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Summary 

Electrochemical systems are of critical importance in modern society as they enable the conversion 

of electricity from renewable sources into chemicals and materials. The integration of 

nanomaterials in energy storage and conversion technologies has resulted in significant 

advancements, providing improved efficiency and performance to existing technologies while 

enabling the development of new, cutting-edge technologies. Electrochemical technologies that 

incorporate nanomaterials are expected to be widespread across industries and society in the years 

ahead. Understanding the electrochemical behaviour of nanomaterials is crucial, but it remains a 

challenge to decipher nanomaterial contributions in electrochemical systems that involve multiple 

physical and chemical phenomena. Recently, new electrochemical methods have emerged to allow 

the unambiguous characterisation of nanomaterials, the key to which is the isolation of single 

nanoscale objects or domains. Scanning Electrochemical Cell Microscopy (SECCM) is one such 

technique that focusses on the electrochemistry of single nanoscale entities. This thesis aims to use 

SECCM to study the fundamental behaviour of 2D nanomaterial systems relevant for energy 

storage and conversion and to contribute to the development of new methods for 

nano-electrochemical characterisation. 

In the opening section of this thesis, electrochemical systems used for energy generation and 

storage are examined, as well as the role nanomaterials play in these technologies. This includes 

examples of state-of-the-art nanomaterials and electrochemical designs. The two-dimensional 

nanomaterials category (2D materials) has garnered attention for its potential in energy storage and 

conversion due to the large surface area and electrocatalytic properties that 2D materials present. 

Chapter 2 delves into techniques for studying 2D materials using SECCM, with a particular 

emphasis on SECCM instrumentation, its operations, and underlying principles. A major focus of 

this thesis is exploring various 2D materials of high significance for energy conversion and storage, 

with the aim of gaining a deeper understanding of their behaviour, which could be leveraged for 

further research and practical applications.  

The first results chapter (Chapter 3) is dedicated to method and instrumentation development for 

nano-electrochemistry. Signal processing and current amplification in electrochemical setups are 

critical for providing the resolution required to measure the response of single nano-entities. 

Chapter 3 presents measurements made on a low-noise high-bandwidth custom-made 

transimpedance amplifier (current signal amplifier), specifically designed for the SECCM 

technique. The custom current amplifier was designed and manufactured by international 

collaborators, and the results presented in Chapter 3 showcase the testing of this device and the 

successful single-entity electrochemical characterisation at an unprecedented high bandwidth of 

1 MHz. 
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The two-dimensional transition metal dichalcogenides (2D TMDCs) are an interesting 

nanomaterial for electrocatalytic applications, such as the hydrogen evolution reaction. 2D TMDCs 

are known to have a flake morphology with varying numbers of stacked TMDC layers. The 

previous literature is unclear how the morphology of 2D TMDCs, specifically the number of layers 

stacks, affects their electrochemical behaviour. To address this question, Chapter 4 isolates the 

electrochemical response of 2D TMDC basal planes with one, two, and three stacked layers using 

SECCM. The results show that not only does the electrochemical behaviour vary with the layer 

thickness and the electric contact, but there is also a strong correlation between the number of 

stacked layers, changes in the material's band gap, and its electrochemical behaviour. In Chapter 

5, the discussion of the 2D TDMC morphology and electrochemical response correlation moves 

forward by identifying and characterising defective points and areas. By analysing the 

electrochemical response of defects, a better understanding is gained of how the response observed 

through nano-electrochemical methods translates to macroscale responses. Additionally, the 

method developed in Chapter 5 is noteworthy as it enables the detection of nanometre- and 

subnanometre- scale kinetically enhanced defects through electrochemical means alone. 

Two-dimensional transition-metal carbides and nitrides, commonly referred to as MXenes, have 

garnered interest as electrode materials for supercapacitor applications because of their unique 

combination of properties. These materials exhibit a rich surface chemistry and good conductivity. 

In acidic electrolytes, the MXene surfaces display proton redox activity, leading to 

pseudocapacitive behaviour. Despite the presence of numerous experimental and computational 

studies that aim to understand the protonation and deprotonation mechanisms of MXene surfaces, 

the response of individual MXene flakes has not been thoroughly evaluated. To address this gap in 

the literature, Chapter 6 employs SECCM with sub-micrometre resolution to isolate the response 

of single MXene flakes. The results of this study bridge the gap between previous experimental 

reports, at the millimetre scale, and computational methods, at the nanometre scale. The unique 

electrochemical configuration achieved by SECCM has allowed us to observe a delocalised surface 

charging mechanism, of which there are no prior reports. 
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1.1 Electrochemistry and energy conversion technologies  

Electrochemistry is a branch of chemistry that deals with the interplay between electrical and 

chemical systems. Typical electrochemical systems enable carrying one or several 

physicochemical processes at the interface between a solid electron conductor phase (electrode) 

and a liquid ionic conductor phase (electrolyte). Other configurations such as solid-solid, 

liquid-liquid, or other interfaces are also possible to implement as electrochemical systems. The 

typical physicochemical processes of electrochemical systems involve conducting electrochemical 

reactions and/or accumulating/depleting charge carriers, resulting in the generation of currents in 

the electrochemical system. Electrochemical reactions involve electron transfer processes that 

allow the current to pass through the electrode and electrolyte interface. The species in the 

electrolyte phase that can give or donate electrons to the electrode are the redox-active species. 

Electrodes are typically conductor or semiconductor materials that can act as electron donors or 

receptors. Then, a broad description of electron transfer is of the processes that occur when the 

electron potential energy of the electron donor is equal to or greater than the electron potential 

energy of the acceptor, as shown in Figure 1.1. Electrochemical systems allow an external potential 

to be applied to the electrode, thus shifting the electron potential energy at the electrode, which in 

turn, enables control over the electron transfer process. Therefore, by applying an external potential 

it is possible to induce or quench the net transfer of charge at the interface, as shown in Figure 1.1.1 

The charge transfer can then be used to convert electrical work to stored energy in the form of 

chemical bonds, or the opposite, use energy stored in chemical bonds to provide electrical work.1,2 

Electrochemical processes that involve electron transfer between the electrode and the electrolyte 

are called Faradaic processes. Electrochemical systems, however, can promote other 

physicochemical processes that do not involve electron transfer but result in current flows, these 

are referred to as non-Faradaic processes.1 Examples of non-Faradaic processes are surface 

adsorption and desorption as well as charge accumulation at the electrode/electrolyte interface. 

These non-Faradaic processes could also represent a form of energy conversion or accumulation 

as a result of the coupling of electrical and chemical systems.3 

Electrochemical systems are technologies of critical interest for modern society because they 

enable us to take advantage of electrical power from renewable sources and convert or store it into 

chemicals and materials. In this way, electrochemical systems can enable more effective and 

widespread use of renewable sources, which is essential for reducing reliance on fossil fuels and 

carbon emissions associated with human activities. Electrochemical technologies such as fuel cells, 

electrolysers, and batteries already play a major role in the integration of renewables into energy 

grids and allow advancement towards electrification. The need to expand our use of 

electrochemical devices is widely recognised in policy initiatives such as the EU Renewable 
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Energy Directive (Directive 2009/28/EC) and the DOE Decarbonisation Roadmap (DOE/EE-

2635). However, it remains a challenge to achieve mature technologies that are efficient, cost-

effective, sustainable, and accessible to all without increasing pressure on natural resources that 

are scarce or whose supply is under threat for geopolitical reasons.2  

Figure 1.1: Scheme of electrode, interface, solution system showing the electron transfer process 

between electron and redox active species. On the left side, the electron transfer occurs between 

the free electrons of the electrode with energy Ef  and  the solution species A, which is in 

equilibrium with B involving one electron transfer process. The energy level display in the solution 

refers to the equilibrium of the A and B species. On the right the energy of the electrons of the 

electrode have decreased as a result of application of external potential, favouring the electron 

transfer from the B species (in equilibrium with A involving an electron transfer) to the electrode. 

The introduction of nanomaterials into electrochemical energy storage and conversion technologies 

has boosted device performance, allowed technology development beyond scarce materials, and 

provoked the development of new electrochemical energy storage and conversion technologies. 

However, advanced nanomaterial-based electrochemical systems are significantly more intricate 

than classical electrochemical systems. Real-world devices require the nanomaterial-based 

components to be assembled into macroscale electrodes. Then, for the implementation of novel 

nanomaterial-based devices, it is crucial to understand and control the material properties from the 

nanoscale single entity level up to the macroscale material assembly level. Classical 

electrochemical methods are capable of characterising macroscale material assemblies. However, 

recent developments in nano-electrochemical methods allow electrochemical characterisation 

experiments directly on the single nano-entities, surpassing the barriers that classical 

electrochemical methods face with nanomaterial electrochemical characterisation.4 

Nano-electrochemical methods unlock a new range of possible measurements to provide in depth 

information about the behaviour of nanomaterials that are relevant for energy storage and energy 

conversion applications. 
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In this Introduction, I will first discuss common electrochemical systems used for energy 

conversion and storage technologies. In the following Section 1.3, I will discuss the role of 

nanomaterials in electrochemical systems, with a special focus on state-of-the-art nanomaterials 

for energy conversion and storage technologies. The nano-electrochemical characterisation 

techniques are presented in Section 1.4, including scanning electrochemical probe microscopy 

(SEPM) techniques such as scanning electrochemical cell microscopy (SECCM). The description 

of the mathematical models used to understand electrochemical behaviours is provided in 

Section 1.5. At the end of this introduction, in Section 1.6, the aims of this thesis are explained. 

1.2 Electrochemical systems for energy conversion and storage.  

A basic schematic of an electrochemical system is shown in Figure 1.2 A. The different parts that 

constitute an electrochemical system are as follows: the cell for containing the electrolyte; 

electrodes made of metallic or semiconductor material that are inserted into the electrolyte; and the 

power supply for controlling the passage of electrical current through the electrode. 

Electrochemical systems are the site of an extensive number of different physical phenomena that 

might take place simultaneously; for example, charge and mass transport processes, electron 

transfer processes, charge carrier accumulation/depletion, chemical equilibria, etc. might all be at 

play during operation. Consequently, it is possible to find a variety of methodologies or 

electrochemical system configurations which differ significantly, as shown in the other schemes of 

Figure 1.2. For instance, more fundamental electrochemical studies often prefer 3-electrode cell 

setup, shown Figure 1.2 B; the 3-electrode setup allows to isolate the physical phenomena that 

occur only at one electrode (i.e. the working electrode) from the physical phenomena occurring in 

the rest of the cell.1  

For energy storage and conversion applications, a 2-electrode setup is often used. Two large 

families of electrochemical system types can be distinguished: energy conversion devices, such as 

electrolyser or fuel cells, in which species can be incorporated or subtracted from the 

electrochemical cell, see Figure 1.2 C; and energy storage devices, such as batteries or capacitors, 

which are closed systems designed to work without the need of an external species supply, as 

shown in Figure 1.2 D. Energy conversion systems are used to transform electrical power into 

chemical energy that is stored elsewhere (or vice versa), while energy storage devices act as lone 

energy reservoirs.2 
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Figure 1.2: Schematic of different types of electrode cell setup. A) Two-electrode cell, 

B) three-electrode cell and C) open electrochemical setup characteristic for water electrolysers and 

hydrogen fuel cells. Arrows indicated the flow of species and charges. The black colour code 

indicates the water electrolyser configuration and the red arrow indicates the hydrogen fuel cell 

configuration. D) Close electrochemical setup characteristic for batteries or capacitors. The 

encapsulation of the electrochemical cell is represented in brown. Arrows indicate the flow of 

charges. The black and red arrows indicate the charging and discharging processes, respectively.  

1.2.1 Energy conversion and open electrochemical systems  

Electrolytic cells are described as electrochemical systems in which the cell potential is negative  

(∆𝐺 > 0) and work needs to be done to drive the reaction. Electrolytic cells can be used to 

synthesise valuable chemicals from precursors diluted in the electrolyte. Electrolytic cells can 

achieve energy conversion if the electrical work input is stored into chemical compounds that can 

be further used as fuel. Electrolytic cells for energy conversion often display an open 

electrochemical system, and thus the refreshing of reactant species allows recurrent fuel generation. 
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An example is electrolysers, schematically shown in Figure 1.2 C, which can generate hydrogen 

(H2) from water (the precursor). Similar open electrochemical systems can be used for the inverse 

processes, i.e. generating electrical power from the consumption of chemical fuels, as in the case 

for fuel cells. Figure 1.2 C shows the scheme of an H2 fuel cell. Note that the components for both 

H2 electrolysers and fuel cells can be shared. Often, the development of a fuel cell technology is 

intimately related to the development of the equivalent electrolytic cell.2 

In an electrolytic cell, the electron transfer between the electrolyte species and the electrode surface 

is the process that enables energy conversion, from electrical work to chemical storage. The 

mechanism of electron transfer might depend on the interaction between the precursor and product 

species with the electrode surface. Generally, electrochemical reactions are classified as 

outer-sphere if the species involved in electron transfer do not interact strongly with the electrode 

surface; thus, the electron transfer is dependent only on the electron density at the electrode surface 

and independent of the chemical nature of the electrode surface. On the other hand, it is said to be 

inner-sphere if the species interact with the electrode surface prior to the electron transfer. 

Inner-sphere electron transfers can be expected to depend on the chemical state of the electrode 

surface.1 Electron transfer of outer-sphere species is adiabatic and reversible, which would be ideal 

for energy conversion systems. Details on electron transfer mechanisms are provided in Section 

1.5.2. The number of species that offer outer-sphere electron transfer behaviour is quite limited, 

often involve scarce elements (noble metals) or present other scalability limitations, such as high 

cost or poor long-term stability. As a consequence, the known outer-sphere species have limited 

application in scalable energy conversion technologies. Outer-sphere species, however, are widely 

used for fundamental studies, as their predictable behaviour and consistent responses are useful for 

comparing electrochemical systems.  

Energy conversion devices, e.g. electrolytic cells and fuel cells, generally rely on inner-sphere 

reactions and must satisfy requirements for scalability.5 For example, vanadium oxide species, 

which display fast inner-sphere kinetics, are used for large scale redox flow batteries.6,7 Electrolytic 

cells can reduce other very abundant species such as CO2, O2, N2, CH4, etc. into valuable 

chemicals.8 Generally, the inner-sphere processes present more complicated reaction pathways 

than other-sphere species. Inner-sphere electron transfer processes might involve multiple 

transition states, adsorption/desorption equilibriums, radical generation, appearance of side 

reactions, etc. As a result, the design and optimisation of electrolytic cells require the development 

of electrode catalyst materials which target and favour a specific reaction mechanism, maximise 

kinetics and reduce side product formation.5 High-efficient electrocatalyst materials are often 

reliant on scarce elements from the Earth's crust, which again limits their scalability. An example 

of a high-efficiency but scarce electrocatalyst material is platinum, which offers outstanding 

performance for water-splitting reactions. Nanomaterials are a great alternative to scarce elements 
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due to their great tunability, designability to mimic the physicochemical properties of scarce 

elements while utilising abundant elements from the Earth's crust, and therefore overcome the 

scalability requirements for electrocatalysts.9 In summary, understanding the species / electrode 

surface interactions is key to develop electrochemical systems for the conversion of electrical 

energy into valuable chemicals. Advanced electrocatalytic materials are essential for finding 

cheaper alternatives to scarce Earth catalyst materials, and these materials usually incorporate 

nanostructured elements. 

1.2.2 Energy storage and closed electrochemical systems 

Electrochemical systems can be used as an energy storage reservoir. Energy storage devices use 

electrical work to drive a charge storage mechanism within the elements that constitute an 

electrochemical system (Figure 1.2 D). Because charging / discharging processes can be achieved 

without the need to remove or add species to the system, energy storage devices are portable 

technologies that can be easily integrated into an electrical grid.2,10 Some examples of a classical 

and well-known system would be rechargeable batteries and electrochemical capacitors. Generally, 

battery charging involves a phase change of the electrode material, often mediated by electrolyte 

species. Meanwhile, capacitors are characterised for storing charge between the electrode and the 

electrolyte interface.3 A detailed explanation of battery and capacitor charging mechanism and their 

differences is given in Chapter 6. Among the differences in the charging mechanism, batteries and 

capacitors can also be differentiated by their performance as energy storage devices. The key 

parameters that define charge storage technologies are the device’s power density and energy 

density.11  

The energy density refers to the total amount of energy that the system can store, also commonly 

referred to with respect to the weight (J/kg or Wh/kg) or volume (J/cm3 or Wh/cm3) of the system. 

Power density refers to the rate at which energy can flow in and out of the system per amount of 

time and weight (W/kg) or volume of the system (W/cm3). Note that the relevance of which density 

metric is used, i.e., gravimetric or volumetric, is subject to the interest of the final application. As 

shown in the Ragone plot in Figure 1.3, batteries are characterised for presenting a high energy 

density with low power density, whereas capacitors present a low energy density with high power 

density. Figure 1.3 also displays other supercapacitor technologies, which achieve a compromise 

between energy density and power density. Note that despite the variety and complementary 

characteristics of the different energy storage technologies, the fossil fuel based technologies 

provide a combined larger power density ( > 106 𝑊 / 𝑘𝑔) and larger energy density 

( > 103 𝑊ℎ / 𝑘𝑔) than any current electrochemical technologies. This highlights the demand for 

new or more advanced energy conversion and energy storage technologies.11 
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Figure 1.3: Ragone plot of the various electrochemical energy-storing technologies, power density 

energy density. Reproduced with permission from Sun, H. et al..11 

The closed nature of energy storage technologies, such as batteries or capacitors, make the mobility 

of charge carrier species paramount. The charge carrier mobility can limit the power density 

(charging/discharging rates) that a device can provide.11,12 Carrier mobility can also affect the total 

energy density of the system; thus, if the charge carrier cannot reach certain regions of the system, 

the total energy storage capabilities are decreased. As a consequence, the design of energy storage 

devices goes through optimisation of charge carrier transport (among the development 

requirements of each system).4 Energy storage devices benefit from presenting a nanostructured 

electrode architecture to improve charge carrier transport. Moreover, nanomaterials offer a high 

specific surface area, enlarging the size of the interface. As a result, the incorporation of 

nanomaterials facilitates the improvement of the performance for energy storage devices. 

1.3 Nanomaterials in electrochemistry 

Energy conversion and storage devices, such as batteries, supercapacitors, electrolysers, or fuel 

cells, use nanomaterials to boost performance while simultaneously reducing the mass of material 

necessary.3 A nanomaterial is a material in which at least one dimension is less than 100 nm. This 

very broad definition encompasses a wide variety of chemical structures. However, dimensions 

below 100 nm for electrochemical systems translate into drastic changes in the relative 

contributions of physical phenomena that determine the electrochemical response, independently 

of the chemistry of the specific nanomaterial itself.13 This section will provide a broad overview of 

how nanomaterials can influence the response of electrochemical systems. 
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1.3.1 Effects of scaling down the size of an electrochemical system 

Nanomaterials present a surface to volume ratio that is several orders of magnitude larger than their 

bulk counterparts, as shown in Figure 1.4 for a spherical particle. Nanomaterials have a high 

percentage of surface atoms compared to total atoms and a large specific surface area, which can 

both be exploited for energy storage and conversion devices. For example, electrolysers benefit 

from the integration of nanomaterials by lowering the demand on catalyst loads, while preserving 

the active surface area.9 Electrochemical capacitance depends on the interface area, thus the 

integration of nanostructured materials that provide larger interfacial areas results in a direct 

increase in electrochemical system capacitance.14 Capacitance-based energy storage devices 

receive a massive gain in energy density from the incorporation of nanomaterials, becoming a new 

type of energy storage technology called supercapacitors, which bridges the performance gap 

between traditional batteries and capacitors.15 

Figure 1.4: Surface-to-volume ratio of a sphere across a length scale of nanometres to metres. 

The interfacial area between the liquid electrolyte and the solid species is increased by orders of 

magnitude when using nanomaterials. As a result, when nanomaterials are integrated into 

electrochemical systems, interface-dependent properties can potentially dominate the overall 

system behaviour. The properties offered by the interface can be exploited for energy storage and 

conversion devices. For instance, some transition metal or metal oxide materials present 

pseudocapacitive properties, i.e., under certain electrochemical conditions the surface can store 

charge via bond formation with electrolyte species. Pseudocapacitance is a property that depends 

exclusively on surface properties and offers a charge storage mechanism that is suitable for 

applications in energy storage devices if electrode materials are designed to display a large specific 

surface area.16 The large interface offered by nanomaterials can also affect the timescale over which 

certain electrochemical processes occur. For instance, electrochemical oxidation or corrosion of a 

metal is an interface-dependent process and, thus, the electrolyte species must interact with the 

surface of the metal. In the case of nanomaterials, the large surface to volume ratio results in the 

complete oxidation of single nanoparticles on microsecond to millisecond timescales.17  
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The incorporation of nanostructured objects and nanostructured interfaces have a huge impact on 

the displacement of species in the electrochemical system.4 Section 1.5.3 provides descriptions of 

the different mass transport processes involved in electrochemical systems, which often require a 

careful approach and the usage of mathematical models. Without delving into such level of detail, 

the size of nanostructures and their tuneable geometry allow to optimize mass transport processes 

beyond the possibilities offered by bulk materials. To illustrate that, Figure 1.5 shows a simplistic 

model of systems displaying two phases with different mass transport properties (e.g. different 

species mobility or diffusion coefficient on different phases) and with structured and nonstructured 

interfaces. In the Figure 1.5 model, for example, the faster mass transport phase can be interpreted 

as a solution phase; and the slower mass transport phase can for instance be interpreted as an 

electrode phase during charge carrier intercalation. In Figure 1.5 A, the interphase is flat, i.e., not 

structured. The total time that a species needs to travel along both phases to move from the points 

“a” to “aa” (𝑡𝑎→𝑎𝑎) in the shortest distance possible can be described as: 

𝑡𝑎→𝑎𝑎 =  
𝑑𝑎→𝑖𝑛𝑡

𝑣𝑖−𝑠𝑜𝑙
+

𝑑𝑖𝑛𝑡→𝑎𝑎

𝑣𝑖−𝑒𝑙
     (Eq. 1.1) 

where 𝑑𝑎→𝑖𝑛𝑡 is the distance from “a” to the interface, 𝑑𝑖𝑛𝑡→𝑎𝑎 from the interface to “aa”, 𝑣𝑖−𝑠𝑜𝑙 is 

the average velocity at which species 𝑖 move from “a” to the interface in the solution phase and 

𝑣𝑖−𝑒𝑙 is the average velocity at which species 𝑖 moves from the interface to the “aa” in the electrode 

phase. Note that for simplicity of the example, Figure 1.5 A and B show the case where the shortest 

distance travelled is also the fastest route and that the average displacement velocities are used 

instead of considering a description of diffusion and migration transport. For a structured interface, 

as shown in Figure 1.5 B, the distance the species need to travel (𝑑) along each phase to move from 

“a” to “aa” has changed. Thus, for Figure 1.5 B,  𝑑𝑎→𝑖𝑛𝑡 > 𝑑𝑖𝑛𝑡→𝑎𝑎, while species velocity are 

𝑣𝑖−𝑠𝑜𝑙 > 𝑣𝑖−𝑒𝑙, as a result the overall time (𝑡𝑖→𝑖𝑖) is smaller for the structured interface. Therefore, 

by only altering the geometry of the interface, a faster species displacement is achieved. Notice 

that for many other selected points from “a” to “aa”, a faster species displacement will also be 

achieved. A more general description of this phenomenon for different geometries can be found in 

White, H.S. et al. review paper.18  

The performance of electrochemical energy storage devices often depends on the charge carrier 

displacement across different phases (e.g. anode, cathode, electrolyte, etc.). Interface geometry 

optimisation provides faster species displacement, which instigate faster charging/discharging rate 

and greater power densities. For instance, the 3D tri-contentious electrode assemblies shown in 

Figure 1.5 D minimise the displacement distance between phases. Additionally, the 3D holey 

graphene frameworks favour the formation of specific channels or paths for enhance charge carrier 

mobility; as shown in Figure 1.5 E11. A faster species displacement is achieved if the interface 

structures match the size of the charge carrier.18 In energy storage systems, charge carriers are 
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commonly ions or polarisable species, which size is in the nanometre range. As a result, interface 

geometry optimisation strategies are widely implemented in energy storage devices by using a 

nanostructured electrode.11 For example, pillared graphene materials show an improvement in 

capacitance performance when the charge carrier size is matched to the spacing between graphene 

layers,19 as shown in Figure 1.5 E.   

Figure 1.5: Mass transport in nanostructured systems. A) Displacement of species between points 

“a” to “aa” points across two phases, which have faster and slower mass transport properties and 

flat interface. B) Similar to A but with an interface presenting a non-flat structure. C)  Illustration 

of a 3D tri-continuous nanolayer battery assembly. The anode, electrolyte, and cathode are 

coloured black, blue, and red, respectively. D) Illustration of a holey graphene framework that 

highlights the paths for charge mobility with black arrows. E) Illustration of a pillared graphene 

structure showing possible charge carrier mobilities (red arrows) along the spaced graphene layers. 

Reproduced with permission from Banda, H et al.19.  C, and D are reproduced with permission 

from Sun, H. et al.11. 

Optimisation of geometry in energy storage devices is very complex because it depends on many 

variables.20 In recent years, computational tools have been developed to resolve geometry 

optimisation via simulation.21 During my Ph.D., I contributed to a review paper on continuous 

simulations of 3D electrodes for battery applications. In continuous simulation, a set of initial 

geometric parameters are defined and the response of the system is simulated; iteratively the 

geometric parameters are varied and depending on device performance changes, the parameters are 

retained or discarded.22 
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In summary, nanostructured materials display high surface area to volume ratio, thus enhancing 

the relevance of interfacial properties and influencing the mass transport of species in solution to 

the surface, resulting in significant effects on the overall electrochemical response.  

1.3.2 The new properties offered by nanomaterials 

Scaling down the characteristic size of the material can produce changes in the intrinsic 

physicochemical properties of the material itself. Chemical structure, electronic structure, and 

optical properties can all be altered in low-dimensional materials, and characteristics that are 

important for electrochemical processes, such as state distributions, charge carrier concentration, 

and carrier mass and mobility, can also significantly depart from those observed in the counterpart 

bulk material. Quantum-confinement effects can also be observed; for instance, graphene has a 

unique conduction/valence band structure that differs from that of graphite, which allows for 

ballistic transport of electrons23 and results in photoluminescence effects.24 

The uniqueness of nanomaterials opens an enormous window of applications and custom-made 

materials with widely tuneable properties that can be leveraged to improve the design and 

performance of energy storage and conversion devices. For instance, surface chemistry properties 

of scarce elements can be matched with nanostructure non-scarce elements.25,26 Note that material 

scarcity is not only a problem related to electrochemistry, thus many fields would also benefit from 

having larger stock of scarce earth elements.27 The hydrogen evolution reaction (HER) is 

considered an important reaction for energy conversion technologies which rely on the usage of 

electrocatalyst. The HER electrocatalysts need to present a high work function to balance protons 

adsorption and hydrogen gas desorption, a high free charge carrier density that provides good 

conductivity and facilitate electron transfer kinetics, and great stability under acidic conditions.9 

Not many materials present the right set of properties, which are characteristic for the scarce and 

expensive elements of platinum group metals.28,29 An alternative to offer the desired surface 

properties is the development of new catalysts by creating materials with hybrid properties.30,31  For 

example, graphitic carbon is a good electron conductor, a stable material in acidic conditions and 

electrochemically relatively inert, but by introducing doping elements, such as embedded nitrogen, 

which present electron lone pairs, hydrogen absorption centres can be created. The resulting 

material then keeps the advantages of using a graphite base electrode, but with certain domains 

present specific activity toward proton chemistry.32 Notice that the adequate interplay between 

different material domains is often reached if the domains are in the nanoscale size. Larger domains 

(> µm) instead tend to create segregated phases with independent properties, and the benefits 

brought by material heterogeneity are negated.25 
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Single nanoscale entities can also match the properties characteristic of scarce materials. For 

example, two-dimensional transition metal dichalcogenides (2D TMDCs) have been shown to 

perform as efficient HER electrocatalysts thanks to the larger surface area of 2D materials, as well 

as the presence of electrocatalytic sites,33 as detailed in Chapter 4. Moreover, nanoscale defects 

such as grain boundaries, lattice dislocations, heteroatoms, cracks, edges, etc. can lead to 

generation of local redox active centres while the overall physical properties of the nanomaterial 

material (e.g. conductivity) are preserved.34 Thus, defect engineering facilitates to achieve, to tune 

and to enhance nanomaterial properties, which are greatly used in electrochemical systems as 

explored in Chapter 5. Single nanomaterial entities can also present unique combinations of 

electronic structure and surface chemistry which are not achievable in bulk materials. As explored 

in Chapter 6, MXenes (two-dimensional metal carbides and nitrides) present a metallic-like 

electronic structure, while presenting a surface chemistry closer to that of a metal oxide.   

Energy conversion and storage devices often require macroscale sized electrodes to be operable 

for real-world applications. By combining one or more types of nanomaterial into assemblies, it is 

possible to achieve macroscale-sized electrodes using nanomaterials as building blocks. 

Nanomaterial assemblies, also called 3D nanostructures, generally consist of a scaffold made of 

one or more types of nanomaterials (2D, 1D, 0D) that can include or be decorated with other types 

of nanomaterials, as shown in Figure 1.6.13 Examples of 0D materials are nanoparticles and 

quantum dots; nanotubes or nanorods are classified as 1D materials; while nanoflakes or 

monolayers are considered 2D nanomaterials.  Nanomaterial assemblies offer an opportunity to 

bring different properties into electrochemical systems, so that a great variety of properties can be 

achieved through the fabrication of unique composite or hybrid materials. For example, 

nanostructured carbon-based scaffolds (e.g., CNTs, graphene, platelets or pearls), which provide 

good conductivity, porosity, and chemical stability, often are combined or decorated with 

nanostructured inorganic materials (such as metal oxide, sulphides, carbides, or nitrides) that 

provide specific activity in charge storage mechanisms or electrocatalysis.35   
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Figure 1.6: Examples of 0D, 1D, 2D and 3D nanomaterials. The red and grey contrasts represent 

different types of nanomaterials. Reproduced with permission from Lukatskaya, M. R. et al..13  

1.3.3 2D materials for energy storage and conversion 

Fundamental research on 2D materials and their applications in energy conversion and storage 

devices has been emerging in the last decade. 2D materials are usually presented in the form of 

flakes or nanosheets, allowing the entire surface to be exposed to the electrolyte and participate in 

electrochemical processes, achieving high theoretical specific surface areas.36 The 2D flakes or 

nanosheets present two distinct domains: the basal plane and the edge. The basal plane is defined 

as the surface parallel to the flake plane and is characterised by atomic flatness. The basal plane of 

a 2D material often provides a uniform and well-defined surface with a low density of defects that 

can potentially be used for studying electrochemical mechanisms at the atomic level.  The edges 

of 2D flakes are the “surfaces” perpendicular to the flakes plane and are characterised by having 

unsaturated coordination, being defective, and often presenting a heterogeneous structure and 

chemical composition. Edges often provide very distinct electrochemically active domains 

compared to the basal plane: dangling bonds, edge reconstructions and capping groups can be 

exploited as electrocatalytic centres.36,37 However, notice that basal plane domains might present 

defects, introducing unsaturated coordination that could also act as a local reaction centre, provide 

a local charge carrier donor/acceptor, or become a scattering center.38 Beyond those localised 

effects, the defects present in 2D materials might alter the overall electronic structure of the 

material, as is the case for doping effects.38 
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The family of 2D materials is very large, with hundreds of materials studied experimentally and 

others proposed by computational methods. Examples of 2D material structures are illustrated in 

Figure 1.7; a wide range of 2D materials have been studied for applications including the oxygen 

evolution reaction, the hydrogen evolution reaction, the CO2 reduction reactions, photocatalytic 

water splitting, electrical double layer capacitors, pseudocapacitors, and batteries.36 Integration of 

2D materials in electrochemical energy conversion/storage devices often requires the material to 

be a conductor or semiconductor, and to manufacture a macroscale electrode the 2D material is 

assembled into a 3D nanostructure. The assembly into a 3D nanostructure is often a highly tuneable 

process that can influence final performance/properties; for instance, the resulting 3D 

nanostructure can be optimised to present high degree of connectivity between 2D flakes that 

maximise electrical conductivity and minimise resistive effects. Also, 3D nanostructures can be 

tuned to provide hierarchical porosity that generates sites for ion intercalation while enabling fast 

ion transport, thus enhancing the power/energy density of batteries and supercapacitors.11  

Figure 1.7: Schematic view of monoelement, non-metal nitride, metal dichalcogenide, metal 

halide, metal oxide, metal hydroxide, and perovskite 2D materials. Reproduced with permission 

from Tao, H. et al..36 

The application of 2D materials in energy storage and conversion can be evaluated by reviewing 

the literature. From the Web-of-Science database it is possible to compare the number of citations 

related to the combination of “2D material” with “Supercapacitor” or “Electrocatalyst”, as 

representative key terms. Figure 1.8 shows the total number of citations per year of the 50 articles 

most cited related to these key terms, which offers a qualitative means of comparing the increasing 

or decreasing trends in the number of studies on these topics over time. Figure 1.8 shows two main 

trends. First, the implementation of 2D materials in energy storage and conversion applications 
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such as electrocatalysts or supercapacitors has emerged just a few years after the first 2D material, 

graphene, was discovered in 2003. Second, supercapacitor applications emerge earlier than 

electrocatalyst applications for 2D materials. This might be a sign that electrocatalytic technologies 

are more complex than capacitor technologies, and thus require more mature knowledge about the 

material properties. Figure 1.8 also shows the result for the key term “Defect” in combination with 

“2D material” and “Electrocatalyst”. The trend observed in Figure 1.8 shows a very recent increase 

in the number of citations, which highlights the correlation between 2D electrocatalytic materials 

and the presence of defects. 

Figure 1.8: Number of citations received per year of the 50 most cited articles using the 

combination of key terms “1D material” or “2D material” with “Supercapacitor” or 

“Electrocatalyst”. The green line represents the combination of the key terms “2D material” and 

“Electrocatalyst” and defects. All data have been obtained from the database Web-of-Science 

database on 29/11/2022. 

In this thesis, two different 2D materials relevant for energy conversion and energy storage, 2D 

TDMCs and the MXenes, have been studied at the single entity and/or single active domain level. 

The work of this thesis on 2D material has focused on correlating the electrochemical response 

with the presence of morphological feature and electroactive domains, via nano-electrochemical 

methods. In Chapters 4 and 5 the electrochemical behaviour of 2D TDMCs with respect to 

morphological features such as number of layers stacked and defect presence, is experimentally 

measured and discussed. In Chapter 6 the pseudocapacitance response of the individual building 

blocks MXene based electrodes, i.e. single MXene flakes, is experimentally measured and 

discussed. The 2D TMDCs and MXenes are very different materials with very distinct structure 

and physicochemical properties. Understanding the 2D TMDC and MXene characteristic 

electrochemical behaviour relies on a detailed understanding of the structure and the 

physicochemical properties of these materials, and as such, these materials are discussed in the 

introductory section of their corresponding chapters.   
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1.4 Characterizing nanomaterial electrochemical response 

The previous section described how electrochemical behaviour can be altered using nanomaterials. 

In this section, the instrumentation and methods used for characterising nanosized electrochemical 

systems are introduced.  

1.4.1 Bulk vs single entity electrochemistry  

When nanomaterials were first introduced into electrochemical systems, the available 

electrochemical characterisation methods were designed for macroscale materials, leading to 

several challenges. Classical electrochemistry methods and instrumentation are designed to 

measure currents in the µA-mA range, while currents associated with nano-entities are generally 

in the pA-nA range. Classical electrochemical approaches need macroscale quantities of 

nanomaterials to produce sufficiently large currents to be compatible with equipment resolution, 

which is achieved by manufacturing electrodes based on an ensemble of a vast number of 

individual nano-entities. Then, the signal recorded and dataset generated from characterising 

nanomaterials with classical ensemble-based electrochemical methods is representative of the 

behaviour of the 3D nano-entity assembly, which might differ from the individual nano-entities 

behaviour. The behaviour of 3D nano-entity assemblies strongly depends on the exact architecture 

of the assembly. For instance, nanoscale ion-intercalation channels generated in a 3D nanostructure 

for a supercapacitor application affect the assembly performance.11 Moreover, in 3D nano-entity 

assemblies, not all of the nano-entities are identical to each other and instead present a dispersion 

in size, shape and overall properties, as illustrated in Figure 1.9 A.17,39 Therefore, the readouts of 

the classical ensemble-base electrochemical method have contributions of the average behaviour 

of the individual entities and contribution from the macroscale 3D assembly properties. 

Conventional ensemble-based electrochemical approaches are not best suited for direct 

determination of nanomaterial properties dispersion, for identifying details of the nanomaterial 

heterogeneity contributions, or for differentiating between the single-entity and the assembly 

contributions. Classical electrochemical methods can face temporal resolution limitations. The 

characteristic timescales used in classical electrochemical methods range from seconds to minutes 

(and even hours) while the single-entity electrochemistry phenomena typically occur at a shorter 

timescale, in the order of microseconds to milliseconds. Therefore, nanomaterial electrochemical 

methods need to account for resolving very short timescale signals.40  

The properties of nanomaterials are intimately related to the morphology of the nanomaterial. Then, 

one of the key aspects for the electrochemical characterisation of nanomaterials is understanding 

the role of morphology.41 Ensemble-based electrodes present distinct morphological features 



Chapter 1 

18 

 

ranging from nanometres, i.e., on the scale of the single nano-entities, up to millimetres, i.e., on 

the scale of the macroscale electrode. Bulk electrochemical methods might infer nanoscale 

morphology contributions utilising strategies such as impedance spectroscopy and circuit 

modelling, signal deconvolution or relying on microscopy / spectroscopy characterisation.17,42 

However, the additional morphological features on the micrometre and millimetre range created 

by the ensemble approach make resolving nanoscale morphology complex, and often information 

about nanoscale phenomena remain hinder. Some nanomaterials, moreover, present sub-single 

entity domains, which are distinct electroactive domains within a single-entity. Sub-single entity 

properties can dominate the electrochemical behaviour of the system. For instance, a single 

nano-entity like a 2D flake can present multiple electroactive domains like edges, basal-planes or 

defects. Another example of the limitations of ensemble-based methods is control over how the 

electrical contact of single entities is achieved, which can define the electrochemical response.43 

A more detailed description of nanomaterial properties and the relation with nanoscale morphology 

can instead be obtained via characterisation methods that measure single nano-entities 

independently.17 Single nano-entity electrochemistry (SEE) is a branch of the electrochemistry 

which isolates the electrochemical response of individual nanoparticles, 2D flakes, nanotubes, etc. 

as shown in Figure 1.9 B. The study and integration of nanomaterials in electrochemistry has been 

accompanied by the development of new electrochemical techniques and methods which 

characterise in an effective manner the electrochemical response of nanomaterials. A new 

generation of electrochemical techniques has been developed to measure in the length, time, and 

sensitivity scales that are adequate for nanomaterial characterisation. The most common approach 

for new techniques to overcome the difficulties of measuring at the nanoscale is to downscale the 

elements of the electrochemical system.17,39,44 For instance, microscale-sized electrodes, also 

known as ultra-microelectrodes (UME), can be used to isolate the response of single entities 

dispersed in solution by stochastic collision electrochemistry, as illustrated in Figure 1.9 C (also 

see Chapter 3).45 In addition to the downscaling of the electrochemical system elements, the family 

of scanning electrochemical probe microscopy (SEPM) techniques allows the spatial displacement 

of a micro- / nano- scale electrochemical probe which facilitate isolation of single entities. Thus, 

SEPM provides a platform to resolve SEE with nanometre spatial resolution for a wide spectrum 

of nanomaterial and electrochemical systems.17,39,44  
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Figure 1.9: Comparison between bulk electrochemistry and single-entity electrochemistry. 

A) Electrode with a macroscale amount of heterogeneous nanomaterial with multiple reaction sites. 

“R” stands for reactant and “P” stands for product. B) Representation of a single nano-entity 

measurement with only a single reaction site. C) Example of a stochastic collision electrochemistry 

experiment in which the response of an individual nano-entity is isolated when it collides with the 

electrode surface, originating an electrochemical response.  

1.4.2 The family of SPEM techniques  

Scanning probe microscopy (SPM) techniques, such as atomic force microscopy (AFM) and 

scanning tunnelling microscopy (STM), were initially developed in the 1980s with the aim of 

obtaining topographic information on surfaces at the atomic level.46  A description of the AFM 

working principle is reported in the Methods chapter, Section 2.3.1. The evolution of AFM and 

STM hardware instrumentation and software set the basis for the development of scanning 

electrochemical probe microscopy. The first studies using a movable probe to detect 

electrochemical phenomena date back to the 1970s by Isaacs, H. S. et al. 47,48. Since these first 

reports, the experimental and theoretical methodology of SEPM has evolved in parallel with other 

SPM techniques. In 1999 the first commercially available SECM equipment (CH Instruments) was 

released and since then multiple groups have incorporated SEPM techniques into their research 

methodology.49 Henceforth, a dedicated family of SEPM instruments has been developed based on 

the principles of scanning probe microscopy. The expansion of SEPM methodology during the 

1990s and 2000s was also related to advances in AFM instrumentation and methods. The initial 

development of the AFM technique led to the introduction of probes with multiple functionalities 

that are capable of probing the physicochemical properties of surfaces and interfaces with spatial 
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resolution, such as mechanical, electrical, or thermal properties. Further advances in conductive 

AFM (C-AFM) allowed one to measure surface density of states or perform localised surface 

modifications. The introduction of liquid-phase AFM technology, together with conductive AFM 

probes, allowed localised electrochemical measurements, which led to electrochemical AFM 

(EC-AFM) technologies. EC-AFM allows to perform electrochemistry with nanoscale resolution 

and nowadays is a powerful technique. Nevertheless, the EC-AFM demands a narrow set of 

experimental conditions to operate that might be limiting for some electrochemical experimental 

designs. Therefore, it is a complementary technique to the electrochemically focused family of 

SEPM techniques.49  

SEPM is a family of probe-based electrochemistry techniques that can perform local 

electrochemical studies with nanometre to micrometre spatial resolution. The first SEPM approach 

developed was scanning electrochemical microscopy (SECM). As shown in Figure 1.10 A, SECM 

is based on placing a UME, acting as probe, in close proximity to the sample surface, so the signal 

readout depends on the local physicochemical properties and/or the morphology of the sample. 

