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Abstract 

Nanoparticles have gained extensive research interests since they were successfully 

synthesized in the last century. Their unique physical and chemical properties that are 

distinct from the bulk forms are versatile and have been widely applied in various fields. 

Electrochemistry is a common technique that yields both high accuracy and efficiency in 

chemical analysis (electroanalysis).  

This thesis investigates nanoparticles, both carbon-containing and metal, both pure metal 

and alloys, as electrode modifiers for boron-doped diamond electrodes (BDDEs) in 

electrocatalysis and electroanalysis. Specifically, we focused on how the surface 

elemental components and morphologies can affect the performance of BDDEs in 

electrocatalysis and electroanalysis. The experiments were carried out using a range of 

electrochemical voltammetry methods to understand the kinetics of different reaction 

systems, accompanied with physical instrumental analysis, including electron 

microscopy, UV-Visible spectroscopy, and X-ray photoelectron spectroscopy to analyse 

the composition and structure of nanoparticle modifiers. 

The use of nanoparticle modified BDDEs in catalysing the hydrogen evolution reaction 

(HER), which is one of the most critical reactions in fuel chemistry to produce clean and 

sustainable hydrogen gas as a renewable energy source was explored and used as the most 

important example reaction throughout this whole thesis to judge the quality of an 

electrode modifier as a heterogeneous catalyst. I explored the electrodeposition of three 
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morphologies (polyhedral, dendritic, and spherical) of Ag nanoparticles and two 

morphologies (dendritic and spherical) of AgAu nanoalloys using various 

electrochemical conditions spanning deposition potential, deposition method, and 

deposition time. The reaction kinetics were analysed, and the best candidates were 

selected based on Tafel analysis and the current densities in voltametric measurements. 

Notably, spherical Ag and spherical AgAu modified BDDEs showed the best 

performance in the HER electrocatalysis, which are potentially less expensive yet 

efficient alternatives for Pt/Pd containing catalysts.  

Colloidal Ag and Au nanoparticles and AgAu nanoalloys were also synthesised using the 

in-situ chemical reduction method. To avoid natural aggregation, carboxylated graphene 

nanoflakes (cx-GNF) were used as stabilisers. cx-GNF was able to prevent the 

aggregation of nanoparticles through a non-covalent interaction between the metal 

nanoparticles and the graphenic surface. Compared with electrodeposited, unstabilised 

colloidal, and sodium citrate (a widely used stabiliser for nanoparticle synthesis) 

stabilized colloidal nano-species, cx-GNF stabilized colloidal nanoparticles showed 

outstanding structural stability of over 14 days and enhanced performance in 

electrocatalysis of the HER.  

The high surface-to-volume ratio of metal nanoparticles makes them naturally suitable 

for aiding electrochemical sensing. The sensing performance of AuNPs of different 

synthesis methods including electrodeposition, unstabilised in-situ reduction, and cx-
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GNF stabilized in-situ reduction were examined and compared. The effect of pH was also 

investigated for selected systems since the solvation of slightly acidic cx-GNF in alkaline 

solutions will cause the loss of metal nanoparticles. The optimal pH values were selected 

for each individual system based on the current signals. AuGNF showed the highest 

detection signal for various sensing systems, and we were able to detect As (III) ions with 

a LOD of 0.1 nM, 4-nonylphenol with a LOD of 0.3 μM, glucose with a LOD of 1 mM, 

and hydroquinone with a LOD of 0.5 nM. Notably, simultaneous detection of 

hydroquinone and catechol was achieved successfully with LOD of catechol 50 times 

lower than hydroquinone.  

The effect of surface composition, morphology, and stabilizers of nanoparticle modifiers 

were further investigated in more complex tri-metal alloy systems. PdAuCu tri-metal 

nanoalloys were synthesized using electrochemical deposition of AuCu nanoalloy, 

followed by galvanic replacement reaction between Pd and Cu, and in-situ chemical 

reduction with cx-GNF stabilisation. The electrocatalysis of various fuel cell reactions, 

including the HER, oxygen reduction reaction (ORR), and ethanol oxidation reaction 

(EOR) were studied. As a result, the galvanic replacement reaction of electrodeposited 

AuCu was able to fully covert Cu to Pd, and gives a similar performance in every reaction 

compared with colloidal tri-metal PdAuCu stabilized by cx-GNF, but with minimized 

usage of expensive Pd. 
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Chapter 1 Introduction 

1.1. Carbon Materials 

All life on earth is based on carbon, owing to its flexibility in binding different atoms 

simultaneously. Such a unique characteristic makes carbon an ideal candidate for forming 

long molecule chains to build up the basic materials of life: protein and DNA. Researchers 

have sparked a deep and enduring interest in carbon materials in recent years (CMs).. 

CMs manifest the virtues of high surface areas, adaptable shapes, and natural abundance. 

Versatile in almost all fields of applications, CMs are used in aeroplane landing gears1, 

wastewater treatment2, and agricultural pharmaceutical removal3, and even drug delivery 

for cancer treatment4. 

1.1.1. Graphite and Graphitic CMs 

The same building blocks, carbon atoms, are used to create CMs in various allotropes. 

CMs can be broadly divided into three types based on the hybridization type: extended 

sp2 CMs, which include graphitic CM and amorphous carbon; sp3 CMs, which form the 

the (nano) diamond structure; Nanoscale sp2 carbons such as carbon naotubes, fullerenes 

and graphene. 5-7 
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Graphite and graphitic CMs are probably the most fundamental classes of CMs. 2D 

graphene (GP) was previously believed to be unstable, until Andre Geim and Konstantin 

Novoselov discovered the surprisingly good elasticity, stability, and conductivity of 

single-layered GP.8 2D GP is the building block for other graphitic forms and can be re-

structured into 0D fullerence, carbon nanotubes (CNT), and multi-layered graphite 

(Figure 1.19). Although initially discovered and applied as a writing material, graphite 

and graphitic CMs manifest extraordinary properties and can be applied in various fields. 

For example, graphite is regarded as an ideal refractory material to hold molten metals in 

industries thanks to its outstanding heat-resisting properties.10 Graphite is also used as a 

moderator to regulate the reaction rate in a nuclear reactor.11 The self-lubricating and dry-

lubricating properties of graphite are ascribed to its weak interlamellar coupling between 

individual GP sheets.12 Therefore, graphite is commonly used as a gear lubricant in 

mining machinery, as well as lock lubricants in daily life.10 The impregnation of metals 

with graphite can also create self-lubricating alloys that are capable of withstanding 

extreme temperatures.13  

Figure 1.1 2D GP as the building block for other graphitic forms, adapted from9 
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1.1.2. Graphene: Structures and Electronic Properties 

Since its discovery, GP has become recognised as an extraordinary electronic material 

due to its electronic properties such as ballistic transport, chemical inertness, 

hydrophobicity at the nanoscale, and stability in conductivity at high temperatures.8,14 

These unique features make the intrinsic GP a semi-metal or zero-gap semiconductor.15  

Within the planes of GP, the atoms are held tight by covalent bonds through sp2 

hybridization, and pi electrons are delocalized throughout. Meanwhile, unpaired electrons 

are found at the edges of GP. Another electron from media or other molecules can be 

introduced for interaction, resulting in disturbance in the pi-pi interaction. The local 

electronic density, physical, and chemical properties can be therefore modified.16 

Figure1.2 Structural variance within the GP, adapted from16 
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In spite of its seemingly simplistic structure, GP is much more complicated in the real 

world. The common structures within GP include defects, zigzag and armchair edges, and 

local curvature (Figure 1.2). Along with the interactions at the planar sheets, these 

features jointly determine the chemical reactivity of GP. The re-hybridization from sp2 to 

sp3 at the basal plane results in a strong covalent interaction for the closely packed C 

atoms, causing their geometries to shift from planar to tetrahedral. Such a strain bolsters 

extra reactivity. The edge atoms, on the other hand, have no strain and more freedom to 

adopt sp3 hybridisation, thus becoming more reactive.16 The differences in local structures 

result in significantly different properties for GP’s secondary structures. For example, 

carbon nanoribbon (CNR) with zigzag edges shows metallic electronic properties, and 

CNR with armchair edges exhibits either metallic or semiconductor-like properties.17 

Similarly, CNTs have different types, depending on the chirality of the starting GP unit 

(Figure 1.3). This feature can be used in designing and synthesising CNT via epitaxial 

growth, given that different types of experiment would show various preferences toward 

CNT with a specific degree of chirality.18  

Figure 1.3 Different types of CNT depending on the chirality of the starting GP unit, 

adapted from18. 
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Fullerene, on the other hand, manifests much higher reactivity than GP. The active sites 

on fullerene are readily modified by different types of molecules, including enzymes for 

medical applications19, and metal alloys for supercapacitors.20  

There has long been an interest in the electrochemical properties of films of the various 

nanocarbons that exist, as discussed above. It is crucial to understand the roots of 

electrochemical reactivity for these carbons, such as GP and its derivatives, to facilitate 

its further application in the field of electrochemistry. Graphene and its derivatives, such 

as graphene oxide (GO) and reduced graphene oxide (RGO) have broad applications such 

as conducting electrodes21 and supercapacitors22, heavy metal ion detection23, and have 

been used to accelerate stem cell differentiation, drug delivery, and disease intervention24.  

1.2. Synthetic Diamond Materials 

Figure 1.4 Crystal structure of diamond, adapted from 25. 

Natural diamonds were discovered for the first time in the rivers Penner, Krishna and 

Godavari over 4000 years ago. To this day, diamonds are still a precious gemstone that 

symbolises affection and eternity. The diamond lattice is a cubic sp3 structure consisting 
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of elemental carbon. The strong covalent bondings between the atoms makes it extremely 

strong mechanically and show the highest hardness (Figure 1.4).  

Nowadays, artificial diamonds with high purity are commonly used in lab studies. It is 

known that diamonds can undergo graphitization in an oxygen-free medium at low 

pressure and a temperature below 1700 oC 25. Hence, the early synthesis of crystal 

diamonds requires high temperature and high pressure (HTHP method). The diamond-

graphite equilibrium, followed by the formation of diamond in its thermodynamic 

stability region, was calculated by Leipunskii for the first time. In comparison with 

graphite, diamond is not a thermodynamically favourable transformation of carbon under 

atmospheric pressure. Therefore, a HTHP condition is required to apply the transitional 

metal/alloy solvent as a structural controller.26-28  

Microwave plasma chemical vapour deposition (MPCVD) is a common technique for the 

synthesis of large diamonds with high quality. While the HTHP method is used to usually 

produce diamond crystals sized in the mm range for mechanical tools, MPCVD produces 

thin film diamond sized from nm to cm.29 MPCVD diamond is used in a variety of 

applications, including abrasives, machinery coating, electronic and optical devices. 30-31 

During the process of MPCVD, methane serves as the source of carbon via the promotion 

of CH3 radicals, and hydrogen also has a crucial role. The use of hydrogen gas is crucial 

to prevent any graphitisation once the structure of a diamond has been formed. The 

hydrogen gas stabilises the sp3 dangling carbon bonds, the majority of which are 

hydrogen-terminated. It possibly also helps remove sp2 carbon by etching. It also abstracts 

H from the surface to create vacant sites for methyl adsorption. 
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1.2.1. Synthetic Diamond Electrode 

Intrinsic diamond is an insulator with a bandgap of 5.45 eV and is formed in high quality 

diamond MPCVD with methane and hydrogen gas.35 The doping of boron makes the 

diamond material a p-semiconductor; elements such as nitrogen and phosphorus can also 

be employed, resulting in n-type doping.36-39 Boron acts as an electron acceptor during 

the doping. It has a low charge carrier energy, which is only 0.37 eV above the valence 

band of diamond (Figure 1.5 left 43). Boron-doped diamond is the most used electrode 

material for electrochemistry since it is simple to produce, and the boron can be 

introduced stably at high concentration of 1020 –1021 cm-3, resulting in a (semi-) metallic 

material. The boron-doped diamond electrode (BDDE) is synthesised commonly by using 

diborane or tri-methyl-borane during the MPCVD process (Figure 1.5 right44).42 

1.2.2. Electrochemical Applications 

Intensive research into the electrochemical applications of diamond electrodes has been 

 

 

Figure 1.5 Energy diagram of the band gap of intrinsic diamond in selected states 

(left, adopted from 43); a free-standing BDD electrode (right, adapted from 44). 
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carried out since Pleskov et al. reported its semiconductor-like behaviour in aqueous 

electrolytes.45 Remarkably, BDDE shows high over-potentials and a clean, wide solvent 

window of around 2.5 V limited by the hydrogen evolution reaction (HER) and oxygen 

reduction reaction (ORR). This is vital for electrochemical analysis because the oxidation 

of some compounds that occurs at high positive potentials may overlap with the oxygen 

evolution current that often gives less reproducible analysis.46-47 The water splitting 

reaction is one main reaction to produce hydrogen via electrolysis. The potential at which 

water splitting occurs is highly dependent of the properties of the electrode material. The 

sp3 surface of BDD can be described as “catalytically inert”, owing to the lack of binding 

sites to mediate electron transfer between the surface and a water molecule. Such an 

intriguing property simultaneously increases the potential window and removes the need 

to degas solutions, as the level of dissolved oxygen is relatively insignificant. A wider 

potential window indicates a wider range of electroactive analytes and a greater signal-

to-noise ratio in a larger range of potentials. 48-50 

In addition to the typical reactions mentioned above, BDD is also used for energy storage 

and is incorporated in double-layered super-capacitors.63 The high over-potential for 

oxygen production made the swift anodic production of OH· possible. OH· radical is a 

very strong oxidising reagent that plays a critical role in organic molecule detection and 

decomposition in aqueous media. Such a procedure is called the advanced oxidation 

process (AOP).51 The AOP is useful for water treatments, especially in terms of the 

detection of common organic impurities, such as hydroquinone, phenols, EDTA, and 

carboxylic acids.51, 54-56 Moreover, it is also commonly used in the detection of inorganic 
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molecules like nitrites, nitrates, sulfides, arsenic, and cyanides.52-53, 57-58 With the 

development of biomedical science, diamond electrodes are implemented in biomedical 

sensors to detect small molecules, such as glucose and dopamine, and large molecules, 

such as DNA.59-62  

Figure 1.6 The wider potential window BDD electrode, represented by voltametric 

response in 0.5 M H2SO4 (a); and 1st scan voltammograms in 1 mM K4Fe(CN)6 with 

0.5 M H2SO4 for the BDD electrode (b1) and the Pt electrodes (b2), with scan rate 

=100 mV/s. Adapted from 48 

 

1.2.3. Surface Termination of Diamond Electrodes 

The common terminations of diamond surfaces include hydrogen termination and oxygen 

termination, which change the surface electronic characteristics of diamond electrodes 

and influence the electrochemical properties with regard to surface bond polarity, 

electrostatic interactions between electrolyte and electrode surface, and electron transfer 

kinetics.64 

As-grown diamond is hydrogen terminated due to the adsorption of extra hydrogen gas 
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during the CVD process and has a surface conductivity of the order of 10-4 Ω to 10-4 

Ω at room temperature.29 At the surface of BDDE, hydrogen termination produces a 

dipole (Cδ− −Hδ+)). HBDDE is prepared to receive electrons as a p-type carrier from an 

adsorbate because it has the positive dipole of H at the surface.64-66 The lowest unoccupied 

electronic level of the adsorbates must be below the valence bond minimum of BDDE in 

order for direct electron transfer to occur. An HBDDE has a negative electron affinity of 

-1.3 eV, compared with that of a bare BDDE (0.3 eV). However, due to the large band 

gap of the diamond (5.5 eV), the lower limit for the electron affinity of the adsorbate 

(𝜒ad=5.5 eV-1.3 eV=4.2 eV) is still impossible for electron transfer from the conduction 

band minimum of an H-BDDE to the atmospheric species, given the electron affinities of 

halogen atoms are normally below 3.7 eV.  

The conductivity of H-terminated diamond is therefore explained by a surface transfer 

doping process. A thin water layer accumulates on the electrode surface when it is 

exposed to air, producing a positively charged accumulation sub-layer of H3O
+. The 

difference between the chemical potential of the electrons in the wetting layer and the 

diamond's Fermi level causes electrons to be transported from the diamond to the water 

layer, reducing H3O
+ to H2 and H2O. This makes it possible for an electron to pass from 

the diamond's valence band minimum to the positively charged wetting layer, which gives 

rise to the surface conductivity of HBDDE.64-67  

Although being stable for several months in ambient conditions, slow oxidation would 

happen on the H-terminated surface to O-terminated surface after being exposed in air for 

a long term 68-69. The exposure to hydrogen plasma at high temperature or electrochemical 
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treatment will restore the hydrogen termination. On the other hand, instant conversion to 

oxygen termination can be achieved by electrochemical treatment or the treatment of 

strong oxidising agents, such as nitric acid. 69 

The O-terminated diamond surface has low surface conductivity, and high charge transfer 

resistance but can withstand further slow oxidation in the air. Opposite to HBDDE, 

OBDDE results in a dipole (Cδ+ − Oδ−) and has a negative surface charge. This resulted 

in a change in electrostatic interactions between the surface and adsorbates, resulting in 

lowered energy levels of the valence and conduction bands of diamond and positive 

electron affinity is the emission barrier of electrons from the conduction band minimum 

of OBDDE. 64,70-71 However, for heavily boron-doped diamond electrodes, the differences 

in conductivity between HBDD and OBDD are not so disparate.72-73 In this thesis, 

OBDDEs are introduced and discussed all the time, depending on the surface 

modification for electrochemical analysis.  

1.2.4. Surface Decoration of BDDE 

In light of the specific usages in electrochemistry, BDDE surfaces can be decorated with 

different types of molecules or materials, big or small. Metal nanoparticles, metal 

nanoalloys, large biochemical molecules, polymers, and carbon particles are the common 

modifiers immobilised onto the surface of BDDE in various ways.74 Covalent bonding of 

molecules to the diamond surface is a common modification. The surface of BDDE 

(usually OBDDE) contains different types of functional groups, with which the modifier 

can bond to form a strong covalent bond. Such type of modification is usually molecule-



Chapter 1 

12 

 

type-specific. The other types of modifications include physical coatings of a conductive 

matrix. 75-77 

The modified BDDEs are expected to be structurally and chemically stable, with short-

term reproducibility and long-term activity. They have dynamic and specific current 

responses and low background noise with potential ranges of interest. They are 

compatible with different types of solvent at a certain range of pH values. The amount of 

modification and fabrication on an individual electrode is relatively easy to control.77 

1.2.5. Metal Nanoparticle Modification 

Metal nanoparticles are small pure metal particles sized less than or equal to 100 nm, 

which show distinct and unique characteristic in comparison with the bulk form.78 Metal 

nanoparticles usually exhibit very strong surface plasmonic resonance, which could be 

attributable to the oscillation of the valence electrons moving with respect to their cores. 

When the size of the particles is smaller, the electron density at the surface is much higher, 

hence giving off a stronger surface plasmonic resonance. This feature can be used in 

several spectroscopic sensing techniques, such as SERS.79-80 In electrochemical studies, 

metal nanoparticles are essentially useful by virtue of their high surface-to-volume ratio, 

which provides active sites for binding and reaction.78 In aqueous-phased reactions, the 

advantage of convergent diffusion is observed on the surface of metal nanoparticles. In 

contrast, planar diffusion is observed for bulk macro-electrodes (Figure 1.7). Therefore, 

we conclude that metal NP modified electrodes are more sensitive and catalytically 
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reactive. 81-83  

Figure 1.7 Different cases of diffusion that happen in a nanoparticle array. Case 1: 

At an isolated particle, the diffusion layer is rather small compared to the radius of 

that nanoparticle. Therefore, the diffusional pattern is almost planar; Case 2: The 

diffusional pattern is convergent diffusion at two adjacent but diffusional-

independent nanoparticles; Case 3: Partially overlapped diffusion pattern at two 

adjacent nanoparticles; Case 4: When treating the arrays as a whole, heavily 

overlapping diffusion layers lead to linear diffusion again. Adapted from 83 

The methods to modify BDDEs with metal NPs include electrodeposition from metal salt, 

physical adsorption, and ion implantation.78 Potentiostatic electrodeposition is the most 

commonly used method for metal NP modification. Although it is quick and simple to 

operate, its drawbacks, including large particle sizes and aggregations, along with poor 

adhesion to the electrode surfaces should be noted. Drop-coating of formed colloidal 

nanoparticles can have a very small particle size, yet the uneven distribution and the lack 

of parameters make it hard to control the deposition. Different parameters can be 

controlled in each type of process to ensure the morphologies and performance of the 

modified electrodes.84 

It is important to choose the right metal NP as modifier. Certain influencing factors, such 

as the solubility of metal NP in the pH of the buffer/electrolyte used and sensitivity 

towards certain reactions, should be considered. For example, sulfuric acid is normally 
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used in the acidic media of the HER reaction as an electrolyte, so CuNPs do not constitute 

a wise choice in this specific case. Moreover, the antibacterial features of AgNPs render 

AgNPs modified BDDE inapplicable in biomedical fields.85-86 Small inorganic, organic, 

and gas molecules, as well as energy generation, are detected using Pt and PdNP modified 

BDDE87-91. Mercury drop electrodes are used for heavy metal detection. However, recent 

studies found that BiNP-modified BDDE can achieve extra sensitivity in the detection of 

Cd and Pb.78,92 More specific applications of metal NP-modified BDDEs are discussed in 

the following chapters throughout the review.   

1.2.6. Metal Nanoalloy Modification 

Metal nanoalloys are homogeneous metal clusters composed of two or more metal 

elements, and can be synthesised by applying various methods, such as cluster beams, 

colloidal solutions, immobilisation on the surface, and inside pores. NA can be 

subdivided into three types according to various hetero-metal mixing: (1) NA with 

distinct segregation between elements and limited bonding; (2) a complete mixture of two 

metals, either random or organized; and (3) core-shell NA with single or multiple core-

shell structures. The specific structures of NAs can be viewed and understood by using 

Figure 1.8 Different mixing patterns of bimetallic nanoalloys shown by cross sections 

of clusters: core−shell (a), subcluster segregated (b), mixed (c), three shell (d), 

adopted from 9. 

 

Figure 1.8 Different mixing patterns of bimetallic nanoalloys shown by cross sections 

of clusters: core−shell (a), subcluster segregated (b), mixed (c), three shell (d), 

adopted from 9. 



Chapter 1 

15 

 

various techniques, such as SEM, TEM, EDX, XPS, and CV. Their properties with 

respect to size, compositions, atomic ordering, and structures can be changed 

remarkably.93 

Often, due to the synergistic effect, NAs may exhibit enhanced electrochemical properties 

compared to the individual composites. The selection of catalysts for the system of 

interest is all about finding the optimal geometry and electronic structure. By alloying, 

the geometry can be fine-tuned by forming numerous defects at the kinks and steps, which 

therefore provides more activation sites; the electronic structure can be fine-tuned by the 

rearrangement of valence electrons in the new potential field that is formed by different 

elements. At a more microscopic level, the synergistic effect is often a combination of 

two alloy effects: ensemble and ligand effects. For different alloy compositions and 

reaction systems, one effect can govern the catalytic process over another.94-95  

The ensemble effect refers to the alternation of geometric orientations and arrangement 

patterns that are required to enhance a particular catalytic process. For example, in 

PdAuNA, the ensemble effect is mainly the dilution of continuous Pd (the more 

catalytically active component) clusters by Au (the less catalytically active component), 

and ultimately increases the exposure of highly active surface sites, e.g., more isolated Pd 

pairs.96  

The ligand effect means the modification of the electronic structure of the individual 

constituent atoms in the surfaces. And in the example of PdAuNA, the charge transfer 

from an Au atom (with higher electronegativity) to Pd will cause the shift of the d band 

centre, which is a good measure of reactivity, away from the original Fermi level. This 
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shift weakens the interaction between adsorbates and the surface and speeds up the 

desorption process.95-96  

1.2.7. Carbon Particle Modification 

The inspection of the 3D structure of BDDE reveals that it has a somewhat larger surface 

area for reaction than planar 2D carbon electrodes, such as a glassy carbon electrode 

(GCE). Further modification using porous carbon particles (CPs) could provide extra 

conductivity and active sites. Since some metals are toxic to the human body, CPs are 

considered the ideal modifier for bio-chemical-related electrochemical analysis.101-102  

CNT is a common modifier because it is chemically and structurally stable. CNT-BDDE 

has a flexible porous structure and shows enhanced electrochemical performance over 

bare BDDEs.105-106 Compared to some metal nanoparticles, metal oxide nanoparticles 

exhibit limited and controllable toxicities depending on their modification, surrounding 

environment, structure, and length.103-104 CNT-modified BDDEs are used in the detection 

of biomolecules, including bisphenol, acetaminophen, dopamine, and epinephrine.107-108  

Additional modifications/surfactants can be added to CNT and other CP modifiers, such 

as metal nanoparticles, polymers, and biochemical large molecules, all of which exhibit 

outstanding activities in specific reactions 109-112. The mechanisms and performance of 

the chosen CP will be discussed in detail in the corresponding chapter(s).  

 

1.3. Aims and Scope 

The following aspects of BDDE surface modification and performance in fuel cell 
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chemistry and molecule sensing have been investigated: 

1. Local and overall morphologies of modifiers; 

2. Electrochemical behaviour and parameters of modified BDDE; 

3. The overall performance of modified BDDE in fuel cell reaction, and molecule 

sensing. 

The current thesis demonstrates how the structures and distributions of the modifiers 

either promote or inhibit the overall activity of the electrode. Controllable synthesis 

methods are proposed. The types of chosen modifier are metal NP, metal NA, CPs or a 

combination of all three. The differences in electrochemical activities between specific 

modifier types and structures are compared. 

Chapter 2 introduces the theoretical principles of electrochemistry, specifically the 

systems and techniques employed. Moreover, the working principles of UV-Visible 

Spectroscopy, X-Ray Photoelectron Spectroscopy, and Scanning Electron Microscopy 

will be briefly discussed. 

Chapter 3 explores the electrodeposition of AgNPs along with their morphology and 

surface composition. Application in electrocatalysis will be illustrated based on the 

example of the HER. The purpose of this chapter is to uncover a plausible correlation 

between the electrodeposition method and the morphology of AgNPs, both local and 

overall. The morphology directly influences the surface composition of Ag-BDDEs, 

which is determined via XPS. Finally, the different catalytic performances in HER with 

respect to structures are investigated by using LSV and are compared by performing Tafel 

analysis. The ideal candidate is selected and, therefore, the optimal condition of Ag 
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electrodeposition on BDDE can be determined. 

Chapter 4 studies the similar problems for AgAu nanoalloy. The modifications of BDDE 

using AgAu are investigated with respect to morphology and surface composition. 

Similarly, the HER is a test reaction. In this part, the optimal Ag-BDDE is used as a 

base/core for making AgAuNA. The relationship between deposition methods and 

surface structures is devised. The surface compositions are investigated by using XPS, 

and CV of sequential depositions of Au. AgNP, AuNP, AgAuNA (with different 

structures) are compared with respect to their catalytic reactivities to determine the best 

candidate.  

Chapter 5 investigates the synthesis of colloidal Ag, AuNPs, and AgAuNAs, and their 

stabilisation by using carboxylate graphene nanoflakes (cx-GNF) to compare the catalytic 

performance of unstabilised colloidal nanospecies, cx-GNF stabilised nanospecies, 

andcolloidal nanospecies stabilised by sodium citrate (SC), a common stabiliser used for 

nanoparticle wet chemistry synthesis. Secondary stabilisations are also performed to 

improve dispersion and solvation of cx-GNF stabilised nanospecies: Ni (II) modification 

to immobilise cx-GNFs’ carboxylic ends by forming precipitation, and cx-GNF-Nafion 

(GNFNaf) polymer protective topcoat. 

Chapter 6 studies the sensing capabilities of cx-GNF stabilised AuNPs (AuGNF) to show 

that AuGNF exhibits higher sensitivity in the detection of many kinds of molecules than 

unstabilised AuNPs, as well as electrodeposited AuNPs (with similar amount of loading). 

The detections of As (III), 4-nonylphenol, glucose, and hydroquinone are performed via 

CV, SWV, and DPV. The electrochemical parameters of AuGNF-BDDE are calculated 
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and compared to other fabricated electrodes listed in the literatures. Simultaneous 

detection of hydroquinone and the interfering molecule, catechol, is also being studied. 

Chapter 7 investigates the catalytic abilities of Pd-containing nanospecies synthesised 

via electrodeposition and wet chemistry methods. A galvanic replacement reaction is 

introduced to form PdAuNA. cx-GNF is again used as an excellent stabilizer for 

colloidal Pd-containing nanospecies, and a PdAuCu trimetal nanoalloy is synthesied. A 

comprehensive surface analysis was carried out by using XPS and SEM to establish the 

connection between surface composition and structure. ORR (Oxygen Reduction 

Reaction), EOR (Ethanol Oxidation Reaction), and HER are used to examine the 

performance of Pd-containing nanoalloys.   
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Chapter 2 Experimental Techniques 

This chapter aims to provide an overview of the techniques and instrumentation used for 

this thesis, including the underlying theories relating to the methods used. 

First, electrochemistry will be explained, beginning from the basic theories behind a 

simple electrochemical cell at equilibrium, to dynamic electrochemical redox reactions, 

followed by specific analytical techniques used in electrochemistry. The implementation 

of them in real-world experiments will also be emphasized. Working principles and 

features of secondary techniques also used in this thesis, specifically x-ray photoelectron 

spectroscopy (XPS), scanning electron microscopy (SEM), and UV-Visible spectroscopy 

(UV-Vis Spec), are also presented in this chapter. 

