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ABSTRACT 

SYNTHESIS AND ELECTROCHEMICAL STUDY OF FIRST ROW TRANSITION 

METAL BASED QUANTUM DOT ELECTROCATALYSTS  

 

Joseph Alfonso Cirone      Advisor: 

University of Guelph, 2019      Professor Aicheng Chen 

 

This thesis is an investigation of simple synthetic pathways towards quantum dot based 

electrocatalysts and their activity towards water splitting reactions. It attempts to understand and 

describe the activity of quantum dot based electrocatalysts based on an increase in the number of 

active sites available and stabilization of reaction intermediates via changes to electronic structure. 

Characterization of these materials was performed using electron microscopy and spectroscopy 

(Raman, fluorescence, x-ray photoelectron spectroscopy) and their activity towards water splitting 

was studied using electrochemical techniques (linear sweep voltammetry, chronoamperometry, 

chronopotentiometry, electrochemical impedance spectroscopy). Chapter two of this thesis 

introduces the role of ascorbic acid in nanomaterial synthesis as this particular compound plays a 

key role in the synthetic methods used for forming quantum dots. The next two chapters 

demonstrate simple synthetic methods useful for production of first row transition metals based 

quantum dots using chemical reduction and hydrothermal synthesis. Very high current densities 

of 43.2 mA cm-2 and 34.4 mA cm-2 were observed for Co/graphene QDs and NiFe QDs for the 

oxygen evolution reaction. Furthermore, by changing the ratio of Ni to Fe, electrochemical activity 

was altered and a current density of -38.9 mA cm-2 was seen for the hydrogen evolution reaction. 

This work encompasses the first steps towards quantum dot based catalysts for electrochemical 

reactions.  



iii 

 

Acknowledgements 

First and foremost, I would like to thank my supervisor, Prof. Aicheng Chen for his 

guidance and support over the last two years. Thank you for always being available for a 

discussion about what ever needed to be done. It is thanks to you that I have had so many 

opportunities and been successful over the course of my Master’s degree. Thank you. 

Second I would like to thank the members of my advisory committee, Prof. Jacek 

Lipkowski and Prof. Aziz Houmam. Thank you for agreeing to be on my advisory committee 

and for the support and advice you’ve given me. Thank you to Prof. Dan Thomas for agreeing to 

sit on my examination committee as well.  

Next, I need to acknowledge all the members of the Chen Lab for their support, 

especially Dylan, Shuai (Ron), Jesse, Emmanuel, Scott, and Venky. All of this work would not 

be possible if not for the camaraderie you provided. Whether it is a quick chat over coffee or a 

lunch out with the whole group, the experiences I’ve had with all of you have made the last two 

years truly memorable.  

I would like to thank all of my family and friends, near and far, for their constant support. 

None of this would be possible without my parents, Marina and Rocco Cirone. Thank you for 

fostering my curiosity in science. A special thank you to Baron Szytynski, Sean Ahle, Brent 

Fournier, and Daniel Tough for being there for so many years. When you move away from 

home, it is truly something special to be able to come together and feel like nothing at all has 

changed. Thank you to Shannen Regier for being my emotional support for so long. Your tough 

love made it possible for me to pick myself up time and time again and your friendship is 

something I wouldn’t trade for the world. Thank you all so much.  



iv 

 

Finally, I’d also like to thank all of the wonderful people I met during my undergraduate 

degree in Guelph, especially the core group of fellows that I met in my program, affectionately 

known as the Nano Guys. Josh, Nick, Elliott and Bryn, there are so many things I have to thank 

you guys for, but mostly for always being available for a quick sociable after a tough assignment 

or exam. Here’s to you guys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

Table of Contents 

Abstract ......................................................................................................................................... ii 

Acknowledgements ...................................................................................................................... iii 

Table of Contents .......................................................................................................................... v 

List of Figures ............................................................................................................................ viii 

List of Abbreviations and Symbols ............................................................................................. ix 

Chapter 1: Introduction ............................................................................................................... 1 

 1.1 General Introduction ..................................................................................................... 1 

 1.2 Fuel Cells and the Hydrogen Economy ........................................................................ 2 

 1.3 Electrochemical Water Splitting ................................................................................... 3 

 1.4 Quantum Dot Electrocatalysis ...................................................................................... 4 

 1.5 Project Goals ................................................................................................................. 5 

 1.6 References .................................................................................................................... 6 

Chapter 2: The Role of Ascorbic Acid in Nanomaterial Synthesis ......................................... 11 

 2.1 Introduction ................................................................................................................ 11 

 2.2 Theoretical Principles ................................................................................................. 12 

 2.3 The Role of Ascorbic Acid .......................................................................................... 14  

  2.3.1 As a Reducing Agent ..................................................................................... 14 

  2.3.2 In Quantum Dot Synthesis............................................................................. 18 

  2.3.3 In Other Applications ................................................................................... 21 

 2.4 Application to Electrochemical Studies ...................................................................... 22 

 2.5 Summary ..................................................................................................................... 24 

 2.6 References .................................................................................................................. 25 

Chapter 3: Experimental Methods ............................................................................................ 31 

 3.1 Synthesis Methods ...................................................................................................... 31 

  3.1.1 Chemical Reduction ..................................................................................... 31 

  3.1.2 Hydrothermal Synthesis ............................................................................... 31 

3.2 Morphological and Compositional Analysis ............................................................... 32 

  3.2.1 Electron Microscopy .................................................................................... 32 



vi 

 

3.2.2 X-ray Photoelectron Spectroscopy (XPS) .................................................... 33 

3.2.3 Fluorescence Measurements ........................................................................ 34 

3.2.4 Raman Spectroscopy .................................................................................... 35 

 3.3 Electrochemical Experiments ..................................................................................... 36 

3.3.1 Linear Sweep Voltammetry (LSV) ................................................................ 36 

3.3.2 Chronoamperometry and Chronopotentiometry .......................................... 37 

3.3.3 Electrochemical Impedance Spectroscopy (EIS) ......................................... 37 

 3.4 References ..................................................................................................................  38 

Chapter 4: Synthesis and Electrochemical Study of Cobalt/Graphene Quantum Dots for 

Efficient Water Splitting ............................................................................................................ 40 

 4.1 Introduction ................................................................................................................ 40 

 4.2 Experimental Details ................................................................................................... 42 

  4.2.1 Materials ...................................................................................................... 42 

4.2.2 Synthesis of Graphene Quantum Dots .......................................................... 43 

4.2.3 Synthesis of Co/graphene Quantum Dots ..................................................... 43 

4.2.4 Electrochemical Studies ............................................................................... 44 

 4.3 Results and Discussion ................................................................................................ 45 

  4.3.1 Characterization .......................................................................................... 45 

  4.3.2 Electrochemical Experiments ...................................................................... 53 

 4.4 Conclusion .................................................................................................................. 62 

 4.5 References .................................................................................................................. 62 

Chapter 5: Synthesis and Electrochemical Study of Bimetallic Nickel-Iron Quantum Dots 

for Overall Water Splitting ........................................................................................................ 69 

 5.1 Introduction  ................................................................................................................ 69 

 5.2 Experimental Details ................................................................................................... 71 

  5.2.1 Materials ...................................................................................................... 71 

5.2.2 Synthesis of NiFe Nanoparticles .................................................................. 72 

5.2.3 Synthesis of NiFe Quantum Dots .................................................................. 72 

5.2.4. Electrochemical Studies .............................................................................. 73 

 5.3 Results and Discussion ................................................................................................ 74 



vii 

 

  5.3.1 Characterization .......................................................................................... 74 

  5.3.2 Electrochemical Experiments ...................................................................... 83 

 5.4 Conclusion .................................................................................................................. 90 

 5.5 References .................................................................................................................. 91 

Chapter 6: Summary and Future Work .................................................................................... 97 

 6.1 Summary ..................................................................................................................... 97 

 6.2 Future Research .......................................................................................................... 98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

List of Figures 

Figure 4.1: TEM images of graphene QDs and Co/graphene QDs .............................................. 46 

Figure 4.2: SEM images of Co nanoparticles ............................................................................... 47 

Figure 4.3: XPS and EDS elemental analysis of Co/graphene QDs ............................................ 48 

Figure 4.4: Fluorescence excitation and emission spectra of graphene and Co/graphene QDs ... 50 

Figure 4.5: Fluorescence emission spectrum of ascorbic acid solution after hydrothermal  

procedure ...................................................................................................................................... 51 

Figure 4.6: Fluorescence excitation and emission spectra of graphene QDs after treatment with 

NaBH4 .......................................................................................................................................... 52 

Figure 4.7: Raman spectra of graphene and Co/graphene QDs ................................................... 53 

Figure 4.8: LSV curves for the OER for a glassy carbon electrode modified with Co/graphene 

QDs, cobalt nanoparticles, a commercial Pt/C catalyst, graphene QDs and a bare glassy carbon  

electrode ....................................................................................................................................... 55 

Figure 4.9: Nyquist plot of a glassy carbon electrode modified with Co/graphene QDs at applied  

potentials of 1.56, 1.66, and 1.76 V vs. RHE ................................................................................ 57 

Figure 4.10: Nyquist plots for a glassy carbon electrode modified with Co nanoparticles and  

commercial Pt/C at applied potentials of 1.56, 1.66, and 1.76 V vs. RHE ................................... 59 

Figure 4.11: Chronoamperometry and chronopotentiometry comparison studies ....................... 60 

Figure 4.12: Stability testing of a glassy carbon electrode modified with Co/graphene QDs under  

an applied potential of 1.66 V vs RHE for 5000s .......................................................................... 61 

Figure 5.1: TEM images of NiFe QDs ......................................................................................... 75 

Figure 5.2: TEM images of NiFe nanoparticles ........................................................................... 76 

Figure 5.3: XPS and EDS elemental analysis of NiFe QDs ......................................................... 77 

Figure 5.4: Fluorescence excitation and emission spectra of NiFe QDs ...................................... 80 

Figure 5.5: The effect of composition on fluorescence excitation and emission spectra of NiFe  

QDs ............................................................................................................................................... 81 

Figure 5.6: Excitation dependant emission of NiFe QDs ............................................................. 82 

Figure 5.7: LSV curves for overall water splitting for NiFe QDs of varying composition  

compared to a Pt/C catalyst ........................................................................................................... 85 

Figure 5.8: Chronoamperometry and chronopotentiometry comparison studies between NiFe  

QDs, NiFe nanoparticles, and a commercial Pt/C catalyst ............................................................ 88 

Figure 5.9: Chronoamperometry and chronopotentiometry comparison studies for optimized 

NiFe QD ........................................................................................................................................ 89 



ix 

 

List of Abbreviations and Symbols 

 

AA: ascorbic acid 

Ag/AgCl: silver/silver chloride 

Co/GQD: cobalt/graphene quantum dot 

CoNP: cobalt nanoparticle 

CPE-P: constant phase element-P 

CPE-T: constant phase element-T 

CTAB: cetyltrimethylammonium bromide 

EDS: energy dispersive x-ray spectroscopy 

EIS: electrochemical impedance spectroscopy 

GC: glassy carbon 

HER: hydrogen evolution reaction 

HRTEM: high-resolution transmission electron microscope 

LDH: layered double hydroxide 

LSV: linear sweep voltammetry 

NiFeNP: nickel-iron nanoparticle  

NiFeQD: nickel-iron quantum dot 

OER: oxygen evolution reaction 

PEMFC: proton exchange membrane fuel cell  

QD: quantum dot 

Rp: resistance to charge transfer  

Rs: solution resistance 

SEM: scanning electron microscope 

SERS: surface enhanced Raman spectroscopy 

TEM: transmission electron microscope 

TX-100: Triton X-100 

UHV: ultra-high vacuum 

UV-Vis: ultraviolet-visible 

XPS: x-ray photoelectron spectroscopy



1 

 

Chapter 1: Introduction 

1.1 General Introduction  

 A powerful approach address climate change and greenhouse gas emissions is the 

incredible amount of effort and passion that scientists have been putting into finding green 

alternatives and carbon neutral solutions to this problem. Growing concerns about the population’s 

energy demand have spurred researchers around the world to look into alternative energy sources 

as the current consumption of fossil fuels is certain to lead to disastrous consequences. While there 

has already been much research on these topics, there still remains an vast amount of work to be 

done to properly implement and use renewable resources.  

 Implementation of hydrogen as an alternative fuel has been proposed as a way to fight 

against climate change and the burning of fossil fuels. The concept relies on the fact that hydrogen 

can be produced from renewable resources and the only emission given off by using hydrogen as 

a fuel is water. The current technology relies on the use of fuel cells in which a fuel, such as 

hydrogen, can be utilized to perform electrical work. In order to achieve widespread use of fuel 

cells, many conditions must be met.1–3 A source of hydrogen that is both economically viable and 

does not contribute further to the climate issue must be found.4 To this end, there has been a great 

amount of effort put into researching electrochemical water splitting. As the name implies, this 

involves using electricity to split water into its two constituents, hydrogen and oxygen. 

Understanding how this can be performed efficiently in both cost and energy consumption is the 

main focus of researchers in this field. The difficulty lies in doing both tasks at the same time. One 

can achieve good energy efficiency with the use of expensive materials but the cost of using these 

materials leaves this as a poor solution.5,6 Using less expensive materials results in poor use of 
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electrical energy and makes this solution not viable either. This leaves researchers with the ultimate 

goal of finding a way to improve the efficiency of the less expensive materials.  

 Methods at the forefront of technology employ the reduction of size of active materials to 

the nanometer scale to improve efficiency. In general, nanoparticles have properties that differ 

from the bulk material, oftentimes relating to their high surface to volume ratio. In terms of 

catalysis, this means that more active sites are available to perform chemical reactions, which 

should increase their efficiency towards chemical reactions.7,8 An extreme case of nanoparticle 

that is investigated in this project is known as a quantum dot. This type of nanoparticle is one that 

is less than 10 nanometers in diameter which gives it properties unique to those of larger 

nanoparticles.9 Employing these kinds of particles in electrocatalytic water splitting may be a way 

of rivalling the efficiency seen in expensive materials.  

1.2 Fuel Cells and a Hydrogen Economy 

 There are a wide variety of fuel cells that are being researched, but the proton exchange 

membrane fuel cell (PEMFC) most simply demonstrates the concept of a fuel cell. To begin, the 

fuel, hydrogen, is introduced to the anode where it is oxidized into protons and electrons. These 

electrons travel through an external circuit where they can do electrical work and power whatever 

device it is being used for. The protons travel through a polymer membrane where they are able to 

recombine with the electrons and oxygen to make water as the by-product. To make this possible, 

catalysts are required at the anode and cathode as well as a source of hydrogen that will not poison 

the catalysts.10 Issues with carbon monoxide poisoning of noble metal catalysts have been a 

challenge in recent years as even minute amounts of CO can ruin these catalysts.11 To this end, 

there have been several efforts to create CO tolerant catalysts that are not based on noble metals. 

This alleviates the poisoning issue as well as avoids using expensive metals. However, streams of 
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hydrogen that contain CO typically come from steam reforming of natural gas and are the world’s 

main source of hydrogen. This process involves the reaction of natural gases with steam at very 

high temperatures (700-1100 °C) over a nickel catalyst. Unfortunately, it relies on fossil fuels and 

is not carbon neutral.12 There is clearly a demand for an alternative source of hydrogen that is 

carbon neutral, not energetically demanding, and free from catalyst poisons. These reasons have 

inspired research into electrochemical water splitting. 

1.3 Electrochemical Water Splitting 

 Two big advantages of using water as a source of hydrogen are that it is safe to transport 

and naturally abundant. In order to make electrochemical water splitting a reality, electrocatalysts 

that are based on inexpensive and stable materials are required.13,14 Two half reactions make up 

electrochemical water splitting: the hydrogen evolution reaction (HER) and the more challenging 

oxygen evolution reaction (OER), both of which require good catalysts. The OER is particularly 

difficult to perform efficiently as it requires a four-electron transfer, resulting in sluggish kinetics 

and thermodynamic challenges.15,16 Typically, noble metals have been used in water splitting 

applications as they are highly stable and versatile. However, this presents an economic challenge 

as noble metals are very expensive and not Earth-abundant. The use of these metals in a large-

scale application would not be economically feasible. The main focus of research in water splitting 

has been finding next-generation catalysts based on Earth abundant materials such as graphite17 

and first row transition metals that have activity and stability that can rival noble metals.18  

 Several different materials have been investigated as potential candidates as replacements 

for noble metals. Among these, graphene based materials have shown promise due to their high 

stability and electrical conductivity.9,17,19,20 First row transition metals hold much promise as well 

due to their natural abundance. It has been found that conjugation of graphene and first row 
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transition metal catalysts can improve activity towards a variety of different electrochemical 

reactions.19,21,22 Along with the choice of materials, a morphology with high activity and stability 

is required. Much of the current research is focussing on reduction of size to the nanoscale where 

new, interesting properties can arise. The main reason for size reduction in catalysis is that more 

active sites become available to do the catalytic reaction.7,8 There have been countless 

morphologies studied including nanoparticles,23 nanowires,7,24 thin films,16,25,26 layered double 

hydroxides,8,14,27–31 and more. One particular morphology that has not been studied as in depth as 

others is that of quantum dots (QDs). These particles are very small (less than 10 nm) and hold 

much promise for use in electrocatalysis. 