Fine position and motion control on the SECM probe, achieved with piezo controllers and current 

feedback loops, allows one to obtain spatial information along the X, Y, and Z axes. The potential 

can be applied between the sample and the UME or between a reference electrode in solution and 

the UME. SECM has been widely reported for the study of electrochemically active domains with 

a resolution of a few µm.50 

Figures 1.10: Representation of different scanning electrochemical probe techniques. A) SECM 

with an ultra-microelectrode as probe, B) SICM with a micropipette as probe, and C) SICM-SECM 

which combine in the same probe a micropipette and an ultra-microelectrode in the same probe. 

For all techniques shown, both the sample and probe are immersed in an electrolyte solution, which 

is represented with blue colouring. 

Other types of scanning electrochemical probe microscopy have been developed, sharing similar 

hardware and software but using different probe types. Scanning ion conductance microscopy 

(SICM) uses a hollow micropipette as a probe instead of the UME probe of SECM, as shown in 

Figure 1.10 B. Two electrodes are used, one placed inside the micropipette and a second one placed 
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in the bulk solution; this allows one to apply a potential difference between the inside and outside 

of the pipette so that an ion current is generated between the two electrodes through the aperture 

of the micropipette probe.51 The aperture of the micropipette then acts as an ionic channel, and the 

current response generated is equivalent to the ion flow through the pipette aperture. SICM is 

sensitive to local variations in ionic concentration and is sensitive to distance when placed near the 

sample surface. SICM does not require a conductive sample but demands the same precise control 

over the probe position, achieved with a feedback loop over the ionic flow. SICM was originally 

used for the topological characterisation of samples that needed non-contact methods or immersion 

in solution, such as living cells.52 More advanced configurations can be achieved by the 

combination of SICM and SECM, by coupling a micropipette and a UME in a single 

multifunctional probe, as in Figure 1.10 C. In the SICM-SECM technique, the UME can perform 

a controlled electrochemical redox characterisation, while the micropipette acting as an ionic 

channel provides information about the distance between the surface and the probe.  SICM-SECM 

techniques can be used to perform simultaneous electrochemical and morphological mappings of 

the surface.50 

The SECM and SICM techniques require that the probe and sample be immersed in solution and 

exposed to the electrolyte; however, this might not always be the most appropriate configuration. 

SECM or SICM-SECM often require the whole surface of the sample to be set at a given potential 

despite only a small surface region being interrogated. Setting the sample at a potential while the 

sample surface is exposed results in difficult control of surface termination/adsorbates, so that 

characterisation of the pristine surface is not always guaranteed. Complete immersion of the sample 

and probe can also restrict lateral resolution because of the mass transport effects (diffusion) of 

species in solution. Those problems have been addressed by the scanning droplet family of SEPM 

techniques, of which scanning electrochemical cell microscopy (SECCM) is the leading 

approach.50  

SECCM is a recently developed technique first reported in 2010.53 The SECCM probe uses a liquid 

meniscus at the end of a pipette to form a micro- or nano-scale electrochemical cell, when placed 

in close proximity to the sample surface. The meniscus, also called the droplet cell, only wets the 

desired area of study and the rest of the sample remains exposed to air, as shown in Figure 1.11. In 

SECCM the sample is commonly used as the working electrode. The electrolyte solution is 

enclosed inside the pipette and often contains the electroactive species. The pipette aperture of 

SECCM probes can be tuned from 10’s of nanometre to 50’s of micrometre conferring significant 

versatility and providing nanometre to micrometre spatial resolution.54 The most versatile and 

commonly used SECCM probe types are single barrel micropipettes with a single electrode 

inserted, as illustrated in Figure 1.11 A, and double barrel micropipettes with one electrode inserted 

in each barrel, as shown in Figure 1.11 B. Both probe configurations can be used to apply a 
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potential difference between the pipette and the surface to enable electrochemical characterisation, 

but double barrel pipettes can also measure the ionic flow between the two barrels, which provides 

additional information about the droplet cell geometry.55 Other SECCM probe designs and 

electrode placement geometries have been reported to fulfil specific experimental requirements or 

to enhance its performance toward specific tasks, often at the cost of versatility.56 A description of 

the SECCM working principle is found in the Methods Chapter, Section 2.2. 

Figures 1.11: Schematic representation of the scanning electrochemical cell microscopy technique 

for A) a single barrel pipette as a probe and B) a double barrel pipette as a probe. Note that neither 

the sample nor the probe are immersed in the electrolyte solution as the electrolyte is contained 

within the probe. 

1.4.3 Overview of the SECCM driven nano-electrochemical studies 

SECCM probes can isolate the electrochemical response of different surface domains or features, 

such as grain boundaries or morphological features, and single nano-entities, such as single 

nanoparticles or nanoclusters. Electrochemical measurements on nanoscale features or entities are 

relevant for multiple research topics and electrochemical disciplines. The SECCM research 

outcomes can be grouped into:  

• Studies of grain boundary and facet dependent electrochemical properties on 

polycrystalline electrodes, including electrocatalytic and corrosion properties. For 

instance, Mariano et al. reported enhancement towards CO2 reduction on gold grain 

boundaries;57 Unwin et al. observed that the anodic dissolution of iron depends on grain 

boundaries exposed to electrolyte;58 Ren et al. mapped the potential of zero charge (PZC) 

dependence on Pt grain boundaries.59 For other studies reporting electrocatalysis 

dependence on grain boundaries and crystalline facets via SECCM, see ref. 60-63. 
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• Studies of 2D materials and electrochemical characterisation of layered crystals. SECCM 

has established correlations between the electrochemical response and morphological 

features of layered materials, such as basal planes, edges, and/or the number of layers. 

Unwin et al. quantified heterogeneous electron transfer behaviour of monolayer and 

multilayer graphene showing differences arising from the number of layers stacked,64 and 

between the edge and basal plane domains.65 Hill et al. reported the photoelectrochemical 

response 2D TMDCs via SECCM, showing strong correlation between morphological 

features and photoelectrochemical response.66 For other studies on 2D materials via 

SECCM, see ref. 67 and 68. 

 

• Electrochemical characterisation of single nano-entity electrocatalysts. Through SECCM, 

the electrochemical reactions of single nanoparticles or nanoclusters can be isolated and 

their electrochemical response can be correlated with the entity morphology.44 Baker et al. 

studied the electrocatalytic activity in the HER and OER of individual gold nanoparticles 

with different morphology.69 Recent single-entity electrocatalysis studies are reported by 

Dong. et al. on single NiFe2O4 nanocrystals70 and Hill. et al. on gold nanorods.71  For other 

studies on single entity electrocatalysts, see ref. 72 and 73. 

 

• Study of the nucleation processes at the single nano-entity level. SECCM can perform 

electrodeposition experiments which allow study of the nucleation of individual 

nano-entities.74,75 The nucleation of single gas bubbles in the liquid electrolyte via 

conduction of electrochemical gas evolution with SECCM is also reported by Chen et al..76-

78 The mobility of individual particles over the electrode/electrolyte has also been studied 

via SECCM.79 For other related studies, see ref. 60 and 80. 

 

• Patterning and surface modification at the nano- and microscale.81  SECCM allows 

electrodepositing material on patterns with micrometre resolution thanks to the small and 

controlled contact area of the SECCM droplet cell.82-85 It is possible to generate conductive 

patterning, e.g. metals or conductive polymers, that can be further used or implemented in 

a device.86-88  

 

• Studies of single nano-entities with high temporal resolution. Stochastic collision 

electrochemistry, also called nano-impact electrochemistry, requires high temporal 

resolution.89,90 The tuneable size of the pipette tapered end, its aperture and the small 

contact area offered by the droplet cell of the SECCM probe provides an alternative 

platform with respect to traditional UME experiments to achieve nano-impact 

measurements.91-95    
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1.5 Describing and modelling electrochemical phenomena at the 

nanoscale 

For a given electrochemical reaction  𝐴 + 𝑒− ⇌  𝐵, Figure 1.12 shows the different steps involved 

in the Faradaic process, including: (i) the heterogeneous electron transfer processes that occur at 

the electrode surface; (ii) adsorption/desorption equilibria of species in solution, which could or 

might be controlled by the electrode potential; (iii) homogeneous chemical reactions near electrode 

surface between the diluted species (𝐴′ and 𝐵′) and the species generated electrochemically 

(𝐴 and 𝐵); (iv) mass transport of species between the near-electrode region, where there is a 

concentration gradient of the solvated species, and the bulk of the solution, where the concentration 

is constant. Each of the above equilibria steps has a defined rate constant. The current produced by 

the Faradaic process/reaction is often limited by the slowest of those equilibria, which is defined 

as the rate-determining step. Some of the above equilibria do not involve interactions with the 

electrode surface nor are dependent on the applied potential to the electrode. Therefore, when 

interpreting the electrochemical response and its relationship with the applied potential, the 

contribution and impact of all equilibria must be considered.1 This section discusses mathematical 

models that can be used to understand Faradaic phenomena that present a dependence on electron 

transfer equilibria (Section 1.5.2) and mass transport equilibria (Section 1.5.3). Furthermore, 

limitations of the models and their applicability at different length scales are discussed, focussing 

on relevant phenomena for nanoscale electrochemistry. A brief description of non-Faradaic 

processes is provided in Section 1.5.1. 

Figure 1.12: Scheme of the different equilibria involved in a Faradaic reaction with redox species 

in solution. 
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1.5.1 Solution – Electrode interface on non-Faradaic processes 

Electrochemical systems are characterised by the presence of the electrode-electrolyte junction. 

Both the solution and the electrode possess their respective fermi levels, therefore upon 

electrode-electrolyte contact an electric field is established, as shown in Figure 1.13 A. The electric 

field will induce a local displacement of free charge carriers in both the electrode and solution; 

thus, the potential is constant in the bulk of electrode and solution once equilibrium is established 

after contact. Metallic electrodes generally have a large density of free charge carriers (free 

electrons and/or holes), and consequently, the electric field is confined to the vicinity of the 

electrode surface and does not extend significantly into the bulk of the electrode material. However, 

charge carriers in solution are ionic or polarisable species with concentrations that are typically 

much lower than those of free charge carriers in metals. As a result, ion accumulation/depletion 

occurs through a diffuse layer that extends 1-10’s nm from the electrode surface to the solution 

phase, see Figure 1.13 B. This phenomenon, inherent in electrochemical setups, is described as the 

electrical double layer.1  

Figure 1.13: Potential and charge distribution at the electrode-solution interface A) Potential 

distribution showing an electric field across the interface, which is neutralised at the bulk of the 

solution and the electrode phases. B) Charge distribution at metallic electrode-solution interface 

showing double layer formation. Small circles with a charge sign represent the free charge carriers. 

The big circle with the charge sign represents hydrated charges. Circles without charge sign 

represent non-polarizable solvent species. 

The dynamics of electrical double layers are complex.96 Two key outcomes from the description 

of the solution-electrode interface that must be considered for describing current and potential 

dependencies are: first, the double-layer compensates the junction potential at the electrode 

interface, even if an external potential is applied, thus the bulk solution and bulk electrode potential 

differences are well defined and not affected by the junction. Second, the presence of the 

electrode-solution junction potential and the electrical double layer results in a capacitive effect at 

the electrode interface. Capacitive effects can generate currents in electrochemical systems and 

have an important impact on nanoscale electrochemistry, as explored in Chapters 3 and 6. 
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1.5.2 Electron transfer models 

Faradaic currents are associated with processes that involve heterogeneous electron transfer (HET) 

between the solution and the electrode. HET occurs when the electron/s transition from occupied 

to unoccupied levels between the electrode and the electrolyte, resulting in either oxidation or 

reduction of species in solution. Electrochemical systems can control HET and its kinetics (rate of 

HET) by controlling the difference in potential between the electrode and the solution.1 

Electrochemical measurements can be used to extract information about HET kinetics; however, 

to derive kinetic parameters from electrochemical signals, a model is needed to describe the 

probability of observing HET and, in turn, a net current under a given set of conditions.  As a first 

case, the example of a homogeneous equilibrium reaction might be considered, described by a 

general equation:  

𝐴  ⇌
𝑘𝑏

𝑘𝑓  𝐵  

The rate of forward and backward reactions (𝑣𝑓 , 𝑣𝑏 in mols L-1 s-1) depend on the concentrations 

of A and B (𝐶𝐴, 𝐶𝐵 in mols L-1) and on rate coefficients (𝑘𝑓 , 𝑘𝑏 in s-1) as follows:  

𝑣𝑓 =  𝑘𝑓  ∙  𝐶𝐴      (Eq. 1.2) 

𝑣𝑏 =  𝑘𝑏  ∙  𝐶𝐵     (Eq. 1.3) 

The net rate of reaction (𝑣𝑛𝑒𝑡) is then: 

𝑣𝑛𝑒𝑡 = 𝑣𝑓 − 𝑣𝑏  =  𝑘𝑓  ∙  𝐶𝐴 − 𝑘𝑏  ∙  𝐶𝐵   (Eq. 1.4) 

Assuming A and B present a Boltzmann distribution of states due to temperature and there is a 

reaction path between A and B with defined potential energy (i.e. the reaction coordinate) that 

connects A and B potential energy minima through a local maxima: describing an activation energy 

barrier (𝐸𝑎 in J mol-1), as shown in Figure 1.14, allows to express the rate constant (𝑘𝑓 and 𝑘𝑏) by 

the Arrhenius equation. 

𝑘𝑖 = 𝑘𝑖
′ ∙ 𝑒−𝐸𝑎/𝑅𝑇    (Eq. 1.5) 

where 𝑘′ is the frequency factor (in s-1), R is the universal gas constant and T is temperature. The 

frequency factor (𝑘′) can be understood as the frequency at which the species attempts to cross the 

activation barrier.1,97 The exponential term in the Arrhenius equation describes the probability of 

crossing the activation barrier of the reaction coordinate. The activation energy for A or B can be 

understood as the change in standard internal energy of species A or B to go from species potential 

energy minima to maxima. Then, the state of energy maxima is called the transition state.1 The net 

reaction rate can be described in terms of the activation energy (∆𝐺𝑖) for the A and B species with 

respect to the transition state, as illustrated in Figure 1.14. 

𝑣𝑛𝑒𝑡 =  𝑘𝑓
′ ∙  𝑒− ∆𝐺𝑓 /𝑅𝑇  ∙  𝐶𝐴  +   𝑘𝑏

′  ∙ 𝑒− ∆𝐺𝑏 /𝑅𝑇  ∙  𝐶𝐵  (Eq. 1.6) 
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Figure 1.14: Representation of the A-B equilibrium along the reaction coordinates. The activation 

energies from A and B are defined as Δ𝐺𝑓 and Δ𝐺𝑏 respectively. 

If the A-B equilibrium is achieved through an HET process with the surface of an electrode that 

acts as an electron source or drain, then, the net rate of reaction (𝑣𝑛𝑒𝑡) can be expressed as a net 

current (𝐼𝑛𝑒𝑡 in A):  

𝐼𝑛𝑒𝑡 = 𝑧𝐹𝐴 𝑣𝑛𝑒𝑡        (Eq. 1.7) 

𝐼𝑛𝑒𝑡 = 𝐼𝑓 − 𝐼𝑏 = 𝑧𝐹𝐴 (𝑘𝑓 ∙ 𝐶𝐴 − 𝑘𝑏 ∙ 𝐶𝐵)    (Eq. 1.8) 

1.5.2.1 Butler-Volmer formalism 

Following the example given above (A + e- ↔ B), applying a potential to the electrode will shift 

the reaction coordinate, as shown in Figure 1.15. As a result, the applied potential (E in V) 

influences the HET and shifts the equilibrium of the A-B species.  

Figure 1.15: Representation of the reaction coordinates of A + e- ↔ B equilibrium upon the 

application of an external potential (E). A) The change in reaction coordinate and activation energy 

by the applied potential B) Maximise representation of the region of A, which presents crossing of 

A and B reaction coordinates. 
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The influence of applied potential on rate constants (𝑘𝑓 , 𝑘𝑏 in s-1) can be described as a function of 

the variation in activation energies. The Butler-Volmer formalism assumes a quadratic dependence 

of the Gibbs free energy with respect to the reaction coordinate. However, at the intersection point 

between the states of the two species involved in the equilibrium (i.e., at the transition state), it is 

assumed that the variation of the energy profiles with the reaction coordinate is linear, as shown in 

Figure 1.15 B. This assumption simplifies the expressions used to describe changes in forward and 

backward activation energies with applied potential. Moreover, this allows us to define any 

activation energy ∆𝐺 with respect to an activation energy ∆𝐺0, which occurs at a given reference 

potential 𝐸0.1 Under these assumptions, the change in activation energy for a given applied 

potential 𝐸 is defined as: 

∆𝐺𝑓 (𝐸) =  ∆𝐺𝑓
0 (𝐸0) + 𝛼𝐹(𝐸 − 𝐸0)       (Eq. 1.9) 

∆𝐺𝑏 (𝐸) =  ∆𝐺𝑏
0 (𝐸0) − (1 − 𝛼)𝐹(𝐸 − 𝐸0)            (Eq. 1.10) 

where 𝛼 is the transfer coefficient. 𝛼 controls the influence that applied potential has over the 

relative changes in activation energy of the forward and backward reactions. As shown in 

Figure 1.15 B, 𝛼 describe the symmetry between the energy profile of A and B species around the 

transition state reaction.1  

Equations 1.9 and 1.10 can be substituted into the expression for the activation energy in the 

Arrhenius expressions: 

𝑘𝑓 = 𝑘𝑓
′ ∙ 𝑒−(∆𝐺𝑓

0 (𝐸0)+𝛼𝐹(𝐸−𝐸0))/𝑅𝑇       (Eq. 1.11) 

𝑘𝑏 = 𝑘𝑏
′ ∙ 𝑒−(∆𝐺𝑏

0 (𝐸0)−(1−𝛼)𝐹(𝐸−𝐸0))/𝑅𝑇          (Eq. 1.12) 

Which can be rearranged also as:  

𝑘𝑓 = 𝑘𝑓
′ ∙ 𝑒−(∆𝐺𝑓

0 (𝐸0))/𝑅𝑇 ∙ 𝑒−(𝛼𝐹(𝐸−𝐸0))/𝑅𝑇            (Eq. 1.13) 

𝑘𝑏 = 𝑘𝑏
′ ∙ 𝑒−(∆𝐺𝑏

0 (𝐸0))/𝑅𝑇 ∙ 𝑒(1−𝛼)𝐹(𝐸−𝐸0)/𝑅𝑇             (Eq. 1.14) 

The terms that are independent of the applied potential can be used to define rate constants for the 

forward (𝑘𝑓
0) and backward (𝑘𝑏

0) reactions at 𝐸0, yielding the following expressions:  

𝑘𝑓 = 𝑘𝑓
0 ∙ 𝑒−(𝛼𝐹(𝐸−𝐸0))/𝑅𝑇          (Eq. 1.15) 

𝑘𝑏 = 𝑘𝑏
0 ∙ 𝑒(1−𝛼)𝐹(𝐸−𝐸0)/𝑅𝑇           (Eq. 1.16) 
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In the Butler-Volmer formalism, the reference potential, 𝐸0, is the potential at which the reaction 

equilibrium results in equal concentrations of A and B species (𝐶𝐴
0 = 𝐶𝐵

0). Moreover, 

Butler-Volmer formalism also considers the case that at 𝐸0 the rates of reaction of the forward and 

backward steps (𝑣𝑓
0, 𝑣𝑏

0) are equal so that: 

𝑣𝑓
0 =  𝑣𝑏

0                   (Eq. 1.17) 

𝑘𝑓
0  ∙  𝐶𝐴

0 =  𝑘𝑏
0 ∙ 𝐶𝐵

0                           (Eq. 1.18) 

𝑘𝑓
0 =  𝑘𝑏

0                          (Eq. 1.19) 

This allows us to define a standard rate constant (𝑘0), which is interpreted as a measure of the 

kinetic facility/sluggishness of a reaction and indicates the speed at which equilibrium can be 

reached.1 Thus, the forward and backward rate constants can be expressed in terms of 𝑘0. 

𝑘𝑓 = 𝑘0 ∙ 𝑒−(𝛼𝐹(𝐸−𝐸0))/𝑅𝑇              (Eq. 1.20) 

𝑘𝑏 = 𝑘0 ∙ 𝑒(1−𝛼)𝐹(𝐸−𝐸0)/𝑅𝑇    (Eq. 1.21) 

Taking into account the description of the net current given in Equation 1.8, now it is possible to 

describe the net current generated by the shift of the equilibrium A + e- ↔ B in function of the 

applied potential:  

𝐼𝑛𝑒𝑡 = 𝑧𝐹𝐴 𝑘0( 𝑒−(𝛼𝐹(𝐸−𝐸0))/𝑅𝑇 ∙ 𝐶𝐴 − 𝑒(1−𝛼)𝐹(𝐸−𝐸0)/𝑅𝑇 ∙ 𝐶𝐵)   (Eq. 1.22) 

Measurements of the current at different potentials can thus be used to obtain information on A-B 

species and HET processes. Voltammetric electrochemical methods, such as cyclic voltammetry 

or potential steps, are often used to derive equilibrium kinetics. Details of voltammetric methods 

are provided in the Methods chapter, Section 2.1. 

Assuming conditions of zero current (𝐼𝑛𝑒𝑡 = 0) the following equalities can be derived: 

𝑒−(𝛼𝐹(𝐸−𝐸0))/𝑅𝑇 ∙ 𝐶𝐴 =  𝑒(1−𝛼)𝐹(𝐸−𝐸0)/𝑅𝑇 ∙ 𝐶𝐵   (Eq. 1.23) 

−
𝛼𝐹(𝐸−𝐸0)

𝑅𝑇
+ ln(𝐶𝐴) =  

(1−𝛼)𝐹(𝐸−𝐸0)

𝑅𝑇
+ ln(𝐶𝐵)    (Eq. 1.24) 

−
𝐹(𝐸−𝐸0) (𝛼+(1−𝛼))

𝑅𝑇
= ln(𝐶𝐵) − ln(𝐶𝐴)           (Eq. 1.25) 

𝐹(𝐸−𝐸0) 

𝑅𝑇
= −ln(𝐶𝐵) + ln(𝐶𝐴)    (Eq. 1.26) 

𝐸 =  𝐸0 +
𝑅𝑇

𝐹
ln (

𝐶𝐴

𝐶𝐵
)            (Eq. 1.27) 

Equation 1.27 is the Nernst equation for one electron transfer (z =1). 
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1.5.2.2 Limitations of the Butler-Volmer formalism in nano-electrochemistry 

The Butler-Volmer (BV) kinetic model relies on a set of assumptions that often limit the potential 

window over which kinetic predictions are reasonable. The transition state along the reaction 

coordinate is defined as the point at which the potential energy profile of the reactant and the 

product cross; around the transition state, it is assumed that the energy dependence is linear and 

that a single parameter (𝛼 the transfer coefficient) can describe the shape of the activation barrier. 

These assumptions are sensible for highly reversible and symmetric reactions (the energy profile 

of A and B species is similar around the transition state, thus 𝛼~0.5). However, the system might 

approximate highly reversible and symmetric conditions only over a narrow overpotential window 

around equilibrium. Systems which display experimentally determine values outside the 

0.3 < 𝛼 < 0.7 range suggest that they cannot be adequately described by a BV formalism. 

Similarly, the definition of the standard rate constant (𝑘0) used in the current-overpotential 

equation (Eq. 1.22) relies on the assumption of equal reaction rates for forward and backward 

processes (𝑣𝑓
0 = 𝑣𝑏

0 and 𝑘𝑓
0 = 𝑘𝑏

0) under standard conditions (𝐶𝐴
0 = 𝐶𝐵

0 and 𝐸 = 𝐸0). The BV 

formalism extends the use of 𝑘0 for conditions where 𝐸 ≠ 𝐸0, and at large overpotentials this 

assumption might effectively breakdown.  

Second, the standard rate constant (𝑘0) in the BV formalism integrates contributions from multiple 

physical quantities in a single term. The use of a single pre-exponential term limits the information 

that can be obtained about the HET processes that are undergoing at the electrode surface and their 

kinetics. Third, in the BV formalism the rate constants (𝑘𝑓 , 𝑘𝑏) and the net current (𝐼𝑛𝑒𝑡) always 

vary exponentially with overpotential, even for very large overpotentials. As a consequence, the 

BV formalisms do not predict a kinetic limit with the applied potential. The application of the BV 

current-overpotential equation to describe the experimental observations of current-overpotential 

trends relies on the addition of mass transport effects to limit the current predictions. Experimental 

evidence shows that there is a limited increase in the rate constant with overpotential, even in the 

absence of mass transport limitations,98 this is addressed by more sophisticated HET models that 

indeed predict a kinetic limit of the reaction rate constant (𝑘𝑖).
99,100 In practical terms, BV 

formalism can satisfactorily describe rate constants kinetics typically over a narrow potential 

windows of 10´s to few 100’s of mV; however, BV models remain widely used in electrochemistry. 

This is mainly due to the fact that for macroscale electrodes the potential range over which the 

current signal is not affected by mass transport is also of 10´s to few 100’s of mV. Therefore, the 

exponential dependencies of the BV current-overpotential equation can effectively model the 

experimental behaviour observed around the standard potentials (𝐸0) on macroscale electrodes. At 

micro- /nano-scale electrodes, mass transport effects result in larger diffusion limited current 

density values (discussed in Section 1.5.3), which allows us to observe HET kinetic dependencies 

over larger overpotential window.101  



Chapter 1 

31 

 

1.5.2.3 Marcus-Hush formalism 

The Marcus-Hush (MH) model is used to describe the kinetics of both homogenous and 

heterogeneous reactions. MH considers the molecular structure of the equilibrium species as well 

as their surrounding environment (i.e. the solvent).1 MH formalism considers HET adiabatic 

processes in the absence of adsorption or strong interaction with the electrode. The electron transfer 

is defined to occur between two isoenergetic species without changes in nuclear configuration. The 

appropriate nuclear configuration must be reached to allow adiabatic electron transfer processes to 

occur with high probability. Thus, the species involved in the reaction have the same nuclear 

configuration before and after electron transfer.1  

For the equilibrium reaction A + e- ↔ B, where A and B present a quadratic change in 

energy vs. reaction coordinate, the Marcus-Hush model describes the rate constant as: 

𝑘𝑖 = 𝐾𝑖 ∙ 𝑣𝑛 ∙ 𝜅𝑒𝑙 ∙ 𝑒−𝐸𝑎/𝑅𝑇               (Eq. 1.28) 

Compared to Equation 1.5, the pre-exponential factor is deconvoluted into a nuclear frequency 

factor (𝑣𝑛 in s-1), an electronic transmission coefficient (𝜅𝑒𝑙) and the precursor equilibrium constant 

(𝐾𝑖),
1,97 which is described as:  

𝐾𝑖 =
𝐶𝑖

𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐶𝑖
𝑏𝑢𝑙𝑘          (Eq. 1.29) 

The transition state in the MH model is not described as an intersection of linear distribution of 

states, but considers the parabolic (quadratic) nature of the distribution. This assumption is based 

on the principle that nuclear oscillations can be described as simple harmonic oscillators with 

proportionality constant (𝑘).1 The energy profile (𝐺𝑖) of 𝑖 species along its reaction coordinate (𝑞𝑖) 

has parabolic dependence:  

𝐺𝑖(𝑞𝑖) = 𝐺𝑖
𝑜 + (

𝑘

2
) (𝑞𝑖 − 𝑞𝑖

𝑜)2      (Eq. 1.30) 

The energy barrier (Δ𝐺𝑖
𝑡𝑠) can be defined as a function of the energy for A (𝐺𝐴) and B (𝐺𝐵) 

species vs. their reaction coordinates (𝑞𝐴 and 𝑞𝐵), as shown in Figure 1.16, yielding expressions:  

Δ𝐺𝑖
𝑡𝑠 = 𝐺𝑖(𝑞𝑠𝑡) − 𝐺𝑖(𝑞𝑖

𝑜) = 𝐺𝑖
𝑜 + (

𝑘

2
) (𝑞𝑠𝑡 − 𝑞𝑖

𝑜)2 − 𝐺𝑖
𝑜 + (

𝑘

2
) (𝑞𝑖

𝑜 − 𝑞𝑖
𝑜)2   (Eq. 1.31) 

Δ𝐺𝑖
𝑡𝑠 = (

𝑘

2
) (𝑞𝑠𝑡 − 𝑞𝑖

𝑜)2       (Eq. 1.32) 

The energy barrier Δ𝐺𝑖
𝑡𝑠 can be related to the standard Gibbs free energy of the reaction (Δ𝐺𝐴−𝐵

𝑜 ): 

Δ𝐺𝐴
𝑡𝑠 =  Δ𝐺𝐵

𝑡𝑠 +  Δ𝐺𝐴−𝐵
𝑜        (Eq. 1.33) 
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Substituting Δ𝐺𝑖
𝑡𝑠 (Equation 1.32) into Equation 1.33 and assuming that both species, A and B, 

present identical force constants (𝑘), 𝑞𝑡𝑠 can be isolated: 

𝑞𝑡𝑠 =
1

2
(𝑞𝐴

0 + 𝑞𝐵
0) −

Δ𝐺𝐴−𝐵
𝑜

𝑘(𝑞𝐴
0 −𝑞𝐵

0 )
        (Eq. 1.34) 

At this point, the activation energy (Δ𝐺𝑖
𝑠𝑡) can be defined without knowing the exact coordinate 

position of the transition state by substituting the expression of 𝑞𝑡𝑠 of Equation 1.34 into 

Equation 1.32. By introducing the reorganisation energy term (𝜆 in eV) as: 

𝜆 =
𝑘

2
(𝑞𝐴

0 + 𝑞𝐵
0)           (Eq. 1.35) 

So, the final expression of the activation energy is: 

Δ𝐺𝑖
𝑡𝑠 =

𝜆

4
(1 +

Δ𝐺𝐴−𝐵
𝑜

𝜆
)

2

          (Eq. 1.36) 

For the heterogeneous reaction A + e- ↔ B, the standard free energy of the reaction, Δ𝐺𝐴−𝐵
𝑜 , can 

be described as a function of the applied potential (𝐸) with respect to the standard potential (𝐸0) 

of the reaction (see prior section 1.5.2.1), yielding an energy barrier expressed as: 

Δ𝐺𝑖
𝑡𝑠 =

𝜆

4
(1 +

F(E−E0)

𝜆
)

2

         (Eq. 1.37) 

The resulting rate constant of the MH formalism (also see Equation 1.28) is therefore:  

𝑘𝑖 = 𝐾𝑖 ∙ 𝑣𝑛 ∙ 𝜅𝑒𝑙 ∙ 𝑒
−

𝜆

4
(1+

F(E−E0)

𝜆
)

2

/𝑅𝑇
         (Eq. 1.38) 

The rate constant 𝑘𝑖 in the MH formalism has pre-exponential terms (𝐾𝑖, 𝑣𝑛, 𝜅𝑒𝑙) which do not 

depend on applied potential E, and an exponential term that includes a potential dependence. The 

exponential term of 𝑘𝑖 vs. 𝐸 trend has a Gaussian shape ranging from 0 to 1, as shown in 

Figure 1.17, while the magnitude of the 𝑘𝑖 is defined by the pre-exponential terms. Notice that the 

rate constant increases first with exponential behaviour vs. overpotential, as predicted in the BV 

formalism; at larger overpotentials 𝑘𝑖 transitions to a linear dependency and then plateaus for very 

large overpotentials, thus departing significantly from the BV model. As a consequence, the 

current-overpotential equation derived from the MH formalism saturates at high overpotentials. 

However, after saturation, the MH formalism predicts a current decrease, also called the inverted 

region, which occurs when the crossing point of energy profiles (𝑞𝑡𝑠) occurs beyond the energy 

minima along the reaction coordinate (𝑞0), as shown in Figure 1.16 B. The physical interpretation 

of this phenomenon is complex and the experimental evaluation of this behaviour is difficult 

because, at very high overpotentials, the current response is often dominated by other physical 

effects unrelated to HET kinetics.1  



Chapter 1 

33 

 

Figure 1.16: Standard free energy state distribution profiles across the reaction coordinates for one 

electron transfer equilibrium A + e- ↔ B. A) Parabolic state distribution (GA(qA) and GB(qB)), 

where the reaction coordinate positions with minimum standard free energy (q0
i) and transition 

state (qts) are highlighted. B) State distribution for different applied potentials. The bottom figure 

shows that, for very large overpotentials, the intersection of parabolic distribution profiles (qts) 

occurs beyond the reaction coordinate positions with minimum standard free energy (q0
B). 

Figure 1.17: Representation of the probability of crossing the activation energy barrier with respect 

to overpotential in the MH formalism. The probability of crossing the energy barrier corresponds 

to the potential dependent term in the rate contact expression. Curbs plotted for different 

reorganisation energies, showing that for larger reorganisation energies, the probability of crossing 

the energy barrier decreases for the same overpotential.   

Thanks to the MH formalism, the overpotential window over which the kinetics of HET can be 

described is increased to about 0.5 V to 1 V. The MH formalism includes additional details about 

the nature of the reorganisation energy (𝜆) by articulating contributions from inner (𝜆𝑖) and outer 

(𝜆𝑜) components, which account the contributions from the nuclear configuration transformations 
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and from the solvent coordination transformations. Moreover, the MH formalism also accounts for 

additional free energy contributions, often included as work terms (𝑤𝑖).
1,99 Nevertheless, such 

details are not relevant to the interpretation and discussion of the result presented in thesis; the 

reader is referred to reference books in electrochemistry, such as ref. 1 and 99, for further 

discussion about reorganisation energy components. 

1.5.2.4 Gerischer formalism 

The Gerischer formalism of charge transfer is based on the overlap of solution states and electrode 

states. The solution states (𝑊𝑖) are those of the species in solution involved in the reaction, i.e., 

reactants and products. For the heterogeneous electron transfer equilibrium, A + e- ↔ B, the 

solution states relevant to the model are 𝑊𝐴, of the electron acceptor, and 𝑊𝐵 of the electron donor. 

Both species A and B have a Boltzmann distribution of electronic energies (𝜀) according to their 

reorganisation energy contribution (𝜆), as shown in the Figure 1.18. The electrode states (𝑓𝑖) are 

those of the free charge carriers in the solid electrode, i.e., electrons and holes. Notice that the 

equilibrium of the A and B species can also be written as A ↔ B + h+. The electrode charge carrier 

species 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 are electron donor or hole acceptor, and 𝑓ℎ𝑜𝑙𝑒𝑠 are electron acceptor or hole 

donor. The charge carrier species also have an electronic energy distribution (𝜀) according to the 

density of state function of the solid electrode, as shown in the Figure 1.18. The Gerischer 

formalism assumes that adiabatic charge transfer between the solution and electrode states only 

occurs for isoenergetic donor-acceptor states.99 The rate constant for the A and B species at 

equilibrium are 𝑘𝑓 and 𝑘𝑏 for the forward and backward reactions, respectively, are determined by 

the overall integrals: 

𝑘𝑓 = 𝑘𝑚𝑎𝑥−𝑓 ∙ ∫ 𝑊𝐴(𝜀) ∙ 𝑓(𝜀)𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
∞

−∞
𝜕𝜀         (Eq. 1.39) 

𝑘𝑏 = 𝑘𝑚𝑎𝑥−𝑏 ∙ ∫ 𝑊𝐵(𝜀) ∙ 𝑓(𝜀)ℎ𝑜𝑙𝑒𝑠
∞

−∞
𝜕𝜀         (Eq. 1.40) 

where the pre-factor (𝑘𝑚𝑎𝑥) is the maximum rate of electron transfer. The prefactor can be 

decomposed into the nuclear frequency factor (𝑣𝑛 in s-1), electronic transmission coefficient (𝜅𝑒𝑙) 

and the precursor equilibrium constant (𝐾𝑖), similar to the pre-exponential factor defined in the MH 

model.  Details of the formulation of the electronic energy distribution of solution states (𝑊𝑖(𝜀)) 

and electrode states (𝑓(𝜀)𝑖) are provided in Chapter 4. 

The Gerischer formalism introduces the applied potential (E) to the electrode as a shift in the 

position of the fermi level of the electrode (Ef-electrode). Therefore, the applied potential can directly 

change the overlap between states and consequently the reaction rates, as shown in the overlap 

function of Figure 1.18. For negative overpotentials, the Ef-electrode rises, leading to overlap between 
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the occupied electrode states and the empty solution states (𝑊𝐴(𝜀)), leading to reduction of A 

species and formation of B species. For positive overpotentials, the overlap between the 

isoenergetic unoccupied electrode states and the occupied solution states (𝑊𝐵(𝜀)), favours the 

oxidation of B species into A species. At large overpotentials, either positive or negative, a 

complete overlap of the electrode and solution species is achieved, and from this point onwards, 

increasing the overpotential does not change the overlap integral. Therefore, at very large 

overpotential, the model predicts that the rate constant reaches a plateau.99  

Figure 1.18: Energy (𝜀) distribution of the solution (𝑊𝐴(𝜀) and 𝑊𝐵(𝜀)) and electrode states 

(𝑓(𝜀)𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑎𝑛𝑑 𝑓(𝜀)ℎ𝑜𝑙𝑒𝑠) for different potential applied. The resulting overlapped regions are 

highlighted in colour.  

The evolution of the rate constant with the overpotential predicted by Butler-Volmer, Marcus Hush, 

and Gerischer’s formalisms is summarised in Figure 1.19. Here, it can be clearly appreciated that 

for small overpotentials (𝜂 < 0.2 V) the three theories predict very similar rate constants. For any 

potential above ~0.2 V, the BV theory predicts much larger kinetic rates than MH or Gerischer. 

Between 0.2 V to 0.5 V overpotentials MH and Gerischer’s formalism predict similar rate 

constants, but for large overpotentials (𝜂 > 0.5 V) MH theory predicts slightly smaller rate constants 

than Gerischer’s formalism. For very large overpotentials (𝜂 > 1 V) the MH rate constant enters an 

inversion region while Gerischer predicts a plateau in the rate constant. The inverted regions should 

not occur in electron transfer reactions at metallic electrodes; therefore, Gerischer's formalism 

overcomes the problems of rate inversion and allows to describe HET kinetics for potentials far 

from equilibrium values. These conditions are relevant in semiconductor electrochemistry, as well 

as, for metallic electrodes that present a non-metallic bound layer on their surface.99,101 
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Figure 1.19: Normalised rate constants prediction respect overpotential applied for Butler-Volmer, 

Marcus-Hush and Gerischer formalism.  The rate constants are normalised by rate constant at 

standard potential (E0) isolate overpotential dependencies and avoid pre-exponential factor 

contribution. Reorganisation energy (𝜆) use of 1 eV. 

1.5.2.5 Electron transfer kinetics in nanoscale electrochemistry  

It is very common in the literature to use the BV formalism to derive kinetic rates.101 As mentioned 

in Section 1.3.1 and expanded in the following Section 1.5.3, the mass transport on macroscale 

electrodes is expected to dominate the current-overpotential response even for small overpotentials. 

On macroscale electrodes, the region from which kinetic information can be extracted is very close 

to the standard potential, and therefore the BV formalism is an adequate model (see Figure 1.19). 

At nanoscale electrodes, mass transport rates are fast, allowing kinetics to dominate over a much 

larger overpotential window. However, it is not always clear under what conditions the MH or 

Gerischer formalisms might more accurately describe an experimental system (i.e. under which 

conditions reorganisation energy plays an important role). Based on mass transport considerations, 

Feldberg approximated the set of conditions under which it is adequate to use the BV formalism, 

and the conditions when it is better to implement a formalism which considers the effect of 

reorganisation energy (MH or Gerischer).101 Feldberg proposed the relation: 

𝑘0𝑟0

𝐷𝑖
 ≤ 10

(
1 − 

𝜆𝑖
𝐾𝐵𝑇

10
)

              (Eq. 1.41) 

where 𝑘0 is the standard rate constant as derived from Butler-Volmer formalism, 𝑟0 is the radius 

of the electrode, 𝐷𝑖 is the diffusion coefficient and 𝜆𝑖 is the reorganisation energy of any given 𝑖 

species. If the left term is smaller than the right term, then mass transport effects allow 

reorganisation energy effects to be observed. The relation between 𝑘0 and 𝑟0 defined in 
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Equation 1.41 is represented in Figure 1.20, for a given 𝐷𝑖 and 𝜆𝑖. Figure 1.20 shows that for slower 

kinetics (smaller 𝑘0) and smaller radius electrodes, it is often better to describe the electrochemical 

kinetics using the MH or Gerischer’s formalisms. On the other hand, for macroscale electrodes 

( > mm2) the BV formalism is indistinguishable from the MH or Gerischer formalism, unless the 

reaction kinetics are extremely sluggish. For such reasons in SEPM techniques, which probe size 

is typically in the µm range, the 𝑘0/ 𝑟0 ratio often is at the boundary of BV and MH/Gerischer 

representations.101  

Notice, the 𝑘0 values shown in Figure 1.20 do not represent the pre-exponential factors of the 

reaction kinetics as derived from the MH formalism, but are the pre-exponential factors that will 

be obtained if fitting the current-overpotential response with the BV formalism. If BV is not 

adequate for fitting a given current-overpotential response (even if indistinguishable from MH 

implementation), the pre-exponential factor derived will not be representative of the kinetics of the 

system. Notice that because BV formalism predicts an indefinite exponential increase of current 

with overpotential, fitting current responses over large overpotential windows demands the use of 

very small pre-exponential factors to compensate.  

