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ABSTRACT 

 

Palladium can be used as an anodic catalyst for the alkaline direct alcohol fuel cells 

(ADAFCs). Palladium has displayed high tolerance towards carbon monoxide (CO) 

poisoning and high catalytic activity for alcohol oxidation reaction in alkaline medium. 

Palladium-based catalysts have arisen as an alternative to performing alcohol oxidation 

reaction, especially when combined with other transition metals and multi walled carbon 

nanotubes (MWCNT) as a support, which induces changes in the palladium electronic 

structure, and thus, increasing its activity. This research is focused on the development of 

palladium catalysts incorporated with nickel and tin (transitional metals) on multi walled 

carbon nanotubes for alkaline direct glycerol fuel cells.  To improve the efficiency of the 

fuel cell, catalyst activity, selectivity ability and good thermal stability need to be 

increased.   

The palladium-based catalysts were synthesized by modified polyol method using 

functionalized multi walled carbon nanotubes as supports. The ethylene glycol was used 

for the synthesis which allowed controlling the particle size and to minimize particle 

agglomeration and also act as a reducing agent for Pd2+ to Pd synthesized catalyst were  

palladium on multi walled carbon nanotubes (Pd/MWCNT), palladium nickel on multi 

walled carbon nanotubes (PdNi/MWCNT), palladium tin on multi walled carbon 

nanotubes (PdSn/MWCNT), palladium nickel and cobalt oxide on multi walled carbon 

nanotubes (PdNiCo3O4/MWCNT),  palladium tin and cobalt oxide on multi walled carbon 

nanotubes (PdSnCo3O4/MWCNT), palladium nickel and cerium oxide on multi walled 

carbon nanotubes (PdNiCeO2/MWCNT), palladium tin and cerium oxide on multi walled 

carbon nanotubes (PdSnCeO2/MWCNT), palladium cobalt oxide on multi walled carbon 

nanotubes (PdCo3O4/MWCNT) and palladium cerium oxide on multi walled carbon 
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nanotubes (PdCeO2/MWCNT). The functionalization of MWCNT was validated using 

FTIR and the spectrum obtained reveals the presence of some functional group such as O-

H stretching, C=O stretching, C-C stretching, C-O stretching and C-H stretching. 

The electrochemical active surface area (ECSA) of the synthesized catalysts was obtained 

from cyclic voltammetry plot. The calculated ECSA were 0.72 m2/g for commercial Pd/C, 

0.75 m2/g for Pd/MWCNT, 4.8 m2/g for PdNi/MWCNT, 0.85 m2/g for PdSn/MWCNT, 

0.74 m2/g for PdNiCo3O4/MWCNT, 1.3 m2/g for PdSnCo3O4/MWCNT, 5.02 m2/g for 

PdNiCeO2/MWCNT, 1.14 m2/g for PdSnCeO2/MWCNT, for 0.99 m2/g PdCeO2/MWCNT 

and 1.89 m2/g for PdCo3O4/MWCNT. The ECSA obtained for the alloyed palladium 

catalysts shows a successful outcome of the introduction of the secondary metal and oxide 

into the palladium. The morphology of the synthesized catalysts from TEM gave the 

expected dot-like appearance mostly reported for palladium catalysts, with the structure of 

the MWCNT support showing a rod-like appearance. The TEM micrographs as well as the 

SAXS plot of shape revealed that the nanoparticles were polydispersed due to slight 

agglomeration of catalyst particles. The particle size of the nanoparticles was obtained 

through SAXS plot of size distribution which confirm that the synthesized particle was of 

small size radius in nanoscale. The particle size obtained were 20 nm for Pd/C, 15 nm for 

Pd/MWCNT, 15 nm for PdNi/MWCNT, 15 nm for PdSn/MWCNT, 18 nm for 

PdNiCo3O4/MWCNT, 20 nm for PdSnCo3O4/MWCNT, 20 nm for PdCo3O4/MWCNT, 15 

nm for PdNiCeO2/MWCNT, 19 nm for PdSnCeO2/MWCNT and 16 nm for 

PdCeO2/MWCNT. The crystallite size of the nanoparticles was obtained using Debye-

Scherrer equation from XRD data of the nanoparticles and were 8.4 nm for Pd/C, 11 nm 

for Pd/MWCNT, 11.4 nm for PdNi/MWCNT, 9.5 nm for PdSn/MWCNT, 9.7 nm for 

PdNiCo3O4/MWCNT, 10 nm for PdSnCo3O4/MWCNT, 12 nm for PdCo3O4/MWCNT, 8.5 

nm for PdNiCeO2/MWCNT, 14 nm for PdSnCeO2/MWCNT and 15 nm for 
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PdCeO2/MWCNT. The TEM micro graphs were used to obtain the particle size of the 

synthesized catalysts, the obtained particle sizes were 3.4 nm for Pd/C, 13.7 nm for 

Pd/MWCNT, 11.5 nm for PdNi/MWCNT, 8.2 nm for PdSn/MWCNT, 11 nm for 

PdNiCo3O4/MWCNT, 11.1 nm for PdSnCo3O4/MWCNT, 16.83 nm for 

PdCo3O4/MWCNT, 12.3 nm for PdNiCeO2/MWCNT, 18 nm for PdSnCeO2/MWCNT and 

15.33 nm for PdCeO2/MWCNT. The crystallinity of the nanoparticles was examined 

through XRD and SAED. The plot of the XRD data revealed the presence of the palladium 

phase (fcc for Pd) in all the synthesized catalysts. The peaks obtained in the XRD were 

further confirmed by the SAED micrograph.  

The electroactivity of the catalysts was evaluated through CV, EIS and CA. The CV results 

of Pd/C and Pd/MWCNT were compared to the bimetallic catalysts PdNi/MWCNT and 

PdSn/MWCNT. PdNi/MWCNT showed highest peak current density in glycerol oxidation 

with 6.657 mA/cm2 followed by 1.277 mA/cm2 for PdSn/MWCNT, 0.842 mA/cm2 for 

Pd/C and 0.449 mA/cm2 for Pd/MWCNT respectively. PdSn/MWCNT had the highest 

ECSA and was expected to have the highest oxidation peak, however, it had poor particles 

distribution on the surface of the MWCNT which resulted into agglomeration and can be 

seen on the SAXS plot. The addition of the secondary metal to palladium did improve the 

glycerol oxidation current density. The catalyst poisoning by the carbonaceous species is 

traced from the forward scan to backward (If/Ir) scan peak current density ratio, with 

PdNi/MWCNT having the highest ratio at 10.91 meaning low catalyst poisoning followed 

by 2.13 for Pd/C, 0.92 for PdSn/MWCNT and 0.31 for Pd/MWCNT. This trend is 

confirmed by EIS with PdNi/MWCNT being the best overall performing catalyst followed 

by Pd/C, Pd/MWCNT and PdSn/MWCNT. However Pd/MWCNT is performing better 

than PdSn/MWCNT while PdSn/MWCNT has a higher (If/Ir) ratio, this is due to the 

agglomeration of which affects it kinetically PdSn/MWCNT. Plus Pd/C, Pd/MWCNT and 
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PdSn/MWCNT display a capacitive feature expected for hydrogen adsorption/desorption 

and double layer charging/ discharging phenomena. PdNi/MWCNT there is a changeover 

from capacitive behaviour to resistive behaviour as indicated by a semicircle, which can be 

assigned to the kinetically controlled reaction. The stability of the catalysts was evaluated 

through Chronoamperometry. The addition of the secondary metal to palladium did 

improve the catalyst stability with PdNi/MWCNT having the best catalyst stability, 

followed by PdSn/MWCNT, Pd/C and Pd/MWCNT respectively. Ni has similar electronic 

properties to Pd compared to Sn, as it is a group above Pd in the periodic table this 

contributes to Pd catalyst stability and electroactivity. The electroactivity results of 

PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT were compared. The peak current density (If) for 

PdNiCo3O4/MWCNT is 14.46 mA/cm-2 which is highest compare to PdNiCeO2/MWCNT 

6.137 mA/cm-2, PdSnCo3O4/MWCNT is 1.412 mA/cm-2 and PdSnCeO2/MWCNT is 1.358 

mA/cm-2 respectively. The forward scan results show that the addition of a secondary 

metal Ni in Pd to form catalysts with an oxide can significantly improve the catalytic 

activity of Pd for glycerol oxidation in alkaline media. The catalyst poisoning against the 

carbonaceous species is traced from the forward scan to backward (If/Ir) scan peak current 

density ratio. The ratio for PdNiCeO2/MWCNT was 22.59 and showed a higher value 

compared to 9.81 for PdSnCeO2/MWCNT, 5.23 for PdNiCo3O4/MWCNT and 2.68 for 

PdSnCo3O4/MWCNT respectively. The CeO2 oxide promotes the adsorption of oxygen 

species such as OH on bimetallic PdNi and PdSn surface to oxidize CO or adsorbed CO-

like carbonaceous species on Pd sites. Plus the fewer amount of oxygen on the oxides helps 

reduce amount of CO carbonaceous species produced. Therefore PdNiCeO2/MWCNT 

showed better oxidation of glycerol to carbon dioxide during anodic scan and less 

accumulation of carbonaceous species on the catalyst surface compared to 
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PdSnCeO2/MWCNT, PdNiCo3O4/MWCNT and PdSnCo3O4/MWCNT. EIS results of 

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT catalyst display an ionic resistance that may 

be due to a less homogenous catalyst layer on the ink prepared for electrode coating and 

the addition of CeO2 oxide may have contributed to the behavior. PdSnCo3O4/MWCNT 

shows better performance with a semi-circle capacitive behavior at -30mv only and mostly 

displaying a capacitive behavior with PdNiCo3O4/MWCNT. The stability of 

PdNiCeO2/MWCNT was better than that of PdSnCeO2/MWCNT. PdSnCo3O4/MWCNT 

was most stable compared to PdNiCo3O4/MWCNT. The overall stability trend from the 

best stable catalyst to the least stable catalyst is as follows PdNiCeO2/MWCNT, 

PdSnCo3O4/MWCNT, PdSnCeO2/MWCNT and PdNiCo3O4/MWCNT. On the CeO2 oxide 

the PdNi alloy has better stability compared to PdSn alloy and on the Co3O4 oxide, PdSn 

alloy has better stability than PdNi alloy.  

PdCeO2/MWCNT showed highest (If) peak current density in glycerol oxidation of 3.899 

mA/cm2 followed by 0.8295 mA/cm2 for PdCo3O4/MWCNT. The catalyst poisoning 

against the carbonaceous species is traced (If/Ir) current density ratio. The ratio for 

PdCeO2/MWCNT was 4.53 and showed a higher value compared to 2.05 for 

PdCo3O4/MWCNT. The CeO2 oxide promotes the adsorption of oxygen species such as 

OH on Pd surface to oxidize CO or adsorbed CO-like carbonaceous species on Pd sites. In 

EIS at -30mv and -10mv PdCeO2/MWCNT shows better performance with a semi-circle 

capacitive behaviour to compared to PdCo3O4/MWCNT that displayed an ionic resistance. 

At 30mv and 10mv PdCo3O4/MWCNT display better ionic resistance compared to 

PdCeO2/MWCNT catalyst. The overall best catalysts performance for the binary catalysts 

is PdNi/MWCNT, for the oxides is PdCeO2/MWCNT and for the ternary catalysts is 

PdNiCeO2/MWCNT. 
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CHAPTER 1:  

INTRODUCTION 

 

1.1 BACKGROUND 

Over the past few decades energy demand has drastically increased due to the growth in 

human population, urbanization and modernization. This rise in energy demand is expected 

to increase as the number of years go by. Energy is extremely crucial for human life and it 

drives the continued human development. Energy is the power derived from the utilization 

of physical or chemical resources, especially to provide light and heat or to work machines. 

The world is largely dependent on fossil fuels energy such as oil, gas and coal providing 80 

% of energy produced, with renewable energy 13.5 % and nuclear energy suppling 6.5 % 

of the remaining energy [1].  This large amount of energy consumed has major 

environmental impact with the fossil fuels contributing to about 70-75 % of greenhouse 

gases that has an effect to global warming [2]. The current energy supplies are unable to 

cope with the rapidly increasing energy demand and the emission regulations are changing 

and will create constrains on energy production.  An alternative method of energy 

production has to be considered that will be able to provide for the increase in energy 

demand while decreasing the environmental impact (pollution).  

For some time nuclear energy was found to be the most suitable energy to meet the energy 

demand. Nuclear energy is based on the use of radioactive materials, such as uranium, 

plutonium and tritium to produce electricity. It does not fall under renewable energy, 

however it was accepted due to low cost of energy production, low ozone layer depletion 

compared to fossil fuel life cycle and good quality of energy produced [3]. However, it has 
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suffered a major setback due to the Hiroshima incident on 11 March 2011- one the largest 

earthquakes to ever hit east Japan [4]. Another major concern associated with nuclear 

energy is nuclear waste, if not handled properly it is highly hazardous to the environment. 

It is difficult to eliminate, it requires special containment based on the physical and 

chemical characteristic and reactivity. This has pushed the world away from nuclear 

energy and it has left one option which is renewable energy.  

Renewable energies are solar, geothermal heat, wind, hydrogen, tides, water, fuel cells, and 

various forms of energies produced from biomass. These energies cannot be exhausted and 

they are constantly renewed and they produce little to nothing greenhouse gases that 

contribute to global warming emissions [5]. Hydrogen has attracted a wide spread of 

research as source of energy that is renewable for fuel cells. Hydrogen has a high power 

density and produces water as the only emission when used as a fuel [6]. There are various 

fuels that fall under hydrogen research as alternative fuels for fuel cells, namely alcohols, 

and dilute light hydrocarbons, like methane.  

A fuel cell is an energy device that directly converts chemical energy into electricity by 

oxidizing the fuel. However, it is not a renewable energy device, it is only renewable if the 

source of the fuel used is renewable [7]. Direct alcohol fuel cells (DAFC) are devices that 

uses liquid fuel like methanol, ethanol, glycerol and ethylene glycol as the fuel, with 

platinum as the main catalyst for many commercial fuel cells and they have several 

advantages over proton-exchange membrane fuel cells (PEMFCs) and alkaline fuel cells 

(AFCs) that uses hydrogen as the fuel. Some of the challenges associated with hydrogen 

are; firstly hydrogen is primary not a fuel, it is obtained from other sources such as  

reforming of natural gas and coal-to-gas processes just to name a few. Storage and large 

scale production of hydrogen have proven problematic and this has led up to the search of 

alternative potential liquid fuels [8]. Alcohol fuel cells have attracted a lot of attention as a 
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low temperature cell for portable and stationary devices. They have high energy density 

(5–8 kWh kg-1) that is close to that of gasoline (12 kWh kg-1), and they can be easily 

obtained from renewable sources such as biomass. The most commercially used fuel cells 

are hydrogen fuel cells and Direct Methanol Fuel Cells (DMFC).  

This study will focus on palladium (Pd) catalysts incorporated with nickel (Ni) and tin (Sn) 

(transitional metals) on multi walled carbon nanotube (MWCNT) support for direct alcohol 

fuel cells in alkaline medium, and the alcohol used is glycerol.  

With respect to anode kinetics, there are unique characteristics provided by alkaline 

environments for the efficient operation of alkaline-based fuel cells (alcohol cells): (i) 

faster kinetics of the alcohol oxidation reactions (AOR) allow the use of low-cost, non-

noble-metal electrocatalysts; (ii) facile AORs at low anodic overpotential; (iii) reduced 

alcohol cross-over; (iv) enhanced water management, since the electro-osmotic drag will 

remove water formed at the anode through the cathode side, avoiding the possibility of 

water-flooding; (v) reduced risks of the electrode materials being subjected to corrosion, 

thus ensuring longevity; and (vi) reduced risk of the spectator ions adsorbing onto the 

Membrane Electrode Assembly (MEA), which might hamper the electrocatalytic process 

[9]. 

Palladium catalyst is the best candidate for use in alkaline environments compared to 

platinum (Pt). Palladium is three times less expensive and is more than fifty times 

abundant on the earth than platinum. It has similar properties to platinum since they are in 

the same group in the periodic table, same face center cubic (fcc) crystal structure, and 

similar atomic size [10]. Palladium when combined with other transitional metals such as 

nickel, cobalt or iron has the ability to produce the same or better catalytic activity than 

platinum at low cost [11].  
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1.2 RATIONALE, AIM AND OBJECTIVES 

1.2.1 RATIONALE 

The demand for clean and sustainable energy is on the rise as environmental regulation 

gets tighter and crude oil reserve is depleting over the century. Fuel cell technology has 

great potential to power everyday devices, through converting chemical energy into 

electrical energy. Fuel cell cost is one constrains that is not allowing commercialization in 

different applications of fuel cell technology. Reactant storage is another technically 

challenging problem, including durability and reliability of fuel cell system. The use of 

glycerol as a fuel will allow better fuel storage. The development of Palladium nickel/tin 

on cobalt oxide/cerium oxide and carbon nanotubes support will allow increase in catalytic 

activity and reliability of the fuel cell system 

1.2.2 AIM 

The study is aimed at studying and improving the electro-catalytic behavior of palladium 

based anodic catalyst on glycerol oxidation reaction for direct glycerol fuel cells. The aim 

of the study will be achieved by synthesizing the following catalysts and studying them: 

Pd/MWCNT, PdNi/MWCNT, PdSn/MWCNT, PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdCo3O4/MWCNT, PdNiCeO2/MWCNT, PdSnCeO2/MWCNT and 

PdCeO2/MWCNT. All of the catalysts synthesized in this study were supported on 

MWCNT due to its physicochemical properties including ability to adsorb metal ions on its 

surface, porosity and high surface area, good electrical conductivity and high chemical 

stability. 
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1.2.3 OBJECTIVES 

 Synthesize Palladium nickel/tin on cobalt oxide and multi walled carbon nanotubes 

as support using modified polyol method.  

 Determine the electrochemical behavior of all synthesized Palladium catalysts by 

Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and 

Chronoamperometry to determine the electrochemical catalytic active surface area 

(ECSA), electron kinetics and stability, respectively.  

 Determine the palladium based catalysts structure and crystallite size using X-ray 

diffraction spectroscopy (XRD)  

 Determine particle size distribution using small-angle X-ray scattering (SAXS)  

 Obtain the shape of the surface and internal structure of the catalyst using High-

resolution transmission electron microscopy (HRTEM).  

 Determine metal loading concentrations using Inductively Coupled Plasma (ICP) 

and validate the elemental composition by Energy Dispersive X-ray Spectroscopy 

(EDS).  
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1.3  THESIS ORGANIZATION 

This Thesis is constructed as follows  

Chapter 1:  Provides an overview of current issues with polymer electrolyte membrane 

fuel cells, together with a summary of the experimental objectives and methodology used 

in this work  

Chapter 2:  Consists of a literature review including low and high temperature fuel cells, 

direct alcohol fuel cells, Alcohol oxidation reaction and Pd based alloys.  

Chapter 3: Describes experimental methods and techniques used in this study and details 

of the experimental procedures used in catalysts synthesis, electrodes preparation and 

characterization of the catalysts.  

Chapter 4: Describes the results of Pd/C, Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT on physiochemical characterization including X-Ray Diffraction (XRD), 

Small-Angle X-ray Scattering (SAXS) and Transmission Electron Microscopy (TEM). 

Followed by electrochemical characterization using a three-electrode cell to determine the 

activity towards the glycerol oxidation reaction of carbon-supported Pd nanoparticles.  

Chapter 5: Describes the results of PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, 

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT on physiochemical characterization 

including X-Ray Diffraction (XRD), Small-Angle X-ray Scattering (SAXS) and 

Transmission Electron Microscopy (TEM). Followed by electrochemical characterization 

using a three-electrode cell to determine the activity towards the glycerol oxidation 

reaction of carbon-supported Pd nanoparticles. 

Chapter 6:  Describes the results of PdCo3O4/MWCNT and PdCeO2/MWCNT on 

physiochemical characterization including X-Ray Diffraction (XRD), Small-Angle X-ray 

Scattering (SAXS) and Transmission Electron Microscopy (TEM). Followed by 
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electrochemical characterization using a three-electrode cell to determine the activity 

towards the glycerol oxidation reaction of carbon-supported Pd nanoparticles. 

Chapter 7:  Provides conclusions drawn from this study and recommendations for future 

work.  
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CHAPTER 2:  

 LITERATURE REVIEW 

 

2.1 BRIEF HISTORY OF FUELS  

The first fuel cell concept was drawn in the year 1801 by Humphry Davy and this concept 

is what has become a fuel cell today. Then almost forty years later in 1839 William Grove 

created the gas battery the first fuel cell. Charles Langer and Ludwig Mond developed 

Grove idea in 1889 and named it fuel cell. They pursed scaling up the fuel cell to deliver 

power from converted fuel [1]. Mond had developed a process to convert coal and coke to 

gas comprised of large quantities of hydrogen, but impurities from the gas poisoned the 

platinum black catalyst. This became a cost constrain as the required catalyst loading is 

high cost. They managed to introduce powdered electro-catalyst platinum black and used a 

porous matrix to contain the electrolyte, this significantly increased the power density of 

the cell by improving the notable surface of action.  

 

 

 

 

 

 

 

Figure 2. 1 Groves Gas Battery [4] 
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In 1955 William Grubb contrived the Proton Exchange Membrane Fuel Cell (PEMFC) at 

General Electric. At the time the PEMFC had a short lifetime in a fuel cell environment, 

polymer-electrolyte membranes were made from polystyrene-divinylbenzene sulfonic acid 

combined with an inert fluorocarbon film. The oxidative degradation of the C-H bonds in 

the membrane, which occurred at the alpha-H sites where the functional groups are bonded 

resulted in the short lifetime [2, 3]. In the beginning of 1962 General Electric made a 

power plant created from this technology and successfully implemented it in the U.S. 

Gemini program. Sir Francis Bacon started advancing the technology of hydrogen-oxygen 

cell that operated at medium temperatures using alkaline electrolytes and improved 

catalysts in 1933. He developed a high power density alkaline fuel cell (AFC) that operated 

at very high pressures and temperature with 1.11 A/cm2 at 0.6 V at 240°C. Nickel 

electrodes cells were used with a double permeable structure along with different gas 

pressures throughout the cell gave a narrow electrolyte film in greater pores. However, the 

disintegration of porous nickel cathodes caused a quick deterioration of the cell 

performance. The problem was resolved with the employed of nickel-oxide electrode dope 

with lithium for improved electronic conductivity that was more reluctant to disintegration 

[4]. In 1960s this technology was used in fuel cell system developed for U.S Apollo space 

mission by Pratt and Whitney.  

 

The 1970s are climax of the oil crisis and this saw a decrease in the amount of publication 

of fuel cells and increase in environmental awareness amongst governments, businesses 

and individuals.  This resulted in the advancement of Phosphoric Acidic Fuel Cell (PAFC) 

as an alternative source of power supply, with enhanced stability and performance. 

International Fuel Cells (IFC) developed a 1MW that displayed potential for off- grid 

power. The fundamental technical and commercial evolution of fuel cells resumed in the 
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1980s, primarily in PAFC. The future forecast for stationary application was modelled 

during this period in time. Initially designs were laid up for municipal utility power plant 

applications of up to 100 MW output. However, small traces of the power plants 

materialized by that time. Then Substantial stationary PAFC constructed, but hints of them 

were commercialized during the 1980s. Nearly two decades later masses of PAFC 

integrated heat and power applications turned out with significant improvements in 

membrane durability and system performance. The projects that were started in the 1990s 

still resumed with different tactical focal point. Important improvements in DMFC 

technology materialized synchronic to adaptation of PEMFC for direct methanol portable 

devices.  

