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ABSTRACT 

 

In order to meet the great demand of energy supply globally, there must be a transition 

from dependency on fossil fuel as a primary energy source to renewable source. This 

can be attained by use of hydrogen gas as an energy carrier. In the context of 

hydrogen fuel cell economy, an effective hydrogen generation is of crucial significant. 

Hydrogen gas can be produced from different methods such as steam reforming of 

fossil fuels which emit greenhouse gases during production and from readily available 

and renewable resources in the process of water electrolysis. Hydrogen generated 

from water splitting using solar energy (photocatalysis) or electric energy 

(electrocatalysis) has attracted most researchers recently due to clean hydrogen 

(without emission of greenhouse gases) attained during hydrogen production. In 

comparison with photocatalytic water splitting directly using solar energy, which is 

ideal but the relevant technologies are not yet commercialized, electrolysis of water 

using catalyst is more practical at the current stage. The platinum group noble metals 

(PGMs) are the most effecting electrocatalysts for hydrogen evolution reactions (HER) 

but their scarcity and high cost limit their application. In this study, we presented the 

noble metal free organic-inorganic hybrid composites and their HER electrocatalysis 

performances were investigated. Polyaniline-metal organic framework (PANI/MOF) 

composite was prepared by chemical oxidation of aniline monomer in the presence of 

MOF content for hydrogen production. The properties of PANI, MOF and PANI/MOF 

composite were characterised for their structure and properties by X-ray diffraction 

(XRD), field-emission scanning electron microscopy (SEM), Fourier transform infrared 

(FTIR), thermogravimetric analysis (TGA), Raman, transmission electron microscopy 

(TEM), ultraviolet-visible spectroscopy (UV-vis), atomic absorption spectroscopy 

(AAS), square wave (SWV) and cyclic voltammetry (CV). There was a clear interaction 

of MOF on the backbone of the PANI matrix through electrostatic interaction as 

investigated by both Raman and FTIR. The MOF exhibited irregular crystals with 

further wrapping of MOF by PANI matrix as evidenced by both SEM and TEM 

analyses. The PANI composite exhibited some nanorods and microporous structure. 
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The determined energy band gap of the composite was in good agreement with 

previously reported catalysts for hydrogen evolution reaction (HER). The thermal 

stability of PANI increased upon addition of MOF. Experiments probing the 

electrochemical, HER and photophysical properties revealed that the composite was 

very stable and robust with significant improvement in properties. The resulting 

composite is a promising low-cost and environmentally friendly hydrogen production 

material. In this work we also reported about novel poly (3-aminobenzoic acid)-metal 

organic framework referred as PABA/MOF composite. Spectroscopic 

characterisations (UV-vis and FTIR) with support of XRD and TGA revealed a 

successful interaction between PABA and MOF. Morphological characterisation 

established that PABA is wrapping MOF and the amorphous nature of the materials 

were not affected. The catalytic effect of PABA and PABA/MOF composites on HER 

was studied using exchange current density and charge transfer coefficient 

determined by the Tafel slope method. A drastic increase in catalytic H2 evolution was 

observed in PABA and composite. Moreover, they merely require overpotentials as 

low as ~-0.405 V to attain current densities of ~0.8 and 1.5 Am-2 and show good long-

term stability. We further demonstrated in the work the electrocatalytic hydrogen 

evolution reaction of MOF decorated with PABA. These novel MOF/PABA composites 

with different PABA loading were synthesised via in situ solvothermal synthesis of 

MOF in the presence of PABA. It was deduced that PABA with different loading 

amount have an influence on the morphologies, optical properties and thermal 

stabilities of MOF. Interestingly, the MOF/PABA composites exhibited the great 

significant on the HER performance and this is potentially useful in HER application 

for hydrogen fuel cell.  
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CHAPTER ONE  

INTRODUCTION 

 

1.1. BACKGROUND 

 

Energy is the power derived from the utilisation of physical or chemical 

resources/matter in order to provide light and heat or to work machines. Since energy 

plays a core role in the above mentioned life processes, there is a need for sustaining 

both physical and chemical resources utilised for energy productions. One of the major 

contribution to the utility of energy is to closely look at the global population, thus 

energy supply must reach the demand of global population. The global population 

increases rapidly and it is expected to increase in the near future. So in this case, it 

means there will be a need of large supply of energy. The economic growth of the 

nation which is a key aspect in addressing the people’s needs depends also on the 

energy. There is a need for a vast amount of energy to reach the target. With the 

mentioned global overpopulation growths, the resources which are used for energy 

generations will deplete, so there is also a need in ways which can help in sustaining 

the available resources. In sustaining the energy resources, there is a need in not to 

compromise the quality of the world we live in. 

 

The primary energy source which is mainly used for energy productions and contribute 

80% of the energy utilised globally comes from burning of fossil fuels which results in 

releasing greenhouse gases (GHG) which leads to unforeseen circumstances such as 

global warming [1, 2]. In this case, there is an essential for a new technology that can 

address the challenge of depletion of fossil fuels and at the same time countering the 

depletion of ozone (O3) layer which resulted from emission of GHG. Renewable energy 

technologies which is an alternative route for energy generations account for a little 

percentage in global energy supply [3-5]. The great advantage in utilising renewable 

resources (wind, hydrothermal, biomass and nuclear) is that they produce less or no 

waster products such as GHG or other chemical pollutants, so they have minimal 
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negative impacts on the environment [6]. Limitations of using renewable resources is 

that it is difficult to generate large quantity of energy and also the technologies have 

extremely large capital costs [4]. In this regard, there is a need to feasibly look at other 

technologies that can overcome the above mentioned challenges encountered by 

using non-renewable and renewable resources, thus (1) GHG emission, (2) little 

energy production and (3) large capital cost. Hydrogen gas can be regarded as a 

candidate to counter those limitations. Hydrogen as the most abundant element can 

serve the following advantages in the energy portfolio, (1) hydrogen gas is readily 

available (abundant), (2) no harmful emission during utility, (3) fuel efficient, thus 

hydrogen energy is very efficient fuel source and produce more energy (gasoline) and 

(4) it is renewable, it gives water as a by-product which can be split further into 

hydrogen and oxygen gas [7, 8]. 

 

1.2. PROBLEM STATEMENT 

 

It was stated previously that hydrogen gas can be used as an alternative energy carrier 

or source for utilisation in different energy sectors [7, 8], however, there is still a need 

to solve the challenges which are encountered in hydrogen technology. One of the key 

limitations for this technology lies in the hydrogen production components. Hydrogen 

production technologies mostly depends of fossil fuels [9]. Steam reforming of fossil 

fuels for generation of hydrogen still produces the GHG which will still have impacts 

on the environment [9, 10]. The new search for a feasible technology is underway and 

water splitting electrolysis is deemed as an alternative route for hydrogen production. 

Water splitting electrolysis gives off clean hydrogen, however since the process 

requires a lot of energy, the increase in electricity prices hindered the application of 

the process [11, 12]. The costness of the process can be due to the electrocatalyst 

which is utilise, thus there is a need of find a cheaper catalyst which can also meet the 

requirements of an electrocatalyst. Suitable electrocatalyst must have the following 

requirements [13]: (1) good processibility, (2) good conductivity, (3) mechanical and 

thermochemical stable, (4) large surface area and highly porous and (5) it must have 
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high current density at lower potentials. Intrinsic conducting polymers (ICPs) such as 

polyacetylene (PA), polypyrrole (PPy), polythiopene (PTh) polyaniline (PANI) and 

poly(p-phenylenevinylene) (PVP) have shown good conductive, optoelectrical, and 

luminescence properties and have been applied in most electrochemical applications 

[14]. Among all ICPs, PANI is found to be the most promising and studied mostly 

because of its ease of synthesis, low cost monomer, tunable properties, and better 

stability compared to other ICPs. The major drawback in utilising PANI and other 

intrinsic conducting polymers is poor processibility which is due to their insolubility in 

many organic solvents and also infusibility [15, 16]. 

 

1.3. RATIONALE AND MOTIVATION 

 

A possible solution for the use of polyaniline as an electrocatalyst is to counter the 

previously mentioned limitations. The poor processibility of polyaniline which was 

explained that it is due to low solubility of the material in many organic solvents can 

be addressed by introducing new functional groups in the polymer backbone. Since 

the benzene ring are unreactive, the additional functional groups can be introduced 

during polymerisation period whereby the starting reagent have that desired functional 

groups. The functional groups such as carboxylic acid and sulfonic acids have been 

reported and are able to enhance the solubility challenge of the polymer without 

alteration with the conductivity of the material [17]. To address the stability challenge 

of the material, it was reported that formation of composite of ICPs such as PANI and 

PTh with Ruthenium complexes improves the stability of the polymers as well as 

increasing the conductivity of the material [18]. Enhancement in the conductivity and 

the stability of the material can play a role in improving the catalytic efficiency of the 

material since there is additional functional groups and metal sites which can be used 

as a catalytic site. Porous materials such as zeolites, carbon nanotubes, graphene 

oxide and metal organic frameworks, can be easily incorporated to the polymer 

backbone through their ligands and also interaction of polymer precursor with the 

metal site of the materials. Among porous materials, metal organic frameworks 
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(MOFs) which have an open metal site and accessible organic linker can be used as 

a material that can be incorporated on polymer backbone in order to increase the 

stability of the polyaniline and also those additional groups which can serve as 

additional catalytic sites. The interaction between PANI and MOF can be due to π-π 

stacking interaction on the benzene ring of PANI as well as aromatic rings of 

carboxylate organic linkers or electrostatic interactions between the oxygen atoms of 

organic linker of MOFs and nitrogen atom of polyaniline forming a new NO group on 

the composite. 

 

1.4. RESEARCH AIM AND OBJECTIVES 

 

1.4.1. Research Aim 

 

The aim of this work is to synthesise and study the electrocatalytic hydrogen 

production properties of polyaniline/MOF, poly(3-amonobenzoic acid)/MOF and MOF 

decorated with poly(3-amonobenzoic acid) composites for hydrogen fuel cell 

applications 

 

1.4.2. Objectives 

 

The objectives of this work are to: 

 Synthesise polyaniline (PANI), poly(3-amonobenzoic acid) (PABA) and metal 

organic framework (MOF) using chemical polymerisation of aniline, 3-amino 

benzoic acid monomer and hydrothermal methods, respectively. 

 Manufacture polyaniline (PANI/MOF) and poly(3-amonobenzoic acid) 

(PABA/MOF) doped with MOF using in-situ chemical polymerisation of aniline 

monomer/ 3-amino benzoic acid in the presence of MOF. 

 Prepare metal organic frameworks in the presence of poly(3-amonobenzoic 

acid) (MOF/PABA) using hydrothermal methods 
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 Study optical, structural and morphological properties of the synthesised 

materials using Ultraviolet-visible spectroscopy (UV-vis), Fourier transform 

infrared spectroscopy(FTIR), X-ray diffraction (XRD), Thermogravimetric 

analysis (TGA), Scanning electron microscope (SEM), Transmission electron 

microscope (TEM), Energy dispersive X-ray spectroscopy (EDS, EDX), and 

Selected area electron diffraction (SAED). 

 Investigate the electrocatalytic hydrogen evolution reaction of the synthesised 

materials using cyclic voltammetry and square wave voltammetry. 

 

1.5. DISSERTATION OUTLINE 

 

This dissertation attempts to tune the electrocatalytic properties of polyaniline and 

MOF composites. The outline of the remaining chapters in the dissertation are as 

follows: 

 Chapter two: it focuses on the literature review, introducing the theoretical 

considerations of hydrogen technology, hydrogen evolution reaction, metal 

organic frameworks, polyaniline and characterisation methods. 

 Chapter three: concentrate on the synthesis of polyaniline, metal organic 

frameworks and polyaniline-metal organic framework composite and their 

electrocatalytic properties. 

 Chapter four: concentrate on the synthesis of poly(3-amonobenzoic acid) 

doped with MOF and their electrocatalytic hydrogen production. 

 Chapter five: deals with synthesis and electrocatalytic hydrogen evolution 

reaction of metal organic frameworks decorated with poly(3-amonobenzoic 

acid) (MOF/PABA). 

 Chapter six: summary of the main conclusions and the recommendations. 
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CHAPTER TWO  

LITERATURE REVIEW 

 

2.1. HYDROGEN TECHNOLOGY 

 

2.1.1. Background of Hydrogen Technology 

 

Hydrogen gas is emerging beyond its conventional role as an additive component for 

gasoline production, chemical and fertilizer manufacture and food production to 

become a promising alternate energy carrier for both mobile and stationary power [1-

4]. As mentioned in Chapter one, hydrogen has unique characteristics that make it an 

ideal energy carrier which include the fact that: (1) it can be produced from and 

converted into electricity at relatively high efficiencies than the used traditional 

combustion of fossil fuels; (2) it can be produced from a readily, most abundant raw 

material, water (3) it is a completely renewable fuel; (4) it can be stored into three 

different forms, thus gaseous, liquid and solid state storage (5) it can be transported 

over large distances through pipelines or via tankers; (6) it can be converted into other 

forms of energy in more ways and more efficiently than any other fuel (such as catalytic 

combustion, electrochemical conversion, and hydriding); (7) it is environmentally 

compatible since its production, storage, transportation, and end use do not produce 

any pollutants (except for small amounts of nitrogen oxides), greenhouse gases, or 

any other harmful effects on the environment [5-7]. To utilise hydrogen gas as an 

energy source, there must be a technology that converts the chemical form of 

hydrogen to electrical energy. The convenient form of electrical energy conversions is 

through hydrogen fuel cell technology. Hydrogen fuel cell (HFC) generates electrical 

energy from an electrochemical processes and giving water as a by-product [8, 9]. 

This HFC are not just environmental friendly, but the energy efficiency is two times 

more than the traditional combustion technologies. A fuel cell consists of an electrolyte 

solution sandwiched between two electrodes (anode and cathode). Bipolar plates on 
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either sides of the cell help distribute gases and serve as a current collector. In 

principle, hydrogen gas flows through the channel of anode, where oxidation takes 

place. The oxidation process takes places when a catalyst usually platinum causes 

hydrogen molecule to separate into protons and electrons. The membrane which differ 

from fuel cell to fuel cell allows protons to pass through. Those protons will combine 

with oxidized air to form water. The electrons flow to the cathode to generate electricity 

or power [10-12]. However, the major limitation of commercializing the hydrogen fuel 

cell can be due to several factors. (1) The production cost of clean hydrogen 

(electrolysis process) is three times more than the one generated from fossil fuels, 

hence, there is a need of feasible accumulation of raw materials (hydrogen and 

oxygen) [13]. Oxygen can be easily obtained from air. The major challenge lies in the 

demand and supply of pure hydrogen gas. The three concepts which can really 

address this limitations (supply and demand of hydrogen) are covered in the concept 

of hydrogen technology, thus production, storage and utilisations. Several 

technologies or processes are currently employed to address this and they are fully 

discussed below. 

 

2.1.2. Hydrogen Production 

 

Hydrogen is the most abundant element in universe. It exists naturally in air but not in 

large quantities to be utilised industrially or for other uses. Mainly when it is produced, 

it has to be separated from other gases. Majority of the hydrogen today is produced 

from non-renewable resources such as steam reforming of natural gases or fossil fuels 

with minority coming from renewable electrolysis processes, partial oxidation and also 

from biomass [14, 15]. 

 

2.1.2.1. Steam reforming of natural gases 

 

Steam reforming of natural gases such as methane and ethane is an important 

chemical process which is currently and mainly utilised to produce hydrogen gas. This 
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process is the most economic and convenient process since natural gases are readily 

available in large quantities [16, 17]. During the operation, this process utilises high 

energies and it gives synthetic gas (syngas) which is a mixture of hydrogen and carbon 

monoxide (H2/CO) as a product. The general equations for steam reforming of 

methane is given in Eq. 2.1 and 2.2 below: 

 

CH4(g) + H2O (+ heat) → CO(g) + 3H2(g)                                                                                            (2.1) 

CO + H2O → CO2(g) + H2(g)                                                                                       (2.2) 

 

In steam-methane reforming, methane reacts with steam under 3–25 bar pressure in 

the presence of a catalyst to produce hydrogen, and carbon monoxide. Steam 

reforming is endothermic reaction [18-20]. This is followed by water-gas shift reaction 

where carbon monoxide and steam are reacted using a catalyst to produce carbon 

dioxide and more hydrogen. In a final process step called "pressure-swing adsorption," 

carbon dioxide and other impurities are removed from the gas stream, leaving 

essentially pure hydrogen. Steam reforming can also be used to produce hydrogen 

from other fuels, such as ethanol, propane, or even gasoline. 

 

2.1.2.2. Photoelectrochemical water splitting for hydrogen production 

 

Photoelectrochemical water splitting is a green technology for hydrogen production 

which is based on the chemical principle similar to electrolysis. 

Semiconductor/catalysts are immersed into an electrolyte and irradiated by 

sunlight/electrical potential applied they release current that split water. Water 

molecule is split into hydrogen gas and oxygen using solar light or electric potential 

under the presence of a solid catalyst. This technology produces hydrogen gas without 

emission of carbons which can lead to environmental pollutants [21]. During water 

splitting hydrogen generation, when light with energy larger than the band gap is 

incident on the catalyst, electrons and holes are generated in the conduction and 

valence bands, respectively. The photo/electrogenerated electrons and holes cause 
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redox reactions similar to electrolysis. Water molecules are reduced by the electrons 

to form H2 and oxidized by the holes to form O2; leading to overall water splitting [22, 

23]. Water splitting hydrogen production is influenced by factors such as charge 

separation, mobility, and lifetime of photo/electrogenerated electrons and holes also 

have an effect on the photocatalytic properties and there is a need for a material which 

can meet all photo-electrode materials requirements such as band gap, stability and 

electrical resistance [24]. Because this technology is deemed the future hydrogen 

production method, there is a need for intense study on it to find the best 

semiconductor/catalysts that can overcome the challenges imposed by this 

technology. The concept of electrocatalysis and hydrogen evolution reactions will be 

discussed in full detail in Section 2.2. 

 

2.1.2.3. Other methods for hydrogen production 

 

Hydrogen can also be produced from biomass and partial oxidation (coal gasification) 

methods. 

 

2.1.2.3.1. Biomass 

 

Biomass is one of the most abundant renewable resources since it forms naturally by 

fixing carbon dioxide in the atmosphere during photosynthesis process in plant. 

Hydrogen in biomass can be produced through two processes, thus biomass 

gasification (in the presence of air) and pyrolysis (absence of air). In biomass 

gasification, biomass is gasified to produce charcoal in high temperature which can 

then processed to hydrogen gas. During pyrolysis, also the biomass is heated at high 

temperatures in absence of air and it gives hydrogen with mixture of other gases such 

as methane and carbon monoxide [25-27]. Methane and carbon monoxide can be 

further converted to hydrogen using steam reforming and water-gas shift processes, 

respectively (discussed above). 
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2.1.2.3.2. Partial oxidation 

 

In the partial oxidation process which is mainly known as a gasification, hydrogen is 

produced from range of hydrocarbon fuels which include coal and oils. In gasification, 

coal is first reacted with oxygen and steam under high pressures and temperatures to 

form synthesis gas, a mixture consisting primarily of carbon monoxide and hydrogen 

[28]. The synthesis gas is cleaned of impurities and the carbon monoxide in the gas 

mixture is reacted with steam via the water-gas shift reaction to produce additional 

hydrogen and carbon dioxide.  Hydrogen is removed by a separation system and the 

highly concentrated CO2 stream can subsequently be captured and sequestered. The 

hydrogen can be used in a combustion turbine or solid oxide fuel cell to produce power, 

or utilised as a fuel or chemical feedstock [29, 30]. 

 

2.1.3. Hydrogen Storage 

 

In order to commercialize hydrogen economy, the largest setback today does not lie 

on the production, but on the feasible method to store hydrogen since hydrogen is not 

a primary energy source like coal. Hydrogen can be stored in three different forms, 

thus (i) as a pressurized gas, (ii) as a cryogenic liquid and (iii) as a solid adsorbed on 

a surface of a material [31]. An effective storage method which reach the target set by 

US Department of Energy is required. They set a target that by 2015 and 2017 H2 

storage targets are 5.5 wt. % in gravimetric capacity, 40 g.L-1 of volumetric capacity at 

an operating temperature of 40-60 oC under a maximum delivery pressure of 100 atm. 

[32, 33]. Six years and a year respectively of achieving anticipated target, all storage 

methods have failed then there is still a need to develop a method to reach that target 

or even higher than that. These target are based on storage systems including tank 

weight, pressure and temperature. Here, we will look at three different methods used 

for hydrogen storage, thus gaseous, liquefaction and solid hydrogen storage. 
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2.1.3.1. Gaseous hydrogen storage 

 

The most common method which is currently employed to store hydrogen is through 

compressed gas. Hydrogen is stored by means of compressing it at high pressure at 

room temperature and cryogenic conditions [34]. This method of storing hydrogen 

brings several advantages such as high H2 fraction, rapid refuelling capability and 

excellent dormancy characteristics [35]. Their major challenge is the system volume 

which does not reach the target and an ideal cylinder which is cylindrical shape makes 

it difficult to conform storage to available space and the weight/energy penalties. The 

other inconvenient issue is the safety measures such as rapid loss of H2 in an accident 

which can cause explosion [36]. Another gaseous hydrogen storage method is using 

glass microspheres which have more advantages than compression gaseous method. 

The process of storage occurs in three stages: charging, filling and discharging. In 

principle, hollow glass spheres are filled with hydrogen gas at high pressures and 

temperatures by permeation in high pressure vessels. After that process, the sphere 

is cooled to ambient temperatures and stored in vehicle tanks. Finally, the 

microspheres are heated to release hydrogen gas. The major setback in utilising this 

method are low volumetric density, high pressure needed for filling and high 

temperatures for releasing hydrogen [37]. 

