
 

The recovery of critical metals 

from low metal concentrations 

using impact electrochemistry 

 

by 

Abiola Victoria Oladeji 
 

 

A thesis submitted to the University of Birmingham for the 

degree of 

 

DOCTOR OF PHILOSOPHY 

 

 

Centre for Fuel Cells and Their Fuels 

School of Chemical Engineering 

University of Birmingham  

December 2023 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



1 
 

Abstract  
 

According to the definition provided by the European Commission, critical metals are materials that 

are commercially significant and have a high risk of supply disruption. The recapture of these critical 

metals from waste streams are essential for their sustainable use as they are often scarce and 

expensive. Traditional extraction techniques such as ion exchange, chemical precipitation, and 

adsorption/biosorption have often proven economically impractical for low concentrations of critical 

metals. These methods are limited by the environmental impact associated with the need for large 

volumes of reagent, and additional preconcentration and separation steps resulting in secondary 

waste generation. Electrochemical methods, including impact electrochemistry, would appear to be 

well-suited for the recovery metals, contingent upon the use of a suitable solvent and reduction 

potential. The key advantage of this technique is the high mass transport, operational feasibility, and 

potential for in-situ catalyst fabrication. 

This thesis aims to investigate impact electrochemistry as a method to recover critical metals such as 

copper, palladium, and platinum from low concentration (0.5 mM) solutions. The study commences 

with the recovery of copper from 0.5 mM copper (II) sulphate, 1 mM sulphuric acid and 19 mM 

potassium sulphate to ensure a supported solution while minimising nanoparticle aggregation. 

Recovery would first be tested using metallic (silver and gold) nanoparticles where reductive transient 

peaks were observed indicating the deposition of copper onto the nanoparticles.  After demonstrating 

this technique, the investigation was extended to study impact deposition onto fly-ash cenosphere 

particles which are generally considered as a waste material. The copper modified particles were 

characterised via scanning electron microscopy/energy-dispersive X-ray spectroscopy (SEM-EDX) and 

inductively coupled plasma mass spectrometry (ICP-MS) methods. 

Next, the recovery of palladium and platinum from 0.5 mM palladium (II) chloride and 

hexachloroplatinic acid solution respectively was investigated as they are highly valued platinum group 

metals. Impact electrochemistry was conducted with 50 nm carbon black nanoparticles as they offer 
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an inexpensive core material with advantageous properties, such as good electrical conductivity and a 

high hydrogen overpotential. The fabricated Pd/CB NPs and the Pt/CB NPs where characterised via 

SEM-EDX, inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), and thermogravimetric analysis of the 

modified particles. Additionally, the catalytic performance of the synthesised Pd/CB NPs and Pt/CB NPs 

was tested without any further modification in the Suzuki coupling reaction (Pd), hydrogen evolution 

reaction (Pd, Pt) and oxygen reduction reaction (Pt). Long term impact electrochemistry tests were 

also conducted to measure the extraction of palladium and platinum over time resulting in recoveries 

of 85% and 70% respectively in 26 h. It was noted that the use of nanoparticles optimised the recovery 

of both metals as the recovery rate increased by a factor of approximately 2 under the chosen 

experimental conditions.  
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1. Introduction 
 

1.1 Primary mining, environmental impact, and prospects of electronic waste recycling  
 

1.1.1 Environmental challenges of finite primary metal sources 
 

Metals underpin modern technology and infrastructures, thus are considered a core aspect of the 

economy and are essential raw materials integral to several industries ranging from manufacturing and 

construction to energy production. This is due to their physical and chemical properties such as 

ductility, corrosion resistance, reactivity, thermal and electrical conductivity. As metals are naturally 

occurring commodities obtained via mining and extraction methods, they are finite resources with 

varying abundancy and accessibility. For instance, aluminium (Al), although usually found as bauxite 

and cryolite, accounts for 8% of the lithosphere thus is relatively abundant with applications in 

industries such as aerospace and architecture.  

Metals categorised as platinum group metals (PGM) including platinum (Pt), palladium (Pd), iridium 

(Ir), osmium (Os), rhodium (Rh) and ruthenium (Ru) are considered far scarcer with annual productions 

lower than that of gold and silver.1-3 These metals are identified by their chemical resistance, high 

melting points and unique catalytic properties leading to a broad spectrum of applications in consumer 

and commercial products. Platinum and palladium are in relatively higher demand than other PGMs, 

with major applications in electronic devices, industrial chemical production and as catalyst within the 

automotive industry. The significance and versatility of these critical metals has resulted in a sustained 

increase in demand on these resources.4  

These metals are typically obtained via mining activities from conventional reserves such as ores where 

the extraction is a multistep process which varies depending on whether the host minerology is 

sulphate or silicate in nature. Ores deposits are found in specific geographic locations with South Africa 

(Bushveld region) and Russia (Norilsk and Talnakh) serving as notable hubs for PGMs consequently 

exerting a dominate influence over the extraction of these metals.5 
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The mining of ores from South African reserves begins by using physical separation methods such as 

froth floatation to produce a mineral concentrate. This method relies on the differences in surface 

properties and the hydrophobic nature of some minerals to enable selective separation.  Depending 

on the extent of the oxidation, this process yields 60% to 90% of the sulphide content with PGMs 

varying from 100 to 1000 g/tonne. Once dried, pyrometallurgical methods are utilised at a 

temperature of 1450oC- 1500oC resulting in the formation of Cu-Ni-Fe-S matte. Hydrometallurgical 

separation methods are then implemented using sulfuric acid under high pressure and temperature in 

the presence of excess oxygen. This process leaches the base metals (copper, nickel and iron) resulting 

in a precious metal concentrate that is further refined using selective extraction methods such as ion 

exchange, electrolytic and solvent processes.6,7  

The extraction of metals via mining activities are considered energy intensive and associated with 

significant environmental impacts resulting from the generation of mining waste leading to the 

pollution of ground and surface water.8,9 Metal extraction from primary sources is also associated with 

extensive land utilisation, waste generation and the emission of gases such as sulphur and carbon 

dioxides.  Additionally, as these primary resources become depleted due to increasing demand, mining 

production costs will increase because of the challenges associated with accessing more remote and 

impractical deposits.10 Due to the limited nature of raw metal reserves, alternative and more 

sustainable secondary sources of metals such as electronic wastes (e-wastes) are being explored. The 

term sustainability varies depending on the context however it is widely accepted as the definition 

provided in the Brundtland report stating that sustainable development is considered as meeting 

present needs without compromising the ability of future generations to meet their own needs .11 

Sustainability, specifically ‘eco-efficiency’ emphasises the reduction of resource consumption through 

more efficient use of raw materials, recyclability, and an overall reduction of environmental footprint.10 
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1.1.2 Exploration of secondary metal sources 
 

Electronic wastes (E-wastes) refer to discarded electronic devices and can be categorised into 6 groups 

namely large equipment, small equipment, small information exchange equipment, monitors, 

temperature exchange equipment, and lamps.12,13 The accelerated progress in technological 

development and increased affordability has resulted in a shorter lifespan for electronic equipment 

making them dispensable consequently resulting in the rapid generation of e-waste.14-16 Approximately 

53.6 million tonnes of electronic waste were produced in 2019, with an additional 38% increase 

forecasted by the year 2030 resulting in 74 million tonnes of electronic waste. As only a limited 

proportion of this waste is recycled (17.4 %), this has resulted in major environmental concerns thus 

making waste management a key topic of interest, specifically using sustainable methods of recovery.17 

The inadequate management of e-waste is associated with both adverse environmental impacts and 

health issues owing to the presence of toxic and heavy metal mixtures such as lead, mercury, 

chromium, and cadmium.9,18-20 The presence of these heavy metals has been documented to disrupt 

ground cover, hinder plant growth, and have adverse effects on soil microorganisms. Additional 

challenges arise as heavy metals cannot be chemically degraded thus require physical removal or 

conversion to non-toxic substances.19,21-23 

E-wastes are often referred to as urban mines and are a rapidly expanding sector of the modern 

economy as they are a major source of commercially valuable metals.14,24 In addition to environmental 

considerations, there are also compelling economic incentives for extracting these metals. For 

instance, the raw materials within e-waste generated in 2019 had an approximate value of $57 billion.  

This is driven by key factors such as urbanisation, industrialisation, and increased consumer demand. 

Components such as printed circuit boards account for a significant portion of electronic waste and 

are important given their rich content of critical metals.9,17,25 According to the definition provided by 

the European Commission, critical metals are classified using two key parameters. The first refers to 

the economic importance of the raw material in terms of the end-use applications and the value 
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added. The second parameter focuses on the risk associated with supply, considering factors such as 

domestic production, global supply and import dependence. Using these criteria, the European 

Commission compiled a catalogue of 34 critical raw materials (CRMs) of which 17 materials were noted 

as strategic critical metals (SRMs) where palladium, and platinum were highlighted. Strategic raw 

materials are defined as materials important in technologies that support the twin green, digital 

transition, defence, and aerospace applications. Copper and nickel (indicated by asterisks in Table 1) 

are listed on the EC CRM list, however, it is noted that they do not meet the CRM threshold 

requirements but are included solely as SRMs.26 

Table 1 2023 list of critical raw materials including strategic raw materials in italics.  

Aluminium/Bauxite Coking coal Lithium Copper* Vanadium 

Antimony Feldspar LREE Phosphorus Nickel* 

Arsenic Fluorspar Magnesium Scandium  

Baryte Gallium Manganese Silicon metal  

Beryllium Germanium Natural graphite Strontium  

Bismuth Hafnium Niobium Tantalum  

Boron/Borate Helium PGM Titanium metal  

Cobalt HREE Phosphate rock Tungsten  

 

Copper is considered an essential industrial commodity due to characteristics such as having a high 

melting point, corrosion resistance and high conductivity thus having various applications in electrical 

and construction sectors to highlight a few. Although present in lower concentrations than copper, e-

waste is also a source of PGM and often contains higher concentrations than that obtained from 

traditional ores. For instance, 13% of the global mining output of palladium is utilised in the 

manufacturing of mobile phones and personal computers therefore contributing to the increased 
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value of e-waste.21 The recovery of these metals from waste is essential to their long-term sustainable 

application, especially metals that have high commercial value and are considered scarce. 

Metal extraction from both primary and secondary sources result in the generation of waste solutions 

containing low concentrations of critical metals. The inefficiencies at various stages of the recovery 

process result in the loss of commercially valuable resources to waste rock, tailings, slag, and leached 

ore. These independent streams encounter the wastewater during the production stage, producing 

wastewater charged with dissolved metals which then contributes to the spread of environmental 

contamination.27,28 This is a challenge as the recovery from low concentration using current metal 

recovery methods is deemed in efficient due to added preconcentration processing steps which often 

result in more waste generation. For this reason, there is major interest in the removal of metals from 

low concentration waste and subsequently creating value-added products.  

1.2 Current methods of metal recovery 
 

1.2.1 Pyrometallurgy methods  
 

Traditional methods of metal recovery from electronic wastes primarily utilises chemical, mechanical, 

and biological extraction processes with hydrometallurgy and pyrometallurgy serving as primary 

methods. In general, metallurgy encompasses various techniques for the production and manipulation 

of metals to produce specific materials and alloys that meet industrial specifications. Pyrometallurgy 

is considered one of the earliest techniques of metal separation and uses high temperatures to extract 

metals from both ores and secondary sources, for instance e-waste. This method is employed at an 

industrial scale with plants located across Europe.20,24,29, As pyrometallurgy occurs at high 

temperatures above 1000 oC, it is typically achieved in a specialised incinerator where the metal 

undergoes processes such as smelting, combustion, and pyrolysis.30 Smelting is a well-established 

method frequently utilised for the recovery of non-ferrous metals.31 This is broadly categorised into 

two smelting process flows where the metal is processed for the recovery of lead or copper. For the 
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lead smelting route, both concentrated sulphide ores and electronic wastes are treated for the 

extraction of lead and precious metals via sintering, reduction using coke, and further refining in a 

reverberatory furnace. During the final stages of this process, the precious metals are isolated from 

the lead using zinc from insoluble intermetallic compounds with gold and silver. The copper smelting 

route is employed for the extraction of precious metals to a larger extent than the lead route as it is 

considered more environmentally friendly in comparison as fewer toxic fumes are generated. For 

copper smelting using secondary sources of copper, crude copper-containing impurities such as iron 

and zinc are produced during reduction. This is further refined by oxidation in a converter where 

impurities are separated into a vapour phase.31,32 

While the pyrometallurgy method is an efficient recovery technique with a high yield, it is associated 

with notable environmental drawbacks rendering it unsustainable. Processes such as smelting, 

conflagrating, and sintering result in the formation of slag which contains toxic elements posing a 

health risk to operators. Additionally, studies have shown that pyrometallurgy is associated with 

significant air pollution due to the release of harmful particulates and gases such as sulphur dioxide, 

carbon dioxide and polybrominated dibenzofurans (PBDD/Fs), which are detrimental to the 

environment.21,29,30 Although, some of the SO2 is captured and converted to sulphuric acid, or reacted 

with lime to form gypsum, quantities released remain high. Additionally, the organic PBDD/Fs 

pollutants generated have been documented to also exhibit comparable or greater levels of toxicity to 

dioxins.33,34 A further limitation of this process is that a substantial amount of energy is required to 

reach the operational parameters thus contributing to higher operational costs.   

1.2.2 Hydrometallurgy methods 
 

Hydrometallurgy is the process of extracting metals using chemical separation methods and is 

conducted at lower temperatures typically under 200 oC.35, This process was introduced after the 

development of two critical techniques: the cyanidation method for silver and gold extraction and the 

Bayer process used for the treatment of bauxite to obtain aluminium. Broadly, hydrometallurgy 
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comprises of two fundamental stages, with the first step requiring the dissolution of the metal using 

the appropriate acid or alkaline leaching agents. Once leached, metals are subsequently extracted 

from the solution via a precipitation. 

There are four common hydrometallurgical techniques used in industry namely, cyanide leaching, 

halide leaching, thiosulfate leaching and thiourea leaching.  Cyanide leaching is considered an effective 

method of extracting gold and silver. This technique is prevalent in the gold mining industry as it is 

relatively cost efficient and operates in an alkaline environment. 

During this process a lixiviant, typically a cyanide solution is introduced to e-wastes such as PCBs in an 

oxygen rich environment where it dissolves the surface metal present by forming cyanide complexes 

such as gold cyanide [Au(CN)2]- and silver [Ag(CN)2]-.36 Following this, the gold present in the solution 

is then extracted via adsorption onto activated carbon or ion exchange resins.37 Although cyanide 

leaching has the added advantage of having a low energy consumption and does not require the use 

of a catalyst, there are important environmental and health concerns associated with the technique. 

A major drawback of this method is the long production cycle due to the slow leaching rate and the 

generation of large amounts of wastewater contaminated with cyanide, which pose a health risk to 

both operators and those in the surrounding environment.21,36,37 Mild cases of cyanide poisoning occur 

at cyanide concentrations of 0.5-1.0 µg mL-1 and result in symptoms such as headaches, nausea, and 

vertigo. Cyanide concentrations of 2.5 µg mL-1 or higher result in severe symptoms including 

hypotension, arrhythmia and can even be lethal at higher exposures of 250 mg KCN.38-40 The use of 

cyanide as a chemical reagent is also associated with environmental challenges for instance, the 

contamination of rivers and streams which have resulted in the death of aquatic biota.41,42  

Due to the disadvantages associated with the use of cyanide, different leaching methods such as 

thiosulphate, halide and thiourea leaching have been investigated as metal extraction techniques of 

which thiosulfate leaching is the most notable as an alternative industrial process.36 The thiosulphate 

leaching process is less understood than the traditional cyanide leaching process and is considered 
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complicated given the simultaneous presence of complexing ligands ammonia and thiosulphate.37,43,44 

Although this is a non-toxic extraction process with a high recovery rate, this technique is slower than 

cyanide leaching and results in the consumption of large volumes of thiosulfate as decomposition 

occurs in the presence of copper increasing operational costs.45 

Halide leaching has a higher leaching rate and is achieved with either bromide, iodide or chloride 

chemical reagents forming both Au+ and Au3+ complexes. The stability of these complexes decrease as 

the electronegativity of the donor ligand increases; thus, iodine produces the most stable complexes. 

Additionally, the stability of the gold-halide complex depends on factors such as the Eh (oxidation-

reduction potential), pH, concentration of the halide and processing material. Currently, industrial 

applications primarily employ chlorine leaching, requiring the use of stainless steel and rubber lined 

equipment to protect against the highly corrosive environment. There is growing interest in the use of 

iodine for metal extraction due to its stability, metal selectivity, and quick leaching rate. However, 

operational challenges remain such as the high cost of iodine and the consumption of large amounts 

of reagents.37 

There has also been interest in the use of thiourea, as an organic reducing agent to form soluble 

cationic complexes with gold under acidic conditions with the addition of an oxidant.29,46 This process 

is considered less detrimental to the environment as it is a non-cyanide lixiviant and exhibits rapid 

reaction kinetics. Similar to thiosulfate, thiourea is prone to rapid decomposition: consequently, there 

are limited industrial applications of this technique as it is not yet economically viable. Unless 

replenished, the concentration of thiourea decreases therefore reducing the number of active species 

available for leaching. Additionally, the use of this process as a method of gold recovery is inhibited by 

the presence of copper and other base metals as they form stable complexes with thiourea thus 

making it less selective.47 There are also operational challenges attributed to the precise process 

conditions required including pH, temperature, and oxygen level. 
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Hydrometallurgical methods are less energy intensive than pyrometallurgy processes as they can 

operate at significantly lower temperatures.  Additionally, hydrometallurgical metal extraction can 

achieve a high degree of selectivity via the pre-treatment of e-waste, identifying the appropriate 

leaching agent and conditions. Furthermore, although emerging hydrometallurgy processes 

emphasise the use of non-cyanide lixiviant, these processes continue to have a negative environmental 

impact due to the use of large quantities of chemical reagents generating large volumes of toxic waste 

that pose disposal challenges.48,49 

1.2.3 Bio-hydrometallurgy methods 
 

Bio-hydrometallurgical metal recovery is a cheaper and greener alternative to more widely used 

pyrometallurgy and hydrometallurgy as this process does not involve the use of complex machinery 

and is operated at mild conditions leading to reduced process costs.50,51 Bio-hydrometallurgy, 

specifically bioleaching, relies on the use of microorganisms to extract metals by solubilising them to 

ensure they are accessible for recovery. This method of metal recovery is heavily affected by operating 

conditions namely, microbe selection, temperature, pH, nutrients, and aeration.  

Bioleaching occurs via both direct and indirect bioleaching where the direct method refers to the 

conversion of solid metals to aqueous metals via the actions of the microorganism utilised.52  The 

mechanism begins with the attachment of the bacteria i.e, Acidithiobacillus, to the metal sulphide 

where ferric ions (Fe3+) in the bacteria are reduced to ferrous ions (Fe2+) in the presence of oxygen by 

directly oxidising the metal.21,53-57   

Alternatively, indirect bioleaching refers to the oxidation of sulphate minerals via the generation of 

intermediate oxidising agents produced by the microorganisms. In this case, ferrous ions are oxidised 

by the bacteria forming ferric ions which are then used to oxidise the metal sulphide. Industrially, 

mesophilic bacteria such as Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans are 

commonly used as they depend on inorganic reagents for energy, and optimal growth can be achieved 

at temperatures between 28 oC and 37 oC.21 The use of fungi (Aspergillus and Penicillium) for 
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bioleaching of metal has also been documented within literature.53,58 Although bioleaching is more 

environmentally friendly than traditional methods, this process is notably slower resulting in longer 

processing times and is associated with the excessive use of water. Furthermore, there are also 

efficiency and operational challenges associated with the scale-up of this technique.  

1.2.4 Electrodeposition methods 
 

Metal electrodeposition from aqueous solution is a well-established industrial method used for metal 

recovery via electroplating, electrowinning, and electro-refining processes. This method offers many 

advantages as a technique for metal recovery such as selectivity, energy efficiency, reduced chemical 

usage and low operating costs as high temperature and pressure is not required.59 Due to the versatility 

and ability to control the deposition rate, morphology and thickness, this technique is extensively used 

commercially. For example, applications include: the fabrication of energy storage technology, and 

surface modification techniques to enhance decorative and functional characteristics such as corrosion 

resistance.60  

The electrodeposition system consists of a power supply (i.e rectifier) connected to a positively 

charged anodic electrode, and a negatively charged cathodic electrode to drive the reaction. Both 

electrodes are immersed into an electrolytic bath to maintain contact between them. Several reactor 

designs are used commercially for the process of electrodeposition with the most simplistic being the 

tank reactor where vertically held cathodes and anodes are suspended in the plating bath. This design 

is easily scaled and considered economical and allows the easy extraction of the electrodes to obtain 

the deposited metal foil. The primary limitation of this design is mass transport thereby making it only 

suitable for electrolyte solutions with high metal concentrations. To address this, the mass transport 

characteristics can be improved via the use of agitation employing gas sparging or pumping the 

electrolyte through the cell. Alternatively, rotating electrode reactors can be used to enhance mass 

transfer of the metallic ions from the bulk solution to the electrode-electrolyte interface. 
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During the electrochemical reaction, metal is recovered on the cathodic substrate as the metallic ions 

are reduced while oxidation processes occur at the anode. The aqueous electrolyte solution consists 

of both negative and positive metal ions prepared by dissolving metal salts or impure metals. When 

an external potential is applied, electrical current flows between the conductive electrodes as the 

charged ions species move via migration and diffusion.61 In a mixed metal electrolyte solution, the 

recovery of the metals is influenced by the position of the metals in the electrochemical series and the 

chemistry of the solution itself.60 

The operating parameters for industrial deposition are designed to optimise the process and adhere 

to commercial guidelines. For instance, metal plating requires the deposit formed to be of uniform 

thickness, sufficiently corrosion resistant and have a good adhesion to the surface. To achieve this, 

additives are commonly added to the electroplating bath to improve the adhesive material properties 

of the deposited metal. Organic species such as levelling agents are also added to the solution to 

accelerate deposition at surface defects (i.e trenches) by adsorbing to their surface ensuring the 

deposit produced is smooth and bright.62,63 

1.3 Electrodeposition Principles  
 

1.3.1 Electrodeposition Mechanism 
 

Upon the dissolution of critical metals into aqueous solution, they can subsequently be recovered via 

electrochemical methods such as electrodeposition. In general, the electrodeposition process involves 

the application of an external electrical current to the system driving the reduction of the metal ions 

onto the cathode surface resulting in the formation of a metallic deposit as illustrated by Equation 1: 

 

 [𝑀𝑧+ (𝑋𝑦−)𝑚] (𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) + 𝑧𝑒− ⇆ 𝑀 (𝑙𝑎𝑡𝑡𝑖𝑐𝑒) + 𝑚𝑋𝑦−  Equation 1 
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where M refers to the deposited metal, X is a neutral dipole or anion (y = 0, 1, 2, 3…) that can solvate 

or form complexes with the metal ions (M z+) and e- indicates an electron.64-68  

 

Figure 1 General schematic depicting the mechanism for formation of metal nuclei on surface of an electrode, 
adapted from literature.61 

The deposition process encompasses distinct stages as shown in Figure 1, each contributing to the 

recovery of critical metals at the surface of the cathode. As this is a surface reaction, the process 

commences with the transport of the hydrated metal ion or complexes from the bulk solution to the 

surface of the cathodic electrode via diffusion, migration and convection if stirred.  As the hydrated 

metal ions approach the electrode, the water molecules orientate in the diffusion layer where upon 

reaching the Helmholtz double layer, the process necessitates the partial removal of the hydration 

sheath from the metal ions at the electrode-solution interface where it retains some charge and 

solvation.60 Specifically, within the electric double layer, once within tunnelling distance (10-20 Å),65 

electrons are transferred to the ions leading to the formation of adsorbed atoms (ad-atoms) onto the 

cathodic material. In the case of complex electrolytes, analogous to the removal of the surrounding 

hydration present on simple salts, the removal of ligand occurs before the discharge of metal ions. 

However, electrodeposition from complex electrolytes require higher overpotentials in comparison to 

simple salt solutions. Nucleation then occurs due to the mobile state of the ad-atoms which rapidly 
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move across the surface of the cathode via lateral diffusion controlled-migration forming 

thermodynamically stable crystalline nuclei. The growth phase then occurs upon the nuclei reaching 

a critical size subsequently merging to form a coherent metallic layer.60  

1.3.2 Fundamentals of metal deposition 
 

As the recovery of metals from waste solution is a faradaic process involving the reduction of metal 

ions it adheres to Faraday’s law which establishes the theoretical concepts for the process of 

electrodeposition. For instance, the quantity of metal deposited is proportional to the number of 

moles of electrons transferred thus can be expressed as: 

 𝑚 =  
𝑄

𝑛𝐹
 Equation 2 

where m is the mass of metal deposit, Q is the electric charge transfer (in coulombs) and n the number 

of electrons transferred. Given that t refers to time, at a constant current (I) the charge can be 

expressed as: 

 𝑄 =  ∫ 𝐼. 𝑑𝑡 = 𝐼 𝑡  Equation 3 

 

1.3.3 Electrochemical nucleation and growth  
 

Nucleation refers to the initial formation of metal nuclei and is an essential step in the 

electrodeposition process as it determines the structure and properties of the larger deposit. 

Nucleation requires an overpotential to drive the electron transfer needed for the formation of nuclei 

centres on punctual or extended surface defects.61,69 Initial nucleation on foreign substrates poses a 

challenge as the nucleus must reach a critical size threshold before growth can proceed as smaller 

nuclei have a propensity to dissolve in the electrolyte environment. Surface vacancies or kinks present 

on the electrode surface act as active centres by reducing the activation energy barrier for the 

formation of nuclei greater than critical size.64,69Once formed, the metal clusters develop and grow 
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rapidly where they frequently exhibit distinct hemispherical or cone shapes thus increasing the 

electroactive surface area of the substrate.70 

Polycrystalline deposits are generally characterised by their size, shape, distribution, and orientation 

of crystallites. Zero-dimensional nuclei refers to individual ad-atoms on the cathode active sites which 

has the lowest energy requirement. Next, one-dimensional (point) nucleation described as a series of 

ad-atoms congregating along the edge of a mono-atomic step requires an overpotential of 0-10 mV. 

This growth occurs slowly resulting in the formation of dendritic or acicular (smooth flanks) which are 

typically avoided as they do not have useful technical properties. At overpotentials of 10-100 mV, two-

dimensional nucleation, deposits form an initial monolayer before an additional layer can occur. As a 

result, crystallites in the deposit layer emulate the crystal structure of the substrate forming a coarse 

and compact structure. At even higher overpotentials of 100- 150 mV, three-dimensional nucleation 

occurs resulting in a thicker deposit that can be formed without an initial monolayer via hemispherical 

and cone shaped nuclei. At higher rates of electro-crystallisation, (where overpotential is greater than 

200 mV), small crystal structures form resulting in randomly orientated crystallites with no visible 

orientation. This produces industrially relevant properties for technical applications.64,71   

Electrochemical techniques such as chronoamperometry can be used to study nucleation and growth 

for instance, for two- and three-dimensional nucleation processes by analysing the current profile. 

Furthermore, the chronoamperometry scan can also be used to deduce whether the nucleation 

kinetics are instantaneous or progressive. Instantaneous nucleation is characterised by the immediate 

formation of nuclei at all accessible sites once a sufficient overpotential is applied, whereas for 

progressive nucleation this happens in a more gradual manner.72 The current density varies with t1/2 

and t3/2 during instantaneous (Equation 4) and progressive (Equation 5)  nucleation as shown:73 

 𝑗𝑖𝑛𝑠𝑡 = 𝑧𝐹𝜋(2𝐷𝐶)3/2𝑀1/2𝑁𝑡1/2𝜌−1/2 Equation 4 

 𝑗𝑝𝑟𝑜𝑔 = (
2

3
) 𝑧𝐹𝜋(2𝐷𝐶)3/2𝑀1/2𝐴𝑁∞𝑡3/2𝜌−1/2 Equation 5 
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Here, jinst and jprog refers to the current density for instantaneous and progressive nucleation 

respectively. The term zF is the molar charge deposited during deposition, D is the diffusion 

coefficient, C is the molar concentration of the electrolyte, M is the molecular weight, 𝜌 metal density, 

N is the total number of nuclei, A is the nucleation rate and  𝑁∞  is the number density of active sites. 