2.1. Electrochemistry - Overview 

Electrochemistry is a branch of chemistry that involves chemical redox reactions that 

occur at the interface of an electronic conductor (electrode, usually metals or 

semiconductors) and an ionic conductor (electrolyte, commonly in an aqueous solution 

phase). Charge transfer between the electrode and electrolyte results in reduction and 

oxidation of species in solution, and electrochemistry is applied to analyse the properties 

of such redox reactions. The characteristics of such processes are related to the analytes’ 

nature, the electrolytes used, and the electrodes’ nature, as well as the electrical potential 

drop across the interface. Such processes underlie important areas of science and 

technology such as the production of bulk chemicals, battery energy storage and fuel cell 

technologies for the conversion of chemical to electrical energy.1 Electrochemical based 
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chemical sensing is also of importance 2,offering advantages including (1) high selectivity; 

(2) high sensitivity and low limit of detection; (3) and real-time results feedback; (4) 

application as miniaturised sensors, which is hard for other types of chemical detection 

and measurement instrumentation. 3-4 

 

2.1.1. Electrochemical cells 

Figure 2.1 A schematic illustration of a simple 2-electrode electrochemical cell, 

adapted from 5. 

Electrochemistry studies typically involve heterogeneous electron transfer between an 

aqueous-phase electrolyte and a solid electrode. The transfer is driven by the potential 

difference between the electrode and the electrolyte.5 However, it is not possible to 

measure that potential difference at a single immersed electrode. Therefore, a second 

electrode is introduced into the system as shown in Figure 2.1, and the potential difference 

between the two electrodes can then be measured straight-forwardly. If the same 

electrode/electrolyte composition is used for one of the electrodes, then that electrode 

component of the cell can be designated a reference, enabling the potential drop 

developed by other electrode systems to be compared. The two electrodes, together with 
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the electrolyte, illustrated in Figure 2.1 make up the simplest functioning electrochemical 

cell, and a readable measurement can be performed following the equation below: 

𝛥𝜙 = (𝜙WE − 𝜙aq) − (𝜙ref − 𝜙aq)             (1) 

where Δϕ is the readable difference potential, 𝜙WE − 𝜙aq  is the potential difference 

between the electrode of interest, called the working electrode (WE), and the electrolyte 

(aq), and 𝜙ref − 𝜙aq is the potential difference between the reference electrode and the 

solution. It is impossible to determine the absolute value of the single electrode quantity 

𝜙WE −𝜙aq. However, if 𝜙ref − 𝜙aqis a fixed quantity, then any changes in the 𝜙WE −

𝜙aq  appear directly as changes in the measured potential. In this way, a reference 

electrode allows us to study the test electrode or electrolyte of interest. The reference used 

in this thesis was typically a silver wire coated with porous silver chloride, which is kept 

in a solution of constant chloride concentration to maintain a constant composition. 5 

 

2.1.2. Electrochemical Equilibrium 

Electrochemical processes can be in equilibrium at the electrode-electrolyte interface if 

no current flows through the cell, such as when the two electrodes are connected by a 

high impedance voltmeter, or under kinetic control if a current is allowed to flow around 

the relevant electrical circuit, such as a battery under discharge. The charge transfer 

processes can be simplified by consideration of the reaction equation below, with A as 

the oxidized species, B as the reduced species, both in the liquid electrolyte phase: 

A + 𝑛e− ⇋ B 
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In this reaction, A receives n electrons and is transformed into B. One very common 

example is the redox pair K4Fe(CN)6 and K3Fe(CN)6. The electrochemical equilibrium is 

represented by the equation below: 

Fe(CN)6
3−
 
(aq) + e− ⇌ Fe(CN)6

4−(aq) 

This reaction happens spontaneously when a metal electrode is immersed in the solution. 

Two anions are dissolved in the solution and the equilibrium is established when a 

potential difference at the electrolyte/electrode interface is established such that the rate 

at which “Fe(CN)6
4−gives the electrons to the metal electrode” is the same as the rate of 

“electrons released by the metal electrode are donated to Fe(CN)6
3−
 
”. At this point, the 

system has no current flow, and any change in redox pair concentrations, as well as any 

potential drop at the electrode-solution interface, are negligible.6 

The potential drop is quantified by a general Nernst equation:  

𝜙WE − 𝜙aq = (
𝛥𝜇

𝑛𝐹
) + (

𝑅𝑇

𝑛𝐹
)             (2) 

where𝜙WE − 𝜙aq  is the electrical potential between the working electrode and the 

aqueous electrolyte, 𝛥𝜇 is the difference between the standard chemical potentials of A 

and B, 𝐹  is Faraday’s constant, 𝑛  is the number of electrons transferred, 𝑅  is the 

universal gas constant 8.314JK-1mol-1, 𝑇  is the temperature, 𝛼A  and 𝛼B  are the 

activities of A and B, which in the low concentration roughly equals the concentration of 

A and B. In a real experiment, where RE is used, and the term (
𝛥𝜇

𝑛𝐹
) is defined as the 

standard electrode potential (E0) for the reaction, depending on the type of RE, when n=1, 

(2)is simplified to: 

𝐸eq = 𝐸0 + (
𝑅𝑇

𝐹
) ln (

𝛼A
𝛼B
)               (3) 
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where 𝐸eq  is the readable potential drop across the electrode-electrolyte interface at 

equilibrium.6 

 

2.2. Dynamic Electrochemistry 

When an external circuit is connected to the cell to induce current flow, the equilibrium 

at the interface is broken and kinetic processes influence the behaviour observed. The 

current flow mainly depends on three factors: the magnitude of the applied potential 

which influences the potential drop at the electrode surface, electrode kinetics relating to 

electron transfer, and mass transport, the transfer of A (reactant) (step 1) and B (product) 

from the bulk solution to the electrode (step 1). A simplified schematic is shown in Figure 

2.2.5 

Figure 2.2 Electron transfer at an electrode. Step 1: diffusion; step 2: rearrangement 

of the ionic atmosphere; step 3: reorientation of solvent dipoles; step 4: alternations 

in central ion-ligand distances; step 4: electron transfer. Adapted from 5. 

2.2.1. Electrode Kinetics 

At low over-potentials (meaning the potential difference between theoretical equilibrium 

kB 

 

kA 
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potential and the actual potential added during the experiment), electrode kinetics often 

represent the rate limiting processes which must be considered while the diffusion model 

mainly explains the electrode behaviour at higher over-potential far away from the 

equilibrium. 

2.2.1.1.  Butler-Volmer model 

The Butler-Volmer model is a fundamental model to describe electrode kinetics. In this 

model, an over-potential η from the equilibrium potential is applied to the electrode and 

the current flowing is calculated as a function of this overpotential. The applied potential 

modifies the free energy barrier that exists in the reaction coordinate promoting one 

electrochemical process (oxidation or reduction) and slowing the reverse step. Thus, the 

Gibbs free energy of activation for the forward and reverse steps are given by7  

𝛥𝐺B
‡ = 𝛥𝐺B

‡

0
𝛥 + 𝛼𝐹𝜂           (4) 

and 

𝛥𝐺A
‡ = 𝛥𝐺A

‡

0
− (1 − 𝛼)𝐹𝜂              (5) 

Where α is the transfer coefficient which shows how “sensitive” the transitional state is 

to the drop of potential between the electrode and solution. Usually, that value is found 

to be around 0.5. 𝛥𝐺B
‡

0
 and 𝛥𝐺A

‡

0
 are 𝛥𝐺‡for B and A at equilibrium, respectively. 

Transition state theory then illustrates relationships between overpotential and rate 

constant, plugging in (4), (5) into Arrhenius equations, give: 

𝑘B = 𝑘B
‡exp (

−𝛼𝐹𝜂

𝑅𝑇
)          (6) 

and 
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𝑘A = 𝑘A
‡exp (

(1 − 𝛼)𝐹𝜂

𝑅𝑇
)          (7) 

where 𝑘A and 𝑘B are rate constants  

of A and B at a particular overpotential, and 𝑘A
‡

 and 𝑘B
‡

 are corresponding rate 

constants for A and B at equilibrium where the overpotential is zero.  

Hence the complete current-potential characteristic for Butler-Volmer model can be 

obtained by plugging (6) and (7) for rate constant of forward and backword reactions, 

respectively: 

𝑖 = 𝑖0 {
[B]0
[B]bulk

exp (
(1 − 𝛼)𝑛𝐹𝜂

𝑅𝑇
) −

[A]0
[A]bulk

exp (
−𝛼𝑛𝐹𝜂

𝑅𝑇
)}          (8) 

where 𝑖 is the current density at electrode in A/m2, 𝑖0 is the standard exchange current 

density in A/m2, 𝛼 is the charge transfer coefficient, 𝐹 is the Faraday constant, 𝜂 is the 

activation potential defined as 𝜂 = 𝐸 − 𝐸0 where 𝐸0 is the equilibrium potential in V, 

𝑅 is the universal gas constant, 𝑛 is the number of electrons transferred, [𝐴]bulk and 

[𝐵]bulk are bulk concentrations of the species to be reduced and oxidized, respectively, 

[𝐴]0 and [𝐵]0 are the concentrations of A and B at the electrode surface. 

Depending on the magnitude of 𝑖0, there are two limiting cases. When 𝑖0 is large, a 

small over-potential is enough to drive a large current, making the whole reaction a 

reversible process, meaning the charge transfers are fast and transitions from A to B and 

B to A are occurring at the same time at same rate without significant thermodynamic 

barriers. On the other hand, if the value of 𝑖0 is small, it will need high over-potential to 

drive the whole reaction, and thus the process is irreversible, meaning the electron transfer 

are very slow and have a high barrier to overcome.6  
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Notably, when 𝑖0  is small (the reaction is irreversible) and a large over potential is 

applied, the overpotential 𝜂 forms a linear relationship with ln 𝑖: 

𝜂 =
ln 𝑖𝑜
𝛼𝑓

−
ln 𝑖

𝛼𝑓
           (9) 

where 𝑓 =
𝐹

𝑅𝑇
. The relationship described in (9) is called Tafel relationship, and the slope 

of it is called Tafel slope.  

Tafel analysis is an experimentally concluded method to determine the kinetics of the 

hydrogen evolution reaction. Tafel slope has a unit of mV/dec and implied how much 

over potential needed to increase in order to increase the reaction rate by a factor of 10. 

Once the Tafel slope is calculated, the number of electrons transferred during and before 

the rate determining step can be determined, referring to the 3-step the HER mechanism, 

we will know which step is the rate determining step. 

2.2.1.2. Marcus Theory of Transitional States 

 

Figure 2.3 A simple energy scheme of the Marcus Theory: the oxidised species A at 

configuration XA has free energy GA; the reduced species B at configuration XB has 

free energy GB. The activation energy barrier is Ga. The reorganisation energy is 

noted in the graph. Adapted from 9. 

In macroscopic electrode kinetics, the Butler-Volmer model is very useful to provide 
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approximately a qualitative relationship between the applied overpotential and the current 

flowing. However, it does not provide a chemical explanation as to why some processes 

are irreversible or irreversible. To explain this, and for more accurate predictions about 

the rates of electron transfer reactions between the reagent (A, the oxidised species), and 

product (B, the reduced species), Marcus theory of transitional states has been frequently 

used. 

Marcus Theory states that electron transfer occurs faster than nuclear motions (vibrations). 

Therefore, for an electron transfer reaction, the reorganisation of the molecule from A to 

B is the crucial parameter that needs to be considered.5 The reorganisation energy (λ) 

means the energy to distort A and B, making them geometrically similar enough for 

electron transfer, and can be calculated: 

𝜆 =
1

2
ℎ𝜈 (𝑥A − 𝑥B)

2           (10) 

Since it represents the change in energy moving along either of the parabolas between 

states on reaction coordinates 𝑥A and 𝑥B, the value of 𝜆 is always positive.6 When the 

geometries of A and B are similar, the reorganisation energy is small; on the other hand, 

the reorganisation energy is large for large changes in equilibrium geometry. The easiness 

of electron transfer depends on the magnitude of this reorganisation energy, and it is true 

for electrochemical cell reactions as well: fast electrode process can be observed for A 

and B with similar geometry. 10 

2.2.2. Mass Transport 

Mass transport is the movement of bulk chemical species from one position in the solution 
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to another and becomes a limiting factor at higher overpotentials where electrode kinetics 

are fast.  Types of mass transport in electrochemical cells are diffusion, migration, and 

convection, or the controlled movement of the solution (hydrodynamics) over the 

electrode surface.  

Migration is a process where charged species move to or from the electrode surface driven 

by a potential difference at different points in the electrolyte, yielding an electrical field 

producing the migrating flux. Migration is minimised by highly using a background 

highly conductive electrolyte, usually at a concentration much larger e.g., ×100 than that 

of the electroactive species. Convection is dictated by the temperature gradient in the 

solution and can be minimized by controlling the temperature.8 

In total, mass transfer to an electrode is governed by the Nernst-Planck equation, for one-

dimensional mass transfer along the x-axis: 

𝑗𝑖(𝑥) =
𝑞𝑖𝐹

𝑅𝑇
𝐷𝑖𝑐𝑖

𝜕𝜙𝑖(𝑥)

𝑥
+ 𝑐𝑖𝑣(𝑥) − 𝐷𝑖

𝜕𝑐𝑖(𝑥)

𝜕𝑥
          (11) 

where the term 𝑗𝑖(𝑥) (mol s-1 cm-2) is the flux of electroactive species i, at distance x 

from the electrode surface, 𝐷𝑖is the diffusion coefficient (cm2/s), 𝑐𝑖 is the concentration 

of i at position x (mol cm-3), 𝜙𝑖(𝑥) is the potential at position i, and 𝑣(𝑥) is the velocity 

of a volume element in solution moves along direction x. The terms at the right-hand side 

represent migration, convection, and diffusion, respectively.12 

2.2.2.1. Diffusion 

If conditions in the electrochemical cell are chosen to eliminate convection and migration, 

then mass transport in the cell occurs through diffusion. Diffusion in electrochemistry is 
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the movement of the electroactive species down the concentration gradient to or from the 

electrode surface produced by electrochemical change at the electrode. The relationship 

between the diffusion speed (flux) and concentration gradient, as a function of position 

and time, is defined by Fick’s laws of diffusion. Suppose the flux of substance i at given 

location x and time t is written as 𝐽𝑖(𝑥, 𝑡), the net mass transfer rate of i, expressed as an 

amount per unit time per unit area (mol s-1 cm-2), then the 𝐽𝑖(𝑥, 𝑡) represents the number 

of moles of i that pass a given location per second per unit area perpendicular to the x-

axis. 

Fick’s 1st law of diffusion says that flux is proportional to the concentration gradient: 

𝐽𝑖(𝑥, 𝑡) = −𝐷𝑖 (
∂𝐶𝑖(𝑥, 𝑡)

∂𝑥
)          (12) 

Fick’s 2nd law is derived from the first law, it pertains to the change of concentration of i 

with time:  

∂𝐶𝑖(𝑥, 𝑡)

∂𝑡
= 𝐷𝑖 (

∂2𝐶𝑖(𝑥, 𝑡)

∂𝑥2
)            (13) 

It can be modified and apply to electrodes with any geometry 

𝜕𝐶𝑖

𝜕𝑡
= 𝐷𝑖∇

2𝐶𝑖          (14), 

where ∇2 is the Laplacian operator.8 

When an external potential is added, the difference between the applied potential and the 

potential at the equilibrium state, the over-potential (𝜂 ) results in chemical change 

according to 

𝐼red = 𝐴𝐹𝑘red[𝑖]          (15) 

Where 𝐴 is the electrode area, 𝐹 is Faraday constant, 𝑘𝑟𝑒𝑑 is the rate constant for the 
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electron transfer reaction, and [𝑖] is the concentration of 𝑖 at the electrode surface. A 

similar expression can be written for 𝑘ox. A concentration gradient is thus created by the 

consumption/generation of electroactive species 𝑖, at the electrode surface. When the 

kinetics at the surface is fast, i.e., k is big, the current will be diffusion-controlled.  

2.2.2.2. Chronoamperometric Method and Nernst Diffusion Layer 

If the potential at the working electrode is stepped, the resulting current from this applied 

potential can be monitored as a function of time, giving rise to the technique of 

chronoamperometry. The current declines according to the diffusion of analyte from bulk 

solution towards the electrode surface at sufficiently high overpotentials, providing a 

good example of the role of diffusion in controlling the observed electrochemical currents. 

Therefore, chronoamperometry is a useful technique to consider the current-time 

dependence, which can be calculated from(13) . The change in current follows the Cottrell 

equation: 

𝐼 = 𝑛𝐹𝐴𝑗 =
𝑛𝐹𝐴𝐷1/2𝐶0
(𝜋𝑡)1/2

            (16) 

where 𝐼  is the current, 𝑛  is the number of electrons transferred, 𝐹  is Faraday’s 

constant, 𝐴 is the area of working electrode, 𝑗 is the diffusional flux, 𝐷 is the diffusion 

coefficient, 𝐶0 is the bulk concentration of analyte. From the equation it’s easy to see 

that the current gradually decreases with the square root of time, and when time is very 

long, the current will decline to 0.5  

Equation (16) has useful applications for the determination of n, D or A if the two other 

variables are known. In practice it has limitations when used with macroelectrodes. At 
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short reaction times, an additional ‘charging current’ is observed due to the double layer 

charging. At long times, the current measured tends to a constant value, since mixing of 

the solution due to processes such as convection (see above) tend to occur13 and effects 

of non-planar diffusion can set in when the diffusion layer thickness becomes appreciable 

compared to the lateral dimension of the electrode. 6  

 

2.3. Experimental Implementation 

Figure 2.4 A schematic illustration of a simple 3-electrode electrochemical cell, 

adapted from 2. 

In the case of a two-electrode system, the reference electrode is an ideal nonpolarizable 

electrode, meaning a faradaic current can freely pass and its potential will not vary from 

its equilibrium value upon application of current. However, in real applications such as 

battery and sensor studies, electrochemical reactions happen and current can flow through 

the reference electrode, causing a change in potential and deviation from the ideal 

scenario. To ensure current does not flow through the reference electrode and ensure its 

stability and accuracy, a third electrode, known as the counter electrode (CE) is 
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introduced. The polarity of the counter electrode is opposite to that on the working 

electrode, and the potential added on the counter electrode is adjusted so that the current 

flows just between the WE and CE. The CE is commonly simply a coil of platinum wire, 

with a large enough surface area to provide adequate current flow at accessible potential 

to match that of the WE under investigation. 

 

2.4. Techniques in Electrochemical Analysis 

2.4.1. Cyclic Voltammetry 

Cyclic voltammetry (CV) is the most common method used to monitor a dynamic 

electrochemical process of a particular redox pair at a specific electrode. In CV, the 

current flowing through the working electrode is recorded as a function of the applied 

potential between the WE and the reference electrode. A plot of current versus potential 

is constructed, known as a voltammogram. 6 

The name cyclic voltammetry arises from the fact that the applied potential is varied in a 

cyclic manner, normally a linear sweep as shown in figure 2.5 below. Only a chosen 

region of potential, in which electron transfer for the analyte of interest is kinetically and 

thermodynamically favourable, is swept, and the redox processes which occur in the 

region are measured as a current response arising from electron transfer and associated 

reactions. The scheme is shown in figure 2.5 below. 6 



Chapter 2 

43 

 

 

Figure 2.5 A classic CV scan (left); and a schematic illustration of CV waveform 

(right). The slope v is the scan rate. Adapted from 6. 

CV probes both the oxidation and reduction regimes. The scan begins at a selected 

potential E1 that is very negative compared to the electroactive potential region, where 

the electroactive species is neither reduced nor oxidised. As the potential is moving 

towards the positive direction, oxidation occurs, and the oxidation current will be 

recorded. Because of the diffusion limitations, the electroactive species will be gradually 

used up, and the concentration will drop, resulting in a fading of the responding current 

according to the Cottrell equation. After the potential reaches E2, where the species is 

fully oxidised and the current drops back to zero, the direction of the potential scan is 

reversed. The backward potential usually sweeps back to the original value. 11 
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CV provides useful information on the kinetics of electron transfer and the features of a 

CV can be characterised in terms of electrochemical reversibility. We can classify the 

reactions into reversible, quasi-reversible, and irreversible, depending on the rates of 

electron transfer. Typical CVs are shown in figure 2.6 below.15 

Figure 2.6 CV shapes of reversible, quasi-reversible, and irreversible electron 

transfers. Adapted from 15. 

2.4.1.1. Reversible Electrochemical Process 

A reversible wave appears when the electron transfer is fast. In this case, the system is 

also called a Nernstian system. The waveshape is usefully characterised by the difference 

between the peak potential Ep and E1/2, which is the half-peak potential. For a reversible 

system:6 

𝐸p − 𝐸1
2
= 2.218

𝑅𝑇

𝐹
             (17) 

 the peak current 𝑖p, is given by the Randles-Sevčik equation: 

𝑖p = (2.65 × 10
5)𝑛3/2𝐴𝐷1/2𝐶𝑣1/2             (18) 

where 𝑛 is the number of electrons transferred, 𝐴 is the electrode surface area, 𝐷 is the 
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diffusion coefficient, 𝐶 is the concentration in bulk solution, and 𝑣 is the scan rate.  

This equation applies to a system that is controlled solely by diffusion between the bulk 

solution and the electrode surface, and the value of the peak current is linearly related to 

the square root of the scan rate. For such reversible kinetics, the peak separation at 298 K 

is given by 

𝐸c − 𝐸a ≅
57mV

𝑛
              (19) 

where 𝐸c  is the reduction peak potential, 𝐸a is the oxidation potential, and n is the 

number of electrons transferred. At room temperature (298 K), the reversible limit peak 

to peak separation value is approximately 57 mV. This peak-to-peak separation value is 

independent of the scan rate in reversible processes. Conversely, in quasi-reversible and 

irreversible processes, when the electron transfer kinetics are slow, the peak separations 

observed will increase and depend on the scan rate.6 

 

2.4.1.2. Irreversible and Quasi-reversible Electrochemical Process 

For irreversible electrochemical processes, the electron transfer rate is slow, and high 

potentials are needed to drive the electron transfer and record any current change on the 

potentiostat. The waveshape of an irreversible electrochemical process can also be 

characterised through calculating the half-peak potential6: 

𝐸p − 𝐸1
2
= 1.857

𝑅𝑇

𝛼𝐹
=
47.7

𝛼
𝑚𝑉     (at 298K)           (20) 

Notably, all processes are, in principle, electrochemically irreversible when the 

measurement is done at a sufficiently fast scan rate. When the voltammogram is swept 
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from E1 to E2, the thickness of the diffusion layer around the electrode will increase 

gradually. The longer it takes to scan, the thicker the diffusion layer. When the scan rate 

is fast, the diffusion layer is thin.  

The thickness of the diffusion layer plays a crucial role in controlling the mass transport 

to the electrode. As predicted by equation (12), greater fluxes for a fixed concentration 

drop will occur in the case of a thin diffusion layer. Since the irreversible vs. reversible 

distinction reflects the competition between electrode kinetics and mass transport, 

increasing the scan rate will make the mass transport win over the electrode kinetics and 

essentially increase the irreversibility.11 

Quasi-reversible electrochemical processes are given to electron transfers that fall 

between the previous two categories. 

2.4.2. Chronoamperometry 

In chronoamperometry, a pulsed potential is applied to the working electrode, and the 

current response is measured as a function of time. The change in the current reflects the 

variations in the diffusion layers of the analyte at the electrode surface. When an 

appropriate potential is applied to the system, the local concentration of analyte suddenly 

drops to zero at the electrode surface, and a concentration gradient is generated, so that 

the analyte is able to transfer through diffusion layers from the bulk solution section to 

the electrode surface.13 A single-potential-step Chronoamperometry process is illustrated 
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by figure 2.7 below: 

Figure 2.7 Potential waveform of Chronoamperometry (a), and current vs. time plot 

(b). Adapted from 13. 

Chronoamperometry initially begins with an open circuit, or at a potential where the target 

analyte is not electrochemically active. Then the potential is stepped to a point beyond 

that required for the redox reaction for this species, i.e., E0. The shape of the 

chronoamperometry plot reflects the changes in concentration versus the distance to the 

electrode. The current response as a function of time can be obtained from equation (16), 

and electroactive species in the solution can be characterised in terms of the diffusion 

constant and electrons transferred in particular redox steps. 

Double-step chronoamperometry is also used in many electrochemical analyses. After the 

potential Es is reached and kept for a time period t, the potential either returns to the initial 

value Ei, or switches to another value. The potential wave form is shown in figure 2.7. 

Double-step chronoamperometry provides a more comprehensive overview of the system, 

including rate constants16 
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Figure 2.8 Potential waveform of double-step chronoamperometry. After t, the 

potential is usually switched back to E1, and kept for another time interval t. 

Figure adapted from 13. 

2.4.3. Square Wave Voltammetry and Differential Pulsed 

Voltammetry 

Different from CV, which is a linear potential sweep method, square wave voltammetry 

(SWV) and differential pulsed voltammetry (DPV) are potential step voltammetric 

techniques. The total current response 𝐼 in all electrochemical analysis is the sum of 

contributions from a faradaic reaction and capacitive interaction: 

𝐼 = 𝐼c + 𝐼f = 𝑣𝐶d + 𝐼f             (21) 

where 𝐼c is the capacitive component, proportional to the scan rate 𝑣, and 𝐶d is the 

capacitance of the electrode, 𝐼f is the faradaic current. In those potential step methods, 

enhanced responses to the faradaic current component relative to the capacitative current 

can be detected, which makes them preserve extra sensitivity.5 

As discussed before, the faradaic response is a function of t1/2 and gradually fades away 

as electroactive species at the surface of the electrode are consumed. The capacitive 
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interaction, due to the double-layer charging (the movement of ions to and from the 

electrode), is a much faster process, and thus the capacitive current dies away much faster 

than the faradaic current. SWV and DPV can be parameterised so that the current recorded 

is the faradaic current after the capacitive current fades away. 5 

In SWV, a square wave waveform, which is superimposed on a potential staircase, is 

applied to the the working electrode. A square wave is characterised by a pulse height, or 

amplitude Δ𝐸p ; the staircase heightΔ𝐸s ; the pulse time𝑡𝑝 ; square wave frequency  𝑓 , 

which is half of the pulse time, and the cycle period. At the start of each cycle, the 

staircase shifts by Δ𝐸s, so the scan rate is: 

Δ𝐸s
2𝑡p

= 𝑓Δ𝐸s            (22) 

The currents at the end of the forward and reverse pulses (marked as forward sample and 

reverse sample in the figure) are both monitored as a function of staircase potential. The 

difference between them, the net currentΔ𝐼, is larger than either of its two component 

parts 𝐼1, and 𝐼2 in the region and is centred at the half-wave potential. Afterwards, Δ𝐼 is 

plotted as a function of the staircase potential: 

 

Figure 2.9 Potential waveform of SWV. Adapted from 5. 
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△ 𝐼 = 𝐼1 − 𝐼2              (23) 

Through this subtraction, SWV effectively cancelled out the capacitive contributions to 

the overall current measured. Over the small potential range between forward and reverse 

pulses, the interfacial capacitance is approximately constant. 5 

DPV is another widely used potential step method. Similar to SWV, the potential 

waveform is pulsed and superimposed on a staircase. However, the currents just before 

the pulse is applied and just before the end of each pulse are measured, and the difference 

is plotted against the staircase potential. DPV also greatly reduces the contribution of the 

capacitive process by taking the difference between current responses, since the 

capacitive currents are roughly the same from the beginning towards the end of the pulse.5 

Figure 2.10 Potential Waveform of DPV. Adapted from 5. 

SWV has detection limits of ~ 10-8 M, whereas DPV can achieve optimal detection limits 

of ~10-7 M, both suitable for sensitive, trace detection. In addition, they can also provide 

information about the identification of oxidation states and recognition of complexation 

effects, which are very useful when interfering chemicals present in the solution.11 

In this thesis, DPV and SWV are both used. DPV was attempted first, due to its simplicity 
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and faster processing time. On the other hand, SWV requires more complicated data 

processing. However, SWV was introduced when the limit of detection needed to be 

pushed lower. The high sensitivity of SWV is due to the lack of background current, 

which is a major interference in the detection of lower concentrations.  

 

2.5. Experimental  

2.5.1. Materials and Instruments for Electrochemistry 

All chemicals were purchased from Sigma Aldrich. The polycrystalline diamond 

electrodes (BDDE) was purchased from Element Six Ltd (SKU 145-500-0030, 

10.0x10.0mm, 0.60mm thick) and had a boron doping concentration of ~ 5×1020 cm-3, 

with bulk resistivity 2 to 1.8×10-3 Ohm×m, ± 0.25×10-3 Ohm×m, operating current 

density of >20,000 Am-2, and a solvent window >3.0 V in 0.1 M KNO3 versus SCE. The 

surface of BDDEs were not polished, and the free-standing electrodes had very rough 
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grain relief, Ra ~50 µm.  

Figure 2.11 SEM of a typical pristine BDDE diamond used for this thesis. 

All solutions are prepared using deionized water with resistivity around 18.2 MΩ at room 

temperature (25 °C). Ag/AgCl (1 M KCl) reference electrode and Pt coil counter electrode 

were purchased from Sigma Aldrich, and the BDDE working electrode was fixed in a 

custom-made polytetrafluoroethylene (PTFE) holder. Electrochemistry experiments were 

performed and controlled by an Autolab potentiostat and software NOVA 2.1.4. The 

analysis of data was prpcessed by OriginsPro, unless specified.Cleaning of BDDEs 

Thanks to the superior physical hardness and chemical stability of BDDEs, there are three 

safe ways to clean BDDEs between experiments: 

2.5.1.1. Electrochemical Cleaning  

10μm 



Chapter 2 

53 

 

Dilute nitric acid (0.1 M) was used for electrochemical cleaning. Firstly, a positive 

potential of 2.5 V is applied to the BDDE and impurities on the electrode surfaceoxidised, 

leaving the surface oxygen-terminated, which is more favourable for deposition of metal 

nanoparticles (will also be proven through XPS in Chapter 3). CV was swept between 0 

V and 2.3 V at a scan rate of 50 mV/s for 10+ cycles, until a flat solvent window (Figure 

2.12) was observed. After cleaning cycles, a separate CV in with same setting will be 

produced for checking, if a CV with flat solvent window (Figure 2.12) can be reproduced, 

we conclude this electrode to be “clean” and ready for use. 

