experiment end-up at this step, it 

is a single potential step experiment. However, if the potential is changed to the second step 

potential after the first step time, and which is then held at that value for the second step time it is 

a double potential step experiment [24, 112, 121]. CA is a time-dependent technique where a 

square-wave potential is applied to the working electrode. The current of the working electrode is 

measured as a function of time. The current at the working electrode fluctuates according to the 

diffusion of an analyte from the bulk solution toward the electrode surface. Therefore, CA can be 

used to measure the current-time dependence of the diffusion-controlled process occurring at a 

working electrode surface. In this work, CA experiments were carried out to examine the 

electrochemical activity and stability of the electrocatalysts.  
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2.4 Presentation of results 

The results are presented into three independent chapters, each corresponding to a particular article. 

In chapter 3, controlled fabrication of large pieces high-quality graphene through the low-cost 

electrochemical method and their use as efficient metal-free ORR electrocatalysts were presented. 

Chapter 4 shows the results of the preparation of FePc/N-doped graphene as non-precious metal 

electrocatalysts for ORR using a simple, direct, and low-cost approach. Finally, chapter 5 is the 

extension of the application of the electrochemical method in controlled fabrication of TiO2-

nanotubes membrane using titanium as substrates and their potential application as an active 

electrode for hydrogen evolution.  
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Chapter 3  Graphene-Based Metal Free Electrocatalyst for Oxygen 

Reduction 

The use of precious metal-based materials as the benchmark electrocatalysts to facilitate the oxygen 

reduction reaction (ORR) limit the mass application of fuel cells. The exploration of efficient, low 

cost and highly durable non-precious ORR electrocatalysts, to replace the rare and expensive Pt-

based catalysts, is critical. In this work, we fabricate a few layers of high-quality graphene by a 

straightforward electrochemical approach using abundant and low-cost materials. Further, we 

investigate the use of the graphene as efficient and durable metal-free ORR electrocatalyst. 

 

3.1 Introduction 

The oxygen reduction reaction (ORR) is a fundamental process in energy conversion devices such 

as fuel cells [5] and energy storage technologies such as metal-air batteries [3, 122]. The ORR is a 

cathodic process which plays a critical role in the overall performance of a fuel cell. In aqueous 

solution, the ORR is a slow and highly irreversible process [118, 123, 124]. Due to the inherent 

nature of the sluggish kinetics of ORR, the demand for highly efficient electrocatalysts is 

indispensable to improve the performance of fuel cells. 

Currently, platinum (Pt) based catalysts are the only commercially available efficient catalysts for 

fuel cells. However, the high cost and low abundance of Pt hinder the wide-spread 

commercialization of hydrogen fuel cells [63, 125, 126]. Besides, in normal test conditions, Pt-

based catalysts suffer from susceptibility to methanol cross-over, carbon monoxide poisoning, 

carbon corrosion, and Pt particles agglomeration [16, 125, 127]. Considerable efforts have been 

directed towards 1) decreasing Pt content in the catalysts by developing either Pt-metal alloy or 
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novel support materials and 2) replacing Pt-based catalysts by either non-precious metal [25, 26, 

70, 128, 129] or metal free materials [21, 23, 79, 130]. In particular, the exploration of highly 

efficient and inexpensive metal-free electrocatalysts for the ORR is widely investigated [21, 78, 

131]. Among various alternatives, graphene is an emerging and promising candidate for a metal-

free catalyst to replace Pt, especially in alkaline media.  

Graphene, a two-dimensional sheet of sp2 carbon atoms covalently bonded into a honey comb 

lattice matrix, displays unique physicochemical properties, such as large surface area, high 

electronic conductivity, and excellent chemical stability [32, 132, 133]. These remarkable features 

may be useful for many potential applications such as electronic devices, transparent electrodes, 

catalysis, energy storage, and conversion [134-137]. Moreover, it has been shown that the catalytic 

activity of graphene can be increased significantly by doping it with heteroatoms such as N and S 

atoms [32, 133]. Accordingly, when graphene is doped with N-atoms, it is found to have excellent 

electrocatalytic activity towards ORR in alkaline media [138, 139]. 

The specific method used to prepare graphene is also crucial for ORR electrocatalysis, as it is 

closely related to the quality, yield, and efficiency of the final product, as well as its production 

cost. Therefore, methods that preserve the inherent properties of graphene, while avoiding the use 

of any hazardous chemical/condition, are highly desired [98, 140, 141]. However, in the most 

traditional Hummer’s method for the preparation of graphene, strong mineral acids and oxidizing 

agents are used, causing several manufacturing challenges which are not easy to address [16, 142]. 

On the other hand, for ORR applications, catalysts with high surface area, excellent electronic 

conductivity, and balanced, functional groups are highly desired. Although perfect reduced 

graphene oxide (r-GO) inherently has a high surface area and excellent conductivity, its 
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hydrophobic nature causes challenges such as electrode wettability, thereby decreasing the ORR 

performance [143]. 

On the other hand, the highly hydrophilic graphene oxide shows poor conductivity, which is 

unfavorable for ORR. Therefore, a method that could lead to high-quality graphene with well-

balanced catalytic properties is highly desirable. In this context, electrochemical exfoliation is a 

promising method for the preparation of graphene for ORR electrocatalysis. The electrochemical 

approach potentially has many advantages over traditional chemical methods, including its being 

simple, easily scalable, and cost-effective, and most importantly allowing the tuning of the level of 

oxidation [16, 99]. Graphene exfoliated using electrochemical methods are of high quality, with a 

few defects. In this work, taking advantage of the electrochemical exfoliation method, we use two 

types of raw materials, i.e., graphite plate and graphite foil, to prepare high-quality graphene under 

different reaction conditions. Systematic studies revealed that N-doping was successfully achieved 

with pyridinic nitrogen dominance. The ORR activity of the catalysts varied significantly with the 

exfoliating and post-exfoliation conditions. The optimal N-doped graphene exhibits comparable 

ORR performance to commercial Pt/C catalysts. Our work suggests that the low cost and 

environmentally friendly electrochemical method is a potentially viable approach to prepare 

graphene with excellent ORR activity. 

 

3.2 Experimental 

3.2.1 Materials. 

Graphite plate (99%) and foils (0.5 mm, 99.8%) were purchased from Alfa Aesar, Fischer 

Scientific. Ammonium sulfate ((NH4)2SO4, 99 %)), Polyvinylpyrrolidone (average molecular 

weight 40,000) (99%), 2,2,6,6-Tetramethyl-1-piperidinyloxy, (TEMPO) (98%), Pt on Vulcan 
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(20%, XC-72R; E-TEK), potassium hydroxide (KOH) and reagent alcohol, were purchased from 

Sigma-Aldrich. All chemicals were of analytical grade and used without further purification. 

 

3.2.2 Electrochemical exfoliation of graphite 

The exfoliation of graphene (GP) was carried out using a DC power supply in a two-electrode cell 

as reported elsewhere with slight modification [16, 140, 141]. In a typical synthesis, graphite 

substrates (graphite foils and plates) served as a positive electrode, and Pt wire acted as a negative 

electrode in an electrochemical cell filled with (NH4)2SO4 (0.1 M) aqueous solution. A constant 

biased potential of ±10 V was applied between the two electrodes. The exfoliation of graphene was 

achieved at room temperature (~22 °C) and in some cases carried out at different temperatures (22, 

40, 60, and 80 °C) in a heated oil bath. The duration of the exfoliation process depended on the 

graphite source, the concentration of the electrolyte, and the applied bias potential. To gain insights 

on the quality of the exfoliated graphene, different doses of an organic reagent, TEMPO was added 

to some recipes. Figure 3-1 display the scheme of exfoliation of the graphite substrate. The as-

exfoliated product was collected and thoroughly washed with deionized water and reagent alcohol 

by vacuum filtration, then dispersed in water by sonication for 15 minutes. The graphitic particles 

which are not wholly exfoliated were separated from graphene by centrifuging the dispersion at 

1000 rpm for 10 minutes. The fine suspension in the upper part of the centrifuge tube was 

fractionated into components with different graphene layers by controlling the centrifugation speed 

from 2500 rpm (to get multi-layers), 5000 rpm (to get thin layers) to 14000 rpm (to obtain very 

thin layers). The graphene powders were obtained by freeze-drying. While, the graphene powder 

samples collected from graphite plates denoted as GP, those from graphite foils denoted as GPf. 

The obtained graphene was screened for oxygen reduction reaction in alkaline solution. The 
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optimized samples were functionalized with nitrogen atoms by heating the graphene powders at 

950 °C in argon for 60 minutes and then in ammonia (NH3) for 15 minutes to obtain nitrogen-

doped graphene. 

 

 

Figure 3-1 Schematic illustration of the setup for the electrochemical exfoliation production of graphene, and the 

exfoliation mechanism in aqueous (NH4)2SO4 solution. 

 

 

3.3 Characterization of graphene  

3.3.1 Physical characterization  

The structural morphologies and composition of the catalysts were characterized using 

transmission electron microscopy (TEM, JEOL JEM-2100F operated at 200 kV), field emission 

scanning electron microscopy (FE-SEM) and X-ray photoelectron spectroscopy (XPS) using a VG 

(Escalab220i - XL) equipped with Al Kα line as an excitation source. The electronic structure was 

investigated using a UV-vis absorption spectrophotometer (thermos scientific Nanodrop 2000c). 
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3.3.2 Electrochemical characterization 

The graphene ink was prepared by dispersing 10 mg of the catalyst to the solution of ethanol (350 

l) and Nafion ionomer (95 l, 5wt %), followed by two cycles of 15 minutes sonication and 

agitation in a vortex shaker. This ink, then casted on the disc part of the rotating ring disc electrode 

(RRDE, 5.61 mm diameter glassy carbon disk and Pt ring) or the 5.0 mm diameter glassy carbon 

rotating disc electrode (RDE), with a catalyst loading of 0.8 mg cm-2. For comparison, 20 wt% Pt/C 

catalyst (E-ETK) was prepared through the same procedure with a loading amount of 100 μg/cm2 

(20 μgPt/cm2). All electrochemical measurements were carried out in a three-electrode cell at room 

temperature using the Autolab electrochemical system (Model, PGSTAT-302, Ecochemie, 

Brinkman Instruments). In all experiments, Pt wire and mercury/mercury oxide (Hg/HgO) was 

used as the counter electrode (CE) and a reference electrode (RE), respectively. The ORR activity 

of the graphene catalysts was evaluated in O2 saturated 0.1 M KOH solution with scan rates of 50 

mV s-1 and 10 mV s-1 for cyclic Voltammetry (CV) and linear sweep voltammograms (LSVs), 

respectively, recorded in the range of 0 – 1.2 V. To record LSVs, the electrode was rotated at 1600 

rpm. The potentials in this work are normalized to the reversible hydrogen electrode (RHE). The 

peroxide yield (H2O2%) and the electron transfer number (n) were calculated using a ring, disk 

currents (Ir, Id) and the estimated collection efficiency (N = 0.37) using Equation 2-4 and Equation 

2-5. To investigate the stability of the catalysts accelerated degradation testing (ADT) were 

performed in the oxygen-saturated 0.1 M KOH between 0.6 and 1.0 V vs. RHE at 100 mV s-1. The 

LSV tests were carried in the oxygen-saturated electrolyte at the beginning and end of each ADT 

to evaluate the effect of the cycles on catalytic activity. 
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3.4 Results and discussion 

3.4.1 The electrochemical exfoliation of graphite 

Figure 3-1 illustrates a process of an electrochemical exfoliation of graphite which is widely 

accepted, to begin with, the oxidation of graphite edges and grain boundaries, followed by 

intercalation of water molecules and electrolyte ions into interlayers of graphite when a bias 

potential is applied [16, 98, 99, 140, 141]. The electrolysis of the intercalated species in the 

interlayers of graphite produces some gaseous products which cause the expansion of graphitic 

layers and consequently separation into particles with loosely attached layers or individual sheets 

of graphene [98, 99]. However, the mechanism of the exfoliation steps could be slightly different 

depending on the type of graphite raw material. For example, as shown in Figure 3-2, during the 

exfoliation of graphite foils to GPf, we observed only the expansion of graphite foil using a static 

bias potential of -10 V for five minutes. For both processes, expansion, and exfoliation were seen 

when the bias potential was +10 V for a similar duration. This observation can be accounted for by 

the degree of compaction of the two kind of graphite substrates and the mechanism of exfoliation. 

The graphite plate is made of fine grain, with high strength and density graphite as well as a high 

degree of compaction, it is very hard compared to the soft nature of the graphite foils.  

In the mechanism of graphite exfoliation, there are three suggested key processes; (i) oxidation of 

the edge sites and grain boundaries, (ii) intercalation of ions within the graphitic layers, and (iii) 

expansion and separation [16, 99]. Generally, in the optimized conditions of exfoliation of graphite 

foils, we applied a bias potential of +2.5 V for wetting, then ramped up to +10 V for the oxidation 

of edges, intercalation, and exfoliation. Afterward, -10 V is applied for the reduction of oxidized 

groups [16]. Due to the soft nature of the graphite foil, during the wetting process (by application 
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of +2.5 V), some of the electrolytes ions and water molecules easily intercalate into the layers of 

graphite foils. Since the graphite edges are not oxidized, when a bias potential is changed to -10 V, 

the reduced gaseous products of the electrolysis only causes the expansion of the graphite foil, but 

the force is not enough to create the separation of the graphene sheet. However, when a bias 

potential of +10 V is applied after wetting, all three key processes happen in sequence, i.e., the 

exfoliation is initiated by oxidation of graphite edges, followed by the intercalation, expansion 

(electrolysis of gaseous products) and separation to graphene. On the other hand, the alternation of 

bias potential -10/+10 V was necessary to achieve the exfoliation of graphite sheets using a graphite 

plate as a precursor. The difference in the mechanism of exfoliation is probably caused by the 

different compact degree and level of the order of the graphite used. 

 

 

Figure 3-2 Digital image of the experimental setup and foil substrates before and after the electrochemical 

exfoliation experiment in 1.0 M (NH4)2SO4 solution. (a) Before an exfoliation begins, (b) after exfoliation using bias 

of -10 V and (c) after exfoliation of a graphite foil using +10 V bias potential. Complete exfoliation of graphite foils 

was observed only when the positive static biased potential applied or alternation to the bias potentials (±10 V). 
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3.4.2 The structural morphology of graphene samples 

TEM and SEM used to investigate the morphologies of as-synthesized graphene samples. Figure 

3-3 shows representative TEM images of graphene exfoliated from a graphite foil (Figure 3-3a-c) 

and graphite plate (Figure 3-3d-f). The graphene sheets from both graphite sources appear to be 

large, uniform, and very thin. To identify the layer thickness of the samples, we performed high-

resolution TEM (HRTEM). Figure 3-3b,e displays typical HRTEM images showing the folded 

edges of graphene sheets reveal that the graphene is only a few layers. To obtain information about 

the crystal structure of the as-exfoliated graphene samples, we performed selected area electron 

diffraction (SAED) analysis. Figure 3-3c,f depict the SAED pattern images which indicate a clear 

single crystalline lattice structure with a characteristic hexagonal diffraction pattern of few layers 

graphene obtained from both graphite sources [98, 144]. However, there are some slight differences 

when using different graphite precursors. For example, very uniform, large piece and ultrathin (1-

2 layers) graphene sheets are obtained when the graphite foil is used, while small-sized pieces with 

less-uniform thickness graphene sheets are obtained when the graphite plate is used (as shown in 

Figure 3-3a, d). The degree of crystallinity is higher in the graphene that is exfoliated from graphite 

foil (GPf) than the graphite plate (GP). This could be attributed to the longer exfoliation time when 

the graphite plate is used, compared to graphite foils. The exfoliation process, using a graphite plate 

as precursor took about one hour or longer to obtain a significant amount of graphene, while it only 

takes 3-5 minutes to complete the process when using graphite foils. The long exfoliation time of 

graphite plate imparts the as-exfoliated GP to a more prolonged oxidizing environment, resulting 

in the formation of relatively small pieces with a large number of oxidized functional groups. 
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Figure 3-3 TEM images and selected area electron diffraction (SAED) of typical graphene samples exfoliated from 

graphite foils and plates. (a-c) Graphene of graphite foil (GPf). (d-f) Graphene of graphite plate (GP). (g,h) TEM 

images of N-doped graphene. (i) SEM images of GP at low magnification. Few-layers characterize the graphene from 

both graphite substrate, uniform, have a well-defined crystalline structure, and large sized. 

 

The selected area electron diffraction (SAED) features with less well-defined diffraction spots 

(Figure 3-3f), confirms the poor crystalline structure of the GP [145]. Figure 3-3g-h display the 

TEM images of graphene samples after NH3 pyrolysis (N-GP950). It is evident that the N-GP950 

retains all features of parent graphene that is large, uniform as well as a few layers. Figure 3-3i 

depict the SEM image of as-exfoliated GP, further confirming that the surface of graphene to be 

thin and uniform. 
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3.4.3 The degree of oxidation in graphene 

The degree of oxidation in graphene occurred during the exfoliation process was investigated by 

UV-vis absorption spectroscopy (Uv-vis). The analysis of electronic absorption gives useful 

information about the extent of oxidation during the exfoliation process. Figure 3-4 display the 

UV-vis absorption spectra of the graphene samples exfoliated in an electrolyte containing a 

different dosage of organic reducing agent, TEMPO. The absorption peak of the as-exfoliated 

graphene in an electrolyte containing no TEMPO dosage is observed at about 257 nm. The peaks, 

then gradually redshifted to 262, 266, and 270 nm as the amount of TEMPO in the electrolyte 

increased from 0.32, 0.64, to 0.96 mmol, respectively.  

 

 

Figure 3-4 UV-vis absorption spectra are showing absorption peaks of the graphene samples prepared in 0.1 M 

(NH4)2SO4 electrolyte containing different doses of organic reducing agent 2,2,6,6-Tetramethylpiperidine-1-oxyl 

(TEMPO). The reducing agent was added to reduce part of the functional groups introduced during exfoliation. 

 

These results are in good agreement with the absorption peak maximum of reduced graphene oxide, 

which is around 271 nm, and that of the graphene oxide occurs at ca. 231 nm [140, 146]. 

