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ABSTRACT 

 

The concept of sustainable energy development is one of the crucial topics of the 21st 

century. It has evolved into a guiding principle for a liveable future world where human 

needs are met while maintaining balance with the environment.  In this regard, 

hydrogen technology is a promising alternative energy source since it does not 

produce undesirable greenhouse gas (CO2). In order to place hydrogen energy into 

practical applications, there are certain problems that need to be addressed, these 

include the efficient production and storage of  hydrogen. Currently, hydrogen is mostly 

produced from conventional processes such as steam reforming of fossil fuels, 

gasification and water splitting (photo/electrochemical and thermochemical). Among 

these methods, electrochemical water splitting is identified as a noble process to 

produce clean hydrogen gas and monitor all processes through hydrogen evolution 

reactions (HER). The entire HER processes are sluggish in nature and cathodic 

electrocatalysts are utilised to accelerate the process.  Hence, in this work, we present 

highly active graphene oxide/metal organic framework (GO/MOF) and palladium (Pd) 

supported GO/MOF electrocatalysts for HER. GO/MOF was prepared through 

impregnation method of MOF and GO, whereas Pd@GO/MOF composite was 

synthesised using electroless Pd deposition on GO and followed by impregnation 

method of direct mixing of Pd@GO and MOF. The structural, morphological and 

electrochemical properties of the synthesised materials (GO/MOF and Pd@GO/MOF) 

were characterised by X-ray diffraction (XRD), Fourier transform infrared (FTIR), 

simultaneous  thermogravimetric analysis (STA), scanning electron 

microscopy/energy dispersive spectroscopy (SEM/EDS), high resolution transmission 

electron microscopy/Energy dispersive x-ray spectroscopy/selected area electron 

diffraction (HRTEM/EDX/SAED)  and cyclic voltammetry (CV). XRD, FTIR, TGA and 

DSC results revealed the presence of GO on MOF confirming the formation of 

composites. The SEM/EDS and HRTEM/EDX/SAED results confirmed the presence 

of octahedral structure of MOF in the Pd@GO sheet-like structure, elemental 

composition and crystallinity of the synthesised materials. Furthermore, the 
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electrocatalytic efficiency of GO/MOF and Pd@GO/MOF composites on HER was 

studied using three important parameters (exchange current density, Tafel slope and 

charge transfer coefficient) calculated from Tafel analysis. The GO/MOF and 

Pd@GO/MOF composites showed excellent HER activity at 0.45 mol.L-1 H2SO4 

withexchange current densities of 25.12 A.m-2 and 24.5 A.m-2, Tafel slopes of 116 

mV/dec and 123 mV/dec, and transfer coefficients of 0.49 and 0.52, respectively. 

These observed results are consistent with theory, thus suggesting the Volmer 

reaction as the limiting mechanism at high concentration. However, at low 

concentration both composites showed an increase in the Tafel slope and transfer 

coefficient, suggesting the reaction order of Volmer reaction coupled with either 

Heyrovsky or Tafel reaction. The proposed reaction order was further supported by 

slope of logarithm of current as a function of pH and Pourbaix diagram. The 

composites demonstrated the enhancement turnover frequency (TOF) values in this 

order MOF <GO/MOF <Pd@GO/MOF. The large TOF value of 7.81 mol H2.s-1 in the 

case of Pd@GO/MOF was due the H2 spillover effect as a result of the presence of 

Pd nanoparticles. The fabricated composites displayed high activity, good stability and 

excellent tolerance to the crossover effect, which may be used as a promising catalyst 

in electrochemical hydrogen production and storage technology via hydrogen 

evolution reaction. 
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CHAPTER ONE 

INTRODUCTION 

 
 

1.1. BACKGROUND 
1.1.1. Energy 
 
Energy drives human life and is extremely crucial for continuous human development. 

The global demand for energy is rapidly increasing with growth in human population, 

urbanisation and modernisation [1]. Since developing countries depend on fossil fuels 

to meet their energy requirements; oil, gas and coal provide almost 90% of the global 

energy demands (Figure 1.1) [2]. On the other hand, renewable and nuclear energy 

contribute only 7% [3] and 9% [4] of the total energy needs, respectively. This has 

resulted in elevated  greenhouse gases emission and an increase in fuel prices, which 

are the main driving forces behind efforts to utilise renewable energy sources more 

effectively [4].  

 

 
Figure 1. 1: Chart of the total energy consumption in the world [5]. 

 

https://www.google.co.za/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj4q_e0_-7dAhWS3KQKHe6jCmYQjRx6BAgBEAU&url=http://graphaday.blogspot.com/2009/12/renewable-energy-consumption-in-nations.html&psig=AOvVaw19v6J9CJ2Xrqn3N4d5bG0S&ust=1538818378868877
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Renewable energy systems have obvious advantages such as providing energy 

services with no greenhouse gas emissions and polluting the air. Despite the 

advantages of these systems, they present considerable drawbacks. As indicated in 

the Table 1.1. below, most renewable energy resources depend on the climate, hence, 

their use requires complex design, planning and controlled optimisation methods [6,8]. 

Amongst these renewable sources, hydrogen as an energy carrier energy has been 

identified as a candidate to counter those limitations through the hydrogen technology 

process [11,12].  

 
Table 1.1: Types of renewable energies and their disadvantages. 

Type of renewable energy Disadvantage(s) 

Wind power  This system may not be technically 

viable in all locations because of low 

wind speeds (Areas where winds are 

stronger and more constant are most 

preferred) [5]. 

Hydropower Its construction requires a large area 

and it poses a threat to the aquatic 

ecosystem [6]. 
Bioenergy May lead to deforestation and it 

requires a lot of water [7]. 
Solar energy It depends on the weather and 

requires a lot of space [8] 
Geothermal energy  May cause surface instability and 

requires very high temperatures [9]. 
Hydrogen energy It is difficult to produce and store 

hydrogen [10]. 
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1.1.2. Hydrogen energy technology 
 

The idea of using hydrogen as an energy carrier was strengthened noticeably after the 

global energy crisis [4, 13]. Hydrogen holds the promise as an alternative fuel with 

many social, economic and environmental benefits to its credit [10]. This is supported 

by the following facts: it is renewable; has a high energy yield of 122 kJg-1, which is 

2.75 times greater than hydrocarbon fuels [14]; it has a very low density in the gaseous 

state; its consumption comes with minimal harmful emissions (e.g. nitrous oxides) and 

the by-product is only water [15], regardless of the method of utilisation. However, 

there are significant challenges hindering the large scale applications and 

commercialisation of hydrogen fuel. These problems include the lack of safe handling 

and effective methods for hydrogen production and storage [12]. In South Africa, the 

commitment to energy security is identified as one of the few priority areas in the 

Department of Science and Technology’s (DST) ten-year innovation plan [16]. Within 

the DST’s grand challenge on energy security, the interest in hydrogen falls under the 

national hydrogen and fuel cell technologies research, development and innovation 

strategies, branded as Hydrogen South Africa (HySA), which was initiated in 2008 

[16]. The strategy stimulates and guides innovation along value of hydrogen 

production, storage and infrastructure in fuel cell technology. However, the primary 

route for hydrogen production is through conversion of natural gas and other light 

hydrocarbons, which contributes to greenhouse emissions. 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. Sustainable production of 

hydrogen through electrochemical water splitting is one of the most environmentally 

friendly techniques towards energy storage and conversion. The quest for utilising 

hydrogen as a future energy carrier may be met through efficient hydrogen evolution 

reaction (HER), which still remains a technically challenging issue due to the choice 

of an electrocatalyst to be used. On the other hand, hydrogen gas can be stored in 

three ways, and this is through liquefaction, compression of hydrogen or storage in a 
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solid material [17]. The large amount of energy consumed during liquefaction and the 

continuous boil-off of hydrogen limits the possible use of liquid-hydrogen storage 

system [18]. Hydrogen compression into tanks also consumes energy and requires a 

very high pressure to obtain sufficient hydrogen fuel for a reasonable driving cycle of 

300 miles [19]. This leads to safety issues related to tank rupture in case of accidents  

and the weight penalty [19]. To overcome these challenges, the current attention is 

focused on solid state hydrogen storage materials [20–22]. The great advantage of 

using solid materials for hydrogen technology lies mostly in cost and efficiency of 

materials and may be monitored using HER mechanism.  

  

1.2. PROBLEM STATEMENT 
 

Hydrogen evolution reaction has been identified as an electrochemical process to 

monitor hydrogen production and storage in solid materials [23]. Solid catalysts such 

as platinum (Pt) based materials have shown great potential as electrocatalysts for 

HER due to their good conductivity and high catalytic activity (possessing high current 

density at low potentials) [24–26]. However, limited reserve in earth and high cost 

restrict their wide application in industry, which is a major challenge for 

commercialisation of the fuel cell devices. Therefore, many efforts were made to find 

the other materials for HER in order to replace or reduce the use of Pt [27-29]. Taking 

these into consideration, several porous materials such as carbon nanotubes [30], 

carbon nanofiber [24], metal sulfides [30, 31] and metal organic frameworks [21, 28] 

have been proposed as electrocatalysts for HER. Amongst these materials, MOFs 

have shown to be very promising hydrogen adsorbents mainly due to their adjustable 

pore sizes as well as defined hydrogen occupation sites [32]. Furthemore, these 

materials possess 3D structural features and large surface areas with many active 

sides [32]. However, the MOF materials possess drawbacks such as H2 embrittlement, 

moisture instability and poor H2 adsorption and desorption at ambient conditions (the 

high H2 adsorption amounts of this material were measured only at 77 K and declined 

dramatically at ambient temperature, due to weak physisorption of hydrogen on MOFs) 
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[33]. Recently, the spillover effect for enhanced uptakes of hydrogen at ambient 

temperature (298K) on adsorbents has attracted much attention from the viewpoint of 

practical applications. This spillover of hydrogen is a process in which hydrogen 

dissociates onto the metal catalyst and hydrogen atoms formed migrate onto the 

support surface/material [34,35]. The process involves the transfer of electrons to 

acceptor within the support and also enhances the chemical nature of the support and 

again activates an inactive material [34,35]. Hence, there is a need for fabrication of 

porous material-based carbon/MOF composites to enhance their structural properties 

and hydrogen spillover.  

 

1.3. RATIONALE 
 

Several MOFs [36–38] and their composites [39–42] have been reported for hydrogen 

uptakes. In relation to this, Li and Yang [22,43] reported bridged isorectecular metal 

organic framework (IRMOF)-1 and IRMOF-8 to have enhanced hydrogen uptakes at 

298 K compared to unbridged MOFs. Moreover, Petit and Bandoz [44] reported 

graphene oxide/ Hong Kong University of Science and Technology (GO/HKUST-1) to 

be a very efficient composite. It is hypothesised that the reaction of the HKUST-1 units 

with the functionalities of GO (mainly OH, COOH and O) leads to the creation of new 

pores, and the additional porosity is responsible for the enhancement in the hydrogen 

uptake [44]. This composite provides individual attribution, wherein the GO will provide 

the rich functional groups to form an interaction between oxygen and the metal centres 

of MOF, and this will also assist in enhancing the adsorption properties of the individual 

materials [38,44,45]. To date, the GO/MOF composite has not been used as an 

electrocatalyst for HER studies. Furthermore, to improve the feasibility of this 

approach, we introduce a dissociator, palladium (Pd) to form a composite 

Pd@GO/MOF composite to facilitate hydrogen spillover through HER processes. The 

choice of the dissociator (Pd) is because of being unique material with a strong affinity 

to hydrogen, owing to both its catalytic and hydrogen absorbing properties, and it plays 

important roles in hydrogen economy [35]. This composite formation was motivated 
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by the work of Zhou et al. [42], who showed the merits of combining the GO/MOF 

composites and hydrogen spillover mechanism (using platinum as a dissociation 

source). Their composite Pt@GO/MOF was prepared using the in-situ synthesis 

method between Pt@GO and MOF. In this regard, we aim to disperse the palladium 

nanoparticles (NPs) onto the GO surface and then later incorporate with MOF using 

impregnation method, as to increase the dissociation ability of the metal and hence 

the quantity of hydrogen to be adsorbed/produced. As a result (proposed mechanism, 

Scheme 1.1), hydrogen protons from the hydrogen source will first be chemisorbed 

and dissociated on the surface of palladium and then be migrated to the surface of the 

primary spillover receptor GO. Subsequently, hydrogen atoms further diffuse into the 

secondary spillover receptor MOF with high porosity and new pores at the interface 

between primary layers and secondary units [34,35]. 

 

 
Scheme 1. 1: Proposed hydrogen spillover mechanism on Pd@GO/MOF. 

 

1.4. RESEARCH AIM AND OBJECTIVES 
 

1.4.1. Aim 
This study aims to prepare porous GO/MOF and Pd@GO/MOF composites for 

efficient and safe hydrogen production and storage applications. 
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1.4.2. Objectives 
 
The objectives are to: 

I. synthesise GO, MOF, GO/MOF  

II. optimise structures of the synthesised materials by introduction of Pd to form 

Pd@GO, Pd@MOF and Pd@GO/MOF composites for enhanced hydrogen 

production and spillover mechanism at reasonable operating temperatures  

III. carry out structural characterisation of the samples using powder X-ray 

diffraction (PXRD) and Fourier transform infrared (FTIR) 

IV. evaluate the thermal stability of the samples by thermogravimetric analysis 

(TGA/DSC) 

V. perform morphological and elemental characterisations using scanning 

electron microscopy/energy dispersive spectroscopy (SEM/EDS),  

transmission electron microscopy/energy dispersive X-ray spectroscopy 

(TEM/EDX) and high resolution transmission electron microscopy/selected 

area electron diffraction (HRTEM/SAED) 

VI. study electrochemical behaviour of the synthesised materials using cyclic 

voltammetry (CV) 

VII. evaluate HER studies of synthesised porous systems at room temperature 

through Tafel parameters and turn over frequency (TOF). 

 

1.4. DISSERTATION OUTLINE 
 

This MSc dissertation consists of six chapters. All these chapters channel the 

electrocatalytic properties and hydrogen storage capacities of graphene oxide-metal 

organic framework composites. The outline of the remaining chapters in the 

dissertation is as follows:  

• Chapter two: it concentrates on the comprehensive review of synergetic effect 

on graphene oxide and metal organic framework nanocomposites as 

electrocatalysts for hydrogen evolution reaction, wherein it introduces the 
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theoretical considerations of hydrogen technology, hydrogen evolution 

reaction, Hydrogen storage systems, metal organic frameworks, graphene 

oxide and graphene oxide-metal organic framework composite.  

• Chapter three: It focuses on the review of analytical techniques used for 

structural, thermal, morphological and electrochemical characterisations.  

• Chapter four: focuses on the synthesis of metal organic frameworks, graphene 

oxide and graphene oxide-metal organic framework composite and their 

catalytic hydrogen production and storage. 

• Chapter five: focuses on the synthesis of palladium loaded graphene oxide -

metal organic framework, its hydrogen storage ability and capacity. 

• Chapter six: Summary of the main conclusions and recommendations. 
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CHAPTER TWO 

 
A COMPREHENSIVE REVIEW OF SYNERGETIC EFFECT ON GRAPHENE 

OXIDE AND METAL ORGANIC FRAMEWORK NANOCOMPOSITES AS 
ELECTROCATALYSTS FOR HYDROGEN EVOLUTION REACTION

 
This chapter is pending submission as a book chapter for possible publication: 

 

CHAPTER SUMMARY 
 
Exploiting low-cost and efficient electrocatalysts for hydrogen evolution reaction (HER) 

is an important route to resolve the energy crisis and environmental pollution. HER 

process plays a vital role in many energy storage and conversion systems, including 

water splitting, rechargeable metal‐air batteries, and the unitised regenerative fuel 

cells. The platinum based catalysts are regarded as best electrocatalysts for the HER, 

however, they suffer from high price and scarcity problems. Therefore, it is urgently 

necessary to develop efficient electrocatalyst of carbon based materials. Graphene 

oxide (GO) is an atom-thick sheet of sp2-hybridised carbons, possesses an excellent 

electron transfer ability and large specific surface area. It can be easily manufactured 

by simple and scalable chemical oxidation approaches from graphite, the reduction of 

GO into reduced graphene oxide (rGO) is a widely-used method to obtain graphene. 

In HER, GO can also be incorporated with metals and porous materials for synergetic 

effect as co-catalysts for enhancement of electrocatalytic activities. On the other hand, 

metal‐organic frameworks (MOFs) are crystalline materials with porous network 

structure. They possess various compositions, large specific surface area, tunable 

pore structures, and they are easily functionalised. Recently, MOF‐based 

electrocatalysts for HER have been rapidly developed where they exhibit excellent 

catalytic performance for HER, demonstrating a promising application prospect in 
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HER. In this chapter, the background of hydrogen energy and hydrogen evolution 

reaction structure, category, and synthesis of GO and MOFs are introduced briefly. 

Then, the applications of the GO- and MOFs‐based electrocatalysts for HER in recent 

years are discussed in detail. Their HER parameters such as Tafel slope and current 

density are emphatically discussed and followed by the synergetic effect of HER 

studies of GO/MOF composites as an alternative electrocatalyst for future hydrogen 

production and storage via HER mechanism. 

 
 

2.1. INTRODUCTION 
 
2.1.1. Hydrogen energy background 
 
The global energy crisis and environment pollution are becoming more serious due to 

the utilisation of fossil fuel [1]. Developing a new, efficient and clean energy source 

based on renewable energy is extremely urgent [2]. Conversion of hydrogen gas into 

energy is the most promising strategy to resolve these crises. Hydrogen is a colorless 

and tasteless element which is abundant on the universe [3], but may be found in 

chemical compound such water and hydrocarbons [4]. Unlike conventional petroleum-

based fuels and natural gas derivatives, hydrogen gas has high energy density and 

light molecular structure. In this regard, hydrogen is expected to play an important role 

in the future energy economy. This is because hydrogen is carbon-free, non-toxic, and 

its thermal or electrochemical combustion with oxygen yields nothing but energy and 

water - although its combustion in air might generate nitric oxide air pollutants in 

controllable amounts [5].  

As it can be produced from a range of renewable and non-renewable sources, 

hydrogen has the potential to form the basis of a clean and virtually limitless energy 

system [6]. Another advantage is that the main source of hydrogen is water, which is 

essentially an unlimited resource. 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 
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(HFC) technology. This technology generates electrical energy from an 

electrochemical process and gives water as a by-product [7,8]. The hydrogen fuel cells 

are not just environmental friendly, but their energy efficiency is two times more than 

the traditional combustion technologies. A basic fuel cell setup (Figure 2.1) consists of 

two electrodes (anode and cathode) separated by an electrolyte and a membrane that 

conducts ions. In HFC principle, hydrogen gas flows through the channel of anode, 

where oxidation takes place.  