1.4 Quantum Dot Electrocatalysis 

QDs have emerged in recent years due to their interesting optical properties. The concept 

behind these properties is that the very small size is approaching the wavelength of an electron 

leading to a quantum confinement effect. This confinement leads to a breakdown of the band 

structure typically associated with bulk materials into more discrete energy levels. The discrete 

nature of the energy levels means that incident light can excite electrons into higher discrete energy 

levels where they can then relax and release a photon of lower energy resulting in fluorescence. 

This property has opened the doorway for the use of QDs, especially carbon based QDs, in sensing 

and photovoltaics.9,32–35 While the optical properties of QDs have been explored, their use as 

electrocatalysts is limited. Only in recent years have QDs been explored as electrocatalysts and 

most reports are limited to the use of semiconducting materials as QD-based electrocatalysts. 

These materials sometimes contain heavy metals which are detrimental to the environment and 

provide challenges in terms of synthesis and disposal.36 However, fluorescence and enhanced 

catalytic ability are not limited only to semiconducting QDs but to any type of material, provided 
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that the radius of the particle is sufficiently small. This opens up the possibility to use 

environmentally friendly materials such as carbon and first row transition metals. As previously 

mentioned, carbon based QDs, such as graphene QDs have already been used in numerous 

applications.9,32,34,35,37 The use of first row transition metals in place of heavier metals is favourable 

as they are less expensive and more environmentally compatible. Many studies are using first row 

transition metals with nanoscale morphologies to enhance catalysis which provides a basis for the 

use of first row transition metal based QDs.8,13,38,39  

1.5 Project Goals 

 Many studies have shown that nanomaterials have improved performance towards 

electrochemical reactions but thus far there has been limited use into QD-based electrocatalysts. 

The high surface to volume ratio of these particles should allow for higher efficiency towards 

electrochemical water splitting. There are two intended purposes for this project:  

i. The first is to find various synthetic strategies for the production of QDs for a variety of 

different materials.  

ii. The second is to use these QDs for electrochemical water splitting with the hope of 

outperforming more expensive materials.  

These two goals together should prove to be a useful stepping stone both in the use of QD-based 

electrocatalysts and in inexpensive materials for electrochemical water splitting.  

 The following chapter introduces the use of ascorbic acid in nanomaterial synthesis as it is 

a very important part of the synthesis methods used in this thesis. The chapter covers theoretical 

principles and practical applications of this chemical. 
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Chapter 2: The Role of Ascorbic Acid in Nanomaterial Synthesis 

2.1 Introduction 

Controlling the size and shape of nanomaterials is an important aspect of material 

synthesis, no matter what element or application is being investigated. Control over the size and 

shape of the material can give control over certain properties, some of which can be important for 

a particular reaction or implementation.1–3 This is especially important in nanomaterial synthesis, 

where the huge reduction in size gives rise to new properties, usually related to the high surface to 

volume ratio of the nanomaterial. The use of nanomaterials for catalytic, sensing, biological, and 

optical applications has become widespread and a wide breadth of different morphologies and 

compositions of nanomaterials have been synthesized.4–6 Due to this widespread use, rational 

experimental design has become important for controlling morphology to tune the material 

properties. Investigation of different reagents that may give some control of the size and shape of 

the nanomaterial is very important. One of these reagents that has received extensive attention over 

the past decade of nanomaterial synthesis is ascorbic acid (AA). The use of AA over the decades 

will be highlighted in this chapter. 

 AA has been used widely as a mild reducing agent for the synthesis of noble metal 

nanoparticles as well as some first row transition metals for two decades.1,6–8 Some of the earliest 

investigations of AA having an effect on nanomaterial morphology date back to 20 years ago, 

where the incorporation of AA in a solution containing 1.9 nm TiO2 nanoparticles restored the 

octahedral environment that was seen in bulk Ti.9 Along with this particular case, Ag, Cu, and Pd 

nanoparticles were synthesized using AA.2,6,8 Since these early applications, AA has been used for 

the synthesis of new nanomaterials, including quantum dots,10,11 thin films,12 shape-specific 
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nanoparticles,5,8,13–15 and size controlled nanoparticles.1,13 The specifics of the role of AA in the 

synthesis of these materials will be reviewed in the following pages.  

 Naturally, with the investigation of the use of AA in nanomaterial synthesis, the 

mechanisms associated with the growth of these materials was also investigated, along with the 

role that AA actually plays in controlling the size and shape. Generally, AA is used as a reducing 

agent, however, it has also been seen as a capping agent which can give some degree of 

morphology control.10,11 It can also be used in conjunction with other reducing and capping agents 

to achieve the desired morphology. Proposed mechanisms of particle growth for cases such as 

wires or rods involve the preferred growth of a particular crystal face. This implies that other 

crystal face growth is hindered, potentially by the action of molecules such as AA.3,13–15 These 

mechanisms will be investigated in this chapter.  

 In recent years, electrochemistry has become increasingly important as energy related 

demands continue to be an important point of discussion in both science and society. To this end, 

nanomaterials with a variety of compositions and morphologies have been applied to important 

electrochemical reactions for the purpose of improving both cost and energy efficiency.2,3,5,16,17–19 

The use of nanomaterials synthesized via reaction with AA and their applications to 

electrochemistry will be discussed as a part of this review as well.  

2.2 Theoretical Principles 

The use of AA in synthesis of nanomaterials varies from a reducing agent to an organic 

acid to a capping agent. Primarily, AA is used as a gentle reducing agent of easily reduced metals, 

such as gold, silver, platinum, palladium, and occasionally copper.1-3,5-8,13–18,22 The ‘gentleness’ of 

the reduction is a reference to the kinetics of the reaction. A gentle reducing agent reduces the 
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material more slowly, giving more opportunity to manipulate the size and morphology of the 

material. This is in contrast to a strong reducing agent such as sodium borohydride which reduces 

metal ions very quickly and typically results in the formation of small, spherical nanoparticles. 

AA’s use in conjunction with capping agents has lead to the formation of interesting geometries 

in nanoparticles which can be tuned for specific reactions based on which crystal face is 

exposed.3,5,14 In some cases, AA can also be used in hydrothermal synthesis for the reduction of 

large nanoparticles to quantum dot dimensions in the case of graphite/graphene as well as some 

metals.23 This section will briefly cover experimental design and mechanisms associated with the 

use of AA. 

  Under standard conditions, the reduction potential of dehydroascorbic acid is only 0.06 V. 

Naturally, this can vary quite significantly under conditions that are not standard, such as changes 

in pressure and concentration of AA. The pH of the solution is another important consideration as 

this will affect the concentration of AA since it is known to be a weak acid. Changing the amount 

of AA and its conjugate base, ascorbate, could allow changes to achieve the desired reductive 

properties. A simple case of nanoparticle synthesis is demonstrated by the reduction of a copper 

precursor to copper nanoparticles using AA under heating.16 The reduction of Cu takes place via 

the oxidation of AA to dehydroascorbic acid under heating with varying concentrations of AA. 

Since the standard reduction potential of Cu2+ is 0.34 V vs the standard hydrogen electrode, the 

reaction can take place quite easily.16 It then follows that other metals with high standard reduction 

potentials might be reduced quite easily by AA. This has been seen for many noble metals proving 

the potential for AA is be used as a reducing agent. Lastly, as AA is a much more ‘gentle’ reducing 

agent (the reduction happens more slowly as compared to a chemical reduction agent such as 

NaBH4), it allows for different geometries to be attained through blocking by other capping agents.  
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 Capping agents are chemicals that can selectively bind to certain crystal facets of a material 

which gives control over the geometries that can be attained. A particularly interesting case where 

AA was used in conjunction with capping agents was reported by Di et al., in which concave 

rhodium tetrahedra were synthesized.14 In this synthesis, citrate was used to cap the {111} facet, 

which limited the diffusion of Rh atoms that were reduced onto the corner sites to this particular 

facet. Deposition of atoms onto the corner site is preferred. By limiting the rate of diffusion onto 

the face sites through a capping agent, the rate of diffusion onto the edge sites from the corners is 

preferred, leading to growth into a concave tetrahedron.14 This gives us some insight into the 

growth mechanism of Rh nanocrystals and may have important applications. This may be useful 

for catalysis including electrochemical oxidation, as it has been demonstrated that concave Pd 

tetrahedra have enhanced electrochemical activity towards the oxidation of formic acid.4 Applying 

these concepts in different ways can give a great degree of control over the shape of different 

nanomaterials.  

2.3 The Role of Ascorbic Acid 

2.3.1 As a Reducing Agent 

Early reports of the use of AA as a reducing agent involve noble metals used for the 

catalytic degradation of dyes and for use in surface enhanced Raman spectroscopy. Formation of 

palladium nanoparticles on the order of 10 nm were synthesized in 1999 by Jana et al. for use in 

catalytic degradation. Simple addition of ascorbate to a buffered solution containing PdCl2 in 

different concentrations allowed for the reduction of the metal ions into nanoparticles. This 

synthesis was measured via the absorbance of the solution. PdCl2 has a strong absorbance peak 

located at 250 nm which vanished after reduction. The rates of degradation of dyes such as 

methylene blue were recorded based on the reducing agent used monitored via UV-Vis 
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spectroscopy.2 An interesting photochemical synthesis was reported around the same time via the 

reduction of Ag(I) to Ag(0) in the presence of AA. A solution containing Triton-X 100, AgNO3, 

and AA was irradiated under an ordinary 15 W germicidal lamp for 5 minutes to obtain a yellow-

green colloidal suspension that contained Ag nanoparticles on the order of 40 nm. Since both AA 

and Ag(I) are photoactive, they are highly useful for this type of synthesis. Ag(I) can be 

photoreduced by several organic compounds via the formation of various types of organic radicals. 

These nanoparticles were used as a substrate for SERS as this photoreduction method could give 

highly reproducible results.6 A final early synthesis method involved seed-mediated growth of 

cubic Cu particles. An initial reduction of Cu2+ via sodium borohydride formed 5-6 nm 

nanoparticles that were highly unstable in air and degraded to copper oxide within 30 minutes of 

formation. These seeds were used as a nucleation point for the reduction of copper ions via AA 

into cubic Cu particles.8 While these particles were not used for any application, the synthesis 

method has found several uses for other metals. Furthermore, this is an early example of shape 

control in nanoparticle synthesis. 

These methods were further expanded upon shortly after in 2001 in which they could be 

used in tandem. A solution of chloroauric acid and TX-100 were irradiated to form small gold seed 

particles. Following this, AA was used to further reduce the gold precursor onto the seeds to form 

size-controlled gold nanoparticles ranging from 20-110 nm. By varying the ratio of gold seed 

particles to free Au(III), one could achieve a degree of control over the size of the particles being 

produced.7  

The ease by which Au could be reduced led to a plethora of articles demonstrating different 

degrees of shape and size control summarized in 2008 by Grzelczak et al.15 Some of the focal 

points of this review involve anisotropic growth of gold using AA. Gold nanorods, platonic solids, 



16 

 

nanoplatelets, and branched nanostructures were all able to be obtained using reduction of gold via 

AA. The key points that led to different structures being formed were alteration of the 

concentration of gold seeds added to solution, the presence of Ag+ ions, alteration of the capping 

agent and capping agent concentration, addition of other salts such as KI, and alteration of pH.15 

Different morphologies are obtained through the presence or absence of AgNO3 during synthesis 

and by starting with either a single crystal particle or a multi-twinned particle.  

Synthesis of several different nanoparticles have been obtained using slight alterations of 

the above methods. These include Ag/Cu and AgCu particles via AA reduction under microwave 

heating for antimicrobial applications,21 formation of Cu/nylon composites in which AA was used 

as a reducing agent as well as an antioxidant to prevent the formation of copper oxide by reacting 

with reactive oxygen species and free radicals,24 size controlled Ag nanoparticles via pH 

adjustment,1 copper nanorods/microrods formed via AA reduction in a variety of different reaction 

conditions,13 and facet controlled iridium coated palladium particles for control of catalytic 

properties.20  

Recent studies have shown just how important changing particular reaction conditions can 

be on the morphology of the material and its properties. Nanoparticles with a silver core and copper 

shell, denoted as silver@copper or Ag@Cu, were synthesized using AA in the presence of both 

anionic and cationic surfactants. It was found that controlling the amount of 

cetyltrimethylammonium bromide (CTAB), the ratio of the two metals present, and the reaction 

time have a pronounced effect on the surface plasmon resonance peak. As the amount of CTAB 

present in the precursor solution increased, the λmax increased to higher wavelengths. It was then 

confirmed that the average particle size also increased with increased CTAB concentration. 

Furthermore, increasing the concentration of copper in the precursor solution led to slightly 
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different growth of the particles shown via UV-Vis absorption. Lower concentrations resulted in 

the appearance of a sharp peak at 409 nm very quickly while at higher concentrations the 

appearance of this peak is delayed.25 Another study demonstrates how the concentration of AA 

itself can affect several properties. By adjusting the concentration of AA during synthesis from 0.5 

to 1.1 M, the size of Bi2Te3 nanoparticles was altered from 100 to 58 nm. The authors ascribe this 

change in size to the reduction reaction driving force. Simply put, by adjusting the amount of AA 

present in the precursor solution, one changes the reduction potential of AA and changes its ability 

to reduce species. More AA reasonably means that there is a stronger reduction driving force and 

could lead to smaller particles, as it did in this study. Following this synthesis, the thermoelectric 

properties of these particles were investigated and showing a strong relationship with the particle 

size. The high electrical conductivity of the larger particles was attributed to smaller number of 

boundaries and larger grain size.26 Several studies show the importance of controlling the reaction 

conditions including gold@silica nanoparticles for plasmonic applications,27 Ag coated Au 

nanoarrows for SERS enhancement,28 the synthesis of a large variety of Cu2O nanostructures,29 

and chiral Pd nanoparticles.30 

A study performed by Xia et al. in 2014 demonstrates how the reaction parameters can 

affect the growth of the iridium shells on palladium seeds.20 Control of the rates of both particle 

deposition and diffusions across the surface must be tightly controlled. If the rate of deposition is 

higher than the rate of diffusion, then islands of iridium will likely grow and not have a uniform 

coating on the palladium substrate. However, by having the diffusion rate greater than the 

deposition rate, layer-by-layer growth can be achieved leading to a smooth layer of iridium 

deposited on palladium. Since AA can quickly reduce iridium onto a highly energetic surface of 

palladium, the important parameter is the rate of injection of the iridium salt. Another important 
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parameter could be the temperature. By reducing the initial temperature of 200 °C temperature by 

40 °C, the rate of diffusion is lowered which leads to a rough surface instead of a smooth one. 

Altering the size of the palladium crystals to 18 nm from 6 nm means that the iridium atoms can 

no longer travel the entire distance of the palladium substrate and island growth was observed 

again.20 

Aside from nanoparticle synthesis, AA has also found use in thin film studies. Cu2FeSnS4 

thin films were synthesized via rational design of the precursor solution. These thin films were 

coated onto Mo-coated soda lime glass substrates that were exposed to a solution of CuCl2·2H2O, 

FeCl2·4H2O, SnCl2·2H2O, ascorbic acid, tri-sodium citrate and tartaric acid using a co-

electrodeposition method. The tri-sodium citrate and tartaric acid were employed as complexing 

agents. The authors discovered that employing the synthesis without AA resulted in films that were 

low in Fe content. The authors reasoned that the Fe2+ in the precursor solution was oxidized to 

Fe3+ prior to reaction resulting in poor Fe incorporation in the film. In contrast, the addition of AA 

to the precursor solution allowed the one-electron reduction of Fe3+ back to Fe2+ and improved the 

overall Fe content. Controlling the ratio of free ions by adjusting concentrations of reducing agents 

in the precursor solution allows for control of the composition.17 Other thin film studies have 

created bi-phasic TiO2 nanobranched nanorods loaded with Au@Ag@Au nanoparticles for 

enhancement of photocatalytic ability towards the degradation of rhodamine B.31 

2.3.2 Quantum Dot Synthesis 

 The use of AA in quantum dot synthesis is somewhat limited, but it can play an important 

role from what has been seen already. It is important to note that several reported ‘nanoparticle’ 

syntheses may be considered quantum dot syntheses as, mostly in the case of noble metals, the 

particles are less than 10 nm in diameter. However, these particles are relatively easy to synthesize 
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through borohydride reduction and may have low stability. This section focuses specifically on 

quantum dots synthesized using AA beyond a simple reduction agent.  