Figure 1.20: Example of distinguishable BV and MH domains based on parameters of a well-

known redox couple such as Ruthenium Hexamine, using diffusion coefficient 

(8 ∙  10−6 cm2s−1),102 and for [Ru(NH3)6]3+/2+ of 1 eV.103-105  
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1.5.3 Mass transport processes 

As previously described, understanding mass transport is critical for interpreting electrochemical 

data. Three different types of mass transport are typically present in electrochemical systems: 

diffusion, migration, and convection. The general expression that defines the flux of species in 

electrochemical systems is described by the Nernst-Planck equation: 

𝐽𝑖 = −𝐷𝑖∇𝑐𝑖 −
𝑛𝑖𝐹

𝑅𝑇
𝐷𝑖𝑐𝑖∇ϕ + 𝑐𝑖𝑣   (Eq. 1.42) 

where 𝐽𝑖 is the flux of the 𝑖 diluted species, 𝐷𝑖 is 𝑖 diluted species diffusion coefficient, 𝑐𝑖 is 𝑖 diluted 

species concentration, 𝑛𝑖 is 𝑖 diluted species effective charge, 𝑣 is the convection flux. The term 

𝐷𝑖∇𝑐𝑖 refers to diffusive mass transport, 
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝑐𝑖∇ϕ refers to migration mass transport and term 𝑐𝑖𝑣 

refers to the convective mass transport.1  

Migration transport is associated with the displacement of charged or polarisable species in the 

presence of an electric field. Migrative transport demands the presence of an electric field, which 

in electrochemical systems originates between the electrode and electrolyte.1 Upon the placement 

of an electrode, which has a defined work function, into an electrolyte solution, which also has a 

defined work function, an electric field originates due to the differences in the work function. The 

electrode work function can also be varied by the applied potential, which can lead to variation in 

the electric field between the electrode and solution. The electrolyte solution employed in an 

electrochemical system often contained diluted charged or polarisable species that are displaced by 

the electric fields, resulting in the accumulation or depletion of electrolyte charge in the region near 

the electrode surface. If the electrolyte contains excess charged or polarisable species, the 

concentration gradient in the near-electrode region generates an electric field that compensates for 

the difference between the work functions of the electrode and the solution; this effect is called the 

double layer (see Section 1.5.1). As a result, the net electric field in the bulk of the electrolyte 

solution is close to zero and the further migration effects of electrolyte species become negligible. 

The use of an excess of charged or polarisable species, called supporting electrolyte, is a common 

practise adopted in electrochemical measurements to avoid strong migration currents.1 However, 

if the migration effects on the electrochemical systems are not negligible (often because of poor 

electrolyte conductivity), the migration current can often be expressed by linear mass-transfer 

system as:  

𝐼𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛−𝑖 =  𝐿 ∇ϕ     (Eq. 1.43) 

where L is the solution electric conductivity (in Ω-1 m-1) which is expressed in function of system 

cross-section area, 𝐴 (in m2) as: 

𝐿 = 𝐴 ∑
|𝑛𝑖|2𝐹2𝐷𝑖

𝑅𝑇
𝑐𝑖𝑖     (Eq. 1.44) 
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The experiments performed in this thesis are designed to avoid migration effects via the usage of 

a supporting electrolyte, and therefore migration effects are not discussed further. 

Convective transport originates from the motion of the electrolyte solvent as a fluid, which causes 

displacement of diluted or dispersed species in the solvent. Convection effects can be forced or 

natural. Natural convection refers to the flow of the solution as a result of a local change in the 

densities of the solvent. For instance, in an electrochemical system natural convection can originate 

due to the electrochemical phenomena inducing a heat transfer process and varying the electrolyte 

density near the electrode surface.106 Force convection refers to intentional mechanical stirring or 

agitation for creating fluid motion or flow. Hydrodynamic electrochemical methods use force 

convection to control the flow of species toward the electrode surface, overcoming possible 

uncontrolled natural convection effects.106 For instance, the rotating disk electrode methods, use 

the electrode movement to force convection which ensure stead-state conditions during 

electrochemical observations.1,106 In this thesis, no force convection method has been implemented 

and so, will not be further discussed. Natural convection in microscale electrochemical systems is 

complex and very dependent on geometry.107  

For the SECCM experimental setups, as the main nano-electrochemical method used in this thesis, 

it is expected that the evaporation of the electrolyte solvent (water) from the droplet cell potentially 

induces thermal inhomogeneities across the SECCM probe. On the other hand, the reduced micro- 

nanoscale size of the droplet cell ensures fast heat dissipation, which minimises local natural 

convection effects. Because of the fast heat dissipation offered by microscale electrochemical 

systems, natural convection flows are often considered negligible. As far as knowledge of the 

author goes, there are no studies reporting or analysing the convection effects on the SECCM 

probe. Therefore, it is not straightforward to consider whether the contributions of thermal 

inhomogeneities originate a negligible or a non-negligible convective flow. In this thesis, 

precautions have been taken to minimise natural convection effects, such as ensuring that the 

different elements of the SECCM equipment and probe are at steady room temperature before 

measurement; minimising the length of electrochemical measurement;107 and minimising the time 

the droplet cell is formed. Accounting these precautions measures are taken, the natural convection 

effects are considered negligible and are not further discussed in this thesis. Yet, the author 

considers that the development of a convection model for the SECCM probe, which allows to 

derive quantitative estimation of convective flow, would be an interesting topic for further research.  

Diffusive mass transport originates from Brownian movement of species dissolved or dispersed in 

liquid or gas phase; thus, diffusive transport is intrinsic in electrochemical systems with liquid 

electrolytes.1 As a consequence, most nano-electrochemical systems rely on diffusive mass 

transport to carry solution species towards/away from the electrode surface. In electrochemical 

systems, diffusive transport can be described according to Fick’s second law: 



Chapter 1 

40 

 

𝜕𝑐𝑖

𝜕𝑡
= 𝐷𝑖∇2𝑐𝑖                  (Eq. 1.45) 

where 𝑐𝑖 and 𝐷𝑖 is the concentration and diffusion of 𝑖 species, 𝑡 is time, and ∇2 is the Laplacian 

operator. The Laplacian operator in Cartesian coordinates (𝑥, 𝑦, 𝑧) has the form: 

∇2=
𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2 +
𝜕2

𝜕𝑧2                (Eq. 1.46) 

The Laplacian operator can take other forms depending on the coordinate reference system used 

(e.g. Cartesian, spherical, cylindrical, etc.) and the system dimensionality (1D, 2D, 3D). 

Disk-shaped ultra-microelectrodes ( < 25 µm diameter) present a hemispherical diffusion front, as 

shown in Figure 1.21 B. The diffusion front can be understood as the concentration gradient that 

gives origin to the flux of species via diffusion. The symmetry of hemispherical diffusion processes 

allows to simplify the Laplacian operator to a 2D axisymmetric model as follows: 

∇2
ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙=

𝜕2

𝜕𝑟2 +
1

𝑟
∙

𝜕

𝜕𝑟
+

𝜕2

𝜕𝑧2       (Eq. 1.47) 

where 𝑟 is the radial distance and 𝑧 is the normal distance. The number of variables in 

Equation 1.47 are reduced compared to Equation 1.46 and so, operating with the Laplacian 

becomes easier. On the other hand, bulk macroscale electrodes present a linear diffusion front, as 

shown in Figure 1.21 C. Note that the linear diffusion front of macroscale electrodes is equivalent 

to merging the hemispherical diffusion fronts of close packed smaller electrode, as also shown in 

Figure 1.21 C. Then, for macroscale electrodes, the Laplacian operator can be simplified to its 

linear form: 

∇2
𝑙𝑖𝑛𝑒𝑎𝑟=

𝜕2

𝜕𝑧2        (Eq. 1.48) 

To resolve diffusion processes in electrochemical systems, it is also necessary to impose a set of 

initial conditions that account for the initial state and boundary conditions. Boundary conditions 

relate concentration and concertation gradient to the system geometry; more details are provided 

in the Methods chapter, Section 2.4. Resolving the Laplacian operator differential equations on 

highly symmetrical systems with simple boundary and initial conditions might lead to analytical 

expressions.1 For instance, a linear diffusion model for which the differential equation is:  

𝜕𝑐𝑖 (𝑧,𝑡)

𝜕𝑡
= 𝐷𝑖

𝜕2

𝜕𝑧2 𝑐𝑖(𝑧, 𝑡)     (Eq. 1.49) 

with only one diffusive 𝑖 species, homogeneous initial condition (at time zero, 𝒄𝒊 = 𝑐𝑖
0 for any 

possible 𝒛) and considering all 𝑖 species that contact the electrode get consumed with one electron 

transferred (𝒄𝒊 = 0 at 𝒛 = 0, also see Figure 1.21 C) leads to the current-time response (Cottrell 

equation) and concertation profile analytical equations: 
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𝐼(𝑡) =  𝑛𝐹𝐴𝑐𝑖
0√

𝐷𝑖

𝜋∙𝑡
            (Eq. 1.50) 

𝑐𝑖(𝑧, 𝑡) =  𝑐𝑖
0 erf [

𝑧

2√𝐷𝑖𝑡
]   (Eq. 1.51) 

The Cottrell equation is very important for electrochemistry, as it predicts the current dependency 

with the square root of time which is easily observed in many electrochemical systems using a 

potential step (as described in the Methods chapter, Section 2.1). The linear diffusion model has, 

however, its limitations; the equation predicts that the diffusion front distance from the electrode 

increases indefinitely over time but clearly, a diffusion front much larger than the electrode size 

must become hemispherical rather than remain linear.1 Consequently, the prediction of Cottrell 

equation that 𝐼(𝑡 → ∞) = 0 is never observed, and a certain diffusion limited current is reached 

after a given ∆𝑡. The analytical solutions of diffusion equations are then limited to geometry 

approximations and boundary conditions implemented; yet, they represent a valuable resource for 

the electrochemistry community because they have proven to provide reliable predictions over a 

wide range of electrochemical systems and conditions.   

Other useful analytical expressions can be derived from the differential equations for microscale 

electrodes. Using the axisymmetric model of hemispherical diffusion (Eq. 1.47) and the boundary 

conditions described in Figure 1.21 B, it can be found that 𝐼(𝑡 → ∞) ≠ 0. At 𝑡 → ∞ UMEs reach 

a steady state behaviour with constant current, or diffusion limited current (𝐼𝑑𝑖𝑓𝑓.𝑙𝑖𝑚𝑖𝑡𝑒𝑑) which has 

the expression: 

𝐼𝑑𝑖𝑓𝑓.𝑙𝑖𝑚𝑖𝑡𝑒𝑑 = 4𝑧𝐹𝐷𝑖𝑐𝑖−𝑏𝑢𝑙𝑘𝑟   (Eq. 1.52) 

where  𝑟 is the radius of the UME. Observation of a steady diffusion limited current is common for 

nano-electrochemical methods, including pipette-based techniques such as SECCM. However, the 

more complex geometry characteristic of SEPM techniques, as for instance for the SECCM probe, 

very often does not allow to obtain analytical expressions for diffusive transport.  

For complex geometries or complex boundaries, resolving differential equations into an analytical 

expression is not a simple task, if even achievable. Complex geometries do not allow the reduction 

of the Laplacian operator into lower-dimensional forms. Moreover, common potentiometric 

methods (described in Methods chapter, Section 2.1) can introduce complex boundaries with 

additional dependencies. For instance, electrode/solution interface boundary during a cyclic 

voltammetry experiment describes the local changes in concertation depending on the kinetic rate 

(𝑘𝑖), which depend on the potential applied (𝐸) which vary over time according to scan-rate. 

Therefore, deriving analytical expression in complex systems is not always possible, or demands 

use of assumptions or simplifications which are system dependent, have limited range of 

applicability and that might turn unreliable across different length-scales. Instead, the prediction of 

diffusive transport on complex systems is often resolved by numerical methods.  
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The nano-electrochemical systems come into a variety of possible geometries, present geometric 

configuration in the micro-nanometre scale, and are not necessarily suitable for high-spatial 

symmetries modelling. Therefore, the nano-electrochemical system has complex diffusion 

processes, and the modelling of diffusion processes becomes easier by adopting numerical rather 

than analytical methods. Nowadays the computational power of modern PCs and the availability 

of dedicated software significantly facilitate the calculation tasks characteristic of numerical 

methods and can provide diffusion predictions on complex geometries in minutes. In Methods 

chapter   Section 2.4, a description is provided of the Finite Element Simulation models 

implemented in this thesis for resolving mass transport for the SECCM probe.  

Figure 1.21: Diffusive mass transport on different geometries. A) Schematic of a disk electrode 

showing the electrochemically active area in gold colour and the electrochemically inner surface 

in grey colour. B) At the top, schematic of the diffusion front towards a single small electrode 

showing a hemispherical shape. At the bottom, two-dimensional axisymmetric model of diffusion 

showing the boundary conditions and system geometry. C) Diagram of the diffusion front toward 

a single large electrode and toward the tightly packed small electrode, both showing a planar shape. 

At the bottom, a one-dimensional linear model of diffusion showing the boundary conditions and 

system geometry. 
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1.6 Aims of thesis 

The transition to renewable energy sources requires crucial technologies for converting and storing 

energy, facilitating energy management and integration across society and industry. Several 2D 

materials have been successfully investigated to improve the performance and efficiency of energy 

storage/conversion devices, as well as to allow the development of new technologies. However, 

the nanoscale nature of 2D materials and their characteristic heterogeneity hinder an in-depth 

understanding of their electrochemical properties when characterised using conventional 

electrochemical methods. In particular, a better understanding is needed of how nanoscale 

behaviour translates into the macroscale electrochemical response. Advanced method development 

is needed to resolve those obstacles and obtain a much deeper understanding of 

nano-electrochemical systems.  

The aim of this thesis is to use nano-electrochemical methods, primarily SECCM, for the study of 

2D materials which are relevant for energy storage and conversion. This thesis also aims to 

contribute to the development of instrumentation and methods for nano-electrochemical 

characterisation. The work of this thesis includes: 

• The development of high temporal resolution electrochemical instrumentation and 

methodology for single nano-entity electrochemistry, explored in Chapter 3. 

  

• Characterisation of the electrochemical response 2D TMDCs. Exploring the electron 

transfer processes on different numbers of stacked layers, as detailed in Chapter 4.  

 

• The development of methods for the detection of nanoscale defects on 2D materials via 

SECCM, as reported in Chapter 5.  

 

• The isolation of the electrochemical response on of the building blocks of 2D MXene 

pseudocapactive electrodes, i.e. single MXene flakes, is explored in Chapter 6. 

 

The investigation conducted in this thesis has contributed through the development of new methods 

to characterise 2D materials, as well as to identify the key aspects of 2D material electrochemical 

characterisation. This thesis also highlights the relevance of using advanced electrochemical 

methods to overcome challenges in nanomaterial characterisation. The results of this research have 

been communicated to the scientific community through four peer-review articles in 

well-recognised journals and through international conference presentations.  
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2.1 Electrochemical Methods  

To interrogate and measure an electrochemical system with the aim of obtaining information about 

its behaviour, different electrochemical methods can be implemented. As detailed in the 

introductory chapter, the electrochemical current generated in an electrochemical system can 

depend on the potential applied to the electrodes. Then, by controlling the potential applied to the 

electrodes while monitoring the current, it is possible to obtain information about current-potential 

dependencies. Electrochemical methods based on applying defined potentials to an electrode and 

observing the resulting current response are called voltammetric techniques. In order to achieve a 

well-defined potential on the electrodes without the perturbations from the physicochemical 

phenomena ongoing on the electrochemical cell, voltammetric techniques are often carried out 

using a potentiostat instrument and a three-electrode cell setup, which includes working, counter 

and reference electrode. A schematic of the basic three-electrode cell circuit using a potentiostat is 

shown in Figure 2.1 A. The potentiostat function ensures there is a defined potential difference 

between the working electrode and the reference electrode while allowing the necessary current 

between the counter electrode and the working electrode to ensure electroneutrality in solution. 

Then, the function of the reference electrode is to provide a stable reference potential in the 

electrochemical cell against which the working electrode potential can be defined.  

Reference electrodes achieve a defined stable potential (defined workfunction) by carrying a 

chemical equilibrium involving HET with a defined workfunction. Reference electrode equilibria 

must present fast HET kinetics to provide zero-charge transfer resistance.1 In this manner, the 

potential at which the working electrode is set refers to the potential difference with respect to the 

fix equilibria potential of the reference electrode. The potentiostat also prevents any large current 

from being driven through the reference electrode, which could affect its defined equilibrium 

potential. There are different reference electrode architectures, and for this thesis, it has been 

usually used a reference electrode consisting of a metallic electrode inserted in an electrolyte 

solution. The electrolyte solution needs to contain the electroactive species, such the HET 

equilibrium between the metal electrode and the diluted species is established. Electrolyte species 

also need to be concentrated enough to provide a constant makeup, so that the HET equilibria is 

maintained. In Figure 2.1 B is shown a schematic of a reference electrode base of 

Ag(s) + Cl-
(aq) ⇌ AgCl(s) + e- equilibria, as used for the experiments of Chapters 3, 4 and 5. For the 

experiments in Chapter 6, the Pd-H2 reference electrode is used. Pd-H2 HET equilibrium is based 

on the electrochemically driven intercalation of H atoms in the crystalline lattice of Pd.2,3  

For microscale sized working electrodes, the current passed through the system is small enough 

(pA to nA) that if current is driven through the reference electrode, this will not change its 

composition over the time course of a typical experiment and so maintain a constant equilibrium 



Chapter 2 

55 

 

potential. Therefore, for small electrodes the potentiostat can be operated in a two-electrode 

configuration with a working electrode and a combined reference-counter electrode (RCE),4 as 

shown in Figure 2.1 C.  

Figure 2.1: Schematic showing the circuit connections of different electrochemical systems and 

the equilibrium principle of the reference electrode. A) Schematic of a three-electrode cell using a 

potentiostat.  B) Schematic of an Ag/AgCl based reference electrode, showing the forward and 

backward equilibrium reactions with red arrows. C) Schematic of two electrode cell with RCE. For 

A and C, Wk refers to the working electrode, Ctr refers to the counter electrode, Ref refers to the 

working electrode, RCE refers to the reference counter electrode, A inside a white circle refers to 

the current reader, and V to a DC potential source.  

The Introduction chapter, Section 1.5.2, details how the current generated from the HET processes 

vary with the applied potential. However, the current predictions from HET models do not account 

for the current-time dependencies imposed by mass transport effects, capacitive effects, and their 

interaction with the variation of applied potential over time. Then when interrogating 

electrochemical systems with voltammetric methods, the current (I), time (t) and potential (E) 

dependencies need to be accounted for, which can be pictured as a three dimensional I-t-E surface,1 

as shown in Figure 2.2. 

By applying different potential profiles to the working electrode, different regions of the I-t-E 

surface can be interrogated. On potential steps, the potential is stationary for a given period of time 

and could be set to another value for another period of time. The applied E-t function is a step 

function, as shown in Figure 2.3. The term chronoamperometry is also used when measuring 

stationary potential. For a stationary working electrode potential, it is measured the current-time 

(I-t) dependencies which arise from the capacitive currents and Faradaic currents from Nernstian 

reaction. In potential steps, capacitive currents are characterised by their large magnitude over a 

short duration of time, either on macroscale and nanoscale electrodes, as shown in Figure 2.3. 

Nernstian reactions at stationary potentials are characterised for presenting constant electron 
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transfer kinetics, nevertheless the Nernstian currents might variate over time due to mass transport 

effects. For the macroscale electrode, linear mass transport generates Nernstian currents that decay 

over time defined by the Cottrell equation (see the Introduction chapter, Section 1.5.3) and shown 

in Figure 2.3. On a micro- nanoscale electrodes, it is expected that the hemispherical mass transport 

led to an initial Nernstian current decay, and after diffusion limiting current plateau is reached (see 

Introduction chapter, Section 1.5.3), as displayed in Figure 2.3. Information about electron transfer 

kinetics and the I-t-E surface can be obtained by performing multiple potential steps over a 

potential window around the equilibrium potential. In this thesis, chronoamperometry has been 

employed for carrying out stochastic collision electrochemistry experiments, as detailed in 

Chapter 3.  

Figure 2.2: A) Illustration of the current dependence over potential and time for an HET reaction, 

also called I-t-E surface. B) Illustration of the region asked by a linear sweep voltammogram (white 

panel) over the I-t-E surface. Reproduced with permission from Bard, A.J. et al. 1. 

In voltammetry experiments, the potential is 'continuously changed' by performing a potential 

sweep over a defined potential window at a given sweep rate. Voltammetry allows one to obtain 

information about the electron transfer kinetics and reaction reversibility, mass transport effects, 

and capacitance and resistance effects in a single experiment without the data analysis requirements 

of potential steps. Figure 2.3 shows the characteristic E-t ramp function of a linear sweep 

voltammogram (LSV), which slop is defined by the sweep rate, also called the scan rate, 𝑣 

(in V s-1). Generally, LSVs are employed to evaluate potential dependence processes, and thus, 

LSVs are commonly plotted as I-E curves. Figure 2.3 shows a typical Faradaic current response 

for a Nernstian reaction, which highlights the Faradaic current variation depending on HET kinetics 

around the equilibrium or onset potential. When studying Nernstian reactions with voltammetry, 

mass transport effects often dominate the current response at high overpotentials. In Figure 2.3 is 

shown the expected current response for a macroscale electrode with linear diffusion and the 

expected current response for a micro- nanoscale electrode with hemispherical diffusion. The 

region of the I-t-E surface interrogated by an LSVs is shown in Figure 2.2 B. Notice that the sweep 
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rate plays an important role in the region of the I-t-E surface that is being interrogated. For instance, 

faster sweep rates interrogate regions of the I-t-E surface close to early times, making mass 

transport and capacitance effects more noticeable. On the other hand, slower scan rates interrogate 

later times, more resembling steady potential response and being less affected by mass transport or 

capacitive effects. LSVs have been employed to evaluate the electron transfer kinetics on 

2D TMDCs, as detailed in Chapters 4 and 5. 

Figure 2.3: Characteristic waveforms of potentiometric techniques for potential steps, linear sweep 

voltammetry, and cyclic voltammetry measurements. The current responses are plotted with 

respect to time or potential applied, for macroscale and microscale sized electrodes.  

The potential ramp function can be reversed at the end of the LSV and further potential ramps can 

be added consecutively, as shown in Figure 2.3. This experimental procedure is called cyclic 

voltammetry (CV). CV enables comparing forward and backward cycle response and evaluating 

the response over multiple cycles, information that is not provided by the LSVs. For instance, by 

comparing forward and backward cycle capacitances, quantitative determination can be obtained. 

During a potential sweep it is expected that capacitive current contributions (𝐼𝑐𝑎𝑝) to be: 

𝐼𝑐𝑎𝑝 = 𝐶 ∙ 𝑣      (Eq. 2.1) 

where 𝐼𝑐𝑎𝑝 is the capacitive current, 𝐶 is the capacitance and 𝑣 the sweep rate.  
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The forward and backward sweeps have 𝑣 values of opposite sing, resulting in current contribution 

of the opposite sign. CV allows the capacitive contributions to be isolated from any offsetting 

currents by subtracting the charge contributions of the forward and backward cycles. Charge 

contributions are obtained by integrating current over time, as: 

𝑄𝑓𝑜𝑟𝑤𝑎𝑟𝑑/𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 =  ∫ 𝐼𝑓𝑜𝑟𝑤𝑎𝑟𝑑/𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 𝑑𝑡   (Eq. 2.2) 

 𝑄𝑓𝑜𝑟𝑤𝑎𝑟𝑑 −  𝑄𝑏𝑎𝑐𝑘𝑤𝑎𝑟𝑑 =  𝑄𝑐𝑎𝑝   (Eq. 2.3) 

𝐶 =
𝑄𝑖

𝑉𝑖
=

𝑄𝑐𝑎𝑝

2 ∙ 𝐸𝑤𝑖𝑛𝑑𝑜𝑤
           (Eq. 2.4) 

In this thesis cyclic voltammetry has been employed for evaluating MXene 2D materials 

pseudocapacitive response, as detailed in Chapter 6. CVs and voltammetry methods can be used to 

extract many different types of information about the electrochemical system, and so is a very 

popular technique in the electrochemistry field. The reader is referred to the article of Dempsey et 

al. in ref. 5 for a brief summary of CV technique, and to the book of Compton & Banks ref. 6 for 

an extended and detailed explanation about voltammetric techniques, including CVs. There are 

other commonly used electrochemical methods, such as galvanostatic or impedance spectroscopy, 

that are essential for any electrochemist toolbox, but have not been employed for the work 

presented in this thesis. The reader is referred to ref. 1 for a detailed explanation of other 

electrochemical methods.  
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2.2 Single Barrel SECCM  

As introduced in Introduction chapter, Section 1.4.2, SECCM is a scanning electrochemical probe 

microscopy technique, which via the formation of micro- nanoscale electrochemical cell (droplet 

cell), the electrochemical response of micro- nanoscale domains of a surface are isolated. SECCM 

is often used to perform electrochemical characterisation of nanoscale entities. SECCM 

measurements require the fulfilment of multiple tasks, often including: SECCM probe preparation, 

probe alignment with sample features, probe-sample approach for droplet cell formation, 

performing electrochemical measurements utilising electrochemical methods, signal processing 

and signal recording. Often an SECCM measurement involves the repetition of all those tasks 

several times to measure multiple points on the surface for mapping the electrochemical response 

of an area. To complete all those tasks, it is required the SECCM probe fabrication and 

characterisation, the use of specific SECCM hardware instrumentation and the use of software to 

operate and synchronize the electrochemical measurements, the probe displacement and the data 

recording.7  In the following sections, it is provided the description of the SECCM experimental 

methods implemented for this thesis, as well as the comparison with alternative SECCM methods 

provided in literature.  

Figure 2.4: SECCM schematic setup and the different elements that make up the instrument. The 

different elements are connected by wires that indicate the information carried: in solid line the 

wires that connect the elements of the electrochemical cells, in dotted lines the wires that connect 

the piezoelectric actuators, and the arrowed lines display the input and output information of the 

system and its direction. DAQ stands for data acquisition board. 
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2.2.1 SECCM instrumentation 

In Figure 2.4 is shown a schematic of a general single barrel pipette SECCM setup indicating the 

multiple instrumentation components. SECCM components can be grouped into modules, 

according to the functionality they provide, having the optical system, the mechanical displacement 

module, the signal processing module, and the SECCM probe. In the following subsection, each 

of the components of each module and their operation are described, except the SECCM probe, 

which is discussed independently in Section 2.2.2.   

2.2.1.1 Optical system  

The optical system is composed of a light source with controllable brightness and a camera (usually 

the camera requires a relatively long working distance of > 2 cm). The optical system must provide 

images of the sample and the end of the probe for manual alignment of the probe. The distinct 

morphological features of the sample generally need to be recognisable optically. Because the 

regions SECCM can typically scan are 10´s of micrometres in size, the optical system must be 

capable of providing resolution over the sample surface of at least 10´s µm features. Consequently, 

the magnification required for the camera is at least x10, with a x20 magnification typically used. 

The purpose of the optical system is to identify the relative position of the SECCM (pipette end) 

with respect to the sample surface. There are different possible mounting positions for the camera 

and light source,7-9 as shown in Figure 2.5. The advantages and disadvantages of each mounting 

position are summarised in Table 2.1.  

Figure 2.5: Mounting position of the camera and light source relative to the probe and the sample. 

A) In-plane mounting, B) Vertical mounting and C) Transmission mounting. The red dashed lines 

indicate the optical path. Images of pipette over sample surface collected with D) in-plane 

mounting, E) vertical mounting, and F) transmission mounting.  
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Table 2.1: Advantages and disadvantages of the different optical mounting systems on SECCM. 

 Advantages Disadvantages 

In-plane 

mounting 

(Figure 2.5 A) 

Provides a good vertical resolution 

of the sample-to-pipette distance, 

thanks to the pipette shadow visible 

on the surface (see Figure 2.5 D). 

Facilitate the displacement and 

approach procedure of the pipette. 

The optical system can be mounted 

independently of the rest of the 

equipment. 

Lenses require a working distance 

of about 5 cm. 

The camera has a tilt angle with 

respect to the surface. Therefore, it is 

not possible to bring the whole surface 

into focus at once. 

The in-plane alignment of the light 

source, probe, and camera is required 

prior to operation. 

Sensitive to sample reflectivity. 

Vertical 

mounting 

(Figure 2.5 B) 

Great XY resolution of the sample 

surface without probe mounted. 

Similar configuration to that used in 

optical microscopies. Brings 

versatility to the equipment that can 

also be used for standard optical 

microscopy measurements. 

The XY resolution decreases when the 

SECCM probe is mounted, with the 

probe intersecting the optical path 

producing aberrations in the image 

(see Figure 2.5 E). 

Determining the distance 

sample-to-pipette (Z-resolution) is 

possible but difficult, making the 

pipette approach more complex. 

Requires an optical lens with a very 

long working distance (>10 cm). 

Transmission 

mounting 

(Figure 2.5 C) 

The highest XY resolution among 

the different mounting positions 

(see Figure 2.5 F). 

Allow transmission and 

spectroscopic measurements. 

Requires working with transparent 

samples and transparent substrates. 

Might require an additional optical 

system for probe positioning. 

The integration with other components 

of the system that might interfere with 

the optical path should be considered. 

  

2.2.1.2 Mechanical displacement module 

The relative movement between the probe and the sample is commonly achieved with 

micropositioners for displacements in the µm to mm range, and piezoelectric actuators for 

displacements in the range nm to µm range. The micropositioner facilitates the location of the 

probe in the region of interest and the positioning of the probe within the range of the piezoelectric 

actuators. The coarse pipette approach often allows to set the end of the pipette at few 10´s of µm 

distance from the sample surface (see Figure 2.5 D). The micropositioner can be operated manually 

or by a servo motor. The final pipette approach and droplet cell formation require fine control over 

pipette movement on the nanometre range. Piezoelectric actuators allow the user to set a fixed 
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pipette approach rate (e.g. 100 nm/s) and coupled with a current-based feedback loop, allow for 

the detection of the droplet cell formation. Piezoelectric actuators are also in charge of maintaining 

the pipette at a given distance from the surface during electrochemical measurements. 

The mechanical actuator can be installed in a variety of configurations. For example, the SECCM 

implementation on the ParkSystems NX10 (used in this thesis) controls the X-Y displacement by 

moving the sample and the Z displacement by the movement of the probe. Any other possible 

configuration, such as X-Y-Z displacement occuring on the probe or the sample, are equally valid. 

The displacement of the piezoelectric actuator is regulated by a piezo controller, as shown in Figure 

2.4. However, piezoelectric actuators suffer from uncontrolled displacement or “drift” over time.10 

Once the pipette is in close proximity over the electrode surface (100´s nm) the piezoelectric drift 

might cause pipette crashing or droplet cell instability. A popular practise implemented by the 

SECCM user is to minimise the time in which the pipette is in close proximity to the surface. 

2.2.1.3 Signal processing module 

Carrying out electrochemical measurements demands managing potential and current signals. The 

electrochemical input/output signals of the SECCM equipment are ultimately managed by a 

software-controlled device. Nevertheless, software operates in a binary code that needs to be 

translated into the analogue signal characteristic of electrochemical cells. Then, any 

electrochemical system demands a signal processing and conversion procedure. Figure 2.6 A 

schematic illustrates the information and signal type in each connection between the elements that 

make up the SECCM equipment used in this thesis. The elements that form the signal processing 

module are the current amplifier, a data acquisition board (DAQ) and software controlled device 

(PC, FPGA card, etc). The mechanical displacement module also operates with analogue signals 

which are ultimately controlled by software. The schematic of the signal conversion procedure for 

the mechanical displacement module is provided in Figure 2.6 B.  

As shown in Figure 2.6 A, the current amplifier transforms the analogue current signal generated 

on the working electrode (pA to nA) into a scaled potential analogue signal (e.g. -10 to +10V) 

thanks to a transimpedance gain. The current amplifier transimpedance gain used for SECCM 

instrumentation is often around 108 - 1011 V/A. The role of the current amplifier is critical thus 

transform the experimental observable (current) into a readout. The current amplifier architectures, 

features and performance are discussed in detail in Chapter 3. For the displacement module, shown 

in Figure 2.6 B, the X-Y-Z positions are defined by the software, the DAQ transforms the digital 

signals from the software into analogue signals. The piezo controller amplifies the analogue signal 

from the DAQ to the potential required for displacement of the piezo actuators. The displacement 

module often includes position readout signals, which are used to verify the piezo actuator function.   



Chapter 2 

63 

 

Figure 2.6: Schematic of the signal processing protocol of the SECCM instrument for A) the 

electrochemical system and for B) the mechanical displacement module. The different elements 

that contribute to signal conversion are marked with a coloured shape. Each connection between 

elements shows the type of information and signal carried.  

The data acquisition board acts as an interface between the analogue signals and the digital signal. 

For SECCM equipment, the DAQs must have multiple input and output ports in analogue and 

digital signals. The software controls all the processes that undergo the SECCM.  For this thesis, 

two different SECCM equipments have been used, a commercially available instrument (Park 

NX10) that is controlled by SmartScan software and a self-made instrument controlled by the 

Warwick Electrochemical Scanning Probe Microscopy (WEC-SPM) platform written in LabView.  

2.2.2 The SECCM probe 

Micro- or nano-pipettes filled with electrolyte solution are the probes for SECCM. The pipette 

geometry is intimately linked with the scale of the nano-domain that is being interrogated, as well 

as the transport of chemical species through the pipette tip to the sample surface. The pipette 

aperture, the taper angle (also called half-cone angle) and the taper length are the main parameters 

that define the SECCM probe, as indicated in Figure 2.7.  For SECCM purposes, the pipette 

aperture ranges between 50 nm to 50 µm and the taper length can be from millimetres to 100’s of 

um. Notice that those two geometric parameters can vary orders of magnitude, resulting in very 

different SECCM probes that target different nano- or micro-electrochemical measurements. 

Commonly, the tapered angle is a less variable parameter ranging between 5 - 15 degrees.11  
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The pipette aperture is the main parameter for controlling the droplet cell size. In each SECCM 

experiment, the pipette aperture needs to be carefully selected, targeting the encapsulation within 

the droplet cell of the nanostructure and morphological features desired. Pipettes about 20-100 

times larger than the feature desired to probe provide the best electrochemical contrast, as discussed 

in Chapter 5. The merits of smaller or larger pipettes are summarised in Table 2.2.  

Figure 2.7: Schematic of a pipette tip indicating the main geometric parameters: the pipette 

aperture, the taper angle, and the taper length. 

Table 2.2: Characteristic electrochemical performance of the SECCM probe as a function of the 

pipette aperture. 

Smaller pipette aperture Larger pipette aperture 

Higher mass transport rates.  Lower mass transport rates 

Smaller magnitude currents  Larger current magnitudes 

Greater lateral (XY) resolution. Lower lateral (XY) resolution. 

When perform electrochemical mapping, 

longer time of scan for large areas.  

When perform electrochemical mapping, short 

time of scan for large areas. 

Small probability of leakage and good 

droplet cell stability.   

Higher probability of leakage, and droplet cell 

more sensitive to surface morphology.  

 

The fabrication of pipettes by capillary pulling (detailed in Section 2.2.2.1) fixes the taper angle of 

the pipette within the 5 ° - 15 ° range.11,12 The relatively narrow range of possible taper angles 

demands adjustment of the tapered length for the manufacturing of pipettes with smaller or larger 

apertures. Thus, increasing the tapered length results in smaller pipette apertures. 12 However, a too 

long tapered length might impact the SECCM measurements. The high aspect ratio of a long 

tapered channel (>100’s um length with diameter < 1 um) can affect the ion conductance, resulting 

in the appearance of resistive effects and migration mass transport.13 Under the condition of low 

solution conductance (low concertation of the supporting electrolyte) long tapered lengths are 

undesirable. Long tapered lengths also make filling the pipette difficult with trapped air bubbles in 

the tapered region. Formation of an air bubble must always be avoided, or the bubble must be 

eliminated prior to performing a SECCM scan to avoid solution conductivity issues. Further details 

regarding the electrolyte filling process and air bubble generation can be found in Section 2.2.2.4.  
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In contrast with other SPM methods, SECCM probes are generally single-use probes. It is common 

for the user to need several probes to find the optimum SECCM probe and attempt a SECCM 

measurement. The following sections describe the pipette fabrication processes, the pipette 

characterisation methods and how the pipettes are used as SECCM probe.  

2.2.2.1 Pipette fabrication: Capillary pulling  

The standardised method to fabricate micro-nano pipettes is capillary pulling. Capillary pulling 

consists of heating the centre of the capillary close to its melting point while pulling the capillary 

ends apart. This method thins the centre of the capillary, in one or multiple cycles of heating and 

pulling, until the capillary breaks, forming two tapered pipettes, as shown in Figure 2.8. There are 

different capillary puller technologies, such as a laser puller or a CO2 thermal heater, as well as 

several commercial instruments. Most capillary puller instrumentation offers a range of 

programmable parameters (heating condition, pulling strength, number of cycles, etc.) that allow 

tuning of the pipette geometry. Unfortunately, the processes of bringing a capillary close to melting 

point and pulling are extremely sensitive to multiple factors that are often difficult to control and/or 

remain obscure to the user. For example, ambient conditions or particular equipment conditions 

affect the resulting pipette pulling geometry.12 As a consequence, there is no single "parameter 

recipe" to pull a capillary to obtain a given pipette geometry, even when using the same equipment 

model and the same capillary specification.12 

Figure 2.8: Schematic of capillary pulling of multiple cycles.  

The design of the capillary pulling recipe involves setting the heating and pulling condition along 

a multiple number of cycles. An example of pulling design could be three cycle steps, as shown in 

Table 2.3. The first two cycles aim to reduce the diameter of the capillary in its centre, and a final 

cycle (often with stronger pulling) breaks the capillary and forms the tapered end of the pipette. 

Note that the capillary gets thinner in each cycle, reducing its mass in the centre, and thus making 

heating processes faster. It is recommended to design capillary pulling with the least possible 

number of cycles and/or maximising thinning of capillary in each step. This practise results in a 

more consistent pipette geometry over different capillary pulls. Following the same principle, 

tuning of pipette geometry is recommended to adjust only the parameters of the last cycle.  
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Some published literature provides guidelines for how to produce pipettes from capillary 

pulling12,14 or report the recipe and capillary used to obtain given pipette size.15 First attempts to 

pull a given pipette geometry might be based on reported pulling parameters for the same 

equipment and capillary used. Adjustment, or at the very least fine-tuning, of the pulling recipe is 

almost always required to achieve a consistent pulling of the desired pipette geometry. In Table 2.3 

it is summarize the parameters used to pull the pipettes used as SECCM in the thesis with a P-2000 

laser puller (Sutter Instruments Inc.).  Table 2.3 shows the pulling procedure used in this thesis to 

manufacture pipettes with consistent aperture ranging between 500 nm to 1000 nm diameter. 

Table 2.3: Pulling parameters used on the laser puller P-2000 from Sutter Instruments for 

fabrication of pipettes between 500 nm and 1000 nm. Heat refers to the heating power in arbitrary 

units. Fil refers to the width of the heated region from the capillary centre, in arbitrary units. Vel 

refers to the glass viscosity threshold from which heating stops, in arbitrary units. Del refers to the 

time between heating stop and pulling starts, in milliseconds. Pull refers to the pull strength in 

arbitrary units. The third-cycle pulling strength parameter (pull) is adjusted to larger values to 

produce smaller apertures, or smaller values to produce larger apertures opposite. 

N° cycle   Heat Fil Vel Del  Pull 

1st 600 4 30 150 20 

2nd 500 4 30 150 60 

3rd 450 3 30 135 45-80 

 

One of the common issues facing pipette pulling is consistency of the pipette geometry over 

different pulls. In addition to optimising the pulling parameters, the equipment conditions have a 

huge influence on the sensitive pulling process. If the equipment condition changes, a given 

optimised pull recipe may not produce the desired pipette geometry. For example, the pulling 

strength can vary if the elements that make up the pulling system (pullies, ropes, and motors) age 

or accumulate dirt. Moreover, the laser pullers reflective mirror can become dirty with dirt/grease 

sputtered from the capillary, causing a variation in heating performance. It is recommended that 

users keep the capillary pulling equipment in a pristine condition. Examples of good practises are: 

ensuring an adequate clean space for the equipment, not moving the equipment once installed, 

operating always with clean gloves and replacing them often, and ensuring cleanliness of capillary 

used. Furthermore, maintenance, cleaning and calibration as indicated by equipment manufacturer 

are essential.  
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2.2.2.2 Characterisation of pipette geometry 

The nanoscale dimensions of pipettes used for SECCM do not allow optical characterisation of 

pipette geometry. Electron microscopy provides direct imaging of the pipette tip with accurate 

determination of the pipette aperture and tapered angle values. However, there are other alternative 

or complementary methods for pipette characterisation which require less sophisticated equipment. 

Alternatives to electron microscopy rely on observation of the pore-like behaviour of the 

nanopipette to determine its aperture.15 Simpler methods of determining the aperture of the pipette 

are particularly convenient for the SECCM user, as they allow fast evaluation of the geometry of 

the pipette prior to the SECCM scan. The following sections introduce pipette aperture 

determination by electron microscopy, ionic conductivity and bubble point methods.  

2.2.2.2.1 Electron microscopy determination 

Transmision electron miscroscopy (TEM) or scanning electron microscopy (SEM) provides direct 

imaging of pipette tips, as shown in Figure 2.9, from which the geometric parameters can be 

measured. It should be noted that measuring any sample under an electron microscope requires 

adequate sample preparation. For borosilicate or quartz pipettes, electron conduction paths are 

necessary to avoid charge-accumulation effects that distort the image.  For instance, silver paste 

can be used to make a conductive surface near the end of the pipette.  