 

Prior application incorporated soldier-borne power and power for devices such as laptops 

and mobile phones. The retailing of fuel cells in different types started in 2007, 

accompanied by written warranties and service capabilities. This resulted in a huge 

increase in demand, the commercialization expanded leisure applications, such as boats 

and campervans. The products being sold the most were PEMFC and DMFC as auxiliary 

power units (APU), while micro fuel cells were sold for portable application in toys and 

education units. Then in 2009 large a mounts of PEMFC were installed in Japan 

residential, with the fuel cell functioning as a combined heat and power units (CHP) [5]. 

This was accompanied by the introduction of the first commercial available fuel cell 

electric vehicle (FCEV) produced by Honda (FCX Clarity) [6].  

 

 

 

 

http://etd.uwc.ac.za/ 
 



  Chapter 2: Literature Review 

13 

 

Figure 2. 2: Honda FCX Clarity (FCEV) [6] 

As such fuel cells are proving to be an interesting and very promising alternative, which 

can realize the promise of clean reliable electric power generation with high efficiency [5]. 

They are believed by many to be the ideal energy source for the future generations. 

Manufacturing reports in 2010 showed a 40 % retail increase for fuel cell, and 95% of fuel 

cells are portable cells, while 97% of fuel cell technology that is currently being consumed 

are PEMFC [1]. These figures arises from numerous application of fuels cells ranging 

supplying home heating to mobile phone chargers and electric cars, with the potential to 

replace a range of power supplies from batteries to internal combustion engines. Plus fuel 

cells can employ any fuel as source of hydrogen, this provides the chance to use renewable 

fuels that contribute to the growth of micro-portable fuels cells, which represents only the 

2.6% of the global power supplied [7].  At this stage fuel cell are demonstrating 

prospective future of providing clean reliable electric power generation with high 

efficiency [5]. They provide a bright future for green energy and maintaining the essence 

of being the ideal energy source for the future generations.  

 

http://etd.uwc.ac.za/ 
 



  Chapter 2: Literature Review 

14 

2.2 FUEL CELLS  

2.2.1 BASIC OPERATION OF FUEL CELLS  

Fuel cell is an electrochemical device that converts chemical energy stored in a fuel to 

electricity.  There many types of fuel used such as hydrogen, natural gas, methanol, 

gasoline, and formic acid. Different from battery, as a fuel cell will keep on producing 

electricity as long as fuel is available. The structure of a simplified fuel cell is shown 

below in Figure: 2.3 

 

Figure 2. 3: Alkaline Fuel Cell diagram [8] 

A fuel cell is comprised of main three components namely anode, cathode and electrolyte. 

The anode and cathode are enclosed around an electrolyte.  An electrolyte is a substance, 

solid or liquid, capable of conducting moving ions from one electrode to other. The fuel is 

fed into side anode, where an electro-catalyst is used oxidize the hydrogen fuel into 

protons and electron meanwhile on the cathode side oxygen is fed in. The protons are 

transported from one electrode to the other through the electrolyte to combine with their 

counterparts on the cathode, while electrons travel through the external circuit producing 
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the electrical current. Then at the cathode reduction process occurs, where protons, 

electrons and the oxidant recombine to form water. The chemical reactions involved in the 

anode and cathode and the overall reactions in alkaline are given below as [8, 9]:   

Anode:     H2 + 2OH- → 2H2O + 2e-                                                                                 (2.1) 

Cathode:  ½O2 + H2O +   2e- → 2OH-                                                                               (2.2)  

Overall reaction: H2 + ½O2 → H2O                                                                                 (2.3) 

 

2.2.2 BENEFITS OF FUEL CELLS  

Fuel cells present a distinctive integration of advantages well equipped for a multitude of 

applications and provide an indispensable technology. There are a few advantages that 

make fuel cells appealing as an energy source. A fuel cell stack has no actively moving 

parts making them dependable and noiseless compared to modern electric generators 

which results in high reliability. Fuel cells will always run as long as the fuel is provided to 

the cell giving of high power quality all the time , however batteries are relinquished when 

the chemical reaction inside is depleted [10]. Fuel cells that run on refined hydrogen as a 

fuel source releases no greenhouse gases, while only producing electricity, water and heat. 

Even other fuels like natural gas and hydrocarbons when they are used emit less pollution 

compared to standard power plants. This capability of zero emission and near zero 

emissions is the incentive for the increased attraction in growth of fuel cell technology over 

the past decades and the continuous development of this technology today. Fuel cells 

generate energy by electro-chemical reaction and there is no combustion engine involved. 

This results in more efficiency for the cells compared to combustion engines. A fuel cells 

model produces about 40-50 % efficiency from converting fuel to electricity using natural 

gas or hydrocarbons as fuel [10, 11] 
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2.2.3 DRAWBACKS OF FUEL CELLS  

Fuel cells are currently highly priced energy producing systems due to the materials used 

with certain properties, as such PEMFC and DMFC uses expensive nafion membranes and 

platinum catalyst due to required material properties. However, the challenge is to maintain 

the same standards of efficiency while reducing material production cost by creating low 

cost replacements [12]. Substantial amount of research has been put into altering and 

improving the nafion membrane, while the evolution of catalyst has been looking into 

decreasing the amount of catalyst used (catalyst loading) without jeopardizing the 

efficiency of the catalyst by creating binary and ternary platinum based electro-catalyst. Or 

the use of non-platinum catalyst by completely replacing the platinum catalyst with another 

catalyst (palladium) with similar properties and less expensive. Transportation and storage 

of pure hydrogen in enormous capacity for various applications comes with challenges that 

hydrogen has a low volumetric energy density. However the use of hydrocarbon as a fuel 

source resolves the complication that comes up with storage and transportation [10]. 

Reliability and robustness of fuel cells is a vital concern and disadvantage for the 

development of the technology. Currently the US Department of energy has fixed 

operation lifetimes that fuel cells need to meet to be competitive combustion engines, those 

lifetimes are: 5 000 hours; 20 000 hours for bus application and 40 000 hours of continuous 

operation for stationary applications [10, 11]. Substantial advancements have been made 

over the years, however the targets are yet to be accomplished. 

 

 

 

http://etd.uwc.ac.za/ 
 



  Chapter 2: Literature Review 

17 

2.2.4 TYPES OF FUEL CELLS  

There are many types of fuel cells and they are differentiated by the electrolyte employed, 

which also entails the operation temperatures and the temperatures governs which catalyst 

is chosen [13]. There are currently five major types of fuel cells and are listed on the table 

below.  

Table 2. 1: Types of fuel cells [14] 

 PEMFC AFC PAFC MCFC SOFC DAFC 

Electrolyte Polymer 

Membrane 

Immobilized 

Liquid KOH 

Immobilized 

H3PO4 

Molten 

Carbonate 

Perovskites 

(Ceramics) 

Liquid KOH 

Electrode Carbon  Carbon Transition 

Metals  

Nickel 

Oxide 

Perovskite Carbon 

Catalyst Platinum Platinum  Platinum Platinum None 

(electrode 

material) 

Platinum 

Temperature 40-80 °C 65 -100 °C 100 – 250 °C 600-700 °C 700–1000 °C 40–100 °C 

Charge 

Carrier 

H+ OH- H+ CO3
2- O2- OH- 

Fuel H2 H2 H2 H2, CH4 H2, CH4 CH3OH, 

C2H5OH, 

C2H4(OH)2, 

C3H5(OH)3 

Fuel cell 

efficiency 

40 - 50% 40 – 65 % 40 – 55 % 50 – 60 % 50 – 60 % 50 – 75 % 
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2.2.4.1 PROTON EXCHANGE MEMBRANE FUEL CELL (PEMFC) 

PEMFC utilizes a polymeric membrane as an electrolyte. Which carries protons created by 

the hydrogen oxidation reaction at the anode to the cathode, at which they take part in 

oxygen reduction reaction. Meanwhile producing water and heat as the only by products. 

One of the advantages of PEMFC is less wear on system components thus enhancing the 

cell robustness and this arises from the low operating temperature that allows for quick 

starts up (low warm-up time). This is accompanied by very high power density of the cell 

and make them ideal and competitive for commercial portable devices such as laptops, 

computers and mobile phones including transportation. However, the platinum catalyst 

employed in these cells is very expensive and it’s sensitive to CO contamination due to 

their low operating temperature. [14]  

 

Figure 2. 4: Proton Exchange Membrane Fuel Cell [15] 

2.2.4.2 ALKALINE FUEL CELL (AFC)  

AFCS are low temperature cells that were the first develop for NASA’s space mission. 

AFC uses an aqueous solution potassium hydroxides as an electrolyte, which carries 

protons through the solution from the anode to the cathode and produces water as a 

byproduct. Advantages of the cell include fast start up due to low temperatures and highly 

simple structures designed that promotes competitive costs for the cell production. 

http://etd.uwc.ac.za/ 
 



  Chapter 2: Literature Review 

19 

However, a huge disadvantage prevents the AFCs from being the dominant fuel cell 

technology on the market and that is the CO2 poisoning of the electrolyte, including the 

expensive process of purifying oxygen as AFCs required pure oxygen to avoid CO2 

poisoning. [14]     

 

Figure 2. 5: Alkaline Fuel Cell (AFC) [15] 

2.2.4.3 PHOSPHORIC ACID FUEL CELL (PAFC) 

PAFC uses liquid phosphoric acid as an electrolyte. The cell operates at temperatures 

between 100 – 250 °C, which is due to the poor conductivity of the electrolyte. However 

this is also an advantage as PAFC uses hydrogen as a fuel and does not require the use of 

pure hydrogen due to high operating temperatures and the electrolyte does not react with 

CO2 to form carbonate ions. PAFCs can withstand carbon monoxide poisoning if the 

concentration of the gas is below 1.5 % and the formation of carbonate are not an issue for 

PAFCs. The only major drawback is the use of expensive platinum catalyst [16]. 

 

Figure 2. 6: Phosphoric Acid Fuel Cell (PAFC) [15] 
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2.2.4.4 MOLTEN CARBONATE FUEL CELL (MCFC) 

MCFC uses a ceramic matrix electrolyte made up of two mixtures of lithium carbonate and 

potassium carbonate or lithium carbonate and sodium carbonate. The mixtures are melted 

and combined inside the cell by the use of high temperatures 650 °C - 700 °C, which also 

allows the use of cheap nickel catalyst instead of expensive platinum. However, MCFCs 

are prone to slow start up as the temperature requires time to reach 650 °C for the reaction 

to occur. The cell has a short life time as degradation of the cells is caused by the 

electrolyte and the electrolyte can be lost via evaporation due to high temperatures. [17, 

18].  

 

Figure 2. 7: Molten Carbonate Fuel Cell (MCFC) [15] 

2.2.4.4 SOLID OXIDE FUEL CELL (SOFC) 

SOFC utilize Yttrium doped zirconium oxide (YSZ) electrolytes made as a thin sold 

ceramic material. The electrolyte has good ionic conductivity, chemical stability and 

mechanical strength, however conductivity required high temperature in order for the cell 

to operate properly. The cell operates by feeding air into the cathode and the oxygen 

molecules are broken down into oxygen ions (O2-) with the insertion of four electrons. The 

electrons travel through the external circuit to the anode and generate electricity, while the 
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ions are travel through the electrolyte. Upon reaching the anode where hydrogen is fed in 

they recombine releasing more electron producing heater water. The advantages of the cell 

include the use of different multiples low cost hydrocarbons fuels, non-use of expensive 

noble catalyst and long operating life cycle. Disadvantages are the required long start time 

in order to reach high temperatures and poor thermal cycling which makes them only 

applicable for stationary application. [19, 20] 

 

Figure 2. 8: Solid Oxide Fuel Cell (SOFC) [15] 

2.2.4.5 DIRECT ALCOHOL FUEL CELLS 

A direct alcohol fuel cell uses alcohol as a source of fuel. There are several types of fuels 

being used which are mainly methanol, ethanol, ethylene glycol and glycerol. Direct 

Methanol fuel cells (DMFC) have attracted a lot of research due to their advantages such 

as easy transport, storage and distribution of methanol. However it also has some 

drawbacks that hinder the widespread commercialization due to the fact that methanol is 

toxic and has high costs that arise from the use of precious materials such as catalyst 

(platinum) and membrane electrode assembly parts. Plus they have low power density 

when compared to PEMFC, poor kinetics on anodic methanol oxidation reaction, poor 

proton conductivity, and significant methanol cross over through the polymer electrolyte 

membrane [21, 23].   
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Direct Ethanol fuels cells (DEFC) use ethanol as a fuel. Ethanol is not as toxic as 

compared to methanol and has higher energy density of 8.0 kWh.Kg-1 compared to 6.1 

kWh.Kg-1of methanol [24]. There are many difficulties associated with ethanol oxidation 

demanding high activation energies to be overcome for the scission of a C–C bond that 

involves 12 electrons to complete the oxidation of ethanol to CO2. Catalytic efficiency is 

reduced by production of CO and -CHO during the oxidation reaction that poisons the 

anode catalyst [25]. Both DMFC and DEFC have challenges that associated with catalyst 

poisoning in acidic medium, however Pt catalyst poisoning is weak in alkaline 

environment. Pt is easily poisoned by CO during Alcohol Oxidation Reactions (AORs) in 

acidic media, which means that it is possible to employ low-cost electro-catalysts 

compared to platinum [26, 27]. 

Direct Ethylene Glycol fuels cells (DEGFC) uses ethylene glycol as a fuel with a 5.2 

kWh/kg energy density. It is slightly less toxic compared to methanol and ethanol, and 

popular as an antifreeze in the automobile industry and as an ingredient for polyethylene 

terephthalate, which has a well-established supply chain, with more than 7 million tons 

produced annually. It has superior properties to a single hydroxyl group alcohol fuel, as its 

vapour pressure is much higher, which reduces fuel loss due to evaporation.  

The electrochemical oxidation of ethylene glycol on Pt yields a mixture of products: 

glycolic acid and CO2 in acidic media, and glycolate, oxalate and carbonate in alkaline 

media [28]. The catalyst is poisoned by intermediates that have been identified as CO-like 

species [29]. The performance of PEM-DEGFCs is usually rather low at room temperature 

because of the sluggish kinetics associated with acid membranes and the mixed potential 

caused by ethylene glycol crossover [30-31].  
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2.3 DIRECT GLYCEROL FUEL CELL (DGFC)  

Direct Glycerol Fuel Cells has shown great promise to be a source of energy in the nearest 

future. DGFCs can be employed for portable devices such as laptops, cellphones and small 

toys. Plus it has distinctive properties that make it attractive over other types of fuel cells 

and those features include.  

 High energy density of glycerol 5.0 kWh.Kg-1 

 High energy efficiency  

 Low operating temperatures (0 -100 °C) 

 Simple designed cell structures 

 Vast availability of glycerol  

 Produces highly valuable by-products 

However, DGFC still has challenges that need to be rectified before it can be made 

commercially available and provide reliable quality to end users. The challenges are the 

sluggish electro-kinetics of glycerol oxidation reaction (GOR) at the anode and oxygen 

reduction reaction at the cathode (ORR), they both contribute to low DGFC performance. 

Additional losses are glycerol crossover and internal currents. Because electrolytes are not 

ideal, fuel can diffuse through it and pass to the other side without participating in reaction. 

Furthermore, since electrolytes are not ideal electrical insulators, small amount of electron 

conduction will happen. [32] 
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2.3.1 GLYCEROL AS FUEL  

Glycerol (C3H8O3) is non-toxic, non-volatile, and non-flammable viscous liquid that is 

colorless and also odorless with a theoretical energy density of 5.0 kWh.Kg-1[33]. It is 

widely used in food additives and pharmaceutical formation. Most of it is synthesized 

commercially from petrochemical [34]. Even though it is used in food and personal care 

products, its supply is currently more than the demand. This supply-demand imbalance 

results in up to 350,000 tons of glycerol to be destroyed by burning in the U.S every year 

[35]. The life-cycle of biodiesel could be made more environmentally friendly if the extra 

glycerol were to be used. Also, the economic viability of the supply chain of biodiesel 

would be enhanced.   

Glycerol can be converted into chemicals like aldehydes, acids, or alcohols. Since it can be 

converted into other useful chemicals, its production has increased which has caused it to 

become reasonably priced. Glyceraldehyde, which is a substance required for the 

manufacturing of a multitude of cosmetics, and dihydroxyacetone, which is employed in an 

artificial tanning agent, are produced when glycerol is oxidized. When it is reduced, it can 

form compounds like diols, which are required in products like antifreeze, detergent, or in 

the manufacturing of textile fibers [24, 35].   

In 2018, Tseng et al reported the results that clearly indicated that glycerol can be used as a 

fuel in the simple, membrane-less fuel cell configurations. As the concentration of glycerol 

increases, there is an increase in power production. However there is a lack of linearity of 

power production above 2 M glycerol. There is a possibility that as the concentration of 

glycerol increases, the viscosity of the solution begins to alter the activity of the glycerol at 

the anode surface. It is also a possibility that the higher concentration of glycerol results in 
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the production of more carbonate product which would lower the concentration of the 

available activity of the electrolyte in solution [106].  

 

2.3.2 WORKING PRINCIPLE OF THE DIRECT GLYCEROL FUEL 

CELL (DGFC)  

The use of liquid alcohol over hydrogen provide easy storage and transportation of the fuel 

.The working principle of a direct glycerol fuel cell is shown below in figure 2.9, with a 

mixture of glycerol, water and hydroxide. The cell contains catalyst layers on both side 

were the electro-chemical reaction takes place, surrounding the electrolyte in a chamber. 

The catalyst layers accelerates the reaction taking place, assists electron and proton 

transportation. The electrolyte conducts protons from the anode to the cathode while 

operation as an electric insulator to avoid small amount of electron conductions from 

taking place. The electrolyte used is potassium hydroxide because its solution is 

conductive. [36] 

 

Figure 2. 9: Direct Glycerol Fuel Cell [36] 

Glycerol is fed through the anode fuel channel to the anode diffusion layer then transported 

to the anode catalyst layer. An electro-chemical reaction takes place in the exchange 

membrane, were glycerol is oxidized by a binary catalyst e.g. (Pd-Ni, Pd-Ag and Pd-Ru) to 
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create proton, electron and carbon dioxide. The residual unreacted glycerol is transferred to 

the cathode catalyst layer through the electrolyte as shown in figure 2.9. The transfer of the 

unreacted glycerol across the electrolyte is called alcohol cross-over in this instance 

glycerol crossover, this results in fluctuations of potential and decreases the cathode 

potential. The formed by products (Oxalate, glyceraldehyde, etc)   on the anode catalyst 

layer is then redirected to the flow channel and travels through the anode diffusion layer, to 

where it is released on the flow channel. The produced protons on the catalyst layer are 

transported to the cathode catalyst layer through the electrolyte. The electrolyte operates as 

an electric insulator to electrons and conducts protons, the electrons travel through the 

external circuit producing the electrical current to the cathode catalyst layer. On the 

cathode, oxygen is fed through the channel to the diffusion layer and then transferred to the 

catalyst layer. The oxygen is then reduced in the presence of electron, proton and the Pd 

catalyst to produce water. Based on the previous study the major electro-oxidation of 

glycerol by using catalyst in alkaline media can be described as equation (2.3.1 – 2.3.3) 

follow [37, 38]  

Anode Reaction:  C3H8O3 + 14OH-               3CO2 + 11H2O + 14e-                             (2.3.1) 

Cathode Reaction: 7H2O + 14e- +   7/2O2               14OH-                                           (2.3.2) 

Overall Reaction: C3H8O3 + (7/2) O2                3CO2 + 4H2O                                      (2.3.3) 

Glycerol is a complex molecule, due to this the oxidation of glycerol in alkaline medium 

can form numbers of possible oxide/hydrous or oxide/hydroxyl surface molecules. 

Equation 2.3.3 is an overall reaction of the cell, where glycerol reacts with oxygen to 

produce electricity and water as by product.  Figure 2.10. Below show the major parts of 

the unit cell of DGFC. The main parts of a direct glycerol fuel cell are: 1) the membrane 

electrode assembly (MEA) is composed of electrodes (anode and cathode) and an 

electrolyte in between the electrodes. The membrane assembly center off the cell as the 
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main reaction occurs within the MEA. 2) The catalyst is fabricated to be an uneven 

permeable powder this enables for the ultimate surface area exposure of the palladium 

catalyst to the glycerol or oxygen. The palladium catalyst glazed on the catalyst layer and 

faces the electrolyte [37].  

 

Figure 2. 10: Key Components of DGFC [41] 

3) The gas diffusion layer (GDL) assures that reactants are successfully distributed to the 

catalyst layer and reduce mass transport overpotential. Plus supply an electrical link among 

the CL and the current collector, furthermore serve as a water control by enabling 

significant portion of water to extend to the membrane and be contained for hydration. 

GLDs are fabricated from permeable carbon paper or carbon cloth with 100- 300 μm range 

in opacity. 4) The overall equipment is manufactured out of backing up layers, flow 

controllers and current collectors are all mapped out to amplify current out of the MEA   

[38,39]. The gas inlet and outlet functions as reactants delivery and products extractor. [40] 
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2.3.3 CHALLENGES FACING THE COMMERCIALIZATION OF DGFC  

The challenges that face the commercialization Direct Glycerol Fuel Cell are low stability, 

robustness, high cost and catalyst, with the catalyst being the focal point of the matter. 

Advancement have been made into creating low cost catalysts, however the major problem 

arise with the replication of the activity and stability of the expensive catalyst and no 

improvements have been reported in that regard. Vital improvements have to be made in 

enhancing catalyst activity, reliability, robustness and decreasing catalyst cost to introduce 

fuel cell into the commercial market [42]. The following are vital objections impeding the 

introduction of DGFC into the market and they have to be resolved before 

commercializing them.    

 

2.3.3.1 SLOW ELECTRO-OXIDATION REACTION  

Glycerol oxidation is a very significant complex reaction network as the oxidation of 

glycerol produces many by-products. Glycerol oxidation may proceed via various reaction 

pathways, however the reaction conditions and catalyst determine the reaction pathway 

[43].  Some parts of the reaction pathways are not easily oxidized as glycerol has high 

viscosity and the residual is attached to the catalyst sites, this halts additional oxidation of 

new glycerol molecules. Carbon monoxide is formed as an intermediate and poisons the 

catalyst generating sluggish electro-kinetics of glycerol electro-oxidation and enhances 

glycerol crossover from anode to cathode through the electrolyte. The CO poisoning is 

averted by alloying the palladium catalyst with transitional metals such as Sn, Ni, Mo and 

Cr, to enhance catalytic activity and oxidation of the chemisorbed CO. [44] 
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2.3.3.2 GLYCEROL CROSSOVER  

Glycerol crossover is associated with KOH electrolyte used as electrolytes are not ideal, 

fuel can diffuse through it and pass to the other side without participating in reaction.  

Furthermore,  this will result in decreased cell voltage with fluctuating potential on the 

cathode that are generated from glycerol being absorbed on the Pd sites of the cathode 

catalyst layer for the reaction taking place between glycerol and oxygen, accompanied by 

reduced fuel efficiency as the fuel is wasted by glycerol crossover. This pilot’s reduced cell 

performance as the poisoning of the Pd sites by CO an intermediate of glycerol oxidation 

will result in affected cell stability. Various ways to reduce glycerol crossover have been 

explored, reducing glycerol concentration on the anode catalyst layer is one of them. Dilute 

concentrations of glycerol (0.5-2.0 M) are used to diminish glycerol crossover. A balance 

needs to be accomplished by reducing the fuel concentration as too low concentration of 

glycerol will result in too low rates of glycerol transfer causing low concentrations on the 

anode catalyst layer, resulting in a large mass-transport loss and thus lower cell voltage. 