Figure 2.12 CV of a BDDE diamond after nitric acid cleaning and a clean solvent 

window observed. 

2.5.1.2. Concentrated Acid Cleaning 

BDDEs decorated by metal nanoparticles can also be cleaned by soaking into 

concentrated acid. Aqua Regia (3:1 v:v mixture of ~12 M HCl and ~15 M HNO3) was 

used for removing Au-containing nanospecies and other precious metals, whereas Ag 

containing nanospecies were removed by concentrated nitric acid (~15 M). The 

solubilities of metals in concentrated acids were checked to make sure the electrodes 
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could be cleaned effectively. BDDEs were left overnight in the concentrated acid, 

followed by ultrasonic cleaning in DI water.  

2.5.1.3. Mechanical Polishing 

When polymers like Nafion were used for electrode modification, electrochemical 

cleaning and concentrated acid cleaning were not as effective as mechanical polishing. In 

this thesis, commercially available chemomet polishing pads (Buehler, ∅203 mm) and 

alumina (Al2O3) powder (Buehler micropolish, a mixture of 1.0 and 0.3 microns) were 

used. The alumina is mixed with water on the polishing pad to make a paste. The BDDEs 

were then rubbed on the polishing pad with some alumina paste while ensuring that the 

face of the BDDEs were flat and polishing was performed by the KENT 3 automatic 

lapping and polishing unit. After polishing for 3 minutes, the electrodes were 

ultrasonicated 3 times using acetone, acetone: DI water (1:1), and DI water, individually, 

and each cycle lasted for 3 minutes. 
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2.6. X-Ray Photoelectron Spectroscopy 

2.6.1. Theoretical Principle  

 

Figure 2.13 Basic theory behind XPS. X-ray with energy hν initiates the s on sample, 

releasing a photoelectron with energy Ekin. Figure adapted from 18. 

X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA) was first developed in the mid-1960s in Sweden by Kai 

Siegbahn, who was awarded the Noble Prize in physics for that. Nowadays, it is 

commonly used as one of the major methods for chemical surface analysis.  

XPS works by determining the kinetic energy spectrum of photoelectrons emitted from 

the specimen’s surface whilst irradiating the sample with X-rays with a constant energy, 

hν, in vacuum conditions with a pressure less than 10-7 Pa, denoted as ultra-high vacuum 

(UHV). The photons emitted from the X-ray source can penetrate the specimen surface 

for up to 1 μM and create photoelectrons in this region. However, not all these 

photoelectrons can be detected in XPS. Most of the photoelectrons lose their kinetic 
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energies in inelastic scattering and cannot escape the surface or simply contribute to a 

spectral background. Consequently, only the electrons from the top several atomic layers 

(~ 5 nm) are analysed, so XPS is a very surface sensitive method. The XPS spectrum is 

obtained by plotting the number of electrons at a given kinetic energy versus their kinetic 

energy or the corresponding binding energy as determined from the following the 

equation below. 17 

𝐸b = ℎν − 𝐸kin −𝑊f             (24) 

where 𝑊f is the work function.  

 

Figure 2.14 The relationship and variation between mean free path and kinetic 

energy of emitted electron (universal curve).19-20 

The depth scale, or surface sensitivity, of XPS is controlled by the electron inelastic mean 

free path (IMFP). Inelastic mean free path (IMFP) is dependent on kinetic energy and 

shows how far an electron can travel through a solid before losing energy. When the 

kinetic energy of photoelectrons is higher, they can travel farther before scattering 
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happens, so the depth scale of XPS increases, as the sampling depth is defined as 3 times 

of IMFP. By changing the X-ray photon energy, the kinetic energy of core level 

photoelectrons can be controlled. In this way, IMFP, scale depth, and sensitivity can also 

be altered.21-23 

After X-ray excitation of the atom and a core level photoelectron is emitted, non-

fluorescent relaxation results in the appearance of Auger peaks in the spectrum as a result 

of the relaxation process shown in Figure 2.14. For example, KLL transition means there 

is an initial vacancy in the K shell and two vacancies in the L shell in the final state. In 

XPS spectra, we can mostly see the KLL, LMM, MNN, and NOO series of Auger lines.22 

Figure 2.15 Schematic illustration of a KLL transition in an Auger process.19 

Small variations in binding energy, also known as chemical shifts, reflect the chemical 

state of the material as well. The binding energy peak position of a specific element 

depends on the oxidation state and local chemical environment of that element. Atoms of 

higher positive oxidation states tend to have higher binding energies due to extra columbic 

interaction between the ion core and the core electrons in the atom.  

Chemical shifts provide information on oxidation states and functional groups that 

immediately bond to the atom. For example, when a C atom is bonded to another atom, 
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if the electronegativity of that atom is higher than C, the electron density around the C 

atom itself will decrease and therefore the binding energy will increase, resulting in a 

positive shift of binding energy peak. Otherwise, a negative shift of the binding energy 

peak will be observed.15 

The Auger parameter, originally defied by Wagner, can also be used for analysis of 

chemical states. The Auger parameter is not influenced by surface charging and is 

extremely useful when an electron core level of two states is indistinguishable just by 

looking at kinetic or binding energy. The value of the Auger parameter (𝛼 ) can be 

calculated using the difference in kinetic energy between a core peak and Auger peak: 

α = 𝐸k(𝐶1𝐶2𝐶3) − 𝐸k(𝐶)          (25) 

where 𝐸k(𝐶1𝐶2𝐶3) is the kinetic energy corresponding to the Auger peak, and 𝐸k(𝐶) is 

the kinetic energy of the core photoelectron peak.24 

Figure 2.16 A survey XPS (left) and chemical shifts representing different chemical 

states in C1s scan (right) of a clean BDDE. 

XPS is not only for qualitative analysis, i.e., element identification, the intensity of the 

photoelectron peak of XPS also provides quantitative information about surface 



Chapter 2 

59 

 

composition. The intensity of a photoelectron peak is determined by the equation below: 

𝐼 = 𝑗ρσ𝐾λ           (26) 

where j is the flux of the photon, ρ is the concentration of atoms, σ is the photonionisation 

cross-section for photoelectron emission, K is the instrumental parameter and λ is the 

electron attenuation length. The area under the peak after background subtraction is 

denoted as Ii, and the relative atomic sensitivity factor (RSF) is denoted as Si. The relative 

atomic sensitive factor (RSF) is characteristic for each element and is determined by the 

photo-ionisation cross section and inelastic mean free path. It means how likely it is that 

a photoelectron from a particular orbital and element is produced and detected. Together 

with these two parameters, Ni, which is the number of atoms per cm3 (i.e. the surface 

percentage of one element), can be determined. 19-20 

𝑁𝑖 =
𝐼𝑖/𝑆𝑖
∑ 𝐼𝑖/𝑆𝑖𝑖

          (27) 

here Ii, is the peak area of the element after background subtraction, 𝑆𝑖 is the RSF, and 

∑ 𝐼𝑖/𝑆𝑖𝑖  means sum over all elements. 
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2.6.2. Instrumental and Experimental 

The instrumentation of XPS is based on UHV system to avoid gas contamination of the 

sample specimen surface and collisions between emitted photoelectrons and gas residuals. 

It has the following components: an X-ray source, an electron energy analyser, and an 

electron detection system, as shown in figure 2.17. Since the exciting energy provided by 

the X-ray source is very high, core level spectra of all elements (except for H and He, 

which has no core level) can be obtained and the binding energy can be determined for 

peak assignments. Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) X-rays are commonly used 

as excitation sources.17 

Figure 2.17 Schematic view of the XPS instrumentation. 39 

All XPS analysis in this thesis was done by a Thermoscientific K-alpha instrument using 

Al Kα radiation. The analysis of collected data and graphs were proceeded by CasaXPS 

(version 2.3) software.  
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2.7. Scanning Electron Microscopy  

2.7.1. Theoretical Principle 

Microscopy is a subject that uses instrumentation – a microscope - to study objects of a 

scale outside the resolution range of the naked human eye. Optical light microscopes are 

the most widely used type. Although very simple to assemble and use, an optical 

microscope has limitation in its resolution. It uses visible light and a series of glass optical 

lenses. Since it uses visible light, whose wavelength is 300-800 nm, the magnification is 

limited to around 1000× determined by the wavelength.22  

In 1920s, Busch investigated the trajectories of charged particles in axially symmetric 

electric and magnetic fields and showed such fields could be used as particle lenses. On 

the other hand, de Broglie introduced the concept of corpuscule waves, associated 

frequency, or wavelength to charged particles. These two are fundamental concepts of 

electron microscopy. Using de Broglie equation (where λ is the de Broglie wavelength, h 

is Planck’s constant, p is the momentum, m is the mass and v is the speed), wavelengths 

of charged moving electrons can be determined, which is almost five orders of magnitude 

smaller than the wavelength of visible light used in optical microscopy. In 1932, Knoll 

and Ruska attempted to estimate the resolution limit of the electron microscope, using the 

formula for optical lens resolution limits. They substituted the wavelength by electrons 

wavelength at an accelerating voltage of 75 kV and were able to get a theoretical limit of 

0.22 nm. This magnitude was later reached by transmission electron microscope (TEM). 

26 
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𝜆 =
ℎ

𝑝
=
ℎ

𝑚𝑣
         (28) 

In SEM, however, several factors constrain the resolution. Electron optics are used to 

constrain the beam width of electrons emitted from an electron source - a small tungsten 

tip most simply- in order to form the smallest possible probe beam controlled by the 

voltage of the electron source, and tightness of the electron beam focus as it strikes on the 

sample. At higher magnifications, the resolution is approximately the width of this probe. 

When there are lens aberrations, the ability of focusing the beam decreases, resulting in a 

blurred image. The second limiting factor is the conservation of brightness throughout 

the microscope column. If the size of the electron probe is decreased, the current will 

decrease at the same time, and when current is low, there are limited numbers of electrons 

in the probe, making the signal poor and the noise ratio very high. As a result, the 

resolution of SEM typically can go down to the 10 nm range. 26-27 

To achieve a higher resolution, a field emission gun SEM (FEGSEM) can be used. A field 

emission gun can help to produce an electron beam that is more narrow, condensed, and 

coherent with up to three orders of magnitude greater current density of brightness than 

an ordinary SEM. As a result, the resolution can be greatly increased, and the signal-to-

noise ratio can be improved.28-30 

The schematic diagram of SEM’s working principle is shown below. A primary electron 

beam is generated by an electron source and accelerated by an anode.  After that, the 

direction is controlled by electromagnetic lenses, which are coils of wires inside metal 

poles. 
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After striking the sample, the electron beam rasters across the surface. Then, secondary 

electrons, originate from the atoms of the sample’s surface, as a result of inelastic 

interactions between the electron beam and the sample. To produce an image of the 

surface, a positively charged detector at an angle is placed to catch as many secondary 

electrons scattered as possible. The signals detected are amplified and modulated to 

produce a map of the surface morphologies. 31 

Figure 2.18 Types of electrons emitted from sample after electron beam irradiation 

(left); and how characteristic x-rays are emitted after the primary electron 

escapes(right). Figure adapted from 31. 

SEM produces signals mostly based on the scattering of secondary electrons, however, 

back scattered electrons are also produced once the electron beam strikes the specimen. 

Back scattered electrons (BSE), unlike secondary electrons, appear very close to the 

region of the primary electrons. BSE images can be used to distinguish phase or 

compositional variations from site to site among the specimen, since the BSE coefficient 

increases with the atomic number. 30 

Other than secondary and BSEs, cathodo-luminescence gives information on the 

electronic structure and chemical composition of materials, and transmitted electrons can 
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depict the inner structure and crystallography, which is detected and characterised in 

transmitted electron microscopy (TEM). X-rays are also produced when the electron 

beam transfers energy to the atoms on the sample, and electron core holes are produced. 

During relaxation, characteristic X-rays, which have the exact energy difference between 

the two electronic shells, are emitted. This energy depends on the atomic number and can 

be used to distinguish the atomic composition. This type of analysis is called energy-

dispersive x-ray analysis (EDX). 32 

 

2.7.2. Instrumental and Experimental 

In this thesis, the SEMs used were a Hitachi S-4300 SEM and JEOL JSM-6010LV SEM. 

The high-resolution images were taken using the JEOL-6500F SEM. The TEM machine 

used for chapter 5 was a JEOL-3000F TEM. The data were analysed by GMS3 software.  

2.8. Ultraviolet-visible Spectroscopy  

2.8.1. Theoretical Principle 

Ultraviolet-visible Spectroscopy (Spectrophotometry), or UV-Vis Spec, is a common 

method in analytical chemistry. The light sources it uses are the in the range of visible 

light, near-UV and near IR, and measurements can be done in either absorption or 

reflection mode. The light source is separated into its component wavelength by 

diffraction grating or a prism. The grating is rotated to make a measurement, to allow 

only a specific wavelength of light source to go through and interact with the sample. By 
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this manner, the complete spectrum can be recorded. 34 

After the light strikes on the sample, it interacts with it and promotes electronic excitations. 

A Jablonski diagram represents the energy levels within a molecule where valence 

electrons can be excited. Shown in the figure below, every column represents specific 

spin multiplicity for a particular species, or electronic energy states (S, T). Within each 

of them, multiple vibrational energy states are found (v). We can use this diagram to 

explain where the energy goes, and this process can be viewed as a multi-step kinetic 

pathway. The first step is absorbance (Abs.), in which electrons in the ground state (S0) 

absorb energy and jump to higher energy states. Any excited singlet states have higher 

energy than S1 will then undergo fast decay, called internal conversion (IC). Relaxations 

between the different vibrational states in the same electronic level are called vibrational 

relaxation (VR). Afterwards electrons from higher energy states relax to lower energy 

states, and emit photons, this process is called fluorescence (Fl.), and it is often observed 

between the first exited electron state and the ground state. The process of electron 

changing spin from excited singlet states to excited triplet states is called intersystem 

crossing (ISC), followed by a slow radiative transition which is spin-forbidden called 

phosphorescence (Phos.). 35 
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Figure 2.19 Jablonski diagram, showing different types of electron and energy 

transfer, whenlight is absorbed. Figure adapted from 35. 

In this thesis, we refer to experiments done in the absorption mode, which measures the 

first step, the electronic promotion of electrons or the energy absorption for the electron 

from the ground state to the excited state, in contrast to fluorescence spectroscopy, which 

measures the emission process. The most fundamental working principle behind UV-Vis 

Spec is the Beer-Lambert Law. 36 

𝐴 = log10
𝐼0
𝐼
= 𝜀𝑐𝑙           (29) 

In this equation, A is the measured absorbance, l is the path length the light source 

travelled through the sample (the inner width of the cuvette), c is the concentration of the 

analyte, and ε is the extinction coefficient constant. The absorption measured by UV-Vis 

Spec can be analysed both qualitatively and quantitatively: the signal height of 

absorbance is proportional to the concentration of the analyte, and since l and ε are given 

constants, the concentration of the analyte can be solved simply.36-37 
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Figure 2.20 Monochromatic light with intensity I0 transmitted through a solution 

(cuvette length l). The transmitted light has intensity I.31 

 

2.8.2. Instrumental and Experimental 

In this thesis, we mainly used UV-Vis Spec to evaluate the size of metal nanoparticles, 

and degree of aggregation. When nanoparticles are well-dispersed in the solution without 

aggregation, a narrow peak in UV-Vis Spec will be observed, as a result of plasmonic 

resonance. Plasmonic resonance is a consequence of the oscillations of the valence 

electrons, when the nanoparticles are small and well dispersed, the electron density at the 

surface is high, and plasmonic resonance is very strong, resulting in absorption of light 

with a particular wavelength. When the particles begin to aggregate, and the plasmonic 

resonance is weaker, a red-shift of this characteristic peak can be observed, and eventually 

fade away when heavy aggregation occurs.37-38 The signals obtained by the samples are 

normalised and then used for analysis in this work, unless indicated. The UV-Visible 

instrument used in this thesis is a Cary-3500 double beam UV-Vis spectroscopy from 

Agilent Technologies. The light source used is an Xenon flash lamp (250 Hz), with 

maximum scanning speed 150000nm/min, spectral bandwidth 0.1-5.0nm, and a scan 

range of wavelength 190-1100nm.  
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Figure 2.21 Schematic illustration of UV-Visible working mechanism.33-34 
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Chapter 3: Electrochemical Synthesis of Ag 

Nanoparticles and their Morphology-

Dependent Performance in Catalysing 

Hydrogen Evolution Reactions  

3.1 Introduction 

Studies on nanoparticles have become of interest because of their distinct physical and 

chemical properties that are very different from those of macromolecules and extended 

solids1-2. The applications are wide-ranging and include fields such as surface-enhanced 

Raman scattering (SERS), bioremediation and wastewater treatments, antimicrobial 

applications, biosensing and drug delivery 3-8. One of the original and most important 

applications of nanoparticles is in the field of heterogeneous catalysis. Here, the 

advantages offered include high surface area, which ensures efficient utilisation of the 

material in question, and electronic and structural atomic properties modified from those 

of the bulk material, which provide enhancements in catalytic performance. 9-11   

Pt is probably the most important nanomaterial in this area on account of the 

unprecedented levels of performance in conventional heterogenous catalytic applications 

in areas such as hydrocarbon reforming12-14. More recently, the electrocatalytic 

applications of Pt nanoparticles have attracted attention in fields such as fuel cells and 

water splitting on account of the high levels of activity offered in redox processes such as 

the oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) 15-18. 

However, a well-recognised problem with the use of Pt is its high economic cost, which 

has led to considerable research efforts to investigate the performance of cheaper 
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materials. One approach has been to explore Pt alloys, including Pt-Ni19, Pt-Au20, and Pt-

Cu21. Alternatively, materials completely free of Pt have been examined. For example, 

the hydrogen evolution reaction has attracted great interest for the splitting of water to 

hydrogen for use as an energy carrier, leading to the development of materials such as 

nanostructured MoS2
22 and Ni2P

23 to replace Pt in this application. However, whilst these 

materials may offer high levels of performance, the chemical conditions for their 

synthesis are unsuitable for a wide range of deployment in practical applications.  

Ag is approximately 40 times cheaper than Pt, and Ag nanoparticle catalysts have long 

been used in heterogeneous catalysis, for example the epoxidation of ethene. More 

recently, Ag nanoparticles have been commonly used in the biomedical field due to their 

antibacterial and anticancer activities24-25 and electrochemical applications in areas such 

as supercapacitors, metal ion detection, and biochemical sensing have also emerged.26-31 

Studies of the ORR using Ag nanoparticles showed that Ag is also quite capable of 

electrocatalysis and is potentially a less expensive yet efficient alternative for Pt 32-33. 

Traditional top-down methods of synthesis of Ag nanoparticles have been used, such as 

mechanical milling and laser ablation, alongside chemical reduction methods; for 

example, AgNO3 can be used as the source of Ag, in conjunction with reductants such as 

hydrazine or NaBH4. However, many of these latter preparation methods use chemicals 

that are extremely hazardous to the environment. Electrochemistry is an alternative 

method to reduce chemicals on the electrode surface in an environmentally benign and 

sustainable approach. The method is rapid and requires relatively simple instrumentation.  

A feature of Ag nanoparticles is the wide range of structures and morphologies which 
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these species can display. Different morphologies have been reported in the literature, 

including nanocubes34, nanowires35, and nanospheres36, though there have been few 

detailed studies on how conditions can be systematically varied to control the morphology 

and chemical reactivity. In the present work, we therefore present systematic studies of 

the electrochemical deposition of Ag nanoparticles to understand how reaction conditions 

can be changed to alter the structures of the nanoparticles obtained. The hydrogen 

evolution reaction is employed as an exemplar of how the particle structure influences 

the observed electrocatalytic particles, following previous reports concerning the activity 

of Ag nanoparticles in this area. In particular, we report how three differing particle 

morphologies can be obtained by switching the electrochemical deposition conditions and 

identify which of these structures provides optimal activity with regard to the HER. The 

experiments are carried out on diamond electrodes as a dimensionally stable carbon-based 

electrode material for support of the deposited nanoparticles.  

3.2 Aim of This Chapter 

We fabricated Ag nanoparticle modified-BDDEs with three types of nanostructures 

(polyhedral-pAgNP; dendritic-dAgNP; and spherical-sAgNP) under controlled 

electrochemical deposition. Different parameters, including deposition potential, 

deposition time, and steps of deposition, were varied in order to study their effects on the 

Ag’s nanostructure. The distinct morphologies were confirmed using SEM, and the 

surface composition was studied via XPS. The catalysis of the HER was performed using 

linear sweep voltammetry in acidic conditions. The best Ag-BDDE was selected 

according to its large current responses at designated voltages, and the correlation 
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between its performance in the HER and structures was drawn. 

3.3. Results and Discussion 

3.3.1 Electrodeposition of Ag nanoparticles 

Initial experiments were performed to prepare Ag nanoparticle decorated BDDE’s using 

different deposition protocols to investigate the range of structures which can be formed. 

The electrodeposition of Ag nanoparticles on BDDE was performed using a standard, 

three-electrode setup described in chapter 2, using an Ag/AgCl reference electrode (1M 

KCl) and a Pt counter electrode, and all potentials quoted are referred to the Ag/AgCl 

electrode (1M KCl). The BDDE was cleaned before each modification using HNO3 (0.1 

M) at an anodic potential of 2.5 V for 50 s, which made the electrodes O-terminated and 

therefore likely to be more favourable for metal deposition (proven using XPS in the 

following section). The source of silver used was AgNO3 (20 mM solution in DI water) 

and the electrolyte was sodium acetate/acetic acid buffer (pH=4.6).  

In one series of experiments, electrodeposition was carried out with the potential being 

held at -0.1 V for 50 s. As observed below by SEM, the particles formed had a polyhedral 

appearance, and samples formed in this approach are denoted pAg-BDDE, referring to 

this polyhedral form. 

By using a more negative electrode potential of -0.5 V and increasing the deposition time 

to 100 s, the form of the Ag deposits switched to a dendritic form denoted as dAg-BDDE. 

A more spherical amorphous form of deposit was prepared under a two-step 

electrodeposition scheme, by first applying -0.2 V for 2 s, and then increasing the 
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potential immediately to 0 V for 30 s, offering different parameters for nucleation and 

growth. Electrodes prepared with this approach are denoted sAg-BDDE.  

An alternative approach to electrodeposition is coating using preformed colloidal 

nanoparticles. In order to compare this method to electrodeposition, colloidal AgNPs 

were therefore synthesized via in-situ reduction using NaBH4 as described previously37. 

NaBH4 was weighed and added with stirring into iced 30 mL DI water to make 2 mM 

solution. Then 2 mL 1 mM AgNO3 was slowly added to the NaBH4 solution. The 

formation of a yellow colloidal AgNP solution was observed. Drop coating of this 

solution using a volumetric pipette onto the diamond electrode was then carried out using 

quantities calculated to produce surface concentrations of Ag nanoparticles roughly the 

same as those for electrodeposition as calculated by coulometry. 

SEM images of the differing electrodeposits are shown in Figure 3.1 
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Figure 3.1: SEM images of Ag-BDDEs. Polyhedral (a and b), dendritic (c and d), 

and spherical (e and f) silver nanoparticles. Low resolution images with ×500 

magnification (a, c, and e) are shown to observe overall coverage, and high 

resolution images with ×15k (b and d) and ×60k (f) magnifications are shown to 

illustrate morphologies and enable measurement of particle size.  

It is clear from the images recorded that the form of the Ag deposited depends critically 

on the deposition conditions employed. Variations in morphology with deposition 

conditions are shown in more detail in Figure 3.2. With regard to potential, at low 

negative potentials, pAgNPs are formed, and a potential of -0.1 V gives reasonably 

exclusively pAgNPs. When the potential was more negative, the shape of AgNPs changes 
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gradually with mixtures of pAg and dAg, indicating low energy barriers between the two 

morphologies. Uniform dAgNPs were not formed until -0.5 V. The branches of the 

dAgNPs are enhanced when deposition time was elongated. It is obvious to see that, 

dendritic silver can only be formed when a very strong electrochemical driving force is 

used.  

The effect of deposition potential on AgNP nanostructure was studied in detail by Fukui 

et al. on GC electrodes where similar trends to that seen here were observed within a 

range from -0.25 V to -1.6 V with a gradual shape change from polyspherical to dendrites 

occurring. 38 Similarly, Sivasubramanian et al. verified a change from porous polygons 

to dendrites when the potential changed from -0.1 V to -0.5 V, carried out from a solution 

of 0.1 M KNO3 and 10 mM AgNO3.
39 The observations therefore appear quite general.  

When negative potentials are applied to the electrode, cations in solution move through 

the electrode double layer at the electrode:electrolyte interface and undergo reduction at 

surface sites on the modified electrode surface. For an instantaneous nucleation 

mechanism, which seems to be observed here, this results in the formation of nuclei on 

the electrode surface at the start of the deposition experiment, which undergo enlargement 

as the experiment is continued. Close to the equilibrium of NP formation, the distribution 

of nucleation sites is comparatively uniform on the surface and the strength of the 

electrostatic interactions (dictated by the applied potential) is not enough to overcome the 

intrinsic randomness in diffusion. Thus, the particles grow more or less uniformly in all 

dimensions resulting in the formation of compact nanoparticles on the electrode. It is 

interesting to note that the particles grown at a constant small negative potential have a 
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polyhedral appearance suggestive of a crystalline structure whereas those nucleated at 

more negative potential look amorphous, even when the potential is then switched more 

positive for growth. This most likely stems from the structure of the nuclei formed at the 

differing potentials since the growth phase in the stepped potential approach is more likely 

to favour crystalline deposits. When the potential is increased much more negatively, 

nucleation and growth happen fast with little uniformity and is governed by kinetics, with 

dendrites forming as a result of preferred directions of crystal growth. Increasing the 

duration time of growth in this dendritic growth simply increases the size of the initially 

formed dendrites rather than increasing the number and spatial uniformity of the dendritic 

formations. Hence the features of growth observed in these experiments can be 

rationalised.39-40  

A noted feature of the growth of pAg is illustrated in Figure 3.3 which shows that the size 

heterogeneity of the deposited particles increases with growth time. This appears to result 

from an increase in the number of nuclei on the diamond surface suggesting that the 

nucleation mechanism is not perfectly instantaneous. However, it has been pointed out 

previously by Liu et al. 41 that a growth coupling from the overlap of the growth diffusion 

layers of individual nanoparticles takes place increasing the size polydispersity. To 

minimize this coupling effect in 1-step deposition, the deposition time must be very short 

to obtain size uniformity in constant (as opposed to stepped) potential deposition. 
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Figure 3.2 Effect of 1-step electrodeposition potential on Ag nanostructures. a: -0.1 

V 50 s; b: -0.2 V 50 s; c: -0.4 V 50 s; d:-0.5 V 50 s; e: -0.5 V 100 s.  
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Figure 3.3 pAgNPs deposited at -0.1 V for longer time (left: 100 s, right: 150 s).  

Figure 3.4 Plot of potential applied vs. time for two-step electrodeposition. 

The nucleation of two-step electrodeposition only occurs within the first pulse and the 

second pulse is purely for particle growth. By setting these two steps apart, it is a useful 

tool to control the size, density and mono-dispersity by modelling the pulse parameters 

(i.e., the nucleation potential (E1), nucleation time (t1), the growth potential (E2) and 

growth time (t2)). In this case, E1 generates nanoparticles of different sizes, and after the 

potential is switched to E2, a “cutting effect” is seen which filters out the unstable nuclei 

with extremely small sizes. Compared to Liu et al.’s conditions, which can only obtain 

particles within a narrow range of sizes at short growth times, the two-step procedure can 

be more flexible by controlling each step and parameter separately. With two-step 

electrodeposition, nanoparticles with various size ranges and average radii can be 

obtained. 42 

To verify this proposed mechanism, we controlled E1, t1, and E2 and only changed t2 from 

15 s, 30 s to 120 s. If the nucleation only occurred in the first step, the absolute number 

density of silver nanoparticles observed for these three cases should be comparable, with 

only size differences being seen. The expected phenomenon is observed, and the relevant 
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SEM pictures are shown in Figure 3.5. The absolute numbers of nucleation spots were 

comparable. However, the sizes of nanoparticles were different increasing with growth 

time t2. This is consistent with the proposed mechanism which specified the first step to 

be the only nucleation step. 

 

Figure 3.5 sAgNPs deposited via 2-step scheme. E1=-0.2 V, t1=2 s, E2=0 V, t2=15 s 

(a,b); 30 s (c,d); and 120 s (e,f).  

t2=30s was finally used as the optimal deposition condition for sAgNPs, since it gave 

highly covered BDDE surfaces with good uniformity, with only small size variations 

among individual nanoparticles. 

The sizes and coverages of electrodeposited AgNPs on BDDEs were compared with drop-

coated colloidal Ag-BDDE. The conditions described above resulted in the formation of 
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AgNPs with a sharp plasmonic peak in UV-Vis spectoscopy as shown in Figure 3.6 left. 

Since the size of colloidal nanoparticles are relevant to the peak position, we were able to 

estimate the approximate size of AgNPs from the figure inserted in Figure 3.6 left55, and 

the nanoparticles with average diameter ~10 nm were synthesized in this study. SEM after 

drop coating the colloid using a volumetric pipette onto the diamond surface at a surface 

loading of 0.58ug/cm2, roughly comparable to that of the electrochemically deposited 

material, is shown in Figure 3.6B. The surface coverage of Ag seems quite low in this 

micrograph and furthermore large aggregates of Ag are observable.  

 

Figure 3.6 UV-Vis Spectrum (peak at 387nm) (left, insert: UV-Vis spectra of 

colloidal AgNPs with different sizes, synthesized through the same method reported 

in this chapter, adapted from 55), and SEM image of colloidal AgNPs (right). 

 

3.3.2 Surface Analysis 

XPS was performed to probe possible surface compositional changes arising from the 

different approaches to depositing Ag on the diamond electrode surface. Overall 

elemental compositions are presented in Table 3.1, and the chemical compositions 

1 μm    
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associated with deposited Ag are shown in Table 3.2. Spectral positions were calibrated 

with respect to the C 1s peak and Ag peaks were fitted with literature parameters.51 

Table 3.1 Overall elemental composition of Ag-BDDEs with different morphologies 

and compared with results got from drop coating colloidal AgNPs. 