Figure 2.9. Electron microscopy images of pipette tips by A) TEM and B) SEM. “A” is reproduced 

with permission from Momotenko, D. et al.. 15 

2.2.2.2.2 Ion conductance determination 

It is possible to estimate pipette aperture electrochemically by measuring the ion conductivity 

through the pipette, as is used in scanning ion-conductance microscopy (SICM). As illustrated in 

the setup schematic in Figure 2.10, the pipette is filled with a salt electrolyte solution 

(e.g. 100 mM KCl) and an Ag/AgCl electrode is inserted into the back end of the pipette. The 

pipette tip is immersed in a solution containing the same electrolyte solution and another electrode. 
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The electrodes must be connected to a potentiostat or similar device (as described in Section 2.1). 

Using a voltammetric technique, we can measure the current generated by the migration of ions 

through the pipette aperture and its dependence on potential. The current-potential slope is the 

conductance, or its inverse the resistance, offered by the pipette aperture to the flow of ions, which 

can be related with the pipette aperture by the following expression:  

𝑅𝑎𝑝 =
1

𝐿 ∙ 𝜋 ∙ 𝑟𝑖 ∙ tan(𝛼)
    (Eq. 2.5) 

where 𝑅𝑎𝑝 is the access resistance of the pipette aperture, 𝐿 is the solution electric conductivity, 𝑟𝑖 

is the pipette aperture radius and 𝛼 is the pipette tapered angle.16,17 If the tapered angle is known, 

or just assuming tapered angles between 5 to 15 degrees, the Equation 2.5 provides an estimated 

of pipette aperture. This method allows fast pipette aperture estimation and qualitative comparison 

between pipettes of different batches. Ion conductance determinations are often convenient for the 

SECCM user because of the familiarity with the electrochemical setup required.  

Figure 2.10: Schematic of setup for ion conductance measurement to determine pipette aperture 

2.2.2.2.3 Bubbling point determination 

Passing a gas through the pipette aperture can generate gas bubbles inside a liquid phase, if the gas 

pressure is high enough. As described by the Young-Laplace effect for spherical bubbles, the phase 

pressure differences (∆𝑃) can be related to the surface tension between the two phases (𝜎) and the 

radius of the bubble (𝑟),18 expressed as:  

∆𝑃 =  
2𝜎

𝑟
       (Eq. 2.6) 

Based on Equation 2.6, in Figure 2.11 A the relation between the bubble radius and the pressure 

difference is shown for the air bubble in water; however, other solvents can be used as the liquid 

phase with methanol being a popular choise.18 Micro- nano-scaled pipettes will generate bubble 
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sizes similar to their aperture when immersed in a liquid phase.18 Estimate of pipette aperture can 

then be obtained from the gas pressure at which a pipette starts to produce bubbles when immersed 

in a liquid.19 Figure 2.11 B shows a schematic of the setup required to conduct bubbling pressure 

measurement. As shown in Figure 2.11 B, the pipette holder acts as a junction between the pipette 

and the gas line. First, the pipette is inserted into the liquid phase (commonly water) without any 

gas flow or pressure applied. Then, the gas pressure is gradually increased as long as no bubbling 

is observed from the pipette ends. The bubbling pressure is determined as the pressure at which 

bubbles that form at the end of the pipette can be observed. Notice that the bubbling pressure for 

pipettes bellow 1 µm radius is in the few bar range, as shown in Figure 2.11 A. Therefore, the 

bubbling point determination of SECCM probes requires a pipette-to-gas line clamping setup that 

can withstand these high pressures.  

Figure 2.11: Pipette aperture size determination via the bubbling point method. A) Pressure of an 

air bubble in a water phase (surface tension of 72 mN m-2 at 298K) as a function of  its size, 

determined using the Young-Laplace effect. B) Schematic of the setup to measure the bubbling 

point and determine the pipette aperture. 

2.2.2.2.4 Combination of pipette characterisation methods. 

The ion conductance or bubbling point methods are fast to perform and provide precise 

measurement. However, both methods do not provide a direct measurement of pipette geometry, 

but rely on the usage of physical models to derive the pipette aperture. As a result, pipette geometry 

determinations may have a lack of accuracy, despite the good precision of the measurement. The 

accuracy of ion conductance or bubbling point methods can be optimised if complemented with 

electron microscopy, which provides direct determination of pipette geometry with the expense of 

being more complex and time consuming.  
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Notice that two pipettes with the same aperture (a pipette pair) are generated in a single capillary 

pull. If one pipette is characterised via an indirect determination method, e.g. ion conductance, and 

the other pipette via a direct determination method such as electron microscopy, both 

determinations can be correlated. By characterising multiple pipettes pairs of different geometry 

by direct and indirect methods, trends between pipette aperture, capillary pulling condition and 

indirect method observation can be related, as shown in Figure 2.12. An empirical equation can be 

derived by polynomial fitting, as shown in Figure 2.12 for ion conductance observation and pipette 

aperture determination. After this correlation, pipette aperture determination by ion conductance 

can provide fast, accurate and precise determination of pipette aperture. 
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Figure 2.12: Diagram illustrating the combination of ion conductance and electron microscopy 

measurement for pipette aperture size determination. From a single capillary pull two pipettes (a 

pipette pair) with same aperture are obtained. The point represented in blue corresponds to a dataset 

of pipette pairs; one pipette is characterised by ion conductance (left) and the other by electron 

microscopy (right). Pipette pair characterisation enable correlation of both measurements and 

derivation of an empirical equation via polynomial fitting, as shown in the bottom graph. The points 

represented in grey illustrate the trend and dispersion of ion conductance measurement for multiple 

pipetted pulled with different pulling parameters. The graphs display a dataset obtained as part of 

this thesis work. 
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2.2.2.3 Pipette hydrophobic functionalization  

The pipette material, either borosilicate or quartz glass, is typically hydrophilic materials that, due 

to surface tension forces, can cause wetting of the external size of the pipette during the formation 

of the SECCM droplet cell,20 as shown in Figure 2.13 A. The distorted droplet cell produced by 

this phenomenon changes the mass transport, leading to complex data interpretation of the 

electrochemical response, and causes inconsistent droplet cell size and leakage of the electrolyte 

solution from the pipette to the sample surface. To enhance the stability of the droplet cells, it is 

possible to apply a hydrophobic coating on the outside of the pipette,7 as shown in Figure 2.13 B. 

The external hydrophobic coating is achieved by immersing the pipette in a solution that contains 

a hydrophobic functionalisation agent, while a gas flow is passed through the pipette, ensuring that 

the solution only contacts outside of the pipette.21 The setup necessary is the same as necessary for 

the bubbling point determination, Figure 2.11 B. In this thesis, dichlorodimethylsilane is used as a 

hydrophobic functionalisation agent (diluted 1/20 in chloroform).  

Figure 2.13: Effect of pipette functionalisation on the shape of the droplet cell. A) Schematic of a 

droplet cell distorted due to the wetting of the external pipette walls. B) Schematic showing that a 

hydrophobic coating on the external pipette walls promotes a stable and confined droplet cell.  

2.2.2.4 Filling the pipette with electrolyte solution 

The preparation of the SECCM probe involves filling the pipette with electrolyte, creating a 

continuous solution from the SECCM droplet cell to the QRCE. This task is often performed with 

the help of a syringe and a micro-filler, a flexible needle with diameter small enough to be inserted 

from the open end of the pipette. However, the small diameter of pipetted taper region limits the 

access from the micro-filler to the end of the pipette. Instead, the tapered end of the pipette is self-

filled due to the high hydrophilicity of pipette material (glass, borosilicate, quartz, etc.).  

The self-filling process is not very easily controlled by the user. If electrolyte solution is inserted 

with the micro-filler directly into the taper end, the self-filling processes might occur too abruptly, 
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trapping gas bubbles in the pipette taper end. Gas bubbles should always be avoided, as they 

interrupt the conductivity of the solution. The use of a desktop optical microscope (with x10 

magnification) is essential to evaluate the adequate filling of the pipettes. From my experience 

developed during the thesis, gradual self-filling decreases the chances of bubble formation. For 

gradual self-filling, a small droplet of electrolyte solution is inserted into the open end of the 

pipette, as shown in Figure 2.14. After a waiting roughly 30 seconds, a progressive self-filling of 

the tapered end without bubbles is observed. 

The self-filling process occurs because of the high hydrophilicity of glass. However, any surface 

that is exposed to the atmosphere becomes covered by adsorbed hydrocarbons in a few hours or 

days, significantly reducing the hydrophilicity of the surface.22-25 Then, the hydrophilicity of the 

pipette changes over time. From my experience, pipettes preserved in a closed container (as for 

instance, a Petri dish) hold good self-filling behaviour for about two weeks from their pulling time. 

Pipettes older than two weeks might present an inconsistent or non-self-filling process in the 

tapered region, resulting in gas bubble formation or the impossibility of filling the pipette 

completely.  

Figure 2.14: Schematic showing the self-filling processes of the tapered end of the pipette. The 

electrolyte is added in the pipette open end, and the tapered end is self-filled. Maximised image 

showing that filling takes several seconds to complete. 

2.2.2.3 The QRCE 

After the pipette is filled with the electrolyte solution, the RCE can be inserted through the open 

end of the pipette to complete the assembly of the SECCM probe. In case of using an unprotected 

wire as quasi reference counter electrode (QRCE), such as chloridized silver wire or a PdH2 wire, 

some measures should be taken in order to not compromise the stability of the QRCE and not 

induce contamination of the QRCE into the solution.4,26 The insertion of the QRCE should be 

carefully done without scraping the wire against the walls of the pipette which can scratch the 

QRCE material off.4 It is recommended to maximise the distance between the QRCE and the 

aperture of the pipette, thus even in case of small solution contamination, the electrolyte solution 

around the tapered region of the pipette and droplet cell remains pristine for as long as few hours.4,26 
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From the experience generated in this thesis, it is more convenient to first mount the filled pipette 

on the pipette holder of the SECCM equipment, then make electrical connection with QRCE and 

last step insert the QRCE gently. 

In this thesis, an Ag/AgCl no-leak RCE and two types of QRCE, Ag/AgCl and Pd-H2 wires, have 

been used. Ag/AgCl wire QRCE is self-fabricated by immersing an Ag wire in a commercial bleach 

solution for 2 minutes and then rinsing with DI water. The bleach forms an AgCl coating around 

the wire, as shown in Figure 2.1 B. When the Ag/AgCl wire is placed inside the electrolyte filled 

pipette, the Ag/AgCl wire is in direct contact with the electrolyte solution, thus it is usually 

necessary that the solution contains diluted Cl- ions for achieving the Ag + Cl− ⇌ AgCl + e− 

equilibrium. The presence of Cl- ions in the electrolyte solution does not suit all electrochemical 

experimental designs. For instance, Cl- ions can cause corrosion processes on many metal surfaces 

under anodic conditions. A commercial Ag/AgCl no-leak electrode (Innovative Instrument Ltd., 

commercial code LF-1-45) specially designed for fitting into pipettes or capillaries (outer diameter 

of 0.5 mm) was used in this thesis as RCE for the situation where Cl- needs to be avoided. The few 

commercially available Ag/AgCl no leak electrodes always have a bulky rigid connection that sits 

on top of the pipette. Unfortunately, this connection element makes commercially available no-leak 

electrodes not suitable for SECCMs with vertical aligned optical systems (see Section 2.2.1.1). 

Therefore, if SECCMs are operated with vertically aligned optical systems, a wire QRCE is the 

suitable option. 

For SECCM measurement in an acidic electrolyte, a Pd-H2 wire was used as a QRCE. Pd-H2 QRCE 

are self-prepared and requires a conditioning step. For that, the Pd wire and a Pt counter electrode 

are immersed in acidic electrolyte solution (same concentration as used in the SECCM 

measurement) and a -3V bias is applied between these electrodes for 5 minutes.3 The Pd wire acts 

as a cathode and the Pt counter electrode as anode. This process forces protons in solution to 

intercalate inside the Pd, resulting in the Pd wire being "charged" with protons. When the wire is 

placed inside the filled pipette, part of the 'charged' protons in the Pd wire are realised forming H2 

micro-bubbles. On the surface of the Pd-wire it is achieved the equilibrium 

Pd −  Hx ⇌  Pd +  H2 + e−.  

In summary, achieving good SECCM probes requires optimised pipette geometry and careful 

pipette pulling. Once the pipette geometry is established, it is recommended to plan the SECCM 

experiments so that the pipette pulling, pipette functionalisation, and SECCM measurements are 

carried out within the same day. This ensures pristine pipette hydrophilicity on the inside walls for 

a good electrolyte self-filling of the pipette tapered end. Next, the correct RCE or QRCE for the 

desired electrolyte must be used, which may include QRCE preconditioning processes if necessary. 

During SECCM operation, evaporation occurs from the droplet cell, which can cause precipitation 

of the electrolyte salts; therefore, low electrolyte concentrations are often used.  
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2.2.3 SECCM operation methods 

Previous method sections have discussed the instrumental and signal processing aspects of 

SECCM. This section introduces the procedures for setting and operating the SECCM equipment. 

The following subsections explain the pipette approach and droplet cell formation procedure, 

electrochemical mapping procedure, and the procedure for carrying single nano-entity 

electrochemistry with SECCM. The user roles during SECCM operation are described in the last 

subsection.  

2.2.3.1 Pipette approach and droplet cell formation procedures 

To perform an electrochemical measurement with SECCM, a droplet cell needs to first be formed 

on the surface. To form the SECCM droplet cell, the SECCM probe is approached perpendicularly 

towards the surface at a constant speed (typically 100 nm/s) until the droplet contacts the 

underlying surface. Note that there is no direct contact between the pipette and the sample surface 

during SECCM measurements. Thus, the droplet cell forms when the pipette is at a distance of 

around one pipette aperture radius from the surface.7 Because a region of the sample surface 

becomes wetted upon the formation of the droplet cell, a double layer is immediately formed at the 

newly created interface, generating a current spike. The position of the pipette at which the droplet 

cell is formed is detected by the current spike, which triggers a feedback loop to immediately stop 

the movement of the pipette. Therefore, during the pipette approach, the software code 

continuously evaluates the current response and uses a current threshold to determine whether the 

current spike has been produced or not.  

The current spike generated by droplet cell formation is small in magnitude and short in time, 

typically arising from the double layer charging of a surface of a µm size area. As a consequence, 

the current thresholds need to be set close to the current background noise signal, as shown in 

Figure 2.15. If the current threshold is set far beyond the background noise levels, the current spike 

may not reach the threshold and may not activate the “stop-approach” feedback loop, resulting in 

the pipette crashing into the electrode surface. Incorrect current threshold values are a common 

cause of pipette crashing. Decreasing the open circuit noise levels allows us to set a lower current 

threshold that favours detection of the current spike. However, reducing noise levels via decreasing 

the sampling frequency (i.e., averaging points over longer times) might not be beneficial, as the 

short duration current spike of double layer formation can be lost. It is possible to increase the 

magnitude of the current spike by enlarging the double layer formation process, either by applying 

a potential during the approach or by utilising larger pipette apertures that increase the area of the 

droplet cell. After successful droplet cell formation, the pipette movement is stopped and the 

pipette position is maintained during the course of subsequent measurements. 
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Figure 2.15: Current trace during pipette approach showing the current threshold setting above 

and below background noise. The current trace has a current spike generated upon droplet cell 

formation that is greater than the threshold, leading to a stop on the pipette approaching movement.  

2.2.3.2 Electrochemical mapping procedure 

SECCM can perform electrochemical measurements at multiple points on the surface of the 

sample. Measurement of electrochemical responses at multiple points and their correlation with the 

XY position is known as electrochemical mapping. As shown in Figure 2.16 A, the SECCM 

operation mode can be automated by software, repeating point-by-point the commands to approach 

the pipette, perform electrochemical measurements, retract the pipette, and move to new XY 

positions. Usually, electrochemical mappings are performed defining an array of points on the 

sample surface, as shown in Figure 2.16 B. One of the main advantages of SECCM compared to 

other EC-SPM techniques is that the surface is not exposed to electrolyte or potential differences 

prior to electrochemical measurement. Therefore, each of the responses collected in an 

electrochemical mapping corresponds to a pristine sample surface. Another advantage is that 

SECCM usually leaves a small residue of dried electrolyte on the sample surface, this being a 

footprint of the area contacted with the droplet cell. Using complementary microscopy techniques 

(typically AFM or SEM) the droplet cell residues can be imaged, allowing us to determine the 

exact location of each measurement.  

The resolution of the mapping depends on the probe size which determines the minimum distance 

between grid points. To always measure uncontacted sample surface and maximise resolution, the 

spacing between points should be slightly larger than the diameter of the droplet cell. This prevents 

the formation of droplets on previous droplet cell residues, which can cause droplet cell instability. 

It is common practise to establish a spacing between points of at least x1.5 of the expected droplet 

cell size. 
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Like other SPM techniques, the size of the electrochemically mapped areas is often limited by the 

time and resolution of the measurement, rather than by the capabilities of probe displacement of 

the SECCM equipment. For example, a common SECCM size grid of 20 x 20 µm with a relatively 

low lateral resolution of 2 µm (i.e. grid spacing of 2 µm) requires measuring at 100 individual 

points. Taking into account that 30 seconds are spent per point, the total mapping time would be 

about 50 minutes. The same measurement with a larger grid size of 40 x 40 µm, or a greater lateral 

resolution of 1 µm, implies measuring 400 points and more than 3 hours of measurement. Long 

SECCM electrochemical mappings are complex because the electrolyte solution evaporates from 

the pipette and pipette functionalisation becomes affected by electrolyte, which might result in 

droplet cell instability. The overall measurement time can be minimised by reducing the time spent 

per point. Common practises involve utilising faster approaching rates (for instance, 1000 nm/s 

instead of the safer 100 nm/s), decreasing the distance the pipette is retracted between points, or 

setting a fast XY displacement speed (for instance, 20 µm/s). Note that faster pipette displacements 

often come at a higher risk of crashing the pipette. Another possibility is to design electrochemical 

measurements of a shorter duration if the experimental requirements allow. For instance, the 

voltammetry experiment can be shortened by utilising faster scan rates, decreasing the potential 

window, or implementing linear sweep voltammograms instead of cyclic voltammograms. A 

SECCM electrochemical mapping procedure optimised for short time duration can archive < 5 s 

per point.3 Finally, note that mapping larger sample surface areas increases the risk of encountering 

a not pristine region of the sample surface that might cause pipette crashing or droplet cell leakage. 

Figure 2.16: Scheme of electrochemical mapping. A) Showing the command sequences for each 

of the points probed. B) Grid of points over the sample surface illustrating the isolation of the 

electrochemical response of two different sample domains, displayed in green and yellow 

colouring.  The conductive inert substrate is displayed in grey colouring. The black circles illustrate 

grid points that have been already measured, while the clear circles indicate following programmed 

grid points that will be measured along the mapping. 
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2.2.3.3 Single nano-entity electrochemistry with SECCM 

The small droplet cell architecture of SECCM and the electrochemical mapping approach can be 

used to enclosure individual nano-entities deposited on a surface,27 as shown in Figure 2.17 A. 

However, to adequately isolate nano-entities with the SECCM droplet cell, the nano-entities must 

already be spatially isolated over the conductive surface. Therefore, the type of measurement 

shown in Figure 2.16 A, requires a prior optimisation of the nano-entity deposition processes. In 

this thesis, drop-casting of nano-entity colloidal solution is used to deposit isolated nano-entities. 

The substrate also plays a key role and requires to be conductive (for single barrel pipettes), to 

present a roughness smaller than the nano-entity characteristic size, and to be electrochemical inert 

(i.e., not induce an electrochemical response at the electrochemical conditions the nano-entity 

does).  

Single nano-entity electrochemistry can also be performed for entities dispersed within the 

electrolyte solution of the SECCM probe, as shown in Figure 2.17 B. The tapered end of the pipet 

acts as a channel that restricts the movement of the dispersed entities; thus, upon the formation of 

the droplet cells, individual entities can enter the droplet cell and interact with the electrode surface. 

The same principle is used for stochastic collision electrochemistry with UMEs. Performing 

stochastic collision electrochemistry with SECCM is often more complex than with a UME-based 

setup. However, SECCM allows for the use of any flat conductive surface as a working electrode. 

Also, note that the UME manufacturing procedure often restricts the variability in the geometry, 

material, size, and type of electrical connections. Then, SECCM allows for a complementary 

stochastic electrochemistry technique suitable for experiments which require custom 

electrochemical instrumentation.27 

Figure 2.17: Scheme of two different methods for single nano-entity electrochemistry with 

SECCM A) Characterisation of single entities isolated over a substrate via electrochemical 

mapping B) Characterisation of single entities dispersed in the SECCM probe via stochastic 

collision electrochemistry.   
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2.2.3.4 Role of the user 

Like in other microscopy, spectroscopic or SPM techniques, the SECCM user must supervise the 

execution of multiple tasks and have an active role during the measurement. Among following the 

methods description, the user must be capable of evaluating if the data or information being 

collected is sensible or if otherwise, adjusting instrumentation parameters or changing methods is 

required. SECCM instrumentation provides information as current trace, X-Y-Z piezo position and 

optical images. The SECCM user must be able to evaluate the quality of the experiment based on 

the live information displayed, as well as perform fast data analysis and/or plotting while operating 

the equipment. A popular analogy would be the operation of an optical microscope; the user is 

constantly observing the image generated and adjusting focus, brightness, contrast, filters, etc. until 

the final image acquisition. In Table 2.4 provides a brief summary of the information the SECCM 

user should expect and account for during the SECCM operation, classified according to the 

operation procedures described in the previous sections. 

The detection of unexpected responses during the SECCM operation is common, especially when 

implementing a new experimental procedure or testing new pipette geometries. The user should 

evaluate the experimental setting used and modify the methods accordingly. Note that different 

SECCM equipment might provide different information to the user while operating; consequently, 

there is no single procedure to evaluate SECCM operation. 
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Table 2.4: Summary of the expected information displayed during measurement and/or key feature 

to evaluate in the saved dataset by the user during SECCM operation.  

Pipette 

approach 

Current 

trace 

Constant unfluctuating current with constant noise levels, until 

droplet cell formation, then an abrupt current spike from droplet 

cell formation should be observed, see Figure 2.15. The current 

spike should be abrupt, any sign of prior smaller peaks or prior 

current fluctuation in current trance is strong indicative of 

incorrect threshold setting (see Figure 2.15) or pipette crashing. 

The current spike should only present a fast exponential decay 

shape over time. No other current response, but an exponential 

decay to the same background current should be observed after 

droplet cell formation. The presence of other spikes or current 

fluctuations is indicative of droplet cell instabilities. 

X-Y-Z 

position 

Fixed X-Y position values and Z position changing at a constant 

pace during the approach. The Z position should be exactly 

stopped once the current spike is observed with a minimal time 

delay between those. On observation of the current spike, X-Y-Z 

should remain a fixed value. 

Optical 

image 

During approach pipette displacement is slow and of a few µm, 

thus any optical change would be difficult to observe. However, if 

the user observed any vibration or shake on the pipette, it is 

indicative of the pipette crashing with the sample surface. 

Electrochemical 

measurements 

while droplet 

cell is formed 

Current 

trace 

Smooth current changes and transitions without the presence of 

any abrupt and sharp peak. The presence of sharp peaks is 

indicative of droplet cell leaking. 

X-Y-Z 

position 

Fixed X-Y-Z values. Considering the pipette tip sits at 

approximately one pipette aperture radius distance from the 

sample surface, evaluate if the Z-drift during the EC measurement 

is smaller than the pipette aperture.  

Optical 

image 

No visual changes are expected. If around the pipette end there are 

changes in colouring (often darker) is indicative of droplet cell 

leaking. 

Electrochemical 

mapping 

Most of the information observed for a single point should be reproduced at 

the rest of the points of the grid, unless the expected differences due to sample 

heterogeneity. Any other distinct information or features on current, piezo 

position, or optical image are indicative of inconsistent droplet cells. For a flat 

sample, the Z distance at which droplet cell is formed should be equal in each 

point, if the Z distance increases it is an indication of pipette crashing. If the 

sample presents large morphological features or the sample surface is tilted 

with respect to the XY movement plane of the probe, the Z distance of droplet 

cell formation is then expected to vary.  
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2.3 Surface morphology characterisation 

SECCM provides detail electrochemical information on discrete surface points. From SECCM 

mapping, it is also possible to generate maps of the sample topography, but typically at low spatial 

resolution. As a consequence, to resolve surface morphology with nanometre resolution, other 

characterisation techniques such as atomic force microscopy (AFM) or Scanning electron 

microscopy (SEM) are employed.   

2.3.1 Atomic Force Microscopy (AFM) 

AFM is an SPM base technique that can measure surface profiles. AFM typically has a 

subnanometre resolution on the Z axis and a resolution of a few nanometres on the X and Y axis.28 

The common SPM nature of AFM and SECCM facilitates sample compatibility with both 

techniques, providing complementary information. Indeed, the hardware of AFM and SECCM can 

be mostly shared, with the exception of the probe and electrochemical signal processing elements.  

The AFM working principle consists of placing a sharp tip that sits at the end of a cantilever at a 

very close proximity to the surface. The type of interaction between the tip and the sample depends 

on the distance between the tip and the sample surface, as shown in the distance-interaction curve 

shown in Figure 2.18 A. Non-contact mode imaging occurs when the tip is positioned at a distance 

for electrostatic attraction, contact-mode when the tip sits in the electrostatic repulsion regime, and 

tapping mode if the tip both attractive and repulsive regimes. For non-contact and tapping mode, 

the cantilever oscillating at its resonance frequency and the electrostatic attraction or repulsion 

forces which depends on tip/surface distance affect the oscillating amplitude or phase. The position 

and oscillation of the tip are constantly monitored; thus, any change in the amplitude and/or phase 

is detected and used as input for a tip repositioning feedback loop. Usually, for imaging purposes 

the feedback loop of non-contact and tapping mode is set to ensure a constant distance between tip 

and surface along the scan. In this manner, when the tip moves across the surface (XY) and 

encounters morphological features (Z), the tip copies the profile, obtaining morphological 

information, and preventing the tip from crashing, as shown in Figure 2.18 B. In contact mode, the 

probe does not oscillate and remains constantly in contact with the sample surface. The different 

surface morphology deflects the cantilever, which is being monitored.28 In this thesis, non-contact 

mode AFM with amplitude feedback is typically used to map sample surfaces. 
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Figure 2.18: Schematic of atomic force microscope (AFM) working principles. A) Diagram of the 

repulsion and attractive forces as a function of the tip-sample distance and the corresponding 

regime of AFM scanning modes. B) Schematic of AFM instrumentation with main components: 

the cantilever with the scanning tip at its end and piezo actuator for controlling cantilever 

oscillation, the laser and photodiode which measure cantilever oscillation and deflection, and the 

piezo actuator that provides X-Y-X displacement. Tip profile along the scan in constant distance 

(h) mode indicated with a dashed line.  

2.3.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a type of microscopy that provides surface imaging with 

topographical information with nanometre resolution. As shown in Figure 2.19, SEM uses an 

incident electron beam to scan the sample surface while one or multiple detectors, which are 

positioned over the sample surface, collect the electrons resulting from incident beam and sample 

interaction. The electrons of the beam are generated from an electron source, typically a thermionic 

or field emission source. After that, the electrons are accelerated to a given energy (typically 1 to 

10 keV), the electron beam is controlled by a set of electromagnetic lenses that allow focus control, 

aberration correction, etc. 29 

SEM can use backscattered and secondary electrons for image generation. Secondary electrons 

(SE) originate from inelastic interaction with the near-surface atoms; therefore, they are depth 

sensitive and provide detailed information about sample topography. The backscattered electrons 

(BSE) originate from elastic scattering within an interaction volume. The elastic scattering depends 

on the atomic number, and therefore BSE provides a great contrast on surface composition. On the 

other hand, BSE are less sensitive with depth and offer less contrast with topography than the SE. 

For morphological characterisation of an SECCM sample, both types of imaging results are useful; 

thus, BSE provides greater contrast with droplet cell residue, and SE provides greater topographical 

detail of the sample nanostructure.  
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The electron beam interaction with the sample surface can knock out electrons from the inner shells 

of the atoms, which generate the outer shell atoms to relax by emitting X-ray radiation. X-ray 

emission can be detected and provides spectroscopic information about the atomic number of 

sample atoms. Spatial information about the element composition of the sample can be given if the 

electron beam scans the sample while X-rays are collected.29 This technique is called energy 

dispersive X-ray analysis, often abbreviated EDX or EDS, and has been used for element 

characterisation in this thesis. 

Figure 2.19: Scheme of SEM and EDS. The illustration shows the different instrumentation 

elements and different types of interaction and their interaction volume. Reproduced with 

permission from Giurlani, W. et al. 30. 
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2.4 Finite element simulation for diffusive mass transport 

The transport of diluted species in solution to the electrode surface needs to be understood to study 

the electrochemical signals, as detailed in the Introduction chapter, Section 1.5.3.  Mass transport 

can be described with the Nernst-Plank differential equation. SECCM, and other 

nano-electrochemical systems, present complex geometries that do not allow for analytical 

resolution of the mass transport differential equations. Instead, numerical methods can be used to 

approximate mass transport phenomena. Modern PCs offer great computational power and offer 

dedicated software to facilitate numerical approximation calculation tasks. The following sections 

detail how the finite element simulation method can be used for approximating mass transport in 

SECCM experiments.  

2.4.1 Principle of finite element simulation method 

The numerical resolution of multivariable differential equations (DE) can be approximated if the 

domains along which the variables are described are discretised, i.e. if the range of values a variable 

can take within a system geometry and boundary conditions is defined. The finite number of 

elements generated in the domain allow to approximate the DE at each element with other functions 

which have more facile numerical solution.  

Taking a simple example, the concentration profile, 𝑐, at the region near the electrode surface for 

a system dominated by linear diffusion transport is often describe as 1D system (also described as 

Equation 1.51 in Introduction chapter) as:  

𝑐(𝑧, 𝑡) =  𝑐𝑖
0 erf [

𝑧

2√𝐷𝑖𝑡
]    (Eq. 2.7) 

where 𝑐𝑖
0 and 𝐷𝑖 are constants. For a given time (𝑡 = constant), the concertation profile is only 

dependent on the distance to the electrode surface 𝑧. 𝑐(𝑧) function is plotted in Figure 2.20. 𝑐(𝑧) 

can also be approximated by linear combination base function (𝑐ℎ): 

𝑐(𝑧) ≈  𝑐ℎ    (Eq. 2.8) 

𝑐ℎ =  ∑ 𝑢𝑛𝜑𝑛𝑛 (𝑧)       (Eq. 2.9) 

where 𝜑𝑛(𝑧) is the base function (represented black line in Figure 2.20) and 𝑢𝑛 are the set of 

coefficient which approximates 𝑐ℎ to 𝑐(𝑧). To fulfil a good approximation of 𝑐(𝑧) from 𝜑𝑛(𝑧), the 

range along variable 𝑧 is expressed become discretized, forming 𝑛 elements and 𝑛 + 1 nodes.  For 

each element, the 𝑢𝑛 coefficient that approximate 𝜑𝑛(𝑧) to 𝑐(𝑧) can be calculated. In this manner 
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function 𝑐ℎ is generated, as shown in Figure 2.20. Notice that the more nodes the greater the 

resolution and greater similarity between 𝑐ℎ and 𝑐(𝑧). A larger number of nodes also come at cost 

of more 𝑢𝑛 coefficient to be calculated. On the other hand, not enough nodes and elements or 

inappropriate node distribution might lead to poor approximations. Therefore, the distribution of 

elements and nodes, also called mesh, needs to be adequate for approximating 𝑐ℎ to 𝑐(𝑧). This 

methodology is the basis of finite element methods (FEM), which can be extended over larger 

dimensional systems, and resolve spatial and time-dependent physical properties described by DE. 

Modern dedicated FEM software, such as COMSOL Multiphysics, has implemented advanced 

numerical methods resolution, which facilitate the user tasks to define the geometry, boundaries, 

and physical DE that govern the system, as well as various mesh, solver, and simulation parameters. 

It is out of the scope of the thesis to provide a general description of the FEM principles and 

mathematical formulation; the reader is referred to ref. 31-35 for further details on the 

implementation of FEM in electrochemical systems.   

Figure 2.20: Representation of a linear combination base function 𝑐ℎ (black dashed line) 

approximating an analytical function 𝑐(𝑧) (solid blue line). 𝑐ℎ is a linear combination of basis 

function 𝜑𝑛 (black solid line) with coefficient 𝑢. 𝑐(𝑧) is the Cottrell equation at given time (t = ct) 

represented between electrode surface (𝑧𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) and bulk solution (𝑧𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒). 

2.4.2 Implementation of FES to resolve mass transport for SECCM probes 

In this thesis, finite element simulations (FES) were performed on COMSOL Multiphysics 

software to solve the local concentration variation of electroactive species. Using FES, it has been 

possible to understand and quantify the electrochemical response observed during SECCM 

experiments. The time-dependent diffusional mass transport was simulated using Fick’s second 

law of diffusion, which is given by: 

𝜕𝑐

𝜕𝑡
− 𝐷∇2𝑐 = 0      (Eq.2.8) 
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The cylindrical nature of the SECCM probe favours the implementation of 2D axisymmetric model 

geometry, which has been implemented on most of the FES shown in this thesis. The coordinates 

that define the geometry of the model are described in Table 2.5. A schematic of the resulting 

geometry is shown in Figure 2.21 A. Table 2.6 summarises the set of variables used to describe the 

model simulated, including geometry variables, mesh variables, transport of diluted species 

variables, and variables related to reaction kinetics.  

Table 2.5: Cylindrical coordinates (r and z) used to describe the SECCM probe boundaries in the 

finite element simulation and the description of the mass transport conditions for each boundary. 

Boundary r z 
Mass transport 

condition 

Axisymmetric axis 0 → 0 0 → zdrop + zpip - 

Bulk solution 0 → rbulk 
zdrop + zpip → zdrop + 

zpip 
c = cbulk 

Pipette wall rbulk → rap zdrop + zpip → zdrop 
J = 0 

(No flux) 

Droplet cell – air interface rap → rdrop zdrop → 0 
J = 0 

(No flux) 

Working electrode 

(Sample active surface) 
rdrop → 0 0 → 0 J = vnet = k · c  

 

Figure 2.21: SECCM axisymmetric model implemented in FES. A) Schematic showing the FES 

geometry boundaries and related variables. B) FES mesh generated for the geometric domain 

simulated. Magnification around the SECCM droplet cell, showing a greater mesh resolution. 
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Table 2.6: Summary of the variables used in finite element simulations of the SECCM probes. 

Variable symbol Description 

c Concentration of the diluted species 

cbulk 
Concentration of the diluted species (c) of the electrolyte the pipette is 

filled with.  

D Diffusion coefficient 

k Rate constant 

rap Pipette aperture radius 

rbulk 
Radius of boundary domain with concentration equal to bulk 

concertation. rbulk = zpip·tan (α).  

rdrop Droplet cell radius 

zdrop Droplet cell height – often zdrop = rdrop 

zpip Height of pipette simulated – often  zpip = 100 · rap 

α Degrees of pipette tapered angle – often 10 ° 

 

The mesh divides the simulation domain (the area contained within the geometrical boundaries 

imposed) into a finite number of elements. The mesh should distribute the elements according to 

the resolution requirements of the physical simulation. In this thesis, mass transport has been 

simulated accounting only for diffusive mass transport, and so the mesh must be optimised to 

provide greater density of element on the areas which present a greater concentration gradient. On 

SECCM probes, the region with a greater concentration gradient is the droplet cell. Thus, the upper 

part of the pipet acts only as a reservoir of species. To account for the greater concentration gradient 

regions, the geometric boundaries corresponding to the working electrode and droplet cell were set 

with a minimum mesh element size 1/100 of the droplet cell radius. The rest of the mesh is 

generated by tessellation processes, as shown in Figure 2.21 B. 

The mass transport boundary conditions are summarised in Table 2.5. Briefly: the pipette wall and 

droplet cell-air interface have a no flux boundary; the domain defined as the bulk solution has 

constant concentration (c = cbulk) and allows flux of species; and the working electrode can have a 

species flux according to the reaction rate expressions derived in the Introduction Chapter, Section 

1.5.2. The reaction rate equations, derived from the different electron transfer models, are described 

in detail in Chapters 4 and 5. As the initial condition, it is defined that the whole simulated domain 

has a concentration equal to the bulk solution boundary (c = cbulk).   
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CHAPTER 3 

Single-Entity Electrochemistry at Microsecond Time 

Resolution 

______________________________________________________________________________ 

Stochastic collision electrochemistry requires high-resolution and high-bandwidth current 

amplification due to the low magnitude and short duration of single nano-entity current 

signals. Increasing the current amplifier bandwidth, however, leads to increased current 

noise levels, which in turn may obscure the current signal generated from stochastic 

collision electrochemistry experiments. The key to minimising current noise when 

operating at high bandwidth is to achieve an experimental design which minimises the 

input capacitance to the current amplifier. In this chapter, a new strategy is reported to 

minimise input capacitance to a current amplifier using a movable microscale 

electrochemical cell, formed at the end of a micropipette using a scanning electrochemical 

cell microscopy approach, to conduct electrochemical experiments in close proximity 

(∼300 μm) to a custom-designed transimpedance amplifier. The electrochemical 

performance of the experimental design presented here is demonstrated via the 

electro-oxidation of single Ag nanoparticles, detected at unprecedented bandwidths of up 

to 1 MHz. 

______________________________________________________________________________  
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3.1 Introduction 

3.1.1 Single-entity electrochemistry 

Single-entity electrochemistry (SEE) refers to the study of the electrochemical response of 

individual objects or units, isolating a single-entity response by time or spatial constrains, or a 

combination of both. There are several reasons to pursue a single-entity approach in 

electrochemistry.  First, the observed electrochemical response for any given bulk electrochemical 

system depends on the response of many individual entities, for instance, single molecules, single 

enzymes, single particles, single cells, etc. Thus, the measurement of the electrochemical response 

from single entities will provide information on how the individual entities respond as an ensemble, 

resulting in the observed bulk behaviour. Second, SEE provides fundamental insights into 

electrochemistry at the nanoscale and enables the development of further concepts and 

technologies. Third, SEE can provide a deeper understanding of the underlying chemical processes 

and underpin mechanistic understanding that might become hindered at the bulk scale, as proven 

in several recent publications.1 An extensive discussion of the state-of-the-art in nanomaterial 

electrochemistry approaches and techniques can be found in Introduction, Section 1.3. 

SEE characterisation has excelled in assessing the effect of heterogeneity within the individual 

entities which compose a system into the electrochemical response. Conventional ensemble-based 

electrochemical approaches average the electrochemical response over many entities, and in doing 

so obscure the effects of sample heterogeneity and the exact relationship between entity structure 

and its electrochemical activity. The key to unravelling these relationships is the development of 

SEE techniques, which aim at one single entity at a time, as illustrated in Figure 3.1. To date, this 

has been achieved most successfully using stochastic collision electrochemistry experiments.2–4 

Figure 3.1: Schematic showing the relation between the number of entities measured in 

conventional ensemble base bulk electrochemical measurements (left) and single-entity 

electrochemistry (right). 
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3.1.2 Stochastic collision electrochemistry 

In stochastic collision electrochemistry, the entities desired to characterise are dispersed and freely 

diffuse in solution; when they collide with the surface of a micro- or nano-scale electrode, they 

make electrical contact and induce an electrochemical response.2,5 Due to the small electrode size 

(< 10 µm diameter) and by controlling the concentration of the entities in solution, individual 

collision events can be separated in time. A schematic of a stochastic collision electrochemistry 

experiment is shown in Figure 3.2. This approach is one of the simplest experimental setups to 

achieve single-entity electrochemistry; moreover, it provides high throughput. Over 10’s of 

seconds, the experimenter can measure 1000’s of single entities, providing robust statistics while 

continuing to work at a single entity level.  

Figure 3.2: Schematic of stochastic collision electrochemistry experiments showing a single 

nano-entity free diffusing that collides with an ultra-microelectrode, generating an electrochemical 

response.  

The stochastic collision electrochemistry approach is also known as nanoimpact electrochemistry6,7 

or electrocatalytic amplification8,9 depending on the nature of the electrochemical signal. Examples 

include hydrogen evolution measured in single Pt nanoparticles and clusters,10 reduction and 

oxidation of single Ag nanoparticles,11,12 H2O2 oxidation measured in single IrOx nanoparticles,13,14 

single collisions of toluene-in-water emulsion droplets,15 oxygen reduction in single enzymes,16 or 

the collision of single red blood cells with an electrode surface.17  

3.1.3 Signal and resolution requirements for stochastic collision 

electrochemistry 

In stochastic collision electrochemistry of nanomaterials, or for any other single-entity 

electrochemistry approach, the current signals generated are on the order of femtoamperes (fA) to 

picoamperes (pA). Thus, typically a single nano-entity is only capable of inducing small signals. 
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Single-entity collision events with the electrode surface are also characterised by their short time 

duration, with the induction of an electrochemical response lasting from microseconds (µs) to 

milliseconds (ms). For example, the entire duration of an IrOx nanoparticle collision is less than 

1 ms,13,14 RuOx nanoparticle collisions occur over 300 µs,18 and Ag nanoparticle oxidation 

collisions occur over 10’s of milliseconds with many individual collision events during this time.19 

The characteristic current signal generated during a stochastic collision experiment differs 

significantly from that expected from bulk electrochemical systems, which are characterised by 

currents in the microampere range or above ( > µA) and time-scales greater than a second ( > s).  