The nucleation process is influenced by factors such as the crystal structure and substrate material 

where projections, edges, holes, and other defects act as centres of orientation of crystal growth.64 

Additional influencing parameters include: the crystalline structure of deposited metal, the electrolyte 

composition, pH and operating conditions such as applied current density and temperature. In 

general, conditions that increase the availability of metal ions at the surface of the electrode such as 

increased agitation and a higher temperature result in increased crystal size.71 

1.4 Deposition of critical metals 
 

1.4.1 Electrodeposition of copper from copper sulphate 
 

The electrodeposition of copper is a well-established industrial process where the electroplating bath 

is predominantly an aqueous solution of copper (II) sulphate and sulphuric acid with trace amounts of 

impurities such as copper and organic addition agent.74 Copper deposition from different electrolyte 

solutions have been extensively studied in the literature.75-77 

Copper (II) sulphate salt (CuSO4.5H2O) exothermically dissolves in water resulting in the formation of 

octahedral aquo complexes [Cu (H2O)6]2+.78,79 When an overpotential is applied to the electrochemical 

cell, copper deposition occurs on the surface of the negatively polarised electrode via the 2-electron 

transfer reduction equation shown by Equation 6: 

 𝐶𝑢2+
(𝑎𝑞) + 2𝑒−   →   𝐶𝑢(𝑠)          𝐸0 = +0.34 𝑉  Equation 6 

Whereas the oxidative water hydrolysis reaction shown by Equation 7 occurs at the anode:  

 2𝐻2𝑂(𝑙)  →  𝑂2(𝑔) + 4𝐻+ +  4𝑒−        𝐸0 = −1.23 𝑉 Equation 7 
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The deposition of copper occurs via two consecutive one-electron reduction reactions and involves 

mass transport, electron transfer, adatom diffusion, and crystallisation.80 This process can be described 

as CECE81 and is elucidated in following reaction steps (Equation 8-Equation 13):77,82 

 𝐶𝑢(𝐻2𝑂)6
2+ ⇌ 𝐶𝑢(𝐻2𝑂)6−𝑥

2+ + 𝑥𝐻2𝑂 Equation 8 

 𝐶𝑢(𝐻2𝑂)6−𝑥
2+ + 𝑒− ⇌ 𝐶𝑢(𝐻2𝑂)6−𝑥

+   Equation 9 

 𝐶𝑢+(𝐻2𝑂)6−𝑥  ⇌ 𝐶𝑢(𝐻2𝑂)6−𝑥−𝑦
+ + 𝑦𝐻2𝑂 Equation 10 

 𝐶𝑢(𝐻2𝑂)6−𝑥
+ ⇌ 𝐶𝑢(𝐻2𝑂)5−𝑥−𝑦

⬚ (𝑂𝐻) + 𝑦𝐻2𝑂 +  𝐻+ Equation 11 

 𝐶𝑢(𝐻2𝑂)+
6−𝑥−𝑦

+ 𝑒−  ⇌ 𝐶𝑢 + 𝑦𝐻2𝑂 Equation 12 

 𝐶𝑢(𝐻2𝑂)+
5−𝑥−𝑦

(𝑂𝐻)−  + 𝑒− ⇌ 𝐶𝑢 + 𝑦𝐻2𝑂 + 𝑂𝐻− Equation 13 

The initial chemical reaction is the removal of the water molecules surrounding the Cu2+ ions, followed 

by the reduction of the Cu2+ ions to Cu+ ions during the first electron transfer step. Next, a secondary 

chemical reaction occurs involving the dehydration of Cu+ ions which is then further reduced to copper 

metal. Within the mechanism, the first electron transfer is considered as the rate limiting step. The 

mechanism of copper deposition has been studied within literature where parameters such as pH, 

copper concentration, temperature, and electrolyte composition has been identified as influential on 

the nuclei size. For instance, an increase in pH or copper concentration results in larger nuclei 

formation but a reduced nuclei population density.76,82-84 

1.4.2 Electrodeposition of palladium form palladium chloride solution 
 

Pd is a platinum group metal, thus is a valuable resource utilised in several commercial applications. 

Due to the scarcity of this metal, effective recovery is necessary for their continued sustainable use.  

Deposition of palladium from an aqueous electrolyte solution has been explored in literature to 

further understand the complexity of the mechanism .85-89 The deposition of palladium is traditionally 

conducted in basic or acidic solutions with palladium chloride aqueous solution predominantly used. 
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In chloride media, palladium exists primarily as PdCl2 , where the deposition mechanism for palladium 

occurs via a 2-electron transfer as Pd2+ is reduced to Pd. In solutions with low chloride concentrations, 

a reversible adsorption onto the metal electrode (M) first occurs (Equation 14), followed by a slower 

electrochemical reaction shown by (Equation 15):90 

 𝑀 + 𝑃𝑑𝐶𝑙4
2−   ⇄ 𝑀 − 𝑃𝑑𝐶𝑙2 +  2𝐶𝑙− Equation 14 

 𝑀 − 𝑃𝑑𝐶𝑙2 + 2𝑒− ⟶ 𝑀 − 𝑃𝑑0 + 2𝐶𝑙− Equation 15 

Alternatively, at high chloride concentrations, chloride ions adsorb on the metal and are displaced by 

a palladium chloride ion as shown by the following Equation 16 and Equation 17: 

 𝑀 − 𝐶𝑙− + 𝑃𝑑𝐶𝑙4
2−  ⇄ 𝑀 − 𝑃𝑑𝐶𝑙3

− +  2𝐶𝑙− Equation 16 

 𝑀 − 𝑃𝑑𝐶𝑙3
− +  2𝑒−  ⟶  𝑀 − 𝑃𝑑0 + 3𝐶𝑙− Equation 17 

1.4.3 Electrodeposition of platinum from hexachloroplatinic acid solution 
 

Similar to Pd, Pt is a PGM with valuable applications in automotive and electronic industries. For this 

reason, there has been great interest in recapturing spent Pt metal from both Pt (II) and Pt (IV) 

electroplating baths. The deposition of Pt from hexachloroplatinic acid (PtCl62-) involves a 4-electron 

transfer reduction reaction, however there are two proposed mechanisms for this. A number of 

authors suggest that this occurs via an initial 2-electron reduction reaction of Pt4+ to Pt2+, followed by 

further reduction to Pt as shown by Equation 18 and Equation 19:91 

 𝑃𝑡𝐶𝑙6
2− + 2𝑒−  ⟶ 𝑃𝑡𝐶𝑙4

2− + 2𝐶𝑙−           𝐸0 = + 0.73𝑉  Equation 18 

 𝑃𝑡𝐶𝑙4
2− +  2𝑒−  ⟶ 𝑃𝑡 + 2𝐶𝑙−                      𝐸0 = + 0.76 𝑉  Equation 19 

Alternatively, within literature it has also been suggested that the reaction proceeds directly from Pt4+ 

to Pt without the Pt2+ intermediate as shown by Equation 20:91  

 𝑃𝑡𝐶𝑙6
2− +  4𝑒−  ⟶  𝑃𝑡 + 6𝐶𝑙−                    𝐸0 = + 0.74 𝑉  Equation 20 
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1.5 Electrochemistry principles  
 

1.5.1 Structure of the electrical double layer  
 

At the interface between the solid electrode and the electrolyte solution, an electrically charged 

double layer is present due to the difference in the phase boundary. This is a non-Faradaic 

phenomenon that occurs when the metal electrode is immersed in an electrolyte solution containing 

corresponding metal ions (M z+) resulting in the charging and discharge of the double layer.65 A 

reaction described by Equation 21 occurs at the surface where either the forward or reverse reaction 

is thermodynamically more favourable. 

 

 𝑀𝑧+
(𝑎𝑞) +  𝑧𝑒− ⇄  𝑀(𝑠) Equation 21 

 

When the forward reaction is favoured, the electrode becomes positively charged due to the loss of 

electrons (e-) where the charge remains at the surface due to the high conductivity within the metal. 

The positive charge attracts anions towards the electrode resulting in different potential at the 

electrode and in the solution. The forces that govern the behaviour of the electrolyte in the bulk 

solution is disrupted by the discontinuity at the interface and the electrode charge can be controlled 

via the potential applied. The structure at the electrical double layer greatly influences the kinetics of 

the metal deposition process.64 Various models have been proposed to establish the nature of the 

process that occurs at the electrode-electrolyte interface with the primary models including: the 

Helmholtz-Perrin model, the Gouy-Chapman model, and the Stern-Graham model.65,68,92,93  

Helmholtz-Perrin model  

 

The Helmholtz-Perrin model describes the double layer structure as a rigid array of charged species at 

the electrode-electrolyte interface where ions are considered as point charges. This structure assumes 

that the electrons located at the surface of the cathodic electrode exist in a compact and structured 
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order and the positively charged metal ions within the electrolyte solution exist in a more distributed 

arrangement with a single layer at the surface of the electrode with the outer Helmholtz plane (OHP) 

passing through the solvated ions as shown in Figure 2. 

 

Figure 2 schematic depicts the Helmholtz-Perrin model showing the interaction at the solid- liquid interface where 
the negative charge is present on the surface of the electrode and positive ions arrange to form the outer 
Helmholtz plane (OHP). 

 

The nature of charge at the cathode and in the electrolyte, solution is of equal and opposite magnitude 

thus maintaining electric neutrality as shown by Equation 22: 

 −𝑄𝑚 =  𝑄𝑠 Equation 22 
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where Qm refers to the charge at the cathodic surface and Qs refers to the charge in the electrolyte 

solution. This charge separation results in an interfacial potential difference across the electrode-

electrolyte boundary (𝛿𝑉) given by Equation 23: 

 𝛿𝑉 =
4𝜋𝑑

𝜀 𝛿𝑄
 Equation 23 

where d is the distance between the two layers, ε is the dielectric constant of the medium and 𝛿𝑄 is 

the charge density of each area. Additionally, it is assumed that the property of the electrical double 

layer is similar to that of a parallel plate capacitor with a separation distance of order one ionic radius 

and a constant capacitance value. This model does not consider the effect of the electrostatic 

attraction of the positive metal ions to the negative cathodic electrode, or the movement caused by 

thermal motion resulting to their statistical spatial distribution. Therefore, it is considered as a 

simplistic model that can be applied to solutions with high electrolyte concentrations but not dilute 

solutions.64 

Gouy-Chapman model  

 

Similar to the Helmholtz-Perrin model, the electrons remain on the surface of the negatively charge 

electrode, however the key difference is that the ions are not exclusively situated at the OHP as shown 

by Figure 3. Instead, these ions also exist across a diffuse layer as a three-dimensional arrangement 

where the concentration of ions decrease exponentially with distance from the cathode. The ions are 

considered as point charges where the charge density in the solution is contained within the diffuse 

layer. In this model, ions in the diffuse layer are required in addition to ions present at the OHP to 

balance the charge and are governed by the electrostatic force of attraction attracting or repelling 

ions from the electrode.65-68  
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Figure 3 schematic of the Gouy-Chapman model describing the electric double layer where the positive ions exist 
across the diffuse layer as a three-dimensional arrangement and the concentration of ions decrease exponentially 
with distance from the cathode.  

 

 These ions are also influenced by Brownian motion which acts as a competing force driving the 

dispersion of the excess ions. For the Gouy-Chapman model, the net charge density in the diffuse layer 

indicates an exponential change in potential with distance away from the surface boundary where the 

potential drop across this layer is heavily concentrated in the region closest to the electrode surface. 

The change in potential across the diffuse layer can be given by Equation 24: 

 

 𝛿𝑉𝑑𝑖𝑓𝑓 = √
2𝑅𝑇

𝜀
 ∑ 𝑐1

𝑠
𝑖=1 [exp (− 

𝑧𝑖𝐹𝜑

𝑅𝑇
) − 1] Equation 24 
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where R is the gas constant, T the absolute temperature, 𝜀 the dielectric constant, ci the metal ion 

concentration in the bulk solution, zi the metallic ion charge, ϕ is the total potential difference across 

the solution side of the double layer and F is the Faraday constant. For the Gouy-Chapman model, the 

spatial charge density is calculated via a summation of all the charge. The strength of this model is 

that it accounts for the change in capacitance as the double layer varies with potential and is not 

constant as the Helmholtz-Perrin model implies. Additionally, this model is relevant to electrolytes 

with a low concentration where they are unable to form a compact ion layer. Although this model is 

aligned with experimental results of differential capacity for dilute solutions and at potential of zero 

charge (Epze), the limitation of this model occurs at higher concentration away from the potential of 

zero charge.65-68 

Stern-Grahame model 

 

The Stern-Grahame model was proposed to address the challenges identified with the Gouy-Chapman 

model as it is unable to accurately represent the condition at the electrode- electrolyte interface.  In 

1924, Stern combines the key principles proposed by both the Helmholtz-Perrin model and the Gouy-

Chapman model as this offered a more accurate alignment with experimental results. The model 

proposed incorporated the concept of the diffuse layer and the outer Helmholtz plane where ions 

have a minimum distance from the cathode resulting from their size. In 1947, Grahame furthered this 

model by suggesting that although the region closest to the cathodic surface is predominantly 

occupied by solvent molecules, it is feasible that some ionic and uncharged species can penetrate the 

OHP. This occurs when the ions have no solvation shells or alternatively the solvation shell was lost as 

the ions approached the electrode. The absence of the solvation shells allows the ions to specifically 

adsorb to the electrode irrespective of the charge on the ion forming the inner Helmholtz layer (IHL) 

along with adsorbed layer of water molecules electrostatically attracted to the cathode.65-68  
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Figure 4 schematic of the Stern-Grahame model describing the electric double layer at the interface between two 
charged surfaces. This model is refining the Gouy-chapman model by introducing the inner Helmholtz layer 
produced by the specific adsorption of ions and molecules.  

 

The IHL is identified by an axis through the specific adsorbed ions and molecules. Anions have a smaller 

closest approach distance than the cations as they are less strongly hydrated. The Stern-Graham 

model identifies four regions including the inner Helmholtz layer located closest to the electrode 

surface, followed by the outer Helmholtz layer, diffuse layer, and bulk solution, as shown in Figure 4. 

The Stern-Grahame model identifies two potential regions, the first is between the cathode and the 

OHP where the potential change increases steeply in a linear manner, followed by the diffuse layer 

indicating an exponential change in potential as described by the Gouy-Chapman model.65-68 
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1.5.2 Faradaic and non-Faradaic processes 
 

Current flowing across the working electrode can be categorised as either non-Faradaic or Faradaic 

processes. Non-Faradaic processes are considered capacitive as charged particles do not transfer 

across the solid-liquid interface rather the charge is progressively stored for example during 

adsorption. For a simple capacitor like that described for the Helmholtz-Perrin model, the capacitance 

is assumed to be constant independent of potential as the charge separation is fixed. However, as 

later models suggest, the double layer is dependent on the applied potential and concentration. At 

potentials further from the potential of zero charge (Epzc), the thickness of the double layer is reduced 

due to the attraction or repulsion of the electrolyte ions.68,94 The differential capacitance (Cd) for the 

electrochemical cells is given by: 

 𝐶𝑑 =
𝐼 𝜕𝑡

𝜕𝐸
 Equation 25 

where I refer to the current, 𝜕𝑡 is change in time and 𝜕𝐸 is change in potential. On the other hand, 

Faradaic processes describe the method where electrons are transferred across the electrode-

electrolyte interface during electrochemical reactions resulting in the continuous flow of electrons as 

seen in electrodeposition, fuel cells and corrosion.  

1.5.3 Mass transport 
 

To initiate the electrochemical deposition process, an overpotential is applied to the system which 

shifts the potential from equilibrium and results in the flow of electrons. Electrochemical processes 

are influenced by three fundamental principles: the mass transport of the reactants to the electrode, 

the transfer of charge at the electrode surface and the mass transport of products away from the 

electrode where the overall rate is governed by the slowest step (this is referred to as the rate 

determining step). 
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Diffusion  

 

When the applied overpotential increases and the reaction kinetics are rapid, the system becomes 

mass transport controlled as the reaction is limited by the movement of ions from the bulk solution 

to the electrode surface. Mass transport can be achieved via three mechanisms, namely: diffusion, 

migration, and convection. Diffusion is driven by the presence of a concentration gradient thus occurs 

primarily in the diffusion layer near the electrode surface as species (i.e metal ions) are consumed 

upon undergoing redox reactions. In contrast, the concentration in the bulk solution remains relatively 

higher as this region is not depleted of ionic species. Diffusion can be described mathematically by 

Fick’s first and second Laws as shown by Equation 26 and Equation 27 where the former refers to 

linear diffusion to a planar surface and the latter refers to the change in the concentration of 

electroactive species in a region with respect to time.65,67 

 𝑗𝐵 =  −𝐷𝐵  
𝜕[𝐵]

𝜕𝑥
 Equation 26 

 
𝜕[𝐵]

𝜕𝑡
= 𝐷𝐵  (

𝜕2[𝐵]

𝜕𝑥2 ) Equation 27 

Where j is the diffusional flux of species B, DB is the diffusion coefficient, [B] refers to the 

concentration of species B, 𝜕x is the change in distance from the electrode and 𝜕t is change in time. 

The morphological properties of the electrode surface influence the electrodeposition occurring under 

a diffusion control regime. The asperities on the electrode surface result in a reduction of the diffusion 

layer thickness thus intensifying the concentration gradient. This results in a localised increase in 

current and deposition rate.61  

Migration  

 

As it is assumed that there is no significant concentration gradient within the bulk solution, mass 

transport is governed by migration and occurs to move the ions from the bulk solution to the vicinity 

of the double layer. This mechanism involves the movement of charged species under the influence 
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of an applied electrical field across a potential gradient, where the migratory flux (Jm) is proportional 

to the concentration of species B, the electric field and ionic mobility. This electrostatic force (F) is 

given by Equation 28:65 

 𝐹 =
𝑧𝐹

𝑁𝐴
 
𝜕𝜙

𝜕𝑥
 Equation 28 

where z is the charge of the species, NA is the Avogadro constant and 𝜙  is the potential.  

Convection  

 

Convection is the movement of molecules due to mechanical forces and can be categorised as natural 

or forced convection. Natural convection is driven by the presence of a thermal gradient or density 

gradient where the first results from exothermic or endothermic reactions and the second is 

associated with the disparity in density between the products generated at the electrode surface and 

the reactants in the bulk solution. Alternatively, forced convection is induced by agitation methods 

such as gas bubbling, pumping, or stirring where the change in concentration as a result of velocity in 

the x direction (vx) is given by Equation 29:60,65  

 
𝜕[𝐵]

𝜕𝑡
=  −𝑣𝑥

𝜕[𝐵]

𝜕𝑥
 Equation 29 

The diffusion, migration and convection effect can be expressed mathematically by the Nernst-Planck 

equation as shown by Equation 30: 

 𝑗𝐵 =  −𝐷𝐵  
𝜕[𝐵]

𝜕𝑥
−

𝑧𝐵𝐹

𝑅𝑇
 𝐷𝐵[𝐵] 

𝜕𝜙

𝜕𝑥
 + [𝐵]𝑣 Equation 30 

where jB is the flux of species B to the electrode, v is velocity of the volume moving across the axis. 

Typically, electrochemical studies are conducted under conditions to mitigate the effects of migration 

by using supporting electrolyte solution. The presence of excess ions provided by the supporting 

electrolyte enables the solution to maintain near electrical neutrality except in the region immediately 

adjacent to the electrode surface thus the migration effect is considered negligible. Furthermore, the 
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use of supporting electrolyte offers additional benefits such as increasing the solution conductivity 

thus the reaction solution has less resistance to current flow. The excess electrolyte also ensures the 

ionic strength of the solution remains effectively constant during the reaction as reactants are 

consumed and products are formed, therefore, the activity coefficient remain constant as they are 

influenced by ionic strength.  Additionally, the presence of excess electrolyte solution compresses the 

electric double layer to a small region of 10-20 Å in line with the electron tunnelling distance.65-68 

1.5.4 Two and three electrode system  
 

Figure 5 schematic of two electrode setup where Ew is the working electrode potential, Ec is the counter electrode 
potential and IRs refer to the potential drop across the bulk solution. A-D indicates different potential between 
the two electrodes. 

 

Electrochemical studies were conducted inside an earthed Faraday cage to prevent the interference of 

electromagnetic fields. In general, the simplest electrode configuration facilitating electrochemical 

measurements requires a minimum of two electrodes consisting of a working and counter electrode 

where the potential drop across the whole cell is measured (point A and E in Figure 5). For this project 
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all electrochemical studies were conducted using a traditional three-electrode system involving the 

working electrode, reference electrode, and counter electrode immersed in an electrolyte solution as 

shown in Figure 6. The use of three electrodes enables the isolated measurement at point A and B in 

Figure 5, thus the potential changes at the working electrode can be measured independently of the 

counter electrode reactions.  

 

 

Additionally, the use of a reference electrode enables better control of the potential by maintaining a 

constant and well-defined interfacial potential as shown by Equation 31. Alternatively, for the two-

electrode configuration, the counter electrode simultaneously acts as the reference therefore as 

current is drawn through the reference this induces chemical changes altering (𝜙𝑀 − 𝜙𝑆)𝑅𝐸 according 

to the Nernst equation. Furthermore, a voltage drop (IR) occurs as a result of the electrical resistance 

of the bulk solution between the working and reference electrode (Equation 32). Changes to the 

potential E, would result in unknown changes to IR, and (𝜙𝑀 − 𝜙𝑆)𝑅𝐸 thus the reference potential is 

no longer constant.67 

Figure 6 Schematic representation of a typical three electrode set 
up. 
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 𝐸 =  (𝜙𝑀 − 𝜙𝑆)𝑊𝐸 − (𝜙𝑀 − 𝜙𝑆)𝑅𝐸 Equation 31 

 𝐸 =  (𝜙𝑀 − 𝜙𝑆)𝑊𝐸 + 𝐼𝑅 − (𝜙𝑀 − 𝜙𝑆)𝑅𝐸 Equation 32 

 

For the three-electrode system, when a potential is applied, electrons are transferred from the 

electrode to the metal ion during a reduction reaction; the ions in the supporting electrolyte move in 

solution to balance the charge and close the electrical circuit. During the electrochemical experiment, 

the potentiostat allows current flow between the working and counter electrode while current 

between the working electrode and reference electrode is negligible. This is because the potentiostat 

is modified with a high input resistor between working and reference electrode resulting in an infinite 

impedance of the reference electrode. 

1.5.5 Nernst equation  
 

Typically, an electrochemical set up will have a minimum of two electrodes to enable measurements 

provided an equilibrium is reached. However, an example of a simple Faradaic process is the 

submersion of a metal wire into an aqueous solution containing metal ions (M z+) as seen in Equation 

21. Once immersed, the wire acts as an electron sink or source facilitating the oxidation and reduction 

of the metal ions. When the equilibrium favours the oxidative reaction, the Pt electrode will carry a 

net negative charge due to the loss of electrons from the metal ions, while the solution will exhibit a 

net positive charge. However, in the case where the reductive reaction is favoured, the electrode 

become positive as the metal ions gain electrons resulting in a net negative charge in the solution. The 

redox reaction will persist until the electrochemical cell has reached thermodynamic equilibrium. This 

process is achieved by aligning the Fermi level of the metal with the highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) of the charged metal species. Under this 

condition, the rate of the forward and backward reaction is equal, resulting in a consistent 

concentration of both reactant and product.65,67  
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Equation 34 represent a simple electron transfer reaction where A and B represents species in the 

solution that are reduced and oxidised at a rate given by kred and kox respectively.  

 𝐴 (𝑎𝑞) +  𝑒−
𝑘𝑟𝑒𝑑

⇄
𝑘𝑜𝑥

𝐵 (𝑎𝑞) Equation 33 

At equilibrium there is no current flow through the electrochemical cell hence the cell potential of the 

working electrode can be determined via the Nernst equation. The Nernst equation can be derived 

from Gibbs energy under standard conditions. When at equilibrium, under conditions of constant 

temperature and pressure the minimisation is mathematically given by Equation 34 and Equation 35: 

 ∆𝐺0 = 0 Equation 34 

 ∆𝐺0 = −𝑅𝑇 𝐼𝑛 𝐾𝑒𝑞 Equation 35 

where R is the ideal gas constant, T the absolute temperature and Keq the equilibrium constant. The 

Gibbs energy under standard (𝐺𝑜) and non-standard (𝐺) conditions are given by Equation 36- 

Equation 38: 

 𝐺𝑜 =  −𝑛𝐹𝐸𝑜 Equation 36 

 𝐺 =  −𝑛𝐹𝐸 Equation 37 

 𝐺 =  𝐺𝑜 + 𝑅𝑇 𝐼𝑛𝑄 Equation 38 

Where Eo is the standard potential, E is the cell potential, Q refers to the reaction quotient, which is 

a measure of the relative chemical activities of products and reactants in a reaction mixture. The 

activity (a) is defined as shown in Equation 39 where 𝛾 is the activity coefficient and [B] is the 

concentration of species, B in this case. By substituting Equation 36 and Equation 37 into Equation 38, 

the equation can be rearranged to obtain the following Nernst equation (Equation 40) where Q is 

equal to the Keq at equilibrium: 

 𝑎 =  𝛾[𝐵] Equation 39 
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 𝐸 = 𝐸𝑜 −
𝑅𝑇

𝑛𝐹
 𝐼𝑛 𝑄 Equation 40 

Overpotential  

 

The term overpotential can be expressed as the difference between the applied voltage (E) and the 

standard reduction potential (E0) and is given by Equation 41:95 

 𝜂 =  𝐸 − 𝐸0 Equation 41 

However, under non-standard conditions the standard reduction potential can be replaced by the 

formal potential 𝐸𝑓
0 .An overpotential is required to shift the potential away from equilibrium thus 

driving the rate of metal deposition assuming, no mass transport limitations.64 

1.5.6 Electrochemical techniques 
 

Electrochemical methods offer a rapid, simple, reproducible, and reliable analysis method. Thus, 

electrochemical techniques are a powerful tool extensively employed for electroanalysis to probe 

reactions involving the transfer of electrons and used for material electrosynthesis applications.   

Cyclic Voltammetry 

 
Figure 7A shows a potential-time profile for a cyclic voltammetry scan between E1 to E2 initially in the oxidative 
direction then reversing to scan from E2 to E1 in the reductive direction. Figure 7B shows a simulated cyclic 
voltammetry scan between the potential window E1 to E2. The anodic peak potential Epa, cathodic peak potential 
Epc and E1/2 halfway potential has been shown. 

 



45 
 

Cyclic Voltammetry (CV) commences with a potential sweep from E1 to E2 where upon reaching E2 the 

sweep is reversed and the potential returns to E1 as shown by Figure 7A. Figure 7B illustrates a 

reversible CV where seven notable locations on the voltammetric wave indicated by (i)-(vii) have been 

highlighted. Point (i) to (ii) indicates the oxidation of the electroactive species resulting in the steady 

depletion of reactant (species B) at the electrode surface and formation of product (species A). Peak 

(iii) highlights the maximum oxidative current corresponding to a greater depletion of reactants and 

generation of product resulting in a thicker diffusion layer compared to point (ii). At point (iii)-(iv), the 

concentration of reactants available at the electrode is low thus a drop in current is observed. Upon 

scanning in the cathodic potential direction (iv-vii), the reduction of the product occurs resulting in a 

negative current (iv-v) subsequently reaching a maximum peak (vi) indicating mass transport 

limitations thereafter (vi-vii).  

Reversible and irreversible electrode couples 

 

Electrochemical reversibility refers to the rate of the electrode kinetics (𝑘0) in comparison to the rate 

of mass transport of the electroactive species (𝑚𝑇) to the surface. For reversible processes, the 

electrode kinetics are fast as shown by Equation 42. Alternatively, irreversible behaviour is 

characterised by ‘slow’ electrode kinetics as indicated by Equation 43.67 

 𝑘0 ≫  𝑚𝑇 Equation 42 

 𝑘0 ≪ 𝑚𝑇 Equation 43 

In the case of an irreversible electrode couple, a larger overpotential is required to facilitate the 

oxidation of species B to species A and the reduction of species A to B thus the peak separation on 

voltammogram appears further apart. Evaluating the peak-to-peak separation and the peak current 

can be used to determine the reversibility of the electrode couple. 
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For a reversible system: 

 |𝐸𝑝 − 𝐸𝑝1
2

| = 2.22
𝑅𝑇

𝑛𝐹
= 59 𝑚𝑉 Equation 44 

For an irreversible reductive system: 

 |𝐸𝑝 − 𝐸𝑝1
2

| = 1.86
𝑅𝑇

𝛼𝑛𝐹
 Equation 45 

For an irreversible oxidative system: 

 |𝐸𝑝 − 𝐸𝑝1
2

| = 1.86
𝑅𝑇

𝑛𝛽𝐹
 Equation 46 

Where Ep is the potential at peak current, Ep1/2 is the potential at half the peak current, R is the gas 

constant, T is temperature, 𝛽  is the symmetry factor, α is the transfer coefficient and F is the Faraday 

constant. For the reversible case with a one electron transfer (n=1), the peak potential thus the peak-

to-peak separation is constant (59 mV at 298 K) and independent of the scan rate applied (Equation 

44). However, for the irreversible reduction (Equation 45) and oxidation (Equation 46), the peak 

potential shifts more negatively or positively as the scan rate increases. For the same scan rate, 

reversible electrode couples exhibit a larger peak current than irreversible cases. However, regardless 

of the reversibility, the absolute magnitude is influenced by the voltage scan rate as shown by the 

Randles- Ševčík equations (Equation 47 and Equation 48). For both cases, an increase in current is 

observed at higher scan rates as a thinner diffusion layer is formed. This increase in the peak current 

is linear and proportional to the square root of the scan rate for reversible cases. 

 𝐼𝑝(𝑟𝑒𝑣) = 2.69 × 105𝐴𝐷
1

2𝐶𝜐
1

2 Equation 47 

 𝐼𝑝(𝑖𝑟𝑟𝑒𝑣) = 2.99 × 105 √𝛼𝐴𝐷
1

2𝐶𝜐
1

2  Equation 48 
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𝐼𝑝(𝑟𝑒𝑣) and  𝐼𝑝(𝑖𝑟𝑟𝑒𝑣) are the reversible and irreversible peak current, A is the electrode area, D is the 

diffusion coefficient, C is the concentration of the electroactive species, 𝜐 is the voltage scan rate and 

α is the transfer coefficient.  

Linear sweep voltammetry  

 

 

Figure 8A Potential-time profile and Figure 8B shows a simulated current-potential for linear voltammetry 
sweeping between E1 to E2 in the oxidative direction.  

Linear sweep voltammetry (LSV) is a simple electrochemical scan where a potentiostat is used to apply 

a progressively increasing voltage to the working electrode. This results in a voltammogram showing 

the current response plotted as a function of voltage where the integrated area can be used to 

determine the charge transferred. Figure 8B shows a voltammetry where the potential is swept 

oxidatively from E1 (where the reaction is unable to occur) to E2 where the kinetics are rapid. Typically, 

the scan commences at a potential where the electroactive species under investigation does not 

undergo reduction or oxidation as a sufficient overpotential has not been applied thus negligible 

current flow is expected (E1).  As the sweep continues, current flow increases until a maximum is 

reached signifying that the system is mass transport controlled subsequently leading to a decrease in 

current. Once the peak current is reached, although the heterogeneous rate constant increases, the 

reaction is limited by the movement of reactant to the surface of the electrode. The LSV is influenced 

by voltage scan rate, rate of electron transfer and chemical reactivity of the electroactive species.  



48 
 

Chronoamperometry  

 

Figure 9A shows a potential-time profile where the voltage has been applied as a potential step and Figure 9B 
shows a simulated current-time profile for a chronoamperometry scan between E1 to E2.  

Chronoamperometry is an electroanalytical method where the potential is instantaneously stepped 

from E1 to E2 (Figure 9A). Initially a large current is measured resulting from the high concentration of 

reactant at the electrode surface. The current then progressively decreases with time as shown by 

Figure 9B, this is because the reactants are consumed, and the reaction becomes mass transport 

controlled. The Cottrell equation is used to describe the decay of the current response as a function of 

time (Equation 49) at a planar macroelectrode:67 

 |𝐼| =
𝑛𝐹𝐴𝐷

1
2⁄ 𝐶𝑏

𝜋
1

2⁄ 𝑡
1

2⁄
 Equation 49 

where Cb refers to the bulk concentration of the analyte, D is the diffusion coefficient of the analyte, 

n is the number of electrons transferred during redox reaction, t is time, F is the Faraday constant, and 

A is the electrode area.  