 An important distinguishing factor for the following syntheses is that AA acts as a capping 

agent as well as a reducing agent, increasing the stability of the particles and allowing for very 

small dimensions to be obtained. In 2010, a report of an aqueous synthesis of AA-capped ZnSe 

quantum dots showed the potential for AA to be used for this purpose.11 The approach to synthesis 

involved the preparation of a Zn ion solution containing AA to which a solution of selenide ions 

were added after adjusting pH at room temperature. The ratio of zinc to selenide to AA was 

maintained at 1:1:10 and the solution was aged for up to 24 h while monitoring via UV-Vis 

spectroscopy was performed.11 After 24 h of aging, the solution changed colour to golden yellow 

indicating the formation of ZnSe quantum dots. This was confirmed by TEM imaging and the 

observed diameter was 2.44 nm ± 8%. More importantly, the solution was stable for several months 

without any observation of precipitate, indicating that AA acts a very good stabilization agent.11  

 Another case of the use of AA was AA-capped CdSe quantum dots, another well known 

semiconducting nanoparticle. The synthesis procedure is very similar to the previous one, in which 

a solution containing selenide ions was added to a solution containing cadmium ions as well as 

AA after adjusting pH at room temperature. Fluorescence studies of both semiconductor materials 

show a blue shift from the bulk band gap energy indicating that there are quantum confinement 

effects and quantum dot formation. Furthermore, HRTEM confirms the small particle formation. 

Lastly, as before, the particles are stable for several months in solution indicating that AA has a 

good ability for stabilization of quantum dot-based materials. 

 Beyond reduction of ions in solution, AA has an interesting application in the formation of 

graphene quantum dots. Graphene quantum dots have particular interest to scientists due to their 
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high stability and high conductivity.32 Under hydrothermal treatment in acidic conditions, there is 

a favourable interaction that leads to the cutting of graphene sheets into smaller graphene particles. 

The conditions lead to the formation of a line of mixed epoxy/carbonyl species within the graphene 

framework. This is then susceptible to hydrothermal cutting into a complete cut and smaller 

particles. The action of AA is believed to play an important role in acting as a slightly acidic 

species and chemical cutting agent under these conditions. The ultimate result is the formation of 

graphene quantum dots that feature high fluorescence as well as desirable properties such as high 

electrical conductivity.32  

It is believed that ascorbic acid also plays an important role in the carbonization of carbon 

precursors to carbon quantum dots. In a somewhat unorthodox synthesis, banana juice was 

employed as a precursor solution for carbon quantum dots via a hydrothermal route. Hydrolysis, 

dehydration, and decomposition of carbohydrates occurs in the presence of ascorbic acid which 

results in soluble organic compounds, many of which can act as catalysts for further reaction. 

Aromatization and polymerization of these compounds take place and ultimate lead to the 

formation of carbon quantum dots at a point past the supersaturation limit. Several reaction 

products can undergo further reaction to carbonize. This ultimately leads to the nuclear burst that 

forms soluble carbon dots. It is suggested that the presence of AA allows these reactions to occur 

at lower temperatures under shorter times.33 This synthesis has also been performed using orange 

juice as a precursor.23 

 A solid-state synthesis approach to the formation of Pd@C quantum dots employs AA with 

cerium oxide/graphene as a support. By mechanically mixing cerium oxide/graphene with PdCl2 

and AA, a colour change was observed from grey to dark black. This mixture was ground again 

for one minute and exposed to microwave radiation for 5 min under 30 s intervals. The TEM 
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images reveal that there are very small Pd particles on the order of 2 nm. This solid-state synthesis 

demonstrates that AA can be used outside of the solution phase for nanomaterial synthesis. This 

particular material was used in electrooxidation studies which will be explored in a later section.34  

2.3.3 Other Applications 

 An important application that has been studied is the use of AA in the reduction of graphene 

oxide. In a typical synthesis, graphite powder is exposed to high acid and oxidizing agent 

concentrations to chemically exfoliate the layers into graphene oxide. To improve the usefulness 

of this material, the oxygen functional groups are reduced such that the material has more 

graphene-like properties.35,36 AA has been used as the reduction agent as it has the advantage of 

being less environmentally damaging compared to agents such as hydrazine and borohydride. The 

synthesis of reduced graphene oxide was monitored by spectroscopic methods such as UV-Vis and 

FT-IR. The comparison of key functional group peaks such as the C=O stretching vibration was 

taken as evidence of the reduction of graphene oxide.35,36  

 Another interesting application is in the recovery of metals from spent Li-ion batteries. 

These batteries contain a large amount of recoverable metals that can be recycled. The procedure 

involved taking the lithium cobalt oxide powder recovered from lithium ion batteries and placing 

them in solution with AA under different solid to liquid ratios, concentrations, and temperatures. 

Under ideal conditions, as much as 94.8% Co and 98.5% Li can be recovered. A drawback to this 

approach is that manual discharging, physical dismantling, and pre-treatment including 

ultrasonication, impurity burn-off, and ball milling is required. Possible leaching products are 

cobalt products; however, lithium products of the same nature are possible as well.37 
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 Lastly, AA has found some use in organic synthesis. Modification of TiO2 nanoparticles 

took place by attaching AA to the surface of these particles via sonication. Following this, metal 

precursors were added to a solution containing these hybrids and refluxed for long times to 

promote their reduction into nanoparticles.38,39 The incorporation of Pd nanoparticles allowed the 

photocatalytic Suzuki–Miyaura and Ullmann Coupling Reactions with very little loss in activity.39 

Incorporating Co nanoparticles found an application in the synthesis of benzimidazoles.38 There 

are several different applications that can take advantage of the properties of AA. 

2.4 Application to Electrochemical Studies 

 In this final section, instances where AA was used to create nanomaterials that had 

applications in electrochemistry will be presented. As described before, the cerium oxide/graphene 

supported Pd@C quantum dots have an application in electrooxidation of both water and alcohols. 

This material showed a remarkable improvement for the oxidation of both ethylene glycol and 

water over Pd/C, Pd/cerium oxide, Pd/reduced graphene oxide, Pd/cerium oxide/graphene. This 

implies that there is a strong synergy between the inner and outer shell of the quantum dot as well 

as strong interactions with the support material. It was clearly demonstrated that the composite 

material outperforms other materials for the oxidation of ethylene glycol.34 

 Another synthesis of Pd based materials was performed in which control over the shape of 

the particle was obtained. By changing the salts present in solution when palladium ions are 

reduced by AA, either cubes or octahedra were obtained. The cubes were formed using an aqueous 

solution that contained Pd ions, AA, KCl, KBr and polyvinylpyrrolidone under heating. The 

octahedra were obtained in an ethanol-water solution that contained Pd ions, citrate and 

polyvinylpyrrolidone under heating. The alteration of the synthesis procedures resulted in capping 

of different faces of Pd which gave rise to different geometries. These different geometries showed 



23 

 

a significant difference in activity towards the oxygen reduction reaction in which the specific 

activity of the cubes outperformed the octahedra by 10 times. The argument presented is that the 

cubes were enclosed by {100} faces which are highly active towards oxygen reduction unlike the 

{111} that enclosed the octahedra.3 Shape control of the material through the use of gentle 

reducing agents and specific capping agents allows for improvement of catalytic ability. 

 Dendritic, bimetallic Pt-Pd particles were synthesized via seed-mediated AA reduction. Pt 

ions were reduced in the presence of AA and 9-nm Pd seeds using polyvinylpyrrolidone as a 

stabilizer. The open dendritic structure of this material was attributed to having multiple nucleation 

sites for Pt on the Pd seeds that were spatially separated such that the branches could not overlap 

and form a foam like structure. The improvement in surface area gave an overall improved 

performance towards both the oxygen reduction reaction and formic acid oxidation, both of which 

are important reactions in fuel cells. The figure below shows the effect of time on the Pt-Pd 

nanodendrites. The growth of a highly branched structure resulted in high catalytic activity.5 

 In order to move away from noble metal catalysts, recent advancements have lead to 

increased use of first row transition metals for electrochemical reactions. One such example of this 

is the use of lead based anodes for the oxygen evolution reaction. One study employed an 

electrodeposition method to deposit Pb-Co films onto a Ti substrate using AA as a complexing 

agent. It was found that the concentration of AA present in the precursor solution had a strong 

effect on the film’s activity towards the oxygen evolution reaction. It was noted that the films 

deposited in the presence of a 90 mM concentration of AA were more homogenous and defect free 

leading to improved electrocatalytic ability.18 

Finally, NiCo2O4 nanoparticles were made in an AA assisted synthesis for use as an anode 

in lithium ion batteries. To synthesize these particles, precursor salts of both Ni and Co were 
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reduced using AA. These particles exhibited a very high surface area as well as high specific 

discharge capacity and excellent cycling stability.19 Most importantly, the synthesis method stated 

is very simple and relies on environmentally friendly reagents such as AA. Synthesis methods such 

as this are very favourable in large scale applications as they leave a small environmental footprint.  

2.5 Summary 

 Scientists have been interested in the shape and size control of nanomaterials for a very 

long time. By controlling the shape and size of the material, one can achieve control over certain 

properties such as activity towards a certain electrochemical reaction. Here, we have shown several 

instances of the use of AA in the synthesis of nanomaterials with a wide variety of sizes and shapes. 

Control of the size and shape is attributed to the use of capping agents under gentle reduction, 

seed-mediated growth, and alteration of experimental conditions. Furthermore, we have explored 

instances of the use of AA as both a reduction agent and stabilizer for a special class of 

nanomaterials known as quantum dots. From these investigations, we can see that there exist some 

gaps in the use of AA for quantum dot synthesis. The exploration of the use of AA also led to other 

applications such as the formation of carbon-based quantum dots through hydrothermal routes as 

well as the reduction of graphene oxide. As well, the growth mechanisms of certain reactions were 

investigated. Lastly, the application of certain nanomaterials formed via AA synthesis to 

electrochemistry was explored. In conclusion, there exists a large foundation on which synthesis 

using AA can be expanded upon and the particular applications to electrochemistry are multiple.  

 The next chapter covers the experimental details of this thesis. It will introduce the 

synthesis methods that are employed and discuss the characterization techniques used. 

Characterization techniques will be divided into morphological and compositional techniques and 

electrochemical techniques. 



25 

 

2.6 References                                                                                                   

(1)  Qin, Y.; Ji, X.; Jing, J.; Liu, H.; Wu, H.; Yang, W. Size Control Over Spherical Silver 

Nanoparticles by Ascorbic Acid Reduction. Colloids Surfaces A Physicochem. Eng. Asp. 

2010, 372, 172–176. 

(2)  Jana, N. R.; Wang, Z. L.; Pal, T. Redox Catalytic Properties of Palladium Nanoparticles: 

Surfactant and Electron Donor - Acceptor Effects. Langmuir 2000, 16, 2457–2463. 

(3)  Shao, M.; Yu, T.; Odell, J. H.; Xia, Y. Structural Dependence of Oxygen Reduction 

Reaction on Palladium Nanocrystals. Chem. Commun. 2011, 47, 6566–6568. 

(4)  Huang, X.; Tang, S.; Zhang, H.; Zhou, Z.; Zheng, N. Controlled Formation of Concave 

Tetrahedral/Trigonal Bipyramidal Palladium. J. Am. Chem. Soc. 2009, 131, 13916–13917. 

(5)  Lim, B.; Jiang, M.; Yu, T.; Camargo, P. H. C.; Xia, Y. Nucleation and Growth 

Mechanisms for Pd–Pt Bimetallic Nanodendrites and Their Electrocatalytic Properties. 

Nano Res. 2010, 3, 69–80. 

(6)  Pal, A.; Pal, T. Silver Nanoparticle Aggregate Formation by a Photochemical Method and 

Its Application to SERS Analysis. J. Raman Spectrosc. 1999, 30, 199–204. 

(7)  Sau, T. K.; Pal, A.; Jana, N. R.; Wang, Z. L.; Pal, T. Size Controlled Synthesis of Gold 

Nanoparticles Using Photochemically Prepared Seed Particles. J. Nanoparticle Res. 2001, 

3, 257–261. 

(8)  Jana, N. R.; Wang, Z. L.; Sau, T. K.; Pal, T. Seed-Mediated Growth Method to Prepare 

Cubic Copper Nanoparticles. Curr. Sci. 2000, 79, 1367–1369. 

(9)  Chen, L. X.; Rajh, T.; Wighard, J.; Nedeljkovic, J.; Thurnauer, M. C. X-Ray Absorption 



26 

 

Reveals Surface Structure of Titanium Dioxide Nanoparticles. J. Synchrotron Radiat. 

1999, 6, 445–447. 

(10)  Oluwafemi, O. S.; Songca, S. P. A Simple One-Pot Environmentally Benign Synthesis of 

Ascorbic Acid-Capped CdSe Nanoparticles at Room Temperature. Mater. Lett. 2012, 75, 

84–86. 

(11)  Oluwafemi, O. S.; Revaprasadu, N.; Adeyemi, O. O. A Facile “Green” Synthesis of 

Ascorbic Acid-Capped ZnSe Nanoparticles. Colloids Surfaces B Biointerfaces 2010, 79, 

126–130. 

(12)  Sun, Z.; Liufu, S.; Chen, L. Synthesis and Characterization of Nanostructured Bismuth 

Selenide Thin Films. Dalt. Trans. 2010, 39, 10883–10887. 

(13)  Biçer, M.; Şisman, İ. Controlled Synthesis of Copper Nano/Microstructures Using 

Ascorbic Acid in Aqueous CTAB Solution. Powder Technol. 2010, 198, 279–284. 

(14)  Di, S.; Xie, S.; Zhang, H.; Lu, N.; Jin, M.; Wang, J.; Kim, M. J.; Xie, Z.; Xia, Y. Synthesis 

of Rhodium Concave Tetrahedrons by Collectively Manipulating the Reduction Kinetics, 

Facet-Selective Capping, and Surface Diffusion. Nano Lett. 2013, 13, 6262–6268. 

(15)  Grzelczak, M.; Perez-Juste, J.; Mulvaney, P.; Liz-marza, L. M. Shape Control in 

Nanoparticle Synthesis. Chem. Soc. Rev. 2008, 37, 1783–1791. 

(16)  Xiong, J.; Wang, Y.; Xue, Q.; Wu, X. Synthesis of Highly Stable Dispersions of 

Nanosized Copper Particles Using L-Ascorbic Acid. Green Chem. 2011, 13, 900–904. 

(17)  Zhou, J.; Yu, S.; Guo, X.; Wu, L.; Li, H. Preparation and Characterization of Cu2FeSnS4 

Thin Films for Solar Cells Via a Co-Electrodeposition Method. Curr. Appl. Phys. 2019, 



27 

 

19, 67–71. 

(18)  Maril, M.; Tobosque, P.; Núñez, J.; Rodriguez, C. A.; Delplancke, M. P.; Delplancke, J. 

L.; Yacaman, M.; Arellano-Jimenez, M. J.; Soldera, F.; Carrasco, C. Synthesis and 

Structural Analysis of Electrodeposited Pb-Co Films for Oxygen Evolution Applications. 

Mater. Charact. 2019, 148, 323–329. 

(19)  Karunakaran, G.; Maduraiveeran, G.; Kolesnikov, E.; Balasingam, S. K.; Viktorovich, L. 

D.; Ilinyh, I.; Gorshenkov, M. V.; Sasidharan, M.; Kuznetsov, D.; Kundu, M. Ascorbic 

Acid-Assisted Eco-Friendly Synthesis of NiCo2O4 Nanoparticles as an Anode Material for 

High-Performance Lithium-Ion Batteries. JOM 2018, 70, 1416–1422. 

(20)  Xia, X.; Figueroa-Cosme, L.; Tao, J.; Peng, H.; Niu, G.; Zhu, Y.; Xia, Y. Facile Synthesis 

of Iridium Nanocrystals with Well-Controlled Facets Using Seed-Mediated Growth. J. 

Am. Chem. Soc. 2014, 136, 10878–10881. 

(21)  Mat Zain, N.; Stapley, A. G. F.; Shama, G. Green Synthesis of Silver and Copper 

Nanoparticles Using Ascorbic Acid and Chitosan for Antimicrobial Applications. 

Carbohydr. Polym. 2014, 112, 195–202. 

(22)  Paul, R.; Kaur, C.; Farooq, U.; Ahmad, T. Ascorbic Acid Assisted Synthesis, 

Characterization and Catalytic Application of Copper Nanoparticles. Mater. Sci. Eng. Int. 

J. 2018, 2, 90–94. 

(23)  Sahu, S.; Behera, B.; Maiti, T. K.; Mohapatra, S. Simple One-Step Synthesis of Highly 

Luminescent Carbon Dots from Orange Juice: Application as Excellent Bio-Imaging 

Agents. Chem. Commun. 2012, 48, 8835–8837. 



28 

 

(24)  Komeily-Nia, Z.; Montazer, M.; Latifi, M. Synthesis of Nano Copper/Nylon Composite 

Using Ascorbic Acid and CTAB. Colloids Surfaces A Physicochem. Eng. Asp. 2013, 439, 

167–175. 