 
Figure 2.1: Schematic of PEM fuel cell [7]. 

 
The oxidation process takes places when an electrocatalyst (e.g. platinum) causes 

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

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

combine with oxidised air to form water. The electrons flow to the cathode to generate 

electricity or power [1,9,10]. Commercialisation of HFC is hampered by demand and 
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supply of pure hydrogen gas. The demand and supply of pure hydrogen gas can be 

addressed by tackling two major concepts of hydrogen technology, thus production 

and storage. Several technologies or processes are currently employed to address 

this and they are briefly discussed below. 

 

2.1.2. Hydrogen storage 
 
When hydrogen is produced, it needs to be stored in order to overcome daily and 

seasonal discrepancies between energy source availability and demand. Depending 

on storage size and application, several types of hydrogen storage systems are 

available. 

 

2.1.2.1. Compressed gas storage  
 
The most common method which is employed to store hydrogen is through 

compression of gas [11]. This method of storing hydrogen brings several advantages 

such as high H2 fraction, rapid refuelling capability and excellent dormancy 

characteristics [12]. 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 [13]. 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 [14]. 
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2.1.2.2. Liquid hydrogen storage 
 
Unlike compressed hydrogen storage, liquid hydrogen has high density at low 

pressure, which enables light and compact vehicular storage and efficient delivery by 

truck [15]. Liquefying hydrogen is a way of increasing volumetric energy density by 

cooling hydrogen gas below its boiling temperature of -253 °C. A major problem 

associated with the liquefaction process is the transformation of hydrogen from the 

ortho- to para- state during cooling [16]. Hydrogen in liquid form has a considerably 

higher energy density than in its gaseous form, making it an attractive storage medium 

[16,17]. Although it is an energy expensive process, it increases H2 volumetric energy 

density from 5 MJ.L-1 for compressed H2 at 345 atm to 8 MJ.L-1 for liquid hydrogen 

[17]. 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 the efficiency of the liquefaction process and the boil-

off of the liquid [18], because of the low critical temperature of hydrogen (33 K), the 

liquid form can only be stored in open systems, as there is no liquid phase existent 

above the critical temperature [15].  

 

2.1.2.3. Hydrogen storage in solid materials 
 
The development of efficient methods for hydrogen storage is a major hurdle that must 

be overcome to enable the use of hydrogen as an alternative energy carrier [19]. The 

development of high capacity, hydrogen storage materials that can be recharged 

under moderate conditions is a key barrier to the realisation of a hydrogen economy 

[20,21]. In solid storage materials, hydrogen can bind/ interact with the adsorbent in 

two ways, i.e. physisorption or chemisorption. In physisorption, 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 systems 

(compressed gas and liquid hydrogen) is that it stores large quantity of hydrogen [22]. 

The adsorbed hydrogen does not chemically react with the adsorbent, since hydrogen 

binds via weak van der Waal forces and therefore does not accumulate impurities 
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which can poison operations of fuel cell [22,23]. In chemisorption, hydrogen 

predominately binds stronger in an adsorbent than in physisorption, However, 

physisorption has a great advantage to chemisorption since it has fast kinetics (during 

release of hydrogen) and it is fully reversible [24]. 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 [24]. In relation to this, 

several studies report the development of hydrogen storage materials such as metal 

hydrides [25], carbon- based materials [26], boron compounds [27], metal organic 

frameworks [22,28], etc. An optimum hydrogen storage material must have the 

following characteristics: (1) high volumetric/gravimetric hydrogen storage capacity, 

(2) fast absorption kinetics, (3) near room temperature and ambient pressure 

operation, (4) lightweight materials, and (5) low cost materials. However, some of 

these storage materials do not meet the above requirements.  

 

2.1.3. Production of hydrogen 
 
A wide range of methods are being used to generate hydrogen from different 

resources and they are discussed below. 

 

2.1.3.1. Fossil fuels 
 
(i) Steam methane reforming (SMR) 

Steam reforming of natural gas is the most widely used process for industrial hydrogen 

generation. In this method, hydrogen production is through extraction, by breaking the 

bonds between hydrogen and carbon content [3]. Basically, the SMR process consists 

of two main steps: in the first step endothermic SMR reaction (Equation 2.1) takes 

place at a high temperature (~800-1000 oC, at 20-35 atm) and in the second step 

(Equation 2.2), the exothermic water gas shift (WGS) reaction runs at a lower 

temperature (~200-400 oC, at 10-15 atm). 

  

H2O(g)  + CH4(g) →CO(g)  + 3H2(g)              (2.1) 
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H2O(g)  + CO(g) → CO2(g)  + H2(g)                (2.2) 
The overall reaction of this process is given by Equation 2.3: 

CH4(g) + 2H2O(g) → 4CO2 (g) + 4H2 (g)               (2.3) 

 

Reasonable production price [29] and possibility of mass production [3] are the main 

advantages of fossil fuel based hydrogen production. However, this approach of 

hydrogen production suffers from problems which are mainly based on its pollution 

ratings(emission of CO or CO2) and limited resources [3,30].  

 
(ii) Partial oxidation 

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

produced from a range of hydrocarbon fuels which include coal and oils. In this 

process, 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 [31]. The synthesis gas is cleaned of impurities and the carbon 

monoxide in the gas mixture is reacted with steam through 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 [25,32]. 

The fact that fossil-based production of hydrogen is associated with the emission of 

such enormous quantities of CO2 and other greenhouse gases, may diminish the 

environmental appeal of hydrogen as an ecologically clean fuel. 

 

2.1.3.2. Biomass 
 
Hydrogen can be obtained from biomass by a pyrolysis/gasification process [33]. The 

biomass preparation step involves heating of the biomass/water slurry to high 

temperatures under pressure in a reactor. This process decomposes and partially 

oxidises the biomass, producing a gas product consisting of hydrogen, methane, CO2, 

CO and nitrogen. Mineral matter is removed from the bottom of the reactor. The gas 
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stream goes to a high-temperature shift reactor where the hydrogen content is 

increased [34]. However, biomass utilisation is not common in developed countries 

because of its high cost and the large area required for its production [35,36]. The 

reason for the high cost for biomass production is partly attributed to labour cost. 

Another reason for the high cost is that effective production of biomass requires fuels 

for machines and fertilisers produced by petroleum chemistry [42]. Utilisation of 

agricultural residue and city wastes such as sewage sludge is expected to reduce this 

cost to a large extent because of their negative costs [37,38]. Using land for biomass 

cropping rather than food production could also cause problems, since an increase in 

world population will result in increased food demand [35,36,43]. Thus, fertile land in 

the world will be required for food production, and it is questionable if sufficient land 

area will be left for biomass production.  
 

2.1.3.3. Photolysis 
 
Photolysis (or direct extraction of hydrogen from water using only sunlight as an 

energy source) can be accomplished by employing photobiological systems, 

photochemical assemblies or photoelectron-chemical cells. Intensive research 

activities are opening new perspectives for photo-conversion, where new redox 

catalysts, colloidal semiconductors, immobilised enzymes, and selected 

microorganisms could provide means of large-scale solar energy harvesting and 

conversion into hydrogen [32]. However, the enzyme hydrogenase is very sensitive to 

oxygen, which inhibits hydrogenase activity and stops it from producing hydrogen [32]. 

 

2.1.3.4. Electrolysis  
 
Electrochemical/photochemical water splitting has been regarded as a promising 

approach for energy storage and conversion to address the energy crisis and 

environmental issues [39]. In this method, water is subjected to an electric current in 

order to force its molecules to decompose into hydrogen and oxygen [39,40].The 
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occurring half-reactions at the electrodes are given by the following Equation 2.4 and 

2.5:  

 

Anode: H2O → 2H+ + O2 + 2e-               (2.4) 

Cathode : 2H+ + 2e- →H2                (2.5) 

 

The overall chemical reaction of a water electrolysis process is given by: 

H2O→H2 + (1/2)O2                 (2.6) 

 

This method however has several barriers to the commercialisation of water 

electrolysis: (1) water electrolysis is expensive as compared to hydrocarbon reforming 

which is the most widely used technology for hydrogen production, (2) hydrogen 

evolution reaction (HER) can be started at large overpotential and (3) the water 

electrolysis system suffers a stability problem over long-term and shut down 

operations [41].  

 

2.1.3.4.1. Photo-electrocatalytic water splitting 

 
Development of efficient processes to utilise naturally available solar energy directly 

to generate hydrogen by water splitting has emerged as a strong contender, thus 

electrolysis of water has always had a central role in the realm of electrochemistry 

because of its industrial importance. This process can be employed for the energy 

storage if the required energy is supplied from a renewable resource [42]. In a simple 

cell design, a photovoltaic (PV) cell generating appropriate voltage can be coupled 

with an electrolysis cell to produce hydrogen and oxygen by the solar energy 

conversion [43]. Various criteria have been used to evaluate the performance of a 

photocatalyst, typically for photo-electrochemical (PEC) water splitting  [43] and HER 

[44,45]. Photocatalytic water splitting involves an extremely complex series of 

photophysical and electrocatalytic steps. During water splitting hydrogen generation 

(Figure 2.2), incident light is irradiated on the catalyst, generating electrons and holes 

in the conduction and valence bands. The generated electrons and holes cause redox 
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reactions similar to electrolysis. Water molecules are adsorbed at the electron-holes 

and oxidised to form protons and O2. The generated protons are further reduced to 

H2, leading to overall water splitting [42-45].  

 
 
Figure 2.2: Schematic representation of the overall photon-induced reaction process 

for water splitting using a solid photocalyst [26]. 

 
The primary challenge is, of course, finding the most appropriate materials with highest 

efficiencies for photon absorption and electrocatalysis. The choice of 

photo/electrocatalyst to exploit the visible light regime and near infrared region, thus, 

becomes crucial. Since 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.   

 

2.1.3.4.2. Hydrogen evolution reaction 

 
A hydrogen evolution reaction is the production of hydrogen through the process of 

water electrolysis. The evolution of hydrogen is possibly limited and based on the 

desorbing of molecules coming from the cathode surface [46]. This process is a crucial 

step in electrochemical water splitting and demands an efficient, durable and cheap 

catalyst if it is to succeed in real applications [46,47]. For an energy-efficient HER, a 

catalyst must be able to trigger proton reduction with minimal overpotential and have 

fast kinetics [48]. However, catalyst surface having too weak bonding strength with 
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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 [49,50].  

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 

one chemical step [48–51]. The three elementary reaction steps in acidic medium give 

in Equation 2.7-2.12:  

 

H+ + 𝑒𝑒− → Had Volmer reaction (electrochemical discharge)                (2.7)  

Had + H+ + 𝑒𝑒− → H2 Heyrovsky reaction (electrochemical desorption)         (2.8)  

Had + Had → H2 Tafel reaction (catalytic desorption)             (2.9)  

 

And in alkaline solution are:  

H2O + 𝑒𝑒− → OH- + Had Volmer reaction (electrochemical discharge)             (2.10)  

Had + H2O + 𝑒𝑒− → OH- + H2 Heyrovsky reaction (desorption)                    (2.11) 

Had + Had → H2 Tafel reaction (catalytic desorption)           (2.12) 

  

In an acidic solution, the first step (Equation 2.7) 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 [46]. Then the second step can be Heyrovsky or Tafel 

reaction. In Heyrovsky mechanism, a proton reacts with one adsorbed hydrogen to 

form H2 as illustrated in Equation 2.8. In the Tafel mechanism, two adsorbed surface 

hydrogens next to each other react to form H2 molecule as illustrated in Equation 2.9 

[46,49,50]. 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 [49,50].  

The efficiency 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 [52–55]. The advanced and ideally 

electrocatalyst should reduce the overpotential and increase the hydrogen production 
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efficiency [53]. In addition, the efficient electrocatalyst must encounter different 

characteristics such as high thermal and mechanical stability as well as low cost 

[56,57]. The HER activities of various catalysts can be summarised in the “Volcano 

plot” as shown in Figure 2.3 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 [53]. Platinum group metals (PGMs) such as Pt, Pd, Ir and Rh 

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

electrocatalysts for HER [52,56,58,59]. 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. However, their extremely high 

cost and limited abundance or scarcity is the major obstacles for industrial applications 

[58,59]. Thus, the important goal of the modern electrocatalysis is to completely 

replace PGM based electrocatalysts with low cost and catalytic active materials 

[60,61]. Although non-platinum active metals such as Fe, Ni, Mo or Co are 

considerably cheaper, they suffer from corrosion and passivation under reaction 

conditions [44,49,62]. Electrocatalysts based carbons (graphene oxide) and/or metal 

organic frameworks have been rarely investigated for HER. These materials have 

shown great catalytic activity as well as low cost and have a great ranges of potential 

windows [28,63,64]. With these properties, they can be used to replace the PGM-

based electrocatalysts.  
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Figure 2.3: 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. 

 

2.2. GRAPHENE OXIDE 
 
2.2.1. Background 

 
Graphene oxide (GO), also called graphitic acid, attracts the attention of many 

research groups [65-70]. GO is a component in composite materials with 

photochemical, electric or adsorptive properties [65] and it is a layered material formed 

by the oxidation of graphite [66]. In comparison to pristine graphite, the graphene-

derived sheets in graphite oxide (graphene oxide sheets) are heavily oxygenated 

[66,67]. Oxidation of graphite enables the incorporation of oxygen atoms on the basal 

planes and edges of graphene layers. These oxygen functional groups identified so 

far on the surface of GO are epoxide, keto and hydroxylic groups on the basal planes, 

and carboxylic groups on the edges [68]. Direct incorporation of oxygen atoms into the 

graphene layers was also observed in other studies [69-72]. Indeed, owing to its 

oxygen functional groups, GO has a hydrophilic character and molecules of water can 
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easily be intercalated between the graphene layers [73,74]. This hydrophilic character 

is also responsible for the easy dispersion of GO in water, alkaline solutions or 

alcoholic media [75,76]. Not only does the oxidation of graphite enable the 

incorporation of oxygen groups, but it also leads to the formation of defects [77,78]. 

These defects usually correspond to vacancies or adatoms in the graphene layers 

[77,78]. Considering this, GO is commonly represented as distorted/corrugated 

graphene layers stacked in a more or less ordered fashion [70–72].  
 

2.2.2. Structure of graphene oxide 
 
GO is obtained from chemical exfoliation of graphite in which graphite powder is 

oxidized with strong oxidising agents such as KMnO4 in the presence of concentrated 

sulfuric acid [79]. The oxidation of graphite breaks up the extended two-dimensional 

pie-conjugation of the stacked graphene sheets into nanoscale graphitic sp2 domains 

surrounded by disordered, highly oxidised sp3 domains as well as defects of carbon 

vacancies [80]. The resulting GO sheets are derivatised by carboxylic acid at the 

edges, and phenol, hydroxyl and epoxide groups mainly at the basal plane (Figure 

2.4(ii)). After centrifugation, the graphene oxide can be reduced to regular graphene 

by thermal or chemical methods (Figure 2.4(i)) [74,81]. It is hardly possible remove all 

the oxygen containing groups, depending on the reducing agent used. Therefore, a 

wide range of reducing agents are available and each with its own different reducing 

ability/capacity. 
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Figure 2.4: (i). A typical structure of graphene and (ii). Graphene oxide. 

 
2.2.3. Synthesis of GO  
 
The most important and widely applied method for the synthesis of GO is the one 

developed by Hummers and Offeman [71,82,83]. This method, at least, has three 

important advantages over previously used techniques. First, the reaction can be 

completed within a few hours. Second, KClO3 was replaced by KMnO4 to improve the 

reaction safety, avoiding the evolution of explosive ClO2. And lastly, the use of NaNO3 

instead of fuming HNO3 eliminates the formation of acid fog. In brief, the method 

involves the oxidation of graphite powder with a mixture of potassium permanganate 

(KMnO4) and concentrated sulfuric acid (H2SO4), wherein Potassium permanganate 

serves as an oxidant [73] (Figure 2.5). The oxidative treatment of graphite helps to 

increase the interlayer distance between graphene sheets in graphite for an easy 

exfoliation, since the sheets are usually held by strong van der Waals forces [71,84]. 

The produced graphite oxide can be exfoliated directly in several polar solvents, such 

as water, ethylene glycol, N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP) 

and tetrahydrofuran (THF) [84]. This process results in the formation of various oxide-

containing species including carboxyls, lactones, and ketones [85]. Finally, resulting 

GO has a nonstoichiometric and amorphous structure [69]. Due to these functional 
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groups, graphene oxide is hydrophilic and can be dissolved in water by sonication or 

stirring [79,86,87]. Thereby the layers become negatively charged and thus a 

recombination is inhibited by the electrical repulsion.  

 
Figure 2.5: Schematic diagram for the synthesis of graphene oxide by Hummers 

method [79]. 

 

This material has been applied in several fields such use in composite materials, as 

the electrode materials for electrochemical sensors, as absorbers for both gases and 

liquids, and as electrode materials for devices involved in electrochemical energy 

storage and conversion. This review focuses on its use as electrocatalyst for hydrogen 

evolution reaction.  

 

2.2.4. GO based materials for HER 

The nanostructured and carbonaceous material are the most fruitful nominees for 

enhanced electrochemical performance. Recently, hydrogen evolution reaction on 

GO-based materials as electrocatalysts has been widely studied in both acidic and 
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alkaline conditions [88-92]. For example , the Tafel slopes for Ni metal and graphene 

oxide (GN) (Figure 2.6 and Table 2.1), were found to be 85, 64, and 68 mV.dec−1 for 

Ni to GO ratios of 2.0 (GN2 ), 6.0 (GN6), and 8.0 wt.% (GN8), respectively, which did 

not correspond to any simple kinetic model (Volmer, Heyrovsky or Tafel reaction), 

indicating complex mechanisms for hydrogen evolution on the GN hybrids [88]. 

Furthermore, the Tafel slope for GN2 was higher, while the slope for GN6 was close 

to that for GN8, probably due to the difference in the interaction between the carbon-

vacancy defects and Ni nanoparticles (NPs), and the difference in their sandwich 

structures [88]. Moreover, Zhen Sun et al. [61] showed GGNR@MoS2 hybrid exhibiting 

good HER performance, with a low onset potential of -105 mV, a small Tafel slope of 

49 mV per decade and a large current density (10.0 mA.cm-2 at η= 183 mV), making 

this composite promising and highly efficient electrocatalyst for hydrogen evolution 

reaction.The NFO/RGO catalyst exhibited HER activity than bare NFO and other 

reported catalysts such as sulfides, carbides, phosphides, bimetals of molybdenum 

and iron-cobalt. With a low onset overpotential of 5 mV (vs. reference hydrogen 

electrode (RHE)),high cathodic current density, low Tafel slope of 58 mV.dec-1, low 

charge transfer resistance and turnover frequency of 0.48 s-1 [89]. Another study [90] 

showed HER activity of nanocomposites (CFG and NFG) which were tested for 

hydrogen evolution at an applied potential of -1.2 to 0.8 V in acidic electrolyte. It they 

revealed good exchange current density of 47.9 and 41.2 mA.cm-2 at over potential of 

248.3 and 259 mV and Tafel slopes of 116.6 and 121.4 mV.dec-1 for CFG and NFG 

nanocomposite respectively [90]. 
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Figure 2.6: Linear sweep voltammetry (LSV) curves of RGO, Ni, rGN6 and GN6 in 

0.50 M H2SO4 solution (a) and in 0.50 M Na2SO4 solution of pH 10 (b). The insets are 

LSV curves of GN2, GN6, and GN8 composites with reference to Ni [88]. 

