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ABSTRACT

 

This study explores the use of UV-assisted reduction method to synthesise the 

catalysts, aiming at reducing synthesis time. The Pd and Au catalyst loading is kept 

at 5 wt% in order to reduce the cost associated with high loading (20 wt%) of 

platinum group metals. The synthesised catalysts have SnO2 incorporated in them 

for two purposes, one being to activate the chemical reaction by absorbing UV-light 

and the second one is to serve as a promoter for binary and ternary catalysts. All the 

synthesised electrocatalysts in this study were denoted as Au/10wt%SnO2-C, 

Au/15wt%SnO2-C, Au/20wt%SnO2-C, Au/40wt%SnO2-C, Au/60wt%SnO2-C, 

Pd/10wt%SnO2-C, Pd/15wt%SnO2-C, Pd/20wt%SnO2-C, Pd/40wt%SnO2-C, 

Pd/60wt%SnO2-C and PdAu/10wt%SnO2-C respectively. The UV-assisted 

reduction method was proved to be effective with the obtained results from TEM, 

SEM, XRD and electrochemical studies. TEM micrographs revealed nanoparticles 

of Pd, Au and SnO2 which were proved by the measured d-spacing values 

corresponding to the element’s structures. The measured average particle size 

ranged from 3.05 to 14.97 nm for the electrocatalysts. The XRD profiles confirmed 

the face centred cubic of Pd, Au and tetragonal structures of SnO2. These 

electrocatalysts showed varied activity towards the oxidation of alcohols namely, 

methanol, ethanol, ethylene glycol and glycerol in alkaline electrolyte. The cyclic 

voltammetry results showed improved performance towards the oxidation of 

glycerol on Au-based electrocatalysts, highest current density of 22.08 mA cm-2 

than on Pd-based electrocatalysts. Pd-based electrocatalysts were more active 

towards the oxidation of ethanol than Au-based electrocatalysts with the highest 

current density of 19.96 mA cm-2. The co-reduced PdAu on 10wt%SnO2-C 

electrocatalysts showed the lowest current density of 6.88 mA cm-2 for ethanol 

oxidation when compared to Pd/10wt%SnO2-C and Au/10wt%SnO2-C. Linear 

sweep voltammograms showed more negative onset potentials on Pd-based 

electrocatalysts than Au-based electrocatalysts. The more negative onset potential 

obtained on Pd-based electrocatalysts was observed for ethanol oxidation. These 

results correspond to the trend observed in literature for ethanol oxidation being 

more favoured on Pd-based electrocatalysts whereas the polyalcohol oxidation is 

more favoured on Au-based electrocatalysts. The best performing and most stable 

electrocatalyst among the Au-based electrocatalysts is Au/10wt%SnO2-C and 

Pd/10wt%SnO2-C for the Pd-based electrocatalysts. 
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CHAPTER 1 

INTRODUCTION 

1.1 RESEARCH BACKGROUND   

Global prime energy consumption makes 88% of fossil fuels, which all began with 

wood burning for the past two centuries. Although fossil fuels have provided for 

the growth demand of energy consumption globally, this has resulted with global 

warming caused by emission of gases especially CO2 harming the ozone layer. 

During 2017 CO2 emissions increased globally, however countries that gravitated 

towards the implementation of renewable energy resources decreased the emission 

of CO2. These countries include United States of America, United Kingdom, 

Mexico and Japan, with the highest decrease from the United States of America [1, 

2].  

Research interest has navigated towards renewable energy sources since the growth 

in energy demand has led to oil price increase on the market and environmental 

effects caused by fossil fuels are exposed. Optional sources of energy that are more 

available, efficient, not costly, non-polluting and sustainable is an industrial 

revolution needed all over. Within all the renewable energy sources present, fuel 

cells are of much research interest due to the following benefits: 

 High efficiency than the diesel and gas engines.  

 Silent operation compared to the internal combustion engines thus more 

suitable for certain application like hospitals that are required to be quite. 

 Clean energy that does not harm the environment like fossil fuel since its 

by-product is water.  

 Compatibility with renewable sources thus meaning we will never run out. 

 Longer operating times compared to batteries because when fuel is 

constantly fed into the cell then it does not die.  

 

 Wide operating temperature thus different types of fuel cells which means 

wide applications [3-7]. 

1.2 RATIONALE FOR RESEARCH 

Energy and environmental factors have resulted in research interest heavily 

gravitating towards fuel cells. Moreover, the increasing energy demand and the 

need to reduce pollution across the world have drawn attention towards the 

establishment of fuel cells since they are the solution towards the world’s problems. 

Among the promising renewable sources of energy, fuel cells can be considered as 
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clean energy sources since its by-product is water and releases very low emissions 

of nitrogen oxide and sulphur depending on the type of fuel cell at hand. Fuel cells 

give better efficiencies as compared to conventional energy sources which are 

limited by multiple energy conversions and thus the amount of efficiency that can 

be obtained. The establishment of these electrochemical devices exist in few types 

that are differentiated by the electrolyte used as well as the operating temperature 

[8, 9]. 

Fuel cells are very much challenged in terms of commercialisation of the 

technology. Fuel cell cost is one of the major issues yielding the commercialisation. 

The high cost is linked to the catalysts used in the cell. Fuel cells employ metal-

based catalysts which are normally precious metals hence the high cost. Platinum 

(Pt) is one precious metal mostly used for catalysts on fuel cells and it has good 

performance however it is expensive [10].  

Since the development of fuel cells, Proton-exchange membrane fuel cells 

(PEMFC) is one type of fuel cell that has been used to provide power for variable 

applications including transportation, portable devices and automotive. However, 

issues such as cost, lifetime and fuel are hindering the commercialisation of 

PEMFCs. Anion-exchange membrane fuel cells (AEMFCs) have been one route 

used to address fuel cell cost reason being its ability to employ non-platinum anode 

catalysts, non-precious metals cathode catalysts, low metal loading, wide range of 

fuel as well as the improved reaction electrokinetics [11]. Comparison studies 

between the two type of fuel cells favoured AEMFCs since they appeared to be 

more efficient and have higher current densities than PEMFCs [12, 13]. This study 

aims to address the high cost of fuel cell by producing low loading catalysts. 

Catalyst synthesis method is one precaution taken to address fuel cell cost. In 

general, the synthesis methods are expected to achieve high metal dispersion in 

order to obtain a catalyst with high activity. Within the literature reported on 

synthesis methods, most researchers had initially gravitated towards the colloidal 

methods for catalyst synthesis. The method achieved high metal dispersion but it’s 

one of the high costing, time consuming and low efficiency method [14]. Most of 

these methods generate loss of product since there’s a lot of filtering and washing 

involved in the process. This study aims to employ a less time-consuming and low 

costing method. UV-assisted reduction method is explored in this study due to its 

simplicity, low cost and less synthesis time [15-18]. 

1.3 SIGNIFICANCE OF STUDY 

Alkaline DAFCs continues to attract research covering its effective design 

modifications as well as fabrication of anion-exchange membranes (AEMs). Like 
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any other type of fuel cell ADAFCs have challenges, some of which are reduced 

but still not completely eliminated, and these include: 

 Fuel cell cost; 

 Incomplete oxidation of alcohols on the electrocatalyst; 

 Corrosion of material (carbon) [19]. 

Electrocatalysts are still one of huge concerns of fuel cells which have been under 

heavy research but have not reached a breakthrough. Few strategies have been taken 

into consideration in order to improve the electrocatalysts performance and cost. 

The proposed strategies included non-Pt or low loading of platinum group metals, 

bi-functional mechanism, different support for the metals and different synthesis 

methods [20]. 

Various alcohols have been tested for different reasons on different electrodes. As 

a result, all the tested alcohols behave differently on different electrodes. It was also 

reported that ethanol responds better on Pd-based electrocatalysts [21].  

1.4 OBJECTIVES OF THE STUDY 

The main aim of the project is the development of the electrocatalyst for the alcohol 

oxidation reaction with a huge potential application in portable electronics. The thus 

developed electrocatalyst will contribute to the better performing DAFCs with the 

benefit of cost reduction. The other objectives are: 

 To explore the UV-assisted reduction method in the synthesis of the binary 

and ternary electrocatalysts. 

 Disperse metal catalysts on carbon support material. 

 Evaluate the electrochemical properties of catalysts towards the alcohol 

oxidation reaction (cyclic voltammetry, linear sweep voltammetry, 

chronoamperometry) in alkaline electrolyte. 

 Characterise the prepared electrocatalysts using XRD, TEM and EDX for 

the crystal structure, morphology and particle size as well as elemental 

analysis. 

1.5 RESEARCH OUTLINE 

Chapter 1: Introduction 

This chapter introduces fuel cells and gives objective intended for this study. 

Chapter 2: Literature review 
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This chapter gives fuel cell history and types of fuel cells. This further touches 

DAFCs, fuel cell catalysts and their synthesis methods. Furthermore, physical 

characterisation techniques as well as electrochemical methods are explained into 

detail. 

Chapter 3: Research Methodology 

All material required for the study are listed and the research method used for 

synthesis, characterisation and electrochemical evaluation in this study is also 

outlined.  

Chapter 4: Results and Discussion 

The results of the synthesis and characterisation of SnO2 on carbon, binary and 

ternary electrocatalyst are discussed and activity towards alcohol oxidation in 

alkaline electrolyte is compared. 

Chapter 5: Conclusions and future recommendations 

Future recommendations are given based on the conclusion of the overall discussed 

results of synthesised catalysts. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter focuses on the history of fuel cells and their development over the 

years. The concept of fuel cell operation is looked into detail which leads to a review 

on the available types of fuel cells. Within matters of fuel cells, catalysis is reviewed 

broadly together with the support materials for fuel cell catalysts. 

2.1 FUEL CELL HISTORY 

The first electrolysis research was carried out during the 19th century by the British 

chemist known as Humphry Davy. He carried out his research by breaking up 

known complexes with the employment of voltaic pile which lead to the discovery 

of new metals [22]. In 1838 the fuel cell design was fulfilled by the German-Swiss 

chemist Christian Friedrich Schönbein who lived from 1799 to 1868. The research 

work done by the German-Swiss chemist on the fuel cell concept was published by 

a Philosophical magazine upon its recognition [23]. The developments on fuel cells 

continued in 1839 when William Groove produced the first voltaic battery which 

was able to produce electricity from a chemical reaction of oxygen and hydrogen. 

One of his discoveries was the current flow between the two electrodes dipped 

differently in sulphuric acid solution and vacuum-packed oxygen and hydrogen 

solution. The container that initially contained water and gases increased in volume 

as the current was kept flowing. Grove termed his invention a gas battery. The gas 

battery produced more voltage drop with electrodes connected in series [24]. 

Fuel cell term was officially introduced by the British chemist Lugwig Mond 

together with Carl Langer who was the first to rework on Groove’s cell. The pair 

had employed coal as source of hydrogen for fuel, thin Pt perforated three 

dimensional electrodes and they obtained 20 Am-2 at 0.73 V [25]. Both scientists’ 

work was further improved by the British engineer Thomas Francis Bacon in early 

1933. He achieved the development of a fuel cell that used hydrogen and oxygen 

for operation to convert electrochemical energy into direct electricity which led to 

his interest in alkaline fuel cells. It was in 1939 when his research studies resulted 

with nickel electrodes composed cell which operated at high pressure in order to 

protect the electrodes from electrolyte flood. One of his achievements with this 

research included the development of a cell that was intended to power submarine 

during the World War II. However, it was only until 1958 when he offered his first 

alkaline fuel cell to Britain’s National Research Development Corporation which 

had expensive electrode of 25.4mm in diameter. The milestone of his work had 

attracted a company of Pratt & Whitney and scored a patent for the fuel cell to be 

used in Apollo spacecraft. The British engineer successfully acquired a 5kW fuel 

cell system of 40 cells and 60% efficiency in 1959.  
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Fuel cells continued to progress the same year when Harry Ihrig research team 

achieved the development of a 15kW fuel cell to operate in a tractor from Allis-

Chambers.  

 

 

Figure 2.1: 1959 Allis Chalmer’s Fuel Cell Tractor [24, 26]. 

 

The tractor used a blend of gases for fuel mostly containing propane and packed 

hydrogen with oxygen as an oxidising agent. Its fuel cell was made up of 1008 cells 

of 1V each and employed potassium hydroxide as electrolyte [24]. Fuel cell 

operating vehicles were produced by Allis-Chalmers who collaborated with the US 

Air Force and the production included forklifts as well as golf carts. Fuel cells 

continued to be part of NASA’s plans in the late 1950s and early 1960s. The first 

Polymer Electrolyte Membrane Fuel Cell (PEMFC) was one of the achieved goals 

of NASA which was the invention of Willard Thomas Grubb and Leonard 

Niedrach. Both chemists worked for a company called General Electric Company. 

Firstly, Thomas Grubb had employed a membrane constructed out of ion-exchange 

sulphated polystyrene as an electrolyte which was modified by Leonard Niedrach 

after three years by successfully depositing platinum on the membrane. The 

membrane acted as a catalyst which specifically for hydrogen oxidation and oxygen 

reduction reaction. This partnership production (PEMFC) was featured in Gemini 

space programme which was around mid-1960s. Apollo space operation was 

achieved by the employment of Alkali fuel cell (AFC) of 1.5kW which was the 

invention of International Fuel Cell (IFC). The AFC supplied both electricity and 
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water to astronauts. A 12kW AFC was further produced by IFC for power needs in 

space shuttle [6, 27]. 

Although acid electrolyte fuel cells had research focus in early sixties, at the same 

time scientists G.H.J. Broers and J.A.A. Ketelaar worked on utilising molten salts 

rather than electrolytes [28]. Their work resulted with fuel cell that operated at 

650°C which its electrolyte was composed of a combination of lithium carbonate, 

sodium and potassium impregnated on magnesia sintered porous disk. Phosphoric 

acid fuel cell also received some attention when G.V. Elmore and H.A. Tanner 

included these types of fuel cells in their work which they titled Intermediate 

Temperature Fuel Cells [29]. The two scientists had developed a phosphoric fuel 

cell that composed of 35% phosphoric acid and 65% silicon dust which were stuck 

in Teflon. When compared to acid batteries, they noticed that during operation of 

the fuel cell electrochemical reaction did not take place as expected and they also 

noticed that the cell operated with air instead of pure oxygen. The outcome of their 

work was a stack of phosphoric acid fuel cell which that stated that it can operate 

for a period of six months without weakening at 90 mA.cm-2 and 0.25V. In 1962, a 

fuel cell operating at a temperature of 1000°C with a solid electrolyte made of 

ceramic oxide impregnated with zirconia was the outcome of the work done by J. 

Weissbart and R. Ruka [30]. More molten carbonate fuel cells were tested by U.S. 

Army Engineer Research and Development Laboratory at Fort Belvoir (Virginia) 

in 1965 which were the productions of Texas Instruments. 

It was only during the 1970s when the public were alerted with environmental 

impacts from air pollution. The United States and Europe agreed to the issued law 

of clean air at the time. The law simply requested reduced harmful exhaust gases to 

reduce air pollution which became a culture carried out to other countries. Energy 

efficiency was also one of the concepts to share with the public at that time. The 

two factors became the influencers of fuel cell adoption. These adds to the off lately 

alarming issues such as climate change as well as energy security. A union carbide 

fuel cell electric car was the first demonstration of fuel cell vehicle that actually 

made it to the road. This was General Motors experiment, and the car was hydrogen 

fed. Liquid fed fuel cells were considered from mid 1960s when Shell was part of 

the fabrication of Direct Methanol Fuel Cell (DMFC). Oil accessibility became an 

alarming matter in 1970s which led to most cars’ producers from Germany, Japan 

and United States to experiment fuel cell vehicle. In the process power density for 

proton exchange membrane fuel cell stacks were increased along with the 

fabricating of hydrogen storage systems. The big car producers around the world 

resulted with active fuel cell vehicles at that time. Research had gravitated towards 

hydrogen for fuel since it guaranteed un-harmful exhaust emissions. Keeping in 

mind the alarming energy security as well as increasing oil prices, research was 

conducted in order to obtain alternative energy sources by several national 

governments and big companies. As the outcome, phosphoric acid fuel cells 
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(PAFC) gain in improvement in its stability and performance. A 1MW unit 

developed by IFC was one of the demonstrated large stationary PAFC. Molten 

carbonate fuel cells (MCFC) had progress on internal conversions of natural gas to 

hydrogen as a result of funded research by US military and electrical companies. 

The fabrication of main large stationary power station for fuel cells depended on 

the use of implemented natural gas organisation. 

During the 1980s, PAFCs progressed more on technical and commercial research. 