 

2.1.3.2. Liquid hydrogen storage 

 

Hydrogen can also be stored in a liquid form via a process called liquefaction. During 

this process, hydrogen is cooled down to cryogenic temperatures (-253 OC) at 20 bar 

pressure and stored in a tank. The theoretical gravimetric density of liquid hydrogen is 

100%, but only 20 wt.% of hydrogen is achieved on practical basis. On volumetric 

basis, the values are 80 kg/m3 and 30 kg/m3 respectively [38, 39]. This clearly means 

that liquid hydrogen has a much better energy density than the compressed gas since 

it can store high energy at low pressures. The main limitation with liquid hydrogen is 

that approximately 30-40% of hydrogen is lost and also the boil-off loss during 
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dormancy [40]. Hydrogen can also be stored in liquid form using the borane solutions 

and rechargeable organic liquids such as methyl cyclohexane and toluene. 

 

2.1.3.3. Solid hydrogen storage 

 

In solid materials, hydrogen can adsorb on the surface of the materials (adsorbent) 

and stored in a much convenient and safer way. The main advantage of adsorption 

over other physical storage (compressed gas and liquid hydrogen), it makes it possible 

to store large quantity of hydrogen at ambient temperatures) and adsorbed hydrogen 

does not chemically react during adsorption and therefore does not accumulate 

impurities which can poison operations of fuel cell [41, 42]. Hydrogen can bind/ interact 

with the adsorbent in two ways, i.e. chemisorption or physisorption. In chemisorption, 

hydrogen predominately bind stronger in an adsorbent and in physisorption, hydrogen 

bind via weak van der Waal forces. Physisorption has a great advantage to 

chemisorption since it has fast kinetics (during release of hydrogen) and it is fully 

reversible [43]. The problem with physisorption-based hydrogen storage is that, due 

to weak interaction between hydrogen and adsorbent the hydrogen density at ambient 

temperature is small [44]. 

 

2.2. HYDROGEN EVOLUTION REACTIONS (HER) 

 

2.2.1. Fundamentals and Mechanisms of HER 

 

The hydrogen evolution reaction (HER) is a central reaction in the renewable 

production and storage of hydrogen fuel from water, regardless of whether this 

process is driven directly by solar fuel production using photons harvested by 

semiconductors or indirectly by electrolysis of water powered by photovoltaics and is 

one of the most studied electrochemical reactions involved in electrolytic cells [45, 46]. 

The mechanism of the HER in aqueous acid or alkaline solutions proceeds in a series 

of three elementary reaction steps which comprises of two electrochemical steps and 
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one chemical step [47-50]. The three elementary reaction steps in acidic medium give 

in Eq. 2.3-2.8:  

H+ + 𝑒− → Had                Volmer reaction (electrochemical discharge)           (2.3) 

Had + H+ + 𝑒− → H2       Heyrovsky reaction (electrochemical desorption)             (2.4) 

Had + Had→ H2                Tafel reaction (catalytic desorption)            (2.5) 

and in alkaline solution are: 

H2O + 𝑒− → OH- + Had                Volmer reaction (electrochemical discharge)     (2.6) 

Had + H2O + 𝑒− → OH- + H2   Heyrovsky reaction (electrochemical desorption)    (2.7) 

Had + Had→ H2                Tafel reaction (catalytic desorption)             (2.8) 

In an acidic solution, the first step (Eq. 2.3) is the Volmer reaction in which a proton 

receives an electron and generates an adsorbed hydrogen atom (Had) at the active 

site as an intermediate [51, 52]. Then the second step can be Heyrovsky or Tafel 

reaction. In Volmer-Heyrovsky mechanism, a proton from a water layer reacts with one 

adsorbed hydrogen to form H2 as illustrated in Eq. 2.4. In the Volmer-Tafel mechanism, 

two adsorbed surface hydrogens next to each other react to form H2 molecule as 

illustrated in Eq. 2.5 [53]. Furthermore, Scheme 2.1 below shows two possible HER 

mechanism. The two steps of hydrogen adsorption and desorption on the catalyst 

surface are competitive in nature. A catalyst surface having too weak bonding strength 

with hydrogen atoms cannot efficiently adsorb the reactant to initiate the HER and a 

catalyst surface having too strong bonding strength would have a difficulty in releasing 

the product towards completion of the HER [54, 55]. Since, HER involves the 

adsorption and desorption of the hydrogen atoms on the surface of the catalyst, a 

suitable catalyst for HER should have a good balance between the two steps, thus the 

hydrogen evolution reactions depends on the electrocatalyst [56].  
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Scheme 2.1: Mechanisms of Hydrogen Evolution Reactions. 

 

2.3. ELECTROCATALYSIS 

2.3.1. The Concept of Catalysis 

 

Catalyst from a definition is a substance that is used in a chemical reaction to 

accelerate the reaction without being consumed, thus catalyst does not form part of 

the product. The acceleration of the reaction is attained by lowering the activation 

energy (Ea) which is the minimum energy required for reactants to be converted to 

products. Figure 2.1 below shows how catalyst plays a role in lowering the activation 

energy. 
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Figure 2.1: Energy diagram showing a reaction proceeding in the absence and 

presence of catalyst. 

 

Catalysts can be in the same phase with the reactants or in the different phase known 

as homogeneous or heterogeneous catalyst, respectively. Most reactions take place 

using heterogeneous catalysts such as Haber process and also those which are 

involved in electrochemical reactions [57, 58]. The most important requisites of a 

catalyst are activity, stability, selectivity to the target reaction and cost [59, 60]. 

 

2.3.2. The Principle of Electrocatalysis 

 

Electrocatalysis is the studying and realization of means for the acceleration of 

electrochemical reactions when an electrocatalyst is used as an electrode surface or 

when immersed in an electrolyte solution [61]. In other words, electrocatalyst 

enhances the electrode kinetics by minimizing the overpotential and also by lowering 

the excess energy consumed by the activation barriers of the redox reactions [62]. 

Overpotential is the extra potential over the equilibrium value that must be applied to 

cause an electrodic reaction at a certain rate [62]. An electrodic reaction may be anodic 

(oxidation) or cathodic (reduction) depending upon the direction of overpotential with 
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respect to the equilibrium potential of the electrode [63]. In addition, electrocatalyst 

assists in transferring electrons between the electrodes and reactants and this is 

facilitated by an intermediate chemical transformations described by half reactions 

[62]. In electrocatalysis, the high efficiency and catalytical activity of the electrode is 

the result of some combination of surface reactivity, electronic and ionic conductivity 

and electron hole pair separation and facile mass transport of molecules, which is 

furnished by the architectural design of both electrodes in the cell, i.e. the arrangement 

of materials in space [63]. In addition, the surface adsorption interactions between 

reactants or reaction products and electrode (electrocatalyst) is the most important 

factor affecting the electrochemical reaction rate and mechanism [61]. The 

composition, structure and dimension parameters determine the electron structure of 

the catalyst’s active site, hence, the adsorption conditions and the reaction kinetic 

characteristics [61]. 

 

2.3.3. HER Electrocatalyst 

 

The efficient and commercialisation of HER depends mostly on the electrocatalyst, 

hence, most studies have been conducted in electrocatalysis with the great hope of 

finding a best suitable electrocatalyst for HER [64]. The advanced and ideally 

electrocatalyst should reduce the overpotential and increase the hydrogen production 

efficiency [65-67]. In addition, the efficient electrocatalyst must encounter different 

characteristics such as high thermal and mechanical stability as well as low cost [68, 

69]. The HER activities of various catalysts can be summarized in the “Volcano plot” 

as shown in the Figure 2.2 below, where the exchange current density for different 

catalysts in acid are plotted as a function of the Gibbs free energy of adsorbed atomic 

hydrogen on catalyst [70]. Platinum group metals (PGMs) such as Pt, Pd, Ir and can 

be found on the apex of the Volcano plot and are the frequently used electrocatalysts 

for HER [71, 72]. PGMs especially Pt-based electrocatalysts meet various 

requirements for HER electrocatalyst as they exhibit low overpotential, high catalytic 

activity, fast kinetics and are most stable [73-75]. However, their extremely high cost 
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and limited abundance or scarcity are the major obstacles for industrial applications 

[76-78]. Thus, the important goal of the modern electrocatalysis is to completely 

replace PGM based electrocatalysts with low cost and catalytic active materials [79]. 

Although non-platinum active metals such as Fe, Ni, Mo or Co are considerably 

cheaper, they suffer from corrosion and passivation under reaction conditions [80]. 

Electrocatalysts based on conducting polymers (CPs) have been rarely investigated 

for HER. CPs such as polyaniline and polypyrrole have shown great environmental 

stability as well as low cost and have a great ranges of potentials windows [81, 82]. 

With this properties CPs can be used to replace the PGM-based electrocatalysts as 

well as corrosion prone earth-abundant Fe, Ni, Mo and Co. CPs such as polypyrrole 

(Ppy) and polyaniline have been greatly investigated as a catalytic support on earth-

abundant metals such as Ni and also Pt for HER electrocatalysis [83, 84]. The main 

reason for incorporating the metal particle into polymer matrices is to disperse the 

former as to increase the specific surface area of these materials resulting in improved 

electrocatalytic efficiency [83]. 
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Figure 2.2: Trends in hydrogen evolution reaction activity. Experimental HER activity 

expressed as the exchange current density, log(i0), for different metal surfaces as a 

function of the calculated *Had chemisorption energy, ΔEH. The result of a simple 

theoretical kinetic model is also shown as a dotted line.  

 

2.4. POLYMERS 

2.4.1. Background on Polymers 

 

Polymers are macromolecular substances that have high molar masses and are 

composed of a large number of repeating units which are called monomers. The 

monomers are held together by covalent bonds. There are both naturally occurring 

polymers which mostly are referred as biopolymers since they normally obtained from 

biological processes and synthetic polymers which are obtained from chemical 

reactions of monomers. Among naturally occurring polymers are proteins, starches, 

cellulose, and latex. Synthetic polymers are produced commercially on a very large 

scale and have a wide range of properties and applications/uses. The materials 

commonly called plastics are all synthetic polymers. The repeating unit of polymers 

are formed through a reactive intermediate which is a process in polymerisation. 
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Depending on the type of intermediate formed, polymerisation process can be 

categorized in the following:  

a) Radical Polymerisation where the initiator is a radical, and the propagating site 

of reactivity is a carbon radical. 

b) Cationic Polymerisation where the initiator is an acid, and the propagating site 

of reactivity is a carbocation. 

c) Anionic Polymerisation where the initiator is a nucleophile, and the propagating 

site of reactivity is a carbo-anion. 

d) Coordination Catalytic Polymerisation where the initiator is a transition metal 

complex, and the propagating site of reactivity is a terminal catalytic complex. 

Traditionally, synthetic polymers are regarded as good insulator and semiconductors 

and have been widely applied in electronic applications. 

 

2.4.2. Conductive Polymers 

 

ICPs are conjugated polymers possessing an extended π-electrons system and highly 

delocalized electronic states. The extended electron conjugation or delocalized is what 

gives rise to conductivity of polymers [86, 87]. These ICPs were discovered in the 

1970s when conductivity of polyacetylene which are normally used as a 

semiconductor increases by 10 million-fold when polyacetylene was oxidized using 

iodine vapour [88-90]. The phenomenon was named doping which is essential for the 

conductivity of polymers. ICPs are amorphous and this makes its charge transport in 

this conducting polymers to be quite different from conventional polymers [91]. The 

chemical structures of conducting polymers are emenable to modification, and 

chemical modelling and synthesis which allows the alteration of their electrical and 

mechanical properties [92]. The alterations in both properties make the ICPs to merge 

the positive properties of metals and conventional polymers which enables the 

materials to conduct (charge transfer), have great electrical and optical properties with 

flexibility in processing and ease of synthesis. The conductivity of these polymers can 

be influenced by various factors, including polaron length, conjugation length, overall 
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polymer length and the charge transfer to adjacent molecule [93, 94]. There are many 

ICPs which have been investigated and they are summarized in the Table 2.1 below 

[95]. 

Table 2.1: Table showing different intrinsically conducting polymers which have been 

studied mostly. 
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2.5. POLYANILINE 

 

2.5.1. History and Background of Polyaniline 

 

PANI is one of the most investigated among polymer other ICPs because of its low 

cost, easy synthesis, environmental stability, unique doping/ de-doping property and 

relatively high conductivity [96-98] Based on this properties, PANI was studied for 

different applications such as capacitance, sensors, actuators and magnetism [99-

102]. Polyaniline discovery can be dated back in the 1862 where it was formed by 

Letheby through oxidation of aniline under mild conditions [103, 104]. Anciently, it was 

known as ‘aniline black’ after black powder was obtained during oxidation and it was 

an important material for dyes and printings [105]. Attempt for control the synthesis 

conditions of polyaniline grew until in the 1910s when Green and Woodhead managed 

successfully to control the conditions [106]. This was followed by Jozefowic’s group in 

the 1960s and 1970s for better understanding of the material [106]. After this, the study 

of polyaniline with other ICPs increased tremendously worldwide and were studied for 

different applications illustrated as shown in Figure 2.3 below. 
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Figure 2.3: Industrial applications of polyaniline. 

 

2.5.2. Structure of Polyaniline 

 

Polyaniline have different chemical structures which is attributed to the oxidation state 

of the polymer backbone, hence it exists in different states [107, 108]. The general 

representation of the polyaniline structure can be described by the following molecular 

formula (Figure 2.4): 

 

Figure 2.4: The general structure of polyaniline, where y = 1, 0.5 and 0 corresponding 

to fully reduced polyaniline (leucoemeraldine), the half oxidized polyaniline 

(emeraldine) and fully oxidized polyaniline (pernigraniline), respectively.  
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The structure of three different oxidation states of polyaniline are shown in Figure 2.5 

below. 

 

 

Figure 2.5: Structures of different forms of polyaniline. 

 

Upon doping, polyaniline can be interconverted from one oxidation state to another 

[108]. The interconversions can be clearly deduced in Scheme 2.2 below. 
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Scheme 2.2: Schematic diagram showing change in oxidation states of polyaniline 

upon doping. 
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2.5.3. Synthesis of Polyaniline 

 

There are two general methods which are employed to synthesise conducting 

polymers; that is through electrochemical oxidation of the monomers or chemical 

oxidation of the monomers. 

 

2.5.3.1. Electrochemical polymerisation 

 

Electrochemical polymerisation or methods can be carried out by employing one of 

the three techniques. These is either by: (i) applying a constant current (galvanostatic), 

or (ii) applying a constant potential (potentiostatic), and lastly (iii) by applying a 

potential scanning/ cycling to the aqueous solution of aniline [109]. Electrochemical 

polymerisation of aniline is carried out in strongly acidic aqueous electrolyte using a 

radical polymerisation mechanism which allows a formation of anilinium radical cation 

by aniline oxidation on the electrode [110, 111]. Strongly, electrochemical 

polymerisations require the following factors:  

a) low pH which is needed for preparation of conductive polymeric materials,  

b) the dopant anion incorporated into polymer to determine the morphology, 

conductivity, rate of polymerisation growth and influences degradation process 

and  

c) inert electrode such as Pt, Au and graphite [112].  

The electrochemical process is more advantageous since film properties such as 

thickness and conductivity can be controlled by the synthesis parameters, including 

the current density, substrate, pH, nature and concentration of electrolyte [113]. 

 

2.5.3.2. Chemical polymerisation 

 

Like electrochemical polymerisation, chemical polymerisation is also carried out in an 

acidic medium such as hydrochloric acid (HCl) and formic acid which helps in giving 

unbranched polymer [114,115]. For chemical polymerisation to occur, a dopant is also 
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required. The dopant reagents used during this process are the oxidizing agents such 

as ammonium persulfate (APS), ferric chloride (FeCl3), hydrogen peroxide (H2O2) and 

ceric nitrate and the principal function of the oxidant is to withdraw a proton from an 

aniline molecule, without forming a strong coordination bond either with the substrate 

intermediate or with the final product [116]. The mechanism taking place during 

polymerisation also is radical mechanism. 

 

2.5.4. Mechanism of Polymerisation 

 

The general mechanism involved during polymerisation of aniline proceeds 

dominantly via radical mechanisms. Radical mechanisms can be subdivided into step 

such as initiation, chain propagation and termination step and in order to form stable 

intermediate, there must be resonance. The three different stages of polymerisation 

are illustrated below from Scheme 2.3- 2.5 below.   

 

Step 1: Initiation step (Oxidation of aniline monomer)  

The initial step of aniline oxidative polymerisation is the generation of the aniline cation 

radical in the oxidation of aniline with an oxidant as shown in Scheme 2.3 below [117, 

118]. The aniline cation radical undergoes resonance to attain the most stable and 

reactive radical cation which is free from steric hindrances [119]. This step is the 

slowest step in the reaction, hence it’s deemed as the rate determining step in aniline 

polymerisation [120].  

NH2

-e -
NH2
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Scheme 2.3: Oxidation of aniline monomer during polymerisation of aniline.  
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Step 2: Radical coupling and re-aromatisation   

Head to tail coupling of the N- and para- radical cations (Scheme 2.4) takes place, 

yielding a dicationic dimer species. This dimer further undergoes the process of re-

aromatisation which causes it to revert to its neutral state, yielding an intermediate 

referred to as p-aminodiphenylamine (PADPA) [121, 122]. These processes are also 

accompanied by the elimination of two protons.  
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Scheme 2.4: Formation of a dimer. 

 

Step 3: Chain propagation  

The dimers are immediately oxidized and then react with a stable aniline cation radical 

via an electrophilic aromatic substitution, followed by deprotonation and 

rearrangements to afford the trimer as seen in Scheme 2.5 [123]. The trimer further 

undergoes oxidation and reacts with aniline cation radical to form a tetramer and so 

on. 
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Scheme 2.5: Formation of a trimer and polymer formation. 

 

2.5.5. Modification of Polyaniline 

 

The study of polyaniline has become one of the most studied and reviewed conducting 

polymers followed by polypyrrole in the past decades [124]. PANI is highly conductive 

and has some other advantages. Firstly, the monomer aniline is very cheap as a basic 

industrial precursor to many chemicals and the synthesis of polyaniline is usually 

achieved through a very simple and inexpensive chemical or electrochemical oxidation 

processes. Secondly, polyaniline is environmentally stable and its thermal stabilities 

can reach up to 250 OC [125, 126]. However, the difficulties in processing of PANI and 

very low solubility in most of the available solvents, and its relatively poor mechanical 

properties decrease its performances and utilities in many applications [127]. Various 

methods have been used to address the processibility limitation of PANI. Those 

various methods includes:  

a) doping induced processibility of PANI using functionalized protonic acids,  

b) preparation of PANI composites with thermoplastic, 

c) homopolymerisation of aniline derivative e.g. ring or N-substituted anilines or 

their copolymers with aniline and  

d) incorporation of polar functional groups or electron withdrawing groups such as 

carboxyl, sulfo- and cyano-  in the PANI backbone which tend to decrease 
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orbital overlap of the π-electrons and the nitrogen lone pair that may increase 

the solubility and readiness for processability [128]. 

Studies have been conducted whereby aniline derivative monomers such as 

sulfonated and carboxylated aniline have been used to form a substituted polyaniline 

to enhance the solubility properties of polymer backbone [129, 130]. 

 

2.5.6. Polyaniline Composites 

 

Organic–inorganic hybrid material remained an interesting area of research in the past 

due to its versatility in the range of applications and device performance. The 

properties of these hybrid materials are different from the organic part and 

corresponding inorganic nanoparticles depending on the type of bonding between 

them, but however capable of exhibiting the best properties of both the components 

[131, 132]. Polyaniline composites can be regarded as a material consisting of 

polyaniline and one or more components such as semiconductors, metal nanoparticle, 

organic compounds, inorganic compounds as well as biological and natural products 

in order to improve polymer backbone properties or extend its functionalities [133]. In 

order to prepare the composite materials successfully, several methods like physical 

mixing, sol–gel technique, in situ chemical polymerisation in the aqueous solution with 

the presence of polymer monomer and inorganic particles, emulsion technology, sono-

chemical process and irradiation technique are used [134]. Several studies reporting 

about the PANI and semiconductors as such ZnO and TiO2 have been reported greatly 

for various applications mostly photocatalysis [135, 136]. The combination of 

nanocrystalline semiconductors such as TiO2 and polyaniline is attractive because it 

gives a nanocomposite that exhibits excellent electrical, mechanical and optical 

properties such as surface hardness, modulus, strength, transparency and high 

refractive index [137]. In addition to polyaniline and semiconductor composite, a great 

attention was also paid on composite of polyaniline with graphene oxide and also 

carbon nanotubes (CNTs) [138, 139]. The general preparation of polyaniline-graphene 

composite involves two steps, i.e. polymerisation of aniline and reducing graphene 
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oxide (GO) to form reduced graphene oxide (rGO), then the composite can be 

prepared by chemical oxidative polymerisation of aniline in the presence of the rGO 

[140]. The interaction between PANI with GO/CNTs can be facilitated by several 

modes such as hydrogen bonding, ionic interactions and π-π stacking interaction [141, 

142]. Composites between polyaniline with inorganic porous materials such as metal 

organic frameworks have not studied intensively with only few reports on those 

composites. The polymer-metal containing dopant nanocomposites can provide highly 

porous structures together with large effective surface areas while some properties 

are highly dependent on the presence of additives [143, 144]. This study will provide 

also a platform on the novel synthesis of polyaniline with HKUST-1 (MOF-199) metal 

organic framework. 

 

 

2.6. METAL ORGANIC FRAMEWORKS 

 

2.6.1. Background of Metal Organic Frameworks 

 

Metal organic frameworks (MOFs) or porous coordination networks/polymers are class 

of crystalline and porous compounds designed by employing a node (metal core/ion 

usually a transition metals) and multidentate/polytonic organic linker (usually 

connected through oxygen) resulting in a fascinating structural topology [145-147]. 