[45, 46]  

2.4 ELECTROCATALYSTS 

2.4.1 OVERVIEW OF ELECTROCATALYSTS  

An electro-catalyst is a catalyst that partakes in an electrochemical reaction. The catalyst 

material improves and enhances the rate of chemical reaction without being absorbed or 

consumed during the reaction, and after the reaction it is theoretically recuperated from the 

reaction mixture unaltered. An electro-catalyst comes in different forms, it can be 

heterogeneous like nanoparticles or platinum surface or be homogeneous, like an enzyme 

and can operates on the electrode surface or be the electrode surface itself. With the main 
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function of lowering the activation energy of the reaction for the reaction to occur quicker 

at lower temperature. It also aids with the transportations of electrons from reactants to 

electrodes or promote the transformation of chemical intermediates described by the 

overall half- reaction [48].  

2.4.2 CATHODE ELECTROCATALYST FOR OXYGEN REDUCTION 

REACTION (ORR)  

Essentially, it is possible to consider similar problems in the cathode in comparison with 

those observed for the anode, in terms of cost issues and activity/technical limitations. This 

reaction starts with the adsorption of oxygen on catalyst surface, but different pathways 

can be followed (see Figure 2.11), as the direct forming process of water, which implies 

the maximum production of electrons (four electrons). However, production of hydrogen 

peroxide is also possible, a fact that results in the increase of the corrosive operation 

conditions of the DMFCs and the decrease in their performance, considering the 

production of two electrons during the reduction from molecular oxygen to H2O2 [48].  

 

Figure 2. 11: Mechanism and pathways for the oxygen reduction reaction [48]. 

Other typical drawbacks in the cathodes of direct methanol fuel cells are related with the 

adsorption of oxygen on the catalytic nanoparticles, the kinetics associated with the 

cleavage, the crossover of methanol and the reduction of surface metal oxides once the 

oxygen has been transformed in water [48]. In this sense, significant progress has been 
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achieved by researchers studying the ORR reaction on palladium-based catalysts [49, 50 

and 51]. Regarding the catalyst supported on carbon materials different than carbon blacks, 

Zheng et al. supported palladium nanoparticles on carbon nanofibers and activated carbons 

in order to determine the influence of the carbon support on the ORR [52]. They found that 

this reaction is controlled by surface phenomena if the catalyst is supported on activated 

carbons, whereas diffusion of electroactive species is the factor controlling this reaction if 

the catalyst is supported on carbon nanotubes. Furthermore, carbon supports played a 

crucial role in the onset potentials for the ORR, being the Pd nanoparticles supported on 

activated carbons which displayed the most negative onset potential (0.50 V vs. RHE in 

acid media), whereas the catalysts supported on carbon nanofibers displayed values close 

to 0.70 V for the fishbone carbon nanofibers and 0.72 V for the platelet carbon nanofibers. 

In other study, Chakraborty and co-workers synthesized spherical and rod-like shapes 

nanosized Pd particles supported on multiwall carbon nanotubes (MWCNTs) [52] 

employing an electro-less procedure.  

The results of this study indicated that these MWCNT-supported nanoparticles have 

remarkable catalytic activity towards the oxygen reduction, controlled by the surface 

morphology and coverage of particles on the carbon nanotubes, with a reaction mechanism 

that promoted the formation of hydrogen peroxide. The most important facts related with 

the electro-catalytic activity of these materials were related with the positive onset 

potentials for the ORR, the high stability of the catalysts as well as the definition of several 

peaks, which indicated the production of H2O2 in the first step of the ORR mechanism. 

Subsequently, this hydrogen peroxide is reduced to H2O (second stage of the mechanism). 

Regarding the Pd alloys, Pd-Ni supported on carbon blacks exhibited high activity, as 

shown by Li and co-workers, who found high ORR activities, even better than those 

produced for a Pd/C catalyst [53]. The number of transferred electrons was also calculated, 
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and it was demonstrated that a high content of surface Ni atoms promote the yielding of 

H2O2. This behavior was modified with a heat treatment at 800oC, which induced the 

segregation of Pd atoms to the nanoparticles surface, generating a major number of 

produced electrons and thus, promoting the formation of water and increasing the current 

densities.  

2.4.3 ANODE ELECTROCATALYST 

2.4.3.1 ANODE ELECTROCATALYST FOR GLYCEROL OXIDATION 

REACTION (GOR) 

The problem of catalysis is decisive if considering platinum-free anodic catalysts for the 

partial oxidation of polyols. It has been shown that palladium is an active material for 

ethylene glycol electro-oxidation [54]. The aim is to study the activity and selectivity of 

nano-catalysts based on this metal and some of its alloys toward glycerol electro-oxidation. 

The catalyst composition and structure are indeed very important in electro-catalysis. The 

oxidation reaction of glycerol is a very complex, involving several elementary steps for all 

fuel cells: adsorption and alcohol dehydrogenation reaction, electron transfer, reaction with 

adsorbed OH and product desorption [55]. Each step can limit the anode performance. It is 

then necessary to develop multifunctional catalysts allowing the most advanced partial 

oxidation reaction of glycerol at lower over-potentials. The mechanism of electrochemical 

oxidation of glycerol on Pd in alkaline media is as follows; Glycerol was converted to a 

plethora of species such as glyceraldehyde, glycerate, tartonate, glycolate, oxalate and 

CO3
−2[56, 57]. The oxidation processes of glycerol may undergo additional complicated 

reaction steps. This is because scission of more C–C and C–H bonds is necessary together 

with more efficient removals of intermediate species produced. Therefore, the oxidations 

not only depend on the activity of the respective catalyst for C–C and C–H bond breaking, 
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but also, in particular, on its ability for oxidative removal of poisoning intermediates 

adsorbed. 

 On the anode, glycerol oxidation on the Pd catalyst active sites and it's slow gradual 

response that calls for more than one active sites for the adsorption of glycerol and the 

active sites that can donate OH species for the desorption/oxidation of the adsorbed 

glycerol residue. As is well-known, natural platinum at moderate temperatures is 

effortlessly poisoned by using CO, an intermediate in the oxidation of glycerol to this 

point, the technique to overcome this hassle has been to alloy Pd with transition metals 

inclusive of, Ni, Sn, Ru and Ag, where the second one metal is reckon to aid with the 

advancement of CO to CO2, and as a result enhance the catalytic pastime and CO tolerance 

of the alloyed electro-catalyst. 

2.4.3.2 BINARY CATALYSTS 

Alloying is known to improve the catalytic activity and stability of the based precious 

metals. The electro-catalytic activity of alloys is strongly dependent on the manner in 

which the atoms are organized on surface the catalysts [66, 67 and 68]. This arrangement 

of the atoms is governed by ability of the atoms to migrate from the center of the particle to 

the surface layer (i.e., ‘floor segregation’). The phenomenon of surface segregation has 

been shown by means of each concept and experiment to be of vital significance in the 

layout and overall performance of new electro-catalysts. Some of the elements referred to 

in the literature that determine surface segregation consist of the segregation strength, 

cohesive strength, surface strength, atomic radii, and electronegativity [69, 70]. For 

instance, Wang and Johnson mentioned that the tendency for atoms in metallic 

nanoparticles to decide upon the ‘center’ or ‘shell’ role of the alloys may be commonly 

described by means of  impartial elements; (i) cohesive power (associated with vapour 
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pressure) and (ii) atomic length (quantified by using the Wigner–Seitz (WS) radius), and 

the interaction among them [70]. Those impartial factors had been determined to determine 

the tendencies for surface segregation preference for atoms in nanoparticles and semi-

infinite surfaces.  

Table 2. 2: Typical calculated segregation energies (eV) for binary alloy nanoparticles [58] 

 Shell 

Core Ag Pd Ni Ir Co Fe 

Ag 0 -0.82 -2.29 -3.54 -2.15 -5.20 

Pd 0.70 0 -1.09 -1.71 -1.29 -3.26 

Ni 0.67 0.46 0 - 0.67 -0.20 -2.02 

Ir 1.51 1.34 0.33 0 -0.04 -1.97 

Co 0.36 0.75 0.15 0.04 0 -2.24 

Fe 0.60 0.74 -0.10 0.00 0.07 0 

 

Table 2.2: exemplifies the segregation energies (eV) of selected on binary alloy nano-

catalysts. observe that a positive energy value, DE(X)Y, method that the core–shell shape 

favors  X within the core and Y in the shell, and the larger the value, the more the 

tendency. As an evaluation, a negative DE(X) Y describes the opposite (i.e., X on the outer 

the shell and Y in the core). For example, for a Ni-core and Pd-shell configuration, the 

positive SE (+0.46 eV) specifies that the existing configuration is preferred, while a 

negative SE (-1.09 eV) for a Pd-core and Ni-shell configuration indicates that a Pd shell 

and Ni-core is favored. Yamauchi coined a rule of thumb that an element with a larger 
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Wigner–Seitz radius (lower average electron density) in a binary alloy segregates to the 

surface [71].  

In other words, metallic elements with smaller atomic radii gravitate to occupy the core to 

ease compression strain. As a result, if one knows the WS radii or the electron densities of 

metals, one is then capable of predict, design and make the favored nano-catalysts. As an 

example, table 2.3 compares the Wigner–Seitz radii and electron densities of a few metal 

factors which are useful for making alloy catalysts for AFC systems.  

Table 2. 3: Representative Wigner–Seitz radii of some relevant metallic elements for 

making alloy nano-catalysts for application in Pt-free alkaline fuel cell systems [58]. 

Element Wigner-Seitz radius, rws/A 

Sn 1.89 

Ti 1.62 

Ag 1.60 

Pd 1.52 

Ir 1.50 

Mn 1.43 

Fe 1.41 

Co 1.39 

Ni 1.38 

 

Table 2.3 virtually shows that Pd, as an example, has a more potent tendency to surface-

segregate in Ni, Fe, or Fe–Co alloys. this is in settlement with the latest finding through 

Ozoemena and co-people, [68,72,73 and 74] where Fe turned into observed to occupy the 

‘shell’ function in a FeCo alloy, and Pd occupied the ‘shell’ position in a high-overall 

performance sub 10 nm FeCo@Fe@Pd catalyst for alkaline direct alcohol fuel cell 
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systems. Also, in an AgPd nanoalloy catalyst, [75] Ag is expected to floor-segregate on Pd. 

It is believed that the improved ORR activity at the AgPd alloy results from a mixture of 

factors; amendment of the electronic structure and ensemble results. Alloying become 

proved to regulate the electronic structures of the two metals (via shifts inside the binding 

power in XPS). The ensemble effect in reality describes the proper arrangement of the Ag 

next to the Pd floor atoms. In this work, we present the most recent advancements about 

Pd-based catalysts, considering Pd, Pd alloys with different transition metals and carbon 

supported nanoparticles in DGFCs. 

2.5 CATALYST USED IN THIS STUDY  

In this work, a review of the progress of Pd-based catalysts for the anodic reaction in 

DGFCs is presented, considering metal oxide-carbon supported catalysts.  

2.5.1 Pd AS CATALYST   

Platinum-primarily based substances are general as the correct electro-catalysts for anodes 

and cathodes in direct alcohol fuel cells (DAFCs). Although, the increased demand and 

scarce global reserves of Pt, in addition to some technical predicaments associated with its 

use, have stimulated a wide research concentrated to design Pd-based catalysts, 

considering the similar properties between Pd and Pt. Particularly, an alternative 

substitution of platinum and its alloys within the anode require more investigation, being 

the first-class solution the use of non-platinum catalysts in alkaline electrolytes. Palladium 

has been advised for replacing the platinum in anodes and cathodes of DAFCs because of 

the correlation among those metals, in addition to the fundamental abundance and low 

value of Pd [58].  
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Mining sources of palladium are greater abundant than the ones for Pt, a fact that makes Pd 

less expensive ($654.1 per oz.) than Pt ($1796 per oz.) [59]. Pd has an electronic 

configuration identical to Pt and forms a not very strong bond to most absorbates. The key 

differences are that the d bands of Pd are closer to the cores than that of Pt. There are less d 

electron densities available for bonding. This leads to weaker interactions with d bonds, 

which allows unique chemistry to occur. Pd has higher oxidation potential than Pt and the 

Pd oxides are more stable. Weak inter-atomic bonds between Pd atoms compared with Pt 

lead to easier formation of the subsurface species. Also, Pd has a very similar lattice 

constant to that of Pt. The electro-catalysis of formic acid on a Pd single crystal surface 

could be significantly enhanced as the d-band centre of Pd shifted down with an 

appropriate value due to the modest lattice compressive strain. All these electronic 

properties make Pd a promising alternative to Pt or even better than Pt in many situations.  

From the recent 5-year price change of the Pd, its price has changed from one forth to two 

fifth of the Pt [60].  

However, Pd still has some advantages considering the reservation and price. As one of the 

most studied materials, Pd has attracted considerable interest for its applications in many 

fields. Similar to Pt, most of the Pd is used in the automotive industry for catalytic 

converters to reduce the toxicity of emissions from a combustion engine [61]. Pd also has 

vast applications in electronic, dental and jewellery. Only a small percentage of Pd is used 

in chemistry. In electrochemistry, Pd nanoparticles are very important catalyst, especially 

for the oxidation of formic acid, ethanol oxidation in alkaline solution, hydrogen oxidation 

and the ORR. Furthermore, within the case of the anode, palladium has displayed 

excessive tolerance toward CO poisoning and excessive catalytic activity for alcohols 

oxidation in alkaline medium [60, 62, 63 and 64]. Regarding the cathode, Pd-primarily 

based catalysts have also arisen as an alternative to perform the oxygen reduction response 
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(ORR), mainly if this metal is blended with different transition metals, which instigates 

modifications in the Pd electronic structure, and consequently, increasing its activity [65].   

2.5.2 PdNi ELECTROCATALYSTS  

Pd-Ni is one of many extensively suggested alloy for the use in methanol oxidation. 

Evidently nickel produces a similar effect to that of ruthenium in phrases of the ability to 

form OHads at lower potentials than Pd. Moreover, Ni can induce modifications inside the 

electronic structure of Pd, which is similar to the silver effect [76]. These facts are 

pondered within the increased currents related to the hydrogen adsorption/desorption 

process and the resistance towards the carbonaceous intermediates poisoning throughout 

the methanol oxidation [77]. In an effort to elucidate the origin of the enhanced activity in 

Pd-Ni catalysts supported on carbon blacks, Amin et al. decided the Ni surface coverage in 

these alloys, seeking to correlate the presence of Ni oxides and hydroxides with the 

methanol oxidation current densities [78, 79].  

The authors discovered improved current densities at massive Ni coverages, because of the 

Ni oxophilic ability to generate adsorbed Ni hydroxides at low potentials. Another 

conclusion from these works changed into the capability of the NiOH and NiOOH for 

oxidizing the COads generated at some point of the methanol oxidation, which occupies 

active Pd sites. Besides the incorporation of oxygenated species by using Ni, it has 

additionally been cautioned the appearance of some defects on palladium crystalline 

lattice, with a major activity towards methanol oxidation [80]. Atomic ratio between Pd 

and Ni additionally played a key role within the activity of these carbon black-supported 

catalysts, as proven via Calderon et al. in a latest work [81]. They synthesized Pd-Ni 

catalysts supported on chemically treated with carbon blacks, which contained surface 

oxygen and nitrogen groups.  
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The metallic contents of these catalysts become close to 25 wt %, while the studied Pd:Ni 

atomic ratios had been near 1:1 and 1:2. Despite the fact that no evident consequences 

associated with the presence of O- and N-floor functional groups have been found, those 

catalysts exhibited a better CO poisoning tolerance than that discovered for a Pd/C catalyst, 

which was explained from the extended amount of OHads formed on floor Ni atoms, even 

as the methanol oxidation produced better current densities inside the catalysts with Pd:Ni 

= 1:2, in contrast with current densities generated with the catalysts with the atomic ratio 

near 1:1 and the catalysts with none content of Ni (catalyst Pd/C), being this fact of 

evidence of the useful effect of Ni in this reaction. regarding different novel carbon 

substances as support for Pd-Ni catalysts, Singh et al. [82] synthesized PdNi alloys 

supported on multi-walled carbon nanotubes (MWCNTs), finding notable activities 

towards the methanol oxidation, which had been explained from the increased electroactive 

area of these composites, promoted by using the use of MWCNTs and the electronic 

properties of the alloys, as defined above. 

2.5.3 PdSn ELECTROCATALYST  

Sn electro-catalysts have so far been less employed for the AOR in comparison with other 

metals such as Fe, Co, Cu, and Ni etc. It is observed that the addition of Sn to Pd promotes 

growth in the lattice parameter of the Pd (fcc) crystal. The PdSn/C catalysts have higher 

electro-catalytic activity for formic acid oxidation than a comparative Pd/C catalyst [83]. 

The addition of Sn as a small ratio into the carbon-supported Pd catalyst has largely 

increase the current density of the formic acid oxidation and shift the onset potential 

towards the negative in comparison with that of Pd/C [85]. The alloy catalysts exhibited 

extensively higher catalytic activity and stability for formic acid oxidation than that of 

Pd/C catalyst was altered by Sn via an electronic effect which can lower the adsorption 
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strength of the poisonous intermediates on Pd and thus promote the formic acid oxidation. 

The Pd2Sn1/C catalyst exhibited higher current density and better electro-catalytic stability 

in comparison with Pd/C, there was additionally a negative shift of the peak potential on 

Pd2Sn1/C than that of Pd/C. Zhang et al. [84] synthesized PdSn/C catalysts with distinct 

atomic ratios of Pd to Sn. The cause for the development of the catalyst changed into 

probable attributed to the excessive dispersion of the Pd and due to the exchange within the 

electronic properties of the Pd. 

2.6 CATALYST SUPPORT FOR FUEL CELLS  

A fuel cell is predicted to perform for heaps of hours or cycles throughout its existence 

time. Catalyst-support materials remain to be one of the most vital element of the fuel cell 

on the way to allow for such long operation. Certainly, it's far common place 

understanding that efficient interplay between the electro-catalyst and its supporting 

material is accountable for some of the essential parameters that manage the efficient 

performance of fuel cells: particle size, catalyst dispersion, and stability [87]. An ultimate 

support for the electro-catalyst should possess the following critical properties:[88,89] (i) 

first-class electric conductivity, (ii) sturdy catalyst support interplay to lessen the possible 

deactivation of the catalysts and permit for efficient charge transfer, (iii) large surface area, 

(iv) a suitable porous structure to allow precise reactant and product flux, (v) precise 

water-handling with capability to keep away from flooding, (vi) good resistance to 

corrosion to allow for excessive stability in fuel-cell running environments, and (vii) ease 

of catalyst recuperation.  
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2.6.1  CARBON SUPPORT MATERIALS  

The function of carbon material as support for catalysts in all the groups of polymer 

electrolyte membrane fuel cells is well known, and is cognitive with different factors: (1) 

enhancement of high electroactive area, as a result of a higher dispersion of nanoparticles 

[90]; (2) enhance electroactive species diffusion via the porous structure of carbon support 

[91]; and (3) promotion of the electronic transfer, both for the presence of surface 

functional groups or the decrease in Fermi level of the catalysts [92]. Catalyst-supports for 

fuel cells can be easily divided into two classes: (i) carbon-based support and (ii) non-

carbon support. Carbon materials are the most critical catalyst-support substances for fuel 

cell electro-catalysts,  with the aid of adopting exclusive sorts of synthesis methods, 

different morphologies of carbons had been obtained, along with core–shells, spheres, hole 

spheres, nanotubes, and onion-like.  

The significance of carbon as a catalyst support material stems from its specific 

advantages, which include vast availability, low-value, high stability in acidic and base 

media, and capability to be burnt off without difficulty, as a consequence making an 

allowance for easy recuperation of the valuable metal catalysts if needed. Regardless of 

those important advantages, carbons are plagued by the subsequent shortcomings, which 

have restricted their overall performance as catalyst-supports: (i) severe 

corrosion/oxidation beneath regular running conditions, resulting in poor stability of the 

electro-catalysts as they are electrically isolated or separated from the support, following 

aggregation of small particles of those catalyst particles (Ostwald ripening), which could 

cause the formation of an inhomogeneous structure over the years [93,94,95]. Indeed, the 

main cause for the loss of electrochemically-active surface area (ECSA) of the electrode 

and the resultant lack of electro-catalytic activity is associated to (i) the ability of the 
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small-sized particles to agglomerate into large-sized particles thru diffusion, followed by 

coalescence or the Ostwald ripening mechanism; (ii) the presence of a massive quantity of 

micropores (<1 nm), that may obstruct fuel supply to the surface, and present a low 

availability of surface area for the deposition of metal particles; (iii) low polarity and high 

hydrophobicity, which decreases the permeability of gases and liquids; and (iv) poor 

stability at temperatures higher than 373 k and shortage of proton conductivity [96,97].  

2.6.1.1 CARBON NANOTUBES  

Carbon nanotubes (CNTs) are cylindrical molecules that consist of rolled-up sheets of 

single-layer carbon atoms (graphene). They can be single-walled (SWCNT) with a 

diameter of much less than 1 nano-meter (nm) or multi-walled (MWCNT), including 

numerous concentrically interlinked nanotubes, with diameters attaining more than 100 

nm. Carbon nanotubes are members of the fullerene family. Despite the fact that the 

primary fullerene molecules were found in 1985, it was not until Sumio Iijima stated his 

findings.  Their length can attain several micro meters or even milli-meters. 

 

Figure 2. 12: Single Walled Carbon Nanotubes and Multi Walled Carbon Nanotubes [100] 

Like their building block graphene, CNTs are chemically bonded with sp2 bonds, an 

extremely robust form of molecular interaction. This selection mixed with carbon 

nanotubes natural inclination to rope together via van der Waals forces, offer the 

possibility to develop extremely-high energy, low-weight materials that possess highly 
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conductive electrical and thermal properties. The rolling-up route (rolling-up or chiral 

vector) of the graphene layers determines the electric properties of the nanotubes. Chirality 

describes the angle of the nanotube's hexagonal carbon-atom lattice. Even as MWCNTs are 

always accomplished and attain at least the identical degree of conductivity as metals, 

SWCNTs' conductivity relies upon on their chiral vector: they could behave like a metallic 

and be electrically conducting; show the properties of a semi-conductor; or be non-

conducting. A slight change in the pitch of the helicity can remodel the tube from a metal 

into a huge-gap semiconductor [98]. MWCNTs are commonly synthesized by diverse 

techniques such as arc discharge, laser ablation, plasma enhanced chemical vapour 

deposition (PECVD), and catalytic chemical vapour deposition (CCVD). The synthesis of 

CNTs via CCVD has been extensively used, because it gives a promising path for bulk 

manufacturing of CNTs that could feasible result in commercialization [99].  