At that time, there was a lot of anticipation towards PAFC for its stationary and 

transport applications. A power plant application of about 100MW output was one 

of desired outcome of aspiring concrete structures that were proposed. Moreover, 

only about hundreds of units were in actual action at the end of the century out of 

ten thousand that were estimated for PAFC. Few of the large stationary PAFC plats 

that were implemented for experimental reasons did not make any commercial 

purchase at the time. PAFCs were saved by improved membrane durability as well 

as the overall system performance after two decades. The use of fuel cells for 

transport applications had continued in the 1980s which was part of research, 

fabrication and establishment work. Studies were commanded into the utilization 

of fuel cells by the US Navy where its advantages were tolerable. The Canadian 

company known as Ballard became the chief supplier of stacks as well as systems 

for stationary and transport application after starting to conduct studies on fuel cells. 

In 1990s, research focus gravitated towards PEMFC and solid oxide fuel cells 

(SOFCs) for small stationary applications. The main attraction was their low cost 

per unit which gave hope for commercial opportunity. In certain countries, the 

fabrications of PEMFC as well as SOFCs were funded with an aim of applications 

in residential areas. The growth of PEMFCs for automotive applications was 

assisted by the governments that supported clean energy. The zero-emission vehicle 

(ZEV) command was introduced by the California Air Resource Board (CARB) in 

1990 which marked as the first vehicle emissions standard around the world [31]. 

A positive response was received from car manufactures that where economically 

stable at the time and put their money on PEMFC studies. Another type of fuel cell 

(DMFC) at that time also was able to develop. Applications of portable devices that 

were achieved consisted of laptops, mobile phones and soldier-borne. The first 

advancement of MCFCs was marked in 1950s and its commercial advances marked 

in 1990s. The commercial advances where big stationary applications which were 

made available by Fuel Cell energy company. Power density and durability for 

stationary applications of SOFCs had most advances as well. Most fuel cell 

companies had an opportunity to be listed on stock exchanges in the late 1990s 

however their prices were blamed for the recent fall on technology stocks that 

followed after the listing. 
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In 2000, fuel cells still received research focus since it gave more promises and 

options in order to reduce the demand of energy upon fossil fuels as well as 

reduction of harmful environmental impacts. Governments and private companies 

were still devoted to clean energy awareness thus investing on the developments of 

fuel cells. In that manner, by mid-2000 HyFleet/CUTE project had established tens 

of fuel cell buses in Australia, Europe as well as China [32, 33]. The buses marked 

as the reassuring early market application of fuel cells since they had high 

efficiency, un-harmful emission to the environment and simple refuelling. 

Commercialization journey for fuel cells in different applications started in 2007 

[34, 35]. All the standard and requirements were met when final product was ready 

to be operated by consumers and offered warranties as well as service capability. 

The applications included thousands of secondary power units of PEMFC and 

DMFC particularly for leisure products (boats, campervans). Another large number 

demanded from portable devices segment for micro fuel cell units. The military also 

demanded PEMFC and DMFC portable power units that assisted with powering 

monitoring and communication devices which were able to eliminate the use of 

heavy batteries. More of stationary PEMFC were demanded for shipment in Japan’s 

large scale residential combined heat and power programme where the units were 

installed in homes from 2009 and has over 13000 instalments today [36, 37]. 

The stationary sector in the USA was motivated by the demonstration programmes 

built for backup power set-ups. The need for reliable backup power set-ups at 

Telecoms Networks Company for emergencies had also driven fuel cell technology 

a step forward. This resulted after the disappointment of diesel generators when 

Hurricane Katrina hit Mexico and the telecom network was disturbed. Developing 

countries needs was an advantage for fuel cells as it was expected to provide the 

reliable on-grid and off-grid stationary power stations [38-41]. Another opportunity 

for fuel cell growth appeared when major power supplies were required in some 

parts of India and east Africa specifically for mobile phone masts. They were then 

provided with hydrogen fed PEMFC units to be able to power the mobile phone 

masts in the late 2000s. At the time fuel cell were in a position to meet all the power 

demanded by the popularity of mobile phones growing within those regions. Fuel 

cells were able to commercialise even on the transport sector. However, most of its 

commercialisation was from materials handling department since the material was 

also applicable for incumbent technology and lead acid batteries. There was an 

increase in funding for fuel cell materials handling vehicle demonstrations which 

were found across the USA. The increase however did not come close the number 

of built stationary power station and portable device fuel cell applications. Fuel cell 

buses were one of the outcomes of fuel cells on transport sector that were 

implemented and have been in use for years now. The buses proved to be useful but 

remain expensive when compared to traditional diesel buses which excludes the 

cost of hydrogen [42]. The availability of fuel cell cars to consumers by 
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manufactures started with contracts which aimed at acquiring experience for their 

commercialisation which was arranged to kick start by 2015. PEMFC and DMFCs 

are the most fuel cells that had most impact on the market share and applied for 

stationary, portable as well as the transport sectors. The successful products 

accepted by consumers were seen through by the government policies, private 

companies, and development standards. 

2.2 FUEL CELLS OPERATION 

Fuel cells are basically electrochemical devices that convert chemical energy 

directly into electricity with the resulting by-products as water and heat [7]. The 

device is made up of four important segments that makes it up which are anode and 

cathode electrodes, electrolyte and external circuit. In the device a fuel is fed at the 

anode electrode whereas oxygen derived from air is fed at the cathode electrode. 

An electrolyte is situated between the electrodes which its main purpose is to 

transport ions (anions or cations) in the cell from one side to the other depending 

on the type of cell at hand [43].  

 

Figure 2.2: Schematic diagram an individual of fuel cell based on hydrogen-proton conductor [44]. 

 

The fuel fed to cell can also be different in terms of physical state meaning it can 

be gas, solid or liquid. Figure 2.2 above show typical operation of a fuel cell and in 

its case, it specifically shows hydrogen (H2) as the fuel of choice fed at the anode, 

the oxidant is fed at the cathode and the electrolyte is transporting H+ ions from 

anode to cathode [45]. The chemical reactions that actually occur within a typical 

cell are as follows: 

Anode reaction: 𝐻2  →  2𝐻+  +  2𝑒− (2.1) 
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Cathode reaction: 
1

2
𝑂2  +  2𝐻+  +  2𝑒−  →  𝐻2𝑂 (2.2) 

Overall reaction: 𝐻2  +  
1

2
𝑂2  →  𝐻2𝑂 (2.3) 

The process in fuel cell begins when fuel enter the cell at the electrode where the 

chemical reaction occurs. Once the chemical reaction takes place the fed fuel is 

disassembled to obtain negatively charged electrons and ionised atoms. The 

electrons are transported through the external circuit to provide current and the 

ionised atoms are transported through the electrolyte membrane to the electrode on 

the other side of the cell. On that electrode, the ionised atoms conglomerate with 

the electrons and oxidant molecules to make water which is the overall by product 

of the process. The electrolyte membrane has to allow only the needed ions to 

permit to the other electrode [46]. 

2.3 TYPES OF FUEL CELLS 

2.3.1 Classification of fuel cells. 

Fuel cell types can be classified based on their varying characteristics which include 

the electrolyte, reactant and operating temperature [47]. The electrolyte classifies 

fuel cells into six major types. The most common electrolytes of choice employed 

includes acid, alkali, salt and molten salt solutions. However, fuel cells also employ 

solid electrolytes like inorganic oxide compounds for example. The solid electrolyte 

has an advantage over liquid electrolytes since when used liquid crossover is 

avoided. When fuel cells are classified based on their reactant type it refers to the 

fuel of choice for operation. The reactant type of a fuel cell can be employed in 

different physical states, solid, liquid or gas. Furthermore, the fuel can be acids 

(Phosphoric or formic acid etc.), alcohols (methanol, ethanol, glycerol, etc.) or 

hydrogen. They can simply be differentiated into organic and inorganic reducing 

agents. The fed oxygen on the cathode most of the time is the oxidising agent [48].  

Fuel cells are also classified according to their operating temperature. The operating 

temperature of fuel cells has broken down the cells into two types which are the 

low temperature and high temperature fuel cells. Low temperature fuel cell 

operating temperature is from 50°C to 250°C whereas the high temperature ranges 

from 650°C to 1000°C. Examples of low temperature fuel cells include proton 

exchange, alkaline, phosphoric acid fuel cell etc. Fuel cells like molten carbonate, 

solid oxide fuel cell are the one of the high temperature fuel cells [49]. Fuel cells 

classified according to their electrolyte gives six major types of fuel cells which 

includes: proton exchange membrane fuel cells (PEMFC), alkaline fuel cells 

(AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), 

solid oxide fuel cells (SOFC) and direct methanol fuel cells (DMFC) [50].  
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2.3.1.1 Alkaline fuel cell (AFC) 

Alkaline fuel cells were previously referred to as Bacon fuel cell due to its inventor. 

These are one of the fuel cell systems which were put to use as early as the 19th 

century by Allis-Chalmers and NASA [51]. The employment of an alkaline solution 

in this fuel cell system led to its official name. The most alkaline solution employed 

in AFCs is potassium hydroxide (KOH) to serve as an electrolyte [52]. To have 

KOH as an electrolyte in the cell means in can only transfer OH- ions across 

electrodes. AFCs are low temperature fuel cell and operate at temperatures between 

50 and 200°C.  

    

Figure 2.3: Alkaline fuel cell (AFC) [53, 54]. 

 

The estimated efficiency that the cell can achieved is between 60 and 70%. The 

quick start in AFCs are one of its major advantages which also includes its fast 

electrokinetics, high efficiency, reduced fuel crossover and low catalyst cost [55]. 

The prime disadvantage for AFCs is its sensitivity to CO2 which causes the reduced 

concentration of alkaline in the electrolyte thus the chemical reactions gets weaker 

during operation. Figure 2.3 is the basic structure of an alkaline fuel cell which also 

shows the chemical reactions that takes place during operation. The hydroxide ions 

(OH-) are transported across the electrolyte from cathode to anode which results 

from the reduction water on the cathode electrode. Water is the by-product of the 

reaction that takes place on the anode electrode from the recombination of 

hydroxide ions and hydrogen molecules [49, 56, 57]. The redox reactions on each 

electrode are represented by equation 2.4 to 2.6. 

Cathode reaction: 
1

2
𝑂2  +  𝐻2𝑂 + 2𝑒−  →  2𝑂𝐻− (2.4) 
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Anode reaction: 𝐻2 +  2𝑂𝐻−  →  2𝐻2𝑂 +  2𝑒− (2.5) 

Overall reaction: 𝐻2 +  
1

2
𝑂2  →  𝐻2𝑂 (2.6) 

2.3.1.2 Molten Carbonate Fuel Cell (MCFC) 

Molten carbonate fuel cell was part of the development in fuel cells which was 

under research for two centuries and counting. It was two Dutch scientists who  

employed carbonate salts for this type of fuel cell [58]. An MCFC is high 

temperature fuel cell operating at temperatures between 600 and 700°C [59]. This 

type of fuel cell is very unlikely to be situated in homes due to its high operating 

temperature; it is therefore intended for power plants. MCFCs give an efficiency 

alternating between 50 and 60% which is one of its pros. To add to its pros, MCFCs 

employ cheap catalysts as well as limit poisoning of the cell since it operates at high 

temperature [60]. Very often the catalysts are nickel based for both anode and 

cathode electrodes. The shortcomings of this cell include that it is highly 

unforgiving to sulphur as well as the slow start up of the cell.  

 

Figure 2.4: Molten carbonate fuel cell (MCFC) [53, 54]. 

 

A basic structure of an MCFC is represented in figure 2.4 which illustrates the 

process of obtaining electricity from the cell as well as reactions taking place in 

each electrode. The hydrogen is still oxidised at the anode by the carbonate ions 

from the carbonate salts that are transported from the cathode to the anode. Along 

the reactions that occur within the cell there is production of CO2 which is unlikely 

to poison the cell unlike AFCs which are super sensitive to CO2. The electrons that 

go through the external circuit to provide electricity returns to the cathode to 
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produce carbonate ions together with oxygen and carbon dioxide [61]. The 

following equations show the reactions that takes place within the electrodes. 

Anode: 𝐻2  +  𝐶𝑂3
2−  →  𝐻2𝑂 +  𝐶𝑂2  +  2𝑒− (2.7) 

Cathode: 
1

2
𝑂2  +  𝐶𝑂2  + 2𝑒−  →  𝐶𝑂3

2− (2.8) 

2.3.1.3 Proton exchange membrane fuel cell (PEMFC) 

This is the type of fuel cell that is mostly researched. Proton exchange membrane 

fuel cell is a low temperature fuel cell which is the invention of two scientists by 

the name of Thomas Grubb and Leonard Niedrach through a company called 

General electric [62]. Before its breakthrough, the system initially employed a 

polystyrene sulfonate polymer which turned out to be unstable. As the PEMFC was 

improved with time, it was later employed by the US navy as well as the British 

Royal Navy to power their submarines. These types of fuel cells simply employ 

proton-conducting (H+ ions) polymer membrane for an electrolyte in a thin sheet 

form. Their operating temperature ranges between 60 and 100°C, while its 

efficiency is around 40 and 50%. High power density is one of strongest point of 

this system. Alternatively, low efficiency counts for its weakest point as well as the 

employment of expensive catalysts[63]. Figure 2.5 shows the process that takes 

place within a PEMFC. 

 

Figure 2.5: Proton exchange membrane fuel cell [64]. 

 

Like other fuel cell types, the electrons flow through the external circuit obtained 

from the oxidation of hydrogen in the anode electrode. The positively charged ions 

are diffused through the membrane to the cathode electrode to react with the 

electron returning from the external circuit and oxygen. In the cathode process, the 

oxygen is reduced to form water as the outcome product of this operation. The 

anode and cathode electrode reactions are shown below. 
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Anode: 𝐻2  →  2𝐻+  +  2𝑒− (2.9) 

Cathode: 
1

2
𝑂2  +  2𝐻+  +  2𝑒−  → 𝐻2𝑂 (2.10) 

2.3.1.4 Phosphoric acid fuel cell (PAFC) 

Phosphoric acid fuel cell is also a low temperature fuel cell which developed slowly 

when compared other types of fuel cell due to little faith towards the cell which 

developed based on its poor conducting abilities of electricity [65]. It was only 

during 1960s when it emerged properly by the work of scientists G.V. Elmore and 

H.A. Tanner whom created a cell that operated for a period of six months. These 

types of fuel cells are mostly used for stationary applications. PAFCs employ 

phosphoric acid for an electrolyte with an operating temperature that regulates 

between 150 and 200°C [66]. The efficiency on the other hand for this fuel cell also 

regulates around 40 and 50% just like the PEMFCs. The costly catalysts remain the 

challenging matter for PAFC since they’re usually Pt-based [67]. The challenging 

matters also include the ability of cell components to be able to resist corrosion 

which is always not the case. PAFCs are able to withstand carbon monoxide once 

it has reached its highest temperature. One more of its advantages include its 

electrolyte’s ability to operate at temperature above the boiling point of water which 

makes it the only cell of that ability when compared to other acid electrolyte fuel 

cells. Figure 2.6 shows a typical PAFC and its operation. 

 

Figure 2.6: Phosphoric acid fuel cell (PAFC) [53, 54]. 

 

For the process that occurs in PAFCs, positively charged hydrogen atoms are 

transferred through the electrolyte from anode to the cathode electrode whereas the 

electrons travel through the external circuit to provide electricity. The electrons and 

hydrogen atoms recombine on the cathode electrode with oxygen atoms which 
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results with the by-product of water. The chemical reactions that take place within 

a PAFC are the same as the one carried out on PEMFCs however the cathode 

reactions are faster in PAFC when compared to PEMFC which is the result of 

operating at high temperature. The reactions are shown below. 

Anode: 𝐻2  →  2𝐻+  +  2𝑒− (2.11) 

Cathode: 
1

2
𝑂2  +  2𝐻+  +  2𝑒−  →  𝐻2𝑂 (2.12) 

 

2.3.1.5 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cells are high temperature fuel cells with more similarity to the 

MCFC based on the development history. This type of fuel cell started to channel 

its own route of research when the two Swiss scientists started to explore solid oxide 

materials such as tungsten, cerium, zirconium and yttrium for electrolytes which 

were in 1930 [68]. The employed electrolyte in SOFCs is solid, which therefore 

eliminates licking and makes the cell more stable when compared to MCFCs. The 

usually employed electrolyte for SOFCs is yttrium stabilised zirconia due its pure 

ionic conductivity, high chemical and thermal stability. The electrolyte diffuses 

negatively charged oxygen ions across the electrodes. Its operating temperature is 

as high as 1000°C thus making the application of these cells excludes homes [69]. 

They also give a satisfying efficiency ranging between 50 and 60%. SOFCs are also 

intolerant to sulphur content but are able to handle CO and CO2 due to operating at 

high temperature.  

However, SOFCs are also challenged by high cost of the cell, the slow start up and 

finding the appropriate electrolyte material that would be thermally and chemically 

stable for the cell. Figure 2.7 illustrate the operation of a SOFC. At the anode, 

hydrogen is oxidised by the negatively charged oxygen ions which are diffused by 

the electrolyte from the cathode to anode. The produced electrons therefore travel 

through the external circuit to produce electricity then return to the cathode to 

combine with the oxygen molecules 
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Figure 2.7: Solid oxide fuel cell (SOFC) [70]. 