The combination of inorganic (metal ion/ cluster) and organic (linker) components 

provides endless possibilities. The sum of the physical and chemical properties as well 

as possible synergistic play between the two components provides exceptional 

properties of MOF [148]. Figure 2.6 below shows, the metal core or node serves as a 

connecting points and the organic linker serves as a bridging molecule to 

coordinatively connect metal -core resulting in the formation of a 3-D frameworks. 
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Figure 2.6: Metal organic framework structure.  

 

Compared with other traditional porous materials such as zeolites and carbon 

materials, MOF are unique in terms of extraordinary porosities, tunable pores and 

diverse functional sites [149]. MOF materials are also characterised by having high 

surface area up to 5000 m2/g unlike other coordinated compounds such as zeolites 

and other inorganic-organic hybrids [150, 151]. The first MOF was reported by Yaghi 

and co-worker in 1995 for a newly synthesised copper-4,4’-bypyridyl complex that 

have the metal-organic interactions to become MOFs, these building units organise 

spatially in such a way that a crystalline porous regular size and shape on the 

nanometer scale are formed [152]. In the past decades, MOFs have gained a great 

attention with the number of MOF publications gradually increasing in different 

applications as illustrated in Figure 2.7 below [153]. The gradual increase in MOF 

research for different applications such as gas storage, luminescent, magnets, drug 

delivery and catalyst is because MOF have the characters of high stability and 

crystalline (ordered) structures, high surface area up to 5000 m2/g and porosities (pore 

volume of 1 g/cm3) ,excellent electrochemical, optical and electrical properties [154-

157]. 
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Figure 2.7: Year wise publication status from 2000 to 2015 of various aspects of MOFs 

(a) MOFs, (b) MOFs as luminescent materials, (c) MOFs for gas storage, (d) MOFs as 

magnets, (e) MOFs for drug delivery and (f) MOFs as catalyst [153]. 
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2.6.2. Structure of a Metal Organic Framework 

 

The two components that makes MOF structures are the secondary building units 

(SBUs), thus metal clusters or ions and organic molecule covalently linked to give a 

porous structure or framework. Different combination of the two components lead to 

an enormous number of MOFs with different geometries and coordination [158-160]. 

The choice of metal ions and organic linkers ultimately determines the coordination 

network to be attained, hence, below we look at metal ion and organic linker in details. 

 

2.6.2.1. Metal ions/clusters 

 

First row transitional metals are typically used as an inorganic component (metal core) 

of MOF materials. These transitional metals play a role in coordination sphere of the 

MOF material giving different geometries such as linear, T- or Y-shaped, tetrahedral, 

square-planar, square-pyramidal, trigonal-bipyramidal, octahedral, trigonal-prismatic, 

and pentagonal-bipyramidal as shown in Figure 2.8 below [153, 161, 162]. Different 

oxidation states of the metal result in different coordination numbers. For example, M 

(II), where M represent a transition metals of d electronic configurations, forms square-

planar and tetrahedral geometries preferably, but it can also be found with other 

coordination numbers, depending on the organic linker used. Lanthanides-based 

MOFs are less reported in comparison with transition metal MOFS [163]. Lanthanide 

ions are also often used to generate new and unusual network topologies and flexible 

coordination geometries due to their large coordination numbers (usually from 7 to 10). 

These ions enables the formation of porous solids with Lewis centres and coordination 

unsaturated sites which can be advantageous during catalysis and luminescent 

applications [163, 164]. Alkali or s-block metal-based MOF are not extensively 

explored as compared to transition metals and lanthanide-based MOFs [165, 166]. 
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Figure 2.8: Coordination geometries of transition metal ions [153]. 

 

2.6.2.2. Organic linker 

 

There are variety of choices to choose for organic linkers (Figure 2.9). The preferred 

organic linker is the one that will bring much stability to the MOF structure due to the 

rigidity of the backbone of the linker or ligand. The rigidity in backbone of the linker 

makes it easier to predict the network geometry and helps to sustain the open-pore 

structure after the removal of the included solvent. The organic linkers can be 

electrically neutral, anionic, or cationic. The most frequently used neutral organic 

linkers are pyrazine and 4,4’ bipyridine (bpy) [163]. These linkers are especially useful 

http://www.sciencedirect.com/science/article/pii/S0020169316300895#gr3
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as pillars in the construction of pillared layer in 3D networks. The most widely used 

anionic linkers are carboxylates, because they have the ability to aggregate metal ions 

into clusters and thereby form more stable frameworks [161]. Cationic organic ligands 

are relatively little used, owing to their low affinities for cationic metal ions [165]. 
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Figure 2.9: Potential polytopic organic molecules (neutral, anionic and cationic) as 

linlers in MOFs. 
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2.6.3. Design and Synthesis of Metal Organic Frameworks 

 

Methods of synthesis/design of MOFs lead to different topologies, morphologies and 

various physical properties. Facile synthesis of MOFs is very important not only for 

fundamental understanding but also viable for applications [167]. The main aspects of 

MOF synthesis is to establish synthetic conditions that can lead to a defined inorganic 

building blocks without decomposition of the organic linker. Simultaneously, the 

kinetics of the crystallization must be appropriate to allow nucleation and growth of the 

desired phase to take place [168]. Traditionally, MOFs have been generally prepared 

via hydrothermal or solvothermal synthesis routines by electrical heating in small 

scales, which take reaction time from several hours to days. Alternative synthesis 

methods were attempted afterward in an effort to shorten the synthesis time and to 

produce smaller and uniform crystals, such as microwave-assisted, microemulsion, 

electrochemical, and mechanochemical methods [169]. 

 

2.6.3.1. Hydro/solvothermal method 

 

Hydro/solvothermal method is a method for preparing variety of materials such as 

metal, semiconductors, ceramics and polymers. In MOF, the reaction between the 

reagents usually metal core and organic linkers are dissolved in an organic solvent or 

water and the reaction proceeds by heating at temperatures above boiling point of 

solvent and pressure usually in an autoclave for hours or days to allow formation of 

desired MOF. When water is used as a solvent, the reaction is known as a 

hydrothermal. Despite the time drawback for this method, the reaction allows for the 

precise control over the size, shape distribution, well-crystallized solid on the 

nanoscale, efficient synthesis conditions and ability to control the morphology of 

material crystals [161, 170]. This is achieved by controlling the certain parameters 

during the reaction. The main parameters governing the solvothermal reaction are 

chemical and thermodynamical parameters [171]. Chemical parameters are the nature 

of the reagents and the selection of the solvents. The concentration and interaction of 
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the reagents play a role in controlling the shape of the nano-crystallites [172]. Solvents 

also play an important role in controlling the chemical mechanisms leading to the 

target MOF molecule. The thermodynamical parameters are the temperature, 

pressure and the reaction time. The temperature and pressure improve the solubility, 

the increase in these factors induces enhancement of the reagents-concentration into 

the solvent and then favours growing process in the formation of MOF [173-176]. The 

overall reaction for the synthesis of MOF using solvothermal process can be 

represented by the Scheme 2.6 below. 

 

Scheme 2.6: Conventional solvothermal synthesis of MOF structures [169]. 

 

2.6.3.2. Microwave assisted method 

 

Microwave assisted method is a rapid synthesis of nanoporous materials similar to 

synthesis of nanoporous materials under hydrothermal conditions. The synthesis 

(Scheme 2.7) involves placing the reagents in a suitable solvent and then transfers to 

the Teflon vessel, sealed and placed in microwave unit, and then subjected to heat for 

the appropriate time at a controlled temperature, thus it allows one to monitor 

temperature and pressure during synthesis. Microwave assisted synthesis relies on 

the interactions of electromagnetic waves with mobile electric charges such as polar 

solvent molecules or ions n the solution [177]. The synthesis has greater advantages 

than solvothermal synthesis as it accelerates the crystallization period, highly efficient, 
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have phase selectivity, narrow size particle and size distribution, and improves the 

purity of the product and facile morphology [177-179]. The quality of the crystals 

obtained by microwave assisted method is similar to those produced by regular 

solvothermal method [180-182]. Blanita and co-workers reported MOF-5 using both 

the solvothermal and microwave assisted methods, they observed similar XRD 

patterns [183]. The yield of MOF-5 using microwave assisted method and 

solvothermal method was 47% and 55% respectively. MOFs such as MIL-140(A) 

[184], Ni-DHTP [179] and MCF-23 [185] were also synthesised using microwave 

assisted method. 

 

 

Scheme 2.7: Microwave-assisted solvothermal synthesis of MOF structures [169]. 

 

2.6.3.3. Microemulsion and reverse-phase microemulsion method 

 

Microemulsion synthesis is a powerful method for obtaining ultrafine and nanometric 

particles taking advantages of the interfacial reactions providing shape control and 

confinement of the reaction zone at the same time [186]. The process is based on the 

use of microemulsions acting as chemical microreactors so as to control the particles 

size and shape. The use of a suitable emulsifier allows dispersing an aqueous solution 
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containing the metal precursor into the oil phase, forming nanosized droplets due to 

minimization of the surface energy [187]. Microemulsions are clear, 

thermodynamically stable, isotropic liquid mixtures of oil, water and surfactant, 

frequently in combination with a surfactant [188-190]. The use of surfactant as 

structure directing agent influence certain factors such as polydispersity of the particle, 

size and kind of size distribution [191]. The surfactants can be employed to stabilize 

oil- in-water dispersions through orientation of the molecules at the interface and 

significantly lowering interfacial free energy. Meanwhile, the interfacial free energy 

reduces according to the type and concentration of surfactant [192]. Figure 2.8 below 

shows route of synthesising Gadolinium-MOF nanoparticles via reverse-

microemulsion method [193]. 

              

Scheme 2.8: General route to produce Gd MOF nanoparticles via a reverse 

microemulsion synthesis with a hydrotrope. Cetyltrimethylammonium bromide (CTAB) 

is employed as a surfactant and hexanol as a cosurfactant. Gadolinium(III) chloride 

and 1,4-benzenedicarboxylate (1,4-BDC) form the three-dimensional nanoscale metal 

organic framework [193]. 
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2.6.3.4. Electrochemical synthesis of MOF 

 

Electrochemical synthesis involves the use of electrochemical cell to prepare 

compounds. In order to synthesis, galvanic cell, potentiostat and two electrode set-up 

is required. Synthesis of MOF materials using this method is still a new topic and was 

first reported by researchers in BASF in 2005 [169]. Rather than adding metal salt 

during synthesis, the principle relies on supplying the metal ion by anodic dissolution 

to a synthesis mixture that contains the organic linker and an electrolyte [194]. Process 

such as metal deposition which can have an effect during synthesis of MOF is avoided 

by utilising protic solvent but it gives hydrogen gas [169]. Electrochemical methods 

have several advantages over traditional hydro/solvothermal and microwave-assisted 

methods that requires high temperature and long reaction time, such as, shorter 

synthesis times and milder synthesis conditions [169, 195, 196]. It also provides the 

possibility to influence the reaction directly in real-time, offering both more control and 

the ability to perform the synthesis in a continuous fashion. Furthermore, the localised 

nature of electrochemical methods allows the formation of directed thin films without 

the need to pre-treat the surface as is usually the case. The mild temperatures used 

during synthesis also reduce the effects of thermally induced film cracking, which is 

often a problem with hydrothermal methods [196]. The scheme 2.9 below shows the 

electrochemical synthesis of MOFs. 

 

 

Scheme 2.9: Electrochemical synthesis of metal organic frameworks [169]. 
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2.6.3.5. Mechanochemical synthesis of MOF 

 

In mechanochemical synthesis, there is a mechanical breakage of intramolecular 

bonds followed by a chemical transformation [169, 197]. The mechanisms of 

mechanochemical transformations are often complex and different from usual thermal 

or photochemical mechanisms. The method of ball milling which allows substantial 

improvement in energy efficient as compared to conventional methods is widely used 

process in which mechanical force is used to achieve chemical processing and 

transformations [158, 198]. The advantages of mechanochemical synthesis is that 

reactions can be carried out at room temperature under solvent free conditions, which 

is especially advantageous when organic solvents can be avoided. Short reaction 

times, normally in the range of 10-60 min, can lead to quantitative yields and higher 

surface areas, and generally products containing small particles are obtained [153, 

199, 200]. Moreover, in some cases metal salts can be replaced by metal oxides as a 

starting material, which results in the formation of water as the only side product. 

Scheme 2.10 below shows mechanochemical synthesis of MOF structures [169]. 

 

Scheme 2.10: Mechanochemical synthesis of MOF structures [169]. 

 

 

 

 

 

https://en.wikipedia.org/wiki/Ball_mill
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2.7. ANALYTICAL TECHNIQUES 

 

Analytical methods are set of techniques which are used to determine the chemical, 

physical or optical nature of a material and also quantify certain species within the 

material. This analytical technique can be separated into different categories such as 

spectroscopy, microscopy, physical and electroanalytical methods. 

 

2.7.1. Spectroscopy 

 

Spectroscopy is the study of the interaction of electromagnetic radiation in all its forms 

with matter which can be used for both quantitative and qualitative analysis. The 

interaction might give rise to electronic excitations, (UV), molecular vibrations (IR) or 

nuclear spin orientations (NMR). 

 

2.7.1.1. Ultraviolet-visible spectroscopy 

 

Ultraviolet-visible (UV-vis) spectroscopy refers to absorption or reflectance 

spectroscopy which uses light in the ultraviolet-visible region. This means it uses light 

in the visible and adjacent (near-UV and near-infrared) ranges. Basically, it is used to 

study the electronic transitions that molecules undergo. In principle, a light is irradiated 

on a molecule. The π electrons or non-bonding electrons absorb the energy in the 

form of ultraviolet or visible light and excited from ground state to higher energy state 

[201-203]. The transitions are summarised in the Scheme 2.11 below. 
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Scheme 2.11: Possible electronic transitions of 𝝅, 𝝈, and n electrons. 

 

The energy of the ultra-violet radiation that are absorbed is equal to the energy 

difference between the ground state and higher energy states and are given by the 

following equation [204]:  

 

  𝐸 = ℎ𝑣                    (2.9) 

 

where, E is the energy, h is the Planck constant and v is the frequency. Since the study 

of spectroscopy deals with energy coming from light and also the molecules in 

question absorb light at a certain wavelength, equation one can be arranges to [204]: 

 

   𝐸 =
ℎ𝑐

𝜆
                  (2.10) 

 

where c is the speed of light and λ is the wavelength the molecules or compound 

absorbs maximally at it. The reading the spectrometer which is an instrument used to 

measure the intensity of light absorbed is called absorbance denoted by A, which can 

be related by the amount of light transmitted and be given by the following equation 

[204]: 

  

 𝐴 = − log 𝑇                  (2.11) 
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where T represent transmittance of light. It is routinely used in analytical chemistry for 

qualitative and quantitative analysis. Quantitative information of materials can be 

determined in relation to Beer’s law which state that: when a beam of monochromatic 

light is passed through a solution of an absorbing substance, the rate of decrease of 

intensity of radiation with thickness of the absorbing solution is proportional to the 

incident radiation as well as the concentration of the solution. The mathematical 

expression of the law is given by [204]: 

 

   𝐴 = 𝑎𝑏𝑐                  (2.12) 

 

where A is the absorbance, a is the absorptivity constant, b is the path length of a cell 

and c is the concentration of analyte. Since the concentration of the analyte is 

commonly measured in molarity, M (moles per litre), the Beer’s law can be written as 

follows [204]:  

 

 𝐴 = 𝜀𝑏𝑐                  (2.13) 

 

where ɛ the molar absorptivity of the material which can be used to determine the 

conductivity of the materials. In this research the UV/VIS spectroscopy was used to 

determine the optical properties of the materials and also band gab of the materials. 

Formation of composite was monitored by examining the types of effects such as 

bathochromic effect (red shift), hypsochromic (blue shift), hyperchromic and 

hypochromic effect. 
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2.7.1.2. Fourier transform infrared spectroscopy 

 

Fourier transform infrared spectroscopy (FTIR) is a technique which is used to obtain 

an infrared spectrum of absorption or emission of a solid, liquid, or a gas. FTIR relies 

on the fact that the most molecules absorb light in the infra-red region of the 

electromagnetic spectrum [203, 204]. This absorption corresponds specifically to the 

bonds present in the molecule. The frequency range are measured as wave numbers 

typically over the range 4000 – 400 cm-1. The background emission spectrum of the 

IR source is first recorded which will be used to correct the spectra reading of analyte, 

followed by the emission spectrum of the IR source with the sample in place [202]. 

The ratio of the sample spectrum to the background spectrum is directly related to the 

sample's absorption spectrum. The resultant absorption spectrum from the bond 

natural vibration frequencies indicates the presence of various chemical bonds and 

functional groups present in the sample. Scheme 2.12 shows representation of the 

basic components of FTIR. 

 

Scheme 2.12: Basic components of FTIR [205]. 

FTIR is mainly used for qualitative analysis in which the functional groups of the 

sample is determined. In this work FTIR was used to observe functional groups 

present in the polyaniline, metal organic framework and mainly overlaps and 

appearance of new vibrations during composite formations. 

 

 

https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiHwOeyjebQAhXCbBoKHYVeA5YQjRwIBw&url=http://www.chemicool.com/definition/fourier_transform_infrared_spectrometer_ftir.htm&bvm=bv.141320020,d.ZGg&psig=AFQjCNF2tAOQsp4PRRSpCyAWaZklbqk62Q&ust=1481338251681320
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2.7.1.3. Raman spectroscopy 

 

Raman spectroscopy is a spectroscopic technique used to observe vibrational, 

rotational, and other low-frequency modes in a system which mostly appears in the 

fingerprint regions of FTIR [201]. IR inactive molecules such as metal oxides vibrations 

can also be determined using this type of spectroscopy. It is mostly employed in 

chemistry to provide a fingerprint by which molecules can be identified. This technique 

offers several advantages for microscopic analysis. Since, it is a scattering technique, 

specimens do not need to be fixed and that its spectra can be collected from a very 

small volume (<1𝜇m in diameter) [204]. However, it faces difficulties when separating 

the weak inelastic scattered light from the intense Rayleigh scattered laser light. It is 

most applicable in chemistry since vibrational information is specific to the chemical 

bonds and symmetry of molecules. In this work it was used to determine the vibrations 

of Cu-O vibration during composite formations. 

 

2.7.1.4. Flame atomic absorption spectroscopy 

 

Atomic absorption spectroscopy (AA) is a spectroanalytical procedure for the 

quantitative determination of chemical elements using the absorption of optical 

radiation (light) by free atoms in the gaseous state [201]. In principle, the analyte 

interact with flame which converts the aerosol from nebuliser (sample injection system) 

into an atomic vapour. The ground state atom absorbs light of a specific wavelength 

from hallow cathode lamp (HCL) or electrodeless discharge lamp (ECL) as it enters 

excited state [201, 202]. Quantitative analysis is done by measuring the amount of 

light absorbed. The Scheme below shows the working principle and instrumental 

components of AAS using HCL. 
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Scheme 2.13: Working principles and basic components of AA [206]. 

 

In analytical chemistry the technique is used for determining the concentration of a 

particular element (analyte) in a sample to be analysed. It requires standards with 

known analyte to establish the relation between the measured absorbance and the 

analyte concentration and it strictly adheres to the Beer-Lambert Law [201]. It has 

many uses in different areas of chemistry such as clinical analysis, water analysis, and 

pharmaceuticals. It possesses great advantages such as having high sample 

throughput, easy to use, has high precision, and is inexpensive. Its main 

disadvantages are that it analyses only solutions, one element at time, less sensitive, 

and requires large sample quantities (1-3 ml) [201, 204]. In this work, it was used for 

elemental analysis of Cu metal in MOF and composites. 

 

 

 

 

 

 

 

https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiWlJOxsdzQAhXIOxoKHe44CW8QjRwIBw&url=http://lab-training.com/2013/05/08/introduction-to-aas-component-parts/&psig=AFQjCNHruTPEeDGHc06bfYtmonnDUuxuBQ&ust=1481004313095706
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2.7.2. Microscopy 

 

Microscopic techniques are set of methods which are used to view objects that cannot 

be detected by naked eye or simple spectroscopic techniques such as UV-vis or IR. 

Microscopy can be categorized into three sections, namely: 

a) optical microscopy which uses visible light to produce enlarged images,  

b) scanning probe microscopy that involves using a probe to scan object and  

c) electron microscopy that uses an electron beams to create an image of an 

object.  

The next section focuses on the electron microscopy which have been used in this 

work. 

 

2.7.2.1. Scanning electron microscopy 

 

Scanning electron microscopy (SEM) is a powerful method that utilises focused beam 

of electrons for high-resolution imaging of surfaces of the materials. The basic principle 

is that a beam of electrons is generated by a suitable source, typically a tungsten 

filament or a field emission gun. The electron beam is accelerated through a high 

voltage (e.g.: 20 kV) and pass through a system of apertures and electromagnetic 

lenses to produce a thin beam of electrons [204, 207]. The beam scans the surface of 

the specimen by means of scan coils. Electrons are emitted from the specimen by the 

action of the scanning beam and collected by a suitably-positioned detector [204]. In 

this study, the SEM technique was employed for investigation of the morphology of 

the synthesised materials.  
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2.7.2.2. Transmission electron microscopy 

 

Transmission electron microscopy (TEM) is a very powerful tool for material science. 

A high energy beam of electrons is shone through a very thin sample, and the 

interactions between the electrons and the atoms can be used to observe features 

such as the crystal structure and features in the structure like dislocations and grain 

boundaries [204]. TEM can be used to study the growth of layers, their composition 

and defects in semiconductors. High resolution can be used to analyse the quality, 

shape, size and density of quantum wells, wires and dots. In principle, the electrons 

pass through multiple electromagnetic lenses. These solenoids are tubes with coil 

wrapped around them. The beam passes through the solenoids, down the column, 

makes contact with the screen where the electrons are converted to light and form an 

image. The image can be manipulated by adjusting the voltage of the gun to accelerate 

or decrease the speed of electrons as well as changing the electromagnetic 

wavelength via the solenoids [205]. The coils focus images onto a screen or 

photographic plate. During transmission, the speed of electrons directly correlates to 

electron wavelength; the faster electrons move, the shorter wavelength and the 

greater the quality and detail of the image. The lighter areas of the image represent 

the places where a greater number of electrons were able to pass through the sample 

and the darker areas reflect the dense areas of the object. These differences provide 

information on the structure, texture, shape and size of the sample [203, 204, 207]. To 

obtain a TEM analysis, samples need to have certain properties. They need to be 

sliced thin enough for electrons to pass through, a property known as electron 

transparency. Samples need to be able to withstand the vacuum chamber and often 

require special preparation before viewing. In this study, TEM was used for internal 

morphological studies of the materials. 
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2.7.3. Physical Methods 

 

Physical methods are techniques which are used to determine the physical properties 

of the materials or compounds. This technique helps in determining the crystallinity of 

the compounds, surface area and also the mechanical and thermal stability of the 

materials. In principles this method uses the spectroscopy and microscopy techniques. 