Instrumentation for stochastic collision electrochemistry, or for any other SEE experiment, should 

be capable of processing small and short signals, thus providing high current magnification, high 

bandwidth, and low noise level. Otherwise, limitations on instrumentation might interfere and 

distort the electrochemical signal, provoking a mismatch between the signal acquired and the 

Faradaic process ongoing at the electrode surface. White H. S. et al. showed the distortion produced 

by instrumental limitations on time resolution (i.e. bandwidth limitation) when recording 

single-entity events, as reproduced in Figure 3.3.20 Thus, stochastic collision electrochemistry 

measurements with limited temporal resolution could compromise the interpretation of the 

resulting current signal.21 

Figure 3.3: a) Chronoamperometric current trace of nano-impact oxidation of silver nanoparticles 

recorded experimentally at 200kHz current amplifier bandwidth and filtered using a low-pass 

Bessel filter. The Bessel filter emulates current traces being recorded with current amplifiers with 

slower bandwidth with cut-off frequencies of 100kHz, 10kHz, 1kHz and 100Hz. The pink and blue 

rectangles indicate the regions shown in B and C, respectively. b) and c) magnification of the 

current trance within pink and blue rectangles. Comparison of current trances at different 

bandwidths illustrates the distortion in the recorded signal and the resulting loss of information 

produced when using the current amplifier without enough time resolution. Figure reproduced with 

permission from White H.S. et al.20 
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3.1.4 Bandwidth, gain, and noise during current amplification. 

Measurement of electrochemical signals on the fA to pA current scale requires a high magnification 

current amplifier. However, current magnification (i.e. gain) results in a trade-off with time 

resolution (i.e. bandwidth). Thus, the limited time response of high-gain current amplifiers often 

limits the temporal resolution of SEE measurements. For example, commercial current amplifiers 

operating with an amplification factor of 1 V/nA (1 GΩ) have bandwidths of 10 kHz to 50 kHz, 

but when moving to a greater current amplification factor of 1 V/pA (1 TΩ) the bandwidth of the 

current amplifier can drop to just 0.1 Hz (for example, with the DDPCA-300 from FEMTO).  

The current bandwidth and amplifier scale are intimately linked, with efforts to increase the 

bandwidth introducing higher current noise, which obscures the target electrochemical signal.22 

One possible strategy is to minimise the noise contribution of the system; thus, for equal gain, it is 

possible to boost the bandwidth. One of the main factors that contributes to noise levels in the 

current amplifier is the input capacitance, which depends on the parasitic capacitance of the 

connection cables, the stray capacitances in the current amplifier, as well as the capacitance 

contributions from the electrochemical cell.23  

Research efforts have been aimed at producing amplifiers with high bandwidth and high sensitivity, 

leading to the development of direct measurement strategies in which the current is generated in 

close proximity to the amplifier.24 This strategy minimises capacitance contributions from 

connections/contacts and effectively minimises noise levels. For example, custom current 

amplifiers have incorporated nanopores and electrodes into the current amplifier chip itself,25  

integrated large electrochemical cells onto the current amplifier,26 or fabricated arrays of nanoscale 

electrodes on the current amplifier.27 However, such design specificity often limits the versatility 

of the equipment.   

3.1.5 Integration of a custom current amplifier for stochastic collision 

electrochemistry with SECCM 

Coupling a custom current amplifier optimised for minimum input capacitance and minimum 

number of connections, with electrochemical systems optimised for single-entity measurements, is 

a challenging design task. SECCM offers a mobile microscale electrochemical cell that can be 

formed on any flat conductive surface.28 Using SECCM as an electrochemical probe, it is possible 

to design a current amplifier where the working electrode surface is simplified to a metallic contact 

pad printed on a circuit board, as illustrated in Figure 3.4. This configuration minimises the 

connections needed to the ultimate stage, so that the working electrode can be placed < 1 mm away 

from the current amplifier chip. Also, SECCM can easily achieve an electrochemical contact area 

< 5 µm2, thus reducing the contribution of the electrochemical cell to the input capacitance. 
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The instrumentation design proposed here, which is exemplified in the scheme shown in Figure 3.4, 

minimises input capacitance while reducing the overall output noise levels of the current amplifier, 

thus enabling an increased current amplifier bandwidth, as required for single nano-entity 

measurements. Furthermore, several different single-entity electrochemistry measurements have 

been previously achieved by SECCM.29 Therefore, such an instrumentation design could be 

potentially versatile for multiple single nano-entity measurements.   

Briefly, the instrumentation design of Figure 3.4 consists of a set of micropositioners that can move 

the pipette up to 10’s micrometres distance from the gold electrode, helped with an external optical 

camera. Fine displacement is achieved using an XYZ piezoelectric positioner stage. A programable 

data acquisition card running a custom LabVIEW code is used for data recording and piezoelectric 

positioner control. A hollow glass capillary pulled to a sharp point in a laser puller is used to form 

a micropipette. The micropipette is filled with solution (for instance, containing dispersed 

nano-entities) and a quasi-reference counter electrode (QRCE) is inserted at the top end. After 

positioning the probe on the gold contact pad of the PCB board, cyclic voltammetry or 

chronoamperometry experiments could be performed. A more detailed description of the SECCM 

experimental setup can be found in the Methods chapter, Section 2.2. 

Figure 3.4:. On the left, a schematic of single nano-entity measurements of silver nanoparticle 

oxidation using SECCM to form an electrochemical cell over the gold printed pad on a PCB board, 

which is located in close proximity to the transimpedance amplifier chip (TIA). On the right, a 

schematic of the complete SECCM setup showing the movable parts, such as micro positioner 

controllers and x-y- piezo actuators, connections, and camera. Figure adapted with permission from 

Brunet Cabré, M. et al.. 30 
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The custom current amplifier, schematic shown in Figure 3.5 and whose details have been 

previously presented,31 is used for the readout of the current signal.  The current amplifier shown 

in Figure 3.5 uses active pseudo-resistor feedback that allows for large and adjustable 

transimpedance values with minimum stray capacitance for maximum bandwidth. The current 

amplifier chip (a transimpedance amplifier) is mounted on a PCB (5 cm × 5 cm) that provides all 

required power supplies and signal connections to the chip, as shown in Figure 3.5. A gold trace is 

located at 300 µm from the chip input on the PCB board. Thanks to the SECCM probe, the gold 

trace is accessible as the working electrode for electrochemical experiments, as shown in Figure 

3.5. A more detailed description of the current amplifier chip and PCB board is given in 

Section 3.3. 

Figure 3.5: Photo of the PCB board, with the main components labelled. The top-right 

magnification is a photo of the transimpedance amplifier (TIA) chip. The bottom-right 

magnification is a photo of the gold electrode on the PCB with a micropipette positioned a few 

micrometres from its surface. Figure adapted with permission from Brunet Cabré, M. et al..30 

3.1.6 Description of the behaviour of the transimpedance amplifier. 

Current amplifiers are devices that provide a readout of AC or DC currents by converting the 

current signal into a potential signal, which could be further read by a data acquisition board. 

Operational amplifiers based on transimpedance amplification are a type of current sensor that 

provide a great trade-off between noise, bandwidth, and linearity (required for DC measurements). 

Single-entity electrochemical characterisation generally uses chronoamperometry or voltammetry 

techniques that produce DC signals. Therefore, transimpedance amplifiers (TIAs) are very well 

suited for SEE signal processing requirements.  TIAs are also commonly used in biomedical and 
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material science applications.20 The equivalent circuit of a TIA is shown in Figure 3.6, where the 

closed feedback loop with a pseudo-resistor element is shown. The close-loop feedback element 

provides gain and amplification power. There are several elements, such as resistance or capacitors, 

that could be used as feedback elements. For the work presented, a pseudo-resistive feedback 

element was used. The pseudo-resistive element is composed of multiple CMOS and achieves the 

best performance when sensing low currents and high bandwidth, as demanded in single-entity 

electrochemistry. The current amplifier was designed and constructed as part of Denis Djecik's 

Ph.D. work at the University of Stuttgart; I was provided with these custom current amplifiers for 

my SECCM experiments, but I was not involved in their design or construction. Details on circuitry 

and TIAs architecture are thus outside the scope of this thesis; the reader is referred to the work of 

Anders, J. et al. for further information.31,32 

Figure 3.6: Equivalent circuit for the custom TIA with pseudo-resistor feedback, including the 

input capacitance (Cp), input current source equivalent to adjacent electrode pad (Ielec), internal 

pseudo-resistor with tuning circuit (VTUNE) and output voltage (Vout). Figure adapted with 

permission from Brunet Cabré, M. et al.30 

The noise levels (output noise) of a TIA with a pseudo-resistive feedback element can be 

approximated by Equation 3.1 description.32  

𝑆∆𝐼 ≈
4𝑘𝑇

𝑅𝑡𝑜𝑡
+ 𝜔2𝐶𝑝

2𝑆∆𝑉    (Eq. 3.1) 

where 𝑆∆𝐼 is the input-referred noise power spectral density (𝐴2 𝐻𝑧⁄ ) at the TIA’s output. The 

input-referred current noise is obtained by the Fourier analysis of the recorded current traces, then 

the power of the signal is represented as a function of the frequency. The input-referred noise power 

spectral density,  𝑆∆𝐼, is indicative of the noise contribution at each frequency. 𝑅𝑡𝑜𝑡 is the total 

equivalent resistance of the pseudo-resistor feedback, which defines the amplification magnitude 

(gain) of the system. 𝜔 = 2𝜋𝑓 is working frequency (rad/s) where 𝑓 is bandwidth (Hz).  𝐶𝑝 is the 

input capacitance (F). 𝑆∆𝑉 is the intrinsic microchip opamp noise power spectral density  (𝑉2 𝐻𝑧⁄ ). 

𝑆∆𝑉 only depends on the TIAs chip architecture and it can be measured separately. 𝑘 is Boltzman’s 

constant and 𝑇 is temperature. 
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The term  
4𝑘𝑇

𝑅𝑡𝑜𝑡
  of Equation 3.1 corresponds to the thermal noise for resistive feedback TIA and 

represents the noise floor (or minimum out noise) of the current amplifier chip. The  𝜔2𝐶𝑝
2𝑆∆𝑉  

term describes the capacitive shaped contribution of the opamp noise. Note that this later term has 

quadratic dependence on bandwidth, as well as input capacitance, and, as a consequence, 

minimising input capacitance favours an increase in bandwidth without increases in output noise 

levels. 
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3.2 Aims 

In this chapter, a new approach for conducting stochastic collision electrochemistry experiments 

at a high bandwidth extending from DC to the MHz range is reported. A moveable microscale 

electrochemical cell (3 µm in diameter) formed at the end of a glass micropipette, as for SECCM, 

is used to conduct electrochemical experiments with minimum stray capacitance. The moveable 

microscale electrochemical cell allowed to perform stochastic collision electrochemistry 

experiments on a gold trace of a printed circuit board, directly next to the contact pad of a 

custom-designed transimpedance amplifier (TIA). With this instrumental design, the 

electrochemical experiment is brought to close proximity (with a single connection point) to the 

TIA, reducing contact capacitances and improving current noise levels. Moreover, it is compatible 

with other current amplifier chip design and with single nano-entity measurement allowed by 

SECCM equipment.  

The experiments and results displayed in this chapter aim, first, to evaluate the noise levels and 

input capacitance of the proposed instrumentation design. Second, validate that the proposed 

instrumentation design can effectively conduct electrochemical measurements, including 

chronoamperometry and cyclic voltammetry. Third, probe single-entity electrochemistry and 

perform single silver nanoparticle oxidation at unprecedented bandwidth (up to 1MHz). 

This project was carried out in collaboration with Prof. Jens Anders’s research group at the Institute 

of Smart Sensors at the University of Stuttgart. The design and fabrication of the current amplifier 

chip and its integration on the PCB were carried out by PhD student Denis Djekic from the 

University of Stuttgart. The electrochemical characterisation and experimental work with SECCM, 

including single nano-entity measurements, have been carried out by the author of this thesis.  
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3.3 Methods 

A custom electrochemical scanning probe microscope (EC-SPM) was used to perform localised 

microscale electrochemical cell measurements, shown in Figures 3.4 and 3.5. Positioning of the 

micropipette probe is achieved using manual micropositioners (XYZ differential adjusters, 

Thorlabs), while the fine displacement of the PCB board is achieved using an XYZ piezoelectric 

positioner stage (NanoCube P611.3 with LVPZT-Amplifier controller, Physik Instrumente). The 

EC-SPM is situated in a Faraday cage supported on an optical table. A field-programmable gate 

array (FPGA) data acquisition card (USB-7855R, National Instruments) that runs a custom 

LabVIEW code (LabVIEW  2018, National Instruments) was used for data recording and 

piezoelectric positioner control.  

A custom TIA, schematic shown in Figure 3.5 and whose details have been previously presented,25 

was used for the readout of the current signal.  The TIA uses active pseudoresistor feedback that 

allows for large, adjustable transimpedance values with a minimum stray capacitance for maximum 

bandwidth. The TIA was fabricated using commercial silicon-on-insulator (SOI) CMOS 

technology, which further minimises stray capacitances and thereby maximises the achievable 

bandwidth. The TIA was mounted as bare dies, i.i without package, on a PCB (5cm x 5cm) that 

provides all the required power supply and signal connections to the TIA chip, as shown in Figure 

3.5. The TIA’s transimpedance value is adjustable via an external resistor on the PCB. A 

subsequent shelving filter is used to further extend the bandwidth by providing increased gain at 

high frequencies. Three different TIA settings with bandwidths of 80 kHz, 250 kHz and 1 MHz 

were used, while the last two feature the bandwidth extension circuit. Electrochemical experiments 

were carried out on a gold trace situated 300 µm from the TIA input on the PCB.  

A hollow glass capillary pulled to a sharp point in a laser puller (P-2000, Sutter Instruments) was 

used to form a micropipette. The 3.5 µm diameter aperture micropipettes were made from a 

borosilicate capillary (BF150-86-7.5, Sutter Instruments) with internal and external diameters of 

0.86 mm and 1.5 mm, respectively. The micropipette was filled with solution using a microfil 

(MF34G-5, World Precision Instruments), while filtered with PTFE 0.45 µm syringe filter 

(FisherBrand). The quasi-reference electrode was inserted into the top end (an Ag/AgCl wire in 

this case) to form a movable microscale electrochemical cell for localised electrochemical 

measurements, as is used in SECCM measurements. The micropipette tip was positioned within 

10’s of micrometres of the gold electrode with the help of an external optical camera (PL-B776U, 

Pixelink), as shown in Figure 3.4. The micropipette tip was then vertically approached to the gold 

electrode surface using piezoelectric positioners until the electrochemical cell formed between the 

tip and the surface. The contact with the gold electrode surface was detected via the capacitive 

current spike produced by the formation of the electrical double layer on the gold electrode surface. 
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When this signal was detected, the vertical movement of the pipette was stopped. After positioning 

the probe on the electrode surface, cyclic voltammetry or chronoamperometry experiments were 

performed.  

Silver nanoparticles (100 nm in diameter, 0.02 mg of Ag/mL in 2 mM sodium citrate) were 

purchased from STREM Chemicals. A solution of 1.8 × 109 silver nanoparticles/ml dispersed in 

10 mM NaNO3 (VWR Chemicals) and 4 mM sodium citrate (Sigma-Aldrich) was used for Ag 

nanoparticle oxidation experiments.  Solutions of 1 mM potassium hexacyanoferrate (II) trihydrate 

(Honneywell) or 1 mM hexamine ruthenium trichloride (JMC) in 20 mM KCl (VWR Chemicals) 

were also prepared and used. All solutions were made using ultrapure water with resistivity greater 

than 18 MΩ.  
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3.4 Results and Discussion 

3.4.1 Characteristic noise response 

Three different TIAs were used for microscale cell measurements, each with a different bandwidth 

(80 kHz, 250 kHz, 1 MHz) and always using a sampling frequency of 1 MHz, which is the limit of 

the data acquisition card. The characteristic signal and noise response of the instrumentation 

(custom TIA and SECCM) were assessed from 10 seconds current traces in both open and closed 

circuit conditions, in the absence of any Faradaic current. This analysis allowed an evaluation of 

the contribution of the double layer capacitance at the microscale droplet/Au electrode interface to 

the overall TIAs noise response. The flowchart diagram displayed in Figure 3.7 shows the complete 

signal-noise analysis carried out in this section, as well as the main results. 

Figure 3.7: Flowchart diagram for the signal-noise analysis. The rhomboids indicate datasets, and 

the rectangles their operation processes. In green, the input dataset obtained by 

chrono-amperometry measurements. In blue, read, orange, and yellow are the corresponding 

outputs of the different data analysis processes. 
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Open circuit current traces of 1 s duration for different bandwidth current amplifier are shown in 

Figure 3.8, where the noise levels are smaller than the maximum positive or negative readout 

currents of the TIAs. The RMS current noise at open circuit is 22.2 pA for the 80 kHz current 

amplifier, 88.8 pA current noise for the 250 kHz current amplifier and 196 pA for the 1 MHz TIA. 

Figure 3.8: Current trace of one second length in open circuit showing intrinsic noise levels of the 

TIAs bandwidth of 80 kHz in yellow line, 250 kHz in the orange line and 1 MHz blue line. The 

red lines represent the range of currents that TIAs can amplify. Figure adapted with permission 

from Brunet Cabré, M. et al..30 

For the two-electrode setup used here, the open circuit RMS noise corresponds to the intrinsic noise 

level. When the microscale electrochemical cell is formed over the Au pad (i.e. close circuit noise), 

the noise levels reflect those under operation conditions. Therefore, closed circuit current noise 

relies on the intrinsic noise from the current amplifier plus noise induced from the electrochemical 

cell, such as from the double-layer capacitance at the droplet-electrode interface.  The RMS current 

noise in closed circuit is 22.9 pA for 80 kHz TIAs, 89.2 pA for 250 kHz TIAs, and 197 pA for 

1 MHz TIAs. The difference in noise values obtained for open and closed circuits is below 1 pA 

for all TIAs. All RMS noise values for open and close circuits and their differences are summarised 

in Table 3.1. Both datasets for open circuit and closed circuits correspond to blank current traces 

without any Faradaic current induced, obtained with 10 mM KCl solution. The relatively small 

increase in RMS noise upon contact with the microscale electrochemical cell indicates that the 

current noise is dominated by the intrinsic current noise of the current amplifier and does not arise 

significantly from the electrochemical cell.  

The power spectral density (PSD) of the open and closed circuit current traces are displayed in 

Figure 3.9 (in blue colour) for 80 kHz, 250 kHz and 1 MHz bandwidth TIAs. The PSD curves are 

smoothed by a third-order Savitzky-Golay filter with a frame length of 1001 points. Figure 3.9 

shows that the filtered PSD curves (in orange) are representative of the input-referred noise 

variation.  
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Table 3.1: Noise values for different TIAs bandwidth by root-mean-square calculation and from 

the integration of current densities. 

TIAs 

Bandwidth 

Noise deduced by RMS treatment 
Noise deduced from current 

density cumulative integration 

Open 

circuit 

(pA) 

Close 

Circuit 

(pA) 

Noise 

difference 

(pA)  

Open 

Circuit 

(pA) 

Close 

Circuit 

(pA) 

Noise 

difference 

(pA) 

80 kHz 22.2 22.9 + 0.7 22.2 23.0 + 0.8  

250 kHz 88.9 89.2 + 0.3 88.8 89.2 + 0.4 

1 MHz 196 197 + 1.0 196 197 + 1.0 

 

In Figure 3.10, the power spectral density is plotted for the three current amplifier bandwidths 

tested. The input-referred noise floor (< 1 kHz) of 80 kHz TIA is 1.5·10-28 A2/Hz, within the same 

regime of the expected thermal noise of an equivalent 250 MΩ resistor feedback amplifier 

(6·58-29 A2/Hz), derived from thermal noise term (4𝑘𝑇 𝑅𝑡𝑜𝑡⁄ ) of Equation 3.1. Above 1 kHz, the 

input-referred noise is dominated by the capacitive opamp noise (second term of Equation 3.1) and 

noise peaks at 20 kHz, as shown in Figure 3.10 A and B. Notice that, for frequencies greater than 

approximately 10 kHz, the capacitive noise contributions are quenched thanks to the use of a 

pseudo-resistive feedback element. Instead, a pure capacitive feedback element on the TIAs would 

keep a quadratic growth of noise.  

In Figure 3.10 it is observed that the noise floor (thermal noise) increases when the TIAs bandwidth 

is increased. This is an unexpected result, as the noise floor should be independent of the 

bandwidth, as stated in Equation 3.1. Unfortunately, the larger noise floor on the 250 kHz and 

1 MHz bandwidth TIAs will contribute to the noise levels during current amplification. The origin 

of this behaviour is intrinsic of the current amplifier as both open- or closed-circuit measurements 

contain this trend. The collaborators from the Prof. Jens Ander group, which designed the TIA, 

suggested that the larger thermal noise might be related to the integration of the operational 

amplifier chip within the PCB board circuitry. The TIA’s transimpedance value is adjustable via 

an external resistor on the PCB. A subsequent shelving filter is used to further extend the bandwidth 

by providing increased gain at high frequencies. The 250 kHz and 1 MHz TIAs feature such 

bandwidth extension circuits which might be the cause of the floor noise increase. 

The square root of the input-referred noise gives the current density (with units A/√Hz) and is 

integrated over the frequency domain to provide the TIAs output noise. In Figure 3.11 the 

cumulative integration of the current density is shown, which highlights the difference in noise 

floor (low frequency) of different bandwidth TIAs. The total TIA output noise values are shown in 

Table 3.1 and show good agreement ( < 0.1 pA difference) with the reported RMS noise. 
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Figure 3.9: Power spectral densities (blue) and smoothed (orange) by third order Savitzk-Golay 

filter with frame length of 1001 points for A. 80 kHz TIAs in open circuit, B. 80 kHz TIAs in close 

circuit, C. 250 kHz TIAs in open circuit, D. 250 kHz TIAs in close circuit, E. 1 MHz TIAs in open 

circuit and F. 1 MHz TIAs in close circuit. Figure adapted with permission from 

Brunet Cabré, M. et al..30 
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Figure 3.10:  Input-referred noise (𝑆∆𝐼) for the 80 kHz, 250 kHz, and 1 MHz TIAs in open and 

closed circuit configuration. Figure adapted with permission from Brunet Cabré, M. et al..30 

Figure 3.11: Cumulative integration of current densities for 80 kHz TIAs in open circuit (light red) 

and close circuit (dark red), 250 kHz TIA in open circuit (light green) and close circuit (dark green) 

and 1 MHz TIAs for open circuit (light blue) and close circuit (dark blue). Figure adapted with 

permission from Brunet Cabré, M. et al..30 

To calculate the input capacitance, Equation 3.1 can be used to fit the section of input-referred 

noise region dominated by the capacitive opamp noise. For very low frequencies (< 400 Hz) the 

noise contribution is dominated by flicker noise, as shown in Figure 3.12. The flicker noise domain 

is not included in the equation fitting. For high frequencies ( > 5 kHz for 80 kHz TIA, > 10 kHz 

for 250 kHz TIA and > 20 kHz for 1 MHz TIA) the input-referred noise is affected by the 

pseudocapacitive feedback element which reduced the input capacitance parasitic contribution, as 

previously discussed, and regions above those frequencies are then not considered for the fitting.  



Chapter 3 

110 

 

Figure 3.12: Maximized spectrum of the input-referred noise (𝑆∆𝐼) for low frequencies. Below 

400 Hz it is observed that there is an increase in noise, which is related to the flicker noise domain.  

To derive input capacitance from Equation 3.1 fitting, it has been used: 𝑓 = 80 kHz or 250 kHz or 

1 MHz (𝜔 = 2𝜋𝑓), 𝑇 = 298 K and 𝑆∆𝑉 as reported in Figure 3.13. Notice, 𝑆∆𝑉 is frequency 

dependent and has been measured prior, as shown in Figure 3.13. Thermal noise has also been 

adjusted to the observed value for each TIAs bandwidth, as reported in Table 3.2. 

Figure 3.13: Intrinsic input-referred noise power spectral density of the opamp (𝑆∆𝑉 ). Obtained 

by averaging 80 measurements of the open-input TIA with shorted feedback pseudoresistor. The 

noise is dominated by flicker noise, as is typical for CMOS opamps.  Measurement was assets for 

three frequency domains, from 10 Hz to 10 kHz displayed in blue, from 1 kHz to 100 kHz in 

orange, and 10 kHz to 1 MHz in yellow. Figure adapted with permission from 

Brunet Cabré, M. et  al..30 
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The input capacitances (𝐶𝑝) deducted from fitting Equation 3.1 to PSD are displayed in Table 3.2. 

The curve fittings for the three different TIAs bandwidth tested in the open and closed circuit are 

shown in Figure 3.14. The optimal value of the input capacitance which adjusts Equation 3.1 to 

PSD has been found by least squares error, as shown in Figure 3.15. 

As shown in Table 3.2, for 80 kHz TIAs there is a difference of 2.1 pF between close- and open-

circuit capacitance. The open circuit input capacitance arises from circuitry and connections. 

Therefore, the additional capacitance observed in the close circuit can be attributed to the 

electrochemical cell formation. The electrochemical cell capacitance depends on the electrolyte, 

the electrode material, and the area of the electrode in contact with the solution, which is expected 

to be similar regardless of the TIA bandwidth. The droplet diameter is approximately equal to 

pipette aperture (3.5 µm)28 and therefore the capacitance per unit area is approximately 20-25 

uF/cm2, which is in agreement with the expected value for double-layer capacitance on an Au 

electrode in 10 mM KCl (between 15 uF/cm2 to 40 uF/cm2).33 The electrochemical cell capacitance 

obtained from fitting the input-referred noise of the 250 kHz and 1 MHz TIAs are 1.4 pF and 3.8 

pF respectively. The values for the three current amplifiers are then of the same order of magnitude, 

and the difference observed between them might be attributed to variation in the electrochemical 

contacted area. When a micropipette probe is used, it is common to see a variation in the droplet 

cell size; this is caused by the variance in the aperture size of the manufactured pipettes. As shown 

in Table 3.2, the main contribution to the input capacitance arises from the intrinsic capacitance of 

the TIA (open circuit) rather than the electrochemical capacitance of the cell. This is possible 

because of the small electrochemical cell size that can be achieved by the use of an SECCM probe. 

Table 3.2: Input capacitance (𝐶𝑝) and thermal noise values used for curve fitting of input-referred 

noise of each TIAs bandwidth with Equation 3.1. 

TIAs 

Bandwidth 

Input Capacitance 

Thermal noise 

(A2/Hz) Open Circuit 

(pF) 

Close Circuit 

(pF) 

EC Cell capacitance 

(pF) 

80 kHz 11.35  13.43  2.08 1.50·10-28  

250 kHz 17.82  19.50  1.39 1.75·10-27 

1 MHz 29.05 32.83  3.78 3.45·10-26 
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Figure 3.14: Input-referred noise for open circuit (blue) and close circuit (red) and fitting with 

Equation 3.1 (black).  For 80 kHz TIAs, bandwidth fitting to A) open circuit and B) close circuit. 

For 250 kHz TIAs bandwidth fitting to C) open circuit and D) close circuit. For 1MHz TIAs 

bandwidth fitting to E) open circuit and F) close circuit.  Figure adapted with permission from 

Brunet Cabré, M. et al..30 
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Figure 3.15: Least square error obtained for the fitting of input-referred noise curve and with 

Equation 3.1 for a range of input capacitance values. A) for 80 kHz TIAs, B) 250 kHz TIAs, 

and C) for 1MHz TIAs. 

3.4.2 Electrochemical Performance  

The formation of the electrochemical cell is achieved by approaching the micropipette tip with 

respect to the gold electrode pad printed on the PCB board until the droplet cell is formed. Droplet 

cell formation is detected via the double layer formation current upon wetting of the electrode 

surface. A typical current-time trace and the corresponding vertical position-time trace during a 

micropipette landing are shown in Figure 3.16 A indicating the ability to land a micro-scale 

electrochemical cell directly on an Au electrode next to a TIA input on a PCB.28 The current-time 

signal recorded for double layer formation upon the very initial contact between the probe droplet 

and the gold electrode surface is shown in Figure 3.16 B for the bandwidth of 1 MHz and different 

applied potentials. Double layer formation occurs over a very short time period, estimated to be 50 

µs in a 10 mM solution,34 and therefore is very often obscured due to bandwidth limitations, 

especially on the micro and nano scales. Using a micropipette approach on a high bandwidth 

current amplifier enables the initial stages of double layer formation (and any ion absorption 

processes that could occur on the initial contact of solution with an electrode surface) to be 

measured with high resolution. 
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Figure 3.16: Droplet cell formation detection on custom TIAs. A) Concurrent current-time and 

vertical position-time traces recorded during the pipette approach, for an approach rate of 200 nm/s, 

a 3.5 µm aperture diameter micropipette, 80 kHz bandwidth TIA and an approaching potential of 

-0.5 V vs. Ag/AgCl. Upon detection of the double-layer charging current, the vertical movement 

of the probe was halted automatically via a control feedback loop running of the FPGA-DAQ card. 

B) Current signal response due to double layer formation upon contact of a 400 nm diameter probe 

droplet containing 10 mM KCl with a 1 MHz current amplifier at three different potentials 

(vs. Ag/AgCl reference electrode). Figure adapted with permission from Brunet Cabré, M. et al..30 

To demonstrate the ability to conduct electrochemistry directly on the TIA electrode, cyclic 

voltammetry measurements with two different redox couples, 1 mM Ruthenium Hexamine 

([Ru(NH3)6]+3) and 1 mM ferricyanide ([Fe(CN)6]-4), were performed. The resulting 

voltammograms are shown in Figure 3.17, which shows the expected electrochemical behaviour; 

the [Ru(NH3)6]+3 reduction to [Ru(NH3)6]+2 is observed around -0.15 V vs Ag/AgCl (ca. 0.1 V vs 

SHE) and [Fe(CN)6]-4 oxidation to [Fe(CN)6]-3 around +0.2 V vs Ag/AgCl (ca. +0.4  V vs SHE).35  

The shape of the voltammogram, typical for SECCM probes, has a well-defined diffusion-limited 

current which is indicative of a lack of any resistive potential drop.35  The instrumentation design 

proposed in this chapter (custom TIA + SECCM) can conduct potentiometric metric measurements 

within 300 µm of the TIA circuit.  

Figure 3.17: Cyclic voltammetry measurement on the TIA’s gold contact pad for two different 

redox couples, 1 mM [Fe(CN)6]-4  and 1 mM [Ru(NH3)6]+3, both in 20 mM KCl supporting 

electrolyte and obtained with a scan rate of 1 V/s. Figure adapted with permission from 

Brunet Cabré, M. et al..30 
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3.4.3 Single Nano-Entity Electrochemistry  

To test single nano-entity electrochemistry on the instrumentation, we conducted stochastic 

collision experiments for the electrochemical oxidation of silver nanoparticles. Several studies 

have previously analysed nanoimpact oxidation of silver nanoparticles and found that time 

resolution is essential to resolve the interactions of the silver nanoparticle with the electrode 

surface.6,11,12,19,21,36–39 Furthermore, this experiment typically produces current spikes that range 

between 10’s pA and few nA, which are suitable for the current magnification (4 nA/V) of the 

TIAs. To conduct nanoimpact oxidation of silver nanoparticles a solution containing freely 

diffusing Ag nanoparticles was loaded into the micropipette probes, and a potential of 

+1 V vs. Ag/AgCl was applied to the gold electrode surface. When the droplet cell was in contact 

with the Au electrode surface, the oxidation of the single nanoparticles could be observed when 

the electrode was held at a sufficiently oxidising potential. Ag nanoparticles typically undergo 

multipeak electro-oxidation, with multiple peaks attributed to the Brownian motion of Ag 

nanoparticles in solution,36,39  although the exact nature of the multipeak behaviour is still under 

debate.37  

As expected, multiple short nA-scale current spikes were observed when the micropipette probe 

containing Ag nanoparticles was brought into contact with the Au electrode. Typical current-time 

traces, which display the characteristic current spikes of Ag nanoparticle electro-oxidation on the 

three different TIA (80 kHz, 250 kHz, and 1 MHz) are shown in Figure 3.18 A. A filtered 

current-time trace is also included, filtered with a bilinear transformed Bessel filter with a 10 kHz 

cut-off frequency and 5th order pole to preserve the amplitude responses, emulating a low 

bandwidth current amplifier response.20,38 One Ag nanoparticle oxidation event, is defined as a 

group of multiple short-time anodic peaks which ceases over time. With the 80 kHz TIA an 

oxidation event was observed approximately every 20 seconds. Each event is composed of multiple 

peaks above 1 nA with a total duration of fractions of a second, as shown in Figure 3.18 A. Each 

individual anodic peak lasts a few milliseconds, as shown by the maximised current trace of 

Figure 3.17 B. The integrated charge over the whole event, i.e. accounting for the multiple peaks, 

is ~4 pC. The theoretical charge for the complete oxidation of 100 nm silver NPs to Ag+ is 4.9 pC 

(assuming Ag to Ag+ oxidation of 100 nm diameter nanoparticles with 10.5 g/cm3 density and 

atomic weight 107 g/mol). Therefore, it is concluded that single Ag nanoparticles were fully 

oxidised during the collision event by undergoing multiple partial oxidations and that one 

nanoparticle was fully oxidised approximately every 20s. 

With the 250 kHz TIA, Ag nanoparticle collision signals constitute a longer duration event with 

numerous smaller current spikes, as shown in Figure 3.18 A and C. In this case, the integrated 

charge (~0.3 pC) is lower than the value expected from full nanoparticle oxidation, suggesting only 
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partial oxidisation of the 100 nm diameter Ag nanoparticle. Finally, for the 1 MHz TIA, single long 

oxidation peaks are observed, with the integrated charge (~2 - 4 pC) indicating that some events 

undergo partial and some complete oxidation of the nanoparticle. The current trance that 

reproduces the same experimental condition but without silver nanoparticles dispersed in the 

electrolyte solution, shows no spikes in current trace as displayed in Figure 3.19. 

Figure 3.18: Current-trace of the stochastic collision electrochemistry experiment on custom TIAs. 

A) Chronoamperometry of single Ag nanoparticle collision and oxidation for three different 

bandwidth TIA’s (80 kHz, 250 kHz, 1 MHz). The current spikes correspond to nanoparticle impact 

and oxidation. The 10 kHz Bessel-filtered signal is also displayed.  B) Magnification of 

chronoamperometry on 80 kHz TIA, the complex behaviour of the signal is attributed to multiple 

Ag nanoparticle collision/oxidation events. C) Magnification of chronoamperometry with 250 kHz 

TIA showing the current generated by nano-impacts and partial oxidation of a single Ag 

nanoparticle. Figure adapted with permission from Brunet Cabré, M. et al..30 

The oxidation of Ag nanoparticles on the three different current amplifiers shows differences in 

spike shape and magnitude. This result is somehow unexpected, as different TIAs bandwidth 

should not affect the Faradaic process undergoing on the electrode surface. Thus, higher bandwidth 

TIAs are expected to provide only greater time resolution over a similar type of current signal. 

However, previous studies reported that the oxidation processes of Ag NPs are highly sensitive to 

the electrode surface state, which affects the electron transfer processes leading to different current 

trace signals.38,40 It is plausible that the gold electrode pads of different current amplifiers have 

slightly different surfaces due to the manufacturing process. The surface of the gold pad has been 

characterised by AFM, which has shown that the surface of the electrode has a relatively rough and 

uneven surface topography, as shown in Figure 3.20. Single entity electrochemistry measurement 

could be very sensitive to surface chemistry, and thus good control of the surface state is required. 

The surface morphology indicates that the gold printed pad electrode might not be the most 

adequate implementation for the working electrode, and further research in custom TIAs should 

integrate different contact pads design. 
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Figure 3.19: Chronoamperometry of single Ag nanoparticle collision and their respective blanks 

(without nanoparticle in solution) for three different bandwidth TIA’s A) 80 kHz current trace with 

silver nanoparticles (blue) and without (orange). B) 250 kHz current trace with nanoparticles 

(purple) and without (yellow).  C) 1 MHz current trace with nanoparticles (green) and without 

(blue). The 250 kHz and 1 MHz current traces have been filtered using a bilinear transformed 

Bessel filter with a 10 kHz cut-off frequency. Figure adapted with permission from 

Brunet Cabré, M. et al.. 30 

Figure 3.20: AFM of the gold electrode located on PCB near TIA showing that the surface of the 

Au electrode is relatively rough (RMS roughness of 0.38 µm). Figure adapted with permission 

from Brunet Cabré, M. et al.. 30  
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3.5 Conclusions 

In this chapter, a new experimental approach for single entity electrochemistry up to microsecond 

temporal resolution has been developed. The combination of a custom transimpedance amplifier 

with a micropipette SECCM probe allowed electrochemical measurements (voltammetry and 

chronoamperometry) at 300 µm from the current amplifier, minimising connections, input 

capacitance, and noise levels. The low noise levels allowed measurements of picoamp scale 

currents up to a bandwidth of 1 MHz. 

The contribution of the electrochemical cell to the overall current noise was evaluated, showing a 

minor contribution. Thus, because of the small, controlled size offered by the micropipette probe 

approach (SECCM), it is possible to achieve minimum noise increases when this electrochemical 

system is connected to the current amplification system. However, detailed analysis of noise levels 

by power spectral density spectrum revealed that the floor noise levels increased for higher-

bandwidth TIAs. This unexpected observation suggested issues with the circuit integration on the 

PCB board of high bandwidth TIA chips. A second generation of TIA chips has been designed by 

our collaborators at the University of Stuttgart. Once the amplifiers are manufactured, future work 

would involve testing and evaluating the electrochemical response of the improved current 

amplifiers. 

Nano-impact oxidation of silver nanoparticles demonstrates that single entity electrochemistry is 

possible with the three TIAs tested: 80 kHz, 250 kHz, and 1 MHz bandwidth. The 

chronoamperometric response observed for the oxidation of silver nanoparticles was distinct on 

the three different current amplifiers tested, which might be related to the surface state of the gold 

electrode pad. The next generation of current amplifiers aims to replace the printed gold pad with 

a ball bond as the input electrode. The gold ball can be flattened and polished, ensuring a pristine 

electrode surface. Furthermore, the gold ball bond could be deposited directly on the TIA chips, 

thus reducing the distance between the TIA and electrode contacts from 300 µm to < 50 µm.  

There is a wide range of SEE experiments which can benefit from the high temporal resolution 

instrumentation presented in this chapter. For instance, studying the diffusion and adsorption of 

nanoparticles or other nano-entities to electrode surfaces;41,42 time evolution of nanoscale phases 

formation, such as nanobubbles during electrocatalyst;43 or even single bioanalyte testing such as 

time real-time hybridisation of DNA, single vesicle formation, or determining kinetic heterogeneity 

of enzyme activity over time.44,45 The research presented in this chapter is focused on technique 

development. The improved performance of the next generation TIAs will allow further SEE 

experiments to be developed. 
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CHAPTER 4 

Electrochemical Kinetics as a Function of 

Transition-Metal Dichalcogenide Thickness 

______________________________________________________________________________ 

Two-dimensional transition metal dichalcogenides are used as electroactive materials for 

electrochemical and electrocatalytic applications. However, it remains unclear how the thickness 

of the transition metal dichalcogenide influences the electrochemical response measured at its 

surface. Scanning electrochemical cell microscopy (SECCM) is used to assess the electrochemical 

response of different thicknesses of bottom-contacted MoS2, MoSe2, WS2, and WSe2 towards the 

simple outer-sphere redox couple [Ru(NH3)6]3+/2+ with submicron spatial resolution. A detailed 

analysis, coupling mass transport and electrochemical kinetics, reveals that the electrochemical 

response can be described using an electron tunnelling barrier, which scales with the band gap of 

the two-dimensional transition metal dichalcogenide. The results suggest that the interpretation of 

the electrochemical and electrocatalytic responses on transition metal dichalcogenide-covered 

electrodes should account for the through-layer electron transport kinetics. 

______________________________________________________________________________ 
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4.1 Introduction 

4.1.1 Anisotropy of transition metal dichalcogenide crystals 

Transition metal dichalcogenides (TMDCs) are materials that have a characteristic layered crystal 

structure. Each TMDC layer presents an MX2 configuration, where M is a transition metal element, 

i.e. Mo, V, W, etc. which is coordinated to X, being a chalcogenide element, i.e., S, Se, etc. As 

shown in Figure 4.1, the two MX2 layers interact via Van der Walls forces (VdW), while metal (M) 

and chalcogenide (X) are covalently bonded. The characteristic TMDC crystalline structure with 

stronger intra-layer bonding and weaker inter-layer interaction makes this material anisotropic. The 

anisotropic behaviour of the bulk TMDC crystal influences macroscopic properties, including 

electrochemical behaviour.1,2 Pumera, M. et al. showed that depending on which MoS2 crystal facet 

was exposed to electrolyte, different electron transfer kinetics were observed for outer-sphere redox 

mediators. Pumera’s study shows that when the crystallographic edge-plane is exposed to 

electrolyte the kinetics are enhanced relative to when the basal-plane is exposed.3,4 Similar 

enhancement of the Hydrogen Evolution Reaction (HER) kinetics on the crystallographic 

edge-planes of the MoS2 crystal compared to its crystallographic basal-plane have also been 

observed.5,6  

Figure 4.1: Structure of TMDCs A) Schematic crystal layered structure of TMDCs represented by 

MX2 planes. The black square indicates the cross section displayed in B. B) Schematic of the cross-

section of a few MX2 planes stacked, highlighting the strong and short bonding for M-X 

coordination and the weaker VdW interaction between the X groups of the MX2 layers. 

The anisotropic structure of TMDC also enables crystal exfoliation into mono- and few-layer 

two-dimensional (2D) sheets. The resulting 2D TMDC sheets are a completely new nanomaterial 

that has unique electronic, chemical, and mechanical properties.7 For example, a monolayer of 

MoS2 presents a characteristic electronic structure with a direct band gap of 1.9 eV while the bulk 

crystal exhibits an indirect and smaller band gap of 1.2 eV.8 The properties of 2D TMDCs have 



Chapter 4 

127 

 

been harnessed in electronic, spintronic, photonic, and energy conversion technologies.8-12 

Of particular interest here is the use of 2D TMDCs as active materials for electrochemical and 

electrocatalytic applications.13-15  Examples of 2D TMDCs used in electrochemical applications 

include electrode materials for Li-ion batteries,16 electrodes for supercapacitors,17,18 and 

electrocatalysts for the hydrogen evolution reaction (HER).14,19-22 Further details of the 

implementation of 2D material in energy storage and conversion devices can be found in 

Introductory chapter, Section 1.3.3. 