Furthermore, these results show the as-exfoliated graphene contains less oxidized carbon atoms. 
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The observed shifts in the absorption peak can be attributed to the restoration of C-C sp2 

hybridization within the graphene lattice structure. The absorption in this region (270 nm) arises 

from the excitation -plasmon resonance in the graphene structure [146-148]. Therefore, the 

occurrence of the absorption peak at ca. 257-270 nm for the as-exfoliated graphene further confirms 

the production of high-quality graphene with a controllable degree of oxidation employing 

electrochemical exfoliation methods. 

 

3.4.4 The surface chemical composition of graphene 

To investigate the surface chemical composition of the graphene samples, we conducted X-ray 

photoelectron spectroscopy (XPS) analysis. Figure 3-5 displays the XPS spectra of as-exfoliated 

graphene (GP) and nitrogen doped graphene (N-GP950). The survey spectra are shown in Figure 

3-5a, suggests that the as-exfoliated graphene contains two peaks, sharp and prominent C 1s peak 

at binding energy (BE) of 284.6 eV and relatively small O 1s peak at about 532 eV. The surface 

contents of O and C in the GP measured by XPS is 5 at% and 95 at%, respectively. The calculated 

ratio of C/O to be 19. This observation suggests the as-exfoliated graphene have fewer oxygen-

containing functional groups. The high ratio of C/O implies that the as-exfoliated graphene has a 

high degree of sp2 carbon [16, 147, 149]. On the other hand, the survey spectrum of the N-GP 

indicates the presence of N 1s peak in addition to C 1sand O 1s peaks, suggesting the successful 

doping of N atoms into the GP during pyrolysis in NH3. The surface concentration of C 1s, N 1s, 

and O 1s in the N-GP950 as estimated is 96.7 at%, 2.0 at% and 1.5 at%, respectively. The surface 

concentration of O in graphene found to decrease by 3.5 at% after pyrolysis. This decrease is 

attributed to the decomposition of carboxyl functional groups during pyrolysis as well as 

replacement of oxygen by nitrogen bonded to carbon. The plots in Figure 3-5b show deconvolution 
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of C 1s peak into a component main at binding energy (BE) of 284.6 eV for C=C, and minor peaks 

for C-O and C=O at BE of 285.5 eV and 286.7 eV, respectively in the as-exfoliated GP. The 

appearance of the C 1s peak with the main component at 284.6 eV for C=C, minor peaks at 285.5 

eV for C-O and 286.7 eV for C=O is a signature of the low level of oxidized species in the as-

exfoliated graphene lattice structure [16, 150]. These components of C 1s are consistent with 

previously reported electrochemical exfoliated graphene [16, 150]. 

 

 

Figure 3-5 XPS spectra of graphene exfoliated from a graphite plate (GP) (a) survey of as-exfoliated GP and N-

doped graphene (N-GP950) and high-resolution C 1s spectrum (b) as-exfoliated GP and (c) N-GP950, and (d) high-

resolution N 1s spectrum of the N-GP950. 

 

Similarly, Figure 3-5c display C 1s peak of N-GP950 deconvoluted into four components, 

corresponding to C=C (284.6 eV), C=N (285.5 eV), C-N (286 eV), and C=O (287 eV), 

respectively. It is well established that the charge distribution in the C atoms in the N-doped carbon 
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matrix can be influenced by the neighboring N dopants, which serve as a potential active center for 

ORR [151]. Besides, Figure 3-5d shows the deconvolution of the N 1s peak into four components 

corresponding to different N atom configurations. These components are assigned to pyridinic-N 

(398.3 eV, 71 at %), pyrrolic-N (400.2 eV, 9 at %), graphitic-N (401 eV, 16 at %), and oxidized-

N (402.7 eV, 4 at %). Furthermore, the prepared N-doped graphene contains the abundant 

composition of pyridinic-N, which contributes to one  electron to the  system of graphene. This 

phenomenon is believed to be able to enhance the ORR activity of the N-doped graphene [136, 

152, 153]. The XPS results are consistent with TEM analysis and Uv-vis measurement that the as-

exfoliated graphene is of high quality. Particularly, the N-doping and the abundance of pyridinic-

N argued to provide active sites for improving ORR electrocatalytic performance of carbon 

materials [152, 153]. 

 

3.4.5 The electrochemical properties of graphene 

The as-exfoliated graphene and the N-doped graphene was used as electrocatalysts for ORR. 

Firstly, we investigated the influence of the graphite sources on ORR performance of graphene. 

The LSV experiments were performed to evaluate the ORR activity of the as-exfoliated graphene 

from graphite foil (GPf) and plate precursors (GP). The ORR activity of the electrocatalysts was 

evaluated based on the exhibition of the highest possible positive value of the onset potential, half-

wave potential (E1/2) or current density at 0.80 V vs. RHE. Figure 3-6 shows the typical ORR 

polarization curves; the corresponding calculated electrons transfer number and percentage 

peroxide produced. The GP exhibited superior ORR activity than the GPf. GP displayed better 

onset potential (0.82 V vs. RHE), the half-wave potential (0.75 V) and current density at 0.80 V 

(0.34 mA cm-2) in comparison to 0.78 V, 0.67 V and 0.04 mA cm-2 respectively, of the GPf. 
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Furthermore, the as-exfoliated GP displayed better ORR performance in 0.1 M KOH solution than 

the graphene prepared by other methods, e.g., three-dimensional (3D) graphene [154, 155], 

nanosheets by grinding high purity graphite in ionic liquid [132, 156], edge-functionalized 

graphene by ball milling [143], and reduced graphene oxide by Hummer’s method [157, 158]. 

 

 

Figure 3-6 ORR polarization curves of (a) as-exfoliated graphene from graphite foil (GPf, black line) and graphite 

plate (GP, red line), and N-doped graphene (N-GP950, blue line), (b) The calculated electron transfer number, and 

peroxide production in the three catalysts. The measurements were carried out in N2, or O2 saturated 0.1 M KOH, scan 

rate: 10 mV/s at 1600 rpm. Showing the electrocatalytic activities towards ORR. 

 

Detailed comparison of ORR performance is given in Table 3-1. The improved ORR performance 

of GP is ascribed to the presence of numerous functionalized edges available for the adsorption and 

dissociation of O2 in addition to the efficient electron transfer between the electrode and the 

structural crystalline of its basal plane [151, 159, 160]. The abundance of the edges of the former 

possibly originates from the exfoliation process. The duration of the exfoliation process for the 

graphite plate was long (one to a few hours), compared to the graphite foil (3-5 min). The extended 
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period of the exfoliation process subjects the edges of graphene to further oxidation, consequently 

leading to the formation of more functional groups along the edges. 

 

Table 3-1 The ORR performance of recent metal-free electrocatalysts. The electrochemical evaluation was carried 

out in O2-saturated 0.1 M KOH, scan rate: 10 mV s-1 and disk rotation rate: 1600 rpm. 

Materials Onset potential 

(V vs. RHE) 

Half-wave 

potential 

(V vs. RHE) 

jL (mA/cm2) Reference(s) in the 

main document 

GP 

N-GP950 

0.82 

0.94 

N/A 

0.82 

N/A 

4.9 

 

This work 

3D Graphene in nickel 

foam 

 

0.71 

 

N/A 

 

N/A 

 

[154] 

N-doped 3D graphene  

0.82 

 

0.70 

 

3.9 

 

[155] 

Nanosheets graphene 

by grinding graphite 

 

0.80 

 

0.72 

 

3.9 

 

[132] 

Ball milled graphene 0.78 0.70 2.2 [156] 

Ball milled graphene 0.80 N/A N/A [143] 

rGO  

As-prepared  

N-doped 

 

0.78 

0.78 

 

N/A 

0.71 

 

N/A 

3.9 

 

[157] 

rGO  

As-prepared 

N-doped 

 

0.74 

0.94 

 

N/A 

0.82 

 

N/A 

3.9 

 

[158] 

 

 

The functionalized edges of graphene render the hydrophilic nature of the modified electrode, 

facilitating the diffusion of oxygen, thereby providing more active centers [143, 160, 161]. 

Furthermore, a blue curve in Figure 3-6a-b depicts the pyrolysis further enhances the ORR activity 

of the GPin the presence of NH3 at 950 C (N-GP950). The high-temperature pyrolysis in NH3 

introduces N-atoms into the graphene lattice matrix, which in turn causes the change of the charge 

distribution and electronic properties of the adjacent carbon atoms, hence increasing the probability 

of adsorption of oxygen molecules [136, 151]. The increased ORR activity of the N-GP950 is 

evidenced by the more positive shifts of both half-wave (0.83 V vs. RHE) and onset (0.96 V) 
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potentials, as well as the current density at 0.80 V (3.0 mA cm-2). The enhanced activity is also 

revealed by the increase of the electron transfer number (above 3.5) and the relatively low 

production of hydrogen peroxide, H2O2, (below 15%) in the potential range of 0.20 - 0.70 V, as 

shown in Figure 3-6b. Therefore, it is apparent that graphite precursors and pyrolysis of graphene 

samples in NH3 significantly influence the ORR activity of the exfoliated catalysts. 

Secondly, we investigated the influence of temperature of electrolyte during exfoliation on the 

ORR activity of the graphene samples. Figure 3-7 displays the influence of temperature of the 

electrolyte during exfoliation on amount of exfoliation produce and the ORR performance of the 

graphene. Figure 3-7a shows digital photos of the exfoliation products in the electrolytes (upper) 

and their associated graphite substrates (lower) after 5 minutes of exfoliation, at different 

electrolyte temperatures. The exfoliation speed/efficiency is observed to decrease when the 

temperature increases. For example, at room temperature (22 C), the most substantial amount of 

graphene was produced (upper image in Figure 3-7a). The high production of graphene is 

consistent with the enormous consumption of the graphite substrate at 22 C while the least 

consumption occurs at 80 C (lower image in Figure 3-7a). After exfoliation at various 

temperatures, the as-synthesized GP samples were heat-treated in an argon atmosphere at 1050 C 

for 1 hour and then in NH3 at 950 ºC for 15 minutes, to obtain N-doped graphene (N-GP950). 

Figure 3-7b-d, depict the ORR performance of these N-doped graphene exfoliated at different 

electrolyte temperatures. The ORR performance of these graphene samples decreased with the 

increasing temperature of the electrolyte. Among all the graphene samples exfoliated at different 

temperatures, the sample exfoliated at 22 ºC exhibited the best ORR activity in terms of highest 

half-wave (0.82 V) and onset (0.94 V) potentials, electron transfer number (above 3.8), and current 

density (3.0 mA/cm2) at 0.80 V, as well as the lowest peroxide yield (below 11%). The performance 
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parameters of all N-doped graphene samples exfoliated at different are summarised in Table 3-2. 

The high density of the defects on the graphene obtained at a lower temperature may be responsible 

for its better ORR activity [162] These results are consistent with Hossain and Wang observation 

that that graphene exfoliated at higher electrolyte solution by the electrochemical method has low 

defect density [162].  

 

Figure 3-7 Influence of exfoliation electrolyte temperature on the ORR activity of graphene. (a) Digital images of 

as-exfoliated graphene products (in the beakers) and their corresponding graphite substrates after 5 minutes of 

exfoliation at 22, 40, 60 and 80 ºC, respectively. (b) ORR polarization curves ranging from 0 - 1.0 V of the graphene 

exfoliated at different electrolyte temperature, followed by pyrolysis in Ar at 1050 C for 1 hour and NH3 at 950 ºC 

for 15 minutes. The corresponding calculated (c) electron transfer number and (d) peroxide produced for the catalysts. 

Electrolytes: 0.1 M KOH, scan rate: 10 mV/s and rotation: 1600 rpm. 
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Table 3-2 The ORR performance of N-doped graphene exfoliated from graphite plate at different temperatures. 

The electrochemical evaluation was carried out in O2-saturated 0.1 M KOH, scan rate: 10 mV s-1 and disk rotation rate: 

1600 rpm. 

Temperature 

of the 

exfoliation 

electrolyte 

(C) 

Onset 

potential 

(V) 

Half-wave 

potential 

(V) 

Current 

density at 

0.80 V 

(mA/cm2) 

Limiting 

current 

density 

(mA cm-2) 

 Electron 

transfer 

number at 

0.30 V 

Peroxide 

produced 

at 0.30 V 

(%) 

22 0.94 0.82 3.0 5.0  3.85 7 

40 0.90 0.80 2.3 4.7  3.80 10 

60 0.90 0.80 1.9 4.3  3.77 11 

80 0.87 0.77 1.2 4.2  3.77 11 

 

 

Figure 3-8 Tafel plots for ORR of N-doped graphene samples exfoliated at four different electrolyte temperatures; 

22, 40, 60 and 80 ºC, respectively. 

 

However, Figure 3-8 shows the graphene samples exfoliated at different temperatures display 

similar ORR kinetics as evidenced by their close Tafel slopes at the lower overpotential region. 

We believe that the presence of a suitable number of defects in the graphene edges could improve 
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the hydrophilicity of the graphene, which, in turn, facilitates the adsorption of O-atoms in 

neighboring C-atoms while maintaining excellent electronic conductivity. 

Thirdly, we studied the influence of various experimental parameters on the ORR performance of 

graphene samples. The influence of the number of layers of graphene, the temperature of pyrolysis 

in NH3, duration of sonication of dispersion, and the concentration of exfoliation electrolyte 

solution on the ORR activity of the graphene samples, are demonstrated in LSVs presented in 

Figure 3-9. Before the ORR performance test, all the GP samples underwent pyrolysis at 950 C in 

an argon atmosphere for one hour and NH3 for 15 minutes, except for two examples (at 750 C and 

1050 C, respectively) in Figure 3-9b, forming N-GP950 samples. Figure 3-9a shows that the ORR 

activity of the catalysts follows the following order: few layers N-GP950 > thin layers N-GP950 > 

multilayers N-GP950. The enhanced activity of few layers N-GP950 originates from the abundance 

of edges sites (capable of promoting the adsorption of O2 molecules) and efficient electron transfer 

between the electrode’s surface and the edges [132].  

To study the effect of the pyrolysis temperature in NH3, the few-layer GP was used as reference 

material and annealed in NH3 for 15 min at 750 C, 950 C and 1050 C, respectively. As shown 

in Figure 3-9b, the current density at 0.80 (V vs. RHE) is 0.5 mA cm-2, 3.0 mA cm-2 and 1.9 mA 

cm-2 for the sample pyrolyzed at 750, 950 and 1050 C, respectively. Particularly, there is a 

significant increase in specific current density for the sample pyrolyzed at 950 C. The specific 

current density at 0.8 V is 3.0 mA cm-2, which is about five times higher than that of sample 

pyrolyzed at 750 C. This increase of specific current density indicates the enhancement of ORR 

activity for the graphene sample pyrolyzed at 950 ºC. 
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Figure 3-9 The ORR polarization curves of N-GP catalysts. (a) With different layers, (b) after different temperatures 

of pyrolysis in NH3, (c) sonication for a different duration. (d) Exfoliated in 0.1 M and 1.0 M (NH4)2SO4 electrolytes. 

All LSVs measurements were carried out in 0.1 M KOH media, scan rate: 10 mV/s, rotation speed: 1600 rpm. 

 

This enhancement in ORR activity can be attributed to the increased N-doping in the graphene 

lattice at higher NH3pyrolysis temperature, hence providing more active sites [79]. However, we 

noticed a decrease in current density at1050 C. The drift in ORR activity of N-GP1050 ºC can be 

attributed to the possible loss of pyridinic nitrogen as well as total nitrogen content occurred at a 

higher temperature of pyrolysis [163, 164]. Also, at such elevated temperature, there is a high 

probability that the graphene loses most of the oxygen functional groups, and the surface became 

highly hydrophobic. Further, we investigated the influence of the length of sonication time as 
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sonication is an essential step in the post-exfoliation treatment of the exfoliated products. Figure 

3-9c show a significant enhancement of the ORR activity of the catalysts when the sonication 

period is prolonged from 5 minutes to 120 minutes. The enhancement in the activity is attributed 

to the introduction of more defects (active sites) in the graphene structure as the sonication time 

was extended. Also, the concentration of exfoliation electrolyte also displayed a significant 

influence in the ORR activity of the N-GP950 samples. As shown in Figure 3-9d, the N-GP950 

derived from graphene exfoliated at 1.0 M (NH4)2SO4 exhibited superior ORR activities than the 

one at 0.1 M (NH4)2SO4. We anticipate that at high concentration of the electrolyte, the oxidation 

process of graphite edges is fast and the graphene produced is, accordingly, have more edge defects 

which in turn acts as the active sites for the ORR. 

Finally, to investigate the stability of the N-GP950 and 20% Pt/C catalysts towards ORR, ADT 

was performed by continuous potential cycling between 0.6 and 1.0 V in O2-saturated 0.1 M KOH, 

for 5000 potential cycles with a scan rate of 200 mV s-1. As shown in Figure 3-10, the N-GP950 

displayed exceptional durability. After 5000 consecutive CV cycles, the N-GP950 catalysts showed 

almost superimposed LSVs before and after the ADT cycling. In contrast, the half-wave potential 

of the 20 wt% Pt/C electrode significantly reduced by 30 mV after 5000 potential cycles under 

identical conditions. This observation suggests that N-GP950 is more stable than the commercial 

Pt/C for ORR in alkaline media, which can be attributed to the strong covalent bonds between the 

active sites and the graphitic lattice, as well as the high corrosion resistance of graphene. 
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Figure 3-10 Long-term performance of the catalysts (before and after ADT test, 5000 cycles). LSVs (a) few layer 

N-GP950 and (b) 20% Pt/C recorded at 10 mV s-1 and1600 rpm in O2-saturated 0.1 M KOH at room temperature. 

Showing the stability of electrocatalysts toward ORR. 