The reactions that are carried out within the cell on each electrode are shown below: 

Anode: 𝐻2  +  𝑂2−  →  𝐻2𝑂 +  2𝑒− (2.13) 

Cathode: 
1

2
𝑂2  +  2𝑒−  →  𝑂2− (2.14) 

2.4 ALKALINE DIRECT ALCOHOL FUEL CELLS (ADAFCs) 

ADAFCs are also referred to as direct alkaline alcohol fuel cells (DAAFCs) which 

have the fuel cell of interest lately. ADAFCs are low temperature fuel cells which 

employ alcohol for fuel and alkaline medium or anion exchange membrane for an 

electrolyte. They can also be regarded as liquid fuel cells [71]. This type of fuel 

cells have attracted research focus for their positive response when in alkaline 

medium together with the advantage of high energy densities and easy storage that 

comes with alcohols for fuel in ADAFCs. Improved current densities are the results 

of alcohol oxidation in alkaline medium which are better than those that result when 

acid electrolytes are employed [72]. To lower the cost fuel cell, this type of fuel cell 

has targeted the electrocatalysts which is one of the major causes of high cost in 

fuel cells. Since fuel cells employ precious metal catalysts, ADAFCs are able use 

non-precious metal catalysts which are cheaper than the normally considered 

catalysts [73]. Lower loading of the metal also reduces the total cost of the catalyst. 

Alkaline electrolyte operating fuel cells tend to suffer less from poisoning when 

compared to the acid electrolyte operating fuel cells. 

The first alkaline alcohol fuel cell was reported in 1964 by Cairns and Bartosik 

whom operated the cell with methanol in alkaline medium at the temperature 

ranging between 115 and 130°C [74]. The cell had given power densities of 40-

45mW.cm-2 and efficiency was 75-85%. Most work of ADAFCs that has been 

reported earlier in research had low performance when compared to PEMFCs such 



 

  

18 

that its performance was low by 20%. The highest performance reported with Pt-

based catalysts employed in ADAFC was said to be 58mW.cm-2. The overall 

technology has shown improvement since the work done by Bianchini et al. had 

reported the achievement in power densities of about 160mW.cm-2 [75]. The work 

was achieved by the employment of Pt free catalysts which works towards lowering 

cost for fuel cells. Working with alkaline medium gives a wide range of options 

including catalyst, support material and fuel which tends to be limited for working 

in acidic medium. 

2.5 CATALYST 

Catalysis in general is the process whereby a chemical reaction is speed up by the 

employment of a catalyst. A catalyst is any material that is intended to speed up a 

chemical reaction without being consumed in the process. The chemical reaction is 

basically between the catalyst and the reactant resulting with intermediates which 

easily react with other reactants to obtain the end product and rejuvenate the catalyst 

along the process. In most cases these reactions are acid-base, oxidation-reduction, 

formation of free radical and formation of coordination complexes reactions. 

Catalysts are different based on their physical states; they can therefore be in gas, 

liquid or solid state. Figure 2.8 below simply shows the plot of a catalysed reaction 

and an un-catalysed reaction, comparing the activation energy required for each 

reaction [76]. 

 

 
Figure 2.8: A typical plot of a catalysed and un-catalysed reaction [77]. 

 

Majority of solid catalysts are metal based, metal oxides, sulphides or halides of 

metallic elements, which usually paired with support material. Most gas and liquid 

catalysts are used as received however they can be paired with relevant solvents 

instead. The physical state of a catalyst leads to its categorisation. Catalysts are 

categorised into two, namely homogeneous and heterogeneous catalysts. 

Homogeneous catalysts are in liquid and gaseous state whereas heterogeneous 
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catalysts are in solid state. For homogeneous catalysis, both reactants and catalyst 

are in the same physical state which is opposite of heterogeneous catalysis where 

reactants and catalyst can take varying physical state [78]. 

 

An ideal catalyst is expected to be active, good selectivity, have thermal and 

mechanical properties, be stable, have large surface area and be affordable as well. 

Although a catalyst is expected to meet certain qualities, a lot of them depend on 

its synthesis to be achieved [79]. A catalyst’s surface area depends on the support 

material used as well as if the support is porous or not. The dispersion of metal 

particles on the catalyst support material is more dependent on whether synthesis 

of the catalyst was able to produce nanoparticles because a catalyst is more active 

if the material is in nanomaterial than opposite. The morphology of the desired 

particles is also dependent on the method of choice for synthesis [80]. The activity 

of the catalyst can further be improved by the use of promoters which is an element 

combined with a catalyst to enhance performance. Most promoters used are metallic 

ions which are normally integrated into the catalyst of choice. 

 

Fuel cells originally employ supported heterogeneous catalysts, being precious 

metal or metal oxide supported catalysts. Also for fuel cell applications, carbon 

materials has been the most used catalyst support [81]. The use of carbon is intended 

to provide the large surface area for metal dispersion purposes thus avoiding 

possible agglomeration of particle and possibly obtaining a stable heterogeneous 

catalyst [82]. Specifically, Pt is most researched precious metal for fuel cell 

electrocatalysts. Carbon supported Pt electrocatalysts usually denoted Pt/C have 

been reported to show good catalytic activity but disadvantaged by its high cost. 

Alternatively, Pt-based alloyed catalysts have been an effective option for cost 

reductions as well as non-Pt electrocatalysts for different fuel cell applications [83]. 

Improved catalytic activity has been reported for alloyed Pt-based and non-precious 

metal electrocatalysts when compared to the traditional Pt/C catalyst [84]. 

2.5.1 Catalyst synthesis methods in fuel cells 

It is only in recent years that this field of research in electrocatalyts has received 

maximum attention with the aim of making most use out of fuel cell catalysis [85]. 

Like any other, fuel cells have its own factors that hinder its commercialization 

which include cost, performance and durability. Fuel cells consist of 

electrocatalysts (Pt-based catalysts) which are known to be its biggest hinder since 

it results with high cost. Membrane fabrication techniques and material of used 

bipolar plates are also factors that contributes towards the high cost of fuel cells [7]. 

The role of electrocatalysts in fuel cells occurs at the anode for oxidation of fuel 

(ethanol, methanol, hydrogen, etc.) and at the cathode for the oxygen reduction [86]. 

There are tons of methods of synthesis for fuel cell electrocatalysts that are 
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established and have been put to use already, all with the same aim of achieving 

affordable, performing and stable catalysts. Few of these utilized methods include 

co-precipitation, impregnation, chemical reduction, alcohol-reduction process, 

colloidal, micro-emulsion, photo-assisted deposition and electrodeposition which 

have been employed for the deposition of metals on carbon support [17, 87].  

Chemical reduction method 

Chemical reduction method is extensively used amongst other methods due to its 

comparative simplicity for obtaining the carbon-supported metal-based catalysts 

with high metal loading. Ethylene glycol or sodium borohydride are chemical 

reducing agents that are employed for the reduction of metal ions for the above 

mention method [88]. As good as the synthesis method is reported, it is also 

disadvantaged since it fails to control particle size and shape [89]. To add to that 

the method is also time consuming. Although there’s been performing catalysts for 

fuel cells, these devices are still not commercialized yet and, on that matter, 

improved catalysts are still required.  

Co-precipitation method 

Co-precipitation is one of the utilised methods for the synthesis of catalysts, for 

which mono or binary catalysts can be successfully produced. Changes in state of 

parameters such as temperature, pH and evaporation are vital when inducing 

precipitation which has been used for supported catalysts production for a while 

now. Circumstances such as concentration gradients, temperature gradients, or 

inadequate mixing of material used may lead to fluctuations which result in more 

nucleation occurrences and precipitation of states caused by non-uniform growth 

patterns during synthesis, thus more attention is required. The method has an 

advantage of high yield, better purity and low cost. However, it is also 

disadvantaged by its dependence on reaction parameters such as temperature, pH, 

ionic strength etc., to obtain the desired particle size and shape, as well as its 

composition [90]. For co-precipitation the aim is to achieve high metal loadings and 

obtain nucleation and growth of a solid precursor in a single step, in which both 

salts of the desired metal and support are dissolved and mixed together [91]. In a 

typical experiment, precursor(s) are dissolved as well as support material followed 

by the mixture of the two solutions. The mixture is added to ammonia solution while 

stirring and pH is monitored or kept constant during the reaction. The acquired 

sample is filtered, thoroughly washed and dried at a certain temperature for the 

required time. Lastly the sample is calcined [92]. 

Impregnation method 

One of the simplest methods used for catalysts synthesis is the impregnation method 

because it is easily conducted and also has an advantage of highly reduced waste. 
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However, the size of metal particles are not easily controlled and thus not consistent 

since their outcome depends much on the nature of the support and serves as a major 

setback for impregnation method. The simplicity of this method involves the 

process in which the metal precursor in form of a solution is merged with the 

support and that is the major step of the method. There are two ways to do 

impregnation method, one being the dry impregnation for which the amount of 

solution used is exactly the amount required to fill the pore volume of the support 

used. Secondly, is the wet impregnation where by the amount of solution used 

depends on the how much the metal precursor requires in order to dissolve. For this 

method the mostly used precursors are inorganic metal salts which include metal 

sulphates, chlorides, nitrate etc. and organic metal complexes as well. Inorganic 

salts commonly utilize water as a solvent since most of them are highly soluble in 

water and organometallic precursors require organic solvents. Hydrogen, 

borohydride, formic acid and hydrazine are mostly employed as the reducing 

chemicals for this method [93]. Keeping concentration unsaturated helps to avoid 

early deposition of metal precursor in bulk solution [91] [94]. However the method 

is disadvantaged by the inability to control the particle shape and size of the final 

product [89]. 

Electrodeposition method 

Electrodeposition is one of the catalyst synthesis methods. In this method the 

cations are reduced from a solution of the material of interest. The desired material 

is then coated as a thin film onto a substrate of choice which has to be a conductive 

material [95]. All of the process is achieved by electricity hence called 

electrodeposition. The method is only able to produce metal thin films but it is also 

able to produce metallic alloys as well as compounds. All the possible material is 

able to be used for preparation of precursor layer structures. The process of 

electrodeposition is cost effective and energy effective since the equipment is not 

expensive and the process is carried out at temperatures close to room temperature. 

One of the advantages of this method includes its high utilisation of materials which 

is achievable with employment of stable electrolytes. The method is also 

disadvantaged by its electroformed shell thickness which results in short lifetime 

for the produced material [96]. 

The simplest form of electrodeposition consists of a desired substrate, metal ions 

containing electrolyte as well as a counter electrode. Current flow results with 

cation and anions motion towards the cathode and anode electrodes which are 

expected to deposit once they have experience charge transfer reaction. The 

electrolysis laws of Michael Faraday lead to the discovery of electrodeposition. 

Like any other technique, advantages of electrodeposition include high production 

rate, low starting capital, easy technology and large number of metals or alloys that 
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can be deposited. Furthermore, the process is able to produce porosity free material 

which cut out the need for further processing [97]. 

Ultrasound deposition method 

Ultrasound irradiation is one of employed catalysts synthesis methods. The 

ultrasound irradiation process is able to enhance the distribution of active metal on 

the support material (usually increase distribution), deactivate metal as well as 

reduce particle sizes. The effect of ultrasound to cavitation in liquids is the main 

concern of understanding ultrasound irradiation also known as sonochemistry. The 

ultrasonic sound wave has a direct interaction with the molecules from the solution 

during the ultrasound irradiation process, however the resulting chemical effect of 

the ultrasound is not generated from the interaction [98, 99]. 

The different experimental conditions used determine the sonochemical rates. In 

that case to achieve better sonochemical outcome, the precursor is expected to be 

volatile due to the state of the primary sonochemical reaction being in vapour form. 

Moreover, for the sonication temperature the solvent vapour pressure should be low 

since the collapse efficiency is avoided by the solvent vapour within the bubbles 

[100]. The ultrasonic synthesis method has also been synthesis method of interest 

utilised for the nanoparticles of noble metal synthesis. The noble metals synthesised 

include Pt, Pd, Ag, and Au nanoparticles. However, the successfully reported 

ultrasonication synthesis is of Pd and Au which resulted with nanoparticles size 

ranging below 10 nm. This method of synthesis has also been reported for supported 

catalysts synthesis [101]. The method however faces issues such as scaling-up and 

energy efficiency for broad applications [102]. 

Microwave assisted reduction method 

Microwave assisted synthesis method is basically microwave irradiation applied to 

chemical reactions [103]. The process uses electromagnetic irradiation ranging 

between 0.3 and 300 GHz frequencies which relates to wavelengths between 1 mm 

and 1 m. Microwave reactors specially intended for chemical synthesis use operates 

at a frequency of 2.45GHz which corresponds to the wavelength of 12.25 cm 

together with the domestic microwave. Microwave irradiation energy is found to be 

low when calculated such that it is not able to cleave molecular bonds which 

indicate that it cannot prompt the chemical reactions. As a result, the process utilises 

thermal effects instead which rather able to prompt the chemical reactions. 

Otherwise to be able to cleave molecular bonds or prompt chemical reactions the 

higher irradiation energy is required such as the use of UV or visible light. 

Microwave electromagnetic radiations excite dipoles as such aligning the dipoles 

of the material at hand in an external field. Internal heat is produced during the 

orientation of molecules which is done by the external electrical field and in intern 
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the process reduces the process time as well as energy required. One advantage of 

using microwave assisted synthesis method is the reduction of reaction time [104]. 

However the unfortunate is that the technology is quite expensive [105]. The 

technique is not only simple but unique as well, offering quick and efficient 

synthesis of materials with high reproduction. The process did not only emerge as 

cost effective measure with regard to particle size reduction, but it also improved 

dissolution process during use. Synthesis of organic materials has also had an 

advantage of time reduction in use of this method. The method has also been proven 

effective for synthesis of microspheres, film coating, tablets and gel beads. 

Microwave synthesis method is considered green synthesis as well. To add to its 

advantages the process provides uniform heading during operation [106].   

Photo-assisted deposition method 

Photo-assisted deposition is one of the methods employed for catalysts synthesis 

although it is not the frequently used method for fuel cell catalyst synthesis. This is 

also one of the quickest methods that have been used for synthesis as compared to 

chemical reduction method. Photo-assisted deposition is also referred to as 

photochemical synthesis or UV assisted reduction method and the concept behind 

these methods is employment of UV-irradiation for reduction process. Like any 

other method, photo-assisted deposition also has its own advantages such as 

manageable particle shape, reduced time and temperature for synthesis as well as 

reproducible material. For UV irradiation organic solvents are normally employed 

in the synthesis of metal nanoparticles [107]. In a typical procedure, the metal 

precursor solution is mixed with support material and the desired amount of solvent 

is also added. The procedure includes steps such as deaerating with the required 

gas, stirring and sonicating for a required amount of time. The last but not least step 

of this procedure is the exposure of the sample to UV-light of choice (high pressure 

mercury light, Xenon lamp etc.) for a required amount of time. Lastly filtration is 

employed for separation and the sample is washed in order to balance its pH [15-

17]. This method is hindered for production of complex organic molecules by its 

possibility to cause photodecomposition due to uncontrolled high-energy photons. 

2.5.2 Catalyst support material 

A support material is any material that provides a catalyst with a porous surface to 

distribute the catalyst of choice. Besides the high surface area they provide, they 

are also able to ensure even dispersion of the catalyst (metal, metal-oxide or non-

metal) of choice. The high dispersion of any catalyst of interest is achieved by the 

employment of support material with high surface area since materials differ in 

surface area. However, to have a support with high surface area means the support 

must be a porous material with high thermo-stability [108]. The same support with 

a porous surface also consists of active sites which determine the dispersion of the 
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catalyst on the support’s surface. If the material has high percentage of pores on its 

surface, it increases the accessibility active sites within the surface. Electrical 

conductivity is one of the most basic essentials required for fuel cell catalysts, which 

plays a role of conducting electrons. Although, the support material is expected to 

have high surface area, be porous and have electrical conductivity, they are also 

needed to be resistant to corrosion which usually occurs in the presence of oxygen.  

The support in general can possibly have a positive or negative effect on the overall 

activity of a catalyst since they are merged. The merge effect of the catalyst and 

substrate can be enlightened in two possible but varying ways. The catalyst’s 

particles electronic character can be improved by the substrate which can further 

affect the reaction features of the present active site that exist within the surface. 

Another possible way to enlighten the merge effect is the geometric effect that 

results from the merge effect of the substrate and the catalyst [109]. For the 

geometric effect, the substrate may modify the morphology of the catalyst particles 

which also have an effect on the active catalytic sites [110]. Support material of 

interest for this study is based on low temperature fuel cell applications. Most fuel 

cells employ carbon-based support material. Examples of substrate material usually 

employed for fuel cell catalysts both carbon-based and non-carbon material 

includes carbon black, mesoporous carbon, carbon nanotubes(CNTs), carbon 

nanofibers, graphene or graphite, carbon xerogels, silicon carbide(SiC), titanium 

dioxide(TiO2), iridium oxide(IrO2) etc. In summary, properties of a fuel cell catalyst 

support material must include: 

 high surface area; 

 porosity; 

 electrical conductivity; 

 corrosion resistance; 

 stability. 