4.1.2 Heterogeneity and nanoscale domains in 2D TMDC 

The 2D forms of TMDC can be achieved using top-down approaches, such as mechanical 

exfoliation of bulk crystals, or bottom-up approaches, such as chemical vapour deposition.13 For 

both cases, the preparation of TMDCs in their 2D form typically yields heterogeneous samples 

with variable flake size, geometry, and thickness (number of single layers stacked), as shown in 

Figure 4.2. If manufacturing methods produce heterogeneous material, different domains with their 

characteristic electrochemical response can then be expected. 

Figure 4.2:  Images of 2D MoS2 flakes produced by bottom-up and top-down approaches. A) SEM 

image of CVD-grown 2D MoS2 flakes (dark contrast) on an Al2O3 substrate (bright contrast). The 

images observed various discrete flakes with different geometry and sizes. This method produced 

a heterogeneous coverage of the substrate at the micrometre range. Reproduced with permission 

from Bergeron, H. et al..23 B) Optical image of monolayer MoS2 obtained by mechanical 

exfoliation on a gold surface. The inserted optical image shows the size of the monolayer region, 

which can be as large as a few mm2. Reproduced with permission from Velický, M. et.al..24  

The number of stacked TMDC layers strongly affects the electronic structure and the 

electrochemistry of the stacked material.13,24,25 In the case of 2D MoS2 for example, the largest 

band gap is observed for monolayer flakes, with values gradually decreasing with the number of 

layers, as shown in Figure 4.3.  For 2D MoS2 flakes with more than 5 layers stacked (approx. 4 nm 

thick), the band gap becomes very close to that of bulk MoS2 crystals. The isolation and 
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electrochemical investigation of specific TMDC thicknesses remain a significant challenge, 

primarily because the flake size and active electrochemical domains of 2D TMDCs are in the 

nanometre to few micrometre scale range. It is difficult to prepare homogeneous mono- and 

few-layer flakes larger than tens of microns in lateral size, which are suitable for electrochemical 

measurements. However, recent advances in exfoliation methods, as well as the application of 

localised electrochemical methods, facilitate the study of the different nanoscale electrochemically 

active domains that are characteristic of such heterogeneous materials.24,26,27  

Figure 4.3: Calculated band structured for MoS2 in bulk form and bidimensional form, 

differentiating stacks of 4 layers, 2 layers and monolayer. The red line highlights the conduction 

band, the blue line highlights the valence band, and the black arrows indicate the smaller exitonic 

transition through the band gap. The indirect exciton transition occurs across a small band gap for 

bulk MoS2, while direct and large band gap transitions occur in monolayer MoS2. The quadrilayer 

and bilayer structures present an intermediate electronic structure configuration between the bulk 

and monolayer extremes. Reproduced with permission from Splendiani, A. et al..28 

4.1.3 Advances in 2D TMDC exfoliation 

One of the strategies to overcome difficulties in electrochemical characterisation of 2D TMDCs is 

to enlarge the size of the domains, by manufacturing larger homogeneous 2D TMDCs samples 

with fewer domains and larger characteristic lenghtscales.13 

Gold-mediated exfoliation is a mechanical exfoliation technique from bulk crystal, developed by 

collaborator Dr. sized monolayer flakes to be fabricated.  metreMatěj Velický, which allows milli

crystal over a gold  d TMDClayeremediated exfoliation is achieved by placing a bulk -Gold

substrate: the outer layer of the crystal interacts with the gold substrate and if this interaction is 
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layer interaction strength, only the monolayer or few layers will be -stronger than the TMDC inter

attached to the Au substrate surface once the crystal is removed.24 Gold has high surface energy 

and displays strong interactions with TMDCs, but can be easily passivated by airborne 

adsorption.29 If a TMDC crystal is placed on a freshly prepared gold surface (prior to any air 

substrate and the bulk crystal can be achieved, leading exposure) a strong interaction between the 

to the formation of large area 2D TMDCs coverage over 100’s of micrometres sizes.24 An example 

of the resulting gold substrate covered with mm size monolayer MoS2 is displayed in Figure 4.2 B.  

4.1.4 Localised electrochemical methods for the study of 2D TDMCs 

Large monolayer TMDCs domains can be obtained using state-of-the-art exfoliation techniques, 

however other electrochemically active domains, such as layer stacks ≥ 2 layers, layer boundaries 

and defects, remain close to or below the micrometre range.30 Therefore, a spatial resolution in the 

micrometre range is still required from electrochemical measurements if desired to investigate any 

other domain than monolayer.  

Scanning electrochemical probe microscopy techniques are particularly well suited to isolate the 

electrochemical activity of nano- and micro- scale domains.31,32 Scanning electrochemical cell 

microscopy (SECCM) allows electrochemical mapping with a spatial resolution of tens to hundreds 

of nanometres using a nanodroplet electrochemical cell located at the end of a nanopipette.33-35 A 

key advantage of a SECCM approach is the localised measurement at the area of interest, without 

electrochemical activation of the entire sample surface by its exposure to the electrolyte, as is the 

case in macroscale electrochemistry or scanning electrochemical microscopy. Furthermore, 

SECCM can be combined with complementary microscopy approaches, such as atomic force 

microscopy (AFM), to correlate the electrochemical activity with surface morphology. Combining 

SECCM and AFM techniques, Unwin, P. et al. have previously studied the electrocatalytic activity 

of bulk crystals of TMDCs that have well-defined terraces and edges.6,36 These studies investigated 

HER on the surface of top-contacted TMDCs (MoS2 and WS2), showing an enhanced 

electrocatalytic activity at the edge compared to the basal plane terraces.  

Local electrochemical methods have also been implemented to study the 2D form of TMDCs. 

Takahashi, Y. et al. recently used SECCM with an impressive 20 nm resolution to characterise 

different 2D TMDCs (a few-layer MoS2, as well as heterostructures of MoS2 and WS2) 

bottom-contacted, confirming an increased HER activity at the edge planes of MoS2, but showing 

no significant differences in HER activity for different number of TMDC layers, as shown in 

Figure 4.4 A.37 However, other studies, which also conducted localised electrochemical 

measurements, reported different electrochemical activity depending on the number of 2D TMDCs 
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layers stacked. Cao, L. et al. reported clear differences in HER activity for bottom-contacted 

Monolayer (1L), Bilayer (2L) and Trilayer (3L) MoS2, as shown in Figure 4.4 B. Notice the 

disparity in current magnitude and potential window of the voltammograms shown in Figure 4.4 A 

with respect to Figure 4.4 B, despite the fact that both responses are acquired with SECCM and 

assigned to HER on few layer MoS2. Collaborator Velický, M. et al. previously measured the 

electrochemical and photoelectrochemical response of 2D MoS2 of an insulating substrate 

(i.e. top-contacted) towards the reduction of the [Ru(NH3)6]3+/2+
 redox couple using a microdroplet 

electrochemical cell.38 This study showed the significant effect of the number of layers (comparing 

monolayer, 3-4 layers, 5-10 layers, and bulk) on the electrochemical response.  

Despite the novelty of the above studies that used local electrochemical methods on 2D materials, 

extracting conclusions from them remains challenging due to the very distinct behaviours observed 

and the use of different methods to establish electrical contact to the sample, top-contact, or bottom-

contact. The electrical contact mode can indeed affect the observed electrochemical behavior of 

2D TMDCs, as discussed in detail in this chapter. 

Figure 4.4: Electrochemical response of 2D MoS2 with different number of layers staked. 

A) Voltammograms showing equal cathodic current density and HER overpotential on different 

numbers of MoS2 layers stacked. Reproduced with permission from Takahashi, Y. et al..37 B) 

Voltammograms showing different cathodic current density and HER activity of different number 

of MoS2 layers stacked. Reproduced with permission from Yu, Y. et al..25  
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4.1.5 Electronic contact of 2D materials: Bottom-contact vs. top-contact  

In the case of catalysts with high aspect ratio, such as 2D materials, the way the connection is 

established, and the potentials applied define the path for electron transport. For 2D materials, it is 

possible to study their properties by establishing either a top-contact or a bottom-contact. As shown 

in Figure 4.5 A, in a top-contact configuration, electrical contact is made with the top layer of the 

2D material stack (and/or with its side), usually using a conductive adhesive and a metallic wire. 

The top-contact configuration forces charge transfer (from electrode material to solution species or 

vice versa) to occur at a distance from the electrical contact.13 For TMDCs, lateral electron transport 

occurs along the layers due to the high in-plane electrical conductivity.39 In a bottom-contact 

configuration, however, electrical contact is established through the supporting metallic substrate 

on which the 2D layers are immobilised. As shown in Figure 4.5 B, this configuration provides 

homogeneous contact through the whole plane of the 2D material with respect to the location at 

which the electron transfer processes take place. This configuration forces charge transport to occur 

between the metallic substrate and the top 2D layer, where the electrochemical reaction takes place. 

Therefore, in a bottom-contacted 2D material, the interlayer electron transport can influence the 

electrochemical response.13 In this chapter, the effect of electron transport through a different 

number of stacked TMDC layers on the electrochemical kinetics is described in detail.  

Figure 4.5: Scheme of two possible contact modes for TMDCs. The 2D TMDC stacks are shown 

in pink. A) Top-contact configuration where electric contact is established with the top and/or side 

of the 2D TMDC located at least a few 100’s µm from the electrochemical measurement. The 

electron flow indicates in plane conductivity.  B) Bottom-contact configuration where electric 

contact is established by the conductive substrate, which is nanometres from the location of the 

electrochemical measurement.  

A very recent manuscript by Unwin, P. et al, published shortly after the work presented in this 

chapter was completed, used graphene supported on copper to explore the role of electron transfer 

in bottom-contacted 2D materials for outer-sphere redox couples.40 Their work shows that in 
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bottom-contact configuration the electron transfer rate is dependent on the number of layers of 

graphene. Thus, the number of graphene layers effectively varies the properties of the 

electrode/electrolyte interface in bottom-contact configuration, and thus affects the kinetics of 

adiabatic electron transfer. For bottom-contacted 2D TMDCs, previous studies do not convey how 

electron transport/contact mode affects the electrochemical reaction.40 Furthermore, previous 2D 

TMDCs studies focused on HER activity determinations, rather than the study of fundamental 

adiabatic processes. Some publications pointed out that electron transport between the conductive 

substrate and the 2D TMDC could be the rate-limiting step in HER electrocatalysis, suggesting 

that the kinetics of the HER relies on electron hopping between the MoS2 layers.25  However, a 

recent report of HER on bottom-contacted MoS2 observed no significant dependence of the 

electrocatalytic response on either the electron transport, or the number of stacked layers.37 

Therefore, a clear scientific question arises about how the layer thickness and the bottom-contact 

affect the electrochemical response of a TMDC, and which role is played by the charge transport 

mechanism.  

4.1.6 Strategy to resolve electron transfer on 2D TMDCs electrodes 

Gold exfoliated TMDCs produce large areas of bottom-contacted basal planes of 2D TMDCs with 

well-defined number of layers stack. By coupling this type of sample with local electrochemical 

measurement, such as SECCM, it is possible to isolate the electrochemical response of those basal 

planes, i.e. monolayer, bilayer, trilayer, etc. This experimental configuration allowed to probe the 

influence of electron transport and the number of stacked layers on the electrochemical response. 

Moreover, correlation of electrochemical response and sample morphology could be achieved by 

AFM.  

HER is an inner sphere multistep reaction whose overall rate on TMDC electrodes is proposed to 

depend on chemical steps involving surface-adsorbate intermediates. However, the complexity and 

catalytic nature of the HER might hinder the effect of through-layer electron transport on the 

electrochemical response. If the electron transfer process is mediated instead by using a well-

defined outer sphere redox couple (only sensitive to the density of electronic states), the system 

will be better suited to assess the dependence of the electrochemical response on the number of 

TMDC layers. Figure 4.6 illustrates a schematic of such an experimental setup.  
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Figure 4.6: Schematic of experimental setup. A) Schematic of the ParkSystems NX10 instrument 

featuring an SECCM probe and an exchangeable AFM probe head. B) Schematic of the SECCM 

nanopipette probe mapping the electrochemical response of the TMDC surface. C) Schematic of 

the nanodroplet-based electrochemical cell (located at the end of an SECCM probe), showing the 

electrochemical reaction taking place at the surface of the 2D TMDC, the structure of the 2D 

TMDC and the electrical contact with the Au substrate. Reproduced with permission from Brunet 

Cabré, M. et al..41 
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4.2 Aims 

In this chapter, I explore the dependence of the electrochemical response of 2D TMDCs on layer 

thickness, with the aim of providing new knowledge and understanding on the role of electron 

transport towards future applications of 2D TMDCs as electrocatalysts. To conduct this study, it 

was essential to work with 2D TMDC samples that present large and homogeneous basal plane 

domains. A collaborator and expert in TMDC exfoliation, Dr. Matej Velicky provided different 

gold-mediated exfoliated 2D TMDCs studied (MoS2, MoSe2, WS2 and WSe2) that meet these 

requirements. 

This chapter is structured by first presenting sample morphological characterisation and layer 

thickness determination by optical microscopy and atomic force microscopy (AFM). Local 

electrochemical measurements performed with the SECCM technique were then carried out to 

evaluate the reduction of [Ru(NH3)6]3+/2+, an outer-sphere redox couple, on the top surface of 

bottom-contacted 2D TMDCs. SECCM scan grids aim to provide several voltammetric 

measurements on each layer thickness studied (monolayer, bilayer and trilayer) for the different 

2D TMDCs studied. Moreover, SECCM combined with further AFM provided a correlation of the 

electrochemical response to the surface morphology, allowing the observation of trends between 

the electrochemical response and the number of stacked layers.   

For a quantitative comparison between electrochemical kinetics and morphology of the 

2D TMDCs, the system was modelled using finite element simulations, which account for mass 

transport effects and include a description of electron transfer kinetics. By fitting the simulations 

to the recorded voltammograms, kinetic parameters of electron transfer were derived. Finally, the 

last section of this chapter discusses the relation between the electrode transfer kinetics and the 

changes in electronic structure arising from changes in the number of TMDC layers stacked.  
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4.3 Methods 

Hexaammineruthenium (III) chloride ([Ru(NH3)6]Cl3) was purchased from JMC Corporation 

(South Korea). Potassium chloride (KCl, ≥ 99.5%) was obtained from VWR Chemicals (USA). 

All chemicals were used as received. Distilled water with a resistivity of 18 MΩ cm was used to 

prepare the solution of 10 mM KCl and 1.0 mM [Ru(NH3)6]3+. All procedures were carried out at 

room temperature. 

Samples of transition metal dichalcogenides (MX2, M = Mo or W and X = S or Se) were prepared 

by our collaborator Dr. Velický via mechanical exfoliation of bulk crystals on Au substrates, as 

previously reported.24 The bottom-contact electrical connection to the TMDCs was established via 

the gold substrate. 

Optical, AFM, and SECCM measurements were acquired on a Park NX10 instrument 

(Park Systems, South Korea). AFM images were obtained in non-contact mode (NCM) with a PPP 

NCHR cantilever type (force constant = 42 N/m, resonance frequency = 330 kHz, Nanosensors). 

The SECCM probes were made of single-barrelled nanopipettes with a 300 – 600 nm aperture 

radius. Nanopipettes were fabricated from single-barrelled borosilicate capillaries (1.5 mm O.D 

and 0.86 mm I.D., BF150-86-7.5, Sutter Instrument, USA) using a P-2000 laser puller (Sutter 

Instrument, USA). The nanopipettes were filled with a solution of 1 mM [Ru(NH3)6]3+ in 10 mM 

KCl (sufficient supporting electrolyte for nanoscale electrochemical measurements)42 using a 

pipette filler (MicroFil MF34G-5, World Precision Instruments, USA); prior to this, the electrolyte 

was filtered through a 0.45 µm syringe filter (PTFE membrane, Fisher Scientific, USA).  An 

Ag/AgCl wire quasi reference counter electrode was inserted into the top end of the nanopipette. 

SECCM measurements were performed using the ParkSystem NX10 system. The SECCM probe 

was aligned with the sample area on the surface using the NX10 opticals and the LSVs were then 

recorded on a pre-programmed squared grid, with individual measurement spots spaced at 1.5 µm. 

A hopping mode was used in which the probe was approached vertically toward the sample surface 

at a speed of 0.3 µm/s and a potential of –0.8 V until contact between the nanopipette droplet and 

the surface was established. The contact was detected as the appearance of a double layer charging 

current and immediate [Ru(NH3)6]3+ reduction, with a threshold of 5 pA. At this point, the vertical 

movement of the probe was stopped immediately and LSVs were recorded in the potential range 

of + 0.2 V to –0.8 V at a speed of 1 V/s. After the electrochemical measurement is complete, the 

nanopipette was retracted and moved to the next sample point on the grid.  

Simulations of the nano-electrochemical cell at the end of the SECCM probe were performed in 

COMSOL Multiphysics (COMSOL 5.2, Sweden).  



Chapter 4 

136 

 

4.4 Results and discussion 

4.4.1 TMDC thickness characterisation 

Samples consisting of 2D flakes of MoS2, MoSe2, WS2, and WSe2 on an Au substrate were prepared 

by the collaborator Dr.Velický by gold-assisted mechanical exfoliation.24 The samples were 

shipped to Trinity College Dublin for the rest of the experimental work. The regions of the Au 

substrate coated with TMDC flakes of a different number of layers could be optically distinguished, 

as shown for MoSe2 in Figure 4.7 A. The optical contrast and colour of the flakes change with the 

different number of layers of MoSe2 stacked.43 Similar results were obtained for MoS2, WSe2, and 

WS2, as reported in Figures 4.8 to 4.10 A respectively. 

The optical images were used to locate surface regions containing various TMDCs thicknesses 

(1L-3L) prior to SECCM characterisation. AFM was used to corroborate the layer assignment from 

the step-height profiles obtained after the SECCM measurement, as shown in Figure 4.7 B. 

Step-height profiles of 1L/2L and 2L/3L areas displayed in Figure 4.7 C and D yield monolayer 

thickness of ca. 0.81 nm and 0.78 nm, in agreement with previous monolayer MoSe2 estimates 

from AFM (~0.85 nm).44 The step-height from Au to 1L could not be clearly determined due to the 

roughness of the gold surface. AFM images and step-height profiles for the MoS2, WSe2, and WS2 

samples are displayed in Figures 4.8 to 4.10 respectively. The measured layer thicknesses agree 

with previous studies of different TMDCs and support the optical analysis.24,45-47 

Figure 4.7: Morphological characterisation 2D MoSe2. A) Optical image of MoSe2 crystals with 

different numbers of layers staked. B) AFM image of a region depicted by the red rectangle in part 

A. The AFM was measured after the SECCM measurements and, therefore, revealed the electrolyte 

residues at the areas of contact between the droplet and the surface. C) and D) line profiles of the 

1L/2L and 2L/3L boundaries, respectively, taken from the areas shown by the black lines in B). 

Step-height was calculated as the difference of the average terrace height (dashed coloured lines).  
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Figure 4.8: Morphological characterisation 2D MoS2.  A) Optical image of MoS2 flakes of 

different layer thickness. B) AFM image of the region depicted in A as a red rectangle, prior to the 

SECCM measurement. C) and D) Line profiles (solid line) for layer boundaries from monolayer 

to bilayer, and from bilayer to trilayer, respectively. Step-height was deduced from the difference 

of the terrace average height (dashed lines). 

Figure 4.9: Morphological characterisation 2D WSe2. A) Optical image of WSe2 flakes of different 

layer thickness. B) AFM image of the region depicted in A as a red rectangle, after SECCM 

measurement. C) and D) Line profiles (solid line) for layer boundaries from monolayer to bilayer, 

and from bilayer to trilayer, respectively. Step-height was deduced from the difference of the 

terrace average height (dashed lines). 
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Figure 4.10: Morphological characterisation 2D WS2.  A) Optical image of WS2 of different layer 

thickness. B) AFM image of the region depicted in A as a red rectangle, after SECCM 

measurement. C) and D) Line profiles (solid line) for layer boundaries from monolayer to bilayer, 

and from bilayer to trilayer, respectively. Step-height was deduced from the difference of the 

terrace average height (dashed lines). 

4.4.2 Local electrochemical measurements and morphology correlation 

SECCM electrochemical mapping was performed using a single barrel nanopipette probe 

of approximately 800 nm diameter. An Ag/AgCl wire immersed in the electrolyte solution was 

used as the reference electrode. Linear sweep voltammograms (LSVs) for the reduction of 

[Ru(NH3)6]3+ to [Ru(NH3)6]2+ were obtained with a regular grid of sample points spaced at 1.5 m 

intervals on all four TMDC materials (MoS2, MoSe2, WS2, WSe2); multiple measurements were 

performed on each surface type (Au, 1L, 2L, and 3L). The AFM images shown in Figures 4.7 to 

4.10 B, which were obtained after the SECCM measurements, reveal salt residues left at the points 

of contact between the SECCM droplet and the surface after water evaporation. 

The droplet/surface contact area for each SECCM point was estimated from the AFM 

images by measuring the diameter of the droplet residue. The distribution of the droplet diameter 

measured for all TMDC samples is shown in Figure 4.11. The average estimates and their 

corresponding standard deviation are reported in Table 4.1, where similar droplet sizes are 

observed for the MoSe2, WS2, and WSe2 SECCM measurements. The droplet size depends on the 

pipette aperture, and the pipette aperture is expected to have a slight variation between different 

pipettes. The variability in the aperture of the pipette is due to the nature of the pipette pulling 

process (see Methods Section 2.2.2). A new pipette was used for each SECCM measurement; 

therefore, a small variation in the average droplet size between each of the TMDC is expected, as 

observed for MoSe2, WS2 and WSe2.  The average droplet size of MoS2, however, is found to be 
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considerably larger at approximately 1.30 ± 0.11 m in diameter. The larger droplet size observed 

on MoS2 was found to be due to a larger pipette aperture, which was determined from the 

diffusion-limited current on MoS2 as detailed later in Section 4.4.3.1 of this chapter. In conclusion, 

droplet size has only a narrow dispersion regardless of the TMDC thickness, which is consistent 

with the wetting behaviour of TMDCs surfaces after exposure to air.48,49 Grid points sampled on 

bare gold surfaces (see the MoSe2 and WSe2 samples in Figures 4.7 and 4.9) exhibited the largest 

droplet contact size, which can be attributed to the higher hydrophilicity of Au compared to the 

TMDCs.29,49   

Figure 4.11: Histogram of droplet diameters determined from AFM images over different layer 

thicknesses of WS2, MoS2, WSe2, and MoSe2.  

Table 4.1: Average droplet residue diameter and standard deviation for each 2D TMDC 

experiment. Average performed over all the droplet cell residues on TMDCs basal plane. 

TMDCs 
Mean 

(nm) 

Standard deviation 

(nm) 

MoS2 1287 ± 109 

MoSe2 807 ± 47 

WS2 729 ± 52 

WSe2 795 ± 90 

 

The salt residues observed on AFM images could be used to correlate each recorded LSV with a 

specific TMDC surface morphology contacted in terms of, for instance, TMDC thickness or 

presence of a direct contact to the gold surface.  The points were then classified by the 'surface type' 

contacted as: gold, number of TMDC layer contacted and layer boundaries. Figures 4.12 to 4.14 A 

show AFM images for WS2, WSe2 and MoSe2 samples, respectively, recorded after the SECCM 
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measurements, where the sampled areas are colour coded to reflect the corresponding surface type 

contacted. AFM imaging also revealed various forms of defects and surface irregularities, such as 

linear morphological features (which can be indicative of cracks in the 2D flakes) or defects in the 

underlying Au substrate, as shown in Figure 4.12 to 4.14 B. These morphological features are 

distinct from the expected for the TMDCs pristine basal plane. The Figures 4.12 to 4.14 C highlight 

the points that appear to be only contacting the pristine TMDC basal plane surface. The relative 

spacing (1.5 µm) of the SECCM point grid was identical for all four TMDCs. Due to the greater 

wetting on MoS2, a larger fraction of the sample became covered by salt residues, which rendered 

the AFM analysis of the surface type unreliable. Therefore, we employed optical microscopy to 

assign the surface type to each SECCM point, as detailed in Figure 4.15. 

Figure 4.12: Assignment of each grid point to surface type based on the location of the droplet cell 

residue on the WS2 SECCM grid scan. A) Colour-coded surface type assignment over the AFM 

image showing the SECCM point grid on WS2. B) Enlarged AFM image of A) that reveals multiple 

defects on WS2 layers, highlighted by black arrows. C) Colour-coded layer-thickness assignment 

excluding the points located over boundaries/defects. Sample points affected by these defects were 

excluded from the LSVs analysis. Reproduced with permission from Brunet Cabré, M. et al..41 
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Figure 4.13: Assignment of each grid point to the surface type based on the location of the droplet 

cell residue for the WSe2 SECCM grid scan.  A) Colour-coded surface type assignment over the 

AFM image showing the SECCM point grid on WSe2. B) AFM image of A) which reveals a variety 

of sample defects observed on the WSe2 sample, highlighted with white arrows. C) Colour-coded 

layer-thickness assignment excluding the points located over boundaries/defects The sample points 

affected by these defects were excluded from the LSVs analysis. 

Figure 4.14. Assignment of each grid point to surface type based on the location of the droplet cell 

residue for the MoSe2 SECCM scan. A) Colour-coded surface type assignment over the AFM 

image showing the SECCM point grid on MoSe2. B) AFM image showing that the droplets enlarge 

once in contact with the bare gold surface. The LSVs corresponding to the six first points, located 

before the first gold contact, show a smaller limiting current, as seen in Figure 4.18 for 1L.  These 

six points were not considered for LSV analysis. No defects were observed in this region, therefore, 

the rest of points assigned to 1L, 2L and 3L were accounted for in the analysis. C) Colour-coded 

layer-thickness assignment excluding the points located over boundaries/defects. 
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Figure 4.15: Assignment of each grid point to surface type for the MoS2 SECCM scan.  A) Detailed 

scheme for locating the each SECCM point of the grid  based on the optical images of the same 

area before and after SECCM. B) Colour-coded layer-thickness assignment on the optical image 

showing the SECCM point grid on MoS2. C) Colour-coded layer-thickness assignment excluding 

the points where the pipette failed to approach the surface and form the droplet cell, leading to 

zero-current LSVs, observed in Figure 4.17. 

 



Chapter 4 

143 

 

On the left side of Figure 4.16-4.19, all LSV curves recorded over the basal plane for the four 

TMDCs studied are shown and classified by the number of layers stacked. However, some of these 

droplet cells contacted distinct morphological features, i.e. defects, which are likely to affect the 

electrochemical response, see Figures 4.12 to 4.14 B. The LSV curves recorded at those points 

were therefore excluded from the analysis of the electrochemical response as a function of the 

TMDC thickness. As a consequence, the above procedure resulted in multiple LSV curves obtained 

at pristine regions of the basal planes and are classified by monolayer (1L), bilayer (2L) and trilayer 

(3L) thickness, as shown on the left side of Figures 4.16-4.19. 

The LSV datasets shown in Figures 4.16 to 4.19, obtained by either including or excluding points 

over defects, show the dependence of the electrochemical behaviour on the TMDC layer thickness. 

However, the LSVs collected at the defect sites are noticeably different from those on the pristine 

basal plane, presenting lower cathodic overpotentials and resembling the Au surface response, as 

shown in Figure 4.18 and 4.19. Only once the LSVs of the pristine basal plane are taken into 

account, shown on the right side of Figure 4.16-4.19, lower dispersion on the voltammogram 

curves is observed for each layer thickness and the characteristic response of each TMDC and layer 

thickness becomes more apparent. Defective areas generally show faster apparent kinetics; 

therefore, if measurements were conducted with an electrochemical system which cannot isolate 

the response of a pristine basal plane, i.e., a more macroscopic approach, the defective areas would 

not be avoidable, resulting in an overall enhanced apparent kinetics. 

Both AFM and optical microscopy indicate that several LSV measurements were obtained at 

boundaries between different layer thicknesses (such as Au-1L, 1L-2L, Au-2L, 1L 3L boundaries). 

However, the dearth of data from the boundaries prevents us from drawing any strong conclusions 

and leaves the analysis of these types of surface morphologies to future work. Details on the points 

accounted and excluded are given in Table 4.2.  
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Figure 4.16: LSV dataset for 1L, 2L and 3L WS2. Left: LSVs including all the assigned points 

(Figure 4.12 A), right: LSVs excluding the points on defects (Figure 4.12 C). 
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Figure 4.17: LSV dataset for 1L, 2L and 3L MoS2. Left: LSVs including all the assigned points 

(Figure 4.15 B), right: LSVs excluding the points where the pipette fails to approach the surface 

(Figure 4.15 C). 
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Figure 4.18: LSV dataset for 1L, 2L and 3L MoSe2 and gold points contacting gold surface.  Left: 

LSVs including all assigned points for (Figure 4.14 A), right: LSVs excluding the points that 

coincide with defects and contacted gold (Figure 4.14 C). 
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Figure 4.19: LSV dataset for 1L, 2L and 3L MoSe2 and gold points contacting gold surface. Left: 

LSVs including all the assigned points (Figure 4.13 A), right: LSVs excluding the points that 

coincide with defects and contacted gold (Figure 4.13 C). 
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Table 4.2: Number of points assigned to each layer thickness, number of points on defective areas 

(including the percentage of the total number of points assigned), and number of points analysed 

for the kinetics study.   

 
1L 2L 3L 

Assigned Defective Analysed Assigned Defective Analysed Assigned Defective Analysed 

MoS2 178 
13 

(7.3%) 
165 97 

7 

(7.2%) 
90 148 

7 

(4.7%) 
141 

MoSe2 6 
3 

(50%) 

3 

 
18 

2 

(11.1%) 
16 12 

0 

(0%) 
12 

WS2 21 
18 

(85.7%) 

3 

 
12 

6 

(50%) 
6 36 

13 

(36.1%) 
23 

WSe2 27 
5 

(7.1%) 
22 21 

8 

(38.1%) 
13 18 

8 

(44.4%) 
10 

4.4.3 Modelling of linear sweep voltammogram curves  

The LSVs in Figures 4.16-4.19 show that the [Ru(NH3)6]3+ reduction occurs at lower cathodic 

overpotentials on thinner stacks, i.e. on fewer number of stacked layers, for the four TMDCs 

studied. Furthermore, different overpotentials and overall different voltammetric responses are 

observed for the same number of layers stacked but different 2D TMDCs. To quantify those 

differences, voltammetric curves are fitted to a simulated response, which allows for the derivation 

of kinetic parameters. Mass transport effects on the SECCM micropipette can contribute 

significantly to voltammetric curves, therefore, mass transport cannot be excluded.33 A finite 

element simulation was used to describe the transient diffusional transport of [Ru(NH3)6]3+/2+ in the 

SECCM probe Figure 4.20. This model also included the electron transfer kinetics at the sample 

surface, implemented in the boundary flux domain displayed in Figure 4.20 B.  

4.4.3.1 Description of finite element simulation model  

Finite element simulation (FES) was performed on the COMSOL Multiphysics 5.3a software. A 

scheme of the simulated geometry is shown in Figure 4.20 A and B. In Table 4.3, the coordinates 

of all boundaries are listed, according to the parameters defined in Figure 4.20.  Simulations were 

carried out with triangular mesh elements, with maximum element size of 1/5 of bulk solution 

boundary, minimum element size of 15 nm, growth rate of 1.05 and curvature factor of 0.3. The 

highest resolution was achieved around the solution / electrode interface and the meniscus / air 

interface boundaries by setting a maximum element size of 1/100 of the rpip and a growth rate 
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of 1.02. Figure 4.20 C shows the typical mesh used. Further explanations on mass transport and 

FES are provided in the Introduction chapter, Section 1.5.3 and Methods chapter, Section 2.4. 

The reaction simulated at the solution/electrode interface boundary is:  

[Ru(NH3)6]3+ + e−  ⇌𝑘𝑎𝑛

𝑘𝑐𝑎𝑡  [Ru(NH3)6]2+ 

with 𝑘𝑐𝑎𝑡 and 𝑘𝑎𝑛 as described in the Section 4.4.3.3 by Gerischer formalism.  

The time-dependent diffusion equation cast in axisymmetric cylindrical coordinates is solved in 

the interior of the blue domain illustrated in Figure 4.20 by Fick’s diffusion equation, Equation 4.1. 

𝜕𝑐𝑖

𝜕𝑡
=  𝛻 ∙ (𝐷𝑖𝛻𝑐𝑖)       (Eq. 4.1) 

where 𝑐𝑖 is the concentration of [Ru(NH3)6]2+/3+ and 𝐷𝑖 the diffusion coefficient set to be 

identical for reduced and oxidized species (8 × 10−6 cm2s−1).50 Boundary conditions of the 

transport of diluted species are listed in Table 4.3. 

Figure 4.20: Description of the FES model implemented to characterise the response of 2D 

TDMCs. A) Schematic of a 2D axisymmetric pipette and droplet model implemented in finite 

element simulation. The solution with an initial concentration of 1 mM [Ru(NH3)6]3+ is shown in 

blue.  The boundary region with a constant bulk concentration is shown in green. The pipette wall 

shown in grey is implemented in the simulation as a no-flux boundary. The simulated fraction of 

the pipette is equal to hpip = 50 µm. B) Enlarged schematic of the nanopipette tip area. The electrode 

boundary where the species flux is defined by electrochemical kinetics is shown in purple. The 

pipette aperture angle, θ is set to 10°. The pipette aperture radius is defined as rap . The droplet 

radius measured from AFM images is included in the geometry as rdrop. The distance between the 

end of the pipette and the substrate, hdrop, is set equal to rap. C) The mesh used for the finite element 

simulation, with higher resolution mesh grid around the droplet/surface contact.  
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Table 4.3: Boundary conditions for finite element simulation of 2D TMDCs. Geometric 

parameters are described in Figure 4.20. 

Boundary 

Description 

Coordinates 

Boundary condition 

𝒛 𝒓 

Axis of 

Symmetry 
0 ≤ 𝒛 ≤ hpip 0 0 =  ∇𝑐 

Bulk 

Solution 
hpip 

0 ≤ 𝒓 ≤ rpip 

(rpip = rap + hpip · tan (10°) ) 

𝑐3+ = 𝑐𝑏𝑢𝑙𝑘 3+ = 1𝑚𝑀 

𝑐2+ = 𝑐𝑏𝑢𝑙𝑘 2+ = 0𝑚𝑀 

Pipette 

Wall 

hdrop ≤ 𝒛 ≤ hpip 

(where hdrop = rap) 
𝒓 = rap + 𝒛· tan (10°) 

J = 0 

(No flux) 

Meniscus/ 

Air 

interface 

0 ≤ 𝒛≤ hdrop 
𝑟 = 𝒛· (rap – rdrop)/hdrop + 

rdrop 

J = 0 

(No flux) 

Solution / 

Electrode 

interface 

0 0 ≤ 𝒓 ≤ rdrop 
∇𝑐3+ = −𝑘𝑐𝑎𝑡 ∙ 𝑐3+ + 𝑘𝑎𝑛 ∙ 𝑐2+ 

∇𝑐2+ = 𝑘𝑐𝑎𝑡 ∙ 𝑐3+ − 𝑘𝑎𝑛 ∙ 𝑐2+ 

 

The variable geometric parameters used in the model (rdrop and rap) are modified for each specific 

SECCM probe geometry used, thus accounting for different mass transport effects on the different 

TMDC measurements. rap is obtained by evaluating the diffusion limiting current observed on each 

TMDC measurement. All LSV curves obtained on monolayer surfaces show a diffusion-limited 

current, as shown in Figure 4.21. An estimate of the diffusion-limited current was calculated as the 

average of the LSV current at the cathodic end of the potential window (-0.8 V), as shown in 

Figure 4.21. This value was subsequently used to determine the pipette aperture size (rap) by fitting 

the diffusion limited current with a finite element model of the SECCM probe. The pipette aperture 

radius (rap) was 620 nm, 550 nm, 300 nm, and 290 nm for the MoS2, MoSe2, WS2, and WSe2 

SECCM measurements, respectively. rdrop is obtained from the average diameter of the salt residues 

left on the surface observed by AFM (Figure 4.12-4.14) and reported in Table 4.1. The pipette 

geometrical values used for the finite element simulation, and the ratio rdrop/rap are summarised in 

Table 4.4. The ratio is around unity for all the TMDC measurements, indicating that the droplet 

size is determined by the aperture diameter and that only minor spreading of the SECCM droplet 

takes place upon contact with the surface. 
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Figure 4.21: LSVs on 1L of A) MoS2, B) MoSe2, C) WS2 and D) WSe2 showing diffusion limited 

current regime. The diffusion limiting current value is shown in the blue dashed line.   

 

Table 4.4: Comparison of the pipette aperture diameter derived by the fitting finite element 

simulation geometry to the limiting current and the droplet size diameter measured by AFM on 

TMDCs. As reported in Figure 4.21 and Figure 4.11 respectively. The table also includes the ratio 

between these two parameters, indicating the spread of the electrochemical droplet cell.   

TMDCs 
Pipette aperture 

diameter (rap) 

Droplet size diameter 

(rdrop) 
 
𝒓𝒅𝒓𝒐𝒑

𝒓𝒂𝒑
⁄  

MoS2 1280nm 1287 ± 109 nm 1.01 

MoSe2 1100nm 807 ± 47 nm 0.73 

WS2 600nm 729 ± 52 nm 1.22 

WSe2 480nm 795 ± 90 nm 1.65 
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4.4.3.2 Discussion of models for heterogeneous electron transfer. 

In the dataset presented in Figure 4.16-4.19, the bilayer and trilayer surfaces present later 

[Ru(NH3)6]3+ reduction onset than the monolayer. For MoS2, MoSe2, WS2, and WSe2 the shape of 

the waveform changes as number of layers increases. Butler-Volmer (BV) kinetics can be used to 

extract the electron transfer rate,51 as described in Equation 4.2.  

𝐼 = 𝑧 ∙ 𝐹 ∙ 𝐶𝑜𝑥 ∙ 𝑘0 [exp (
(1−𝛼)𝑧𝜂

𝐾𝐵𝑇
) − exp (

 𝛼𝑧𝜂

𝐾𝐵𝑇
)]   (Eq. 4.2) 

where 𝐼 is current at flux boundary, where 𝑧 is the number of electrons in the reaction, F is 

Faraday’s constant, Cox is the concentration of [Ru(NH3)6]3+ at the electrode surface, 𝑘0 is the 

equilibrium rate constant, 𝛼 is the transfer factor, 𝜂 is the overpotential, 𝐾𝐵 is Boltzmann’s constant 

and 𝑇 is the temperature. A detailed description of the Butler-Volmer formalism can be found in 

the Introduction chapter, Section 1.5.2.1. 

I have attempted to produce simulated voltammograms that reproduce the bilayer and trilayer 

responses by using the BV formalism (Eq. 4.2) at the flux boundary of the FES model (described 

in Figure  4.20) with z = 1 ([Ru(NH3)6]3+ reduction to [Ru(NH3)6]2+), 𝜂 = -0.19 V vs Ag/AgCl 

(0.1 M KCl), T = 298 K. 𝑘0 and 𝛼 are free parameters to adjust simulation. Cox and I are given by 

implementation of FES model of diffusion and BV formalism.  

As shown in Figure 4.22 for WS2, very small values of α (<0.3) are needed to match our simulated 

voltammograms with our experimental voltammograms. The need to use α values that deviate from 

0.5 is indicative of the BV formalism failing to model the electrochemical system, and generally 

suggests, that the reaction rate determining process is not the heterogeneous electron transfer.52 For 

instance, reactions involving non-adiabatic electron transfer process, multi-electron transfers 

process or adsorption/desorption mechanism lead to α different than 0.5. However, as theoretically 

predicted by Feldberg53 and recently verified experimentally,54  Butler-Volmer formalism does not 

always correctly describe the waveforms obtained with a ultramicroelectrode for a reaction with 

slow kinetics and a limiting step that is still a heterogeneous electron transfer.  

The more general Marcus-Hush/Gerischer formalism is instead better suited to the derivation of 

the HER rate constants under high mass transport and slow HET kinetics.53 A detailed description 

of BV, Marcus-Hush and Gerischer formalism is found in the Introduction chapter, Section 1.5.2. 

Specifically, in Sections 1.5.2.2 and 1.5.2.5 it is discussed the limitations of the Butler-Volmer 

model in nano-electrochemistry. Thus, the rate of heterogeneous electron transfer (HET) could be 

determined by implementing the Marcus-Hush/Gerischer formalism, instead of BV, on the flux 

boundary of the FES model to describe the electrochemical kinetics. The Marcus-Hush and 

Gerischer formalisms are presented in the Introduction chapter, Sections 1.5.2.3 and 1.5.2.4.  
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Figure 4.22: Linear sweep voltammograms recorded on WS2 normalised by diffusion limiting 

current for monolayer (blue), bilayer (yellow) and trilayer (yellow).  Simulated voltammograms 

(black) using BV formalism in FES model. The parameters k0 and alpha (α) are used to obtain a 

similar voltammogram for each number of layers stacked. 