MWCNTs are chemically inert as a consequence makes it difficult to connect metal 

nanoparticles on them. As a result of their inertness, surface change of MWCNTs earlier 

than steel deposition became discovered to be essential for reaching most effective 

interplay between the support and the catalyst precursor. Surface amendment introduces 

surface oxygen groups (using strong acid inclusive of HNO3, H2SO4, etc.) to be able to 

make the surface highly hydrophilic and as a result improve the catalytic support 

interaction. The most normally used pre-treatment is that of refluxing CNTs in a nitric acid 

solution (chemical treatment) to create acid sites on the surface, that can act as nucleation 

centre for metal ions, making it viable to acquire better dispersion of metal nanoparticles, 

better length manage and distribution. MWCNTs had been used to support a wide type of 

mono, binary (e.g. PtRu and PtFe) in addition to ternary catalyst (e.g. PtRuPd, PtRuOs, and 

PtRuNi) systems the use of both noble and non-noble metals [101, 102]. The advantages of 

MWCNTs encompass, fewer impurities whilst in comparison to CBs, are more resistant to 
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corrosion than CBs while on the equal time they may be free from the deep cracks that 

exist in CBs in which the Pt nanoparticles deposited will lose catalytic activity due to the 

fact the electro-chemical triple phase boundary (TPB) does no longer form [103]. It’s far 

due to these benefits already said above, that MWCNTs were chosen as support material 

for this study. They had been used in this take a look at to improve catalyst activity and 

stability of the binary electro-catalysts. 

2.6.1.2  INORGANIC OXIDES AS SUPPORTS  

This study investigated Pd binary catalyst and oxides (CeO2 and Co3O4)-promoted on 

carbon nanotubes support for electro-oxidation reactions of glycerol.  

The exact role of oxides in the promotion of activity and stability of Pd/C electro-catalysts, 

and the mechanism of alcohol oxidation reaction on Pd-based electro-catalysts are still 

unclear. Nevertheless, since Pd/C catalysts alone have only limited activity and stability 

toward alcohols investigated in the present study, it must be the interaction between the 

palladium and the oxides that provides the significantly enhanced activity and stability. 

Nevertheless, the stability of the Pd/C and Pt/C electro-catalysts for the alcohol oxidation 

reaction is very poor. Pd/C promoted with the oxides (CeO2 and Co3O4) gives a much 

higher activity and significantly enhanced performance stability for the electro-oxidation 

reactions of methanol, ethanol, EG and glycerol than that on un-promoted Pd/C in alkaline 

media. This appears to explain the significant enhancing effect of the oxides in the Pd/C 

electro-catalysts for the electro-oxidation reaction of alcohols [104]. However, at low 

oxide content, there are not enough oxide sites to effectively assist the releasing of 

adsorbed CO-like poisoning specie and the promotion effect is not most effective. With the 

increasing of the oxide content, the sites for the formation of oxygen-containing species, 

OHad, increase, leading to the quick recovery of the active sites on the Pd and thus high 
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oxidation current density for the reaction. Decreasing in the oxidation current with further 

increasing in the oxide content can be rationalized in terms of an inhibition of alcohol 

adsorption probably due to the diminution of Pd sites. The decease of the electro-catalytic 

activity with further increase in the oxide content may also be due to the reduction in the 

electro-catalyst conductivity since CeO2 and Co3O4 are semiconductors [105].  
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CHAPTER 3:  

 EXPERIMENTAL METHODOLOGY 

 

3.1 MATERIALS AND REAGENTS  

Multi-walled carbon nanotubes MWCNTs (Carbon Nano-material Technology, South 

Korea), potassium hydroxide pellets KOH (Alfa Aesar), sodium hydroxide NaOH (Alfa 

Aesar), sulfuric acid H2SO4 (KIMIX),nitric acid HNO3 (KIMIX), palladium (II) chloride 

PdCl2 (Alfa Aesar), nickel chloride NiCl2 (Alfa Aesar), tin (II) chloride dehydrate 

SnCl2·2H2O (Alfa Aesar), cobalt (II,III) oxide Co3O4 (ALDRICH), Cerium(IV) oxide 

CeO2 (ALDRICH), ethylene glycol C2H4O2 (KIMIX), glycerolC3H8O3 (Merck), Nafion 

(Alfa Aesar), isopropanol C3H8O (Alfa Aesar) and Ultrapure water was prepared with 

Milli-Q system. All the reagents were of analytical grade and were used as received from 

the suppliers without further purification. 

3.2 SYNTHESIS AND EXPERIMENTAL PROCEDURE 

3.2.1 FUNCTIONALIZATION OF MWCNTS  

1. The pristine MWCNTs were first COO- functionalized. Briefly, 5g of MWCNTs 

was added to (3:1 ratio) HNO3/H2SO4 mixture, made up of 90 ml HNO3 and 10 ml 

H2SO4, the mixture was refluxed for 6 hours at 160 oC. 

2. The carbon nanotube sediments were separated from the reaction mixture, washed 

with ultrapure water. The synthesis solution pH was adjusted to ∼7 by using 2M 

NaOH solution.  
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3. The purified, acid-functionalized MWCNT slurry was then oven-dried at 80oC 

overnight to obtain the solid black product.  

3.2.2 PREPARATION OF MWCNT-M (M=Pd, Ni, Sn) 

The metal (Pd, Ni and Sn) nanoparticle catalysts were supported onto the walls of 

MWCNTs by adopting the modified polyol reduction method.   

1. 72 mg of PdCl2 was added to a solution of (1:1 ratio) ethylene glycol (EG) and 

ultrapure water. They were introduced into a 250 mL Erlenmeyer flask, stirred and 

sonicated for 1 hour. 

2. Then 200mg of MWCNTs was then added to a solution of (1:1 ratio) ethylene 

glycol (EG) and ultrapure water and were introduced into a 250 mL Erlenmeyer 

flask. They were, stirred and sonicated for 15 minutes. Then the above solutions 

were combined and ultrasonicated for 1 hour. The synthesis solution pH was 

adjusted to ∼12 by using 2M NaOH solution.  

3. Then refluxed at 160 oC for 6 hours. The reflux solution was allowed to cool down 

before the reaction vessel can be removed while stirring at room temperature.  

4. Within 120–170 oC range, EG is believed to generate the reducing species for the 

reduction of the metal ions to metallic particles at high temperatures, so it is 

possible that metal reduction process occurred within the 6 hours reaction time.  

5. The resulting suspension was separated by filtration and the obtained residue 

washed with ultrapure water. The final solid product (abbreviated herein as 

Pd/MWCNT) was dried at 80oC overnight in an oven.  

6. The PdNi/MWCNT and PdSn/MWCNT were prepared using a similar procedure to 

the Pd/ MWCNT using NiCl2 and SnCl2 precursors, respectively. Prepared catalysts 

are: Pd/MWCNT, PdNi/MWCNT, PdSn/MWCNT, PdNiCo3O4/MWCNT, 
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PdSnCo3O4/MWCNT, PdCo3O4/MWCNT, PdNiCeO2/MWCNT, 

PdSnCeO2/MWCNT and PdCeO2/MWCNT.  

 

Figure 3. 1: Preparation MWCNT-M (M = Pd, Ni or Sn) nanocomposites using modified 

polyol method 

3.2.3 INK PREPARATION 

A stock solution of 20% isopropanol and 0.02% Nafion is prepared by mixing 79.6 ml 

of ultrapure water, 20ml of isopropanol and 0.4ml of 5 wt. % Nafion solution in 100ml 

volumetric flask.  

1. 10mg of the catalyst is measured into a 10ml vial and 5ml of stock solution is 

added; mixed through and sonicated for 1 hour.  
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2. A 10 µl volume of the catalyst ink was then transferred via a syringe onto a freshly 

polished (mirror finish) Glassy Carbon (GC) electrode with a diameter of 3 mm 

(Single), Size: 25 x 25 mm. 

3.3 CHARACTERIZATION TECHNIQUES  

For structural identification of the catalyst- 2 instruments were used  

 High-resolution transmission electron microscopy (HRTEM)  

 X-ray diffraction microscopy (XRD)  

 Small Area X-ray Scattering (SAXS)  

 Fourier Transmission Infrared (FTIR) spectroscopy 

For elemental analysis  

 Energy dispersive spectroscopy (EDS)  

 Inductively couple plasma (ICP) 

For electrochemical characterization  

 Cyclic voltammetry (CV) 

 Linear sweep voltammetry (LSV)  

 Electrochemical Impedance Spectroscopy (EIS) 

 Chronoamperometry (CA) 
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3.3.1 PHYSICAL CHARACTERIZATION  

3.3.1.1 TRANSMISSION ELECTRON MICROSCOPY (TEM) 

Transmission electron microscopy is a microscopy technique where a beam of electrons 

produces a micrograph when transmitted through a specimen. The sample is regularly an 

ultrathin area below one hundred nm thick or a suspension on a grid. A micrograph is 

made from the association of the electrons with the sample as the beam is transmitted 

through the sample. The image is then amplified and centered onto an imaging device; a 

fluorescent screen, a layer of photographic film, or a sensor such as a charge-coupled 

device. A typical TEM consist of the following components: light source, condenser lens, 

specimen stage, objective lens and projector lens [1]. 

 

Figure 3. 2: Transmission Electron Microscopy (TEM) [2] 

Transmission electron microscopes are ideal for imaging at higher resolution, owing from 

the littler de-Broglie wavelength of electrons. This empowers the instrument to detect fine 

detail-even as little as a single section of atoms [3]. Transmission electron microscopy is a 

crucial analysis strategy in the physical, chemical and natural sciences. TEMs are applied 
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in growth research and materials science in addition to research in virology, contamination, 

nanotechnology and semiconductor. At lower amplifications TEM micrograph contrast is 

because of differential absorption of electrons by the material due to contrasts in 

arrangement or thickness of the material. At higher amplifications, complex wave synergy 

tweaks the intensity of the picture, requiring experienced examination of the micrographs. 

Other interchangeable modes enable TEM to detect tweaks in chemical property, crystal 

arrangement, electronic structure and sample induced electron stage shift in addition to the 

standard absorption-based imaging [4]. The TEM used for analysis in this study is the 

TECNAI G2 F2O X-TWIN MAT 200 kV field emission, where nickel grid was used to 

coat the material for better conductivity with an average imaging resolution of 1.5 nm. 

3.3.1.2 X-RAY DIFFRACTION (XRD)  

X-ray diffraction (XRD) is a powerful non-destructive technique for characterizing 

crystalline material. It provides information on structures, phases, preferred crystal 

orientation, and other structural parameters such as, crystalline or grain size, crystallinity, 

and crystal defects. It is therefore, an indispensable tool for material characterization and 

thus, forms an integral part in a comprehensive characterization study of nanophase 

electro-catalyst. XRD in this study was utilized for the direct examination of crystalline 

structure, phase identification, particle size, and lattice parameter [5].  

Working principle of XRD  

In a typical XRD analysis, X-rays are generated in a cathode ray tube by heating the 

filament to produce electrons. The produced electrons are then accelerated toward the 

target material by applying voltage and bombarding the target material with electrons. 

When the electrons have enough energy to dislodge the inner shell electrons of the target 
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material, characteristic X-ray spectra are produced Copper is generally the most used target 

material for single-crystal diffraction, with a CuKα radiation of 1.5418Å.  

 

Figure 3. 3: X-ray Powder Diffraction (XRD) [6] 

These X-rays are collimated and directed onto the sample. As the sample and detector are 

rotated, the intensity of the reflected X-rays is recorded. The interaction of the incident 

rays with the sample produces constructive interference and a peak in intensity occurs 

when the conditions satisfies Bragg’s law (equation 3.1). A detector records and processes 

this X-ray signal and converts the signal to a count rate which is then output to a device 

such as computer or printer [6].  

                                                                                                                       (3.1) 

By varying the angle θ, the Bragg’s law conditions are satisfied by different d-spacing in 

polycrystalline materials. Plotting the angular positions and intensities of the resultant 

diffracted peaks of radiation produces a pattern, which is a representative of the sample 

where a mixture of different phases is present. The addition of an individual pattern then 

brings about a diffractogram. Now based on the principle of X-ray diffraction, a wealth of 
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structural, physical and chemical information about the material being investigated can 

therefore be acquired [7].  

XRD can be used quantitatively for the determination of average particle size as mentioned 

above, using the Scherrera equation given below as:  

                                                                                                                          (3.2) 

Where D is the particle size, 0.9 the shape factor, λ the wavelength of the X-ray, β is the 

peak width at half peak height (radians), and θ being the angle of reflection[8]. Crystalline 

size determination is performed by measuring the broadening of a particular peak in a 

diffraction pattern associated with a particular planar reflection from within the crystal unit 

cell. Particle size is inversely related to the half-width at half maximum of an individual 

peak. Typically the narrower and more intense the peak, the more crystalline the sample is. 

A broad peak is usually associated with small particle size and an amorphous material [9]. 

The X-ray diffraction used in this study is a BRUKER AXS DS Advance diffractometer 

with 2θ values ranging from 10-80 ⁰ , with a step size of 0.028 ⁰  operating at 45 kV and 

40mA at Ithemba Labs Cape Town 

3.3.1.3  SMALL AREA X-RAY SCATTERING (SAXS) 

Small-angle X-ray scattering is a small-angle scattering technique with the aid of which 

nanoscale density differences in a pattern may be quantified. This implies it could 

determine nanoparticle size distributions, resolve the size and shape of (monodisperse) 

macromolecules, determine pore sizes, characteristic distances of partially ordered 

substances, and lots more. SAXS as a technique is used to offer information about the 

particle size distribution as well as the shape of the nanomaterials. 
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Figure 3. 4: Small Angel X-ray Scattering (SAXS) [10] 

This is accomplished by analyzing the elastic scattering behavior of X-rays while traveling 

through the material, recording their scattering at small angles (generally 0.1 - 10°, for this 

reason it is called "Small-angle". It belongs to the family of small-angle scattering (SAS) 

techniques along with small-angle neutron scattering, and is commonly achieved by the 

usage of hard X-rays with a wavelength of 0.07 - 0.2 nm [11]. The SAXS instrument used 

in this study is SAXSpace Anton Paar 82024536 with a primux 3000 sealed Copper tube. 

3.3.1.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)  

The discovery of infrared light may be dated back to the 19th century. Since then, 

scientists have established numerous methods to make use of infrared light. Infrared 

absorption spectroscopy is the approach which scientists use to determine the structure of 

molecules with the molecules’ functional groups absorption of infrared radiation. Infrared 

spectrum is molecular vibrational spectrum [39]. When exposed to infrared radiation, 

sample molecules selectively absorb radiation of unique wavelengths which causes the 

change of dipole moment of sample molecules. Therefore, the vibrational energy levels of 

sample molecules switch from ground state to excited state. The frequency of the 

absorption peak is decided through the vibrational energy gap. The variety of absorption 

peaks is associated with the wide variety of vibrational freedom of the molecule. The 

intensity of absorption peaks is associated to the change of dipole moment and the 

possibility of the transition of energy levels. Consequently, through studying the infrared 
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spectrum, you could simply attain considerable information about the structure of a 

molecule. Most molecules are infrared active except for several mononuclear diatomic 

molecules such as O2, N2 and Cl2 because of the zero dipole change within the vibration 

and rotation of these molecules. What makes infrared absorption spectroscopy even more 

useful is that it can successfully to investigate all gas, liquid and solid samples [40, 41].  

 

Figure 3. 5: Schematic 1) and 2) working station of FTIR spectroscopy [43, 44] 

The range of Infrared region is 12800 ~ 10 cm-1and may be divided into near-infrared area 

(12800 ~ 4000 cm-1), mid-infrared location (4000 ~ 200 cm-1) and a long way-infrared 

region (50 ~ a thousand cm-1). The common place used region for infrared absorption 

spectroscopy is 4000 ~ 400 cm-1 because the absorption radiation of maximum natural 

compounds and inorganic ions is within this region [42].  
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3.3.2 ELEMENTAL ANALYSIS  

3.3.2.1 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDX) 

The Energy Dispersive X-ray (EDX) microanalysis is a technique of quantitative elemental 

analysis associated to electron microscopy based on the generation of characteristic X-rays 

that reveals the presence of elements present in the specimens [12]. When beam of 

electrons interact with a sample surface, variety of emissions including X-rays are 

produced. An energy-dispersive (EDS) detector is used to separate the characteristic x-rays 

of different elements into an energy spectrum, and EDS system software is used to analyze 

the energy spectrum in order to determine the abundance of specific elements [13]. 

 

Figure 3. 6:  1) Energy-Dispersive X-ray spectroscopy (EDX) work stationand 2) 

Schematic of Energy Dispersive X-ray Spectrometer [14] 

EDS can be used to find the chemical composition of materials down to a spot size of a 

few microns, and to create element composition maps over a much broader raster area. 

EDX systems include a sensitive x-ray detector, a liquid nitrogen Dewar for cooling, and 

software to collect and analyze energy spectra. The detector is mounted in the sample 

chamber of the main instrument at the end of a long arm, which is itself cooled by liquid 
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nitrogen. The most common detectors are made of Si (Li) crystals that operate at low 

voltages to improve sensitivity.  

The detector contains a crystal that absorbs the energy of incoming x-rays by ionization, 

yielding free electrons in the crystal that become conductive and produce an electrical 

charge bias [15]. The x-ray absorption thus converts the energy of individual x-rays into 

electrical voltages of proportional size; the electrical pulses correspond to the characteristic 

x-rays of the element. A typical EDX spectrum is portrayed as a plot of x-ray counts vs. 

energy (in keV). Energy peaks correspond to the various elements in the sample. Generally 

they are narrow and readily resolved, but many elements yield multiple peaks. For 

example, iron commonly shows strong K-α and K-β peaks. Elements in low abundance 

will generate x-ray peaks that may not be resolvable from the background radiation [16]. 

The EDS instrument used in this study is an Oxford X-Max silicon drift EDS detector 

which produces high resolution EDS spectra with productive count rates at low beam 

currents. 

3.3.2.2 INDUCTIVELY COUPLED PLASMA  

The maximum generally used techniques for the determination of trace concentrations of 

elements in samples are based on atomic emission spectrometry (AES) and inductively 

coupled plasma is primarily based on AES. An-inductively coupled plasma can be 

generated by using directing the energy of a radio frequency generator into a suitable gas, 

typically ICP argon. Different plasma gases used are Helium and Nitrogen. It is crucial that 

the plasma gas is natural because contaminants within the gas would possibly quench the 

torch. Coupling is accomplished by generating a magnetic field by way of passing an 

excessive frequency electric current via a cooled induction coil. This inductor generates a 

rapidly oscillating magnetic field orientated within the vertical aircraft of the coil [17].  
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Figure 3. 7: Inductively Coupled Plasma with Atomic Emission Spectrometry (ICP-AES) 

[18] 

 

Ionization of the flowing argon is initiated with the aid of a spark from a Tesla coil. The 

generated ions and their associated electrons from the Tesla coil then interact with the 

fluctuating magnetic field [19]. This generates enough strength to ionize more argon atoms 

by way of collision excitation. The electrons generated inside the magnetic field are 

accelerated perpendicularly to the torch. At excessive speeds, cations and electrons, called 

eddy current, will collide with argon atoms to produce further ionization which generate a 

notable temperature increase. Within 2 milli seconds, a regular state is created with a high 

electron density [20]. A plasma is created within the top of the torch. The temperature 

within the plasma ranges from 6,000-10,000 K. An extended, properly-defined tail 

emerges from the pinnacle of the high temperature plasma on the pinnacle of the torch. 

This torch is the spectroscopic source. It includes all the analyte atoms and ions that have 

been excited by the heat of the plasma. The fulfillment of ICP leans on its functionality to 
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analyze a big amount of samples in a quick period with excellent detection limits for most 

elements. ICPs used in the marketplace today are frequently connected to extraordinary 

detection systems, consisting of ICP mass spectrometry and ICP atomic emission 

spectrometry [21]. The ICP instrument used in this study is Thermo-Fisher X-Series II 

quadrupole ICP-MS with a new wave UP213 solid-state laser ablation system. The spot 

size of the laser can be set to various diameters between 10 and 300 microns. 

3.3.3 ELECTROCHEMICAL CHARACTERIZATION 

Electrochemistry studies the relationship between electric and chemical occurrences [22]. 

It covers especially two areas: electrolysis-conversion of chemical compounds by using 

passage of an electric and electrochemical power sources- energy of chemical reactions 

transformed into electricity. Electrochemistry is one powerful technique to take a look at 

electron transfer properties. When electron transfer is between a substrate and a solution 

species, it is name heterogeneous procedure. Inversely, if electron transfer happens among 

two species, each of which might be in solution, the reaction called is homogeneous. 

Therefore, electrochemistry can in particular be described as the technological know-how 

of structures and techniques at and thru the interface between an electronic (electrode) and 

an ionic conductor (electrolyte) or between ionic conductors [23].  
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Figure 3. 8: An electrochemical working station [27] 

Electrochemistry is an interdisciplinary science that is especially rooted in chemistry and 

physics; however, additionally related to engineering and biochemistry/biology. Because 

of its range, electrochemistry has discovered utility in numerous working fields consisting 

of: analytical electrochemistry; environmental electrochemistry [24]; electrochemistry of 

glasses [25]; ionic liquids electrochemistry; micro-electrochemistry, surface 

electrochemistry; technical electrochemistry with several subtopics inclusive of: Batteries 

and energy storage [26]; Corrosion and corrosion inhibition. The work described in this 

dissertation includes current measurements, voltammetry and a number of voltammetry 

techniques, namely, cyclic voltammetry (CV), linear sweep voltammetry (LSV), 

chronoamperometry (CA) and Electrochemical Impedance Spectroscopy (EIS). 

3.3.3.1 CYCLIC VOLTAMMETRY (CV) 

This is a commonly utilized kind of voltammetry in which measurement of the current 

response of an electrode to a linearly increasing and decreasing potential cycle is carried 

out [28]. Figure 3.8 presents the resulting scan of potential against time, scanning linearly 

the potential of a stationary operating electrode in an unstirred solution, using a triangular 
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potential waveform and the corresponding voltammogram. The experiment is typically 

commenced at a potential wherein no electrode process occurs (0.2 V inside the plot) and 

the potential is scanned with a fixed scan rate to the switching potential (0.7 V in the plot).  

When an electrochemically active compound is present within the solution phase, an 

anodic current peak at the potential Epa is detected with the peak current Ipa. when the 

potential is swept back at some point of the reverse scan a in addition current peak on the 

potential Epc may be located with a cathodic peak modern Ipc.  

 

Figure 3. 9: The potential-time waveform and a typical cyclic voltammogram for a 

reversible redox process. 

Cyclic voltammetry is an great approach to study the reactivity of new materials or 

compounds and can offer information about (i) the potential at which oxidation or 

reduction processes transpire, (ii) the oxidation state of the redox species, (iii) the number 

of electrons involved, (iv) the rate of electron transfer, (v) viable chemical processes 

corresponding with the electron transfer, and (vi) adsorption effects etc [29, 30, 31]. 

Electron transfer processes can be labelled reversible, irreversible or quasi-reversible, and 

are diagnosed by criteria that may be measured through cyclic voltammetry. The 

instrument used in study is an Autolab M204 with a potential range of +/- 10 V, 

compliance voltage +/- 20 V, maximum current +/- 400 mA, current ranges 100 mA to 10 

nA, potential accuracy +/- 0.2 % , potential resolution 3 µV, current accuracy +/- 0.2 %, 

current resolution 0.0003 % (of current range), Input impedance > 100 GOhm and 

potentiostat bandwidth of 1 MHz.  
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3.3.3.2 LINEAR SWEEP VOLTAMMETRY 

Linear sweep voltammetry (LSV) is a method wherein there is linear variant of the 

electrode potential with time with the scan rate (v), v = dE/dt and current versus potential 

is recorded. In LSV the required scan is primary half-cycle of a cyclic voltammogram 

which is conducted. Scanning begins at a potential wherein no electrochemical reaction 

takes place. Current may be discovered at the potential in which the charge transfer starts, 

which increases with the potential, nevertheless, after a maximum (peak current plateau) 

begins to decrease due to the depletion of the reacting species at the interface. Linear 

sweep voltammetry (LSV) differs from CV in that the applied potential is swept at a fixed 

sweep rate from an initial potential to a final potential and there is no back and forth [32]. 