(25)  Khan, Z.; Al-Zahrani, S. A.; AlSulami, Q. A.; Al-Thabaiti, S. A.; Al-Arjan, W. S. Effects 

of Shape-Controlling Cationic and Anionic Surfactants on the Morphology and Surface 

Resonance Plasmon Intensity of Silver@Copper Bimetallic Nanoparticles. J. Mol. Liq. 

2019, 275, 354–363. 

(26)  Nakamoto, T.; Yokoyama, S.; Takamatsu, T.; Harata, K.; Motomiya, K.; Takahashi, H.; 

Miyazaki, Y.; Tohji, K. Aqueous Chemical Synthesis and Consolidation of Size-

Controlled Bi2Te3 Nanoparticles for Low-Cost and High-Performance Thermoelectric 

Materials. J. Electron. Mater. 2019, 48, 2700–2711. 

(27)  Santana Vega, M.; Guerrero Martínez, A.; Cucinotta, F. Facile Strategy for the Synthesis 

of Gold@Silica Hybrid Nanoparticles with Controlled Porosity and Janus Morphology. 

Nanomaterials 2019, 9, 348. 

(28)  Dong, D.; Shi, Q.; Sikdar, D.; Zhao, Y.; Liu, Y.; Fu, R.; Premaratne, M.; Cheng, W. Site-

Specific Ag Coating on Concave Au Nanoarrows by Controlling the Surfactant 

Concentration. Nanoscale Horizons 2019, 4, 940–946. 

(29)  Vivas, L.; Chi-Duran, I.; Enriquez, J.; Barraza, N.; Singh, D. P. Ascorbic Acid Based 

Controlled Growth of Various Cu and Cu2O Nanostructures. Mater. Res. Express 2019, 6, 

1–8. 

(30)  Cho, N. H.; Lee, H. E.; Ahn, H. Y.; Lee, Y. Y.; Im, S. W.; Kim, H.; Nam, K. T. Cysteine 

Induced Chiral Morphology in Palladium Nanoparticle. Part. Part. Syst. Charact. 2019, 



29 

 

36, 1–5. 

(31)  Daneshvar e Asl, S.; Sadrnezhaad, S. K. Photocatalytic Activity of Rutile/Anatase TiO2 

Nanorod/Nanobranch Thin Film Loaded with Au@Ag@Au Core Double Shell 

Nanoparticles. J. Photochem. Photobiol. A Chem. 2019, 380, 111843. 

(32)  Li, L.; Wu, G.; Yang, G.; Peng, J.; Zhao, J.; Zhu, J.-J. Focusing on Luminescent Graphene 

Quantum Dots: Current Status and Future Perspectives. Nanoscale 2013, 5, 4015–4039. 

(33)  De, B.; Karak, N. A Green and Facile Approach for the Synthesis of Water Soluble 

Fluorescent Carbon Dots from Banana Juice. RSC Adv. 2013, 3, 8286–8290. 

(34)  Kannan, R.; Jang, H.; Yoo, E.; Lee, H.; Yoo, D. J. Facile Green Synthesis of Palladium 

Quantum Dots@Carbon on Mixed Valence Cerium Oxide/Graphene Hybrid 

Nanostructured Bifunctional Catalyst for Electrocatalysis of Alcohol and Water. RSC Adv. 

2015, 5, 35993–36000. 

(35)  Abdolhosseinzadeh, S.; Asgharzadeh, H.; Seop Kim, H. Fast and Fully-Scalable Synthesis 

of Reduced Graphene Oxide. Sci. Rep. 2015, 5, 1–7. 

(36)  Zhang, J.; Yang, H.; Shen, G.; Cheng, P.; Zhang, J.; Guo, S. Reduction of Graphene 

Oxide via L-Ascorbic Acid. Chem. Commun. 2010, 46, 1112–1114. 

(37)  Li, L.; Lu, J.; Ren, Y.; Xiao, X.; Jie, R.; Wu, F.; Amine, K. Ascorbic-Acid-Assisted 

Recovery of Cobalt and Lithium from Spent Li-Ion Batteries. J. Power Sources 2012, 218, 

21–27. 

(38)  Feizpour, F.; Jafarpour, M.; Rezaeifard, A. A Tandem Aerobic Photocatalytic Synthesis of 

Benzimidazoles by Cobalt Ascorbic Acid Complex Coated on TiO2 Nanoparticles Under 



30 

 

Visible Light. Catal. Letters 2018, 148, 30–40. 

(39)  Feizpour, F.; Jafarpour, M.; Rezaeifard, A. Band Gap Modification of TiO2 Nanoparticles 

by Ascorbic Acid-Stabilized Pd Nanoparticles for Photocatalytic Suzuki–Miyaura and 

Ullmann Coupling Reactions. Catal. Letters 2019, 149, 1595–1610. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

Chapter 3: Experimental Methods 

3.1 Synthesis Methods 

 In this thesis, the primary forms of synthesis used were chemical reduction and 

hydrothermal synthesis. These two methods were used in conjunction with one another to form 

QD-based electrocatalysts and are outlined below.  

3.1.1 Chemical Reduction 

 As the name implies, chemical reduction employs a strong reducing agent to take precursor 

cations to their fully reduced metal form. This form of synthesis has been used for many years 

with a variety of different materials and reducing agents.1–3 Reducing agents can come in many 

forms from small molecules to simple organic molecules. One reducing agent that has been used 

widely in material synthesis is sodium borohydride, NaBH4. Depending on the nature of the 

solution and the ions being reduced, the size of the particle formed from sodium borohydride 

reduction can vary.2,4,5 Typically, this is used to form nanoparticles, but under certain conditions, 

may result in QD formation.  

3.1.2 Hydrothermal Synthesis 

 This method has also been used widely in material synthesis. The concept involves using 

high temperatures and pressures as a driving force for synthesis.1,6 A solution is sealed very tightly 

within a Teflon lined container and placed in high temperatures for extended periods of time. While 

effective, it might be considered to be a ‘messy’ synthesis as there may be a large variety of 

morphologies obtained if there is not tight control of parameters as the exact nature of 

hydrothermal synthesis is not yet fully understood. For the purposes of this project, hydrothermal 

methods were used for size reduction. It was found that using millimolar concentrations of ascorbic 
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acid with suspensions of larger materials, such as graphite or nanoparticles, in hydrothermal 

synthesis provided a driving force for the reduction of size from even microns down to QD 

dimensions.7 

3.2 Morphological and Compositional Analysis 

After synthesis, the first step is to confirm that the product formed is indeed what was 

expected. For this, a variety of characterization tools must be used including both imaging and 

spectroscopic tools. These characterizations are outlined in this section. 

3.2.1 Electron Microscopy 

Both Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) are employed as a way of imaging the morphology of a particular sample. Both involve the 

use of an electron beam directed at the sample under high vacuum conditions and have nanometer 

resolution. In SEM, the signal being detected is from electrons that are scattered by the surface 

and analyzed to form a topological image.8 TEM collects the electrons that are transmitted through 

the sample and can be operated with a much higher energy electron beam and has much higher 

resolution. The SEM used in this thesis is a field-emission SEM in which the electron beam is 

generated using an electric field as opposed to thermionic emission. FE-SEM is employed as much 

higher resolution can be achieved compared to thermionic emission. For particles on the order of 

hundreds of nanometers, SEM is a valuable tool for determining the size and is usually coupled 

with Energy Dispersive X-ray Spectroscopy (EDS) as a way of determining elemental 

composition. EDS measures the energy of characteristic x-rays released from the sample when it 

is under the electron beam. Since each element has characteristic peaks in EDS, this technique can 

be used for the confirmation of the presence of these elements. For QD-materials, TEM must be 
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used as SEM cannot reach the resolution required to image these particles. The usefulness of TEM 

to image these materials is twofold, it allows one to see the size and size distribution of the particles 

in question as well as the lattice fringes. The spacing between the lattice fringes allows for 

identification of the material as each material should have characteristic spacing values that can 

be used as a fingerprint. TEM is used for the measurement of QDs and their lattice fringes in this 

thesis. The SEM employed is a FEI Quanta FEG 250 SEM (2.5 nm resolution) while the EDS 

measurements were performed on a FEI Inspect S50 SEM (10 nm resolution) equipped with an 

Oxford X-Max20 SSD for elemental analysis. The TEM is a FEI Tecnai G2 F20 TEM (sub 

angstrom resolution). 

3.2.2 X-ray Photoelectron Spectroscopy (XPS) 

 This technique is used for the confirmation of elements within a sample as well as their 

oxidation states. It relies on the photoelectron effects in which a photon of sufficient energy can 

eject an electron from the sample which can then be detected.9 Similar to EDS, each element will 

have a characteristic energy associated with each electron in a particular orbital thus allowing 

identification of the elements present. In this technique x-ray photons are used as they can probe 

inner shell electrons and reveal information about the oxidation state of the elements. For a given 

element, there will be a characteristic binding energy that can be used for identification of the 

element. However, when the element is involved in bonding with another species, there may be a 

shift in that characteristic peak that tells one about the degree of oxidation. For example, a pure 

cobalt metal sample will have a slightly different binding energy than that of a pure cobalt oxide 

sample. Aside from just oxides, there may be a shift if the element being probed is bonded with 

any elements depending on their electronegativity. An UHV Omicron XPS instrument with 128-

channel detection using Al Kα monochromated source is used in this thesis. 



34 

 

3.2.3 Fluorescence Measurements 

 The property of fluorescence is important to confirm in QD samples to ensure that the 

particles formed do indeed exhibit quantum confinement and can be classified as QDs. 

Fluorescence itself is a phenomenon observed typically in molecules when there is an electron 

excitation to higher energy orbitals followed by a non-radiative relaxation of the electron and 

finally an emission of a photon of lower energy and return of the electron to the ground state. As 

was touched on earlier, QDs exhibit fluorescence due to a breakdown of the band structure into 

discrete energy levels. Based on these discrete energy levels, QDs will be excited and emit photons 

at particular wavelengths related to both their size and composition.10 Based on this, one can use 

fluorescence measurements not only to confirm that QDs are formed, but also to get an idea of the 

size distribution and distinguish between two different chemical makeups. Typically, a QD of one 

particular size has only a narrow range of wavelengths that it will be excited by due to the discrete 

nature of the energy levels. If a wide range of excitation and emission wavelengths are seen, it is 

usually a good indication that there are several different size QDs present in the sample.10 As the 

energetic states are related to the elements present, changing the ratio of elements will have a direct 

effect on the fluorescence observed. In a bimetallic species, changing the ratio of metals present 

should result in different fluorescence spectra being obtained. Fluorescence will be used to confirm 

the presence of QDs as well as probe the electronic structure of the QDs. Fluorescence 

measurement were obtained on both a Cary Eclipse Spectrophotometer (spectral resolution of 1.5 

nm) and Horiba Scientific FluoroMax Spectrophotometer (spectral resolution of 0.5 nm) at room 

temperature. 
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3.2.4 Raman Spectroscopy 

Raman spectroscopy is employed as a tool to determine whether carbon species present in 

our sample are graphitic or amorphous in nature as both are possible when employing 

hydrothermal synthesis. The presence of certain Raman active bands in the sample will reveal the 

nature of the sample. Specifically, graphene based materials will have a defect (D) band, and 

graphene (G) band, and a broad 2D band at 1360, 1580 and 2800 cm-1, respectively, while 

amorphous carbon will not have these bands present. The principles of Raman spectroscopy are 

similar to that of infrared spectroscopy in the sense that vibrational modes of molecules are 

detected. However, only vibrations that change the polarization of the molecules and not the 

overall dipole can be detected by Raman. These vibrational modes are detected based on the energy 

they transfer to an incoming laser photon. What is most often seen is that there is a Stokes shift of 

the photon energy to lower energy as some of the photon energy is used to excite the vibrational 

mode in the molecule. Since each vibration has an exact energy, Raman spectroscopy can be used 

to get a ‘fingerprint’ of a molecule or material, such as graphene. In graphene, the D band 

corresponds to oxidized carbon or defects in the graphene sheet, hence being named the defect 

band. The G band corresponds to defect free sp2 carbon in the graphene sheet. Typically, the D 

and G band are compared to quantify the defects present in graphene.  The 2D band gives evidence 

that the material being observed has graphene like properties as opposed to those of bulk graphite. 

Lastly, certain vibrational modes may be present from vibrations involving metals and can be used 

as an identification tool to ensure that the appropriate materials are present. Raman spectra were 

recorded using an inVia Raman spectrophotometer (Renishaw Canada Ltd.) 
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3.3 Electrochemical Experiments 

Following characterization, the performance of the material towards the intended 

electrochemical reaction must be evaluated. This is done by using a variety of electrochemical 

experiments and comparing to other catalysts to ensure that there is improvement. Unless 

otherwise stated, a conventional three-electrode cell setup is employed using Ag/AgCl as the 

reference electrode, a Pt coil as the counter electrode, and a glassy carbon electrode modified with 

the material of interest as the working electrode on a PGZ301 VoltaLab electrochemical 

workstation. The electrochemical experiments will be outlined below.  

3.3.1 Linear Sweep Voltammetry (LSV) 

 One of the simplest electrochemical experiments to perform is linear sweep voltammetry. 

This experiment involves monitoring the current response of the working electrode when the 

potential is linearly increased. This can be thought of as the first half of a cyclic voltammogram 

and is also known as a polarization curve. These curves are particularly useful for water splitting 

studies as oxygen evolution will occur at sufficiently anodic potentials and hydrogen evolution 

will occur at sufficiently cathodic potentials. By sweeping the potentials from low to high, one can 

find the point at which gas evolution begins. This is an important parameter for evaluating the 

materials’ overpotentials. A material that begins to evolve gas at lower potentials is better for water 

splitting as less energy needs to be used to evolve that gas. Typically, the overpotential is measured 

when the working electrode reaches a current density of 10 mA cm-2 as this is the current density 

that would be used in a device. A comparison of onset potential, overpotential, and how high the 

current density is at a particular voltage are all good indicators of how well a particular material 

performs compared to other materials. Differences in onset potential may give an indication that 

there is a change in the electrochemical pathway or mechanism for the reaction. It also may be due 
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to the stabilization of important reaction intermediates for a particular pathway. LSV will be used 

to evaluate the water splitting performance of the formed QDs and compare them to other catalysts.  

3.3.2 Chronoamperometry and Chronopotentiometry 

These techniques involve measuring the response of the working electrode over a period 

of time to evaluate performance. Chronoamperometry involves holding the potential of the 

electrode and measuring the current response. Chronopotentiometry involves holding the current 

density and measuring the potential response. Both are valuable tools for evaluating performance 

under both long and short time periods. If one were to hold the potential and see a drop in the 

current density over time, it may be an indication of catalyst poisoning or blockage of active sites 

due to poor release of the product molecule. These techniques are also useful for seeing consistency 

with other techniques such as LSV. They also provide a measure of the overpotential required to 

operate at 10 mA cm-2. Furthermore, they can be used to evaluate overall catalyst stability by 

performing these experiments over long periods of time. Part of a measure of the catalysts ability 

to perform a reaction is how long it can maintain that reaction. A good catalyst will give a stable 

response over a very long period of time and chronoamperometry and chronopotentiometry can be 

used to evaluate this.  

3.3.3 Electrochemical Impedance Spectroscopy (EIS) 

 A more complicated electrochemical experiment is electrochemical impedance 

spectroscopy. This technique allows one to measure impedance and capacitance by fitting 

experimental data to a model and extracting values from this model. In EIS, one applies a constant 

potential to the working electrode and then superimposes a small sinusoidal change of potential on 

top of it. By measuring the current response to this small perturbation, one can find information 
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about the resistance to charge transfer for a reaction. To extract information about charge transfer 

resistance one needs to apply a model of an equivalent circuit. The simpler circuits involve solution 

resistance, resistance to charge transfer and a capacitive element.  The important parameter is the 

resistance to charge transfer as this gives information on how easily the electrochemical reaction 

being investigated can be performed. Increasing the voltage on the working electrode means that 

there is a higher current towards the electrochemical reaction and EIS will generally reveal a lower 

resistance to charge transfer. This is also a useful comparison tool as the material with the lowest 

resistance to charge transfer will have the best performance towards the electrochemical reaction. 

EIS is used to evaluate the performance of the material and to compare to the performance of other 

catalysts.  

 The next two chapters introduce QD based electrocatalysts for water splitting. Chapter 4 

discusses the synthesis and characterization of a cobalt/graphene composite QD. Chapter 5 

discusses NiFe bimetallic QDs and their synthesis and characterization.  
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Chapter 4: Green Synthesis and Electrochemical Study of Cobalt/Graphene 

Quantum Dots for Efficient Water Splitting* 

4.1 Introduction 

Global concerns regarding sustainable energy storage and conversion as well as the 

growing demand for alternative energy sources has been a highly active topic of research 

prevailing across several fields.1,2 A proposed solution is that of the hydrogen economy based on 

molecular hydrogen being the primary energy storage medium for the operation of electronic 

devices and vehicles.1–3 Using water as a source of hydrogen provides a means to transport and 

store the molecule in a safe manner. For this to be achieved, electrochemical water splitting must 

be performed in a cheap and reliable way. A key issue under investigation for electrochemical 

water splitting is that of the thermodynamically unfavourable oxygen evolution reaction (OER).  