Macro and micro electrodes  

 

Both macro and micro electrodes were employed for electrochemical investigations with macro 

electrodes used for initial deposition studies to determine the onset potential in the various metal 

systems. Macro electrodes are characterised by their large surface area and perpendicular mass 
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transport. The use of macro electrodes enabled surface modification using the drop cast method for 

material testing as discussed in chapter 2.1. Large macro electrodes were also utilised in the scaled-up 

impact studies as the large size made it ideal the generation of metal modified carbon black 

nanoparticles during in-situ catalyst synthesis.  

A rotating macro electrode disc electrode (RDE) was used for electrocatalyst studies of the synthesised 

Pt/CB via the oxygen reduction reaction. The use of hydrodynamic electrodes mitigates mass transport 

limitations by introducing forced convection thus increasing the rate at which reactants are introduced 

to the surface and products are removed resulting in a steady supply of electro actives species. The 

relationship between the limiting current and the diffusion layer is given by Equation 50 and Equation 

51:67 

 𝐼𝐿 = 0.62𝑛𝐹𝐴𝐷
2

3𝜔
1

2𝜐−
1

6𝐶 Equation 50 

 𝛿 = 1.61𝐷
1

3𝜔−
1

2𝜐
1

6 Equation 51 

where A is the electrode area, D is the diffusion coefficient, ω is the angular rotation rate and ν is the 

kinematic viscosity. These equations can be used to quantify the number of electrons transferred, the 

diffusion coefficient, analyte concentration and theoretical limiting current.  
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Figure 10 schematic of planar and spherical diffusion of species to the electrode surface where the arrow shows 
the movement of material, and the dotted lines (- - -) indicate the diffusion regime. At larger electrode surfaces 
(A) planar diffusion dominates, as the electrode size becomes progressively smaller as seen in (B) becoming a 
microelectrode (C) and also in the case of a spherical electrode (D) the diffusion is no longer planar. 

  

 

Figure 11 shows simulated microelectrode linear sweep voltammogram indicating steady state has been reached. 
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Micro electrodes are characterised by their small scale. Due to the nature of the electrode size, the 

diffusion layer at the electrode surface is considerably smaller than that of a macroelectrode resulting 

in a higher concentration gradient. Mass transport of the reactants to the electrode surface is rapid as 

it occurs via a three-dimensional diffusion thus the steady state mass transport regime is established 

quickly (Figure 10).  As a result, the voltammogram response of microelectrode differs from that of a 

macroelectrode as steady state is reached therefore no peaks indicating mass transport limitations are 

present (Figure 11). To investigate the occurrence of steady state, microelectrodes are considered as 

points with the diffusion layer being spherical or hemispherical in shape and so Ficks second law can 

be modified to express the following:96 

 
𝜕[𝐵]

𝜕𝑡
= 𝐷𝐵  (

𝜕2[𝐵]

𝜕𝑟2 + 
2

𝑟
 
𝜕[𝐵]

𝜕𝑟
) Equation 52 

 
𝜕[𝐵]

𝜕𝑡
= 𝐷𝐵  (

𝜕2[𝐵]

𝜕𝑟2 + 
1

𝑟
 
𝜕[𝐵]

𝜕𝑟
) Equation 53 

where r is the radius of the hemisphere. The mass transfer of the electroactive species is governed by 

the volume enclosed by the expanding hemisphere or sphere (Equation 52) rather than the linear 

plane projecting into the solution as seen for a disc electrode (Equation 53). At short time limits or 

larger radii when the diffusion layer is significantly smaller than the electrode radius (Equation 54), the 

mass transport exhibits an almost linear diffusion and can be predicted by the Cottrell equation 

(Equation 49). At long time limits or smaller electrode radii where the diffusion layer is larger (Equation 

55), the flux of electroactive species to the electrode surface is more rapid. As the reaction continues, 

the diffusion layer thickens due to spherical expansion thus has more access to the electroactive 

species with time thus maintaining a constant diffusion gradient resulting in steady state current given 

by Equation 56:67,72  

 √𝐷𝜋𝑡 ≪ 𝑟 Equation 54 

 √𝐷𝜋𝑡 ≫ 𝑟 Equation 55 
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 𝐼𝑠𝑠 = 4𝑛𝐹𝐷𝐶𝑏𝑟 Equation 56 

Here, Iss refers to the limiting current, n the number of electrons transferred, D the diffusion 

coefficient, r the electrode radius, F is Faraday constant and Cb the bulk concentration.  

Microelectrodes can be used to study the fast kinetics and mechanisms of the metal nucleation and 

growth. Another advantage of a smaller electrode area is the reduced background current associated 

with the changes to ionic distribution of electrolyte as the applied electrode potential changes.67,69,97 

This is of great importance for particle impact electrochemistry as the presence of excessive 

background noise can make it difficult to identify transient current peaks as discussed later in chapter 

2.2. 

Microelectrode arrays  

 

 

Figure 12A schematic of spherical electrode isolated in solution and Figure 12B shows a sphere on a plane. The 
arrow indicates the diffusion of electroactive species to the particle surface. 

 

The use of nanoparticle modified electrodes, achieved via methods such as drop casting has become 

increasingly popular (see chapter 2.1). For an isolated spherical electrode which is not in contact with 

a plane as shown in Figure 12A, the steady state current is given by:67 

 𝐼𝑠𝑠 = 4𝜋𝑟𝐹𝐷𝐶𝑏 Equation 57 
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When the spherical electrode is in contact with a surface as shown by Figure 12B, for example a 

nanoparticle impacting on an electrode surface, a correction factor is applied to Equation 57 giving: 

 𝐼𝑠𝑠 = 4𝜋 ln(2) 𝑟𝐷𝐶𝑏 Equation 58 

Microelectrode arrays are often employed for analytical measurements and consists of multiple (tens 

to thousands) of microelectrodes in an array. For an electrode array with microelectrodes separated 

using non-conductive material, individual diffusion layers are present and continue to grow through 

the duration of the experiment. The diffusion of electroactive species to the surface of the 

microelectrode array is dependent on a number of factors for example, the size of the individual 

diffusion layer in comparison to the size of the microelectrode, and the size of the diffusion layer in 

comparison to centre-to-centre separation of the microelectrodes. These characteristics are used to 

group microelectrodes arrays into four distinct categories as shown in Figure 13A-D. 98,99,100 

 

Figure 13 shows the categorisation of diffusional behaviour for spherical particles on the surface of a plane in a 
microelectrode array arrangement. Figure 13A illustrates category 1, B shows category 2, C shows category 3 
and D represents category 4. 

For category 1 where the diffusion layer is smaller than the radius of the spherical electrode and 

isolated to individual nanoparticles, the mass transport is one-dimensional therefore resulting in 

current peaks observed in the cyclic voltammetry similar to that of a macro electrode. For category 2, 
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the diffusion layer is larger than the radius of the spherical electrode with diffusion isolated to 

individual nanoparticles resulting in a steady state behaviour. In the case of category 3, the spherical 

particles are closer together therefore the diffusion layers are larger than the particle radius and they 

partially overlap as the diffusion zone is larger than the centre-to-centre separation distance. This 

behaviour results in a voltammetry response described as a combination of category 2 and 4. For the 

final case, category 4, the diffusion layer is larger than the particle radius similar to category 3, however 

due to the closer centre-to-centre separation distance there is significant overlap of diffusion zones. 

In this scenario the mass transport to the microelectrode array is linear and one-dimensional across 

the entire electrode surface resulting is a peak shaped cyclic voltammetry response.67  

1.5.7 Kinetics  
 

Electron transfer  

 

As the potential deviates from the equilibrium (lower overpotential), the reaction is under charge 

transfer control thus the reaction kinetics are occurring at a slower rate than the transfer of reactants 

and products to and from the electrode. During the electrochemical reaction, the transfer of electrons 

can occur in either the forward (reductive) and reverse (oxidative) direction as shown by Equation 33. 

The cathodic current (Ic), anodic current (Ia) and net current are given by Equation 59-Equation 62:67 

 𝐼𝑐 = −𝑛𝐹𝐴𝑘𝑟𝑒𝑑[𝐴]0
𝑛=1 Equation 59 

 𝐼𝑎 = 𝑛𝐹𝐴𝑘𝑜𝑥[𝐵]0
𝑛=1 Equation 60 

 𝐼 = 𝐼𝑐 + 𝐼𝑎 = 𝑛𝐹𝐴(𝑘𝑜𝑥[𝐵]0
𝑛=1 − 𝑘𝑟𝑒𝑑[𝐴]0

𝑛=1) Equation 61 

 𝐼 = 𝑛𝐹𝐴𝑗 Equation 62 

Where I is the magnitude of the current, n is the number of electrons transferred, F refers to Faraday 

constant, A is the electrode area and j the flux describing the rate of the reaction at the electrode 

surface thus can be evaluated using heterogeneous rate laws for a first order reaction denoted by 
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𝑅𝑎𝑡𝑒 =  𝑘𝑛[𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡]0
𝑛=1 where 0 is the concentration at the electrode surface rather than the bulk 

solution. 

 

Figure 14 schematic of Gibbs energy plot for a single electron transfer as species A is reduced.  

 

The transition state theory depicted by Figure 14, indicates that the reduction reaction (A (aq)+ e-) must 

overcome an energy barrier to produce product B (aq). The Arrhenius equation can be used to relate 

the Gibbs energy of activation with both the reductive and oxidative rate constant as shown by 

Equation 63 and Equation 64, where ∆𝐺𝑟𝑒𝑑
‡   the free energy of activation, A is a frequency factor that 

account for the rate of collision of electroactive molecules with the electrode surface.65,67  

 𝑘𝑟𝑒𝑑 = 𝐴𝑟𝑒𝑑 exp (
−∆𝐺𝑟𝑒𝑑

‡

𝑅𝑇
) Equation 63 

 𝑘𝑜𝑥 = 𝐴𝑜𝑥 exp (
−∆𝐺𝑜𝑥

‡

𝑅𝑇
) Equation 64 

As electrochemical reactions are influenced by the interfacial potential difference, the effect of 

overpotential on the rate of electron transfer must be considered and is indicated by Equation 65 and 

Equation 66 w here 𝑘𝑟𝑒𝑑
0  = 𝑘𝑜𝑥

0   and are independent of the overpotential. The transfer coefficient 

represented by 𝛼 and 𝛽 is the symmetry factor which ranges from 0 to 1 providing an indication of the 
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sensitivity of the transition state to favour the more cathodic reaction at β > 0.5 and an anodic reaction 

β < 0.5. The transfer coefficient and symmetry factor can be expressed by Equation 67. 

 

 𝑘𝑟𝑒𝑑 = 𝑘𝑟𝑒𝑑
0 exp (

−𝛼 𝑛𝐹𝜂

𝑅𝑇
) Equation 65 

 𝑘𝑜𝑥 = 𝑘𝑜𝑥
0 exp (

𝛽𝑛𝐹𝜂

𝑅𝑇
) Equation 66 

 𝛽 = 1 − 𝛼 Equation 67 

By substituting  Equation 65 and Equation 66 into Equation 61 this gives the Butler-Volmer equation 

(Equation 68) which describes the relationship between the overpotential () and current density (j) 

at the electrode surface. As the applied overpotential increases, the current density thus the rate of 

deposition also increases according to Faraday’s law. 

 𝑗 = 𝑗𝑎 + 𝑗𝑐 =  𝑗𝑜 [exp (
𝛽𝑛𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑛𝐹𝜂

𝑅𝑇
)] Equation 68 

Ja is the anodic current density, Jc cathodic current density and Jo is the exchange current density 

where a higher magnitude results in a larger net current density at a given overpotential and is 

dependent on the electrode surface. 

Tafel equation 

 

At larger oxidative or reductive overpotentials, assuming there is no mass transport limitation, the 

Butler- Volmer equation can be used to derive the Tafel equation used to study electrode properties 

and reaction mechanisms. The Tafel equation relates the rate of reaction measured by electrical 

current to the overpotential via the linear relationship between  and log (j). At significantly high 

negative potentials, the oxidative current contribution is considered negligible thus the Butler Volmer 

equation can be expressed as Equation 69. Alternatively, when overpotential drives the oxidative 

reaction, the cathodic current is insignificant thus is represented by Equation 70.65,101 
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 log(𝑗) = log( 𝑗𝑜) −  
𝛼𝑛𝐹𝜂

𝑅𝑇
 Equation 69 

 𝑙𝑜𝑔(𝑗) = 𝑙𝑜𝑔( 𝑗𝑜) + 
𝛽𝑛𝐹𝜂

𝑅𝑇
 Equation 70 

 

1.6 Fuel cells and catalyst 
 

In the following section, the application of platinum as an electrocatalyst is discussed in reference to 

fuel cell technology. Hydrogen economy, initially discussed in the 1960’s,102 refers to the widespread 

use of hydrogen gas (H2) as a versatile and sustainable energy carrier across various industries.103 A key 

application of hydrogen gas is as a fuel to produce electricity using fuel cells technology. Fuel cells are 

electrochemical devices that convert the chemical energy of hydrogen and an oxidising agent (oxygen) 

to electrical energy with water, and heat as a by-product.104,105 When hydrogen is generated from 

renewable energy sources, this is considered an environmentally sustainable and efficient method of 

energy generation.  

Fuel cells are predominantly classified by the electrolyte used as this influences the chemical reaction, 

catalyst selection, operating conditions, and fuel type. The focus within this section will be on the 

hydrogen electrification through proton exchange membrane fuel cells (PEMFC). PEMFCs utilise a solid 

polymer membrane electrolyte and are considered low temperature fuel cells with operation 

conditions of 40oC to 90oC resulting in a rapid start up time. Due to these properties, PEM fuel cells are 

considered a viable option for automotive applications specifically within the transportation industry 

for instance fleets of taxis, buses, and logistics vehicles.105 
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Figure 15 Schematic of PEM fuel cell where hydrogen oxidation reaction occurs at the anode and oxygen 
reduction reaction at the cathode. 

 

 A typical PEM fuel cell stack consists of the end plates, insulating plates, current collector, bipolar 

plate, and the membrane electrode assembly (MEA). The MEA is a crucial component with three 

identifiable layers namely the membrane, gas diffusion layer and the catalyst layer. The membrane is 

designed to conduct the protons but prevent the flow of electrons and gas, while the function of the 

diffusion layer is to facilitate mass transport by providing a channel for the gas and electron movement. 

The electrochemical reaction occurs at the catalyst layer, specifically at the cathodic and anodic (Figure 

15). At the anode, the hydrogen undergoes an oxidative reaction resulting in the generation of protons 

and electrons. The hydrogen oxidation reaction (HOR) is a well-studied electrochemical system and is 

shown via the Tafel, Volmer and Heyrovsky reaction mechanism where S* is the catalytic active 

site:106,107 

Tafel step:  

 𝐻2(𝑎𝑞) + 2𝑆∗  ⇄  2𝐻𝑎𝑑𝑠 Equation 71 
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Heyrovsky step: 

 𝐻2(𝑎𝑞) + 𝑆∗  ⇄  𝐻𝑎𝑑𝑠 + 𝐻+
(𝑎𝑞) +  𝑒− Equation 72 

Volmer step: 

 𝐻𝑎𝑑𝑠 ⇄  𝐻+
(𝑎𝑞) + 𝑆∗ + 𝑒− Equation 73 

Overall reaction: 

 𝐻2  ⇄  𝐻+
(𝑎𝑞) + 2𝑒−             𝐸𝑜 = 0.00 𝑉 Equation 74 

The ions move from the anodic electrode to the cathodic electrode via the electrolyte while the 

electrons flow through the external circuit producing electricity. At the cathode, the oxygen reacts with 

the protons via the oxygen reduction reaction (ORR) producing water. Similar to the HOR, the ORR is 

also a well-studied system where different mechanisms have been suggested. The reaction can occur 

via an efficient and direct 4 electron transfer as shown:108 

 𝑂2 + 2𝑆∗ ⟶ 2𝑂∗  Equation 75 

Overall reaction:  

 𝑂2 + 4𝐻+ + 4𝑒−  ⟶  2𝐻2𝑂                          𝐸0 = 1.23 𝑉 Equation 76 

Alternatively, the reaction can indirectly occur via a sluggish two-electron pathway as shown: 

 𝑂2 + 𝑆∗ ⟶ 𝑂2
∗ Equation 77 

 𝑂2
∗ + 𝐻+ +  𝑒−  ⟶  𝐻𝑂𝑂∗ Equation 78 

 𝐻𝑂𝑂∗ +  𝐻+ +  𝑒−  ⟶  𝑂∗ +  𝐻2𝑂 Equation 79 

 𝑂∗ + 𝐻+ + 𝑒−  ⟶  𝐻𝑂∗ Equation 80 

 𝐻𝑂 ∗ 𝐻+ +  𝑒−  ⟶  𝐻2𝑂 Equation 81 
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Overall reaction: 

 𝑂2 + 2𝐻+ + 2𝑒−  ⟶  2𝐻2𝑂2              𝐸0 = 0.70 𝑉 Equation 82 

 𝐻2𝑂2 + 2𝐻+ + 2𝑒−  ⟶  𝐻2𝑂2             𝐸0 = 1.78 𝑉 Equation 83 

 

Heterogeneous catalysis refers to the use of a catalyst in a different phase to the reactant or product; 

thus, an interface is present where a sequence of adsorption reaction desorption occurs at the active 

sites.109 These catalysts are crucial as they facilitate many significant industrial reactions, for instance, 

the synthesis of organic and inorganic chemicals, energy production and are considered a promising 

solution for water treatment.110,111 In comparison to homogenous catalyst, heterogeneous catalysts 

enable easier retrieval and reuse thus making them desirable for a vast range of applications.112,113  

Due to the sluggish nature of the ORR, highly effective and stable Pt based electrocatalyst are 

traditionally required to enhance their performance. Although, Pt catalyst is present at both the 

cathode and anode electrode, the HOR is comparatively more rapid than the ORR therefore requires 

a lower Pt loading. The requirement of this low abundance and expensive resource contributes to the 

high manufacturing costs associated with PEM fuel cells.114 To overcome this challenge, the use of 

platinum free catalyst has been investigated extensively in literature with catalyst such as Fe/N/C and 

Co/N/C based composites cited as possible alternatives.104,114-116 Despite the progress made in these 

studies, Pt based catalysts are regarded as the most effective catalyst for the ORR and HOR. According 

to the Sabatier principle used to generate the volcano plots showing ORR activity as a function of 

binding energy to O or OH, Pt exhibits the ideal balance between the adsorption strength and turn 

over frequency. As a result, Pt catalysts can bind strongly enough with the reactant to facilitate the 

reaction but also weakly enough to desorb from the product. 116-119 

An alternative approach is to reduce the platinum loading required to generate the same current which 

reduces associated costs. However, due to the particle size effect, a direct reduction in size of the 
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catalyst can result in reduced activity. To prevent this, Pt catalyst is dispersed onto the surface of a 

support material to enhance the catalytic performance. Within low temperature PEM fuel cell 

applications, the Pt catalyst is supported on the surface of carbon black nanoparticles to promote 

catalyst stability and increase surface area. Carbon nanoparticles are commercially viable core 

materials due to their low cost, high conductivity and diverse morphology making them suitable to a 

wide range of electrochemical applications. The interaction between the Pt and the carbon black 

support material can also influence the electro-catalytic properties of the active sites in two ways. The 

first pertains to an electronic modification that results in changes to reaction characteristics of the 

active sites while the second modification is to the geometry of the catalyst particles.120,121   

The controlled integration of complementary material functions for the purpose of optimised 

compositions and morphologies via the synthesis of core-shell structures is of major interest. 

Fundamentally, core shell structures are composite nanomaterial consisting of an inner core material 

surrounded by a shell material identified by their structural or compositional features with dimensions 

at a nano scale. This can be categorised as inorganic, organic and inorganic-organic materials where 

the former has been widely investigated. For inorganic compositions, examples include the use of 

metals, metal oxides, metal sulphides and recently silica cores combined with a metal or metal oxide 

shell. Alternatively for organic compositions, polymers consisting of three-dimensional networks and 

carbon-based materials are typically used.122 

Due to growing interest, this definition has been broadened to encompass structures with a distinct 

boundary between two or more constituent materials where the outer material partially or completely 

encapsulates the inner material. Core-shell structures capitalise on the desirable physical and chemical 

properties of different materials to produce particles with improved catalytic activity, adsorption 

capacity, conductivity and stability, thus making them valuable to several applications in catalysis, 

optoelectronics and semiconductors.122  
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The nanoscale structure of Pt/CB catalysts also contribute significantly to their effectiveness as 

nanoparticles exhibit different properties from their bulk counterparts because of the quantum size 

effect. At the nano-range, the Pt/CB particles have a significantly higher surface-to-volume ratio thus 

providing a large number of active sites per unit area and enhancing its catalytic properties. The size 

of the particles also contributes to a higher zeta potential thus reducing the aggregation of 

nanoclusters in solution. The fabrication of Pt/CB can be achieved using several methods for instance 

via the chemical impregnation-reduction technique. However, Pt/CB synthesis via electrochemical 

reduction method is advantageous as it does not lead to the generation of additional waste as is seen 

with chemical methods. Furthermore, electrochemical methods are economical, efficient and offers a 

greater level of selectivity in the placement of Pt onto the surface of the substrate electrode. However, 

limitations still exist, for instance controlling the particle size as deposition continues to grow after 

nuclei are formed.123,124  

1.7 Impact electrochemistry  
 

1.7.1 Introduction to impact electrochemistry  
 

The electrochemistry of redox active species is a long-established field of study; however, the 

exploration of individual nanoparticles remains relatively recent. Impact electrochemistry is used to 

study single entity electrochemistry but has advanced to encompass electrodeposition applications 

within literature. This method of electrochemically analysing particles in suspensions was introduced 

by Micka as early as 1957 through observations of cathodic peaks during the study of insoluble HgS, 

PbS, CuS and Ag2O particles using a mercury electrode.125 Similar observations were made by Jones 

and Kaye when studying a system of activated charcoal in 0.1 M KCl solution in 1969.126 The first 

practical application of these observations was implemented by Moller in 1971 and developed by 

Holland and Feinerman. This was a turntable designed to reduce silver bromide particles upon contact 

with a platinum needle electrode and was used in the photographic industry. 
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These concepts were further explored by Heyrovsky in 1995 through his research of stable colloidal 

solution of polydisperse nanoparticles. Although individual nanoparticle impacts were not studied 

specifically, insight from his research indicated that the electrochemical responses of the impacting 

colloids represented an accumulation of individual reduction events.127 These observations from the 

voltammogram (current vs. voltage) was used to deduce the presence of distinct particle sizes. 

Additional studies were conducted using metal oxide semiconducting nanoparticles such as TiO2, SnO2 

or Fe2O3 where the impact signals associated with the electrocatalytic proton reduction was 

observed.128-131 Furthermore, investigations into the electrochemical response of metal nanoparticles 

(Al, Fe, Ni, Cu, Mo and W) with a hydroxide layer were studied with peaks attributed where impacting 

the surface of the mercury electrode was observed.132 The study of impact electrochemistry was 

further established by the work of Xiao, Bard, Scholz and Compton’s group where both Faradaic and 

non-Faradaic systems have been studied.133-139  

1.7.2 Direct and Indirect electrochemistry  
 

During impact voltammetry, particles are introduced to a solution where under uncontrolled 

conditions they move under Brownian motion until collision with a substrate electrode held at a 

potential. Upon collision, the particles can either undergo oxidation or reduction (‘direct 

impacts’)131,140-148 or provide a surface for solution species to be oxidised or reduced (‘indirect 

impacts’),135,149-155 provided a suitable potential is applied to the substrate electrode. Due to their 

commercial relevance, nanoparticles are ubiquitous leading to environmental contamination during 

use and disposal. Direct impact electrochemistry can be used to determine the composition and 

proportions of metal, metal oxide and polymer nanoparticles thus can be used in application such as 

environmental monitoring.137,156,157 The early Compton group studies investigated the detection and 

characterisation of colliding Ag NPs on the surface of a glassy carbon (GC) electrode resulting in 

individual oxidative peaks which was used to determine the number of atoms thus particle size. 

Further work demonstrated this technique in both aqueous and non-aqueous solution.156-158 
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Indirect impact, also referred to as electrocatalytic amplification was first demonstrated by Xiao and 

Bard through their investigation of single impacting platinum nanoparticles on the surface of 

ultramicroelectrode. The current generated by the electrocatalysis of proton reduction was observed 

via reductive peaks.159 These transient signals were studied to determine the concentration of 

nanoparticles via impact frequency, while the peak amplitude was used to determine the 

concentration of the redox active species. This technique was used to investigate other systems 

including Pt, Au and IrOx nanoparticles by exploiting the oxidation of water and hydrazine.151,160 For 

indirect impact electrochemistry, while the substrate electrode may not be catalytic towards the redox 

reaction, upon contact with the electrode the nanoparticles are able to catalyse the reaction on the 

surface on the nanoparticle. Both direct and indirect impact techniques result in transient peaks that 

can be used to determine electrical current, and charge transferred per impact. This can be analysed 

to examine the system under study elucidating information such as particle size, concentrations, and 

kinetics.131,133 Recently, the application of particle impact electrochemistry for bulk electrodeposition 

and underpotential deposition (upd) has been demonstrated in a few examples using both metallic 

and non-metallic nanoparticles. These instances include the deposition of cadmium onto impacting 

silver nanoparticles, the upd on silver nanoparticles, the deposition of zinc onto zinc nanoparticles and 

reduction of manganese onto the surface of carbon black nanoparticles.137,161-163 
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Figure 16 Schematic showing some possible impact scenarios and simplified transient signals. 

 

Experimental observation indicate that impacts are more prominent within the initial period of the 

measurement evidenced by the higher frequency of collision. The transient peaks observed reflects 

the interaction between the nanoparticle and the substrate surface where the width of the peak 

reflects the impact duration.131 The nature of the impact also affects peaks shapes where two distinct 

signal types have been identified as spikes/blips and stepwise/staircase responses as shown in Figure 

16.164 This is influenced by the electrochemical reaction mechanism, electrolyte solution, 

characteristics of the nanoparticles and electrode material. The spike response is observed during 

elastic collisions resulting in an initial increase in current upon contact followed by a rapid decrease 

back to background level as the NP is deactivated as it leaves the vicinity of the electrode. This 

response is well documented, for example observations made by the Stevenson group during Pt 

nanoparticle impacts.138,165 On the other hand, stepwise current signals are associated with the sticking 

of nanoparticles on the substrate electrode upon collision resulting in an increase current response. 

Examples of stepwise impacts have been documented for the single Pt impact on Au 
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ultramicroelectrodes and iridium oxide nanoparticle collisions with Pt ultramicroelectrodes.134,135,149,159 

The sticking coefficient defined as the rate at which nanoparticles stick to the surface in comparison 

to the overall impacting frequency. This has been studied for Au, Ni and Ag impacts onto a carbon 

electrode in aqueous solution and determined to be 0.19 ± 0.03, <0.01 and 0.12 ±0.02 

respectively.133,166 

 

1.8 Aim and objective of thesis   
 

Metals are a fundamental resource that play a vital role in the economy across various industries. 

However, as highlighted in the introduction, the adequate management of electronic waste is a major 

challenge that contributes to negative environmental and health hazards. Moreover, these metals are 

a finite resource thus the recovery of commercially valuable metals for example copper, palladium, 

and platinum is essential for their continued use. Current methods of metal recycling such as 

pyrometallurgy, hydrometallurgy bio-metallurgy are associated with adverse environmental effects 

due to energy requirements or production of large volumes of waste solution. Additionally, wastewater 

discharged from manufacturing processes often contain low concentrations of metals which are 

deemed too toxic to aquatic life thus must be treated for appropriate disposal.  The current recovery 

methods highlighted is not economically feasible for the recovery of metals from low concentrations 

as they would require additional preconcentration and separation processes. This results in an 

increased operational cost and the generation of secondary pollutants.167-170  

The aim of this project is to investigate electrodeposition specifically using impact electrochemistry as 

a method of metal recovery from low concentrations of metal solution. The impact investigations will 

be conducted using inexpensive core materials, where the modified particles will be characterised and 

tested as catalysts. Although traditional electrochemical techniques such as electrowinning offers high 

selectivity and is considered as a more environmentally acceptable method making it suitable for 

industrial recovery processes. An operational requirement is to maintain a high concentration of metal 
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ions which is not viable when recovering metals from effluent streams. Metal deposition via particle 

impact electrochemistry has distinct advantages compared to other electrochemical techniques. For 

example, the use of nanoparticles in some cases can reduce the extent of electrode fouling in 

comparison to the use of a single electrode and facilitates rapid mass transport of the metal ions to 

the surface because of radial diffusion.171 
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2. General methodology  
 

2.1 Electrochemical configuration and preparation  
 

In this chapter, an overview of the electrochemical systems employed to study the deposition of 

copper, palladium and platinum through the impact electrochemistry method is provided. The theory 

of the electrochemical instruments has been introduced in chapter 1. This section presents a summary 

of the techniques utilised to perform the surface modifications and characterisation methods applied 

to study the modified nanoparticles. Further details of each electrochemical cell, including chemical 

reagents, specific configuration and characteristics have been presented in the corresponding 

experimental sections of this thesis. 

2.1.1 Working electrode 
 

Macro and micro electrochemical studies were conducted using carbon-based electrodes as the 

working electrode. In general, the working electrode is where the redox reaction of interest occurs 

thus it is essential that the electrode material is inert in the potential range of interest and in the 

electrolyte solution used.  