The instrument used in study is an Autolab M204 with a potential range of +/- 10 V, 

compliance voltage +/- 20 V, maximum current +/- 400 mA, current ranges 100 mA to 10 

nA, potential accuracy +/- 0.2 % , potential resolution 3 µV, current accuracy +/- 0.2 %, 

current resolution 0.0003 % (of current range), Input impedance > 100 GOhm and 

potentiostat bandwidth of 1 MHz.  

3.3.3.3 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS)  

Electrochemical impedance spectroscopy (EIS) is an effective method that may be utilized 

in-situ to signify the impedances in a fuel cell stack. AC impedance measurements may be 

helpful in identifying the kinetic, ohmic, electrolytic, and diffusion layer resistances, as 

well as the delivery limitations inside the machine. This technique makes use of a small 

sinusoidal perturbation potential at one or several frequencies, and the reaction is an 

alternating current (AC) sign of the identical frequency with a probable phase shift and 

amplitude trade. In a few dimension systems, the AC current is imposed on top of the DC 
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current generated by way of the fuel cell, and the voltage is recorded in place of the 

current. The recorded response is used to calculate the impedance using a mathematical 

method. Via repeating this at numerous frequencies, an electrochemical impedance 

spectrum is received. EIS is a noninvasive method that varies the current or voltage of the 

fuel cell by some percentage. The magnitude of the fluctuations is depending on the peak-

peak current of the AC signal imposed and the impedance of the fuel cell at every 

frequency [33]. The AC-Impedance measurement is obtained with an electronic load, a 

function generator, and a computer. This is additionally the equal setup also can be used 

for obtaining a fuel cell polarization or IC curves. EIS is useful in characterizing rapid and 

gradual delivery phenomena as it tests each single and a big variety of frequencies. This 

check helps to signify mass transfer resistance, resistance to electron transfer at some stage 

in electrochemical reactions, and ionic resistance through the membrane. This data can 

then be used to evaluate the numerous impedances inside the gas cell [34]. 

The EIS technique is an extension of the high-frequency resistance (HFR) technique but 

differs in two approaches. The HFR method uses a single frequency and only examines the 

real components of the impedance. EIS measures an extensive variety of frequencies and 

monitors the resulting variations in value and segment of the cell voltage and current with 

a frequency response analyzer to determine the complex impedance (Z’ and Z”) of the fuel 

cell. Performing the test is simple except for selecting the characteristic generator 

frequency. Electrochemical impedance spectroscopy is the most widely utilized technique 

for distinguishing fuel cell losses [35]. 
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Figure 3. 10: Electrochemical Impedance Spectroscopy (EIS) [32] 

Impedance is a measure of the ability of a circuit to resist the flow of electrical current. 

Impedance refers to the frequency dependent resistance to current flow of a circuit element 

(resistor, capacitor, inductor, etc.)Impedance assumes an AC current of a specific 

frequency in Hertz (cycles/s). The following equation describes impedance.  

Impedance: Z = E/I(3.3) 

Where E = Frequency-dependent potential and I= Frequency-dependent current. The 

information content of EIS is much higher than DC techniques or single frequency 

measurements and may be able to distinguish between two or more electrochemical 

reactions taking place, can identify diffusion-limited reactions, e.g., diffusion through a 

passive film, provides information on the capacitive behavior of the system. Test 

components within an assembled device using the device’s own electrodes and can provide 

information about the electron transfer rate of reaction. Applications are study corrosion of 

metals, adsorption and desorption to electrode surface, the electrochemical synthesis of 

materials, the catalytic reaction kinetics, label free detection sensors and study the ions 

mobility in energy storage devices such as batteries and supercapacitors [36]. The 

instrument used in study is an Autolab M204 with a potential range of +/- 10 V, 

compliance voltage +/- 20 V, maximum current +/- 400 mA, current ranges 100 mA to 10 
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nA, potential accuracy +/- 0.2 % , potential resolution 3 µV, current accuracy +/- 0.2 %, 

current resolution 0.0003 % (of current range), Input impedance > 100 GOhm and 

potentiostat bandwidth of 1 MHz.  

3.3.3.4 CHRONOAMPEROMETRY  

In chronoamperometry the current is measured as a function of time after application of a 

potential step perturbation. When the potential of a working electrode is stepped from a 

rate at which no Faradaic reaction happens to a potential at which the surface concentration 

is effectively zero, is known as Chronoamperometry.  

 

Figure 3. 11:  Potential step chronoamperometry: (a) schematic application of potential 

step and (b) chronoamperometric response [32] 

As an example, in figure 3.9a, if the potential is stepped from E1, where no current flows, 

i.e., in which the oxidation or reduction of the electrochemically active species does no 

longer take place, to E2 in which the current belongs to the electrode reaction. The 

electrode reaction is diffusion restricted. The generate current-time dependence is 

monitored. The current-time curve reflects the change in the concentration gradient in the 

place of the surface. This includes a sluggish expansion of the diffusion layer related to the 

depletion of the reactant as time progresses, consequently the current decays with time (at 
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a planar electrode) (Figure 3.9b). The current flows at any time after application of the 

potential step will obey the Cottrell equation. 

                                                                                                (3.4) 

Where n, F, A, c, D, and t are the number of electrons, Faraday constant, the surface area, 

the concentration, the diffusion coefficient, and time respectively. Chronoamperometry is 

often used for measuring the diffusion coefficient of electroactive species or the surface 

area of the working electrode. It can also be applied to the study of mechanisms of 

electrode processes [37, 38]. The instrument used in study is an Autolab M204 with a 

potential range of +/- 10 V, compliance voltage +/- 20 V, maximum current +/- 400 mA, 

current ranges 100 mA to 10 nA, potential accuracy +/- 0.2 % , potential resolution 3 µV, 

current accuracy +/- 0.2 %, current resolution 0.0003 % (of current range), Input 

impedance > 100 GOhm and potentiostat bandwidth of 1 MHz.  
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CHAPTER 4:  

 RESULTS AND DISCUSSION I 

 

This chapter will focus on analyzing the results obtained from various characterization 

techniques performed on the synthesized catalysts of Palladium on multi walled carbon 

nanotubes (Pd/MWCNT), Palladium nickel on multi walled carbon nanotubes 

(PdNi/MWCNT), Palladium tin on multi walled carbon nanotubes (PdSn/MWCNT) and 

Palladium on carbon (Pd/C) as the commercial catalyst. The various characterizations help 

determine the various properties exhibited by these synthesized nanoparticles. 

4.1 FUNCTIONALIZATION OF MWCNTS 
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Figure 4. 1: FTIR of Functionalized MWCNTs with COOH 
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The functionalization of the MWCNTs nanoparticles was analyzed through Fourier 

transform infra-red spectroscopy (FTIR). The vibration bands obtained from the spectra of 

the functionalized MWCNTs showed related vibrational bands characteristic of carboxylic 

groups on MWCNTs. FTIR spectra from the MWCNTs show a broad peak at ~ 

3425 cm−1 in figure 4.1 above which can be assigned to the O–H stretch from carboxylic 

groups (O=C−OH and C−OH). The higher intensity of the peak at 3425 cm-1 indicated the 

high degree of covalent functionalization of MWCNTs by liquid phase oxidation using 

H2SO4/HNO3 mixture. The peak at 2921 cm−1 can be associated with the C−H stretch from 

aromatic carbon nanotubes structure. The peak at 1736 cm−1, associated with the stretch 

mode of carboxylic groups C=O as observed in the IR spectrum of the acid-treated 

MWCNTs indicating that carboxylic groups are formed due to the oxidation of some 

carbon atoms on the surface of the MWCNTs by nitric acid. The peak at 1640 cm−1 is 

related to the −C−C− stretch in a ring (aromatic) and the peak at 1185 cm−1 is associated 

with C−O stretch of carboxylic group. The overall peaks found in the spectrum are ν (O-H) 

(3750-3250 cm-1), ν (C-H) (3000-2750 cm-1), ν (C=O) (1760-1650 cm-1), ν (C-C) (1600-

1550 cm-1) and ν (C-O) (1350-900 cm-1). These vibrations are in good agreement with the 

spectrum of carboxylic groups on MWCNTs as reported by Atieh, M. A. et al. [1] 
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4.2 STRUCTURAL CHARACTERIZATION 

Structural characterization of the synthesized catalysts was done using a variety of 

powerful techniques such as HR-TEM and SAXS.  

4.2.1 INTERNAL STRUCTURE  

The internal structure of the synthesized nanoparticles was evaluated by high resolution 

transmission electron microscope (HRTEM). The inner shape of the synthesized catalysts 

is unclear additionally the images show that catalysts they may be agglomerated with the 

exception of Pd/C and they have small particle size. 
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Figure 4. 2: HR-TEM images of the synthesized catalyst of (A) Pd/C (commercial), (B) 

Pd/MWCNT, (C) PdNi/MWCNT and (D) PdSn/MWCNT at low and high magnifications 

 

Images B-D of figure 4.2 above compare the particle distribution of the catalysts 

Pd/MWCNT, PdNi/MWCNT and PdSn/MWCNT at low and high magnification. At low 

magnification the catalysts showed agglomeration on the MWCNT surface and at high 

magnification the d-spacing values of the four catalysts was calculated. Pd/C is 0.277 nm 

at 111 plane, Pd/MWCNT is 0.23 nm at 111 plane, PdNi/MWCNT is 0.186 nm at 220 

plane and PdSn/MWCNT is 0.301 nm at 202 plane.    
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Small Angle X-ray Scattering (SAXS) is a technique that can be used to determine the 

internal structure of the synthesized catalysts. From the plot of the shape analysis it shows 

that the catalysts Pd/MWCNT, PdNi/MWCNT and PdSn/MWCNT were agglomerated as 

they have broad peaks. While Pd/C, Pd/MWCNT and PdNi/MWCNT had a core and a 

shell, with PdSn/MWCNT having a dumbbell shape. The shape obtained for the catalysts 

are illustrated in the table 4.1 below and plots can be seen in figure 4.3 below. 
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Figure 4. 3: SAXS plot of the shapes of the synthesized catalysts of (A) Pd/C 

(commercial), (B) Pd/MWCNT, (C) PdNi/MWCNT and (D) PdSn/MWCNT.  

 

Table 4. 1: Shapes of obtained catalysts form SAXS 

Samples  Shapes  

Pd/C  Core Shell Solid Sphere 

Pd/MWCNT Core Shell Solid Sphere 

PdNi/MWCNT Core Shell Solid Sphere 

PdSn/MWCNT Dumb Bell 

 

The broad shoulder in PdNi/MWCNT seen in the SAXS plot above indicate agglomeration 

of the catalysts as evident in HRTEM images in figures 4.2.  
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4.3 PHASE COMPOSITION (CRYSTALLINITY)  
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Figure 4. 4: XRD plot of the synthesized catalysts of Pd/C, Pd/MWCNT, PdNi/MWCNT 

and PdSn/MWCNT  

The phase composition and crystalline structure of the synthesized nanoparticles were 

investigated through powder X-ray diffraction (XRD).  The XRD patterns in figure 4.4 

showed broad Bragg peaks indicative of small particle size. The catalysts of Pd/C (JCPDS 

00-026-1076), Pd/MWCNT (JCPDS 00-046-1043) and PdNi/MWCNT (JCPDS 00-047-

1049) showed a face-center cubic phase [6], while PdSn/MWCNT (JCPDS 00-082-0723) 

showed a tetragonal phase [2].  

The peaks at 40.1 ⁰ , 46.7 ⁰  and 68.1 ⁰  can be assigned to (111), (200), and (220) for 

reflection of Pd/MWCNT with Pd/C having the same peaks. Meanwhile the peaks at 37.3 

⁰ , 43.3 ⁰  and 62.9 ⁰  are assigned to (111), (200) and (220) indexes of NiO in 

PdNi/MWCNT, then the peaks at 40.1 ⁰ , 46.7 ⁰  and 68.1 ⁰  can be assigned to (111), 

(200), and (220) indexes of Pd in PdNi/MWCNT (with an unlabeled peaks which cannot 

be indexed to any known phase that is due to PdO). Lastly the peaks at 39.1 ⁰ , 44.3 ⁰ , 
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64.4 are assigned to (111), (200) and (220) indexes for Pd in PdSn/MWCNT, a slight shift 

is observed for the Pd peaks in PdSn/MWCNT as compared to Pd/MWCNT peaks. Peak 

shift indicates that there was alloying between Pd and Sn. The peaks at 47.8 ⁰  and 67.3 ⁰  

can be assigned to (002), and (202) for reflection Sn in PdSn/MWCNT.   

These peaks were also confirmed by the diffraction obtained from selected area electron 

diffraction (SAED) in figure 4.5 below. The crystallinity of the nanoparticles can also be 

seen from the spectrum which shows the nanoparticles to be polycrystalline. This is also an 

observable trend seen in SAED micrograph obtained from HR-TEM analysis. The images 

obtained shows that PdNi/MWCNT was more crystalline than Pd/MWCNT, 

PdSn/MWCNT and Pd/C in that order.  

The planes found in XRD plot above was also observed in the SAED image obtained, 

which confirms the phase composition of the synthesized catalysts. The images obtained 

from SAED analysis, shows that PdNi/MWCNT was more crystalline than Pd/MWCNT 

and PdSn/MWCNT in that order.  
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Figure 4. 5: SAED images of the synthesized catalysts of (A) Pd/MWCNT, (B) 

Pd/MWCNT (C) PdNi/MWCNT and (D) PdSn/MWCNT  

The lattice fringe images obtained for the synthesized nanoparticles further confirms that 

the nanoparticles were crystalline and the d-spacing value of the lattice fringes was 

evaluated and assigned with the corresponding plane (miller index) as can be seen in figure 

4.2 above confirming the hkl miller index (planes) found in XRD. 

 

 

 

\ 

 

 

 

 

D 

http://etd.uwc.ac.za/ 
 



  Chapter 4: Results and Discussion 

101 

4.4 ELEMENTAL COMPOSITION 

The elemental composition of the synthesized catalysts was evaluated using Energy 

Dispersive X-ray spectroscopy (EDX) and Inductively Couple Plasma (ICP). EDX was 

used to confirm the elements in the synthesized catalysts as shown in figure 4.6 and table 

4.3 respectively. The instruments used are EDS analyzer coupled into the High-Resolution 

Transmission Electron Microscope used for HR-TEM analysis and ICP analyzer used 

techniques for the determination of trace concentrations of elements in samples.  
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Figure 4. 6 : EDS plots of the synthesized catalysts of (A) Pd/MWCNT, (B) Pd/MWCNT 

(C) PdNi/MWCNT and (D) PdSn/MWCNT 

The EDS of the catalysts showed all the elements expected for the nanoparticles. 

Pd/MWCNT spectra shows the presence of palladium and carbon. PdNi/MWCNT spectra 

shows the presence of palladium, nickel and carbon. PdSn/MWCNT spectra also showed 

the presence of palladium, tin and carbon.  
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Table 4. 2: ICP data of the catalysts 

 Pd Ni Sn 

Pd/C 190.07 mg/L X X 

Pd/MWCNT 63.2 mg/L X X 

PdNi/MWCNT 63.7 mg/L 72.5 mg/L X 

PdSn/MWCNT 70.8 mg/L X 97.8 mg/L 

 

Pd/C showed the most presence of palladium with a value of 190.07 mg/L. The palladium 

values for Pd/MWCNT and PdNi/MWCNT catalysts are relative the same at 63.2 mg/L 

and 63.7 mg/L respectively, while for PdSn/MWCNT its 70.8 mg/L. The nickel and tin 

values are 72.5 mg/L and 97.8 mg/L respectively.  
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4.5 SIZE DISTRIBUTION  

The size distribution of the synthesized catalysts was studied and evaluated. The particle 

size was evaluated using SAXS and HR-TEM, while the crystal size was evaluated from 

XRD data of the synthesized catalysts. The summary of the size distribution for the 

synthesized nanoparticles is given by the SAXS plot of the size distribution and HR-TEM 

average particle.   
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Figure 4. 7: SAXS plot of size distribution of the synthesized catalysts of (A) Pd/C, (B) 

Pd/MWCNT, (C) PdNi/MWCNT and (D) PdSn/MWCNT. 

The particle size distribution obtained from SAXS plot shows that Pd/C has a mean 

particle size of 20 nm while Pd/MWCNT and PdNi/MWCNT has a mean particle size of 

15 nm shown in figures 4.7. PdSn/MWCNT also has a mean particle size of 15 with a big 

particle size of 38 nm which is attributed to the agglomeration which can be seen in the 

SAXS shape plot and HR-TEM images form earlier in figure 4.2.  
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Figure 4. 8: XRD plot of Gaussian Fit for (111) plane for crystal size calculation of the 

catalysts of (A) Pd/C, (B) Pd/MWCNT, (C) PdNi/MWCNT and (D) PdSn/MWCNT. 
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The Debye-Scherrer equation was used to calculate the crystal size and the equation is 

given as:                                           

                                                                                                                     (4.1) 

Where B2ϴ is full width at half maximum, k is Scherrer constant which can take values 

from 0.9 to 1, for this calculation I chose to use 0.9, λ is the wavelength of the x-ray which 

has a value of 1.540598 in Angstroms, and θ is the angle. Plus, the FWHM value is 

converted to radians. The plane calculated was the (111) which had the most intense peak. 

Table 4.4 below gives the various data points acquired to make the calculations.  

Table 4. 3: XRD data of Gaussian Fit for (111) plane for crystal size calculation. 

 2ϴ ϴ FWHM FWHM (radians) Crystallite Size (nm) 

Pd/C  40.14327 20.07163 1.00427 0.01752 8.4 

Pd/MWCNT 40.00846 20.00423 0.76689 0.01338 11.0 

PdNi/MWCNT 39.99229 19.99615 0.74359 0.01297 11.4 

PdSn/MWCNT 39.84054 19.92027 0.89039 0.01554 9.5 

 

From the table above, the crystal size for Pd/C is 8.4 nm, Pd/MWCNT is 11.0 nm, 

PdNi/MWCNT is 11.4 nm and PdSn/MWCNT is 9.5 nm. These values are in close 

proximate with the values obtained from SAXS plot of the particle size distribution of the 

synthesized nanoparticles which had value for Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT as 15 nm.  

HR-TEM images were also used to calculate particle size of the catalysts as can be seen 

below in the histogram plots. The particle size obtained for the catalysts is summarized in 

plots below.  

 

http://etd.uwc.ac.za/ 
 



  Chapter 4: Results and Discussion 

110 

2 3 4 5 6 7
0

2

4

6

8

10

 

 

C
o

u
n

t

Particle Size (nm)

Particle Size = 3.4  1.0 nm A

 

5 10 15 20 25
0

1

2

3

4

5

6

7

8

 

 

C
o

u
n

t

Particle Size (nm)

Particle Size = 13.7  5.2 nm 

B

 

http://etd.uwc.ac.za/ 
 



  Chapter 4: Results and Discussion 

111 

10 15 20
0

2

4

6

8

10

12

14

 

 

C
o

u
n

t

Particle Size (nm)

Particle Size = 11.5  3.6 nmC

 

2 4 6 8 10 12 14 16 18 20 22
0

2

4

6

8

10

 

 

C
o

u
n

t

Particle Size (nm)

Particle Size = 8.2  4.4 nmD

 

Figure 4. 9: Mean particle size plots from HR-TEM images of the synthesized catalysts of 

(A) Pd/C, (B) Pd/MWCNT, (C) PdNi/MWCNT and (D) PdSn/MWCNT  
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From the plots above, the particle size for Pd/C is 3.4 nm with a standard deviation of ± 1.0 

nm [3], Pd/MWCNT is 13.7 nm with a standard deviation of ± 5.2 nm, PdNi/MWCNT is 

11.5 nm with a standard deviation of ± 3.6 nm and PdSn/MWCNT is 8.2 nm with a 

standard deviation of ± 4.4 nm. These values above are summarized in the table below 

with values obtained from XRD and SAXS.  

Table 4. 4: SAXS, XRD and HR-TEM particle size summary data 

 SAXS (nm) XRD (nm) HR-TEM (nm) 

Pd/C 20 8.4 3.4 

Pd/MWNCT 15 11.0 13.7 

PdNi/MWCNT 15 11.4 11.5 

PdSn/MWCNT 15 9.5 8.2 
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4.6 ELECTROCHEMISTRY OF THE NANOPARTICLES  

The electrochemical properties of the synthesized nanoparticles were investigated by the 

following electrochemical techniques:  

• Cyclic Voltammetry (CV)  

• Linear Sweep Voltammetry (LSV)   

• Electrochemical Impedance spectroscopy (EIS)  

• Chonoamperometry (CA) 

The electroactivity of the synthesized catalysts was investigated through cyclic 

voltammetry using 1M KOH as electrolyte and 1M Glycerol as the alcohol. The potential 

window used for the investigation is -1.2 V to +0.8 V. The synthesized catalysts that were 

investigated were Pd/C (commercial), Pd/MWCNT, PdNi/MWCNT and PdSn/MWCNT. 

A three-electrode system comprising of working electrode, counter electrode and reference 

electrode was used. The working electrode used was glassy-carbon electrode while the 

counter electrode was platinum electrode and the reference electrode used was Ag/AgCl 

saturated in KCl.  

4.6.1 CYCLIC VOLTAMMETRY AND LINEAR SWEEP 

VOLTAMMETRY 

4.6.1.1 INVESTIGATION OF THE ECSA   

A large electro-chemical surface area indicates a better electrode, as more catalyst sites are 

available for electro-chemical reactions. It is reported that the performance degradation of 

DGFC is largely owed to the electrochemical active surface area loss of the electrodes. The 

decrease in the electrochemical active surface area mainly results from the growth of 

palladium alloy nanoparticles size, the dissolution of palladium and/or other palladium 
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alloy nanoparticles from the carbon support material. This results in poor durability of the 

fuel cell catalyst and, accordingly, the fuel cell system.   
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Figure 4. 10: Presents cyclic voltammograms of the synthesized electrocatalyst supported 

on MWCNTs compared to Pd/C commercial electrocatalyst in 1M KOH @ 30mV/s. 

 

Figure. 4.10 compares the electrochemical responses of Pd/C (commercial), Pd/MWCNT, 

PdNi/MWCNT and PdSn/MWCNT in 1.0 M KOH without the presence of glycerol, 

measured in the potential range between -1.2 and 0.8 vs Ag/AgCl.  The typical 

voltammetric curve of Pd in alkaline media was observed the electrochemical active 

surface area (ECSA) of Pd/C (commercial), Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT catalysts was then calculated. As this analysis is conducted under alkaline 

environment it can be found that the onset of the oxide formation and the peak potential of 

the oxide reduction for PdSn/MWCNT shifted to more negative potentials which exhibit 

the chemisorption of OH on the Pd at a negative potential.  