 

 

2.7.3.1. X-ray diffraction 

 

X-ray diffraction (XRD) is an analytical technique that is used primarily for phase 

identification of a crystalline material and can provide information on unit cell 

dimensions. These technique is based on constructive interference of monochromatic 

X-rays and a crystalline sample of which interaction of the incident rays with the 

sample induces constructive interference such that Bragg’s law is satisfied which is 

given by [202]: 

 

   𝑛𝜆 = 2𝑑sin𝜃                 (2.14) 

 

where 𝜆 designates the wavelength of the radiation beam, d is the interplanar spacing 

between two diffracting lines, 𝜃 is the diffraction angle, and n is an interger usually 

equal to 1. XRD is most widely used for identification of unknown crystalline materials 

such as minerals and inorganic compounds, measurements of sample purity, 

characterisation of crystalline materials, and determination of unit cell dimensions 

[204]. The technique possesses numerous advantages such as being powerful and 

rapid (<20 min) for identification of unknown materials and data interpretation is 

relatively straight forward. However, its disadvantage is that peak overlay may occur 

and worsens for high angle reflections and that for fixed materials, detection limit is 

~2% of sample [207]. In this study, XRD was used to fingerprint the materials using 

the known reference spectra and also monitor the composite formation. 
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2.7.3.2. Thermogravimetric analysis  

 

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes 

in physical and chemical properties of materials are measured as a function of 

increasing temperature (with constant heating rate). It reveals information about 

physical phenomena such as vaporization, sublimation, adsorption, and desorption. 

Likewise it also reveals information about chemical phenomena such as 

chemisorption, desolvation, and decomposition [202]. TGA is commonly used to 

determine selected characteristics of materials that exhibit either mass loss or gain 

due to decomposition, oxidation, or loss of volatiles (such as moisture). Its common 

applications are (i) determination of organic content in a sample, and (ii) studies of 

degradation mechanisms and reaction kinetics [202]. Again TGA can be used to 

evaluate the thermal stability of a material. In simple terms, if a species is thermally 

stable, there will be no observed mass change. Advantages of this method are that it 

provides very little room for instrumental error and does not require a series of 

standards for calculation of an unknown. Its disadvantage is that it only provides for 

the analysis of a single element, or a limited group of elements at a time. It was used 

to estimate the thermal stability of the materials. 

 

2.7.4. Electroanalytical Methods 

 

Electroanalytical methods are a class of techniques in analytical chemistry which study 

an analyte by measuring the potential (volts) and/or current (amperes) in an 

electrochemical cell containing the analyte. These methods can be broken down into 

several categories depending on which aspects of the cell are controlled and which 

are measured. The three main categories are potentiometry (the difference in 

electrode potentials is measured), coulometry (the cell's current is measured over 

time), and voltammetry (the cell's current is measured while actively altering the cell's 

potential) [202, 204]. Electroanalytical techniques follow the basics of electrochemistry 

whereby redox reactions occurs during operations and uses the electrochemical cell 
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principles. This means that there is an electron loss and gain between the species in 

question. The simplest electrochemical cell will consist of two electrodes immersed in 

an electrolyte solution which can be separated by a salt bridge. Chemical reactions 

mostly occur on the surface of the electrodes giving several half reactions. Mostly 

three compartment electrodes are used which are places in an electrolytic solution in 

a glass [207, 208]. The reactions occur on the surface of the working electrode. There 

are several types of working electrode which are commonly used, thus glassy carbon, 

gold and mercury working electrodes. During operations, there must be a 

standardization process which occurs in reference electrode. The potential in 

reference electrode is fixed and the potential change is monitored on working 

electrode. The most commonly used reference electrode are saturated calomel 

electrode (SCE) and silver/silver chloride (Ag/AgCl) electrode. Then lastly there is an 

auxillary electrode which is known as counter electrode. It serves as a sink for 

electrons so that the current can be passed from the external circuit. The 

electroanalytical technique used in this work is voltammetry, so next sections will 

review types of voltammetry methods used in study. 

 

2.7.4.1. Cyclic voltammetry 

 

Cyclic voltammetry (CV) is an electrochemical technique which measures the current 

that develops in an electrochemical cell under conditions where voltage is in excess 

of that predicted by the Nernst equation [204, 207, 208]. The CV (Figure 2.10) is 

performed by cycling the potential of a working electrode, and measuring the resulting 

current. In this technique it is compulsory to have a working, reference, and counter 

electrode, and an electrolytic solution to be added to the sample solution to ensure 

sufficient conductivity [208]. It is often used to study a variety of redox processes, to 

determine the stability of reaction products, the presence of intermediates in redox 

reactions, reaction and electron transfer kinetics and the reversibility of a reaction 

[207]. The CV was used to evaluate the electrochemical properties of the materials as 

well as the hydrogen evolution reaction for hydrogen production.  

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Electrochemistry/Nernst_Equation
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Figure 2.10: Typical cyclic voltammogram showing the peak cathodic and anodic 

current respectively for a reversible reaction [209]. 

 

2.7.4.2. Square wave voltammetry 

 

Square wave voltammetry (SWV) is a form of linear potential sweep voltammetry 

which has found numerous applications in various fields. In SWV experiments the 

current at a working electrode is measured while the potential between the working 

electrode and a reference electrode is swept linearly in time. Its advantage is that it 

can be used to perform an experiment much faster than the other electrochemical 

techniques [208]. SWV suppresses background currents much more effectively than 

cyclic voltammetry. The SWV was used in this work to support the CV analysis for 
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investigation of electrochemical properties of the materials as well as the hydrogen 

evolution reaction for hydrogen production. 

 

2.8. CONCLUSIONS 

 

In summary, this chapter presented a review of literature related on hydrogen fuel cell. 

The chapter introduced basic concepts of hydrogen fuel cell technology, it also 

highlighted the pathways and mechanisms involved in production of hydrogen. 

Hydrogen gas offers a great advantage in transforming from fossil fuel energy 

dependency to a much feasible energy sources. However, the future utilisation of 

hydrogen as an alternative energy carrier, there is a need to solve key challenges 

encountered in hydrogen economy, thus hydrogen production and storage. Hydrogen 

can be stored in three forms/ states, gaseous, liquid and solid storage. Electrocatalysis 

exhibits several advantages over other hydrogen production methods; hence, 

strategies of enhancing hydrogen evolution reaction using a conduction polymer or 

metal organic framework are also discussed. From the literature that has been 

surveyed, it is evident that HER is powerful tool and has hydrogen production 

applications. No known attempts were made to study the interaction of MOF to the 

backbone of polyaniline for HER productivity. The electrocatalyst modification 

technology on the basis of MOF offers the ability to enhance HER generation for 

hydrogen fuel cell applications. In-depth experimental studies of performance of these 

electrocatalysts will lead to deeper understand of hydrogen evolution reaction 

mechanism, in turn, to develop the novel HER catalysts. The literature review also 

presented that electrochemistry and photophysical properties of the HER material can 

be evaluated using CV, SWV, UV-vis, FTIR, Raman, XRD, SEM, TEM and TGA.  
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CHAPTER THREE 

POLYANILINE-METAL ORGANIC FRAMEWORK NANOCOMPOSITE AS AN 

EFFICIENT ELECTROCATALYST FOR HYDROGEN EVOLUTION REACTION 

 

This chapter has been submitted for publication: 

Kabelo Edmond Ramohlola, Gobeng Release Monama, Mpitloane Joseph Hato, 

Kwena Desmond Modibane, Milua Masikini, Siyabonga B. Mdluli, Kerileng M. Molapo, 

Emmanuel I. Iwuoha. Polyaniline-metal organic framework nanocomposite as an 

efficient electrocatalyst for hydrogen evolution reaction. Composites Part B. 

 

ABSTRACT 

 

Polyaniline-metal organic framework (PANI/MOF) composite was prepared by 

chemical oxidation of aniline monomer in the presence of 3.6 wt.% MOF content for 

hydrogen evolution reaction (HER). The structure, morphology and properties of the 

fabricated composite were investigated. There was a clear interaction of MOF on the 

backbone of the PANI matrix through electrostatic interaction as investigated by both 

Raman and Fourier transform infrared analyses. The MOF exhibited irregular crystals 

with further wrapping of MOF by PANI matrix as evidenced by both scanning electron 

microscopy and transmission electron microscopy studies. The PANI composite 

showed some nanorods and microporous structure. The energy band gap values of 

PANI and its composite were found to be 1.50 and 1.35 eV, respectively. The thermal 

stability of the neat PANI increased upon composite formation, which was due to a 

stabilizing effect of MOF and a change in morphology of the composite.  The catalytic 

effect of MOF, PANI and PANI/MOF composite on HER was studied using exchange 

current density (i0) and charge transfer coefficient determined by the Tafel slope 

method. A drastic increase in catalytic H2 evolution was observed in the composite. It 

was also observed that Tafel slope values of PANI and the composite decreased with 

increasing the concentration of the acid, suggesting the Volmer reaction coupled with 
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either Heyrovsky or Tafel reaction. The i0 increased with increasing the acid 

concentration and in an order of PANI/MOF > MOF > PANI at various concentrations.  

 

Keywords: Polyaniline, Metal organic frameworks, Polymer-matrix composites 

(PMCs), Hydrogen evolution reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

80 
 

3.1. INTRODUCTION 

 

Today, fossil fuels are known as the main energy sources with their disadvantages 

such as limited resources, global warming and the environmental pollution. Numerous 

efforts are being considered to use other energy sources instead of fossil fuels to 

overcome these disadvantages. Nowadays, hydrogen fuel cell technology is 

considered as one of the most promising energy sources for sustainable energy 

applications owing to its numerous advantages including recyclability, pollution-free 

and fuel efficiency [1-4]. Nonetheless, the major challenge of using hydrogen as 

energy carrier is the need to produce hydrogen with high purity. Toward this end, 

electrochemical reduction of water is considered an effective and alternative route to 

produce hydrogen with high purity and in large quantity because of its simplicity and 

economical way [1]. This method needs an efficient electrocatalyst for hydrogen 

evolution reaction (HER) to reduce the over potential during HER process and achieve 

large exchange current density [5,6]. Up to date, platinum (Pt)-based electrocatalysts 

have been known as efficient catalysts for hydrogen generation [7]. Nonetheless, their 

widespread application has been restricted by their high cost and low-earth 

abundance. In this context, it is therefore necessary to synthesize material suitable for 

electrochemical studies as an alternative to Pt.  

 As previously mentioned in Chapter 2, conducting polymers such as polypyrrole, 

polythiophene and polyaniline (PANI), etc., have been considered as potential 

candidates for electrochemical HER due to their impressive structural and physical 

properties as well as the ability to catalyse electrode reactions. In particular, PANI is 

promising to be used as a suitable electrocatalyst due to its high conductivity, 

environmental stability, has good photo- and chemical-physical properties, ease of 

synthesis, synthesised from cheap monomers, and the different redox states [8-10]. 

Recently, PANI and other conducting polymers were used as a support for metal 

electrocatalysts in order to improve their utilisation, enhance the conductivity, activity 

and stability [11]. Unfortunately, structural decomposition of PANI may occur if it is 

used under harsh environmental conditions for hydrogen production [10, 12]. For this 

reason, incorporation of different materials such as zeolites, metal, metal sulfide, 
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carbon nanotubes, and metal organic frameworks (MOFs) to the polymer backbone 

have been developed to prepare polymer-based composite with improved thermal 

stability, mechanical properties and some more functional sites on the polymer 

backbone [13-16]. For example, Corte et al. [17] reported the HER behaviour of nickel-

PANI composite and observed that the presence of polymer matrix enhanced the 

catalytic activity on the electrode. Ding and co-workers [18] also reported a novel 

molybdenum (MoS2)-disulfide nanosheets-decorated on the PANI matrix as HER 

electrocatalysts. The MoS2/PANI nanocomposites exhibited higher catalytic activity 

and lower Tafel slopes for HER in H2SO4 solution [18]. In addition, MOFs have shown 

great interest in various applications such as catalysis, magnetism, sensors as well as 

drug delivery owing to their high surface area and adjustable pore size [19]. Guo et. al 

[20] and reported the preparation of carbonized Zn-MOF/PANI composite by in situ 

chemical polymerisation. In another study, MOFs/PANI were synthesized by 

electrochemical polymerisation of aniline in the presence of different  materials 

([NH2(CH3)2]2[Zn3(4,4-biphenyldicarboxylate)4]5DMF (MOF1), [Cd(2.6-naphthalene 

dicarboxylate)(DMF)] (MOF2) and [NH2(CH3)2]2Zn3(1,4-

benzenedicarboxylate)4DMF.H2O) (MOF3) [21]. In these studies, it was found that 

MOF/PANI composites showed superior activities as compared to neat PANI matrix 

as an electrode material for  high performance supercapacitor and as a fiber coating 

for solid phase microextraction, respectively. In the current study, a PANI/MOF 

composite was prepared through in situ chemical polymerisation of aniline in the 

presence of MOF (HKUST-1). To the best of our knowledge, there are no reports on 

the synthesis of PANI based MOF (HKUST-1) composite for HER. The MOF (HKUST-

1) was prepared via hydrothermal method, which allows precise control over the size, 

shape distribution, well-crystallised solid on the nanoscale, efficient synthetic 

conditions and ability to control the morphology of material crystals [22, 23]. The 

resulting PANI/MOF composite showed excellent structural and thermal properties as 

well as significant activity as an electrocatalyst for HER. 
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3.2. EXPERIMENTAL SECTION  

3.2.1. Materials 

  

Aniline (ANI) monomer, copper nitrate trihydrate (Cu(NO3).3H2O), trimesic acid 

(H3BTC) and tetrabutylammonium perchlolate (TBAP) were purchased from Sigma 

Aldrich, South Africa. Ammonium per sulfate (APS) and iron chloride (FeCl3) were 

purchased from Riedel-de Haen and Educhem, respectively. Absolute ethanol was 

purchased at Merck, South Africa and hydrochloric acid (HCl), dimethyl sulfoxide 

(DMSO) and sulphuric acid (H2SO4) were procured from Rochelle Chemicals. Aniline 

was distilled before use and the rest of the reagents were used without any further 

purification. H2SO4 standard solutions were made in DMSO solution with 0.1 M TBAP 

as a supporting electrolyte system unless otherwise stated. All measurements were 

carried out at 22±2 °C maintained using water bath.   

 

3.2.2. Synthesis of MOF, PANI and PANI/MOF composite 

 

PANI was prepared by chemical oxidation polymerisation of aniline according to a 

previously reported method [24]. Cu-trimesic MOF (HKUST-1) was synthesized by 

following a hydrothermal procedure reported by Ke et al. [25]. PANI/MOF composite 

was synthesized as shown in Fig. 1. Briefly, 1 ml of the distilled aniline monomer and 

3.6 wt.% MOF were dissolved in a solution of 10 ml HCl/100 ml distilled water in a 250 

ml round-bottom flask. The solution was stirred for 30 min kept at 50 °C. About 2.40 g 

of (NH4)2S2O8, and 1.88 g of FeCl3 were added in the solution. The reaction mixture 

was stirred for another 3 hrs at the same temperature. The mixture was placed in an 

oven for overnight to evaporate the solvents and remaining content was washed with 

ethanol several times and re-dried at 50 °C.  
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3.2.3. Materials characterisations 

 

The formation of the composite was confirmed by Cary 600 series Fourier transform 

infrared (FTIR) spectrometer (Agilent Technologies). The spectra were obtained in the 

wavenumber range between 500 and 4500 cm-1 at room temperature. A minimum of 

32 scans were collected at a resolution of 4 cm-1. The Raman spectra were recorded 

on a Horiba Jobin-Yvon Labram HR 2000 confocal Raman microscope with a 

wavelength of 514 nm.  

Optical absorption spectra were recorded at room temperature in the wavelength 

region 200 nm – 800 nm using a Varian Cary 300 UV-Vis-NIR spectrophotometer. The 

structure of PANI, MOF and PANI/MOF composite was analyzed using X-ray 

diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 Å).  

The surface morphology was performed using Auriga field-emission scanning electron 

microscope (SEM) coupled with EDS. The internal morphology was carried out using 

a FEI Tecnai G2 20 transmission electron microscope (TEM) coupled with EDX, 

operated at an accelerating voltage of 200 kV. The elemental analysis was determined 

using Varian SpectrAA 110 atomic absorption spectrometer (AAS).  

The thermal stability was performed using a Perkin-Elmer STA 6000 instrument 

connected to a PolyScience digital temperature controller under N2 gas purged at a 

flow rate of 20 ml/min. The calibration of the instrument was performed using indium 

(melting point =156.6 °C) and aluminium (melting point = 660 ºC). Samples ranging 

between 1−4 mg were heated from 30-500 ºC at a constant heating rate of 20 ºC /min. 

The data was collected and analyzed using Pyris software®.  

Electrochemical measurements were carried out using EPSILON electrochemical 

workstation. The data was collected using a conventional three-electrode set-up with 

gold electrode (3 mm diameter, 0.071 cm2 area) as a working electrode, Pt wire as a 

counter electrode and Ag/AgCl wire as a reference electrode. Repetitive scanning of 

MOF, PANI and PANI/MOF composite (~3.0x10-3 mol/L) was measured from -2.0 to 

1.25 V at the scan rate of 0.02 - 0.10 Vs−1. Electrochemical experiments were 

performed in 10 ml of 0.1 M TBAP/DMSO electrolytic system. HER studies were done 

using various concentrations of 0.03-0.45 M H2SO4 as hydrogen source in 0.1 M 
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TBAP/DMSO system and ~2.0x10-4 mol/L of MOF, PANI AND PANI/MOF as 

electrocatalysts. 

  

3.3. RESULTS AND DISCUSSION 

3.3.1. Synthesis 

 

The synthesis of polyaniline doped with metal organic framework composite referred 

as PANI/MOF was prepared by in situ chemical oxidative polymerisation of aniline 

monomer in presence of MOF, using ammonium persulfate as an oxidant. The 

integrated preparation process is depicted in Scheme 3.1. Initially, prior to in situ 

polymerisation, MOF material was prepared from hydrothermal conditions using Cu-

metal salt and trimesic acid (H3BTC) as a carboxylate organic linker to yield pure, 

highly crystalline MOF. Subsequently, for comparison, pure polyaniline was prepared 

in absence of MOF for comparison. The mechanism of oxidative polymerisation of 

aniline in the presence of ammonium persulfate oxidant was explained in details in 

Scheme 2.3-2.5. The process of composite formation undergoes similar mechanism 

of polyaniline and MOF materials interacting with polymer using different interaction 

processes as explained. The resultant PANI/MOF gave similar dark blue powder of 

as-prepared polyaniline. 

 

 

Scheme 3.1: Schematic presentation of PANI/MOF composite through chemical 

oxidation polymerisation of aniline monomer in the presence of MOF. 
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3.3.2. Spectroscopic Characterisations 

 

3.3.2.1. Fourier transform infrared (FTIR) and Raman spectroscopy 

 

To examine the polymerisation process and recognition of any changes on the PANI 

after being embedded by MOF, FTIR analysis was employed in the region 500-4500 

cm-1 and the results are presented in Figure 3.1(a). For the neat PANI, the existence 

of the absorption band at 806 cm-1 relates to C-H out of plane deformation bending of 

the benzene ring [21]. The absorption band at 1138 cm-1 was due to the vibration mode 

of the –NH+=. The band at 1493 cm-1 corresponds to C=N stretching vibration, while 

the peak at 1575 cm-1 is associated to C=C stretching vibration, showing the 

deformation of the benzonoid and quinoid rings [26]. The peaks between 2500 and 

3500 cm-1 are due to =N-H stretching vibration [27, 28]. The observed absorption 

bands are characteristics of PANI, confirming its successful synthesis. Furthermore, 

all these bands suggest that this type of polymer is similar to that of an emeraldine 

base [29]. It is also noteworthy to mention that the absorption band at 1575 cm-1 in the 

case of MOF disappeared in the composite indicating a successful synthesis of 

PANI/MOF composite.  

The Raman analysis was performed to confirm the interaction between MOF and 

PANI. Figure 3.1(b) presents Raman spectra of PANI, MOF and PANI/MOF 

composite. The Raman spectra of MOF exhibit the weak and strong bands at ~1000 

and ~1520 cm-1, which are due to ν(C=C) modes of benzene ring on organic linker. 

There are observable bands at ~710 and ~810 cm-1 ascribed to out of phase ring C-H 

bending vibrations. The bands at lower frequencies are due to Cu-O stretch and this 

is in accordance with the work reported in the literature [30, 31]. The Raman spectrum 

of PANI showed vibrations at ~1197, 1220, 1500 and 1610 cm-1 which are associated 

to C-H in-plane bending vibration of benzenoid ring, C-N bonding modes of 

benzenoids ring, C=N stretching vibrations of unprotonated quinoid ring and C-C 

stretching of emeraldine salt, respectively [32, 33]. To elucidate the character of the 

interaction between PANI and MOF, we discuss the changes of the spectrum of pure 
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PANI and MOF. This interactions can be deduced by the appearance of new bands or 

disappearance. It can be seen that the spectrum of the composite shows four bands 

at ~683, 956, 1110 cm-1. These peaks are assigned to in plane C-H bending of quinoid, 

benzoid symmetry ring stretching and ring deformation of semiquinoid, respectively. 