2.5.2.1 Carbon-based support material 

Carbon is one of the most used support materials for fuel cell catalysts. It originally 

exists in three main allotropic forms namely diamond, graphite as well as 

amorphous carbon [111]. The actual type of carbon material that has been employed 

in low temperature fuel cells since 1990s is the carbon black (Vulcan XC-72R) 

among the varying carbon material. The comparison studies within the varying 

carbon materials include its structural configuration and pore surface, based on 

nanoscale as well as macroscopic level. An example of carbon material study 

comparisons includes the work of Auer et al. in which they reviewed the use of 

carbon black, nanotubes, graphene together with activated carbon as support 

material for metal catalysts [112]. However, it has been found to corrode since the 

development of PAFCs such affecting the performance of the fuel cell over time.  
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It was discovered that during the process of oxidation, the negative outcome was 

the loss of carbon that occurred. PEMFCs however do not experience the 

unfortunate outcome of carbon loss, which might be due to its low operating 

temperature and applies to other fuel cells in the same category [113]. The low 

operating temperature is an advantage since support material is more stable in that 

operating condition. Also, the electrochemical activity of fuel cell catalysts 

decreases with the change in the original morphology of the catalyst particles, 

which affects performance of a fuel cell during its life time. The effect in supported 

catalysts properties by oxygen on carbon’s surface was one of the studies that were 

carried by Rodriguez-Reinoso [114]. Besides the drawbacks of carbon-based 

substrate materials, its high surface area and electronic conductivity are not the only 

factors that attracted research attention towards the material. Carbon materials are 

also in abundance, easily processed and not harmful to the environment. 

Pyrolysis of hydrocarbons is the basic method employed for the production of 

carbon black. Examples of the usually employed pyrolysis method include oil 

furnace, acetylene process and furnace black process. When the furnace black 

production method is employed, the starting material is first served to the furnace 

which then burned in the presence of little to almost no air at a temperature of 

1400°C. The oil furnace carbon black has been used extensively for Pt-based 

catalysts simply because it’s cheap and available in abundance. Carbon black exists 

in tons of different types to mention a few: black pearls 200 FB, Acetylene black, 

Graphitised carbon black, Ketjen black and the mostly employed Vulcan XC-72R 

[115].  Although Vulcan XC-72R is considered to be a reliable and better support 

for fuel cell catalysts, its overall performance can still be improved by the use of 

physical and chemical treatments. The features of carbon such as its adsorption 

abilities, electronic and catalytic conductivity are the rooted results of physical and 

chemical treatments in the form of oxygen complexes on carbon support. The 

chemical treatment of carbon can be achieved by the use of varying oxidants such 

as oxygen (O2), trioxide (O3), hydrogen peroxide (H2O2) as well as nitric acid 

(HNO3). 

2.6 Catalyst used in alkaline DAFC  

Direct alcohol fuel cells (DAFCs) can be regarded as acid or alkaline based 

depending on the type of membrane used within the cell. The rise of alkaline 

membrane operating fuel cells is due to the setback of acid membrane resulting with 

slow kinetics of alcohol oxidation. Alkaline direct alcohol fuel cells (ADAFC) does 

not only have faster kinetics but also have an advantage when it comes to catalyst 

employment since it is not limited to utilise precious metals only for catalysts. Non-

precious metal are able to be used in these types of cells. Transition metals as well 

as metal oxides are also considered as promoters to mono catalyst, thus extending 

the types of catalysts used for DAFC’s to binary and ternary catalysts. Within the 
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available types of ADAFC’s, direct methanol fuel cell (DMFC), direct ethanol fuel 

cell (DEFC), direct ethylene glycol fuel cell (DEGFC) and direct glycerol fuel cell 

(DGFC) only, are of interest for this study.  

2.6.1 Catalysts used in DMFCs 

DMFC are classified as PEMFC since it uses proton exchange membrane (PEM). 

It is well known that DMFC employ Pt/C mono catalysts from its origin [116, 117]. 

Mostly ruthenium (Ru) has been used as a promoter to Pt in case of utilizing binary 

catalysts in DMFCs. The two catalysts are mostly used since they are the only 

catalysts that that shows better activity for DMFC. Therefore, DMFCs operating in 

acid are simply limited when it comes to choice of employing electrodes. Although 

the usual catalyst of choice (Pt) has high catalytic activity, CO is able to block its 

active sides if adsorbed thus the requirement of Ru to promote Pt [117]. The PtRu 

binary catalysts use bifunctional mechanism, whereby Ru active site are able to 

adsorb oxygen containing species and oxidises them thus they would not block Pt 

active sites which was reported by S. Wasmus and A. Küver [118]. 

Research has also focused on optimizing performance of Pt-Ru catalyst for 

methanol oxidation which also reviewed by Arico et al. as well as Coutanceau et al. 

[119, 120]. Concerning the issues of catalysts in DMFC, reduction of metal loading 

has been the primary consideration however it compromises the fuel cell’s 

performance in its life time. Concerning the challenges faced by DMFCs, research 

then has shifted focused on exploring alternative measures such as alkaline based 

DMFC and non-Pt catalyst. However, there has not been much reported on the 

alternative measures taken so far. One of the reported work on non-Pt catalyst 

include the work Meiqin Shi et al. who synthesised WC‐RGO [121] catalyst which 

is active in alkaline medium only [122]. More effort was taken in order to improve 

the performance of DMFCs. Ternary catalysts have been one of the alternative 

measures taken into consideration for DMFC catalysts. Research groups have report 

ternary catalysts such as PtRuNi which was reported by Martínez-Huerta et al. and 

Huang et al. [123, 124]. Various methods of preparation were considered for ternary 

electrocatalysts synthesis. 

2.6.2 Catalysts used in DEFCs 

Ethanol has received research attention which leads to the discovery of its multiple 

uses in different sectors. It is a C-2 type of alcohol and one of its uses of interest 

includes the transport sector. Ethanol can be oxidised in an acidic as well as alkaline 

environment. Each environment uses its own mechanism of oxidation but all with 

aim of achieving oxidation of ethanol in order to produce electrons. For DEFC 

operating in acid, ethanol oxidation occurs at low pH [125]. Palladium has been the 

catalyst of interest lately due its ability to oxidise ethanol and its promising 
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performance. It also been reported that onset potentials for ethanol oxidation has 

improved from those when Pt is used, resulting with most negative potentials and 

higher current densities [126]. The results indicate that ethanol oxidation is better 

on Pd than it is on Pt catalyst.  

Synthesis of binary Pd-based catalysts has been promoted with several metals 

including Au, Ru, Sn, Cd, Cu and Pb etc. Few of the literature reported binary 

electrocatalysts mostly used in DEFC include PdAu/C, PdTb/C, PdAg/C, PdBi/C 

and PdSn/C etc. Other binary electrocatalyst are metal oxide promoted and the 

reported studies included the use of MgO, ZrO2, NiO, Mn3O4, CeO2 and Co3O4 etc 

[127, 128]. One common trend reported from both bimetallic and metal oxide 

promoted Pd electrocatalyst is that, the catalyst exhibits higher activity towards 

ethanol oxidation in alkaline medium. Ternary electrocatalysts are more 

complicated in terms of metal pairing thus it requires the used metals to be in 

affinity with each other [125]. Ribadeneria et al. worked on the synthesis of an 

alloyed ternary electrocatalysts denoted PtRuNi and PtSnNi from which they 

confirmed that PtRuNi had higher electrochemical activity for ethanol oxidation 

[129]. 

2.6.3 Catalysts used in DEGFCs 

Ethylene glycol (EG) is one of the considered alcohols employed as fuel for 

ADAFCs. Ethylene glycol is a polyalcohol together with glycerol which is not 

easily oxidised like the monoalcohols. The advantages of this alcohol are its low 

volatile which results from its high boiling point as well as its high volumetric 

energy density and low toxicity. The alcohol can be synthesised electrochemically 

by the use of renewable energy such resulting with its ability to carry energy in 

energy storage system energy [130, 131]. Polyalcohol oxidation usually yields 

significant aggregates of carbonate [19]. The main product resulting from EG 

oxidation is oxalate which results with an increased electron transfer rate as from 

ethanol oxidation [19, 72]. Furthermore, the oxidation of EG is more complex due 

the existence of the intermediates that occur during the reaction which are able to 

poison the electrocatalyst [132]. 

Direct ethylene glycol fuel cell (DEGFC) also has a choice of two membranes it 

can employ which are proton exchange or anion exchange membrane (PEM or 

AEM). DEGFCs which are operating on PEM has been reported to have better 

performance however its performance is much more dependent on its operating 

temperature which is over 110°C and the performance is low at lower temperatures. 

The inconsistent performance of the PEM-DEGFC is associated with low kinetics 

of reactions. However, the kinetics is improved for AEM-DEGFCs. 

Electrooxidation of alcohols including EG and others is a study which was carried 

by Xie et al. whereby they tested the electrooxidation of alcohols on Pt and Pd 
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catalysts for which they discovered that the electrocatalytic activity of EG and 

glycerol was the best [133, 134]. Precious metals such as Pt and Au have been 

investigated for long time and it has been reported that Pt exhibits higher 

electrocatalytic activity than Au [135]. The electrooxidation of EG has also been 

studied with the employment of binary electrocatalyts including PtPd/C, PtBi/C as 

well as the ternary electrocatalyst PtBiPd/C which was the work of Demarconnay 

et al. [136]. One of reported work on ternary catalyst includes the works of Yiyin 

Huang et al. on which they reported high catalytic activity of PdCuBi/C 

electrocatalyst towards EG oxidation in alkaline media. The group also stated the 

improved durability observed as well as the catalyst’s tolerance with regard to 

adsorbed poisoning species on the catalyst surface when compared to Pd/C 

electrocatalyst [137]. 

2.6.4 Catalysts used in DGFCs 

Glycerol (G) is one of the polyalcohols that have attracted research attention as 

potential fuels for DAFCs. Besides the alcohols having high boiling point, low 

toxicity and high specific energy, some of these alcohols are able to be renewed. 

Glycerol and ethylene glycol are part of the renewable alcohols. Glycerol is the by-

product of biodiesel manufacturing with a volumetric energy density of 6.3 kWh L-

1 and it is available in large quantities. The availability of glycerol increases with 

manufacturing of methyesters thus reducing its cost as well [138]. Glycerol 

oxidation has been achieved by the use of Pt-based electrocatalysts. An AEM 

equipped DGFC has been reported to have high power density of 124.5 mW.cm-2 

at 80°C which employed Pt/C and FeCu/C electrocatalysts for anode and cathode 

[139]. 

The first metal oxide promoted Pd-based work was reported by Shen et al. whereby 

they observed high catalytic activity as well as electrochemical stability when 

compared to known catalysts such as Pd/C and Pt/C under comparable experimental 

conditions [140, 141]. However, Pd-Co3O4 electrocatalyst showed the highest 

activity towards EG and G oxidation amongst all the tested electrocatalysts [142]. 

The ternary electrocatalyst Pd-(Ni-Zn-P)/C has been reported to have achieved 

performance of 118 mW.cm-2 at 80°C by Bianchini et al. [19]. One of high 

performance reported for AEM equipped DGFCs was 125 mW.cm-2 using an in 

house Pt/C electrocatalyst [143]. Most employed electrocatalysts for AEM 

equipped DGFCs have been either Pt or Pd-based. Au is one precious metal that 

has been used for electrooxidation of glycerol and resulted with high catalytic 

activity. The onset potential was also observed to be high for the Au electrocatalyst 

[139]. 
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2.7 PHYSICAL CHARACTERISATION TECHNIQUES 

2.7.1 High Resolution Transmission Electron Microscopy (HRTEM) 

The determination of the catalyst’s morphology and size is performed using 

electron microscopy technique which exists in two types. The two types of electron 

microscopy options include scanning above the surface of the catalyst or in a 

transmission procedure. Transmission electron microscopy (TEM) is more like an 

optical microscopy but it rather uses electromagnetic lenses in place of optical one 

for focusing its electron beam on the analysed sample [144]. TEM consists of two 

techniques of operation used for analyses of samples which are the bright and dark-

field techniques.  

To reveal the density or thickness of the analysed sample in a two-dimensional 

image, the bright-field technique is employed and in the process the intensity of the 

transmitted beam delivers the expected results. The dark-field technique records the 

electron diffraction pattern of the process. Analysis of samples using the two 

techniques basically can give its physical features, structure, crystal properties, 

particle size and its distribution [145]. High resolution transmission electron 

microscopy (HRTEM) is further used to capture the nanosized catalyst images of 

material  such as metal oxides or supported metals for example [146, 147]. What 

makes HRTEM inimitable is its ability to acquire images of given object at that 

time and directly. Furthermore, chemical composition and electronic structure data 

of the analysed can be acquired by spectroscopic and diffraction analysis [148]. 

2.7.2 X-ray Diffraction (XRD) 

X-Ray diffraction (XRD) is mostly used to analyse bulk structure as well as 

heterogeneous catalyst configuration [149, 150]. In a typical process a number of 

reflections are produced in a diffraction pattern from a crystal lattice and they are 

related to lattice planes which are identified by the miller indices (h, k, l) 

corresponding to an angular position (2θ). Basically the diffraction pattern provides 

more details on the structure since it also includes information about the electron 

density inside the unit cell [151]. Polycrystalline powder, which most catalysts take 

its form, limits the XRD analysis to only identify the particular lattice planes that 

yield peaks at their corresponding angular positions 2θ. Bragg’s law is used 

determine all that and it goes by the equation:  

2d Sinθ = n λ. (2.15) 

Although XRD is limited by polycrystalline powders, individual solids provide it 

with a beneficial opportunity whereby bulk crystalline constituents of solid 

catalysts can be identified by the related characteristic patterns [144]. Catalyst 

crystallite size approximation can also be obtained by the use of XRD. The XRD 
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peaks are expected to be broader for analysis of crystallite sizes lower than 100 nm 

and sharper or intense for adequate long range order. Debye-Scherrer equation: 

D = 0.89 λ/ (B0
2 – Be

2)1/2 Cosθ (2.16) 

where B0 is the measured width of a diffraction line at half-maximum, Be is the 

corresponding width at half-maximum. Like any other technique XRD has its own 

disadvantages as well, when applied to catalysis although it does good structural 

analysis of solids [152]. In most catalysts cases, if the particles are highly dispersed 

and have an amorphous shape there is not much needed details that can be obtained 

even if the crystalline phase was detected [153]. To add onto the disadvantages, 

samples need to have concentration in its crystalline phase to be detected since the 

technique has low responsive abilities. XRD is unable or rather it is not beneficial 

for the detection of intermediates reaction on the surface of the catalyst and 

furthermore, it is unable to locate the exactly where on the surface structure the 

reaction takes place since it does analysis in bulk samples [151].  

2.7.3 Energy dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (EDX) is an effective analytical technique 

that is simple to use for elemental analysis and chemical characterisation of the 

sample. EDX continues to be a powerful technique that can be employed to achieve 

qualitative and quantitative surface analysis. The merging of electron microscope 

and X-rays detector results in EDX. The analysis accomplished by EDX results in 

a spectrum and spectra peaks which corresponds to elements in the sample as well 

as their configuration [154]. In the actual process that occurs before attaining the 

desired results, the analysed sample is exposed to high-energy beam of particles 

which take place in the electron microscope.  

The electrons in the sample get excited thus releasing X-rays when exposed to high-

energy beam of particles which the EDX is able to detect in number and amount of 

energy within the X-rays. The elemental configuration data of the analysed is then 

overlaid with the magnified image of the sample by the employment of the X-ray 

mapping procedure. One of the important features of EDX which makes it more 

beneficial is the direct connection that the number of X-rays emitted by each 

element in the sample have with concentration of that element. The direct 

connection results in a simple transformation of the X-ray acquired data to a final 

X-ray spectrum plus the determination of concentrations of different chemicals 

found in the sample [155-159]. 

Elemental maps with submicron (SEM/EDX) and nanoscale resolutions 

(TEM/EDX) are the outcomes of an EDX structure integrated with the two types of 

electron microscopes (SEM, TEM) [160-162]. An integrated SEM with EDX stands 

out amongst the advanced micro-beam analytical techniques that have been 
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employed in the past years to give spatially resolved data of chemical, physical and 

morphological properties of single atmospheric particles. The submicron lateral 

resolution makes the SEM/EDX a power technique for the analysis of particle’s 

size and elemental configuration [163, 164]. Determining the elemental 

configuration of the sample is simply possible with the EDX being able to detect 

all atoms in the periodic table except for helium (He) and hydrogen (H) since the 

X-rays produced within the SEM are traits of the atoms [165]. X-ray mapping 

procedure resulted with the advancements of EDX technology as well as escalating 

computational and storage potential of used computers.  