Surface preparation 

 

As the reduction process occurs at the working electrode, surface preparation is crucial to eliminate 

any contamination or fouling thus ensuring a clean and well-defined surface area. Before use, all 

working electrodes were polished using alumina suspensions of 1 µm, 0.3 µm and 0.05 µm 

sequentially, on a micro-cloth pad (all from Buehler Inc, USA). In cases where additional electrode 

preparation methods were required, this has been specified in the relevant experimental chapters. 
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Figure 17 Schematic showing the process of drop casting nanoparticles onto the surface of a working electrode 
where A represents a polished bare GC electrode, B the process of drop casting nanoparticles on to the GC surface. 
C shows the process of drying the solution resulting in D which illustrates a modified GC electrode.172 

Surface modification  

 

To examine the electrochemical deposition of Cu, Pd and Pt on non-glassy carbon surfaces and to 

investigate the catalytic properties of the modified nano particle, drop cast and spin coating methods 

were employed. Drop casting is a popular surface modification method conducted using a solution 

containing the desired test material. This is cast onto the surface of the electrode followed by the 

evaporation of the solvent as depicted in Figure 17. During preparation the drying of the solvent was 

accelerated using a lamp as a heat source. Drop casting is a widely used process as it offers a simple 

and rapid method of surface modification however it can be limited by the occurrence of non-uniform 

distribution of nanoparticles resulting in the coffee-ring effect.172 For electrocatalytic studies, the spin 

coating method was used to minimise this effect,173 and further detail is provided in the Pt deposition 

experimental in section 5.3.3 Catalytic studies. 
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2.1.2 Reference electrode  
 

The reference electrode is designed to provide a well-defined and stable equilibrium potential that can 

be used to determine the applied potential. The reference electrodes used for each investigation was 

selected based on the electrolyte solution to reduce junction potentials. 

For the copper sulphate study, a mercury sulphate electrode (MSE, IJ Cambria Ltd) was used as the 

reference electrode to prevent the addition of chloride ions from possible cross contamination as this 

may alter the mechanism. At low chloride concentrations, an accelerated chloride mediated reduction 

pathway occurs as shown80 

 𝐶𝑢2+ + 𝐶𝑙−
𝑎𝑑𝑠 + 𝑒−  ⇄  𝐶𝑢𝐶𝑙𝑎𝑑𝑠                 𝐸0 = + 0.58 𝑉 Equation 84 

 𝐶𝑢𝐶𝑙𝑎𝑑𝑠  +  𝑒− ⇄ 𝐶𝑢 + 𝐶𝑙−                                  𝐸0 = + 0.18 𝑉   Equation 85 

This occurs in parallel to the two-stage Cu2+ reduction pathway shown in  Equation 6 thus resulting in 

an overall accelerated kinetics. However, at higher chloride concentration, the copper deposition 

mechanism is inhibited by the chloride ions thus a larger overpotential is required. The MSE is based 

on the reaction between mercury metal and mercurous sulphate in a saturated potassium sulphate 

solution as shown: 

 𝐻𝑔2𝑆𝑂4 +  2𝑒−  ⇄  2𝐻𝑔 + 𝑆𝑂4
2−                          𝐸0 = + 0.64 𝑉  Equation 86 

As both the palladium and platinum impact electrochemistry studies were conducted in chloride 

solutions a saturated standard calomel electrode (SCE, ALS Inc) was used. This is based on the reaction 

between mercury metal and mercury (I) chloride in saturated potassium chloride electrolyte:  

 𝐻𝑔2𝐶𝑙2  + 2𝑒− ⇄ 2𝐻𝑔 +  2𝐶𝑙−                            𝐸0 = + 0.24 𝑉  Equation 87 

For the electrocatalytic studies via of the Pt/CB generated, a reversible hydrogen electrode (RHE, 

BioLogic) limiting the presence of additional chloride ions to the perchloric acid. This reference 

electrode is based on the reduction of hydrogen ions (Equation 88).174 
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 𝐻+ +  𝑒−  ⇄  
1

2
𝐻2   Equation 88 

 𝐸 =  𝐸0 −
𝑅𝑇

𝐹
 ln (

√𝑓(𝐻2)/𝑝0

𝑎(𝐻+)
) Equation 89 

The potential for the RHE deviates from the standard hydrogen electrode (SHE) according to Equation 

89. Here, E is the potential of the redox couple given by Nernst equation, E0 is the standard potential, 

𝑓(𝐻2) is the fugacity of H2, p0 is the standard pressure (1.00 bar), 𝑎(𝐻+) is the activity of H+
(aq), R is 

the gas constant, T is the temperature and F is Faraday constant. At conditions of 𝑓(𝐻2) =1.00 bar and 

T =298.15 K, the potential decreases by 0.059 V per pH unit, therefore for the electrochemical active 

surface area (ECSA) and oxygen reduction reaction (ORR) studies (see chapter 5) where the RHE is used 

in a solution of 0.1 M perchloric acid (pH=1), the potential is 0.00 vs. RHE= -0.059 V SHE. 

2.1.3 Counter electrode  
 

For all electrochemical investigations a graphite rod (3 mm diameter, Goodfellow Cambridge Ltd) 

served as a counter electrode. The purpose of the counter electrode in a three-electrode configuration 

is to complete the electrical circuit where a large surface area is provided to ensure fast kinetics. While 

Pt wire is conventionally employed as a counter electrode, a graphite rod was selected to avoid the 

possibility of introducing Pt ions to the solution as a result of dissolution. 

2.1.4 Electrolyte solution  
 

For each results chapter, details have been provided regarding the composition and preparation of the 

electrolyte solution. In general, to ensure the metal would remain in a solution phase prior to 

electrodeposition, a Pourbaix diagram was used to determine pH 2 was appropriate for the copper, 

palladium, and platinum investigations.175-177  
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2.2 Low-noise potentiostat  
 

Impact chronoamperometric scans were measured using a bespoke low-noise potentiostat, fitted with 

a high-speed variable-gain low-noise current amplifier (DHPCA-100, femto.de) with a bandwidth of 

220 kHz and rise time of 1.6 μs at the operating gain of 108, and a data acquisition card (NI-6003, 

National Instruments, bandwidth 300 kHz) which combined enabled a sampling rate of 100 kS s−1.178,179 

2.2.1 Effects of filtration on signals 
 

 

Figure 18 Effects on a reductive impact signal of at 5 kHz (⎯), 1 kHz (⎯), 0.5 kHz (⎯) and 0.25 kHz (⎯) digital 
filters. 

 

This section provides an illustration of the effect of varying the applied digital filter on an isolated 

reductive peak. Digital filters are required in general to improve the signal-to-noise ratio enabling 

peaks to be more clearly identified and analysed. Although the charge is conserved, the peak height 

and duration values become distorted.180 Therefore, the use of peak height or duration measurements 

for quantitative analysis must be treated with particular caution, since even in the absence of applied 

(low pass) filtering, the data is subjected to sampling rates (typically 105 s-1) that are probably 
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insufficient to accurately capture the current signals. Figure 18 displays an isolated reductive peak 

obtained from a chronoamperometric scan conducted at -0.8 V (vs. MSE) in a solution of 0.5 mM 

CuSO4, 1 mM H2SO4 and 19 mM K2SO4 in the presence of 60 nm AgNPs. This figure demonstrates the 

effect of digitally filtering a reductive peak at 5 kHz (⎯), 1 kHz (⎯), 0.5 kHz (⎯) and 0.25 kHz (⎯). 

Although the peak height changes, the peak charge remains conserved. 

 

2.3 Characterisation techniques 
 

The following section introduces the methods used to characterise core materials such as cenosphere 

particles discussed in chapter three and the synthesised nanoparticles modified during impact 

investigations. 

2.3.1 Handheld X-ray fluorescence spectrometer (hXRF) 
 

The handheld X-ray fluorescence spectrometer (hXRF) was used to characterise the cenosphere 

particles before use. The composition of cenospheres primarily comprise of aluminosilicate with trace 

amounts of Ca, Fe, K and Mg however the this varies depending on the formation conditions. As 

cenospheres are consider waste materials, it was necessary to first characterise them before use. XRF 

is a non-destructive and rapid characterisation method thus making it suitable as no additional sample 

preparation is required. This operates by subjecting the cenosphere samples to high-energy x-rays, 

which impact with sufficient energy to displace the inner-shell electron subsequently causing a release 

of energy in the form of secondary x-rays that can be characterised for element identification.181 

2.3.2 Imaging characterisation techniques 
 

Scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis 

 

Scanning electron microscopy (Hitachi TM3030 and Philips XL30 FEG ESEM) were used to provide 

qualitative analysis of the nanoparticles before and after modification as a visual confirmation of 

deposition. This was conducted alongside EDX to provide quantitative analysis on the extent of the 
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material modification. This instrument operates by directing an electron beam through a magnetic 

field where a lens focuses the beam at the sample held in a vacuum.182  

Transmission electron microscopy (TEM) 

 

Transmission electron microscopy (JEM-2100F Field Emission Electron Microscope) was used to 

characterise both the palladium and platinum modified nanoparticles. TEM analysis has a higher 

resolution than SEM and was used to confirm the modification of the impacting nanoparticles during 

impact events by capturing the distribution of the deposited metals on the carbon nanoparticle 

surface.183 

2.3.3 Inductively coupled plasma spectrometry (ICP) 
 

Both Inductively coupled plasma mass spectrometry (Nexion 300X ICP-MS, Perkin Elmer) and optical 

emission spectrometry (Optima 8000 ICP-OES, Perkin Elmer) were used to characterise modified 

nanoparticles and electroplating solution as metal concentrations depleted. ICP-MS and ICP-OES 

operates by converting the sample into ions then measuring the sample via a mass spectrometer and 

optical spectrometer respectively. ICP-MS was used for samples requiring a lower detection limit. 

Details on specific sample preparation and detection limits for the element of interest is provided in 

the corresponding chapters.184  

2.3.4 X-ray photoelectron spectroscopy (XPS) 
 

X-ray photoelectron spectroscopy is a quantitative analysis technique used to identify elements on the 

sample surface.  During XPS electrons are emitted from atoms in response to impinging 

electromagnetic radiation. This method was used to identify the chemical state of the platinum and 

palladium detected in the sample to confirm deposition had occurred.185 XPS analysis was conducted 

using Kratos Liquid Phase Photoelectron Spectroscopy (LiPPS) with a mono-chromated Al kα X-ray 

source. 

 



75 
 

2.3.5 Thermogravimetric analysis (TGA) 
 

Thermogravimetric analysis (NETZSCH TG 209 F1) was used to characterise the palladium modified 

carbon nanoparticles and platinum modified nanoparticles. TGA operates based on the change in mass 

of the material as temperature changes. When sufficient heat is applied in a nitrogen atmosphere the 

carbon black nanoparticles decompose leaving the metal behind.186  
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3. Copper deposition on metallic and non-metallic single particles  
 

3.1 Abstract  
 

To begin, this chapter demonstrates the possibility of depositing metals onto low-metal content 

particles via impact electrochemistry, a technique used to measure transient current signals 

(electrochemical impacts) produced from the collision between particles moving under Brownian 

motion and a potentiostatted interface. The deposition of copper onto the surface of fly-ash 

cenospheres via electrochemical impacts is reported, along with its deposition onto silver and gold 

nanoparticles. A comparison with linear sweep voltammetry confirmed that impact signals correlated 

with deposition potentials (bulk and underpotential deposition). Reductive impact events were 

observed at potentials negative of −0.3 V (for Ag) and −0.1 V (for Au) (vs. MSE), with evidence for a 

change in coverage of deposition from ca. 103% at −0.1 V to 261% at −0.8 V vs. MSE for Au. 

Cenospheres were shown to be sufficiently electrochemically active to facilitate copper deposition, 

either on modified electrodes or showing transient impact spikes indicating copper deposition, which 

was confirmed via SEM/EDX and ICP-MS analysis. 

3.2 Introduction 
 

The recovery of critical and commercially significant metals from waste streams is an essential aspect 

of their continuing and future sustainable use. Current methods of extraction are often not 

economically viable for low concentrations of critical metals, resulting in wide variations in recycling 

percentages for different metals.187-191 As discussed, in the introduction (chapter 1.2), conventional 

methods of recovery such as chemical precipitation, adsorption/biosorption, and ion exchange are 

limited by large reagent consumption, secondary pollution generation, and high operating costs.192-

195Therefore, electrochemical methods such as electrodeposition, electrosorption, and 

electrodialysis,196 would appear to be well-suited for the recovery and recycling of many metals, 

provided a suitable solvent and reduction potential is used. The primary advantage of these techniques 
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are the high efficiency, operational feasibility and cost effectiveness.197-199 Electrodeposition is 

considered a practical metal recovery technique with broad industrial applications as it has the 

capability of enabling selective metal recovery from aqueous solutions under mild conditions.195,200-204 

However, the removal of the deposited metal from the cathode is normally required for onward 

processing and can create complications. Impact electrochemistry has several potential advantages, 

for example the particle size enables a high rate of mass transport to the nanoparticle surface. 

Furthermore, this method offers the ability to choose a suitable core particle on which to deposit the 

metal being recovered in such a way as to either separate for onward processing or directly produce 

desirable catalysts with core-shell architectures. The former case does not afford significant 

advantages over the existing method of deposition onto a cathode since the recovered metal still 

needs separation from the nanoparticle material; but the second scenario would hold significant 

benefits on the overall recovery-recycling process, and it is this long-term aim of the use of impacts for 

recovery/recycling. Impact electrochemistry also uses a large (tunable) number of nanoparticles which 

in some circumstances may be less susceptible to becoming fouled by contaminants than a single large 

electrode.  

The electrodeposition of metals onto particles via impact electrochemistry has been reported in the 

literature, with examples including underpotential deposition (upd) and bulk deposition.137,161,163 

Initially these studies focussed primarily on metallic core particles (Ag, Au) but since has expanded to 

non-metallic cores. The use of non-precious metal cores would promote long-term sustainability and 

potential economic viability of any application in recovery/recycling and so there is great interest in 

the possibility of using lower value (especially ‘waste’) materials as core particles.  

Cenospheres are a component of coal fly ash (CFA) which is generated as a waste by-product in large 

quantities during the combustion of pulverised coal. The combustion process as well as the total 

mineral content of the coal feed heavily influences the physical and chemical characteristics of the 

cenospheres formed. Primarily, cenospheres consist of aluminosilicates (29-90%), with moderate 



78 
 

amounts of calcium, iron, potassium, and magnesium oxides. Although coal is widely used globally as 

a fuel for energy generation, it is associated with several major environmental concerns due to 

greenhouse gas emissions and waste management challenges. For instance, approximately 750 million 

tonnes of fly ash are produced annually with significant quantities disposed of in landfill or ash lagoons. 

Due to the cost associated with landfill disposal, and the beneficial properties associated with 

cenospheres, there has been an increased interest in identifying potential applications. Cenospheres 

are lightweight hollow spheres with a good thermal resistance, high compressive strength and are 

chemically inert. Given these properties, cenospheres could be a useful functional recovered waste 

material. These properties make them potentially suitable for a range of industrial applications such 

as additives in lightweight cementitious products with reduced water release or in the production of 

automotive brake rotors.205,206 

Additionally, cenospheres have been reported as a substrate for metal deposition, with Shukla et al. 

investigating the electroless deposition of Cu onto cenospheres via a layer of Pd clusters,207 with the 

primary objective of increasing conductivity and producing light weight metal matrix composites. Their 

low density makes their separation from the reaction solution relatively simple (via filtration or 

centrifugation, etc.). Suggested applications for copper coated cenosphere particles involve the 

fabrication of conducting polymers, lead base composite material and electromagnetic interference 

shielding materials.207,208 Their conductive and light weight properties make them suitable for 

electronic applications where weight reduction is critical.  The modification of cenospheres using other 

techniques such as precipitation and fluidised-bed chemical vapour deposition have also been 

documented. However, their suitability as substrate for direct electrochemical deposition is unclear 

due to their varying composition that is typically dominated by aluminosilicates and metal oxides. A 

detailed characterisation is therefore required in each circumstance to determine factors such as 

chemical composition, morphology, and size distribution.209-211 
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To investigate the suitability of impact electrochemistry for recycling applications, it was decided to 

study the deposition onto metallic nanoparticles, such as gold and silver nanoparticles (AuNPs, AgNPs), 

before extending the investigation to include the non-metallic recovered waste material, fly-ash 

cenospheres (FACs). Copper was selected as an electrochemically recyclable commodity metal with a 

relatively well-established voltammetry exhibiting a well-known upd region on gold hence enabling 

demonstration of the technique.212-219 In addition to this, copper is considered a vital resource deemed 

essential for modern society due to characteristics such as its electrical properties and durability 

making it versatile difficult to substitute. Although materials such as steel, plastics, graphene, and 

optical fibre can replace copper in various applications, they exhibit comparatively inferior 

performance in key end of use categories that account for 70% of copper applications.220,221  

 

3.3 Experimental 
 

All chemicals used were obtained commercially and used without further purification, namely: copper 

(II) sulphate (98%, Sigma Aldrich), potassium sulphate (99.0%, Sigma Aldrich) sulphuric acid (95.0–

98.0%, Alfa Aesar), hexaammineruthenium (III) chloride (99.0%, Sigma Aldrich), potassium chloride 

(99.0–100.0%, Alfa Aesar), nitric acid (70.0%, Fisher Scientific), 60 nm citrate capped silver 

nanoparticles (AgNPs, Nanocomposix Inc, USA), 50 nm and 60 nm citrate capped gold nanoparticles 

(AuNPs, Nanocomposix Inc) and fly-ash cenospheres (FACs, RockTron International Ltd). All solutions 

were made using ultrapure water of resistivity = 18.2 MΩ cm (MilliQ, Millipore). 

Electrochemical experiments were performed using a three-electrode cell in a Faraday cage as 

described in the general experimental section 2.1. A glassy carbon (GC, diameter = 3 mm, BASi Inc) 

macroelectrode, and carbon fibre (CF) microelectrodes of different sizes (diameter = 9, 11, or 33 μm) 

were used as working electrodes. Carbon substrate electrodes were used for impact studies since they 

have a high overpotential for hydrogen evolution (unlike Pt), are not easily oxidised (cf. Ag), and Cu 

does not readily deposit onto it (cf. Au). The 9 μm electrodes were made in-house using pitch-derived 
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carbon fibres (Goodfellow Cambridge Ltd), whilst the 11 μm and 33 μm electrodes were purchased 

(BASi Inc and ALS Inc respectively). Working electrodes were prepared by polishing the surface with 

alumina suspensions of 1 µm, 0.3 µm and 0.05 µm sequentially, on a micro-cloth pad (all from Buehler 

Inc, USA). A mercury sulphate electrode (MSE, IJ Cambria Ltd) was used as a reference electrode and 

a graphite rod (3 mm diameter, Goodfellow Cambridge Ltd) as the counter electrode. For nanoparticle 

experiments, the MSE reference electrode was placed in a separate fritted compartment to avoid 

possible cross-contamination when conducting the nanoparticle free blank investigation. Unless 

otherwise stated a solution of 19 mM potassium sulphate, 1 mM sulphuric acid and, when required, 

an additional 0.5 mM copper sulphate was used. Solutions were thoroughly degassed using nitrogen 

gas (oxygen-free, BOC Gases plc) and a nitrogen atmosphere maintained throughout the experiments. 

Standard electrochemical measurements were conducted using an Autolab 128N (Metrohm-Autolab 

BV, Netherlands) potentiostat controlled via a PC running NOVA 2.1 software conducting both linear 

sweep voltammetry and chronoamperometry scans. Impact chronoamperometric scans were 

measured using a bespoke low noise potentiostat analogous to that described in literature.178 The data 

was processed using a combination of Microsoft Excel and Origin Pro 2021. Unless stated otherwise, 

impact electrochemical data has been analysed following electronic filtration (digital) at 250 Hz in 

order to improve the signal-to-noise ratio and facilitate analysis (see General Experimental 2.2). Where 

closer analysis was required, the ‘raw’ data was then reviewed when considering duration or peak 

current and literature.180 Interpretation of quantitative data, in particular related to absolute peak 

currents requires appropriate caution since data acquisition is limited by the sampling rate (here 100 

kS s−1). Hence, the use has been limited to comparing between for example, deposition on AuNPs and 

AgNPs in a relative sense rather than relying on interpreting absolute values. The design of the 

potentiostat is such that charge is conserved by the filter and so analysed charges can be interpreted 

with more confidence.179,180 

The cenospheres were characterised using a handheld X-ray fluorescence spectrometer (hXRF),222 

scanning electron microscopy (SEM) with energy dispersive X-ray (EDX) analysis and inductively 
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coupled plasma mass spectrometry (ICP-MS). For the SEM/EDX characterisation, 5 mg of cenospheres 

were added to the surface of a carbon tape (Agar Scientific) then examined using a Hitachi TM3030 

electron microscope. To analyse cenospheres where deposition had occurred, the solution post-

chronoamperometric experiment was taken and drop-casted onto glassy carbon stubs, dried, rinsed 

thoroughly with deionised water and dried again to be studied in the same way with the SEM/EDX. 

Additional experiments were conducted where modified cenospheres processed as described below 

for ICP-MS were taken dried and analysed directly with the SEM/EDX. 

ICP-MS analysis was conducted on both unmodified cenosphere particles and cenosphere particles 

that had been modified via a 12h chronoamperometric scan in 0.5 mM copper sulphate, 19 mM 

potassium sulphate and 1 mM sulphuric acid. The modified cenosphere sample was repeatedly 

centrifuged (SIGMA 3k30 centrifuge) at 5000 rpm for 10 min, rinsed with ultrapure water and 

sonicated (U-series, Ultrawave), then repeating the washing cycle, before allowing to dry. Both samples 

were prepared for ICP-MS by dissolving in 2% nitric acid at a concentration of 1 ppm (cenosphere 

content) for 48h before filtration with 0.45 μm syringe filters (Starlab Group Ltd). The solution was 

then analysed using an ICP-MS (Nexion 300X ICP-MS, Perkin Elmer) with a limit of detection of 0.174 

ppb. A calibration curve was generated with 1 ppm copper standard for ICP-MS, (TraceCERT Sigma 

Aldrich) in ultrapure water at concentrations of 0.001 ppm to 0.01 ppm. The sample was then analysed, 

and the concentration of copper read from the calibration curve. 

3.4 Results and discussion 
 

3.4.1 Deposition of Cu (macro and micro studies) 
 

Macro and microelectrode studies were conducted to determine the onset potential of copper 

deposition onto GC and CF electrodes, as well as AuNP-modified GC and AgNP-modified GC electrodes 

before studying deposition onto FACs. Cyclic voltammograms (CVs) were taken of each electrode in a 

solution containing 0.5 mM copper sulphate, 19 mM potassium sulphate and 1 mM sulphuric acid at 
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a voltage scan rate of 100 mV s−1. For bare GC, CF, and AuNP-modified GC electrodes a start potential 

of 0.0 V vs. MSE was applied. Whereas, for the AgNP-modified GC the voltammetry scan started at 

−0.1 V vs. MSE to prevent the stripping of the AgNPs from the electrode surface. The onset potential 

(visually determined from Figure 19) can be defined as an adequately negative potential able to initiate 

a current response,223-225 in this case a current density of −0.025 A m−2 is used to determine onset 

potential.  

 

 

 

Figure 19 depicts the reductive CV segments of copper deposition on the surface of 3 mm bare GC (—), 50 nm 
AgNP modified GC (-⋅-⋅-), 50 nm AuNP modified GC (—–) and 33 µm bare CF (⋅⋅⋅⋅⋅⋅). This was conducted in the 
standard copper plating solution of 0.5 mM CuSO4, 1 mM H2SO4 and 19 mM K2SO4 using a scan rate of 100 mV 
s−1 in all cases.  

Figure 19 illustrates the reductive scans for GC, AuNP/GC, AgNP/GC, and CF working electrodes. Both 

the AuNP/GC and AgNP/GC surfaces were prepared via a drop-cast method also used by Tschulik et 

al.226 where 5 µL of a suspension containing 50 nm AuNPs (or 50 nm AgNPs) was added to a polished 
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GC surface. It can be observed that copper deposition on the gold-modified GC surface commences at 

a potential of −0.1 V vs. MSE whereas the onset onto other materials occurs at more negative 

potentials. This is due to underpotential deposition (upd) indicated by the characteristic initial peak at 

ca. −0.30 V vs. MSE, in agreement with the upd peak potential 0.05 V vs. Cu/Cu2+ onset reported in 

literature,214,216 where E Cu/ Cu2+ = ESHE + 0.28 V,214 and ESHE = EMSE −0.64 V giving a potential of −0.31 V vs. 

MSE. The deposition of copper onto a gold surface is well-documented and is categorised into four 

stages,216,225,227,228 namely the adsorption of copper and sulphate ions onto the gold surface, leading 

to a honeycomb ad-layer, then a full copper upd monolayer, and finally bulk deposition. Figure 19 is 

broadly in agreement with this, with the upd peak at ca. −0.3 V (vs. MSE) and bulk deposition occurring 

at potentials more negative than ca. −0.4 V (vs. MSE). From the upd peak an estimated AuNP surface 

coverage of ca. 0.5-layer equivalents was calculated based on the maximum possible available NP 

surface area as seen: 

 
 
 𝑆 = 4𝜋𝑅2 Equation 90 

                                 
 𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆 𝑁𝑁𝑃 Equation 91 

 
                                       

where S is the nanoparticle surface area, R the NP radius, Stotal the total surface area of all NPs added 

via drop-cast, and NNP the total number of NP added. The charge transferred can then be determined 

via the integration of the upd region using the potential window 0.0 V to -0.35 V (vs. MSE): 

 𝑄 =
∫ 𝐼𝑑𝑉

𝑣
 Equation 92 

 
 𝑁 =

𝑄

𝑒𝑧
 Equation 93 

                                                    

 𝑁𝑚𝑜𝑛𝑜 = 0.7405 
𝑆𝑡𝑜𝑡𝑎𝑙

𝜋𝑟2  Equation 94 
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 𝜃 =
𝑁

𝑁𝑚𝑜𝑛𝑜
 Equation 95 

 
                                                

 
where here Q  is the associated reductive charge, V the potential, v the scan rate, e the electronic 

charge, z = 2 the number of exchanged electrons per reduced copper atom,144 𝜃 the coverage, r the 

copper atomic radius, N the number of reduced copper atoms, and Nmono the number of copper atoms 

in a monolayer equivalent based on a 74.05 % fcc surface coverage.229 Table 2 displays calculated values 

using Equation 90-Equation 95 for the surface area, total AuNP surface area in drop-cast, number of 

50 nm AuNP in drop-cast, charge at upd, number of Cu deposited, number of Cu in monolayer and 

coverage equivalent.   

Table 2: Calculated values for upd copper coverage on AuNP/GC electrode 

 

Parameter / unit Calculated values 
S / m2 7.9 × 10-15 

Stotal / m2 1.6 × 10-6 
NNP 2.0 × 108 

Q / C -3.7 × 10-6  
N 1.2 × 1013 

Nmono 2.2 × 1013 
𝜃 0.5  

 

 

3.4.2 Impact deposition of Cu onto Ag metallic nanoparticles 
 

To investigate whether electrochemical impact events for copper deposition occurs, 

chronoamperometry was conducted with and without the addition of nanoparticles to the copper 

sulphate solution described above for the same potentials. Figure 20A depicts a 20 s segment of the 

chronoamperometric scans where peaks can be observed. This scan was first performed at −0.8 V (vs. 

MSE) before the addition of silver nanoparticles as a controlled experiment. Upon the addition of silver 

nanoparticles, reductive transient peaks can be observed (see Figure 20B) suggesting the occurrence 

of copper deposition during impact events at this potential. It was also noted that the background 
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current varies quite widely, especially at more negative potentials, which has been postulated to be 

due to small numbers of adsorbed nanoparticles and the deposition behaviour of copper. A study was 

performed using both 11 µm and 33 µm carbon fibre electrodes at a range of potentials (vs. MSE) to 

quantify this effect.  

 

 

 

In order to compare the background current between the chronoamperogram depicted in Figure 21 

an arbitrary time (t=25 s) was selected for all scans. A variation in magnitude of the background current 

can be observed as the potential becomes increasingly negative, and the variation appears to increase 

with electrode size Figure 22. For example, for blank solutions (containing no NPs) the current ranged 

from -0.26 nA to -0.66 nA for 11 µm CF and   -0.25 nA to -2.24 nA for 33 µm CF. For solutions containing 

NPs, the current ranged from -0.61 nA to -0.73 nA for 11 µm CF and -1.15 to -3.53 nA for 33 µm CF. 

Figure 20 A shows an illustrative depiction of a typical 20 s segment of chronoamperometric scans at −0.8 V 
vs. MSE before (i) and after (ii) the addition of 60 nm silver nanoparticles. Figure 20B presents a magnified 
reductive peak from scan A (ii) at 14.25 s. All experiments were conducted in a 5 mL solution of 0.5 mM CuSO4, 
1 mM H2SO4 and 19 mM K2SO4 using a CF working electrode, a mercury sulphate reference electrode with a 
glass frit and a graphite rod counter electrode.  
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Figure 22 Variation of background current across different potentials in solutions containing no nanoparticles (◼) 
and solutions containing Ag nanoparticles (⚫) for carbon microelectrodes of diameter 11 µm (A) and 33 µm (B).  
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Figure 21 Comparison of chronoamperometric scans before and after the addition on AgNPs at -0.8 V, -0.7 V and 
-0.55 V (vs. MSE). (A) scans at -0.8 V vs. MSE with (i) and without (ii) the addition of 20 pM 60 nm AgNPs using 
an 11 µm CF electrode. (B) scans at -0.7 V vs. MSE with (i) and without (ii) the addition of 20 pM 60 nm AgNPs 
using an 11 µm CF electrode. (C) scans at -0.7 V vs. MSE with (i) and without (ii) the addition of 20 pM 50 nm 
AgNPs using a 33 µm CF electrode. (D) scans at -0.55 V vs. MSE with (i) and without (i) the addition of 40 pM 20 
nm AgNPs using an 11 µm CF electrode. 
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Figure 23A Frequency of impacts, normalised for electrode area, detected during 30 s chronoamperometric scans 
using a 20 pM suspension of 60 nm AgNPs at different potentials. Figure 23B displays the calculated average 
coverage of impacting AgNP at varying potentials where copper deposition occurred on nanoparticle collisions 
occurring at a potential negative of −0.3 V vs. MSE. All experiments were conducted in a 5 mL solution of 0.5 mM 
CuSO4, 1 mM H2SO4 and 19 mM K2SO4 using a CF working electrode, a mercury sulphate reference electrode with 
a glass frit and a graphite rod counter electrode.  