 % of 

Carbon 

% of 

Oxygen 

O:C 

ratio 

% of Ag % of others 

Clean 88.9  10.4  0.1  0.1  Cl: 0.2;Si: 0.4 

pAg 81.9  9.3  0.1  7.2  Cl: 1.7 

dAg 77.7  13.6  0.2  6.5  Si: 2.1 

sAg 81.0  10.1  0.1  8.9  / 

Col. Ag 70.3  22.4  0.3  1.2  N:0.9; Na:5.2 

+: Numbers in %. 

Table 3.2 Compositional analysis of Ag peaks and comparison with drop-coated Ag-

BDDE.  

 Ag(0)% Ag(I) % Ag (III) % Ag (III) 

sat. % 

Pure 

Ag(0)%* 

% 

A.P+ 

pAgNP 66.4  16.8  7.6  9.2  4.8  719.7  

dAgNP 87.5  6.3  2.8  3.5  5.4  720.0  

sAgNP 96.6  1.7  0.8  0.9  8.5  720.0  

Col. Ag 96.9  1.6  0.7  0.9  1.2  720.1  

*: Pure Ag (0) % is calculated by Ag (0) % times %of Ag in Table 1. 

+: means auger parameter, as defined in the previous chapter. 

In Table 3.1, the nominally clean diamond electrode shows an O concentration of about 
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10% typically expected of a diamond electrode completely terminated in O, given that 

the XPS sampling in diamond is of the order of 10 C monolayers. A small amount of Ag 

is seen since the electrode had previously been used for Ag deposition, suggesting the 

cleaning process employed subsequently was not 100% efficient. As expected from the 

SEM data the Ag coverage is roughly comparable for the electrochemically deposited 

electrodes. In contrast the colloidal Ag electrodes have an almost order of magnitude 

lower coverage despite the fact that the nominal loading was the same as for 

electrochemical deposition. There is likely to be two explanations for this difference. 

Firstly, SEM data showed strong nanoparticle aggregation. Secondly it appears likley that 

Ag has been lost from the surface prior to analysis, since the colloidal nanoparticles were 

drop-coated onto the electrode and the electrodeposited ones were synthesised onto the 

electrode with a negative overpotential, suggesting a weaker interaction between colloidal 

nanoparticles and BDDE. However, significant percentage of impurities have been found 

in many samples, probably oriented from the reusing of old electrodes. 

Interestingly several different oxidation states of Ag can be discerned from the XPS 

spectra shown in Figure 3.7 for the differing electrodes. The Auger parameters of the 

differing surfaces was also calculated to aid spectral interpretation. It was clear that pure 

silver was obtained predominantly for the electrodes dAgNP, sAgNP and col Ag. In 

contrast pAg-BDDE has least pure Ag, with 1/3 of oxide impurities, as illustrated by the 

presence of satellite peaks associated with Ag (I) and Ag (III) oxidation peaks. The 

measured spectrum for pAg-BDDE was fitted according to AgO literature spectrum43, 

and the other three spectra were fitted according to pure silver with mixture of oxide 
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impurities.43-44 The relative compositions of Ag (0) , Ag (I) and Ag (III) oxidation states 

thereby calculated are shown in Table II. Ag (I) and Ag(III) are known to arise from AgO, 

and although the ratio of Ag (I) and Ag (III) was expected to be 1:1 (and there is no Ag 

(II)), the oxidation with air will transfer some Ag (III) to Ag (I), thus changing this ratio.45 

The composition of covalent Ag peaks can be directly referred to their different deposition 

methods. With a less negative deposition potential as for pAg, Ag ions in the solution are 

not fully reduced to metal Ag (0); some of them formed AgO.  

Figure 3.7 Peak fittings for XPS Ag 3d5/2 regions of pAg-BDDE (A); dAg-BDDE (B); 

sAg-BDDE(C); and col. Ag-BDDE (D). 
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Purer Ag can be formed at a more negative deposition potential, as observed for dAg, sAg 

has the highest percentage of pure silver, which can be attributed to the two-step 

mechanism. At -0.2 V, nucleation happened, seeds of Ag (0) and some AgO formed. 

However, when the potential was switched to 0 V, some naturally unstable particles were 

filtered out. The stability is dependant upon the connectivity between the particles 

themselves and the electrode surface. Therefore, the outliers with extreme sizes and AgO, 

which is not a stable species on an oxygen-terminated surface, were filtered out. Although 

the second step was preceded at a less negative potential, no more nucleation happened, 

and the purity of Ag nanoparticles was able to be maintained. 

Figure 3.8 Active silver on different BDDEs examined via stripping voltammetry, 

signals normalised. 

Stripping voltammetry was also used to determine the amount of Ag on the surface as 

shown in Figure 3.8. The lowest amount of active silver (the amount of silver that is able 

to stripp off and potentially availble for reaction single at oxidation in this potential range) 

is obtained from the drop-coating of colloidal Ag nanoparticles, which is consistent with 

the low amount observed from XPS as discussed above. Although the amount of silver 
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obtained from XPS was similar for the electrodeposited Ag nanoparticles, the stripping 

voltammetry showed a different phenomenon: sAg and pAg had higher active Ag than 

that of dAg (Figure 3.8). To be specific, the amount of active Ag on sAg-BDDE was 6.5-

foldthat of dAg-BDDE. SEM was done before and after stripping to investigate the 

amount of Ag covered (Figure 3.9). It was obvious that the sAg and pAg surface had 

almost no Ag coverage post stripping, on the other hand, a large amount of aggregated 

dAg still remained. This explained the disagreement between XPS and stripping 

voltammetry. 

 

Figure 3.9 SEM images of AgBDDEs obtained pre (a, c, e) and post (b, d, f) stripping 

voltammetry. pAg: a, b; dAg: c, d; and sAg: e, f. 
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3.3.3 Catalysis of the HER 

The activity of the silver treated electrodes with regard to the hydrogen evolution reaction 

was determined in 0.5 M sulfuric acid to compare the electrocatalytic activity of the 

differing forms of Ag. Experiments were performed by scanning the potential at a scan 

rate of 20 mV/s from an initial potential of 0 V vs SCE and measuring the current density 

as a function of the applied potential. The plots were independent of the scan rate in the 

regime employed. 

Tafel analysis in which the potential is plotted against the log of the current densityis is a 

valuable method to demonstrate the specific mechanism in the HER reactions, which is 

characterized often by two paths depending on pH: (a) hydronium ion reduction, 

2H3O
+ + 2e− → H2 + 2H2O 

and (b) water reduction, 

2H2O + 2e
− → H2 + 2OH

− 

For the HER in acidic conditions, the hydronium ion reduction can take place under 

different pathways. The so-called Volmer step  

H3O
+ + e− +M → M− H + 2H2O 

takes place after which two further steps are possible 

H3O
+ +M− H + e− → H2 + 2H2O +M (Heyrovsky step) 

2M − H → H2 + 2M (Tafel step) 

The overall reaction schemes are denoted as Volmer-Heyrovsky and Volmer-Tafel routes.  

Tafel analysis for Ag-BDDEs with different morphologies is summarized in Table 3.3, 

including their onset potential, Tafel Slopes (averaged through 3 trails), and current 
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responses at designated potentials (-1.0 V for J1 and -0.8 V for J2, and averaged through 

3 trails). The current responses with respect to different potentials applied and Tafel plots 

are presented in Figure 3.10 and 11, respectively.  

Table 3.3 Tafel analysis for different morphologies and compared with col. Ag 

 % of 

surface 

Ag(0) 

Tafel Slope 

(mV/dec) 

J1 (mA/cm2) J2 (mA/cm2) 

Blank / 268±5 4±0.5 1±0.5 

pAgNP 4.8 114±15 15±1 7±0.8 

dAgNP 5.4 127±25 7±2 2±0.5 

sAgNP 8.5 112±10 17±0.5 11±0.5 

Col.Ag 1.2 194±20 11±2 4±1 

 

In Tafel analysis, the most important parameter to look at is the Tafel slope (explained in 

chapter 2), which illustrates not only the sensitivity of current response to certain applied 

potentials but also give us insight into the specific routes that the reaction happened under. 

When the Tafel slope is larger than 120 mV/dec, it means that the Volmer step is the rate-

determining step, which is the case for dAg-BDDE. On the other hand, when the Tafel 

slope is between 40 mV/dec to 120 mV/dec, the Heyrovsky step is the rate-determining 

step for the whole reaction, which are the cases for both pAg and sAg BDDEs. The 

differences in mechanisms must relate to AgNP morphological differences. In the case of 

dAg, the large surface energy on the branched surfaces made it hard to adsorb H (ads) 
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and form M-H bonds compared with pAgNPs and sAgNPs, causing the Volmer step to 

be the rate determining step.46 

An ideal catalyst for the HER, or catalyst for other chemical fuel reactions, should have 

virtues including nanostructure that can maximize the number of exposed active sites and 

can facilitate the transport of reactants and products.47 Therefore, when we use the same 

material to fabricate catalysts, the shape and size of the material itself are very important, 

and should be designed in a way that favours the reaction under investigation. Mass 

transport effects are also important. A macro electrode will only perform planar diffusion, 

however the electrodes coated with nanoparticles can benefit from convergent diffusion, 

which is far more effective than the planar one. However, when the coverage of 

nanoparticles is too high, the diffusional planes will couple together, thus the whole 

electrode will behave again like a macro electrode that is not covered with nanoparticles. 

In this experiment, however, the large Tafel slope and weak current response of pAgNP-

BDDE might also come from the impurities in elemental silver. From the last section, we 

discussed that pAgNP has more than 40% of AgO. Although AgO can also be used as a 

catalyst, it is not as efficient as elemental Ag. 48 

dAgNP has potential to be a very good catalyst, because it has largest surface area. 

However, a problem was its catalytic activity was different to obtain reproducibly; for 

example, the Tafel slopes were found to routinely vary with the largest standard deviation.  

sAgNP-BDDE seemed the electrode with highest amount of silver nanoparticles plated, 

as well as a stable range of Tafel slope with a smaller standard deviation. The current 

responses at designated potentials were the highest. This could be explained by its well-
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spread even coverage, as well as its small particle sizes. 

Table 3.4 Statistics for stability test. Moles of Ag nanoparticles was calculated from 

the stripping voltammetries before and after chrono 

 

Figure 3.75 Stripping CV after stability test 

 Before/nmol After/nmol %Maintained 

dAgNP 4.10 2.04 49.8% 

pAgNP 6.94 0.29 4.16% 

sAgNP 26.7 5.62 21.0% 

col. Ag 1.29 0.54 41.9% 

Figure 3.10 Current density responses of 

different AgNPs 

Figure 3.11 Tafel Plots of different 

AgNPs 
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The procedure of stability test was to hold the electrodes at a given potential, and the 

signal for each is recorded for 1h, after which the stripping CV was done for each 

electrode. The basic purpose was to detect how much Ag remained following 1h chrono, 

at a constant potential of -0.8 V in 0.5 M sulfuric acid,and compare this to the amount of 

silver obtained from the first previous voltammogram (Figure 3.12).  

sAgNP-BDDE maintained the highest absolute amount of silver after 

chronoamperometry, and dAgNP-BDDE had largest percentage of silver remained, 

possibly because the aggregated AgNPs were not easy to remove under stripping 

voltammetry. This has also been observed in the case of col. Ag-BDDE, which had 

aggregation problems and retained a large percentage of Ag after the stability test. 

pAgNP-BDDE had almost no silver left after stripping; it was confirmed by SEM 

afterwards. This was because the composition of pAgNP-BDDE has a large proportion 

of AgO, which has weak interaction with the O-terminated BDDE surface and was not 

able to adhere under long-time chronoamperometry. 

3.4 Conclusion 

Ag nanoparticle modified BDDE devices have potential applications in electrocatalysis 

as more economic materials compared to Pt modified electrodes. In this chapter differing 

approaches have been employed to prepare the Ag modified electrode materials. In 

particular the effect of applying fixed potentials to drive deposition was compared with 

the results obtained when using a potential step. The results obtained were also compared 

with those observed by the drop coating of colloidal Ag nanoparticles on the same 

diamond electrode surface. 
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A general trend, consistent with that reported previously, with differing electrode 

materials and different electrolytes is seen in that the nature of the Ag deposits changes 

from a compact polyhedral form to a dendritic morphology as the cathodic 

electrochemical driving force is increased to more negative potentials. 38-39 This is 

ascribed to effects accompanying changes in the electrochemical double layer and a 

switch over from the equilibrium configurations achieved from relatively fast diffusional 

processes of species in the vicinity of the electrode surface, to the structures accessed by 

fast crystal growth at more negative potentials. Specific advantages are, however, 

observed by using a stepped potential electrodeposition process. By separating out the 

nucleation and growth steps, much more uniformly distributed nanoparticle arrays are 

formed on the diamond electrode and particle size can also be better controlled. 

The deposits formed were subject to investigation using stripping voltammetry and XPS. 

Several differences were observed in the behaviour of the differing systems with regard 

to these experimental probes. In particular, despite the fact that the surface concentrations 

of Ag should have been comparatively similar with the different deposition methods, both 

XPS and SEM indicated that the colloidal deposits apparently had much lower Ag 

concentrations than the electrodeposited varieties. There are likely to be differing factors 

contributing to this observation, associated with a lower chemical stability for the bound 

colloidal forms, both against particle loss from the surface and from a tendency for 

particle agglomeration. A second major difference was that the amount of Ag removed 

by electrochemical stripping was much less for the dendritic forms of Ag compared to the 

compact particulates. This most likely reflects the degree of electrical communication 
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between the underlying electrode and the Ag deposit for the differing physical forms. 

Finally it was observed that differences arose in the surface chemistry of the various Ag 

modified electrodes – in particular the concentration of Ag (I) and Ag(III) species was 

much higher at the Ag modified electrode prepared at the more positive potential. 

Unsurprisingly in view of these observations, differing efficiencies were observed in 

driving the HER reaction for the differing deposits Notably optimal results were measured 

for spherical Ag-NP modified BDDE with an average particle diameter of 75 nm as 

fabricated via a two-step electrodeposition scheme – a short nucleation step at lower 

potential followed by a longer growing process at a higher potential. Compared to the 

other two morphologies, the spherical Ag-NP modified BDDE has a very high number of 

active silver nanoparticles, percentage of elemental silver at the surface, stability, as well 

as high current response, and low Tafel slope in catalysis of the HER. 
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Chapter 4 Electrodeposition of AgAu 

nanoalloys with Distinct Morphologies and 

their Catalytic Activities in Hydrogen 

Evolution Reaction 

4.1 Introduction 

AuNPs have applications including cancer treatment, X-ray imaging, drug deliveries, and 

toxin detection. 1-3 The role of AuNPs in heterogeneous catalysis is also crucial for a wide 

range of transformations, such as C-C bond addition and coupling, selective oxidation, 

and selective hydrogenation.4-5 

The usage and role of AuNPs in fuel cell reactions like oxygen reduction reaction (ORR) 

and the HER are well-investigated.6-7 Although Au is a poor catalyst for the HER reaction 

theoretically due to its weak adsorption of H atoms on the catalyst surface, it is widely 

used as an electrode support, especially for transition metal sulfides. Au can stabilise 

sulfide catalysts through strong chemical interaction with the ligands which can lower the 

Gibbs free energy of hydrogen adsorption, and boost conductivity.8-10 With different sizes 

altered and the presence of supporting materials such as carbon and metal oxides, AuNPs 

themselves can be used as a catalyst for fuel cell reactions as well.11-13  

The catalytic performance in fuel cell reactions can be boosted if Au is alloyed with other 

metals.14-21 The alloying effect and how it contributes to improvements in catalytic 

performances have been discussed in detail in chapter 2, and will not be repeated here.  

When NA materials are prepared for catalysis, noble metals, normally referred to Au, Ag, 
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and platinum group metals (Pt, Pd, Os, Ir, Ru and Rh) which have both high stability and 

high catalytic activity are preferred. Noble metal alloys have many Fermi electrons, and 

are very capable of catalysing coupling reactions, the HER, and selective oxidations.22-26 

However, to reduce the cost, different architectures of noble metal NAs are used to 

increase the active surface and minimise the components used.27-29 Other transitional 

metals in the fourth period, including Cu, Fe, Co, and Ni, are also widely used in synthesis 

of NA materials. Their alloys have advantage in industrial catalysis because of the lower 

cost. They are widely used in nitro-amination reactions and hydrogenolysis reactions.30-

33 When these cheap metals are alloyed with noble metals, high catalytic reactivity and 

low cost can both be achieved. By altering the composition, atomic efficiency and 

flexibility is highly improved.34-36 

As mentioned before, the HER reaction is usually carried out under catalysis using Pt 

(£21/g) and Pd (£52/g) metal. By alloying cheap Ag (£0.48/g) with a small amount of 

costly metal Au (£45/g),37 the performance can benefit from the alloying effect, and the 

overall cost for this alloy material will be a lot less than if pure Pt and Pd metals are used. 

Nanostructured Pd and Pt containing alloys including PtNi, PtCu, and PtNiCu are widely 

used for the HER with high stability and reactivity38-40 Similarly in this chapter, we aim 

to alloy cheap Ag with a small amount of Au and compare its performance to pure metals.  

AgAu nanoalloys can be easily synthesized via electrochemical methods or chemical 

reductions and play active role in heterogeneous catalysis41-44, especially in fuel cell 

reactions.45-46 Here we report the synthesis of AgAu nanoalloys (NAs) and examine their 

catalytic performance using the HER as an example. 
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4.2 Aim of This Chapter 

In chapter 3, we developed ways in synthesising AgNPs with distinct morphologies: 

polyhedral, dendritic, and spherical nanoparticles. In this chapter, we investigated 

different morphologies of Ag (core) Au (shell) NAs using dendritic and spherical AgNPs 

as core building blocks. Polyhedral AgNPs are not used in this chapter since the purity is 

too low, and the shapes are not well controlled compared to the other two structures. Two 

different types of AgAuNAs – spherical and dendritic were synthesized. The 

compositional analysis of the surface was investigated using XPS, and the pattern of 

AuNPs alloy with Ag was confirmed using Cyclic Voltammetry. Afterward, their 

electrocatalytic activities were examined and compared with both pure AuNPs and 

AgNPs. Enhanced current responses were observed for both types of NAs. The method 

of synthesising the most optimal AgAuNA was selected due to the enhanced performance 

in catalysing the HER. 

4.3 Experimental Strategies 

When AgAuNAs were about to fabricated for electrocatalytic applications, a more active 

form of NAs was desired and not the stable form. To form a stable alloy, several 

properties of the two metal atoms were considered. First, the core metal should have a 

stronger M-M bond; second, it is more stable for the smaller atom to occupy the core; 

moreover, the surface energy of the core atom should be smaller for a stable structure. 

From the theoretical computations, the M-M bond lengths of Ag-Ag and Au-Au are 

comparable, with Ag-Ag bond length 2.90 Å, Au-Au bond length 2.88 Å. The size of an 
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Au atom (atomic radii 166 pm) is smaller than that of Ag (172 pm), and the surface energy 

of Au-Au (97 meV Å-2) is larger than that of Ag-Ag (78 meV Å-2). Hence, Au (core) Ag 

(shell) alloy is a more stable structure, and Ag (core) Au (shell) is the more active form 

that we desire.47-48 Therefore, Ag was chosen to be plated first. 

 

4.4 Results and Discussion 

4.4.1 Synthesis and Morphological Characterisation of 

AgAuNAs 

The previous chapter showed different electrodeposition methods for synthesising AgNPs 

with different morphologies. Three types of AgNPs (polyhedral, dendritic, and spherical) 

were synthesised, and we chose dendritic and spherical AgNPs to be the “bases” for the 

depositions of AuNPs. As mentioned in chapter 3, the spherical AgNPs were plated on 

BDDEs under a two-step electrodeposition scheme, by first applying -0.2 V for 2 s, and 

then increasing the potential immediately to 0 V for 30 s. On the other hand, the dentritic 

AgNPs were deposited with a one-step chronoamperometry holding potential at -0.5 V 

for 100 s. Similarly, Au nanoparticles were plated either alone or on top of AgNPs in two 

different ways, by either holding the potential constant at -0.1 V for 150 s, or a two-step 

scheme -0.7V 2s and then -0.1V 150s. Different conditions of Ag deposition and Au 

deposition were used to investigate the structural differences that resulted. The resulting 

morphologies and coverages are summarized in Table 4. 1, and SEM images are included 

in Figure 4.1.  
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When AuNPs were plated on top of AgNPs via a 2-step scheme, the structures resulted 

were more distinct. Notably, when the dentritic silver was plated first, and the method of 

plating gold was changed, the morphologies of the resulting alloy nanoparticles were not 

quite the same. Dentritic AgNPs +1 step AuNPs gave a complete coverage, however the 

morphology of the particles changed completely, and lost their dendritic features. This 

could be explained by proposing that when the deposition potential of Au was more 

positive than that of dendritic AgNPs, the big dendritic structures were destroyed and 

dissolved, indicating an unstable structure. In contrast, for the case of dentritic AgNPs +2 

step AuNPs, the nucleation potential was also very low for the dendritic silver; therefore, 

it was able to maintain its morphologies. Moreover, the sizes of the nanoalloys were a lot 

smaller. Therefore, for future analysis, we consistently used 2-step AuNPs to form NAs 

with sAgNPs and dAgNPs. 

From Figure 4.1. a to c, we can see that the NAs preserved a better dispersion than pure 

AuNPs; however, from figure b to d, the uniform dispersity of gold nanoparticles seemed 

to be lost. These observations suggested that it is the shape and dispersion of the silver 

nanoparticles plated first that controlled the resulting morphology of the AgAuNPs. This 

is again confirmed in the next row. Comparing Figure 4.1 a to e, and b to f, we saw that 

no matter how we deposited AuNPs afterwards, we obtained dendritic NAs. Therefore, 

we conclude that the shape of AgNPs controlled the shape of AgAuNAs. 

Table 4.1 Morphological summary of different types of NPs and NAs synthesized in 

this study. 

 1-step AuNPs 2-step AuNPs 
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No Ag Small aggregates ~750 nm 

Poor and uneven coverage. 

(a) 

Very small aggregates ~250 nm; Very 

complete and even coverage.  

(b) 

sAgNPs 
Small aggregates ~2 μm 

Uneven coverage favoured on the 

edge. (c) 

Small aggregates~1 μm 

Better coverage, there were more on 

the surface, however still more 

favoured on the edge (d) 

dAgNPs Small aggregates ~575 nm. 

High and even coverages over the 

edge and the slides 

(e) 

Large branches of dentritic nanoalloy, 

moderate coverage.  

(f) 

 

Figure 4.1 SEM images of NPs and NAs synthesised in this study, with letters a-f 

referring to the synthesis patterns in Table 4.1. 

4.4.2 Surface Compositional Analysis using XPS: 

XPS was carried out to understand the surface compositional differences in various 



Chapter 4 

106 

 

AgAuNAs. The overall elemental compositions are presented in Table 4. 2. Carbon peak 

positions were calibrated with respect to the blank sample in chapter 3. 

Table 4.2 Overall elemental composition of electrodeposited nanospecies with 

different morphologies  

 % of C % of O % of Ag % of Au % of others 

Bare 91.9  7.7  0  0 N: 0.4 

dAg 84.8  8.9  5.9  0  Cl: 0.5 

sAg 85.2  9.1  5.7  0 0 

Au 92.4  5.8  0.0  1.8  0 

dAgAu 81.0  5.8  10.0  3.3  0 

sAgAu 82.9  8.5  6.4  2.3  0 

XPS identifies the elemental composition at the surface of nanospecies. An immediate 

observation was when AgNPs were plated first, the amount of Au discovered on the 

surface significantly increased, meaning electrodeposition of AuNPs is more favored and 

stable with AgNPs On the other hand, shifts in elements’ composition were expected if a 

Ag (core) Au (shell) alloy formed, especially when Au covers some of the Ag the 

percentage of Ag is expected to decrease for both dAgAu and sAgAu. However, distinct 

changes in elemental composition were not observed in this case. The percentages of C 

and O reduced in the alloy case, since more metal was deposited on the electrodes 

covering the diamond surface. This could cause the fluctuations in Ag composition, 

however, significant changes in Ag% were not observed. 

Notably, when comparing the metal components of sAgBDDE; AuBDDE and 

sAgAuBDDE, it is obvious that the percentage didn’t change much. However, both the 
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percentage of surface silver and gold increased significantly in dAgAuBDDE; this might 

be anonlous which deposited too much metal on it. However, the absolute percentage of 

metal should not affect our study concerning the inner alloying method of AgAuNAs. 

To figure out how Au got alloyed with Ag, the areas of Ag 3d and Auger regions for each 

Ag-containing nanospecies were integrated. Auger parameters measured the energy 

differences of a photoelectron and that of the sample’s Auger electron; therefore it is 

independent of sample charging and work function. An Auger electron is a high energy 

electron that is ejected from an excited atom.49-50 Ag 3d binding energy is approximately 

300 eV and gives rise to electrons with kinetic energy of around 1000 eV. Ag Auger on 

the other hand has kinetic energy of 300-400 eV, meaning Ag Auger is more surface 

sensitive. Hence, signals in the Auger regions measure more “surface” electrons of 

targeted atoms, and if the ratio of the areas of Auger/3d region (A2/A1) for the NAs 

decreases more than that of the ratio for pure AgNPs, that means there is a lower surface 

concentration of Ag.  

Table 4.3 Comparison of Areas of Ag 3d and Auger regions  

 Area of Ag 3d  

XPS peak (A1) 

Area of Ag MNN  

Auger peak (A2) 

Ratio of (A2/A1) 

dAg 171.8 935.4 0.54 

sAg 177.2 993.5 0.60 

dAgAu 231.5 1507.0 0.65 

sAgAu 172.9 909.2 0.52 

Compared with AgNPs, The ratio A2/A1 increased for dAgAu, and decreased for sAgAu. 
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This suggested that for the sAgAu case, there were less Ag exposed on the surface, which 

is not the case for dAgAu. This difference made us think the alloying pattern might be 

completely different for the two types of NAs. For the sAgAu case, a core-shell model 

can be considered, in which AuNPs are covering AgNPs. However, the unusual increase 

of A2/A1 value from dAg to dAgAu suggests that the dispersion of Ag is better, and 

therefore a closer interaction of AuNP and AgNPs are suggested. 

 

4.4.3 Sequential Deposition of AuNPs onto Different AgNP 

Structures 

To confirm this concept, CV was done to deposit AuNPs, and the deposition potentials 

of AuNPs onto different substrates were measured and compared. The deposition 

potential of Au was recorded on different substrates – bare BDDE, sAgNPs, and dAgNPs. 

Multiple cycles of CVs were done to compare the shift of deposition potentials. The 

potential range scanned was 0.04 V to 1.44 V, with a step -0.00244 V, and a scan rate 0.1 

V/s.  

The deposition potential for AuNPs on bare electrodes was recorded, and a shift in the 

reduction peak was expected when Au was deposited on the metal NP-coated surfaces. 

Generally speaking, the nucleation of AuNPs would happen a lot easier on metal surfaces, 

indicating the deposition peak potentials would be more positive for the alloy case. 

Multiple cycles were done to observe the change in deposition substrates of AuNPs, and 

from the shift in deposition potential, alloying patterns for different NAs were proposed. 
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When the number of cycles for electrodeposition of AuNPs on bare BDDE increased, the 

deposition potential shifted to a more positive value, that indicated AuNPs aggregates 

formed as more cycles were performed (Figure 4.2). The first deposition potential for 

both sAgNPs and dAgNPs were a lot more positive than that of AuNPs on bare electrodes, 

this suggested that the alloying effect made deposition of AuNPs on AgNPs a lot easier. 

The deposition peaks of AuNPs became more sharp and well-separated when AgNPs 

were plated first. This has shown also that it is obvious that the deposition of Au on Ag 

is more specific and preferred. However, when the number of cycles increased, the 

deposition potential for dAgNP shifted to a more negative value, and stayed at 0.24 V, 

which was the same value for bare-Au deposition after the 7th cycle. On the other hand, 

the deposition potential of sAgAu stayed at the same value, 0.30 V after 9 cycles.  

This interesting difference suggested that, in the case of dAgAu, AuNPs elongated the 

dendritic branches of AgNPs rather than thickening. Therefore, in the first cycle, the 

AuNPs deposited on AgNPs and formed an alloy interface, however when the cycle 

increased, the AuNPs deposited on themselves, and so they started to feel less and less 

background of Ag (Figure 4.3). In the case of sAgAu, the AuNPs deposited on top of 

sAgNPs, and a core-shell NA was formed. Since the sizes of AuNPs were small and the 

concentration of Au was very dilute, AuNPs continuously plated on AgNPs (Figure 4.4). 
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Figure 4.2 CV of AuNP deposition on bare BDDE (left), the numbers 1, 6 and 9 were 

the number of cycles. An ideogram on the right shows the deposition of Au on a bare 

BDDE. 

 

 

Figure 4.3 CV of AuNP deposition on dAg-BDDE (left), the numbers 1, 6 and 9 were 

the number of cycles. An ideogram on the right shows the deposition of Au on dAg-

BDDE. 
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Figure 4.4 CV of AuNP deposition on sAg-BDDE (left), the numbers 1, 6, 9 and 12 

were the number of cycles. An ideogram on the right shows the deposition of Au on 

sAg-BDDE. 

4.4.4 Electrocatalytic analysis using the HER as a model 

Pure AgNPs and AuNPs were synthesized through electrodeposition to compare the 

electrocatalysis reactivities. The AgNPs were deposited on BDDEs through the two-step 

scheme: -0.2 V for 2 s; 0 V for 30 s, forming spherical AgNPs, since this is the species 

with most optimal catalytic performance in the HER. The source of Ag used for 

electrodeposition was 20 mM AgNO3, and the supporting electrolyte was acetate buffer 

pH=4.60. The AuNPs were electrodeposited via a single-step electrodeposition, by 

holding the potential at -0.1 V for 150 s. The source of Au used was HAuCl4 1 mM, and 

the supporting electrolyte for AuNP deposition used was 0.1 M H2SO4.  