This procedure allows elemental mapping by the use of elemental configuration and 

concentration data. It also gives a clear vision of the spatial dispersion of all the 

detected elements from the surface of the analysed sample [166]. Quantitative data 

based on the elemental configuration of an immense number of particles is 

obtainable with the employment of an automated SEM/EDX [167, 168]. Although 

effective, SEM/EDX is challenged when it comes to the execution of molecular 

speciation of particles and analysing semi-volatile particles in a non-harmful state. 

The inability is caused by the employed electron beam as well as the elevated 

vacuum in the sample chamber. Adding to the challenges, chemical composition of 

a single particle is composed of several species within that the elemental analysis 

is not adequate to completely characterize [166]. 

2.8 ELECTROCHEMICAL CHARACTERISATION TECHNIQUES 

2.8.1 Cyclic Voltammetry (CV) 

Voltammetry is an electrochemical technique that exists in two types which are 

cyclic voltammetry and linear sweep voltammetry [169]. Cyclic voltammetry is the 

most applied electrochemical technique which results in quantitative 

electrochemical process data. This technique is accomplished by the determination 

of the outcome current as a function of the applied potential [170]. The applied 

potential is targeted at the working electrode which is one of the three-electrode 

setup mostly employed for cyclic voltammetry. The three-electrode setup consists 

of the working electrode, reference electrode and a counter electrode [171].  
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Figure 2.9: Typical image of Cyclic Voltammogram [172]. 

 

When the potential is applied back and forth, the resulting current oxidizes or 

reduces the analyte, which is the element whose components are being determined. 

The measured current is a reaction of the applied potential from the initial potential 

(Ei) to the final potential (Ef), which its scan reverses at the final potential to 

continue in an opposite direction at the same potential values hence the name of this 

technique is cyclic [170]. The resulting voltammogram is a plot of the measured 

current versus the potential as shown in figure 2.9 above translates the possible 

redox reactions. Scan rate used determines the total time of the analysis. The 

technique is reliable for the determination of mechanism of redox reactions, 

reversible reactions as well as kinetics of electron transfer [171]. 

2.8.2 Linear Sweep Voltammetry (LSV) 

Linear sweep voltammetry is a simplest waveform technique which monitors the 

current resulting from the applied potential between the two electrodes employed. 

If working with a non-rotating electrode and under electroanalytical chemistry the 

technique of application is LSV. CV studies are when there’s circulation of applied 

potential across two electrodes covering the forward and backward scan.  Just like 

the cyclic voltammetry, LSV resulting voltammogram is a plot of measured current 

versus the applied potential except that the plot is only a forward scan as shown in 

figure 2.10 below. The analytes are oxidised or reduced at the potential which 

current indicates and thus the oxidation or reduction peak is marked. Scan rate is 

termed for the process of rate of change potential with respect to time and can range 

from 1mV/s to 1,000,000 V/s. To achieve the desired outcome of an LSV, a 

potentiostat as well as a three-electrode setup is required to be able to apply 

potential to a solution and measure the current. The potential is applied from the 
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potentiostat through three-electrode setup which employs the working electrode 

(glassy carbon), reference electrode (Ag/AgCl) and counter electrode (Pt wire).  

 

Figure 2.10: Typical LSV Voltammogram [173]. 

The working electrode is one of the employed electrodes in a three electrode setup. 

The reduction and oxidation reactions take place at that electrode which is the 

desired outcome of this analysis hence is recorded. The process occurring at the 

working electrode is a circulation, thus when oxidation or reduction of ions is 

complete they shift on the electrode surface for new ions to undergo the same 

process. As the result current shift is measured at the working electrode as a result 

of applied potential. The movement of electrons on the electrode generates current 

which on the other hand is able to trace the rate of electrons across the electrode 

and electrolyte. The counter electrode has the reverse process that occurs at the 

working electrode and the process is also not recorded.  

The counter electrode work in hand with the reference electrode, it relies on the 

reference electrode to be able to proceed with intended task. The applied potential 

on the three electrode process is by the counter electrode which needs the reference 

electrode to knows how much of potential to apply to the working electrode. The 

reference electrode keeps the known reduction potential. The relationship between 

the three electrodes is that the counter relies on the reference in order not to fail the 

working electrode. LSV is a reliable technique that can be used to identify elements 

as well as determine the concentration in solutions. Concentration is specifically 

determined the height of the limiting current. The sensitivity during analysis can be 

controlled by the scan rate, higher scan rate result with high sensitivity. 
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2.8.3 Chronoamperometry (CA)  

Chronoamperometry is an electrochemical technique used to study the kinetics of 

chemical reactions, diffusion steps as well as adsorption studies. For this technique, 

the potential obtained from the working electrode is applied and the out coming 

current obtained from the faradic processes that appear at the electrode is observed 

as a function of time. The plot of current as a function of time results only after the 

potential is applied to the working electrode which can be single or double potential 

step. The fraction of peak oxidation current against the peak reduction current from 

the plot gives only limited information with regard to the electrolysed species. 

Amongst all the existing techniques, chronoamperometry is one technique that is 

able to produce high charging currents which decomposes with time. The concept 

is actually explained by the Cottrell equation (2.17), which shows that the faradic 

current is caused by the electron transfer which the actual current of concern [174-

176].  

𝑖(𝑡) =
𝑛𝐹𝐴𝑐𝐷

1
2

𝜋
1
2𝑡

1
2

=  𝑘𝑡−2
1
 (2.17) 

where: n = number of electrons 

 F = Faraday’s constant 

 A = surface area 

 c = concentration 

 t = time. 

The three-electrode system is the most employed for this analysis. 

Chronoamperometry technique is best amongst the amperometry techniques since 

it gives enhanced noise ration when current is fused over relatively longer time 

intervals. The two types of chronoamperometry are differentiated by potential or 

current which referred to as controlled potential or controlled current 

chronoamperometry. To be able to run chronoamperometry, cyclic voltammetry is 

first required scan to be run in order to obtain the reduction potential of the analytes. 

Organic electrochemistry mechanisms are better studied with chronoamperometry 

technique which utilises fixed area electrodes which is also best for coupled 

chemical reactions electrode steps.  
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CHAPTER 3 

RESEARCH DESIGN AND METHODOLOGY 

This chapter presents all the methods used in order to achieve the synthesis of 

eletrocatalysts. It aligns all the steps that were followed during synthesis and also 

give a list of chemicals used as well as their suppliers. Characterisation techniques 

including electrochemical characterisation used in this study is shared within this 

chapter.  

3.1 MATERIALS AND METHOD 

3.1.1 Materials 

The chemicals that were used for the synthesis of catalysts in this study are indicated 

in the table below. All chemicals were used as received without further purification 

and deionised water of resistivity not less than 18.2MΩ was used for all 

experiments.  

Table 3.1: Chemicals used for catalyst synthesis and their suppliers. 

Reagents  Suppliers  

Palladium Chloride (PdCl2) Sigma Aldrich 

Gold chloride (HAuCl4·3H2O) SA Precious Metals 

Tin Chloride (SnCl2) Sigma Aldrich 

32% Hydrochloric acid (HCl) Sigma Aldrich 

Ethanediol (C2H6O2) Associated Chemical Enterprises (ACE) 

Nafion® (C7HF13O5S·C2F4) 5wt.% Sigma Aldrich 

Urea (CH4N2O) Associated Chemical Enterprises (ACE) 

Carbon black (Vulcan XC-72) Cabot Corporation 

 

3.1.2 Synthesis of SnO2-C composites 

The SnO2-C composites were prepared using simple one pot synthesis method and 

the method was of interest due to the short duration of synthesis. In a typical 

experiment, a desired amount (0.3g) of Carbon (Vulcan XC-72) was dispersed in 

deionised water at room temperature. Subsequently, 0.3ml of HCl (32%), a desired 

amount (0.2264g) of SnCl2, followed by the required amount (0.5g) of urea was 

added to the carbon solution. The prepared mixture was stirred for 6hr at 60°C. At 

the end of 6hr, the mixture was allowed to cool down then filtered and washed with 

deionised water; lastly it was air dried overnight and then oven dried for 1hr 30min 

[177]. The first synthesis was to achieve 60wt% loading of SnO2 therefore the 

procedure was further repeated to produce 40wt%, 20wt%, 15wt% and 10wt% 

loading of SnO2 on Carbon.  



 

  

36 

3.1.3 Synthesis of Pd/wt%SnO2-C, Au/wt%SnO2-C and PdAu/wt%SnO2-C 

electrocatalyst 

The electrocatalyst samples (Pd/SnO2-C) were prepared using UV-assisted 

reduction method. For this method a desired amount (0.1g) of previously prepared 

SnO2-C was sonicated for 30min in a required volume of EG (ethylene glycol). 

Ethylene glycol was used because is weak reducing agent and it’s only intended to 

assist the UV-light to reduce the metal precursor. Since other alcohol can also be 

used as reducing agents, the choice of ethylene glycol was also based on the fact 

that it is non-toxic [178]. To continue, the mixture was stirred for a period of 30min, 

during which a desired mass (0.0167g) of metal precursor (PdCl2) was added to it 

while stirring. The mixture was further deaerated for 30 minutes with N2 gas. Lastly, 

the mixture was exposed to UV-light for 2hr [15-17]. The first synthesised 

electrocatalyst was the Pd/60wt%SnO2-C sample and the procedure was repeated 

for the synthesis of Pd/40wt%SnO2-C, Pd/20wt%SnO2-C, Pd/15wt%SnO2-C and 

Pd/10wt%SnO2-C electrocatalysts. The SINEO Microwave Chemistry Technology 

(China) Co., Ltd. equipment was used as UV-light source for this study. The same 

procedure was followed for Au based and binary electrocatalysts which were 

denoted Au/60wt%SnO2-C, Au/40wt%SnO2-C, Au/20wt%SnO2-C, 

Au/15wt%SnO2-C, Au/10wt%SnO2-C and PdAu/10wt%SnO2-C. 

3.2 PHYSICAL CHARACTERISATION TECHNIQUES 

Characterisation is one of the most important steps that is part of catalyst 

development process [144]. The following characterisation techniques provide 

more information on the physical structure of the analysed catalysts. 

3.2.1 High Resolution Transmission Electron Microscopy (HRTEM) 

HRTEM analysis was utilised obtain to the morphology and particle size of the 

catalysts. To prepare the samples for analysis, a very little amount of the catalyst 

powder was sonicated in 5ml of ethanol for 5 to 10 minutes until the mixture was 

homogeneous. The copper grid is then dipped into the solution and allowed to air 

dry at room temperature. Once the sample was dry, it was placed on the sample 

holder which was then introduced to the channel of the instrument for analysis.  

3.2.2 X-ray Diffraction (XRD) 

The XRD was employed to obtain the phase identification of a crystalline material 

and can also provide data on unit cell dimensions. To prepare the catalysts for 

analysis, a catalyst powder was placed in a glass sample holder and its surface was 

flattened which easily permit maximum X-ray exposure to the sample. The analysis 

was run at a range between 10° and 90°. The Rigaku Ultima IV with a mono-

chromatised Cu K𝛼 radiation λ=1.5406 Å at 2𝜃 was used. 
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3.2.3 Energy dispersive X-ray spectroscopy 

EDX was used for elemental mapping for all samples. The average weight 

percentages of elements in the sample were obtained from the scan performed by 

the equipment for each catalyst sample. The morphology and chemical composition 

of the synthesised electrocatalysts were studied utilising a LEO 1525 FE-SEM 

equipped EDX with the acceleration voltage of 2.00 kV. To prepare the samples, 

0.1mg of the sample was placed on a carbon tape for coating, with an aim of 

eliminating charging for few minutes.  

3.3 ELECTROCHEMICAL CHARACTERISATION TECHNIQUES 

Autolab potentiostat302 was used to evaluate the electrochemical properties of the 

catalysts. The studies included cyclic voltammetry (CV), linear sweep voltammetry 

(LSV) and chronoamperometry (CA). The three-electrode system was used to carry 

out the experiments, with Ag/AgCl as the reference electrode, Pt wire as the counter 

electrode and glassy carbon (GC) electrode as the working electrode. Four alcohols, 

namely methanol, ethanol, ethylene glycol, and glycerol were tested for this study 

with potassium hydroxide as an electrolyte in all experiments. Five scans were run 

for all alcohols on each catalyst at three different scan rates of 100, 50 and 10 mV/s. 

The potential was cycled between -0.1V and 0.2V vs Ag/AgCl. Each catalyst was 

prepared into an ink which was pipetted into the GC electrode.   

To prepare catalyst ink, 0.00833g of catalyst powder was sonicated together with 

0.83ml of water and 0.0167ml of nafion ionomer (Nafion® (C7HF13O5S·C2F4) 

5wt.%) for a period of 20 minutes. Once the catalyst ink was ready 2𝜇𝑙 was pipetted 

onto the glassy carbon electrode, air dried and heated at 100°C to remove excess 

solvents. The electrolyte was used at a concentration of 0.5M KOH and the alcohol 

at 1M. To continue for alcohol oxidation reactions the electrolyte and alcohol 

solution was purged with nitrogen for one hour to remove the dissolved oxygen 

from the solution before potential could be applied.  

To apply LSV and CA technique, the same equipment, three electrode system, with 

the same conditions including alcohols and the electrolyte solutions were used. The 

scan rate used for LSV’s was 10mV/s and the CA was run for 1800 seconds, for 

each the potential applied depended on the obtained CV results.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

This chapter gives analysis of the synthesised Pd-based and Au-based 

electrocatalysts. Physical characterisation technique HRTEM, employed for 

morphology of the electrocatalyst particles as well as their distribution is discussed 

into details. SEM-EDX further analyses the actual content of elements used for 

electrocatalysts. The crystallinity of the electrocatalysts is analysed using XRD. 

Electrochemical studies are carried out for the analysis of catalysts in order to 

determine their activity in alkaline electrolyte. The chapter further gives the 

comparative studies of Pd-based and Au-based electrocatalysts based on the 

acquired results. 

4.1 SnO2 modified carbon support 

4.1.1 Structural Characterisation 

HRTEM analysis for catalysts support 

The particle distribution and morphology of the electrocatalysts was analysed by 

the employment of HRTEM. The chosen support for this study is a composite that 

is denoted nSnO2-C, where n = wt% (weight percentage) of SnO2 which is varied 

for this study. A total of five support materials were synthesised with varying wt% 

of SnO2 values of 10, 15, 20, 40 and 60wt%. The support composites of 

10wt%SnO2-C and 60wt%SnO2-C are compared based on particle distribution on 

carbon. Figure 4.1 below shows the images of both supports at low and high 

magnifications, which show the distribution of SnO2 particles on the surface of 

carbon. The carbon is represented by the large grey area whereas SnO2 particle are 

represented by the small darker area. The image further shows the difference in the 

number of particles distributed on carbon; it confirms that the amount of SnO2 on 

the support composites is indeed varied. The 60wt%SnO2-C support image shows 

that there is more tin oxide content on the surface than that on the 10wt%SnO2-C 

support. The images however show agglomeration of the particles. 

Figure 4.2 displays the pixel intensity profile of the support composite 

(60wt%SnO2-C) which shows the distance between adjacent fringes to be 0.33 nm. 

The observed distance corresponds to the tetragonal structure of SnO2 (110) [179]. 

The calculated average particles size for 10wt%SnO2-C is 3.35nm whereas for 

60wt%SnO2-C is 3.36nm. The d-spacing value confirms the existence of SnO2 

element on the support material. 
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Figure 4.1: TEM images of a) 10wt%SnO2-C and b) 60wt%SnO2-C at low magnification and c) 10wt%SnO2-C and 

d) 60wt%SnO2-C at high magnification. 

 

 

Figure 4.2: The pixel intensity of the substrate composite (nSnO2-C).  
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SEM-EDX characterisation analysis 

The SEM-EDX analysis technique was used to determine the elemental content of 

SnO2 and C (carbon) on the synthesised support composites. Figure 4.3 below 

shows the EDX spectrum of the lowest SnO2 support (10wt%SnO2-C) and the 

highest SnO2 support (60wt%SnO2-C). From the obtained spectrums it is observed 

that the expected elements such as C and Sn were observed, however there are few 

other elements from sample stage [180-182]. The spectrums also confirm the 

difference in amount of SnO2 content as well as C content. The SnO2 content is 

more on the 60wt%SnO2-C support than on the 10wt%SnO2-C support as expected 

but this technique does not give a 100% quantitative analysis but was more used to 

confirm the presence of the deposited elements on carbon. 

 

Figure 4.3: SEM-EDX spectrum of both supports a) 10wt%SnO2-C and b) 60wt%SnO2-C. 

Tables 4.1 and 4.2 below show all elemental content within the substrate. There is 

a difference in elemental content of SnO2 in both samples and for a sample with 

more SnO2 content the C content is reduced. 
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Table 4.1: The elemental content of Sn and C elements for the synthesised support composite denoted 10wt%SnO2-

C. 