 

Further investigations were then conducted to determine the potential window at which the impact 

events could be observed, by recording chronoamperograms at a range of potentials under 

potentiostatic control. Figure 23A shows the frequency of reductive peaks detected at the different 

potentials ranging from −0.8 V to −0.1 V (vs. MSE), with the average frequencies at each potential 

where impacts were observed being in the range 2.3 to 3.7 GHz m−2. At potentials more negative than 

−0.3 V vs. MSE, reductive peaks can be observed. This agrees with the data shown in  Figure 19 (and 

in literature)213,230 indicating that the onset of bulk copper deposition on the surface of silver is 

approximately −0.33 V (vs. MSE). The reductive peaks identified were used to determine the charge 

transferred during each impact event.  Further details of the frequency vs. potential analysis shown in 

Figure 23A are provided in Figure 24 and Table 3 where additional details of the step-by-step analysis 

is shown. An example of the chronoamperometric scan conducted at -0.8 V (vs. MSE) used for the 

analysis has been provided where some peaks have been isolated and presented for clarity. 

Additionally, a table documenting the frequency calculated for each scan is provided. 
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As an example of the peak analysis, the chronoamperometric scan displayed in Figure 20A was 

considered and reproduced as Figure 24A. Closer inspection of the I-t curve within the 5-20 sec period 

of the scan shows 4 impact signals, labelled (i)-(iv), which are shown in greater detail in Figure 24B . 

The impact frequency for the scan can be calculated simply as the number of impacts recorded during 

the time length of the scan. Analysing all the chronoamperograms recorded for the potentials ranging 

from 0.1 V to -0.8 V (vs. MSE), an overall average impact frequency can be derived at each potential. 

These are given below in Table 3, where all scans were conducted in a solution of 0.5 mM CuSO4, 1 

mM H2SO4 and 19 mM K2SO4 in the presence of 60 nm AgNPs using 33 µm, 11 µm, and 9 µm CF working 

electrodes.  
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Figure 24 A Chronoamperogram showing impacts of 60 nm AgNPs in a solution containing 0.5 mM CuSO4, 1 mM 
H2SO4 and 19 mM K2SO4 measured at -0.8 V (vs. MSE) with peaks labelled (i)-(iv); and Figure 24B showing the 
magnified peaks (i)-(iv) from (A). 
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Table 3 showing frequency of reductive peaks at different potentials ranging from 0.1 V to -0.8 V (MSE), where 
the average frequency of peaks has been averaged across multiple as shown. 

 
The copper coverage of individual impacts was calculated using the charge determined from the 

integrated area of each peak.  

 𝑆 = 4𝜋𝑅2 Equation 96 

 𝑄 = ∫ 𝐼𝑑𝑡 = 𝑒𝑧𝑁 Equation 97 

 𝜃 =
𝑄

5.924
(

𝑟

𝑅
)

2

 Equation 98 

 

where S is the nanoparticle surface area, R the NP radius, Q the associated reductive charge, t the 

spike duration, e the electronic charge, z = 2 the number of exchanged electrons per reduced copper 

atom,144  the coverage, r = 1.96 Å the copper atomic radius,231 N the number of reduced copper 

atoms. The average coverage was calculated for impacts at different potentials (see Figure 23B). The 

data suggests that coverage greater than a monolayer equivalent occurs once the applied potential is 

Potential / V No. of peaks  Frequency of peaks on 
scan / GHz m-2 

Average Frequency / GHz m-2 

-0.8 7 2.5 3.1 ± 0.6 
-0.8 10 3.5 

-0.8 11 3.9 
-0.8 7 2.5 
-0.7 6 3.1 2.3± 0.7 
-0.7 4 2.1 
-0.7 3 1.6 
-0.5 5 2.6 3.7± 1.0 
-0.5 9 4.7 
-0.4 7 3.7 3.7± 2.3 
-0.3 0 0 0 

-0.2 0 0 0 
-0.1 0 0 0 
0.1 0 0 0 
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negative of the ‘switch on’ potential, for example at −0.4 V vs. MSE, an average coverage of 479% was 

observed. Table 4  shows a calculated example of copper coverage on the surface of an impacted AgNP. 

The calculated values for the AgNP surface area, reductive peak charge, number of Cu deposited, 

number of Cu in monolayer (Equation 94) and coverage equivalent are shown. 

 
Table 4 Example of Cu coverage calculation associated with deposition onto an impacting AgNPs 

 

Parameter / unit Calculated values 
S / m2 1.1 × 10-14  
Q / C -4.2 × 10-14  

N 1.3 × 105 
Nmono 7.0 × 104 

𝜃 1.9  

 

3.4.3 Impact deposition of Cu onto Au metallic nanoparticles 
 

 

Figure 25A depicts a 15 s segment of three 30 s chronoamperometric scans (i) a chronoamperometric scan at -
0.3 V using a 9 µm CF after the addition of AuNPs (ii)  a scan conducted at a potential of  -0.55 V using a 11 µm 
CF electrode  before the addition of AuNPs (iii) a scan at -0.8 V using 11 µm CF after the addition of 60 nm AuNPs 

. Figure 25B shows the calculated average percentage coverage () of individual 50 nm AuNP impacts at different 
potentials ranging from 0.1 V to -0.8 V vs. MSE. A series of 30 s chronoamperometric scans were conducted in a 
5 mL solution of 0.5 mM CuSO4, 1 mM H2SO4 and 19 mM K2SO4 using a CF working electrode, a mercury sulphate 
reference electrode with a glass frit and a graphite rod counter electrode. 
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Analogous impact experiments were then conducted using a 20 pM suspension of AuNPs to study 

whether impacts were observed in the upd and bulk deposition regions in Figure 19. Similar to the 

AgNP system, upon the addition of AuNPs, reductive transient peaks could be observed for a range of 

potentials (vs. MSE). Figure 25A displays the chronoamperometric scans before and after the addition 

of gold nanoparticles conducted at −0.3 V (upd region) and at −0.8 V (bulk deposition region). It can 

be observed that before the addition of AuNPs the scan is void of transient peaks, however upon the 

addition of gold nanoparticles reductive peaks are observed at both −0.3 V and −0.8 V (vs. MSE.), in 

the upd and bulk deposition regions. 

The impact ‘spikes’ were integrated to obtain the charge passed during each impact, allowing 

calculation of the percentage coverage of the deposit, assuming a spherical NP, using Equation 96-

Equation 98.137,159,161 Figure 25B illustrates the calculated percentage coverage of impacting AuNP at 

varying potentials ranging from −0.8 V to 0.1 V (vs. MSE). Peaks begin to occur at potentials more 

negative than −0.1 V vs. MSE. This is in good agreement with the onset potential determined (see 

Figure 19 ) and the upd region reported in literature.215 The data shows that at potentials where upd 

is expected, the impacts observed correspond to an average coverage of ca.103% ± 8%, the theoretical 

monolayer coverage. On the other hand, at more negative potentials where bulk deposition would 

occur, the maximum percentage coverage is higher with an average coverage of 215% ± 37%, 

significantly exceeding the equivalent of monolayer coverage. 

A comparison of the AgNP and AuNP coverage (Figure 23B and Figure 25B) indicates a significantly 

higher copper coverage for the AgNP impacts. Given the similarity between bulk deposition onset, 

particles sizes (50–60 nm), and sticking coefficients for the AgNPs and AuNPs (0.15 for AgNPs ,166 and 

0.19 for AuNPs,133 reported for particles of mean radii ca. 10–13 nm), it might be expected that the 

coverages should also be similar provided that the bulk deposition kinetics of Cu were not markedly 

different on Ag and Au. The observed difference in deposition amounts has been postulated to be due 

to the degree of aggregation in the NPs, with AgNPs in particular, known to have rapid aggregation 
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kinetics.141 Since the coverage calculations are based on a single particle of mean diameter, they are 

highly sensitive to aggregation. Closer examination of the data indicates that the apparent coverages 

on Ag are skewed by several significantly larger impact spikes, which are consistent with the impacts 

of larger aggregates of NPs. Removal of these larger impacts yields coverages in the range 60–170% of 

a monolayer, which is comparable with the AuNP result. 

3.4.4 Impact deposition of Cu onto fly-ash cenospheres (FACs) 
 

After demonstrating the deposition of copper onto metallic nanoparticles, the reduction of copper 

onto cenosphere particles was investigated. Cenospheres were chosen as a core material for 

deposition as they are considered a waste product of the coal combustion process, additionally these 

are predominantly non-metallic particles. As previously stated, the composition of cenospheres varies 

and is influenced by the combustion conditions and coal composition.205,209 As such, the cenosphere 

were characterised using SEM/ EDX, which enabled an approximate size distribution and composition 

to be obtained. Figure 26 shows the particle size distribution produced from SEM images of the 

cenosphere sample and highlights a population centred around 1 µm in size, though a very large range 

of sizes can be observed. The size distribution histograms were obtained from numerical analysis using 

GIMP software on SEM images at 50x, 200x, and 2500x magnification of virgin and treated cenospheres 

as shown in Figure 27 and Figure 28. The SEM was conducted using dried cenosphere powder before 

and after the impact investigation. The images taken are analysed with Pythagoras using co-ordinates 

plotted for each particle to calculate diameter.   
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Figure 26 A SEM image of impacted cenosphere particles with higher copper content. Figure 26B Size distribution 
of FACs from SEM images using a magnification of 50x, 200x and 2500x, analysed using GIMP software. Number 
of particles analysed, N = 976. 

 

 

 
Figure 27 SEM analysis at 50x magnification of virgin (A) and treated (B) cenospheres taken as dry powders for 
analysis where the treated sample has been used in impact investigations. Area I and IV are areas analysed for 
cenosphere size with counted particles highlighted red. Areas II and III are areas further investigated at higher 
magnification.  
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Figure 28 SEM analysis at 200x magnification of virgin (A) and treated (B) cenosphere taken as dry powders for 
analysis. Area I and II are areas analysed for cenosphere size with counted particles highlighted red.  

 

Impact electrochemistry primarily focuses on particles on the nanoscale. Within literature it has been 

observed that the impact electrochemistry technique is able to facilitate the detection of a wide 

variation of particles sizes with 6 nm reported as the lower limit of detection.232 With regards to the 

upper limit, it has been suggested the application of direct impact is possible for sizing aggregated 

particles beyond the upper nanoparticle limits (100 nm) as seen in literature.141,145,157 The variation in 

cenosphere size and complex composition may affect the impact deposition process, as a result of the 

differing particle hydrodynamics under Brownian motion and settling properties.233 Additionally, 

observations have been made suggesting an increase in the peak current with increasing particles 

size.234 According to Zhou et al.133,166, sticking potential is not significantly affected by size however 

does vary with the impacting material and substrate electrode.164,235 

To further analyse the cenosphere particles a basic XRF analysis (Table 5) was conducted to determine 

the cenosphere composition as this is influenced by the combustion conditions and coal composition. 

Additional analysis using SEM/EDX shown in Table 6 was also conducted to further characterise the 

particles and is in agreement with both the XRF data obtained and literature reports that cenospheres 

are mainly comprised of metal oxides, with varying compositions reflecting those of their starting 

materials .206,211  
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Table 5 displays the elemental composition of the cenosphere particles determined using the handheld X-ray 
fluorescence spectrometer (hXRF). This table indicates high content of Si and Al as suggested by the SEM/ EDX 
analysis. 

 

Element Mass / % Element Mass / % 
Si 21.9 As 0.0 
Al 9.3 Se 0.0 
Mg 1.1 Rb 0.0 
P 0.2 Sr 0.1 
S 0.2 Zr 0.0 
Cl 0.0 Nb 0.0 
K 2.8 Mo 0.0 

Ca 5.0 W 0.0 
Ti 0.6 Pb 0.0 
Cr 0.0 Th 0.0 
Fe 3.1 U 0.0 
Cu 0.0 Pr, Au, Ag, Nd, Ce, La, Sb, 

Cd, Sn, V, Mn, Y, Co and Ni 
0.0 

Zn 0.0   
 
 
Table 6 Average compositions by mass of FACs determined by SEM/EDX (N = 7). 

 

 
 

To determine the suitability of the cenospheres for electrochemical impact experiments, the 

deposition of copper onto the cenosphere particles were investigated by drop-casting to produce a 

cenosphere-modified GC macro electrode (d = 3 mm) with ca. 1900% coverage, based on calculation 

assuming even distribution.226Figure 29 illustrates the reductive linear sweep voltammograms recorded 

for the bare GC and the FAC-modified GC electrode in a solution of 0.5 mM copper sulphate, 19 mM 

potassium sulphate and 1 mM sulphuric acid at a voltage scan rate of 100 mV s−1. According to both 

Element Average composition / % 
Silicon 52.3 

Aluminium 29.4 
Iron 9.0 

Calcium 6.7 
Magnesium 2.3 

Copper 0.2 
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Danilov et al. and Bimaghra and Crousier,236,237 the 2-electron deposition of copper onto carbonaceous 

materials occurs via the Volmer-Weber mechanism resulting in three-dimensional nucleation. Briefly, 

upon the establishment of the electric double layer, both copper metal adatoms and univalent copper 

ions accumulate near the electrode surface via the reactions: 

 𝐶𝑢2+ + 𝑒 →  𝐶𝑢+ Equation 99 

 𝐶𝑢+ + 𝑒 → 𝐶𝑢𝑎𝑑 Equation 100 

where a quasi-equilibrium occurs between the Cu+ ions and free unbound Cuad. As copper nuclei form 

at the surface of the electrode, the corresponding reductive current is influenced by cathodic 

overpotential, active surface area of the deposit and the mass transport of ions to the electrode/ 

solution and nuclei/solution interface. The cyclic voltammetry (see Figure 29) for the bare GC depicts 

two peaks with currents of −7.2 µA and −2.1 µA where the first peak is ascribed to copper deposition 

on the bare GC (peak 1) followed by deposition on the copper-modified GC surface (peak 2). 

 

Figure 29 illustrates the reductive scans of copper deposition on the surface of 3 mm Bare GC (—) and a 
cenosphere modified GC surface (—–). A 100 mV s−1 voltage scan rate was used between the potential window 
0.0 V to −0.75 V (vs. MSE) in a solution of 0.5 mM CuSO4, 1 mM H2SO4 and 19 mM K2SO4. 
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The conductivity of the cenospheres particles were investigated via a capacitance and blocking effect 

study. The capacitance of the cenosphere-modified GC electrode was investigated using voltammetry. 

The electrochemically active surface area of a cenosphere-modified GC electrode was compared to 

that of a bare (unmodified) GC electrode.  For this, a series of cyclic voltammograms were recorded at 

the electrode in a thoroughly de-oxygenated solution containing 5 mM hexammineruthenium (III) 

chloride and 0.1 M potassium chloride. This was repeated at a range of voltage scan rates from 50 to 

250 mV s-1 for both bare and cenosphere-modified GC electrodes. A plot of the reversible Randles-

Ševčík equation (Equation 47) is given in Figure 30A, with gradients of -2.64 × 10-4 A s1/2 V-1/2 and -2.50 

× 10-4 A s1/2 V-1/2 was determined for the modified and unmodified GC surface respectively. Given the 

outlying data point in Figure 30A, the gradients are within experimental error and active surface area 

is effectively unchanged. 

Next, the capacitance of the modified and unmodified GC electrodes was measured by recording cyclic 

voltammograms over a range of voltage scan rates up to 200 mV s-1 in a solution containing 0.02 M 

potassium sulphate only (to match the ionic strength of impact experiments), with the scan centred at 

0 V vs. MSE. The hysteresis between forward and reverse scans was measured and half of it plotted 

against scan rate in Figure 30B. Both cenosphere-modified and bare GC electrodes show a linear 

relationship with gradients of 0.80 F and 1.32 F respectively. 
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Figure 30(A) Randles- Sèvčík plot for cenosphere-modified GC (⚫) and bare GC (◼) electrodes in a solution 
containing 5 mM Ru(NH3)6Cl3 and 0.1 M KCl. (B) Plot of capacitive current vs voltage scan rate for cenosphere-
modified GC (⚫) and bare GC (◼) electrodes in a solution containing 0.02 M KCl. 

 

Upon modification of the bare GC with cenosphere particles, the cenosphere-modified electrode has 

increased reductive current without any discernible increase in capacitance. This indicates the 

cenospheres have sufficient electrical conductivity such that the increased surface area of the 

electrode leads to an increased current response. In addition, Figure 29 identifies the onset potential 

of copper deposition onto the surface of the cenosphere particles. From this it was determined peaks 

may be observed upon impact with the substrate electrode at a potential negative of −0.3 V (vs. MSE).  
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Figure 31 A illustrates two chronoamperometric scans conducted in a 5 mL solution of 0.5 mM CuSO4, 1 mM 
H2SO4 and 19 mM K2SO4 before (i) and after (ii) the addition of cenosphere particles. Both were performed at a 
potential of −0.75 V vs. MSE for 30 s. (B) highlights reductive peaks observed upon the addition of the cenosphere 
particles. 

 

Next, 0.05 g of FACs were added to 5 mL of a solution of 0.5 mM copper sulphate, 19 mM potassium 

sulphate, and 1 mM sulphuric acid resulting in a (number) concentration of 0.01 pM (and agitated 

using the degassing nitrogen stream. The number concentration of cenospheres was calculated as 

follows: 

Equation 101 

 

𝑁𝑐𝑒𝑛𝑜 =
𝑚

4
3

𝜋𝜌𝑟𝑚𝑒𝑎𝑛
3

 

 
where 𝑁𝑐𝑒𝑛𝑜 is the number of cenospheres in the sample, m is the mass of cenospheres in the sample, 

and the denominator represents the mass of an average cenosphere where ρ is the density of a 

cenosphere (0.857 g cm-3),206 and rmean is the average radius (8 10-4 cm). Then, 

 
Equation 102 

𝑁𝐶𝑐𝑒𝑛𝑜 =
3𝑚

4𝜋𝑁𝐴𝑉𝜌𝑟𝑚𝑒𝑎𝑛
3  
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where 𝑁𝐶𝑐𝑒𝑛𝑜 is the number concentration of cenospheres, NA is Avogadro’s constant, and V is the 

volume of solution that the cenospheres are suspended in. For the experiments described, m = 0.050 

g and V = 5.0 mL, which yields a number concentration of cenospheres in suspension of 0.01 pM. 

 

A carbon fibre working electrode (33 μm) was used to investigate whether FAC impacts relating to Cu 

deposition could be observed.  Figure 31A displays typical chronoamperometric scans at −0.75 V vs. 

MSE in the copper solution before and after the addition of the cenosphere particles showing the 

emergence of reductive events on the addition of cenospheres to the system (see Figure 31B). Note 

that positive-direction spikes that would be associated with the partial blocking of the background 

reductive current at the CF electrode are not observed.238 Additional chronoamperometric scans were 

conducted in a solution containing only 19 mM potassium sulphate and 1 mM sulphuric acid before 

and after the introduction of cenosphere particles as shown in Figure 32 . The absence of reductive 

transient peaks in both scans suggest the peaks observed in Figure 32 in the presence of copper is due 

to copper deposition onto the cenosphere, rather than a characteristic of the cenosphere particle. 

Figure 32 shows 25 s segment of a 30 s chronoamperometric scan in 19 mM potassium sulphate and 1 mM 
sulphuric acid solution before (i) and after (ii) the addition of cenosphere particles where no impact spikes were 
observed. 
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 The blocking effect of the cenosphere particles were further investigated by conducting 

chronoamperometric scans in a solution of 0.5 mM Ru(NH3)6Cl3, 1 mM H2SO4 and 19 mM K2SO4 with a 

33 µm CF at −0.6 V (vs. SCE) before and after the addition of cenosphere particles as shown in  Figure 

33. During the investigation it was possible to obtain a blank chronoamperometric scan without 

transient peaks before the addition of particles. Upon the addition of cenosphere particles a reductive 

peak could be observed suggesting an increase in current rather than a blocking effect. Again, positive-

direction spikes corresponding with the partial blocking of current by the cenospheres particles are 

not observed. The conclusion is therefore made that the reductive peaks observed in Figure 31B are 

due to the deposition of copper on the impacting cenosphere particles. 

 

 
Figure 33A shows 8 s segment of a 30 s chronoamperometric scan conducted in a solution of 0.5 mM Ru(NH3)6Cl3, 
1 mM H2SO4 and 19 mM K2SO4 with a 33 µm CF at -0.6 V vs. SCE; where (i) was conducted after the addition of 
0.06 g cenosphere particles (0.01 pM) and (ii) was conducted in a solution containing no cenosphere particles. 
The reductive peak from Figure 33 A has been isolated and displayed in Figure 33B. 

To obtain direct evidence of Cu deposition onto the FACs, a 12h chronoamperometric scan was 

conducted using a 3 mm GC electrode at −0.75 V vs. MSE in a solution containing 0.5 mM copper 

sulphate, 19 mM potassium sulphate, 1 mM sulphuric acid and 0.05 g cenosphere particles. This 

solution was then agitated briefly using the degassing nitrogen gas stream before commencing the 

chronoamperometric scan. Upon completion, 5 µL of the reacted suspension solution was extracted 

from the reaction cell, drop-cast onto a polished GC stub and then analysed using SEM/EDX to 
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determine the copper content of the cenospheres (additional experiments used dried cenospheres 

obtained through rinsing cycles and centrifugation as described in ICP-MS sample preparation). 

Table 7 displays the copper content determined by SEM/ EDX analysis of the background (GC stub), the 
unmodified cenosphere particles and impacted cenosphere particles. Copper content is presented as a ratio of 
copper and silicon count and error given by standard deviation. 

Sample Percentage copper content / % 

Background (GC stub surface) 0 

Pristine cenosphere particles 0.07 ± 0.07 

Impacted cenosphere particles 7.43 ± 2.47 

 

Table 7 displays the copper content determined by SEM/ EDX analysis of the background (GC stub), 

the unmodified cenosphere particles and impacted cenosphere particles. Copper content is presented 

as a ratio of copper and silicon count This shows the average copper content of the impacted 

cenospheres determined using SEM/ EDX analysis confirming that the average Cu content of impacted 

FACs is significantly higher than for non-impacted (pristine) FACs, with an average Cu content of 7.43 

± 2.47% compared to 0.07 ± 0.08% (by count, N = 7). Note that these values are quoted relative to the 

measured silicon (Si) content of the same FAC particle, to account for the variation in particle size and 

composition.  Detecting cenospheres with copper deposition in the solution sample demonstrates that 

after impacting the GC electrode some particles can detach from the surface. An SEM analysis of the 

GC stub was also conducted and indicated a build-up of copper deposition with cenosphere inclusions. 

Figure 34 SEM analysis of GC stub and imbedded cenosphere particle depicts an SEM analysis of the 

GC stub used as the substrate during an impact investigation with cenosphere particles. Additionally, 

SEM studies of cenosphere particles before and after modification using impact investigation has been 

documented where an increase in copper content can be seen.    
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Figure 34 SEM analysis of GC stub and imbedded cenosphere particle 

 

The degree of deposition of Cu onto the GC substrate, will clearly be dependent on the potential at 

which the impact experiment was conducted, and here was expected due to the choice of deposition 

potential. Detailed quantitative analysis of the degree of deposition onto the GC stub (via XPS) was not 

conducted here, since this was outside the scope of this study. However, such detailed analysis of the 

substrate electrode would be necessary when considering quantitative application of the impact 

technique for scaled-up application.
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Figure 35 Chart showing relative ratio of copper in each EDX scan taken at 2500x magnification.  At this 
magnification particles start to be isolated for the EDX inspection therefore the differential concentration of 
copper between particles becomes more apparent. 

The SEM analysis ( Figure 35) also identified some cenospheres present with a similar (near zero) level 

of copper content to the control, implying not all cenospheres collided with the GC electrode or else 

an impact occurred with little to no copper deposition. This variation is expected as the impact 

deposition process is uncontrolled, and the cenosphere composition (and hence conductivity) is not 

uniform. 

In addition to the SEM/EDX analysis, ICP-MS analysis of both the impacted and the unmodified 

cenosphere particles was conducted. The analysis showed that the unmodified cenosphere had a 

copper content in the sample of 1.0 ppb and the modified cenosphere sample had double the copper 

content at 2.0 ppb. These values are well above the detection limit (0.174 ppb) of the ICP-MS and as 

such provides further evidence of impacting cenosphere increasing in concentration of copper. 
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3.5 Conclusion 
 

The macro- and microelectrode studies demonstrated that the onset for copper deposition varied 

depending on the substrate material agreeing with previous literature.217 A drop-casting technique was 

employed to show upd occurred for copper on gold further agreeing with literature.216 Using impact 

voltammetry, copper deposition was observed during silver nanoparticle impacts, where the switch 

on/ off potential aligned with the onset potential previously mentioned at −0.4 V vs. MSE. Studies with 

AuNPs indicated the impact switch on/ off for copper deposition on gold shifted positively thus 

reflecting the upd onset predicted (to −0.1 V vs. MSE). Evidence was found suggesting peaks occurring 

in the upd region resulted in particle coverage of approximately a monolayer (with an average of ca. 

103% ± 8%) while peaks in the bulk region showed indication of a higher coverage (with an average of 

ca. 215% ± 37%). 

Cenospheres were tested for use as a functional recovered waste material, the particles were 

characterised showing significant amounts of silicon and aluminium with lower amounts of iron, 

calcium, magnesium, and copper agreeing with previous literature. A size distribution analysis was 

conducted indicating a wide range of sizes from 100 s of nanometres to 100 s of microns with a 

population centred at 1 µm. The same drop-cast method was applied and showed that the cenosphere 

particles were electrochemically active. During impact voltammetry cenospheres exhibited transient 

spikes and evidence of copper deposition. This was supported by direct evidence found via SEM/ EDX 

and ICP-MS analysis showing copper had been deposited onto the cenosphere. 

  



107 
 

4. Palladium deposition on carbon nanoparticles via impacts 
 

4.1 Abstract 
 

The recycling of critical materials, regeneration of waste, and responsible catalyst manufacture has 

been repeatedly documented as essential for a sustainable future with respect to the environment 

and energy production. Electrochemical methods have become increasingly recognized as capable of 

achieving these goals, and “impact” electrochemistry, with the advantages associated with dynamic 

nanoelectrodes, has recently emerged as a prime candidate for the recovery of metals from solution. 

In this chapter, the nano-impact technique is used to generate carbon-supported palladium catalysts 

from low-concentration palladium (II) chloride solutions (i.e., a waste stream mimic) as a proof of 

concept. Subsequently, the catalytic properties of this material in both synthesis (Suzuki coupling 

reaction) and electrocatalysis (hydrogen evolution) are demonstrated without further processing or 

treatment. Transient reductive impact signals are shown and analysed at potentials negative of +0.4 V 

(vs. SCE) corresponding to the onset of palladium deposition in traditional voltammetry. Direct 

evidence of Pd modification was obtained through characterization by environmental scanning 

electron microscopy/energy-dispersive X-ray spectroscopy, inductively coupled plasma mass 

spectrometry, X-ray photoelectron spectroscopy, transmission electron microscopy, and 

thermogravimetric analysis of impacted particles. This showed the formation of deposits of Pd partially 

covering the 50 nm carbon black particles with approximately 14% Pd (wt %) under the conditions 

used. This material was then used to demonstrate the conversion of iodobenzene into its biphenyl 

product (confirmed through nuclear magnetic resonance) and the successful production of hydrogen 

as an electrocatalyst under acidic conditions (under cyclic voltammetry). 

4.2 Introduction 
 

Platinum group metals (PGMs) are significant critical metals because of their wide range of 

applications, most notably as catalysts.1,4,190 Palladium is a common catalyst, utilized in many 
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applications and processes such as environmentally important automotive catalytic converters, future 

energy use in hydrogen storage and production, and large-scale chemical synthesis.239-250The Suzuki 

coupling reaction for example is an industrially important reaction frequently used in pharmaceutical 

drug synthesis, the formulation of agrochemicals, and polymer production.251-259 

To improve both performance and economic use, PGM catalysts are often used as supported 

nanoparticles (NPs), where the support particles disperse the catalytic material to a greater extent, 

increasing exposure of the catalytic surface area. Carbon materials such as carbon black (CB), graphite, 

and graphene have been extensively studied as supports,241-263 as they are inexpensive and possess 

useful properties such as a high electrical conductivity and large surface areas while being 

mechanically and chemically stable.264-270 

Pd-modified carbon nanostructured catalysts are extensively used in a range of applications: from 

electrochemical sensors and organic synthesis to the oxidation of formic acid and reduction of oxygen 

in fuel cells.271-278 However, the use of Pd can lead to environmental pollution via release of 

contaminated waste solutions and particles.279-283 For example, the World Health Organization has 

reported concentrations of 260 μg kg–1 in sewage sludge and up to 4.7 mg kg–1 in waste discharged 

from the jewellery industries.284 Other sources of soluble palladium (often PdCl2) such as e-waste 

(electroplating and printed circuit boards) can result in concentrations of 1500 mg L–1 in waste 

streams.285 Concentrations in natural waters are significantly lower, with Pd concentrations of 22 ng L 

–1 and 70 pg L–1 being detected in fresh water and sea water, respectively.286 Palladium metal has 

historically been considered relatively low in toxicity; however, its compounds such as palladium (II) 

chloride are highly toxic and carcinogenic to wildlife even in minute amounts. For example, a minimum 

24 h lethal concentration of 7 mg has been reported for the freshwater fish medaka, and LD50 values 

in rats reach between 0.02 and 1.13 mmol kg–1 bodyweight;286,287 hence, it is important to maximize 

recovery and clean waste already existing for both environmental and economic reasons. 
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The primary method used to recover spent Pd catalysts is hydrometallurgy which is limited because of 

the significant volumes of toxic and expensive reagents needed and the further production of 

hazardous waste such as nitric oxides.239,288-293 These methods, often requiring the pre-treatment of 

Pd, have been able to achieve recovery within the range of 58–97%294-302 but are considered ineffective 

for the removal of metals from waste solutions at low concentrations resulting in waste storage 

challenges and reduced profit.285,303,304 Therefore, more environmentally sustainable methods of Pd 

nanoparticle synthesis and recovery have been investigated.285,305-307 Electrodeposition is considered a 

practical method for metal recovery because of its operational feasibility, with the deposition 

controlled through the potential applied and metal ion concentration,197-199,308 and traditional 

electrodeposition methods have many industrial applications.60,309-313The use of electrochemical 

systems such as galvanic reduction and recovery from ionic liquids after solvent extraction have been 

explored within the literature as a method of Pd extraction achieving a recovery of 90–99%.285,314 

Higher recoveries were observed in systems increasing mass transport via the use of rotating 

electrodes or flow of the plating solution.315-316 However, overall recovery or recycling efficiency is not 

necessarily easily compared because studies often focus on one part of the recycling process (usually 

recovery, rather than separation, dissolution, etc.). 