4.4.3.3 Details of Gerischer electron transfer kinetics model 

In the Marcus-Hush/Gerischer formalism, the kinetics of HET can be described by considering the 

overlap between the isoenergetic electronic states of the electrode and the redox species in solution 

(electronic coupling in the Marcus-Hush formalism). Therefore, the kinetics of cathodic electron 

transfer (𝑘𝑐𝑎𝑡) is given by the overlap between isoenergetic occupied states at the electrode 

(𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑) and empty electron acceptor states in the solution (𝑊𝑜𝑥).52 Likewise, the anodic 

kinetics (𝑘𝑎𝑛) is determined by the overlap of isoenergetic filled electron donor states (𝑊𝑟𝑒𝑑) in 

the solution and unoccupied states in the electrode (𝑓(𝐸)𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑). Therefore, the cathodic and 

anodic kinetic rates can be written as follows: 

𝑘𝑐𝑎𝑡 = 𝑘𝑚𝑎𝑥 ∙ ∫ 𝑊𝑜𝑥(𝐸) ∙ 𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑
∞

−∞
𝜕𝐸            (Eq. 4.3) 

𝑘𝑎𝑛 =  𝑘𝑚𝑎𝑥 ∙ ∫ 𝑊𝑟𝑒𝑑(𝐸) ∙ 𝑓(𝐸)𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑
∞

−∞
𝜕𝐸              (Eq. 4.4) 

where the integration parameter 𝐸 is the electron energy (in eV), and the prefactor, kmax, is the 

maximum rate of electron transfer.52  

The solution states (𝑊𝑜𝑥 and 𝑊𝑟𝑒𝑑) are described by normalised Gaussian distributions and the 

electrode states (𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑  and 𝑓(𝐸)𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑) are described by normalised Fermi-Dirac 

distributions for free electrons in a metal,52 as shown in Equation 4.5 to 4.8. 
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𝑊𝑜𝑥(𝐸) =
1

√4𝜋𝑘𝑇𝜆
∙ exp (

−(𝐸−𝐸0+𝜆)2

4𝜆𝐾𝐵𝑇
)      (Eq. 4.5) 

𝑊𝑟𝑒𝑑(𝐸) =
1

√4𝜋𝑘𝑇𝜆
∙ exp (

−(𝐸−𝐸0−𝜆)2

4𝜆𝐾𝐵𝑇
)      (Eq. 4.6) 

𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 =
1

1+exp(
(𝐸−𝐸𝑓)

𝐾𝐵𝑇
)

            (Eq. 4.7) 

                                𝑓(𝐸)𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 = 1 −  𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑          (Eq. 4.8) 

Where 𝐸 is the electron energy (in eV),  𝐸0 is the energy corresponding to the standard redox 

potential,  𝐸𝑓 is the Fermi level of the working electrode and 𝜆 is the reorganisation energy of the 

redox couple. Note that when the electrochemical cell is set with an applied potential equal to 0 V, 

the working electrode work-function is equal to the reference electrode work-function. An applied 

potential between the working electrode and the reference electrode shifts the Fermi level position 

and changes the overlap between the electrode and solution states. 

The overlap integrals for anodic and cathodic processes, as described in Equations 4.3 and 4.4, 

were calculated by numerical integration, obtaining two waveforms (for anodic and cathodic 

processes), which describe the ratio of the overlap of the reacting redox species as a function of the 

applied potential. Waveforms, shown in Figure 4.23, range from 0 to 1 and assume a metallic 

electrode with flat DOS and reorganisation energy (λ) for [Ru(NH3)6]3+/2+ of 1 eV.4,55,56  

Figure 4.23: Integral of the overlapped function for anodic and catholic processes, which describe 

the ratio of reacting redox species (ratio of overlap) versus the applied potential. For this 

representation, a standard redox potential (𝐸°) of -0.29 V is used. 
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Thus, the total current can be implemented in the flux boundary of the finite element simulation 

model as described in Equations 4.9 to 4.11: 

𝑖 =  𝑖𝑎𝑛 −  𝑖𝑐𝑎𝑡       (Eq. 4.9) 

𝑖𝑎𝑛 = 𝑧𝐹 ∙ 𝐶𝑟𝑒𝑑 ∙  𝑘𝑎𝑛  =  𝑛𝐹 ∙ 𝐶𝑟𝑒𝑑 ∙ 𝑘𝑚𝑎𝑥 ∙ ∫ 𝑊𝑟𝑒𝑑(𝐸) ∙ 𝑓(𝐸)𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑  𝜕𝐸     (Eq. 4.10) 

𝑖𝑐𝑎𝑡 = 𝑧𝐹 ∙ 𝐶𝑜𝑥 ∙  𝑘𝑐𝑎𝑡  =  𝑛𝐹 ∙ 𝐶𝑜𝑥 ∙ 𝑘𝑚𝑎𝑥 ∙ ∫ 𝑊𝑜𝑥(𝐸) ∙ 𝑓(𝐸)𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑  𝜕𝐸   (Eq. 4.11) 

where z = 1 is the number of electrons in the reaction, F is Faraday’s constant, Cred is the 

concentration of [Ru(NH3)6]2+ at the electrode surface, Cox is the concentration of [Ru(NH3)6]3+ at 

the electrode surface and 𝑘𝑚𝑎𝑥 is the maximum rate of electron transfer.  

4.4.4 Fitting the simulated response to the gold surface response 

To find the differences in the HET rate for the different thicknesses of TMDC, the standard redox 

potential (𝐸0) must first be defined. [Ru(NH3)6]3+/2 standard redox potential vs. sat. Ag/AgCl 

is -0.10 V.51 However, we used a silver wire immersed in a 10 mM KCl solution as a 

quasi-reference counter electrode, thus some variation in the reference electrode potential with 

respect to saturated Ag/AgCl is expected. To find 𝐸0, the simulated response is fitted to the 

response measured on bare gold (exposed substrate), as this provides faster HET than at any of the 

2D TMDCs measured.24,40 A standard redox potential 𝐸0 = -0.29 V vs Ag/AgCl wire best matches 

the simulated response to the experimental data, as shown in Figure 4.24. This implies that the 

Ag/AgCl wire has an equilibrium potential of -0.19 V vs. sat. Ag/AgCl, which agrees with the 

expected shift when using the 10 mM concentration KCl solution Ag/AgCl reference electrode 

(- 0.18 V vs. sat. Ag/AgCl).57
 

For the bare gold surface, kmax,Au was determined to be at least 2104 cm/s, as shown in 

Figure 4.24 B. Note that kmax values greater than 2  104 cm/s yielded simulated LSV curves that 

were no longer distinguishable. The kmax,Au value is close to the pre-exponential frequency factor 

for the adiabatic heterogeneous electron transfer dominated by the reorganisation energy predicted 

by the Marcus-Hush theory (104–105 cm/s)58,59 and also to the experimentally determined value 

(1.1105 cm/s) obtained for [Ru(NH3)6]3+/2+ on bare gold.60  
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Figure 4.24: Fitting of the simulated LSVs to the gold EC response. A) Normalised experimental 

LSVs recorded on the gold surface in black and simulated LSVs response for a range of kmax values, 

in colour code, and 𝐸0= -0.29 V. B) Enlarged version of A with potential window from 0V 

to -0.5V, showing that for kmax above 2 × 104 cm/s the simulated LSVs shape is almost identical 

and resembles the response of the bare gold substrate. The finite element simulation uses droplet 

size measured over gold (see Figures 4.13 and 4.14) and a pipette aperture as derived in Table 4.4. 

4.4.5 Fitting the simulated response to different thicknesses of TMDCs. 

The simulated LSVs were matched with the experimental data recorded on different TMDC 

thicknesses using only kmax as the fitting parameter. Matching the simulation to each individual 

experimental LSV over the kinetic region (up to 1/3 of the diffusion-limited current) by adjusting 

𝑘𝑚𝑎𝑥 allows us to estimate the apparent 𝑘𝑚𝑎𝑥 on the different layers (𝑘𝑚𝑎𝑥.𝑛𝐿 for nL). To perform 

the matching for each TMDC (i.e. each pipette and droplet geometry), a set of simulated LSVs was 

generated using a range of 𝑘𝑚𝑎𝑥 from 0.1 cm/s to 1000 cm/s, as shown in Figure 4.25. Each 

measured LSV was then compared to the simulated LVSs by least squares regression in the kinetic 

region of the LSV (i.e. across the potential range until the current reached 1/3 of the diffusion 
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limiting current). A 𝑘𝑚𝑎𝑥 fitting value was obtained for each recorded LSV. The median 𝑘𝑚𝑎𝑥 for 

each TMDC and layer thickness and the corresponding 25th and 75th percentiles are reported in 

Table 4.5. Simulated LSVs corresponding to median and percentiles of 𝑘𝑚𝑎𝑥 are displayed over 

measured LSVs in Figures 4.26 - 4.29 for MoS2, MoSe2, WS2 and WSe2, respectively.  

Figure 4.25: Comparison of recorded and simulated LSVs for a range of kmax values. In black, each 

LSV obtained in the pristine basal plane of WS2 for 1L, 2L, and 3L. In red, set of simulated LSVs 

for a range of kmax between 0.1 and 1000 cm/s that were compared by least squares with each 

individual LSV recorded on WS2. Note that the simulated LSVs are generated from a model that 

accounts probe geometry (rap and rdrop) used on WS2 SECCM scan. Other SECCM scans of TMDCs 

account for different probe geometry, resulting in another simulated LSV dataset.  

Note that there is an uneven number of LSVs collected for each surface type and each TMDC 

studied (count reported Table 4.2). Thus, in some TMDCs and surface types, it has been possible 

to fit over 100 LSVs, as for 1L MoS2, while other TMDC surface types yielded a much smaller 

number of LSVs, for instance, 1L WS2 yielded only 3 LSVs. The distribution of the logarithm of 

𝑘𝑚𝑎𝑥 for 1L, 2L, and 3L MoS2, displayed in Figure 4.30 A, can be approximated by a normal 

distribution. However, the lack of points on other surface types, such as 1L and 2L WS2, as shown 

in Figure 4.30 B, is not sufficient to analyse the 𝑘𝑚𝑎𝑥 distribution. 

Table 4.5: Median kmax and 25th/75th percentiles for different number of layers stacked and TMDCs. 

 

 

kmax.1L
 (cm/s) kmax.2L (cm/s) kmax.3L (cm/s) 

25th 50th 75th 25th 50th 75th 25th 50th 75th 

MoS2 193 246 350 5.92 7.47 9.43 1.16 1.46 1.84 

MoSe2 534 558 558 11.2 25.5 52.7 5.27 11.6 18.4 

WS2 26.6 42.9 49.0 1.74 1.96 2.33 0.269 0.340 0.455 

WSe2 103 142 184 97.1 123 174 0.601 0.916 2.33 
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Figure 4.26: Recorded and simulated LSVs on MoS2 basal plane. For A) 1L B) 2L and C) 3L of 

MoS2, with the experimental data shown in black, the simulated response corresponding to the 

median 𝑘𝑚𝑎𝑥 in red, and the simulated response corresponding to the 25th and 75th percentiles of 

kmax in blue. Dataset formed by 165, 90 and 141 fitted LSVs with kmax values for 1L, 2L and 3L 

respectively.  

Figure 4.27: Recorded and simulated LSVs on MoSe2 basal plane. For A) 1L B) 2L and C) 3L of 

MoSe2, with the experimental data shown in black, the simulated response corresponding to the 

median 𝑘𝑚𝑎𝑥 in red, and the simulated response corresponding to the 25th and 75th percentiles of 

kmax in blue. Dataset formed by 3, 16 and 12 fitted LSVs with kmax values for 1L, 2L and 3L 

respectively.  
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Figure 4.28: Recorded and simulated LSVs on WS2 basal plane. For on A) 1L B) 2L and C) 3L of 

WS2, with the experimental data shown in black, the simulated response corresponding to the 

median 𝑘𝑚𝑎𝑥 in red, and the simulated response corresponding to the 25th and 75th percentiles of 

kmax in blue. Dataset formed by 3, 16 and 12 fitted LSVs with kmax values for 1L, 2L and 3L 

respectively. Reproduced with permission from Brunet Cabré, M. et al..41 

Figure 4.29: Recorded and simulated LSVs on WSe2 basal plane. For A) 1L B) 2L and C) 3L of 

WSe2, with the experimental data shown in black, the simulated response corresponding to the 

median 𝑘𝑚𝑎𝑥 in red, and the simulated response corresponding to the 25th and 75th percentiles of 

kmax in blue. Dataset formed by 22, 13 and 10 fitted LSVs with kmax values for 1L, 2L and 3L 

respectively.  
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Figure 4.30: Logarithmic distribution of the fitted kmax for all recorded LSVs. A) MoS2 with 165, 

90 and 141 kmax values for 1L, 2L and 3L, respectively; B) WS2 with 3, 6 and 23 kmax values for 

1L, 2L and 3L, respectively. The graphs show that if there are enough points on a given surface 

type, a log-normal distribution of kmax is observed. 

4.4.6 Discussion of the variation of the kmax parameter with layer thickness 

To provide an overview picture, the simulated LSVs with median 𝑘𝑚𝑎𝑥 value for the four TMDCs 

and different number of stacked layers are displayed in Figure 4.31. The [Ru(NH3)6]3+ reduction 

kinetics slows down with the increasing number of layers of TMDCs, which is consistent with 

previous work on the HER with 2D TMDC electrodes.25 To view the trend of kmax, in Figure 4.32 

the median 𝑘𝑚𝑎𝑥.𝑛𝐿 values extracted for all four materials studied, MoS2, WS2, MoSe2, and WSe2, 

are plotted versus the layer number. The responses on all four materials are similar and indicate a 

decrease in 𝑘𝑚𝑎𝑥 with an increase in layer thickness, except for kmax.2L for WSe2, which is 

significantly larger compared to the other TMDCs studied, although it remains unclear why this is 

the case.  
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Figure 4.31: Simulated LSVs with median kmax.nL extracted from fitting recorded LSVs on 1L, 2L, 

and 3L. For A) MoS2 B) MoSe2 C) WS2 and D) WSe2. Each TMDC displayed a different limiting 

current according to variation of the observed droplet size, which explains the varying scale of the 

y-axes. Reproduced with permission from Brunet Cabré, M. et al..41 

Figure 4.32: 𝑘𝑚𝑎𝑥 values determined by fitting the simulation response to the experimental data 

for different layer thickness. The solid points correspond to each 𝑘𝑚𝑎𝑥 value and dashed lines are 

displayed to guide the eye. Error bar correspond to 𝑘𝑚𝑎𝑥 values for the 25th and 75th percentiles. 

Reproduced with permission from Brunet Cabré, M. et al..41 
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According to the Gerischer model for heterogeneous electron transfer, the prefactor 𝑘𝑚𝑎𝑥 scales 

with the electronic transmission coefficient, which represents the probability of the electron 

transfer.52,58-60 An electron tunnelling barrier arising from the TMDC material itself would reduce 

the transmission coefficient, and so reduce 𝑘𝑚𝑎𝑥, as the number of layers increases. Previously, an 

electron tunnelling barrier model was used to evaluate photocurrents obtained for 2D MoS2 in a 

bottom-contact configuration,61 and has also been used to assess HER kinetics on mono and 

few-layer MoS2.25 A diagram of a tunnelling barrier model with electron transfer can be found in 

Figure 4.33 A. Assuming that tunnelling is the dominant process leading to a decrease in 𝑘𝑚𝑎𝑥, the 

𝑘𝑚𝑎𝑥.𝑛𝐿 on n layers of TMDC can be described as: 

 𝑘𝑚𝑎𝑥.𝑛𝐿 =  𝑘𝑚𝑎𝑥.𝐴𝑢 ∙ exp(−𝛽 ∙  𝑥  ∙  𝑛)     (Eq. 4.12) 

where 𝛽 is the tunnelling decay constant, 𝑥 is the TMDCs layer thickness (x = 6.15 Å for MoS2, 

6.47 Å for MoSe2, 6.16 Å for WS2 and 7.00 Å for WSe2)13, 𝑛 is the number of TMDCs layers.  

Figure 4.33: Diagram of the tunnelling junction for a A) monolayer of TMDC and B) stack of 

three layers of TMDC.  Ef.Au is the Fermi level of the gold substrate, Eg is the band gap of the 2D 

TMDC for n layers, x1L and x3L represent the thickness of the stack of TMDC. 

The tunnelling decay constant, 𝛽, values for [Ru(NH3)6]3+ reduction on different layer stacks for 

MoS2, MoSe2, WS2, and WSe2 found from Eq. 4.12 are reported in Table 4.6. The four different 

TMDCs have tunnelling decay constants in the range 1.0 - 0.4 Å-1, which vary significantly 

depending on total thickness. The β values are consistent for 2D TMDCs, which have previously 

been estimated to have tunnelling decay constants of 0.512 Å-1.62 The data in Table 4.6 show that 

the tunnelling decay constant, β, decreases with increasing numbers of layers for all four TMDCs. 

However, the 𝑘𝑚𝑎𝑥,𝑛𝐿 values do not follow an exponential decay with an increase in layer thickness 

as we might expect if each additional layer added an identical electron tunnelling barrier, see 

Figure 4.32.  Instead, the kinetics are faster for a larger number of layers than would be predicted 

by a tunnelling model with a constant β.  
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Table 4.6: Median prefactor, 𝑘𝑚𝑎𝑥, the 25th and 75th percentiles in brackets.  𝛽𝐴𝑢−𝑛𝐿 derived from 

Equation 4.12 for the median 𝑘𝑚𝑎𝑥  of MoS2, MoSe2, WS2 and WSe2. In brackets the 𝛽𝐴𝑢−𝑛𝐿 

derived from the 25th and 75th 𝑘𝑚𝑎𝑥 percentiles. The band gap is reported for the same TMDCs 

with different numbers of layers (1L, 2L and 3L).13  

 

𝒌𝒎𝒂𝒙−𝒏𝑳 

(cm/s) 

𝜷𝑨𝒖−𝒏𝑳  

(Å-1) 

Band gap 

(eV) 

1L 2L 3L 1L 2L 3L 1L 2L 3L 

MoS2 
250 

[190  350] 
7.5 

[5.9  9.4] 
1.5 

[1.2  1.8] 
0.71 

[0.66  0.75] 
0.64 

[0.62  0.66] 
0.52 

[0.50  0.53] 
1.89 1.59 1.46 

MoSe2 
560 

[530  560] 
26 

[11  53] 

12 
[5.2  18] 

0.55 
[0.55  0.56] 

0.51 
[0.46  0.58] 

0.38 
[0.36  0.42] 

1.57 1.46 1.34 

WS2 
43 

[27  49] 
2.0 

[1.7  2.3] 
0.34 

[0.27  0.45] 
1.00 

[0.98  1.07] 
0.75 

[0.74  0.76] 
0.59 

[0.58  0.61] 
1.98 1.73 1.53 

WSe2 
140 

[103  184] 
120 

[97  170] 
0.92 

[0.60  2.3] 

0.71 
[0.67  0.75] 

0.36 
[0.34  0.38] 

0.48 
[0.43  0.50] 

1.66 1.54 1.45 

 

The electronic band structure of TMDCs depends on the number of stacked layers.63-65 The band 

gap of MoS2, MoSe2, WS2, and WSe2 increases with the decreasing layer number ( < 5L) due to 

the strong quantum confinement in thin layers.65,66 The larger band gap of thinner layers should 

lead to an increase in the tunnelling barrier height, and therefore larger tunnelling decay constants 

(β). On the contrary, the smaller band gap of thicker layers should lead to smaller tunnelling decay 

constants. The tunnelling barriers diagrams presented in Figure 4.33 A and B illustrate changes in 

tunnelling barrier height with the number of layers stacked. Indeed, the tunnelling decay constants 

derived and listed in Table 4.6 agree with this trend.  

The 𝛽𝐴𝑢−𝑛𝐿 values describe the n-layers of TMDCs acting as a single tunnelling barrier, thus 

𝛽𝐴𝑢−𝑛𝐿 can be compared with the band gaps reported for n-layers of TMDCs (also displayed in 

Table 4.6).13 From Table 4.6, we observe a correlation between 𝛽𝐴𝑢−𝑛𝐿  values and band gap on 

the different layer thickness of TMDCs. For example, of the TMDCs studied, WS2 has the largest 

band gap and WS2 also showed the largest tunnelling decay constant, 𝛽𝐴𝑢−𝑛𝐿, values. Likewise, of 

the materials we considered, MoSe2 has the smallest band gap and shows the smallest 𝛽𝐴𝑢−𝑛𝐿  

values. In fact, we observe a strong correlation between the band gap values sourced from the 

literature13 and the measured tunnelling decay constant, 𝛽𝐴𝑢−𝑛𝐿, values, as shown in Figure 4.34. 

These findings are supported by the recent work by Lee, H. et al., who experimentally determined 

the tunnelling barrier height on the different number of layers (1-5L) of MoS2 on gold using 

conducting AFM.67 The barrier height maximum is observed for 1L, then decreases and stabilises 

at > 5L, in good agreement with the values reported in Table 4.6 obtained, in this case, with the 

electron transfer of an outer-sphere redox probe.  
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From the results reported in this chapter, it is concluded that the electrochemical response on 

few-layer 2D TMDCs, in a bottom-contacted configuration, depends on the electron transport 

process through the TMDC layers. This electron transport is strongly influenced by the electronic 

structure of the 2D TMDCs, with larger band gaps resulting in a larger decrease in kmax with each 

additional layer, and therefore a higher electron tunnelling barrier. However, 2D TMDCs with 

fewer layers stacking show faster electron transport kinetics due to a narrower tunnelling barrier, 

despite having a larger tunnelling decay constant. As a consequence, bottom-contacted 2D TMDC 

samples with a heterogeneous number of stacked layers will produce an electrochemical response 

dominated by monolayer activity at lower overpotentials but with increasing activity of thicker 

layers at higher overpotentials (assuming there is no diffusional overlap). These findings suggest 

that the electrochemical response of the TMDC electrode surfaces is profoundly affected by the 

mode of contact established on the electrodes. This has implications for the interpretation of 

electrochemical and, importantly, electrocatalytic experiments at TMDC nanoarchitectures. 

Through-layer or within-layer electron transport must be considered when interpreting the 

performance of TMDC materials for the HER or other reactions of relevance to advanced 

electrochemical applications. 

Figure 4.34:  𝛽𝐴𝑢−𝑛𝐿 values plotted against the band gap for 1-, 2-, and 3-layer MoS2, MoSe2, WS2, 

and WSe2.13 Error bar correspond to 𝛽𝐴𝑢−𝑛𝐿  derived from 𝑘𝑚𝑎𝑥  values for the 25th and 75th 

percentiles. Reproduced with permission from Brunet Cabré, M. et al..41 

  



Chapter 4 

165 

 

4.5 Conclusions 

In this chapter, SECCM has been used to quantify the effect of the number of stacked layers of 2D 

TMDCs (MoS2, MoSe2, WS2, WSe2) on the electrochemical response of the [Ru(NH3)6]3+/2+ redox 

couple. Combining SECCM and AFM allowed us to precisely determine the exact nature of the 

underlying 2D material at each sample point, and to quantify the electrochemical response on the 

different numbers of layers. There is a significant difference in the electrochemical response on the 

different numbers of stacked layers, with more facile kinetics observed on thinner stacks of all four 

materials.  

Kinetic dependence was assessed by comparison with a finite element simulation that coupled the 

diffusional mass transport of [Ru(NH3)6]3+/2 in the nanopipette probe with the Gerischer description 

of electrochemical kinetics. We quantified the rate of electron transfer on a different number of 

stacked layers of four TMDCs by fitting a simulated response to the experimentally measured 

LSVs by only varying the maximum kinetic rate, kmax. MoS2, MoSe2, WS2, and WSe2 all show a 

decrease in the electron transfer rate constant as the number of layers increases.  

Trends in the electron transfer rates were described by considering an electron tunnelling barrier 

arising from the TMDC itself. This allowed us to extract the apparent tunnelling decay constants, 

β, which range over 1.0 - 0.4 Å-1 across all TMDC materials tested; these values are consistent with 

those reported for tunnelling decay constants of 2D TMDCs by other groups.62,67  

The pre-factor, kmax, decays more slowly than we would expect if each additional layer added an 

identical electron tunnelling barrier. Therefore, the previously reported tunnelling barrier model 

for HER on a few-layer MoS2, where the tunnelling decay constant was not affected by the number 

of TMDCs layers,25  is insufficient to explain the experimental data. The correlation observed 

between band gap and tunnelling decay constant suggests that non-exponential decay of rate 

constants is due to a change in the electronic properties of the tunnelling barrier, resulting from 

band gap changes as a function of the number of stacked layers of TMDCs. Therefore, the variation 

in the electronic structure of the 2D material affects the electron transport to such an extent that we 

can observe the effect in the electrochemical measurements.  

The electrochemical behaviour observed on the 2D TMDCs surface is clearly heterogeneous, but 

thanks to AFM it was possible to determine and classify which points contacted only pristine basal 

plane, which facilitated observation of the electrochemical trends. Nevertheless, it has been 

observed that points which contacted other morphological features of 2D TMDCs, such as layer 

boundaries or defects, also presented characteristic electrochemical responses. In the following 

chapter, the role of other morphological features in the electrochemical response will be discussed. 
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CHAPTER 5 

Nanoscale Defects on 2D Transition Metal 

Dichalcogenides 

______________________________________________________________________________ 

Translating nano-electrochemical behaviour to bulk electrochemical response requires to account 

for the response of all possible electroactive domains present on a surface. In the previous chapter, 

only the pristine basal plane response of 2D transition metal dichalcogenides was discussed. 

However, defects are often found on commonly used electrode surfaces, and two-dimensional 

transition metal dichalcogenides are not an exception. This chapter explores how nanometre and 

sub-nanometre scale defects can be detected electrochemically using scanning electrochemical cell 

microscopy (SECCM). On mechanically exfoliated MoS2, isolated anomalous electrochemical 

responses are found in the basal plane for outer-sphere redox couples. These anomalous sample 

points display faster electrochemical kinetics, with a diffusion-limited current plateau, compared 

to those of the surrounding sample points. The analysis of the electrochemical current suggests that 

the defects are equivalent to disk-shaped defects with radii of tens of nanometres, or to 

one-dimensional defects with nanometre to sub-nanometre widths. These results demonstrate that 

we can effectively isolate and electrochemically amplify the response from individual defects on a 

sample surface using SECCM, revealing features below the optical diffraction limit that would 

normally require high-resolution electron microscopy or scanning tunnelling microscopy to detect. 

______________________________________________________________________________ 
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5.1 Introduction 

5.1.1 Defects on 2D TMDCs 

Electrochemically active surfaces are generally not perfect and homogeneous. Understanding the 

electrode surface as a defect-free single crystalline plane of a monocrystalline material is not 

representative of a real electrochemical system.1,2  Instead, most of the electrode surface presents 

a variety of nanoscale morphological features such as vacancies, adatoms, grain boundaries, and 

impurities. The presence of such morphological features, or defects, strongly influences the 

physicochemical properties of the surface and subsequently the electrochemical response.3-5 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are not an exception and defects 

are common on these surfaces.6-8  

In recent years, the field of defect engineering in 2D materials has expanded largely thanks to its 

ability to tune the electrocatalytic performance of electrode materials. For the case of 2D TMDCs, 

several defect engineering studies consider the catalytic performance towards the hydrogen 

evolution reaction (HER).9,10 The influence of defect engineering on other types of reaction has 

also been considered in other studies: Li, H. J. et. al assessed the role of the defects in WSe2 base 

electrodes for Li-sufide ion battery applications;11 Zeng. L. et al. introduced defect vacancies by 

doping on MoS2 to promote the nitrogen reduction reaction (NRR);12 or, Jin. H. et al. reported that 

metal doping of MoS2 provides a new catalytic centre for electrochemical CO2 reduction.13 A 

description of the influence of nanoscale features in the electrochemical response is provided in 

the Introduction chapter, Section 1.3. 

In Chapter 4 we discussed the characteristic outer-sphere electrochemical response of the 

[Ru(NH3)6]2+/3+ redox couple on 2D TMDCs basal planes. However, the electrochemical response 

of morphological features, such as boundaries or defects, was not evaluated. The study in Chapter 4 

was possible due to the selective wetting of the electrode surface offered by SECCM. However, 

the bulk electrochemical system used in application devices does not present selective wetting and 

defects contribute to the overall electrochemical response. To understand the overall 

electrochemical performance of 2D TMDCs electrodes, it is then essential to isolate and evaluate 

the contribution of such defects to the response. Often, this involves defect detection, physical 

characterisation of the defect, and characterisation of the electrochemical response of the defect.14,15 
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5.1.2 Methods for defect detection 

Defect detection can be achieved by physical characterisation techniques. For example, collective 

average responses originating from several defects on a surface could be detected by photoemission 

spectroscopy,16 Raman spectroscopy or photoluminescence.17 Individual morphological defects 

with a size of a few nanometres could be identified by atomic force microscopy (AFM)18 or 

scanning electron microscopy (SEM).19 Detection mapping of individual atomic-size defects, 

however, requires high-resolution techniques, such as high-resolution transmission electron 

microscopy (TEM)20 or scanning tunnelling microscopy (STM).21 Defect detection by 

electrochemical means is more challenging, as the signal produced by ensemble based (bulk) 

electrochemical approaches averages the response from all active sites and thus makes it difficult 

to identify heterogeneity present at the surface.22 Compared to the limitations of bulk approaches, 

electrochemical scanning probe microscopy (EC-SPM) techniques can isolate the response from 

nanoscale domains, becoming the most suitable candidate for defect electrochemical detection.14 

A description of methods for characterising nanoscale features response is provided in Introduction 

chapter, Section 1.4. Such approaches have been used in several studies of 2D materials,23-28 and 

used in Chapter 4 of this thesis. 

However, EC-SPM techniques typically require complementary microscopy maps such as AFM, 

SEM, or optical microscopy to correlate the electrochemical response with surface morphological 

features.29 However, these approaches can be limiting and thus assignment requires relatively large 

surface features to be resolved by microscopy techniques. Furthermore, atomic-size features would 

require the use of high-resolution techniques, such as TEM or STM, that are challenging to 

interface with electrochemical methods.5 Sample preparation requirements for TEM and STM 

often make sample and/or instrumentation for electrochemical characterisation incompatible.29 

There have been recent advances towards better instrumental integration of electrochemical 

measurements and TEM or STM techniques. For instance, Bentley, C. L. et al. have performed 

scanning electrochemical cell microscopy (SECCM) on a TEM grid.30 Also, some studies achieved 

in-situ TEM characterisation of the electrode surface while performing electrochemical 

measurements.31 Those examples and similar efforts, achieved correlation between electrochemical 

response and high-resolution morphological characterisation needed for defect detection, but 

require a very specific instrumental development and have limited applicability.31-34 
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5.1.3 Mass transport effects on kinetically enhanced defects 

Electrochemistry is unique in that mass transport effects can amplify the size of the spatial region 

that is affected by a point-like change in the electrode surface. In classical electrochemical methods 

this had been demonstrated, e.g. by Amatore et al., when discussing the effect of pin-hole defects 

on the waveform at SAM-modified electrodes;35 In those studies it is highlighted that the 

hemi-spherical diffusion front of pin-holes below 10 nm in size can provide mass transfer rates 

about 3 orders of magnitude larger than the equivalent semi-infinite planar diffusion rate.36 This 

occurs because diffusion limited current of a circular electrode with a hemispherical diffusion field 

depends linearly on its radius, as shown in Equation 5.1. However, the electrode area depends on 

the squared radius. Therefore, the diffusion-limited current density has a 1/r dependency, as shown 

in Equation 5.2. As represented in Figure 5.1 A, smaller electrodes have a greater diffusion-limited 

current density. Moreover, the interplay between the timescale used for potential steps/sweeps and 

the size of a diffusion front can be leveraged to increase the characteristic length scale of the 

observed effects. 37 

𝑖𝑑𝑖𝑓𝑓.𝑙𝑖𝑚 = 4𝑧𝑟𝐷𝐹𝑐      (Eq 5.1) 

𝑖𝑑𝑖𝑓𝑓.𝑙𝑖𝑚−𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑖𝑑𝑖𝑓𝑓.𝑙𝑖𝑚

𝐴𝑟𝑒𝑎
=

4𝑧𝐷𝐹𝑐

𝜋𝑟
     (Eq 5.2) 

where z is the number of electrons transferred in the reaction, r is the equivalent radius of the defect, 

D is the diffusion coefficient, F is the Faraday constant, and c is the concentration of the bulk 

solution. 

Mass transport effects coupled with modern nano-electrochemical techniques, such as EC-SPM, 

can achieve single defect detection and amplify the characteristic length of active nanoscale regions 

in the current response.38-40 For example, SECCM has been used to detect single pinholes of 

< 10 nm on passivating layers41 and the presence of defects on 2D materials (graphene supported 

on copper) has been observed.23  

Note that previous studies based on SECCM evaluated only defects that present enhanced kinetics 

with respect to the surrounding material, as illustrated in Figure 5.1 B. Thus, to benefit from mass 

transport effects, the defect must have enhanced electrochemical kinetics. This constrains the type 

of defect that can be detected electrochemically; however, kinetically enhanced defects are 

expected to contribute the most to the bulk electrochemical response and are the most interesting 

from an electrocatalytic perspective. 
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Figure 5.1: A. Plot of diffusion-limited current density with respect to the radius of active surface, 

showing the 1/radius relation. B. Illustration of equi-concentration lines around a kinetically 

enhanced defect (red) that consumes reactant species 'c' faster than the surrounding electrode 

surface (grey). The equi-concentration lines help to visualise the hemispherical diffusion front of 

the defect and the semi-infinite planar diffusion front of the surrounding electrode surface. The size 

of the defect 'a' is highlighted with respect to the region where the concertation is depleted below 

90% of the bulk concertation 'c0', which is greater than 12 times the electrode size.  
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5.2 Aims 

To obtain a complete picture of the electrochemical response of 2D TMDCs, we need to 

characterise the different electrochemical active domains present at their surfaces. The behaviour 

of the basal plane domain was reported in Chapter 4, but the surface of 2D TMDCs also contains 

layer boundaries and defective domains. Defective domains on 2D material surfaces are expected 

to present different physicochemical properties compared to basal plane domains, resulting in 

different electrochemical responses. The detection and isolation of electrochemical responses 

arising from defects represents a significant challenge and often rely on additional physical 

characterisation. However, the small contact area (approx. 1 µm2) offered by SECCM combined 

with mass transport effects can amplify the characteristic length scale of defects in the current 

response.  

In this chapter, the presence of individual defects with enhanced electrochemical kinetics in 2D 

materials is explored using a SECCM approach. First, I will explore if the presence of kinetically 

enhanced domains is correlated with the presence of morphological features characteristic of 

2D TMDCs observed by physical characterisation, such as layer boundaries, number of layers 

stacked, etc.. Then, the characteristic electrochemical response of kinetically enhanced domains 

will be analysed and correlated with the size and shape of the defect. 

In this chapter, it is shown that it is possible to identify defects with enhanced electrochemical 

kinetics, with characteristic sizes ranging from a few angstroms to a few nanometres scale on 

different TMDCs: MoS2, MoSe2, and WSe2. These defects are too small to be easily mapped via 

optical or even atomic force microscopy and would normally require TEM or STM approaches for 

their identification. This means that SECCM is thus uniquely sensitive to the presence of 

sub-nanometre defects with enhanced kinetics at the material’s surface (including 2D materials) 

that otherwise would remain hidden. 
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5.3 Methods 

5.3.1 Electrochemical measurements 

2D MoS2, MoSe2 Wand WSe2 samples were prepared on Au electrode surfaces by mechanical 

exfoliation of TMDC bulk crystals.42 Electrical contact with the sample was established via the 

underlying Au. Optical and SECCM measurements were made using a Park NX10 instrument 

(Park Systems, South Korea). The SECCM tips were fabricated from glass capillaries (1.5 mm O.D 

and 0.86 mm I.D., BF150-86-7.5, Sutter Instruments, USA) using a P-2000 laser puller (Sutter 

Instrument, USA) to form a 640 nm radius single-barreled nanopipette. The SECCM tips were 

filled with 1.0 mM [Ru(NH3)6]Cl3 (JMC Corporation, South Korea) in 10 mM KCl (VWR 

Chemicals, USA). A chloridized Ag wire was used as an Ag/AgCl quasi-reference counter 

electrode and was inserted into the top end of the nanopipette. SECCM measurements were made 

at an array of equally spaced points (1.5 µm apart) in hopping mode.  Upon contact between the 

nanodroplet at the end of the SECCM tip, a linear sweep voltammogram (LSV) of the one electron 

reduction of [Ru(NH3)6]3+ to [Ru(NH3)6]2+ was conducted on the sample surface with a fast sweep 

rates ranging from 0.2 to 1 V s-1. All potentials are reported respect the Ag/AgCl quasi-reference 

counter electrode.  

5.3.2 Simulation of disc and band electrodes in the SECCM probe 

The diffusional transport of [Ru(NH3)6]3+ and [Ru(NH3)6]2+ to a band electrode that transects the 

SECCM probe was simulated in a time-dependent 3-dimensional finite element simulation using 

COMSOL Multiphysics. The circular defects, i.e. disc electrode, were simulated using a 

2-dimensional axisymmetric model. The time-dependent diffusional transport of [Ru(NH3)6]3+ and 

[Ru(NH3)6]2+ within the nanopipette and the SECCM droplet was simulated using Fick’s second 

law of diffusion, which is given by: 

𝜕𝑐𝑖

𝜕𝑡
− 𝐷𝑖∇2𝑐𝑖 = 0     (Eq. 5.3) 

where ci is the concentration of either [Ru(NH3)6]2+ or [Ru(NH3)6]3+, Di is the diffusion coefficient 

for either [Ru(NH3)6]2+ (1.2 × 10−5 cm2 s-1) or [Ru(NH3)6]3+ (8.4 × 10−6 cm2 s-1),43 and t is time. The 

3-dimensional geometry in which the concentration of [Ru(NH3)6]2+/3+ was simulated is shown in 

Figure 5.2.  
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Figure 5.2: Model of simulated 3D geometry. A: Side view of the 3D geometry, showing the cone 

angle (12o) of the SECCM tip and the height of the simulation (50 µm). B. Zoom of the end of the 

SECCM probe, showing the droplet radius (640 nm) and the droplet height (640 nm). C. Geometry 

of the bottom of the droplet with a band electrode of length  L and width w. The band electrode is 

offset from the centre of the droplet. The relation between the band length and its offset respect is 

𝐿 = 2√𝑟2 − 𝑜𝑓𝑓𝑠𝑒𝑡2 D. Geometry of the bottom of the droplet cell with a circular defect. E. 3D 

geometry of the SECCM simulation domain, including labelling of the bulk boundary. 

All boundaries of the simulation domain, see Figure 5.2, were set as no-flux boundaries (-n.Ji = 0, 

where n is the boundary normal and Ji is the flux of either [Ru(NH3)6]2+ or [Ru(NH3)6]3+) except: 

• the bulk boundary (labelled in Figure 5.2 E) at which the concentration of [Ru(NH3)6]2+ 

was set to 0 mM and the concentration of [Ru(NH3)6]3+ was set to 1 mM.  

 

• the band electrode (labelled in Figure 5.2 C) or the circular defect (labelled in Figure 5.2 D) 

at which the flux of [Ru(NH3)6]2+/3+ was defined by Butler-Volmer kinetics given by  

𝐼 = 𝐼0 (𝑐[Ru(NH3)6]2+ ∙ 𝑒
(1−𝛼)𝐹𝜂

𝑅𝑇 − 𝑐[Ru(NH3)6]3+ ∙ 𝑒−
𝛼𝐹𝜂

𝑅𝑇 )   (Eq. 5.4) 

where I is the current density, I0 = Fk0, F is the Faraday constant, k0 is the standard 

heterogeneous electron transfer rate constant, which was set at 10 cm s-1, C[Ru(NH3)6]2+ is the 

concentration  of [Ru(NH3)6]2+ at the electrode boundary, C[Ru(NH3)6]3+ is the concentration 

of [Ru(NH3)6]3+ at the electrode boundary, α = 0.5, R is the ideal gas constant, T = 298 K, 

η  = E – E0, where E0 = - 0.25 V and E is the electrode potential that was ramped between 

0 V and -0.5 V at 1 V s-1 for the time dependent LSV simulation.    
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5.4 Results 

5.4.1 Electrochemical mapping by SECCM 

The starting point for the identification and morphology characterisation of defects is the dataset 

of electrochemical mappings of MoS2 surfaces presented in Chapter 4. In summary, a 640 nm 

radius single-barreled nanopipette was used to map the one electron reduction of [Ru(NH3)6]3+ to 

[Ru(NH3)6]2+ on the MoS2 surface using a hopping mode SECCM, as illustrated in Figure 5.3 A. 

Optical images of the MoS2 sample in the region of SECCM mapping are shown in Figures 5.3 B 

and C before and after SECCM experiments, respectively. The region of interest contains mono-, 

bi-, and tri-layer MoS2 immobilised on the underlying Au electrode surface, as determined by 

optical microscopy displayed in Figure 5.3 B.44 The MoS2 layers appear to be continuous in the 

optical images. In Chapter 4, the voltammetric analysis obtained on MoS2 and other 2D TMDCs is 

reported, showing how the electrochemical kinetics of the [Ru(NH3)6]3+/2+ couple depends on the 

number of 2D TMDC layers and, ultimately, the band gap of the 2D TMDC.45  From this dataset, 

the electrochemical responses are examined at individual sample points to identify nanoscale 

defects at the sample surface. 

Figure 5.3: A. Schematic of the SECCM experimental configuration, in which we use a 640 nm 

radius single-barreled nanopipette filled with 1 mM [Ru(NH3)6]3+ and 10 mM KCl electrolyte 

solution to conduct a series of LSVs over the sample surface (which is either mono-, bi-, or tri-layer 

MoS2) in a SECCM configuration. The probe movement pattern during the hopping mode scanning 
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is shown in red. A bias (V) is applied between the QRCE inserted inside the SECCM droplet probe 

and the Au-supported MoS2 sample and the current is measured through the sample surface. B. 