Table 2. 1: Comparison between the ability of various GO or rGO electrocatalysts 

toward HER. 

 

As observed in the Table 2.1 above, few electrochemists paid more consideration to 

GO or rGO because of their admirable conductivity, less weight, strong mechanical 

Material H2 source in 
Electrolyte 

Tafel 
slope/ 
mV.dec-1 

Current 
density(io)/ 
mA.cm-2 

References 

PdNPs-GO  0.5 M H2SO4 - 5.2  [82] 

NFO/RGO  0.5 M H2SO4 

 

58 25.2 x 10-2  [89] 

GGNR@MoS2 0.5 M H2SO4 49 10.0  [61] 

rGO-Au48Pd52 0.5 M H2SO4 149 - [91] 

CFG 0.5 M H2SO4 116.6 47.9  [90] 

NFG 0.5 M H2SO4 121.4 41.2  [90] 
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properties, high surface area and good chemical stability [68,79,92]. However, the 

electrochemical applications of these materials have some hitches due to their 

insulation properties which are interrelated to the manifestation of oxygen 

functionalities. To overcome this issue, GO was composite with metal particles, metal 

oxide, conductive polymers, and biopolymers [93–96]. As mentioned above, small 

sized metal particles have been acknowledged as a good mediator on the fabrication 

of electrochemical applications due to their biocompatibility, fast electron transfer rate, 

and excellent conductivity. Therefore, decoration of small-sized metal nanoparticles 

and/or organometallic compounds on the surface of GO sheets is proposed to not only 

further resolve the insulation properties problem of GO but also significantly increase 

the electrochemical activity.  

 

2.3. METAL ORGANIC FRAMEWORK 
 
2.3.1. Background 
 

Metal-organic frameworks (MOFs) are class of adsorbent materials, consisting of 

metal ions and organic ligands that involve O and N [97]. As there was no accepted 

standard nomenclature during the development of this new class of hybrid solids, 

several names have been proposed and are in use [28,97]; examples include porous 

coordination polymers [98] and networks [99], microporous coordination polymers 

[22], zeolite-like MOFs [100], and isoreticular MOFs [98,101,102]. In MOFs, the 

inorganic and organic building units are linked via coordination bonds. Generally, the 

inorganic units are metal ions or metal cluster, and the organic units (known as linkers 

or bridging- ligands) are di-, tri-, or tetradentate organic ligands [100,103,104] such as 

carboxylates or other organic anions (phosphonate, sulfonate, and heterocyclic 

compounds). A lot of features of these types of crystalline materials caught the eyes 

of many scientists in different fields (physicists, biologists, environmental engineers 

etc.) due to their adjustable pore size and high surface area [105]. 
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2.3.2. Structure of MOF 
 

MOF materials are formed by assembling metal nodes and organic ligands [28,45]. 

The metal node precursors mainly come from metal nitrates or chlorides, while the 

organic ligands mainly include benzimidazolate, dicarboxylic acid, and others. 
 

2.3.2.1. Organic ligands 
 
Organic ligands are known for their complex nature and ability to form coordination 

bonds [22, 28,97]. They exist mostly in anionic states and, thus, are helpful in forming 

bonds with metal ions. The most commonly used organic ligands in making MOFs are 

benzene 1,3,5-tricarboxylic acid (H3btc), benzene 1,4-dicarboxylic acid (H2bdc), 4,5-

imidazole dicarboxylic acid and pyrazine-2-carboxylic acid (Figure 2.7) [98].  

 

 
Figure 2.7: Representative examples of some organic ligands used in metal-organic 

frameworks. 

 

2.3.2.2. Metal sites 
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Metal sites  have tremendous influence on the adsorption and catalytic properties of 

MOFs [106].. The metals act as Lewis acids and can activate the coordinated organic 

substrate for subsequent organic transformation [107]. Furthermore, the metal 

siteshave been reported to enhanceH2 adsorption in MOFs [106,107]. These 

commonly used transition metals give different geometries depending on their number 

of oxidation states.For example, copper – Electron configuration of zero-valent metal 

is [Ar]3d104s1. Copper nodes are often in distorted octahedral and square-planar 

geometries which assist in rapid electron transfer to facilitate electron mobility in HER 

process [63]. The distortion occurs mainly due to Jahn-Teller distortion commonly 

resulting in octahedral geometries having four short bonds and two longer bonds as 

the dz2 orbital is filled whilst the dx2-y2 orbital is only partially filled. 

 

 

2.3.2.3. Secondary building units  
 
Secondary building units (SBUs) play important role as it dictates the final topology of 

MOFs. The geometry and chemical attributes of the SBUs and organic linkers lead to 

the prediction of the design and the synthesis of MOFs [23,106,107]. It was reported 

that under careful selected conditions, multidentate linkers could aggregate and lock 

metal ions at certain positions, forming SBUs [107,108]. These SBUs will subsequently 

be joined by rigid organic links to produce MOFs that exhibit high structural stability 

[109]. Studies have proved that the geometry of the SBU depends on metal-to-ligand 

ration, the solvent and the source of anions to balance the charges of the metal ions 

[106,110].  

 

2.3.2.4. Pores in MOFs  
 
Pores are empty space formed within MOFs upon the removal of guest molecules. 

The wide open MOF structures with pores of internal diameter of up to 4.8 nm provide 

extra-large free space that can be used for H2 storage [111]. The ideal pore size for 

porous adsorbents should give an optimal interaction of the absorbate gas with the 
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potential surface of all the surrounding walls. The pore size should be close to the 

kinetic diameter of H2 molecule (0.289 nm) to promote stronger interaction between 

H2 molecules and the framework. For example, NU-100 contains micropores (<2 nm) 

and have storage capacity of 8 wt.%[112], while MOF-5 have micropores of (0.77 nm) 

and stores close to 7 wt.% [108] . Generally, the larger the pore size the more likely 

that the structural collapse could occur, and is more difficult to achieve permanent 

porosity. Nevertheless, this kind of structures may lead to improved performance in 

some application such as H2 storage [108] . 

 

2.3.3. Synthesis of MOF 
 
The most preparation methods for MOFs are liquid-phase syntheses, whereby metal 

salt and ligand solutions are mixed together in a reaction vial [113]. 

 

2.3.3.1. Microwave assisted synthesis 
 

Microwave (MW)-assisted synthesis relies on the interaction of electromagnetic waves 

with mobile electric charges. These can be polar solvent molecules/ions in a solution 

or electrons/ions in a solid. In the solid, an electric current is formed and heating is 

due to electric resistance of the solid [114,115]. In solution, polar molecules try to align 

themselves in an electromagnetic field and in an oscillating field so that the molecules 

change their orientations permanently [116,117]. Thus, applying the appropriate 

frequency, collision between the molecules will take place, which leads to an increase 

in kinetic energy, i.e. temperature of the system. Furthermore, several metal(III) 

carboxylate-based MOFs (M = Fe, Al, Cr, V, Ce) have been prepared by MW-assisted 

synthesis route [116–119].  

 

2.3.3.2. Mechanochemical synthesis 
 

In mechanochemical synthesis, there are mechanical breakage of intramolecular 

bonds followed by a chemical transformation. Mechanochemistry has a long history in 
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synthetic chemistry [120] and it has recently been employed in multicomponent 

(ternary and higher) reactions to form pharmaceutically active co-crystals and in 

inorganic solid-state chemistry, organic synthesis, and polymer science [113,120,121]. 

Its use for the synthesis of porous MOFs was first reported in 2006 [116] and results 

of selected mechanochemial studies were summarized recently[113,120]. 

 

2.3.3.3. Electrochemical synthesis 
 

The electrochemical synthesis of MOFs was first reported in 2005 [122]. The main 

objective was the exclusion of anions, such as nitrate, perchlorate, or chloride, during 

the syntheses, which are of concern to large-scale production processes. Rather than 

using metal salts, the metal ions are continuously introduced through anodic 

dissolution to the reaction medium, which contains the dissolved linker molecules and 

a conducting salt [23,122]. The metal deposition on the cathode is avoided by using 

protic solvents, but in the process H2 is formed [123]. Other advantages of the 

electrochemical route for industrial process are the possibility to run a continuous 

process and the possibility to obtain a higher solids content compared to normal batch 

reactions [123]. 

 

2.3.3.4. Solvo/hydrothermal synthesis 
 
The solvo/hydrothermal method is a process of crystallisation in which the compounds 

are synthesised depending on the solubility of compound in water at autogenous 

pressure [112,124]. The crystallisation process is done in a vessel called an autoclave 

[112,124]. The autoclave is usually made of thick-walled steel cylinders, which can 

withstand high temperatures and pressures for prolonged periods of time 

[97,119,122,125]. The autoclave is especially designed to withstand corrosiveness 

and also has protective seals. The inside of the autoclave is layered with Teflon or 

titanium or glass depending on the nature of the solvent used. The samples are first 

placed within the Teflon bags. The bags are sealed and kept in the Teflon cup. The 

Teflon cup is closed with a cap on the top and then this cup is placed into the autoclave. 
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The autoclave is tightly closed and placed within the oven for high temperatures 

[117,122].  

 

2.3.4 MOF based materials as HER electrocatalyst 
 
The electrochemical water-splitting process includes two half-reactions: HER and 

oxygen evolution reaction (OER). Given that the water splitting needs high activation 

energy and large overpotential, high-performance electrocatalysts with low cost are 

highly desired to enhance the performance of electrocatalytic water splitting.  

Complexes with precise structures are beneficial for mechanism studies by using 

various electrochemical measurements and other techniques [25,40,126,127]. Such 

homogeneous catalysts can also fully utilise all catalytic sites, when they are used at 

low concentrations, giving particularly high activity in the term of turnover frequency 

(TOF). Such catalysts usually suffer from low stability [65,98,128,129]. Combining the 

advantages of conventional heterogeneous and homogeneous catalysts, MOF-

derived inorganic materials can solve many of the above-mentioned problems 

[83,96,130]. In this regard, Sandra Loera-Serna et al. [131] showed the 

electrochemical behaviour Cu-MOF, confirming that this material has a high catalytic 

activity. Furthermore, Jie Lin et al. [64] constructed metal-organic frameworks derived 

cobalt diselenide (MOF-CoSe2) with CoSe2 nanoparticles anchored into nitrogen-

doped (N-doped) graphitic carbon through in-situ selenisation of Co-based MOFs. It 

was detected that the MOF-CoSe2 delivered excellent HER performance with an onset 

potential of approximately 150 mV and high current density of 80 mA.cm-2 at about -

0.33 V (vs. RHE), which behaved better than bare CoSe2. The Tafel slope of the MOF-

CoSe2 was 42 mV.dec-1, which is much smaller than that of bare CoSe2 of 72 mV.dec-

1. Moreover, Ramohlola et al. [132] showed the merits of combining MOF material with 

conductive polymers to produce a highly active material with Tafel plots presented in 

Figure 2.8. Table 2.2 presents the Tafel parameters of MOF-polyaninline (PANI), 

MOF-3.6wt%poly(3-aminobenzoic acid) (PABA), PABA-MOF and MOF-5wt%PABA 
composite with high exchange current densities of 7.943 [132], 31.62 [133], 35.48 
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[134] and 50.12 A.m-2 [133] and Tafel slopes  of 199.3 [132], 166.7 [133],130.5 [134] 

and 153.5 mV.dec-1 [133], respectively. . 

 

 
Figure 2.8: (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 V.s-1 in the presence of different 

H2SO4 concentration on gold electrode in 0.1 mol.L-1 (DMSO/TBAP) electrolytic 

system [133]. 

 
The integration of Cu‐MOF with graphene oxide (GO) can effectively enhance the 

electron transfer, which further significantly improve HER activity [135]. It was also 

found that the GO content affected the HER activity of the nanocomposite catalysts. 

The optimised GO content was about 8 wt.%. The HER current density of the (GO 

8wt%) Cu‐MOF (Table 2.2) was high up to -30 mA.cm−2 at an overpotential of -2.0 V 

in N2saturated 0.5 M H2SO4, whereas the overpotential of 30 wt% Pt was -0.06 V at 

the current density of -30 mA.cm−2 [135]. The electrochemical hydrogen evolution 

reaction performance of the Pd@CuPc/MOF and Tafel analysis were evaluated by 

Monama et al.[63]. The Tafel slope of this composite was found to be 176.9 mV/dec 
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and the transfer coefficient of 0.67, with the exchange current density of 8.9 A.m-2 

(Table 2.2) The HER results revealed that the Pd@CuPc/MOF composite has better 

catalytic characteristic such as high catalytic activity and lowest onset potential 

compared to MOF. More importantly, they reported the significant enhancement of 

HER performance at ambient temperature for the composite with Pd content to be 

ascribed to the hydrogen spillover mechanism in such a system. 

 
Table 2. 2: Comparison between the ability of various MOF electrocatalysts towards 

HER. 

Material H2 source in 
Electrolyte 

Tafel slope 
mV.dec-1 

Current 
density(io)/ 
A.m-2 

Refs. 

MOF-CoSe2 0.5 M H2SO4 42 0.080 [64] 

MOF-5wt.%- PABA 0.3 M H2SO4 153.5 50.12 [133] 

PABA/MOF 0.3 M H2SO4 130.5 35.48 [134] 

Pd@CuPc/MOF 0.3 M H2SO4 176.9 8.900 [63] 

MOF-3.6wt.%-PABA 0.3 M H2SO4 166.7 31.62 [133] 

MOF/PANI 0.3 M H2SO4 199.3 7.943 [132] 

Cu-MOF/8 wt.% GO 

 

0.5 M H2SO4 - -300 [135] 

 

2.4. CONCLUSIONS 
 
This review work focused on resolving energy scarcity problem via hydrogen 

technology. Major problem of hydrogen energy such as hydrogen storage and 

production has been highlighted and their mitigation can be achieved through 

fabrication of graphene based metal organic framework nanocomposite. The reaction 

mechanisms of HER, the transfer and diffusion properties of reactants and products, 

and the effects of electrolyte on the catalytic performance of MOFs based catalysts 
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were identified in the review as the alternative methods to study the hydrogen storage 

and production behaviour of the materials. Recently, hydrogen evolution reaction on 

GO-based composite with metals as electrocatalysts has been widely studied in both 

acidic and alkaline conditions for hydrogen production due to the electron and 

functional groups enrichment character of the GO. However, the electrochemical 

applications of these materials have some drawbacks owing to their insulation 

properties caused by oxygen functionalities. On the other hand, MOFs‐based 

electrocatalysts for HER are rapidly established due to extraordinary structures of 

MOFs because of the pore structures and functions are tunable and devisable, it is 

convenient to directly design and construct the active sites for HER in MOFs during 

the synthesis process. However, the vast majority of the synthesised MOFs suffer from 

poor electronic conductivity, leading to low electron transfer efficiency, which restricts 

catalytic performance. There are still a lot of scientific and technical problems to solve 

in MOFs electrocatalysts before meeting the requirements for commercialisation. The 

problems mainly involve how to improve the electronic conductivity of MOFs, enlarge 

pore channels of MOFs to accommodate more electrolytes, limit the collapse of pore 

structure of MOFs, and maintain high specific surface area during pyrolysis. It was 

seen that the integration of MOF with graphene oxide (GO) can effectively enhance 

the electron transfer, which further significantly improve HER activity. Furthermore, the 

HER mechanisms, transfer and diffusion properties of GO based MOF electrocatalysts 

need to be investigated as future alternative route in hydrogen production and storage 

technologies to meet energy demands. 
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CHAPTER THREE 

ANALYTICAL TECHNIQUES

 

3.1. INTRODUCTION 
 
Analytical techniques are set of instruments used to determine the chemical, physical, 

morphological or electrochemical nature of a material and also quantify certain species 

within the material. The analytical techniques can be separated into different 

categories such as spectroscopy, microscopy and physical methods. 

 

3.2. 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 molecular vibrations in Infrared (IR). 

 

3.2.1. Fourier transform infrared spectroscopy 
 

Fourier transform infrared spectroscopy (FTIR) is an analytical technique employed to 

attain an infrared spectrum of absorption or emission of a solid, liquid, or gaseous 

molecules. The principle behind FTIR involves the absorption of light in the infrared 

region of the electromagnetic spectrum by molecules. The absorbed light causes the 

bonds within molecules to vibrate with a certain frequency which corresponds to that 

specific bond. The frequencies of the vibrations are calculated in terms of wave 

numbers ranging from 4000 – 400 cm-1 [1]. The instrument initially records the 

background emission spectrum, which will be used to correct the spectra reading of 

analyte, and then secondly the emission spectrum of the IR source of the sample of 

interest. The ratio between the sample spectrum and background spectrum directly 

correlates with the sample's absorption spectrum. The resultant absorption spectrum 

due to the bond natural vibration frequencies designates the presence of those specific 
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chemical bonds corresponding to functional groups existing in the sample. Figure 3.1 

outlines the important features of FTIR and how sample analysis takes place [1,2]. 

 
 

Figure 3.1: Basic components of FTIR [1]. 

 

FTIR is mostly employed for qualitative analysis to identify which functional groups are 

present in the sample [3,4]. In this work FTIR was used to confirm the presence of 

MOF and GO functional groups in the nanocomposite.  

 

3.3. 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. 

In principle, when an electron beam interacts with the atoms in a sample, individual 

incident electrons undergo two types of scattering - elastic and inelastic. In the elastic, 

only the trajectory changes, the kinetic energy and velocity remain constant. Inelastic 

scattering, some incident electrons will actually collide and displace electrons from 

their orbits (shells) around nuclei of atoms comprising the sample. This interaction 

places the atom in an excited (unstable) state. Microscopy can be categorised into 

three sections, namely: 

• optical microscopy which uses visible light to produce enlarged images,  

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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• scanning probe microscopy that involves using a probe to scan object and 

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

object. 

 
3.3.1. 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 

(Figure 3.2) is that a sample is bombarded with electrons, the strongest region of the 

electron energy spectrum is due to secondary electrons. These secondary electrons 

are produced when incident electrons excite electrons in the sample and lose most of 

the energy in the process [5,6].  