The Electrochemical Active Surface Area (ECSA) was calculated from the density of 

charge associated to the reduction of a full monolayer of Pd oxides [4]. This area was then 
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converted into the effective active surface area by using the factor 420μC.cm-2 for the 

monolayer of Pd Oxides. The results were collected and presented in Table 4.6 below. All 

ECSA calculations for this study were done following equation 4.6 given below: 

                                                                                           (4.6)                                                        

QH = is the charge area from Pd(reduction) peak;  420μC.cm-2 is the charge of full coverage 

for clean polycrystalline Pd and is used as the conversion factor; LPd is the working 

electrode Pd loading (μg.cm-2); and Ag is the geometric surface area of the glassy carbon 

electrode (i.e. 0.196 cm-2). The values for ECSA are reported in m2.g-1.  

Table 4. 5: XRD, HR-TEM and SAXS particle size summary data with ECSA 

 

Catalysts 

Particle Size (nm)  

ECSA (m2.g-1) XRD HR-TEM SAXS 

Pd/C 8.4 3.4 20 0.72 

Pd/MWCNT 11.0 13.7 15.0 0.75 

PdNi/MWCNT 11.4 11.5 15.0 4.8 

PdSn/MWCNT 9.5 8.2 15.0 0.85 

 

The table above displays the obtained data of ECSA for the synthesized catalysts, with 

PdNi/MWCNT having the larges ECSA followed by PdSn/MWCNT, Pd/MWCNT and 

Pd/C respectively. This is attributed to the smaller metal particles for PdNi/MWCNT and 

PdSn/MWCNT with a better distribution in comparison to Pd/MWCNT that is 

agglomerated due to growth of palladium alloy nanoparticles size as seen is TEM images 

in figures 4.2.  
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Figure 4. 11: Linear Sweep Voltammetry of the synthesized electrocatalyst supported on 

MWCNTs compared to Pd/C commercial electrocatalyst in 1M KOH + 1M Glycerol @ 

30mV/s. 

Figures 4.11 shows the LSV scans for Pd/C (commercial), Pd/MWCNT, PdNi/MWCNT 

and PdSn/MWCNT catalyst for glycerol oxidation in 1.0 M KOH solution containing 1.0 

M glycerol in the potential range -1.2V to 0.8V.  In these LSV scans, a peak is an 

indication of surface interaction or reaction between some species and catalyst. In the 

positive-going (forward scan), is attributed to the electrooxidation of glycerol on the 

catalysts. Between the four synthesized catalysts, the bimetallic catalyst which is 

PdNi/MWCNT shows the best performance towards glycerol oxidation in alkaline media 

followed by PdSn/MWCNT, Pd/C and Pd/MWCNT current density. The peak current 

density (If) for PdNi/MWCNT is 6.657 mA/cm-2 which is highest compared to 

PdSn/MWCNT 1.277 mA/cm-2, Pd/C 0.8426 mA/cm-2 and Pd/MWCNT 0.4498 mA/cm-2 

respectively [5]. The results in forward scan shows that the addition of a secondary metals 

(Ni and Sn) in Pd to form bimetallic catalyst can significantly improve the catalytic activity 
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of Pd for glycerol oxidation in alkaline media. This indicates, the significant enhancement 

oxidation kinetic activity for glycerol by addition of a secondary metal.  However, Pd/C 

and Pd/MWCNT show high tolerance towards glycerol oxidation. 
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Figure 4. 12: Cyclic Voltammetry of the synthesized electrocatalyst supported on 

MWCNTs compared to Pd/C commercial electrocatalyst in 1M KOH + 1M Glycerol @ 

30mV/s. 

Glycerol is a complex molecule, due to this the oxidation of glycerol in alkaline medium 

can form numbers of possible oxide/hydrous or oxide/hydroxyl surface molecules. This is 

having been described in reduction wave [6]. Based on the previous study the major 

electrooxidation of glycerol by using Pd catalyst in alkaline media can be described as 

equation 4.2 – 4.5 follow [7]; 

Pd + OH- ↔ Pd – [OH]ads +  e-                                                                                       (4.2) 

Pd + C2H3OH−CH2OH + 3OH- ↔ Pd – [C2H3(OH)2−CO]ads + 3H2O + 3e-                 (4.3) 

Pd− [OH]ads + Pd – [C2H3(OH)2 – CO]ads → C2H3(OH)2 − COOH + 2Pd                    (4.4) 

C2H3(OH)2 − COOH + OH- → C2H3(OH)2 – COO- + H2O                                           (4.5) 
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Figure 4.12 above explains the peaks which are the indication of surface interaction or 

reaction between some species and catalyst. In the positive-going (forward scan), is 

attributed to the electrooxidation of glycerol on the catalysts. Meanwhile, during the 

reverse scan there is a secondary oxidation peak which associated with incomplete 

oxidation of carbonaceous residues from the glycerol in forward scan. The actual 

performance glycerol oxidation in alkaline media has been summarized on Table 4.7 

below.  

Table 4. 6: Electrocatalytic properties of Pd/MWCNT, PdNi/MWCNT and PdSn/MWCNT 

catalysts for glycerol oxidation 

 Ef(oxidation) 

(mV vs Ag/AgCl) 

If(oxidation) 

(mA/cm-2) 

Er(reduction) 

(mV vs Ag/AgCl) 

Ir(reduction) 

(mA/cm-2) 
 

Pd/C -101.4 0.8426 -440.1 -0.3959 2.13 

Pd/MWCNT -91.75 0.4498 -414.0 -1.446 0.31 

PdNi/MWCNT -119.7 6.657 -397.9 0.6102 10.91 

PdSn/MWCNT -127.1 1.277 -389.5 -1.379 0.92 

 

The data in table 4.7 shows with the addition of Ni making the adsorption of oxygen 

species such as OH occurs at much lower potential than on monometallic Pd and Ni 

surface to oxidize CO or adsorbed CO-like carbonaceous species on Pd sites. The addition 

of Ni as second metal in PdNi/MWCNT also contribute to sufficient oxygen containing 

species such as OH to remove the adsorbed carbonaceous species and in other way it will 

beneficial in oxidation of glycerol. Meanwhile the catalyst poisoning against the 

carbonaceous species can be traced from the forward scan to backward (If/Ir) scan peak 

current density ratio as shown in Table 4.7. The ratio of PdNi/MWCNT catalyst show 

higher value compare to Pd/C, PdSn/MWCNT and Pd/MWCNT. Therefore 
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PdNi/MWCNT show better oxidation of glycerol to carbon dioxide during anodic scan and 

less accumulation of carbonaceous species on the catalyst surface compare to Pd/C, 

PdSn/MWCNT and Pd/MWCNT [5].  

4.6.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

EIS was used to investigate the overall kinetics of glycerol oxidation at different potentials. 

The technique enabled to dissect the various impedance parameters for the charge transfer 

reaction occurring across the electrode solution interface. Nyquist plots for glycerol 

oxidation for 1.0 M glycerol in 1.0M KOH solution at 25 oC are shown in Figure 4.13. The 

effective charge transfer resistance (Rct) was used to analyze the electrode kinetics of the 

reaction process. 
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Figure 4. 13: EIS of the synthesized electrocatalyst Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT compared to Pd/C commercial in 1M KOH + 1M Glycerol @ 30mV. 

Shown in Figure 4.13, is the Nyquist plot is characterized by a capacitive feature for Pd/C, 

Pd/MWCNT and PdSn/MWCNT, as expected for hydrogen adsorption/desorption and 

double layer charging/ discharging phenomena. However, for PdNi/MWCNT there is a 

http://etd.uwc.ac.za/ 
 



  Chapter 4: Results and Discussion 

120 

changeover from capacitive behavior to resistive behavior, as shown in Figure 4.13. At this 

potential, the Nyquist plot resembles a semicircle, which can be assigned to kinetically 

controlled reaction. The small arc in the high frequency region may be associated with the 

chemisorption and dehydrogenation of the glycerol molecule at the initial stage of the 

oxidation process. A charge transfer resistance (Rct) for the kinetically controlled reactions 

may be represented by the diameter of the semicircle in the medium frequency and is 

related to the charge transfer reaction kinetics according to  

                                                                                                                        (4.7) 

                                                                                                       (4.8) 

where R: molar gas constant (J.mol-1 k-1); T: temperature (K); n: number of electrons 

transferred; F: Faraday constant (C); io: exchange current (A); A: reaction area (cm2); k0: 

standard heterogeneous rate constant (cm.sec-1); Co, CR: bulk concentration of oxidant and 

reductant species (mol.L-1); α: transfer coefficient.  
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Figure 4. 14: EIS of the synthesized electrocatalyst Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT compared to Pd/C commercial in 1M KOH + 1M Glycerol @ 10mV. 
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Figure 4. 15: EIS of the synthesized electrocatalyst Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT compared to Pd/C commercial in 1M KOH + 1M Glycerol @ -10mV. 

0 200 400 600 800 1000 1200 1400 1600

0

500

1000

1500

2000

-Z
"
/

Z'/

 Pd/C

 Pd/MWCNT

 PdNi/MWCNT

 PdSn/MWCNT

 

Figure 4. 16: EIS of the synthesized electrocatalyst Pd/MWCNT, PdNi/MWCNT and 

PdSn/MWCNT compared to Pd/C commercial in 1M KOH + 1M Glycerol @ -30mV. 

Figure 4.14 and figure 4.15 all of the catalyst display a similar trend of capacitive behavior 

with Pd/C being having high kinetic followed by PdNi/MWCNT, Pd/MWCNT and 
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PdSn/MWCNT respectively.  In figure 4.16, PdNi/MWCNT resembles a semicircle, which 

can be assigned to kinetically controlled reaction and displays a resistive behavior, while 

Pd/C, PdSn/MWCNT and PdNi/MWCNT capacitive behavior.  

4.6.3 CHRONOAMPEROMETRY  

Chronoamperometric study has been employed for 3600s, where the considerable stability 

and tolerance to poisoning by intermediates species can be tested. Figure 4.17 below shows 

the chronoamperometry obtained at room temperature in solutions of 1.0 M KOH and 1.0 

M glycerol for 3600s. For all four catalysts, we can observe a decay of current value in the 

time interval measured for the studied electrocatalysts. However, after the initial drops the 

performance become stable for all the catalyst tested. From Figure 4.17 shows that the 

PdNi/MWCNT demonstrates better stability compared to PdSn/MWCNT, Pd/MWCNT 

and Pd/C respectively, indicating that the present of Ni could improve the stability of the 

catalyst by give a balance adsorption between OH species from Ni and species from 

glycerol adsorption on Pd [5].  
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Figure 4. 17: Chronoamperometry of the synthesized electrocatalyst Pd/MWCNT, 

PdNi/MWCNT and PdSn/MWCNT compared to Pd/C commercial in 1.0 M KOH + 1.0 M 

Glycerol @ -20mV 
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CHAPTER 5:  

 RESULTS AND DISCUSSION II 

 

This chapter will focus on analyzing the results obtained from various characterization 

techniques performed on the synthesized catalysts Palladium nickel and cobalt oxide on 

multi walled carbon nanotubes (PdNiCo3O4/MWCNT), Palladium tin and cobalt oxide on 

multi walled carbon nanotubes (PdSnCo3O4/MWCNT), Palladium nickel and cerium oxide 

on multi walled carbon nanotubes (PdNiCeO2/MWCNT) and Palladium tin and cerium 

oxide on multi walled carbon nanotubes (PdSnCeO2/MWCNT). The various 

characterizations help determine the various properties exhibited by these synthesized 

nanoparticles. 

5.1 INTERNAL STRUCTURE  

The internal structure of the synthesized nanoparticles was evaluated by high resolution 

transmission electron microscope (HR-TEM). As seen below from figure 5.1 the images 

obtained from HR-TEM shows a great deal of the internal structure of the synthesized 

catalysts as the multi walled carbon nanotubes can be seen under the catalysts composite. 

However the catalysts composite does not show any internal structure. The inner shape of 

the synthesized catalysts is unclear additionally the images show that catalysts may be 

agglomerated and they have small particle size. Although as said above the internal shape 

of the catalysts cannot be fully analyzed by the use of HR-TEM because of unclear internal 

structures the catalysts.  
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Figure 5. 1: HR-TEM images of the synthesized catalyst of (A) PdNiCo3O4/MWCNT, (B) 

PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) PdSnCeO2/MWCNT  
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Small Angle X-ray Scattering (SAXS) is a technique that can be used to determine the 

internal structure of the synthesized catalysts. The SAXS analysis was performed using 

SAXS Space by Anton Paar. From the plot of the shape analysis it shows that all the 

catalysts were agglomerated and that PdNiCo3O4/MWCNT and PdSnCeO2/MWCNT had a 

core shell solid sphere, while PdSnCo3O4/MWCNT and PdNiCeO2/MWCNT had a core 

shell hollow sphere. The shell could be attributed to the secondary catalyst (Nickel or Sn), 

the core would then be the primary catalysts palladium. The shape obtained for the 

catalysts are illustrated in the table 5.1 below and plots can be seen in figure 5.2 below. 
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Figure 5. 2: SAXS plot of the shapes of the synthesized catalysts of (A) 

PdNiCo3O4/MWCNT, (B) PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) 

PdSnCeO2/MWCNT.  

 

Table 5. 1: Shapes of obtained catalysts form SAXS 

Samples  Shapes  

PdNiCo3O4/MWCNT Core Shell Solid Sphere 

PdSnCo3O4/MWCNT Core Shell Hollow Sphere 

PdNiCeO2/MWCNT Core Shell Hollow Sphere 

PdSnCeO2/MWCNT Core Shell Solid Sphere 

 

The broad shoulders seen in the SAXS plots above indicate agglomeration of the catalysts 

as evident in HR-TEM images in figures 5.1.  
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5.2 PHASE COMPOSITION (CRYSTALLINITY)  
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Figure 5. 3: XRD plot of the synthesized catalysts of PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and PdSnCeO2/MWCNT. 

The phase composition and crystalline structure of the synthesized nanoparticles were 

investigated through powder X-ray diffraction (XRD). The catalysts of 

PdNiCo3O4/MWCNT (JCPDS 00-043-1003), PdSnCo3O4/MWCNT (JCPDS 00-043-

1003), PdNiCeO2/MWCNT (JCPDS 00-034-0394) and PdSnCeO2/MWCNT (JCPDS 00-

034-0394) all showed a face-center cubic phase and are represented by figure 5.3 above.   

The peaks at 40.1 ⁰  and 46.7 ⁰  can be assigned to (111) and (200) for reflection of Pd in 

PdNiCo3O4/MWCNT. Meanwhile the peaks at 36.85 ⁰ , 59.17 ⁰  and 65.21 ⁰  are assigned 

to (311), (511) and (440) indexes of Co3O4 in PdNiCo3O4/MWCNT, then 

PdSnCo3O4/MWCNT has similar peaks to PdNiCo3O4/MWCNT peaks with less intensity.  
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For PdSnCo3O4/MWCNT the peaks are 40.1 ⁰  and 46.7 ⁰  which are assigned to (111) 

and (200) for reflection of Pd in PdSnCo3O4/MWCNT, then peaks at 36.85 ⁰ , 59.17 ⁰  and 

65.21 ⁰  are assigned to (311), (511) and (440) indexes of Co3O4.  

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT have similar peaks with the Pd peak at 40.1 

⁰  with the index (111) for both of the catalyst and the following peaks arise from CeO2 

which are 28.55 ⁰ , 33.08 ⁰ , 47.48 ⁰ , 56.09 ⁰ , 59.09 ⁰ , 69.04 ⁰ , 76.70 ⁰  and 79.07 ⁰  

and are assigned to these miller indexes (111), (200), (220), (311), (222), (400), (331) and 

(420) respectively.        

 

These peaks were also confirmed by the diffraction obtained from selected area electron 

diffraction (SAED) in figure 5.4 below. The crystallinity of the nanoparticles can also be 

seen from the spectrum which shows the nanoparticles to be polycrystalline. This is also an 

observable trend seen in SAED micrograph obtained from HR-TEM analysis. The trend 

for the crystallinity of the nanoparticles was PdNiCo3O4/MWCNT > PdSnCeO2/MWCNT 

> PdSnCo3O4/MWCNT > PdNiCeO2/MWCNT meaning that PdNiCo3O4/MWCNT had the 

highest degree of crystallinity.   

Selected Area Electron Diffraction (SAED) was obtained from HR-TEM which revealed 

and confirmed that the synthesized catalysts were crystalline. The planes found in XRD 

plot above was also observed in the SAED image obtained, which confirms the phase 

composition of the synthesized catalysts and the hkl miller index (planes) found in XRD. 
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Figure 5. 4: SAED images of the synthesized catalysts of (A) PdNiCo3O4/MWCNT, (B) 

PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) PdSnCeO2/MWCNT  
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The lattice fringe images obtained for the synthesized nanoparticles further confirms that 

the nanoparticles were crystalline and the d-spacing value of the lattice fringes was 

evaluated and assigned with the corresponding plane (miller index) as can be seen in figure 

5.5 below 
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Figure 5. 5: HR-TEM image showing the lattice fringe and d-spacing value of the lattice 

fringe indicating the plane with the d-space value for the synthesized nanoparticles of (A) 

PdNiCo3O4/MWCNT, (B) PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) 

PdSnCeO2/MWCNT 

C 

D 

http://etd.uwc.ac.za/ 
 



  Chapter 5: Results and Discussion 

135 

The calculated d-spacing value for the four samples are PdNiCo3O4/MWCNT is 0.195 nm 

at 331 plane, PdSnCo3O4/MWCNT is 0.284 nm at 220 plane, PdNiCeO2/MWCNT is 0.304 

nm at 111 plane and PdSnCeO2/MWCNT is 0.275 nm at 200 plane. 

5.3 ELEMENTAL COMPOSITION  

The elemental composition of the synthesized catalysts was evaluated using Energy 

Dispersive X-ray spectroscopy (EDX) and Inductive Couple Plasma (ICP) as shown in 

figure 5.2 and table 5.3 respectively. The instruments used are EDS analyzer coupled into 

the High-Resolution Transmission Electron Microscope used for HR-TEM analysis and 

ICP analyzer used techniques for the determination of trace concentrations of elements in 

samples.  
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The EDS of the catalysts showed all the elements expected for the nanoparticles. 

PdNiCo3O4/MWCNT shows the presence of palladium, nickel, cobalt, oxygen and multi 

walled carbon nanotubes. PdSnCo3O4/MWCNT shows the presence of palladium, tin, 

cobalt, oxygen and multi walled carbon nanotubes.  PdNiCeO2/MWCNT shows the 

presence of palladium, nickel, cerium, oxygen and multi walled carbon nanotubes. 

PdSnCeO2/MWCNT shows the presence of palladium, tin, cerium, oxygen and multi 

walled carbon nanotubes.  

 

 

C 
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Table 5. 2: ICP data of the catalysts of PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, 

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT 

 Pd Ni Sn Co Ce 

PdNiCo3O4/MWCNT 73.84 mg/L 127.31 mg/L X 101.93 mg/L X 

PdSnCo3O4/MWCNT 63.20 mg/L X 141.17 mg/L 102.89 mg/L X 

PdNiCeO2/MWCNT 41.99 mg/L 42.65 mg/L X X 452.87mg/L 

PdSnCeO2/MWCNT 39.12 mg/L X 65.35mg/L X 432.62 mg/L 
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5.4 SIZE DISTRIBUTION  

The size distribution of the synthesized catalysts was studied and evaluated. The particle 

size was evaluated using SAXS and HR-TEM, while the crystal size was evaluated from 

XRD data of the synthesized catalysts. The summary of the size distribution for the 

synthesized nanoparticles is given by the SAXS plot of the size distribution and HR-TEM 

average particle.   
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Figure 5. 6: SAXS plot of size distribution of the synthesized catalysts of (A) 

PdNiCo3O4/MWCNT, (B) PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) 

PdSnCeO2/MWCNT 

 

The particle size distribution obtained from SAXS plot above in figure 5.6 shows that 

PdNiCo3O4/MWCNT has a mean particle size of 15 nm with a big particle size of 53 nm 

which is attributed to the agglomeration.  PdSnCo3O4/MWCNT has a mean particle size of 

20 nm with a big particle size of 49 nm which is attributed to the agglomeration. 

PdNiCeO2/MWCNT has a mean particle size of 15 nm with a big particle size of 42 nm 

which is attributed to the agglomeration. Then PdSnCeO2/MWCNT has a mean particle 

size of 19 nm with a big particle size of 90 nm which is attributed to the agglomeration. 

TEM images form earlier in figure 5.2 confirm the agglomeration of the catalysts.  
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Figure 5. 7: XRD plot of Gaussian Fit for (111) plane for crystal size calculation of the 

catalysts of (A) PdNiCo3O4/MWCNT, (B) PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT 

and (D) PdSnCeO2/MWCNT 
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The Debye-Scherrer equation was used to calculate the crystal size and the equation is 

given as:                                           

                                                                                                                      (4.1) 

Where B2ϴ is full width at half maximum, k is Scherrer constant which can take values 

from 0.9 to 1, for this calculation I chose to use 0.9, λ is the wavelength of the x-ray which 

has a value of 1.540598 in Angstroms, and θ is the angle. Plus, the FWHM value is 

converted to radians. The plane calculated was the (111) which had the most intense peak.  

Table 5. 3: XRD data of Gaussian Fit for (111) plane for crystal size calculation. 

 2ϴ ϴ FWHM FWHM (radians) Crystallite Size (nm) 

PdNiCo3O4/MWCNT 39.9077 19.95385 0.87152 0.01521 9.7 

PdSnCo3O4/MWCNT 39.8299 19.91495 0.82745 0.01444 10 

PdNiCeO2/MWCNT 39.9957 19.99785 0.99927 0.01744 8.5 

PdSnCeO2/MWCNT 40.1445 20.07225 0.60133 0.01049 14 

 

From table 5.4 above, the crystal size for PdNiCo3O4/MWCNT is 9.7 nm, 

PdSnCo3O4/MWCNT is 10 nm, PdNiCeO2/MWCNT is 8.5 nm and PdSnCeO2/MWCNT is 

14 nm.  

HR-TEM images were also used to calculate particle size of the catalysts as can be seen 

below in the histogram plots. The particle size obtained for the catalysts is summarized in 

plots below. 
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Figure 5. 8: Mean particle size plots from HR-TEM images of the synthesized catalysts of 

(A) PdNiCo3O4/MWCNT, (B) PdSnCo3O4/MWCNT, (C) PdNiCeO2/MWCNT and (D) 

PdSnCeO2/MWCNT   
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From the plots above, the particle size for PdNiCo3O4/MWCNT is 11 nm with a standard 

deviation of ± 2.0 nm, PdSnCo3O4/MWCNT is 11.1 nm with a standard deviation of ± 3.1 

nm, PdNiCeO2/MWCNT is 12.3 nm with a standard deviation of ± 3.5 nm and 

PdSnCeO2/MWCNT is 18.0 nm with a standard deviation of ± 8.9 nm. These values above 

are summarized in the table below with values obtained from XRD and SAXS 

 

Table 5. 4: SAXS, XRD and HR-TEM particle size summary data 

Catalysts SAXS (nm) XRD (nm) HR-TEM (nm) 

PdNiCo3O4/MWCNT 18 9.7 11 

PdSnCo3O4/MWCNT 20 10 11.1 

PdNiCeO2/MWCNT 15 8.5 12.3 

PdSnCeO2/MWCNT   19 14 18 
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5.5  ELECTROCHEMISTRY OF THE NANOPARTICLES  

The electrochemical properties of the synthesized nanoparticles were investigated by the 

following electrochemical techniques:  

• Cyclic Voltammetry (CV)  

• Linear Sweep Voltammetry (LSV)  

• Electrochemical Impedance spectroscopy (EIS)  

• Chonoamperometry  

The electroactivity of the synthesized catalysts was investigated through cyclic 

voltammetry using 1M KOH as electrolyte and 1M Glycerol as the alcohol. The potential 

window used for the investigation is -1.2 V to +0.8 V. The synthesized catalysts that were 

investigated were PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT. A three-electrode system comprising of working electrode, counter 

electrode and reference electrode was used. The working electrode used was glassy-carbon 

electrode while the counter electrode was platinum electrode and the reference electrode 

used was Ag/AgCl saturated in KCl.  