The catalytic activities of Ag-BDDEs, Au-BDDEs, and AgAu-BDDEs during the HER 

are monitored using Linear Sweep Voltammetry (LSV) from 0 V to -2.0 V at 20 mV/s 

performed in 0.5 M sulfuric acid.  

Tafel analysis for all nanocomposites is summarized in Table 4. 3, including Tafel Slopes 
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(averaged through 3 trails), and current responses at designated potentials (-1.0 V for J1 

and -0.8 V for J2, and averaged through 3 trails). The current responses with respect to 

different potentials applied and Tafel plots are presented in Figure 4.6 and 7, respectively.  

Table 4.4 Tafel analysis for different structured AgAuNAs compared with bare 

BDDE, pure AgNPs and pure AuNPs on BDDE. 

 Tafel Slope 

(mV/dec) 

J1 (mA/cm2) J2 (mA/cm2) 

Bare 233±3 4±0.5 1±0.5 

AuNP 119±4 17±0.8 13±1 

dAgNP 127±10 12±2 7±0.5 

sAgNP 112±5 14±0.5 4±0.5 

dAgAuNP 125±12 19±1 15±0.5 

sAgAuNP 116±4 19±0.5 15±0.5 

 

Figure 4.5 Plot of potential applied vs. current densities of nanospecies and a zoom 

in of current density at -0.8V. 
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In Tafel analysis, the most important parameter to look at is Tafel slope, which illustrates 

not only the sensitivity of current response to certain applied potentials but also provides 

insight into the specific routes that the reaction happened under. When the Tafel slope is 

larger than 120 mV/dec, it means that the Volmer step is the rate-determining step. On 

the other hand, when the Tafel slope is between 40 mV/dec to 120 mV/dec, the Heyrovsky 

step is the rate-determining step for the whole reaction. From the Tafel slope values in 

Table 4.4, it is clear that AuNPs, sAgNPs, and sAgAuNPs catalysed the HER via a 

Heyrovsky-Volmer step, and the adsorption of electrons was the rate-determining step 

for the whole reaction. On the other hand, the Volmer step is the rate-determining step 

for the other nanospecies. 51 

The differences in Tafel slopes and mechanisms come from their morphological 

differences. The spherical species have more available sites for electron adsorption, 

whereas for other species the rate determining step has always been the adsorption of H 

to the metal nanoparticles. The dendritic structures and the aggregations made that step 

adsorption harder, therefore it became the rate determining step. 

To conclude, the Tafel slopes for all nanospecies are very close and within error. However, 

when we look at the current density plot, more distinct differences are observed. This is 

because Tafel slope, or the reaction path alone, cannot determine the efficiency of 

electrocatalysis. The number of reaction sites is also an important factor to consider. 

dAgAuNA has the largest Tafel slope yet outstanding performance in current density for 

all potentials because it has more reaction sites, due to its morphology. The dispersion of 

metal nanospecies play an important role in its catalysis. 52-53 
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As for the current responses, the alloyed species have superior performances over the 

pure metal species since the alloying effect allowed more defects at the position that 

formed the alloy. Although dAgAu and sAgAu exhibited comparable magnitudes of 

current responses at designated potentials, the excellent performance of dAgAu might 

because of the excess metal, rather than the alloying effect. According to the alloying 

structure, the alloying surfaces were very limited, while on the other hand, sAgAu has 

more complete alloying effect. 

4.5 Conclusion 

Au nanoparticles may not be the best choice to catalyze fuel cell reactions like the HER 

due to the poor adsorption of hydrogen atoms on the Au surface. However, they play an 

important role in supporting sulfide catalysts by forming chemical bonds with sulfide 

ligands and improving conductivity. To use AuNPs directly as the catalyst for fuel cell 

catalysis, extra supporting materials like carbon or oxides are essential. Another more 

common way is by forming a nanoalloy (NA) with Ag nanoparticles, and by carefully 

tuning the composition and structural optimization, the performance can be enhanced 

with reasonable cost that is suitable for industrial implementation. 

In this chapter various electrochemical approaches have been employed to prepare 

AgAuNA modified BDDEs. AgNPs with distinct spherical and dendritic morphologies 

were plated first followed by Au deposition to form an active alloy structure that is 

favoured by electrocatalysis. Then the effect of alloy morphologies was investigated by 

controlling and varying the deposition method of Au. When AuNPs were deposited via a 

two-step electrodeposition scheme, similar to the deposition procedure of spherical 
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AgNPs in chapter 3, two types of nanoalloys (spherical and dendritic, depending on the 

AgNPs structure used) were formed, with fine-tuned structure and dispersity. 

The surface composition of modified BDDEs were examined via XPS, and a decrease in 

Ag percentage was expected for NA modified ones compare with Ag modified ones, since 

the Au covers the Ag. However, this was not the case, and we analyzed the NA modified 

BDDEs using Auger spectroscopy instead. The important value was the ratio of the 

integrated area of the Ag MNN Auger peak to that of the area of the Ag 3d peak. For 

dendritic species, this ratio increased after Au was deposited, and the opposite trend was 

observed for spherical species. This suggested the alloying structures of these two types 

of alloys were different. 

We confirmed the alloying structuress of dAgAu and sAgAu using multi-cycled Cyclic 

Voltammetry (CV). sAg, dAg modified BDDEs and a clean BDDE were prepared, and 

Au was deposited via CV. The deposition potential of Au at the first cycle was a lot more 

positive for Ag modified BDDEs than for a bare electrode, suggesting the alloying effect 

made deposition of Au more favoured. However, as more cycles occured, the deposition 

potential of dAgAu shifted towards right and eventually became the same as that of bare-

Au, whereas the deposition potential of Au kept constant for sAgAu. Therefore, we 

conclude dAgAu has a small alloying interface and sAgAu preserves a core-shell 

structure. 

Afterwards, the electrocatalytic abilities of the AgAuBDDEs were examined and 

compared with AgBDDEs and AuBDDEs. Both spherical and dendritic nanoalloy 

modified BDDEs exhibited enhanced activities in catalysing HER compared with pure 
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metal and colloidal nanoparticles, although their alloying structures were different.  
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Chapter 5: Carboxylated Graphene 

Nanoflakes (GNF) as a Superior Stabilizer for 

Colloidal Ag, Au Nanoparticles and AgAu 

Nanoalloys, and Enhanced Performance in 

the Hydrogen Evolution Reaction in Acidic 

Media 

5.1 Introduction 

As mentioned in the previous chapters, colloidal Ag and AgAuNPs as catalysts for the 

HER can be synthesized via chemical reduction method with NaBH4 as the reducing 

agent1-2. Compared to the other colloidal non-Pt catalysts including SeV2, MoS2, and 

WSe2, the synthesis process is easy to control as well as less hazardous. The resulting 

colloidal nano-species can be used to modify BDDE surfaces via a drop-coating or spin-

coating method. To achieve the best catalytic performance, the dispersion of 

nanoparticles is a crucial parameter to control3, as they tend to aggregate to reduce surface 

energy and are lost from the electrode surfaces with the progression of time because of 

weak binding forces 4-5.  

Different types of stabilizers varying from biomolecule ligands6, to inorganic molecules7, 

and polymers8 are used in current studies to prevent aggregation of colloidal nanoparticles, 

and one of them is sodium citrate (SC) 9. However, the final stabilising effect is highly 

influenced by the amount of SC added and the arrangement of metal-citrate coordination 

complexes.10-11 Therefore, better alternatives to support metal nanospecies should be used.  
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Graphene and its derivatives like graphene oxide (GO) and reduced graphene oxide (rGO) 

have flexible structures, which are extremely useful for modification by metal 

nanoparticles through forming various graphene-based composite nanomaterials. These 

nanomaterials are ready to apply in research areas including drug delivery and imaging 

reagents.12-13 More importantly, the architecture of graphene modification can boost 

electrocatalysis in terms of regulating the dispersion therefore providing more active 

catalyst sites.14-16 The resulting materials are relatively stable, mediated possibly by the 

oxygen-containing functional groups 17 18-19.  

In this area, an interesting new material is based on carboxylated graphene nanoflakes 

(cx-GNF) which also has potential application as an electrode support for metal 

nanoparticles. Similar to GO, cx-GNF has oxygen-containing groups. However, cx-GNF 

only has sp2 carbon on the sheets and COOH groups on the edges whereas GO has lots 

of functional groups like epoxide and alcohols randomly distributed. The level of 

oxidation of GNF is therefore much more reproducibility defined compared to GO, and 

of course the flake size is much smaller, 15-30 nm for GNF versus 1 μm to 50 μms 

for GO. cx-GNF are easily synthesised and their significantly high solubility in water 

means cx-GNF can be easily manipulated chemically. By dialysis, cx-GNFs can be 

separated on the basis of size, which allows investigation of the size effect of cx-GNF 

upon its stabilizing performance20-21.  

To explore how these cx-GNF stabilised nanomaterials can be used for more applications, 

further stabilisations were performed to prevent the solvation of metal-GNF complex in 

aqueous electrolytes, especially in higher pH, since the carboxylate ends will ensure cx-
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GNF becomes extremely soluble in alkaline conditions. Two types of stabilisation were 

considered: internal and external. An internal stabilisation functionalised the carboxylate 

ends of cx-GNF, which have very specific affiliations towards +2 metal ions including 

Ni2+, Pb2+, and Cd2+. The resulting metal salts are insoluble and since the metal 

nanoparticles were adsorbed on the graphene surface, away from the functionalization, 

this will not destroy the metal-GNF interaction.22  

For external stabilisation, Nafion, a conducting polymer that is often used in proton 

exchange membranes, was chosen. 23 To better disperse Nafion molecules and achieve 

optimal conduction, a cx-GNF/Nafion complex was synthesized under a similar 

procedure to that used for GO/Nafion complexes in previous studies.24 The cx-

GNF/Nafion complex was top-coated on cx-GNF stabilised metal nanoparticles to yield 

a (cx-GNF)-metal nanoparticle-(cx-GNF/Nafion) sandwich structure. 

 

5.2 Aim of This Chapter 

In the previous two chapters, we have investigated the electrodeposition of nanospecies 

as a quick and reliable way to modify BDDE for enhanced reactivities in the HER. 

However, the drawback of this method, including large particle size and variable NP 

shapes, local aggregations and varied dispersity resulting from the nature of diamond 

surface and uneven boron doping of the electrode, made us seek an alternative way of 

synthesizing functionalized electrodes. Herein, we proposed a simple one-step in-situ 

reduction synthesis scheme of cx-GNF stabilised metal nanoparticles and studied the 

effect of cx-GNF on stabilising metal nanospecies including AgNP, AuNP, and AgAu 
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nanoparticles. The individual size, overall dispersions, and surface compositions of cx-

GNF stabilised nanospecies were investigated through surface analysis methods and 

compared with unstabilised and sodium citrated stabilised species. To make sure the 

nanoparticles were stable for longer term usage, the progress of aggregation was 

inspected and recorded using the UV-Vis spectrum over long time spans. The hydrogen 

evolution reaction was performed as an exemplar of how different types of stabiliser will 

change the catalytic reactivities of nanospecies. The most catalytically active nanoparticle 

species were selected according to their large current responses at designated voltages, 

and the role of GNF and sodium citrate in both preventing aggregation and enhancing 

catalytic abilities were shown. Furthermore, AuGNF nanoparticles were further stabilised 

under Ni-edge functionalisation and GNF/Nafion external coating, and enhanced 

performance was observed in both cases. 

 

5.3 Results and Discussion 

5.3.1 Modification Mechanism, Characterization and Stability 

cx-GNF powder was synthesised by Dr. Rosillo-Lopez at University College London. 

The source of graphene used was single wall carbon nanotubes. The nanotubes 

(purchased from Sigma Aldrich, SKU 900711, ≥98% carbon basis, with average 

diameter of 3-5nm, and spec. surface area 800-1000 m2/g). were heated to boil refluxed 

in concentrated sulfuric acid and nitric acid for 2 hours. Afterwards, the solution was 

neutralised with KOH followed by filtration. Ion exchange chromatography was 
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performed, exchanging K+ cations with H+. The flake sizes of cx-GNF were controlled by 

dialysis, using a membrane with a pore size of 3.5 kDa.21 

cx-GNF stabilisation of nano-species was achieved through a single-step in-situ reduction. 

10 mL of 5 mM solution of NaBH4 was prepared and chilled in an ice bath while a 2 mL 

cx-GNF (after dialysis) solutions with density 0.5 mg/mL were prepared and mixed with 

equivalent volume of 1 mM AgNO3 solution. The resulting solution was slowly added 

into the NaBH4 solution dropwise upon gentle stirring. A yellow brownish colloidal 

solution was formed. Similar procedures were used to produce AgAu (concentration 1:1) 

mixed solution to form cluster nanoalloys, exchanging 2 mL 1 mM AgNO3 solution for 

a mixture of 1 mL of 1 mM AgNO3 and 1 mL of 1 mM HAuCl4. Colloidal nano-species 

(AgNPs and AgAuNAs) without modifications were also prepared by swapping cx-GNF 

with the same volume of DI water, and 20× mass sodium citrate was added to half the 

volume of the non-stabilised nano-species for purpose of control experiments. 

The formation of homogeneous colloidal nano-species was illustrated through UV-Vis 

spectra. A small shoulder peak at around 305 nm is assigned to n-π* transitions of C=O 

bonds at carboxylate functional groups in the UV-Vis spectrum of pure GNF47. The 

modified AgGNF exhibited a strong plasmonic resonance peak from silver nanoparticles 

as expected, however, the position of AgGNF peak shifted from 387 nm to 397 nm, which 

could result from charge transfer between GNFs’ aromatic graphene surface and the 

AgNPs. According to Umadevi et. al25, when Li and Mg metal atoms became adsorbed 

on the GNF surface, their charge changed from neutral to +0.8 e and +0.7 e, respectively. 

This indicated that there’s a transfer of charge from metals (less electronegative species) 
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to the graphene surface, and thus induced a redshift in their spectroscopic analysis25. A 

similar trend is observed also by Soroush et. al when they modified GO with AgNPs26. 

(Figure 5.1a) 

The formation of AgAuNAs was also confirmed using UV-Vis spectra. Compared with 

the spectrum obtained by mixing already made AgNP and AuNPs, the resulting AgAuNA 

spectrum showed a single peak with no sharp peak at around 400 nm (Figure 5.1b). The 

peak position at AuNP range shifted to the left from 525 nm to 510 nm. These indicated 

a homogeneous nanoalloy was successfully synthesized.27  

Compared to the free AgAuNA, when GNF is bound to the nanoalloys, a slight blueshift 

is observed instead in UV-Vis Spectra. This difference could come from the different 

surface electron configuration and electron density distribution between pure metal 

nanoparticles and alloys. In Umadevi et al.’s work, there is another case, which might 

explain the blueshift. When metal ions, Li+ and Mg2+, are bonded to graphene surface, 

the charges on them decreased from +1 to +0. 8e, and +2 to +1.7e, respectively.25 This is 

opposite to the case of pure metal, with the resultant charge changes inducing a blueshift 

in UV-Vis. According to Ustinovshchikov’s work28, when metallic bonds are formed 

during an alloying process, it is possible for valence electrons to be localized around two 

atoms of different kinds. This induces the formation of common orbitals unequally 

distributed between the centres of an ionic bond. 28 So it is possible for AgAu nanoalloy 

to have some ionic character and that might be the root cause of this blueshift. It suggests 

that subtle changes in the electronic character of the nanoparticle produced by alloying 
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are sufficient to reverse the charge transfer between the metal nanoparticle and the GNF. 

Figure 5.1 (a) UV-Vis spectra for GNF (A), AgGNF (B) and freshly prepared AgNPs, 

scanned from 270 to 700nm. A distinct redshift happened due to charge transfer 

from metal atom to GNF surface, which indicated the formation of AgGNF 

nanocomposite. (b) UV-Vis spectra for mixing freshly formed AgNPs and AuNPs 

(A), homogeneous AgAuNPs (B) and AgAuGNF (C)  

These subtle changes could influence where the metal nanoparticles bond on the GNF. 

As explained in Figure 5.2a, because of the carboxylate groups on the GNF edges, 

aromatic carbon atoms on the sheets are likely to be more positive on the edges of the 

sheets because of the inductive effect and are therefore likely to favour bonding of metal 

nanoparticles where there is charge transfer to the graphene. In contrast, the opposite 

situation may hold at the centre of the sheets. The role of SC in colloidal nanoparticle 

solutions is simpler to understand. As a weak reducing agent, SC provides extra driving 

force to drive the reduction to completion and the partially negative tail of citrate ion can 

attach to the AgNPs.10,29 With excess of SC added, multiple small citrate ions are able to 

insert onto AgNPs. Therefore, the aggregation of AgNPs is prevented due to the steric 
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effect (Figure 5.2b).  

Figure 5.2 (a) In situ synthesis of Ag modified cx-GNFs, with yellow dots on cx-GNF 

sheets indicated for more “positive” carbon atoms, which are more favourable for 

the non-covalent charge transfer. (b) Scheme of Sodium Citrate as stabilizer to 

prevent AgNPs from aggregation. Since 20× mass of SC was added, multiple citrate 

ions were inserted on one AgNP, and the dispersion of AgNP was achieved due to 

steric effect. 

Figure 5.3 illustrates a clear comparison in size and dispersity between different 

nanoparticles and confirmed that SC prevented the natural aggregation of AgNPs and 

AgAuNA effectively. The SEM images of as-made nanoparticles and SC stablilized 

nanoparticles were obtained after 1 day’s natural aggregation for comparison. 

Unstabilised nanospecies aggregated heavily, with numerous big clusters larger than 100 

nm appearing just 1 day after synthesis. SC stabilised nanospecies, also presented clusters 

larger than 100 nm were also presented, but the overall dispersity was higher and the size 

distribution was more even, with average size about 10 nm.  

Compared with Figure 5.3E, SC stabilisation preserved the features of freshly made 
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colloidal nanoparticles. 

 

Figure 5.3 SEM images of natural aggregated AgNPs (A), AgAuNPs (B), and SC 

stabilized AgNPs (C), AgAuNPs (D). Images were obtained 1 day after of synthesis. 

E is the SEM image for freshly prepared AgNPs, the majority of the nanoparticles 

are too small and aggregations of ~20 nm are visible. 
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The individual size and overall distribution of cx-GNF modified nanoparticles was 

viewed by TEM since the particles appeared to be too small, and the charging problem 

persisted when attempted to observe them using SEM. As shown in Figure 5.4, AgGNF 

(4A and D), AuGNF (4B and E), and AgAuGNF (4C and F) were successfully modified 

on the graphene sheets of cx-GNF as expected. Although there was variation in local 

coverage from point to point, the overall dispersity of nanospecies was high. No 

aggregation or coupling was observed, and every nanoparticle has a well-defined 

spherical shape. The size of individual nanoparticles was very small, varing from 2.5 nm 

to 4 nm and was about the same across different types of metal/alloy nanospecies. It was 

obvious that the dispersity of cx-GNF stabilised species was a lot higher, and the average 

size was a lot smaller with smaller variance, compared with both unstablised and SC 

stabilised colloidal nanospecies. The observation showed that cx-GNF has superior 

performance for the dispersity of nano-species. 

A B C 

D E F 
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Figure 5.4 TEM images of freshly prepared cx-GNF stabilised nanospecies: AgGNF 

(A and D); AuGNF (B and E); and AgAuGNF (C and F). 

The ability of preventing NP aggregation for a longer period of time was tracked via UV-

Vis spectra over more than 14 days. The aggregation of Ag is successfully prevented if a 

sharp peak corresponding to plasmonic resonance of metal/alloy nanoparticles is 

observed and the position is fixed. AgGNF (Figure 5.5a) and AgAuGNF (Figure 5.5d) 

exhibited excellent stability for over 14 days. The plasmonic peak of AgGNF remained 

at 367 nm, while peak that corresponded to AgAu nanoalloy remained at 501 nm. 

However, the UV-Vis spectra of SC stabilized AgNPs showed shifted and the peaks 

became wider as days went by, indicating a natural aggregation had happened, which 

made the nanoparticles lose the plasmonic features (Figure 5.5c). This indicated that SC 

was an ideal candidate for preventing nanoparticle aggregation for only a shorter period 

of time. On the other hand, even when the SC stabilized nanoparticles were used during 

the days that the aggregation was not significant, it was hard to confirm the size and 

degree of dispersion of nanoparticles, since the shifting of UV-Vis peak was huge and 

unpredictable. 

Afterward, the size effect of cx-GNF on preventing aggregation of nanoparticles was also 

investigated. cx-GNF flakes without dialysis are smaller in size and wider size 

distribution with an average size of 15 nm and are denoted as GNFs. They are more of a 

size appropriate to the metal nanoparticle itself (Figure 5.6) which could obviously 

influence the structure of the synthesized material. The stability of AgGNFs in a longer 

time span was also investigated (Figure 5.5b). AgNPs were adsorbed onto the GNF 

surface after modification, and a sharp plasmonic peak was observed at 401 nm, which 
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was preserved at the same position after 1 day’s aggregation. However, as shown in 

Figure 5.5b, the peak got broader and faded out after 5 days. After 7 days, there was no 

defined peak observed, and the shape of the curve appeared more identical to that of GNFs. 

This suggested a separation of AgNPs and GNFs, and that AgNPs had aggregated on their 

own due to weakened bonding between the graphene and the Ag nanoparticle. Therefore, 

big flakes of cx-GNF are always desired to maximize the stability of nanoparticle 

modified nanocomposites. 

Figure 5.5 (a) UV-Vis spectra of cx-GNF stabilized AgNPs and the stability on 

preventing aggregation over 14 days. A: cx-GNF; B: fresh AgGNF; C-E: AgGNF 

naturally aged in room temperature for 1, 7 and 14 days. (b) UV-Vis spectra of 

AgNPs stabilised using non-dialysed small cx-GNF (denoted as cx-GNFs). A: cx-

GNFs; B-C: fresh AgGNFs and AgGNFs aged for 1 day; D: AgGNFs aged for 7 

days; E: AgGNFs aged for 14 days. (c) UV-Vis Spectra for SC stabilised AgNPs. A: 

fresh AgNPs; B: AgNPs+SC aged 1 day; C: AgNPs aged 1 day; D: AgNPs aged 7 
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days; E: AgNPs + SC aged 7 days; F: AgNPs aged 14 days; G: AgNPs + SC aged 14 

days. (d) UV-Vis spectra of cx-GNF stabilised AgAuNAs. A: cx-GNF; B: fresh 

AgAuGNF; C: AgAuGNF aged 1 day; D: AgAuGNF aged 7 days; E: AgAuGNF 

Aged 14 days. 

 

Figure 5.6 cx-GNF before and after dialysis with same density (1mg/mL), and the 

size-dependency of GNFs on interactions with AgNPs. 

 

5.3.2 Surface Analysis using XPS 

The colloidal nanocomposites were drop-coated on the BDDEs and XPS was performed 

to analyse the surface composition of colloidal AgNP, GNF, AgGNF and interaction 

pattern of Ag and GNF. Overall surface compositions were determined as described in 

chapter 2. 

Table 5.1 Overall surface elemental composition of different nanocomposites drop-

coated on BDDEs.  

 % of C % of O % of Ag % of others 

AgNP 75.38 16.23 0.57 Na: 5.02; B: 2.79 

AgNP+SC 74.40 18.80 0.71 Na: 5.31; N: 0.32 

Cl: 0.46 

AgGNF 54.51 31.59 3.94 Na: 7.61; N: 2.35 
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GNF 73.78 25.17 / N: 1.45 

Although the Ag concentration was kept the same, the detected amounts of Ag on the 

surface of AgGNF was 3.3-fold of that on AgNP. Since XPS is a method to identify only 

surface composition, aggregations of AgNP will result in smaller amounts of Ag detected 

than actually deposited (Figure 5.7).  

Figure 5.7 Ideogram showing how aggregation of AgNP will affect the amount of Ag 

detected from XPS analysis. 

The carbon peaks of both AgGNF and cx-GNF consisted of 2 components: sp2 carbon 

and carboxyl, which has a higher binding energy than sp2 carbon30-31. On the other hand, 

the carbon peak of col. AgNP consisted of mainly sp3 carbon, which is the surface of bare 

BDDE (Figure 5.6). Carbon 1s peaks of GNF and AgGNF also provided important 

information about the interactions between Ag and the cx-GNF surface. When metal is 

bonded to a carboxylate group, the binding energy of carboxylate carbons in XPS will be 

shifted to lower binding energy by 0.25 eV, which is not observed in our analysis. On the 

other hand, the silver has been successfully reduced to Ag (0) by adding excess amount 

of NaBH4, which is confirmed from the Ag peak component, as more than 85% of pure 

Ag (0) was observed. However, when we compared Figure 5.8C and D, a newly formed 

peak at around 287.0 eV indicated M-π interactions between Ag and the graphenic basal 
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plane of cx-GNF, suggesting the interaction between Ag and cx-GNF is adsorption. The 

appearance of this peak can be explained by considering the electrostatic attraction 

between the less electronegative AgNP and the graphenic π electrons which create a local 

de-shielding effect. Moreover, as AgNPs are adsorbed to carbons on the basal plane, the 

relative peak intensities of carboxyl carbon compared to graphenic carbon has increased. 

31 

 

Figure 5.8 XPS Carbon Peaks of blank (A), AgNPs drop-coated (B), GNF drop-

coated (C), and AgGNF drop-coated (D) BDDEs. 
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5.3.3 Electrocatalytic analysis using the HER as model 

Similar to previous chapters, the catalytic activities of modified BDDEs during the HER 

were monitored using Linear Sweep Voltammetry LSV from 0 V to -2.0 V at 20 mV/s 

performed in 0.5 M sulfuric acid. Data for all nanocomposites are summarized in Table 

5.2, including Tafel Slopes (averaged through 3 trails), and current responses at 

designated potentials. The current responses with respect to different potentials (-1.0 V 

for J1 and -0.8 V for J2 and averaged through 3 trails) applied and Tafel plots are presented 

in Figure 5.12 and 13, respectively.  

Table 5.2 Summary of Tafel slope and current densities at different applied 

potentials of colloidal nano-species 

 Tafel Slope 

(mV/dec) 

J1 (mA/cm2) J2 (mA/cm2) 

AgNP 233±5 16±0.8 6±1 

AgNP+SC 263±3 12±0.5 3±0.8 

AgGNF 140±5 25±0.3 18±0.5 

AgAuNP 154±8 20±1 6±0.5 

AgAuNP+SC 182±6 18±0.3 4±0.3 

AgAuGNF 138±5 30±0.5 24±0.3 

Although all the the HERs catalysed by nanospecies in this study suggest Tafel-Volmer 

mechanisnms from the Tafel slope, the magnitude of Tafel slopes differed by a lot. The 

differences in Tafel slopes seems to reflect the aggregation of nanospecies. Compared 

with GNF stabilized species, the more intensive aggregation of bare Ag and AgAu 
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nanoparticles made the barrier for forming M-H even harder, therefore a higher Tafel 

slope for Volmer step is observed.32  

 

Figure 5.9 Tafel plot (a) and current density plot (c) of colloidal Ag nano-species; 

Tafel plot (b) and current density plot (d) of colloidal AgAu nano-species. 

The current density plot showed GNF boosted the electrocatalysis of metal nanoparticles, 

illustrated by much higher current densities at designated potentials. As discussed before, 

when the nanoparticles are well-dispersed, the reactivity will be much higher due to the 

reduction of inter-particle diffusion plane coupling, and more available active sites 

resulted from the larger surface areas. However, although SC showed outstanding 

performance in preventing aggregations for both AgNP and AgAuNP, it hindered their 
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electrocatalytic activities. Due to the small size and excess amount of SC, the citrate ions 

formed a layer that covered up the metal nanoparticles, which further inhibited the 

conduction since the citrate ions themselves are not conducting. On the other hand, GNF 

provided extra conductivity to metal nanoparticles. Therefore, GNF modified species not 

only showed their merit in preserving the nanoparticle dispersity, but also making them 

more conductive and reactive in electrocatalysis. 

5.3.4 Further Stabilisations and Catalytic Reactivities 

Although metal-GNF nanocomposites showed good capacity in catalysing the HER, the 

high solubility of GNF, which is advantageous while drop-coating and cleaning 

electrodes, became a problem. The solvation of metal-GNF in electrolytes made the 

species not stable on the electrode, which resulted in poor signal and unpredictable results. 

One way to prevent the solvation was to form insoluble metal salts decorated with metal 

nanoparticles.  

The influence of Ni (II) in the HER was examined using AuGNF-Ni as an example. After 

drop-coating AuGNF nanocomposites, the electrodes were immersed into 1.5 M Ni (II) 

solutions for 30 mins and rinsed with DI water to get rid of any excess nickel on top. The 

high concentration used ensured complete modification. An obvious colour change is 

observed, and a brown-greyish film is formed because of precipitation of Ni-GNF salt. 

After drying, the electrodes underwent the HER in acidic media (0.5 M sulfuric acid) 

following previous potentiostat setups. The treatment using Ni (II) significantly stabilised 

AuGNF at the surface of BDDEs, shown by enhanced current densities at designated 



Chapter 5 

140 

 

potentials because the more well-dispersed Au nanoparticles were able to stay on the 

surface of BDDEs and participate in catalysis (Figure 5.11). 

Adding an external protective film of Nafion would be another way to stabilise AuGNF. 

Cx-GNF/Nafion (GNFNaf) nanopolymers with different weight percentage of cx-GNF: 

Nafion were prepared. After designated amounts of Nafion 117 solution were mixed with 

0.5 mg/mL cx-GNF in 1:1 DI water: isopropanol solvent, the solutions were sonicated for 

1 hour to ensure complete mixing and minimize aggregations.  