 

3.5 Conclusions and perspectives 

High-quality graphene with a controllable number of layers was successfully fabricated by a simple 

and inexpensive electrochemical method, using a low-cost graphite foil and plates as precursors in 

an aqueous electrolyte. In general, both graphite precursors generated thin and highly uniform 

graphene. We found that the ORR activity of graphene exfoliated from the graphite plate was 

higher than the graphene obtained from the graphite foil. Further, as-synthesized graphene samples 

were converted into N-doped graphene (N-GP950) after NH3 pyrolysis, which exhibits a highly 

enhanced ORR performance compared to pristine graphene, due to N-doping. Moreover, the N-

GP950 exhibited comparable ORR activity and better stability than the state-of-the-art commercial 

Pt/C catalyst. Also, we found that the ORR activity of exfoliated graphene is influenced by the 

exfoliation and post-exfoliation parameters such as the temperature of the exfoliation electrolyte, 

the number of layers of graphene, pyrolysis temperature and concentration of the electrolyte. 

Therefore, it is possible to fine-tune the ORR activity of the graphene and N-GP950 by 

manipulating the experimental parameters. Thus, we believe the N-GP950 which can be prepared 
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by a cost-effective method using low-cost precursors is a potential candidate of ORR catalyst in an 

alkaline fuel cell. Similarly, by taking advantages of physical and electrochemical properties 

demonstrated, the N-GP950 can be utilized as an effective support material of metal-based ORR 

electrocatalysts to enhance their performance. 
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Chapter 4 Graphene-based Metal-Macrocycle Electrocatalyst for 

Oxygen Reduction 

Electrocatalysts for oxygen reduction are a critical component that may dramatically promote the 

widespread application of fuel cells and metal-air batteries. For decades, the metal macrocycle iron 

(II) phthalocyanine (FePc) investigated as a precursor to prepare the ORR electrocatalysts. To date, 

however, the use of FePc has been limited by its low electrocatalytic activity and insufficient 

durability when not embedded in carbon support via high-temperature pyrolysis. Inspired by the 

high-quality and high surface area as well as the high ORR performance, we employed the N-doped 

graphene as the support of FePc, forming FePc/N-doped graphene composites as a high-

performance non-precious metal oxygen reduction electrocatalyst. We use a low-cost, 

straightforward and safe strategy of fabrication at ambient temperature. 

 

4.1 Introduction 

Driven by the increasing demand for clean energy and concerns over climate change, significant 

research efforts worldwide actively exploring new materials and approach towards sustainable and 

efficient energy conversion, saving, and storage technologies. Fuel cells (FCs) and metal-air 

batteries are considered promising because they can offer high power density, high energy-

conversion efficiency, and are environmentally benign [2, 3, 8, 165]. However, the overall 

performance of FCs and metal-air batteries is mainly dependent on the sluggish cathodic oxygen 

reduction reaction (ORR) [1, 7, 25, 165]. Highly active ORR electrocatalysts are essential for the 

widespread commercialization of FCs. Platinum (Pt)-based materials have been the most widely 

used ORR electrocatalysts for decades [125-127]. For example, in the early 1960s, alkaline FCs 
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with Pt/C as an electrocatalyst for the ORR was developed in the Apollo lunar mission [10, 11, 

53]. Nevertheless, the high cost and limited supply of Pt hamper the large-scale commercial 

application of FCs. Also, Pt-based materials suffer from time-dependent activity [12, 13] and CO 

poisoning effects [14, 15, 70]. Therefore, replacing Pt-based ORR electrocatalysts with high-

performance non-precious metal catalysts (NPMCs) is highly desirable [63, 70]. 

Transition-metal-based materials have been the focal point of NPMCs investigations due to their 

partially filled d-orbitals [166-168]. Various types of NPMCs have been widely studied such as 

metal chalcogenides [169-171], metal oxides [172, 173], pyrolyzed metal/nitrogen/carbon (M/N/C, 

M = Fe, Co, Ni) compounds [174, 175], and metal macrocycles (M-N4-macrocycles) [34, 176, 

177]. The ideal strategy to enhance the catalytic performance of these NPMCs involves a high-

temperature pyrolysis process, which results in the formation of complex structural composition 

and potential safety issues [34, 178]. Among these candidates, metal macrocycles are the only ones 

possible to prepare as ORR catalyst with relatively high performance without the high-temperature 

pyrolysis process [34, 168]. Among other metal macrocycles, iron (II) phthalocyanine (FePc), with 

iron atoms coordinated to four nitrogen atoms (Fe-N4) and aromatic rings, is considered as a 

potential alternative ORR catalyst [35, 179]. Despite the possibility of potential multiple adsorption 

sites of oxygen, the catalytic properties of FePc are severely hindered due to its poor conductivity 

and aggregation [180, 181]. Two strategies have been employed to address these challenges, 

namely: (i) attaching electrons donating group to the FePc structure as a supplementary electron 

source to prevent issues arising from the slow electron transfer [180, 181], and (ii) supporting the 

FePc on a variety of carbon materials, such as carbon black [182, 183], carbon nanotubes [34], and 

reduced graphene oxide [35, 176]. In the latter case, graphene-supported FePc showed promising 

ORR activity, mostly benefiting from the excellent conductivity and - interaction between FePc 
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and graphene, which is believed to play a critical role in the distribution of catalytic sites and 

eventually prevent aggregation of the FePc molecules [35]. However, most of these reported 

graphene supports are prepared using Hummers’ method, which suffers from poor quality and 

environmental and safety issues due to its use of hazardous and explosive chemicals. Thus, 

improving the ORR performance of the M-N4 macrocycles by designing new support materials in 

a simple and cost-effective approach still represents an interesting opportunity. 

Recently, we prepared large and high-quality graphene thin sheets by electrochemical exfoliation 

of graphite [51]. This method of preparation of graphene is very appealing because it is low-cost, 

fast, scalable, and environmentally friendly. In this study, we report a direct approach to prepare 

FePc/N-GP950 composite by immobilization of FePc on nitrogen-doped electrochemically 

exfoliated graphene (N-GP950) sheets as efficient, durable ORR electrocatalysts. In virtue of the 

unique structural morphology and composition of our N-GP950, the as-prepared FePc/N-GP950 

catalyst displayed excellent ORR activity, with excellent onset potential (0.97 V vs. RHE), a half-

wave potential (0.89 V vs. RHE), and activity at 0.8 V (5.0 mA cm-2). Also, the FePc/N-GP950 

exhibited remarkable long-term stability with no apparent loss of activity after accelerated 

durability test (ADT) up to 5000 cycles of potential between 0.6 and 1.0 (V vs. RHE). These values 

are among the best for unpyrolysed metal macrocycles-based catalysts. Our results suggest that 

graphene fabricated using a low cost and environmentally friendly, electrochemical method may 

act as support for FePc, yielding excellent ORR performance. 
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4.2 Experimental 

4.2.1 Chemicals and materials 

Graphite plate (99%) was purchased from Alfa Aesar, Fischer Scientific. Commercially available 

solvents and reagents were used without further purification. Ammonium sulfate ((NH4)2SO4, 99 

%), platinum on Vulcan (20 wt% Pt/C, XC-72R; E-TEK), potassium hydroxide (KOH), and iron 

II phthalocyanine (FePc) were purchased from Sigma-Aldrich. All aqueous solutions were 

prepared with deionized water from a Millipore system (>18 M cm). 

 

4.2.2 Preparation of graphene and N-doped graphene 

Graphene was prepared by electrochemical exfoliation of graphite. The detailed synthesis 

procedure of graphene by modification of the previous method of electrochemical exfoliation of 

graphite is reported in Chapter 3. Graphene exfoliation was carried out in a two-electrode cell using 

a DC power supply. Figure 4-1 (part A) shows the exfoliation experimental cell-setup consisting 

of a graphite plate (5 mm, 6 cm2) serving as an anode, platinum (Pt) wire acting as a cathode and 

an aqueous solution of (NH4)2SO4 (1.0 M, 80 ml) as an electrolyte. A constant biased potential of 

±10 V was applied between the two electrodes placed approximately two centimeters apart. The 

exfoliation of graphite was achieved at room temperature (~22 °C) [98, 99, 184, 185]. 

Subsequently, the as-exfoliated product was collected and thoroughly washed with deionized water 

and reagent alcohol by vacuum filtration. The product was then dispersed in deionized water by 

low power sonication for 15 minutes. Consequently, the dispersion was centrifuged at 5000 rpm 

for 10 minutes. The supernatant was freeze-dried to obtain powder designated as-exfoliated 

graphene (GP). Nitrogen atom doping was achieved by heating the graphene powders at 950 °C in 
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argon for 60 minutes and in ammonia (NH3) for 15 minutes (N-GP950). Subsequently, the N-

GP950 was used as a support material of FePc. 

 

 

 

Figure 4-1  Schematic view of preparation of FePc/N-GP950 catalyst. The setup of electrochemical exfoliation of 

graphite (part A) and immobilization of iron (II) phthalocyanine (FePc) into the graphene and nitrogen-doped graphene 

(part B). 

 

 

4.2.3 Preparation of iron (II) phthalocyanine/N-doped graphene 

The iron (II) phthalocyanine/ N-doped graphene (FePc/N-GP950) catalyst was fabricated by 

immobilization of FePc onto the as-prepared N-GP950 via a slow evaporation method. In a typical 

experiment, 100 mg N-GP950 was dispersed in ethanol (150 ml) by sonication for 15 minutes. To 

this dispersion, an equal volume of an ethanol-water solution of FePc (50 mg, 50 ml) was added. 

The mixture was continuously stirred at room temperature for two hours. Subsequently, the reaction 

mixture was slowly heated (65 C) to evaporate 75% of the original solution. The obtained slurry 
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was then transferred to an air-oven and left at 95 C overnight, to yield the FePc/N-GP950 catalyst. 

The schematic illustration of the preparation of the FePc/N-GP950 and analogs is shown in Figure 

4-1 (part B). The contents of the FePc in the FePc/N-GP950 catalysts varied by employing different 

weight ratios of FePc to N-GP950, such as 1:0, 1:1, 1:2, and 1:5, for the FePc alone, 50 wt% FePc 

(FePc-50/N-GP950), 33 wt% FePc (FePc-33/N-GP950) and 16 wt% FePc (FePc-16/N-GP950). 

 

4.3 Characterization of FePc/N-doped graphene 

4.3.1 Physical characterization  

The surface properties and electronic structure of the catalysts were evaluated by X-ray 

photoelectron spectroscopy (XPS) using a VG (Escalab220i - XL) equipped with Al Kα line 

excitation source. The positions of the spectral lines were accurately determined using the C 1s 

peak (BE = 284.6 eV) as a reference. The UV−Vis absorption spectra of samples were measured 

using a UV-Vis absorption spectrophotometer (thermos scientific Nanodrop 2000c). The structural 

morphologies and composition of the catalysts were characterized using transmission electron 

microscopy (TEM, JEOL JEM-2100F operated at 200 kV). 

 

4.3.2 Electrochemical characterization  

All electrochemical tests were conducted in a three-electrode cell at room temperature (22 C) 

using a bipotentiostat, PINE Research Instrumentation (Model PGSTAT-72637) workstation with 

Rotating Ring-Disk Electrode apparatus (RRDE, Pine Instruments). All measurements were 

carried out in a single compartment glass cell. A Platinum wire and mercury/mercury oxide 

(Hg/HgO) were used as a counter electrode (CE) and a reference electrode (RE), respectively. 

Before the test, the electrolytes were saturated with high purity N2 or O2 gas for at least 30 min. 
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The ORR activity of the prepared catalysts was evaluated in 0.1 M KOH solution using the scan 

rates of 50 mV s-1 for cyclic voltammetry (CV) and 10 mV s-1 linear sweep voltammograms 

(LSVs), respectively. The as-prepared catalyst (10 mg) was dispersed in a solution of ethanol (350 

l) and Nafion ionomer (95 l, 5 wt %). The suspension was homogenized in two cycles of 15 

minutes by low power ultrasonication and agitation to obtain an ink-like dispersion. This catalyst 

ink was then coated on the disc part of the rotating ring disc electrode (RRDE, 5.61 mm diameter 

glassy carbon disk and Pt ring), Pine Instruments. The catalyst loading was 0.8 mg cm-2. Similarly, 

for comparison purposes, 20 wt% Pt/C (E-ETK) was prepared using the same procedure with a 

loading of 0.1 mg/cm2 (20 μgPt/cm2). In the analysis, the electron transfer number (ne-) and 

peroxide yield (H2O2%) and were calculated using Equation 2-4 and Equation 2-5. All potentials 

in this work were corrected and reported relative to the reversible hydrogen electrode (RHE). The 

accelerated durability test (ADT) was performed in the oxygen-saturated 0.1 M KOH electrolytes 

by cycling potential for 5000 cycles between 0.6 and 1.0 V vs. RHE (stare case) using the scan rate 

of 100 mV s-1. The LSVs were recorded before and at the end of the ADT test. Chronoamperometric 

responses (percentage of current retained against operation time) of the FePc-33/N-GP and 20 wt% 

Pt/C were also recorded in O2-saturated 0.1 M KOH the potential was held at 0.8 V, and electrode 

rotation speed of 1600 rpm. 
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4.4 Results and discussion 

4.4.1 Preparation of FePc/N-doped graphene 

Oxygen reduction catalysts were prepared from immobilization of different proportion of FePc on 

the surface of graphene (N-GP950). The - assembling interaction between FePc and the N-

GP950 leads to the significantly homogeneous distribution of the immobilized FePc. This method 

(Figure 4-1-part B) avoids high-temperature pyrolysis that could be detrimental to the intrinsic 

properties of FePc [186-188]. For comparison purposes, we also immobilized the FePc on the 

GP950 (as-exfoliated graphene pyrolyzed only in argon at 950 C) and as-exfoliated graphene (GP) 

and on the N-doped reduced graphene oxide (N-rGO) prepared using Hummer’s method. 

 

4.4.2 Surface and structural morphology of FePc/N-doped graphene 

EM was used to characterize the surface morphology of the as-exfoliated graphene (GP), N-GP950, 

FePc, and FePc/N-GP950 composites. Figure 4-2 and Figure 4-3 display the TEM images of the 

GP, N-GP950, FePc, and FePc/N-GP950 composite. In general, the N-GP950 retained most 

features of the parent as-exfoliated GP and is characterized by a very smooth surface with a 

crumply structure (Figure 4-2c-d, 4-3a). On the other hand, Figure 4-3b displays the TEM image 

of FePc indicating aggregates of cuboidal-like particles with an average size of 165 nm. TEM 

images of FePc/N-GP composites, Figure 4-3c-e, show the dispersion of FePc nanostructures 

across the entire surface of N-GP950. In comparison with the individual N-GP, the TEM images 

of FePc/N-GP950 show cuboidal-like nanostructures of FePc with the size range of 30–45 nm, 

seamlessly stacked on the surface of N-GP950. The appearance of relatively small sized 

nanostructures of FePc on the FePc/N-GP950 surface as compared to unsupported FePc can reflect 
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the absence of aggregation as well as the presence of strong - interactions pulls the structure of 

FePc inward hence decreasing the radius of the phthalocyanine ring (Fe-N4 structure) [35, 187]. 

 

 

Figure 4-2 TEM images of (a, b) as-exfoliated graphene (GP) and (c, d) N-doped graphene (N-GP950). The as-

exfoliated graphene and N-GP950 are very thin and have a uniform morphology with a well-defined crystalline 

structure. 
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Figure 4-3 TEM images of (a) N-doped graphene (N-GP950), (b) the aggregation of FePc of size ca. 165 nm, (c) 

FePc-16/N-GP950, (d) FePc-33/N-GP950, (e) FePc-50/N-GP950, and (f) energy dispersive spectroscopy of the N-

GP950 and FePc-33/N-GP950. The FePc successfully loaded and homogeneously distributed on the surface of N-

GP950. 

 

Nevertheless, Figure 4-3c depicts TEM image of the FePc-16/N-GP950 with 16 wt% FePc showing 

a partial distribution of FePc nanoclusters with many void regions of the N-GP950. Figure 4-3c-e 

show when the level of the FePc supported on N-GP950 increased, from 16 wt% to 50 wt%, the 

dispersion and uniform distribution of the FePc nanostructures gradually improved. We speculate 

that the increased electronic interaction between FePc and N-GP950 plays a crucial role in the 
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dispersion of FePc at higher loadings. The uniform dispersion and distribution of FePc on the N-

GP950 achieved when the level of FePc reached 33 wt% in the FePc-33/N-GP950 (Figure 4-3d). 

However, as indicated in Figure 4-3e when the level of FePc was 50 wt% as in the case of FePc-

50/N-GP950, the FePc nanostructures became congested on the surface of N-GP950. The piling of 

the FePc on the surface of N-GP can compromise the accessibility of the active sites [176]. Figure 

4-3f shows the energy dispersive spectroscopy (EDS) spectra of N-GP950 and FePc-33/N-GP950. 

The appearance of Fe signals in the EDS spectrum of FePc-33/N-GP950 is consistent with the 

presence of FePc on the surface of N-GP950. 

 

4.4.3 The surface chemical composition of FePc/N-doped graphene 

The surface chemical composition of the FePc, N-GP950, and FePc-33/N-GP950 catalysts was 

probed by X-ray photoelectron spectroscopy (XPS). Figure 4-4 displays the XPS survey spectra, 

high-resolution spectra of the three catalysts for the Fe 2p, N 1s, and C 1s peaks and the nominal 

composition of N-species in the N-GP950, FePc and FePc-33/N-GP950 catalysts. The presence of 

Fe peak in the survey spectrum of FePc-33/N-GP950 (Figure 4-4a), further confirms the successful 

immobilization of FePc on N-GP950. The elemental composition of N-GP950 is dominated by C 

(97 at %) whereas the concentrations of O (1.5 at %) and N (1.7 at %) are relatively low. After 

loading the 33 wt% FePc onto the N-GP950, we observed a significant increase in the surface 

concentration of N (7 at %), which may arise from the addition of FePc. The similarity in atomic 

compositions between FePc and FePc-33/N-GP950 (33 wt% FePc) suggests the retention of the 

inherent properties of individual FePc [181]. Figure 4-4b depicts the Fe 2p core level spectra 

obtained for FePc and FePc-33/N-GP950. Both spectra have two peaks that correspond to the lower 

binding energy (Fe 2p3/2) and higher binding energy (Fe 2p1/2) asymmetric bands arising from 
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spin-orbital splitting [189, 190]. The relative intensity ratio of these two bands is approximately 

2:1. The two peaks are located at 709.9 and 723.1 eV for FePc, and 712.5 and 725.7 eV for the 

FePc-33/N-GP950. The standard Fe 2p3/2 and Fe 2p1/2 peaks for metallic Fe and its oxidized 

forms are located at 706.7/719.8, 709.2/722.8, and 711.2/724.8 eV binding energies [190, 191]. 