5.6.1 CYCLIC VOLTAMMETRY AND LINEAR SWEEP 

VOLTAMMETRY 

5.6.1.1 INVESTIGATION OF THE ECSA  

A large electro-chemical surface area indicates a better electrode, as more catalyst sites are 

available for electro-chemical reactions. It is reported that the performance degradation of 

DGFC is largely owed to the electrochemical active surface area loss of the electrodes. The 

decrease in the electrochemical active surface area mainly results from the growth of 

palladium alloy nanoparticles size, the dissolution of palladium and/or other palladium 
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alloy nanoparticles from the carbon support material. This results in poor durability of the 

fuel cell catalyst and, accordingly, the fuel cell system.    

-1,2 -1,0 -0,8 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0
-0,010

-0,005

0,000

0,005

0,010

0,015

0,020

0,025

0,030

0,035

0,040
C

u
rr

e
n

t 
D

e
n

s
it

y
 (

A
/c

m
2
)

Potentila (v) vs Ag/AgCl

 PdNiCo
3
O

4
/MWCNT

 PdSnCo
3
O

4
/MWCNT

 PdNiCeO
2
/MWCNT

 PdSnCeO
2
/MWCNT

 

Figure 5. 9:  Presents cyclic voltammograms of the synthesized electrocatalyst 

PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT supported on MWCNTs in 1M KOH @ 30mV/s. 

Figure 5.9 compares the electrochemical responses of PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1.0 M KOH 

without the presence of glycerol, measured in the potential range between -1.2 and 0.8 vs 

Ag/AgCl.  The typical voltammetry curve of Pd in alkaline media was observed, which 

showed both the oxidation and reduction processes of molecular species. The 

electrochemical active surface area (ECSA) of PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and PdSnCeO2/MWCNT catalyst was then 

calculated. The scan in the negative direction for PdNiCo3O4/MWCNT showed a peak at 

0.28 V vs. Ag/AgCl, following the reduction of NiOOH, without loss of electrochemical 

activity since NiOOH is a reversible oxide [7]. As this analysis is conducted under alkaline 
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environment it can be found that the onset of the oxide formation and the peak potential of 

the oxide reduction for PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT shifted to more negative potentials which exhibit the chemisorption 

of OH on the Pd at a negative potential.  

The Electrochemical Active Surface Area (ECSA) was calculated from the density of 

charge associated to the reduction of a full monolayer of Pd oxides [4]. This area was then 

converted into the effective active surface area by using the factor 420μC.cm-2 for the 

monolayer of Pd Oxides. The results were collected and presented in Table 4.6 below. All 

EASA calculations for this study were done following equation 4.6 given below: 

                                                                                           (4.6)                                                        

QH =  is the charge area from Pd(reduction) peak;  420μC.cm-2 is the charge of full coverage 

for clean polycrystalline Pd and is used as the conversion factor; LPd is the working 

electrode Pd loading (μg.cm-2); and Ag is the geometric surface area of the glassy carbon 

electrode (i.e. 0.196 cm-2). The values for ECSA are reported in m2.g-1.  

Table 5. 5: XRD, HR-TEM and SAXS particle size summary data with ECSA 

 

Catalysts 

Particle Size (nm)  

ECSA (m2.g-1) XRD HR-TEM SAXS 

PdNiCo3O4/MWCNT 9.7 11 18 0.74 

PdSnCo3O4/MWCNT 10 11.1 20 1.3  

PdNiCeO2/MWCNT 8.5 12.3 15 5.02 

PdSnCeO2/MWCNT 14 18 19 1.14 
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The table above displays the obtained data of ECSA for the synthesized catalysts, with 

PdNiCeO2/MWCNT having the larges ECSA followed by PdSnCo3O4/MWCNT, 

PdSnCeO2/MWCNT and PdNiCo3O4/MWCNT respectively. This is attributed to the 

smaller particles for PdNiCeO2/MWCNT and PdSnCo3O4/MWCNT with a better particle 

distribution in comparison to PdSnCeO2/MWCNT and PdNiCo3O4/MWCNT that are 

agglomerated due to growth of palladium alloy nanoparticles size as seen is HR-TEM 

images and SAXS plot in figures 5.1 and 5.6 respectively.  
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Figure 5. 10:  Linear Sweep Voltammetry of the synthesized electrocatalyst 

PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT supported on MWCNTs in 1M KOH + 1M Glycerol @ 30mV/s. 

Figures 5.10 shows the LSV scans for catalyst for PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and PdSnCeO2/MWCNT glycerol oxidation in 

1.0 M KOH solution containing 1.0 M glycerol in the potential range -1.2V to 0.8V.  In 

these LSV scans, a peak is an indication of surface interaction or reaction between some 

species and catalyst. In the positive-going (forward scan), is attributed to the 
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electrooxidation of glycerol on the catalysts. Between four synthesized catalysts, the 

catalyst which shows the best performance towards glycerol oxidation in alkaline media is 

PdNiCo3O4/MWCNT followed by PdNiCeO2/MWCNT, PdSnCo3O4/MWCNT and 

PdSnCeO2/MWCNT current density respectively. The peak current density (If) for 

PdNiCo3O4/MWCNT is 14.46 mA/cm-2 which is highest compare to PdNiCeO2/MWCNT 

6.137 mA/cm-2, PdSnCo3O4/MWCNT is 1.412 mA/cm-2 and PdSnCeO2/MWCNT is 1.358 

mA/cm-2 respectively. The results in forward scan shows that the addition of a secondary 

metals (Ni) in Pd to form catalysts with an oxide can significantly improve the catalytic 

activity of Pd for glycerol oxidation in alkaline media. This indicates, the significant 

enhancement oxidation kinetic activity for glycerol by addition of a secondary metal.  

However, addition of the oxides (Co3O4 and CeO2) help with improving the stability and 

durability of the catalyst.  
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Figure 5. 11:   Cyclic Voltammetry of the synthesized electrocatalyst 

PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and 

PdSnCeO2/MWCNT supported on MWCNTs in 1M KOH + 1M Glycerol @ 30mV/s. 

 

Figure 5.11 above explains the peaks which are the indication of surface interaction or 

reaction between some species and catalyst. In the positive-going (forward scan), is 

attributed to the electrooxidation of glycerol on the catalysts. Meanwhile, during the 

reverse scan there is a secondary oxidation peak which associated with incomplete 

oxidation of carbonaceous residues from the glycerol in forward scan.  

Glycerol is a complex molecule, due to this the oxidation of glycerol in alkaline medium 

can form numbers of possible oxide/hydrous or oxide/hydroxyl surface molecules. This is 

having been described in reduction wave [6]. Based on the previous study the major 

electrooxidation of glycerol by using Pd catalyst in alkaline media can be described as 

equation 4.2 – 4.5 follow [7]; 
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Pd + OH- ↔ Pd – [OH]ads +  e-                                                                                         (4.2) 

Pd + C2H3OH−CH2OH + 3OH- ↔ Pd – [C2H3(OH)2−CO]ads + 3H2O + 3e-                   (4.3) 

Pd− [OH]ads + Pd – [C2H3(OH)2 – CO]ads → C2H3(OH)2 − COOH + 2Pd                      (4.4) 

C2H3(OH)2 − COOH + OH- → C2H3(OH)2 – COO- + H2O                                             (4.5) 

The actual performance glycerol oxidation in alkaline media has been summarized on 

Table 5.7 below.  

 

Table 5. 6: Electrocatalytic properties of PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, 

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT catalysts for glycerol oxidation 

 Ef(oxidation) 

(mV vs Ag/AgCl) 

If(oxidation) 

(mA/cm-2) 

Er(reduction) 

(mV vs Ag/AgCl) 

Ir(reduction) 

(mA/cm-2) 
 

PdNiCo3O4/MWCNT 391.9 14.46 -438.5 -2.766 5.23 

PdSnCo3O4/MWCNT  -145.7 6.137 -407.9 -2.289 2.68 

PdNiCeO2/MWCNT 98.4 1.412 -361.6 -0.0625 22.59 

PdSnCeO2/MWCNT -68.6 1.358 -387.7 -0.1384 9.81 

 

The data in table 5.7 the catalyst poisoning against the carbonaceous species can be traced 

from the forward scan to backward (If/Ir) scan peak current density ratio as shown in Table 

5.7. The ratio of PdNiCeO2/MWCNT catalyst show higher value compared to 

PdSnCeO2/MWCNT, PdNiCo3O4/MWCNT and PdSnCo3O4/MWCNT respectively. The 

CeO2 oxide promotes the adsorption of oxygen species such as OH on bimetallic PdNi and 

PdSn surface to oxidize CO or adsorbed CO-like carbonaceous species on Pd sites. Plus 

the fewer amount of oxygen on the oxides helps reduce amount of CO carbonaceous 
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species produced. Therefore PdNiCeO2/MWCNT show better oxidation of glycerol to 

carbon dioxide during anodic scan and less accumulation of carbonaceous species on the 

catalyst surface compare to PdSnCeO2/MWCNT, PdNiCo3O4/MWCNT and 

PdSnCo3O4/MWCNT respectively.  

5.6.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

EIS was used to investigate the overall kinetics of glycerol oxidation at different potentials. 

The technique enabled to dissect the various impedance parameters for the charge transfer 

reaction occurring across the electrode solution interface. Nyquist plots for glycerol 

oxidation for 1.0 M glycerol in 1.0M KOH solution at 25 oC are shown in Figure 5.12. The 

effective charge transfer resistance (Rct) was used to analyze the electrode kinetics of the 

reaction process.  

0 200 400 600 800
-100

0

100

200

300

400

500

600

700

-Z
"/


Z'/

 PdNiCo3O4/MWCNT

 PdNiCo3O4/MWCNT

A

 

0 300 600 900 120015001800
-200

0

200

400

600

800

1000

1200

1400

1600

1800

-Z
"/


Z'/

 PdNiCeO2/MWCNT

 PdSnCeO2/MWCNT

B

 

Figure 5. 12:  EIS of the synthesized electrocatalyst (A) PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, (B) PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1M KOH + 

1M Glycerol @ 30mV. 
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Figure 5. 13:  EIS of the synthesized electrocatalyst (A) PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, (B) PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1M KOH + 

1M Glycerol @ -30mV. 
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Figure 5. 14:  EIS of the synthesized electrocatalyst (A) PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, (B) PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1M KOH + 

1M Glycerol @ 10mV. 
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Figure 5. 15:  EIS of the synthesized electrocatalyst (A) PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, (B) PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1M KOH + 

1M Glycerol @ -10mV. 

On graph A of Figures 5.12, 5.13, 5.14, and 5.14 at -30mv and -10mv catalyst 

PdSnCo3O4/MWCNT shows better performance with a semi-circle capacitive behavior at -

30mv. At 30mv and 10mv PdNiCo3O4/MWCNT shows better performance. On graph B of 

Figures 5.12, 5.13, 5.14, and 5.14 the PdNiCeO2/MWCNT and PdSnCeO2/MWCNT 

catalyst display an ionic resistance that may be due to the a less homogenous catalyst layer 

on the ink prepared for electrode coating [8].  
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5.6.3 CHRONOAMPEROMETRY  

 

Chronoamperometric study has been employed for 3600s, where the considerable stability 

and tolerance to poisoning by intermediates species can be tested. Figure 4.16 below shows 

the chronoamperometry obtained at room temperature in solutions of 1.0 M KOH and 1.0 

M glycerol for 3600s. For all four catalysts, we can observe a decay of current value in the 

time interval measured for the studied electrocatalysts. However, after the initial drops the 

performance become stable for all the catalyst tested. From Figure 4.16 shows that the 

PdNiCeO2/MWCNT demonstrates better stability compared to PdSnCo3O4/MWCNT, 

PdSnCeO2/MWCNT and PdNiCo3O4/MWCNT respectively, indicating that the presence 

of CeO2 improves the stability of the catalyst by give a balance adsorption between OH 

species from Ni and species from glycerol adsorption on Pd, better than the Co3O4.  
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Figure 5. 16: Chronoamperometry of the synthesized electrocatalyst PdNiCo3O4/MWCNT, 

PdSnCo3O4/MWCNT, PdNiCeO2/MWCNT and PdSnCeO2/MWCNT in 1.0 M KOH + 1.0 

M Glycerol @ -20mV 
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CHAPTER 6:  

 RESULTS AND DISCUSSION III 

 

This chapter will focus on analyzing the results obtained from various characterization 

techniques performed on the synthesized catalysts Palladium cobalt oxide on multi walled 

carbon nanotubes (PdCo3O4/MWCNT) and Palladium cerium oxide on multi walled 

carbon nanotubes (PdCeO2/MWCNT). The various characterizations help determine the 

various properties exhibited by these synthesized nanoparticles. 

6.1 INTERNAL STRUCTURE 

The internal structure of the synthesized nanoparticles was evaluated by high resolution 

transmission electron microscope (HR-TEM). As seen below from figure 6.1 the images 

obtained from HR-TEM shows a great deal of the internal structure of the synthesized 

catalysts as the multi walled carbon nanotubes can be seen under the catalysts composite. 

The inner shape of the synthesized catalysts is unclear additionally the images show that 

catalysts they may be agglomerated and they have small particle size. Although as said 

above the internal shape of the catalysts cannot be fully analyzed by the use of HR-TEM 

because of unclear internal structures the catalysts.  
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Figure 6. 1: HR-TEM images of the synthesized catalyst of (A) PdCo3O4/MWCNT and (B) 

PdCeO2/MWCNT.  

 

 

A 

B 
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Small Angle X-ray Scattering (SAXS) is a technique that can be used to determine the 

internal structure of the synthesized catalysts. The SAXS analysis was performed using 

SAXS Space by Anton Paar. From the plot of the shape analysis it shows that all the 

catalysts were agglomerated and that PdCo3O4/MWCNT and PdCeO2/MWCNT had a core 

shell solid sphere.  
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Figure 6. 2: SAXS plot of the shapes of the synthesized catalysts of (A) PdCo3O4/MWCNT 

and (B) PdSnCeO2/MWCNT. 
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Table 6. 1: Shapes of obtained catalysts form SAXS 

Sample  Shape  

PdCo3O4/MWCNT Core Shell Solid Sphere  

PdCeO2/MWCNT Core Shell Solid Sphere  

 

The broad shoulders seen in the SAXS plots above indicate agglomeration of the catalysts 

as evident in HR-TEM images in figures 6.1.  

6.2 PHASE COMPOSITION (CRYSTALLINITY)  
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Figure 6. 3:  XRD plot of the synthesized catalysts of PdCo3O4/MWCNT and 

PdCeO2/MWCNT 

The phase composition and crystalline structure of the synthesized nanoparticles were 

investigated through powder X-ray diffraction (XRD). The catalysts of PdCo3O4/MWCNT 

(JCPDS 00-042-1467) and PdCeO2/MWCNT (JCPDS 00-034-0394) both showed a face-

center cubic phase.   
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The peaks at 40.1 ⁰ , 46.7 ⁰  and 68.63 ⁰  can be assigned to (111), (200) and (531) for 

reflection of Pd in PdCo3O4/MWCNT. Meanwhile the peaks at 31.27 ⁰ , 36.85 ⁰ , 44.99 ⁰ , 

59.35 ⁰  and 65.23 ⁰  are assigned to (311), (220), (400), (511) and (440) indexes of Co3O4 

in PdCo3O4/MWCNT. For PdCeO2/MWCNT the peaks are 40.1 ⁰  and 46.7 ⁰  which are 

assigned to (111) and (200) for reflection of Pd in PdCeO2/MWCNT, then peaks at 28.55 

⁰ , 33.08 ⁰ , 47.48 ⁰ , 56.09 ⁰ , 59.09 ⁰ , 69.04 ⁰ , 76.70 ⁰  and 79.07 ⁰  and are assigned to 

these miller indexes (111), (200), (220), (311), (222), (400), (331) and (420) respectively 

[6].  

 

These peaks were also confirmed by the diffraction obtained from selected area electron 

diffraction (SAED) in figure 6.4 below. The crystallinity of the nanoparticles can also be 

seen from the spectrum which shows the nanoparticles to be polycrystalline. This is also an 

observable trend seen in SAED micrograph obtained from HR-TEM analysis. The trend 

for the crystallinity of the nanoparticles was PdCo3O4/MWCNT > PdCeO2/MWCNT 

meaning that PdCo3O4/MWCNT had the highest degree of crystallinity.  

Selected Area Electron Diffraction (SAED) was obtained from HR-TEM which revealed 

and confirmed that the synthesized catalysts were crystalline. The planes found in XRD 

plot above was also observed in the SAED image obtained, which confirms the phase 

composition of the synthesized catalysts.  
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Figure 6. 4: SAED images of the synthesized catalysts of (A) PdNiCo3O4/MWCNT and 

(B) PdSnCo3O4/MWCNT  

The lattice fringe images obtained for the synthesized nanoparticles further confirms that 

the nanoparticles were crystalline and the d-spacing value of the lattice fringes was 

A 

B 
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evaluated and assigned with the corresponding plane (miller index) as can be seen in figure 

6.5 below.  

 

 

Figure 6. 5: HR-TEM image showing the lattice fringe and d-spacing value of the lattice 

fringe indicating the plane with the d-space value for the synthesized nanoparticles of (A) 

PdCo3O4/MWCNT and (B) PdSnCo3O4/MWCNT 

A 

B 
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The calculated d-spacing value for the four samples are PdCo3O4/MWCNT is 0.366 nm at 

111 plane and for PdCeO2/MWCNT is 0.278 nm at 200 plane.  

6.3  ELEMENTAL COMPOSITION  

The elemental composition of the synthesized catalysts was evaluated using Energy 

Dispersive X-ray spectroscopy (EDX) and Inductive Couple Plasma (ICP) as shown in 

Figure 6.2 and table 6.3 respectively. The instruments used are EDS analyzer coupled into 

the High-Resolution Transmission Electron Microscope used for HR-TEM analysis and 

ICP analyzer used techniques for the determination of trace concentrations of elements in 

samples.  
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The EDS of the catalysts showed all the elements expected for the nanoparticles. 

PdCo3O4/MWCNT spectra shows the presence of palladium, cobalt, oxygen and carbon. 

PdCeO2/MWCNT spectra shows the presence of palladium, cerium, oxygen and carbon. 

The percent amount of the elemental compositions are in the table above.  

Table 6. 2: ICP data of the catalysts 

 Pd Co Ce 

PdCo3O4/MWCNT 26.94 mg/L 61.06 mg/L X 

PdCeO2/MWCNT 50.19 mg/L X 907.39 mg/L 

 

Pd/C showed the most presence of palladium with a value of 190.07 mg/L. The palladium 

values for Pd/MWCNT and PdNi/MWCNT catalysts are relative the same at 63.2 mg/L 

and 63.7 mg/L respectively, while for PdSn/MWCNT its 70.8 mg/L. The nickel and tin 

values are 72.5 mg/L and 97.8 mg/L respectively.  
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6.4 SIZE DISTRIBUTION 

The size distribution of the synthesized catalysts was studied and evaluated. The particle 

size was evaluated using SAXS and HR-TEM, while the crystal size was evaluated from 

XRD data of the synthesized catalysts. The summary of the size distribution for the 

synthesized nanoparticles is given by the SAXS plot of the size distribution and HR-TEM 

average particle.   
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Figure 6. 6: SAXS plot of size distribution of the synthesized catalysts of (A) 

PdCo3O4/MWCNT and (B) PdCeO2/MWCNT.  

http://etd.uwc.ac.za/ 
 



  Chapter 6: Results and Discussion 

168 

The particle size distribution obtained from SAXS plot above in figure 6.6 shows that 

PdCo3O4/MWCNT has a mean particle size of 20 nm and for PdCeO2/MWCNT has a 

mean particle size of 16 nm.  

40

0

100

200

300

400

500

600

In
te

n
s
it

y
/a

.u

2 (degrees)

 PdCo
3
O

4
/MWCNT

Gaussian Fit for (111) plane 

A

 

40

0

200

In
te

n
s
it

y
/a

.u

2( degrees)

 PdCeO
2
/MWCNT

Gaussian Fit for (111) plane 

B

 

Figure 6. 7: XRD plot of Gaussian Fit for (111) plane for crystal size calculation of the 

catalysts of (A) PdCo3O4/MWCNT and (B) PdCeO2/MWCNT. 
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The Debye-Scherrer equation was used to calculate the crystal size and the equation is 

given as:                                           

                                                                                                                     (4.1) 

Where B2ϴ is full width at half maximum, k is Scherrer constant which can take values 

from 0.9 to 1, for this calculation I chose to use 0.9, λ is the wavelength of the x-ray which 

has a value of 1.540598 in Angstroms, and θ is the angle. Plus, the FWHM value is 

converted to radians. The plane calculated was the (111) which had the most intense peak. 

Table 6.4 below gives the various data points acquired to make the calculations.  

 

Table 6. 3: XRD data of Gaussian Fit for (111) plane for crystal size calculation. 

 2ϴ ϴ FWHM FWHM (radians) Crystallite Size (nm) 

PdCo3O4/MWCNT 40.036 20.0183 0.68037 0.0118746 12 

PdCeO2/MWCNT 40.047 20.0235 0.55684 0.0097186 15 

 

From table 6.4 above, the crystal size for PdCo3O4/MWCNT is 12 nm and 

PdCeO2/MWCNT is 15 nm. HR-TEM images were also used to calculate particle size of 

the catalysts as can be seen below in the histogram plots. The crystal size obtained for the 

catalysts is summarized in plots below. 
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Figure 6. 8: Mean particle size plots from HR-TEM images of the synthesized catalysts of 

(A) PdCo3O4/MWCNT and (B) PdCeO2/MWCNT 

From the plots above, the particle size for PdCo3O4/MWCNT is 16.83 nm with a standard 

deviation of ± 6.3 nm and PdCeO2/MWCNT is 15.33 nm with a standard deviation of ± 6.9 

nm. These values above are summarized in the table below with values obtained from 

XRD and SAXS 
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Table 6. 4: SAXS, XRD and HR-TEM particle size summary data 

Catalysts SAXS (nm) XRD (nm) HR-TEM (nm) 

PdCo3O4/MWCNT 20 12 16.83 

PdCeO2/MWCNT 16 15 15.33 
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6.5  ELECTROCHEMISTRY OF THE NANOPARTICLES  

The electrochemical properties of the synthesized nanoparticles were investigated by the 

following electrochemical techniques:  

• Cyclic Voltammetry (CV)  

• Linear Sweep Voltammetry (LSV)  

• Electrochemical Impedance spectroscopy (EIS)  

• Chonoamperometry (CA) 

The electroactivity of the synthesized catalysts was investigated through cyclic 

voltammetry using 1M KOH as electrolyte and 1M Glycerol as the alcohol. The potential 

window used for the investigation is -1.2 V to +0.8 V. The synthesized catalysts that were 

investigated were PdCo3O4/MWCNT and PdCeO2/MWCNT. A three-electrode system 

comprising of working electrode, counter electrode and reference electrode was used. The 

working electrode used was glassy-carbon electrode while the counter electrode was 

platinum electrode and the reference electrode was Ag/AgCl saturated in KCl.  