 For this chemical reaction to occur, a four-electron oxidation process must take place, 

resulting in sluggish kinetics and a large overpotential.4–6 This ultimately leads to lower 

efficiencies for water splitting. To counter these sluggish kinetics, noble metals are employed as 

they are known for their high catalytic activities and stability in most conditions.1,7-9 However, the 

use of noble metals in large scale applications is economically unsustainable due to their low 

natural abundance and the high cost associated with using such materials. This has resulted in an 

economic bottleneck in the use of water splitting as a source of hydrogen for commercial 

applications. This in turn drives the need for next generation catalysts based on inexpensive 

materials such as carbon based materials,10–12 first row transition metals,8,12–15 and other main 

group element chemistry.7,6,16 Recently, cobalt has emerged as a promising material for use in 

electrochemical water splitting. The natural abundance, environmental compatibility, and 

relatively low production cost make this metal a viable solution to the bottleneck created by the 

*Most of the results presented in this chapter has been published (in The Journal of Physical Chemistry C, 2019, 123, 9183-

9191. Copyright 2019 American Chemical Society. 
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use of more expensive materials.13–23 Aside from its low cost, it also has the advantage of having 

a low overpotential towards the OER in alkaline solutions. However, much work remains to be 

done in order to improve this metal as it has been shown to have lower current densities when 

compared to those of noble metals, thus limiting its practical application. It is well known that the 

reduction of materials to the nanoscale gives rise to interesting properties and a general increase 

in catalytic activity due to the increase in active sites for a given mass of material.1,9,23 Many studies 

have been performed involving the reduction of cobalt to smaller dimensions including the 

synthesis of cobalt nanoparticles,23 nanowire arrays in conjunction with other materials,7,8,25 

alloying with other metals and metal oxides,14,17,21,22 thin films,26 and composites with carbon 

based materials.16,17–20 As well, computational studies have been performed to determine the 

underlying causes of activity in cobalt-based catalysts.27 It is generally believed that the coupling 

of materials efficient in oxygen evolution gives rise to an increase in overall activity for both 

materials. Furthermore, coupling cobalt with other materials can lead to synergistic effects such as 

charge transfer between the metal and substrate, resulting in an overall improved activity.6,16,19,28 

 Recently, graphene quantum dots have emerged as an advanced material that holds much 

promise in energy and environmental applications. Graphene QDs consist of less than 10 sheets of 

graphene chemically bonded together typically with dimensions less than 10 nm. It is believed that 

graphene QDs can serve as a precursor material for the formation of other nanohybrids such as 

with metals and metal oxides to serve as catalysts for a variety of applications. As these quantum 

dots are related to graphene, they carry many of the same properties such as high electrical 

conductivity and overall stability, making them an excellent material to serve as a platform for the 

synthesis of metal quantum dots.10–12,29,30 The optical properties of graphene quantum dots have 

been investigated extensively as these properties have important implications in the role that this 
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material plays in photovoltaics.31–33 A literature survey has shown that there have been little to no 

reports of using graphene/metal quantum dot composites for use in electrochemical reactions.  

 The use of quantum dot based electrocatalysts opens a new potential to optimize the size-

based properties of metal and metal oxide materials as smaller dimensions will allow more active 

sites to be available.10–12,20,23,29,30 Furthermore, the electronic coupling of the materials can be 

altered simply by adjusting the size of the graphene QDs compared to the metal being used. This 

can be tuned such to achieve the best overall activity. These properties, along with the stability of 

graphene, should create high performance, next generation electrocatalysts.10,11,29 In this chapter, 

we discuss the synthesis and characterization of Cobalt/graphene QD composites with very high 

electrocatalytic activity towards the oxygen evolution reaction which have outperformed 

benchmark catalysts. This chapter serves as an exciting starting point for the foray into 

metal/graphene QD-based electrocatalysts for water splitting reactions.  

4.2 Experimental details 

4.2.1 Materials 

Ascorbic acid (C6H8O6), cobalt sulfate heptahydrate (CoSO4·7H2O), potassium hydroxide 

(KOH), 10% Nafion solution, commercial Pt/C (20%) catalyst, and sodium borohydride (NaBH4) 

were purchased from Sigma-Aldrich (Canada) and used as received. High-purity Albany graphite 

powder was used as received from ZEN Graphene Solutions Ltd. Pure water was obtained using a 

NanoPure® system and was used in the preparation of all solutions. Electrochemical experiments 

were carried out in 0.1 M (~ pH 13) KOH solution.  
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4.2.2 Synthesis of Graphene Quantum Dots 

The synthesis followed a simple hydrothermal method using ascorbic acid as a size 

reduction agent. Briefly, 1.5 mg of graphite was dispersed in 15 ml of water via ultrasonication. 

Following this, ascorbic acid (200 mM) was dissolved and the dispersion was placed into a 

hydrothermal vessel. The vessel was sealed and the solution underwent hydrothermal treatment at 

200 °C for 2 h. The vessel was then allowed to cool to room temperature naturally. The resulting 

solution was then collected and centrifuged; a colour change was observed from a black solution 

to an orange yellow solution.  

4.2.3 Synthesis of Co/Graphene Quantum Dots 

The synthesis of the Co/Graphene QDs follows a chemical reduction method. In a typical 

synthesis, a 2 mM concentration of CoSO4·7H2O was dissolved in 5 ml of the graphene QD 

solution via magnetic stirring. The hydration number was assumed to be exactly 7. The solution 

was then purged with Ar gas for 20 min and a 5 mM concentration of NaBH4 was added under 

rapid stirring. This solution immediately darkened and was allowed to stir for 30 min under an Ar 

atmosphere to ensure complete reaction. Finally, the solution was allowed to age overnight under 

an Ar atmosphere. The synthetic method is depicted in Scheme 1 as a two-step procedure involving 

hydrothermal synthesis followed by chemical reduction. As a comparison, Co nanoparticles were 

formed under similar conditions in the absence of graphene QDs. A 2 mM concentration of 

CoSO4·7H2O was added to pure water, stirred to dissolve and purged with Ar for 20 min. A 5 mM 

concentration of NaBH4 was added rapidly and solution was stirred for 30 min. The solution was 

then aged overnight in an Ar atmosphere. The resulting solution was black in colour indicating the 

formation of metal nanoparticles. All solutions used in the synthesis of the nanocomposites and 

nanoparticles were prepared under an Ar saturated atmosphere.  
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4.2.4 Electrochemical Studies 

Measurements were recorded using a PGZ301 VoltaLab electrochemical workstation that 

employed a conventional one-compartment three-electrode cell system. A glassy carbon electrode 

(GC; diameter 3.0 mm, area 0.07069 cm2) was used as the working electrode. Prior to use, the 

electrode was polished on a microfiber pad with 0.05 µm alumina followed by ultrasonication in 

pure water for 5 min. A known amount of the material to be investigated was coated onto the GC 

after the fabrication of a homogenous ink containing 0.5% Nafion. A Ag/AgCl electrode was used 

as a reference electrode while a Pt coil was used as a counter electrode. Linear sweep voltammetric 

measurements were performed from 0 to 1.0 V vs Ag/AgCl. Ar gas was purged through the 

electrolyte for 20 min prior to commencing the experiments. All experiments were performed at 

room temperature (20 ± 2 °C). Potentials were converted to RHE for comparison. 

 The modification of the GC electrodes is described as follows. The Co/GQD was mixed 

with a 0.5% Nafion solution and ultrasonicated for 10 min to allow proper mixing and the 

formation of a homogeneous ink. Following this, 10 µl of the ink was drop cast onto the electrode 

surface and allowed to air dry leading to a catalyst loading of 0.016 mg cm-2. The same procedure 

was used for the Co nanoparticle (CoNP) solution in order to achieve the same catalyst loading. 

For the commercial Pt/C modification, 4 mg 20% Pt/C was dissolved in 1 ml of water and 0.5% 

Nafion via ultrasonication to ensure homogeneity. A 10 µl aliquot of the ink was drop cast onto 

the GC electrode and allowed to air dry at room temperature.  
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Scheme 4.1. Schematic depiction of the synthesis of graphene quantum dots followed by the 

synthesis of Co/graphene QDs. 

4.3 Results and Discussion 

4.3.1 Characterization 

Co/graphene quantum dots were fabricated using a hydrothermal synthesis method that 

employed ascorbic acid as a size reduction agent followed by the chemical reduction of Co2+ to 

Co using NaBH4. Synthesis of the graphene QDs was observed visually by the change of the 

solution colour from black to an orange-yellow. Addition of sodium borohydride to the reaction 

vessel containing Co precursor resulted in gas formation as well as a temporary darkening of the 

solution colour. The synthesis of the Co/graphene QDs was visually observed from a colour change 

of the solution from orangey yellow to a pale yellow following the addition of NaBH4. The 

morphology of the synthesized graphene quantum dots was characterized by TEM imaging as 

shown in Figures 4.1A and 4.1B. Figure 4.1A shows the morphology of the graphene quantum 

dots as small, uniform particles with diameters of 3-4 nm. Figure 4.1B shows the high-resolution 

image as well as d-spacing measurements of 0.208 nm, consistent with the values reported in 

literature.34,35 The reduction in size of graphite to graphene QDs can be attributed to the size 

reduction properties of ascorbic acid under hydrothermal conditions. It is suggested that these 

conditions led to a mixed epoxy chain being formed on the graphite which can be cut by 

interactions with the ascorbic acid leading to formation of GQDs.11 Figure 4.1C shows a TEM 

image of the Co/graphene QD composite with diameters on the order of 5-6 nm which are larger 
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than the graphene QDs alone. Figure 4.1D presents a high-resolution TEM image of the composite, 

featuring d-spacing measurements of 0.201 nm corresponding to graphene QDs, and 0.252 nm, 

which coincides with the d-spacing reported for the (311) plane in Co nanoparticles.36   

 
Figure 4.1. (A) TEM image and (B) high-resolution TEM image of graphene QDs. (C) TEM image 

and (D) high-resolution image of Co/graphene QD composite. 

Both of the QD samples show a fairly uniform size distribution and d-spacing consistent 

with reported literature values. It has been observed in many nanomaterials that there is an intimate 

relationship between the properties and the size of the nanomaterial. It is highly anticipated that 

changing the size of the Co particles will change the catalytic ability of the particles. In this 
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particular case, decreasing the particle size should increase the number of available active sites for 

a given mass of sample, as well as improve the mass transport kinetics of the reaction, leading to 

improved catalytic activity. As well, a small diameter and uniform size distribution is highly 

desirable for an efficient electrocatalysts. Due to the increased surface area and number of 

available active sites, the activity of the 5-6 nm cobalt nanocomposites should outperform cobalt 

nanoparticles. Figure 4.2 presents SEM images of the synthesized Co nanoparticles, where 

aggregation of the particles was observed in the low resolution image (Figure 4.2A). The size of 

the Co nanoparticles is on the order of 50-100 nm as can be seen from Figure 4.2A, which is further 

confirmed by the high resolution SEM image displayed in Figure 4.2B. EDS and XPS were 

employed for the elemental analysis of the nanocomposite. Figure 4.3A shows the EDS spectrum 

of the nanocomposite with clearly visible Co and C peaks. The Si and O peaks correspond to the 

substrate, while the Na peak might be due to residual Na from the sodium borohydride used in the 

fabrication process. 

  
Figure 4.2. (A) Low-resolution SEM image of Co nanoparticles. (B) High resolution image of a 

single Co nanoparticle. 

The Co and C peaks are both present and have very similar intensities, confirming the 

composition of the formed Co/graphene QDs. Figure 4.3B features the survey spectrum of the 
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nanocomposite, showing a high intensity C 1s peak as well as a clearly visible Co 2p peak. Figure 

4.3C presents the high resolution C 1s spectrum which features peaks at 284.2, 286.8, and 288.5 

eV correspond to C-C, C-O-C and O-C=O bonding, respectively.37  The spectrum shows a low 

presence of C-O-C and O-C=O bonding, indicating that the graphene QDs have a relatively low 

oxygen content. This kind of bonding is typical of graphene QDs and has been shown in other 

synthesis methods.11 Typically, pure graphene QDs should only contain C and H, but based on our 

synthesis, a certain degree of O is introduced.  

 
Figure 4.3. (A) EDS spectrum of Co/graphene QDs showing composition of material. The peaks 

marked with * correspond to the substrate. XPS data showing the survey spectrum (B) and high-

resolution carbon (C) and cobalt (D) peaks. 
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The oxygen defects may be in the form of epoxy, carbonyl, and carboxyl groups resulting 

from the hydrothermal cutting induced by the ascorbic acid during synthesis. However, the ratio 

of C-O-C and O-C=O bonding to pure C-C is very low, implying that the defect sites are relegated 

to the edges of the graphene QDs. These edge defects may be useful for bonding to the cobalt 

species prior to reduction and have an influence on both the bonding nature of cobalt as well as its 

electrochemical activity. Figure 4.3D features the high-resolution Co 2p peaks. The peaks at 778.1 

and 794.5 eV correspond to the Co 2p 3/2 and Co 2p ½ states, respectively. The satellite peaks of 

these states have been assigned as well and may be a result of shake up or shake off phenomena. 

When a photoelectron is ejected from the sample, it leaves behind a vacancy that disturbs the 

remaining electrons in the sample. This resulting excitation is referred to as shake up. There can 

also be a subsequent ejection of an outer shell electron known as shake off. This may be the origin 

of the satellite features seen in Figure 4.3D. The slight deviation from the metallic Co 2p 3/2 (778.1 

eV) and Co 2p ½ (793.2 eV) peaks indicates a small degree of oxidation of Co on the surface.38 

This oxidation is consistent with the observation of the oxygen defects of the graphene QDs being 

on the surface of the particles. The strong interaction of the graphene QDs with the Co species are 

a result of the oxygen functional groups acting as an anchor for the metal upon reduction. The 

oxidation may also prove useful to the activity of the composite towards OER as electron 

withdrawing supports have been shown to promote the adsorption of OH- species.39 These results 

confirm the presence of the expected elements in the anticipated oxidation states and provide 

insight into the bonding nature of the elements involved. An important property of quantum dots 

in general is their fluorescence. The ability to fluoresce is further confirmation of the formation of 

quantum dots over small nanoparticles. Both the graphene quantum dots and Co/graphene quantum 
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dots show high fluorescence. Figure 4.4A exhibits the fluorescence properties of the graphene 

quantum dots. 

 
Figure 4.4. (A) Fluorescence excitation and emission intensity spectra of graphene quantum dots. 

(B) Fluorescence excitation and emission intensity spectra of Co/graphene QDs. 

They show very high emission at ~495 nm and excitation at 385 nm as expected from 

quantum dots. To show that the fluorescence comes from graphene QDs formed by graphite, the 

synthesis procedure was performed using only the ascorbic acid solution in the absence of graphite. 

The resulting solution still produced a colour change; however, the fluorescence recorded from 

this solution was almost zero as seen in Figure 4.5. This indicates that the quantum dots formed 

are a result of the graphite converting into quantum dots and not from carbonization of ascorbic 

acid. It is known that surface functional groups on the graphene QDs prefer non radiative 

recombination of electron hole pairs which may lower the overall PL intensity of the graphene 

QDs.11,34 Figure 4.4B demonstrates that the nanocomposites show high fluorescence as well. For 

comparison, the fluorescence spectrum of the graphene QDs treated with 5 mM NaBH4 was also 

recorded (Figure 4.6), revealing that the PL intensity was only slightly increased. In addition, 

comparison of Figure 4.4A and 4B shows that there was a shift in the peak location. The emission 

occurred at 450 nm, a blue shift of about 45 nm from the graphene QDs and the excitation was 
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around 350 nm, a blue shift of about 35 nm. These shifts in the excitation and emission 

wavelengths indicate a change in the electronic structure of the QDs. The shift may also be a result 

of the change of size of the QDs. 
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Figure 4.5. Fluorescence emission spectrum of ascorbic acid solution after hydrothermal 

procedure featuring low PL intensity. 

A larger diameter may change the confinement of the electrons that result in fluorescence. 

Both of these factors are evidence towards the formation of a nanocomposite QD with unique 

properties. Furthermore, it can be seen that the PL intensity of the nanocomposite is higher than 

that of the graphene QDs alone. This indicates that the surface functional groups that lowered the 

PL intensity of the graphene QDs are now involved in a chemical bond and can no longer lower 

the intensity of the PL signal. This is further evidence of the surface functional groups playing an 

important role in the chemical bonding nature of Co on graphene QDs. This suggests that the 

graphene and Co formed a chemical bond during the synthesis, further confirming the formation 

of a nanocomposite.40 Figure 4.7A features a Raman spectrum of the graphene quantum dots alone. 