 
Figure 3.2: Overview of scanning electron microscopy [6]. 
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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 

[5]. The beam scans the surface of the specimen by means of scan coils. Furthermore, 

the excited electron moves towards the surface of the sample undergoing elastic and 

inelastic collisions until it reaches the surface, where it can escape if it still has 

sufficient energy. Electrons are emitted from the specimen by the action of the 

scanning beam and collected by a suitably-positioned detector [7]. The relaxation 

energy is the fingerprint of each element which are measured by Energy Dispersive 

Spectroscopy detector (also called EDS). In this study, the SEM technique was 

employed for investigation of the morphology of the synthesised GO and MOF 

materials as well as composite.  

 

3.3.2. 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 [8]. TEM (Figure 3.3) 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.  
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Figure 3.3: Overview of transmission electron microscope [8]. 

 

In principle, the electrons pass through multiple electromagnetic lenses. The beam 

passes through the solenoids (tubes with coil wrapped around them), 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 [8,9]. 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 
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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 [6,8]. 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. A high resolution transmission electron microscope 

coupled with energy dispersive X-ray (EDX) was used to obtain the structural 

morphology and elemental analysis for all the synthesised materials. 

 

3.4. 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. 

 

3.4.1. 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. This 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 [10]: 

 

𝑛𝑛𝑛𝑛 = 2𝑑𝑑sin𝜃𝜃                  (3.1) 

 

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

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

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



 

60 
 

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

characterisation of crystalline materials, and determination of unit cell dimensions. 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 [10, 11]. 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. In this study, XRD was used to fingerprint the materials using the known 

reference patterns and also monitor the composite formation [12].  

 

3.4.2. Simultaneous thermal analysis (STA) 
 

STA involves the application of thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) simultaneously. In brief, the thermogravimetry deals with 

thermal analysis which is focussed on investigating the change in weight of a material 

as a function of increasing temperature or time. The profile of weight change is 

recorded upon sample exposure to a controlled heating or cooling environment. The 

weight change recorded as a function of time is isothermal mode, whereas the one 

captured as a function of temperature is scanning mode [13,14]. Thermogravimetric 

analyses (TGA) is primarily used to understand certain thermal processes such as 

absorption, adsorption, desorption, vaporization, sublimation, decomposition, 

oxidation, and reduction. Additionally, this method can be used for evaluating volatiles 

or gaseous products lost during such chemical reactions for various samples such as 

nanomaterials, polymers, polymer nanocomposites, fibres etc. [13]. TGA is employed 

for determining the thermal stability and organic content of samples, degradation 

mechanism as well as kinetics of chemical reactions. On the other hand, Differential 

scanning calorimetrer (DSC) is a technique in which the difference in the amount of 

heat required to increase the temperature of a sample and reference are measured as 

function of temperature. Both the sample and reference are maintained at nearly the 

same temperature throughout the experiment. Generally, the temperature program for 

a DSC analysis is designed such that the sample holder temperature increases linearly 

as a function of time. Only a few mg of material are required to run the analysis. DSC 
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is the most often used thermal analysis method, primarily because of its speed, 

simplicity, and availability. It is mostly used for quantitative analysis. Generally, if a 

material is thermally stable, no change in mass will be observed. Advantages 

associated with this method include limitations in instrumental error and no series of 

standards for calculation of an unknown are required. The drawback is that it only 

allows for single element analysis, or a limited group of elements at a time [15]. The 

thermal stability of the prepared nanocomposite was studied using STA. 

 

3.5. 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) [16,17]. Electroanalytical techniques follow the basics of electrochemistry 

whereby redox reactions occur during operations and use the electrochemical cell 

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 [18,19]. The reactions occur on the surface of the working electrode. There 

are several types of working electrodes, which are commonly used, thus glassy 

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

standardisation 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 is saturated calomel 

electrode (SCE) and silver/silver chloride (Ag/AgCl) electrode. Then lastly there is an 
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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. 

 

3.5.1. 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 [17-19]. The CV (Figure 3.4) 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 [19]. 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 [18]. The CV 

was used to evaluate the electrochemical properties of the materials as well as the 

hydrogen evolution reaction for hydrogen production. 
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Figure 3.4: Typical cyclic voltammogram showing the peak cathodic and anodic 

current respectively for a reversible reaction [19]. 

 
 

3.6. CONCLUSIONS 
 

In summary, several analytical instruments were reviewed in this Chapter with their 

applications in materials’ characterisations. The review chapter explained the principle 

behind analytical techniques, which will be used to study and understand the chemistry 

of the prepared materials. The FTIR was detailed to help with the confirmation of the 

composite by looking at the appearance and disappearance of vibration bands. This 

technique was adopted in this work for structural elucidation of the nanocomposites. 

The STA was identified as a suitable thermal technique for thermal stability and 

moisture characterisation of the materials and also to monitor the formation of the 

nanocomposite. The crystallinity of the materials was confirmed by XRD, wherein the 

review of this technique showed further on how to determine the magnetic and 

polymeric phases of the nanocomposites. On the other hand, the morphological 
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techniques were reviewed. The FE-SEM and HRTEM techniques provide information 

about extrinsic and intrinsic structural imaging as well as elemental mapping and 

composition (using EDX). The CV potentiostat was used to confirm the 

electrochemical properties of the synthesised materials and to monitor their hydrogen 

evolution. 
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CHAPTER FOUR 

GRAPHENE OXIDE/METAL ORGANIC FRAMEWORKS NANOCOMPOSITE 
WITH IMPROVED ELECTROCATALYTIC EFFICIENCY FOR HYDROGEN 

PRODUCTION AND STORAGE  

 
 

This chapter has been submitted for publication: 

CHAPTER SUMMARY 
 
There are very rare reports on using metal organic framework (MOF) electrocatalysts 

for hydrogen production and storage through electrochemical hydrogen evolution 

reaction (HER). In this study, a composite of graphene oxide (GO) and Metal organic 

framework (MOF) was synthesised by impregnation method, characterised with varies 

techniques and its application as HER electrocatalyst was studied using cyclic 

voltammetry (CV), Tafel plots and turn over frequencies (TOFs). The X-ray diffraction 

(XRD) and Fourier Transform Infrared spectroscopy (FTIR) results of the composite 

demonstrated the crystalline phases and vibrational bands for both parent materials. 

The simultaneous thermal analysis (thermal gravimetric analysis (TGA) and differential 

scanning calorimetry (DSC)) results showed enhancement of the thermal stability of 

the composite as compared to the neat materials. The scanning electron 

microscopy/Energy dispersive spectroscopy (SEM/EDS) and high resolution 

transmission electron microscopy/Energy dispersive x-ray spectroscopy 

(HRTEM/EDX) confirmed the presence of octahedral structure of MOF in the GO 

sheet-like structure and elemental composition of the synthesised materials.  The 

performance of the proposed electrolytic system for electrochemical HER by Tafel 

parameters and TOFs showed a drastic increase in catalytic H2 production in the 

composite through the Volmer reaction coupled with one of the mechanisms. This 

disclosed that the addition of GO/MOF in the electrolytic system possessed better 
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catalytic characteristics with enhanced TOFs which may open a new way for hydrogen 

production and storage via HER enhancement. 

 

4.1. INTRODUCTION 
 
Currently, energy supplies are mainly based on combustion of fossil fuels 

accompanied by a number of environmental problems such as greenhouse emission 

and air pollution. In order to overcome these challenges, hydrogen gas as a renewable 

energy has been designated as the best energy carrier and alternative non-renewable 

sources due to its excellent properties (i.e. light weight and high energy density as 

compared to fossil fuel based sources) [1,2]. However, there are significant challenges 

hindering the large scale applications and commercialisation of hydrogen fuel 

especially in mobile transportation. These problems include the lack of safe handling/ 

hydrogen storage materials and effective methods for hydrogen production. With this 

being noted, electrochemical reduction of water is considered as one of the promising 

route for hydrogen production due to its simplicity and economical way to produce 

hydrogen with high purity and large quantity [2]. Even though electrochemical water 

splitting is regarded as a promising route for hydrogen generations, usage of platinum 

(Pt) as an excellent cathode electrode hampers its practical applications because of  

its high cost and low earth abundance [3,4]. Hence, there is a need to look for a 

suitable alternative material to Pt based on cheap and high earth abundant materials 

[3]. There are several reports which have attempted to reduce the amount of Pt loaded 

in the electrode body [4] or replace it with another electrocatalyst[5]. Electrocatalysts 

such as nanostructured carbons (carbon nanotubes) [6], metal organic frameworks 

(MOFs) [7] and metal sulphides [6]  were proposed as candidates for hydrogen 

evolution reaction (HER) due to the light weight and high surface areas. Amongst 

these electrocatalysts, MOFs have shown to be very promising materials for HER 

mainly  due to their adjustable pore sizes as well as defined hydrogen occupation sites 

[7]. Related to hydrogen energy, MOFs have also been used as hydrogen storage 

materials [8,9] and there are some reports in hydrogen generation area with 

photocatalytic method [10], and a few reports on electrochemical hydrogen generation 
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[7,11]. Nevertheless, MOFs exhibit a few weak points that impact their potential use. 

These include low electrical conductivity (their use in electrocatalysis is limited), 

moisture instability, poor H2 adsorption and desorption at ambient conditions (the high 

H2 adsorption amounts of this material were measured only at 77 K and declined 

dramatically at ambient temperature, due to weak physisorption of hydrogen on MOFs) 

[12]. Combining MOF materials with other substrates has been proposed in order to 

mitigate the above-mentioned drawbacks [13-15]. Carbon based/metal-organic 

frameworks (MOF) composites have recently attracted significant attention as a new 

class of materials [10-15]. For example, Petit and Bandosz [16] have reported the 

formation of graphene (GO)/MOF composites via interactions between oxygen groups 

of GO and metallic centers of MOF using hydrothermal method, where the synergetic 

effect between MOF units and GO layers was responsible for enhanced adsorption 

amounts compared to the parent material. Bandosz and other groups have also 

constructed GO/MOF composites (in-situ hydrothermal synthesis), and the synergistic 

effect on porosity and chemistry of GO/MOF resulted in an improvement of H2 

absorption [15]. In addition, Ramohlola et al. [14] presented poly(3-aminobenzoic 

acid)/metal organic framework composite with a drastic increase in catalytic H2 

evolution due increase in electron density of the polymer by introduction of MOF. 

Taking advantages of GO, chemically modified graphene with MOF exhibits numerous 

active edges and functional groups based on oxygen. It has good electrochemical and 

mechanical properties, which makes it suitable for energy devices [13,15].  To the best 

of our knowledge, there are no studies reported on HER using composite of GO/MOF. 

Hence in this study, a composite of MOF with GO was prepared through impregnation 

method and applied for electrochemical hydrogen evolution reaction. Structure and 

morphology of the composite were characterised by various techniques, and its 

electrochemical hydrogen production and storage performance was compared with 

bare electrode, MOF and GO. 
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4.2. EXPERIMENTAL 

  

4.2.1. Materials 
 
Copper nitrate trihydrate (Cu(NO3)2.3H2O), trimesic acid (H3BTC), graphite powder, 

tetrabutylammonium percholate (TBAP), and Sodium nitrate (NaNO3) were purchased 

from Sigma Aldrich, South Africa., dimethylformamide (DMF), dimethylsulfoxide 

(DMSO), phosphoric acid (H3PO4) and sulphuric acid (H2SO4) were purchased from 

Rochelle chemicals. Potassium permanganate (KMnO4) and hydrochloric acid (HCl) 

were purchased from SAARCHEM. Hydrogen peroxide (H2O2) from Moncon. H2SO4 

standard solutions were made in DMSO solution with 0.1 mol.L-1 TBAP as a supporting 

electrolyte system unless otherwise stated. Electrochemical measurements were 

carried out at 22±2 °C.  

 

4.2.2. Synthesis of GO, MOF and GO/MOF composite 
 
GO was prepared according to the modified Hummer method [17]. Briefly, 5 g of 

graphite and 2.5 g of NaNO3 were mixed with 108 mL H2SO4 and 12 mL H3PO4 and 

stirred in an ice bath for 10 minutes. Approximately, 15 g of KMnO4 was slowly added 

maintaining the temperature of the mixture below 5 oC. The suspension was then left 

to react for 2 hours in an ice bath, stirred for 60 minutes and stirred in a 40 oC water 

bath for 60 minutes. The temperature of the mixture was adjusted to a constant 98 oC 

for 60 minutes while water was added dropwisely. Deionised water was further added 

so that the volume of the suspension was 400 mL. Again, 15 mL of H2O2 was added 

after 5 minutes. The reaction product was centrifuged and washed with deionised 

water and 5% HCl solution repeatedly. Finally, the product was dried at 60 oC. 

MOF was synthesised by following a hydrothermal procedure [18]. Briefly, 4.5 mmol 

(1.087 g) of Cu(NO3)2.3H2O was dissolved in 10 mL of distilled water and then mixed 

with 2.5 mmol (0.525 g) of H3BTC (trimesic acid) dissolved in 10 mL of ethanol. The 

mixture was stirred for 30 minutes and then transferred to a 23 mL Teflon stainless-

steel autoclave and sealed to react for 36 hours at 120 °C in thermostatic drying oven. 
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After cooling to room temperature, the mother liquor was then filtered. The product 

was washed by ethanol repeatedly, and then dried at 50 oC for overnight.  

GO/MOF composite was prepared through impregnation method of directly mixing of 

GO and MOF. Briefly, 0.1 g of as-synthesized MOF sample was dehydrated at 150 oC 

for 1 hour. It was then suspended in 10 ml DMF. In a separate beaker, 0,1 g of 

graphene oxide (50 wt.%) was dispersed in 1,4 mL DMF, and then the two mixtures 

were mixed together and stirred magnetically for 24 hours at 50 oC. The resulting 

product was recovered by filtration and washed with ethanol and then dried overnight 

at 50 oC.  

 

4.2.3. Material characterisations 
 
FTIR spectra were recorded on Spectrum II spectrometer (PerkinElmer) in the 

wavenumber range between 400 and 4500 cm-1 at room temperature and X-ray 

diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 Å). The thermal stability 

was studied by a thermogravimetric analyser (STA Perkin-Elmer 4000). Samples 

ranging between 1 to 4 mg were heated from 30-500 °C at a heating rate of 20 °C.min-

1 under N2 environment. Morphological characterisations were performed using Auriga 

Field Emission Scanning Electron Microscope (FESEM) coupled with EDS detector 

for elemental analysis. 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. Electrochemical measurements were performed using 

EPSILON electrochemical workstation. The data were collected using gold (3 mm 

diameter, 0.071 cm2 area), Pt and Ag/AgCl electrode as working electrode, counter 

electrode and reference electrode, respectively. Repetitive scanning of the solutions 

of GO, MOF, and GO/MOF composite (~2.0 x 10-4 mol.L-1) was from -2.0 to 1.25 V at 

scan rate of 0.02 - 0.10 V.s−1. Electrochemical experiments were performed in 25 mL 

of 0.1 mol.L-1 TBAP/DMSO electrolytic system. HER studies were done using different 

concentrations of 0.03 - 0.45 mol.L-1 H2SO4 as H2 source in 0.1 mol.L-1 TBAP/DMSO 

system and ~2.0x10-4 mol.L-1 of GO, MOF and GO/MOF composite as 

electrocatalysts.  
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4.3. RESULTS AND DISCUSSION 
 
4.3.1. Structural Properties 
 
It was well documented that Hummer’s method involves oxidation of graphene by 

strong oxidising agents to obtain graphite oxide [19,20].  Through exfoliation and ultra-

sonication, a black powdered graphene oxide was obtained. Scheme 4.1 presents the 

synthetic route followed for preparation of MOF and GO/MOF via hydrothermal and 

impregnation methods, respectively. The synthesised materials were confirmed by 

XRD, FTIR, TGA, DSC, SEM/EDS, TEM/EDX and SAED analyses. 

 

 
Scheme 4.1: Synthesis of MOF and GO/MOF composite through hydrothermal and 

impregnation method, respectively. 

 

The XRD diffraction pattern of MOF presented in Figure 4.1, is in accordance with the 

one reported in the literature [21] and this is also supported by the reference MOF 

CSID [18]. The characteristics peaks of the MOF pattern appeared at small 2θ angles 

which are characteristics of microporous materials, which possess numerous tiny 



 

73 
 

pores or cavities that are in accordance with typical MOF structure [21]. One of the 

main intense peak of the pattern appeared at 2θ=11.5o, which accounts for the 

reflection (222) when calculating the lattice plane with interplanar d spacing of 7.68 Å 

(estimated using Bragg’s equation: nλ=2dsinθ) [18]. On the XRD pattern of GO in 

Figure 1 (blue pattern), it is observed that there is a strong peak at around 2θ = 10.5o 

(d = 8.42 Å), corresponding to GO (002) crystal face [22]. This peak is ascribed to the 

introduction of oxygen-containing functional groups on the graphite sheet surfaces. 

However, depending on its water content, GO was reported to have the interplanar 

spacing of 8.8 Å [23] which is much larger than that of pristine graphite. Furthermore, 

the broadening of the peak is due to the decrease of the crystal size into the nanoscale 

during the synthesis process [24]. It is interesting to notice that the diffraction pattern 

of the composite is similar to those of parents MOF and GO, however, they were 

observed at high 2θ values. This indicates that the well-defined MOF structure has 

been preserved with the reduction of d spacing to 7.61 Å on 222 crystal plane. In 

addition, the existence of GO in the composite is represented by a shoulder peak at 

2θ = 10.9o (corresponding to the 002 crystal plane) with a d-spacing of 8.12 Å. It was 

seen that the incorporation of GO component did not destroy the linkages between 

copper dimers and benzene tricarboxylic acid (BTC) bridges. Moreover, it should be 

noted here that the intensity of diffraction peaks for composites decreased with 

introduction of GO content. This observation is attributed to the oxygen functional 

groups from excessive GO flakes reacting with copper from MOF sites to form a 

uniform new structure [13–15].  
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Figure 4.1: XRD patterns of MOF, GO, and GO/MOF with reference to MOF CSID. 

 

Figure 4.2 shows FTIR spectra of MOF, GO and GO/MOF. The characteristic bands 

of MOF are well observed on the spectrum. Since MOF consisted of benzene-1,3,5-

tricarboxylic acid (H3BTC), the bands of the spectrum are essentially derived from 

H3BTC. The spectrum shows separate and different regions; the region below 1300 

cm-1, shows various bands assigned to a bridging bidentate coordination of the 

carboxylate group in the organic linker ; and between 1300-1700 cm-1  with the bands 

at 1645 and 1590 cm-1 correspond to the asymmetric and at 1450 and 1370 cm-1 for 

the symmetric stretching vibrations of the C=O groups in BTC [25,26]. The band 

centred at 530 cm-1 is assigned to a vibrational mode directly involving the Cu centre 

and the organic ligand (Cu-O) [20]. The FTIR spectrum of GO is similar to the one 

reported in the literature [19]. Vibration of C–O appears at 1060 cm-1 and the vibration 

of O–H bond in water and/or oxygen surface groups is observed at 1450 cm-1 [26]. 