There is an observable peak at 1345 cm-1 which is attributable to electrostatic 

interactions between the partially negative charge of organic linker on MOF and 

partially positive nitrogen of PANI [34]. In addition, the peak associated with MOF also 

shifted from 605 to 728 cm−1 in the composite. These obvious changes suggested the 

existence of an interaction between MOF and PANI since the transition metal Cu has 

a tendency to form coordination compound with the nitrogen atom in PANI [35]. 

 

 

Figure 3.1: (a) FTIR and (b) Raman spectra of MOF, PANI and PANI/MOF composite.  

 

3.3.2.2. Ultraviolet-visible spectroscopy (UV-vis) 

 

The absorption spectra of neat PANI, MOF and its composite dissolved in DMSO are 

shown in parts a and b of Figure 3.2(a). The neat PANI shows two absorption peaks 

at 353 and 552 nm. The band at 353 nm corresponds to the 𝜋 − 𝜋 ∗ transitions of the 

benzoid structure, while the absorption at 552 nm is associated to exciton formation in 

the quinoid rings as well as partially oxidised absorption peak of conducting PANI [36, 

37]. Nevertheless, there is a slight shift in the absorption peak at a lower wavenumber 
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upon composite formation to 357 nm. The shift in the peaks is attributed to the increase 

in the π conjugation in the PANI backbone [37]. The obvious shift in the peak 

suggested a possible interaction between PANI and MOF as conferred by FTIR. 

Figure 3.2(b) shows the concentration dependent studies of the PANI/MOF composite. 

The Beer-Lambert assumption was obeyed with an increase in the concentration of 

the composite, whereby the conduction band on the material did not change. 

Nonetheless, there is an increase in the absorbance of the PANI composite. The inset 

in Figure 3.2(b) shows the plot of absorbance versus concentration which was used 

to determine the molar extinction coefficient of PANI and its composite. The molar 

extinction coefficient was found to be 4 x 10-3 and 4.2 x 10-3 cm-1 ppm-1 for PANI and 

PANI/MOF composite, respectively. 

 

 

Figure 3.2: (a) Absorption spectra of MOF, PANI and the composite in DMSO as well 

as (b) absorption spectra of PANI/MOF composite measured at different 

concentrations.  

 

Figure 3.3 presents Tauc plot variation (𝛼ℎ𝑣)2 that was employed to calculate the 

energy band gap of PANI and its composite [38]. The energy band gap was calculated 

by a linear extrapolation of the Tauc curve when it cuts the x-axis. The energy band 

gap values of the neat PANI and PANI/MOF composite were found to be 1.50 and 

1.35 eV, respectively. The reduction in the optical band gap in the case of the 
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composite was due to a rise in the electron density of the composite as compared to 

the neat PANI. This observation showed our samples can be suitable for catalytic 

applications [39]. From the AAS results, it was found that the amount of Cu present in 

MOF and PANI/MOF composite was 23.99 and 0.05 wt. %, respectively, further 

confirming the presence of MOF in the composite.  

  

 

Figure 3.3: Tauc plot of PANI and PANI/MOF composite for energy band gap 

determinations. 

 

3.3.2.3. X-ray diffraction  

 

In order to substantiate the purity of the synthetic MOF, XRD analysis was performed. 

The XRD patterns of MOF, PANI and PANI/MOF composite are depicted in Figure 3.4. 

It can be noticed that MOF exhibits cubic crystal structure diffraction patterns identical 

to those of the simulated one (MOF CSID), indicating that the structure of HKUST-1 

was well preserved and the MOF was a pure powder [40]. In addition, the well-defined 

sharp peaks were observed for MOF, indicating a highly crystalline microporous 
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structure [27]. The neat PANI exhibits some sharp and two broad diffraction peaks at 

2Ɵ = 21 and 26° corresponding to (100), and (200) planes, respectively [41, 42]. The 

sharp peaks indicate some degree of crystallinity [43]. The PANI/MOF composite 

shows similar diffraction peaks to the neat PANI, and no obvious diffraction peaks of 

MOF appeared. This observation suggested that the amorphous structure of PANI 

was maintained upon composite formation with MOF.  

 

 

Figure 3.4: XRD patterns of MOF, PANI and PANI/MOF composite. 

 

3.3.3. Morphological Characterisations 

 

The morphologies of PANI, MOF and PANI/MOF composite were investigated by SEM 

and the results are presented in Figure 3.5(a, c and e), respectively. The SEM image 

of PANI depicted fibrous morphological structures along with a large number of 

interconnected tubules or agglomerated structures, which is in accordance with other 

reports [44, 45]. The fibrous structure may be due to the soft template-assisted growth 

of PANI [46]. EDS results of PANI (Figure 3.5(b)) showed the presence of Fe, Na, S 
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and Cl in the polymer backbone. These elements are due to oxidants and acidic 

medium used during synthesis. The MOF image depicted some irregular crystals with 

octahedral shapes confirming a low control on the crystal growth parameters [47]. The 

corresponding EDS results of MOF revealed the presence of Cu [47, 48]. The 

PANI/MOF composite also exhibited some finer morphological features compared to 

the neat PANI. In addition, there were some small nanorods observed in the case of 

PANI/MOF composite. It is also noticeable that the crystal structures of MOF are non-

observable in the case of the composite. This result suggested wrapping of MOF by 

PANI. The PANI/MOF composite exhibited an increase in the percentage 

compositions of C and O with no trace of Cu detected on the surface of the polymer 

as an indicative of the wrapping of MOF by PANI. 
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Figure 3.5: SEM images of (a) PANI, (c) MOF, (e) PANI/MOF composite and EDS 

spectra of (b) MOF, (d) PANI, (f) PANI/MOF composite. 

Parts a–c of Figure 3.6 present the TEM images of PANI, MOF and PANI/MOF 

composite and inset images are the selected area electron diffraction (SAED) patterns 

used to determine the crystallinity of the samples. It can be seen that both PANI and 

MOF showed nanofibers/tubular structures (Figure 3.6 (a and b)). Upon composite 

formation, the morphology was relatively tubular but some microporous structures 

could also be noticed. This was attributed to the adsorption of aniline on the MOF 

template and its subsequent polymerisation. Furthermore, it is also noteworthy to 

mention that the fibrous structures of PANI are distracted when the composite is 
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formed. The SAED result of MOF showed clear ring patterns which suggested a 

crystalline structure [27]. Notably, the neat PANI exhibited a disordered structure, 

which indicated that the molecules are arranged to a certain definite position in the 

lattice. This is a typical amorphous structure of PANI [44, 49]. Figure 3.6(c) showed 

that the composite maintains an amorphous structure similar to PANI. Furthermore, it 

is also noticeable that the structural modification of PANI had been enhanced by MOF 

upon composite formation. This result is in good agreement with the XRD observations 

(see Figure 3.4). The elemental analysis of C and O in the composite were investigated 

using TEM coupled with EDX and the percentages are 74.6 and 5.02 for C and O 

respectively, as shown in Figure 3.6(d). The Cu content of MOF in the composite was 

detected. The presence of small peak of Ni (Figure 3.6(d)) is due to impurities trapped 

in the PANI backbone during synthesis process as well as Ni grid used during the TEM 

analysis. 
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Figure 3.6: TEM images (a) MOF (b) PANI (c) PANI/MOF composite and (d) EDX 

spectrum of PANI/MOF composite. Inset: SAED images of various samples. 

 

3.3.4. Thermogravimetric analysis  

 

The TGA analysis can be used to determine the precise weight ratio of each 

component in a sample and the thermal stability of the composite. Furthermore, by 

comparing the TGA curve of each component separately to its curve in a composition 

material, we can also learn about the degree of interaction between the reacting 

species. The TGA thermograms of MOF, PANI and PANI/MOF composite, in 

comparison, analysed at a heating rate of 10 ºC/min are presented in Figure 3.7. It can 

be seen that MOF exhibits two thermal degradation steps throughout the experimental 

temperature range. These two steps appear at about 100 and 350 °C. The thermal 
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degradation steps are normally attributed to the intrinsic thermal degradation 

characteristics of MOF which correspond to water and ethanol physiosorbed in the 

framework of MOF, as well as the degradation of the organic linker and producing 

copper oxide [47, 48, 50, 51]. The neat PANI also shows a two-step weight loss from 

100 to 450 °C due the release of moisture and the elimination of the doped acid bound 

to PANI chains as well as the decomposition of the pristine PANI backbone [44, 49]. 

For PANI/MOF composite, the lower rate of mass loss with increasing temperature 

may be due to the internal change in this material that is not accompanied by mass 

loss at elevated temperature. In addition, though the final degradation step occurred 

at about 350 °C for all the samples, the MOF sample exhibits a steeper weight loss as 

compared to both neat PANI and the composite. The slower, less steep degradation 

step in the case of the composite suggested a higher thermal stability due to the 

stabilizing effect of MOF and a changed morphology upon composite formation. 

Furthermore, an increased thermal stability may be due to a change in morphology 

upon addition of MOF in the composite as observed in the SEM results. 

 

Figure 3.7: TGA curves of MOF, PANI and PANI/MOF composite. 
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3.3.5. Electrochemical Characterisations 

 

Electrochemistry of functional species is one of the most prominent parameters for 

potential use as electrocatalysts for hydrogen production. In order to decide the 

possible use of any material, its electrochemical responses in a solution should be 

determined. Electrochemical characterizations of PANI, MOF and PANI/MOF 

composite were investigated using cyclic voltammetry (CV). Figure 3.8(a) showed 

typical current-potential curves of the gold electrode in 0.1 M TBAP/DMSO system of 

blank, MOF, PANI and PANI/MOF composite. It was noticeable that the Faradaic 

contributions (redox process) onto gold electrode (blank) was observed at around -

0.58 V. This is a typical redox process of bare Au electrode [52]. However, there are 

two reduction processes observed for MOF. This could be related to the Cu deposition 

involving two successive one-electron process [53]. Nila and Gonzales [54] reported 

that the electrochemical reduction of Cu2+ in solution proceeds in two one electron 

reversible waves via a Cu+ intermediate, in which the stability of the intermediate was 

due to the presence of ions in the solution. The shift in potential was also observed 

and reported by Loera-Serna et al. [55] in LiCl solution indicating that the 

electrochemical processes of Cu during the direct sweep took place in the MOF. 

However, in this study, the reduction of Cu2+ to Cu+ occurs at more negative potential. 

This might be due to electrochemical properties of Au electrode in TBAP/DMSO 

system. On the other hand, PANI in the potential window of TBAP/DMSO electrolyte 

system showed a quasi-reversible processes. In addition, the voltammogram of PANI 

indicated a one redox couple which is an indication of the merging of three known 

oxidation states of PANI [56]. The redox couple observed at cathodic peak potential 

(Ep.c) ~ -0.64V and anodic peak potential (Ep.a) ~ -0.68V are due to 

polyleucoemeraldine radical cation, transformation of PANI from the reduced 

leucoemaraldine (LE) state to the partly oxidized emeraldine state (EM), and further 

oxidized to the pernigraniline (PE). Similar electrochemical characteristics of the 

synthesized PANI was reported by Genies et al. [57]. The increase in the cathodic 

current in CV of PANI/MOF composite encourages strong interaction between MOF 

and PANI, and therefore favours the uncoiling of PANI chains. In this uncoiled 
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conformation, the probability of moieties exposed to oxidation is more leading to higher 

Faradaic current [37]. The potential reduction of Cu2+ to Cu+ occurring in composite 

was c.a. −0.653 V/Au electrode. Meanwhile, the reduction potential at around −1.59 V 

in both PANI and composite was an illustration of redox process in PANI ring-based 

electron transfer characters. One of the important feature observed in the CV of the 

composite was the merging of new cathodic peak towards negative potential which 

was clearly visible on the square wave voltammogram (SWV) and the results are 

presented in Figure 3.8(b). The SWV was utilized as the electrochemical probe of the 

system due to its higher sensitivity Faradaic current [58]. The positive cathodic side 

was considered as it is the representative of hydrogen evolution prior evaluating the 

amount of current. 

 

 

Figure 3.8: (a) CV and (b) SWV curves of MOF, PANI and PANI/MOF (~3.0x10-3 mol/L) 

in 0.1 M TBAP/DMSO electrolyte solution on Au electrode. 

 

The influence of scan rate on the electrochemical response of MOF, PANI and 

PANI/MOF composite was accomplished in 0.1 M TBAP/DMSO system using Au 

working electrode. The multiscan voltammograms of the samples are shown in parts 

a-c of Figure 3.9, respectively. It was obvious that the current response increased with 

increasing scan rates. In Figure 3.9(c), the PANI/MOF composite showed 

enhancement of current response as compared to neat MOF and PANI. This indicated 
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that the PANI and MOF structures in the composite were conductive and diffusion of 

electrons along the polymer chain was taking place. All redox couples showed 

electrochemical quasi-reversible process with respect to change in peak potential 

(∆Ep) and the ratio of anodic and cathodic peak current (Ipa/Ipc) values. Unity of Ipa/Ipc 

ratios at all scan rates and the logarithm of the absolute value of the reductive peak 

current against the logarithm of the scan rate indicates diffusion controlled characters 

of the redox processes as shown in Figure 3.9(d). 

 

 

Figure 3.9: Voltammetric curves of (a) MOF (b) PANI (c) PANI/MOF composite 

(~3.0x10-3 mol/L) in 0.1 M TBAP/DMSO electrode system at different scan rate (0.02 

– 0.10 Vs-1) and (d) The log-log plot of the absolute value of the peak current vs scan 

rate of MOF, PANI and PANI/MOF composite. 

 

The peak current (Ip) for diffusion-controlled electron-transfer process is given by Eq. 

(1) [59]: 

Ip = nFA[cat](D)1/2(Fv/RT)1/2                (3.1)  
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where n is the number of electrons transferred, A is the area of the working electrode 

in cm2, F is Faraday’s constant (96,485 C mol-1), D is the diffusion coefficient, R is the 

gas constant (8.31451 J mol-1 K-1), T is the thermodynamic temperature (K), v is the 

scan rate and [cat] is the concentration of catalyst in mol.cm-3. Consistent with Eq. (1), 

Fig. 11 showed that the current increased linearly with increasing the square root of 

the scan rate, ν1/2. The D values were determined to be 3.05 x 10-7, 2.40 x 10-7 and 

7.34 x 10-7 cm2.s-1 for MOF, PANI and PANI/MOF composite, respectively. The 

significant value of the composite is approximately an order of magnitude faster than 

the neat PANI. 

 

 

Figure 3.10: Peak current as a function of square root of scan rate on Au in 0.1 M 

DMSO/TBAP electrode system at various scan rate (0.02 – 0.10 Vs-1). 

 

3.3.6. Hydrogen Studies 

 

The electrocatalytic activity of the samples was evaluated using CV in 0.1 M 

TBAP/DMSO system as an electrolytic solution and H2SO4 as H2 source and the 

results are presented in Figure 3.11(a). Upon addition of H2SO4, a wave catalytic near 
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the reduction potential was observed, which suggested that PANI, MOF and 

PANI/MOF composite are reducing H2SO4 to H2. The current intensities of the samples 

can be related to the amount of H2 produced. Therefore, the greater the current 

readings will result to a large quantity of H2 production. This observation confirmed 

that our samples possessed best electrocatalytic effect [60]. Furthermore, there was 

an intense increase in the current intensity of PANI/MOF composite at ~ -1.5 V 

compared to both MOF and PANI. This result indicated that the PANI/MOF composite 

was more effective in producing maximum H2 in comparison to neat MOF and PANI. 

The different scan rate dependent studies were used to examine the electrochemical 

properties of the samples during electrocatalytic hydrogen evolution and the results 

are presented in Figure 3.11(b-d). Multiscan voltammogram of all the samples showed 

that there is an increase in the cathodic peak current with increasing the scan rate in 

acidic medium. From these results, it can be concluded that the enhancement of 

cathodic current of the samples showed suitability of the complexes as reasonable 

electrocatalysts for the HER application. 
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Figure 3.11: (a) CV curves of PANI, MOF and PANI/MOF composite (~2.0x10-4 mol/L) 

at 0.10 Vs-1 (b) CV curves of (b) MOF (c) PANI and (d) PANI/MOF composite in the 

presence 0.075 M H2SO4 at different scan rate on Au electrode in 0.1 M TBAP/DMSO 

electrode system. 

Furthermore, CV of PANI, MOF and PANI/MOF composite in the presence of H2 

source was performed at different H2SO4 concentration (0.033 – 0.300 M) in 0.1 M 

TBAP/DMSO electrolytic system and the results are depicted in Figure 3.12(a-c). It is 

noticeable that the peak positions are independent of the H2 source concentration 

towards the more negative potential and high values of current. However, at low acid 

concentration, the peak current of catalytic wave in MOF and PANI/MOF composite 

increased linearly with the concentration, which indicated an enhancement in HER as 

shown in Figure 3.12(d) at fixed potential of -0.67 V. Conversely, it was seen that there 

was a decrease in catalytic wave in the composite due to the material’s ability to 

absorb hydrogen and the enhancement of hydrogen production was observed at  

-1.5 V. 
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Figure 3.12: CV curves of (a) MOF (b) PANI and (c) PANI/MOF composite (~2.0x10-4 

mol/L) in the presence 0.033 to 0.45 M H2SO4; and (d) current as a function of H2SO4 

concentration of the electrocatalyst in 0.1 M TBAP/DMSO electrolyte solution on gold 

electrode at 0.10 V.s-1 scan rate. Inset: Linear fitting at low concentration of composite. 

 

The Tafel plot is used to get a better grasp on the kinetics of electrochemical reactions 

for HER [61]. The Tafel slope value gives an important information on the rate 

determining step in an electrochemical reaction. It is an inherent property of the 

electrode material. Furthermore, the overall electrocatalytic HER can also be 

explained by means of mechanism. In an acid medium, the HER pathway could 

proceed via three main steps [62, 63]: 

 

H+ + 𝑒− → Had                Volmer reaction                                                                                (2.3) 

Had + H+ + 𝑒− → H2    Heyrovsky reaction                                                                           (2.4) 

Had + Had→ H2                Tafel reaction                                                                                      (2.5) 
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It has been reported that for the HER on platinum electrode in acidic solutions, the 

reactions above show the Tafel slope values of 120 mV, 40 mV and 30 mV for the 

Volmer, the Heyrovsky and the Tafel, respectively [64, 65]. From these reactions, the 

HER process can either proceed by combination of Volmer-Heyrovsky or Volmer-Tafel 

mechanism. 

 

 

Figure 3.13: Tafel plots of (a) blank, PANI, MOF and PANI/MOF composite      

(~2.0x10-4 mol/L) in the presence 0.075 M H2SO4 at 0.10 Vs-1 (b) MOF (c) PANI and 

(d) PANI/MOF composite in different concentrations of H2SO4 and 0.10 Vs-1 scan rate 

on Au electrode in 0.1 M TBAP/DMSO electrode system. 

 

The Tafel slopes estimated by linear fitting of the polarization curves ((𝜂 = 𝑏 log 𝑖 + 𝑎), 

where b is the Tafel slope and i is the current density) from Figure 3.13 are given in 

Table 1 as well as exchange current density (io) and cathodic transfer coefficient (1-

α). The transfer coefficient was calculated using high overpotential region, where the 

Butler–Volmer equation simplifies to the Tafel equation, from the Tafel slope given by 

the relationship: 
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𝑏 =  
−2.303 𝑅𝑇

(1− 𝛼)𝐹
                                                                                                              [3.2] 

 

The HER exchange current densities (i0) for MOF, PANI and PANI/MOF composite 

were calculated from the Tafel plots by the extrapolation method with the abscissa 

(log(i0)). The present study showed that the blank electrode gives the Tafel slopes of 

more than 400 mV.dec-1 at low concentrations. In the presence of MOF electrocatalyst, 

a decrease in Tafel slope values was noticed. Similar behavior was noticed with PANI 

and PANI/MOF composite as electrocatalysts at low concentrations. Upon increasing 

the concentration of the acid, the values of the slope decreased to less than 200 

mV.dec-1. This phenomenon is in agreement with the previous study [66], which 

suggested that the rate determining step of the HER may be Volmer reaction or the 

Volmer reaction coupled with one of the other two reactions [66, 67]. The charge-

transfer coefficient values of the samples are close to 0.5. According to data presented 

in Table 1, the transfer coefficient decreased with increasing the acid concentration. 

The similar value of 1–α was documented to be 0.33 (or α=0.67) for Cu-Pt bimetallic 

nanoparticles supported metal organic framework-derived nanoporous carbon Cu-Pt-

NPCC (Table 1) [6]. The values of the exchange current density increased with 

increasing the acid concentration for the electrode and the prepared samples. The 

exchange current density increased in an order of PANI/MOF >MOF >PANI at different 

concentrations. This confirmed that the presence of MOF improved the electron 

transfer process of PANI [68]. In addition, these current densities were also higher 

than the Ni-PANI [17] and Cu-Pt-NPCC [6] reported in the literature. 
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Table 3.1: Experimental values of Tafel slope, transfer coefficient 1–α and exchange 

current i0, in the absence and presence of MOF, PANI and PANI/MOF composite. 