Element 

Line 

Weight % 

  

Weight % 

Error 

Atom % 

  

Atom % 

Error 

C K 89.44 ± 0.23 93.55 ± 0.24 

O K 7.67 ±0.18 6.03 ±0.14 

Sn L 2.52 ± 0.03 0.27 ± 0.0 

Total 99.6   99.85   

 

Table 4.2: The elemental content of Sn and C elements for the synthesised support composite denoted 60wt%SnO2-

C. 

Element 
Line 

Weight % 
  

Weight % 
Error 

Atom % 
  

Atom % 
Error 

C K 68.62 ± 0.36 90.57 ± 0.47 
O K 4.96 ± 0.33 4.91 ± 0.33 
Sn L 23.90 ± 0.09 3.19 ± 0.01 
Total 97.48   98.67   

 

XRD profile analysis 

The XRD is employed with desired outcome that explains the samples crystallinity, 

its particle size as well as the lattice spacing. Figure 4.4 below shows the XRD 

profile of the synthesised support composites 

 

Figure 4.4: XRD profiles for 10wt%SnO2-C, 15wt%SnO2-C, 20wt%SnO2-C, 40wt%SnO2-C and 60wt%SnO2-C 

support composites. 
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The diffraction peaks at the Bragg angles of 26.2°, 33.3°, 51.0°, 57.3°, 62.4°, 65.3° 

and 79° which corresponds to crystallographic planes of (110), (101), (211), (002), 

(310), (112) and (321) for tetragonal SnO2 structure are observed and agrees with 

literature [183-185].  XRD profile also shows diffraction peaks of SnO and Sn at 

the Bragg angles of 18.2°, 29.8°, 37.1°, 48.0°, 70.0° and 43.3° which respectively 

corresponds to the crystal planes of (001), (101), (002), (200), (220) and (211) as 

reported in [183, 186]. The presence of SnO and Sn peaks on the profile results 

from the low temperature synthesis of tin oxide materials, since the elements are 

the intermediate species that form when the temperature is low during the synthesis 

of SnO2. The concept is in correspondence with the work of Hadia and Slevan [183, 

187], in which they reported that the SnO and Sn species disappear if the 

temperature is increased during the synthesis of SnO2. The 60wt%SnO2-C support 

has more intense peaks which mean its particles are more crystalline than the rest 

of the supports. The high the SnO2 loading, the more intense peaks are observed on 

the composite support material, and hence the more intense SnO and Sn peaks 

appear. 

4.1.2 Electrochemical Characterisation 

Figure 4.5 shows the cyclic voltammogram of a bare glassy carbon electrode 

(GCE), carbon black and 60wt%SnO2-C analysed in 0.5M KOH saturated N2, as 

well as 60wt%SnO2-C in 0.5M KOH + 1M ethanol. 

 

Figure 4.5: CV for a) bare GCE, b) carbon black (Vulcan XC-72), c) 60wt%SnO2-C support material in 0.5 M 

KOH saturated N2 and d) 60wt%SnO2-C in 0.5 M KOH + 1M EtOH saturated N2. Scan rate = 50 mV/s. 5th cycle 

was used in this analysis. 
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The GCE and carbon black cyclic voltammograms are acquired as reference when 

analysing the activity of the synthesised electrocatalysts. It makes it easy to trace 

hydrogen adsorption, desorption, oxide formation layer and oxide reduction peaks. 

The effect of SnO2 on carbon is illustrated in Figure 4.5 c) and it is in agreement 

with Figure 4.6 showing an increase in the surface area of the support material. 

Figure 4.5 d) shows low electrochemical activity for ethanol oxidation on the 

support material which emphasises SnO2 as a supporting metal oxide to Au and Pd. 

Figure 4.6 below further shows the overlay CV scans of bare GCE, carbon black 

(Vulcan XC-72) and 60wt%SnO2-C in KOH saturated N2, which clearly shows the 

effect carbon black alone and the effect of SnO2 on carbon black. 

 

Figure 4.6: CV overlay scans for bare GCE, carbon black (Vulcan XC-72) and 60wt%SnO2-C support material in 

0.5 M KOH saturated N2. Scan rate = 50 mV/s. 5th cycle was used in this analysis. 

SnO2 in this study has dual functions, which are: SnO2 is used to modify the support 

material and the second role is to assist with the absorption of UV light  during the 

reaction processes since it has wide optical bandgap thus resulting with its 

outstanding UV light absorption abilities [188]. Due to multiple effects that are 

acquired from the incorporation of SnO2 in this study, the synthesised 

PdAu/10wt%SnO2-C electrocatalyst is regarded a ternary catalyst. Likewise, the 

synthesised Au- and Pd-based electrocatalysts are considered the binary catalysts 

of the study. To obtain the Au- and Pd-based electrocatalysts, SnO2 content was 

varied on carbon black from 10 – 60 wt% to form a modified support material for 

the Au- and Pd-based electrocatalysts. The electrocatalysts were denoted 

Au/10wt%SnO2-C, Au/15wt%SnO2-C, Au/20wt%SnO2-C, Au/40wt%SnO2-C, 

Au/60wt%SnO2-C, Pd/10wt%SnO2-C, Pd/15wt%SnO2-C, Pd/20wt%SnO2-C, 

Pd/40wt%SnO2-C and Pd/60wt%SnO2-C. Au and Pd content were maintained at 

5wt% during synthesis. The Au- and Pd-based catalysts results are discussed in the 

next sections below. 
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4.2 Au-based binary catalysts 

4.2.1 Structural Characterisation 

HRTEM analysis of Au-based electrocatalysts 

HRTEM was used to study the morphology of the synthesised Au-based 

eletrocatalysts. Figure 4.7 shows TEM images of Au/10wt%SnO2-C electrocatalyst 

at low and high magnifications. The agglomeration of particles is continuously 

observed on the low magnification image as shown. The calculated average particle 

size for Au/10wt%SnO2-C is 3.48 nm.  

 

Figure 4.7: TEM image of the electrocatalyst Au/10wt%SnO2-C at a) high and b) low magnification. 

TEM images of Au/15wt%SnO2-C electrocatalyst at low and high magnification 

are illustrated in Figure 4.8 below. 

 

Figure 4.8: TEM image of the electrocatalyst Au/15wt%SnO2-C at a) high and b) low magnification. 

The electrocatalyst clearly shows the difference in the particle sizes as well as the 

colour saturation. Figure 4.8 b) clearly shows the more large and darker particles 
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than those discovered on the support material. The particle direct spot analysis was 

used to identify the elements. As stated in the previous section, the large black 

particles were discovered to be Au and small grey particles are SnO2. The calculated 

average particle size for Au is 14.97 nm. The SnO2 average particle size was 

calculated to be 3.90 nm.  

Figure 4.9 shows the TEM images of Au/20wt%SnO2-C electrocatalyst at low and 

high magnifications. 

 

Figure 4.9: TEM image of the electrocatalyst Au/20wt%SnO2-C at a) high and b) low magnification. 

The agglomeration of particle is continuously observed on both displayed images. 

The agglomerated areas continue to get darker as the SnO2 is increased. The 

calculated particle size for Au/20wt%SnO2-C is 3.05 nm. 

Figure 4.10 below shows the TEM images of Au/40wt%SnO2-C electrocatalyst at 

low and high magnifications. 

 

Figure 4.10: TEM image of the electrocatalyst Au/40wt%SnO2-C at a) high and b) low magnification. 
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The agglomeration of particle is continuously observed on both displayed images 

and it is showing an increasing trend from electrocatalyst with low SnO2 content. 

The calculated particle size for Au/40wt%SnO2-C is 3.60 nm. 

 

Figure 4.11: The pixel intensity of the electrocatalyst Au/40wt%SnO2-C.  

Figure 4.11 above displays the pixel intensity profile of the electrocatalyst 

Au/40wt%SnO2-C which shows the distance between adjacent fringes to be 0.33 

nm. The observed distance corresponds to the tetragonal structure of SnO2 (110) 

[179]. The d-spacing value confirms the coexistence of SnO2 element on the 

electrocatalyst. 

 

Figure 4.12: The pixel intensity of the electrocatalyst Au/40wt%SnO2-C.  

Figure 4.12 above displays the pixel intensity profile of the electrocatalyst 

Au/40wt%SnO2-C which shows the distance between adjacent fringes to be 0.25 

nm. The lattice spacing values can be indexed to Au [189]. The d-spacing value 

confirms the coexistence of Au element on the electrocatalyst. 
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Figure 4.13: TEM image of the electrocatalyst Au/60wt%SnO2-C at a) high and b) low magnification. 

Figure 4.13 above shows the TEM images of Au/60wt%SnO2-C electrocatalyst at 

low and high magnifications. The agglomeration of particle is continuously 

observed on both displayed images and it is showing an increasing trend from 

electrocatalyst with low SnO2 content. The calculated particle size for 

Au/60wt%SnO2-C is 4.03 nm. 

SEM analysis of Au-based electrocatalysts 

The high-resolution scanning electron microscopy (HRSEM) was used to analyse 

the morphology and agglomeration of the elements on the synthesised Au-based 

electrocatalysts. The SEM-EDX was further employed for mapping of the elements 

in order to confirm the distribution of the element’s particles on the support surface. 

Figure 4.14 below illustrates the EDX elemental mappings of the synthesised 

Au/10wt%SnO2-C electrocatalyst based on the corresponding SEM images. 

The mapping images of the three elements of interest C, Sn and Au are in fitting 

with the SEM image included in figure 4.14. The images show a well dispersed 

elements C, Sn and Au with minor agglomerates. The mapping images confirm that 

the as synthesised Au/10wt%SnO2-C electrocatalyst consists of C, Sn and Au 

elements. Figure 4.15 below shows the corresponding EDX spectrum to the EDX 

elemental mappings of the as synthesised Au/10wt%SnO2-C electrocatalyst. The 

EDX spectrum shows the peaks of the analysed elements of interest C, Sn and Au. 



 

  

48 

 

Figure 4.14: SEM image and the corresponding element EDX mappings of electrocatalyst Au/10wt%SnO2-C. 

 

 

Figure 4.15: EDX spectrum of electrocatalyst Au/10wt%SnO2-C. 

 

Figure 4.16 illustrates the EDX elemental mappings of the synthesised 

Au/15wt%SnO2-C electrocatalyst based on the SEM image included. 
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Figure 4.16: SEM image and the corresponding element EDX mappings of electrocatalyst Au/15wt%SnO2-C. 

The mapping images of the three elements of interest C, Sn and Au are in fitting 

with the SEM image included in figure 4.16. The images show well dispersed 

elements C, Sn and Au. Although Au is well dispersed, there’s minor agglomeration 

observed just as in Au/10wt%SnO2-C. Figure 4.17 below shows the corresponding 

EDX spectrum to of the as synthesised Au/15wt%SnO2-C electrocatalyst. Small 

peaks of C, Sn and Au were detected. The other observed elements are from the 

sample stage. 

 

Figure 4.17: EDX spectrum of electrocatalyst Au/15wt%SnO2-C. 
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Figure 4.18 below illustrates the EDX elemental mappings of the synthesised 

Au/20wt%SnO2-C electrocatalyst based on the SEM image included. 

 

Figure 4.18: SEM image and the corresponding element EDX mappings of electrocatalyst Au/20wt%SnO2-C. 

 

The mapping images are showing well dispersed elements C, Sn and Au. Besides 

the information about dispersion of elements, SEM is also able to identify areas that 

tend to have atoms with higher atomic weights than other area within the sample. 

The areas with high atomic weight are expected to appear brighter than those that 

have lower atomic weights as the observed SEM image in figure 4.18. The 

technique uses backscattering mode to identify area that has high atomic weight.  

The identified brighter areas are known to be catalyst clusters which are usually 

formed by inadequate mixing. It is reported that the clusters usually do not contain 

carbon hence appearing less porous as well [190]. As the result, catalyst cluster 

have low catalytic surface area when compared to a catalyst of the same mass which 

well dispersed on carbon’s surface. Figure 4.19 below shows the corresponding 

EDX spectrum to of the as synthesised Au/20wt%SnO2-C electrocatalyst. Small 

peaks of C, Sn and Au were detected. The other observed elements are from the 

sample stage.    
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Figure 4.19: EDX spectrum of electrocatalyst Au/20wt%SnO2-C. 

 

The EDX elemental mapping images of the as synthesised Au/40wt%SnO2-C 

electrocatalyst are shown in figure 4.20 together with the corresponding SEM 

image. 

 

Figure 4.20: SEM image and the corresponding element EDX mappings of electrocatalyst Au/40wt%SnO2-C. 

The morphology and elemental mapping of Au/40wt%SnO2-C electrocatalyst is 

shown in figure 4.20. The included SEM image shows catalyst cluster which 
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appears to be brighter than other areas on the image as the results of the area having 

high atomic weight. The cluster is also referred to agglomerates of the material at 

hand. The mapping images however shows a fair amount well dispersed for the 

elements of interest C, Sn and Au. Also from the mapping images it is evident that 

the catalyst lack carbon as reported in literature [190]. That is the C mapping image 

shows less next to none elements of carbon exactly where there is an agglomeration 

of Au elements in its mapping image. Figure 4.21 below shows the corresponding 

EDX spectrum to of the as synthesised Au/40wt%SnO2-C electrocatalyst. Small 

peaks of C, Sn and Au were detected. The other observed elements are from the 

sample stage. 

 

Figure 4.21: EDX spectrum of electrocatalyst Au/40wt%SnO2-C. 

Figure 4.22 shows the corresponding EDX spectrum to of the as synthesised 

Au/60wt%SnO2-C electrocatalyst. Small peaks of C, Sn and Au were detected. The 

other observed elements are from the sample stage. 

 

Figure 4.22: EDX spectrum of electrocatalyst Au/60wt%SnO2-C. 

Au/60wt%SnO2-C electrocatalyst’s SEM image and the corresponding elemental 

mapping images are shown in figure 4.23 below. The material is observed to well 
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disperse as observed on the displayed elemental mapping images for C, Sn and Au. 

The mapping images are also merging with the SEM image. The merge also 

emphasis that there are catalysts clusters on the analysed material, which does not 

contain carbon. The catalyst cluster are represented by the brighter areas observed 

on include SEM image on figure 4.23. The catalyst clusters is a trend observed 

across all five Au-based electrocatalysts analysed.  

 

 

Figure 4.23: SEM image and the corresponding element EDX mappings of electrocatalyst Au/60wt%SnO2-C. 

 

XRD profile analysis 

Figure 4.24 shows the XRD profile of the synthesised Au based electrocatalysts 

together with the Au profile. Gold-coated glass (Au 111) was used in order to 

identify the Au peaks. The strong diffraction peaks at the Bragg angles of 38.2, 

44.3, 64.5, 77.4 and 81.6 corresponds to the (111), (200), (220), (311) and (222) 

planes of face centred cubic (fcc) crystalline structure Au. The Bragg angles of 26.3, 

33.2, 38.2, 50.6, 57.4 and 62.4 corresponding to the (110), (101), (200), (211), (002) 

and (310) planes of tetragonal SnO2 crystal. Additional peaks observed at 18.3 and 

29.8 correspond to (001) and (101) diffraction peaks of SnO which results from low 

temperature synthesis of SnO2. The diffraction peaks confirms the coexistence of 

both Au and SnO2 in the electrocatalysts. 
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Figure 4.24: XRD profiles for Au/10 wt%SnO2-C, Au/15 wt%SnO2-C, Au/20 wt%SnO2-C, Au/40 wt%SnO2-C, 

Au/60 wt%SnO2-C electrocatalysts and Au. 

 

4.2.2 Electrochemical Characterisation 

Cyclic Voltammetry Studies 

Figure 4.25 shows all the cyclic voltammetry results for all the electrocatalysts in 

KOH. 

 

Figure 4.25: CV for all prepared catalysts in 0.5 M KOH saturated N2. Scan rate = 50 mV/s. 5th cycle was used in 

this analysis. 
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The anodic current of alcohol oxidations on Au can be observed at potentials more 

positive than 0.2 V hence the window extended to 0.8 V. All catalysts do not show 

the anodic peaks in the forward scan. The cathodic peaks were observed at 0.016, 

0.0640 and 0.0457 V vs Ag/AgCl for the voltammogram features of 

Au/20wt%SnO2-C, Au/40wt%SnO2-C and Au/60wt%SnO2-C. On 

Au/15wt%SnO2-C two cathodic peaks are observed at 0.0732 and -0.369 V vs 

Ag/AgCl. Lastly the voltammogram of Au/10 wt%SnO2-C shows larger cathodic 

peaks at 0.0396, -0.305 and -0.454 V vs Ag/AgCl.  

Alcohol oxidation reaction (AOR) in alkaline media was analysed for 

electrochemical activity of all catalysts. The activity of all the electrocatalysts 

towards the AOR in KOH are shown in figure 4.26 and summarised on Table 4.3. 