C=O vibration from carboxyl and/or carbonyl groups is detected at 1735 cm-1 [15]. Two 

other bands observed at 800 and 810 cm-1 to epoxy/peroxide groups and C=O 

asymmetric stretching vibration in sulfonic groups and/or vibration of C–O in epoxides, 

respectively [15]. The bands of both GO and MOF are clearly observed in the FTIR 
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spectrum of the composite GO/MOF and there is a new band appearing at 617 cm-1, 

which is attributed to the Cu-O stretching vibration [15], due to the oxygen of graphene 

oxide and copper metal centres on MOF. This confirms that the interaction between 

the two parent materials is electrostatic as observed in XRD analysis. 

 

 
Figure 4.2: FTIR spectra of MOF, GO and GO/MOF 

 

The thermal stability of the materials and their compounds is very important for 

composite confirmation, and might provide some structural information on molecule-

based interaction and elemental composition. Hence, TGA and DSC curves of 

synthesised materials in this work were performed in the temperature range of 25–500 
oC and presented in Figure 4.3 and 4.4, respectively.  It can be seen in both TGA and 

DSC curves that MOF is relatively stable from the thermal perspective and that the 

melting point (370 oC) which is far above the phase transition temperature, and may 

be highly useful for potential practical applications [27]. As depicted in Figure 4.3, the 

TGA curve of MOF exhibits two clear weight loss steps. It can be seen that at around 

100 oC, the weight loss may be assigned to the removal of ethanol and water 
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molecules per formula unit in the sample. The second step of weight loss happens 

between 350-370 oC, which is caused by the loss of trimesic acid per formula unit and 

remaining mass loss event is attributed to a CuO at temperatures between 370 oC. 

The TGA plot represented by blue line, indicates two degradation processes. The first 

degradation step is due to the loss of moisture and other solvents at low temperatures 

of less than 100 oC [15, 28]. The second step is the decomposition of GO, which takes 

place at 180 oC. This step displays that approximately 60 wt. % mass loss of GO is 

observed at this temperature, which is due to GO decarboxylation process [28]. As 

represented by red line in Figure 4.3, the composite GO/MOF shows enhancement in 

the thermal and moisture stability as compared to the GO and MOF, with the weight 

loss of about 19 wt%. It shows three degradation steps at 75, 225 and 350 oC, 

corresponding to ethanol/moisture, GO and BTC decomposition in MOF structure, 

respectively. Furthermore, DSC result correlates well to the TGA showing an 

exothermic peak (100–125 oC) for crystallisation transition due to the dehydration of 

MOF (Figure 4.4). One endothermic peak for glass transition in MOF was also 

observed at 375 oC. This may be due to the absorption of heat by the sample as it 

undergoes the endothermic phase transition from solid to liquid [28]. The DSC curve, 

shown in Figure 4.4 by blue line, shows an endothermic peak at around 180 oC. This 

peak is due to absorption of heat as GO decomposes [19]. The DSC of the composite 

reveals that both GO and MOF are present, showing two exothermic peaks 

corresponding temperatures to both GO and MOF decompositions. 
 

https://en.wikipedia.org/wiki/Phase_transition
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Figure 4.3: TGA analysis of MOF, GO and GO/MOF composite.  

 

 
Figure 4.4: DSC analysis of MOF, GO and GO/MOF composite. 
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4.3.2. Morphological characterisation 
 
The FE-SEM microphotographs (Figure 4.5) were used to investigate the 

morphologies and microstructures of MOF, GO and GO/MOF composite. As shown in 

Figure 4.5(a), MOF is a visible crystalline material. These MOF crystals are very clearly 

possessing an octahedral shape [25,29] and its corresponding EDS (Figure 4.5(b)) 

reveals the presences of C-, O- and Cu- atoms as the elemental composition in the 

MOF structure. In addition, the inset image of Figure 4.5(a) shows that MOF crystal 

has smooth surfaces and have an average size of 10-15 µm. This observation 

confirmed that hydrothermal synthesis gives pure, highly crystalline MOF materials. 

The SEM image of GO in Figure 4.5(c) is seen as dense flakes of graphene sheets 

stacked together by dispersive forces [23]. The imaging of the composite is quite 

different from the parent materials as expected. Defects like fracture and corner 

breakage are obvious[30,31]. As seen in Figure 4.5(e) and inset image, he 

incorporation of GO impeded the growth of MOF crystallites, which resulted in the 

crystallites of the composites with small size, and coincides with the XRD results 

presented above. The formation of the composite is hypothesised to occur via the 

reaction between the copper sites of MOF and the oxygen-containing groups on GO, 

which has been deduced by Bandosz group [31]. In addition, magnification of the 

octahedral crystals (inset images in Figure 4.5(e)) of GO/MOF composite showed that 

after introduction of GO, the surfaces of the crystals develops rough surfaces which 

can be due to interaction of MOF and GO through the oxygen of GO and Cu of MOF 

[31]. The EDS spectra (Figure 4.5(d) and (f)) show the elements present in the 

synthesised GO and GO/MOF materials. The GO structure consists of carbon and 

oxygen, and these elements are clearly observed in Figure 4.5(d). Since the elements 

in GO are also present in MOF, the composite GO/MOF shows an enhancement in 

the composition of carbon and oxygen (Figure 4.5(f)). The presence of small peaks of 

Mn, K, S, Cl and P are due to impurities trapped in the GO and MOF during synthesis 

process. 
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Figure 4.5: FE-SEM image of (a) MOF, (c) GO (e) GO/MOF composite (inset : 

magnification on the crystal structure to view the surface of the crystal) and EDS 

spectrum of (b) MOF, (d) GO, (f) GO/MOF composite. 
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TEM images are represented in Figure 4.6(a, c and e) for MOF, GO and GO/MOF 

show a clear difference among the samples’ textures, respectively. The TEM image of 

MOF (Figure 4.6(a)) shows the well-defined octahedral shapes of this crystalline 

material.  As seen in Figure 4.6(c), the image shows a well exfoliated graphene 

nanosheets and wrinkled transparent sheet-like structure. In the structure of GO/MOF 

composites (Figure 4.6(e)), the layers have been confirmed as the alternation between 

GO sheets and MOF blocks. It was seen that the functional oxygen groups from GO 

interact with the copper dimmers and chemical interactions are involved in the 

formation of composites [16]. It is interesting to observe that again in the composite, 

the particles preserved the shape of MOF crystals (image e) indicating the constrain 

effects of the GO layers resulting in preserving the shapes of the original MOF crystals 

in their carbonised phase [16]. The graphene phase seems to be mainly separated 

from the MOF phase and large aggregates can be easily distinguished. Besides this, 

some corrugated MOF sites are directly covered with thin graphene layers. It is known 

that electron beam illumination can cause the breaking down of MOF and can thus 

prevent any visualisation of its lattice structure [15]. Nevertheless, the pattern 

observed can be considered as representing the lattice image of MOF in the 

composite. It is likely that distorted graphene-based layers present in the composite 

helped the MOF to retain its crystalline structure by dissipating the electrostatic 

charges [15, 16] . As shown in Figure 4.6(b, d and f), the EDX spectra revealed all the 

elements present in GO, MOF and GO/MOF confirming the incorporation of GO onto 

MOF, respectively. It was observed that the presence of small peaks of K and S are 

due to impurities trapped in the GO and MOF during synthesis process as seen in 

EDS spectra above. Furthermore, Figure 4.7(a, c and e) show HRTEM images of 

MOF, GO and GO/MOF, respectively. It was seen in Figure 7(a) that the phase 

contrast of the intact crystal of MOF was barely visible, but its presence became 

apparent in the according SAED (Figure 4.7(b)). The measured spacings correspond 

to MOF in (222) orientation with d spacing of 0.857 nm (8.57 Å) and 1.00 nm (10.0 Å) 

in HRTEM and SAED images, respectively. In addition, the crystallinity of the MOF 

observed in these images show the clear diffraction spots is in agreement with XRD 

discussed above.  The HRTEM image (Figure 4.7(c)) and its corresponding SAED 
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image (Figure 4.7(d)) of GO show amorphous characteristic of graphene sheet [33] 

with a d-spacing of 1.08 nm (10.8 Å). The GO/MOF images in Figure 4.7(e) and (f) for 

HRTEM and SAED show the spacing is 1.05 nm (10.5 Å) which are close to the d-

spacing of (222) plane of MOF and (002) plane of GO. These results clearly suggest 

the formation of hybrid-structure. 

 
Figure 4.6: TEM image of (a) MOF, (c) GO and (e) GO/MOF; composite and EDX 

spectrum of (b) MOF, (d) GO and (f) GO/MOF composite. 

 



 

82 
 

 

 

 
Figure 4.7: HRTEM images of (a) MOF, (c) GO and (e) GO/MOF composite; and 

SAED patterns of (b) MOF, (d) GO and (f) GO/MOF composite. 
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d=1.00 nm 
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4.3.3. Electrochemical characterisation 
 
Electrochemical behaviour of MOF, GO and GO/MOF composite was studied by cyclic 

voltammetry to understand the redox chemistry of the prepared composites. Figure 

4.8(a) shows typical current-potential curves of the gold electrode in 0.1 mol.L-1 

TBAP/DMSO system of blank, MOF, GO and GO/MOF composite. It was noticeable 

that the Faradaic contributions (redox process) onto gold electrode was observed at 

around -0.50 V. This is a typical redox process of bare Au electrode [31,32]. However, 

there are three reduction processes observed in the presence of MOF electrocatalyst. 

The active sites on the material experiences a conversion from Cu to Cu3+ and then 

back to Cu, respectively [32]. In the scan, the process and their inverse processes can 

be expressed as shown in the figure  between 0 and 1 V with three anodic peaks 

corresponding to the conversion of Cu to +1 valency, +1 to +2 and conversion of +2 

to +3 valency, respectively [33]. On the other hand, it was reported that the 

electrochemical reduction at cathodic region of Cu2+ in solution proceeds in two 

successive-one electron reversible waves through a Cu+ intermediate, in which the 

stability of the intermediate was due to the presence of ions in the solution [34]. The 

shift in potential was also reported by Loera-Serna et al. [28] 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 to possess more 

negative potential, which might be due to electrochemical properties of Au electrode 

in TBAP/DMSO system [14]. It was seen that GO in the potential window of 

TBAP/DMSO electrolyte system showed a quasi-reversible processes. As clearly seen 

in the CV of GO/MOF on the gold electrode, still allow the diffusion of the redox 

mediator (Cu2+/Cu+) through their layers to the electrode surface. One of the important 

features observed in the CV of the composite was the enhancement of anodic peak 

towards potential of 0.2 V for conversion of Cu to Cu+ [33]. 
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Figure 4.8: (a) CV curves of Blank, MOF, GO and GO/MOF composite at 0.1 v.s-1 in 

0.1 M TBAP/DMSO electrolyte solution on Au electrode. (b-d) MOF, GO and GO/MOF 

at different scan rates (0.02-0.1 v.s-1) in 0.1 mol.L-1 TBAP/DMSO, respectively.   

 

The influence of scan rate on the electrochemical response of MOF, GO and GO/MOF 

composite was accomplished in 0.1 mol.L-1 TBAP/DMSO system using Au working 

electrode. The multiscan voltammograms of MOF, GO and GO/MOF are shown in 

parts b-d of Figure 4.8, respectively. As shown in Figure 4.8(b), the peak currents 

corresponding to three copper processes slow increase with the scan rate, whereas, 

the peak currents corresponding to the reverse processes increase with increase in 

scan rate and reach constant values. In addition, the Cu (III) formed and are used as 

catalysts to HER process [32,35]. It was observed that both anodic (Ipa) and cathodic 

peak (Ipc) currents increased linearly with scan rates from 0.1 to 1 V.s−1. All redox 

couples showed electrochemical quasi-reversible process with respect to change in 

peak potential (ΔEp) and the ratio of anodic and cathodic peak current (Ipa/Ipc) values. 
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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 with slope of 0.5 indicates 

diffusion controlled characters [36,37] of the redox processes as shown in Figure 

4.9(a). Furthermore, the diffusion coefficient, D, was determined for catalysts using 

cyclic voltammetry and following the Randles-Sevcik equation for a quasi-reversible 

system (Equation 4.1) [36,37]. 

 

Ip = (2.65x105)n3/2ACD1/2(v)1/2                                                                    (4.1) 

 

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 in V.s-1. Consistent with Equation 4.1, Figure 

4.9(b), showed that the current increased linearly with increasing the square root of 

the scan rate, ν1/2. The D values were found to be 1.39 x 10-7, 4.15 x 10-7 and 3.32 x 

10-7 cm2.s-1 for MOF, GO and GO/MOF respectively. The introduction of GO on MOF 

surface enhanced the diffusion coefficient of the composite compared to parent MOF. 

Similar trend was observed in MOF based polymer composite [29, 38] . In other cases, 

instead of the material undergoing only diffusional process, it can also adsorb on the 

surface of the electrode. This observation can be obtained by directly relating the peak 

current with the surface coverage (Γ) and the potential scan rate as given in Equation 

4.2. 

 

            Ip=
RT

AvFn
4

22 Γ

                                                                    (4.2) 

 

Figure 4.9(c) shows a linear relationship between current and scan rate (Equation 4.2). 

From the slope in the figure, the surface coverages for MOF, GO and GO/MOF were 

found to be 1.32 x 10-10, 2.23 x 10-10 and 2.05 x 10-10 mol.cm-2, respectively confirming 

the adsorption of the material on the gold electrode.                                                                                                                                                                                                                                     
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Figure 4.9: (a) The log-log plot of the absolute value of the peak current vs scan rate, 

(b) peak current as a function of square root of scan rate and (c) peak current as a 
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function of scan rate for MOF, GO and GO/MOF on gold in 0.1 M DMSO/TBAP 

electrode system at different scan rates (0.02 – 0.10 V.s-1). 

 

4.3.4. Hydrogen studies 
 
The HER studies of the samples was evaluated using CV in 0.1 mol.L-1 TBAP/DMSO 

system as an electrolytic solution and H2SO4 as hydrogen source and the results are 

presented in Figure 4.10(a-d). Upon addition of H2SO4, a wave catalytic near the 

reduction potential was observed, which suggested that MOF, GO and GO/MOF 

composite are reducing H2SO4 to H2 [29]. The current intensities of the samples can 

be related to the amount of H2 produced [25,29]. Therefore, the greater the current 

readings will result to a large quantity of H2 production. This observation confirmed 

that our samples possessed best electrocatalytic activity for HER [38]. Furthermore, 

there was an intense increase in the current intensity of GO/MOF composite at -0.7 V 

compared to both MOF and GO. This result indicated that the GO/MOF composite 

was more effective in producing maximum H2 in comparison to MOF and GO. The 

different scan rate dependent studies were used to examine the electrochemical 

properties of the samples during electrocatalytic hydrogen evolution and the results 

showed that there is an increase in the cathodic peak current with increasing the scan 

rate.  
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Figure 4.10: (a) CV curves of Blank, GO, MOF and GO/MOF composite in the 

presence of 0.300 mol.L-1 H2SO4 at 0.10 V.s-1 and CV curves of (b) MOF (c) GO and 

(d) GO/MOF composite in different concentration of hydrogen source (0.033-0.450 

mol.L-1 H2SO4) at 0.10 V.s-1 on Au electrode in 0.1 mol.L-1  TBAP/DMSO electrode 

system.   

 

The Tafel analysis is used to get a better grasp on the kinetics and activity of 

electrochemical reactions for HER [39]. The Tafel slope value gives 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 in this work can also be proposed by means of mechanism. In an acid medium, 

the HER pathway could proceed via three main steps (Scheme 4.2): Initial reduction 

of Cu(II) to Cu(I) of the MOF/GO, followed by interaction of the proton with the 

corresponding composite and leading in to formation of the composite hydride 

(MOF/GOHad) in hydrogen storage process as the most probable intermediate and 
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proposed to be Volmer mechanism [14,25]. After the hydride, the hydride intermediate 

easily undergoes a protonation or interacts with one another to form H2 molecule 

through a Heyrovsky or Tafel reaction [14, 25, 29, 38].  

 

 
Scheme 4.2: Proposed mechanisms involved in the HER kinetics of the composite 

 
The Tafel plot was constructed from current density-potential data at various 

concentrations ranging from 0.033 to 0.450 mol.L-1 H2SO4. Elucidating the mechanism 

of heterogeneous hydrogen evolution usually takes the form of Tafel analysis, where 

the steady state or quasi-steady state current, i, at a catalyst of a given composition is 

measured over a range of overpotential, 𝜂𝜂. Then log(i) can be plotted against 𝜂𝜂 to give 

a linear relationship, known as a Tafel line. The intercept of the Tafel line with the 

current axis gives the exchange current density, i0, which is related to both the inherent 

reaction exchange rate at dynamic equilibrium and the electrochemically active 

surface area of the catalyst. The slope of the Tafel line is independent of surface area 

and takes on a limited number of values that correspond to the dominant mechanism 

[37]. Ramohlola et al. [29,38], reported that the b could also serve as an indicator of 

either Volmer, Heyrovsky and Tafel in a multi-step proton transfer process and i0 the 

measure of performance of an electrocatalyst. In this study, the values of b and i0 were 

estimated by linear polarisation curves [29,38] and the results are presented in Table 

1. In addition, another important parameter that can give insight of reaction mechanism 

is the cathodic transfer coefficient (1-α) which was calculated using high overpotential 

region, where Butler-Volmer equation simplifies to the Tafel equation (Equation 4.3), 

from the Tafel slope b given by the relationship: 

 

b=
F
RT

)1(
303.2
α−

−         (4.3) 
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Figure 4.11 and Table 4.1 show Tafel plots and parameters, for blank electrode, GO, 

MOF and GO/MOF composite. The present study exhibits that the GO gives Tafel 

slope of 144 mV.dec-1 at 0.300 mol.L-1 H2SO4. At the same acid conditions, MOF and 

GO/MOF composite showed lower Tafel slope values as compared to the bare GO. 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 HER [40]. Nonetheless, the 

presence of the GO on the surface of MOF results in an increase in the Tafel slope 

value to 125 mV.dec-1. These results are in good consent with the work reported by 

Kubisztal et al. [41] when studying the HER behaviour of nickel-based composite 

coatings containing molybdenum powder. Furthermore, the charge-transfer coefficient 

(α = 0.5), describes a mechanism where the rate determining step is the Volmer 

reaction or the Volmer reaction coupled with one of the other two reactions [43]. As 

given in Table 4.1, the charge transfer coefficients for MOF and GO/MOF composite 

are close to 0.5. Thus, the rate determining step of HER on the studied MOF and the 

composite maybe the Volmer reaction or Volmer reaction coupled with one of the other 

two reactions [40,41]. Furthermore, the turnover frequency (TOF) is widely used in the 

molecular catalysis field to assess the efficiency of catalysts, which can also be 

employed for electrocatalytic reactions. The TOF is the mass of molecules reacting for 

a certain reaction per unit time, which can be calculated using Equation 4.4 [42]: 

 

TOF=
Fm
jM

2
                                         (4.4) 

 

where j is the current density at a given potential, M is mass percentage of materials, 

F is Faraday's constant, and m is the mass of per square centimetre of MOF , GO and 

GO/MOF catalysts estimated from BET surface area of MOF (614. 7 m2/g [25]) and 

GO (423 m2/g [43]). The TOF values for MOF, GO and GO/MOF are presented in the 

Table 4.1. It was seen the composite resulted with the enhancement of the TOF 

values, for example, the value was obtained to be 6.6 mol H2 .s-1 as compared to 4.75 

mol H2 .s-1 of GO at 0.45 mol.L-1.  In addition to the Tafel slope, the reaction order of 

http://www.sciencedirect.com/science/article/pii/S0360319906005830
http://www.sciencedirect.com/science/article/pii/S0360319906005830
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the HER with respect to the concentration of hydrogen ions is also a characteristic 

kinetic parameter that can provide additional information about the underlying 

mechanism. Figure 4.12(a) and (b) present the pH dependence of the current density 

and potential, respectively, for the experimental data obtained in the present study. 