Material H2SO4 

(mol.L-1) 

Slope (b) 

(V.dec-1) 

-b 

(mV.dec-1) 

1-α logi0 io 

(A.m-2) 

Blank 0.033 -0.4256 425.6 0.139 -0.15 0.709 

0.075 -0.2140 214.0 0.276 0.45 2.818 

MOF 

 

0.033 -0.2726 272.6 0.217 0.25 2.239 

0.075 -0.2778 277.8 0.212 0.40 2.512 

PANI 

 

 

 

 

0.033 -0.2567 256.7 0.230 0.30 2.000 

0.075 -0.2925 292.5 0.202 0.35 2.239 

0.150 -0.1766 176.6 00335 0.75 5.623 

0.300 -0.1570 157.0 0.377 0.90 7.943 

0.450 -0.1708 170.8 0.346 0.95 8.912 

PANI/MOF 0.075 -0.2393 239.3 0.247 0.50 3.162 

0.150 -0.2263 226.3 0.261 0.80 6.310 

0.300 -0.1993 199.3 0.297 0.90 7.943 

0.450 -0.1682 168.2 0.352 1.00 10.00 

Ni-PANI [17] 0.500 -0.1470 147.0 a 0.17 01.47 

Cu-Pt-NPCC [6] 0.500 a a 0.33 -2.62 0.002 

a= no reported literature value 
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3.4. CONCLUSIONS 

 

In summary, the hydrogen production material of PANI/MOF composite was 

synthesised by a novel and facile route. FTIR and Raman indicated successful 

synthesis of PANI/MOF composite. XRD showed some mixed amorphous and 

crystalline structure of PANI with no obvious change in the structure of the PANI/MOF 

composite. Both SEM and TEM morphologies showed successful incorporation of 

MOF into the polymer backbone with some wrapping by PANI. There was an improved 

thermal stability upon composite formation with MOF which is attributed to stabilizing 

effect of MOF. 

Hydrogen studies of the composite evaluated using CV and Tafel plots indicated an 

intense cathodic peak upon addition of H2SO4 suggesting that PANI/MOF composite 

has a greater potential to be used in HER application as it can easily generate and 

adsorb hydrogen through straight forward electrochemical process. This work 

demonstrated that the PANI/MOF composite is not only robust and stable but also 

produces considerable H2 gas. A remarkable hydrogen production observed was 

dictated by the identity of hydrogen source which opens new avenues for multi analyte 

investigations.  
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CHAPTER FOUR 

ELECTROCATALYTIC HYDROGEN PRODUCTION PROPERTIES OF POLY(3-

AMINOBENZOIC ACID) DOPED WITH METAL ORGANIC FRAMEWORKS 
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Electrocatalytic hydrogen production properties of poly(3-aminobenzoic acid) doped 

with metal organic frameworks. International Journal of Electrochemical Science 12 

(2017) 4292-4405. 

ABSTRACT 

 

The design and development of inexpensive highly efficient electrocatalysts based on 

polymer organometallic composites for hydrogen production, underpins several 

emerging clean-energy technologies. In this work, for the first time, Poly(3-

aminobenzoic acid) based metal organic framework (PABA/MOF) composite was 

synthesized by chemical oxidation of 3-aminobenzoic acid monomer in the presence 

of metal organic framework (MOF) content. Poly(3-amino benzoic acid) (PABA), MOF 

and PABA/MOF composite were characterised by ultraviolet visible (UV-vis) and 

fourier transform infrared (FTIR) spectroscopy, powder X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), scanning electron microscope (SEM), transmission 

electron microscope (TEM), energy dispersive X-ray spectroscopy (EDS, EDX), 

selected area electron diffraction (SAED) and cyclic voltammetry (CV). Detailed 

structural and morphological characterisations established that PABA is wrapping 

MOF. Furthermore, spectroscopic analyses provided information that MOF was 

incorporated on the backbone of PABA as indicative of an easier path for the electron 

transport and plentiful active sites for the catalysis of hydrogen evolution reaction 

(HER) in acidic electrolyte. Experiments probing the electrochemical properties 

revealed that the composite was very stable and robust and had exceptionally 

properties. Significant HER was generated by the composite in dimethyl 
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sulfoxide/tetrabutylammonium perchlorate (DMSO/TBAP) supporting electrolyte in the 

presence of hydrogen source by applying a potential to the electrode. 

 

Keywords: poly(3-aminobenzoic acid), metal organic frameworks, electrochemistry, 

hydrogen evolution reaction, Tafel plot. 
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4.1. INTRODUCTION 

 

Polyaniline have been widely studied for electronic and optical applications due to its 

exceptional conducting, optical and mechanical properties [1, 2]. However, there is a 

limitation to the application of polyaniline due to its non-processibility which results 

from poor solubility in most organic solvents such as dimethylsulfoxide (DMSO), 

dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) [3, 4]. One of the 

methods to tackle the non-processibility of polyaniline is synthesising new aniline 

polymers from aniline monomer derivatives, thus functionalised aniline [5]. Sulfonated 

polyaniline has been dealt used with little attention paid on polyaniline with parent 

carboxylic acid group [6]. Amino benzoic acid (ABA), which differs with the positions 

(meta- (m), ortho- (o) and para- (p) of the carboxylic acid (COOH) and amine group 

(NH3) is one of aniline derivatives which is capable of forming conducting polymer 

containing electron-rich nitrogen atom and high electron density of carbonyl group [7, 

8]. The amine and carboxylic group are easily polymerized and polymerisation can 

occur using the same radical mechanism as unsubstituted polyaniline.  

 

Furthermore, the carboxylic acid group which is not altered during polymerisation 

reaction serves as a functional group that can be used as a matrix material to 

immobilize other substrates or form covalent bonds with other materials such as 

nanomaterials [9]. Recently, there have been an increased interest in applying 

polyaniline and its derivatives to fuel cells and photoelectrochemical cells [10, 11]. In 

fuel cells, it is expected that electrocatalyst materials exhibit the capability of sustaining 

high current densities with low overpotentials [13]. In particular, polyaniline has proved 

to be capable of activating the HER. In the current study, 3-aminobenzoic acid was 

selected as the starting monomer of the polymerisation for comparing the activities of 

these polymers as electrocatalyst. Carboxyl groups can be used to combine with the 

metal on MOF surface by a multi-bridging chelating coordination. MOF materials are 

constructed by joining metal-containing units (secondary building units (SBUs)) with 

organic linkers, using strong bonds (reticular synthesis) which gives the material the 

unique chemical properties such open crystalline frameworks with permanent porosity 
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[14, 15]. The synthesised PABA/MOF obtained by oxidative chemical polymerisation 

of amino benzoic acid monomer in the presence of MOF were characterised by FTIR, 

UV-visible spectra, SEM, TEM, EDS, EDX, TGA and SAED. The current study also 

aims to show the efforts in understanding the electrocatalysis mechanism of the HER 

over PABA, MOF and PABA/MOF composites. 

  

4.2. EXPERIMENTAL SECTION 

4.2.1. Materials 

 

3-aminobenzoic acid monomer (ABA), copper nitrate trihydrate (Cu(NO3).3H2O), 

trimesic acid (H3BTC) and tetrabutylammonium percholate (TBAP) were purchased 

from Sigma Aldrich, South Africa. Ammonium per sulfate (APS) and iron chloride 

(FeCl3) were purchased from Riedel-de Haen and Educhem, respectively. Absolute 

ethanol was purchased at Merck, South Africa. Hydrochloric acid (HCl), dimethyl 

sulfoxide (DMSO) and sulphuric acid (H2SO4) were procured from Rochelle 

Chemicals. H2SO4 standard solutions were made in DMSO solution with 0.1 M TBAP 

as a supporting electrolyte system unless otherwise stated. All measurements were 

carried out at 222C.  

 

4.2.2. Synthesis of PABA, MOF and PABA/MOF Composite 

 

Poly(3-aminobenzoic acid)(PABA) was prepared by oxidation polymerisation of 3-

amino benzoic acid (ABA) monomer according to a previously reported method[16]. 

The synthesis of Cu-trimesic MOF (HKUST-1) was based on a previously reported 

hydrothermal procedure [15] with a light amendments. Approximately, 1 g of the 3-

aminobenzoic monomer and 3.6 wt.% MOF were dissolved in a solution of 10 ml 

HCl/100 ml distilled water in a 250 ml round-bottom flask. The solution was stirred for 

30 minutes at 50 oC where after 2.40 g of ammonium persulfate (APS), (NH4)2S2O8, 

and 1.88 g of FeCl3 were added respectively in the solution. The resulting mixture was 

stirred for another 3 hours at 50 oC and the content of the reaction was placed in the 
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oven at 50 oC overnight to evaporate the solvents and remaining content was washed 

with ethanol and dried at 50 oC. 

 

4.2.3. Characterisation Techniques 

 

Absorbance spectra were recorded on a Varian Cary 300 UV-Vis-NIR 

spectrophotometer using 1 cm optical path length quartz cuvette. Morphological 

characterisations were performed using Auriga Field Emission Scanning Electron 

Microscope (FESEM) coupled with EDS detector for elemental analysis and 

transmission electron micrographs were collected using an FEI Tecnai G2 20 field-

emission gun (FEG) TEM, operated in bright field mode at an accelerating voltage of 

200 kV. Energy dispersive x-ray spectra were collected using an EDAX liquid nitrogen 

cooled Lithium doped Silicon detector. The thermal stability was studied by a 

thermogravimetric analyser (TGA Perkin-Elmer 4000). Samples ranging between 1 to 

4 mg were heated from 30-500 °C at a heating rate of 20 °C/min under N2 environment. 

The crystal structure of the PABA/MOF nanocomposite was analysed by using SAED 

and Phillips PW 1830 model XRD. The FTIR spectra were acquired on a Cary 600 

series FTIR spectrometer (Agilent Technologies). The samples for FTIR measurement 

were prepared by grinding the dried sample powder mixed with potassium bromide 

(KBr) to a fine powder and then compressing under high pressure into thin pellets. 

Electrochemical measurements were performed using EPSILON electrochemical 

workstation performed in 10 ml of 0.1 M DMSO/TBAP electrolytic system. Prior to 

scans, the working electrode was polished with alumina paste, followed by washing 

with deionised water and rinsing with ethanol. The data was collected using a 

conventional three-electrode set-up with gold electrode (3 mm diameter, 0071 cm2 

area) as a working electrode, platinum wire as a counter electrode and Ag/AgCl wire 

as a reference electrode. Repetitive scanning of the solutions of the complexes MOF 

or MOF/PABA nanocomposites (~2.0 x 10-4 mol.L-1) was from -0.2 to 1.2 V at scan 

rate of 0.02-0.10 Vs−1. In HER experiments, different concentration of H2SO4 were 

used as hydrogen source in DMSO/TBAP system. 
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4.3. RESULTS AND DISCUSSION  

 

4.3.1. Synthesis 

 

Scheme 1 shows the synthesis of PABA/MOF composite from the mixed solutions of 

3-aminobenzoic acid and ammonium peroxodisulfate in the presence of MOF. The 3-

aminobenzoic acid has an aromatic structure similar to aniline that can be polymerized 

to polyaniline by an oxidation reaction [17] and grow on the surface of MOF. In the 

reaction, (NH4)2S2O8 is used as an oxidizing agent in a strongly acidic environment for 

the reaction. It was reported that introduction of (NH4)2S2O8 solution into the 

aminobenzoic acid solution, free radicals as initiating agent produced by breaking 

peroxodisulfate can attract the activated hydrogen of amino group of aminobenzoic 

acid, resulted new free radical of aminobenzoic acid molecular [17,18]. 

  

 

Scheme 4.1: Synthesis of poly(aminobenzoic acid) based MOF composites through 

oxidation polymerisation of aminobenzoic monomer in the presence of MOF material. 

 

The new free radical can attract aminobenzoic acid molecular, and then reacts with 

the initiating agent free radical for completing a substitution reaction on the aromatic 

ring by free radicals. This substitution product can be attracted and lengthened further 

by free radical of aminobenzoic acid molecular [17]. The product with higher molecular 

weight can be precipitated from reacting solution. Therefore, polymerisations of 
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lengthened chain can be ended, and formed PABA with carboxyl groups attached onto 

MOF surface as shown in Scheme 4.1.  

 

4.3.2. Spectroscopic Characterisations  

 

FTIR spectrum of synthesised composite with reference to PABA and MOF spectra is 

shown in Figure 4.1(a). It can be seen that the aminobenzoic acid has a sharp ν(N–H) 

bands located at around 3500~3300 cm−1 [19, 20] which was changed to broad bands 

after the polymerisation reaction. The band at 1745 cm−1 is assigned to the ν(C=O) 

group of carboxylic acid [17] in both composite and PABA. The peak at 1588 cm−1 is 

attributed to COO− asymmetric stretch and medium band at 1438 cm−1 due to –

COO−symmetric stretch of the carboxylate group. The FTIR spectra also show 

vibration bands at 545 and 1256 cm-1 which are attributed to C-C and in-plane C-H 

bonding modes, respectively. Two bands at 761 and 838 cm-1 are due to out-of phase 

C-H [21, 22].  

The UV-visible absorption spectra of synthesised composite and PABA in DMSO 

solvent are shown in Figure 4.1(b). It is observed that all samples reveal a broad 

absorption band between 300 and 600 nm which can be attributed to the π-π  ⃰ 

transition of the benzenoid rings and the exciton transition of the quinoid rings, 

respectively, for polymer and composite [19,23]. The slight bathochromic shift was 

observed for the composite compared with PABA due to the presence of MOF through 

carboxylate attachment, increase electron density of the polymer backbone. These 

observations were also demonstrated before when PABA incorporate with 

nanocomposite or materials [24].  

http://www.hindawi.com/journals/jnm/2013/795652/fig4/
http://www.hindawi.com/journals/jnm/2013/795652/fig2/
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Figure 4. 1: (a) FTIR, (b) UV-vis spectra of PABA, MOF and PABA/MOF in DMSO, (c) 

XRD and TGA analysis of MOF, PABA and PABA/MOF. 

 

The XRD patterns of PABA, MOF and PABA/MOF composite are shown in Figure 

4.1(c). The MOF pattern show that the MOF phases are highly crystalline, which is an 

indication of micro-porous materials characteristics [25]. The XRD patterns of PABA 

show a broad peak at 2𝜃 angle of 25𝑜 which indicate that synthesis of PABA was 

successful and it is also in accordance to the previous reported data on the XRD result 

of polyaniline [21]. In situ addition of MOF during polymerisation process resulted in 

decrease in the XRD intensities of PABA with appearance of new sharp peak at 10º 

2𝜃 degrees which is an indicative that MOF is doped in PABA backbone to form a 

composite.  

The thermal stability of the PABA, MOF, and PABA/MOF samples was investigated 

using TGA, as shown in Figure 4.1(d). The decomposition temperatures of the TGA 

curves indicate that MOF decomposes in two weight loss steps whereas PABA and 

its composite showed to be thermally stable. For MOF, the initial weight loss took place 

at 50– 100 oC is due to the loss of water bound molecules or moisture. The weight 
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loss for MOF at temperatures around 350 oC indicates a structural decomposition of 

the MOF framework as observed in Chapter three. 

 

4.3.3. Morphological Characterisations  

 

Figure 4.2 shows the SEM images of (a) MOF, (c) PABA and (e) PABA/MOF and EDS 

elemental composition of (b) MOF, (d) PABA and (f) PABA/MOF samples. The SEM 

morphological images of MOF and PABA show a typically octahedral-shaped with 

smooth surfaces (Figure 4.2(a)) and hollow ball-like (Figure 4.2(c)), respectively. It is 

observed in Figure 4.2(e) that the morphology shows grain-like structures upon 

introduction of MOF on the polymer backbone as compared to spherical, granular and 

hollow ball-like for PABA (Figure 4.2(c)) [6, 19, 26-28]. The elemental composition of 

PABA/MOF composite from EDS (Figure 4.2(f)) showed an increase in the percentage 

compositions of C and O and there was no Cu metal of MOF detected on the surface 

of polymer as compared to the EDS of MOF (Figure 4.2(d)). From the SEM and EDS 

analysis, it can be deduced that PABA is wrapping around the MOF bundles as 

noncovalent attachment between PABA and MOF.  

http://www.hindawi.com/journals/jnm/2013/795652/fig1/#a
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Figure 4.2: SEM image of (a) MOF, (c) PABA, (e) PABA/MOF composite and EDS 

spectrum of (b) MOF, (d) PABA, (f) PABA/MOF composite. 

 

The TEM and SAED (inset) images for MOF, and PABA are shown in Figure 4.3(a) 

and (b) respectively. The MOF images show that the MOF phases are highly 

crystalline, which an indication of micro-porous materials characteristics, as observed 

in Chapter three. The TEM image of PABA is in accordance to the previous reported 

data on the morphology of poly(3-aminobenzoic acid) [6]. The SAED inset image of 

PABA reveals a clear diffraction ring and spot of the polycrystalline characteristics. 

The PABA wrapping around MOF as an observation in SEM above (Figure 4.2(e) was 

further confirmed by TEM image (Figure 4.3(c)) showing the presence of MOF covered 
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by polymer. The elemental analysis on TEM image using EDX (Figure 4.3(b)) showed 

an increase in carbon and oxygen content in the composite as compared to PABA. 

The enhanced atomic percentages are attributed to the organic linker of metal organic 

framework. The copper content of MOF was detected however it overlapped with the 

foreign species of the grid.  

 

 

Figure 4.3: TEM images (a) MOF, (b) PABA, (c) PABA/MOF composite and (d) EDX 

spectrum of PABA/MOF composite. Inset: SAED image. 

 

The inset SAED image (Figure 4.3(c)) showed that the composite maintains its 

amorphous structure of PABA. However, it has some slight spot where the d-spacing 

of the composite can be determined as indicative of modification of structural 

properties of the polymer with MOF and supported by the XRD (Figure 4.1(c)). 

 



 

124 
 

4.3.4. Electrochemical Characterisations 

 

Cyclic voltammetry characterisations of PABA and PABA/MOF were achieved by 

using a gold (Au) electrode in a 0.1 M TBAP/DMSO electrolyte at a scan rate of 0.1V/s 

and are recorded in Figure 4.4(a). The electrochemical properties of the materials was 

monitored by two ways, 1) change in current density at oxidation-reduction potential 

in relation to bare Au electrode and 2) appearance of new oxidation or/and reduction 

peaks or respective anodic or cathodic peaks. The voltammogram of a bare Au 

electrode showed a typical redox couple at Epc ~ -0.6 and Epa ~ -0.8V which is due to 

migration of ion from the electrolyte solution to the Au electrode in order to maintain 

system equilibrium [29]. The voltammogram in the presence of PABA showed increase 

in current density as compared to the bare electrode. However, the presence of 

carboxylic group on the polymer backbone of PABA makes the voltammogram of 

PABA differs from the one of pure PANI, thus the three redox peaks which can be 

attributed to different oxidation state of PANI are not observed [30]. When MOF is 

introduced, there is a collapse of the oxidation and reduction peaks on the same region 

and an increase in cathodic peak intensity at lower potential which agree with the 

requirement of electrocatalyst [13]. The decrease in current density of the composite 

materials shows that during composite formation, the conductivity of PABA material 

was affected by incorporation of MOF.  
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Figure 4.4: (a) CV results of PABA and PABA/MOF at 0.1 Vs-1; (b) and (c) CV of PABA 

and PABA/MOF at different scan rates (0.02- 0.10 Vs-1); and (d) The log-log plot of the 

absolute value of the peak current vs scan rate for the PABA and PABA/MOF materials 

at 0.02 to 0.1 Vs-1 in 0.1 M DMSO/TBAP electrolyte solution on gold electrode. 

 

The different scan rates dependent studies was used to examine the dynamic 

electrochemical properties of (b) PABA and (c) PABA/MOF during oxidation-reduction 

processes and are shown in Figure 4.4. The figures show that the current density of 

the materials increased with the increase scan rate with cathodic peak current shifting 

towards negative potential with increasing scan rate as indicative of quasi-reversible 

process [31]. The increase in peak current with increasing scan rates shows that there 

is an electric charge-transfer controlled process in all materials. Figure 4.4(d) shows 

the plot of the logarithm of the absolute value of the reductive peak current against the 

logarithm of the scan rate. The results show a linear relationship with a slope of 0.492 

and 0.598 for PABA and PABA/MOF materials, respectively. These slope values are 

close to the expected value of 0.5 as indicative of semi-finite diffusion control [32]. The 

0.5 slope shows that the peak current is directly proportional to the square root of the 
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scan rate [32]. The diffusion controlled process was also supported by current 

proportionality to square root of scan rate in the range of 0.02- 0.10 V/s for quasi-

reversible couple as demonstrated in Figure 4.5. 

 

 

Figure 4.5: Peak current as a function of square root of scan rate on gold in 0.1 M 

DMSO/TBAP electrode system at different scan rate (0.02 – 0.10 Vs-1). 

 

To accurately determine kinetic rate constants and other parameters, the diffusion 

coefficient, D, was determined for catalysts using cyclic voltammetry and following the 

Randles-Ševćik equation (Eq. 3.1) for a quasi-reversible system [31]: 

 

 Ip = (2.65 x 105)n3/2ACD1/2v1/2              (3.1) 

 

where, n is the number of electrons transferred, A is the electrode area in cm2, D is 

the diffusion coefficient in cm2 s-1, C is the bulk molar concentration of the electroactive 

species in mol.cm-3 and v is scan rate is Vs-1. The diffusion coefficient was determined 

to be 5.2 x 10-7 and 0.83 x 10-7 cm2 s-1 for PABA and PABA/MOF composite, 

respectively. The value indicates that the movement of electrons along the polymer 
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chain was averagely fast and agrees well with diffusion coefficient value reported for 

doped polyaniline [33]. 

 

4.3.5. Hydrogen Evolution Reaction  

 

Upon addition of sulphuric acid, two reduction peaks appeared within the potential 

window of DMSO (Figure 4.6(a)). An irreversible wave appeared between -0.40 and -

0.90 V. This reductive wave is followed immediately by a large cathodic current that is 

assigned to the catalytic reduction of protons to dihydrogen. Notably, reductive wave 

had a corresponding oxidative wave on the positive potential sweep. For the catalytic 

wave at -1.80 V, it represents the evolution of hydrogen gas, an irreversible process. 

This irreversibility was attributed to the reduction being coupled to the complex 

accepting two protons from solution [34]. 