In this case, AuGNF was not directly in contact with the electrolyte, but the electron 

transfer can happen. The hydrophilic acidic sidechains of Nafion provided excellent 

conductivity whereas the hydrophobic backbones stick with AuGNF to prevent the 

solvation. To prevent the aggregation of Nafion, which will cause insulation, GNF was 

again used as a stabiliser. The hydrophobic backbone of Nafion is naturally favoured to 

the graphene surface of GNF, and the hydrophilic heads are attached to carboxylic edges 

(Figure 5.10). The mixture of two composites in 1:1 DI water:isopropanol solvent with 

various weight compositions was sonicated for 1 hour to achieve a thorough mixing. 

Figure 5.10 Formation of GNFNaf nanopolymer.  
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The effect of weight ratio of GNF: Nafion on catalysing performances in the HER was 

studied. GNFNaf nanocomposites with GNF: Nafion (wt ratio) 1:2, 1:4, 1:6, 1:8, 1:10, 

1:15, 1:20 was synthesised and same volume of each solution was drop-coated on top of 

AuGNF modified BDDEs. The current density diagrams were recorded for each sample 

(Figure 5.11), and when GNF: Nafion was 1:8, the best catalytic reactivity was achieved. 

When there was less Nafion, the GNFNaf was still too soluble, and not as conducting. 

However, when there was too much Nafion in the polymer, the Nafion aggregated, and 

thus hindered the conduction again, therefore, it is crucial to find the optimal weight ratio. 

Figure 5.11 Catalytic performances of further stabilised AuGNF-BDDEs in the HER. 

Left: current density responses of AuNP, AuGNF, and AuGNF+Ni. Right: Current 

density responsies of GNFNaf stabilised AuGNFs with different GNF:Naf weight 

ratios. 

Both methods, either by functionalising AuGNF itself, or provide an external conducting 

stabiliser, helped the AuGNF from possible solvation and therefore enhanced the 

performance of electrocatalysis. The current density responses at designated potentials 

were summarised in Table 5.3, each averaged over 3 samples, with error of ±0.3~0.5 

mA/cm2). 
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Table 5.3 Summary of current density responses at designated potentials of 

stabilised AuGNF-BDDEs in the HER. 

5.4 Conclusion 

Dispersity of colloidal nano-species is crucial in catalysis of fuel cell reactions like the 

HER, and to minimize the aggregation, external stabilisers are commonly used. In this 

chapter we propose an innovative yet simple in-situ reductive synthesis scheme of 

carboxylated graphene nanoflake (cx-GNF) stabilised Ag particles and AgAu nanoalloys. 

The resulting colloidal solutions were drop-coated onto BDD electrodes and their 

extraordinary stability and reactivity of cx-GNF containing nano-species were illustrated 

by comparing with unstabilised species and those stabilised with sodium citrate, a 

commonly used stabiliser for nanoparticles.  

 J (mA/cm2) at -0.8 V J (mA/cm2) at -1.0 V 

AuNPs 1.8  6.7  

AuGNF 6.9  13.6  

AuGNF-Ni 11.5  14.5  

AuGNF+GNFNaf 1:2 3.0  10.3  

AuGNF+GNFNaf 1:4 3.8  12.7  

AuGNF+GNFNaf 1:6 7.7  13.7  

AuGNF+GNFNaf 1:8 10.8  14.4  

AuGNF+GNFNaf 1:10 6.9  13.5  

AuGNF+GNFNaf 1:15 5.2  12.3  

AuGNF+GNFNaf 1:20 2.7  10.7  
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The formation of homogeneous Ag and AgAuGNF nanospecies was confirmed through 

UV-Vis spectra, and a subtle shift in plasmonic peaks compared with unstabilised ones 

indicated a non-covalent electrostatic interaction between the metal/alloy nanoparticles 

and the graphenic surface of cx-GNF. The microscopic structures of these nano-species 

were observed via SEM and TEM, showing that GNF stabilised species have smaller 

sizes of sub 5 nm and more even size distributions.  

The continuous stabilisation effect of cx-GNF and SC were monitored through UV-Vis 

Spectra over two weeks. Colloidal AgGNF and AgAuGNF were extremely stable against 

natural aggregation by preserving a sharp and unshifted plasmonic peak. SC stabilised 

nanoparticles, although showing obvious stabilising effect in SEM, were not able to 

maintain the dispersity and the plasmonic peak faded away after several days. In this part, 

we also investigated how the difference in sizes of cx-GNF could influence the 

aggregation. cx-GNF before dialysis has a smaller average size, and when they were used 

as stabilisers, they could not sustain the nano-species  

The surface compositions of the modifiers were investigated using XPS. A higher amount 

of surface Ag in AgGNF confirmed a better dispersion compared to unstabilised and SC 

stabilised Ag nanoparticles. More importantly, the carbon 1s peak of AgGNF indicated 

our proposed scheme of how metal nanoparticles are adhered to cx-GNF surface. A subtle 

peak indicating metal-π bonding is presented in between peaks of graphenic carbon and 

carboxylates carbon. 

The electrocatalytic abilities of the stabilized species were afterward examined using the 

HER as an example to investigate the role and effect of GNF. Compared with both as-
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made natural aggregated and sodium citrate stabilized nano species, GNF stabilized 

species exhibited larger current response at designated potentials, as well as more positive 

on-set potentials and low Tafel slopes in the HER catalysis whereas sodium citrate 

hindered surface electrochemistry of the nanospecies because they made the surface less 

conductive. Therefore, it is not a perfect stabiliser for colloidal nanoparticles in 

electrochemical reactions. 

cx-GNF, as we can predict by its structure, is very soluble in aqueous phase. Although 

performing the HER under acidic conditions can immobilise the cx-GNF stabilise 

nanospecies onto electrode, meaning they will not be ionized in solution and react with 

electrolytes, there might still be room to prevent the loss in material at the electrode 

surface to the solution and make it more versatile in different conditions. Therefore, extra 

stabilisations were performed to prevent solvation. Ni2+ ions were used as an internal 

stabiliser by forming a non-soluble precipitate without disturbing the dispersion of metal 

nanoparticles. Nafion, on the other hand, is used as an external stabiliser. GNF-Nafion 

nanopolymers with different weight rations were synthesised and coated on previously 

modified BDDEs. In both cases, current densities of the HER were further promoted, and 

GNFNaf nanopolymer with a weight ratio of 1:8 is the most optimal external stabiliser. 
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Chapter 6 Enhanced Electrochemical Sensing 

Performances of Carboxylated Graphene 

Nanoflake Stabilised Au Nanoparticles 

6.1 Introduction 

Molecular sensing is a very important field of research and has gained increasing interest 

over the recent decades since it is very meaningful for both understanding a complicated 

system and monitoring the processing of materials under certain reactions. 1-3 Enzyme-

based glucose sensors, for example, have been widely commercialized nowadays.4 With 

the rising concern of environmental crisis, the detection of toxic materials, such as heavy 

metals and organic pollutants have raised interest of many.5-8  

Compared to traditional sensing methods (including colorimetric and luminescent 

sensing), electrochemical sensing has advantages including easy assembly, flexibility, 

rapid response, high sensitivity, and selectivity.9 Metal nanoparticles are popular agents 

used for molecular sensing as their high surface to volume ratio compared to 

macromolecules provides much more active surfaces. 10-13 Molecular sensors 

implemented with nanoparticles are found in broad use in detection of gas molecules, 

heavy metals, biomedical toxicants, bacteria, viruses, proteins, DNA, and even macro 

cancer cells. 14-17 Biochemical detection, electrodes modified with metal nanoparticles 

make the electron transfer process faster, the over-potentials are reduced, and thus the 

redox process is more kinetically favored. This is very crucial when molecules with very 

low concentrations are being detected or detecting a target molecule in a mixture with 
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other interfering molecules.18  

Colloidal Au nanoparticles are one of the most common types of nanoparticles used for 

electrochemical sensing. In recent studies, electrochemical sensors implemented with 

AuNPs showed their versatility and have been applied in various scenarios such as 

detections of small molecules like hydrogen peroxide and CO and CO2 gas molecules, 

and metal ions like Hg (II), Cr (III) and Pb (II)19-21. As an excellent biotag, AuNPs are 

perfect for biomedical detections from smaller species like thiocyanate, quercetin, to 

macro-DNA and proteins22-26. The selectivity and sensitivity can be ensured by 

modifications of colloidal Au nanoparticles – functional modifications including DNA 

and antigen modification targeted specific biospecies27-28, and structural modification like 

Au nanoarrays increase the surface area and active reaction spots on the macro electrode29. 

As discussed in the previous chapter, the dispersion of colloidal nanoparticles directly 

affects their performance in electrochemical experiments, therefore it is crucial to prevent 

colloidal AuNPs from natural aggregation in electrochemical sensing. We have shown 

that cx-GNF was able to provide outstanding stabilizing effect for nanospecies and 

AgGNF and AgAuGNF showed better dispersion than both unstablized colloidal ones 

and electrodeposited ones. Here we report the synthesis and applications of AuGNF, 

following the same procedure in chapter 5, for electrochemical detection of As (III) ions, 

4-nonylphenol, glucose, and hydroquinone. 

Arsenic is widely distributed in nature, including rock, soil, and air (when coals 

containing As were burnt).30-31 Both organic and inorganic arsenic compounds such as 

arenite, arsenate, and dimethylated arsenosugars are hard to degenerate, however, the 



Chapter 6 

150 

 

most problematic arsenic exposure was through drinking water due to its high water 

solubility.32-33 Because of that, As(III) is listed as one of the most toxic metal ions by 

WHO (World Health Organization). Arsenic exposure via drinking water has severe 

neurotoxicity and is directly increasing the rate of chronic diseases including bladder and 

skin cancer.33-35 According to WHO, the recommended level of drinking is set at 10 μ

g/L.35 Detection of trace As ions in aqueous solution can be done using inductive coupled 

plasma mass spectroscopy with a limit of detection (LOD) down to nanomolar but its 

high cost and limited mobility make electrochemical detection the more optimal 

technique. Past studies used AuNPs supported on carbon electrodes for As detection, and 

the performace could be enhanced using AuCNT (AuNP modified nanotubes) instead, or 

with other external stablisers.36-39However, the formation of AuCNTs and other stabilised 

forms of AuNPs involved a long procedure of synthesis and large number of reagents.37-

39 

As one of the most common ingredients of dish detergents, 4-nonylphenol can also be 

found in surface water.40 It is believed that alkylphenols (including 4-nonylphenol) are 

one group of the potentially estrogenic molecules that can mimic the action of endogenous 

estrogen and disrupt the regular activity of estrogen-responsive genes 41 and its acute 

toxicity will cause irregular morphology of secondary sex characteristics and other 

poisonous effect in fish species.41-42 Currently the quantitative detections of nonylphenol 

in labs are mostly done by HPLC, which requires long processing time and expensive 

instruments.43 Other detection methods like magnetic solid-phase extraction using Mg-

Al-layered double hydroxide (Mg-Al-LDH) modified nanoscale zero-valent iron (NZVI) 
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(Fe@MgAl-LDH) demands long and sophisticated synthesis procedures of the magnetic 

nano species.44 

Nowadays, diabetes has become a worldwide problem. Specifically in UK, about 7 of 

100 people are living under diabetes, and statistics in 2019 has illustrated that there is an 

inclination towards the younger generation with 1.1 million children are living with type 

I diabetes.45 The blood sugar level is the most direct and important index to diagnose 

diabetes. Since 1960s, enzyme biosensors have been used for blood sugar detection.46 

Although they are very sensitive, prevalent, and specific to glucose molecules, their lack 

of stability has always been a big problem and scientists have not ceased to improve their 

performance by various means.47-49 Nowadays, studies of non-enzyme biosensors for 

glucose electrochemical detections are attracting more attention and have all shown 

excellent performance, including Pt and Au containing alloys50, carbon nanotubes51, and 

polyaniline modified electrodes52. The structures of nanoparticles are experiencing a 

revolution to lower the cost and nanostructured metal nanoparticles such as porous gold 

nanotube arrays and foam gold nanocomposites show advantage in enhancing signals 

with limited amount of metal.53-54 

Hydroquinone (1,4-benzenediol, HQ) and catechol (1,2-benzenediol, CAT) are widely 

used in areas including cosmetics, pesticides, medicines and photography agents.56-57 

However, their toxicity to human beings, aquatic and soil organisms is not negligible and 

can cause stress of ecological degeneration.57-59 Therefore, the concentrations of them in 

environment samples should be closely monitored. The major difficulty faced by the 

researchers during detection is the mixing and mutual interference of HQ and CAT due 
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to the similarities in structure, activity, and various behaviours.56-57 Various techniques 

are presented to detect trace amount of these two chemicals, including florescence, 

chromatography, and chemiluminescence but the disadvantages including expensive 

instruments, sophisticated preparation and analysis procedures again make 

electrochemical detection more favorable.60-63 In the case of HQ and CAT detections, 

high sensitivity and selectivity are equally necessary. Different nanomaterials are 

implemented, including graphite mesoporous carbon, Ti3C2/MWCNTs nanocomposites, 

and porous AuNPs64-66 but there is still plenty of room to explore for synthesis and 

detection with minimal operation and pre-treatment. 

 

6.2 Aim of this Chapter 

In previous chapters, we have confirmed cx-GNF is an extraordinary stabiliser for metal 

nanoparticles including Ag, Au and nanoalloys. The active surface area and conductivity 

were shown to be improved with this carbon-based stabiliser. These features, together 

with the economic cost, safe procedure, high sensitivity, and selectivity are also very 

crucial for electrochemical sensing. Therefore, it is going to be very meaningful to have 

a nanoparticle detection reagent that requires fewer synthesis steps yet retains the virtues 

of high reaction area and high conductivity. Throughout this series of experiments, our 

modified electrode will have a more pronounced application in wider field other than fuel 

cell chemistry.  

To do that, we synthesized cx-GNF stabilized colloidal AuNPs (AuGNF) and drop-coated 

them onto BDDE. Specifically, we focused on the electrochemical detection of three 
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chemical species that are very crucial for the environment and human bodies: As (III) ion, 

4-nonylphenol, and glucose, and various detection methods including CV, DPV and SWV 

were used to push down the detection limit. We also investigated the effect of pH in 

detection to decide the most optimal conditions, and the influence of external stabilisation 

of cx-GNF modified nanoparticles using Ni (II) ions. The most optimal loading of 

AuGNF nanoparticles on the electrode was also proposed through experiments. The 

detection of the target molecule with interfering species present was also achieved, 

confirming the high sensitivity and selectivity of cx-GNF modified BDDEs. 

 

6.3 Results and Discussions 

6.3.1 Synthesis and Characterisations of AuGNF Modified 

BDDE 

Colloidal AuGNF nanoparticles were synthesized via the same scheme as in chapter 5, 

though a a single-step reduction by NaBH4 in icebath. 1 mM HAuCl4 was chosen to be 

the source of Au (III) and mixed with cx-GNF water solution (0.5 mg/mL) before being 

reduced. The volume ratio of metal solution: cx-GNF solution was 1:1, and the 

concentration of NaBH4 was 5 mM. Afterwards, Metal + GNF solution was added 

dropwise into chilled NaBH4 solution and wrapped with aluminum foil for storage. The 

original Au3+ solution appeared bright yellow, and when mixed with dark brown cx-GNF 

water solution, it turned into a yellow-ish brown. The resulting colloidal AuGNF solution 

appeared reddish-brown and was characterized by UV-Vis spectra to confirm its 
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homogeneity and stability (Figure 6.1). Colloidal AuNPs were also synthesized, 

exchanging cx-GNF water solution with same volume of DI water. 

Figure 6.1 UV-Vis spectra of colloidal species: AuNPs, AuGNF (fresh), and AuGNF 

(after 14 days); and a zoom graph of the peak area (right). 

The freshly made AuNPs has a plasmonic peak at around 520 nm, indicating their was 

about 5-10 nm. 67. The cx-GNF stabilisation preserved this clear plasmonic peak and no 

other peak was observed, meaning homogeneous AuGNF was successfully synthesized. 

Notably, there’s a redshift of this plasmonic peak from 520 nm to 528 nm, originating 

from the interaction between metal nanoparticles and the graphene surface. The formation 

of this phenomenon was explained more thoroughly in chapter 5 therefore will not be 

repeated here. 68 The freshly made AuGNF was kept in a capped glass vial wrapped with 

aluminium foil and left at room temperature for 14 days. The UV-Vis spectrum of AuGNF 

after 14 days was also obtained. The aged AuGNF did not lose its plasmonic peak, and 

the position of the plasmonic peak did not shifted within 14 days, which confirmed the 

stability of cx-GNF modified AuNPs. On the other hand, visible aggregations appeared 
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for the unstabilised colloidal AuNPs after only 1 day.  

Figure 6.2 TEM images of fresh AuGNF. 

After the confirmation of successful synthesis and stability, the size of freshly made 

AuGNF was observed through TEM (Figure 6.2). A small amount of colloidal solution 

was dropped onto a TEM grid using a drop pipette and dried for 10 minutes before 

transferred into the TEM. From the TEM image at a larger scale, the AuGNF are well 

dispersed on the cx-GNF surface, and no aggregation was observed, and the spreading 

was even at different positions.  

On the other hand, from the higher magnification image, we could confirm the size of the 

nanoparticles. The variance of size between individual nanoparticles was not huge. Most 

of the nanoparticles were below 5 nm, and the average size was about 4.1 nm. This is 

coherent with the sizes of AgGNF and AgAuGNF nanoparticles we synthesized in 

chapter 5, and again confirmed this simple 1-step reduction scheme with cx-GNF 

modification was able to produce fine nanospecies with high mono-dispersity that are 

suitable for many electrochemical applications. 

The surface composition of AuGNF was examined using XPS and compared with that of 
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colloidal AuNPs and electrodeposited AuNPs. 20μL of AuGNF and unstabilized AuNPs, 

both containing 2.8 nmol Au were drop-coated using a volumetric pipette onto BDDE 

and dried before XPS analysis. The electrodeposited AuNPs (ED AuNPs) were 

synthesized using the same technique mentioned in chapter 4, and 3 nmol of Au was 

deposited, which was comparable to the colloidal ones. 

Table 6.1 Summary of XPS data on survey spectra 

Sample Au% C% O% Others% 

ED AuNPs 1.8 92.3 5.8 / 

AuNPs 1.3 60.0 25.8 N: 0.7 

Na: 6.8 

B: 5.4 

AuGNF 2.7 48.1 31.8 Na: 8.8 

B: 8.6 

From the survey spectrum of these three samples, we can once again confirm the 

stabilising effect of cx-GNF in AuGNF synthesis, since the surface amount of Au is 

higher than other two samples, meaning the nanoparticles are more dispersed with 

minimal aggregation. On the other hand, the percentage of oxygen in AuGNF went up 

compared with the other two samples. This originated from the carboxyl groups at the 

edge of cx-GNFs. The Na and B compositions in colloidal samples are from the reducing 

agent NaBH4. 
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Figure 6.3 XPS Carbon Peaks of AuGNF(A) and GNF drop-coated (B) BDDEs; and 

XPS Au 4f Peaks of AuGNF (C). 

From Figure 6.3, we observed that the C1s scan of AuGNF has a higher carboxyl peak 

than pure GNF, and a small metal-pi bond between graphenic carbon and carboxyl carbon 

peaks. This is consistent with our findings from chapter 5 and the theoretical origin will 

not be repeated here. The Au 4f showed preserved two clean peaks, representing Au 4f 

5/2 and 7/2 from left to right. A fitting of the Au 4f 7/2 peak was done, using literature 

data for elemental Au. The splitting between these two peaks was 3.69 eV, which is very 

close to the literature value.69 Therefore, we can confirm Au was fully reduced through 

the synthesis and elemental Au was decorated successfully on the graphenic surface of 
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cx-GNF. 

  

6.3.2 Electrochemical Detection of As (III) 

Sodium arsenite (NaAsO2) purchased from Sigma Aldrich (analytical pure) was chosen 

to be the source of As (III) in this chapter due to its high solubility in various aqueous 

solvents. As (III) stock solution was prepared by dissolving NaAsO2 in 0.1 M HCl. 

6.3.2.1 Effect of cx-GNF stabilization, Loading, and Synthesis Methods 

In this section, we investigated how various factors, including the stabilizing effect of cx-

GNF, loading and method of synthesis can facilitate or block the detection. 20 μL of 

colloidal AuGNF and AuNPs were drop-coated onto BDDEs using a volumetric pipette. 

5 mM As (III) solution was prepared, and cyclic voltammetry from -0.5 V to 0.5 V was 

recorded under a scan rate of 100 mV/s with 1 M HCl as the supporting electrolyte.   

Both AuGNF and AuNPs were able to detect the As (III) solution, with a peak at around 

0.17 V, however, the intensity of the peak was much higher for AuGNF decorated BDDE, 

indicating the AuGNF modified BDDE was more favorable for the reaction (Figure 6.5a). 

On the other hand, the loading of AuGNF could also affect the effectiveness of detection 

and the magnitude of peak current. The concentration of AuGNF solution synthesized 

was 0.14 mM, and we loaded different amount of colloidal AuGNF using pipette onto 

same area of BDDE electrodes. To compare the performance of detection across different 

synthesis methods, detection of As (III) using electrodeposited AuNPs was also evaluated. 

The concentration of As (III) solution used was 0.1 mM, and the peak current responses 
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in table were averaged over 3 samples, with error of ~5μA. (Table 6.2, Figure 6.4b). 

Table 6.2 Effect of AuGNF loading and synthesis method on As(III) detection. 

Loading Amount of Au (nmol) Peak Current Response (𝛍A) 

5𝛍L 0.7 20 

10𝛍L 1.4 61 

20𝛍L 2.8 106 

30𝛍L 4.2 97 

40𝛍L 5.7 17 

Electrodeposition 3.0 25 

From this experiment, we observed that at the same As (III) concentration and electrode 

area, 20 μL loading of AuGNF could obtain the highest current response and therefore is 

the most optimal choice. The reason behind that was, consistent with other studies, that 

when the amount of loading was small, there was not enough active Au surface for the 

detection to happen, but when the loading was too high, the nanoparticles tended to gather 

and forms layers , making the exposed active surfaces less.70 The electrodeposited AuNPs, 

although having similar absolute amount of Au on the surface, has a very low current 

response due to aggregation effects which was discussed in chapter 3 and 5. Notably, the 

current response of 20 μL loading and 30 μL loading did not differ by much, but in this 

chapter, we used 20uL for all experiments to be more economic.  
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Figure 6.4 Effect of cx-GNF stabilization (a), loading and synthesis method (b) in As 

(III) detection of 0.1 mM As (III). 

6.3.2.2 Limit of Detection  

We attempted to obtain the limit of detection firstly using CV, with the settings mentioned 

in the previous section (Figure 6.5).  

 
Figure 6.5 Detection of As (III) at various concentrations using CV: at higher 

concentrations (a, inset: plot of peak height against arsenic concentration); and 

lower concentrations (b). 
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The detection of As (III) using CV was successful at higher concentrations above 10 μM 

and followed a nice linear relationship, with an average error of ±~0.01mA (Figure 6.5a 

a). However, when the concentration of As (III) was pushed below 10 μM, the noise level 

was large and the LOD of As (III) using CV was about 0.2 μM, where the signal was 

comparable to the noise (Figure 6.5b). 

Figure 6.6 Detection of As (III) at various concentrations using SWV: at higher 

concentrations (left); and plot of peak height against arsenic concentration (right). 

At this point, SWV as a more sensitive method will be used for detection at lower 

concentrations. SWV parameter used for this section was: pre-deposition at −0.5 V for 

120 s, f = 50 Hz, Esw = 20 mV, ΔEs = 2 mV. In a previous work by Dai et. al, the main 

obstacle for decreasing the LOD using SWV was the noises from baseline.71 However, 

we didn’t observe the same situation, since the background line was comparably clean, 

and the peaks were distinguishable.  

As a result, we were able to detect As (III) at concentrations in range of sub-nanomolar, 

with LOD (based on 3𝜎) less than 0.1 nM, sensitivity about 25.3 μA/nM and a fairly 

good linear relationship between concentration and signal intensity with an average error 
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of ±2.75 μA, each data spot averaged over 3 samples (Figure 6.6). Similar LOD was 

recorded by Xiao et. al, using a glassy carbon electrode (GCE) modified with AuNP 

decorated carbon nanotubes, but the sensitivity they recorded was higher than ours. One 

possible reason could be the amount of gold and they deposited on the GCE was more 

than 2 times our loading, and the electrode area was 5 times smaller than ours, meaning 

there was much more gold per area, which enhanced the sensitivity.. 72 

6.3.3 Electrochemical Detection of 4-Nonylphenol 

4-nonylphenol (4-NP) poweder was purchased from Sigma Aldrich, analytical pure. The 

5 mM stock solution of 4-NP was prepared by disolving 4-nonylphenol crystals with 

ethanol, since its solubility in DI water was very low. 

6.3.3.1 Effect of cx-GNF stabilization, Ni2+ modification, and pH 

Several factors were investigated during the detection of 4-nonylphenol, including the 

stabilization using cx-GNF, external stabilization using Ni2+, and pH.  

First, similar to the detection of As (III), we examined the stabilizing effect of cx-GNF 

for AuNPs in 4-NP detections using CV. 20 μL of colloidal AuNPs and AuGNFs were 

drop-coated onto BDDEs using volumetric pipette and the CV scanned from 0 V to 1 V 

and recorded under a scan rate of 100 mV/s with 0.1 M PBS (pH=7) as the supporting 

electrolyte (Figure 6.8a) and 12.5 μM 4-NP as the analyte. A similar result was again 

expected, the cx-GNF stabilized nanoparticle showed highest current density at about 

0.54 V. This again proved cx-GNF was able to better disperse the AuNPs and prevent 

from aggregation, therefore increase the active surface that were available for 4-NP 
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sensing.  

On the other hand, since cx-GNF was less soluble in acidic media, and in this neutral pH, 

extra stabilization of AuGNF was performed to make sure the solvation of cx-GNF did 

not lower the current density. In chapter 5, we have formulated a procedure to internally 

stabilize AuGNF by forming an insoluble salt with Ni2+ ions by immersing AuGNF 

modified BDDEs in Ni(NO3)2 solution for 15 minutes, rinsing the excess Ni(NO3)2 by DI 

water, and drying at room temperature. From the current density, we have seen that 

AuGNF nanospecies stabilized with Ni (AuGNF-Ni) exhibited higher current response 

since they successfully prevented the solvation of cx-GNF and loss of AuGNF at 

electrode surface. 

Afterward, the pH effect on the detection of 4-NP using AuGNF was also investigated. 

0.1 M PBS buffer with pH from 5 to 9 were used. Figure 6.7b showed how current 

response (averaged over 3 samples, with an error of ±~3.8 μA) (black solid line, left 

axis) and peak potential (red dashed line, right axis) varied with respect to pH (averaged 

over 3 samples, with an error of ~± 0.023 V).  

At pH=5, no signal was presented, meaning the acidic condition was not favorable for the 

detection to happen. By nature, phenols are naturally slightly acidic, and with external 

potential applied, they underwent electro-oxidation to form phenoxy radicals, followed 

by the formation of quinone An oxidation peak observed reflected this transformation. 

This reaction is generically less favored in pH<7 due to the instability of quinone in acidic 

media. 73 

Notably, the peak potentials (Ep) at pH=6, 7, 8, and 9 follow a descending trend. When 
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an external potential is applied, the reaction is electrochemically irreversible, and the peak 

potential Ep will show a pH dependence given by: 

𝐸p = 𝑐𝑜𝑛𝑠𝑡 +
𝑅𝑇

(𝑛′ + 𝛼)𝐹
ln

[H+]𝑚

𝐾 + [H+]𝑚
          (30) 

where 𝑛′  is the number of electrons transferred before the rate-determining electron 

transfer step, 𝛼 is the transfer coefficient, 𝐹 is the Faraday’s constant, 𝑅 is the gas 

constant, m is the number of protons involved, and 𝐾 is the equilibrium constant, here 

equals to the acid dissociation constant Ka. When the concentration of hydrogen is much 

less than Ka, the peak potential is highly dependent on pH variation, otherwise the peak 

potential stays constant. 4-NP, as a weak acid, has a pKa about 10, therefore, at any pH 

less than 10, the peak potential shifts to more negative value as pH increases.74  

The peak current, however, was highest when pH=7, which was consistent with previous 

work by Su et.al, where pH=7.4 was used for 4-NP detection. 75 This showed the 

adsorption of 4-NP was more favoured in neutral pH and more 4-NP was captured by 

AuGNF, because the 4-NP is nonionic and hydrophobic. According to Zhou et al., the 

ionization level of 4-NP increased with the pH, and the intermediate ion was negatively 

charged. In alkaline media, the adsorbent surface charged negatively too, and the 

adsorption of 4-NP will not be favoured at higher pH.76-77  

Similar result was also obtained by Javadi et al. and Zhou et al, confirming the adsorption 

of 4-NP at neutral pH was the most favorable and thus beneficial for our detection. 78-79 

Therefore, the resulted current response was quite low at higher pH, and peaked at pH=7. 

In this section, all later experiments were done in 0.1M PBS neutral buffer, using AuGNF-

Ni modified BDDEs. 
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Figure 6.7 Detection of 12.5 𝛍M 4-NP with AuNP, AuGNF, and AuGNF-Ni modified 

BDDEs (a); effect of pH on current response and peak potential of 4-NP detection 

using AuGNF modified BDDEs (b). 

6.3.3.2 Limit of Detection 

Electrochemical detection of 4-NP was successful between 0.3μM-12.5μM using CV and 

the relationship between current response and 4-NP was close to linear with a sensitivity 

of 0.55 μA/uM (averaged over 3 samples, with an error of ±~0.16μA). Generally, the 

peak potential moved further to the right as the analyte is more dilute. (Figure 6.8) 

Similar detection was done by Su et al., using a glassy carbon electrode modified by 

electrodepositing gold nanoparticles decorated graphene nano platelets. Moreover, sol-

gel and β-cyclodextrin were used as external stabilizers. Their linear LOD was 0.1 μM 

(based on 3𝜎), with a sensitivity of 7.4 μA/uM. Compared to their work, our electrode 

employed a much simpler modification method, with much smaller amount of Au on the 

electrode surface but achieved a similar LOD of about 0.3 μM (based on 3𝜎). On the 

other hand, the sensitivity is much higher in their work since the sol-gel and β-

cyclodextrin they used can efficiently enhance the electrochemical response and 

conductivity in solutions due to the synergistic effect.75 
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Figure 6.8 Detection of 4-NP at various concentrations using CV(a); and plot of 

current response against 4-NP concentration (b). 