The slope of the trendline in Figure 4.11(a) (log(i) vs. pH), represents the apparent 

reaction order of HER which was found to be  around 0.8, suggesting  a mixed type 

mechanism [44] as observed in Tafel parameters. Furthermore, in Figure 4.12(b) 

which is a representation of the Pourbaix diagram and the slope was seen to be less 

than 0.5. The observed dependence agrees well with the proposed mechanism of the 

process above.  

 

 

 
Figure 4.11: Tafel plots of (a) blank, GO, MOF and GO/MOF composite (~2.0x10-4 

mol.L-1) in the presence 0.300 mol.L-1  H2SO4 at 0.10 V.s-1 (b) MOF (c) GO and (d) 
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GO/MOF composite in different concentrations of H2SO4 and 0.10 V.s-1 scan rate on 

Au electrode in 0.1 mol.L-1 TBAP/DMSO electrode system. 

 
Table 4. 1: Experimental values of Tafel slope (b), charge transfer coefficient (1–α), 

exchange current density (i0) and TOF of MOF, GO and GO/MOF composite. 

Material H2SO4 
(mol.L-1) 

Slope (b) 
(V.dec-1) 

-b 
(mV.dec-1) 

1-α logi0 
(μA.m-2) 

i0 
(A.m-2) 

TOF 
(mol H2.s-1) 

MOF 0.033 -0.1385 138 0.43 6.38 2.40 0.763 
0.075 -0.2119 212 0.28 6.65 4.47 1.421 
0.150 -0.1318 132 0.45 6.98 9.55 3.038 
0.300 -0.1058 106 0.56 7.17 14.79 4.705 
0.450 -0.1257 126 0.47 7.35 22.39 7.121 

GO 0.033 -0.1391 139 0.43 6.45 2.82 0.584 
0.075 -0.1759 176 0.34 6.73 5.37 1.113 
0.150 -0.1382 138 0.43 6.98 9.55 1.979 
0.300 -0.1438 144 0.41 7.15 14.13 2.928 
0.450 -0.1887 189 0.31 7.36 22.91 4.748 

GO/MOF 0.033 -0.1571 157 0.38 6.32 2.09 0.550 
0.075 -0.1529 153 0.39 6.69 4.90 1.288 
0.150 -0.1420 142 0.42 6.87 7.41 1.950 
0.300 -0.1251 125 0.47 7.24 17.38 4.571 
0.450 -0.1163 116 0.51 7.40 25.12 6.607 

Pd@CuPc

/MOF [31] 
0.300 -0.1770 177 0.33 7.00 8.9 0.845 
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Figure 4.12: (a) Plot of log current as a function of pH of the solution and (b) Pourbaix 

diagram of hydrogen evolution reaction. 

 

4.4. CONCLUSIONS 
 
In this work, highly active GO/MOF composite for hydrogen production and storage 

via HER process were prepared by impregnation method of MOF and GO. The 

influences of GO 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 GO on the MOF surface can significantly increase the 

HER exchange current density, and reduce the electrochemical reaction resistance. 

The electrocatalytic activity of the GO/MOF composite is higher than that of the neat 

MOF. The observed promotional roles of incorporated GO is ascribed to possible 

synergetic effects between GO crystals and the MOF matrix, leading to a facilitation 

of HER as part of hydrogen production with enhanced TOF values. Furthermore, the 

Tafel slope and charge-transfer coefficients showed that the rate determining step of 

HER on the studied MOF and GO/MOF composite maybe the Volmer reaction or the 

Volmer reaction coupled with one of other two reactions supported by slopes from the 

plot of log current vs pH and Pourbaix diagram. The results demonstrated that 

microstructured MOF based composite may be used as alternative electrocatalyst for 

hydrogen fuel cell applications. 
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CHAPTER FIVE 

PALLADIUM SUPPORTED GRAPHENE OXIDE BASED METAL ORGANIC 
FRAMEWORK NANOCOMPOSITE WITH IMPROVED ELECTROCATALYTIC 

EFFICIENCY FOR HYDROGEN EVOLUTION REACTION 
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CHAPTER SUMMARY 
 
Limited reserve in earth and high cost of Pt based materials restrict their wide 

application in industry, which is a major challenge for commercialisation of the 

hydrogen fuel cell devices. In this study, a composite of palladium supported graphene 

oxide (GO) based metal organic framework (MOF) was synthesised using 

electrodeposition of Pd on GO followed by impregnation method. The prepared 

materials were characterised with varies analytical techniques and their applications 

as HER electrocatalysts were evaluated using cyclic voltammetry (CV), Tafel plots and 

turn over frequencies (TOFs). The XRD analyses showed the incorporation between 

MOF and Pd@GO, wherein the pattern of the composite contains the characteristic 

peaks of the two parent materials, showing that the incorporation did not dismantle the 

framework and structure of the MOF and Pd@GO respectively. This is in agreement 

with FTIR, whereby the functional groups of MOF and GO were observed in the 

nanocomposite. TGA/DCS curves revealed the improvement of thermal and moisture 

stability of the nanocomposite with respect to parent MOF, The scanning electron 

microscopy/Energy dispersive spectroscopy (SEM/EDS) and high resolution 

transmission electron microscopy/Energy dispersive x-ray spectroscopy/selelected 

area electron diffraction (HRTEM/EDX/SAED) confirmed the presence of octahedral 

structure of MOF in the Pd@GO sheet-like structure, elemental composition and 

crystallinity of the synthesised materials. The performance of the proposed electrolytic 

system for electrochemical HER by Tafel parameters and turn over frequencies 
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(TOFs). The HER results showed a drastic increase in catalytic H2 production in the 

composite through the Volmer reaction coupled with one of the mechanisms. This 

disclosed that the addition of Pd@GO/MOF in the electrolytic system possessed better 

catalytic characteristics with enhanced current density which may open a new way for 

hydrogen production and storage via HER and spillover mechanisms. 

 

Keywords: Electrocatalysts, Hydrogen evolution reaction, Metal organic framework, 

Palladium, Graphene oxide 

 

5.1. INTRODUCTION 
 
The extreme dependence of fossil fuels are escalating the global environmental 

pollution and the energy crisis [1]. Currently, there is an increasing courtesy on the 

development of sustainable and clean energy sources [2–4]. Hydrogen from water 

splitting electrolysis, is universally recognised as a candidate for future energy 

technology [5–7]. This is due to advantages such as recyclability, free pollution and 

high energy efficiency as compared to gasoline based fuels[5,7] . However, 

electrochemical water splitting hydrogen generation mainly depends on the cathode 

material used hydrogen evolution reaction (HER) occurs at the cathode half reaction 

of the electrolytic cell [6,8,9]. Although Pt and Pt-based materials have shown to be 

the efficient electrocatalysts for HER, high cost and low earth-abundance restrict their 

widespread applications [10]. Thus, replacement of this expensive and precious metal 

with cost-effective and earth-abundant materials is a matter of utmost urgency [11]. 

Non-noble catalysts such as transition metal dichalcogenides have attracted research 

interest as atlternates to Pt-based electrocatalysts due to their excellent electrical 

conductivity and outstanding durability [12–14] However , their limited active sites limit 

their HER performance [6,15]. Metal-organic frameworks (MOFs) with large surface, 

low density and controllable 3D structure, which can provide abundant controllable 

nanoscaled cavities and offer congenital channels for small molecules and ions 

[16,17], have been identified as promising catalysts for HER. A few reports showed 

the use of these materials as electro/photocatalyst in water splitting[14,18,19]. 
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Nevertheless, MOFs showed low electrochemical hydrogen production due to poor 

conductivity caused by its organic linker [14].Therefore, there is a need to improve the 

physical and electrochemical properties of MOFs. Recently, Ramohlola et al. [20–22] 

presented polymer based metal organic framework composites with a drastic increase 

in catalytic H2 evolution and higher Tafel slope in H2SO4 due increase in electron 

density of the polymer by introduction of MOF. Herein, we modified the MOF surface 

with a carbon based material, graphene oxide (GO). GO has attracted much attention 

in the field of gas adsorption owing to its dense array of atoms and rich functional 

oxygen groups that enhance the dispersive forces and increase the porosity of 

materials by incorporating into composites [23,24]. For example, Petit and Bandosz 

[25,26] have reported the formation of GO/MOF composites via interactions between 

oxygen groups of GO and metallic centers of MOF, where the synergetic effect 

between MOF units and GO layers was responsible for enhanced adsorption amounts 

compared to the parent material [26,27].  In relation to this, Monama et al. [28] 

introduced a porphyrin (phthalocyanine) on MOF using impregnation method, followed 

by Pd electrodeposition and the resultant composite showed an improved HER 

catalytic efficiency. In this work, we present the dispersion of the palladium onto the 

GO surface and then later incorporate with MOF, as to increase the dissociation ability 

of the metal and the quantity of hydrogen to be adsorbed in hydrogen evolution 

reaction. Palladium, as compared to platinum, is of very low cost and has high affinity  

to hydrogen [29]. Structure and morphology of the composite were characterised by 

various analytical techniques, and its electrochemical hydrogen production and 

storage performance was compared with blank electrode and MOF and investigated 

through HER studies.  

 

5.2. EXPERIMENTAL  

5.2.1. Materials 
 
Copper nitrate trihydrate (Cu(NO3)2.3H2O), trimesic acid (H3BTC), graphite powder, 

tetrabutylammonium percholate (TBAP) and Sodium nitrate (NaNO3) were purchased 

from Sigma Aldrich, South Africa., dimethylformamide (DMF), palladium chloride 
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(PdCl2), ammonium solution (NH4OH), ammonium chloride (NH4Cl), dimethylsulfoxide 

(DMSO), phosphoric acid (H3PO4) and sulphuric acid (H2SO4) were purchased from 

Rochelle chemicals. Potassium permanganate (KMnO4) and hydrochloric acid (HCl) 

were purchased from SAARCHEM. Hydrogen peroxide (H2O2) from Moncon. H2SO4 

standard solutions were made in DMSO solution with 0.1 mol.L-1 TBAP as a supporting 

electrolyte system unless otherwise stated. Electrochemical measurements were 

carried out at 22±2 °C.  

 

5.2.2. Synthesis of MOF and Pd@GO/MOF composite 
 
MOF was synthesised by the following hydrothermal procedure [30]. Briefly, 4.5 mmol 

(1.087 g) of Cu(NO3)2.3H2O was dissolved in 10 mL of distilled water and then mixed 

with 2.5 mmol (0.525 g) of H3BTC dissolved in 10 mL of ethanol. The mixture was 

stirred for 30 minutes and then transferred to a 23 mL Teflon stainless-steel autoclave 

and sealed to react for 36 hours at 120 °C in thermostatic drying oven. After cooling 

to room temperature, the product was filtered, washed with ethanol repeatedly, and 

then dried at 50 oC for overnight.  

Pd@GO/MOF composite was synthesised through impregnation method of directly 

mixing of Pd@GO (see supporting information for preparation of Pd@GO) and MOF). 

Approximately, 0.1 g of as-synthesised MOF sample was dehydrated at 150 oC for 1 

hour. It was then suspended in 10 mL DMF. In a separate beaker, 0.1 g of Pd-

supportedgraphene oxide (50 wt.% of Pd@GO loading in the composite) was 

dispersed in 1.4 mL DMF, and then the two mixtures were mixed together and stirred 

magnetically for 24 hours at 50 oC. The resulting product was recovered by filtration 

and washed with ethanol and then dried overnight at 50 oC.  

 

5.2.3. Materials characterisation 
 
The FTIR spectra were recorded on Spectrum II spectrometer (PerkinElmer) in the 

wavenumber range between 400 and 4500 cm-1 at room temperature and X-ray 

diffraction (XRD Phillips PW 1830, CuKα radiation, λ = 1.5406 Å). The thermal stability 
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was studied by a thermogravimetric analyser (STA Perkin-Elmer 4000). Samples 

ranging between 1 to 4 mg were heated from 30-500 °C at a heating rate of 20 °C.min-

1 under N2 environment. Morphological characterisations were performed using Auriga 

Field Emission Scanning Electron Microscope (FESEM) coupled with EDS detector 

for elemental analysis. The internal morphology was carried out using a FEI Tecnai 

G2 20 transmission electron microscope (TEM) coupled with EDX and SAED, 

operated at an accelerating voltage of 200 kV and 100 mm camera length. 

Electrochemical measurements were performed using EPSILON electrochemical 

workstation. The data were collected using gold (3 mm diameter, 0.071 cm2 area), Pt 

and Ag/AgCl electrode as working electrode, counter electrode and reference 

electrode, respectively. Repetitive scanning of the solutions of MOF, Pd@MOF, 

Pd@GO, and Pd@GO/MOF composite (~2.0 x 10-4 mol.L-1) was from -1 to 1 V at scan 

rate of 0.02 - 0.10 V.s−1. Electrochemical experiments were performed in 25 mL of 0.1 

mol.L-1 TBAP/DMSO electrolytic system. HER studies were done using different 

concentrations of 0.03 - 0.45 mol.L-1 H2SO4 as H2 source in 0.1 mol.L-1 TBAP/DMSO 

system and ~2.0x10-4 mol.L-1 of MOF, Pd@MOF and Pd@GO/MOF composites as 

electrocatalysts.  

 

5.3. RESULTS AND DISCUSSION 
 
5.3.1. Structural Characterisation 
 
Figure 5.1 shows X-ray diffraction (XRD) patterns of MOF CSID, MOF, Pd@GO and 

Pd@GO/MOF composite. The XRD pattern of MOF (Figure 5.1) is characterised by 

an intense peak at 2𝜃𝜃=12o, which is indexed as the (222) lattice plane with interplanar 

d spacing of 7.68 Å (estimated using Bragg’s equation: nλ=2dsinθ, where n=positive 

integer , λ=wavelength, d= interplanar spacing and  θ=scattering angle) , typical for 

HKUST-1 type of MOF and is in agreement MOF crystal structure information data 

(CSID) [30]. It was seen in Figure S1(a) that the pattern of Pd@MOF shows the 

appearance of peaks as a result of Pd interaction with the MOF, and the intensities of 

the weak peaks are related to Pd doping [31]. Furthermore, palladium coated materials 
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showed two reflection indexes of (111) and (200) at 2𝜃𝜃  values of 39 and 45o, 

respectively, and this is an indication of cubic phase of Pd [31]. On the other hand, 

there was reduction and shift of peak intensity of MOF phases with introduction of Pd 

and the hkl (222) lattice plane with interplanar d spacing of 7.64 Å. The XRD pattern 

of GO (Figure S1(a)) is observed to have one broad peak at 2𝜃𝜃=10.5o  (d = 6.70 Å), 

corresponding to GO (002) crystal face [32] and is due to the presence of oxygen-

containing groups [32]. However, it is observed that after introduction of palladium, 

there is a shift of this mentioned peak to the right of the pattern, indicating the change 

in environment of the oxygen containing groups as palladium is incorporated on GO 

(Figure 5.1). Characteristic peaks of palladium in Pd@GO are observed at 2𝜃𝜃 of 38 

and 45o similar to the one observed on Pd@MOF (Figure S1(a)) [31]. The final 

composite Pd@GO/MOF consists of phases from both GO and MOF but with 

decreased and shifted intensities. The hkl indexes (002) and (222), of GO and MOF 

phases were calculated to have the interplanar d spacing of 8.73 and 7.64 Å, 

respectively The palladium peaks in the composite are observed at very low 

intensities, indicating the presence of palladium in the composite.  
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Figure 5.1: XRD patterns of MOF, Pd@GO and Pd@GO/MOF with reference to MOF 

CSID. 

 

The FTIR spectra of MOF, Pd@GO and Pd@GO/MOF are described in Figure 5.2 

below. The lattice vibrations of as-prepared MOF are in agreement with literature [33]. 

In the spectrum, the region below 1300 cm-1, shows various bands assigned to a 

bridging bidentate coordination of the carboxylate group in the organic linker; and 

between 1300-1700 cm-1  with the bands at 1645 and 1590 cm-1 correspond to the 

asymmetric and at 1450 and 1370 cm-1 for the symmetric stretching vibrations of the 

C=O groups in BTC [28,33]. Lastly in the spectrum of MOF, the band centred at 530 

cm-1 is assigned to a vibrational mode directly involving the Cu centre and the organic 

ligand (Cu-O) [20].The spectrum of GO (Figure S1(b)) was reported elsewhere [34] 

and possessed vibration of C–O at  around 1060 cm-1 and the vibration of O–H bond 

in water and/or oxygen surface groups at 1450 cm-1 and C=O vibration from carboxyl 

and/or carbonyl groups is detected at 1735 cm-1. Notably, the introduction of palladium 
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on to both parent materials (GO and MOF) reveals different interactions. The presence 

of Pd in Pd@GO is seen by the reduction in band intensities as compapred to GO 

spectrum (Figure S1(b)) . Whereas in Pd@MOF, there is an appearance of a new 

band at wavenumber of 1200 cm-1. Since this band is not observed in the parent MOF, 

it implies that the incorporation of palladium is on the surface of MOF through an 

electrostatic interaction between Pd and oxygen group in the carboxylate ligands. The 

spectrum of Pd@GO/MOF shows the presence of MOF and Pd@GO functional group 

as indicative of the Pd supported composite formation.  