All the synthesised catalysts did not show activity toward methanol oxidation. 

Glycerol has the highest current density for all catalysts at 15.38, 17.44, 22.08, 

18.40 and 13.4 mA/cm2 on Au/10wt%SnO2-C, Au/15wt%SnO2-C, 

Au/20wt%SnO2-C, Au/40wt%SnO2-C and Au/60wt%SnO2-C respectively. 

Glycerol also has the more negative onset potential for the catalysts. Ethylene 

glycol has the second earliest onset potential as well as the highest current density 

 

Figure 4.26: CV for all prepared catalysts in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 mV/s. 5th 

cycle was used in this analysis: (a) Methanol, (b) Ethanol, (c) Ethylene glycol, (d) Glycerol. 
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Table 4.3: Summary of the electro-catalytic activity for all prepared Au-based electrocatalysts. 

Electrocatalysts MeOH EtOH EG Gly 
Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA cm
-2

) 

Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA cm
-2

) 

Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA cm
-2

) 

Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA cm
-2

) 

Au/10wt%SnO
2
-C – – – 2.76 -0.16 12.30 -0.19 15.38 

Au/15wt%SnO
2
-C – – -0.02 1.46 -0.12 11.75 -0.20 17.44 

Au/20wt%SnO
2
-C – – -0.03 2.40 -0.13 12.70 -0.22 22.08 

Au/40wt%SnO
2
-C – – -0.03 0.90 -0.10 8.18 -0.16 18.40 

Au/60wt%SnO
2
-C – – -0.05 1.80 -0.14 14.10 -0.21 13.40 

Linear sweep voltammetry studies 

Figure 4.27 illustrates the linear sweep voltammetry (LSV) of alcohol oxidation on 

the Au/10wt%SnO2-C, Au/15wt%SnO2-C, Au/20wt%SnO2-C, Au/40wt%SnO2-C 

and Au/60wt%SnO2-C electrocatalysts in a N2-saturated 0.5 M KOH + 1M Alcohol 

(Alcohol = Methanol, Ethanol, Ethylene glycol, Glycerol) solution with a sweep 

rate of 10 mV/s. 

 

Figure 4.27: LSV for all prepared catalysts in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 mV/s. 5th 

cycle was used in this analysis: (a) Methanol, (b) Ethanol, (c) Ethylene glycol, (d) Glycerol. 

All the catalysts have the less negative onset potential (Es) value of 0.4 V for 

methanol oxidation which indicates the difficulty of oxidizing methanol by all the 

prepared catalysts. This is due to Au not having activity for methanol oxidation 

which is in agreement with the previously reported study by Su Yu-Zhi et al [191]. 
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The concept is also indicated on cyclic voltammetry results shown in figure 4.27 a) 

which shows that the electrocatalyst do not have activity for methanol oxidation. 

The lower Es value means the easier the oxidation of alcohols. Glycerol shows the 

lowest value of Es amongst all alcohols for all catalysts with the Es value ranging 

between -0.1 and -0.2 V. Au/60wt%SnO2-C catalyst shows the lowest Es values for 

all alcohols as compared to other catalysts. Ethanol is the second most difficult 

alcohol to oxidize and thus it has the second highest Es value ranging between 0.0 

and -0.04 V. Ethylene glycol and glycerol are the easily oxidized alcohols for all 

prepared Au-based electrocatalysts. 

Chronoamperometry studies 

The electrochemical stability of the catalysts was studied by the use of 

chronoamperometry technique and the results are illustrated in figure 4.28. 

 

Figure 4.28: Chronoamperograms in 0.5M KOH + 1M Alcohol for 1800s (a) Methanol, (b) Ethanol, (c) Ethylene 

glycol, (d) Glycerol. 

 

It is widely known that the fast degradation of current during alcohol oxidation is 

caused by the intermediate species such as CO-like species that block the electrode 

surface to poison the catalyst as previously reported by Su et al [192]. The poisoning 

of the catalyst is indicated by the fast degrading current when tested, thus meaning 

the fastest poisoned is the least stable catalyst. Amongst all the tested 

electrocatalysts, Au/10wt%SnO2-C shows low current density degradation except 
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when tested for methanol oxidation which makes it the most stable and poison 

tolerant catalyst than Au/15wt%SnO2-C, Au/20wt%SnO2-C, Au/40wt%SnO2-C 

and Au/60wt%SnO2-C. Au/40wt%SnO2-C is the least stable and poison intolerant 

catalyst with the fast degrading current amongst all the catalysts except for ethanol 

oxidation. Au/20wt%SnO2-C is the second most stable and poison tolerant catalyst 

to Au/10wt%SnO2-C except for ethanol oxidation. For methanol oxidation all the 

catalysts current degrades with the same rate except for outperforming 

Au/20wt%SnO2-C which its current density slowly degrades than other 

electrocatalysts. 

4.3 Pd-based binary catalysts 

4.3.1 Structural Characterisation 

HRTEM analysis for electrocatalysts 

Figure 4.29 shows the TEM images of Pd/10wt%SnO2-C electrocatalyst at low 

and high magnifications. 

 

Figure 4.29: TEM image of the electrocatalyst Pd/10wt%SnO2-C at a) high and b) low magnification. 

 

As observed from the micrographs, the Pd particles are evenly dispersed on the 

support material. Also, there is no agglomeration of the Pd particles observed 

except the already existing agglomeration of SnO2 from the support material as 

observed on previous micrographs. The average calculated particles size for 

Pd/10wt%SnO2-C is 5.93 nm. Figure 4.30 displays the pixel intensity profile of the 

electrocatalyst Pd/10wt%SnO2-C which shows the two distances between adjacent 

fringes to be 0.22 and 0.33 nm. The lattice spacing values can be indexed to Pd and 

SnO2 [189, 193, 194]. The d-spacing values confirm the coexistence of Pd and SnO2 

elements on the electrocatalyst. 
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Figure 4.30: The pixel intensity of the electrocatalyst Pd/10wt%SnO2-C.  

Figure 4.31 shows the TEM images of Pd/15wt%SnO2-C electrocatalyst at low and 

high magnifications.  

 

Figure 4.31: TEM image of the electrocatalyst Pd/15wt%SnO2-C at a) high and b) low magnification. 

As observed from the micrographs, the Pd particles are evenly dispersed on the 

support material. Also, there is agglomeration of the particles observed which may 

be considered to be the already existing agglomeration of SnO2 from the support 

material as observed on previous micrographs. The average calculated particles size 

for Pd/15wt%SnO2-C is 4.78 nm. 

Figure 4.32 shows the TEM images of Pd/20wt%SnO2-C electrocatalyst at low and 

high magnifications.  



 

  

60 

 

Figure 4.32: TEM image of the electrocatalyst Pd/20wt%SnO2-C at a) high and b) low magnification. 

As observed from the micrographs, the Pd particles are evenly dispersed on the 

support material. Also, there is agglomeration of the particles observed which may 

be considered to be the already existing agglomeration of SnO2 from the support 

material as observed on previous micrographs. The average calculated particles size 

for Pd/20wt%SnO2-C is 4.20 nm. 

Figure 4.33 shows the TEM images of Pd/40wt%SnO2-C electrocatalyst at low and 

high magnifications.  

 

Figure 4.33: TEM image of the electrocatalyst Pd/40wt%SnO2-C at a) high and b) low magnification. 

As observed from the micrographs, the Pd particles are evenly dispersed on the 

support material. Also, there is agglomeration of the particles observed which may 

be considered to be the already existing agglomeration of SnO2 from the support 

material as observed on previous micrographs. The average calculated particles size 

for Pd/40wt%SnO2-C is 4.01 nm. Figure 4.34 shows the TEM images of 

Pd/60wt%SnO2-C electrocatalyst at low and high magnifications.  
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Figure 4.34: TEM image of the electrocatalyst Pd/60wt%SnO2-C at a) high and b) low magnification. 

As observed from the micrographs, the Pd particles are evenly dispersed on the 

support material. However, the observed Pd particles show an increase in size from 

the previous observed micrographs. Also, there is agglomeration of the particles 

observed which may be considered to be the already existing agglomeration of 

SnO2 from the support material as observed on previous micrographs. The average 

calculated particles size for Pd/60wt%SnO2-C is 9.67 nm which is in agreement 

with observed particle size increased observed. 

Figure 4.35 below displays the pixel intensity profile of the electrocatalyst 

Pd/60wt%SnO2-C which shows the distance between adjacent fringes to be 0.22 

nm. The lattice spacing values can be indexed to Pd [189, 193, 194]. Once again 

the d-spacing values confirm the coexistence of Pd elements on the electrocatalyst. 

 

Figure 4.35: The pixel intensity of the electrocatalyst Pd/60wt%SnO2-C. 
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SEM analysis for electrocatalysts 

The high-resolution scanning electron microscopy (HRSEM) was again used to 

analyse the morphology and agglomeration of the elements of the as synthesised 

Pd-based electrocatalysts. The SEM-EDX was further employed to map the 

elements distribution on the surface of the support. Figure 4.36 illustrates the EDX 

elemental mappings of the synthesised Pd/10wt%SnO2-C electrocatalyst based on 

the SEM image included. 

 

Figure 4.36: SEM image and the corresponding element EDX mappings of electrocatalyst Pd/10wt%SnO2-C. 

The EDX mapping images of the elements of interest C, Sn and Pd are in 

correspondence with the displayed SEM image. The mapping images are also 

showing evenly dispersed element particles for C, Sn and Pd. All the elements are 

not showing agglomeration. The inserted SEM image is showing amorphous 

particles of the synthesised electrocatayst. The elemental mapping images confirm 

the existence of C, Sn and Pd elements in the as synthesised Pd/10wt%SnO2-C 

electrocatalyst.  

The EDX elemental mapping images of the as synthesised Pd/15wt%SnO2-C 

electrocatalyst are shown in figure 4.37 together with the corresponding SEM 

image. 
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Figure 4.37: SEM image and the corresponding element EDX mappings of electrocatalyst Pd/15wt%SnO2-C. 

The EDX mapping images of the elements of interest C, Sn and Pd are in 

correspondence with the displayed SEM image. The mapping images are also 

showing evenly dispersed element particles for C, Sn and Pd. No agglomeration of 

the elements is observed on the surface. However, the inserted SEM image is 

showing amorphous particles of the synthesised electrocatayst just as the 

Pd/10wt%SnO2-C. Although the particles seem to be amorphous, the elemental 

mapping images still confirms the existence of C, Sn and Pd elements in the as 

synthesised Pd/15wt%SnO2-C electrocatalyst.  

Figure 4.38 illustrates the EDX elemental mappings of the synthesised 

Pd/20wt%SnO2-C electrocatalyst based on the SEM image included. Similar results 

to the other electrocatalysts are observed. EDX elemental mapping images of the 

synthesised Pd/40wt%SnO2-C electrocatalyst based on the SEM image inserted are 

illustrated in figure 4.39. The inserted SEM image is showing amorphous particles 

of the synthesised electrocatayst similar to the previous Pd/10wt%SnO2-C, 

Pd/15wt%SnO2-C and Pd/20wt%SnO2-C electrocatalysts. EDX elemental mapping 

images of the synthesised Pd/60wt%SnO2-C electrocatalyst based on the SEM 

image inserted are illustrated in figure 4.40. The EDX mapping images of the 

elements of interest C, Sn and Pd are in correspondence with the displayed SEM 

image. The inserted SEM image is showing amorphous particles of the synthesised 

electrocatalyst just as the previous Pd/10wt%SnO2-C, Pd/15wt%SnO2-C, 

Pd/20wt%SnO2-C and Pd/40wt%SnO2-C electrocatalysts. 
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Figure 4.38: SEM image and the corresponding element EDX mappings of electrocatalyst Pd/20wt%SnO2-C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.39: SEM image and the corresponding element EDX mappings of electrocatalyst Pd/40wt%SnO2-C. 
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Figure 4.40: SEM image and the corresponding element EDX mappings of electrocatalyst Pd/60wt%SnO2-C. 

 

The observed trend across the as synthesised Pd-based electrocatalyst is that the 

elements show even dispersion of particles whereas for Au-based electrocatalysts 

the trend was agglomeration of particles across all the electrocatalysts. The Pd-

based electrocatalysts are showing an amorphous particles trend observed from the 

inserted SEM images across all the 5 synthesised electrocatalysts. 

 

XRD profile analysis 

The XRD profiles of all Pd-based electrocatalysts together with the Pd/C profile are 

shown in figure 4.41 below. The Pd/C electrocatalyst shows the C (002) diffraction 

peak at 2theta of 25° which is ascribed to the carbon support Vulcan XC 72. The 

diffraction peaks at the Bragg angles of 40.0°, 46.3°, 68.1° and 81.2° which are 

attributed to (111), (200), (220) (311) planes of the face centred cubic (fcc) structure 

of Pd. All the Pd-based electrocatalysts (Pd/wt%SnO2-C) shows the diffraction 

peaks at 2theta of 26.3, 33.2, 38.2, 50.6, 57.4 and 62.4 corresponding to the (110), 

(101), (200), (211), (002) and (310) planes of tetragonal structure SnO2. 
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Figure 4.41: XRD profiles for Pd/10wt%SnO2-C, Pd /15wt%SnO2-C, Pd /20wt%SnO2-C, Pd /40wt%SnO2-C, Pd 

/60wt%SnO2-C electrocatalysts and Pd/C. 

All the Pd-based electrocatalysts (Pd/wt%SnO2-C) shows the diffraction peaks that 

corresponds to the planes of SnO and Sn. The coexistence of Pd and SnO2 is 

confirmed on the electrocatalyst. However, with correspondence to the inserted 

Pd/C profile Pd peaks are hardly detected on the Pd/wt%SnO2-C electrocatalysts 

due to its low theoretical content of 5wt% which was used for synthesis.  

 

4.3.2 Electrochemical Characterisation 

Cyclic Voltammetry Studies 

Figure 4.42 shows cyclic voltammetry results for all the synthesised Pd-based 

electrocatalysts in KOH. 

The electrochemical activity of Pd-based electrocatalyts towards AOR in alkaline 

media was analysed for methanol, ethanol, ethylene glycol and glycerol. The 

hydrogen adsorbed oxidation peak is situated between -0.9 and -0.7 V vs Ag/AgCl. 

The Pd oxide reduction peak is between -0.28 and -0.31V vs Ag/AgCl for all the 

synthesised Pd-based electrocatalysts. Pd/60wt%SnO2-C shows a visible anodic 

peak at -0.18V vs Ag/AgCl. Although it was difficult to observe Pd diffraction 

peaks as shown in figure 4.41, the CV results in figure 4.42 confirmed the presence 

of Pd as illustrated by the redox peaks in KOH solution. 
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Figure 4.42: CV for all prepared catalysts in 0.5 M KOH saturated N2. Scan rate = 50 mV/s. 5th cycle was used in 

this analysis. 

 

Figure 4.43 illustrates the activity of all the electrocatalysts towards the AOR in 

KOH and is summarised in Table 4.4 below. AOR in alkaline media was analysed 

for electrochemical activity of all the synthesised Pd-based electrocatalysts. All the 

synthesised catalysts showed activity toward all analysed alcohols for AOR. 

Pd/10wt%SnO2-C shows the highest current density for most of the alcohols with 

19.96, 13.82 and 9.59 mA/cm2 for EtOH, Gly and EG, respectively. 

 

Table 4.4: Summary of the electro-catalytic activity for all prepared Pd-based electrocatalysts. 

Electrocatalysts 

 

MeOH EtOH 

 

EG 

 

Gly 

Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib 

Pd/10wt%SnO2-C -0.40 3.16 0.86 -0.55 19.96 0.72 -0.45 9.59 1.04 -0.30 13.82 1.74 

Pd/15wt%SnO2-C -0.40 3.54 1.28 -0.50 9.48 0.64 -0.40 8.31 1.32 -0.35 8.31 1.36 

Pd/20wt%SnO2-C -0.30 2.47 1.31 -0.45 2.85 0.67 -0.35 5.44 1.05 -0.25 3.41 1.81 

Pd/40wt%SnO2-C -0.30 3.01 1.21 -0.40 3.61 0.68 -0.40 8.97 1.01 -0.35 9.62 1.21 

Pd/60wt%SnO2-C -0.35 3.41 0.87 -0.50 6.85 0.95 -0.45 9.50 1.83 -0.40 9.65 2.02 
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Figure 4.43: CV for all prepared catalysts in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 mV/s. 5th 

cycle was used in this analysis: (a) Methanol, (b) Ethanol, (c) Ethylene glycol, (d) Glycerol. 

Although all the catalysts show low activity towards MeOH amongst all the 

analysed alcohols, Pd/15wt%SnO2-C shows the highest current density of 3.54 

mA/cm2. Also, Pd/15wt%SnO2-C has the second highest current density to 

Pd/10wt%SnO2-C for most of the alcohols oxidation. Pd/20wt%SnO2-C is observed 

to be the least performing catalyst amongst all the catalysts showing lowest current 

density for all the alcohols. Highest current densities for all the electrocatalysts are 

observed for EtOH oxidation which followed by EG oxidation. MeOH oxidation 

has the lowest current densities. Furthermore, the ratio of the forward anodic peak 

current (If) to the reverse anodic peak current (Ib), If/Ib, can be used to define the 

catalyst tolerance to carbonaceous species build-up on the surface of the electrode. 