After the immobilization of the FePc on N-GP950, we observed the shift of Fe 2p peak from 

709.9/723.1 eV (FePc) to higher binding energy of 712.5/725.7 eV (FePc-33/N-GP). This positive 

chemical shift of Fe 2p peak in FePc/N-GP950 spectrum is caused by the modification of the 

electronic environment attributed to electron transfer behavior from FePc to N-GP950. 

Furthermore, the curve fitting shows two species of iron (Fe2+ and Fe3+) are present in both FePc 

and FePc-33/N-GP950 [192, 193]. The high-resolution N 1s XPS spectra of N-GP950, FePc, and 

FePc-33/N-GP950 indicate several binding configurations, as shown in Figure 4-4c. Specifically, 

the spectrum of N-GP950 shows that the peaks of N functionalities are assigned to pyridinic-N (I, 

398.4 eV), pyrrolic-N (II, 400.2 eV), graphitic-N (III, 401.1 eV) and oxidized-N (IV, 402.7 eV) 

[174, 194]. The N 1s peaks of the FePc located at 398.5, 400.2 and 401.1 eV. However, the N 1s 

peaks of FePc-33/N-GP950 shifted to the higher binding energy. These results suggested that N-

atoms are also involved in either chemical bonding or intermolecular interactions between FePc 

and N-GP950 [190, 191, 193-195]. The abundance of pyridinic-N in the FePc-33/N-GP950 

composite is shown in Figure 4-4d. Previous studies reported that the iron coordinated with 

pyridinic-N (in the M-N4 system) acts as a kernel of activity centers that facilitate the ORR [196, 

197]. Figure 4-4e, display the deconvolution of the C 1s peak into four regions of species in N-

GP950: C=C (284.6 eV), C=N (285.5 eV), C-N (286 eV), and a shoulder of O-C=O (287 eV). The 

C 1s components of FePc and FePc-33/N-GP950 occur with a broad peak area in slight shifting 

binding energy between 282 to 290 eV. The identified components are C=C (284.6 eV), C=N 
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(286.4 eV), C-N (287.8 eV), and O-C=O (290 eV). We anticipate that the shift of the binding 

energy may be due to the adsorption of FePc on N-GP950 sheets [194]. 

 

 

Figure 4-4 XPS analysis to elucidate the electronic properties of N-doped graphene (N-GP950), FePc, and FePc-

33/N-GP950. (a) Survey spectra. High-resolution spectra of (b) Fe 2p and (c) N 1s, and (d) the nominal composition 

of N-species in the catalysts. (e) A high-resolution C 1s spectra of the N-GP950, FePc, and FePc-33/N-GP950, 

indicating various forms of carbons. 

 

4.4.4 Electrochemical performance of FePc/N-doped graphene  

The cyclic voltammetry (CV) results in Figure 4-5 performed initially, to investigate the ORR 

activities of FePc, N-GP950, and FePc-33/N-GP950 catalysts in 0.1 M KOH solution. Figure 4-5a 

displays the CV curves characteristic of cathodic peaks of oxygen reduction in the O2-saturated 

electrolyte while no apparent oxygen reduction peaks were observed in the N2-saturated electrolyte. 

The oxygen reduction peak potential of FePc-33/N-GP950 shifts positively for ca. 150 mV (Vs. 
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RHE) compared to the ORR peak potentials of individual FePc and N-GP950 catalysts. 

Additionally, the ORR peak position of FePc-33/N-GP is 30 mV more positive than that of 

commercial Pt/C, indicating an enhancement of ORR catalytic activity. The remarkable ORR 

activity exhibited by the FePc-33/N-GP is ascribed to the synergistic effect between FePc and N-

GP950 [164, 184, 194]. 

 

 

Figure 4-5 Electrochemical performance of FePc, N-GP950, FePc-33/N-GP950, and 20% Pt/C catalysts. (a) CV 

curves of the catalysts in N2 (dot lines) and O2 (solid lines) recorded using a scan rate of 50 mV s-1, (b) ORR 

polarization curves of the catalysts, (c) corresponding electron transfer number and H2O2 yield, and (d) the Tafel plots 

of the catalysts. The RRDE measurements recorded with scan rate: 10 mV s-1, and the disk rotation rate of 1600 rpm. 
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Table 4-1 The ORR performance of N-doped graphene and recent FePc-based electrocatalysts. The 

electrochemical evaluation was carried out in O2-saturated 0.1 M KOH, scan rate: 10 mV s-1 and disk rotation rate: 

1600 rpm. 

 

Catalysts 

Property  

 

Ref 
Eonset  

(V vs. RHE) 

E1/2 

(V vs. RHE) 

j@0.8V 
(mA cm-2) 

jL 
(mA cm-2) 

FePc on 

electrochemical 

exfoliated graphene 

FePc-33/N-GP950 0.97 0.89 5.0 6.3 

This study 

FePc 0.84 0.70 0.5 4.0 

N-GP950 0.92 0.82 2.1 5.0 

N-rGO 0.89 0.80 2.0 4.5 

FePc-33/N-rGO 0.93 0.84 3.0 5.0 

20 wt% Pt/C 0.95 0.84 4.0 5.5 

FePc on partly 

reduced graphene 

FePc/rG 0.98 0.88 4.5 5.5 
[35] 

Pt/C 0.97 0.85 3.8 5.1 

FePc on 

electrochemical 

reduced graphene 

FePc/ERGO 0.95 0.85 2.6 4.5 
[176] 

Pt/C 0.90 0.78 1.3 4.1 

Fe-SPc on carbon 

black 
Fe-SPc/KJ300 0.91 0.87 2.7 3.0 [180] 

 

FePc on mesoporous 

carbon  
 

FePc/OMC 0.95 0.89 2.7 2.9 

[198]  
 

FePc/MCV 0.94 0.86 1.5 2.1 

FePc/RGO 0.89 0.83 1.2 1.7 

Pt/OMC 0.88 0.81 2.2 3.5 

FePc on SBA-15 

Silica as hard 

templating 

  

FePc/SBA-15 0.98 0.87 4.0 4.5 
[199]  

 
Pt/C  0.95 0.93 3.2 4.5 

FePc on SBA-15 

silica as hard 

template 

FePc/SBA-15 0.98 0.87 4.0 4.5 
[200] 

Pt/C 1.00 0.89 3.8 4.2 

FePc on carbide 

derived carbon  

FePc/CDC 

(50:50) 
0.96 0.85 - - [201] 

 
Pt/C 0.91 0.81  - - 

FePc on graphitized 

carbon black 

Pc-FePc/Mn-GCB 0.96 0.90 4.7 5.1 

[202] FePc/C 0.93 0.85 4.0 4.3 

Pt/C 0.93 0.83  3.7  5.0 

FePc supported on 

CNTs  

FePc/MWCNTs 0.91 0.86 2.5 5.0 
[203] 

Pt/C 1.0 0.88 3.0 3.1 

 

The value reported against SCE reference electrode and calculated using equation. 

E vs. RHE = EHg/HgO + EºHg/HgO+ 0.059  pH.  

The test was conducted in 0.1 M NaOH. 

The ORR current values were not normalized with the geometrical surface area. 
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To gain further insight into the ORR activity of the FePc/N-GP catalysts, we performed linear 

sweep voltammetry (LSV) experiments on a RRDE in O2-saturated 0.1 M KOH. Commercial 20 

wt% Pt/C was also studied as a control. The ORR activity of the catalysts was evaluated by the 

exhibition of the highest possible positive value of the onset potential, a half-wave potential (E1/2), 

limiting current densities, or current density at 0.80 V vs. RHE. Figure 4-5b-d shows the ORR 

polarization curves, the corresponding calculated electrons transfer number and percentage 

peroxide produced, and the Tafel plots of the FePc, N-GP950, FePc-950/N-GP950, and Pt/C 

catalysts. The FePc-33/N-GP950 catalyst exhibits enhancement of ORR activity in all measured 

parameters. The onset potential (0.97 V vs. RHE), the half-wave potential (0.89 V vs. RHE), 

limiting current (6.3 mA cm-2) and the current density at 0.80 V (5.0 mA cm-2) are shown in Table 

4-1. These results demonstrate the superior catalytic activity of FePc-33/N-GP950 catalyst among 

the best ORR performing metal macrocycles [35, 176, 180, 198-203]. The excellent ORR 

performance of FePc-33/N-GP950 is attributed to: i) the high dispersion of FePc on the surface of 

N-GP950 (Figure 4-3d), which in turn increases accessible active sites while preventing 

agglomeration of FePc, ii) the synergistic effect between FePc and N-GP950 [34, 35] and iii) the 

abundance of pyridinic N [193, 196] as evidenced by XPS measurements (Figure 4-4d). The 

introduction of electron rich FePc into thin, large and well uniform N-GP950 sheets (TEM images, 

Figure 4-2 and Figure 4-3a) cause changes in charge distribution and electronic properties of the 

neighboring atoms in the graphene matrix, thus increasing the possibility of the adsorption of 

oxygen molecules [35, 176]. The electronic interaction is also evidenced by the shift of binding 

energies of N 1s species seen in Figure 4-4c. The excellent ORR activity of the FePc-33/N-GP950 

further revealed by the calculated electron transfer number and H2O2% produced, as shown in 

Figure 4-5c. The FePc-33/N-GP950 predominantly exhibited a 4e- pathway with the calculated 

electron transfer number 3.99 which is consistent with a scanty production of hydrogen peroxide, 
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H2O2, (below 2.5%) in the potential range of 0.20 – 0.80 V. Figure 4-5d shows that the FePc-33/N-

GP exhibits a much lower Tafel slope (30 mV per decade) at low overpotential than the 

corresponding individual components and Pt/C, indicating faster ORR reaction rates [197]. Tafel 

slope in the smaller overpotential area is related to the first electron transfer in the rate-limiting 

step. 

We also studied the influence of percentage loading of FePc in the composite on the ORR 

performance. Figure 4-6a-b shows ORR results for the catalysts different loading percentage of 

FePc, 16, 33, 50 wt% and 100 wt% for the FePc-16/N-GP950, FePc-33/N-GP950, FePc-50/N-

GP950 and FePc alone, respectively. We find a significant enhancement of the ORR activity when 

the loading percentage of FePc in the composite increases. The highest ORR activity achieved 

when the percentage loading of FePc in the composites reached 33 wt% in the FePc-33/N-GP950, 

due to high dispersion and homogeneous distribution of the FePc [193]. However, when the weight 

ratio reached 50%, the ORR activity slightly decreased. We anticipate that the composition of 50 

wt% FePc compromises the electronic conductivity of the composite due to the agglomeration of 

FePc particles [34, 35]. A further increase of the level of FePc beyond 50 wt% may cause the entire 

surface of N-GP sheet to be covered by FePc agglomerates, rendering poor conductivity and 

consequently, reduction of the ORR activity. Consistently, TEM image (Figure 4-3e) indicates 

overcrowded FePc nanostructures in the composite of FePc-50/N-GP950, with 50 wt% of FePc. 

Therefore, we established that 33 wt% FePc to be the optimal composition of FePc in the 

preparation of FePc/graphene composite to achieve maximum ORR performance. For easy 

comparison, the ORR parameters obtained from Figure 4-6a are listed in Table 4-2.  
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Figure 4-6 ORR performance of prepared catalysts. The LSVs of catalysts (a) FePc-33/N-GP950 catalysts prepared 

with different FePc loading 16, 33, 50, and 100 wt%, (b) correlation between content of FePc (wt %) and ORR activity 

at 0.8 V, (c) the LSVs of as-exfoliated GP and a composite of 33 wt% FePc and as-exfoliated GP (FePc-33/GP), and 

(d) composite of 33 wt% FePc, and N-doped Hummer’s method exfoliated graphene (FePc-33/N-rGO) and the FePc-

33/N-GP950. Electrolyte: 0.1 M KOH, scan rate: 10 mV s-1, RRDE rotation: 1600 rpm. 
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Table 4-2 The correlation of ORR performance and the percentage of FePc loading in the FePc/N-GP950. The 

electrochemical evaluation was carried out in O2-saturated 0.1 M KOH, scan rate: 10 mV s-1 and disk rotation rate: 

1600 rpm. 

FePc in the 

composite (%) 

Activity at 0.8 V 

(mA cm-2) 

Limiting Current 

(mA cm-2) 

Onset potential 

(V vs. RHE) 

Half-wave potential (V 

vs. RHE) 

16 3.5 5.3 0.93 0.84 

33 5.0 6.3 0.97 0.89 

50 4.4 6.0 0.93 0.84 

100 0.5 4.0 0.84 0.70 

 

Comparatively, we also immobilized the FePc on three different samples of graphene; GP(as-

exfoliated graphene), GP950 (GP which underwent one cycle of pyrolysis in an argon atmosphere 

at 950 ºC for 1 h) and on the N-rGO (graphene prepared by Hummer’s method pyrolyzed at 950 

C in argon for 1 h and NH3 atmosphere for 15 min). The as-prepared GP exhibited significant 

ORR activity. The ORR activity of the GP is further enhanced after immobilization of 33 wt% FePc 

to produce a FePc-33/GP composite (Figure4-6c). Interestingly, the catalytic performance of FePc-

33/GP, specifically its onset of ORR polarization potential, is equivalent to our best catalyst, FePc-

33/N-GP950. Accordingly, the development of FePc-33/GP with great ORR activity can be 

desirable in electrocatalysis because its synthesis did not involve high-temperature pyrolysis at any 

stage. To gain an in-depth understanding of the influence of support materials, we compared the 

ORR activity of FePc-33/N-rGO and our best catalyst, FePc-33/N-GP950. From Figure 4-6d, the 

ORR performance of the FePc-33/N-rGO is lower than that of FePc-33/N-GP950 in which the drift 

of the onset and half-wave potentials is about20 and 50 (mV vs. RHE) respectively. Likewise, 

the FePc-33/N-rGO exhibited lower limiting current density (5.0 mA cm-2) and current density at 

0.8 V (3.0 mA cm-2) than the FePc-33/N-G950, 6.1 and 5.5 mA cm-2 respectively. 
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We also found that there is a significant difference in ORR activity between the individual support 

materials, the N-rGO, and the N-GP950. The N-GP950 displayed better ORR performance than 

the N-rGO, as shown in Figure 4-7a (also in Table 4-1). The difference in ORR performance is 

attributed to the variation of the quality of graphene produced by the two methods. The 

electrochemically exfoliated graphene (N-GP950), having high quality, uniform morphology, thin 

and large piece provided excellent support, conductivity, and stabilization of FePc compared to its 

counterpart (N-rGO) prepared by Hummers method. We infer that the morphology and quality of 

graphene obtained by electrochemical exfoliation of graphite play a central role in the superior 

performance demonstrated by the FePc-33/N-GP950. Similarly, we found an enhancement of ORR 

activity when the 33 wt% FePc was supported on the GP950, as shown in Figure 4-7b. Our 

experiments attest that graphene obtained by electrochemical exfoliation of graphite is an excellent 

support material for the FePc electrocatalyst.  

We have also supported the ligand alone, the phthalocyanine (H2Pc) on the N-GP950 to probe the 

role of the Fe atom as a coordinating center in the ORR activity of the FePc-33/N-GP950 

composite. Despite the H2Pc molecule being rich in pyridinic-N, the H2Pc-33/N-GP950 exhibited 

a low ORR activity as seen in Figure 4-7c, indicating that the activity of FePc-33/N-GP950 is 

mainly dependent on the central iron atom in the Fe-N4 system. Also, it is worth to mention that 

the N-GP950 was obtained by pyrolysis of graphene under optimized conditions (i.e., at 950 C in 

Ar for 1 hour and 950 C in NH3 for 15 minutes. The ORR performance of the graphene samples 

pyrolyzed in NH3 at 750, 950, and 1050 C are presented (Figure 3-9) and discussed in Chapter 3. 

In which the graphene pyrolyzed at 950 C (N-GP950) exhibited the highest limiting current 

density (4.9 mA cm-2), the current density at 0.8 V (3.0 mA cm-2) and lowest overpotential. 
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Figure 4-7 The linear sweep voltammograms of N-GP950, N-rGO, FePc-33/GP950, and Pc-33/N-GP950. (a) N-

rGO and N-GP950, (b) GP950, FePc-33/GP950 and FePc-33/N-GP950, and (c) 33 wt% phthalocyanine (Pc-33)/N-

GP950 and FePc-33/N-GP950. The LSVs recorded using 10 mV s-1 and working electrode rotation of 1600 rpm in the 

O2-saturated 0.1 M KOH at room temperature. The Pc-33/N-GP950 displayed the lowest activity towards ORR, 

indicating the Fe in FePc plays a key role in the ORR process. 

 

Furthermore, in Figure 4-8, we compared the ORR activity of our best composite catalyst, FePc-

33/N-GP950 as a non-pyrolyzed and its pyrolyzed derivatives. The FePc-33/N-GP950 composite 

underwent pyrolysis in Ar atmosphere at 450, 750, and 950 C for 1 hour. Compared to pyrolyzed 

FePc-33/N-GP950, the ORR performance of non-pyrolyzed FePc-33/N-GP950 is superior in all 

parameters. Also, we noted that the increase of pyrolysis temperature is associated with a 
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significant loss of ORR activity of FePc-33/N-GP950. This loss of activity is attributed to the 

decomposition of the grafted FePc covering the N-GP950 surface [204]. 

 

 

Figure 4-8 ORR electrochemical performance of the pyrolyzed FePc-33/N-GP950 (a) the LSVs (b) the 

corresponding electron transfer number, and H2O2 yield. Electrolyte: 0.1 KOH, the scan rate of 10 mV s-1, the electrode 

rotation speed of 1600 rpm. The activity of the FePc-33/N-GP950 significantly lost after pyrolysis in argon. 