In this spectrum we see three bands: the D band, G band, and a broad 2D band at high 
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wavenumbers. The D band corresponds to defects in the 2D graphene structure resulting from the 

presence of sp3 hybridized carbon with oxygen functional groups. 

 
Figure 4.6. Fluorescence excitation and emission spectra of graphene QDs after treatment with 

NaBH4. 

This is also known as the defect or diamond band while the G band is referred to as the 

graphene band. The low intensity of the D band indicates that there is a low number of defect sites 

in the quantum dots. This means that the number of oxygen functional groups is low, which is 

consistent with what was observed in the C 1s spectrum. As stated previously, the oxygen 

functional groups are concentrated on the surface of the quantum dots, leaving the bulk of the 

quantum dot defect free resulting in a low D band. The presence of the broad 2D band at higher 

wavenumbers indicates that the formed particles have graphene-like properties and are not 

amorphous carbon quantum dots.41 The particles are likely a few graphene sheets thick with very 

small diameters. This is an important distinction as graphene is known to have high electrical 

conductivity and high stability, both desirable for a high performance electrocatalyst. Figure 4.7B 
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presents a Raman spectrum of the Co/graphene QD composite, showing the same peaks as Figure 

4.3C and a small new peak centred at 1100 cm-1. 

 
Figure 4.7. (A) Raman spectrum of graphene quantum dots. (B) Raman spectrum of 

Co/graphene QDs. 

This new peak could be assigned to a two-phonon Raman band for Co-O,42 further 

confirming the  formation of the Co/graphene QDs.  

4.3.2 Electrochemical Experiments 

 The electrochemical activity of the nanocomposites towards the OER was investigated in 

0.1 M KOH and compared to a commercial catalyst as well as other particles based on similar 

materials. A GC electrode was coated with several different materials and compared to show the 

excellent activity of the Co/graphene nanocomposites. Linear sweep voltammetry measurements 

are featured in Figure 4.8 for Co/graphene QDs, Co nanoparticles, a commercial Pt/C catalyst 

(20%), graphene QDs as well as a bare GC electrode. As expected, the graphene QDs and GC 

electrode alone exhibit very little response to OER. The nanocomposites show excellent activity, 

reaching a maximum current density of 43.16 mA cm-2 at 1.96 V vs RHE. This current density 

outperformed the commercial Pt/C catalyst by over 7 times as it only reached 5.99 mA cm-2 at 1.96 



54 

 

V vs RHE. Investigating the overpotential required to attain 10 mA cm-2, a typical current density 

required in fuel cell devices, indicates that the nanocomposite has the lowest overpotential of the 

materials studied. The overpotential is only 0.49 V compared to the CoNP catalyst which required 

0.59 V. This reduction in overpotential likely relates to the size of the catalysts and not a change 

in the underlying reaction mechanism. The smaller particles have more active sites available, 

resulting in a more efficient catalyst for oxygen evolution. While the mechanism of oxygen 

evolution is not fully understood, there is general agreement that the stability of high oxidation 

states is important. Locke et al. propose that Co(IV)-oxyl species are key precursors to the 

formation of oxygen-oxygen bonds in the Co-Pi system, which is supported by DFT calculations.23 

In the case of our Co/graphene QD electrocatalyst, the active site is likely a mixed oxy-hydroxide 

as the catalyst undergoes progressive oxidation with increasing anodic potential. It is known that 

Co(III) and Co(IV) are catalytically active for the OER and they are considered essential 

intermediates.23 Furthermore, graphene and graphene derivatives are known to have high electrical 

conductivity and stability. The electrical conductivity facilitates better electron transfer rates which 

in turn may improve the rate of formation of Co(IV) as well as its stability.43 The improved 

conductivity and electronic effects due to the strong interaction with graphene may play an 

important role in the stabilization of the Co(IV) oxidation state and may contribute to the 

improvement in performance.16 The Co nanoparticles exhibited a higher current density than the 

Pt/C catalyst, but was still outperformed by the nanocomposite, reaching 21.1 mA cm-2 at 1.96 V 

vs RHE, approximately half of the current density achieved by the QDs. The onset potential for 

the nanocomposites was the lowest observed of the four materials at 1.60 V vs RHE, which was 

similar to the Pt/C catalyst. 
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Figure 4.8. LSV curves for OER for a glassy carbon electrode modified with Co/graphene QDs, 

cobalt nanoparticles, a commercial Pt/C catalyst. Inset: LSV curves for OER for a glassy carbon 

electrode modified with graphene QDs and a bare glassy carbon electrode. Electrolyte: 0.1 M 

KOH; scan rate: 20 mV/s. 

The onset potential shown by the Co nanoparticles is also similar to that of the 

nanocomposite QDs. These results suggest that the overall improvement in activity towards OER 

by the nanocomposites is not a fundamental change to the electron transfer kinetics of the reaction 

as there is a similar overpotential between nanoparticles and QD composites. It suggests that the 

improvement is mainly a result of the size reduction of the particles which improved the number 

of available active sites for a given mass of sample, resulting in a greater current density. Should 

the kinetics of the reaction be affected, a change in the overpotential requirement would be 

observed given that the active component of the material is the same, aside from the reduction in 
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size. The electrochemical study of the material continues in Figure 4.9 as an electrochemical 

impedance spectroscopy (EIS) study. Potentials of 1.56, 1.66, and 1.76 V vs RHE were applied to 

an electrode modified with Co/graphene QDs in 0.1 M KOH. The inset in Figure 4.9 represents 

the equivalent circuit employed in the fitting of the impedance data, where Rs represents the 

resistance of the solution, Rp denotes the resistance to polarization at the electrode surface, and 

CPE represents a constant-phase element which can be broken down into CPE-P and CPE-T. The 

experimental data is shown as the symbols on the Figure 4.9, while the fitting data in shown as the 

solid line. The highest error seen in the table was less than 3%, indicating that a good fit was 

achieved for all of the experiments using the proposed equivalent circuit. The values associated 

with the fitting data are summarized in Table 1 as the value ± the error associated. The value for 

Rs varied from 73-100 Ω cm-2, which is what is expected for 0.1 M KOH. The value of Rp is an 

indication of the modified electrodes affinity towards OER and scaled with the applied potential. 

As the potential was increased from 1.56 to 1.76 V vs RHE, Rp decreased for each of the materials 

that were under investigation, indicating that oxygen evolution was more readily achieved at 

higher potentials. It was found that for all of the potentials investigated, the Co/graphene 

nanocomposite had the lowest Rp value reaching the lowest value of 0.3 kΩ cm-2 at 1.76 V vs 

RHE. This confirms that the composite has the highest activity towards OER between the 

comparison materials, which is consistent with the results seen in the LSV curves. Furthermore, 

the value of CPE-P for nearly all of the experiments is close to the value of 1, indicating that the 

value given for CPE-T is close to the true double layer capacitance of the material. CPE-T 

generally increases as the potential increases for the materials. 
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Figure 4.9. Nyquist plot of a glassy carbon electrode modified with Co/graphene QDs at applied 

potentials of 1.56 (a), 1.66 (b), and 1.76 (c) V vs. RHE in 0.1 M KOH. The amplitude of the 

modulation potential was 5 mV and the frequency was swept from 100 kHz to 40 mHz. The inset 

corresponds to the equivalent circuit model.  

The biggest increase in CPE-P seen in the nanocomposite when the potential is adjusted 

from 1.56 to 1.66 V, increasing from 16.5 to 30.0 µF cm-2sn-1. The composite material showed 

the highest CPE-T when compared to cobalt nanoparticles and the commercial Pt/C catalyst. The 

usefulness of having a high CPE-T value is that the material has a high double layer capacitance, 

so long as CPE-P is close to 1.  
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 Table 1. Comparison of EIS data for modified electrodes with associated error. 

 

E/V Electrode Rs/Ω cm2 Rp/kΩ cm2 CPE-T/µFcm-2sn-1 CPE-P (n) 

 

1.56 

Co/GQD 89.3 ± 0.7 5.1 ± 0.08 16.5 ± 0.4 0.9 ± 0.01 

CoNP 92.1 ± 0.3 7.4 ± 0.04 4.3 ± 0.04 0.9 ± 0.001 

Pt/C 89.6 ± 0.4 36.9 ± 0.4 12.1 ± 0.1 0.9 ± 0.002 

 

1.66 

Co/GQD 98.7 ± 0.5 0.9 ± 0.005 30.0 ± 0.5 0.9 ± 0.004 

CoNP 73.0 ± 0.2 1.9 ± 0.008 5.2 ± 0.07 0.9 ± 0.001 

Pt/C 81.5 ± 0.5 27.3 ± 0.3 11.6 ± 0.03 0.9 ± 0.003 

 

1.76  

Co/GQD 99.6 ± 0.4 0.3 ± 0.0024 30.4 ± 0.7 0.8 ± 0.006 

CoNP 75.7 ± 0.2 0.9 ± 0.005 9.4 ± 0.2 0.9 ± 0.002 

Pt/C 72.2 ± 0.4 19.1 ± 0.2 10.6 ± 0.1 0.8 ± 0.002 

 

Nyquist plots of the CoNP and Pt/C catalyst are featured in Figure 4.10. All of the EIS data 

confirms that the Co/graphene QD nanocomposite has the highest charge transfer rate of the 

materials observed, concluding that this material has the highest activity towards OER. Further 

comparison of the materials was performed using chronoamperometric and chronopotentiometric 

techniques. Figure 4.11 depicts the performance of the modified electrodes under the applied 

potentials and current densities.  

Figure 4.11A shows the current densities of the three materials being compared under an 

applied potential of 1.76 V vs RHE for 60 seconds. As expected from previous results, the 

composite material has the highest current density indicating it has the best performance towards 

OER of the three materials. The trend is the same as that observed in the LSV and the values 

associated with each catalyst correlate with the activity shown in Figure 4.8. 
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Figure 4.10. Nyquist plots for a glassy carbon electrode modified with Co nanoparticles 

(A) and commercial Pt/C (B) at applied potentials of 1.56 (a), 1.66 (b), and 1.76 (c) V vs. RHE in 

0.1 M KOH. The amplitude of the modulation potential was 5 mV and the frequency was swept 

from 100 kHz to 40 mHz. The inset corresponds to the equivalent circuit model. 

 Figure 4.11B shows the potential when a current density of 10 mA cm-2 is applied. The 

lowest potential is seen for the composite material indicating that the overpotential required to 

reach a high current density is the lowest for this material. Both of these results are consistent with 

what was observed in the LSV curves. Furthermore, the composite material exhibits a stable 

response where the other two materials show fluctuations over time. The current density of the 

cobalt nanoparticle shows a fluctuating response and the potential response for the electrode 

modified with Pt/C in increasing over 60 s. These results suggest that there is a stronger binding 

affinity of molecular oxygen to these two materials resulting in a blockage of the active sites on 

the material surface, leading to a poor performance. This is not observed with the nanocomposite, 

implying that there is facile release of molecular oxygen and a stable electrode potential at the 

applied potential of 1.76 V in Figure 4.11A and applied current density of 10 mA cm-2 in Figure 

4.11B. This stable response can be seen in Figure 4.12, in which the current density was recorded 

over 5000 s when a potential of 1.66 V vs RHE was applied. The high stability of the Co/graphene 
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QD nanocomposite could be attributed to the improved conductivity and the strong interaction 

between the Co QDs and graphene QDs.16,32,38 

    

 

Figure 4.11. (A) A chronoamperometric comparison of the activity towards OER for a modified 

glassy carbon electrode under applied potential of 1.76 V vs. RHE. (B) A chronopotentiometric 

comparison of a modified glassy carbon electrode modified under an applied current density of 

10 mA cm-2. (C) Chronoamperometric response of a Co/graphene QD modified glassy carbon 

electrode under applied potential of 1.56, 1.66, and 1.76 V vs. RHE. (D) Chronopotentiometric 

response of a Co/graphene QD modified glassy carbon electrode under applied current densities 

of 5, 10 and 20 mA cm-2. All experiments performed in 0.1 M KOH.  

Figure 4.11C shows the current density (j) vs time under the applied potentials of 1.56, 

1.66 and 1.76 V vs RHE. The steady-state current densities were measured after 60 s and were 

found to be 0.18, 2.7, and 13.47 mA cm-2, respectively. These values are consistent with what 

was observed in Figure 4.8 as well. The effect of applied current density on the nanocomposite 
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was also investigated. Figure 4.11D shows the electrode potential (E) vs time under the applied 

current densities of 5, 10, and 20 mA cm-2. Once again, the steady- state potentials were 

measured after 60 s. These values are reported as 1.69, 1.74, and 1.82 V vs RHE, respectively. 

The resulting overpotential after 60 s when the current density was applied at 10 mA cm-2 is 0.51 

V, consistent with what was observed in Figure 4.8, where the overpotential was approximately 

0.49 V.  
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Figure 4.12. Stability testing of a glassy carbon electrode modified with Co/graphene QDs under 

an applied potential of 1.66 V vs RHE in 0.1 M KOH for 5000s.  

This figure reveals that there is a consistent overpotential required for OER over the 60 s 

trial that was performed to demonstrate activity. All these experimental results demonstrate that 

there is considerably improved activity towards OER for the nanocomposite catalyst over the other 

catalyst investigated when considering activity over a period of time. Finally, the synthesis 

procedure was repeated several times over the course of experimentation with electrochemical 

investigations towards OER repeated several times. With each repeated synthesis, consistent 

results were obtained indicating that the synthetic procedure is robust and capable of producing 

the same product every time.  



62 

 

4.4 Conclusion 

Hydrogen production via electrochemical water splitting is currently economically limited by the 

use of noble metals to perform the thermodynamically sluggish oxygen evolution reaction. A 

solution to this is an economically viable and advanced OER catalyst based on Cobalt/graphene 

QDs. The synthesis procedures of this material involve simple methodologies and scalable 

techniques including hydrothermal synthesis and chemical reduction. A combination of TEM, 

fluorescence measurements and elemental analysis confirmed the formation of this new QD based 

catalyst on the premise of size measurements and high fluorescent activity. A comparison of this 

new material to the benchmark Pt/C catalyst and cobalt nanoparticles reveals that the 

nanocomposite has a higher current density at a given voltage and lower overpotential at 10 mA 

cm-2. EIS confirms that the composite material has the highest charge transfer rate between 

solution and electrode at a given potential for all of the given materials under investigation. 

Furthermore, stable responses are seen for the composite material, where the CoNP and Pt/C 

catalysts exhibit instabilities. Lastly, chronoamperometric and chronopotentiometric studies are 

consistent with the results seen in the LSV. In conclusion, this chapter presents a foray into 

economically viable QD- based electrocatalysts and opens the doorway to explore new synthesis 

methods for these materials as well as the potential for expansion into new unexplored materials 

for clean energy and environmental applications.  
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Chapter 5: Synthesis and Electrochemical Study of Bimetallic Nickel-Iron 

Quantum Dots for Overall Water Splitting 

5.1 Introduction 

 The demand for alternative energy sources and concerns about sustainable energy storage 

and conversion has inspired scientists and researchers across several different fields.1–3 A prevalent 

area of research is into the implementation of a hydrogen based economy in which molecular 

hydrogen is employed as the primary energy storage medium for use in powering electronic 

devices.4,5 Using water as a source of hydrogen provides a naturally abundant and safe-to-transport 

method of implementing this concept. To make this a reality, electrochemical water splitting must 

be easy to perform and rely on inexpensive materials. Water splitting consists of two 

electrochemical half reactions: the thermodynamically challenging oxygen evolution reaction 

(OER) and the hydrogen evolution reaction (HER).  

 For both of these reactions, noble metals have been employed due to their high stability 

and versatility towards reactions in various media. They are typically used to counter the high 

overpotential required to perform the kinetically and thermodynamically challenging OER, which 

requires a four-electron oxidation to take place.6,7 The HER, while less kinetically and 

thermodynamically involved, still requires a good catalyst to both perform the reduction of water 

and release molecular hydrogen.8 Noble metals, while very good catalysts for these reactions, are 

impractical in large scale applications due to their high cost. This ultimately results in economic 

challenges in using electrochemical water splitting. In response, there has been a very large amount 

of research into advanced catalysts that utilize inexpensive materials such as carbon based 

materials,9–11 first row transition metals,12–14 and other main group elements.10,15,16  
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 In recent years, nickel-iron materials have emerged with a high potential for use in overall 

water splitting.13,14,17–22 These two metals have very low production costs as well as high natural 

abundance and environmental compatibility making materials based on them a viable solution to 

the economic challenges created by the use of expensive metals. These materials have been shown 

to have low overpotentials towards the OER and HER in alkaline solutions and have tuneable 

electrochemical properties simply by changing the amount of each metal present.13,19–21 Although 

these materials have great potential, there is still much work that needs to be achieved to improve 

the activity as the current densities achieved are lower and overpotentials higher than those of 

noble metals. Much of the work done so far has focussed on employing nanomaterial based NiFe 

catalysts such as nanoparticles,14,18,20 layered double hydroxides (LDH),2,19,23,24 thin films,11,21,22 

composites with carbon based materials,9 and conjugation with other metals and metal oxides.13,14 

An important factor in these catalysts is the synergistic effect between Ni and Fe. It has been shown 

on many occasions that incorporating a small amount of Fe into a Ni-based catalyst dramatically 

improves performance.17,25 For this reason, several computation studies have been performed to 

probe the underlying mechanisms for this improvement and have identified important reaction 

intermediates.1,2,17,20,25 The synergistic effect between the two materials lends itself very well to 

improvement towards the OER and the HER depending on the concentration of metals present in 

the catalyst. 