6.6.1 CYCLIC VOLTAMMETRY AND LINEAR SWEEP 

VOLTAMMETRY 

6.6.1.1 INVESTIGATION OF THE ECSA  

 

A large electro-chemical surface area indicates a better electrode, as more catalyst sites are 

available for electro-chemical reactions. It is reported that the performance degradation of 

DGFC is largely owed to the electrochemical active surface area loss of the electrodes. The 

decrease in the electrochemical active surface area mainly results from the growth of 

palladium alloy nanoparticles size, the dissolution of palladium and/or other palladium 

alloy nanoparticles from the carbon support material. This results in poor durability of the 

fuel cell catalyst and, accordingly, the fuel cell system.    
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Figure 6. 9:  Presents cyclic voltammograms of the synthesized electrocatalyst 

PdCo3O4/MWCNT and PdCeO2/MWCNT supported on MWCNTs in 1M KOH @ 

30mV/s. 

Figure 6.9 compares the electrochemical responses of PdCo3O4/MWCNT and 

PdCeO2/MWCNT in 1.0 M KOH without the presence of glycerol, measured in the 

potential range between -1.2 and 0.8 vs Ag/AgCl.  The typical voltammetric curve of Pd in 

alkaline media was observed the electrochemical active surface area (ECSA) of 

PdCo3O4/MWCNT and PdCeO2/MWCNT catalyst was then calculated.  

As this analysis is conducted under alkaline environment it can be found that the onset of 

the oxide formation and the peak potential of the oxide reduction for PdCo3O4/MWCNT 

shifted to more negative potentials which exhibit the chemisorption of OH on the Pd at a 

negative potential.  

The Electrochemical Active Surface Area (ECSA) was calculated from the density of 

charge associated to the reduction of a full monolayer of Pd oxides [4]. This area was then 

converted into the effective active surface area by using the factor 420μC.cm-2 for the 

http://etd.uwc.ac.za/ 
 



  Chapter 6: Results and Discussion 

174 

monolayer of Pd Oxides. The results were collected and presented in Table 6.5 below. All 

ECSA calculations for this study were done following equation 4.6 given below: 

                                                                                          (4.6)                                                        

QH = 420μC.cm-2 is the charge of full coverage for clean polycrystalline Pd and is used as 

the conversion factor; LPd is the working electrode Pd loading (μg.cm-2); and Ag is the 

geometric surface area of the glassy carbon electrode (i.e. 0.196 cm-2). The values for 

ECSA are reported in m2.g-1.  

Table 6. 5: XRD, HR-TEM and SAXS particle size summary data with ECSA 

 

Catalysts 

Particle Size (nm)  

ECSA (m2.g-1) XRD HR-TEM SAXS 

PdCo3O4/MWCNT 12 16.83 20 1.89 

PdCeO2/MWCNT 15 15.33 16 0.99 

 

The table above displays the obtained data of ECSA for the synthesized catalysts, with 

PdCo3O4/MWCNT having the larges ECSA followed by PdCeO2/MWCNT respectively. 

This is attributed to the smaller particles for PdCo3O4/MWCNT with a better particle 

distribution in comparison to PdCeO2/MWCNT. PdCeO2/MWCNT is agglomerated due to 

growth of palladium alloy nanoparticles size as seen is HR-TEM images and SAXS plot in 

figures 6.1 and 6.6 respectively.  
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Figure 6. 10:  Linear Sweep Voltammetry of the synthesized electrocatalyst 

PdCo3O4/MWCNT and PdCeO2/MWCNT supported on MWCNTs in 1M KOH + 1M 

Glycerol @ 30mV/s. 

Figures 6.10 shows the LSV scans for PdCo3O4/MWCNT and PdCeO2/MWCNT catalyst 

for glycerol oxidation in 1.0 M KOH solution containing 1.0 M glycerol in the potential 

range -1.2V to 0.8V.  In these LSV scans, a peak is an indication of surface interaction or 

reaction between some species and catalyst. In the positive-going (forward scan), is 

attributed to the electrooxidation of glycerol on the catalysts. Between two synthesized 

catalysts, the PdCeO2/MWCNT catalyst shows the best performance towards glycerol 

oxidation in alkaline media followed by PdCo3O4/MWCNT current density. The peak 

current density (If) for PdCeO2/MWCNT is 3.899 mA/cm-2 which is highest compared to 

PdCo3O4/MWCNT 0.8295 mA/cm-2.  
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Figure 6. 11:   Cyclic Voltammetry of the synthesized electrocatalyst PdCo3O4/MWCNT 

and PdCeO2/MWCNT supported on MWCNTs in 1M KOH + 1M Glycerol @ 30mV/s. 

Figure 6.11 above explains the peaks which are the indication of surface interaction or 

reaction between some species and catalyst. In the positive-going (forward scan), is 

attributed to the electrooxidation of glycerol on the catalysts Meanwhile, during the reverse 

scan there is a secondary oxidation peak which associated with incomplete oxidation of 

carbonaceous residues from the glycerol in forward scan.  

Glycerol is a complex molecule, due to this the oxidation of glycerol in alkaline medium 

can form numbers of possible oxide/hydrous or oxide/hydroxyl surface molecules. This is 

having been described in reduction wave [6]. Based on the previous study the major 

electrooxidation of glycerol by using Pd catalyst in alkaline media can be described as 

equation 4.2 – 4.5 follow [7]; 

Pd + OH- ↔ Pd – [OH]ads +  e-                                                                                        (4.2) 

Pd + C2H3OH−CH2OH + 3OH- ↔ Pd – [C2H3(OH)2−CO]ads + 3H2O + 3e-                   (4.3) 

Pd− [OH]ads + Pd – [C2H3(OH)2 – CO]ads → C2H3(OH)2 − COOH + 2Pd                      (4.4) 
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C2H3(OH)2 − COOH + OH- → C2H3(OH)2 – COO- + H2O                                            (4.5) 

The actual performance glycerol oxidation in alkaline media has been summarized on 

Table 6.7 below.  

Table 6. 6: Electrocatalytic properties of PdCo3O4/MWCNT and PdCeO2/MWCNT 

catalysts for glycerol oxidation.  

 Ef(oxidation) 

(mV vs Ag/AgCl) 

If(oxidation) 

(mA/cm-2) 

Er(reduction) 

(mV vs Ag/AgCl) 

Ir(reduction) 

(mA/cm-2) 
 

PdCo3O4/MWCNT -108.5 -0.8295 -359.73 -0.4046 2.05 

PdCeO2/MWCNT 28.33 3.899 -349.78 -0.8606 4.53 

 

The data in table 6.7 the catalyst poisoning against the carbonaceous species can be traced 

from the forward scan to backward (If/Ir) scan peak current density ratio as shown in Table 

6.7. The ratio of PdCeO2/MWCNT catalyst show higher value compare to 

PdCo3O4/MWCNT. Therefore PdCeO2/MWCNT show better oxidation of glycerol to 

carbon dioxide during anodic scan and less accumulation of carbonaceous species on the 

catalyst surface compare to PdCo3O4/MWCNT [6].  
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6.6.2  ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

 

EIS was used to investigate the overall kinetics of glycerol oxidation at different potentials. 

The technique enabled to dissect the various impedance parameters for the charge transfer 

reaction occurring across the electrode solution interface. Nyquist plots for glycerol 

oxidation for 1.0 M glycerol in 1.0M KOH solution at 25 oC are shown in Figure 4.12. The 

effective charge transfer resistance (Rct) was used to analyze the electrode kinetics of the 

reaction process.  
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Figure 6. 12:  EIS of the synthesized electrocatalyst PdCo3O4/MWCNT and 

PdCeO2/MWCNT in 1M KOH + 1M Glycerol @ 30mV. 

Shown in Figure 6.12, is the Nyquist plot is characterized by a capacitive feature for Pd/C, 

Pd/MWCNT and PdSn/MWCNT, as expected for hydrogen adsorption/desorption and 

double layer charging/ discharging phenomena. However, for PdNi/MWCNT there is a 

changeover from capacitive behavior to resistive behavior, as shown in Figure 4.13. At this 

potentials, the Nyquist plot resembles a semicircle, which can be assigned to kinetically 
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controlled reaction. The small arc in the high frequency region may be associated with the 

chemisorption and dehydrogenation of the glycerol molecule at the initial stage of the 

oxidation process. A charge transfer resistance (Rct) for the kinetically controlled reactions 

may be represented by the diameter of the semicircle in the medium frequency and is 

related to the charge transfer reaction kinetics according to  

                                                                                                                        (4.7) 

                                                                                                       (4.8) 

where R: molar gas constant (J.mol-1 k-1); T: temperature (K); n: number of electrons 

transferred; F: Faraday constant (C); io: exchange current (A); A: reaction area (cm2); k0: 

standard heterogeneous rate constant (cm.sec-1); Co, CR: bulk concentration of oxidant and 

reductant species (mol.L-1); α: transfer coefficient.  
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Figure 6. 13:  EIS of the synthesized electrocatalyst PdCo3O4/MWCNT and 

PdCeO2/MWCNT in 1M KOH + 1M Glycerol @ -30mV. 
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Figure 6. 14:  EIS of the synthesized electrocatalyst PdCo3O4/MWCNT and 

PdCeO2/MWCNT in 1M KOH + 1M Glycerol @ 10mV. 
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Figure 6. 15:  EIS of the synthesized electrocatalyst PdCo3O4/MWCNT and 

PdCeO2/MWCNT in 1M KOH + 1M Glycerol @ -10mV. 

PdCo3O4/MWCNT on has an ionic resistance on all the different voltages, with 

PdCeO2/MWCNT behaving the same at 30mv and 10mv. While PdCo3O4/MWCNT 

performing better than PdCeO2/MWCNT at 30mv and 10mv. PdCeO2/MWCNT performs 

better than PdCo3O4/MWCNT at -30mv and -10mv displaying a semicircle for its resistive 

behavior  
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6.6.3  CHRONOAMPEROMETRY  

 

Chronoamperometric study has been employed for 3600s, where the considerable stability 

and tolerance to poisoning by intermediates species can be tested. Figure 6.16 below shows 

the chronoamperometry obtained at room temperature in solutions of 1.0 M KOH and 1.0 

M glycerol for 3600s. For the two catalysts, we can observe a decay of current value in the 

time interval measured for the studied electrocatalysts. However, after the initial drops the 

performance become stable for all the catalyst tested. From Figure 6.16 shows that the 

PdCeO2/MWCNT demonstrates better stability compared to PdCo3O4/MWCNT, indicating 

that the presence of CeO2 improves the stability of the catalyst by give a balance 

adsorption between OH species from CeO2 and species from glycerol adsorption on Pd, 

better than the Co3O4. While the solubility of the PdCo3O4/MWCNT metal oxides in 

alkaline solution have decrease the catalysts stability [9].  
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Figure 6. 16: Chronoamperometry of the synthesized electrocatalyst PdCo3O4/MWCNT 

and PdCeO2/MWCNT in 1.0 M KOH + 1.0 M Glycerol @ -20mV 
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CHAPTER 7:  

 CONCLUSION AND RECOMMEDATIONS 

 

7.1 CONCLUSION  

Catalyst materials which are able to harness the energy from chemical reaction in fuel cells 

are researched to effectively improve energy production in the world. Fuel cells are able to 

convert chemical energy into electrical energy. Progress has been made in this regard as 

the development of different catalyst have been fabricated that are able to harness this 

chemical energy into electrical. Direct Alcohol Fuel Cells has been an example of the 

remarkable breakthrough in relation to fuel cell, but due to the high cost involved in its 

production process, attention has been shifted towards finding catalyst and fuels which are 

cheaper to produce, non-toxic and are made of readily available materials that are earth 

abundant. Palladium catalyst which are alloyed to secondary transitional metals with or 

without an oxide, coupled to it applied in alkaline solution have attracted so much attention 

over the years due to its ability to produce the same efficiency compared to the most used 

more expensive platinum catalyst and the alloys can altered and improved. The purpose of 

this work was to incorporate nickel, tin, cobalt oxide and cerium oxide, into the palladium 

catalyst supported on MWCNT to improve its catalytic activity towards the oxidation of 

glycerol. Pd/MWCNT, PdNi/MWCNT, PdSn/MWCNT, PdNiCo3O4/MWCNT, 
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PdSnCo3O4/MWCNT, PdCo3O4/MWCNT, PdNiCeO2/MWCNT, PdSnCeO2/MWCNT and 

PdCeO2/MWCNT were synthesized through the modified polyol method using ethylene 

glycol (EG) as solvent and reducing agent. The synthesized nanoparticles were then 

analyzed to determine their properties.  

Firstly, MWCNT were first COOH functionalized with (3:1 ratio) HNO3/H2SO4 mixture, 

and the functionalized MWCNT nanoparticles were investigated through FTIR and the 

spectrum obtained reveals the presence of some functional group such as O-H stretching, 

C=O stretching, C-C stretching, C-O stretching and C-H stretching. All these bands were 

attributed to the solvent used during synthesis. The MWCNT were successfully 

functionalized. Secondly, Pd-based catalysts supported on MWCNT were prepared 

through polyol method according to literature. In this work, ethylene glycol was used for 

the synthesis which allowed controlling the particle size and to minimize particle 

agglomeration and also act as a reducing agent for Pd2+ to Pd, PdNi/MWCNT, 

PdSn/MWCNT, PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, PdCo3O4/MWCNT, 

PdNiCeO2/MWCNT, PdSnCeO2/MWCNT and PdCeO2/MWCNT were successfully 

synthesized. 

The electrochemical active surface area (ECSA) of the synthesized catalysts was obtained 

from cyclic voltammetry plot. The calculated ECSA were 0.72 m2/g for commercial Pd/C, 

0.75 m2/g for Pd/MWCNT, 4.8 m2/g for PdNi/MWCNT, 0.85 m2/g for PdSn/MWCNT, 
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0.74 m2/g for PdNiCo3O4/MWCNT, 1.3 m2/g for PdSnCo3O4/MWCNT, 5.02 m2/g for 

PdNiCeO2/MWCNT, 1.14 m2/g for PdSnCeO2/MWCNT, for 0.99 m2/g PdCeO2/MWCNT 

and 1.89 m2/g for PdCo3O4/MWCNT. The ECSA obtained for the alloyed palladium 

catalysts shows a successfully outcome of the introduction of the secondary metal and 

oxide into the palladium. The morphology of the synthesized catalysts from HR-TEM gave 

the expected dot-like appearance mostly reported for palladium catalysts, with the structure 

of the MWCNT support showing a rod-like appearance. The HR-TEM micrographs as well 

as the SAXS plot of shape revealed that the nanoparticles were polydispersed due to slight 

agglomeration of catalyst particles. The particle size of the nanoparticles was obtained 

through SAXS plot of size distribution which confirm that the synthesized particle was of 

small size radius in nanoscale. The particle size obtained were 20 nm for Pd/C, 15 nm for 

Pd/MWCNT, 15 nm for PdNi/MWCNT, 15 nm for PdSn/MWCNT, 18 nm for 

PdNiCo3O4/MWCNT, 20 nm for PdSnCo3O4/MWCNT, 20 nm for PdCo3O4/MWCNT, 15 

nm for PdNiCeO2/MWCNT, 19 nm for PdSnCeO2/MWCNT and 16 nm for 

PdCeO2/MWCNT. The crystallite size of the nanoparticles was obtained using Debye-

Scherrer equation from XRD data of the nanoparticles and were 8.4 nm for Pd/C, 11 nm 

for Pd/MWCNT, 11.4 nm for PdNi/MWCNT, 9.5 nm for PdSn/MWCNT, 9.7 nm for 

PdNiCo3O4/MWCNT, 10 nm for PdSnCo3O4/MWCNT, 12 nm for PdCo3O4/MWCNT, 8.5 

nm for PdNiCeO2/MWCNT, 14 nm for PdSnCeO2/MWCNT and 15 nm for 

PdCeO2/MWCNT. The HR-TEM micro graphs were used to obtain the particle size of the 

http://etd.uwc.ac.za/ 
 



  Chapter 7: Conclusion and Recommendations 

187 

synthesized catalysts, the obtained particle sizes were 3.4 nm for Pd/C, 13.7 nm for 

Pd/MWCNT, 11.5 nm for PdNi/MWCNT, 8.2 nm for PdSn/MWCNT, 11 nm for 

PdNiCo3O4/MWCNT, 11.1 nm for PdSnCo3O4/MWCNT, 16.83 nm for 

PdCo3O4/MWCNT, 12.3 nm for PdNiCeO2/MWCNT, 18 nm for PdSnCeO2/MWCNT and 

15.33 nm for PdCeO2/MWCNT. The crystallinity of the nanoparticles was examined 

through XRD and SAED. The plot of the XRD data revealed the presence of the palladium 

phase (fcc for Pd) in all the synthesized catalysts. The peaks obtained in the XRD were 

further confirmed by the SAED micrograph.  

The electroactivity of the catalysts was evaluated through CV, EIS and CA. The CV results 

of Pd/C and Pd/MWCNT were compared to the bimetallic catalysts PdNi/MWCNT and 

PdSn/MWCNT. PdNi/MWCNT showed highest peak current density in glycerol oxidation 

with 6.657 mA/cm2 followed by 1.277 mA/cm2 for PdSn/MWCNT, 0.842 mA/cm2 for 

Pd/C and 0.449 mA/cm2 for Pd/MWCNT respectively. PdSn/MWCNT had the highest 

ECSA and was expected to have the highest oxidation peak, however it had poor particles 

distribution on the surface of the MWCNT which resulted into agglomeration and can be 

seen on the SAXS plot. The addition of the secondary metal to palladium did improve the 

glycerol oxidation current density. The catalyst poisoning by the carbonaceous species is 

traced from the forward scan to backward (If/Ir) scan peak current density ratio, with 

PdNi/MWCNT having the highest ratio at 10.91 meaning low catalyst poisoning followed 
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by 2.13 for Pd/C, 0.92 for PdSn/MWCNT and 0.31 for Pd/MWCNT. This trend is 

confirmed by EIS with PdNi/MWCNT being the best overall performing catalyst followed 

by Pd/C, Pd/MWCNT and PdSn/MWCNT. However Pd/MWCNT is perfoming better than 

PdSn/MWCNT while PdSn/MWCNT has a higher (If/Ir) ratio, this is due to the 

agglomeration of which affects it kinetically PdSn/MWCNT. Plus Pd/C, Pd/MWCNT and 

PdSn/MWCNT display a capacitive feature expected for hydrogen adsorption/desorption 

and double layer charging/ discharging phenomena. PdNi/MWCNT there is a changeover 

from capacitive behavior to resistive behavior as indicated by a semicircle, which can be 

assigned to kinetically controlled reaction. The stability of the catalysts was evaluated 

through Chronoamperometry. The addition of the secondary metal to palladium did 

improve the catalyst stability with PdNi/MWCNT having the best catalyst stability, 

followed by PdSn/MWCNT, Pd/C and Pd/MWCNT respectively. Ni has similar electronic 

properties to Pd compared to Sn, as it is a group above Pd in the periodic table this 

contributes to Pd catalyst stability and electroactivity. 

The electroactivity results of PdNiCo3O4/MWCNT, PdSnCo3O4/MWCNT, 

PdNiCeO2/MWCNT and PdSnCeO2/MWCNT were compared. The peak current density 

(If) for PdNiCo3O4/MWCNT is 14.46 mA/cm-2 which is highest compare to 

PdNiCeO2/MWCNT 6.137 mA/cm-2, PdSnCo3O4/MWCNT is 1.412 mA/cm-2 and 

PdSnCeO2/MWCNT is 1.358 mA/cm-2 respectively. The forward scan results show that 
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the addition of a secondary metal Ni in Pd to form catalysts with an oxide can significantly 

improve the catalytic activity of Pd for glycerol oxidation in alkaline media. The catalyst 

poisoning against the carbonaceous species is traced from the forward scan to backward 

(If/Ir) scan peak current density ratio. The ratio for PdNiCeO2/MWCNT was 22.59 and 

showed a higher value compared to 9.81 for PdSnCeO2/MWCNT, 5.23 for 

PdNiCo3O4/MWCNT and 2.68 for PdSnCo3O4/MWCNT respectively. The CeO2 oxide 

promotes the adsorption of oxygen species such as OH on bimetallic PdNi and PdSn 

surface to oxidize CO or adsorbed CO-like carbonaceous species on Pd sites. Plus the 

fewer amount of oxygen on the oxides helps reduce amount of CO carbonaceous species 

produced. Therefore PdNiCeO2/MWCNT showed better oxidation of glycerol to carbon 

dioxide during anodic scan and less accumulation of carbonaceous species on the catalyst 

surface compared to PdSnCeO2/MWCNT, PdNiCo3O4/MWCNT and 

PdSnCo3O4/MWCNT. EIS results of PdNiCeO2/MWCNT and PdSnCeO2/MWCNT 

catalyst display an ionic resistance that may be due to a less homogenous catalyst layer on 

the ink prepared for electrode coating and the addition of CeO2 oxide may have contributed 

to the behavior. PdSnCo3O4/MWCNT shows better performance with a semi-circle 

capacitive behavior at -30mv only and mostly displaying a capacitive behavior with 

PdNiCo3O4/MWCNT. The stability of PdNiCeO2/MWCNT was better than that of 

PdSnCeO2/MWCNT. PdSnCo3O4/MWCNT was most stable compared to 

PdNiCo3O4/MWCNT. The overall stability trend from the best stable catalyst to the least 
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stable catalyst is as follows PdNiCeO2/MWCNT, PdSnCo3O4/MWCNT, 

PdSnCeO2/MWCNT and PdNiCo3O4/MWCNT. On the CeO2 oxide the PdNi alloy has 

better stability compared to PdSn alloy and on the Co3O4 oxide, PdSn alloy has better 

stability than PdNi alloy.  

PdCeO2/MWCNT showed highest (If) peak current density in glycerol oxidation of 3.899 

mA/cm2 followed by 0.8295 mA/cm2 for PdCo3O4/MWCNT. The catalyst poisoning 

against the carbonaceous species is traced (If/Ir) current density ratio. The ratio for 

PdCeO2/MWCNT was 4.53 and showed a higher value compared to 2.05 for 

PdCo3O4/MWCNT. The CeO2 oxide promotes the adsorption of oxygen species such as 

OH on Pd surface to oxidize CO or adsorbed CO-like carbonaceous species on Pd sites. In 

EIS at -30mv and -10mv PdCeO2/MWCNT shows better performance with a semi-circle 

capacitive behavior to compared to PdCo3O4/MWCNT that displayed an ionic resistance. 

At 30mv and 10mv PdCo3O4/MWCNT display better ionic resistance compared to 

PdCeO2/MWCNT catalyst. The overall best catalysts performance for the binary catalysts 

is PdNi/MWCNT, for the oxides is PdCeO2/MWCNT and for the ternary catalysts is 

PdNiCeO2/MWCNT  
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7.2 RECOMMENDATIONS 

This study therefore recommends that the PdNi catalysts supported on multi-walled carbon 

nanotubes should be used as glycerol oxidation tolerant catalyst as they show both activity 

and durability over the PdSn catalysts supported on multi-walled carbon nanotubes. 

Therefore, in terms of reducing the metal loading nickel and cerium oxide are the 

recommended material of choice as this study discovered that the Pd binds well to the 

nickel and cerium oxide during synthesis. Further studies are also recommended on the 

role of supporting materials as these materials have great influence on the cost, activity and 

durability of the fuel cell catalyst and, accordingly, the fuel cell system. 
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