 

In addition to the catalytic activity, long-term durability is another major challenge in 

electrocatalysis in general, and in fuel cells in particular. Therefore, ADT was used to examine the 

cycle stability of FePc-33/N-GP950 electrocatalyst. In Figure 4-9, the FePc-33/N-GP950 displayed 

excellent stability. After 5000 potential cycles, the FePc-33/N-GP950 electrode showed no 

substantial change either in the LSVs (Figure 4-9a) or CVs (Figure 4-9c) before and after 5000 

continuous potential cycles. The excellent durability implies that there is no or little loss of the 

activity centers of the FePc-33/N-GP950 electrodes during long-term cycling of potential. The 

ORR durability results of FePc-33/N-GP950 is the best for unpyrolysed metal 

macrocycles/graphene catalysts so far. In contrast, the LSVs of Pt/C (Figure 4-9b), shows a 
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significant drift of half-wave potential by about 30 mV after 5000 potential cycles under similar 

test conditions.  

 

Figure 4-9 LSVs recorded before and after 5000 cycles ADT test between 0.6 to 1.0 V using scan rate 10 mV s-1 

and working electrode rotation of 1600 rpm in O2-saturated 0.1 M KOH for (a) FePc-33/N-GP950 and (b) 20% Pt/C, 

(c) CV curves of FePc-33/N-GP950 before and after ADT test recorded in N2-saturated 0.1 M KOH. (d) 

Chronoamperometric responses (at 0.8 V vs. RHE) of FePc-33/N-GP950 and 20 wt% Pt/C catalysts in O2-saturated 

0.1 M KOH.  

 

We also tested the stability of FePc-33/N-GP950 by chronoamperometry while holding the 

potential at 0.8 V (vs. RHE) in the O2-saturated 0.1 M KOH with a rotation speed of 1600 rpm. 

The FePc-33/N-GP950 retained ca. 90% of the initial current after continuous measurement for 

three hours, whereas the commercial Pt/C retained only ca. 55% of the initial current in a similar 
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condition (Figure 4-9d). The excellent durability exhibited by the FePc-33/N-GP950 electrode is 

attributed to the strong - interaction between the FePc and the N-GP950, improved dispersion 

of FePc on N-GP950 sheets and the intrinsic high corrosion resistance property of the support 

material, is of great importance for applications in catalysis [35]. 

Lastly, the graphene obtained by electrochemical exfoliation of graphite has several attributes as 

support that may have contributed to the improved ORR performance of the FePc/graphene 

composites. In addition to its unique 2D structure, the graphene (GP) we prepared by this method 

is thin, uniform, large sheet with relatively few functional groups [51, 98]. The large size and 

uniform morphology of the GP enabled homogeneous distribution of the FePc on the entire sheet 

providing numerous open and accessible activity centers. These attributes facilitate ORR kinetics 

by ensuring easy diffusion of the reactants and products to and from the catalytic centers [35, 179, 

205, 206]. Similarly, the high quality of graphene offers an excellent conductivity property, which 

is highly desirable for charge transfer processes during the ORR. Also, the π-π interaction between 

the FePc and the N-GP950 is argued to provide stabilization of active sites and hence improve the 

stability of the FePc-33/N-GP950 [35]. 

 

4.5 Conclusions and perspectives 

We prepared, high-performance NPMCs for ORR by immobilization of FePc onto nitrogen-doped 

electrochemical exfoliated graphene (N-GP950) by a simple, cost-effective and environmentally 

friendly method. Our best composite catalyst, FePc-33/N-GP950, demonstrated exceptionally high 

ORR activity and long-term durability in alkaline media with better performance than the 

commercial Pt/C. FePc-33/N-GP950 has the best ORR activity among the unpyrolysed metal 

macrocycles catalysts. We believe that the strong - electronic interaction between the FePc and 
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high-quality N-doped graphene was instrumental in achieving the high ORR performance as 

deduced from XPS results. The N-doped electrochemical exfoliated graphene (N-GP950) 

demonstrated to be an excellent support material to improve the ORR performance of FePc. 

Therefore, this work provides an effective approach for the development of future NPMCs for 

practical applications in alkaline fuel cells. The findings open up new avenues for energy 

conversion technologies based on low-cost, scalable, nonprecious metal catalysts. 
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Chapter 5  Fabrication of MoS2/TiO2-Nanotubes for Hydrogen 

Evolution 

Hydrogen is produced from water splitting via electrochemical method represents one of the most 

promising clean and renewable chemical energy carriers. Precious metals are widely investigated 

as the catalysts for hydrogen evolution reaction owing to their low overpotential and fast kinetics. 

However, to overcome the barriers of high-cost and limited resources of precious metals, 

considerable efforts have been made to discover viable alternatives electrocatalysts. In this work 

we combine promising catalytic activity of the MoS2 and excellent charge transfer and chemical 

stability of the TiO2-nanotubes, to fabricate a MoS2/TiO2-nanotubes as an efficient hydrogen 

evolution electrocatalyst. The new electrocatalyst exhibit high electrocatalytic activity with 

exceptional durability in an acidic media. 

 

5.1 Introduction 

Hydrogen, a potential energy carrier source that would significantly mitigate the environmental 

concerns due to zero-emission of carbonaceous species when combusted. Hydrogen can be used as 

fuel in fuel cells and also a promising solution in the conversion of renewable energies into 

chemical fuels that can be stored and transported [48, 207, 208]. However, a clean, low-cost, and 

scalable production of hydrogen is still challenging. Of the attractive and promising approaches to 

produce hydrogen, electrochemical hydrogen evolution reaction (HER) emerges as the best choice 

due to its flexibility and broad applicability. Besides the HER demands not only efficient and 

durable but also low-cost electrocatalysts [209, 210]. While, to date, the most performing HER 

electrocatalysts are still Pt-based materials, their prohibitive costs hamper the large-scale 

exploitation of production of hydrogen [209-211]. 
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Recently, numerous efforts directed toward the development of low-cost and high-performance 

electrocatalysts for HER as replacement of expensive Pt-based materials. Various exciting earth-

abundant transition metal-based compounds have been developed and stand out as promising HER 

electrocatalysts, including, metal selenides, phosphides, carbides, sulfides, and their composites 

[212-216]. Despite the volume of work, most of these materials have inferior performance 

compared to state-of-art Pt-based electrocatalysts. Besides, the majority of the catalysts are 

fabricated using complicated multistep techniques, which add up to the cost of the final products 

and present scaling challenges. In a recent exploration of alternative HER catalysts, layered 

nanostructures of transition metal dichalcogenides, including molybdenum disulfide (MoS2) are 

developed with promising activity [217, 218]. However, none of them showed excellent HER 

performance comparable to the noble metals, mainly due to the low density of reactive active sites 

or poor electrical conductivity of the catalyst. Thus, the development of new MoS2 structures with 

exposed edges sites on a chemically stable and one-dimensional support material is highly desirable 

to boost the HER catalytic performance. 

Titania (TiO2) materials are critical for several clean energy applications, including conversion and 

storage technologies [219-221]. In particular, TiO2 is considered as a promising photoanode 

material for the UV-light-driven hydrogen evolution due to its high activity, excellent chemical 

stability, non-toxicity, and low-cost [100, 222, 223]. Material scientists, partly inspired by these 

properties, made remarkable progress over the past decades in the synthesis of high-quality TiO2 

nanostructures. Notably, the fabrication of one-dimensional (1D) TiO2 materials like nanowires, 

nanorods, nanofibers, or nanotubes attracted significant interests because of their compelling 

properties [100, 101, 224]. Propitiously, the 1D TiO2 structures combine the increased surface area 

and unidirectional electron conducting properties [100-102, 225, 226]. Compared to other 1D TiO2 



105 
 

geometries, nanotubes, allow great control of the chemical and physical properties crucial to 

optimize the catalytic performance [227-231]. In recent years, numerous methods to fabricate TiO2 

nanotubes (TiO2-NTs) have been developed, including template [232], hydrothermal [233, 234], 

sol-gel [235], as well as electrochemical anodization [236-238]. Among these methods, 

anodization is highly attractive, owing to its low-cost, straightforward, and allow the control of 

tubes morphology [16, 101]. The electrocatalytic activity of TiO2 NTs is primarily influenced by 

their structural parameters [101]. Therefore, employing a cost-effective method, which can 

generate TiO2-NTs with a controlled morphology is necessary for further exploration of potential 

electrochemical applications. 

In this work, we fabricated highly organized free-standing TiO2-NTs arrays membrane via the 

anodization of titanium foils, in an organic electrolyte containing fluoride ion. Subsequently, we 

assembled MoS2-supported free-standing TiO2-NTs (MoS2/TiO2-NTs) by merely immobilizing the 

grown hydrothermal MoS2 on the surface of the anodic grown TiO2-NTs by using a slow 

evaporation approach. The hybrid catalyst, MoS2/TiO2-NTs exhibits efficient HER electrocatalytic 

activity with exceptional durability in acidic media owing to the synergetic effect arising from the 

interaction between the dispersed MoS2 and the TiO2-NTs support. Our results demonstrate that 

TiO2-NTs are an excellent support material for MoS2 as HER electrocatalyst. This study provides 

a straightforward approach to fabricate efficient electrocatalyst for the production of hydrogen from 

water based on low-cost and abundant materials 
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5.2 Experimental 

5.2.1 Chemicals and Materials 

Titanium foil (99.7%, 0.5 mm, Sigma-Aldrich), graphite plate and rod (Alfa Aesar), ethanol, 

methanol, isopropanol, acetone, ethylene glycol (EG, 99.8%), ammonium fluoride (98%), sulfuric 

acid (99.9), hydrofluoric acid (HCl, 37%), potassium hydroxide (KOH, 85%), ammonium 

heptamolybdate tetrahydrate (H24Mo7O24.4H2O, 99%), thiourea (NH2CSNH2, 99%), and hydrazine 

(N2H4.H2O, 98%). All chemicals purchased from Sigma Aldrich used as received. 

 

5.2.2 Preparation TiO2-nanotubes 

The TiO2-NT membranes were prepared by anodization of Ti foil in EG electrolyte, containing 0.3 

wt% NH4F, and two wt% Milli Q water using 60 V for a specified time. In all the anodization 

experiments Ti foil used as a working electrode (20 mm × 15 mm× 0.5 mm), graphite plate (20 

mm × 20 mm× 3 mm) as a counter electrode and a direct current power supply (PSC-260, Circuit 

Test Electronics). The anodization carried in a polytetrafluoroethylene (PTFE) cell with two 

electrodes system. Before anodization, the foils were ultrasonically cleaned sequentially in acetone, 

ethanol, and Milli Q water. Initially, the Ti foil was anodized for 1 hour, and the resulting oxide 

layer was removed by ultrasonication in 0.1 M HCl to obtain highly self-ordered dimples-like 

imprinted Ti foil. The textured Ti foil subsequently underwent second anodization to form self-

organized TiO2-NTs membrane arrays. Then, the as-anodized TiO2-NTs ultrasonically cleaned in 

ethanol for 15 s, using an ultrasonic cleaner (40 kHz, 80 W), and then left to dry at room 

temperature or in the oven at 75 C. Drying of the as-anodized Ti foil in an oven resulted in 

detachment of the formed TiO2-NT membranes. Two methods are used to induce crystallinity of 

the as-anodized TiO2-NTs. In the first method, the as-anodized free-standing TiO2-NTs were 
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annealed at 450 C in the air muffle furnace for 2 hours, with heating and cooling rates set at 10 

C/min. In the second method, the as-anodized Ti foil was exposed to hot water steam, for about 

30 min. 

 

5.2.3 Preparation of MoS2 layers 

The MoS2 was synthesized by hydrolysis of aqueous ammonium heptamolybdate tetrahydrate 

(NH4)6Mo7O24.4H2O) in the presence of thiourea and hydrazine using a hydrothermal method. In 

a typical synthesis, 52 mg of thiourea and 1 ml of hydrazine was added to an aqueous solution of 

(NH4)6Mo7O24.4H2O (114 mg, 50 ml). The mixture was transferred into a 100 ml Teflon vessel 

which was then placed and sealed in a stainless-steel cup and kept at 200 C for 10 hours. After 

cooling the black precipitate was collected by centrifugation, washed with deionized water and 

ethanol. Subsequently, the black precipitates of MoS2 were dispersed in the Milli-Q water and 

finally freeze-dried. Then, the dry MoS2 layers were used in the subsequent stage and for 

characterization. 

 

5.2.4 Preparation of MoS2-supported free-standing TiO2-NTs 

The MoS2-supported free-standing TiO2-NTs were prepared by a slow evaporation method. The 

mole ratio of MoS2 to TiO2-nanotube was kept at 1:3.7. Briefly, the as-prepared free-standing TiO2-

NTs (60 mg) were dispersed in 100 ml ethanol by sonication for 15 minutes. To this mixture, 32 

mg of the as-prepared MoS2 particles were added and the resulting suspension sonicated for about 

10 min in ice water. Then the solvent was evaporated at 65 C, and the slurry dried in an oven at 

95 C. The dried powder underwent annealing in argon at 480 C for 2 hours to obtain the 

MoS2/TiO2-NTs catalyst. 
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5.2.5 Preparation of hydrogen evolution electrodes 

The modified glass carbon WE electrodes were prepared by initially dispersing 10 mg catalyst in 

350 µl of water/ethanol (5:3 v/v) with 5 wt% Nafion (95 µl), with the Nafion-to-catalyst ratio of 

0.4. The mixture was homogenized by alternating circles of 15 minutes of sonicating and shaking 

for 1 hour, to obtain an ink-like suspension. Then 5 µl of the catalyst ink was deposited onto a GC 

electrode (geometric surface area 0.2475 cm2). The loading of the catalysts was 0.450 mg cm-2. 

The carbon fibre paper (CP) electrode was prepared by depositing the catalyst ink prepared above 

onto a carbon fibre (10 mm  0.5 mm) with a catalyst loading of 0.450 mg cm-2. 

 

5.3 Characterization TiO2 NTs and MoS2/TiO2-NTs  

5.3.1 Physical characterization 

The morphologies of TiO2 NTs and MoS2/TiO2-NTs were investigated by using a scanning electron 

microscope (SEM, Lyra3 SEM-FIB by Tescan) and a transmission electron microscope (TEM, 

JEOL 2100F). All the geometrical properties were measured from SEM and TEM images (Image 

J software) in the average of 10 measurements. The crystallographic properties of the materials 

analyzed by X-ray diffraction (XRD) were performed with an X'pert Philips (equipped with a 

Panalytical X'celerator detector), using graphite monochromatized Cu Kα radiation (λ = 1.54056 

Å). The chemical states and surface composition of the TiO2 NTs was characterized by X-ray 

photoelectron spectroscopy (XPS, VG Escalab220i - XL). 
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5.3.2 Electrochemical characterization 

The electrochemical tests were performed using a standard three-electrode cell setup with 0.5 M 

H2SO4 and 1.0 M KOH solution as the electrolyte. All electrochemical measurements were 

performed using a rotating disk electrode (RDE, PINE Research Instrumentation) with a 

bipotentiostat (Pine, Model PGSTAT-72637) workstation at room temperature. In all 

measurements, we used a saturated calomel electrode (SCE) and graphite rod as the reference and 

counter electrodes, respectively. The reference electrode calibrated to the reversible hydrogen 

electrode (RHE) potentials in a high purity H2 saturated electrolyte with a Pt wire as the working 

electrode. The measurement carried in H2SO4 solution (0.5 M) and KOH solution (0.1 M). Before 

use, the GC electrodes in RDE are polished using aqueous alumina suspension on felt polishing 

pads. Initially, several CV cycles were performed on all the WE electrodes to get rid of possible 

contaminants. The polarization curves recorded by scanning the potential from 0 to -0.7 (V vs. 

RHE) with a scan rate of 10 mV s-1. Durability test of the catalyst conducted by recording HER 

polarization curves before and after 5000, potential cycles between -0.4 and 0.2 (V vs. RHE) at a 

scan rate of 100 mV s-1. Electrolyte: 0.5 M H2SO4. All potentials in this study refer to a reversible 

hydrogen electrode (RHE). 

 

 

5.4 Results and discussion 

5.4.1 Electrochemical anodization of titanium 

The general procedure of anodization of the Ti substrate is illustrated in Figure 5-1a, in which the 

Ti foil serves as the anode and graphite plate as a cathode. The mechanism of the formation of 

TiO2-NTs, by anodization of Ti foil, begins with field assisted oxidation of Ti foil surface in contact 



110 
 

with electrolyte, and subsequently forming the TiO2 layer (Equation 5-1 and 5-2) Simultaneously, 

the occurrence of selective chemical dissolution of formed TiO2, by the action of F ions (Equation 

5-3), etches out the cell boundaries leading to the formation of individual TiO2 NTs [100-102]. 

Ti → Ti4+ + 4e-     (5-1) 

Ti + 2 H2O → TiO2 + 4H+ + 4e-   (5-2) 

TiO2 + 6F- + 4H+ → [TiF6]
2- + 2H2O   (5-3) 

 

 

 

 

Figure 5-1  A scheme of fabrication of highly ordered TiO2 nanotubes arrays (a) anodization experimental setup, (b) 

I-t response during anodization process, and (c) the appearance of anodized Ti substrate after drying and annealing. 
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The growth of nanotubes depends on the presence of fluoride species, and the balance between the 

formation of the TiO2 layer and dissolution of the fluoride rich layer at the bottom and around the 

tube. Monitoring the current-time response, during the anodization process, produced a 

characteristic current-time profile. The typical current-time (I-t) profile during the growth of 

nanotubes is depicted in Figure 5-1b, characterized by three zones of growth. In zone I, a rapid 

current decay was observed due to the oxidation Ti substrate and formation of a compact layer of 

TiO2. In zone II, the current increases, owing to the dissolution of formed TiO2 layer, induced by 

F- ions, resulting in the initial formation of the nanotubes. Finally, in zone III, as nanotubes continue 

to grow, the current continues to increase until it reaches a limit and begins to drop again until a 

steady-state situation is established between the formation of oxide at the metal/oxide interface and 

the dissolution [236-238]. 