 Recently, quantum dot (QD)-based materials have emerged with high potential for use in 

a variety of applications.26–31 A quantum dot is simply a very small nanoparticle with dimensions 

on the order of less than 10 nm. At these very small dimensions, new optical properties arise due 

to the quantum confinement effect of having electrons confined to a very small space. This allows 

QDs to fluoresce with very high intensity which opens the potential for many applications in 
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sensing, photovoltaics, and communication devices.27–30 Aside from fluorescence, the advantage 

that QDs have is that they are extremely small in size. This small size leads to a very high surface-

to-volume ratio which means that more active sites are available for use in catalysis. As more 

active sites are available, one should see an increase in catalytic ability. To date, there have been 

little to no reports of the use of bimetallic first-row transition metals based catalysts in 

electrochemical applications.  

 Using bimetallic quantum dots for electrocatalysis has many potential advantages such as 

high conductivity associated with metals along with the potential for tuning of the electronic 

properties, such as the energetic position of electrons that are useful in reactions. Coupling of the 

two metals should allow for control of the electronic properties by changing the ratio of each metal 

present which will allow for improvement in overall catalytic ability.17,25 The properties seen in 

other NiFe materials should allow for these novel, next generation catalysts to be very efficient for 

overall water splitting. In this chapter, we discuss the synthesis and characterization of NiFe QD 

composites with very high and tuneable electrocatalytic activity towards the OER and HER simply 

by altering the amount of Ni and Fe present in the precursor solution.  

5.2 Experimental Methods 

5.2.1 Materials 

Ascorbic acid (C6H8O6), iron(II) sulphate heptahydrate (FeSO4·7H2O), nickel(II) sulphate 

hexahydrate (NiSO4·6H2O), potassium hydroxide (KOH), sodium hydroxide (NaOH), 10% 

Nafion solution, commercial Pt/C (20%) catalyst, and sodium borohydride (NaBH4) were 

purchased from Sigma-Aldrich (Canada) and used as received. Pure water was obtained using a 



72 

 

NanoPure® system and was used in the preparation of all solutions. Electrochemical experiments 

were carried out in 0.1 M (~ pH 13) KOH solution.  

5.2.2 Synthesis of NiFe Nanoparticles 

The synthesis of NiFe nanoparticles followed a simple chemical reduction using sodium 

borohydride outlined in ref. (32). Briefly, different amounts of NiSO4·6H2O and FeSO4·7H2O 

were dissolved in 5 ml pure water keeping the total metal concentration at 0.566 mM. Following 

this, 3.8 M NaOH was added slowly to the solution to adjust the pH to ~6.2-7.0. A 1.6 mM 

concentration of NaBH4 was then added under rapid stirring until bubble formation stopped. Upon 

addition the black particles formed indicating the reduction of the precursor salts. The solution was 

allowed to react under magnetic stirring for 20 min. No steps were taken to eliminate oxygen from 

the reaction solution. Different amounts of Ni and Fe precursor were used in order to optimize 

their activity towards the OER and HER. These are indicated as XX:XX NiFe QDs where the first 

number is the percentage of Ni in the precursor solution and second number is the percentage of 

Fe; i.e. 70:30 NiFe QDs had 70% Ni and 30% Fe in the precursor solution.  

5.2.3 Synthesis of NiFe Quantum Dots 

The synthesis of the NiFe QDs follows a simple hydrothermal method outlined as follows. 

After reduction to nanoparticles, the solution was collected and poured into a hydrothermal vessel 

and water was added until the final solution volume was 15 ml after rinsing the reaction flask. A 

200 mM concentration of ascorbic acid was added to the solution and it was sealed in a 

hydrothermal vessel. The sealed vessel underwent hydrothermal treatment for 2 h at 200 °C. The 

vessel was the allowed to cool to room temperature naturally. The resulting solution was collected 

and a colour change from was seen in the solution from a mostly colourless solution with black 
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particles throughout to a dark brown-green solution with sediment at the bottom. The synthetic 

procedure is outlined in Scheme 5.1 as a two-step process involving a chemical reduction followed 

by a hydrothermal treatment. All solutions used in the synthesis of both the nanoparticles and 

quantum dots were prepared under atmospheric conditions.   

5.2.4. Electrochemical Studies 

Measurements were recorded using a PGZ301 VoltaLab electrochemical workstation that 

employed a conventional one-compartment three-electrode cell system. A glassy carbon electrode 

(GC; diameter 3.0 mm, area 0.07069 cm2) was used as the working electrode. Prior to use, the 

electrode was polished on a microfiber pad with 0.05 µm alumina followed by ultrasonication in 

pure water for 5 min. A homogenous ink containing 1% Nafion was fabricated out of the material 

to be investigated and a known amount was coated onto the GC electrode. For the QD materials, 

an additional filtration step was employed to remove any unreacted nanoparticles to ensure that 

the activity was based on the QDs alone. A Ag/AgCl electrode was used as a reference electrode 

while a Pt coil was used as a counter electrode in all experiments. Linear sweep voltammetric 

measurements were performed from 0 to 1.0 V vs Ag/AgCl for OER investigations and -1.0 to -

2.0 vs Ag/AgCl for HER investigations. Ar gas was purged through the electrolyte for 20 min prior 

to commencing the experiments. All experiments were performed at room temperature (20 ± 2 

°C). Potentials were converted to RHE for comparison. 

 The modification of the GC electrodes is described as follows. First, the post-hydrothermal 

NiFe QD solution was filtered using a NanoSep filtration device with pore size on the order of 10 

nm to ensure the ink contained only the smallest particles. The NiFeQDs were then mixed with a 

1% Nafion solution and ultrasonicated for 10 min to allow proper mixing and the formation of a 

homogeneous ink. Following this, 10 µl of the ink was drop cast onto the electrode surface and 
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allowed to air dry leading to a catalyst loading of 1.32 mg cm-2. The same procedure without 

filtration was used for the NiFe nanoparticle (NiFeNP) solution in order to achieve the same 

catalyst loading. For the commercial Pt/C modification, 4 mg 20% Pt/C was dissolved in 1 ml of 

water and 1% Nafion via ultrasonication to ensure homogeneity. A 10 µl aliquot of the ink was 

drop cast onto the GC electrode and allowed to air dry at room temperature.  

 

Scheme 5.1. Schematic depiction of the synthesis of nickel-iron nanoparticles followed by the 

synthesis of nickel-iron quantum dots. 

5.3 Results and Discussion 

5.3.1 Characterization 

 The NiFe quantum dots were synthesized using a combination of chemical reduction using 

NaBH4 to produce NiFe nanoparticles and hydrothermal synthesis that employed ascorbic acid as 

a size reducing agent. This synthesis could be monitored visually by the change of colour of the 

precursor solution from light blue-green to black upon addition of NaBH4. Following the 

hydrothermal treatment, the colour of the solution changed to a dark brown-green colour 

depending on the starting ratio of Ni:Fe. The morphology of the composite materials was 

characterized by TEM. Figure 5.1 features the TEM images of the formed QD material. The two 

images are of the 70:30 and 20:80 NiFe QDs as they were shown to be optimized for the OER and 

HER, respectively. The efficiency of the formation of QDs depended on the composition of the 

corresponding nanoparticles. In the case of the 70:30 QDs, shown in Figure 5.1A, the rate of 
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formation of QDs was likely very low as most of the sample was covered in NiFe nanoparticles as 

seen in Figure 5.2. 

 
Figure 5.1. (A) High resolution TEM image of 70:30 NiFe QDs. (B) High resolution TEM image 

of 20:80 NiFe QDs. 

 This is not the case for the 20:80 sample in Figure 5.1B where the conversion of 

nanoparticles to QDs was very high as evidenced by the large abundance of QDs throughout the 

sample. This suggests that the particular method employed for the synthesis of the QDs may be 

more useful for certain metals over others. The size distribution of the QDs also varies depending 

on the composition of the material. In the 70:30 sample, the size of the QDs is much more uniform 

than what is seen in the 20:80 sample. These size distributions will likely reflect both the optical 

properties of the composites and potentially their catalytic ability. As there is a very intimate 

relationship between the size of a particular nanoparticle and its properties, one can expect that 

there will be a change in both optical and catalytic properties based on the size and composition. 

As there is a large decrease in the size of the NiFe QDs when compared to the nanoparticles there 
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should be a huge increase in the active sites available and therefore an increase in catalytic ability. 

Having a uniform, small size is desirable for an efficient electrocatalyst. 

 
Figure 5.2. TEM image of NiFe nanoparticles 

Figure 5.2 features a TEM image of several NiFe nanoparticle aggregates with individual 

particles on the order of 100 nm. There is potential for the improvement in catalytic ability to be 

from a morphology change to the nanoparticles that occurred during the hydrothermal portion of 

the synthesis. For this reason, the nanoparticles were filtered out of the solution before creating 

the ink used in electrochemical experiments. Figure 5.1A also features d-spacing measurements 

for the NiFe QDs. The value shown in the figure is consistent with those reported for other NiFe 

nanomaterials, giving evidence that the material formed is indeed composed of Ni and Fe.33  

 EDS and XPS analysis were performed for elemental confirmation. Figure 5.3A shows the 

EDS spectrum of the formed 20:80 NiFe composite. Small Ni and Fe peaks are visible in the 

spectrum, showing that Ni and Fe were present in the formed product. Based on the EDS intensities 

alone, a definitive conclusion about the percentages of metal present in the actual sample could 

not be reached. The other large peaks present in the spectrum are from the substrate and residual 
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counter-ions that were present in the synthesis such as Na. To investigate the elemental 

composition further, XPS studies were performed.  

 
Figure 5.3. Elemental analysis of NiFe QDs (A) EDS spectrum of 20:80 NiFe QDs. (B) High 

resolution XPS spectrum of Fe in 70:30 NiFe QDs. (C) High resolution XPS spectrum of Ni in 

70:30 NiFe QDs. (D) High resolution XPS spectrum of Fe in 20:80 NiFe QDs. (E) High resolution 

XPS spectrum of Ni in 20:80 NiFe QDs. 

Figure 5.3B and 3C feature the high resolution spectra for Ni and Fe, respectively, in the 

70:30 NiFe QDs. A very well resolved spectrum of Ni could be obtained due to the high amount 

of Ni present in this particular sample. By contrast, a less clear spectrum was obtained for Fe likely 

due to the lower percentage present in the sample. The two peaks seen in Figure 5.3B correspond 

to Ni 2p 3/2 at 858.9 eV and Ni 2p 1/2 at 879.2 eV. There is a considerable shift to higher energies 

seen for these peaks from metallic Ni for both the 2p 3/2 (852.6 eV) and 2p 1/2 (870.0 eV). This 

indicates that there is likely oxidation of the nickel at the surface of the particles. This may lead to 

improved catalytic ability towards the OER as electron withdrawing groups may help in the 

adsorption of OH-. Furthermore, the shift could be a result of partial charge transfer between nickel 



78 

 

and iron atoms as this is known to happen with NiFe materials.17 Based on the peak positions seen 

in Figure 5.3C for Fe, there appears to be a small shift towards lower energies which may be a 

result of partial charge transfer.  

This partial charge transfer has been proposed as a mechanism for the improvement in 

activity towards the OER when Fe is incorporated into Ni catalysts. A partial electron transfer 

from Ni to Fe makes it more difficult to oxidize Ni2+ which leads to Ni3+/4+ with more oxidizing 

power and enhanced activity towards the OER.17 Figure 5.3D and Figure 5.3E show the XPS 

spectra of the 20:80 Ni:Fe sample. Both spectra show clear peaks for 2p 3/2 and 2p 1/2. As with 

before, there is a shift in both the Ni peaks to higher binding energies, however, now the Fe peaks 

show a very slight shift to higher binding energies as well. This could be a result of a change in 

the surface species for the different QDs. The higher amount of Fe present in the precursor solution 

may result in more Fe atoms ending up on the surface of the material after the synthesis procedure. 

This means that more Fe atoms can be oxidized on the surface and there is a shift to higher binding 

energies. This is an important finding for catalysis as the surface atoms are the ones involved in 

the chemical reaction. By changing the amount of either metal present in the precursor solution, 

we can change the atoms present at the surface which may allow us to tune the activity of the 

particles towards different reactions. Furthermore, the partial charge transfer effects are still likely 

taking place in these QDs as well as there are shifts in the peaks, however they are less pronounced. 

The fewer Ni atoms at the surface may mean that there is less oxidation occurring for this species 

and the charge transfer is the main reason for the observed shift. This partial charge transfer will 

likely be an important factor in catalysis for both the OER and HER. Finally, the ratio of Ni to Fe 

in the material was not investigated as the low intensities of both sets of peaks would not lend 

themselves to accurate results. However, it is easily observed that the peaks are different and there 
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are certainly different ratios between the two samples studied. It may be possible to investigate the 

ratios of the corresponding nanoparticles, but there may be further change of these ratios after the 

hydrothermal treatment.  

 For confirmation of the formation of QDs as opposed to just very small particles, 

fluorescence spectra were recorded. Both the 70:30 and 20:80 NiFe samples show very large 

fluorescence intensity. Figure 5.4A exhibits the fluorescence properties of the 70:30 Ni sample 

with very high emission at 510 nm and excitation at 490 nm. Figure 5.4B exhibits the fluorescence 

spectrum of the 20:80 sample with emission at ~465 nm and excitation at ~385 nm, both with 

much more breadth than the 70:30 sample. The fluorescence seen in these samples is explain due 

to the quantum confinement effect. The very small size of the particles leads to a breakdown of 

the band structure typically associated with bulk materials. As the size of the particle becomes 

increasing small, energy bands seen in bulk materials are broken down into discrete energy levels. 

The discrete nature of these energy levels allows for the excitation of electrons into higher energy 

states followed by relaxation and the release of a photon. As the band structure of metals usually 

have a very small gap between the valence and conduction band, there may still only be a small 

gap between the energy states when the metal is brought down to a quantum dot level and 

fluorescence may not be possible. However, there can be further alteration of the energetic states 

if the material is oxidized. This might result in more of a semiconductor type behaviour which 

allows for fluorescence in the visible spectrum. As evidenced by the XPS, the is a degree of 

oxidation for both Fe and Ni giving the material more semiconducting properties and the ability to 

fluoresce. The basis for both the shift and breadth can be explained by the change in composition 

and the size distribution of the QDs. For the 70:30 sample, the size distribution is quite narrow 

from what is seen in the TEM images. The narrower the size distribution, the narrower the 
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excitation and emission spectra appear. This is a result of the quantum confinement effect that 

leads to fluorescence of quantum dots. If the confinement is limited to only one particular size of 

QD then the fluorescence seen will be very narrow. By contrast, the 20:80 NiFe QDs have very 

broad fluorescence peaks. This is again ratified by the size distribution of the QDs. There are 

several wavelengths that can excite the QDs and several wavelengths are emitted by the particles 

of varying size, leading to broad peaks. There are advantages and disadvantages to having narrow 

and broad peaks. In one case, one might desire broad peaks as it allows more light to excite the 

QDs which can then have electrons in excited states that can be used for catalysis, for example. 

By contrast, one might desire a narrow peak as they only wish to observe one particular 

fluorescence signal.  

 
Figure 5.4. (A) Fluorescence excitation and emission intensity spectra of 70:30 NiFe QDs (B) 

Fluorescence excitation and emission intensity spectra of 20:80 NiFe QDs. 

Further tuning of the size distribution of QDs is useful in sensing applications and 

photocatalysis, however, for use in electrocatalysis, the improvement in activity originates from 

the reduction in size, so further optimization of these size distributions was not pursued. Instead, 

the origin of the shift in the spectra was investigated as it will relate to the electronic structure of 

the QDs and therefore the catalysis. Figure 5.5 shows the fluorescence spectra of the 100:0 and 
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0:100 NiFe QDs material along with the composite materials. The 100:0 sample shows peak 

emission at ~520 nm, whereas the 70:30 sample shows peak emission at 510 nm, a blue shift of 10 

nm. Following this trend, the 20:80 sample is blue shifted to 465 nm and the 0:100 sample is 

shifted to ~460. This shift in wavelength corresponds to a shifting between the ground and excited 

states of the QDs. The shift to lower wavelength implies that there is a greater gap in energy 

between the excited states and ground states. Changing the composition of the material effectively 

shifts where the highest energy electrons are in the sample. Furthermore, it may change the 

energetic distance where the highest energy electrons lie and the nearest excited state by altering 

atomic distances as well as the overlap of important orbitals.  