In this chapter, the recovery process from solution is considered: particle impact electrochemistry has 

been investigated as a method for in situ synthesis of Pd-modified carbon black nanoparticles (Pd/CB 

NPs) from the recovery of palladium from solutions containing low concentrations of PdCl2 as a proxy 

for industrial waste streams. Impact electrochemistry has previously been reported as a method of 

reducing metallic ions onto metallic nanoparticles (or cores) via both bulk and underpotential 

deposition processes.137,161,163 However, the deposition onto non-metallic cores (for metal recovery) 

via impact electrochemistry has only recently been described, for the deposition of copper ions onto 

fly-ash cenosphere particles.137The use of non-metallic materials potentially increases the economic 

viability, flexibility, and sustainability of this technique as it reduces reliance on expensive and 

potentially critical core materials. 
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In this chapter, the first metal on carbon deposition by impact electrochemistry for the case of Pd on 

CB, using the method to fabricate Pd/CB nanoparticles has been reported. The fabricated Pd/CB 

nanoparticles were then characterized and directly used, as a proof of concept, to catalyse the 

hydrogen evolution and Suzuki coupling reactions. Under nonoptimized conditions, the fabrication 

process recovered >85% of Pd from solution in 26 h, suggesting the viability for this technique in 

recovery/recycling of metals. 

4.3 Experimental 
 

All chemicals used were obtained commercially and used without further purification, namely, 

palladium chloride (99.99%, Sigma-Aldrich), potassium chloride (99.0–100.5%, Alfa Aesar), potassium 

sulfate (99.0%, Alfa Aesar), sulfuric acid (95.0–98.0%, Sigma-Aldrich), hydrochloric acid (37.0%, 

Honeywell), and 50 nm-diameter CB nanoparticles (Fuel cell store). All solutions were made using 

ultrapure water of resistivity =18.2 MΩ cm (MilliQ, Millipore). 

4.3.1. Electrochemistry 
 

Electrochemical experiments were performed using a three-electrode cell in a Faraday cage. The 

working electrodes used were a glassy carbon macroelectrode (GC, 3 mm diameter, BASi Inc) and 

carbon fibre (CF) microelectrodes of diameters 33 μm (ALS Inc.) and 9 μm (made in-house using pitch-

derived CF from Goodfellow Cambridge Ltd). All working electrodes were thoroughly polished with 3 

μm diamond paste and alumina suspensions of 1, 0.3, and 0.05 μm sequentially, on a microcloth pad 

(all from Buehler Inc., USA). A saturated calomel electrode (SCE, ALS Inc) was used as a reference 

electrode and a graphite rod (3 mm diameter, Goodfellow Cambridge Ltd.) as the counter electrode. 

For impact studies, the SCE reference electrode was placed in a separate fritted compartment to 

prevent cross-contamination. Unless otherwise stated, a solution containing 0.01 M potassium 

chloride, 0.01 M hydrochloric acid, and 0.5 mM palladium (II) chloride was used. 
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 In the reaction solution containing 0.5 mM of PdCl2 and 0.02 M of HCl, the most prominent palladium 

species are: [Pd(H20)6]2+, [Pd(H20)5Cl]+, [Pd(H20)4Cl2], [Pd(H20)3Cl3]-
, and [Pd(H20)2Cl4]2- due to the 

relatively low chloride concentration. The approximate equilibrium concentrations of the species can 

be calculated via their respective stability constants,244,245 given the mass balance requirement that 

the total Pd (II) and Cl- concentrations must add up to 0.5 mM and 0.021 M respectively. 

Table 8 Complexation equilibria, associated stability constants and calculated equilibrium concentrations of Pd-
chloro complexes in the reaction solution. Where βn is the accumulative complex stability constant. For more 
detail see Appendix A. 

 Log10βn Species Calculated Equilibrium 

Concentration / mol dm-3 

[Pd(H20)6]2+ + Cl- → [Pd(H20)5Cl]+ + H2O 4.47 [Pd(H20)5Cl]+ 1.57 × 10-6 

[Pd(H20)6]2+ + 2Cl- → [Pd(H20)4Cl2] + 2H2O 7.74 [Pd(H20)4Cl2] 5.68 × 10-5 

[Pd(H20)6]2+ + 3Cl- →[Pd(H20)3Cl3]- + 3H2O 10.20 [Pd(H20)3Cl3]- 3.19 × 10-4 

[Pd(H20)6]2+ + 4Cl- →[Pd(H20)2Cl4]2- + 4H2O 11.50 [Pd(H20)2Cl4]2- 1.23 × 10-4 

  [Pd(H20)6]2+ 2.74 × 10-9 

  Cl- 0.0194 

 

 A bulk solution of CB NPs was prepared by adding CB NPs to ultrapure water and sonicating for 1 h 

before use. The desired CB NP concentration of 50 pM was prepared using aliquots of the CB NP bulk 

solution. Solutions were thoroughly degassed using nitrogen gas (oxygen-free, BOC Gases plc), and a 

nitrogen atmosphere was maintained throughout the experiments. For impact experiments, the 

solution was bubbled with nitrogen regularly to agitate the particle suspension and inhibit aggregation. 

For particle-modified GC voltammetry, the GC electrode was prepared via a drop-cast method where 

5 μL of the relevant NP suspension was added to a polished GC electrode surface and allowed to dry 

under nitrogen. 

Standard electrochemical measurements were conducted using an Autolab 128 N (Metrohm-Autolab 

BV, Netherlands) potentiostat controlled via a PC running NOVA 2.1 software conducting both linear 
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sweep voltammetry and chronoamperometry scans. Particle impact chronoamperometric scans were 

performed using a bespoke low noise potentiostat,317 with a sampling rate of 100 kHz. All data were 

processed using a combination of Microsoft Excel and Origin Pro 2021. Unless stated otherwise, impact 

electrochemical data were analysed following electronic filtration (digital) at 250 Hz in order to 

improve the signal-to-noise ratio and facilitate analysis. Further discussion on the design of the 

potentiostat can be found in chapter 2.2. 

For the bulk synthesis of Pd-modified carbon nanoparticles (Pd/CB) using impact electrochemistry, a 

polished graphite plate working electrode (6.25 cm2) with a larger area graphite counter electrode 

(Alfa Aesar) and a SCE reference electrode were used. Long-term chronoamperometry (potential held 

at −0.1 V) was conducted in 500 mL of palladium solution with 20 nM 50 nm CB NPs to produce Pd/CB 

NP samples that had been modified for 168 h for imaging and testing for catalytic activity. The reacted 

Pd/CB samples were filtered using 0.02 μm anodisc membrane filters (Cytiva) and repeatedly rinsed 

with ultrapure water before drying. An analogous experiment was conducted for 24 h to fabricate 

Pd/CB nanoparticles which were tested electrocatalytically via the hydrogen evolution reaction (HER) 

by drop casting 5 μL (giving a catalyst mass loading of 8.5 g m–2) onto a bare GC electrode.226,317 To 

prepare the three catalyst inks, unmodified CB NPs, Pd/CB NPs (modified via impacts), and commercial 

10% Pd on CB nanoparticles (Sigma-Aldrich) were added to ultrapure water respectively. This was 

followed by the addition of NafionTM dispersion D1021 (Fuel Cell Store) to each catalyst ink to achieve 

10% of total mass (i.e., carbon plus Pd). Cyclic voltammetry (CV) scans were then conducted at 100 mV 

s–1 in a solution of 0.01 M H2SO4 and 0.09 M K2SO4 in the potential window of 1.0 to −1.7 V vs. SCE 

using a graphite rod as the counter electrode. 

To analyse the rate of Pd recovery, experiments were conducted for 26 h, as above, with and without 

the addition of CB NPs where the nitrogen flow rate was kept constant at 5 L min -1, and 3 mL aliquots 

were extracted at designated time intervals. The samples were filtered and diluted with ultrapure 

water for inductively coupled plasma optical emission spectrometry (ICP-OES) using a PerkinElmer 
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Optima 8000. A calibration curve was generated with a 10 ppm multielement calibration standard for 

ICP (Agilent), in ultrapure water at concentrations of 5–0.01 ppm (see Appendix B). The samples were 

then analysed, and the concentration of palladium was read from the calibration curve which has an 

upper concentration limit of 500 ppm. 

4.3.2. Material Characterization of Pd-Modified CB NPs 
 

Modified and unmodified CB nanoparticle samples were characterized using environmental scanning 

electron microscopy (ESEM) with energy-dispersive X-ray spectroscopy (EDX), transmission electron 

microscopy (TEM) with EDX, X-ray photoelectron spectroscopy (XPS) analysis, and inductively coupled 

plasma mass spectrometry (ICP-MS). For the ESEM/EDX characterization, 5 mg of CB nanoparticle 

samples were added to the surface of carbon tape (Agar Scientific) and then analysed using a Philips 

XL30 FEG ESEM. For TEM, samples were drop-cast onto grids and imaged using a JEM-2100F Field 

Emission Electron Microscope operated at 200 kV, equipped with a Gatan Orius SC1000 CCD camera 

(performed at NMRC, University of Nottingham). HAADF-STEM data were acquired using JEOL DF 

detectors, and EDX data were acquired using an Oxford Instruments X-Max 80 EDX detector. For the 

XPS characterization, the samples were analysed (at NMRC, University of Nottingham) using a Kratos 

Liquid Phase Photoelectron Spectrometer (LiPPS, in dry sample mode) with monochromated Al Kα X-

ray source (1486.6 eV). This was operated at 10 mA emission current and 12 kV anode potential (120 

W). For the wide scan, a pass energy of 80 eV was used (run with a step size of 0.5 eV) while the high-

resolution scan was conducted with a pass energy of 20 eV (with a step size of 0.1 eV). Data processing 

was conducted using CASAXPS software (version 2.3.20) with Kratos sensitivity factors (RSFs) to 

determine the atomic percentage values from the peaks. 

For the ICP-MS analysis, three samples were dissolved in aqua regia, then diluted using ultrapure water 

to obtain 1% aqua regia at a concentration of 1 ppm (CB content) and filtered with 0.45 μm syringe 

filters (Starlab Group Ltd). The samples were then analysed using ICP-MS (Nexion 300X ICP-MS, 
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PerkinElmer) with a limit of detection of 10 ppt. A calibration curve was generated as described for the 

ICP-OES analysis ranging from 1 ppb to 1 ppm. 

Thermogravimetric analysis (TGA) (sample weight 8.61 mg) was performed using NETZSCH TG 209 F1 

in an aluminium oxide crucible at a heating rate of 10 °C min–1 from 25 to 900 °C under nitrogen purging 

(10 mL min–1), and sample weights were additionally measured using the nanobalance (Sartorius) 

before and after thermal treatment. 

4.3.3 Catalysis of the Suzuki Coupling Reaction 
 

For the Suzuki coupling reaction, a solution of 184 mg of phenylboronic acid (≥97.0%, Sigma-Aldrich), 

426 mg of potassium phosphate tribasic (≥ 98.0%, Sigma-Aldrich), and 20 mL of ultrapure water was 

added to a three-necked round bottom flask and stirred (450 rpm) for 20 min. To this mixture 115 μL 

of iodobenzene (98.0%, Sigma-Aldrich) and ca. 30 mg of Pd-modified carbon nanoparticles were added 

while stirring. The mixture was stirred and refluxed in a silicone oil bath at 80 °C for 6 h. After cooling, 

the organic phase was extracted three times using 20 mL of ethyl acetate (Sigma-Aldrich) and then 

dried using anhydrous sodium sulphate (Sigma-Aldrich). The sodium sulphate was removed from the 

organic phase using 5–13 μm filter paper (Fisherbrand), and then the ethyl acetate was evaporated. 

The powdered sample was dissolved in CDCl3 for 1h NMR analysis using a Bruker 400 MHz NMR 

spectrometer where four scans were conducted with an acquisition time of 4.7 s and relaxation delay 

of 2 s. Data were analysed using Mestrenova software (version 14.0.0). 

4.4 Results and discussion 
 

4.4.1 Impact Deposition of Pd onto CB Nanoparticles 
 

First, preliminary experiments were performed to confirm the deposition of Pd onto carbon surfaces 

and to determine at which potentials the deposition onto CB NPs during impacts might occur. To do 

this, the deposition of Pd from a solution containing 0.5 mM PdCl2, 0.01 M KCl, and 0.01 M HCl was 

investigated using macroelectrode CV at a voltage scan rate of 100 mV s–1 to determine the onset 
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potential on the bare GC electrode, where onset is defined here as the potential at which the measured 

current density was −0.5 mA m–2.223-225 

 

Figure 36 shows the reductive segments of CV scans showing the deposition of palladium on the 

surface of 3 mm bare GC and 50 nm carbon black-modified GC electrodes. The CB-modified GC 

electrode was prepared via a drop-cast method where 5 μL of the CB NP suspension was added to a 

polished GC electrode surface and allowed to dry, resulting in a surface (particle) concentration of 66 

pmol m–2. The deposition of palladium is known to be a two-electron transfer:271,318  

 𝑃𝑑2+ +  2𝑒−  → 𝑃𝑑 Equation 103 

where the nucleation mechanism and morphology of the deposited Pd are influenced by deposition 

conditions such as applied potential and Pd concentration. The literature records the bulk deposition 

process to occur at potentials lower than ca. +0.3 to +0.4 V (vs SCE) depending on the carbonaceous 

Figure 36 Reductive voltammetric scans of Pd deposition from a solution of 0.5 mM PdCl2, 0.01 M KCl, and 0.01 M 
HCl onto the surface of 3 mm bare GC (·····) and 50 nm CB NP-modified GC (─) electrode where the inset shows the 
magnified onset potentials where Pd deposition commences. The voltage scan rate was 100 mV s–1 for all scans. 
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material.308,319 This is in good agreement with the recorded data (Figure 36) showing the onset at +0.29 

V (vs. SCE) for the bare GC and +0.38 V (vs. SCE) on the CB NP-modified GC. The proximity of these 

onset potentials suggests that it is unlikely that Pd will deposit onto CB NPs during impacts without 

some degree of background deposition onto the substrate GC electrode. It has previously been shown 

that at more positive potentials (lower overpotential) the electro nucleation of Pd occurs via a 3D 

instantaneous mechanism while more negative potentials (higher overpotential) result in a 3D 

progressive nucleation mechanism308,320,321 

Having determined the onset potentials for Pd deposition on GC and CB NPs under these conditions, 

chronoamperometric scans were conducted in the presence and absence of nanoparticles to 

investigate whether transient impact events occurred. The chronoamperometric scans were 

conducted using a three-electrode cell in a 0.5 mM palladium solution (as described previously) where 

either a 9 μm or a 33 μm diameter CF electrode acted as the substrate surface. 

 

Figure 37A Typical segments of chronoamperometric scans conducted at −0.1 V vs. SCE using a 9 μm CF electrode: 
(a) before and (b) after the addition of 50 pM 50 nm CB nanoparticles to a solution of 0.5 mM PdCl2, 0.01 M KCl, 
and 0.01 M HCl. Figure 37B shows the magnified reductive signal from scan (b) at t = 7.29 s. 

 

Figure 37A displays two chronoamperometric scans conducted using a 9 μm CF microelectrode at −0.1 

V vs SCE before (a) and after (b) the addition of CB nanoparticles, where scan (a) acts as the controlled 
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experiment and is void of reductive peaks. Upon the addition of nanoparticles, peaks were observed 

indicating the deposition of palladium onto the CB NPs upon impact. At this potential, Pd deposition 

may occur at CB NPs as well as the substrate GC electrode (see Figure 36), and so the measured 

currents reflect the capacitance of the GC substrate as well as any faradaic currents because of Pd 

deposition. The difference in currents of (a) and (b) is ascribed to fluctuations because of natural 

convection given the length of each chronoamperometric scan. Impact studies were conducted on 

both 9 and 33 μm CF electrodes: the former was used predominantly for potentials close to the onset 

of deposition, where transient signals were small, and optimal signal-to-noise ratios were required. 

Although the smaller electrode provided lower noise levels due to lower capacitance, its smaller area 

also led to less frequent transient signals. Hence, larger microelectrodes were used at more reductive 

potentials with the associated benefit of a larger surface area thus a higher number of transient events. 

This provides a greater quantity of data more rapidly, however, this also resulted in a higher 

background current thus decreasing the signal to noise ratio.  

Figure 37A displays two chronoamperometric scans conducted using a 9 μm CF microelectrode at −0.1 

V vs SCE before (a) and after (b) the addition of CB nanoparticles, where scan (a) acts as the controlled 

experiment and is void of reductive peaks. Upon the addition of nanoparticles, peaks were observed 

indicating the deposition of palladium onto the CB NPs upon impact. At this potential, Pd deposition 

may occur at CB NPs as well as the substrate GC electrode (see Figure 36), and so the measured 

currents reflect the capacitance of the  displays typical examples of unfiltered peaks isolated from 

chronoamperometry scans conducted at the same potential (-0.1V vs. SCE). Analysis of the peaks 

conducted with 50 pM of 50 nm CB NPs on the 9 µm and 33 µm CF electrodes using the unfiltered data 

indicated individual peaks were virtually identical in height with an average peak current of (-0.13 ± 

0.03) nA and (-0.11 ± 0.07) nA respectively. 
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Further impact studies were conducted by performing multiple chronoamperometric scans using 50 

pM CB NPs at potentials between +0.6 and −0.2 V vs SCE. The impact frequency was determined at 

Figure 38 unfiltered peaks conducted on a 9 µm (•) and 33 µm (▪) carbon fibre electrodes during a 30 s 
chronoamperometric scan held at -0.1 V vs. SCE. The peaks have been time and background current corrected to show 
the similarity in peak heights occurring on a 9 µm and 33 µm CF electrode. All scans were conducted in a solution 
containing 0.5 mM PdCl2, 0.01 M KCl and 0.01 M HCl. 

Figure 39A shows the frequency of reductive transient peaks detected during 30 s chronoamperometric scans at 
different potentials ranging from +0.6 to −0.2 V vs SCE using both 33 and 9 μm CF electrodes. Figure 39B displays 
the mean calculated charge passed during transient deposition events analysed using unfiltered peaks. All scans 
were conducted in a 5 mL solution of 0.5 mM PdCl2, 0.01 M KCl, and 0.01 M HCl. 
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each potential by dividing the total number of observed impact signals by the total time of all scans, 

as seen in Figure 39A and was in the range of 0.34–0.57 GHz m–2 (within the literature a frequency 

range of 0.7–3.7 GHz m–2 is documented for metal deposition impacts using ca. 20 pM metallic 

cores.163,317 From Figure 39A, reductive peaks can be observed at potentials negative of +0.4 V vs SCE, 

consistent with the onset observed in Figure 36. At all potentials, the impact signals had a similar 

duration, indicating that deposition of Pd occurred during approximately elastic collisions with the 

electrode (if deposition occurred at NPs that had pre-adsorbed to the GC surface, then step-like signals 

would be observed, see Figure 16 for a schematic). The role of pre-adsorbed Pd2+ is less 

straightforward to quantify and may well prove to be key to electrodeposition during impacts, 

especially where reduction kinetics may be less than reversible. 

Similar to the copper study, the integration of the CB NP reductive transients produced the charge 

associated with Pd deposition on individual nanoparticles (Equation 97).  Figure 39B shows the average 

charge of impacting CB NPs at different potentials ranging from +0.6 to −0.2 V vs SCE where at 

potentials more reductive than +0.4 V, charge ranging from −12.2 to −49.0 fC is observed, seemingly 

increasing with increased overpotential. The theoretical Pd coverage can be calculated based on the 

charge transferred during impacts using Equation 9 where r = 2.10 Å the palladium atomic radius.231 

An example of this calculation is shown in Table 9 using a peak isolated on a chronoamperometry scan 

conducted at -0.1 V vs. SCE. For this example, a charge of -4.02 × 10-14 C was determined resulting in a 

coverage equivalent of 300%. Figure 39B shows at +0.38 V (vs SCE) an average charge of −14.8 ± 2.1 fC 

corresponds to a coverage of 110 ± 15%, increasing to 365 ± 116% at a more reductive potential of 

−0.1 V (vs. SCE) where the charge was −49.0 ± 15.6 fC. 
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Table 9 Example calculation of palladium coverage on the surface of CB NPs. The calculated values for the NP 
surface area, reductive peak charge, number of Pd deposited, number of Pd in monolayer and coverage 
equivalent are shown. This calculation was conducted using unfiltered raw peak data. 

Parameter / unit CB NP (­0.1 V vs. SCE) 

S / m2 7.85 × 10-15 

Q / C -4.02 × 10-14 

N 1.26 × 105 

Nmono 4.20 × 104 

𝜃 / % 300 

 

4.4.2 Characterization of Pd-Modified CB NPs 
 

To confirm palladium deposition on the CB nanoparticles, a 24 h impact experiment was conducted 

using a graphite plate electrode (area 6.25 cm2) held at a potential of −0.1 V (vs SCE) in 500 mL of a 

solution containing 0.5 mM PdCl2, 0.01 M KCl, and 0.01 M HCl. The upscaling of the experiment was 

required to produce sufficient mass of impacted CB NPs to analyse. A concentration of 20 nM CB NPs 

was added to the solution and agitated continually with a nitrogen gas stream for the 24 h period. An 

analogous experiment was conducted at +0.6 V vs SCE, where no transient impact peaks due to Pd 

reduction were expected. The two samples held at −0.1 V and +0.6 V were rinsed thoroughly with 

deionized water during filtration using 0.02 μm anodisc inorganic membrane filters before drying. 

The samples in addition to unmodified CB NPs were characterized using ESEM/EDX and ICP-MS with 

results shown in Table 10. The ESEM/EDX analysis indicated that no palladium was detected in the 

unmodified sample, as expected as it had not been in contact with the PdCl2 solution. The sample held 

at −0.1 V exhibited the highest average weight % ratio Pd/C of 0.09 ± 0.009 followed by the sample 

held at +0.6 V with an average weight % ratio Pd/C of 0.03 ± 0.005. Analysis by ICP-MS showed a similar 

trend with the measured Pd concentration of 0.01, 2.75, and 17.67 ppm for the samples of unmodified 

CBNPs, held at 0.6 V vs SCE during chronoamperometry and at −0.1 V vs SCE, respectively. 
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Table 10 SEM Image of Aggregated CBNPs Obtained from a 24 h Chronoamperometric Scan Conducted at −0.1 V 
(vs SCE) in a Solution of 0.5 mM PdCl2, 0.01 M KCl, and 0.01 M HCl. The table displays palladium content 
determined by SEM/ EDX and ICP-MS analysis of the unmodified CBNPs, the sample held at +0.6 V vs SCE during 
chronoamperometry, and the sample held at −0.1 V vs SCE. 

 

*Measurement equivalent to zero within error. 

 

 The Pd detected in the sample held at +0.6 V reflects the residual trace adsorbed palladium (II) left 

after the washing procedure. This level of Pd (II) appears to remain regardless of the extent of washing, 

suggesting adsorption to the CB surface, possibly via oxygen moieties. To further analyse the samples 

and determine the oxidation state of the Pd detected, XPS analysis was conducted on +0.6 and −0.1 V 

modified samples, shown in Figure 40. The data suggest that trace palladium was detected on the 

unmodified sample similar to results determined by the ESEM/EDX and ICP-MS analysis. The Pd 3d XPS 

characterization of the sample held at −0.1 V vs SCE indicated the presence of both Pd0 and Pd2+, with 

the latter associated with both PdCl2 and PdO. The peak with a lower binding energy (Pd 3d5/2) of 

335.49 eV is assigned to the metallic palladium (Pd0) content while the peaks with a binding energy of 

336.14 and 338.10 eV indicate the presence of PdO and PdCl2 respectively.322-328The presence of 

Pd0 suggests that during impact events the potential was sufficiently negative to facilitate the 

reduction of Pd2+ to Pd0, which may have later (partially) oxidized to form PdO. Analysis of the sample 

held at +0.6 V vs SCE demonstrated the presence of Pd2+ as PdCl2 (with binding energies 337.94 and 

343.96 eV) but no Pd0. This supports the earlier conclusion from the ESEM/EDX and ICP-MS data that 
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some residual PdCl2 persisted after washing and no palladium deposition had occurred during collision 

at +0.6 V vs SCE. 

 

4.4.3 Synthesis and Testing of Pd/CB NP Catalysts 
 

To sufficiently scale-up the quantity of Pd/CB NPs fabricated for testing in the hydrogen evolution and 

Suzuki coupling reactions, a batch of Pd/CB NPs was produced from a longer-term, 24 h, and 168 h 

deposition experiment (section 4.3.1). Thermogravimetric (TGA) analysis was conducted on the Pd 

Figure 40 XPS spectra (Pd 3d5/2 and Pd 3d3/2) of (A) +0.6 V vs SCE modified CB NPs and (B) −0.1 V vs SCE 
modified CB NPs where the peaks with a binding energy of 335.49 eV (Pd 3d5/2) and 340.75 eV (Pd 3d3/2) 
indicate Pd0. 
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modified CB NPs obtained from the 168h impact investigation. This was conducted by heating the 

sample in an aluminium oxide crucible at a heating rate of 10 °C min–1 from 25 to 900 °C under nitrogen 

purging at 10 mL min–1. Figure 41 shows the thermogram obtained which suggested that the Pd/CB 

NPs contained 14% by mass of Pd.  

 

Figure 41 TGA thermogram of the 168-hr palladium modified carbon nanoparticles. From this, a 13.9% palladium 
coverage was determined based on a mass change from 8.6 mg to 1.2 mg upon reaching 900 oC. 
 

The TEM images (Figure 42A-F) further highlighted the presence of palladium metal on some particles 

evident in the contrasting darker regions seen on the carbon core, confirmed with EDX mapping (Figure 

43). Deposition did not occur consistently across all Pd/CB NPs as some CB NPs were void of Pd 

suggesting that not all CB NPs collided with the GC electrode during the investigation or alternatively 

some collisions resulted in little to no Pd deposition.  
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Figure 42 Typical TEM images (A–F) of the 168-h palladium-modified carbon nanoparticles where the darker 
regions represent deposited Pd metal. 

Figure 42 (TEM images of the impacted particles) suggests that the Pd deposits formed were not 

singular nanoparticles evenly distributed across the surface of the CB particles, but rather deposits 

covering sections of the impacting particle. Using the tilt function of the TEM, it was observed that 

these growths followed the curvature of the carbon particle rather than directly protruding out from 

the particle surface (Figure 42D), and future work will explore further details of the Pd deposition to 

shed light on the mechanism of metal deposition during impact. 
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As a simple test of the catalytic capabilities of the Pd/CB NPs as catalysts without further treatment, 

samples were used for both hydrogen evolution and Suzuki coupling reactions. For the HER, 24 h 

modified Pd/CB NPs were compared with commercial 10 wt % Pd on CB catalyst. The 3 mm GC working 

electrodes were prepared by dropcasting Pd/CB NPs onto the electrode surface before performing 

cyclic voltammetry in a solution of 0.1 M H2SO4 and 0.09 M K2SO4 in a three-electrode cell with a SCE 

reference and a graphite rod counter electrode. Figure 44 shows initial 100 cycle electrochemical 

cleaning scans performed at a scan rate of 500 mV s-1 between 0.80 V to -0.27 V vs. SCE before 

conducting HER CVs to remove surface contaminants shows the resulting voltammograms recorded 

using GC electrodes which were modified with CB NPs, Pd/CB NPs, and commercial 10% Pd/CB catalyst 

where the characteristic proton reduction profile for both the commercial standard and the impact 

synthesized sample can be observed. 

Figure 43A TEM showing an agglomerated Pd/CB NPs where the CBNPs (B) and Pd deposition (C) have 
been identified using EDX mapping. 
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Figure 44 The 100 cycle CV cleaning scans conducted for (A) unmodified CBNPs/ GC, (B) -0.1 V vs. SCE modified 
GC and (C) commercial 10% Pd modified CBNPs/ GC. A scan rate of 500 mV s-1 was used between the potential 
window 0.8 V to -0.27 V vs. SCE in a solution of 0.1 M sulfuric acid and 0.09 M potassium sulphate.  

 

Figure 45 Reductive cyclic voltammetry scans conducted between 1.0 V to -1.7 V vs. SCE at a scan rate of 100 mV 

s-1 on the surface of unmodified CBNPs/GC (˗˗˗˗), -0.1 V (vs. SCE) modified CBNPs/ GC (⎯)and commercial 10 % 

Pd modified CBNPs/ GC (). This was conducted in a solution of 0.01 M H2SO4 and 0.09 M K2SO4 after an initial 
100 cycle cleaning scan conducted at 500 mV s-1. 
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Figure 45 indicates that a higher overpotential is required for the reduction of protons on the surface 

of the unmodified CB NPs with onset at ca. -1.0 V (vs. SCE). However, for both the Pd/CB NPs and 

commercial 10 % Pd/CB NPs a more positive initial peak at ca. 0.4 V (vs. SCE) associated with the 

reduction of oxide layers can be identified. A feature at ca. -0.2 V (vs. SCE) associated with hydrogen 

adsorption,241,248,263and the similarity of the CV response for both samples further suggests that the 

impact voltammetry technique was sufficiently able to modify the CB NPs at -0.1 V vs. SCE and 

significantly that these modified particles show electrocatalytic activity. The onset of hydrogen 

evolution on the Pd modified surfaces can be observed at ca. -0.3 V followed by additional HER 

occurring on the GC surface at -0.1 V vs. SCE.308 

 

Figure 46A 1H NMR spectrum of (a) iodobenzene, (b) biphenyl product taken from doi:10.13018/BMSE000506) (c) 
product extracted during the Suzuki reaction using Pd/CB NPs, and (d) displaying the 1H NMR analysis of the 
benzeneboronic acid reactant used in the investigation. The 1H NMR was performed using CDCl3 identified by the 
singlet at 7.26 ppm. Figure 46B schematic of the Suzuki reaction mechanism.317 
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For the Suzuki reaction, 30 mg of 168 h modified Pd/CB NPs was used to catalyse the reaction between 

benzeneboronic acid (phenylboronic acid), iodobenzene, and potassium phosphate to produce 

biphenyl.251,252,305This was achieved under 80 °C reflux where the resulting product was identified 

using 1H NMR. It should be noted that the quantity of Pd/CB NPs used is not optimized: at 14 wt % Pd 

this quantity of NPs provides ca. 4.2 mg of Pd, chosen to produce sufficient product for convenient 

handling and analysis.305 It was determined that the Pd/CB NPs had successfully catalysed the reaction 

producing a mixture of biphenyl and residual benzeneboronic acid, evidenced by 1H NMR spectra of 

the product mixture (Figure 46A, spectrum (c)) which indicated that the iodobenzene had reacted and 

was no longer present in the final product as the signals at 7.10 ppm (spectrum (a)) are no longer 

observed. The multiplets at 7.60, 7.45, and 7.35 ppm in both the reference spectrum (b) and the 

product spectrum (c) suggest the presence of biphenyl. The additional signals can be attributed to the 

excess benzeneboronic acid initially used in the reaction. 