Photographic images of the dry TiO2-NTs are given in Figure 5-1c. It is apparent that the as-

anodized TiO2-NTs is brown and easily detached itself from the Ti substrate after drying in an oven 

at 70 C (image A) to obtain a free-standing membrane. The existence of fluoride rich layer, at the 

interfacial layer between the Ti substrate and nanotubes, is believed to weaken the interfacial 

adhesion [229, 239]. However, when the as-anodized Ti substrate dried in air at room temperature 

(22 ºC), followed by drying in an oven at 85 C for overnight, the membrane remains firmly 

attached to the Ti substrate (Figure 5-1c, image B). Interestingly, the TiO2-NTs membrane 

remained firmly attached to the Ti substrate, even after annealing in air at 450 C for 2 hours 

(Figure 5-1c, image C). All of these observations indicated that the slow drying process reduced 

the stress of the oxide film at the interface. Besides, the strong adhesion of anodic TiO2-NTs arrays 

to the underlying Ti foil is highly advantageous in some promising applications where the use of 

binders in electrode material may compromise the performance. 
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5.4.2 The structural morphology of TiO2-nanotubes 

Figure 5-2 display the morphology of free-standing TiO2-NTs arrays. The TiO2-NTs membrane 

obtained by drying the as-anodized sample in an oven at 75 C detached itself from the Ti foil. The 

free-standing TiO2 NTs are smooth, round in shape and have an open mouth and closed bottom.  

 

Figure 5-2 Structural morphology of as-anodized TiO2-NTs, (a) SEM images of a longitudinal section of free-

standing TiO2-NTs with a closed bottom up, (b) a top view of bottom morphology of the nanotubes, (c) top view 

morphology. TEM images (d) interspacing between the individual nanotubes, anodized under ice bath, (e) cross-

section and its selected area electron diffraction (SAED) pattern as an inset, and (f) high-resolution image of the 

nanotube prepared at room temperature. 

 

Figure 5-2a-b display the SEM images of longitudinal aerial section and bottom view of the TiO2-

NTs, and its corresponding inset indicates that nanotubes are self-organized in a hexagonal packing 

with each of the nanotube surrounded by 6 nearest neighbors. While the top views of the nanotubes 

layer reveal locally ordered nanotubes openings (Figure 5-2c) with an average inner diameter of 

about 95 nm. Further, an organized interspacing between the nanotubes visible in Figure 5-2d with 
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an average spacing of about 12 nm (for the nanotubes grown under ice bath electrolyte 

temperature). These interspacing between the nanotubes are formed as a consequence of the 

chemical dissolution of the fluoride rich layer due to its susceptibility to high-water solubility [238-

240]. Predominantly, the as-anodized nanotubes array (Figure 5-2e-f) are mainly characterized by 

uniform tube diameter and wall thickness along the whole length. For example, the mean tube 

diameters for the anodization temperatures of 0, 22 and, 50 ºC, are 541.2, 961.1 and 1141.4 

nm, respectively. On the other hand, the tube wall thickness is observed to be 501.4, 241.1, and 

201 nm, respectively. Conversely, the reported TiO2 nanotubes grown in organic electrolytes had 

a small inner diameter at the bottom and wide at the top [102, 240]. The average wall thickness and 

the inner diameter of the nanotubes are 20 and 114 nm (anodized at room temperature) respectively. 

Furthermore, the inserted selected area electron diffraction (SAED) in Figure 5-2e, shows a 

diffused rings pattern, which confirms the amorphous nature of the as-anodized TiO2-NTs. 

Also, it is worth noting that when ethanol was added to the electrolyte, no growth of nanotubes on 

the Ti foil was observed. Instead, we observed the electropolishing of the Ti foil. We believe that 

the presence of ethanol in the electrolyte solution prevented the formation of TiO2 layer (chemical 

reaction Equation 2). For a reason, that ethanol in the electrolyte reacts with the dissolved Ti ions 

to form a soluble Ti(OEt)4, which in turn limits the formation of the TiO2 layer. 
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Figure 5-3 SEM images of TiO2 nanostructures formed during anodization of electropolished Ti substrate in EG 

containing 0.3 wt% NH4F and 2 wt% deionized water with 20% V/V ethanol, (a) cross-section view of spindle bundles, 

and (b) top view. 

 

Surprisingly, anodization of the electropolished Ti, yielded bundles of spindles, with grass-like top 

morphologies (nano-grass) as shown in Figure 5-3. Contrary to the previous reports on the 

formation of TiO2 bundle layers during short anodization period, the bundles of spindles described 

in this study were obtained after a long period of anodization as well as persisted after 3 seconds 

of ultrasonic cleaning [102, 241, 242]. In an aqueous electrolyte, the formation of TiO2 grass-like 

morphologies is associated to the rapid rate of etching of the tube at their top especially after long-

duration of anodization experiments causing the development of needle- or grass-like 

morphologies [242-246]. 
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Figure 5-4 SEM images of TiO2-nanotubes, showing the evolution of morphologies with different anodization 

conditions. (a-d) effect of length of anodization period, and (e-f) effect of the substrate etching on the nanotube surface 

textures. 

 

Besides, manipulation of the anodization conditions plays a crucial role in the evolution and control 

of morphologies of the TiO2 nanotubes. As shown in Figure 5-4, it is possible to obtain nanotubes 

with different length, diameter, and the wall thickness by controlling anodization time. For 

example, longer nanotubes were obtained by extending the anodization period. The nanotubes 

fabricated after 7 hours, have an average length of about 60 m, while approximately 38 m long 

nanotubes were obtained after 4 hours shown in Figure 5-4a-b. Figure 5-4c-d, reveal the inner and 

outer diameters of nanotubes are 95, 120 nm and 112, 120 nm for the duration of anodization of 4 

and 7 hours respectively. These results indicate that the extended anodization period has a 
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significant effect on the length, inner nanotubes diameter as well as wall thickness at a particular 

bias potential. Besides, the estimated wall thickness of the nanotubes decreased with the 

anodization period from 25 nm (4 hours) to 8 nm (7 hours), as measured from Figure 5-4c-d, due 

to the extended dissolution of the TiO2 in the inner wall of the nanotubes. Additionally, surface 

morphology of the nanotubes is affected by the pre-anodization treatment of the substrate. When 

the Ti foil was etched with 1 wt% HF before anodization, there was the formation of nanotubes 

with ripples, resulting in a rough tube outer wall surface. On the other hand, a smooth-walled outer 

surface of nanotubes was observed from the substrate without etching (Figure 5-4e-f). The reasons 

for the rippled wall surface remain unclear. To conclude, desirable morphologies of nanotubes can 

be fabricated by controlling pre-anodization and anodization conditions. 

Further, to understand the influence of electrolyte temperature during anodization on the 

morphologies of the nanotubes, we carried out anodization of Ti substrate, under ice bath (0 ºC) 

and silicon oil bath, at 22 and 50 ºC. From TEM images in Figure 5-5, the nanotubes prepared 

under ice bath comparatively have the thickest wall (50 nm) and inner tube diameter (54 nm). 

While, at 22 and 50 ºC, the tube wall thickness, inner diameters of the fabricated nanotubes are 24, 

94 nm, and 20, 114 nm, respectively. Also, the wall thickness of the TiO2-nanotubes decreased 

when the anodization was carried out at 22 and 50 C, respectively, while the tube diameters 

increased. This observation can be attributed to the formation mechanism of the TiO2-NTs [241, 

246]; in which both the main chemical reactions for the formation of nanotubes in the electrolyte 

containing fluoride, namely the formation and dissolution of TiO2 (Equation 5-2 and 5-3) are 

temperature dependent [241].  
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Figure 5-5 TEM images of the TiO2-NTs prepared by anodization of Ti substrate, in EG containing 0.3% NH4F and 

2 wt% water, for 7 hours at (a-b) 0 C, (c) 22 C, and (d) 50 C. 

 

At low temperature, the mobility of ions in the viscous EG electrolyte is limited, which in turn 

leads to the slow rate of etching and dissolution of formed TiO2 layer, leading to a wider tube wall 

thickness. However, at high temperature, the rates of etching and dissolution of TiO2 were higher 

than that in the ice bath, consequently resulting in thinner tube walls and wider diameters. It is 

therefore rational to ascribe that etching by fluoride ions as well as dissolution of the oxide will be 

slow at low temperatures, thus accounting for the thick wall and thin diameters and vice versa [236, 

246]. The findings show that the electrolyte temperature gives excellent control over the 

morphology of nanotubes, namely; the tube wall thickness, tube diameter, and uniformity of the 

tubular layer. 
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Structurally, the as-anodized TiO2-NTs are highly amorphous (Figure 5-2e) but transforms into 

crystalline phase after annealing or subjecting the sample in the hot water steam as shown in Figure 

5-6a-c. From the TEM image and its corresponding SAED patterns (Figure 5-6b), we can see that 

that the amorphous structure of the as-anodized TiO2-NTs is completely transformed into 

crystalline diffraction rings after annealing. Further, SAED analysis revealed that the calculated d-

spacing corresponding to the diffraction ring patterns is congruent with the anatase phase of TiO2 

nanocrystals (JCPDS, 21-1272) [247]. The diffraction ring patterns are indexed to (101), (004), 

(200), and (211) in their respective SAED patterns shown in Figure 5-6b. Likewise, the high-

resolution TEM (HR-TEM) image given in Figure 5-6c indicates that the individual crystalline 

nanotube comprises of well-defined lattice planes, with d-spacing of 3.5 Å, which corresponds to 

the (101) plane of the anatase phase of TiO2 [247, 248]. The crystalline nature of the nanotubes 

was confirmed by the XRD analysis (Figure 5-6d) for the as-anodized TiO2-NTs sample, annealed 

at 450 ºC for 2 hours (red line), and the other samples were subjected to hot water steam for 30 

(black line) and 60 minutes (blue line). In both cases, the TiO2-NT samples demonstrated high 

crystallinity with all peaks of XRD patterns, indexed to anatase TiO2 phase (JCPDS: 21-1272) 

[247]. Notably, the XRD results are consistent with TEM analysis. Another exciting feature is that 

we found only a pure phase composition of TiO2 membranes in the XRD spectra for both samples 

from the two crystallization approaches. However, the samples subjected to hot steam at 30 minutes 

and 60 minutes show the variation of intensity of the main anatase reflection peak at 2θ ~ 25 and 

50 °C. The results suggest that the degree of crystallinity of the TiO2-NTs membrane improved 

with a duration of exposure to hot water steam. To conclude, the XRD results indicate the 

possibility of inducing pure phase crystallinity of the TiO2 NTs, at low temperature. Crystallization 

of TiO2-NTs at low temperature provides a cost-effective and straightforward approach to fabricate 

crystalline TiO2-nanotubes. 



119 
 

  

Figure 5-6 The structure of the annealed TiO2-NTs. (a) The TEM image of annealed at 450 C for 2 hours, (b) 

selected area electron diffraction (SAED), (c) HRTEM image of anatase phase TiO2-NTs. (d XRD spectra of crystalline 

TiO2-NTs array obtained by subjecting the as-anodized sample in hot water steam, and annealed at 450 C for 2 hours 

in an air oven, with their corresponding characteristic powder diffraction pattern, for anatase TiO2 JCPDS: 21-1272. 

The XPS spectra of the annealed TiO2-NTs, (e) Survey spectrum, (f) high-resolution Ti 2p, and (g) high-resolution O 

1s. 

 

5.4.3 Surface elemental composition of TiO2-nanotubes 

XPS measurements performed to identify the surface elemental composition and their chemical 

states for the TiO2-NTs, as shown in Figure 5-6e-g. The binding energy (BE) position calibrated 

using the C 1s peak at 284.6 eV. The XPS survey spectrum, Figure 5-6e, confirms the presence of 

individual elements along with adventitious carbon. The as-anodized TiO2 nanotubes surface 
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contain the Ti 2p, and O 1s peaks. The high resolution of Ti 2p (Figure 5-6f), indicates the spin-

orbital splitting photoelectrons into Ti 2p1/2 and Ti 2p3/2, located at binding energies of 465.3 and 

459.6 eV, respectively, characteristic of the Ti4+ formal oxidation state of TiO2. The peak 

separation of 5.7 eV between the Ti 2p1/2 and Ti 2p3/2 signals is in excellent agreement with the 

reported literature values [249-251]. The O 1s signal for the TiO2 nanotubes (Figure 5-6g), at a 

binding energy of 531 eV, is assigned to lattice oxygen species and a shoulder located towards 

higher binding energies associated to adsorbed -OH species on the surface. All the peaks in XPS 

spectra are in good agreement with the reported values elsewhere [247, 248, 252-255]. 

 

5.4.4 Synthesis of MoS2-supported free-standing TiO2-nanotubes 

The scheme of preparation and morphology and structure of the composite are shown in Figure 5-

7. The steps of fabrication of the composite schemed in Figure 5-7a. The TEM image Figure 5-7b 

displays individual layers of MoS2 amassed like a flower. Figure 5-7c depict the morphology of 

MoS2/TiO2-NTs in which the layered MoS2 highly disperse on the entire surface of the TiO2-NTs. 

Meanwhile, the HRTEM image of MoS2/TiO2 sample, Figure 5-7d, clearly show that the layered 

MoS2 tightly embedded in the TiO2-NTs. The close assembly of components shows that the slow-

evaporation approach achieves strong interaction between MoS2 and free-standing TiO2-NTs. 

Notably, two different lattice fringes can be observed, d = 3.5 Å corresponding to the lattice spacing 

of anatase TiO2 (101) planes, and d = 6.2 Å, which matches with the (002) plane of the 2H-MoS2 

crystal [256]. The TEM images show the formation of a unique heterostructure of MoS2/TiO2-NTs, 

which play a crucial role in the improvement of HER performance arising from catalytic synergetic 

effect between MoS2 and TiO2 [257, 258]. 
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Figure 5-7 Fabrication scheme, structure, and chemical composition of the MoS2 and MosS2/TiO2-NTs catalysts. 

(a) Scheme of fabrication of MoS2/TiO2-NTs. TEM images of (b) MoS2, (c) MoS2/TiO2-NTs, (d) High resolution TEM 

of MoS2/TiO2-NTs. (e) High-resolution TEM of MoS2/TiO2-NTs with a marked area of reduced fast Fourier transform 

(FFT), (f) FFT image MoS2/TiO2-NTs showing the diffraction spots from anatase MoS2 and TiO2-NTs, (g) The XRD 

pattern of MoS2 and MoS2/TiO2-NTs. 

 

 

The HRTEM images of MoS2/TiO2-NTs (Figure 5-7e) further confirm the seamless grafting of 

layered MoS2 to the TiO2-NTs surface along with the exposed edges. Figure 5-7f depicts the fast 

Fourier transform (FFT) patterns of the selected area (marked by white frame in the HRTEM image 

Figure 5-7e) showing the lattice spacing corresponding to the MoS2 and TiO2-NTs, which are in 
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good agreement with the hexagonal MoS2 and anatase TiO2 [256, 258]. Energy dispersive X-ray 

spectroscopy (EDS) employed to investigate the elemental composition and homogeneity of 

MoS2/TiO2-NTs. Figure 5-8a shows the presence of all possible elements of the composite Ti, Mo, 

O, and S, in the spectrum measured from identified areas of the HRTEM (Figure 5-8b). This 

observation shows that the MoS2 layers homogeneously disperse entirely on the surface of TiO2-

NTs, with sufficient contact between the two components and the absence of adventitious 

contamination detected within the sensitivity of EDS. 

 

Figure 5-8 Morphology and elemental composition of catalysts. (a) The electron diffraction spectra of the MoS2 

and MoS2/TiO2-NTs showing the elemental composition. (b) High-resolution TEM of MoS2/TiO2-NTs indicating 

respective areas of the energy dispersive X-ray. No adventitious impurity detected from the sample. 

 

5.4.5 Hydrogen evolution reaction electrocatalytic activities 

The electrocatalytic HER activities of the catalysts were investigated in 0.5 M H2SO4 solution using 

a standard three-electrode setup. Figure 5-9a shows the polarization curves of GC modified 

electrodes of TiO2-NTs, MoS2, and MoS2/TiO2-NTs, respectively. The individual TiO2 and MoS2 

electrodes display limited HER activity. By contrast, the HER activity of MoS2/TiO2-NTs 

composite material significantly enhanced compared with TiO2-NTs and MoS2. Specifically, the 
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MoS2/TiO2-NTs composite exhibited small HER onset potential of ∼100 mV, while the HER onset 

potential for the individual MoS2 and TiO2-NTs are 260 mV and 350 mV, respectively. The onset 

potential of MoS2/TiO2-NTs is of several folds higher than that of different components. The 

improved HER performance of the composite (MoS2/TiO2-NTs) ascribed to the synergetic effect 

due to the chemical and electronic interactions between the TiO2-NTs and MoS2. Besides, the 

MoS2/TiO2-NTs requires a low overpotential of about 170 mV to steadily deliver cathodic current 

densities of 10 mA cm-2, offering a promising HER activity amongst the TiO2-based precious-free 

electrocatalysts [214, 256-260]. 

 

Figure 5-9 The hydrogen evolution reaction activity of TiO2-NTs, MoS2, MoS2/TiO2-NTs, and 20 wt% Pt/C (a) The 

polarisation curves obtained with catalysts, and (b) corresponding Tafel plot recorded on glassy carbon with catalysts 

loading 0.8 mg cm-2 at a scan rate of 10 mV s-1 in the 0.5 M H2SO4. (c) The polarisation curves recorded on carbon 

fiber paper (CP) with a similar scan rate and loading for the MoS2/TiO2-NTs. (d) The polarisation curves of MoS2 and 

MoS2/TiO2-NTs on CP recorded in a 1.0 M KOH solution with a similar scan rate. (e) The polarisation curves of 

MoS2/TiO2-NTs composite on CP recorded before and after durability test. Negligible HER current lost after 5000 

potential cycles between -0.4 and 0.2 (V vs. RHE) at 100 mV s-1. 
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Tafel slope is another important parameter of merit for the HER catalysis, from which information 

about the kinetics attained. The Tafel slopes are obtained by fitting the linear region of the Tafel 

plots (Figure 5-9b) to Tafel equation (Equation 5-4) where  is the overpotential, j is the current 

density and b is the Tafel slope. In an acidic electrolyte, Tafel slopes are 35, 70, 120, and 200 mV 

decade-1 for 20 wt% Pt/C, MoS2/TiO2-NTs, MoS2, and TiO2-NTs, respectively. 