 
Figure 5.5. (A) Fluorescence excitation and emission intensity spectra of 100:0 NiFe QDs. (B) 

Fluorescence excitation and emission intensity spectra of 70:30 NiFe QDs (C) Fluorescence 
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excitation and emission intensity spectra of 20:80 NiFe QDs. (D) Fluorescence excitation and 

emission intensity spectra of 0:100 NiFe QDs. 

This change in configuration might explain the difference in fluorescence seen between the 

samples. Furthermore, this may be important in electrocatalytic applications as there may be 

shifting of the energy states involved in the reaction. Having energetic states that lie close to the 

potential required for the OER and HER may improve catalysis. Furthermore, changing where the 

energetic states lie may allow for better activity towards a certain reaction over another, which is 

observed in the electrochemical experiments. Lastly these observations are consistent with those 

made in the XPS studies. There is a clear change in the binding energies of the 2p orbitals when 

the composition is changed and there is a clear change in the energy states involved in fluorescence 

based on these sets of experiments. This gives a clear indication that changing the composition of 

the QDs changes the electronic structure of the material. By changing the composition of the QD 

material, we are effectively changing the electronic properties which gives some degree of control 

over the catalytic properties.  

 
Figure 5.6. Excitation dependant emission spectra for (A) 70:30 NiFe QDs and (B) 20:80 NiFe 

QDs 
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A final fluorescence experiment was investigating whether there is excitation dependant emission 

as has been observed in other QD materials. Figure 5.6 shows that there is a slight excitation 

dependence in both the 70:30 and 20:80 QDs. The origin of this excitation dependence is still hotly 

debated but may be a result of the quantum confinement effect, surface defects or traps, and solvent 

effects.34 

5.3.2 Electrochemical Experiments 

The electrochemical activity of the NiFe QDs was evaluated in 0.1 M KOH and compared 

to a commercial Pt/C catalyst. To optimize the ratio of Ni to Fe for best electrochemical activity, 

several samples were studied. In Figure 5.7A and 7B, the performance of the catalyst towards both 

the OER and HER was evaluated. The legend indicates the ratio of Ni to Fe for the precursor 

solution, the actual amount of Ni and Fe in the sample may vary from the legend as the metals may 

have different rates of reduction via NaBH4 which was confirmed in the XPS studied. A GC was 

coated with an ink composed of the different materials and compared to show the best activity 

towards the OER was seen for the 70:30 NiFe material and best activity towards HER for the 20:80 

NiFe material. Characterization of these materials was the focus of this thesis after they were found 

to be the optimal ratios. To make comparison between samples easier, bar graphs were constructed 

taking the value of the current density at E = 1.8 V vs RHE for the OER and E = -1.0 V vs RHE 

for the HER. One can clearly see that the best current densities are seen for the 70:30 and 20:80 

samples. When compared to a benchmark Pt/C catalyst, the is a remarkable improvement in 

activity towards the OER for the optimized sample, however, the activity towards the HER is much 

greater in the Pt/C catalyst over the NiFe QDs. Slightly different values for the onset potential are 

seen between samples but the best onset potentials are seen for the optimized materials. The 

underlying reason for the improvement in activity and onset potential may relate to the changes in 
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electronic structure that was seen in previous studies. It is clear from those studies that there is a 

change to the electronic properties of the material depending on the composition. The electronic 

behaviour must favour the binding and dissociation of water while also have an affinity for 

hydrogen that is not too strong. These changes in electronic structure imply that there is a change 

to the HOMO and LUMO in the composites which play a direct role in the catalysis of these 

materials. Having these orbitals lie close to the reaction of interest and having these energy states 

highly populated would show a beneficial effect for catalysis. As discussed previously, there is a 

partial charge transfer from the Ni atoms to Fe atoms which gives the Ni3+/4+ centres in the material 

more oxidizing power which results in improved performance to the OER.17 There could be a 

similar mechanism for the improvement in activity for the HER. The partial charge transfer into 

the Fe atoms may give the Fe atoms more reducing power which improves the catalysis towards 

hydrogen evolution. The mechanism behind both reactions should also be considered. Several 

recent publications on Ni/NiFe catalysis towards the OER have focussed on the importance of 

stabilization of reaction intermediates as a way to improve the activity. Important reaction 

intermediates have been identified as O• radicals, as well as HO• and HOO•, which are 

insufficiently stabilized on Ni(IV). Furthermore, there is an important O-O coupling step that must 

be promoted in order to achieve good activity.24,25,35 A key conclusion of these studies is that the 

incorporation of Fe to the surface of a Ni catalyst allows for the O• radical to be formed on the 

Fe(IV) centres as opposed to the Ni(IV) centres which stabilize the radical much more 

efficiently.24,25,35 There is also a migratory effect of the Fe atom when in low concentrations to the 

surface allows for their participation in the reaction.35 It is also noted that there is a greater barrier 

to forming the O-O bond on the Fe(IV) centres as opposed to the Ni(IV), implying that the Ni 
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atoms are responsible for this particular step.25,35 Lastly, calculations show that there is indeed 

partial charge transfer between Ni and Fe atoms for key reactive sites.24 

 

 

Figure 5.7. LSV curves for water splitting for a glassy carbon electrode modified with NiFe QDs 

of varying compositions. (A) OER activity for NiFe QDs. (B) HER activity for NiFe QDs (C) Bar 

graph showing current density at 1.8 V vs RHE for NiFe QDs and a commercial Pt/C catalyst. (D) 

Bar graph showing current density at -1.0 vs RHE for NiFe QDs and a commercial Pt/C catalyst. 

Electrolyte: 0.1 M KOH; scan rate: 20 mV/s 

These findings suggest that there is a highly synergistic effect between Ni and Fe in these 

catalysts as well as our QD composite. The mechanism of hydrogen evolution in alkaline media 
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follows simple steps which result in either a Volmer-Heyrovsky or Volmer-Tafel mechanism.8 

These elementary reactions are listed below 

𝐻2𝑂 +  𝑒− ↔ 𝐻(𝑎) + 𝑂𝐻− (𝑉𝑜𝑙𝑚𝑒𝑟)   (1) 

𝐻2𝑂 + 𝐻(𝑎) +  𝑒− ↔ 𝐻2(𝑔) + 𝑂𝐻− (𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑖)   (2)  

2𝐻(𝑎) ↔ 𝐻2(𝑔) (𝑇𝑎𝑓𝑒𝑙)    (3) 

In either case, the breakage of bonds in water via electrochemical reduction is a key step 

and there are many factors that can influence this such as H-binding affinity and positions of the 

orbitals involved in bonding.8 While the specifics of the mechanism of the HER in alkaline media 

is still debated, there are still some conclusions that can be drawn to explain the improvement in 

activity for the NiFe QD catalysts. For one, it has been found that having HER active components 

nearby one another can lead to improvement of activity.23,36 This may be attributed to an 

improvement in intrinsic conductivity which may result from the charge transfer effects between 

different components.23 As well, interfaces between materials may be important hot spots for 

chemical reactions.36 Based on these observations, having a hybrid material such as NiFe QDs will 

lead to an improved performance towards the HER. 

Chronoamperometry and chronopotentiometry were employed as a comparison tool 

between the different materials. Figure 5.8 shows the performance of NiFe QDs, NiFe 

nanoparticles and the benchmark Pt/C catalyst under applied potentials and current densities. 

Figure 5.8A shows the current densities of the 70:30 NiFe QDs, nanoparticles of the same metal 

ratio, and Pt/C under an applied potential of 1.66 V vs RHE. As expected from previous results, 

the highest current density is seen for the QDs indicating the best performance towards the OER. 
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This is consistent with what is seen the LSVs for these materials. Figure 5.8B shows the potential 

response of the same materials when a current density of 10 mA cm-2 is applied. The overpotential 

required to reach this current density is seen for the QD material, indicating that it is the most 

active for the OER. Similar sets of experiments were performed using the 20:80 NiFe material for 

the HER. Figure 5.8C shows the current density of the 20:80 NiFe QDs, the corresponding 

nanoparticles and the Pt/C catalyst under an applied potential of -0.736 V vs RHE. In this case, the 

highest current density is seen for the commercial Pt/C catalyst. However, there is a significant 

improvement in current density for the QDs over the nanoparticles. A similar trend is seen when 

these materials are held at -10 mA cm-2 in Figure 5.8D. The lowest overpotential is seen for the 

Pt/C catalyst, but a lower overpotential is seen for the QD material when compared to the 

nanoparticles. In all cases, the QD materials show a stable response over the 60 s measurement 

period where, in some cases, fluctuations are seen for the other materials. Figure 5.8B shows an 

increase in the potential for both the nanoparticles and Pt/C. This may be an indication that there 

is a strong binding affinity for molecular oxygen on these materials which results in blockage of 

the active sites and overall a poor performance. With the QD material, there is a stable response in 

both current density and potential, implying a facile release of molecular oxygen which is required 

for a good OER catalyst. Large fluctuations can be seen for the Pt/C catalyst in Figure 5.8C which 

may be attributed to the very large current density that is observed. The high stability of the QD 

material may be attributed to strong interactions between the Ni and Fe atoms present. All of these 

experiments serve to show that there is an improved activity for the NiFe QD material over their 

nanoparticle counterpart and a steady response can be achieved. Further chronoamperometry and 

chronopotentiometry studies were performed on the optimized NiFe QDs. Starting with the 70:30 

NiFe QDs, Figure 5.9A shows the current density (j) under applied potentials of 1.56, 1.66 and 
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1.76 V vs RHE. The steady state current densities were measured to be 1.73, 5.90, and 11.79 mA 

cm-2, respectively, after a 60 s measurement period. 

 

 
Figure 5.8. (A) A chronoamperometric study of the activity towards OER by applying a 

potential of 1.66 V vs RHE to a modified glassy carbon electrode. (B) A chronopotentiometric 

comparison under an applied current density of 10 mA cm-2 on a modified glassy carbon 

electrode. (C) A chronoamperometric comparison of the activity towards HER by applying a 

potential of -0.736 V vs RHE to a modified glassy carbon electrode. (D) A chronopotentiometric 

comparison under an applied current density of -10 mA cm-2 on a modified glassy carbon 

electrode.  All experiments performed in 0.1 M KOH. 

 There values are consistent with what was observed in the LSV in Figure 5.7. Next, in 

Figure 5.9B current densities of 5, 10, and 20 mA cm-2 were applied and the electrode potential 

(E) was recorded. The steady state potentials were recorded after 60 s and found to be 1.66, 1.80, 



89 

 

and 1.97 V vs RHE. The overpotential measured after 60 s of applied current density was found to 

be 0.57 V which is consistent with what was observed in the LSV (0.51 V). Lastly, the potential 

recorded was fairly steady over the measurement period.  

 
Figure 5.9. (A) Chronoamperometric response under applied potential of 1.56, 1.66, and 1.76 V 

vs. RHE for a 70:30 NiFe QD modified glassy carbon electrode. (B) Chronopotentiometric 

response under applied current densities of 5, 10 and 20 mA cm-2 for a 70:30 NiFe QD modified 

glassy carbon electrode (C) Chronoamperometric response under applied potential of -0.536, -

0.636, -0.736, and -0.836 V vs. RHE for a 20:80 NiFe QD modified glassy carbon electrode. (D) 

Chronopotentiometric response under applied current densities of -5, -10 and -20 mA cm-2 for a 

20:80 NiFe QD modified glassy carbon electrode. All experiments performed in 0.1 M KOH. 

These experiments were then repeated using the 20:80 NiFe QDs. As shown in Figure 

5.9C, the potentials were held at -0.536, -0.636, -0.736, and -0.836 V vs RHE and the current 

densities after 60 s were measured to be -0.80, -5.08, -10.85, and -17.35 mA cm-2 respectively. 
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Finally, in Figure 5.9D the applied current densities were held at -5, -10 and -20 mA cm-2 and the 

response potentials were measured to be -0.636, -0.735, and -0.831 V vs RHE, showing very good 

correlation with both the chronoamperometry studies and the LSV. These experiments show that 

there is good agreement between different electrochemical experiments and there is a steady 

response over short term applied currents and potentials. Finally, the synthesis methods were 

repeated several times over the course of experimentation and consistent results were obtained 

showing that the synthetic method is robust and capable of producing similar products with each 

repeated trial.  

5.4 Conclusion 

Hydrogen production via electrochemical water splitting experiences great difficulty in 

practical application due to the high cost of using noble metals in both the oxygen evolution 

reaction and hydrogen evolution reaction. Attempts to circumvent this problem include utilizing 

non-noble metal materials such as a novel NiFe QD material with tuneable properties toward both 

the OER and HER. The synthesis of this material involve simple procedures including chemical 

reduction and hydrothermal synthesis. Using a combination of TEM, fluorescence measurements, 

and elemental analysis tools, we confirmed the synthesis of a new QD based electrocatalyst that 

exhibits a small diameter and high fluorescence emission. Simply by changing the amount of each 

metal salt present in the precursor solution, we were able to achieve control over the ability of the 

material to perform the OER or HER effectively. By comparing this material to both a benchmark 

Pt/C catalyst as well as nanoparticles of the same composition, it was shown that the QD material 

is capable of achieving higher current densities and lower overpotentials at 10 mA cm-2 than the 

corresponding nanoparticles and the Pt/C catalyst in the case of the OER. The QD material was 

also able to outperform the nanoparticles in the case of the HER but could not outperform the Pt/C 
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catalyst. In conclusion, this chapter presents a next step in the use of QD-based electrocatalysts 

and continues the exploration into new synthetic strategies for these materials as well as the 

capacity to be explored in areas such as clean energy and environmental applications. 

 The final chapter of this thesis will be a summary and conclusion. Following this, future 

work with QD based electrocatalysts is discussed. 
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Chapter 6: Summary and Future Work 

6.1 Summary 

The general aim of this thesis was to investigate the electrocatalytic nature of QD-based 

materials and provide simple synthetic methods for their production. The first project was focussed 

on the conjugation of an already established QD material with an Earth-abundant metal for the 

purposes of enhancing conductivity and stability for improved water splitting performance. The 

second project took this one step further and created a novel bimetallic QD particle based on two 

first row transition metals with the hope of improving water splitting performance by increasing 

the active sites available. Both of these parts focussed on the fundamental reason behind the 

improvement in performance and, aside from the increase in active sites, attributed the increase in 

current density to a stabilization of important reaction intermediates. An important finding in both 

of these projects is related to the chemical bonding and electronic structure of the QD material. It 

is quite apparent from the characterization that these two factors play an important role in the 

improvement in catalysis. In the first project, the bonding between cobalt and graphene QDs 

played an important role in stabilizing intermediates by changing the electronic structure to a more 

favourable state. In the second project, changing the amount of metals present in the precursor 

solution had a important effect on the electronic structure of the QDs as was evidenced by XPS 

and fluorescence studies which then allowed for optimization of the QDs towards both the OER 

and HER. The importance of a simple synthesis method was another key factor between the two 

projects. Chemical reduction and hydrothermal synthesis are very useful tools in material science 

and carry the benefit of simplicity. Very few extra steps had to be taken to ensure that QD materials 

were formed. An exciting finding of this project is that there is great potential for these synthetic 

methods to be applied to several other materials. One could use a very similar approach to find 
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other bimetallic or graphene QD conjugated materials for water splitting or other important 

electrochemical reactions. Furthermore, there is potential for these synthetic methods to be applied 

to something completely different such as semiconductors, trimetallic particles, or heavier metals. 

Lastly, there is room to apply these simple synthesis methods in conjunction with other established 

methods such as electrochemical deposition or anodization. 

6.2 Future Research 

 There are some gaps in a total understanding of these QD materials. First and foremost, the 

application of these in photoelectrochemical studies would be a very interesting undertaking. It is 

very clear that QDs possess useful optical properties and can be excited by photons in a somewhat 

tunable manner. Application of both Co/G QDs and NiFe QDs in photoelectrochemical water 

splitting would be a very interesting project. One would expect enhancement of the catalytic 

properties by exciting electrons that could be used for reactions.  

 Further understanding of the electronic properties of these materials is fundamental for 

improving catalysis. Computational studies of these materials may prove useful for understanding 

the change seen in fluorescence studies as well as the improvement in catalysis. Understanding 

how bonding with graphene QDs changes the electronic structure with definitive calculations 

could help one improve the catalysis even further. For example, finding how the size of the 

graphene QDs affects the electronic structure of the bound cobalt would allow one to tune certain 

properties such as fluorescence.  

Finally, there exists great potential for these synthesis methods to be applied to different 

materials for other important electrocatalytic reactions. Several reactions are being studied in depth 

such as carbon dioxide reduction, oxygen reduction, fuel oxidation such as methanol, as well as 
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countless sensing applications for both organic and inorganic compounds. There is a vast number 

of different possible materials that could be used for these applications such as copper for CO2 

reduction or metal free oxygen reduction catalysts. Hopefully, this thesis has opened the doorway 

for new and interesting applications for QD-based electrocatalysis. 

 