4.4.4 Palladium Recovery from Low Concentration of PdCl2 

 
Finally, the use of the impact method to recover Pd from solution was studied. To examine the change 

in PdCl2 concentration during the impact deposition process, and hence Pd recovery from solution, 26 

h chronoamperometric scans were conducted with and without CBNPs where a flow rate of nitrogen 

at 5 L min–1 (selected due to the range of flow rate gauges available) was maintained to ensure the 

same level of agitation. A 500 mL solution containing 0.01 M potassium chloride, 0.01 M hydrochloric 

acid, and 0.4 mM palladium (II) chloride (determined by ICP-OES) was used. The lower initial 

concentration determined by ICP-OES may be due to the presence of high levels of potassium ions in 

the samples causing a suppression of the Pd signal.184,329 At regular intervals throughout the 

experiments, 3 mL aliquots were extracted and filtered with 0.45 μm syringe filters to prepare samples 

for ICP-OES analysis. 

Figure 47A shows the percentage of Pd2+ recovered during a 26 h chronoamperometric scan with and 

without the addition of CB NPs. Figure 47A was determined by subtracting the sample concentration 
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from the stating concentration as determined by the ICP analysis.  Figure 47B shows the depletion in 

Pd2+ concentration in logarithmic form: the NP-mediated experiment showing an enhancement in the 

recovery rate of a factor of approximately 1.7, for these nonoptimized conditions. Despite each 

individual nanoimpact resulting in the deposition of ca. 105 Pd atoms, the high number of impacts has 

a significant effect on the overall rate of removal of Pd from solution. Future work will seek to quantify 

the relationship between the experimental parameters and recovery rate. 

 

 

Figure 47A Percentage of Pd recovered from PdCl2 during a 26 h chronoamperometric scan conducted with (■) 
and without (●) CB NP particles. Figure 47B ln[Pd2+] vs time based on the data in Figure 47A where the best fit 
lines from linear regression are given by ln[Pd2+/ppm] = 3.74–0.067t for (■) and ln[Pd2+/ppm] = 3.85–0.04t for (●) 

 

The deposition of palladium on the graphite substrate electrodes used during impact electrochemistry 

investigations (with and without nanoparticles) was studied.  ESEM/EDX was used to analyse a polished 

graphite plate substrate electrode and electrodes after use in the 168h chronoamperometric scan. 
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Figure 48 ESEM images of a polished graphite electrode at magnification factors of (A) 5 × 103, (B) 2 × 104, (C) 5 
× 104, and (D) 105. This electrode was polished using a diamond paste 3 µm and alumina suspensions of 1 µm, 
0.3 µm and 0.05 µm sequentially, on a micro-cloth pad. 

 

Figure 49 displays ESEM analysis of a modified graphite electrode after use in a 168 h chronoamperometry scan 
at magnification factors of (A) 5 × 103, (B) 2 × 104, (C) 5 × 104, and (D) 105. The chronoamperometry scan was 
conducted at -0.1 V vs. SCE in a palladium plating solution without CB NPs.    
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Figure 50 ESEM images of a modified graphite electrode after use in a 168h chronoamperometry scan at 
magnification factors of (A) 5 × 103, (B) 2 × 104, (C) 5 × 104, and (D) 105. The chronoamperometry scan was 
conducted at -0.1 V vs. SCE in a palladium plating solution in the presence of 20 nM CB NPs. 

 

Figure 51 displays SEM/EDX analysis of a modified graphite electrode after use in a 168 h chronoamperometry. 
Figure 51A representing sample A was conducted in the presence of NPs and Figure 16B representing sample B was 
conducted without the presence of 20 nM CBNPs. Region (i), (ii) and (iii) indicate the epoxy, Pd deposition and 
graphite region respectively where EDX was performed to determine the Pd content.  
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A comparison of Figure 48 displaying a polished graphite electrode with Figure 50 and Figure 

49 showing an electrode held in solution under potential for as long as 168 h confirms that Pd 

deposition occurs on the electrode resulting in a heavily modified surface. Figure 51 shows a side 

profile of both graphite electrodes (modified with and without CBNPs) indicating that the extent of Pd 

deposition on the background electrode is more prominent without the presence of particles. An 

average Pd thickness of 2.2 μm with larger growths (some exceeding 10 μm) was seen on the electrode 

without CBNPs in comparison to an average thickness of 0.5 μm seen on the electrode used with CB 

NPs present. A lower Pd weight% of 27% was detected on the electrode surface where CB NPs were 

used in comparison to deposition occurring without particles where a 99.6% Pd weight% was detected. 

The epoxy regions of both samples had much lower Pd content of 0% (-0.4%) for sample A and 11.6% 

for sample B and graphite region (iii) indicated 0.19 % and 1.39 % in sample A and B respectively. 

4.5 Conclusion 
 

Initial deposition studies conducted on glassy carbon showed that bulk deposition of Pd occurred at 

potentials negative of ca. +0.4 V (vs SCE), in good agreement with the literature.308,319,321 Subsequent 

impact electrochemistry studies with CB NPs showed that transient impact events resulting in Pd 

deposition also commenced at ca. +0.40 V (vs SCE). Analysis of the resulting transient peaks 

determined an average charge of −14.8 ± 2.1 fC was observed at the “switch on/off potential” of +0.38 

V (vs SCE) increasing to −49.0 ± 15.6 fC at a potential of −0.1 V (vs SCE). 

Direct evidence of impact-mediated Pd deposition on the CB NPs was obtained via ESEM, EDX, TEM, 

ICP-MS, and XPS analysis of the Pd/CB NP sample. The impact experiment was successfully scaled up 

to produce enough Pd/CB NPs to test as a catalyst through large-volume long-term 

chronoamperometry, and synthesized Pd/CB NPs were characterized using TEM and TGA confirming a 

metal loading of 14 wt % Pd. The particles were then used to demonstrate direct catalytic application 

via the hydrogen evolution and Suzuki coupling reactions. 
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Finally, Pd recovery via nanoimpacts was investigated. Although not optimized to recover the 

maximum amount of Pd from solution, it was found that comparing Pd recovery with and without CB 

NPs over a 26-h period, the NP-mediated method increased recovery from ca. 65% to ca. 85%. This 

demonstrates the potential for single-entity electrochemistry to be a useful recovery method for 

metals, and future work will investigate its optimization and develop semiempirical equations for 

practical use as well as exploring applications for the deposited metal such as using 3D structured 

substrate electrodes that could be used for energy storage (e.g., recovered Ni, Mn, and Co for battery 

materials). 
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5. Platinum deposition on carbon nanoparticles via impacts 
 

5.1 Abstract  
 

Pt is a scarce and expensive metal with major economic significance due to its fundamental role in 

multiple global industries owing to its unique catalytic and physical properties. In order to meet 

increasing demands and, for nations to meet their ambitious climate targets, the sustainable recovery 

and reuse of this critical metal is essential. Impact electrochemical deposition methods have been 

highlighted for the recovery of critical metals from low concentration metal solutions, such as wastes, 

and in-situ catalyst synthesis. Pt/CB nanoparticles (NPs) are of particular interest as a target for in-situ 

synthesis due to their ubiquity as a fundamental material across the hydrogen value chain used within 

fuel cells, electrolysers and electrochemical compressors. 

In this impact electrochemistry study, the recovery of Pt from low concentrations of hexachloroplatinic 

acid (0.5 mM) directly fabricating Pt modified carbon nanoparticles (Pt/CB NPs) has been 

demonstrated and investigated.  Transient impact signals indicating the reduction of Pt on the surface 

of carbon black nanoparticles (CB NPs) are shown to occur at potentials negative of +0.38 V vs. SCE 

(satd KCl) corresponding to the onset potential identified via deposition on the surface of CBNP-

modified glassy carbon (GC) electrodes. Analysis of these transient signals showed an average charge 

passed ranging from -6.9±1.3 fC to -15.2± 9.0 fC, corresponding to the reduction of Pt (IV) to Pt (0). 

Additionally, further evidence of Pt deposition was obtained via characterization using scanning 

electron microscopy/energy-dispersive X-ray spectroscopy, inductively coupled plasma optical 

emission spectrometry, X-ray photoelectron spectroscopy, transmission electron microscopy, and 

thermogravimetric analysis of modified particles. This indicated the formation of Pt (0) on the surface 

of the impacted 50 nm carbon black particles with approximately 14.9 % Pt (wt %) under the conditions 

used. The catalytic performance of the synthesised Pt/CB NPs was tested without any further 

modification via the hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR).  
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5.2 Introduction  
 

Hydrogen technology is essential for future sustainable energy economy and for international 

governments to reach their ambitious climate and carbon goals. As such, proton exchange 

membrane fuel cells, electrolysers (for hydrogen production) and ancillary technologies (such as 

electrochemical compression) are major topics of industrial and academic interest.330 There is 

significant research focused on reducing the quantity of platinum required within these devices 

due to high manufacturing costs attributed to the use of Pt catalyst.331 Despite this, Pt is used 

extensively across the hydrogen value chain as it is pivotal to several reactions including hydrogen 

evolution in electrolysers and oxygen reduction in proton exchange membrane fuel cells.105,119,332-

335  

To reduce Pt loading and increase the stability of the catalyst, Pt nanoparticles are dispersed onto 

the surface of support materials such as carbon black nanoparticles (CB NPs), carbon nanotubes, 

graphene, and carbon nanofibers.121,336-340 Carbon black substrates are widely used as they are 

inexpensive and have useful properties such as a high surface area, good electrical conductivity, 

and chemical stability.341 These supported catalysts are traditionally prepared via methods such as 

hydrothermal techniques, impregnation, and the chemical deposition of Pt onto the carbon 

substrate using various precursor such as hexachloroplatinic acid.342-346 Within literature, there is 

debate regarding the reduction mechanism of the platinum chloride complexes. Some studies 

indicate a four-electron transfer from Pt (IV) in the form of PtCl6
2- to Pt (0) without the formation 

of stable Pt (II) intermediates. Alternatively, some studies indicate an initial reduction of Pt (IV) to 

Pt (II) before a further reduction to form Pt. Although the synthesis of Pt/CB NPs via wet chemical 

processes is relatively simple and requires the use of inexpensive equipment; it is considered 

labour intensive and results in limited control over the size distribution of the nanoparticles 

without the use of capping agents (e.g., surfactants, citrate, etc). Additionally, the presence of 
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surfactants results in their adsorption, which may adversely affect the properties of the Pt/CB 

NPs.346,347  

Due to the scarcity and expense of Pt (along with other PGMs), the ability to recover spent Pt is 

essential for its continuous long-term sustainable use as global demands increase. Currently, spent 

Pt is recovered using both pyrometallurgical and hydrometallurgical methods which entails 

thermal treatment, chemical leaching, precipitation, or solvent extraction. These methods are 

limited by their adverse environmental impacts associated with high energy consumption and the 

generation of large volumes of chemical waste.170,292,346,348  

The use of electrochemical techniques such as impact electrochemistry as a method for both metal 

recovery and in situ catalyst synthesis is an emerging area of interest due to its operational 

advantages. Like bulk deposition, impact electrochemistry is potentially a cost effective and facile 

approach enabling good control of the deposition process via changes to the voltage or current 

density.349 The use of nanoparticles has been demonstrated to have a higher recovery rate than 

bulk electrodeposition (to a planar electrode) due to higher mass transport to the nanoparticle. 

As discussed in chapter 1, impact electrochemical deposition occurs when nanoparticles 

suspended in a solution moving under Brownian motion (or convection, if the experiment is 

designed appropriately) interacts or collides with a substrate electrode held at a suitable potential. 

 In this chapter, the use of impact electrochemistry using carbon black nanoparticles as a method 

of Pt metal recovery from low concentrations of Pt solution (0.5 mM) and in situ synthesis of Pt/CB 

NPs under non optimised conditions was investigated. The extent of the Pt deposition on the 

surface of the carbon black nanoparticles was characterised via SEM/EDX, TGA, XPS and ICP-OES. 

In addition, the electro-catalytic performance of the generated Pt/CB NPs was investigated via 

direct use as a catalyst for the hydrogen evolution reaction (HER) and oxygen evolution reaction 

(ORR). 
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 5.3 Experimental  
 

Chemicals were obtained commercially and used without further purification, namely: 

hexachloroplatinic acid solution (8 wt% in H2O, Sigma-Aldrich), potassium chloride (99.0- 100.5 %, Alfa 

Aesar), potassium sulphate (99.0 %, Alfa Aesar), sulfuric acid (95.0-98.0 %, Sigma-Aldrich), hydrochloric 

acid (37.0 %, Honeywell), 10% Pt-modified CB NPs (Sigma Aldrich) and 50 nm diameter carbon black 

nanoparticles (Fuel cell store). All solutions were prepared using ultrapure water of resistivity = 18.2 

MΩ cm (MilliQ, Millipore).  

5.3.1 Electrochemistry  
 

Pt metal electrochemical deposition onto carbon substrates was investigated using a three-electrode 

cell within a Faraday cage. The working electrodes used were a glassy carbon macroelectrode (GC, 3 

mm diameter, BASi Inc), GC modified with 50 nm carbon black nanoparticles via drop casting226,317,350 

and 9 µm carbon fibre (made in-house using pitch-derived carbon fibre from Goodfellow Cambridge 

Ltd). The electrode size has been electrochemically confirmed using a thoroughly de-oxygenated 

solution containing 5 mM hexammineruthenium (III) chloride and 0.1 M potassium chloride. All 

working electrodes were prepared by polishing with alumina suspensions of 1 µm, 0.3 µm and 0.05 

µm sequentially, on a micro-cloth pad (all from Buehler Inc, USA). A saturated calomel electrode (SCE, 

ALS Inc) and a graphite rod (3 mm diameter, Goodfellow Cambridge Ltd) were used as the reference 

and counter electrodes respectively. The SCE reference electrode was placed in a separate fritted 

compartment during the impact investigation to prevent cross-contamination. Both macro and impact 

electrochemical investigations were conducted in a solution consisting of 0.01 M hydrochloric acid, 

0.01 M potassium chloride and 0.5 mM hexachloroplatinic acid solution (to provide adequate 

electrolyte support ratio whilst maintaining the suspension stability over experimental 

timescales.178,351 Unless stated otherwise, for impact studies, 50 pM of CB NPs were added to the 
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reaction-solution from a bulk solution of CB NPs prepared by adding CB NPs to ultrapure water and 

sonicated for 1h before use. All solutions were deoxygenated by thoroughly degassing using nitrogen 

gas (oxygen-free, BOC Gases plc) and a nitrogen atmosphere was maintained throughout. Macro-

electrode studies were performed using a PC controlled Autolab 128N (Metrohm-Autolab BV, 

Netherlands) potentiostat running NOVA 2.1 software conducting both cyclic voltammetry and 

chronoamperometric scans. Particle impact chronoamperometric scans were measured using a 

bespoke low noise potentiostat as described in chapter 2, and all data was processed using a 

combination of Microsoft Excel and Origin Pro 2021. Impact transient peaks were analysed without 

additional electronic filtration (digital). 

Bulk synthesis of Pt-modified carbon black nanoparticles was conducted to generate sufficient sample 

for characterisation and electrocatalytic studies. This was achieved through a 48-h 

chronoamperometric scan held at -0.1 V and +0.6 V (vs. SCE) as described previously in chapter 4. This 

was conducted in a 500 mL solution of 0.01 M hydrochloric acid, 0.01 M potassium chloride and 0.5 

mM hexachloroplatinic acid solution and 20 nM of 50 nm CB NPs was added. An inert atmosphere and 

agitation of the solution was maintained throughout using a nitrogen gas stream with a flow rate of 5 

L min -1.  An additional control experiment was conducted at -0.1 V vs. SCE without the addition of 

carbon black nanoparticles. For all experiments, 3 mL samples were collected at designated periods 

during the chronoamperometry scan. The samples were analysed using inductively coupled plasma 

optical emission spectrometry (ICP-OES, Perkin Elmer Optima 8000) with a limit of detection of 1 ppb. 

A calibration curve ranging from 0.01 ppm to 100 ppm was produced using a Pt standard solution (VWR 

ARISTAR) and all samples were filtered and diluted with ultrapure water before analysis (see Appendix 

B). The modified particles produced during the chronoamperometry scan was extracted and 

repeatedly rinsed with ultrapure water for characterisation and catalytic studies. 
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5.3.2 Material Characterisation of Pt- modified CB NPs 
 

Commercial unmodified CB NPs, CB NPs modified with Pt (Pt/CB NPs) via a -0.1 V and +0.6 V 

chronoamperometric scans as previously stated were characterised using scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM/EDX). Inductively coupled plasma optical 

emission spectroscopy (ICP-OES) and X-ray photoelectron spectroscopy (XPS) analysis was also 

performed on these particles. Additional characterisation of -0.1 V Pt-modified particles was achieved 

using transmission electron microscopy (TEM), and thermogravimetric (TGA) analysis.  

The SEM/ EDX analysis was conducted at a magnification of 4000 using the Hitachi TM3030 electron 

microscope. Three samples were prepared by adding 5 mg of CB NPs modified at a potential of -0.1 V, 

CB NPs modified at a potential of +0.6 V, and unmodified carbon black nanoparticles to carbon tape 

(Agar Scientific). SEM/EDX was also used to analyse the extent of background deposition on the surface 

of the graphite substrate electrode after use in the 48-h chronoamperometric scans. For the ICP 

analysis of the particles, Pt-modified nanoparticles and unmodified CB NPs were digested in 3 mL aqua 

regia for 10 days. The particles were removed from the solution using 0.45 μm syringe filters (Starlab 

Group Ltd) then diluted with ultrapure water in preparation for ICP-OES analysis. XPS and TEM analysis 

of the particles were conducted at the University of Nottingham interface and surface analysis centre 

(ISAC). For the XPS analysis, the samples were analysed using a Kratos Liquid Phase Photoelectron 

Spectroscopy (LiPPS) with a mono-chromated Al kα X-ray source (1486.6eV) operated at 10 mA 

emission current and 12 kV anode potential (120 W). The pass energy was 80 eV for wide scans and 

20 eV for high resolution scans and wide scans were conducted with a step size of 0.5 eV and high-

resolution scans were run with a step size of 0.1 eV. CASAXPS software (version 2.3.20) with Kratos 

sensitivity factors (RSFs) was used to determine atomic % values from the peak areas. For the TEM, 

the -0.1 V modified Pt/CB NPs were prepared as a dry sample onto a carbon film on a Cu support grid 

(Agar Scientific). The TEM analysis was conducted using the JEOL 2100Plus operated at 200 kV and 

Oxford Instruments AZtec 3.1 for EDX. The microscope was equipped with a Gatan OneView CMOS 
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camera, JEOL and Gatan Annular Dark Field detectors and an Oxford Instruments X-Max 100 TLE EDS 

detector. Gatan Microscopy Suite 3.43 software was used for imaging and STEM. Thermogravimetric 

analysis (TGA) of the -0.1 V (vs. SCE) modified sample was performed using NETZSCH TG 209 F1 where 

8.6 mg of the sample was added to an aluminium oxide crucible. The sample was heated from 25 °C 

to 900 °C at a rate of 10 °C min–1 under nitrogen purging (10 mL min–1). The change in sample mass 

was additionally measured using the nano balance (Sartorius) before and after thermal treatment. 

5.3.3 Catalytic studies 
 

The electrocatalytic performance of the -0.1 V modified CB NPs, 10% Pt-modified CB NPs (Sigma 

Aldrich) and unmodified carbon nanoparticle samples were studied for the hydrogen evolution 

reaction (HER), oxygen reduction reaction (ORR) with the electrochemically active surface area (ECSA) 

analysed using an Ivium compactstat.e pc-controlled potentiostat. Three catalytic inks were prepared 

using 8.9 mg of the -0.1 V modified CB NPs, 12.7 mg of the 10% Pt-modified CB NPs and 7.5 mg of the 

unmodified CBNPS. Each ink also contained NafionTM dispersion D1021 (Fuel Cell Store) to achieve 10% 

of total catalyst mass, 1.2 mL propan-2-ol (Fisher Scientific) and ultrapure water resulting in a total 

volume of 5 mL. This was sonicated for 1h before use. The HER was conducted in a solution of 0.01 M 

sulfuric acid and 0.09 M potassium sulphate using a SCE and graphite rod as the reference and counter 

electrodes respectively. An inert atmosphere was maintained throughout using nitrogen gas. A 3 mm 

GC electrode was used as the working electrode and was prepared by polishing with 3 µm diamond 

paste and alumina suspensions of 1 µm, 0.3 µm and 0.05 µm as previously described before 

modification using the catalytic inks. The surface of the GC electrode was modified using the rotational 

air-drying method by drop casting the catalytic ink during the rotation of the electrode (700 rpm) then 

dried for 15 min using a lamp as a heat source. An initial cyclic voltammogram (CV) was conducted 

from +0.95 V to -1.7 V (vs. SCE), followed by a further 100-cycle cleaning scan performed at a scan rate 

of 500 mV s-1 from +0.8 V to -0.27 V (vs. SCE) then a final CV scan from +0.95 V to -1.7 V (vs. SCE). 352,354   



141 
 

ECSA and ORR studies were conducted in 0.1 M perchloric acid solution using a reversible hydrogen 

electrode (RHE) (BioLogic) and graphite rod as the reference and counter electrodes. For the ECSA, an 

initial CV (scan rate of 20 mV s-1), 100-cycle cleaning CV (scan rate of 500 mV s-1) and final CV (scan rate 

of 20 mV s-1) was conducted in a nitrogen atmosphere using a potential window of +0.025 V to +1.0 V 

(vs. RHE). The perchloric acid solution was then saturated with oxygen before conducting linear sweep 

voltammetry (LSV) at a scan rate of 20 mVs-1 and potential window of -0.01 V to +1.1 V for the ORR 

studies where a range of rotational speeds from 400 to 2400 rpm were investigated.  

5.4 Results and Discussion  
 

5.4.1 Fabrication of Pt-modified CB NPs using impact deposition 
 

Initial macro-electrode studies were conducted to determine the onset potential of Pt deposition on 

the surface of bare GC and CB NPs modified GC by drop casting 50 nm CB NPs (0.86 pmol m-2) onto a 

3 mm GC working electrode. The onset potential refers to an adequately negative potential able to 

initiate a sufficient current response and for this investigation this has been defined as -0.5 µA. Cyclic 

voltammograms were recorded for these electrodes in a solution of 0.01 M hydrochloric acid, 0.01 M 

potassium chloride and 0.5 mM hexachloroplatinic acid at a scan rate of 100 mV s-1 using a potential 

window of +0.6 V to -0.4 V vs. SCE. This potential window was selected as proton reduction commences 

at potentials negative of -0.25 V vs. SCE.355 Figure 52 shows the reduction of Pt on the surface of bare 

GC (----) and CB-modified GC (⎯) where a sufficient increase in reductive current (-0.5 µA) is observed 

at ca. +0.20 V and ca. +0.38 V (vs. SCE) respectively. This is in broad agreement with literature indicating 

that the onset of platinum deposition occurs at a potential of ca. +0.15 V (vs SCE) on GC electrode and 

ca. +0.4 V (vs SCE) on highly oriented pyrolytic graphite electrode where it was observed Pt deposition 

on defects were characterised by a lower nucleation overpotential. Within literature it has also been 

observed that the Pt reduction onset potential is influenced by various electroplating conditions such 

as the electrode surface and electrolyte composition. A notable example of this is the presence of 
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chloride which has been documented to result in a more reductive onset potential as it inhibits the 

deposition of Pt by adsorbing to the substrate surface. 91,356 

 

Figure 52  Reductive voltammetry indicating the deposition of Pt on bare GC (⎯ )  and 50 nm CB NPs modified 
GC (˗˗˗) working electrodes. Cyclic voltammetry was conducted at a scan rate of 100 mVs-1 in a solution of 0.01 
M hydrochloric acid, 0.01 M potassium chloride and 0.5 mM hexachloroplatinic acid solution. 

 

In general, the deposition of Pt on carbon from a Pt chlorine complex occurs via initial adsorption to 

the electrode surface followed by the generation of ad-ions. The ad-ions form ad-atoms after a 4-

electron transfer resulting in nuclei formation at the surface of the electrode where Pt nuclei results 

in Pt clusters. 341  

Within literature there are two primary mechanisms highlighted to describe the reduction of platinum 

(IV) ions to platinum metal with regards to electron transfer. The first mechanism suggests the two or 

more peaks observed in the voltammetry are associated with the deposition of Pt on carbon surfaces 

via a two-stage electron transfer (Equation 18 and Equation 19) where Pt (IV) is initially reduced to Pt 

(II) before forming Pt (0).91,357,358 An alternative mechanism proposed is the direct reduction of Pt (IV) 

to Pt (0) (Equation 20) without the generation of a stable Pt (II) intermediate.359 Based on this 
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mechanism, the multiple waves are thought to be associated with the reduction of Pt chloride 

complexes (PtCl62-, PtCl52- and PtCl5(H2O)) within the solution.91 

 

Figure 53 (A) Frequency of reductive peaks detected during 30 s chronoamperometric scans between the potential 
window +0.6 V to -0.1 V vs. SCE using 9 µm CF electrodes. The insert displays an illustrative example of a transient 
peak produced from the average of multiple peaks detected at 0.0 V (vs. SCE) where no additional electronic 
filtration was applied. The peaks have been time and background corrected to allow comparison between the 
peaks isolated. Figure 53(B) Mean average charge associated with the reductive peaks at different potential 
analysed using unfiltered peaks, where N is the number of peaks analysed. 

 

Upon establishing the onset potential, impact studies were conducted to further investigate the 

deposition Pt on the surface of carbon black nanoparticles during impact electrochemistry. This was 

achieved by conducting chronoamperometric scans in a 5 mL solution of 0.01 M hydrochloric acid, 

0.01 M potassium chloride and 0.5 mM hexachloroplatinic acid with and without the addition of 50 

pM 50 nm CB NPs, where 9 µm CF electrodes were used as the substrate surface. Figure 53(A) shows 

the average frequency of reductive transient peaks detected during 30 s chronoamperometric scans 

conducted using a bespoke low noise potentiostat. This was determined by dividing the total number 

of observed impact signals during each chronoamperometric scan by the scan duration and electrode 

area. Figure 53(A) suggests that reductive peaks can be observed at potentials reductive of +0.38 V (vs. 

SCE) which is in good agreement with the onset potential determined via the macro studies (Figure 

52). The average peak frequency detected ranged from 1.3±0.8 GHz m-2  to 2.3±0.8 GHz m-2 which is 

within range of literature records (0.3 to 3.7 GHz m-2).163,317,350  Figure 53(B) shows the average charge 



144 
 

of the peaks calculated using the integrated reductive transient peaks with no additional filtration as 

describe. Figure 53(B) indicates the charge ranges from -6.9±1.3 fC to -15.2± 9.0 fC suggesting an 

equivalent coverage of 53.8±0.1% to 119±71%. Within literature it has been noted that Pt growth 

requires large overpotentials due to sluggish nucleation kinetics in the presence of chlorides and 

occurs as isolated, hemispherical centres with nuclei formation occurring at specific sites on the carbon 

surface.91 Figure 53(B) indicates an equivalent coverage of approximately a single monolayer or lower 

which potentially can be attributed to the slow Pt nucleation. 

5.4.2 Characterisation 
 

Table 11 SEM Image of aggregated CBNPs obtained from a 48 h chronoamperometric scan conducted at −0.1 V 
(vs. SCE) in a solution of 0.5 mM H2PtCl6, 0.01 M KCl, and 0.01 M HCl. 

 

The deposition of Pt on CB NPs during impact electrochemistry was further studied via a 48h 

chronoamperometry experiments conducted using a graphite plate electrode (area 6.25 cm2) held at 

a potential of −0.1 V (vs SCE). The setup was scaled up to increase the amount of Pt-modified CBNPs 

generated for analysis therefore, a 500 mL solution containing 20 nM CB NPs, 0.5 mM H2PtCl6, 0.01 M 

KCl, and 0.01 M HCl was used. The solution was continuously agitated using a nitrogen gas stream (5 L 

min-1) for the duration of the 48-h scan. A comparable experiment was conducted at +0.6 V vs. SCE 

which is sufficiently positive of the onset potential therefore reductive transient impact peaks are not 

expected. The two samples held at −0.1 V and +0.6 V were rinsed thoroughly with deionized water 

during filtration (using 0.02 μm anodisc inorganic membrane filters) then dried for SEM/EDX and ICP 

characterisation. Table 11 shows the SEM/EDX and ICP-OES analysis of unmodified CB NPs, CB NPs 

modified at -0.1 V, and CB NPs modified at +0.6 V. The -0.1 V modified CB NPs sample indicated the 

highest presence of Pt with an average weight % ratio Pt/CB of 0.067 ± 0.022 whereas the +0.6 V 



145 
 

sample and unmodified sample exhibited an average weight % ratio Pt/CB of 0.002 ± 0.000 and 0 

respectively. This was in good agreement with the ICP-OES analysis indicating the highest Pt 

concentration of 821.6 ppm was detected in the -0.1 V modified sample followed by the +0.6 V sample 

where 47.7 ppm was detected. Similar to the SEM analysis, 0 ppm was detected in the unmodified 

sample which is expected as it had not been in contact with the H2PtCl6 solution. The Pt detected in 

the +0.6 V CB NPs sample is attributed to residual trace adsorbed Pt ions which remained after 

extensive washing.  