 

Figure 4.6: (a) CV and (c) Tafel plots of PABA and PABA/MOF in the presence 0.15 

M H2SO4; (b) CV and (d) Tafel plots of PABA/MOF at 0.10 Vs-1 in the presence of 

different H2SO4 concentration on gold electrode in 0.1 M DMSO/TBAP electrode 

system. 
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To determine the overpotential required to evolve hydrogen at the catalyst, a cyclic 

voltammogram was taken of a solution of sulphuric acid in DMSO using a gold 

electrode. The onset of cathodic current at gold in DMSO is -0.460 V in the presence 

of sulphuric acid (Figure 4.6(a), curve blank) as the control experiment to assure the 

catalyst was responsible for the currents observed. There was a small background 

current representing thermodynamically favourable, but kinetically hindered reduction 

of protons at the working electrode [35]. 

 

This is a good determination for the thermodynamic potential required for the hydrogen 

evolution reaction to proceed, as gold is known to evolve hydrogen from acidic 

solutions with minimal overpotential [36]. Using this value, it was estimated that the 

catalysts evolved hydrogen with an overpotential of approximately -0.405 V. In 0.15 M 

solution of sulphuric acid, the current at around -0.882 V was ~2 times less in the 

absence of PABA and PABA/MOF, than with it present.  

 

To ascertain that proton reduction was the source of the catalytic current, cyclic 

voltammograms of catalyst were performed in the presence of increasing 

concentrations of sulphuric acid. Figure 4.6(b), there was reductive current observed 

in the presence of PABA/MOF using a gold (Au) electrode in a 0.1 M DMSO/TBAP 

electrolyte at a scan rate of 0.10 Vs-1 for different acid concentrations. This supports 

that both reductive waves in the voltammogram above needed protons to proceed.  

 

Tafel plots were recorded to determine the kinetic parameters in the absence and 

presence of  PABA, and PABA/MOF that allow the evaluation of both exchange current 

density io and cathodic transfer coefficient 1-α. Creţu et al.; [36] and. Khanova and 

Krishtalik [37] have proved that on gold in sulphuric acid solution, Tafel plots present 

two distinct slopes at low and high overpotential corresponding to the HER controlled 

by desorption of the hydrogen atoms and charge transfer mechanism as a slow step 

of the cathodic process, respectively. Therefore, in order to determine kinetic 

parameters that characterise the charge transfer, Tafel slopes were plotted for a 

limiting domain of high overpotentials and presented in Figure 4.6(c) and (d). The 
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transfer coefficient 1–α was calculated using high overpotential region, where the 

Butler–Volmer equation simplifies to the Tafel equation, from the Tafel slope b given 

by relationship: 

 

𝑏 =  
−2.303 𝑅𝑇

(1− 𝛼)𝐹
                   (3.2) 

 

where R is the gas constant (8.31451 J mol-1 K-1), T - thermodynamic temperature (K), 

F – Faraday’s number (96,485 C mol-1).  The exchange currents io were evaluated 

from Tafel slope intersection with the abscissa (log(i0)). 

  

It was reported that the Tafel slope b is an important parameter as it can reveal the 

mechanisms of the HER in aqueous acid solutions which proceed in a series of three 

elementary reaction which comprises of two electrochemical steps and one chemical 

steps [38, 39]. The three elementary reaction steps as given in Chapter two (Eq. 2.3-

2.5) in acidic medium are:  

 

H+ + 𝑒− → Had                Volmer reaction               (2.3) 

Had + H+ + 𝑒− → H2       Heyrovsky reaction              (2.4) 

Had + Had→ H2                Tafel reaction               (2.5) 

 

It was shown in Chapter two that the combination of steps (2.3 and 2.4) or (2.3 and 

2.5) can lead to the production of molecular H2. Kinetic models of the HER, under a 

specific set of conditions have shown that a slope of ~120 mV/dec is indication of 

Volmer step, while a rate determining Heyrovsky or Tafel step should produce slopes 

between 30-40 mV.dec-1. These values can be used as a guide in identifying HER 

mechanisms. The measured values slopes for the materials are listed in Table 4.1. 

Gold electrode exhibit the slope of 106.2 mV.dec-1 and 167.4 mV.dec-1 at 0.300 M and 

0.15 M H2SO4 concentrations, respectively which will be used as a control. Upon 

addition of PABA and PABA/MOF, at 0.300 M H2SO4, there is an increase in slope as 

compared to the Au electrode. This is in accordance with the reported results by 

https://en.wikipedia.org/wiki/Tafel_equation
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Zheng, et. al. [40] and Corte, et. al. [41]. The similar behaviour was observed in 

polyaniline nickel electrode (Ni-PANI, Table 1) with a slope of 147 mV.dec-1 in 0.5 M 

H2SO4 [41]. At low concentration, the slope decreased with respect to Au electrode 

towards the Volmer slope, 120 mV.dec-1. This shows that there is an adsorption of 

hydrogen proton on the surface of the materials and number of adsorption sites 

increases once the composites is formed since there is a further decrease in slope. 

According to the data presented in Table 1, it can be observed that in the absence and 

presence of PABA and PABA/MOF composite, the charge transfer coefficient 1–α 

decreases with decrease in concentration of H2SO4. To explain this phenomenon it is 

necessary to take into account that the charge transfer coefficient 1–α represents a 

measure of the activated complex coordinates at the metal – electrolyte solution 

interface [40, 41]. The lower the value of 1–α, the further is the reaction plane from the 

metal surface which was the case with the PABA/MOF composite. The low value of 

1–α was documented to be 0.33 (or α=0.67) for Cu-Pt bimetallic nanoparticles 

supported metal organic framework-derived nanoporous carbon Cu-Pt-NPCC [42]. 

The resulting current densities (i0) from Tafel plots, confirmed the benefits of MOF 

incorporation on polymer for the HER (Table 1). The current density obtained for 

composite at 0.300 M H2SO4 was ca. 2 and times higher than the current density 

observed on the control electrode. These current densities were also higher than the 

one Ni-PANI and Cu-Pt-NPCC (Table 1) reported before. 
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Table 4. 1: Experimental values of Tafel slope, transfer coefficient 1–α and exchange 

current i0, in the absence and presence of PABA and PABA/MOF composite. 

Material H2SO4 

[mol/L] 

Slope (b) 

[V.dec-1] 

-b  

[mV.dec-1] 

1-α logi0 i0 

[A.m-2] 

Blank 0.300 -0.1062 106.2 0.57 1.25 17.78 

0.150 -0.1674 167.4 0.35 0.98 09.55 

PABA 0.300 -0.1237 123.7 0.48 1.45 28.18 

0.150 -0.1535 153.5 0.39 1.30 19.95 

PABA/MOF 0.300 -0.1305 130.5 0.45 1.55 35.48 

0.150 -0.1355 135.5 0.44 1.35 22.39 

0.075 -0.1469 146.9 0.40 1.22 16.60 

0.033 -0.1602 160.2 0.37 1.10 12.60 

Ni-PANI [41] 0.500 -0.1470 147.0 a 0.17 01.47 

Cu-Pt-NPCC [42] 0.500 a a 0.33 -2.62 0.002 

 

4.4. CONCLUSIONS 

 

In summary, we demonstrated the preparation of novel poly(3-aminobenzoic 

acid)/metal organic framework composite through in situ polymerisation of 3-

aminobenzoic acid (aniline derivative) in the presence of MOF. Structural and 

morphological characterisations using XRD, FTIR, TGA, SEM, TEM and SEAD 

confirmed successful formation of composite with PABA wrapping MOF. Significantly, 

the enhancement of HER generation is approximately an order of magnitude than that 

observed for traditional non-conducting metallopolymers. Furthermore, these PABA 

and its MOF composite merely require overpotentials as low as ~-0.405 V to attain 

current densities of ~0.8 and 1.5 Am-2 and show good long-term stability. The 

increased HER performance makes the PABA/MOF composite attractive for 

constructing HER based devices for hydrogen fuel cell applications. Despite the fact 

that PANI/MOF composite showed to be ideal HER eletrocatalyst, there is need for 

introduction of novel composite for HER applications. To address this deficit in the 
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following chapter, MOF composites decorated with different weight percentage of 

PABA are explored. 
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CHAPTER FIVE 

ELECTROCATALYTIC HYDROGEN EVOLUTION REACTION OF METAL 

ORGANIC FRAMEWORKS DECORATED WITH POLY (3-AMINOBENZOIC 

ACID) 
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Mpitloane J. Hato, Kerileng M. Molapo, Emmanuel I. Iwuoha, Kwena D. 

Modibane.Electrocatalytic Hydrogen Evolution Reaction of Metal Organic Frameworks 

decorated with poly (3-aminobenzoic acid). Electrochimica Acta. 

 

ABSTRACT 

Advanced materials for hydrogen evolution reaction are central to the area of 

renewable energy. Here, we developed a solvothermal synthesis of metal organic 

framework (MOF) nanoparticles decorated with poly (3-aminobenzoic acid) (PABA) 

referred as MOF-3.6wt.%-PABA and MOF-5wt.%-PABA composites. The parent 

material (MOF) and composites were characterised by ultraviolet visible (UV-vis) and 

Fourier transform infrared (FTIR) spectroscopy, powder X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), scanning electron microscope (SEM), transmission 

electron microscope (TEM), energy dispersive X-ray spectroscopy (EDS, EDX), 

selected area electron diffraction (SAED) and cyclic voltammetry (CV). Detailed 

structural and morphological characterisations established that PABA interacts with 

MOF on the external surface as observed by appearance of rough surface of the 

composites. The XRD and SAED showed that MOF and composites are crystalline 

and the presence of PABA did not alter the crystallinity of the material. Experiments 

probing the thermal, electrochemical and photophysical properties revealed that the 

composites were very stable and robust and had exceptionally properties. Significant 

hydrogen evolution reaction (HER) using CV and Tafel plots, was generated by MOF 

and composites in dimethyl sulfoxide/tetrabutylammonium perchlorate (DMSO/TBAP) 

supporting electrolyte in the presence of hydrogen source by applying a negative 

potential to the electrode. 
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5.1. INTRODUCTION 

 

As described in Chapter two that metal organic frameworks are highly crystalline, 

nanoporous materials consisting of metal ions connected to a multifunctional organic 

linker/ligand to form a three dimensional structure with a high surface area, high pore 

volume and chemical tenability [1-3]. These properties make MOF a good candidate 

in various applications such as gas storage, catalysis and sensors [4-7]. Little attention 

has been paid in electrochemical hydrogen evolution reaction (HER) using MOFs it 

has low electrical conductivity. This is due to insulating characters of organic linkers 

which form part of MOF structures and poor overlap between the π orbitals and the d 

orbitals of the metal ions [8].  

It is well documented that advanced catalyst for HER should reduce the overpotential, 

and consequently increase the efficiency of this important electrochemical process [9-

11]. The most effective HER electrocatalysts are Pt group metals [12], however, their 

widespread practical utilization has been hampered by high cost and low abundance 

[13]. Even though MOFs have low electrical conductivity, their high surface areas and 

high volume of porosity provide additional advantage towards electrocatalytic 

reactions [13]. Approaches to increase conductivity of MOF have been previously 

reported [14]. These include incorporation of carboxylic, sulfonic and phosphoric acid 

species as channel-accessible functionalities on framework linkers and physical 

introduction of proton donor or carriers into the pores of already synthesized 

framework structure [14].  

In this study, we present a new route of increasing the conductivity of a material by 

formation of a hybrid composite to be a suitable electrocatalyst for HER. The hybrid is 

formed between MOF and poly(3-amino benzoic acid) polymer using solvothermal 

route because this method provides precise control over the size, shape distribution, 

well-crystalline nanoparticles, efficient synthesis conditions and ability to control the 

morphology of the material as compared to other methods [1]. Polyaniline and its 

derivatives have been studied widely for various electrochemical applications due to 

their exceptional properties such as ease of synthesis, low cost and environmental 

stability [15-17]. The interaction between MOF and the polymer can occur either by 

strong covalent, electrostatic interaction, π- π ⃰ stacking or hydrogen bonding [18, 19]. 

These interactions can change the surface morphologies of MOF material, giving new 

shapes and even highly crystal structures. Interactions between poly(3- amino benzoic 
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acid)(PABA) and MOF  in this work were obtained by in situ solvothermal preparation 

of MOF in the presence of PABA with different weight percentages and confirmed by 

XRD, TGA, FTIR, UV-vis, SEM, TEM, EDS, EDX and SAED. The HER studies were 

evaluated using CV and Tafel plots. 

 

5.2. EXPERIMENTAL SECTION 

5.2.1. Materials 

 

3-aminobenzoic acid monomer (ABA), copper nitrate trihydrate (Cu(NO3).3H2O), 

trimesic acid (H3BTC) and tetrabutylammonium percholate (TBAP) were purchased 

from Sigma Aldrich, South Africa. Ammonium per sulfate (APS) and iron chloride 

(FeCl3) were purchased from Riedel-de Haen and Educhem, respectively. Absolute 

ethanol was purchased at Merck, South Africa and hydrochloric acid (HCl), dimethyl 

sulfoxide (DMSO) and sulphuric acid (H2SO4) were procured from Rochelle 

Chemicals. Aniline was distilled before use and the rest of the reagents were used 

without further purification. H2SO4 standard solutions were made in DMSO solution 

with 0.1 M TBAP as a supporting electrolyte system unless otherwise stated. All 

measurements were carried out at 222C. 

 

5.2.2. Synthesis of PABA, MOF and MOF/PABA composite  

 

Poly(3-aminobenzoic acid) (PABA) was prepared by oxidation polymerisation of 3-

aminobenzoic acid monomer according to a previously reported method [20]. The 

synthesis of Cu-trimesic MOF (HKUST-1) was based on a previously reported 

hydrothermal procedure [21]. MOF/PABA composites were synthesised by in situ 

hydrothermal synthesis of MOF in the presence of 3.6 wt. % and 5.0 wt. % PABA, 

respectively. Benzene-1,3,5-tricarboxylic acid was dissolved in 10 ml ethanol and 

Cu(NO3)2.3H2O was dissolved in 10 ml distilled water in the present of PABA. The two 

solutions were mixed, stirred for 30 minutes and consequently the mixture was 

transferred into a Teflon-linen stainless autoclave, sealed and heated at 120 oC for 36 

hours to yield MOF/PABA composites. Finally, the product was filtered, washed with 

ethanol/distillled water solution and dried at 50 oC for overnight. 
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5.2.3. Material Characterisations 

 

The characterisation measurements used in this section were as described in Chapter 

four. 

 

5.3. RESULTS AND DISCUSSION  

 

5.3.1. Spectroscopic Characterisations 

 

FTIR spectra of MOF and MOF/PABA composites (Figure 5.1(a)) reveal a broad peak 

at 3000-3400 cm-1 which is attributed to the OH bond stretching/ moisture trapped 

inside the framework of MOF materials [22]. For neat MOF, the peaks at 1643, 1461 

and 1374 cm-1 correspond to the C=O symmetrical and asymmetrical modes and also 

a bridging bidentate coordination of the carboxylate group in the organic linker [22, 

23]. Introduction of PABA alters the characteristic peaks of MOF. It is also noticeable 

that there is an increase in aromacity of the samples and new peaks developed upon 

introduction of PABA. These new peaks appear at approximately 1548 and 1627 cm-

1 are associated to C-C stretching of the benzonoid and quinoid rings of the PABA, 

respectively. The bands at 1272 and 1778 cm-1 are attributed to C-O and C=O 

vibrations of the carboxylic acid functional group of PABA, respectively. It is also 

noteworthy to mention that the absorption band at 1094 cm-1 attributed to the C-O 

stretching mode of C-OH group in the case of MOF disappeared upon introduction of 

PABA indicating a successful synthesis of MOF/PABA composite. The UV-vis results 

of MOF and MOF/PABA composites in DMSO solvent (partially soluble) are shown in 

Figure 5.1(b). It has been reported that MOF exhibits two absorption bands, thus 

ligand-to-metal charge transfer (LMCT) with an edge around 280 nm and the d-d 

transition of the Cu2+ around 750 nm [24]. However, the two absorption bands 

associated to LMCT and d-d transitions are not clear in the UV-vis results of MOF and 

its composites due to insolubility of MOF in most organic solvent [24]. When PABA is 

introduced, there is an increase in the absorbance of the materials as a result of an 

improved solubility in DMSO as depicted in Figure1b. In addition, there is an 

appearance of a new band around 450 nm which is attributed to π-π* transition of 

PABA as indicative of polymer incorporated on the MOF surface [16].  
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Figure 5.1: (a) FTIR, (b) UV-vis spectra of MOF and MOF/PABA composites in DMSO, 

(c) XRD and (d) TGA analysis of MOF and MOF/PABA composites. 

 

In order to substantiate the purity of the synthetic MOF, XRD analysis was carried out. 

Figure 5.1(c) gives the XRD patterns of MOF and MOF/PABA composites. It can be 

noticed that MOF exhibits cubic crystal structure diffraction patterns identical to those 

of the simulated one (MOF crystal structural information data (CSID)), indicating that 

the structure of HKUST-1 was well preserved and the MOF was a pure powder [3, 25].  

Addendum to this, these patterns show that MOF phases are highly crystalline, which 

is an indication of microporous structure [25]. The observed main peaks relating to 

reflection planes are indexed at 2𝜃 degree = 6.68, 9.42, 11.62, 13.27 and 18,85 

correspond to (200), (220), (222), (400), and (440) planes, respectively [25]. The 

intensive peaks of Figure 1c appearing at lower 2𝜃 degree are characteristics of 

microporous material which possessed numerous tiny pores or cavities. Upon 

composite formation, it can be seen that the crystallinity of MOF was maintained as 

indicated by a numerous number of sharp peaks. Nonetheless, there is a slight shift in 

XRD patterns of the composites to a lower 2𝜃 values. This observation suggests that 

there was an interaction between MOF and PABA. The composites showed some 
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additional small diffraction peaks at around 2𝜃 = 21°, which correspond to (100) plane 

of the polymer [16]. Furthermore, MOF-3.6wt%-PABA showed a small sharp peak at 

around 2𝜃 = 32° ascribed to the Fe impurity of oxidant used in the synthesis. It is very 

surprising that this peak disappeared with increasing the loading of PABA in to the 

MOF. This observation may suggest a strong interaction between MOF and PABA, 

which resulted in a decrease in the presence of impurities [16].  

 

TGA analysis can be used to determine the precise weight ratio of each component in 

a sample and the thermal stability of the composite. Furthermore, by comparing the 

TGA curve of each component separately to its curve in a composition material, we 

can also learn about the degree of interaction between the reacting species. The TGA 

curves of MOF and MOF/PABA composites, in comparison, analysed at a heating rate 

of 10 ºC/min are presented in Figure 5.1(d). It can be seen that MOF and its 

composites exhibit two similar thermal degradation steps throughout the experimental 

temperature range. These two degradation steps appear at around 100 and 325 °C. 

These thermal degradation steps are normally attributed to the intrinsic thermal 

degradation characteristics of MOF which correspond to water and ethanol 

physiosorbed in the framework of MOF, by losing its organic linker molecules and 

producing copper oxide [25 - 29]. The TGA of MOF displays an overall weight loss of 

60%, while both MOF-3.6wt.%-PABA and MOF-5wt.%-PABA composites showed 

overall weight losses of 58 and 50%, respectively. At the initial period the weight loss 

is due to the evaporation of water and organic linker molecules. For MOF/PABA 

composites, the lower rate of mass loss with increasing temperature may be due to 

the internal change in this material that is not accompanied by mass loss at elevated 

temperatures. Addition of PABA in the MOF increases the thermal stability of the 

composites. This observation maybe due to a strong interaction between MOF and 

PABA. In addition, though the final degradation step occurs at about 325 °C for all the 

samples, the MOF sample exhibits a steeper weight loss as compared to composites. 

The slower, less steep degradation step of the composites suggests higher thermal 

stability due to the stabilizing effect of PABA. In addition, increasing the loading of 

PABA in the composite resulted with more of PABA on the surface of MOF as 

observed in SEM images which resulted in a change in morphology.  
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5.3.2. Morphological Characterisations  

 

The FE-SEM microphotographs (Figure 5.2) were used to investigate the 

morphologies and microstructures of MOF and MOF/PABA composites. As shown in 

Figure 5.2(a), and also in Chapter three and four, MOF shows typical irregular crystals 

with octahedral shapes confirming a low control on the crystal growth parameters [25, 

28] and its corresponding EDS (Figure 5.2(b)) reveals the presences of C-, O- and Cu- 

atoms in the MOF structure. The inset image (Figure 5.2(a)) shows that MOF crystal 

have smooth surfaces, this tells that hydrothermal synthesis gives pure, highly 

crystalline MOF materials. The SEM images of MOF/PABA composites (Figure 5.2(c 

and e)) show similar octahedral shapes with the presence of spherical crystals which 

can be attributed to morphologies of PABA. Magnification of the octahedral crystals 

(inset images in Figure 5.2(c and e)) of MOF/PABA composites showed that after 

introduction of PABA the surfaces of the crystals develops rough surfaces which can 

be due to interaction of MOF and PABA. Clear demonstration of rough surfaces is 

observed when the PABA amount is increased in which the inset image (Figure 5.2(e)) 

shows the interconnecting structures of polymer on the surfaces of MOF. This shows 

that there is a surface interaction between MOF and PABA materials. EDS analyses 

(Figure 5.2(d and f)) result also revealed the presence of copper, carbon and oxygen. 

Furthermore, the EDS analysis of MOF-3.6wt.%-PABA showed the presence of iron 

(Fe) which is due to oxidant used during synthesis of PABA. 
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Figure 5.2: SEM image of (a) parent MOF, (c) MOF-3.6wt.%-PABA (e) MOF-5wt.%-

PABA composites (inset : magnification on the crystal structure to view the surface of 

the crystal) and EDS spectrum of (b) MOF, (d) MOF-3.6wt.%-PABA, (f) ) MOF-5wt.%-

PABA composites. 