(𝜂(𝑉 𝑣𝑠.𝑅𝐻𝐸) = 𝑎 + 𝑏𝑙𝑜𝑔𝑗)     (5-4) 

Besides, the overall equation for HER in acidic media (Equation 5-5) may involve up to three 

elementary steps for reduction of the hydronium (H3O
+) ions: namely Volmer (Equation 5-6), 

Heyrovsky (Equation 5-7), and Tafel (Equation 5-8) reactions [40, 261, 262]. 

 

2H3O
+ + 2e-⇌ H2 + 2H2O,    (5-5) 

H3O
+ + e-⇌Hads + H2O,    (5-6) 

H3O
+ + Hads + e-⇌  H2 + H2O,  (5-7) 

Hads + Hads⇌ H2,     (5-8) 

Accordingly, the Tafel slope, regarded as an intrinsic property of electrocatalysts determined from 

the rate determining step, allows identification of the possible mechanism of HER. The accepted 

HER kinetics model consists of three elementary steps, namely, Volmer, Heyrovsky and Tafel. 

Each of these steps can be considered as the rate-determining step. The corresponding Tafel slopes 

for the Volmer, Heyrovsky and Tafel steps are about 120, 40, or 30 mV decade-1, respectively [40, 

261, 263]. The Tafel slope of the MoS2/TiO2-NTs was as low as 70 mV decade-1 (Figure 5-9b), 

indicating HER electrocatalysis mechanism is dominated by Volmer-Heyrovsky steps [259-262, 
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264]. In particular, the Tafel slope of MoS2/TiO2-NTs was significantly far lower than that of 

individual TiO2-NTs (200 mV decade-1) and MoS2 (120 mV decade-1) indicating superior HER 

performance. Also, we deposited the MoS2 and MoS2/TiO2-NTs catalysts on the carbon fiber paper 

(CP) with a loading similar to GC (0.8 mg cm-2) and tested their HER performance in acid solutions. 

Figure 5-9c markedly, shows the MoS2/TiO2-NTs composite exhibiting low overpotential for 

achieving 10 mA cm-2 current density in acidic solution. The HER performance of the composite 

(MoS2/TiO2-NTs) is higher than the individual CP and MoS2. The enhancement of the HER 

performance of MoS2/TiO2-NTs can be attributed to the synergetic effect and high dispersion of 

MoS2 on the surface of the TiO2-NTs with widely exposing MoS2 edges (Fig. 5d). The high 

dispersion prevents the agglomeration of MoS2 layers [8,55]. Further, the composite also exhibits 

relatively low HER overpotential in the alkaline environment (Fig. 5-9d). Another essential 

criterion for an excellent electrocatalyst is high stability. Finally, we performed a durability test of 

the MoS2/TiO2-NTs composite electrocatalyst on CP in acidic medium via cyclic voltammetry. 

Figure 5-9e reveals after 5000 potential cycles the electrocatalyst maintains the potential (170 mV) 

at a fixed current density of 10 mA cm-2. This test indicates that in addition to the efficient HER 

activity, the composite electrode exhibits excellent durability. The superb durability of MoS2/TiO2-

NTs electrode is attributed to the homogeneous dispersion of the MoS2 layers and the chemical 

stability of the TiO2-NTs support. These results confirm the long-term sustainability of our 

MoS2/TiO2-NTs as HER electrocatalyst.  
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5.5 Conclusions and perspective 

We fabricated highly ordered free-standing TiO2-NT membranes, with one end open after drying 

the as-anodized Ti foil in the oven, at 70 C for 2 h. The TiO2-NTs membranes firmly adhered to 

the Ti foil after drying the as-anodized foils, in the air (22 C) followed by baking at 85 C 

overnight. The manipulation of anodization conditions played a vital role in controlling the 

morphologies of the prepared TiO2-NTs. We successfully fabricated MoS2/TiO2-NTs by a slow 

evaporation approach. The TiO2-NTs provided excellent support of the MoS2 layers. TEM revealed 

the MoS2 layers in MoS2/TiO2-NTs uniformly distributed over the entire surface of the TiO2-NTs. 

The new MoS2/TiO2-NTs catalyst exhibited high HER performance. The overpotential obtained at 

10 mA cm-2 acidic and alkaline environment is 170 and 290 mV, respectively. Moreover, the 

MoS2/TiO2-NTs showed small Tafel slope of 70 mV decade-1 in acidic media and the MoS2/TiO2-

NTs exhibit excellent durability after 5000 potential cycles between -0.4 and 0.2 (V vs. RHE). 

These results offer useful insights into the evolution of morphologies of TiO2 nanotubes by 

adjusting the anodization conditions. Also, we anticipate the controlled morphologies is critical in 

improving the performance of TiO2-NTs based materials in a wide range of energy conversion 

technologies. We demonstrated straightforward approach of fabrication of MoS2/TiO2 with 

significantly improved HER performance, representing a significant advance for the practical and 

massive exploitation of the electrochemical hydrogen production. 
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Chapter 6 Conclusions and recommendations 

6.1 Conclusions 

The general objective of this thesis was to develop durable, cost-effective, and high-performance 

electrocatalysts for ORR and HER. Both ORR and HER are essential reactions in electrochemical 

energy conversion devices, including fuel cells, metal-air batteries, and water electrolyzers. 

Consequently, in this thesis, highly efficient electrocatalysts with controlled morphologies have 

been synthesized using materials that are abundant and low-cost, as well as employing a direct, 

straightforward, and environmentally friendly approach. The enabling parameters for controlled 

fabrication of materials, physical characterization, and performance properties have been 

discussed. The hypotheses were that: (i) electrocatalyst materials with controlled morphologies can 

be fabricated by a simple and environmentally friendly electrochemical approach using low-cost 

materials; (ii) high-quality electrochemically exfoliated graphene is an efficient metal-free 

electrocatalyst for ORR; (iii) high-quality graphene can provide excellent support of FePc, a 

potential active material for ORR as NPMCs; (iv) a free-standing TiO2-nanotubes membrane array 

with a controlled morphology is a potential electrochemical HER electrode; and v) the TiO2-

nanotubes can provide excellent support MoS2 nanosheets for efficient HER electrode. Therefore, 

based on these hypotheses, the following conclusions have been drawn: 

In chapter three, we demonstrated the successful fabrication of large sheets (3 µm) of high-quality 

graphene with a controllable number of layers by using a simple electrochemical method and low-

cost graphite as precursors. The graphene samples were rigorously characterized physicochemical 

and electrochemically to determine their structure, ORR activity, and structure-activity 

relationship. The production of high-quality graphene was confirmed with the TEM, XPS, and UV-

Vis measurements. Graphene sheets generated from both graphite precursors were large, very thin, 
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highly uniform, and exhibited high activity towards ORR. The ORR activity of graphene exfoliated 

from the graphite plate was better than the graphene obtained from the graphite foils. An enhanced 

ORR performance was observed after the N-doping of the graphene. The N-doped graphene (N-

GP950) exhibited comparable ORR activity to, and better stability than, the state-of-the-art 

commercial Pt/C catalyst in alkaline media. Various conditions, during exfoliation and post-

exfoliation, influenced the ORR activity of the graphene samples, providing an opportunity to fine-

tune their performance. Therefore, the N-GP950, which can be prepared from low-cost precursors 

using a direct, cost-effective method, is a potential candidate for an ORR catalyst in an alkaline 

fuel cell. 

In chapter four, we used the large, high-quality N-GP950 as support for FePc in the fabrication of 

a highly efficient, non-precious metal electrocatalyst for ORR. The slow evaporation fabrication 

approach to make the composite (FePc/N-GP950) was not only direct and straightforward but also 

cost-effective and environmentally friendly. The optimized composite catalyst, FePc-33/N-GP950, 

demonstrated exceptionally high ORR activity and long-term durability in alkaline media with 

better performance than the commercial Pt/C. The FePc-33/N-GP950 was also shown to have the 

best ORR activity among the unpyrolysed metal macrocycle catalysts. The XPS and UV-Vis 

analysis revealed the existence of the electronic interaction between the FePc and N-GP950. We 

believe that these strong - electronic interactions between the FePc and N-GP950 are 

instrumental in achieving high ORR performance. The N-GP950 was demonstrated to be an 

excellent support material to improve the ORR performance of FePc. Therefore, this work provides 

an effective approach for the development of future NPMCs for practical applications in alkaline 

fuel cells. These findings open up new avenues for energy conversion technologies based on low-

cost, scalable, non-precious metal catalysts. 
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In chapter five, we fabricated highly ordered free-standing TiO2-NT membranes, with one end 

open after drying the as-anodized Ti foil in the oven at 70 C for 2 hours. Interestingly, when the 

as-anodized Ti foils were dried in air (22 C), followed by baking at 85 C overnight, the TiO2-

NT membrane was firmly adhering to the substrates. The influence of electrolyte temperature, 

anodization period, and pre-anodization treatment of the substrates on the morphology of 

nanotubes was investigated. TEM and SEM analysis revealed that the manipulation of anodization 

condition plays a vital role in the evolution of the morphologies of the as-anodized TiO2-NTs. The 

property tests indicated that the fabricated TiO2-NTs exhibited apparent activity towards 

electrochemical HER. As support material, the TiO2-nanotubes provided a uniform dispersion of 

the MoS2 layers over the entire surface. The fabricated MoS2/TiO2-NTs exhibited enhanced HER 

activity with an onset overpotential of 100 mV and a small Tafel slope of 70 mV decade-1 in a 

lower potential region. Also, the MoS2/TiO2-NTs delivered cathodic current densities of 10 mA 

cm-2 at a low overpotential (170 mV) which remained stable after 5000 potential cycles. These 

results offered useful insights about the evolution of morphologies of TiO2 nanotubes by adjusting 

anodization conditions, and their possible use as HER electrodes. Also, we anticipate that 

controlled morphologies can be critical in improving the performance of TiO2-NT based materials 

in a wide range of energy conversion technologies. In conclusion, the electrochemical water 

splitting driven by sustainable energies plays an indispensable role in making hydrogen fuel cell 

reach low- or zero-emissions. 
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6.2 Recommendations 

Facile and straightforward fabrication approaches of graphene, FePc/N-doped graphene, TiO2-NTs 

and MoS2/TiO2-NTs with controlled morphologies using environmentally friendly and abundant 

resources, in addition to the high performance of the catalysts, provide an enormous opportunity 

for low-cost and practical applications for fuel cells and water electrolyzers. However, the research 

on these materials as alternative electrocatalysts to precious metal-based ones is still not conclusive, 

and there is enormous scope to explore their properties further. 

N-doped graphene, as a metal-free catalyst, displayed high activity with performance comparable 

to state-of-the-art commercial Pt/C. However, further investigations are needed to comprehend the 

structural-performance relationship of these materials and expand application horizons. 

Specifically, we highlight the rigorous examination of structural-performance relationships by 

employing spectroscopy techniques (TEM, XPS) before and after performance tests. This study 

will lead to identifying structural morphology, and electronic changes which occurred during 

electrochemical measurements, hence leading to a better understanding of the nature of the active 

site in this class of metal-free electrocatalyst. This study, in turn, can offer a valuable and rational 

way to fabricate metal-free electrocatalysts with predictable performance. 

Furthermore, porosity and high conductivity play a critical role in controlling the kinetics of the 

electrochemical reactions. Thus, it is complementary to this study to design and fabricate a new 

class of metal-free catalysts by combining graphene and carbon-based materials in building hybrid 

materials with improved porosity and high conductivity and hence facilitating efficient mass 

transport and charge transfer. Also, in chapter 3, Figure 3-5b displays the graphene exfoliated from 

the graphite foil (GPf) generated a high amount of hydrogen peroxide (ca. 60%) in the potential 
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range of 0.20 - 0.70 (V vs. RHE). The ORR results indicate that the GPf has high selectivity towards 

the production of peroxide. Therefore, in expanding the horizon of application of the graphene, it 

would be of great interest to investigate the potency of GPf in the studies of electrochemical 

production of hydrogen peroxide. 

Moreover, although the high ORR performance of FePc-33/N-GP950 as NPMCs in the alkaline 

solution presented new insights, few points were highlighted for further investigations to 

complement this work. In chapter 4, the FePc-33/N-GP950 showed a significant loss of ORR 

activity after high-temperature pyrolysis in an NH3 atmosphere. Firstly, we suggest research on the 

effect of temperature of pyrolysis in NH3 on the structural morphology of the catalyst. This 

investigation will provide a further understanding of structural changes of the Fe-N4 moieties after 

pyrolysis that led to a decrease in the activity. Secondly, as the optimized FePc-33/N-GP950 

exhibited inferior performance in the acidic electrolyte with onset potential 0.83 (V vs. RHE), 

further investigation on the origin of the inferior ORR activity by conducting XPS and TEM 

measurements will complement these results. Thirdly, we want to take advantage of the diazonium 

reaction, to graft the FePc on the surface of graphene. In this approach, the FePc is expected to 

covalently bond with the nitrogen atom in pyridine linked to graphene. Thus, the Fe centre in the 

composite catalyst will have a coordination number of five, mimicking cytochrome c oxidase in 

biological systems. It would be highly interesting to explore chemical interactions between FePc 

and graphene and to give a comparative study to the observed physical interactions in the current 

study. Considering covalent bonds are strong, we expect to obtain a much more stable structure, 

boosting the stability of the electrocatalyst composite. 

Finally, in the investigation of TiO2-nanotubes and TiO2/MoS2 composites for electrocatalytic 

HER, further studies are imperative to unravel structural-performance relationships. We need to 
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carry out the more additional characterization of the TiO2-nanotubes and TiO2/MoS2 composite by 

employing various spectroscopy techniques, both before and after performance property testing. 

This set of experiments will provide useful information about the structure, morphology, and 

electronic changes occurring during electrochemical measurements. Also, since the catalytic 

activity is greatly affected by the morphology and construction, it is appealing to support the MoS2-

layers with nanotubes of selected morphologies and carry out systematic studies. It is clear from 

the results in the previous sections that the MoS2/TiO2-NTs achieved low HER overpotential. 

However, critical advancements are required to raise their efficiency to a satisfactory level. In-

depth research on these issues will improve the HER performance of the MoS2-supported TiO2-

NTs and bring an understanding of these materials. 
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Appendix A Synopsis 

L’Introduction 

L’impact des activités humaines sur l’environnement est profondément enraciné dans les 

technologies de production d’énergie dominées par la combustion. Notre dépendance à l'énergie 

issue de la combustion des combustibles fossiles soulève de nombreuses préoccupations 

environnementales et mondiales, et constitue une menace pour la sécurité énergétique et d'autres 

vulnérabilités [1,2]. En tenant compte de la consommation et de la demande d’énergies croissantes 

sans cesse, l'exploration d'une nouvelle source de conversion d'énergie propre et durable à la place  

des sources d'énergie basées sur la combustion suscite un intérêt considérable. Parmi les options 

envisageables à l'étude pour la conversion et le stockage d'énergie propre et durable, 

l'électrochimique qui représente l'une des plus prometteuses et passionnantes méthodes. Les 

processus électrochimiques dans des dispositifs tels que les piles à combustible (PC) et les batteries 

constituent un mécanisme efficace et propre pour la conversion et le stockage de l'énergie. Les PC 

attirent particulièrement l'attention dans les domaines du développement durable et de la sécurité 

énergétique en raison de leur compatibilité avec les ressources d'énergie renouvelable telles que 

l'hydrogène et les alcools inférieurs. Les avantages des PC comme  futur groupe électrogène 

comprend un rendement élevé, une densité d'énergie importante, un fonctionnement silencieux, 

une modularité inhérente à la pile et des émissions nulles ou faibles [3]. En conséquence, les PC 

sont attrayants pour une utilisation dans diverses applications couvrant les petites alimentations 

fixe et de secours, l’électronique portable, le transport à l'échelle du réseau [1,2,4]. 

Dans les PC, la réaction d’oxydation de l’hydrogène (HOR) se produit à la surface d’un catalyseur 

afin de produire des électrons et des protons. Les électrons sont transférés à la cathode par un circuit 

externe où ils provoquent une réaction de l'oxygène et de l’hydrogène pour produire de l’eau. Cette 
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réaction cathodique est appelée réaction de réduction de l'oxygène (ORR). Le processus ORR dont 

les équations de réaction sont résumées dans le tableau 1-1 ci-dessous a une cinétique lente et 

hautement irréversible car elle implique un mécanisme de transfert complexe à 4 électrons et 

protons. Par conséquent, des électrocatalyseurs de l’ORR très efficaces sont nécessaires pour faire 

fonctionner le PC [5-7]. Les matériaux à base de platine (Pt) sont largement utilisés comme 

électrocatalyseurs pour l’ORR depuis des décennies. Néanmoins, le coût élevé et 

l’approvisionnement limité en Pt empêchent l’application commerciale à grande échelle des PC. 

De plus, les matériaux à base de platine souffrent d'une activité dépendant du temps [7-10] 

 

, d'un empoisonnement au monoxyde de carbone (CO) [11-13] et d'une mauvaise sélectivité pour 

la réduction de l'oxygène. Par conséquent, des efforts considérables ont été consacrés au: (i) 

développement de matériaux à base de Pt hautement actifs et durables, présentant une teneur 

réduite en Pt, à travers la modification des nanostructures de Pt à surface spécifique élevée, utilisant 

des alliages de Pt et des métaux à faible coût [14-16] ou de nouveaux matériaux de support pour 

platine [17-19]; et (ii) le remplacement des catalyseurs à base de platine par des catalyseurs haute 

performance et bon marché sans métaux [20] et des catalyseurs à base de métaux non précieux 

(NPMCs) [21-29]. 
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Tableau 1-1. Potentiels thermodynamiques des réactions de réduction de l'oxygène [5] 

Solution aqueuse  Reactions ORR 𝑬° 

(V vs. RHE) 

Acide 
O2 + 4H+ + 4e− → 2H2O  

O2 + 2H+ + 2e− → H2O2 

H2O2 + 2H+ + 2e− → 2H2O 

1.229 

 

0.70 

 

1.76 

Alcalin O2 + 2H2O + 4e− → 4OH− 

O2 + H2O + 2e− → HO2
− + OH− 

HO2
− + H2O + 2e− → 3OH− 

0.401 

 

-0.065 

 

0.867 

 

À la recherche de nouveaux matériaux électrocatalytiques, le graphène est une classe émergente de 

matériaux qui a beaucoup attiré l’attention comme l’électrocatalyse pour l’ORR en tant que 

catalyseur sans métal, électrocatalyseurs à métaux non précieux (NPMCs) ou matériau de support 

en raison de leurs propriétés physicochimiques uniques, grande surface, haute conductivité 

électronique et excellente stabilité chimique. Néanmoins, les méthodes de fabrication à grande 

échelle de graphène de haute qualité sont limitées. Mais la méthode électrochimique est attrayante 

car elle est écologique, directe, simple et évolutive, elle évite également la contamination fortuite 

de graphène par des atomes métalliques. De plus, cette méthode permet de contrôler le degré 

d'oxydation, permettant ainsi un réglage des groupes fonctionnels de surface tout en conservant la 

majorité des propriétés intrinsèques du graphène. En tant que tel, le candidat le plus polyvalent est 

le graphène [30-34]. 