The higher If/Ib ratio value indicates the catalyst ability to remove the poisoning 

species on surface of the electrode were the lower the value explains the opposite. 

The If/Ib ratios of the synthesized Pd-based catalysts are given in Table 4.4. The 

highest If/Ib ratios were obtained on Pd/60wt%SnO2-C electrocatalyst for all 

alcohols showing that this electrocatalyst is less likely to be poisoned by 

intermediate species of the alcohols oxidation reaction. The highest values were 

observed for the glycerol oxidation reaction. Ethanol and methanol oxidation 

reaction showed lower If/Ib values which indicate the catalyst’s inability to remove 

carbonaceous species build-up on its surface thus resulting in catalyst poisoning.  



 

  

69 

Linear Sweep Voltammetry Studies 

Figure 4.44 illustrates linear sweep voltammetry (LSV) of alcohol oxidation on 

Pd/10wt%SnO2-C, Pd/15wt%SnO2-C, Pd/20wt%SnO2-C, Pd/40wt%SnO2-C and 

Pd/60wt%SnO2-C electrodes in a N2-saturated 0.5 M KOH + 1M Alcohol (Alcohol 

= Methanol, Ethanol, Ethylene glycol, Glycerol) solution with a sweep rate of 10 

mV/s. 

 

Figure 4.44: LSV for all prepared catalysts in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 mV/s. 5th 

cycle was used in this analysis: (a) Methanol, (b) Ethanol, (c) Ethylene glycol, (d) Glycerol. 

 

For all the analysed alcohols, EtOH shows the more negative onset potential (Es) 

on most of the electrocatalysts whereas both MeOH and Gly shows the less negative 

onset potentials. For MeOH oxidation, Pd/10wt%SnO2-C and Pd/15wt%SnO2-C 

shows the more negative Es of -0.40 V than the other three electrocatalyst at -0.35 

and -0.30 V. Pd/20wt%SnO2-C electrocatalyst shows the less negative onset 

potential for all the alcohols analysed. Pd/10wt%SnO2-C Pd/15wt%SnO2-C and 

Pd/60wt%SnO2-C are showing the more negative Es for EtOH oxidation at potential 

between -0.55 and -0.50 V. The less negative Es for EtOH oxidation is at 0.4 V. 

Pd/10wt%SnO2-C and Pd/60wt%SnO2-C has the more negative Es for EG oxidation 

at -0.45 V whereas Pd/15wt%SnO2-C and Pd/40wt%SnO2-C have an Es of -0.40 V 

and Pd/20wt%SnO2-C has the less negative Es at -0.35 V. For glycerol oxidation, 

Pd/60wt%SnO2-C has the more negative Es at -0.4 V. Pd/15wt%SnO2-C and 
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Pd/40wt%SnO2-C have the same Es of -0.35V which followed by that 

Pd/10wt%SnO2-C at -0.30V. Pd/20wt%SnO2-C has less negative Es of -0.25 V for 

glycerol oxidation. All the synthesised electrocatalyst can easily oxidise EtOH as 

implied by the Es values in figure 4.44. The results also indicate that MeOH and 

Gly are most difficult alcohols to be oxidised by the electrocatalysts. 

 

Chronoamperometry Studies 

The electrochemical stability of the catalysts was studied by the use of 

chronoamperometry technique. It is widely known that the fast degradation of 

current during alcohol oxidation is caused by the intermediate species such as CO-

like species that block the electrode surface to poison the catalyst as previously 

reported by Su et al [192]. The poisoning of the catalyst is indicated by the fast 

degrading current when tested, thus meaning the fastest poisoned is the least stable 

catalyst. The technique was again employed for the stability studies of the 

synthesised Pd-based electrocatalysts and the results are illustrated in figure 4.45 

below. 

 

Figure 4.45: Chronoamperograms in 0.5M KOH + 1M Alcohol for 1800s (a) Methanol, (b) Ethanol, (c) Ethylene 

glycol, (d) Glycerol. 

Pd/10wt%SnO2-C shows higher current density for all the alcohols except for EtOH 

which makes it the most stable electrocatalyst within the all the synthesised catalyst 

materials. Pd/15wt%SnO2-C is the most stable electrocatalyst for ethanol oxidation. 
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For ethylene glycol oxidation, Pd/10wt%SnO2-C and Pd/20wt%SnO2-C are equally 

stable. Current degradation for Pd/40wt%SnO2-C and Pd/60wt%SnO2-C is equal 

for glycerol oxidation which makes the two electrocatalysts second stable from 

Pd/10wt%SnO2-C. Pd/40wt%SnO2-C electrocatalyst is least stable for most of the 

alcohols oxidation. Pd/20wt%SnO2-C has the fastest degrading current density for 

ethanol oxidation.  

4.4 PdAu-based ternary catalyst 

4.4.1 Structural Characterisation 

HRTEM analysis for ternary catalyst 

Once again HRTEM was used to study the morphology of the synthesised ternary 

eletrocatalyst PdAu/10wt%SnO2-C. It was used to determine the catalyst’s particle 

size and its dispersion on the carbon support. The morphology of the particles is 

once again carried from the synthesised support material for this study. For this 

electrocatalyst, the particles are agglomerated and amorphous as well. There is an 

increase in particles observed as compared to the HRTEM micrographs of 

10wt%SnO2-C. There is also the difference observed for the morphology of the 

particle since Pd shows darker particles than the Au and SnO2 which was observed 

on the previous TEM micrographs. 

 

Figure 4.46: TEM image of the electrocatalyst PdAu/10wt%SnO2-C at a) high and b) low magnification. 

Figure 4.46 above shows the HRTEM images of PdAu/10wt%SnO2-C 

electrocatalyst at low and high magnifications. As observed from the micrographs, 

there’s an even dispersion of particles on the support material. Also, there is 

agglomeration of the particles observed which may be considered to be the already 

existing agglomeration of SnO2 from the support material as observed on previous 
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micrographs. The micrographs also show the particles more amorphous. The 

average calculated particles size for PdAu/10wt%SnO2-C is 5.45 nm. 

SEM analysis for ternary catalyst 

The high resolution scanning electron microscopy (HRSEM) was once more 

employed for the analysis of the morphology and agglomeration of the elements in 

the synthesised ternary electrocatalysts (PdAu/10wt%SnO2-C). The SEM-EDX 

was further employed for mapping of elements in order to confirm the distribution 

of the element’s particles on the support’s surface. 

 

Figure 4.47: SEM image and the corresponding element EDX mappings of electrocatalyst PdAu/10wt%SnO2-C. 

From figure 4.47 above, the EDX elemental mapping images are displayed together 

with the SEM image in fitting the mapping images for the synthesised 

electrocatalyst PdAu/10wt%SnO2-C. The EDX mapping images of the elements of 

interest C, Sn, Au and Pd are in correspondence with the displayed SEM image. 

There’s an even dispersion of particles observed for all the elements. However, 
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agglomeration of particles is observed for both Pd and Au elements. The inserted 

SEM image is showing amorphous particles of the synthesised ternary 

electrocatayst. Although the particles seem to be amorphous, the elemental 

mapping images still confirms the existence of C, Sn, Au and Pd elements in the as 

synthesised PdAu/10wt%SnO2-C ternary electrocatalyst.  

 

XRD profile analysis for ternary catalyst 

The XRD profiles of the prepared ternary electrocatalysts (PdAu/10wt%SnO2-C) 

together with the Pd/10wt%SnO2-C, Au/10wt%SnO2-C, PdAu/10wt%SnO2-C and 

10wt%SnO2-C profile are shown in figure 4.48 below. 

 

Figure 4.48: XRD profiles for PdAu/10wt%SnO2-C electrocatalyst. 

Au/10wt%SnO2-C and PdAu/10wt%SnO2-C profiles, the strong diffraction peaks 

at the Bragg angles of 38.2, 44.3, 64.5, 77.4 and 81.6 which corresponds to the 

(111), (200), (220), (311) and (222) planes of face centred cubic (fcc) crystalline 

structure of Au. PdAu/10wt%SnO2-C, Au/10wt%SnO2-C electrocatalysts and 

10/wt%SnO2-C support material are showing the diffraction peaks at 2theta of 26.3, 

33.2, 38.2 and 51.8 corresponding to the (110), (101), (200) and (211), planes of 

tetragonal structure of SnO2. Pd/10wt%SnO2-C profile, shows the diffraction peaks 

at the Bragg angles of 40.0°, 46.3°, 68.1° and 81.2° which are attributed to (111), 

(200), (220) (311) planes of the face centred cubic (fcc) structure of Pd however the 

peaks have slight shifted to higher angles for both Pd and SnO2 peaks which is 

reasoned by Vegard’s law since Pd has small radius than SnO2 [195]. The The 

existence of Pd, Au and SnO2 is confirmed on the prepared ternary electrocatalyst. 
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4.4.2 Electrochemical Characterisation 

Cyclic Voltammetry Studies 

Figure 4.49 below shows cyclic voltammetry results for the synthesised 

PdAu/10wt%SnO2-C ternary electrocatalysts in KOH. 

 

Figure 4.49: CV for PdAu/10wt%SnO2-C catalysts in 0.5 M KOH saturated N2. Scan rate = 50 mV/s. 5th cycle was 

used in this analysis. 

The electrochemical activity of PdAu/10wt%SnO2-C electrocatalyts towards AOR 

in alkaline media was analysed for methanol, ethanol, ethylene glycol and glycerol. 

The hydrogen adsorbed and desorption peaks are not observed. The Pd oxide layer 

formation and reduction peak is observed in small peaks between -0.12 and -0.30 

V vs Ag/AgCl for the synthesised PdAu/10wt%SnO2-C electrocatalysts. The Pd 

oxide layer formation and reduction peak shows small peaks because of its 

theoretical weight percentage of 5wt% which maybe is lower than actual anticipated 

weight percentage. AOR in alkaline media was analysed for electrochemical 

activity of the synthesised ternary electrocatalysts PdAu/10wt%SnO2-C. The 

ternary electrocatalyst showed activity towards all the analysed alcohols. Figure 

4.50 shows cyclic voltammograms of the ternary electrocatalysts towards the AOR 

in KOH are shown and summarised on Table 4.5 below. The ternary electrocatalyst 

show most activity towards EtOH oxidation which has the highest current density 

of 6.88 mA/cm2. Glycerol has the second highest current density at 6.18 mA/cm2 

which followed by EG having current density of 5.28 mA/cm2. MeOH shows the 

lowest current density amongst all the analysed alcohols. 
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Figure 4.50: CV for the prepared ternary electrocatalysts in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 

mV/s. 5th cycle was used in this analysis: Methanol, Ethanol, Ethylene glycol and Glycerol. 

Moreover, the ratio of the forward anodic peak current (If) to the reverse anodic 

peak current (Ib), If/Ib, was used to define the catalyst tolerance to carbonaceous 

species build-up on the surface of the electrode. The higher If/Ib ratio value indicates 

the catalyst ability to remove the poisoning species on surface of the electrode were 

the lower the value explains the opposite. Table 4.5 below lists the If/Ib ratio values 

for all the analysed alcohols. Glycerol has the highest If/Ib ration value of 1.53 which 

indicates the catalyst’s ability to remove carbonaceous species build up on its 

surface for glycerol oxidation. Ethylene glycol is second to glycerol alcohol which 

cannot easily be poisoned by the carbonaceous species with an If/Ib ratio value of 

1.27. Methanol has the third highest If/Ib ration value of 1.25 which also indicates 

that it is unlikely poisoned during methanol oxidation. 

Table 4.5: Summary of the electro-catalytic activity for the prepared ternary electrocatalysts. 

Electrocatalysts 

 
MeOH EtOH 

 

EG 

 

Gly 

Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib Onset 

Potential 

(V vs 

Ag/AgCl) 

Max. 

Current 

Density 

(mA 

cm
-2

) 

If/Ib 

PdAu/10wt%SnO2-

C 

-0.30 2.45 1.25 -0.50 6.88 0.70 -0.40 5.28 1.27 -0.40 6.18 1.53 
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Liner Sweep Voltammetry Studies 

Figure 4.51 shows linear sweep voltammetry of ternary electrocatalyst 

PdAu/10wt%SnO2-C, in a N2 saturated 0.5M KOH + 1M alcohol (Alcohol = 

methanol, ethanol, ethylene glycol and glycerol) solution with a sweeping rate of 

10 mV/s. 

 

 

Figure 4.51: LSV for the prepared ternary electrocatalyst in 0.5 M KOH + 1M Alcohol saturated N2. Scan rate = 50 

mV/s. 5th cycle was used in this analysis: Methanol, Ethanol, Ethylene glycol and Glycerol. 

 

EtOH have the earliest onset potential value at -0.5 V which indicates that the 

ethanol is easily oxidised amongst all the analysed alcohols. Both EG and Gly have 

the second earliest onset potential at -0.4 V. MeOH is the most difficult alcohol to 

be oxidised by the ternary electrocatalyst with the least negative Es of -0.30 V. 

Chronoamperometry Studies 

The electrochemical stability of the catalysts was studied by the use of 

chronoamperometry technique and the results are illustrated in figure 4.52. The 

electrochemical stability of the synthesised ternary electrocatalysts was studied by 

the use of chronoamperometry technique. It is widely known that the fast 

degradation of current during alcohol oxidation is caused by the intermediate 

species such as CO-like species that block the electrode surface to poison the 

catalyst as previously reported by Su et al [192]. 
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Figure 4.52: Chronoamperograms of ternary electrocatalyst in 0.5M KOH + 1M Alcohol for 1800s. Alcohols 

analysed: Methanol, Ethanol, Ethylene glycol and Glycerol. 

The poisoning of the catalyst is indicated by the fast degrading current when tested, 

thus meaning the fastest poisoned is the least stable catalyst. Chronoamperometry 

was used to analyse the stability and highest potential of the synthesised ternary 

electrocatalyst towards methanol, ethanol, ethylene glycol and glycerol oxidation. 

As shown in figure 4.52 above, PdAu/10wt%SnO2-C shows more stability towards 

ethylene glycol. Glycerol and MeOH are showing less stability whereas ethanol 

shows the lowest stability. The results simply indicate that the performance of the 

ternary electrocatalyst is better for ethylene glycol and glycerol oxidation. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATION 

 

5.1 Conclusion  

The proposed method for this study to synthesis catalysts is considered successful 

based on the obtain results. To analyse the synthesised electrocatalysts, 

characterisation techniques such as TEM, SEM, XRD and the electrochemical 

studies were performed. The TEM micrographs were able to show the different 

particle sizes as well as their morphologies. The existence of SnO2, Au and Pd 

nanoparticles was confirmed by the calculated d-spacing from the obtained TEM 

results. SEM analysis results also proved that method effective by the mapping 

micrographs obtained although the corresponding EDX spectrum indicated low 

content of the noble metals. The SEM image together with the elemental mapping 

images showed agglomeration of the particle for all the electrocatalysts. The XRD 

profiles obtained had indicated the existence of different fcc structure of Pd and Au 

as well as the tetragonal structure of SnO2 for all the synthesised electrocatalysts in 

this study. The obtained electrochemical results indicated the highest current 

density of 22.08 mA cm-2 obtained from this study which is from Au-based 

electrocatalysts, specifically Au/20wt%SnO2-C for glycerol oxidation. The 

synthesised ternary electrocatalyst is the lowest performing electrocatalyst which 

obtained the current density of 6.88 mA cm-2 for ethanol oxidation. However, the 

Pd-based electrocatalysts obtained the earliest onset potential of -0.55 V for this 

study specifically Pd/10wt%SnO2-C for EtOH oxidation. The ternary 

electrocatalyst obtained the earlier onset potential for EtOH oxidation of -0.5 V. 

Chronoamperometry results shows Au/10wt%SnO2-C electrocatalyst to be most 

stable from all the Au-based electrocatalysts whereas Pd/10wt%SnO2-C is best 

amongst all the Pd-based electrocatalysts. The synthesised ternary electrocatalyst 

does not show improved performance from the binary electrocatalyst based on the 

obtained electrochemical results. The electrochemical results shows small Pd oxide 

layer formation and reduction peaks for the ternary electrocatalysts but the peaks 

are better for Pd/10wt%SnO2-C. 

5.2 Recommendations  

Even though the proposed study is considered successful the research can continue 

for future work. The recommended future research topics include: 

 Study the effect of varied temperature on the synthesis of SnO2. 

 Optimisation studies for ternary electrocatalyst (PdAu/10wt%SnO2-C) 

based on varied Au:Pd ratios. 

 Fabrication of the Membrane Electrode Assembly (MEA) and testing in a 

unit cell under passive and active conditions. 
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