 

 
Figure 5.2: FTIR spectra of MOF, Pd@GO and Pd@GO/MOF. 

 

TGA analysis was used to determine the thermal stability of the synthesised materials. 

In addition, 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 thermal analysis of the prepared materials are shown in Figure 

5.3., MOF is thermally stable up to 370 oC. The dehydration of MOF occurs at 100-
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125 oC and the frameworks collapses at 350-370 oC [22]. Graphene oxide (Figure 

S1(c)) was reported to be thermally stable up to 180 oC, this collapse is attributed to 

the loss of oxygen containing functional groups [35]. After the addition of Pd, the 

stability was enhanced as presented in Figure 5.3. This is due to the palladium 

occupying most of the oxygen containing groups, and hence limiting/reducing the loss 

in those functional groups. The introduction of Pd@GO on the MOF surface showed 

improvement of stability as compared to MOF, Pd@MOF (Figure S1(c)) and Pd@GO. 

Interestingly, this composite is now found to be moisture stable losing about 10% of 

water as compared to the parent MOF (losing 30% water). Furthermore, the transitions 

of both MOF and GO are observed in the final composite, which confirms the 

incorporation between the two materials. 
 

 
Figure 5.3: TGA analysis of MOF, Pd@GO and Pd@GO/MOF composite.  

 

The DSC results correlates well with the TGA analysis. There is an exothermic peak 

at 100-125 oC in MOF, which is due to the heat released when the dehydration process 
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occurs [22]. Moreover, an endothermic peak at 350-370 oC is due to absorption of heat 

as the frameworks of the MOF material collapses. With the introduction of palladium 

onto the MOF materials (Figure S1(d)), there is an enhancement is moisture stability 

and also the stability of the frameworks[28]. The Pd@GO shows an endothermic peak 

at 210 oC which is similar to the one of GO (Figure S1(d), due to the absorption of heat 

as material loses all the functional groups [35].The final composite shows peaks 

corresponding the loss of the two parent materials (GO and MOF). This also confirm 

the formation of the composite Pd@GO/MOF 

 
Figure 5.4: DSC analysis of MOF, Pd@GO and Pd@GO/MOF composite.  

 

5.3.2. Morphological characterisation 
 
The SEM images (Figure 5.5) were used to further provide the structural morphology 

and microstructure of MOF, Pd@GO, and Pd@GO/MOF composite. As shown in 

Figure 5.5(a), MOF demonstrates typical irregular crystals with octahedral shapes 

confirming a low control on the crystal growth parameters [22,28] and its 

corresponding EDS (Figure 5.5(b)) reveals the presence of C-, O- and Cu- atoms in 

the MOF structure. The inset image of Figure 5(a) shows that MOF crystals have 
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smooth surfaces. This observation confirmed that hydrothermal synthesis gives pure, 

highly crystalline MOF materials. On the SEM image of Pd@GO crystals, it is clear to 

see that the Pd nanoparticles are well-dispersed on the GO surface as compared to 

SEM image of GO (Figure S2(a)) and no apparent aggregation can be observed. 

Element mapping image and EDS spectrum of Pd@GO also confirmed the presence 

of Pd distributed through the GO sheets (Figure 5.5(d)).  
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Figure 5.5: FE-SEM image of (a) MOF, (c) Pd@GO (e) Pd@GO/MOF composite 

(inset : magnification on the crystal structure to view the surface of the crystal) and 

EDS spectrum of (b) MOF, (d) Pd@GO, (f) Pd@GO/MOF composite. 

In addition, the presence of characteristic peaks of oxygen element indicated that 

functional oxygen groups were still reserved on GO layers after doping Pd metals. On 

the SEM image of Pd@GO/MOF composite, there is a clear demonstration of rough 

surfaces observed when the Pd@GO is introduced on MOF, in which the inset image 

(Figure 5.5(e)) shows the interconnecting structures of nanoparticles on the surfaces 

of MOF composite This observation can be attributed to the morphology of Pd@GO 

on the MOF structure as compared to neat MOF. EDS (Figure 5.5(f)) showed the an 

presence of Pd nanoparticles in the composite at low weight percent. The change in 

morphology played a significant role in improving the thermal stability of the composite 

as observed in the TGA results. 

 

TEM images are represented in Figure 5.6(a, c and e) for MOF, Pd@GO and 

Pd@GO/MOF show a clear difference among the samples’ textures, respectively. The 

image of MOF (Figure 5.6(a)) shows the well-defined octahedral shapes of this 

crystalline material. As seen in Figure 5.6(c) for Pd@GO with respect to TEM image 

of GO (Figure S2(c)), the image shows a well exfoliated graphene nanosheets and 

wrinkled transparent sheet-like structure. In the structure of Pd@GO/MOF composites 

(Figure 5.6(e)), the layers have been confirmed as the alternation between Pd@GO 

sheets and MOF blocks. It was seen that the functional oxygen groups from Pd@GO 

interact with the copper dimmers and chemical interactions are involved in the 

formation of composites [26] with reference to the neat MOF (Figure 5.6(a)) and 

Pd@MOF (Figure S2(d)). It is interesting to observe that again in the composite, the 

particles preserved the shape of MOF crystals (image e) indicating the constrain 

effects of the Pd@GO layers resulting in preserving the shapes of the original MOF 

crystals in their carbonised phase [26]. Nevertheless, the pattern observed can be 

considered as representing the lattice image of MOF in the composite. It is likely that 

distorted graphene-based layers present in the composite helped the MOF to retain 
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its crystalline structure by dissipating the electrostatic charges [25,26]. As shown in 

Figure 5.6(b, d and f), the EDX spectra revealed all the elements present in MOF, 

Pd@GO and Pd@GO/MOF confirming the incorporation of Pd@GO onto MOF, 

respectively. It was observed that the presence of small peaks of Na, Mn and S are 

due to impurities trapped in the GO and Pd@GO/MOFduring synthesis process as 

seen in EDX spectra below.  
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Figure 5.6: TEM image of (a) MOF, (c) Pd@GO (e) Pd@GO/MOF composite (inset : 

magnification on the crystal structure to view the surface of the crystal) and EDX 

spectrum of (b) MOF, (d) Pd@GO, (f) Pd@GO/MOF composite. 

 

In addition, Figure 5.7(a) demonstrates the phase contrast of the intact crystal of MOF 

was barely visible, and its presence became apparent in the according SAED (Figure 

5.7(b)). The measured interplanar d spacings of 0.857 nm (8.57 Å, estimated from 

scale bar measurement) and 1.00 nm (10.0 Å, estimated using Bragg’s law: Rd= λL, 

where R=radius, d= interplanar spacing, λ=wavelength, and L=camera length) 

correspond to MOF in (222) orientation in HRTEM and SAED images, respectively. In 

addition, the crystallinity of the MOF observed in these images show the clear 

diffraction spots is in agreement with XRD discussed above. The HRTEM image 

(Figure 5.7(c)) and its corresponding SAED image (Figure 5.7(d)) of Pd@GO show 

amorphous characteristic of graphene sheet [24] with a d-spacing of 1.10 nm (11.0 Å) 

which was similar to GO images (Figure S3(c)). The Pd@GO/MOF images in Figure 

5.7(e) and (f) for HRTEM and SAED show the spacing is 1.00 nm (10.0 Å) which is 

close to the d-spacing of (222) plane of MOF and (002) plane of GO. These results 

clearly suggest the formation of hybrid-structure of Pd@GO/MOF as compared to neat 

MOF (Figure 5.7(a) and (b)) and Pd@MOF (Figure S3(c) and (d)). 
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Figure 5.7: HRTEM images of (a) MOF, (c) Pd@GO (e) Pd@GO/MOF composite and 

SAED patterns of (b) MOF, (d) Pd@GO, (f) Pd@GO/MOF composite. 

 

 

 

d=0.857 nm 

d=1.00 nm 

d=1.10 nm 

d=1.00 nm 
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5.3.3. Electrochemical characterisation 
 
Electrochemical behaviour of MOF, Pd@MOF, Pd@GO and Pd@GO/MOF composite 

was studied by cyclic voltammetry to understand the redox chemistry of the prepared 

materials and their voltammograms are represented in Figure 5.8(a). It was noticeable 

that the Faradaic contributions (redox process) onto gold electrode was observed at 

around -0.50 V due to redox process of bare Au electrode [36]. MOF displayed three 

oxidation processes attributed to the conversion from Cu/Cu1+, Cu1+/Cu2+ and 

Cu2+/Cu3+   between 0 and 1 V [37,38]. Furthermore, the reduction of Cu2+ to Cu+ 

occurs to possess more negative potential, which might be due to electrochemical 

properties of Au electrode in TBAP/DMSO system [21]. However, Nila and Gonzales 

[39] reported that the electrochemical reduction of Cu2+ in solution proceeds in two 

successive-one electron reversible waves through a Cu+ intermediate, in which the 

stability of the intermediate was due to the presence of ions in the solution [39]. The 

similar behaviour was also observed by Loera-Serna et al. [33] in LiCl solution 

indicating that the electrochemical processes of Cu during the direct sweep took place 

in the MOF. On the other hand, the CV of Pd@MOF in the same condition shows 

enhancement of both cathodic and reduction peaks as compared to alone MOF as a 

clear indicative of Pd introduction on MOF surface. It was seen that Pd@GO in the 

potential window of TBAP/DMSO electrolyte system showed a quasi-reversible 

processes corresponding with the electroactive species of GO [40] and Pd metal [40] 

which is clearly seen in Figure 5.8(c). The CV of Pd@GO/MOF on the gold electrode, 

still allows the diffusion of the redox mediator (Cu2+/Cu+) through their layers to the 

electrode surface [28]. One of the important features observed in the CV of the 

composite was the enhancement of anodic  and cathodic peak towards potential of 

0.3 V for conversion of Cu/Cu+  and at Cu3+/Cu2+, respectively . 
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Figure 5.8: (a). CV curves of Blank, MOF, Pd@GO,Pd@MOF and Pd@GO/MOF 

composite at 0.1 v.s-1 in 0.1 mol.L-1  TBAP/DMSO electrolyte solution on Au electrode. 

(b-d). MOF, Pd@GO and Pd@GO/MOF at different scan rates (0.02-0.1 v.s-1) in 0.1 

mol.L-1 TBAP/DMSO, respectively.   
 
The scan rate studies of MOF, Pd@GO and Pd@GO/MOF composite was 

accomplished in 0.1 mol.L-1 TBAP/DMSO system using Au working electrode. The 

multiscan voltammograms of MOF, Pd@GO and Pd@GO/MOF composite are shown 

in parts b-d of Figure 5.8, respectively. As shown in Figure 5.8(b) and (d) and Figure 

S4(a) for MOF, Pd@GO/MOF and Pd@MOF, the peak currents corresponding to 

process 1 to 3 decrease with the scan rate and finally disappear, while the peak 

currents corresponding to the reverse processes increase with increase in scan rate 

and reach constant values. In addition, the Cu ions generated during electrochemical 

processes are used as catalysts to HER mechanism [37,41]. Figure 5.8(c) 

demonstrates an increase reversible peaks with the increase in scan rate. From the 
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voltammograms, it was observed that both anodic (Ipa) and cathodic peak (Ipc) 

currents increased linearly with scan rates from 0.1 to 1 V.s−1. All redox couples 

showed electrochemical quasi-reversible process with respect to change in peak 

potential (ΔEp) and the ratio of anodic and cathodic peak current (Ipa/Ipc) values. 

Unity of Ipa/Ipc ratios with respect to Cu1+/Cu2+ and its reverse couple at all scan rates  

for MOF and Pd@GO/MOF and the logarithm of the absolute value of the reductive 

peak current against the logarithm of the scan rate with slope of 0.5 indicate diffusion 

controlled characters [42,43] of the redox processes as shown in Figure 5.9(a) and 

Table 5.1. 

In addition, the diffusion coefficient, D, was determined for electrocatalysts using cyclic 

voltammetry and following the Randles-Sevcik equation for a quasi-reversible system 

(Equation 5.1) [42,43]. 

 

Ip = (2.65x105)n3/2ACD1/2(v)1/2                                                                  (5.1) 

 

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 in V.s-1. Figure 5.9(b) showed that the current 

increased linearly with increasing the square root of the scan rate, ν1/2 which is 

consistent with Equation 1. The D values as presented in Table 5.1, were found to be 

1.39 x 10-7, 1.08 x 10-4 and 7.79 x 10-7 cm2.s-1 for MOF, Pd@GO, Pd@MOF and 

Pd@GO/MOF respectively. The introduction of Pd@GO on MOF surface enhanced 

the diffusion coefficient of the composite compared to parent MOF. Similar trend was 

observed in MOF based polymer composite [21,22]. 

 

Furthermore, it was seen that instead of the material undergoing only diffusional 

process, it can also adsorb on the surface of the electrode [44]. This behaviour can be 

obtained by directly relating the peak current with the surface coverage (Γ) and the 

scan rate as presented in Equation 5.2. 
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          Ip=
RT

AvFn
4

22 Γ

                                                             (5. 2) 

 

Figure 5.9(c) shows a linear relationship between current and scan rate where 

regression line equation and R2 are presented to determine the surface coverages 

(Table 5.1) for MOF, Pd@GO, Pd@MOF and Pd@GO/MOF were found to be 1.32 x 

10-10, 1.27 x 10-9 , 1.69 x 10-10 and 1.09 x 10-10 mol.cm-2, respectively, confirming the 

adsorption of the material on the gold electrode. 

 



 

118 
 

 
Figure 5.9: (a) The log-log plot of the absolute value of the peak current vs scan rate, 

(b) peak current as a function of square root of scan rate and (c) peak current as a 



 

119 
 

function of scan rate for MOF, Pd@GO and Pd@GO/MOF on gold in 0.1 mol.L-1 

DMSO/TBAP electrode system at different scan rates (0.02 – 0.10 V.s-1). 

 

Table 5.1: Electrochemical parameters of MOF, Pd@GO, Pd@MOF and 

Pd@GO/MOF composite. 

Material Ipa/Ipc Log(I vs v1/2 ) 
Slope 

D 
(cm2. s-1 ) 

Γ 
(mol.cm-2) 

MOF 2.39 0.34 1.39 x 10-7 1.32 x 10-10 

Pd@GO 5.73 1.08 1.08 x 10-4 1.27 x 10-9 

Pd@MOF 1.65 0.33 1.90 x 10-6 1.69 x 10-10 

Pd@GO/MOF 1.20 0.47 7.79 x 10-7 1.09 x 10-10 

 

5.3.4. Hydrogen studies 
 
The electrochemical hydrogen activities of all prepared samples were measured in 0.1 

M TBAP/ DMSO electrolyte in the presence of H2SO4 as a proton source using a three-

electrode set-up system. Figure 5.10(a) present the plot of current vs potential of the 

blank gold electrode, MOF, Pd@GO and Pd@GO/MOF. As compared to CV plots in 

Figure 5.8(a) in absence of proton source, upon addition of H2SO4, a new cathodic 

wave on MOF and Pd@GO/MOF appeared at onset potential of -0.5 V with increase 

cathodic current. However, this behaviour was not observed in the case of Pd@GO, 

which designates that there was no hydrogen evolution. From this observation, it can 

be deduced that the MOF and Pd@GO/MOF have the ability to reduce hydrogen 

protons (H+) to form molecular hydrogen (H2) at lower potentials [22]. In order to 

substantiate that the current obtained is a source of the cathodic wave, the 

concentration-dependant studies were carried out and results are shown in Figure 

5.10(b-d). Moreover, it can be observed that an increase in H2SO4 concentration 

results in a further increase in current reading at lower onset potential, thus the new 

catalytic wave is due to the proton source. Furthermore, small anodic peak in Figure 

5.10(d) and Figure S4(b) relate to different hydrogen sorption processes in the MOF 
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material as observed by Monama et al. [28]. This was attributed to the presence of Pd 

nano- particles as an indication of hydrogen spillover mechanism [28]. It is known that 

hydrogen usually combines with Pd to form Pd hydride instead of physically adsorbing 

on Pd surfaces [42,45]. 
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Figure 5.10: (a) CV curves of Blank, MOF, Pd@GO and Pd@GO/MOF composite in 

the presence of 0.300 mol.L-1 H2SO4 at 0.10 V.s-1 and CV curves of (b) MOF and (c) 

Pd@GO/MOF composite in different concentration of hydrogen source (0.033-0.450 

mol.L-1 H2SO4) at 0.10 V.s-1 on Au electrode in 0.1 mol.L-1  TBAP/DMSO electrode 

system.  

The Tafel analysis is used to get a better grasp on the kinetics and activity of 

electrochemical reactions for HER [46]. The Tafel slope value gives 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 in this work can also be proposed by means of mechanism. In an acid medium, 

the HER pathway could proceed via three main steps (Scheme 5.1): Initial reduction 

of Cu(II) to Cu(I) of the Pd@GO/MOF, followed by interaction of the proton with the 

corresponding composite and leading in to formation of the composite hydride 

(Pd@GO/MOF)Had in hydrogen storage process as the most propable intermediate 

and proposed to be Volmer mechanism[20,28,47]. After the hydride, the hydride 

intermediate easily undergoes a protonation or interacts with one another to form H2 

molecule through a Heyrovsky or Tafel reaction [20,28,47] .  

 

 
Scheme 5.1: Proposed mechanisms involved in the HER kinetics of the composite.  

 
The Tafel plot was constructed from current density-potential data at various 

concentrations ranging from 0.033 to 0.450 mol.L-1 H2SO4 for MOF, Pd@GO and 

Pd@GO/MOF composite. Elucidating the mechanism of heterogeneous hydrogen 

evolution usually takes the form of Tafel analysis, where the steady state or quasi-

steady state current, i, at a catalyst of a given composition is measured over a range 

of overpotential, 𝜂𝜂, then log(i) can be plotted against 𝜂𝜂 to give a linear relationship, 
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known as a Tafel line. The intercept of the Tafel line with the current axis gives the 

exchange current density, i0, which is related to both the inherent reaction exchange 

rate at dynamic equilibrium and the electrochemically active surface area of the 

catalyst. The slope of the Tafel line is independent of surface area and takes on a 

limited number of values that correspond to the dominant mechanism [6]. Ramohlola 

et al. [20,22], reported that the b could also serve as an indicator of either Volmer, 

Heyrovsky and Tafel in a multi-step proton transfer process and i0 the measure of 

performance of an electrocatalyst. In this study, the values of b and i0 were estimated 

by linear polarization curves and the results are presented in Table 5.2.  