6.3.4 Electrochemical Detection of Glucose 

d-Glucose (glucose) was purchased from Sigma Aldrich, analytical pure, and aqueous 

solution (DI water) was used for all experiments. The electrochemical analysis in this 

section were carried out in 0.1 M PBS, pH=7.4, to best mimic human blood pH. Since the 

electrolyte was slightly basic, we further stabilized AuGNF drop-coated BDDEs with 

Ni2+, following the same procedure mentioned in the previous section and chapter 5. 

6.3.4.1 Effect of Loading and Synthesis Methods 

Similar to the detection of As (III), we investigated the most optimal loading of AuGNF 

for glucose detection using CV, to see if the conclusion was still the same with Ni2+ 

modification in alkaline media. 5 μL, 10 μL, 20 μL, 30 μL and 40 μL of AuGNF were 

drop-coated on to individual electrodes using a volumetric pipette and were modified with 

Ni2+ afterwards. Electrodeposition of Au followed the same protocol in section 6.3.2.1 to 

make sure the amount of Au electrodeposited was similar to that of 20 μL colloidal 

AuGNF. In this section, the CV was scanned from -0.5 V to 0.8 V and recorded under a 
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scan rate of 100 mV/s, with supporting electrolyte 0.1 M PBS pH=7.4, and analyte 

glucose 0.1 mM. 

 

Figure 6.9 Effect of loading of AuGNF-Ni and synthesis method in detection of 50 

mM glucose. 

The detection of glucose was sucessful using CV and the oxidation peak of glucose 

appeared at around 0.23 V. Compared with As (III) detection, same conclusion was drawn. 

Amongst all samples, 20  μL of AuGNF-Ni drop-coated BDDE showed the highest 

current response and therefore is the most optimal loading. Electrodeposited Au, although 

having a similar amount of metal on the electrode, was not able to outperform 20 μL 

colloidal AuGNF-Ni, since the particles were larger in size and aggregation was heavy 

(proved in previous chapters). But notably the oxidation potential of glucose on 

electrodeposited Au was lower, that might originate from the extra stabilisation of Ni2+ 

for colloidal AuGNF. However, this could not be further investigated since AuGNF alone 

was very soluble in alkaline media, and the detection was therefore impossible to proceed 

sucessfully.  

6.3.4.2 Limit of Detection 
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Using the same CV setting as before, the limit of glucose detection could be pushed down 

to 1 mM (at a signal to noise ratio of 3) with a sensitivity of 0.7 μM(cm2)-1/mM, and a 

linear relationship within a range 5 mM to 25mM could be drawn between glucose 

concentration and current response (each data spot was averaged over 3 samples, with an 

error of ~±1.7 μA for linear area). (Figure 6.10).   

 

Figure 6.10 Detection of glucose at various concentrations using CV(a); and plot of 

current response against glucose concentration (b) 

With LOD down to 1 mM, this detection is suitable for real-world physiological 

applications with almost all meaningful blood sugar levels covered: 

1. 11 mM: blood sugar level for diabetics after food 

2. 7 mM: blood sugar for diabetics without food 

3. 5.5 mM: normal blood sugar level 

4. 3 mM: low blood sugar level. 80 

Similar work has been done by Zhou et al., using AuNPs integrated in a nanotube array 

on porous anodic alumina (PAA). Although they were able to reach a theoretical LOD of 

10 μM (at a signal to noise ratio of 3), the limit of the linear range was also 1mM with a 
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higher sensitivity 1.13 μM(cm2)-1/mM. 81  

In comparison, our LOD was the same as their limit of linear range, using a smaller 

amount of Au, and the advantage of our method was the simple synthesis, easy application 

and characterization, since the synthesizing scheme of AuNP integrated nanotube array 

proposed by Zhou et al. required more steps such as pretreatment, Sn2+ activation of PAA, 

and deposition of AgNPs as catalyst for Au reduction, which takes more than 8 hours to 

achieve.81 

6.3.5 Electrochemical Detection of Hydroquinone 

Hydroquinone (HQ) and catechol (CAT) was purchased from Sigma Aldrich (analytical 

pure), and aqueous solution (DI water) was used for detections. All electrochemical 

analysis were carried out under 0.1 M PBS buffer (pH=3.15) in this section. Since the 

supporting electrolyte was again acidic, colloidal AuGNF was drop-coated onto BDDEs 

using volumetric pipette without further modification. 

6.3.5.1 Effect of cx-GNF Stabilization and Synthesis Method 

20 μL of AuGNF and colloidal AuNP were drop-coated onto BDDEs using a volumetric 

pipette since this loading was able to produce the highest current intensity from the 

previous sections. Similar amounts of AuNPs were electrodeposited via the same 

procedure mentioned in previous sections for comparison. We recorded the CV of 0.5 

mM HQ detection from 0 V to 0.65 V, at a scan rate of 100 mV/s.  

Not surprisingly, the electrode modified with AuGNF showed the highest current 

response, followed by electrodeposited Au, colloidal Au at around 0.32 V. Bare BDDEs 
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were not suitable for HQ sensing since no signal at this potential range was recorded. The 

outstanding stability and performance in electrochemical sensing of AuGNF modified 

BDDE have been once again confirmed (Figure 6.11). 

Notably, in previous work by Hu et al., an AuNPs electrodeposited carbon ionic liquid 

electrode (CILE) was also used for HQ detection. In their work, graphene (GR) played a 

similar role to cx-GNF to further prevent AuNPs from aggregation through simultaneous 

electrodeposition. The intensity of the peak current of CV recorded by them in 0.5 mM 

HQ detection using an AuGR modified CILE was comparable to that of AuGNF modified 

BDDEs in our work. The performance of AuGNF modified BDDEs surpassed Au-CILE 

and GR-CILE in the literature. 82 

 

Figure 6.11 Effect of cx-GNF stabilization and method in HQ (0.5 mM) detection. 

6.3.5.2 Limit of Detection 

At higher concentrations of HQ (μM level), CV was used as the primary detection 

method, with same setting in the previous section and LOD was 2 μM (at a signal to noise 

ratio of 3) with a sensitivity of 0.08 μA/μM, following a linear relationship in the range 

2μM to 0.5mM, each data spot over 3 samples, with an error from ~±0.7 μA (for lower 
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concentration of HQ) to ~± 3.5 μA (for higher concentration of HQ) (Figure 6.13a). 

The LOD and sensitivity in our experiments were comparable to a previous research done 

by Tashkhourian et al., in which a gold nanoparticles mesoporous silica modified carbon 

paste electrode was used for HQ detection.83 

As for the detection of HQ at lower concentration in nM scale, DPV was used as a more 

sensitive method. The parameters were tested, and the most optimal set was confirmed: 

amplitude=50 mV, pulse width=0.05 s, and pulse period=0.2 s, in 0.1 M PBS buffer 

(pH=3.15). The detection of HQ using DPV began at a concentration of 1 𝛍M and the 

LOD was 25 nM (at a signal to noise ratio of 3) with sensitivity of 7.75 𝛍A/uM, and the 

relationship between HQ concentration and current response was linear within the range 

from 25 nM to 0.5 𝛍M, each data spot was averaged over 3 samples, with error of 

±𝟎. 𝟑 𝛍𝐀 (for lower concentration of HQ) to ~ ± 𝟎. 𝟖 𝛍𝐀 (for higher concentration of 

HQ) (Figure 6.12b). Switching the detection method from CV to DPV increased the 

sensitivity about 100 times, meaning DPV is preferred at lower concentration level 

detection. In the previously mentioned work done by Hu et al., DPV was also chosen to 
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detect the presence of HQ with low concentration, and the LOD from their work was 18 

nM, which is very close to ours. 

Figure 6.12 Detection of HQ at various concentrations using CV at higher 

concentrations (a, inset: plot of peak height against HQ concentration); and DPV at 

lower concentrations (b, insert: plot of peak height against HQ concentration). 

6.3.5.3 Detection of HQ with CAT as an Interfering Molecule 

First, 0.5 mM HQ and CAT was detected individually. Full cycle CV scans were recorded 

with AuGNF modified BDDEs, using the same parameters as in section 6.3.5.1. It turned 

out the sensitivity of HQ and CAT detection was roughly the same because the current 

responses of oxidation peaks were similar. However, the oxidation peak potential and 

peak to peak separation were quite different, HQ was oxidized at a lower potential at 

around 0.34 V, and CAT’s oxidation peak appeared at 0.46 V. The different peak to peak 

separation suggested the important electrochemical parameters of the two (table 6.3), 

such as α and ks, where α is the transfer coefficient which shows the sensitivity of the 

transitional state corresponding to the potential variation between the electrode and 

solution, and ks corresponding to the speed and reversibility of the reaction. Both 

parameters and their important meanings in electrochemical reactions were 
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comprehensively discussed in chapter 2, therefore will not be repeated here. 

Table 6.3 Important electrochemical data in CV of 0.5 mM HQ and CAT, 

repectively. 

 
Oxidation Peak 

Potential (V) 

Current response at 

Oxidation Peak 

(𝛍A) 

Peak separation (V) 

HQ 
0.34 7.78 0.085 

CAT 
0.46 8.23 0.1196 

Afterward, 0.5 mM HQ was mixed with different concentrations of CAT and the 

detections were performed by DPV using the parameters mentioned in section 6.3.5.2.  

As a result, the simultaneous detection was successful and the two peaks could be 

distinguished clearly, since the concentration of HQ was constant, the intensity of peak 

at 0.34 V remained unchanged. A fairly linear relationship between CAT concentration 

(120 μM to 10 μM) and current response could be drawn (each data spot was averaged 

over 3 samples, with error of ~ ± 1.0 μA), LOD 10 μM CAT and the sensitivity of DPV 

detection was 0.28 μA/μM CAT (Figure 6.13).  

In the work by Tashkhourian et al. simultaneous detection of HQ and CAT were done 

using SWV with a LOD of 30 𝛍M CAT in 0.3 mM HQ. That means they were able to 

detect CAT that is 10 times more dilute than HQ. In this sense, our work was able to 
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increase that limit by 5 times using DPV, meaning we were able to detect CAT that is 50 

times more dilute than HQ.83 

Figure 6.13 Simultaneous detection of HQ and CAT using DPV (a), the 

concentration of HQ was 0.5 mM; and plot of current response for CAT oxidation 

peak against its concentration (b). 

6.4 Conclusion 

We explored how carboxylated graphene nanoflakes (cx-GNF) colloidal metal 

nanoparticles can facilitate the electrochemical sensing and improve the performance in 

this chapter, following the success of applications in catalysis of hydrogen generation 

reactions.  

There are many ways to detect small molecules and ions, but electrochemical sensing 

using metal nanoparticle modified electrodes has the advantage of fast, simple assembly, 

and high accuracy. As (III), 4-nonylphenol (4-NP), d-glucose (glucose), and 

hydroquinone (HQ) were chosen to be the analytes of electrochemical sensing. As (III) 

and 4-NP are common contaminants of environment, and they can be harmful for human 

beings and animals once consumed. The concentration of glucose in blood, or blood sugar 

level, is an important indicator for diagnosing and monitoring diabetics. HQ is a common 
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additive of cosmetics and can also be found in water as pollutant, however, in real-world 

detection, is often mixed with catechol (CAT), which is structurally similar to that of HQ. 

Therefore, the sensitive and quantitative detection with low limit of detection (LOF) of 

these four molecules are very meaningful. 

AuGNF was synthesized through the 1 step in-situ reduction we proposed in chapter 5 

and the resulting colloidal solutions were drop-coated onto BDD electrodes for 

experiments. We confirmed the formation of AuGNF nanoparticles through UV-Vis and 

observed a redshift in plasmonic peaks compared with unstabilized ones, which is 

consistent with what we have seen in chapter 5. This peak is a result of non-covalent 

electrostatic interaction between Au and the graphenic surface of cx-GNF. TEM was used 

directly to determine the size and distribution of AuGNF, since SEM was hard to view 

nanoparticles with size smaller than 10 nm clearly as an experience from chapter 5. As a 

result, nanoparticles with size of sub 5 nm were obtained with even size distributions.  

XPS was used to determine the surface composition AuGNF, and a higher amount of 

surface Au compared to unstabilized AuNPs again confirmed that cx-GNF successfully 

prevented aggregation. The Au peak fitting of AuGNF illustrated a high purity of Au in 

AuGNF, meaning the reduction was complete. Moreover, the carbon 1s peak of AuGNF 

also exhibited a subtle peak indicating the formation of metal-πbond at the position 

between graphenic carbon and carboxylates carbon, which is coherent with our results in 

chapter 5. 

We confirmed that cx-GNF can boost the sensing performance by comparing the sensing 

abilities of AuGNF, unstabilized AuNPs, and electrodeposited AuNPs, and enhanced 
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current responses were observed for detections of all molecules mentioned above. 

Moreover, the influence of pH in 4-NP detection was especially explored, and neutral pH 

is the optimal condition since the molecules were not ionized and the adsorption of 4-NP 

was favoured for electrodes. For neutral and basic electrolytes, AuGNF was further 

stabilized by forming an insoluble salt with Ni2+, using the scheme in chapter 5. 

Throughout the experiments, CV was used as the primary detection method, and SWV 

and DPV were used for detection at lower analyte concentrations, if needed. The linear 

relationships between analytes concentrations and current responses were drawn, and the 

LOD and sensitivity of them were compared with previous work, confirming we were 

able to get similar or better results with minimum effort during synthesis and 

characterization. For As (III) detection, the LOD was 10 μM using CV, and 0.1 nM 

using SWV; for 4-NP, the LOD was 0.3 μM using CV; for glucose, the LOD was 0.3 mM, 

covering the meaningful range for physiological application; for HQ, the LOD was 2 μM 

using CV, and 0.5 nM using DPV; simultaneous detection of HQ and CAT was also 

successful, with LOD of CAT 50 times more dilute than HQ. 
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Chapter 7 Synthesis of Pd-Containing Bi-

metal and Tri-metal Nanoalloys, and 

Applications in Various Fuel Cell Reactions 

7.1. Introduction 

Palladium metal was firstly discovered by British chemist William Hyde Wollaston1 and 

has been used in many different fields including capacitors2, sensors3, dentistry4, 

photography5, and biomedical applications such as bacterial growth prohibitor and 

cytotoxic treatments towards human cancer cells.6-8 But until today, the majority of Pd 

was used in heterogeneous catalysis. Palladium complexes like Lindlar’s Palladium speed 

up selective hydrogenation, dehydrogenation, carbon-carbon bonding reactions including 

Heck reaction, Suzuki coupling, and the Wacker process.9-15. To maximize the effect of 

using Pd in catalysis, structural modifications become extremely crucial and PdNPs with 

advanced structures are extensively studied in many recent research areas. In the Heck 

reaction, a single PdNP can leach out from a nanocluster and form a defective surface, 

inducing further reactions to happen at a higher reaction speed. 16-18  

Supported PdNPs are also found in use for various electrocatalysis reactions including 

dissociative electron transfer (DET), selective oxidation and reduction. In recent years, 

PdNP-based catalysts have been gaining interest in fuel cell reactions, due to their higher 

resistance towards CO toxicity compared to Pt-based catalysts, which is thought to be the 

most ideal fuel cell catalyst.19 PdNP catalysts are often found also in various fuel cell 

reactions, including the hydrogen evolution reaction, oxygen reduction reaction and 
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formic acid oxidation, as substitutes for Pt and exhibit comparable catalytic reactivities.20-

25 However, to realize the wide applications of Pd-based nanocatalysts in fuel cell 

reactions, modifications of composition and structure are vital to optimize the catalytic 

reactivity, reduce the amount of Pd used, and stabilize the nanostructure.  

By alloying with other noble metals such as Pt, Ru and Au25-26, and cheaper 3d metals 

such as Ni, Fe, Co, Cr and Cu, the catalytic abilities are promoted by the synergetic effect 

which modifies the electronic properties compared to Pd monomers.27-30 In addition to 

these bi-metal nanoalloys, many tri-metal alloy systems were studied, including PdAuCo, 

PdCoMo, Pd2NiAg and PdAuCu nanoalloys.31-34 However, in most of these studies, these 

stable nanoalloys are formed through reduction at high temperatures between 500-900℃. 

Therefore, it is still crucial to formulate a practical and simple method to synthesis 

stablised Pd-containing tri-metal alloys ready for fuel cell applications under milder 

conditions, which to the best of our knowledge, is still waiting to be addressed. 

To stabilize the structure of Pd and Pd-containing nanospecies, polymer stabilizers such 

as polyvinylpyrrolidone (PVP) are often used. PVP stabilizes PdNPs as a weak reducing 

reagent and prohibits the aggregation to nearby nanoparticles via steric effects.35-36 

Structurally, its stabilizing effect is attributed to the way it attaches to nanoparticles, 

which is similar to another polymer that we have introduced in chapter 5, Nafion. Their 

molecular formula both have a hydrophilic part that can attach to the nanoparticle and a 

hydrophobic bulky tail that extends to solvents, causing repulsive forces and hindering 

the adhesion between nearby nanoparticles via steric effects.36 A more significant 

contribution of PVP in nanoparticle synthesis is to effectively control the shape of 
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nanoparticles because it prefers specific facets when attached to nanoparticles due to non-

covalent attraction and facilitates binding between oxygen atoms at its tip and 

nanoparticles.36-38 This will allow the growth of nanoparticles only along certain 

directions and forms distinct shapes of nanostructures.36,39 Moreover, the molar ratio of 

metal nanoparticles and molecular weights (chain lengths) of PVP can also be altered to 

obtain different nanostructures.36,40-43 These stabilizing and shaping effects were found 

meaningful in synthesis and catalytic applications of Pd nanoparticles, and exhibited 

extraordinary reactivities compared to the unstablised nanoparticles.44 However, the high 

coverage of non-conductive PVP at the surface reduces active spots of nanoparticles when 

some surface sensitive experiments were done.45 Therefore carbon or carbon-containing 

structures such as graphene nanotubes with high conductivity might be the better 

choice.7,37-38 In this chapter, we compared the effectiveness of stabilizing colloidal Pd 

nanoparticles between PVP and cx-GNF in a straightforward, one-step reduction in 

aqueous phase. 

 

Figure 7.1 Structure of polyvinylpyrrolidone (PVP). The hydrophilic portion is the 

polar amide group within the pyrrolidone ring, and the non-polar hydrophobic 

group is the methine groups. 

In the previous chapters, we examined the catalytic performance of various nanospecies 
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using the HER. As for this chapter, we would like to apply the Pd-containing nano-

catalysts into two other important reactions: Oxygen Reduction Reaction (ORR) and 

Ethanol Oxidation Reaction (EOR). Both of them are relevant for real-world applications 

of fuel cells, such as fuel cell vehicles.  

Oxygen is the most abundant element in the Earth crust, and ORR is one of the most 

crucial reactions in life including biological respiration. In fuel cells, ORR happens at 

cathodes, involves breaking of O=O bonds, and forms water (and H2O2 in one reaction 

pathway).46 On the other hand, ethanol fuels are believed to have many advantages 

compared to hydrogen, including easier storage and transportation, high specific energy 

and wide availability and the Direct Ethanol Fuel Cell (DEFC) is one of the most 

promising electric power sources. The whole reaction involves breaking of the C-C bond, 

and ethanol being oxidized to produce CO2.
47 Pt and Pd are common catalysts for EOR 

in ADEFC (alkaline direct ethanol fuel cell) and in basic media, the kinetics of both 

anodic oxidation reactions and catholic reduction reactions were more favoured.48 To 

reduce cost and enhance reactivity, other transition metals such as Ru, Sn, Pb, Au, Ag, 

Cu, and Bi are used as alloys, deposits or ad-atoms.47 Detailed mechanisms of these two 

reactions and highlights of Pd nanoparticle/Pd containing nanoalloys as catalysts will be 

discussed extensively in later sections.  

 

7.2. Aim of this Chapter 

In chapter 3, we noted that bulk Pd metal and Pd containing nanoalloys are widely used 

in the hydrogen production industry, and in this chapter, we investigate the different 

techniques for synthesizing Pd-containing nanospecies as heterogeneous catalysts 
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including both electrodeposition and a wet chemistry method. The galvanic replacement 

reaction between Cu and Pd is also introduced to minimize the usage of precious metal. 

We examine the stabilizing effect of cx-GNF versus PVP for colloidal Pd nanoparticles 

and form stable PdAuCu tri-metal colloidal nanoalloys. A comprehensive surface 

analysis of these species was done by XPS. As for the applications, since we have studied 

the HER system in Chapter 3, 4 and 5, we would like to study other important fuel cell 

reactions as well. Herein we chose ORR and EOR, together with the HER to examine the 

performance of Pd-containing nanoalloys. For each reaction system, the electrodeposited 

groups were compared with the colloidal group. Within each group, Pd-containing 

nanoalloys were compared with AuCu nanoalloy and Pd nanoparticles. The best 

candidate was determined, and the most economic option was also proposed. 

 

7.3. Results and Discussion 

7.3.1. Synthesis of Pd-containing Nanospecies 

7.3.1.1. Electrodeposition and Galvanic Replacement Reaction 

Au nanoparticles were electrodeposited on the surface of BDDEs via a two-step scheme 

that we introduced in chapter 3 and 4. Afterwards, Cu nanoparticles were plated via a 

single-step scheme. The source of Au and Cu used for electrodeposition was 1 mM 

HAuCl4, and 2 mM CuSO4, respectively. The supporting electrolyte for electrodeposition 

was 0.1 M H2SO4. Au nanoparticles were plated as core through a 2-step scheme: -0.7 V 

for 2 s; 0 V for 150 s; Cu nanoparticles were plated on top of Au nanoparticles by holding 
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the potential at -0.55 V for 150 s. Using a two-step scheme ensured the formation of Au 

nanoparticles with diameter 100~200 nm with high dispersity.  

The Pd solution used for galvanic replacement reaction was 2 mM PdCl2 in 0.1 M HCl. 

AuCu-BDDE was immersed directly into Pd solution at room temperature for 30 min, 

rinsed and dried for further analysis. The standard oxidation/reduction potential for these 

two metals are: 

Pd2+ + 2𝑒− = Pd       𝐸° = +0.987V 

Cu =  Cu2+ + 2𝑒−      𝐸° = +0.339V 

The reduction potential of the Pd ion is much higher than the oxidation potential of Cu, 

this difference became the driving force of the following reaction to happen easily at room 

temperature:49 

Pd2+ +  Cu =  Cu2+ +  Pd     

When BDDE plated with AuCu nanoalloy is immersed into the solution of PdCl2, the 

Galvanic Replacement Reaction (GRR) happened spontaneously, and occur particularly 

faster at sites with higher surface energy, namely, defects. 50 Therefore, the expected 

nanostructure of AuCu with high dispersity (similar to what we saw in chapter 4, the 

sAgAuNA case) can facilitate the GRR process. The oxidized Cu atoms dissolved into 

the solution, generating a small hole on the surface of the nanostructure. As predicted by 

Marcus Theory, electrons rapidly migrate to the surface of the nanoparticles and bond by 

surrounding Pd ions to generate Pd atoms. The Au core will not react with Pd in the 

solvent at room temperature since it has higher oxidation potential (1.69 V).49 

As a result, the structure of the catalysts made through GRR is more porous and tend to 
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preserve higher catalytic activities. The size of Cu and Pd atoms are different, and the 

modified electronic structures varied when bonded with Cu. This size difference resulted 

in incompletes coverage of Pd on top of Au, making the structure more porous with many 

defect. 50-51The condition of replacement can be viewed using XPS, by comparing the 

percentage of surface Cu and Pd, but we expect a full replacement of Pd because a Pd 

monomer shell is thermodynamically more stable than segregation of Pd and Cu. 

7.3.1.2. Wet-chemistry Method 

Colloidal nanospecies were synthesized via the same techniques as previous chapters: a 

single-step reduction by NaBH4 in icebath. The metal solutions: 2 mM PdCl2 (in 0.1 M 

HCl), 1 mM HAuCl4, and 2 mM CuSO4 were mixed with cx-GNF water solution (0.5 

mg/mL) before being reduced. The volume ratio of metal solution: cx-GNF solution was 

1:1, and the concentration of NaBH4 was 5 mM. Metal + GNF solution was added 

dropwise into chilled NaBH4 solution and wrapped with aluminum foil for storage. 

Unstabilised PdNPs were also made for control experiments swapping cx-GNF for same 

volume of pure water. 

In chapter 5, we showed the advantage of using cx-GNF as a stabilizer for colloidal 

nanoparticles in electrocatalysis by comparing it with a widely used stabilizer sodium 

citrate. In this chapter, similar control studies were done, and we compared cx-GNF with 

PVP for their stabilizing abilities.  

PVP of molar weight 55000 g/mol was used and the concentration was 100 mmol in 

methanol. PVP stabilized nanoparticles were synthesized in an ice bath, with stirring. 

NaBH4 solution with same concentration was used, injected slowly into the mixture of 
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Pd2+ and PVP using a pipette. The molar ratio of Pd: PVP was 1:50. After the addition of 

reducing agent, the system was left with stirring in an ice bath for 1 hour. 

We examined the stability of PdPVP and PdGNF with UV-Vis spectra. Pd2+ aqueous 

solutions are yellow, meaning they have a peak at wavelength about 400-420 nm. When 

homogeneous Pd nanoparticles are formed, that peak will disappear and the UV-Vis 

spectrum for Pd nanoparticles has no peak in range of visible light (300-800 nm), thus 

colloidal Pd nanoparticle solutions will appear black.52 However, that was not the case 

for PdPVP. The solution turned brownish as reducing agent was slowly added, and the 

colour faded away with stirring and time. In the end, the solution was light yellow. The 

UV-Vis spectrum of PdPVP showed that not all Pd2+ ions were reduced. In fact, when we 

compared it with the spectrum of Pd2+ ions, we concluded that only 2/3 of the species 

were reduced (Figure 7.2a).  

We attempted to make fully reduced PdPVP using two approaches:  

1. We observed colour change from yellow to blackish as reducing agent was added 

and the colour faded away with vigorous stirring. Therefore, we synthesized 

PdPVP without stirring, only gently swirled the volumetric flask to mix the 

reagents.  

2. Since the UV-Vis spectrum showed an incomplete reduction, we attempted to 

add more reducing agent: 3 times the concentration of NaBH4 compared to the 

previous experiment.  

The corresponding UV-Vis spectra showed that, when the reaction was performed 

without stirring, Pd nanoparticles were fully reduced (Figure 7.2a). This suggested, 
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surprisingly, that stirring dissolved oxygen from the air into the solution, and the solution 

became resistant to full reduction. There are studies that illustrated how stirring time and 

speed can affect the size, shape, morphology and composition of resulting nanoparticles 

during synthesis.53-54After repeating the experiments, we conclude that gentle swirling 

during a shorter synthesis time might be better for this particular reaction. Tripling the 

concentration of reducing reagent did not completely reduce Pd2+, since there was still a 

small peak at around 420 nm indicating the presence of Pd2+ ions. Although we seemed 

to have optimized the approach for synthesizing PdPVP, the colloidal solutions were not 

stable enough. Visible aggregation happened after one day, and the solutions were no 

longer suitable for electrochemical analysis (Figure 7.2b). 

On the other hand, when we looked at the UV-Vis spectra of cx-GNF stabilized Pd 

nanoparticles, we saw a convincing full reduction and excellent stability over 14 days 

since the peak around 400 nm completely disappeared (Figure 7.2a). In addition to the 

stability, milder synthesis conditions and mechanism, cx-GNF preserves high solubility 

in water and superior conductivity are some advantages that PVP does not have, and these 

are very important for the modification, electroanalysis, and cleaning of BDDEs. 

Therefore, for further study, we used PdGNF as the studied system and used cx-GNF to 

stabilize all other nanospecies.  
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Figure 7.2 UV-Vis spectra of Pd-containing species (a); aggregated unstabilised Pd 

(b-left), and Pd-PVP (b-right) 1 day after synthesis. 

7.3.2. Surface Analysis using SEM and XPS 

7.3.2.1 SEM Analysis 

Figure 7.3 HR-SEM of PdAu (Cu) nanoalloy made by electrodeposition + GRR (a); 

HR-SEM of PdAuCu colloidal nanoalloy stabilized by GNF (b).  

SEM was used to compare the relative particle size and dispersion that varied with 

synthesis method. From the high-resolution SEM, it was obvious that none of the samples 

showed heavy aggregation. The colloidal Pd-containing nanoalloys stabilized by GNF 

have smaller average size of sub 10 nm with more of a spherical shape, and the 

distribution was more even on the electrode. On the other hand, the Pd containing 

250nm 250nm a b 
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nanoalloy synthesized through electrodeposition followed by GRR have an average size 

of 150nm with irregular polyhedral shapes and tend to grow on the defects of BDDEs. 

This observation is consistent with that obtained in chapter 5, colloidal GNF stabilized 

nanospecies are able to maintain the mono-dispersity and regular shapes. 

7.3.2.2 XPS Analysis 

Table 7.1 Summary of XPS data on survey spectra. 

 

XPS was the most important surface analysis in this study. From XPS data, we were able 

to understand our systems better from three aspects. 