D'autre part, la réalisation d'une utilisation significative des PC et de l'énergie repose sur la 

fourniture d'hydrogène ou d'autres combustibles issus de technologies de conversion des énergies 

renouvelables. À l'heure actuelle, la principale source de production d'hydrogène est le reformage 
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à la vapeur de combustibles fossiles, qui consomme beaucoup d'énergie et produit des gaz à effet 

de serre [34-37]. Il reste difficile de produire de l'hydrogène de manière durable, à une échelle 

économique. Parmi les autres procédés de production d'hydrogène, le fractionnement 

électrochimique de l'eau par réaction de dégagement d'hydrogène (RDH) constitue l'option la plus 

prometteuse. Le processus RDH est une voie simple et propre pour produire de l'H2. Néanmoins, 

un catalyseur haute performance pour le RDH est nécessaire pour surmonter le potentiel excessif 

de réduction de la quantité d'eau et par conséquent pour améliorer l'efficacité de ce processus 

électrochimique important. Actuellement, les catalyseurs à base de platine et de métaux précieux 

sont les plus efficaces [36]. Il est hautement souhaitable de rechercher des électrocatalyseurs 

alternatifs à partir d'éléments riches en terres pour remplacer le groupe des métaux rares et précieux. 

Plusieurs classes de matériaux à base de métaux de transition ont été largement étudiées comme 

électrodes RDH possibles. Les électrodes RDH les plus prometteuses sont les alliages (MoNi4) 

[38,39], les chalcogénures (MoS2, CoS2, CoSe2) [40-42], les carbures (WC, Mo2C, Ni2C) [43-44], 

les phosphures (Ni2P, CoP) [45] et des oxydes (SrTiO3, WO3, Fe2O3, ZnO) [46,49]. Parmi eux, les 

chalcogénides ont démontré une activité RDH prometteuse. Cependant, les étapes compliquées de 

la synthèse représentent un défi pour la mise à l'échelle en plus d'une stabilité médiocre à long 

terme. Des recherches approfondies sur des approches simples pour obtenir des électrodes RDH à 

faible coût et durables sont hautement souhaitables. Par conséquent, dans cette étude, nous 

développons une approche simple pour fabriquer un électrocatalyseur RDH hautement efficace et 

durable en combinant des propriétés, une activité catalytique prometteuse du MoS2 et une stabilité 

chimique du TiO2-NTs. 
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Objectifs 

L’objectif général de cette thèse est d’étudier l’approche peu coûteuse, évolutive et simple de la 

fabrication d’électrocatalyseurs durables et efficaces à base d’éléments abondants pour les 

applications pile à combustible, réaction de réduction de l’oxygène et électrolyseur d’eau, réaction 

de dégagement d’hydrogène. Les objectifs spécifiques de cette étude sont: 

i. Préparer un graphène de grande taille et de haute qualité par exfoliation électrochimique de 

feuilles de graphite et affiner le graphène pour améliorer leurs performances de l’ORR sous 

la forme d'électrocatalyseurs sans métal; 

ii. Développer des NPMC durables et à haute performance pour l’ORR sur la base de la 

phtalocyanine de fer II supportée par le graphène en utilisant une approche peu coûteuse et 

simple; et 

iii. Fabriquer un électrocatalyseur électrochimique à dégagement d'hydrogène hautement 

efficace et durable, à base de nanotubes de TiO2 autoportants sur support MoS2. 

 

Résultats 

Dans la première partie de la thèse, nous rapportons la fabrication d'électrocatalyseurs sans métaux 

à base de graphène pour une réaction de réduction de l'oxygène (ORR), une étape cruciale dans le 

fonctionnement des piles à combustible. Nous avons fabriqué de grandes échantillons de graphène 

(GP) de haute qualité avec un nombre contrôlable de couches par une méthode électrochimique 

simple, économique et respectueuse de l'environnement, en utilisant une feuille de graphite à faible 

coût et des plaques comme précurseurs dans les solutions aqueuses sans ions métalliques 

(électrolyte). L'analyse par spectroscopie photoélectronique aux rayons X (XPS) a confirmé 

l'absence d'impuretés métalliques fortuites dans les échantillons de graphène tels qu'ils ont été 

exfoliés, que ce soit en feuille de graphite (GPf) ou en plaque (GP). Les échantillons GPf et GP ont 
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été évalués pour l’ORR. Les échantillons GP ont démontré une activité ORR supérieure à celle des 

échantillons GPf. Par la suite, les échantillons optimisés tels que exfoliés (GP) ont été convertis en 

graphène dopé avec l’azote N (N-GP) après pyrolyse de NH3, ce qui présente une performance 

ORR très améliorée par rapport au graphène exfoliée, en raison du dopage N. 

À partir de l'étude de la morphologie et de la structure par microscopie électronique à transmission 

(TEM) et haute résolution TEM (HRTEM) (Figure 1a-e), les échantillons de graphène provenant 

des deux sources de graphite (GPf et GP) semblent être des pièces plus grandes, uniformes et très 

mince, environ deux à quelques couches, comme observé en comptant les bords repliés des images 

HRTEM. Les diagrammes correspondants de diffraction électronique en zone sélectionnée (SAED) 

du graphène (Figure 1b,e) indiquaient la structure de réseau monocristallin avec un diagramme de 

diffraction hexagonal caractéristique qui montre que peu de couches et du graphène de haute qualité 

sont obtenus à partir des deux sources de graphite [27,29]. Grâce à nos études systématiques, nous 

soulignons que: les grandes pièces de peu de couches et le graphène de haute qualité peuvent être 

facilement fabriqués par une méthode électrochimique simple, rapide, économique et respectueuse 

de l’environnement. L'activité ORR du graphène exfolié est fortement influencée par les 

paramètres d'exfoliation et de post-exfoliation tels que la température de l'électrolyte d'exfoliation, 

le nombre de couches de graphène, la température de pyrolyse et la concentration de l'électrolyte 

et du précurseur de graphite. La Figure 1f indique que la morphologie des échantillons de graphène 

a conservé sa morphologie après pyrolyse dans une atmosphère d’ammoniac à 950 °C.  
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Figure 1 Images de microscopie électronique à transmission et diffraction électronique à zone sélectionnée 

(SAED) d'échantillons de graphène exfoliés, (a-b) Graphène en feuille de graphite (GPf); (c-e) graphène de plaque de 

graphite (GP), (f) N-GP950. (g) Haute résolution des N-GP950 XPS N 1s. (h) Courbes de polarisation ORR des 

échantillons de graphène, et (i) courbe de polarisation ORR avant et après l’essai de durabilité. Les mesures ont été 

effectuées en KOH 0.1 M saturé en N2 ou en O2 saturé, vitesse de balayage: 10 mV s-1 à 1600 tr/min. 

 

Le graphène exfolié à partir de plaques de graphite, GP, a démontré une activité ORR supérieure à 

celle du graphène exfolié à partir de la feuille de graphite, GPf, (Figure 1h); l'activité ORR du GP 

s'est encore accrue de 10 fois après la pyrolyse dans du NH3 à 950 °C pendant 15 minutes (Figure 

1h, courbe bleue). En outre, la Figure 1i montre les courbes de polarisation du N-GP950 avant et 

après l’essai de durabilité accéléré. La N-GP a montré une excellente durabilité après 5000 cycles 

potentiels d'activité ORR alcaline comparable et une meilleure stabilité que le catalyseur Pt/C 

commercial à la pointe de la technologie. Par conséquent, il est possible d'affiner l'activité ORR du 
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graphène et du N-GP en manipulant les paramètres expérimentaux. Ainsi, nous pensons que le N-

GP préparé par une méthode rentable utilisant des précurseurs à faible coût est un candidat potentiel 

du catalyseur ORR dans une pile à combustible alcaline. 

 

Les résultats présentés dans ce chapitre sont basés sur l'article suivant : 

N. Komba, Q. Wei, G. Zhang, F. Rosei, S. Sun, Synthèse contrôlée du graphène par voie électrochimique 

et son utilisation comme catalyseur efficace sans métal pour la réduction de l'oxygène. Applied Catalysis B: 

Environmental 2019, 243, 373-380. 

 

Deuxièmement, nous rapportons une approche rentable et directe pour fabriquer une nouvelle 

classe de CMNP en immobilisant la phtalocyanine de fer (FePc) dans une surface de graphène 

exfolié électrochimique dopé à l’azote (N-GP950). L’approche de fabrication du FePc/N-GP950 

est une méthode simple, directe, économique et respectueuse de l’environnement. A partir de 

l'image TEM, les Figures 2a-c, l'échantillon optimisé (FePc-33/N-GP950) illustrent une dispersion 

élevée de FePc à la surface du N-GP950. Nous pensons que la forte interaction électronique entre 

FePc et N-GP950 joue un rôle clé dans la dispersion de FePc. Le déplacement des énergies de 

liaison des espèces N 1s observé à la Figure 2d est attribué à une interaction électronique accrue 

entre FePc et le N-GP950 [48-49]. D'après la Figure 2f-i, notre échantillon optimisé, FePc-33/N-

GP950, a démontré une activité ORR exceptionnellement élevée et une durabilité à long terme dans 

des supports alcalins offrant de meilleures performances que le Pt/C du commerce. 
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Figure 2 Images TEM de (a) l'agrégation de FePc de taille environ 165 nm, (b) graphène dopé au N (N-GP950), 

(c) FePc-33/N-GP950, (d) spectres XPS à haute résolution de N 1s pour les trois échantillons, (e) composition nominale 

de N-espèces dans les échantillons. Performances électrochimiques des catalyseurs FePc, N-GP950, FePc-33/N-

GP950 et 20% Pt/C: (f) Courbes CV des catalyseurs en N2 (lignes de points) et O2 (lignes pleines) enregistrées à l'aide 

d'une vitesse de balayage de 50 mV s-1, (g) les LSVs de FePc, N-GP950, FePc-33/N-GP950 et 20% Pt/C, (h) Les LSVs 

de FePc/N-GP950 avec différentes charges de FePc 16 33, 50 et 100% en poids. Les mesures RRDE enregistrées dans 

0.1 M KOH, vitesse de balayage: 10 mV s-1 et la vitesse de rotation du disque de 1600 tr/min. (i) Réponses chrono-

ampérométriques (à 0,8 V vs. RHE) de catalyseurs FePc-33/N-GP950 et à 20% en poids de Pt/C dans du KOH 0.1 M 

saturé en O2 et l'insert correspond aux LSV enregistrés avant et après 5000 cycles de test ADT entre 0.6 et 1.0 V, 

vitesse de balayage 10 mV s-1, rotation du disque de 1600 tr/min dans du KOH 0.1 M saturé en O2. 

 

Le FePc-33/N-GP950 présente la meilleure activité ORR parmi les catalyseurs de macrocycles 

métalliques non pyrolysés [34,176,180, 198-203]. En plus de l'abondance de pyridinique-N (Figure 

2e), nous pensons que la forte interaction électronique - entre le FePc et le graphène dopé au N 
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de haute qualité a été déterminante pour l'obtention de la haute performance ORR déduite des 

résultats XPS [34,176]. Les points saillants de cette étude sont les suivants: une approche simple, 

directe et respectueuse de l’environnement a été mise au point pour la fabrication de FePc/N-

graphène avec une dispersion élevée de FePc; le graphène exfolié électrochimique dopé au N (N-

GP950) est un excellent matériau de support pour améliorer les performances de FePc en termes 

de ORR; plus important encore, le composite optimisé FePc/N-GP présentait une excellente 

activité ORR et une durabilité à long terme. La performance ORR du FePc/N-NGP est comparable 

à 20% en poids de Pt/C avec une bien meilleure stabilité; et une forte interaction - entre FePc et 

le graphène dopé au N est essentielle pour la performance ORR élevée du composite FePc/N-

GP950. 

 

Les résultats présentés dans ce chapitre sont basés sur l'article suivant : 

Komba, N., Zhang, G., Wei, Q., Prakash, J., Chenitz, R., Rosei, F., Sun, S., Iron (II), 

Phtalocyanine/graphène dopé au N: un non hautement efficace Catalyseur de métaux précieux pour la 

réduction de l'oxygène. International Journal of Hydrogen Energy, 44 (2019) 18103-18114. 

 

Dans le dernier article, nous décrivons la fabrication de membranes de TiO2-NTs autonomes très 

ordonnées, dont une extrémité est ouverte après séchage de la feuille de Ti anodisée au four, à 70 

°C pendant 2 h. L'influence de la température de l'électrolyte, de la période d'anodisation et des 

substrats de pré-anodisation a été étudiée. La configuration expérimentale d'anodisation est 

illustrée à la Figure 3a. La manipulation des conditions d'anodisation a joué un rôle clé dans 

l'évolution des morphologies des TiO2-NTs. Comme le montre la Figure 3b-c, les membranes de 

TiO2-NTs autonomes telles qu'elles ont été fabriquées ont été fortement ordonnées dans un 

garnissage hexagonal, chacun des nanotubes étant entouré de 6 voisins les plus proches. Les 
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diamètres intérieur et extérieur des nanotubes sont de 95, 120 nm et 112, 120 nm pour une durée 

d'anodisation de 4 et 7 heures respectivement. Les TiO2-NTs autonomes ont ensuite été utilisés 

pour prendre en charge MoS2. Les couches de MoS2 dans MoS2/TiO2-NTs sont uniformément 

réparties sur toute la surfac des TiO2-NTs. Des tests de propriétés ont montré que les TiO2-NTs tels 

que fabriqués peuvent constituer un excellent support pour les couches de MoS2 en tant que 

catalyseurs HER.  

Les différentes étapes de fabrication du composé sont représentées en Figure 3d. L’image TEM 

(Figure 3e) montrent une morphologie des MoS2/TiO2-NTs dans laquelle les couches de MoS2 sont 

fortement dispersées sur toute l’étendue des surfaces de nanotubes de TiO2. Les nanotubes de 

MoS2/TiO2 préparés présentent une activité HER améliorée (Figure 3f-g) avec une de potentiel 

d’activation (ou de démarrage ou seuil) de 150 mV et une faible pente de Tafel (70 mV par décade). 

L’activité HER des MoS2/TiO2-NTs est significativement améliorée en comparaison (ou 

comparée) à celle du MoS2 pris seul ou à celle des nanotubes de TiO2. Ce qui indique que les 

nanotubes de TiO2 constituent un excellent support pour les couches de MoS2. L’amélioration des 

performances HER du de l’assemblage (nanotubes de MoS2/TiO2) sont attribués à l’effet combiné 

des interactions chimique et électronique entre les nanotubes d eTiO2 et le MoS2 [215].  
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Figure 3 Fabrication de réseaux de nanotubes de TiO2 hautement ordonnés (a) dans un dispositif expérimental 

d'anodisation. Images au MEB de TiO2-NTs sous forme anodisée, (b) coupe longitudinale de TiO2-NTs en pose libre 

avec un fond fermé, (c) morphologie vue de dessus. (d) Schéma de fabrication de MoS2/TiO2-NTs, (e) image TEM des 

MoS2/TiO2-NTs, (f) courbe de polarisation HER de TiO2-NTs, MoS2, MoS2/TiO2-NTs et 20% en poids de Pt/C à une 

vitesse de balayage: 10 mV s-1. (g) Les parcelles de Tafel correspondantes. (h) Test de durabilité du catalyseur 

composite MoS2/TiO2-NTs réalisé sur du papier en fibres de carbone. Le courant HER négligeable a perdu après 5000 

cycles potentiels entre -0.4 et 0.2 (V vs. RHE) à une vitesse de balayage de 100 mV s-1. L'electrolyte: 0.5 M H2SO4. 

 

Par ailleurs, les MoS2/TiO2-NTs nécessitent un faible surpotentiel d’environ 170 mV pour délivrer 

régulièrement un courant cathodique d’une densité de 10 mA cm-2, offrant une activité HER 

prometteuse parmi électrocatalyseurs à base de TiO2-NTs [254-258]. De plus, les MoS2/TiO2-NTs 
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présentent une excellente durabilité avec un changement négligeable du surpotentiel à des densités 

de courant cathodique de 10 mA cm-2 après 5000 cycles de potentiel (Figure 3h).  

En général, nous démontrons une stratégie simple pour produire un électrocatalyseur avec une 

activité HER supérieure à celle observée en milieu acide. La méthode de production peu couteuse 

et évolutive des électrocatalyseurs (MoS2/TiO2-NTs) est prometteuse pour une implémentation 

pratique de cette technologie à grand échelle. De plus, ces résultats offrent de nouvelles 

informations utiles pour l’évolution des morphologies des TiO2-NTs en ajustant les conditions 

d'anodisation. Nous prévoyons également que les morphologies contrôlées sont essentielles pour 

améliorer les performances des matériaux à base de TiO2-NTs dans une large gamme de 

technologies de conversion d’énergie. 

 

Les résultats présentés dans ce chapitre sont basés sur l'article suivant : 

N. Komba, G. Zhang, Z. Pu, M. Wu, Rosei, S. Sun, MoS2 supportés par des nanotubes de TiO2 autonomes 

pour une réaction de dégagement d'hydrogène efficace. Manuscrit en préparation. 

 

 