 

Figure 54 . XPS spectra (Pt 4f7/2 and Pt 4f5/2) of (A) +0.6 V vs SCE modified CB NPs and (B) −0.1 V vs. SCE modified 
CB NPs where the peaks with a binding energy of 71.52 eV (Pt 4f7/2) and 74.87 eV (Pt 4f5/2) indicate Pt (0). 

 

XPS characterisation, shown in Figure 54, was conducted to determine the oxidation state of Pt 

detected in both the -0.1 V and 0.6 V modified samples. XPS analysis of both samples indicate the 

presence of Pt (IV) in both samples suggested by the peaks with a binding energy of 74.30 eV (Pt 4f7/2) 

and 77.65 eV (Pt 4f5/2) for -0.1 V sample and 74.63 eV (Pt 4f7/2) and 77.98 eV (Pt 4f5/2) for the +0.6 V 

sample. Figure 54 also indicates the presence of Pt (II) in both samples identified by the peak at 72.79 

eV (Pt 4f7/2) and 76.14 eV (Pt 4f5/2) for the -0.1 V sample and peaks at 72.28 eV (Pt 4f7/2) and 75.63 eV 

(Pt 4f5/2) for the +0.6 V sample. This in good agreement with Pt 4f7/2 XPS values documented in 
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literature, which indicated a range of 70.0 to 71.6 eV, 72.3 to 74.6 eV and 74.0-75.6 eV for Pt (0), Pt (II) 

and Pt (IV) respectively.360-362 

The presence of Pt (IV) can be attributed to the use of H2PtCl6 solution as the Pt salt while Pt (II)  is 

associated with a spontaneous redox reaction resulting from the energy difference between the Pt4+ 

and carbon nanoparticles.363,364 A distinct difference between the -0.1 V and +0.6 V modified sample 

is the presence of Pt (0) identified by peaks at 71.52 eV (Pt 4f7/2) and 74.87 eV (Pt 4f5/2) which was 

detected only in the -0.1 V modified CB NPs. This supports earlier conclusions made based on initial 

onset studies, SEM/EDX and ICP-OES analysis indicating that 0.6 V vs. SCE is not sufficiently reductive 

to facilitate the reduction of Pt ions to Pt metal. 

 

To further confirm the deposition of Pt metal on the surface of CB NPs during impact events at -0.1 V 

(vs. SCE), both TGA and TEM analysis were conducted using the 48-h -0.1 V modified CB NPs sample. 

The thermogravimetric (TGA) analysis of the sample (Figure 55) indicated the Pt/CB NPs contained 

14.9% by mass of Pt. Furthermore, the TEM images shown in Figure 56A-F provides images of the 

Figure 55 TGA thermogram of the -0.1 V vs. SCE modified CB NPs prepared during a 48-h 
chronoamperometric scan.  From this, a 14.9 % platinum coverage was determined based on a mass change 
from 8.6 mg to 1.29 mg upon reaching 900 oC. 
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deposited Pt metal depicted by the darker regions observed on the CB NP support material. This was 

also confirmed via additional EDX mapping seen in Figure 57. The TEM images show the impacts do 

not result in the formation of a complete layer or evenly distributed clusters of Pt, but instead appear 

as growth limited to particular sites of the particle similar to that observed in Figure 42 for Pd deposits 

on carbon black nanoparticles.  

Figure 56  Typical TEM images (A−F) of the 48 h Pt-modified carbon nanoparticles where the darker regions 
represent deposited Pt metal. 
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5.4.3 Application of Pt/CB NPs for HER and ORR 
 

The electro-catalytic performance of the -0.1 V modified CB NPs sample was studied via the hydrogen 

evolution reaction (HER), and oxygen reduction reaction (ORR), and the electrochemically active 

surface area (ECSA) determined via hydrogen adsorption. Three catalyst inks were prepared (see 

Experimental) using the -0.1 V sample, 10 % Pt-modified CB NPs (commercially obtained as a 

comparison), and unmodified CB NPs. The inks were used to modify the surface of the bare GC working 

electrode via the drop cast method before use in the study. An initial HER study was conducted via CV 

scans in a de-oxygenated solution of 0.1 M sulfuric acid and 0.09 M potassium sulphate to determine 

if the -0.1 V modified ink showed any catalytic properties.  An initial CV scan (potential window 0.95 V 

Figure 57 EDX mapping of -0.1 V modified sample highlighting the presence of Pt deposition on the surface of 
carbon nanoparticles where the blue region indicates Pt metal, and the red region indicates carbon. 
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to -1.7 V vs. SCE) was employed to determine the HER performance before cleaning, followed by a 

100-cycle cleaning CV scan between the potential 0.8 V and -0.27 V (vs. SCE) at a scan rate of 500 mV 

s-1 to remove impurities.102 Figure 58 shows the reductive segment of the HER on the surface of bare 

GC, GC modified with CB NPs, GC modified with commercial Pt/CB NPs, and GC modified with the -0.1 

V deposited Pt/CB NPs. Catalyst inks free of Pt (bare GC and GC/unmodified CB NPs) exhibit poor HER 

activity consistent with other studies.365,366 The scans obtained using the GC/-0.1 V modified Pt/CB NPs 

and GC/commercial Pt/CB NPs electrodes show a similar current response, where a more oxidative 

HER onset of ca.  -0.25 V and ca. -0.23 V (vs. SCE) respectively (observed at -0.5 µA). This further 

demonstrates the presence of Pt on the -0.1 V modified CB NPs as the HER kinetics is strongly 

dependent on the electrode material.367,368  
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Figure 58 HER performance on the surface of bare GC (….), GC/ CB (˗.˗.), GC/ 10% Pt-CB commercially obtained (˗˗˗˗) 

and GC/ -0.1 V modified CB NPs (⎯). This investigation was conducted in a solution of 0.1 M sulfuric acid and 0.09 
M potassium sulphate. 
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Figure 59 Cyclic voltammetry performed to determine the ECSA of the -0.1 V modified CB NPs. This was conducted 
in a solution of 0.1 M perchloric acid on the surface of Bare GC electrode and GC modified with -0.1 V modified 
CB NPs after a 100- cycle cleaning scan. 
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Figure 60 Reductive segment of CV scan conducted in a solution of 0.1 M perchloric acid using GC/10% Pt-CB NPs 
electrode before the cleaning cycle. The Inset shows the full potential window, where the hydrogen adsorption region 
has been used to determine the ECSA of the catalyst surface. 
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Next, the electrochemically active surface area (ECSA) was investigated in a de-oxygenated solution of 

0.1 M perchloric acid between the potential window 0.025 V to 1.0 V (vs. RHE). Figure 59 shows the 

cyclic voltammetry scan conducted on the surface of bare GC and GC modified with -0.1 V modified 

Pt/CB after conducting an initial 100-cycle cleaning scan, where the initial ECSA can be seen in Figure 

60. Figure 59 displays the characteristic peaks typically associated with hydrogen underpotential 

deposition and hydrogen evolution thus closely aligns with other cyclic voltammetry scans shown in 

literature.369,370 This further indicates successful modification of the CB NPs during the impact events. 

The estimated ECSA of both the -0.1 V modified CB NPs and 10% Pt-CB NPs were calculated via the 

charge associated with the hydrogen adsorption region (Equation 104)364,371,372, where the average 

ECSA values were 36 ± 13 m2 g-1 and 31 ± 13 m2g-1 respectively.   

 𝐸𝐶𝑆𝐴 =  
𝑄𝐻

0.21 𝑚𝑃𝑡
 Equation 104 

 

Where QH represents the integrated charge associated with the hydrogen adsorption region of the 

voltammetry (see Figure 59 and Figure 60). The constant 0.21 (mC cm-2) is the value of QH per cm2 of 

Pt while mPt is the platinum loading on the surface of the CB NPs (g cm-2). The higher ECSA attributed 

to the -0.1 V CB NPs is likely due to having a higher Pt loading of 15% determined by the TGA analysis. 
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Figure 61 Linear sweep voltammetry conducted in a solution of 0.1 M perchloric acid using a rotating GC electrode 
modified with the -0.1 V modified Pt/CB NPs catalyst ink. This was conducted at a rotation speed of 400 rpm (····), 

800 rpm (­··­·· ) , 1200 rpm (­·­·­· ), 2000 rpm (­­­­­ ) and 2400 rpm (⎯ ), where the Inset shows the Koutecky-

Levich plot at 0.75V (▪), 0.80 V (•), 0.85 V (), 0.875V (◆) and 0.9V ()  from the ORR polarisation curves. The 

linear sweep voltammetry was background current corrected before use for the Koutecky-Levich. 

 

The catalytic behaviour of the -0.1 V modified CB NPs towards the oxygen reduction reaction was then 

investigated via linear voltammetry sweeps (LVS) using an RDE at different electrode rotational speeds. 

The ORR is a complex 4-electron reaction involving multiple steps where there are several proposed 

mechanisms for the overall reaction. The mechanism involves the adsorption of O2 to the Pt surface 

resulting in O2 (ads).  The O2 (ads) can then react via multiple mechanisms such as a direct 4-electron 

reduction and indirect reduction as shown by Equation 76, Equation 82 and Equation 83 on page 59-

60. 
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Figure 62 Tafel plot of GC modified with -0.1 V Pt/CB derived from LSV sweep at 400 RPM after additional mass 
transport correction. Slopes with a gradient of (a) 60 mV/dec at 0.98 and (b) 120 mV/ dec at 0.89 V. 

 

This study was conducted in a solution of 0.1 M perchloric acid between the potential window of -0.01 

V to 0.08 V (vs. RHE) using a GC electrode modified with -0.1 V deposited Pt/CB NPs catalytic ink. Figure 

61 the ORR LSV scans conducted using electrode rotational speeds from 400 to 2400 rpm, and the 

resulting Koutecky-Levich plots (shown inset) at potential of 0.75 V, 0.8 V, 0.85 V, 0.875V and 0.9 V (vs. 

RHE) resulting in a kinetic current of -165 µA, -106 µA, -62 µA, -43 µA and -29 µA respectively.  A mass-

transport corrected Tafel plot (E vs. Log10 (1/ I – 1/ Ilim) was produced from the linear sweep 

voltammetry conducted at 400 RPM after mass transport correction. Figure 62 shows two Tafel slope 

regions are observed with a slope of ca. 60 mV dec-1 at more positive potentials of 0.98 V. This indicates 

the ORR occurs via the four-electron reduction pathway mechanism where the rate determining step 

involves the adsorption and activation of oxygen molecules on the electrode surface. At a more 

reductive potential of 0.89 V a slope of ca. 120 mV dec-1 was determined indicating the ORR shifting 

to a two-electron reduction mechanism where the reduction of hydrogen peroxide to water becomes 
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the rate determining step.  This is in good agreement with studies investigating the electrocatalytic 

reaction of the ORR on the surface of Pt thus further indicating sufficient modification of the impacting 

carbon black nanoparticles.346,373,374 

5.4.4 Recovery of Pt from low concentration of H2PtCl6 
 

Having demonstrated the deposition of Pt on CB NPs during reductive impact events and the electro 

catalytic performance of the Pt/CB NPs produced; the use of the impact method to recover Pt from 

solutions containing low concentrations of H2PtCl6 was investigated. To achieve this, a 48-h 

chronoamperometric scan was conducted in a solution of 0.5 mM H2PtCl6, 0.01 M KCl, and 0.01 M HCl 

with and without the addition of 50 nm CB NPs. An additional 48-h investigation was conducted with 

CB NPs at a potential of 0.6 V vs. SCE. Throughout the investigation, 3 mL samples were extracted and 

filtered for ICP-OES analysis which was used to determine the Pt recovery % as shown in Figure 63(A). 

Figure 63(A) suggests the Pt concentration of the 0.6 V samples remained constant over the 48-h 

chronoamperometric scan indicating Pt deposition did not occur at this potential. For investigations 

conducted at -0.1 V vs. SCE with and without CB NPs, an increase in the Pt recovery % was observed 

suggesting the removal of Pt from the solution via nano impact and traditional deposition respectively.  
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Figure 63 (A) Percentage of Pt recovered from H2PtCl6 during a 42-h chronoamperometric scan conducted at -0.1 
V vs. SCE with (▪) and without (•) CB NPs. An additional chronometry was conducted at 0.6 V vs. SCE with CB NPs 
indicated by (  ). Figure 63(B) ln [Pt4+] vs. time based on the data in (A) where the best fit lines from linear 
regression are given by ln [Pt4+/ ppm] = 4.65–0.02t for (•) and ln [Pt4+/ppm] = 4.52–0.04t for (▪). 

Figure 64 SEM images with a magnification of x 2.5 K showing the morphology of (A) an unmodified polished 
graphite electrode (B) graphite electrode after use in a 48-h chronoamperometric scan held at 0.6 V, (C) -0.1 V 
vs. SCE modified electrode with and without (D) the addition on of CB NPs. 
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The significance of background deposition during the impact events was studied via SEM/EDX of the 

graphite substrate electrodes after use in the 48-h chronoamperometric scans. Figure 64 indicates that 

both the polished unmodified graphite electrode (Figure 64(A) and 0.6 V modified graphite electrode 

(Figure 64(B) share similar morphologies suggesting that Pt deposition did not occur at 0.6 V vs. SCE. 

This is further supported by EDX analysis showing that both surfaces had an average weight % ratio 

Pt/CB of 0.000 ± 0.000.  Figure 64(C) and (D) shows the modification of the graphite substrate electrode 

held at -0.1 V vs. SCE in the presence of CB NPs where there is evidence of some background 

deposition. There is a variation in the amount of Pt deposited on the substrate surface in the presence 

of CB NPs where the average weight % ratio Pt/CB ranges from 0.006 ± 0.002 to 0.030 ± 0.015. Analysis 

of the graphite electrode modified at -0.1 V in the absence of CB NPs showed significant surface 

modification with an average weight % ratio Pt/CB of 12.877 ± 0.480, thus demonstrating electrode 

modification attributed to background surface deposition is more prominent without the impacting 

particles. Figure 63(B) shows the change in Ln [Pt4+] over a 48-h chronoamperometric scan held at -0.1 

V with and without the addition of CB NPs. Figure 63 (B) suggests the presence of CB NPs resulted in 

an increased Pt recovery rate by a factor of 2 under non-optimised condition. This can be attributed to 

both the increased surface area of the NPs and the 3D diffusion of Pt ions to the NP surface enhancing 

mass transfer activities.65,375  

5.5 Conclusion 
 

In this chapter, the recovery of Pt metal from low concentrations of hexachloroplatinic acid (0.5 mM) 

and the in-situ fabrication of Pt modified carbon nanoparticles (Pt/CBNPs) was demonstrated. Initial 

macroelectrode studies conducted determined an onset potential of ca. +0.20 V and ca. +0.38 V (vs. 

SCE) on the surface of bare GC and CB-modified GC respectively. Subsequently, impact 

electrochemistry was conducted across the potential window +0.6 V to -0.1 V (vs. SCE) where impact 

indicating the deposition of Pt onto the carbon nanoparticles were observed negative of ca. +0.38 V 

(vs. SCE), in good agreement with the macroelectrode studies and the literature.  Evaluation of the 
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resulting transient peaks determined an average charge of 6.9±1.3 fC to -15.2± 9.0 fC suggesting an 

equivalent coverage of 53.8±0.1% to 119±71%. 

The deposition of Pt onto carbon black nanoparticles upon impact was further studied using 

characterisation methods such as SEM/EDX, ICP-OES, XPS, TGA and TEM/EDX. The ICP-OES indicated 

the highest presence of Pt with an average weight % ratio Pt/CB of 0.067 ± 0.022 in comparison to the 

+0.6 V sample and unmodified sample which had an average weight % ratio Pt/CB of 0.002 ± 0.000 

and 0 respectively. The XPS analysis of the -0.1 V and +0.6 V modified samples indicated Pt (0) was only 

detected in the -0.1 V sample suggesting that Pt deposition had occurred on the surface of the 

impacted 50 nm carbon black particles resulting in approximately 14.9 % Pt (wt %) based on TGA. 

The catalytic properties of the synthesised Pt carbon black nanoparticles were evaluated via the 

hydrogen evolution reaction (HER) and oxygen reduction reaction (ORR). For the HER stud, the GC/-

0.1 V modified Pt/CB NPs and GC/commercial Pt/CB NPs electrodes both showed a more oxidative HER 

onset of ca.  -0.25 V and ca. -0.23 V (vs. SCE) respectively further demonstrating the presence of Pt on 

the impact modified sample. The ECSA study determined the -0.1 V modified CB NPs and 10% Pt-CB 

NPs had ECSA values of 36 ± 13 m2 g-1 and 31 ± 13 m2g-1 respectively. In addition to characterising the 

synthesised nanoparticles, the concentration of the hexachloroplatinic acid solution was also 

monitored during a 48-h chronoamperometry with and without the addition of CB NPs. This suggested 

the presence of CB NPs increased Pt recovery rate by a factor of 2 under non-optimised condition. 
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6. General conclusion 
 

6.1 Thesis conclusion  
 

This thesis has demonstrated the use of impact electrochemistry as a technique for the recovery of 

copper, palladium, and platinum from low concentrations solutions. Chapter 1 begins by introducing 

the challenges associated with heavy reliance on primary sources of metals as they are finite with 

varying abundancy and accessibility. These challenges are more evident when considering critical 

metals such as copper, palladium, and platinum. The extraction of these metals via mining activities 

are energy intensive resulting in significant adverse environmental impacts. Additionally, due to the 

relevance of these metals in a number of industries, waste management is a major concern with a 

forecasted 74 million tonnes of electronic waste expected by 2030. E-wastes are considered urban 

mines and are a major source of commercially valuable metals thus there are compelling 

environmental and economic incentives for extracting these metals. 

A current challenge is the recapture of metals from low concentrations waste streams as conventional 

methods of recovery such as chemical precipitation, adsorption/biosorption, and ion exchange are 

limited by additional preconcentrating and separation steps resulting in an increased complexity and 

high operating costs. Impact electrochemistry emerges as a potential method for the recovery of 

metals from low concentration solutions due to the operational ease and high mass transport to the 

nanoparticle increasing the deposition rate. 

This experimental work can be separated into three sections investigating the recovery of copper, 

palladium, and platinum. To consider the feasibility of impact electrochemistry for this application, 

copper deposition onto metallic gold and silver nanoparticles (AuNPs and AgNPs) was first performed 

in a solution of 0.5 mM copper sulphate, 19 mM potassium sulphate and 1 mM sulphuric acid. The 

macroelectrode studies determined the experimental onset potential for copper deposition onto 

AgNP-modified GC electrodes and AuNP-modified GC to be −0.4 V (vs. MSE) and −0.1 V (vs. MSE) 
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respectively. The deposition of copper on the gold-modified GC surface started at a more positive 

potential as a result of underpotential deposition (upd) indicated by the characteristic initial peak at 

ca. −0.3 V vs. MSE. 

Individual impact studies were then performed to investigate copper deposition onto Ag NPs and then 

Au NPs during collision events. The reductive transient peaks observed aligned with the onset potential 

previously determined indicating a peak switch on/ off potential at −0.4 V vs. MSE for Ag NPs and at 

−0.1 V vs. MSE for Au NPs where deposition occurred negative of the stated potential. The impact 

studies also showed evidence suggesting impacts occurring in the upd region resulted in an average of 

ca. 103% ± 8% indicating coverage of approximately a monolayer. Impacts at a higher reductive 

potential showed a higher average coverage of ca. 215% ± 37%. For the Ag NPs impacts, once the 

applied potential is negative of the ‘switch on’ potential ( −0.4 V vs. MSE), an average coverage of 479% 

was observed.  

The copper deposition investigation was then extended to the use of non-metallic recovered waste 

material, fly-ash cenospheres (FACs). The use of lower value non-precious metal cores ensures the 

process is more practical than Ag NPs and Au NPs as this encourages long-term sustainability and 

economic viability of applications in recovery/recycling. Before use, the cenosphere particles were 

characterised using a SEM/EDX indicating significant amounts of silicon (52.3%) and aluminium (29.4%) 

with lower amounts of iron (9.0%), calcium (6.7%), magnesium (2.3%), and copper (0.2%). A size 

distribution analysis indicated a wide range of sizes from 100 s of nanometres to 100 s of microns with 

a population centred at 1 µm. These particles were used to modify a 3 mm GC electrode via drop 

casting methods and showed that the cenosphere particles were electrochemically active. During 

impact voltammetry cenospheres exhibited transient spikes thus suggesting evidence of copper 

deposition. This was supported by direct evidence found via SEM/ EDX and ICP-MS characterisation of 

the cenosphere. SEM/EDX and ICP-MS analysis of both the impacted and the unmodified cenosphere 

particles showed the unmodified cenosphere had a copper content of 1.0 ppb and 0.07 ± 0.08 % 
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copper content ratio. However, the modified cenospheres had a higher copper content of 2.0 ppb and 

7.43 ± 2.47 % copper content ratio thus demonstrating the successful modification of cenosphere 

(waste)particles via impact electrochemistry.  

In chapter 4, the deposition of palladium metal on the surface of carbon nanoparticles by impact 

electrochemistry and the in-situ fabrication of Pd modified CB nanoparticles was reported. An initial 

macroelectrode study was conducted in a solution of 0.01 M potassium chloride, 0.01 M hydrochloric 

acid, and 0.5 mM palladium (II) chloride. This showed the deposition of Pd occurred at an onset 

potential of +0.29 V (vs. SCE) on the surface of bare GC and +0.38 V (vs. SCE) on the CB NP-modified 

GC. Multiple chronoamperometric scans were then conducted between +0.6 and −0.2 V vs. SCE to 

investigate deposition during impact events. This established that peaks were observed negative of 

the switch on potential (+0.38 V) which is in good agreement with the macro studies. Further analysis 

of the resulting transient peaks indicated an average charge of −14.8 ± 2.1 fC was observed at +0.38 V 

(vs SCE) increasing to −49.0 ± 15.6 fC at a potential of −0.1 V (vs SCE). The electrochemical impact 

experimental setup was then scaled from 5 mL to 500 mL to produce sufficient mass of impacted CB 

NPs for analysis and to also study the change in Pd concentration in the PdCl2 electroplating solution 

over time. A potential of -0.1 V (vs. SCE) and +0.6 V (vs. SCE) was selected for the scale up to test the 

‘on’ and ‘off’ impact potentials respectively.  The percentage of Pd2+ recovered during a 26 h 

chronoamperometric scan with and without the addition of CB NPs showed an enhancement in the 

recovery rate of a factor of approximately 1.7 for the NP-mediated experiment. 

Direct evidence of impact-mediated Pd deposition on the CB NPs was obtained via characterisation 

methods such as ESEM, EDX, TEM, ICP-MS, and XPS analysis of the Pd/CB NP samples. The ICP analysis 

of both samples showed a Pd concentration of 17.67 ppm and 2.75 ppm for the -0.1 V and +0.6 V 

modified CB NPs respectively where XPS confirmed, Pd (0) was only detected on the former. A TGA 

was also conducted and confirmed a metal loading of 14 wt % Pd for the -0.1 V modified sample. The 
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particles were then used to demonstrate direct catalytic application via the hydrogen evolution and 

Suzuki coupling reactions without further modification.  

Chapter 5 continued the focus on platinum group metals by demonstrating the deposition of Pt onto 

CB NPs via electrochemical impact deposition performed in a solution consisting of 0.01 M 

hydrochloric acid, 0.01 M potassium chloride and 0.5 mM hexachloroplatinic acid. Macroelectrode 

studies conducted on the surface of bare GC and CB-modified GC indicated an experimental onset 

potential of ca. +0.20 V and ca. +0.38 V (vs. SCE) respectively. This was reflected in the impact studies 

where transient impact signals indicating the reduction of Pt on the surface of carbon black 

nanoparticles (CB NPs) occurred at potentials negative of +0.38 V vs. SCE. The average peak frequency 

detected ranged from 1.3±0.8 GHz m-2 to 2.3±0.8 GHz m-2 which is within range of literature records 

0.3 to 3.7 GHz m-2) and charge ranges from -6.9±1.3 fC to -15.2± 9.0 fC suggesting an equivalent 

coverage of 53.8±0.1% to 119±71% attributed to the sluggish nucleation kinetics in the presence of 

chlorides. 

 Analogous to the Pd investigation, the electrochemical impact experiment was scaled from 5 mL to 

500 mL of 0.01 M hydrochloric acid, 0.01 M potassium chloride and 0.5 mM hexachloroplatinic acid to 

generate pt modified CB NPs. The concentration of the hexachloroplatinic acid solution was also 

monitored during a 48-h chronoamperometry with and without the addition of CB NPs. Similar to the 

Pd study, this suggested the presence of CB NPs increased Pt recovery rate by a factor of 2 under non-

optimised condition. 

The fabricated Pt/ CB NPs particles were characterised using SEM/EDX, ICP-OES, XPS, TGA and 

TEM/EDX where the ICP-OES analysis indicated the -0.1 V modified sample had a high amount of Pt 

with an average weight % ratio Pt/CB of 0.067 ± 0.022 compared to the +0.6 V sample which had an 

average weight % ratio Pt/CB of 0.002 ± 0.000. The XPS analysis of the -0.1 V and +0.6 V modified 

samples indicated Pt (0) was only detected in the -0.1 V sample suggesting the successful modification 

of the impacted 50 nm carbon black particles. 
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Approximately 14.9 % Pt (wt %) was determined using the TGA before the catalytic properties of the 

synthesised Pt carbon black nanoparticles were evaluated via the hydrogen evolution reaction (HER) 

and oxygen reduction reaction (ORR). For the HER study, the GC/-0.1 V modified Pt/CB NPs and 

GC/commercial Pt/CB NPs electrodes both showed a more positive HER onset of ca.  -0.25 V and ca. -

0.23 V (vs. SCE) respectively again indicating the presence of Pt on the impact modified sample. The 

ECSA study determined the -0.1 V modified CB NPs and 10% Pt-CB NPs had ECSA values of 36 ± 13 m2 

g-1 and 31 ± 13 m2g-1 respectively.  

6.2 Recommendations for further work 
 

The present work demonstrated the deposition of copper, palladium, and platinum onto both metallic 

and non-metallic nanoparticles during impact events using a carbon substrate electrode. As a result, 

metal deposition was also observed on the background electrode.  

Firstly, to optimise this process for potential scale up, when considering the electrodeposition of 

metal(s) onto core particles via the impact method it is recommended to investigate the use of a 

substrate electrode material with a significantly higher overpotential compared to that of the core 

particle material. Boron-doped diamond (BDD) is suggested due to its notably wide potential window 

and low background and capacitive current. The use of BDD offers a more reductive potential for the 

deposition of metals, for example, the onset of platinum deposition is -0.24 V vs. SCE on the surface 

of BDD. This ensures that at the appropriate potential, deposition will preferentially occur on the 

impacting particle and not the underlying substrate electrode increasing the amount of metal present 

on the nanoparticle.376,377  

A second recommendation to support a scaled-up process is to investigate impact deposition under 

more optimised conditions. Currently, the movement of the nanoparticle is influenced by Brownian 

motion or forced convection provided by the nitrogen gas stream. Further studies on the effect of 

agitation on frequency and characteristics of impact is required. This can be further extended to the 

use of a jet stream to direct the impacting nanoparticles towards the surface of the substrate 
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electrode. This could further improve the recovery rate by increasing the collision frequency of 

impacting nanoparticles thus increasing the number of impacts resulting in metal recovery. 

 A further recommendation is to investigate mixed metal solutions as this is a more accurate 

representation of waste solutions found in industry. An investigation into the upper and lower 

concentration limits would also be beneficial to further understand the effect of metal concentration 

on the recovery rate and resulting transient peaks. 

The primary product of this process would be nanoparticles modified with deposits of the desired 

metal which can then be directly used in other processes. This can be extended to investigate the 

preparation of single atom catalysts (SAC) which would consist of isolated metal atoms dispersed onto 

the surface of the impacting nanoparticles resulting in a well-defined and uniform catalyst with high 

activity and selectivity. Alternatively, the extraction of the deposited metal from the nanoparticles 

could be achieved with additional hydrometallurgy and pyrometallurgy processes where impact 

electrochemistry acts as a pre concentration step. 
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8. Appendix  
 

APPENDIX A: Calculate the equilibrium concentrations of Pd­chloro complexes in the reaction 

solution 

The stability constant (β) is an equilibrium constant for the formation of a complex in solution and 

measures the strength of the interaction between reagents forming the complex. This has been used 

to calculate the equilibrium concentrations of Pd-chloro complexes in the reaction solution as shown 

in Table 8. 

For example: 

Equation 105 

[𝑃𝑑(𝐻2𝑂)6]2+ + 𝐶𝑙−  →  [𝑃𝑑(𝐻2𝑂)5𝐶𝑙]+  + 𝐻2𝑂 

Where Log10β1 = 4.47378 

Equilibrium constant β1= 104.47 ≈ 2.95×104 

Initial concentration  [𝑃𝑑(𝐻2𝑂)6]2+= 0.0005 M 

Initial concentration of 𝐶𝑙−= 0.02M 

 

β1 is given by: 

 

Equation 106 

𝛽1 =  
[𝑃𝑑(𝐻2𝑂)5𝐶𝑙]+

[𝑃𝑑(𝐻2𝑂)6]2+[𝐶𝑙−] 
 

 

 

Equation 107 

2.95 × 104 =  
𝑥

(0.0005 − 𝑥)(0.02 − 𝑥) 
 

 

Where x is the equilibrium concentration of [𝑃𝑑(𝐻2𝑂)6]2+, and can be solved by rearranging for x 

and solving the resulting quadratic equation: 

 

Equation 108 

2.95 × 104 𝑥2 − 591.590𝑥 + 0.295 = 0 
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Where a=2.95 × 104, b= 591.590 and c=0.295 

 

𝑥 = 1.57 × 10−6 𝑀 

 

APPENDIX B: Calibration curve for palladium and platinum ICP studies. 

 

Figure 65 shows a calibration curve generated with a 10 ppm multielement calibration standard for ICP 
(Agilent), in ultrapure water at concentrations of 5–0.01 ppm, R2=0.9999 
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Figure 66 shows a calibration curve ranging from 0.01 ppm to 100 ppm was produced using a Pt standard 
solution (VWR ARISTAR),R2=0.9999. 

 

 

 

 

 

 

 