 

In addition, another important parameter that can give insight of reaction mechanism 

is the cathodic transfer coefficient (1-α) which was calculated using high overpotential 

region, where Butler-Volmer equation simplifies to the Tafel equation (Equation 4.3), 

from the Tafel slope b given by the relationship: 

 

b=
F
RT

)1(
303.2
α−

−                  (4.3)  

                                                                                                                   

Figure 5.11 and Table 5.2 show Tafel plots and parameters, for blank electrode, MOF, 

Pd@GO and Pd@GO/MOF composite. The present study exhibits that the Pd@GO 

gives Tafel slope of 149 mV.dec-1 at 0.450 mol.L-1 H2SO4. At the same acid conditions, 

MOF and Pd@GO/MOF composite showed lower Tafel slope values as compared to 

the Pd@GO and Pd@MOF (Figure S4(c)). 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 HER [8]. The tafel slopes obtained in the present study suggests 

that the HER on the preapared electrocatalysts proceeds via Volmer-Heyrovsky or 

Volmer-Tafel mechanisms, with the adsorption of proton on the electrocatalyst surface 

(Volmer step) as the rate determining step. These results are in good consent with the 

work reported by Kubisztal et al. [47] when studying the HER behaviour of nickel-

based composite coatings containing molybdenum powder. Furthermore, the charge-

transfer coefficient (α = 0.5), describes a mechanism where the rate determining step 

http://www.sciencedirect.com/science/article/pii/S0360319906005830
http://www.sciencedirect.com/science/article/pii/S0360319906005830
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is the Volmer reaction or the Volmer reaction coupled with one of the other two 

reactions [8] . As given in Table 5.2, the charge transfer coefficients for MOF and 

Pd@GO/MOF composite are all close to 0.5. Thus, the rate determining step of HER 

on the studied MOF and the composite maybe the Volmer reaction or Volmer reaction 

coupled with one of the other two reactions [8, 47]. To further estimate the intrinsic 

activity of the electrocatalyst, the exchange current density (jo) was determined by 

extrapolation of the tafel plots [20,21]. For n=blogj+a, the constant terms a and b are 

known from the tafel plot, n is zero, and then jo is received. The exchange current 

densities obtained for different electrocatalysts are recorded in Table 5.2 and the 

values increase with increase in H2SO4 concentartion. The obtained exchange current 

densities are higher compared to those reported in other studies [8,17,47,48]. From 

this, it can be concluded that the prepared electrocatalyst possess large surface area, 

fast electron transfer and favourable HER kinetics [9]. 
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Figure 5.11: Tafel plots of (a) blank, MOF and Pd@GO/MOF composite (~2.0x10-4 

mol.L-1) in the presence 0.300 mol.L-1 H2SO4 at 0.10 V.s-1 (b) MOF and (c) 
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Pd@GO/MOF composite in different concentrations of H2SO4 and 0.10 V.s-1 scan rate 

on Au electrode in 0.1 mol.L-1 TBAP/DMSO electrode system. 

 

Table 5.2: Experimental values of tafel slope (b), charge transfer coefficient (1–α), 

exchange current density (i0) and TOF of MOF and Pd@GO/MOF composite. 

Material H2SO4 
(mol.L-1) 

Slope (b) 
(V.dec-1) 

-b 
(mV.dec-1) 

1-α logi0 

(μA.m-2) 

i0 
(A.m-2) 

TOF 
(mol H2.s-1) 

MOF 0.033 -0.138 138 0.43 6.38 2.4 0.76 

0.075 -0.212 212 0.28 6.65 4.5 1.42 

0.150 -0.132 132 0.45 6.98 9.5 3.04 

0.300 -0.106 106 0.56 7.17 14.8 4.71 

0.450 -0.126 126 0.47 7.35 22.4 7.12 

Pd@GO/M

OF 

0.033 -0.159 159 0.37 6.39 2.5 0.78 

0.075 -0.163 163 0.36 6.66 4.6 1.45 

0.150 -0.161 161 0.37 6.97 9.3 2.97 

0.300 -0.138 138 0.43 7.17 14.8 4.71 

0.450 -0.123 123 0.48 7.39 24.5 7.81 

Pd@MOF 

[28] 

0.300 -0.193 193 0.31 6.9 7.1 2.26 

Pd@CuPc/

MOF [28] 

0300 -0.177 177 0.33 7 8.9 2.83 

 

The turnover frequency (TOF) is widely used in the molecular catalysis field to assess 

the efficiency of catalysts, which can also be employed for electrocatalytic reactions. 

The TOF is the mass of molecules reacting for a certain reaction per unit time, which 

can be calculated using Equation 5.4 [49]: 

 

TOF=
Fm
jM

2
              (5.4) 
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where j is the current density at a given potential, M is mass percentage of materials , 

F is Faraday's constant, and m is the mass of per square centimeter of catalysts 

estimated from BET surface area of MOF (614. 7 m2/g [28]) and GO (423 m2/g [50]). 

The TOF values for MOF and Pd@GO/MOF composite are presented in the Table 

5.2. It was seen that Pd@GO/MOF synthesised materials resulted with the 

enhancement of the TOF values as the concentration of H2SO4 increases, for 

example, the values were obtained to be  7.8 mol H2 .s-1 at the highest H2SO4 

concentration (0.450 mol.L-1). In addition to the Tafel slope, the reaction order of the 

HER with respect to the concentration of hydrogen ions is also a characteristic kinetic 

parameter that can provide additional information about the underlying mechanism. 

Figure 5.12(a) and (b) present the pH dependence of the current density and potential, 

respectively, for the experimental data obtained in the present study. The slope of the 

trendline in Figure 5.11(a) (log(i) vs. pH), represents the apparent reaction order of 

HER which was found to be  around 0.8, suggesting  a mixed type mechanism [51] as 

observed in Tafel parameters. Furthermore, in Figure 5.12(b) which is a representation 

of the Pourbaix diagram and the slope was seen to be less than 0.5. The observed 

dependence agrees well with the proposed mechanism of the process above.  

 

 
Figure 5.12: (a) Plot of log current as a function of pH of the solution and (b) Pourbaix 

diagram of hydrogen evolution reaction 
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5.4. CONCLUSIONS 
 
In summary, an efficient electrocatalyst (Pd@GO/MOF) derived from MOF and 

Pd@GO was successfully synthesised through electroless Pd deposition followed by 

impregnation procedure. The presence of GO was a crucial step for both the diffusion 

process of Pd atoms to form Pd@GO/MOF and the introduction of defects into GO to 

expose catalytic sites. The influences of Pd@GO on the morphology and crystalline 

structure of MOF surface, as well as resulting electro-catalytic activity in hydrogen 

evolution were systematically investigated. The observed promotional roles of 

incorporated Pd@GO on MOF surface is ascribed to possible synergetic effects 

between Pd, GO crystals and the MOF matrix, leading to a facilitation of HER as part 

of hydrogen production with enhanced TOF values. Furthermore, the Tafel slope and 

charge-transfer coefficients showed that the rate determining step of HER on the 

studied MOF and Pd@GO/MOF composite maybe the Volmer reaction or the Volmer 

reaction coupled with one of other two reactions supported by slopes from the plot of 

log current vs pH and Pourbaix diagram. Herein, the reported strategy of 

Pd@GO/MOF expose active sites of the MOF core, meanwhile, maintaining the 

porous carbon skeleton of Pd@GO, which holds a great potential for more applications 

in the electrocatalytic HER and hydrogen storage. 
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CHAPTER SIX 

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

 
 

6.1. GENERAL DISCUSSION AND CONCLUSIONS 
 
This chapter deals with general discussion and conclusions of the results presented 

in the study and make further recommendations for future electrocatalysts in hydrogen 

absorption and storage through hydrogen evolution reaction, electrochemical 

charging/discharge and gas phase storage. This study has been directed towards the 

development of hybrid materials based on palladium supported grapheme oxide/metal 

organic framework prepared using electroless palladium deposition on GO followed 

by impregnation method of Pd@GO and MOF. The overall goal of this dissertation 

was to develop the most optimal, efficient and viable novel electrocatalyst composite 

in order to increase the scope of these MOF composite chemistry for application in 

different areas such as; electrocatalysis, hydrogen evolution reaction and in the 

development of hydrogen fuel cell devices in the future. The electrocatalyst based on 

MOF materials studied in this work were identified and chosen on the basis of their 

excellent properties. For example, graphene oxide and its derivative composites 

exhibit thermal, optical and electrical properties of semiconductors, whilst retaining 

attractive adsorption properties and processing advantages of rich carbon based 

compound. Furthermore, carboxylate, epoxide and 6-carbon rings play important role 

in efficiency of the GO for many applications. They also exhibit favourable 

electrochemical redox properties such as being able to undergo electron transfer 

reactions at potentials that are accessible. On the other hand, MOFs hold a greater 

promise as potential material due to their large surface area, highly porous structure 

and H2 binding dominated by van der Waals interactions. MOFs are 2D-, 3D 

dimensional inorganic-organic hybrid compounds built from metal ions and organic 

ligands by coordination bonds and are class of crystalline porous solids. MOFs 

possess high surface area and high pore volumes in uniformly sized pores as well as 

high metal content. Based on these properties, MOFs have been used in various 



 

134 
 

applications such as energy storage, CO2 adsorption, hydrocarbon 

adsorption/separation, catalysis and sensors. 

 

The dissertation was outlined into six chapters. Chapter one (introduction) was based 

on the background of renewable energy in general. Especially on aspects that play 

vital important role in hindering commercialisation of hydrogen as an energy carrier in 

fuel cell technology. The problem statement and hypothesis were derived in order to 

place hydrogen energy into practical applications where MOF was identified as an 

alternative electrocatalyst. This was supported by well organised aim and objectives 

to develop a palladium supported graphene oxide/metal organic framework 

composites for hydrogen fuel cell applications (hydrogen production and storage) 

through electrochemical HER studies.  In depth literature survey was outlined in 

Chapter two based on graphene oxide and metal organic framework nanocomposite 

for hydrogen technology: a review. Hydrogen technology concepts were thoroughly 

reviewed, studying the traditional hydrogen production and storage mechanisms. In 

addition, materials of interest in this study (graphene oxide and metal organic 

framework) were extensively discussed to fully understand their physical and chemical 

properties. Furthermore, graphene oxide and metal organic framework composite for 

hydrogen evolution reaction were reviewed in detail. The analytical techniques were 

presented in Chapter three where the short background and objectives of using the in 

this study.  

 

The first approach taken in Chapter four involves preparation of graphene oxide/metal 

organic framework nanocomposites with improved electrocatalytic efficiency for 

hydrogen production and storage.  GO was synthesised using modified Hummer’s 

method whereby black product was obtained as an indicative of typical GO material. 

On the other hand, MOF was synthesised using hydrothermal method which allows 

precise control over the size, shape distribution, highly crystalline solid on the nano-

/microscale, and controlled morphology. The formation of composite was deduced by 

the appearance of new bands or disappearance of peaks in the FTIR spectra. It was 

seen in the spectrum of the composite that the peaks at around 1583 and 1336 cm-1 
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of the GO/MOF composite can be assigned to the presence GO and MOF, 

respectively. Furthermore, the influences of GO on the crystalline structure and 

thermal of MOF surface, were systematically investigated using XRD and TGA/DSC, 

respectively. The scanning electron microscopy/Energy dispersive spectroscopy 

(SEM/EDS) and high resolution transmission electron microscopy/Energy dispersive 

x-ray spectroscopy (HRTEM/EDX) confirmed the presence of octahedral structure of 

MOF in the GO sheet-like structure and elemental composition of the synthesised 

materials.  The presence of GO on the MOF surface enhanced the HER performance 

whereby the electrocatalytic activity of the GO/MOF composite is higher than that of 

the neat MOF. Furthermore, the HER properties were based on the evaluation of Tafel 

slope, charge-transfer coefficients and TOFs. The performance of the proposed 

electrolytic system for electrochemical HER by Tafel parameters and TOFs showed a 

drastic increase in catalytic H2 production in the composite through the Volmer reaction 

coupled with one of the mechanisms.  

 

Final approach was taken in Chapter five whereby a novel Pd-supported graphene 

oxide/metal organic frameworks (Pd@GO/MOF) composite was synthesised by first 

electroless Pd deposition on GO followed by impregnation method of directly mixing 

of Pd@GO and MOF. The influences of Pd and GOon the morphology and crystalline 

structure of MOF surface, as well as resulting electro-catalytic activity in hydrogen 

evolution and TOFs were systematically investigated and discussed. The presence of 

Pd on the MOF surface can significantly increase the HER exchange current density, 

and reduce the electrochemical reaction resistance. The presence GO as a support 

observed to enhance the HER properties in the Pd@GO/MOF as compared to neat 

MOF. The observed promotional role of incorporated Pd is ascribed to possible 

synergetic effects between the GO particles and MOF matrix, leading to a facilitation 

of Hads migration. Furthermore, the Tafel slope, TOFs and charge-transfer coefficients 

showed that the rate determining step of HER on the studied MOF, and Pd@GO/MOF 

composite may be also the Volmer reaction or the Volmer reaction coupled with one 

of other two reactions as supported by logarithm of current vs pH and Pourbaix 

diagram. The presence of Pd showed the enhancement of hydrogen spillover for 
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hydrogen absorption and desorption and also leading to high TOF value of 7.8 

molecule of hydrogen produced per second. These demonstrated that the 

Pd@GO/MOF 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 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. 

X-ray photon spectroscopy will be of a good handy to veal the interaction mechanism 

of GO and Pd@GO on the MOF and also the reveal the electrochemical hydrogen 

evolution on the electrocatalyst before and after HER studies.  The CV 

voltammograms revealed good electrochemical properties and the HER studies 

however it will of a good idea to support with linear square wave voltammograms.  It 

was clear from the work that the HER responses obtained in neat MOF and GO were 

significantly low when compared to the lead GO/MOF and Pd@GO/MOF composites. 

Furthermore, since the GO/MOF and Pd@GO/MOF in the conventional solvents such 

DMSO or DMF showed to be insoluble and partially soluble, respectively and 

completely decomposed in concentrated acid. However, it would be useful to consider 

other solvents that can be used for homogeneous HER applications.  

 

Moreover, low HER responses of neat MOF and GO 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. 
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The first is to consider alkaline solution as the alternative solvents for HER studies for 

practical application of water electrolysis. The second strategy is to investigate the 

HER of GO/MOF, and Pd@GO/MOF composites 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 GO/MOF and 

Pd@GO/MOF composites 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 in 

the composite 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 matrix. Even though the 

materials showed good catalytic activities, stability and durability of the materials 

during HER studies are very important for practical application of these materials. 

 

The GO/MOF and Pd@GO/MOF 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, the effect of varying the amount of GO and Pd@GO from 5 to 

50 loading weight percentage while MOF remains fixed on the catalytic performance 

of the material will be of a good use to reveal the role of GO and Pd@GO on the MOF 

surface. The Photo-catalytic hydrogen evolution reaction studies of these materials 

are 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. The in-depth electrochemical hydrogen absorption and desorption 

(charge and discharge) to evaluate the hydrogen storage capacity in terms of weight 

percentage. Furthermore, the gas phase hydrogen absorption by these materials will 

be of a good idea to correlate the relationship between electrochemical and gas phase 

hydrogen storage.  

 

In general, most of the HER electrocatalysts function only under alkaline conditions. 

Therefore, HER catalysts that can efficiently work a tall pH values are highly desirable. 
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The HER mechanism for some of the materials are well known but there are majority 

of materials whose mechanism are still not fully understandable, and it is more than 

ideal to know the mechanism of all these materials in order to improve their activity. 

Opportunities come with challenges and we believe that HER will play a very important 

role to solve the problem of energy. As for the process and application, the sustainable 

energy utilisation in HER is vital for the practical units and devices. Specifically, using 

cost-effective triboelectric nano-generator, which can utilise and convert the 

sustainable mechanical energy (such as blue energy, wind, and rain) to electricity, as 

self-powered unit is a very perspective approach to obtain the sustainably self-

powered HER system in the near future. In addition, clearly, great progress is being 

made in the nonprecious metal HER field recently. Much help has come from the 

computational tools available today, and there is hope that we may find a material that 

essentially matches platinum as an HER catalyst. This indicates that the future 

research focus will shift toward achieving year-long catalyst stability, scalable 

synthesis techniques, and tolerance toward a real-world electrolyte (unclean 

electrolyte!) in the years to come.  
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SUPPORTING INFORMATION 

PALLADIUM SUPPORTED GRAPHENE OXIDE BASED METAL ORGANIC 
FRAMEWORK NANOCOMPOSITE WITH IMPROVED ELECTROCATALYTIC 

EFFICIENCY FOR HYDROGEN EVOLUTION REACTION 

 
 

S1: EXPERIMENTAL SECTION 
 
Pd@MOF and Pd@GO were prepared by electroless Pd plating method [1-3]. Briefly, 

the plating solution was pre- pared by initially dissolving 1 g of PdCl2 in 2.0 mL of 32% 

HCl and 10 mL of ultra-pure water, then heated at 50 oC for 30 min with constant 

stirring at 300 rpm. After complete dissolution of PdCl2, 80 mL of 28% NH4OH and 27 

g of NH4Cl were added respectively. The mixture was then transferred to 500 mL 

volumetric flask and made up to the mark with ultra-pure water. The electroless plating 

bath, containing 25 mL of 5 g.L-1 of sodium hypophosphite as reducing agent to initiate 

the reaction and 2.5 g batch of MOF or GO was subjected to constant agitation (300 

rpm) for 30 min at 50 oC in a separate bath to avoid decom- position during storage of 

the bath. Finally, the 25 mL of plating solution was added into the bath solution and 

the mixture was agitated for 30 min to allow the plating of Pd to the surface of the 

composite. The mixture was filtered, washed with ultra-purewater and dried for 

overnight at 80 oC. 
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S2: RESULTS 
 
S2.1: Structural characterisation 
 

 
Figure S1: (a). XRD patterns, (b). FTIR spectra, (c). TGA and (d). DSC curves of GO 

and Pd@MOF. 
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S2.2: Morphological characterisation 
 

 
 
Figure S2: FE-SEM images of (a).GO and (b).Pd@MOF and TEM images of (c).GO 

and (d) Pd@MOF 
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Figure S3: HR-TEM images of (a).GO and (b).Pd@MOF and SAED images of 

(c).GO and (d).Pd@MOF 
 
 
 
 
 
 
 
 
 
 



 

143 
 

S2.3: Electrochemical characterisation 
 

 
 

Figure S4: (a). CV curves at different scan rates (0.02-0.1 v.s-1), (b). CV curves in 

different concentration of hydrogen source (0.033-0.450 mol.L-1 H2SO4) at 0.10 Vs-1 



 

144 
 

and (c). Tafel plots in different concentrations of H2SO4 for Pd@MOF on Au electrode 

in 0.1 mol.L-1 TBAP/DMSO electrode system. 
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