By comparing the absolute metal amount on electrodes, we can review the stabilizing 

ability of cx-GNF in preventing aggregation of nanospecies. When comparing sample 1 

Sample #  Cu% Au% Pd% Method 

1 ED Cu 0.73 / / 1-step 

electrodeposition 

2 ED AuCu 0.70 0.46 / Au core (2-step 

electrodeposition) + 

Cu shell (1-step 

electrodeposition); 

3 ED AuCuPd / 0.45 0.73 Sample 2 + GRR 

4 CuGNF 0.94 / / 1-step reduction using 

NaBH4;  

cx-GNF stablized 

Drop-coated onto 

BDDEs 

5 AuCuGNF 0.46 0.22 / 

6 AuCuPdGNF 0.28 0.43 2.75 

7 AuCuGNF-Pd / 0.36 0.73 Sample 5 + GRR 
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with sample 4, we saw a rise in Cu percentage, suggesting that the cx-GNF stabilised Cu 

nanoparticles with dispersity. Therefore, the percentage of surface Cu was higher in 

sample 4, even if the amount of metal loading was similar. The mechanism on cx-GNF 

stabilizing nanospecies was discussed comprehensively in chapter 5, and this experiment 

confirmed this.  

As mentioned in previous sections, we can observe the completeness of GRR by 

comparing the surface percentage of Cu and Pd in sample 2 and 3. For both 

electrodeposited and colloidal samples, GRR went to completion and all Cu atoms on 

samples 2, 5 were substituted by Pd in sample 3, 7. Moreover, if we compare sample 3 

and 7, the composition was very similar. This showed that GRR in this experiment was 

very reliable and was suitable for both electrodeposited and colloidal samples. The 

compositional similarity between sample 3 and 7 might indicate similar catalytical 

abilities, which will be discussed later in this chapter.  

For the colloidal tri-metal alloy system, we can get a rough understanding about the 

alloying pattern and compare it with that of the bi-metal alloy system. To keep the amount 

of metal loading similar between the two methods, in colloidal samples, the ratio of Cu: 

Au was 2:1. In sample 5, Cu: Au was 0.46:0.22. This ratio is very close to 2:1, which 

suggested that unlike sample 2, which was likely to be a core-shell structure designated 

by rigid deposition order, when Cu and Au was reduced together through a 1-step scheme, 

it tended to form a cluster alloy. However, when three metals were reduced together, a 

more complex situation was presented and more factors need to be considered. As we 

have discussed in chapter 4, there are 3 factors that decide the inner elemental 
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arrangement of alloys: atomic size, surface energy and metal-metal bond length.  

Cu and Au have about the same atomic radii, 135pm. Therefore, when we only had Cu 

and Au in our system, they will naturally tend to form a cluster alloy. However, Cu has 

larger surface energy Esurf (eV per site) of 0.46 eV than that of Au, which is 0.38 eV, 

making it more favorable to be the core. On the other hand, Cu-Cu bond length is 2.44 Å 

whereas Au-Au metal bond length is 2.48 Å, this also indicated that Cu is more likely to 

be the core, followed by Au, and Pd with a larger atomic radius (140 pm), surface energy, 

and longest metal-metal bond is going to be the surface element. This prediction is 

coherent with what we saw in sample 6.55-58 

7.3.3. Hydrogen Evolution Reaction  

The amount of charge transfer during electrodeposition of Au and Cu was calculated 

through chrono-voltammetry and 30 μL of colloidal species were drop-coated onto 

BDDEs were controlled to be roughly the same for the following analysis. The catalytic 

activities of nanospecies in the HER were monitored using LSV from 0 V to -2.0 V at 20 

mV/s performed in 0.5 M sulfuric acid. 

The basic principle of the hydrogen evolution reaction was thoroughly discussed in the 

previous chapters, therefore will not be repeated in this section. In this chapter, since we 

have two types of nanospecies (electrodeposited and colloidal), ranging from single 

nanoparticle, bi-metal nanoalloys, to tri-metal nanoalloys, the emphasis was to ensure a 

complete comparison amongst them.  

Figure 7.4, together with table 2 and 3 gave a comprehensive summary about the current 
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density of each species at designated potentials, with Figure 7.4 left and Table 7.2 (each 

data spot was averaged over 3 samples, with error of ~± 0.5 mA/cm2)for colloidal 

species, and Figure 7.4b and Table 7.3 (each data spot was averaged over 3 samples, with 

error of ~± 0.5 mA/cm2) for electrodeposited species. In Figure 7.4 right and Table 7.3, 

the best two samples from the colloidal group, PdAuCuGNF and Pd-AuCuGNF GRR 

were also included for direct comparison.  

 

Figure 7.4 Summary of current densities in the HER for colloidal nanospecies (left). 

Summary of current densities in the HER for ED nanospecies and colloidal 

nanospecies with best performance. (right). 

 

Table 7.2 Summary of Current densities in the HER for Colloidal Nanospcies 

 J (mA/cm2) at -0.8V J (mA/cm2) at -1.0V 

Cu 1.3 9.6 

CuGNF 2.7 12.8 

AuCu 4.7 13.8 

AuCuGNF 12.3 14.4 

Pd 12.8 14.6 

PdGNF 14.3 15.3 

PdAuCu 15.0 15.8 
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PdAuCuGNF 15.5 16.1 

Pd-AuCuGNF-

GRR 

14.7 15.6 

Table 7.3 Summary of current densities in the HER for ED nanospecies and colloidal 

nanospecies with best performances.. 

 J (mA/cm2) at -0.8V J (mA/cm2) at -1.0V 

Cu ED 2.8 12.0 

Au ED 4.7 13.8 

AuCu ED 10.4 14.9 

Pd-AuCu ED GRR 14.9 15.7 

Pd-AuCuGNF 

GRR 

14.7 15.6 

PdAuCuGNF 15.5 16.1 

For the colloidal group (Figure 7.2a and Table 7. 2), several notable findings were made.  

First, cx-GNF stablised samples exhibited better catalytic reactivities than unstablised 

ones; all samples stablised with cx-GNF were better than a single metal. The stablising 

effect came from the metal-to-carbon atom charge transfer and was discussed in detail in 

chapter 5. In this chapter, we saw the same effect for Pd-containing bi-metal and tri-metal 

nanoalloys. The better dispersity of metal nanospecies on the surface of cx-GNF were 

proven by the XPS analysis. This made more active sites for reactions available. 

Second, samples that containing Pd showed higher current responses under designated 

potentials. All Pd containing samples showed outstanding catalytic performance. In 

Figure 7.2a, there is a huge gap dividing Pd-containing and non-Pd containing samples. 

As shown in Figure 7.5, the volcano plot, Pd has a very similar adsorption energy 

compared to Pt. In acidic media, the first discharge step involves the coupling of a proton 
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with an electron at the catalyst’s surface, forming an adsorbed hydrogen atom. Therefore, 

the low Gibb’s free energy barrier and exchange current density of Pd made it a perfect 

catalyst for the HER.  

Pd has an empty 5s orbital and readily accepts electrons from other donors, which 

explains its high affinity to adsorption of hydrogen atoms. After hydrogen atoms are 

adsorbed onto the surface of Pd, they occupy the octahedral voids within the Pd lattice, 

forming stable PdHx compounds. 

 

Figure 7.5 Volcano plot of exchange current density (j0) as a function of the DFT-

calculated Gibb’s free energy (ΔGH*) of the adsorbed atomic hydrogen on a pure 

metal (adapted from7). 

As expected, alloyed samples had better performance in the HER catalysis. When Pd is 

alloyed with Au, the synergistic effects made the catalytic performance enhanced, 

compared with Pd nanoparticles alone. Specifically, in this reaction, the key factor that 

changed when Pd is alloyed with Au is the solubility of H at the surface. Namba et al. 
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have done DFT calculations regarding the significant acceleration of hydrogen adsorption 

with addition of Au. They found that the enhancement is explained by the destabilization 

of the chemisorbed surface hydrogen attributed to the change of surface electronic states, 

therefore reducing the penetration barrier of hydrogen kinetically. 59 

In the trimetallic nanoalloy sample, the synergistic effects were magnified. The types of 

heterogenous interfaces were increased compared to bimetallic nanoalloys, therefore, 

more changes in surface electronic states and defects at interfaces were presented, and 

thus made the structure more porous and promoted the reactivity of active sites even more. 

In real applications, the ratio of metals and advanced architectures are also essential 

factors to consider when optimising the solution for a multi-metal nano-catalyst.  

Overall, the performance of nanoalloys was consistent with predictions from XPS results. 

Two PdAu nanoalloy samples prepared via galvanic replacement had similar surface 

composition and showed quite similar reactivity in the HER catalysis. The PdAuCu tri-

metal alloy sample, with the highest percentage of surface Pd, showed highest current 

responses at designated potentials.  

7.3.4. Oxygen Reduction Reaction 

The catalytic activities of nanospecies in ORR were monitored using LSV from 1.0 V to 

-0.2 V at 20 mV/s performed in 0.5 M sulfuric acid purged with oxygen for 2 hours before 

analysis. 

In acidic aqueous solution, ORR reactions undergo two different processes, involving 

either a four-electron transfer, producing water, or a two-electron transfer, producing 
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H2O2. The unstable peroxide gets further reduced to water through a two-electron transfer 

scheme: 

O2 + 4H
+ + 4𝑒− → 2H2O;  𝐸° = +1.229V       (31) 

O2 + 2H
+ + 2𝑒− → 2H2O2; 𝐸° = +0.670V      (32 

H2O2 + 2H
+ + 2𝑒− → 2H2O; 𝐸° = +1.770V       (33) 

The four-electron transfer scheme is preferred due to high efficiency.  

Amongst common fuel cell reactions, ORR is probably the slowest reaction because ofthe 

high activation energy barrier due to the high bond energy of the oxygen molecule and 

the positive entropy change caused by dissociation of oxygen gas molecules. Hence, at 

room temperature, an electrocatalyst is used for this reaction, directly decrease the 

activation energy barrier by lowering the cathode potential. 

The catalyzed four-electron pathway ORR on a catalytic surface takes place in following 

sequence: 

O2(g) → O2
∗         (34) 

1

2
O2
∗ → O∗         (35) 

O∗ + H+(aq) + 𝑒− → HO∗         (36) 

HO∗ + H+(aq) + 𝑒− → H2O
∗         (37) 

* means active spots on catalytic surface. Herein the four steps are oxygen adsorption, 

oxygen dissociation, OH formation and water formation, respectively. For the two-

electron transfer scheme, after the oxygen molecule gets adsorbed onto catalytic sites, 

formation of OOH and H2O2 takes place as: 

O2
∗+ H+(aq) + 𝑒− → HOO∗         (38) 
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HOO∗+ H+(aq) + 𝑒− → H2O2         (39) 

The unstable HOO∗can dissociate by itself as: 

HOO∗ → O∗ + HO∗         (40) 

When metal nanoparticles are used for catalysis, it is essential to determine which step 

above is the rate determining step. According to Nørskov et.al., for most of the nanometal 

surfaces, the adsorbed oxygen molecule O2
∗ and hydroxyl intermediate HO∗ are quite 

stable at the equilibrium potential. They found that the calculated rate constant for the 

activated proton/electron transfer to these two intermediates is quantitatively related for 

the observed kinetics, leaving the rate determining step to be either the splitting of oxygen 

molecule at the catalytic surface (35), or formation of water (37). In other words, the 

binding energies towards oxygen molecules and hydroxyl intermediates are crucial 

factors in oxygen reduction activities for metal nanoparticles. 

Using theoretical DFT calculation, Nørskov et-al formed two volcanic diagrams on the 

oxygen reduction activity as a function of oxygen binding energy and hydroxyl binding 

energy, respectively (Figure 7.6). Similar to the case in the HER, Pt has the highest 

activity in catalyzing ORR, followed by Pd. 60 
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Figure 7.6 Trends in oxygen reduction activity plotted as a function of the oxygen 

binding energy and OH binding energy (adapted from 60) 

 

Figure 7.7 Summary of current densities in the HER for various nanospecies. 

Back to our study, the catalytic effects of Cu and AuCu (electrodeposited ones) were not 

ideal, and the current density was quite low, therefore the comparisons with colloidal 

Cu/Au containing species were not repeated. This can be rationalized by the Sabatier 

Principle, the interactions between the catalyst and the substrate should not be too strong 

or too weak. When the interaction is too weak, the bonding is difficult to happen, but 

when the interaction is too strong, it will slow the desorption process of the intermediates 

from the catalytic surface, and the active spots will no longer be active anymore, 

hindering any further reaction. The volcano plot illustrates this principle very well. Cu 

has a negative binding energy, meaning the binding between Cu and O/OH intermediates 

are very strong, thus increasing the desorption barrier, such that the rate is limited by the 

desorption of intermediates. Au has a positive binding energy, meaning the interaction 

between Au and O/OH intermediates is weak, and the reaction is limited by the adsorption 

of the reactant. Therefore, neither Cu nor AuCu alloy showed outstanding catalytic 
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performance. 

All Pd-containing alloys (colloidal and electrodeposited) showed enhanced current 

density compared to PdGNF monomer. The enhancement in ORR catalysis of PdAu 

nanoalloys has been studied by Xing et al, and they found that the observed ORR 

activities may be attributed to the surface strain and the shift of the d-band center. The 

interplay of both compressive and tensile lateral strain and radial contraction 

(compressive strain) can lead to the improvement of ORR catalysis. This explains our 

observations that PdAu nanoalloys prepared via GRR exhibited better catalytic 

performances.  

The tri-metal nanoalloy had the best catalytic reactivity, because there was larger amount 

of metal on the electrode surface. However, another fact that need to be highlighted is 

that Pd was on top of the core-shell tri-metal nanoalloy structure. Stamenkovic et al have 

shown when a layer of Pt is deposited on top of other 3d metals or alloys, the activity in 

ORR reaction will increase. This can be used to explain the beneficial effect in catalysis 

of Pd at the top layer of our PdAuCuGNF nanoalloy. 

7.3.5. Ethanol Oxidation Reaction 

The catalytic activities of nanospecies in the EOR were monitored using 

cyclovotammetry from -1.0 V to 0.25 V at 50 mV/s performed in 1.0 M KOH + 1.0 M 

ethanol. 

It is generally accepted that the EOR takes place via two parallel pathways in alkaline 

media. In the C2 pathway, the C-C bond in ethanol is not broken, but oxidized to 
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acetaldehyde, and then to acetate. According to Lai et al, in alkaline media, the 

deprotonated form of hydrated acetaldehyde (CH3CHOHO-) is the active species for the 

final of the whole reaction: acetaldehyde oxidation. In the C1 pathway, the C-C bond is 

broken, producing CO and CHx as unstable intermediates, which are further oxidized to 

carbonate in alkaline media. Lai et al also stated that at lower temperature, the CH3CH2O
- 

intermediate in C2 pathway can break down to acetate and carbonyl, changing the 

reaction towards the C1 pathway. The overall reaction scheme is shown below:  

Scheme 7.1 EOR reaction scheme in alkaline media, reproduced from 47 

When EOR is catalyzed by Pd nanoparticle, particularly, Liang et al. concluded that a C2 

pathway is followed: 

Pd − (CH3CO)ads + Pd − OHads
r.d.s
→  Pd − (CH3COOH)ads + Pd 

Pd − (CH3COOH)ads + OH
−
fast
→ Pd + CH3COO

− + H2O 

Since the first step is the rate determining step, the high affinity of Pd will increase the 

concentration of Pd − OHads absorbates on the catalytic surface and drive the reaction 

more towards the right. An insufficient coverage of hydroxy intermediate will lead to a 

decrease in the peak current, therefore Pd (and Pt) are the best candidates for metal 

nanoparticle catalysts.47 
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When Au (and Cu) are alloyed with Pd, more porous active sites are created, thus opening 

more channel for adsorption and desorption of the reactants, intermediates, and products, 

meaning the mass transfer is promoted. Also, Au (and Cu) can also form Au(or Cu) −

OHads intermediate, which can also react with other intermediate fragments of ethanol. 

On the other hand, Lv et al. pointed that PdAu (Cu) alloy showed the synergistic effect 

by modifying the electron energy states of Pd. This modification is especially meaningful 

in the EOR catalysis as it will weaken the adsorption interactions between carbonaceous 

intermediates and Pd atoms.61 

 

 

Figure 7.8 Forward oxidation peak of EOR for various nanospecies (left), and 3 

cycles of entire CV of PdAuCuGNF catalyzed EOR (right).  

We focused our study on the catalytic reactivities of Pd-containing nanoalloys: 

PdAuCuGNF tri-metal nanoalloy, PdAu nanoalloys synthesized through 

electrodeposition and GRR, and colloidal PdAuGNF synthesized via GRR. The 

supporting electrolyte used was 1 M KOH and the analyte was 1 M ethanol. Figure 7.8 

left showed the forward scan of the whole CV across different species, which records the 

oxidation of ethanol. Ethanol oxidation for all catalysts began at about -0.5 V, while an 
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oxidation peak appeared around -0.2 V. at a larger potential, the ethanol oxidation current 

response rapidly dropped due to the formation of Pd oxide, making the catalytic surface 

no longer available for our target reaction. The fast adsorption of OH- to the catalytic 

surface will facilitate the formation of a sharp and high current density peak, thus is 

expected for the most optimal catalyst. 62 

PdAuCuGNF should, in principle, exhibit the highest current response with lower onset 

potential, however, due to the solvation and instability of cx-GNF in alkaline solutions, 

it showed the highest onset potential, the highest peak potential, and lowest peak current 

response. All these indicated that PdAuCuGNF needed further stabilization to make it 

suitable for EOR under basic conditions. Ni2+ stabilization is a technique we discussed in 

chapter 5. It utilizes the strong affinity of the carboxylate ends of cx-GNF towards Ni2+ 

ions, resulting an insoluble precipitation. And since the metal nanoalloy is fully reduced 

on the graphene planes of cx-GNFs, this modification will not affect the nanoalloy 

catalyst. With Ni2+ modification, PdAuCuGNF-Ni exhibited the highest current response, 

plus the most negative onset potential and peak potential, making it the most optimal 

catalyst of them all, meaning better ethanol kinetics at lower potentials. 

PdAu nanoalloy synthesized via electrodeposition + GRR showed comparably 

outstanding catalytic performances since the current response was not much smaller 

compared to PdAuCuGNF-Ni, but the onset potential and peak potential were shifted to 

the right by about 0.05 V. In our studies of the HER and ORR, the data for colloidal 

PdAuGNF-GRR nanoalloy were almost identical with those from the electrodeposition + 

GRR PdAu nanoalloy due to the similar surface composition. However, in this study, the 
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current response for PdAuGNF-GRR was only about half of the other GRR sample. The 

experiment was repeated many times, and this result was confirmed. To make the cx-

GNF in this sample stable, Ni2+ modification was also used. The sequence was: 

AuCuGNF – Ni2+ modification – Pd GRR. We wondered if the sequence of the latter two 

would affect the result. We changed the order and figured out the sequence of Ni2+ 

modification and GRR was not the problem. There are two possible explanations: 1. The 

electrode was immersed into solutions twice, and some catalysts that were not 

immobilized from the first round of immersion got rinsed off during the second 

immersion (but in principle, once the species is drop-coated and dried, it should be 

immobilized). 2. The solvent for Pd2+ used was HCl, although cx-GNF has an affinity 

towards Ni2+, there is chance that HCl competes with cx-GNF for Ni2+ and strips off the 

Ni2+ ions from cx-GNF, making it less stable as we predicted. 

Table 7.4 Catalytic ability of Pd-containing nanoalloys concluded from forward scan 

of EOR 

Nanoalloy On-set Potential (V) Peak 

Potential 

(V) 

Specific 

Activity at 

Peak 

(A/m2) 

PdAuCuGNF -0.49 -0.22 0.80 

PdAuCuGNF-Ni -0.53 -0.24 2.60 

PdAu(Cu) (ED GRR) -0.51 -0.21 2.37 

PdAu(Cu) GNF (GRR) -0.50 -0.19 1.06 

The catalytic ability of Pd-containing nanoalloys were summaried in Table 7.4 (each data 



Chapter 7 

210 

 

spot was averaged over 3 samples, and specific activity at peak for samples has an error 

of ~±0.15A/m2, except for PdAuCuGNF) and this observation leads to the conclusion of 

the most optimal electrocatalyst for EOR in our study. PdAuCuGNF was the most optimal 

catalyst, since it has the lowest onset potential, peak potential, and the highest specific 

activity at peak. But the amount of Pd used during its synthesis is the largest, and another 

round of stabilization with Ni2+ is essential. PdAuED-GRR has less Pd at the catalytic 

surface yet has high current response. More importantly it is not restricted by pH, so it 

does not need further stabilization, and thus any unpredicted fluctuations in results can be 

avoided. 

Figure 7.8 right shows 3 cycles of entire CV during EOR for PdAuCuGNF tri-metal 

nanoalloy as an example of an  alloys’ full cycle pattern. There are two peaks, Peak I is 

the oxidation peak which we have discussed and compared with other systems, and Peak 

II is the reduction peak of PdO recycling to its active form and become ready to react with 

fresh ethanol. The peaks for three cycles were represented with red, blue, and green dots, 

respectively. The height of Peak I and Peak II are comparable, meaning the recycling of 

Pd-containing catalysts are nearly complete. Moreover, the heights have not decreased 

significantly across three cycles, meaning the catalysts have superior stability. On the 

other hand, however, the peak potential for three cycles shifted towards the negative side, 

meaning the reaction is more favoured and easier as Pd is recycled and re-activated. 

7.3.6. Stability Tests 

The stabilities of colloidal nanospecies under natural aggregation was examined by 
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leaving colloidal solutions for 10 days at room temperature and the being drop-coated 

onto electrodes before analysis. The stability of different Ag modified species was done 

by comparing the percentage of Ag species on the BDDE after 2-hour chrono 

voltammetry at a constant potential of 0.5 V. the HER was used as an example reaction 

to value the stabilities (Figure 7.9). 

 
Figure 7.9 Stability of colloidal nanoparticles, examined via the HER and compared 

with the results of fresh-made ones. 

Although the synthesis of cx-GNF stabilized nanoparticles seemed to be easier than 

electrodeposition, involving only a one-step reduction, its stability in real applications is 

much more important. Lack of stability means lack of reproductivity of the results, and if 

fresh colloidal nanoparticles have to be made for every trial, the waste of chemicals will 

be problematic. Herein, we report the stability of bi-metal colloidal nanoalloys, of 

PdAuGNF made from direct reduction and galvanic replacement reaction.  

Compared with the freshly made samples, the natural aggregation over 10 days did not 

cause a significant reduction in current density. After the electrodes decorated with 

nanoparticles were kept at 0.5 V for 2-hour chrono test, the curves shifted more to the left 
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than in the natural aggregation case. The overall ranking of current densities at -0.75 V 

is:Pd-AuCuGNF(GRR) 2 h chrono < PdAuGNF 2 h chrono < Pd-AuCuGNF (GRR) 10d 

< PdAuGNF 10d < Pd-AuCuGNF (GRR) < PdAuGNF 

However overall, we did not observe a significant loss in current density, and can thus 

conclude, that the colloidal nanoparticles stabilized with cx-GNF showed promising 

stability in electrocatalysis. 

 

7.4 Conclusion 

Previously we investigated economic alternatives to Pd and Pt metal as catalysts for the 

hydrogen production, and how different synthesis techniques can improve the efficiency. 

In this chapter we synthesized Pd nanoparticles and Pd-containing nanoalloys- PdAu and 

PdAuCu via electrodeposition followed by the galvanic replacement reaction (GRR) and 

single-step reduction in aqueous phase using NaBH4 as reducing reagent. All of the 

modified BDDEs showed superior catalytic reactivities in various important fuel cell 

reactions. 

For electrodeposition, Au(core)Cu(shell) nanoalloys were plated on BDDEs and Cu was 

then substituted by Pd through GRR, resulting a PdAu decorated electrode surface. On 

the other hand, colloidal Pd nanoparticles stabilized by cx-GNF were synthesized and a 

common polymer capping agent PVP was used as control experiment for observing 

stabilizing outcomes. Aqueous Pd (II) salt was yellow and showed a peak around 400 nm 

in an UV-Vis spectrum. However, that peak disappeared when Pd was reduced to Pd (0). 

Pd-PVP was not able to prevent the aggregation and drive full conversion of Pd 
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nanoparticles and the solution turned back to yellow after one day, with precipitation of 

bulk Pd metal. PdGNF on the other hand showed extraordinary stability. Afterwards, 

PdAuGNF and PdAuCuGNF were also synthesized. Colloidal Pd containing species 

exhibited excellent conductivity and stability against both natural aggregation and 

chrono-voltammetry. 

SEM analysis was done to compare the size and dispersity of nanoparticles synthesized 

through different techniques. None of the particles synthesized showed aggregation, but 

the colloidal ones have better dispersion all over the electrode surface, while 

electrodeposited ones gathered at edges and defects. Electrodeposited Pd containing 

nanoalloy has an average diameter of 150 nm, which is 10 times of that of colloidal 

PdAuCu nanoalloy. The surface composition and alloying pattern was investigated 

further by XPS. For the sample prepared by electrodeposition + GRR, Complete 

replacement of Cu by Pd was confirmed. For colloidal nanoparticles, XPS showed the 

structure of the tri-metal alloy was appeared to be an overall core-shell model with Pd at 

the surface, Au lying in the middle layer and Cu being the core.  

The reactivity and stability of those species were examined via the HER. Apart from the 

HER, which has been extensively investigated in previous chapters, the catalysis of other 

two fuel cell reactions: oxygen reduction reaction (ORR) and ethanol oxidation reaction 

(EOR) using Pd-containing nanospecies were also studied. Alkaline media was used 

particularly for EOR, and colloidal species were further modified with Ni2+ ions as 

mentioned in chapter 5.  

Amongst these reactions, Pd-containing nanospecies showed better catalytic reactivity 
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than all other nanospecies in previous chapters since Pd preserves higher reaction activity 

in both hydrogen, oxygen and OH binding processes. Alloys exhibited higher current 

density and peak current response than Pd monomers due to the synergetic effect that 

modified the surface morphology and electronic structure of nanospecies. Colloidal 

PdAuCu tri-metal nanoalloy showed the most optimal result in every reaction, indicated 

by the highest current responses. On the other hand, PdAu nanoalloys synthesized through 

GRR showed competitive catalytic abilities. Considering the amount of Pd used in GRR 

process was a lot less than that of 1-step reduction, the compelling performance of these 

Pd nanoalloys suggested a more economic option.  
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Chapter 8 Conclusion and Future Prospects 

8.1 Conclusion 

The entire thesis examined how BDDE performance in electrochemical catalysis and 

sensing can be influenced by the morphology, surface composition, and additional 

stabilisation of metal nanoparticle modifiers. To achieve the best outcome for the systems 

of interest, we particularly concentrated on how the properties of modifiers can be fine-

tuned by changing the synthesis technique and parameters. 

The following is a list of significant discoveries and accomplishments from the 

experimental chapters. 

Chapter 3: 

⚫ Successful synthesis of three types of AgNPs (pAgNPs, dAgNPs, and sAgNPs) via 1-step 

and 2-step electrodeposition. The morphologies were effectively controlled by method and 

overpotential. 

⚫ Variations in surface compositions and structures is directly related to the catalytic 

performance and stabilities of different types of AgNPs together, and sAgNPs modified 

BDDE is the best candidate for electrocatalysis (using the HER as an example). 

Chapter 4:  

⚫ Successful synthesis of two types of AgAuNAs (dAgAuNAs, sAgAuNAs) via 

electrodeposition and the morphologies were effectively controlled by varying ED methods.  

⚫ Determination of structural differences between the two types of AgAuNAs using XPS and 

sequential ED of Au onto different substrates. Enhanced performance of NAs was seen in 
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HER catalysis, and a direct relationship between alloying structure and catalytic performance 

was concluded. 

Chapter 5: 

⚫ Successful synthesis of cx-GNF stabilised colloidal NPs and NAs via chemical reduction 

method, with outstanding stability against natural aggregation for over 14 days.  

⚫ Enhanced performance in HER catalysis of cx-GNF stabilised nanospecies, compared to 

nanospecies made through ED, and other types of colloidal nanospecies.  

Chapter 6: 

⚫ Successful electrochemical sensing of AuGNF towards detection of As (III), 4-NP, glucose, 

and hydroquinone with: 

◼ simple synthesis set-ups; 

◼ LOD and sensitivity comparable to previous works with higher Au loading and complex 

modifications; 

◼ simultaneous detection of structurally similar molecules with high sensitivity; 

◼ ability to withstand different pHs. 

Chapter 7: 

⚫ Successful synthesis of Pd containing nanoalloys via ED, GRR, and chemical reduction 

methods. 

⚫ Variations in surface compositions and structures were determined and analysed, 

especially for the tri-metal PdAuCuNA. 
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⚫ Enhanced catalytical performances of Pd-containing NAs were observed for various fuel 

cell reactions (HER, EOR, ORR), and the performances were directly related to the synthesis 

method, structure, and surface composition of individual species. 

8.2 Future Prospects 

There are several perspectives that can further improve the understanding of the works in 

the thesis:  

⚫ Synthesis and structures: 

◼ Determination of roles of E1, E2, t1, t2 individually in 2-step electrodeposition, on how 

each of them can determine what characteristic aspect of the NPs resulted using 

controlled electrodepositions and SEM. 

◼ Investigation on how the average size distributions and variations look like for different 

types of nanospecies by using image J for particle counts in TEM and explore how they 

can potentially affect the electrochemical performance. 

◼ Confirmation of differences in alloy structures of NA (core-shell, cluster, etc.) using 

AFM, EXAFS, and TEM, to compare and compensate with the present conclusions from 

XPS. 

⚫ Electrochemical applications: 

◼ Comparison of differences in catalytical performances between nanospecies that are 

modified onto different types of electrodes (e.g. BDDE vs. GCE), using the same 

synthesis methods, parameters, and the HER as an example. 

◼ Determination of the adsorption surfaces of different types of nanoalloys, using EXAFS, 

to get information on what the reaction interfaces looks like.  
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◼ Investigation of how surface termination of BDDEs (HBDDE and OBDDE) would 

affect the selectivity towards electrochemical detections of different molecules, using 

CV, SWV and DPV. 

◼ Determination of how the NAs surface atoms would interact with the adsorbates in the 

atmosphere (e.g., O2, H2) via ligand effect, and how it would modify the characteristics 

of NAs using EXAFS for structural information, and the HER for electrochemical 

information. 