 

TEM images of MOF and MOF/PABA composites are shown in Figure 5.3(a, c and e) 

and inset images are the selected area electron diffraction (SAED) patterns used to 

determine the crystallinity of the materials. Figure 5.3(a) exhibits the TEM images of 

MOF with microporous structures. The SAED image of MOF shows clear ring patterns 

indicating a highly crystalline MOF material [25]. The EDX results (Figure 3b) showed 

the presence of Cu-, C- and O- atoms and is consistent with the EDS results of MOF 

presented in Figure 5.2(b). TEM images of MOF/PABA composites (Figure 5.3(c and 

e)) shows the dispersion of PABA on the microstructures of MOF materials. The 

dispersion of PABA had no effect on the crystallinity as ring patterns can be clearly 
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observed on the inset SAED results; however the rings were not as clear as observed 

on the SAED results of pure MOF. This is in agreement with the XRD results of parent 

material and composites as shown in XRD patterns in Figure 5.1(c). EDX results of 

composites also shown the presence of Cu-, C- and O- atoms and are shown in Figure 

3(d and f). The presence of small peaks (Figure 3(f)) and Ni (Figure 5.3(d and f)) are 

due to impurities trapped in the PABA backbone from synthetic conditions and Ni grid 

used during analysis. Intensive study of EDX results of parent MOF and its MOF/PABA 

composites shows that there is an increase of carbon counts when PABA is introduced 

as an indicative of composite formation.  

 

Figure 5.3: TEM image of (a) parent MOF, (c) MOF-3.6wt.%-PABA (e) MOF-5wt.%-

PABA composites (inset : SAED images) and EDX spectrum of (b) MOF, (d) MOF-

3.6wt.%-PABA, (f) ) MOF-5wt.%-PABA composites. 
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5.3.3. Electrochemical Characterisations 

 

Cyclic voltammetry was conducted using gold electrode and 0.1 M TBAP/DMSO 

electrolyte to determine the redox potential and electrochemical behaviour of MOF and 

MOF/PABA composites. Cyclic voltammograms of all materials are represented in 

Figure 5.4. Cyclic voltammogram of MOF (blue) and MOF-5wt.%-PABA (green) 

showed similar redox behaviour as compared to MOF-3.6wt.%-PABA (red) in which 

both redox peaks cannot deduced in reference to gold electrode. The reason for this 

disappearance was due to the weak interaction between MOF and PABA when 

3.6wt%-PABA was added as well as the presence of the impurities as observed in 

structural analyses. This observation resulted in a decrease in the conductivity of the 

composite formed. For both MOF and MOF-5wt.%-PABA, clear redox peaks are 

observed at Ep,c~0.20 V which is due to reduction reaction of [Cu3(BTC)2 → Cu3(BTC)2
-

] and at Ep,a~0.40 V attributed to reverse oxidation reaction of [Cu3(BTC)2
- → 

Cu3(BTC)2] [29]. The difference between voltammogram of MOF and MOF-5wt.%-

PABA is that for the composite, there is an increase in the current densities which tells 

that the presence of PABA in the composite have an effects in the electrochemical 

behaviour of MOF. The different scan rates dependent studies was used to examine 

the electrochemical properties of the materials and are shown in Figure 5.4(b-d). For 

all the materials, the anodic-cathodic wave separations increased with increasing scan 

rates which in an evident of diffusion-controlled reactions on the surface of the 

materials [30]. Multiscan voltammogram of MOF-3.6wt.%-PABA (Figure 4(c)) shows 

double redox reversible peaks at Ep,c~ -0.80 V and Ep,a~ -0.60 V which is attributed to 

gold electrode and second redox couple at Ep,c~ 0.30 V and Ep,a~0.40 V which is due 

to diffusion of electrons from PABA to MOF material. 
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Figure 5.4: (a) CV results of blank, MOF and MOF-PABA at 0.1 Vs-1; (b) and (c) CV of 

MOF and MOF-3.6wt%-PABA and (d) MOF-5wt%-PABA at different scan rates (0.02- 

0.10 Vs-1) in 0.1 M DMSO/TBAP electrolyte solution on gold electrode. 

To examine the diffusion control characters of the materials, the plot of the logarithm 

of the current against the logarithm of the scan rate was constructed for each material 

and represented in Figure 5.5(a). The linear relationship was observed for all materials 

which shows that MOF and MOF/PABA composites exhibit the characteristics of a 

response due to diffusion transport of electron. The slopes between 0.4-0.5 is an 

indicative of a diffusion control and the diffusion processes were supported by linear 

relationship of reductive peak current versus square root of scan rate plot as 

demonstrated in Figure 5.5(b) which is a evident of semi-definite diffusion control mass 

transport [30, 31]. 
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Figure 5.5: (a) The log-log plot of the absolute value of the peak current vs scan rate 

and (b) Peak current as a function of square root of scan rate for s-1 for MOF, MOF-

3.6wt%-PABA and MOF-5wt%-PABA composites in 0.1 M DMSO/TBAP electrode 

system at different scan rate (0.02 – 0.10 Vs-1). 

 

The diffusion coefficient, D, was determined for catalysts using cyclic voltammetry and 

following the Randles-Ševćik equation (Eq. 3.1) for a quasi-reversible system [32]: 

 

 Ip = (2.65x105)n3/2ACD1/2v1/2                (3.1) 

 

where, n is the number of electrons transferred, A is the electrode area in cm2, D is 

the diffusion coefficient in cm2 s-1, C is the bulk molar concentration of the electroactive 

species in mol.cm-3 and v is scan rate is Vs-1. The diffusion coefficients were 

determined to be 2.53 x 10-6 and 4.96 x 10-6 and 10.1 x 10-6 m2 s-1 for MOF, MOF-

3.6wt%-PABA and MOF-5wt%-PABA composites, respectively. 

 

5.3.4. Hydrogen Studies 

 

Electrocatalytic studies of MOF and MOF/PABA composites were performed in 

TBAP/DMSO electrolyte with sulphuric acid, H2SO4 as a proton source and the results 

are shown in Figure 5.6. As shown in Figure 5.6(a), H2SO4 gives hydrogen reduction 

peak around -1.0 V in absence of catalysts which indicates the ability of Au electrode 

to adsorb some of the proton. Upon addition of MOF, there was an increase in the 

current density at the very same region. Voltammetric response of MOF-3.6wt.%-

PABA upon addition of acid shown similar response with less current response as 
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compared to MOF. This is in accordance with the voltammogram in absence of a 

proton source where reduction and oxidation peaks were not observed. Voltammetric 

responses of MOF-5wt.%-PABA for electrocatalytic HER are similar to those of MOF 

and MOF-3.6wt.%-PABA, however the reduction wave shifted to more negative 

potentials which is one requirement of an electrocatalyst for HER [9,10]. Cyclic 

voltammogram of the materials in the presence of proton source was performed at 

different sulphuric acid concentration and represented in Figure 5.6(b-d). For all 

materials, at the similar cathodic peak region, there was an increase in current density 

with increase in acid concentration which is an evident that proton reduction is a source 

of catalytic current. 

 

 

Figure 5.6: (a) CV results of blank, MOF and MOF-PABA; and (b) MOF, (c) MOF-

3.6wt%-PABA and (d) MOF-5wt%-PABA at 0.10 Vs-1 in the presence of different 

H2SO4 concentration on gold electrode in 0.1 M DMSO/TBAP electrode system. 

 

It is well known that in certain cases Tafel slopes can serve as indicator of the rate 

determining step in the HER and illustrate the existence of other kinetical effects [33]. 

Figure 5.7 shows Tafel plots (V versus log io plots) for blank electrode, MOF, MOF-

3.6wt.%-PABA and MOF-5wt.%-PABA materials which reveal the kinetics of HER 

process. The HER process are demonstrated in Chapter two and four that there are 
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three major reaction steps, thus discharge step (Volmer reaction), electrochemical 

discharge (Heyrovsky reaction) and combination step of adsorbed hydrogen (Tafel 

reaction) in acid solution [33-37]. 

 

 

Figure 5.7: (a) Tafel plots of blank, MOF and MOF-PABA; and (b) MOF, (c) MOF-

3.6wt%-PABA and (d) MOF-5wt%-PABA at 0.10 Vs-1 in the presence of different 

H2SO4 concentration on gold electrode in 0.1 M DMSO/TBAP electrode system. 

 

The Tafel slopes estimated by linear fitting of the polarization curves ((𝜂 = 𝑏 log 𝑖 + 𝑎 ) 

,where b is the Tafel slope and i is the current density) from Figure 5.7 are tabulated 

in Table 5.1 as well as exchange current density (io) and cathodic transfer coefficient 

(1-α). The transfer coefficient 1–α was calculated using high overpotential region, 

where the Butler–Volmer equation simplifies to the Tafel equation, from the Tafel slope 

b given by relationship: 

 

𝑏 =  
−2.303 𝑅𝑇

(1− 𝛼)𝐹
                                        (3.2) 

 

where R is the gas constant (8.31451 J mol-1 K-1), T - thermodynamic temperature (K), 

F – Faraday’s number (96,485 C mol-1).  The HER exchange current densities (io) for 

MOF and MOF/PABA composites were calculated from the Tafel plots by the 

https://en.wikipedia.org/wiki/Tafel_equation
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extrapolation method with the abscissa (log(io)). The present study showed that the 

blank electrode gives Tafel slopes of 167.4 mV.dec-1 and 106.2 mV.dec-1 at the acid 

concentration of 0.15 M and 0.30 M, respectively. At the very same concentrations, 

MOF gave slopes of 149.0 and 142.2 mV.dec-1. Furthermore, MOF-3.6wt.%-PABA 

and MOF-5wt.%-PABA composites gave Tafel slopes of 164.5 and 166.7 mV.dec-1 as 

well as 179.2 and 153.5 mV.dec-1 at the same acid conditions. It was reported that 

Tafel slopes in the ranges of 105-150 mV.dec-1 may be explained on the basis of a 

Volmer rate determining step for the HER [38]. However, the presence of the PABA 

on the MOF surface results in an increase in the Tafel slope value. This phenomenon 

that the materials shows a high Tafel slope value is in good agreement with other 

research [39]. It has been seen that when the charge-transfer coefficient is 0.5, the 

rate determining step is the Volmer reaction or the Volmer reaction coupled with one 

of other two reactions [38]. As listed in Table 5.1, the charge-transfer coefficients are 

all close to 0.5. Thus, the rate determining step of HER on the studied MOF, and 

MOF/PABA composites may be the Volmer reaction or the Volmer reaction coupled 

with one of other two reactions [38, 40]. The increase in charge-transfer coefficient of 

the composites was due electron conductivity of the PABA polymer [41]. In addition, 

the increase was primarily ascribed to the effective electron transport channels of the 

polymer and the increase of electro- chemically accessible surface area in 

nanocomposite materials, which was advantageous to facilitate the charge transfer at 

catalyst/electrolyte interface [41, 42]. The values of exchange current density,io 

increase with increase in acid concentrations for electrode and prepared materials. 

The exchange current density increases in an order of blank electrode >MOF >MOF-

3.6wt.%-PABA >MOF-5wt.%-PABA at different concentration. This confirms that the 

presence of PABA improves the electron transfer process of MOF [42]. 
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Table 5. 1: Experimental values of Tafel slope, transfer coefficient 1–α and exchange 

current io, in the absence and presence of MOF and MOF/PABA composites. 

Material H2SO4 

[mol/L] 

Slope (b) 

[V.dec-1] 

-b  

[mV.dec-1] 

1-α logi0 io 

[A.m-2] 

Blank 0.300 -0.1062 106.2 0.557 1.25 17.78 

0.150 -0.1674 167.4 0.353 0.98 09.55 

MOF 0.300 -0.1422 142.2 0.416 1.60 39.81 

0.150 -0.1490 149.0 0.397 1.40 25.12 

MOF-3wt%-

PABA 

0.300 -0.1667 166.7 0.355 1.50 31.62 

0.150 -0.1645 164.5 0.360 1.30 19.95 

0.075 -0.1784 178.4 0.332 1.20 15.85 

0.033 -0.2007 200.7 0.295 1.00 10.00 

MOF-5wt%-

PABA 

0.300 -0.1535 153.5 0.385 1.70 50.12 

0.150 -0.1792 179.2 0.330 1.30 19.95 

0.075 -0.1645 164.5 0.360 1.20 15.85 

0.033 -0.2003 200.3 0.295 1.00 10.00 

 

 

5.4. CONCLUSIONS 

 

In this chapter, highly active MOF/PABA composites for the HER were prepared 

through in situ solvothermal synthesis of MOF in the presence of 5 and 3.6wt.%-PABA 

polymers. Formation of composites were confirmed by UV-vis, FTIR, XRD, TGA, SEM, 

TEM and CV. The influences of PABA on the morphological and structural properties 

of MOF surface, as well as resulting electro-catalytic activity in hydrogen evolution 

were systematically investigated. It was seen that the presence of PABA on the MOF 

surface can significantly increase electrochemical properties of MOF. The increase in 

the PABA loading resulted with increase in electro-catalytic activity composite. This 

observed tional roles of incorporated PABA on the MOF surface is as result of possible 

synergetic effects between PABA particles and the MOF matrix, leading to a facilitation 

of Hads migration. Furthermore, the rate determining step of HER on the studied MOF, 

and MOF/PABA composites was determined using Tafel slope and charge-transfer 
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coefficients and it may be the Volmer reaction or the Volmer reaction coupled with one 

of other two reactions. 
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CHAPTER SIX:  

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

 

6.1. GENERAL DISCUSSION AND CONCLUSIONS 

 

This chapter deals with conclusions of the results presented in the study and make 

further recommendations for future electrocatalysts research. This study has been 

directed towards the development of organic-inorganic hybrid materials based on 

polyaniline and its derivative poly (3-aminobenzoic acid) and metal organic framework. 

The overall goal of this thesis was to develop the most optimal, efficient and viable 

novel electrocatalyst nanocomposite in order to increase the scope of these polymer 

and MOF materials for application in different areas such as; electrocatalyst, hydrogen 

storage material  and in the development of hydrogen fuel cell devices in the future. 

The electrocatalyst materials studied were identified and chosen on the basis of the 

excellent properties they offer. For example polyaniline and its derivative polymers 

exhibit optical and electrical materials properties of semiconductors or metals, whilst 

retaining attractive mechanical properties and processing advantages of organic 

polymers. They also exhibit favourable electrochemical redox properties such as being 

able to undergo electron transfer reactions at potentials that are accessible. MOF 

compounds offer remarkable photophysical and optical spectroscopic properties, 

when compared to the porous materials due to their exceptional properties such as 

high surface area and their porous structure.  

 

The work was outlined into six chapters. Chapter one (introduction) and Chapter two 

(literature review) based on the background of Hydrogen technology. Furthermore, 

polyaniline and MOF material science, and techniques used for characterisation of 

materials were presented in Chapter two.  

 

The first approach was taken in Chapter three involves synthesis of polyaniline doped 

with metal organic framework composite referred as PANI/MOF. Formation of 

polyaniline was obtained through oxidative chemical polymerisation process in the 

presence of ammonium disulfate and FeCl3 oxidants. MOF was prepared using 

solvothermal method to obtain highly crystalline material. PANI/MOF composite was 
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achieved by in situ oxidative chemical polymerisation of aniline in the presence of 

MOF. Structural and morphological characterisations using FTIR, Raman, XRD, SEM 

and TEM confirmed the successful preparation of PANI/MOF and showed that MOF 

is wrapped by the polymer. Hydrogen studies was evaluated using CV and SWV, in 

which an intense cathodic peak was observed upon addition of H2SO4. It showed that 

PANI/MOF hybrid composite has great potential to be used in hydrogen evolution 

reaction applications as it can easily generate and adsorb hydrogen through straight 

forward electrochemical process. It has been demonstrated that the PANI/MOF 

composite is not only robust and stable but also produces considerable H2 gas. 

Remarkably, the observed hydrogen generation is dictated by the identity of hydrogen 

source which opens new avenues for multi analyte investigation. 

 

The second approach taken in Chapter four involved preparation of a substituted 

polyaniline as it was reported that poor processibility and insolubility of polyaniline can 

be addressed by forming a polyaniline derivative, thus functionalized polyaniline. 3-

amino benzoic acid was used in preparation of polyaniline derivative, poly(3-

aminobenzoic acid) referred as PABA in this study. The 3-amino benzoic acid 

monomer have a similar structure as aniline, hence polymerisation follows the same 

mechanism as for aniline monomer. As compared to polyaniline, poly (3-aminobenzoic 

acid) gave spherical, granular structures unlike fiber rod-like structures of polyaniline. 

This tells that the presence of carboxylic group on the polymer backbone have an 

effect on the morphologies of a material. PABA has poor conductivities as compared 

to PANI and in order to increase the conductivity of PABA, incorporation of MOF was 

done through doping method as achieved in the case of PANI. Likewise, 

spectroscopic, microscopic, physical and electrochemical characterisation confirmed 

preparation of a novel PABA/MOF hybrid material. Electrocatalytic hydrogen 

generation of these hybrid material was investigated and results showed that 

introduction of MOF increased the current density at hydrogen evolution overpotential. 

The catalytic effect of PABA and PABA/MOF composites on HER was studied using 

exchange current density and charge transfer coefficient determined by the Tafel slope 

method. A drastic increase in catalytic H2 evolution was observed in PABA and 

composite. Moreover, they merely require overpotentials as low as ~-0.405 V to attain 

current densities of ~0.8 and 1.5 Am-2 and show good long-term stability. All these 

characteristics meet requirements for HER electrocatalysts for hydrogen fuel cell. The 
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improved catalytic activity observed in this work can be attributed to the following 

factors (i) increase in electron density of the polymer by introduction of MOF, which 

allows efficient electron transfer between the electron rich edges and the electrode 

and (ii) presence of Cu atom, which plays a crucial role in catalyzing the 

electrochemical HER (iii) improvement of photophysical and electrochemical 

properties of the PABA and PABA/MOF composite, which substantially improves the 

charge transfer kinetics of HER. We have demonstrated that the HER performance of 

PABA and PABA/MOF composite varies significantly with incorporation of MOF. The 

polymerisation method reported here for PABA/MOF material is scalable and can be 

extended to obtain other MOF based catalysts with different MOF loading and 

therefore represents an important development toward HER and other energy 

conversion technologies. 

 

Final approach was taken in Chapter five whereby a novel metal organic framework 

decorated with poly(3-aminobenzoic acid) was developed towards electrocatalytic 

hydrogen production studies. Highly active MOF/PABA composites for the HER were 

prepared through in situ solvothermal synthesis of MOF in the presence of PABA. The 

influences of PABA with different loading amount on the morphology and crystalline 

structure of MOF surface, as well as resulting electro-catalytic activity in hydrogen 

evolution were systematically investigated. The presence of PABA on the MOF 

surface can significantly increase the HER exchange current density, and reduce the 

electrochemical reaction resistance. The electro-catalytic activity of the MOF-5wt.%-

PABA composite is higher than that of the MOF and MOF-3.6wt.%-PABA composite. 

The observed promotional roles of incorporated PABA is ascribed to possible 

synergetic effects between PABA particles and the MOF matrix, leading to a facilitation 

of Hads migration. Furthermore, the Tafel slope and charge-transfer coefficients 

showed that the rate determining step of HER on the studied MOF, and MOF/PABA 

composites may be the Volmer reaction or the Volmer reaction coupled with one of 

other two reactions.  

These demonstrated that the PANI/MOF, PABA/MOF and MOF/PABA 

nanocomposites are suitable materials for electrocatalytic hydrogen production and 

storage for hydrogen fuel applications. Since, there is involvement of hydrogen 

evolution reaction which undergoes in the different HER mechanisms, Volmer reaction 

or the Volmer reaction coupled with one of other two reactions. These mechanisms 



 

164 

 

illustrate that the hydrogen gas may be produced in acidic condition followed by 

adsorption of hydrogen atoms by the composite material as part of hydrogen storage.  

 

6.2. RECOMMENDATIONS FOR FUTURE WORK 

 

Further improvement of the electrocatalyst materials will aid towards an increase of 

hydrogen productivity and efficiency. An important milestone in the work was to 

develop other alternative electrocatalyst which are to MOF material as HER material. 

It was clear from the work that the HER responses obtained in neat PANI and PABA 

were significantly low when compared to the lead PANI/MOF and PABA/MOF 

composites. Furthermore, since the PANI and PABA in the conventional solvents such 

DMSO or DMF showed to be insoluble and partially soluble, respectively. Thus it would 

be useful to consider other solvents that can be used for homogeneous HER 

applications.  

 

Moreover, low HER responses of PANI and PABA have also been attributed to 

instability of the radical cations produced during HER experiment in acidic condition, 

two alternatives can potentially be explored in the future to improve the HER response. 

The first is consider alkaline solution as the alternative solvents for HER studies. The 

second strategy is to investigate the HER of PANI/MOF and PABA/MOF films on 

interdigitated electrodes in the future through electrochemical polymerisation as 

heterogeneous HER studies. This is because the results showed that the cross 

reaction between the PANI/MOF and PABA/MOF radicals and the electrolytic solution 

is an important contributing process which influences the HER performance as 

reflected in the scan rate dependent studies. In-depth studies of the effect of increased 

amount of MOF on PANI and PABA up until they have the same proportion on the 

catalytic activity of the material will also help in understand the role of MOF on the 

polymers matrix. 

 

The MOF/PABA composites showed good HER performance however quantification 

of the amount of hydrogen produced will be important. This can be achieved by 

coupling CV experiments with gas chromatography or mass spectroscopy to form a 

hyphened instrument that can reveal the amount of gases in the HER. Furthermore, 
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the effect of varying the amount of PABA up to 50% weight percentage while MOF 

remains fixed on the catalytic performance of the material will be of a good use to 

reveal the role of polymer on the MOF surface. The alternative method, it is to consider 

the post- synthetic route of polymer and MOF where MOF and polymer may be directly 

mixed to form a composite. The Photo-catalytic hydrogen evolution studies of these 

material is an alternative route to be employed in future study the HER. Furthermore, 

it will be noteworthy to consider coupling photo-and-electro-catalytic hydrogen 

evolution studies in future. 
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