Optical image of the sample surface before the SECCM measurements, with the regions of different 

MoS2 thicknesses labelled. C. Optical image of the sample surface after the SECCM experiments, 

showing the salt deposits left over from the SECCM imaging, which were used to assign the MoS2 

thickness (monolayer, bilayer, trilayer) for each LSV measurement. Note that at some sample 

points the SECCM droplet did not contact the sample surface because of early activation of the 

automatic feedback loop prior to the droplet contacting the sample surface. In those points there 

are no salt deposits left, and these can be identified as bright spots in the optical image. Reproduced 

with permission from Brunet Cabré, M. et al..46 

5.4.2 Anomalous current enhanced points and correlation with 2D TMDC 

morphological features 

Figure 5.5 A shows a map of the current obtained at -0.25 V from LSV curves measured at each 

position/pixel in the probed array; the -0.25 V bias is sufficient to drive [Ru(NH3)6]3+ reduction at 

metallic Au surfaces, but insufficient to observe reduction at most MoS2 surfaces, as shown in 

Figure 5.4 and reported in Chapter 4. Figure 5.5 A shows certain sample points (shown in 

orange/red/black) that display current magnitudes that are significantly larger than those observed 

in the surrounding pixels (shown in yellow/white). Figure 5.5 B shows a map of the applied bias 

required to observe a current of -5 pA at each pixel, which indicates that the points identified in 

Figure 5.5 A are also prominent in this constant current map and require lower biases to drive the 

same current than neighbouring pixels. Later in this chapter, Section 5.4.4, it is detailed why the 

current threshold of -5 pA was chosen because it provides sufficient contrast for visualising the 

defective points. 

Figure 5.4: Average LSV response at different MoS2 thicknesses and unmodified Au surface 

normalised by current at -0.8 V. The bias potential is given with respect to the Ag/AgCl QRCE. 
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Figure 5.5: A: Map of the electrochemical response for [Ru(NH3)6]3+ reduction showing the 

current measured at a bias of -0.25 V, sufficient to drive [Ru(NH3)6]3+ reduction on Au but not on 

a MoS2 surface. The LSV responses at the sample points within regions D-F as shown in part D-F, 

respectively. B. Map of the electrochemical response showing the bias required to maintain a 

current of -5 pA. The LSV responses at the sample points within regions D-F as shown in part D-F, 

respectively. C. Composite optical image showing the alignment of the defect features on the 

surfaces. D-F. LSV response at sample regions D-F shown in parts A and B, respectively. Sweep 

rate used 1 V s-1.  Reproduced with permission from Brunet Cabré, M. et al..46 

Both Figures 5.5 A and B identify positions that yield deviations in current/bias relative to the 

surrounding sample points; these are highlighted and overlapped with the optical image in 

Figure 5.5 C. Several of these positions/pixels are aligned along the MoS2 edges, such as those 

labelled i) and ii) in Figure 5.5 C. Therefore, the MoS2 edges appear to be associated with 

anomalous outer-sphere electrochemical responses, although not all edges show these anomalous 

responses. The enhanced electrochemical response at the MoS2 edge has been previously reported 

for the hydrogen evolution reaction.25,47 Therefore, we observe for the first time that the enhanced 

edge activity in 2D TMDCs also occurs for outer-sphere redox processes. 

However, it is not always the case that anomalous electrochemical responses are associated with 

the MoS2 edges. For example, the line of anomalous electrochemical responses labelled iii) in 

Figure 5.5 C is not associated with a MoS2 edge. The anomalous sample points that are not 

associated with an MoS2 edge suggest that other 1-dimensional defects, e.g., dislocation, grain 

boundaries, or even physical cracks in MoS2 are at the origin of their responses.10,48 We also 

observed discrete sample points with enhanced electrochemical currents, that are isolated and do 

not belong to a line of anomalous sample points, such as the point labelled D in Figure 5.5 A and B. 

These anomalous sample points suggest that the electrochemical response is associated with point 

defects at the MoS2 sample surface, which cannot be identified optically.  
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Figures 5.5 D-F show the LSV responses measured in three regions, labelled D-F of panel 5.5 A 

and B, respectively; the LSVs of all 728 sample points are shown in the Appendix of this Chapter. 

Figure 5.5 D shows the electrochemical response on trilayer MoS2; this position is not part of a line 

of anomalous sample points. A significantly enhanced electrochemical response for [Ru(NH3)6]3+ 

reduction is observed at one point in Figure 5.5 D relative to that of the surrounding sample points: 

a current plateau at approximately -5.5 pA between -0.35 and -0.7 V, while biases below -0.7 V 

are insufficient to drive the [Ru(NH3)6]3+ reduction on the tri-layer MoS2. The next two sample 

regions, whose LSVs are shown in Figure 5.5 E and F, lie along the lines of the anomalous sample 

points(iii): region E is located on a trilayer MoS2, while region F is located on a monolayer MoS2 

(Figure 5.3 B could help visualise the number of layers stacked on points E and F). Note that two 

of the sample points in Figure 5.5 E show an anomalous electrochemical behaviour.  

The onset biases for [Ru(NH3)6]3+ reduction that we observe at the anomalous sample points are 

identical to those observed at an Au electrode surface, see Figure 5.4. This suggests that the 

enhanced electrochemical kinetics for the [Ru(NH3)6]3+/2+ redox couple on the anomalous sample 

points is equivalent and indistinguishable to that of a metallic Au surface.  

5.4.3 Analysis of diffusion-limited current plateaus for defect detection 

A plateau in the reductive current at approximately – 27 pA is observed in all the LSVs when 

applying a bias sufficient to drive the reduction of [Ru(NH3)6]3+ (≤ – 0.8 V on tri-layer, < – 0.7 V 

on bi-layer, < – 0.4 V on mono-layer, and < – 0.25 V on Au, (see Figure 5.4 and Figure 5.5 D-F), 

due to the diffusion-limited transport of [Ru(NH3)6]3+ to the MoS2 surface. In a SECCM 

configuration, the magnitude of the diffusion-limited current at higher overpotentials depends on 

the concentration of [Ru(NH3)6]3+, the diffusion coefficient, the contact area between the SECCM 

nanodroplet and the sample surface, as well as the geometry of the SECCM probe.40 The current 

plateau at the defect points shown in Figure 5.5 D and E is observed at much lower biases (ca. 

– 0.25 V), which is consistent with the electrochemical response for [Ru(NH3)6]3+ reduction on a 

sufficiently metallic surface. However, the current plateaus are well below the – 27 pA observed 

at higher overpotentials, namely – 5.5 pA for the point in Figure 5.5 D, and – 8.5 pA and – 2 pA 

for the points in Figure 5.5 E. In Figure 5.5 F the anomalous sample point, in black, shows a 

response at a much lower bias, but does not display a lower current plateau. In all LSVs 

(Figure 5.5  D, E and F) at higher biases, the current then reaches the – 27 pA diffusion-limited 

current. This suggests that a small portion of the nanodroplet contact area is exposed to a surface 

defect with enhanced kinetics.  
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Note that the observation of a current plateau of smaller magnitude than expected based on droplet 

cell size, indicates that the diffusion layer associated with the defect site must be smaller than the 

one resulting from the total contacted area of the MoS2 surface. Importantly, larger defects will 

lead to plateau currents that approach the maximum limiting current. 

Additional SECCM maps on MoSe2, WSe2 and other MoS2 samples are shown in 

Figures 5.6 to 5.9, and anomalous points were observed on all samples. In Figures 5.6, 5.7 and 5.8 

some of the enhanced points are aligned with morphological features, such as layer edges, while 

other enhanced sample points could not be correlated with any morphological features evident from 

optical microscopy. The characteristic current plateaus shown in Figure 5.5 for MoS2 (i.e. with 

smaller magnitude than expected based on droplet cell size) are observed as well in the MoSe2 and 

WSe2 samples, as displayed in Figures 5.6 and 5.7. Another surface region of the same MoS2 

sample (same sample as Figure 5.5), has been map by SECCM and displays current plateaus with 

a lower current magnitude than the droplet diffusion limiting current, as shown in Figure 5.8. In 

another scanned region of the WSe2 sample, shown in Figure 5.9, the current plateaus of a smaller 

magnitude are not observed, but lower onset potentials are clearly displayed for a series of points. 

Note that some of those points are not aligned with any discernible morphological feature, 

e.g. Figure 5.9 F. 

The characteristic anomalous behaviour observed on different surface regions of MoS2, MoSe2, 

and WSe2 indicates that kinetically enhanced defects could be commonly detected on mechanically 

exfoliated 2D TMDCs. 
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Figure 5.6: A. Map of the electrochemical response for [Ru(NH3)6]3+ reduction on a MoSe2 sample, 

showing the current measured at a bias of -0.35 V. The LSV responses at the sample points within 

the regions D-F are shown in D-F, respectively. B. Map of the electrochemical response showing 

the bias required to obtain a current of -1.5 pA. The LSV responses at the sample points within 

regions D-F as shown in part D-F, respectively. C. Composite optical image showing the position 

region F, which does not align with any morphological features of the sample surfaces. D-F. LSV 

response at sample regions D-F shown in parts A and B, respectively. 
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Figure 5.7: A: Map of the electrochemical response for [Ru(NH3)6]3+ reduction on a WSe2 sample, 

showing the current measured at a bias of -0.4 V. The LSV responses at the sample points within 

the regions C-E are shown in C-E, respectively. B. Composite optical image showing the alignment 

of the defect features on the surfaces. C-E. LSV response at the sample regions C-E shown in 

part A. 
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Figure 5.8: A. Map of the electrochemical response for [Ru(NH3)6]3+ reduction on a MoS2 sample, 

showing the current measured at a bias of -0.35 V. The LSV responses at the sample points within 

the regions B-D as shown in part B-D, respectively. Note that many sample points did not result in 

the SECCM droplet contacting with the sample (i.e. false hops) and appear as missing data points. 

The missed contacts from the SECCM probe are due to early activation of the automatic feedback 

loop prior to the droplet contact with the sample surface  B-D. LSV response at sample regions B-

D shown in part A. 
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Figure 5.9: A: Map of the electrochemical response for [Ru(NH3)6]3+ reduction on a WSe2 sample, 

showing the current measured at a bias of -0.35 V. The LSV responses at the sample points within 

the regions D-F as shown in part D-F, respectively. B. Map of the electrochemical response 

showing the bias required to maintain a constant current of -2 pA. The LSV responses at the sample 

points within regions D-F as shown in part D-F, respectively. C. Composite optical image showing 

the alignment of the defect features on the surfaces. Notice that (iv) alignment of current enhanced 

points could not be correlated with any morphological feature.  D-F. LSV response at sample 

regions D-F shown in parts A and B, respectively.  
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5.4.4 Modeling single-point defect electrochemical response 

A first approach to understand the observed current plateaus is to calculate the size of the equivalent 

disc-shaped site on the surface of the TMDC, which would give rise to such a diffusion-limited 

current. Therefore, this first approximation does not yet consider the mass transport limitations 

imposed by the SECCM droplet configuration, but could be a good approximation for defects much 

smaller than the SECCM droplet.49 In this case the diffusion-limited current idiff.lim is described by 

hemispherical diffusion, as shown in Equation 5.1,37  with z = 1, D = 8.4 × 10−6 cm2 s-1  for the 

[Ru(NH3)6]3+,43 and c = 1 mM as the bulk solution concentration of [Ru(NH3)6]3+.  

Using Equation 5.1 it is determined that a diffusion-limited current of -5.5 pA observed in 

Figure 5.5 D is equivalent to a defect with radius of 17 nm. Likewise, the diffusion-limited currents 

of -8.5 pA and -2 pA in Figure 5.5 E correspond to defects with radii of 26 nm and 6 nm, 

respectively. The defect in Figure 5.5 F gives a diffusion-limited current plateau that is of the same 

magnitude as the [Ru(NH3)6]3+ reduction on the entire contacted MoS2 surface, suggesting that this 

defect is > 83 nm in radius. Similarly, defects observed on MoSe2 have 6 - 8 nm radii 

approximately, see Figure 5.6 D-F.  The current plateaus observed on WSe2, displayed in 

Figures 5.7 C and E, correspond to 10 and 25 nm radii. This simple analysis suggests that the 

observed anomalous electrochemical responses can be generated by nanoscale kinetically 

enhanced defects on TMDC surfaces. The percentage of the defect area with respect to the SECCM 

droplet contact area ranges from 0.01% (6 nm defect) to 0.16% (26 nm defect) and their estimated 

sizes are well below the diffraction limit and therefore impossible to detect optically. 

The above estimates of the defect size and diffusion limited current do not consider the effect of 

diffusion within the SECCM probe geometry. Solving the problem of diffusion for particular 

geometries can be a complex task, and it often does not yield analytical expressions, and, instead, 

numerical approaches must be adopted to approximate their description.50 The relationship between 

a circular defective area in the SECCM droplet and the relative diffusion-limited current was 

simulated by finite element methods. A simplified axisymmetric representation of the model is 

shown in the scheme of Figure 5.10 A, where the diffusion limiting current is simulated as a 

function of rdefect size. The complete description of the model is given in the methods of this chapter, 

Section 5.3.2. The results of the simulations are shown in Figure 5.10 B, highlighting that a defect 

only needs to be present in a small fraction of the droplet cell area to give a large and measurable 

electrochemical response. Similar relationships to those in Figure 5.10 B are obtained regardless 

of the absolute droplet area, as shown in Figure 5.10 C.  

However, by changing the pipette aperture (i.e., changing the droplet size), a defect of a given size 

will result in a different limiting current relative to the maximum value expected. Therefore, it is 

possible to optimise the droplet size by modifying the pipette aperture to achieve the best contrast 
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for the detection of differently sized defects. Figure 5.10 D shows the ratio of diffusion limiting 

current expected for each combination of nanoscale defect size and pipette aperture. This plot 

enables the identification of which droplet size would provide the best contrast to detect defects of 

different sizes. We tentatively estimate that a kinetically enhanced defect which provides a 

diffusion-limited current between the 10 - 50 % of the droplet diffusion-limited current will 

provide good contrast with respect to the surrounding points. A response below 10 % might be 

compromised by noise levels, and a response above 50 % is too close to the diffusion limited 

current of the entire droplet to be readily distinguished. Note that only for currents below 50% of 

the diffusion limiting value, there is a linear relation between the defect area and the defect 

diffusion limiting current.  For instance, a 10 nm defect would be best detected using a droplet 

whose radius is between 200 nm and 1000 nm. For a 1 nm sized defect, optimal contrast would be 

obtained with a droplet between 20 nm and 100 nm in radius.  

The diffusion limiting current observed during the MoS2 electrochemical mapping was – 27 pA 

(see Figure 5.5 D-F), and for representing the bias at which a current threshold is reached, the best 

defect contrast was achieved using -5 pA (see Figure 5.5 B). This threshold current represents 

approx. 20% of the diffusion-limiting current, therefore within the range found to provide better 

contrast for defect identification. 



Chapter 5 

192 

 

Figure 5.10: A. Simulated axisymmetric two-dimensional concentration profile of [Ru(NH3)6]3+ 

for a disc-shape defect. B. Relationship between the size of a planar circular defect and the resulting 

diffusion-limited current, compared to the size and diffusion-limited current of the entire SECCM 

droplet. C. Simulated relationship between the size of a planar circular defect and the droplet 

radius. The relative diffusion-limited current, with respect to the SECCM droplet diffusion-limited 

current, is independent of the droplet radius. Note that the droplet radius is equivalent to the pipette 

aperture used. D. Relationship between the size of a planar circular defect and the resulting 

diffusion-limited current compared for different droplet sizes. Figure adapted with permission from 

Brunet Cabré, M. et al..46 
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5.4.5 Modeling the electrochemical response of a band defect 

The anomalous sample points that are arranged in lines (see Figure 5.5 E, Figure 5.6 F or 

Figure 5.9 F) might more accurately be described by linear defects in the TMDC sample surface 

(such as dislocations, grain boundaries, or cracks). The electrochemical response of a linear defect 

that traverses through the SECCM droplet can be approximated by a band electrode with a width w 

that traverses the SECCM droplet for a length L. The time-dependent current response for band 

electrodes which transverse the SECCM droplet is simulated for different widths, with an LSV at 

1 V/s, see Section 5.3.2 for computational details. A typical simulated concentration profile for a 

1 nm wide band electrode, which is offset from the centre of the SECCM droplet, is shown in 

Figure 5.11 A. The simulated response for a 1 nm wide band electrode traversing the SECCM 

droplet with different offsets from the centre, and thus with correspondingly different 

electrochemically active lengths, is shown in Figure 5.11 B. The simulations highlight that the 

length of the band electrode inside the SECCM droplet has a large influence on the observed 

response. Although in the case of our measurements there is uncertainty on the exact length of the 

line defect traversing the SECCM droplet, simulating a range of different band electrode sizes 

allows us to construct a map of all possible width-length combinations that can give rise to a given 

current plateau, as shown in Figure 5.11 C. A current plateau of -8.5 pA in a linear defect, as 

observed in Figure 5.5 E, could be obtained only with an electrode band width of less than 20 nm. 

Similarly, a current plateau of -2 pA would require an electrode band width of less than 1 nm 

(which is the minimum band width that we simulated). This analysis suggests that the linear defects 

would be on the scale of a single nanometre or a few-atoms wide.  

The analysis provides an estimate of the electrochemical response of kinetically enhanced defects 

on 2D TMDCs using a SECCM approach. The conventional diffusion-based voltammetric theory 

(Equation 5.1) used here has limitations when considering nanoscale electrochemical interfaces,49 

namely for electrode radii smaller than 5 nm the electron transfer kinetics manifested could be 

different compared to macroscale electrodes.51,52 Still, this diffusion-based theory has been used to 

describe the electrochemical response down to single atoms.53 Our simulation results highlight that 

nanoscale defects, which represent a minor portion of the contacted area ( < 0.01 %), have a major 

impact on the electrochemical response. Note that the defect size calculations are based on the 

diffusion limiting current value, which depends on diffusion properties along the SECCM probe 

and not on the electron transfer kinetics of the defects.  Therefore, the special conditions of small 

wetting areas and mass transport offered by SECCM allow the detection of nanoscale 

electrochemically enhanced domains, which are not easily detectable with other characterisation 

techniques compatible with electrochemical analysis.   
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Figure 5.11: A. Simulated 3-dimensional concentration profile of [Ru(NH3)6]3+ at a band electrode 

with 1 nm width offset from the centre of the 640 nm-radius SECCM droplet (with a band electrode 

length of 798 nm). B. Simulated LSV responses for a 1 nm wide band electrode transecting a 

640 nm radius SECCM droplet with different lengths at a bias of – 0.5 V. C. Map of the limiting 

current at – 0.5 V for different widths and lengths of the band electrode in a 640 nm radius SECCM 

droplet. The contours indicate the combination of band width and length, which gives rise to 

currents of – 20 pA, – 8.5 pA, and – 5.5 pA, respectively. The lower limit of the electrode length 

is visible as the curve that separates the white area from the rest of the map. This limit is defined 

as the entire band electrode width at its centre point being just contained within the disc of the 

SECCM droplet. Reproduced with permission from Brunet Cabré, M. et al..46 

5.4.6 Identification of defects by SECCM: advantages, limitations, and nature 

of defects 

This chapter has provided a new method to detect and understand the electrochemical response of 

defects in 2D materials. Identification and mapping of sites that display enhanced electrochemical 

activity remain a significant challenge and are of great relevance for TMDCs applications. The 

activity of 2D electrode materials is highly dependent on their local atomic structures, presence of 

under-coordinated sites, boundaries and/or impurities; but only some of these features are readily 

identified based on structural and topographic probes. The method implemented in this chapter 

used the special mass transport conditions of SECCM to evaluate the contribution of the defect to 

the electrochemical response from the diffusion limiting current regime. This is advantageous 

because the response does not depend on the kinetics of the reaction, just on the diffusion-limited 

mass transport. To the best of the author's knowledge, the work presented here is the first to report 

mapping of kinetically enhanced defects with high spatial resolution coupled to analysis/modelling 

of their size and shape based on diffusion limited currents. Moreover, defects on 2D TMDCs with 

enhanced electrochemical kinetics do not necessarily align with morphological features, which is 

different from that observed in previous studies.42,47 
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The method implemented here allows to assess the defect size, but does not provide further 

information on the defect nature. Our analysis is based purely on the electrochemical response, and 

there are multiple reasons why a structural nanoscale defect could provide enhanced kinetics. For 

instance, a structural defect can: produce a local change in electron density, become a catalytic 

centre due to dangling bonds, or expose the underlying materials to the electrolyte.3,10 For the case 

of a crack in the bottom-contacted 2D TMDCs on Au, it is expected that the underneath metal 

contact that becomes exposed to the electrolyte will present faster kinetics. Despite the similarity 

observed between gold and the kinetically enhanced defect onset potential, it cannot be 

distinguished whether the defects detected correspond to exposure of the underneath metal by a 

crack or by a defect of another nature.  

Still, the approach presented here could differentiate between defects with a smaller size and higher 

activity and defects with a larger size and lower activity. The key here is the fact that while the 

higher/lower activity of the defect should affect only the onset potential, the size of the defect will 

alter only the size of the diffusion-limiting current. Differences in kinetics at the defect sites are 

expected to affect the shape of the voltammogram. Large defects with slow kinetics will present 

more cathodic current onsets than those observed in defects with fast kinetics. At high 

overpotentials, a diffusion limited current will be reached that is dependent on defect size. It is 

acknowledged that discrimination of the different defects based on the current plateau might not 

be highly accurate, particularly between extremes, however, it provides a good semi-quantitative 

comparison. Defect points are detected by the presence on the voltammogram of a current-plateau 

smaller than the diffusion limiting current of the SECCM probe. We conclude that this behaviour 

is observed because there is a small area with enhanced kinetics whose diffusion layer front is 

smaller than that of the entire SECCM droplet cell. All calculations of defect size are based on the 

diffusion-limiting current, which depends on the diffusion properties of the redox species, and are 

independent of the electron transfer kinetics peculiarities of the defect.  
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5.5 Conclusions 

SECCM mapping of the electrochemical reduction of [Ru(NH3)6]3+ on TMDC samples allowed us 

to identify defects. These defects give rise to electrochemical responses, which are equivalent to 

disc-shaped defects with radii of tens of nanometres in size, or to band electrodes of nanometer to 

sub-nanometre widths. Our results highlight that a SECCM-based approach can isolate and amplify 

the electrochemical response from surface features that are orders of magnitude smaller than the 

SECCM probe size, enabling us to detect features electrochemically that are well below the 

diffraction limit and therefore impossible to detect optically.  

Importantly, the results of Chapter 5 also highlight the impact of nanoscale defects on the overall 

observed electrochemical response on seemingly defect-free 2D material. Only a very small defect 

needs to be present to dominate the electrochemical response of the entire surface area. This 

suggests that careful interpretation of electrocatalysis results on 2D TMDC materials is required, 

where the dominant response may not be the intrinsic electrocatalytic response of the material, but 

the electrocatalytic response of the defects present in the material. On the other hand, this results 

also underline that it is only needed to introduce a very low density of defects into our sample 

surface to effectively alter the electrocatalytic properties. 
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Appendix  

LSVs for each point of the SECCM mapping of MoS2.  LSVs are numbered with respect to the 

order collected and displayed with a current scale of 0 – 50 pA and a potential scale of 0.2 to -0.8 

V vs Ag/AgCl 
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CHAPTER 6 

Pseudocapacitance of MXene Monolayers at the 

Nanoscale 

______________________________________________________________________________ 

Since 2020 more than 700 articles have been published on the emerging field of MXene base 

capacitors, demonstrating the outstanding performance of this 2D material for supercapacitor 

application. Several experimental and computational works have attempted to explain the boost in 

MXene pseudocapacitive behaviour in acidic electrolytes. The debate has been partly caused by 

the scale disparity between previous electrochemical observations, based on bulk macroscale 

electrodes ( > mm2), and computational methods, which can only afford to simulate a few nm2 of 

the system.  

In this chapter, I explored the electrochemical response of the building blocks of the MXene base 

electrode: monolayer MXene flakes. The experimental approach is based on nano- 

micro- electrochemical technique, achieving electrochemical contact with subregions of MXene 

flakes (<1 um2) but observing pseudocapacitive charging of the whole MXene flake (> 5 um2). 

Such observation is directly derived from the current mechanistic description of MXene 

pseudocapacitive charging, which depends on ion-intercalation. Instead, it is proposed the 

existence of proton conduction channels that extend beyond the area contacted by our probe. Thus, 

in the particular electrochemical configuration studied, the MXene pseudocapacitance is controlled 

by proton transport over the MXene surface.  

______________________________________________________________________________  
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6.1 Introduction 

6.1.1 2D material-based pseudocapacitors 

The transition to a low-carbon economy based on renewable energy requires the development of 

energy storage technologies. Supercapacitors, characterised by both high-power density and 

high-energy density, bridge the gap between rechargeable batteries and more traditional 

parallel-plate capacitors.1 A General description of energy storage technologies is provided in 

Introduction chapter, Section 1.2.2. Supercapacitors store energy by accumulating charge at the 

electrode-solution interface, and the capability of storing charge is defined by the capacitance (C) 

as: 

𝐶 = 𝑄/𝑉      (Eq.6.1)  

where 𝑄 is charge storage at the electrode surface and 𝑉 is the electric potential difference applied. 

There are different mechanisms by which charge accumulation can be achieved in a supercapacitor, 

and the simplest mechanism is based on the formation of an electrochemical double layer (ECDL) 

at the electrode interface. The double-layer capacitance can be approximated by the Helmholtz 

model as: 

𝐶 =  𝜀𝑟𝜀0𝐴/𝑑           (Eq.6.2)  

where 𝜀𝑟 is the dielectric constant of the electrolyte at the interface, 𝜀0 is the vacuum permittivity, 

𝐴 is the electrode surface available for electrolyte ions and 𝑑 is the effective electrochemical double 

layer thickness (Debye length).2 ECDL mechanism of charge storage in supercapacitors is the same 

as used in more traditional electrochemical double-layer capacitors, but supercapacitor electrodes 

are differentiated by providing a much larger specific surface and taking advantage of electrode 

nanostructure.3,4 To achieve a high specific active area and therefore high specific capacitance, 

ECDL supercapacitor materials often have engineered porous architectures, as shown in 

Figure 6.1 A. The porosity is designed to follow hierarchical pore sizes (macropores > 50 nm, 

mesopores 2–50 nm and micropores < 2 nm) to maximise the specific area while providing 

pathways for the ions to access most of the surface.5 Examples are graphene aerogel electrodes, 

which have shown outstanding performance as supercapacitors thanks to their ultra-low density, 

porosity, electrical conductivity and stability, achieving capacitances greater than 300 F/g. Aerogel 

electrodes take advantage of the high surface area of 2D materials micro- nano- sheets (e.g. 

monolayer graphene, with 2630 m2/g specific surface area) to assemble a 3D network which 

presents a given degree of porosity.6  
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The other mechanism to store charge at electrode-solution interfaces is pseudocapacitance.3 

Pseudocapacitance is based on Faradaic charge transfer to surface species (including adsorption of 

species from electrolyte) which presents reversible redox cycling, as shown in Figure 6.1 B. The 

chemical nature of the pseudocapacitance mechanism allows storage of a charge density greater 

than that of ECDL supercapacitors. However, charge storage on pseudocapacitors is potential 

dependent, and thus, charging/discharging processes are subjected to the potential window defined 

by the nature of the redox process. Pseudocapacitors also benefit from having a large specific 

surface area and an engineered nanostructure, which facilitates the mobility of electrolyte species. 

Therefore, similar approaches towards manufacturing of electrode materials with 3D porous 

architectures are used for pseudocapacitors, as shown in the illustration of Figure 6.1 B.7,8 

Ion-intercalation processes can also lead to pseudocapacitive charge storage and have been 

implemented recently in supercapacitor electrodes.3 Classically, an ion-intercalation charge 

mechanism is defined by the Faradaic process which forces electrolyte ions into the crystal lattice 

of the electrode materials, inducing a phase change. Note that such a classic definition does not 

limit charge storage to the electrode-solution interface but through the bulk of the electrode 

material.7,8 Ion-intercalation is widely used in batteries and generally does not offer high-power 

densities.3 However, since the early 2000s several studies reported nanostructured materials that 

facilitate ion-intercalation processes through designed channels, achieving fast intercalation and 

increased power densities (100’s to 1000’s W kg-1).9-11 For example, graphene aerogel-based 

supercapacitors have an outstanding specific capacitance, high physical and chemical stability, and 

present a hierarchical pore structure that facilitates ion transport to ensure fast charge/discharge 

rates. Moreover, the tunable porosity and interlayer distance of the graphene aerogel enables the 

use of a wide variety of ions for charge storage.6 

With current state-of-the-art nanostructured electrodes, the differences between battery and 

supercapacitor electrodes that operate via ion-intercalation become blurred.7 Previous 

interpretations described the charge storage mechanism that occurs at the electrode-electrolyte 

interface as capacitive, while the battery charge storage mechanism was accompanied by a phase 

transition of the electrode material. However, the hierarchical porous nanostructure of modern 

supercapacitor electrodes challenges conventional distinctions, because the boundary between 

electrode and solution (i.e. the interface) is no longer clearly identifiable. On the electrolyte 

solution side, the hierarchical nanochannels or nanopores could contain variable amounts of 

electrolyte, as low as a discrete number of electrolyte molecules; thus, stablishing the spatial limit 

between the bulk electrolyte and the confined electrolyte is not possible. On the electrode material 

side, the nanostructured material (e.g., a monolayer of a 2D material) might present all or most of 

its atoms exposed to the solution interface, thus becoming impossible to clearly differentiate 

between the electrode interface domain and the electrode bulk domain. The impossibility of 
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defining the limits of the electrode-electrolyte interfaces makes it ambiguous to state whether there 

is / is not a phase transition in electrode materials during pseudocapacitive ion-intercalation 

charging. As a consequence, the electrode-electrolyte interface is effectively extended throughout 

the entire supercapacitor electrode material; see the schematics of Figure 6.1 C. Moreover, it is 

challenging to classify the pseudocapacitive active species (e.g. redox species or ions) solely on 

the basis of their contribution to adsorption or intercalation processes. Terms such as 'shallow 

adsorption', 'deep adsorption', 'extrinsic pseudocapacitance', 'intrinsic pseudocapacitance', 'surface 

processes' or 'bulk processes' have been used in the literature in an attempt to discriminate different 

pseudocapacitive behaviours observed.7 

Figure 6.1: Illustration of the three types of mechanism implemented in supercapacitors. A.  High 

surface area electrochemical double layer, B. redox/adsorption pseudocapacitance, and 

C. intercalation pseudocapacitance.   

In summary, 2D materials have been used extensively for supercapacitor applications, as they excel 

in providing large specific surface areas and assembling into aerogels and porous materials. The 

development of new supercapacitor technology depends on the development of new materials, and 

this is supported by the precise understanding of the physical nature of the electrochemical charge 

storage mechanism.6,7 

6.1.2 MXene pseudocapacitance 

MXenes are recently discovered two-dimensional materials from the family of transition metal 

carbides, nitrides and carbon-nitrides. MXenes are obtained from the exfoliation of a ternary MAX 

phase (Mn+1AXn), where M is a transition metal, X is a carbon or nitrogen, and A is a group XIII 

or XIV element. The exfoliation processes consists of a selective etching of the A element of the 

MAX phase, resulting in the formation of Mn+1XnTx flakes, where Tx is the terminal group and n is 

the number of M-X layers, as illustrated in Figure 6.2 A.12 The terminal group (Tx) is typically 

defined as –O or –OH, however, due to the exfoliation processes often involving HF, it is common 
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that terminal group –F could be found on 10-40% of Tx sites. The MXenes flakes present 

simultaneously in-plane metallic conductivity (for Ti3C2Tx up to 10 kS/cm) and a redox-active 

metal-oxide-like surface chemistry, making them an interesting material for electrochemical 

applications. Among other applications,13 MXenes exhibit excellent performance as 

supercapacitors. The nanoscale 2-dimensional nature of MXene flakes yields a high specific 

surface area. MXene flakes also present a negatively charged surface, given by electronegative 

terminal groups (Tx), resulting in a very hydrophilic behaviour.14 MXene flakes can be assembled 

in 3-dimensional architectures generating porous hierarchical structures, thus allowing fast 

ion-intercalation processes.15 Nevertheless, they can be differentiated from other 2D supercapacitor 

materials, such as graphene aerogels, by simultaneously presenting pure metallic conductivity, 

redox-active surfaces and fast ion-intercalation availability.16 Note that pristine graphene does not 

present a metal-like electronic structure, nor a redox-active surface. 

Titanium carbide MXenes (Ti3C2Tx) can be obtained by facile exfoliation, exhibit high stability 

and allow several electrode architectures, with capacitances of approximately 250 F/g  or 1500 

F/cm3 in acid electrolyte.15,17,18 The enhanced specific capacitance observed in proton-containing 

electrolytes, compared to salt-based electrolytes, opened the debate about the nature of MXene 

capacitance and their charging mechanism. The current state-of-the-art describes the origin of 

charge storage of Ti3C2Tx in acid electrolytes as fast intercalation of ions in the interlayer spaces 

coupled with the change in the oxidation state of the Ti and protonation of the oxygen functional 

groups (Tx → –O to –OH), see Figure 6.2 B.19-23 The charging mechanism of MXene under acidic 

conditions has been extensively discussed in the literature, mainly using computational tools, such 

as DFT or molecular dynamic simulations, to model the experimental behaviour observed in 

MXene macroscale electrodes.20,22,24-27 For instance, DFT studies reported the potential windows 

at which MXene surface proton coverage phases (Tx → –O or –OH) is the thermodynamically 

favourable, as shown in Figure 6.2 C.22 Molecular dynamics simulation studies explained the 

proton intercalation as a a proton-hopping Grotthuss mechanism between the water intercalated 

within the MXene interlayer, as well as fast proton exchange between the Ti3C2Tx surface and 

water, as shown in Figure 6.2 D.24 

Despite a good alignment between computational predictions and experimental observations, there 

is a difference of several orders in the scale of domain size used for computational and experimental 

macroscale electrodes. Computational studies can only afford to model a small portion of a few 

nm2 of a MXene flake. Meanwhile, most experimental data of Ti3C2Tx pseudocapacitance in acid 

electrolytes have relied on macroscale electrodes (typically 0.1 cm2 or larger in size) which consist 

of millions of 2D flakes arranged in 3D architectures (porous films, hydrogels, aerogels, or foams). 

Therefore, in the current state-of-the-art a microscale characterisation of the MXene flakes 

electrochemical response is missing.  
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Figure 6.2: A. Structure of MXenes (Mn+1XnTx) for n = 1 (top) and n = 2 (bottom). B. Structure of 

two Ti3C2Tx flakes separated by intercalated water, enabling a proton conduction mechanism. 

Reproduced with permission from Lukatskaya et al.18 C. Gibbs free energy of Ti3C2Tx MXene in 

acidic media respect the proton coverage (Tx = –O or –OH) for different applied potentials 

(vs. SHE), showing that more cathodic potential favours greater proton coverage. Reproduced with 

permission from Zhan, C. et al.22 D. Represented with ball-and-stick model: short time 

snapshots (1ps) of water and protons confined between two Ti3C2Tx flakes (Tx = –O), showing the 

fast exchange of protons between water and Tx groups. Obtained by first-principle molecular 

dynamic simulation, with one layer of confined water displayed for the top sequence and two layers 

of water for the bottom sequence.  Reproduced with permission from Sun. Y. et al..24  

6.1.3 Surface processes vs. Bulk processes.  

Designing a MXene-based, or any other nanomaterial-based, electrochemical storage device for 

real-world applications requires a choice of macroscale configuration of the electrode.7,8 There are 

a relevant number of prior experimental studies that aim to optimize the device performance by 

achieving 3D MXene architectures that favour mass transport and enhance their specific or 

volumetric capacitance.15 However, the use of macroscale MXene electrodes means that the 

measured capacitance results from the average response of millions of MXene flakes at once. 
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Thus, conventional bulk ensemble electrochemical approaches can obscure information and details 

about the charging mechanism of single MXene flakes. Moreover, the responses obtained from 

macroscale electrochemical strategies can also be affected by mass transport effects within the 

electrode volume. It is a classical electrochemical problem that the mass transport effects limit the 

information that can be obtained about the Faradaic process at the electrode surface, i.e., the MXene 

surface charging processes for this study.28 (please see also the Introduction chapter, Section 1.3.1).  

Several approaches have attempted to provide fundamental understanding of pseudocapacitive 

mechanisms while utilising macroscale supercapacitor architectures, by decoupling the intrinsic 

contribution of the electrode surface to charge storage (surface processes) from the contribution of 

3D electrode architecture (bulk processes). 18,29-33 A variety of techniques, methods, and models 

have been implemented to deconvolute the capacitive V curves of 3D macroscale electrodes based 

on a range of materials, including MXenes, into distinct contributions from surface and bulk 

processes.29-33 These methods use differences in timescales and time dependencies: surface 

processes occur at shorter timescales while bulk processes display longer characteristic 

timescales.31,33-35 To the best of the author’s knowledge, no quantitative determination of MXene 

charging timescales has been reported in the literature yet. The mathematical model used to 

deconvolute I-V curves of macroscale electrodes, described by Dunn et al., correlates the 

capacitive currents (𝐼𝐶) with the I-V curve sweep rate dependency.35 

𝐼𝐶 = 𝑎𝑣𝑏     (Eq. 6.1) 

where 𝑣 is the sweep rate and 𝑎 and 𝑏 are adjustable parameters. Notice that if b = 0.5 the current 

is proportional to the square root of the scan rate, resembling the current dependency of Nernstian 

systems under semi-infinite linear diffusion. Otherwise, if b = 1, the capacitive current has a linear 

relationship with the scan rate, resembling double-plate capacitive response. The b-values can be 

determined from the slope of the plot of log 𝐼𝐶 vs. log 𝑣. Dunn et al. observed that at different 

potentials the b-values fluctuate between 0.5 and 1, suggesting that at a given potential the current 

can be described as the linear combination of b = 1 and b = 0.5 processes.30  

𝐼𝐶 (𝑉) = 𝑠1𝑣 + 𝑠2𝑣1/2       (Eq. 6.2) 

where 𝑠1 and 𝑠2 are fitting parameters. Thus, finding the ratio between 𝑠1 and 𝑠2 that fits the current 

at each potential can be used to quantify the fractional contribution due to capacitive surface 

processes (b = 1) and to diffusion-limited processes (b = 0.5). The above equations are widely used 

as a standard measure to evaluate the kinetics of energy storage materials. On MXenes, it is well 

known that Tx groups present a very fast redox kinetics, while experimental observations on 

macroscale MXene electrodes have also shown a slower capacitive behaviour, which has been 

attributed to mass transport and ion-intercalation mechanisms. The mathematical model described 
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in Equation 6.2 was implemented on MXene pseudocapacitance I-V curves to deconvolute and 

differentiate between fast surface (b=1) and slower bulk (b =0.5), as shown in Figure 6.3 A.33  

Shao, H. et al. obtained the contribution of  the surface and bulk processes to the total charge 

storage and its dependence on the scan rate, for a 3D MXene electrode under acidic conditions, as 

shown in Figure 6.3 B.33   

 

Figure 6.3: A. Deconvolution of a 3D Mxene capacitive I-V current (black) into the contribution 

of surface and bulk capacitive currents, in orange and grey, respectively. Voltamogram performed 

under acidic electrolyte conditions. B. Total charge contribution of the surface and bulk processes 

for different scanrates, showing that bulk processes dominate charge contribution at slow scanrates 

while surface processes domainate fast scanrates. A and B are reproduced with permission from 

Shao, H. et al.. 33  

Nevertheless, Dunn et al. mathematical model only considers two possible charging processes and 

relies on describing transport of species, i.e. bulk processes, as one-dimensional linear 

diffusion-limited process, which is not necessarily suitable for modelling the response of 

3D hierarchical porous structures that also allow for intercalation. As pointed out in other 

publications, deconvolution can be implemented by including other transport mechanisms and 

variables in the Dunn model, such as porous media transport and hemispherical diffusion. 

However, the increasing number of variables of the more sophisticated deconvolution approaches 

makes the resolution of their equations complex, with the possibility of nonunique solutions. 

Moreover, even with those expanded models, often not enough detail is provided to capture the 

complex electrochemical charging nature of 3D electrode architectures. 31-33 As a consequence, 

despite the fact that mathematical models for I-V curve deconvolution offer an interesting and 

promising approach to study the charge storage mechanisms of faradic and capacitive electrodes, 

further efforts beyond deconvolution strategies are needed to build the connection between the 

electrochemical response and the underlying physicochemical processes. 
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6.1.4 Electrochemical isolation of MXene building blocks.  

To provide a deeper understanding of the MXene charging mechanism, the acquisition of MXene 

electrochemical response at the micro- or nanoscale could facilitate a comparison of experimental 

data with computational methods, which operate on similar scales (nm2). Electrochemical scanning 

probe microscopy (EC-SPM) techniques could isolate the electrochemical response from small 

domains within the nm2 to µm2 range.36 MXene flakes are up to a few µm’s in lateral size,28,37 

therefore, by implementing EC-SPM techniques it could be plausible to measure the 

electrochemical response of individual building blocks that constitute MXene electrodes, i.e., a 

single monolayer MXene flakes. 

Isolation of the electrochemical response of a single MXene flake by EC-SPM might be 

advantageous to avoid any mass transport effect related with the 3D architecture of macroscale 

electrodes and thus remove the contributions from bulk processes. Thus, having direct access to 

the response of a discrete monolayer in the absence of MXene stacking/assembly, enables the 

unambiguous assignment of the observed charging behaviour to “surface processes” exclusively, 

without any further deconvolution of the I-V curves. Moreover, single-flake electrochemistry could 

potentially identify any characteristic behaviour of single MXene flakes, which becomes obscured 

by the averaging effect occurring at the macroscale electrode. The implementation of EC-SPM 

methods also allows us to identify heterogeneity in the response across different MXene flakes.  

SECCM, as a member of the family of EC-SPM techniques, might be the ideal candidate for 

isolating the capacitive response of a single MXene flake because of its ability to achieve controlled 

partial wetting of the working electrode. Therefore, the clear contact area achieved by SECCM 

allows for an unambiguous correlation between the electrochemical response and single flake 

morphology.38,39 Moreover, the clear determination of the area wetted by the electrolyte allows 

further quantification of the electrochemical response in terms of current or capacitance density. 

The SECCM probe offers a defined mass transport of diluted species toward the electrode surface; 

the SECCM probe acts as a species reservoir and the pipette tapered end acts as a mass transport 

channel perpendicular to the electrode surface.36 The SECCM characteristics are then of great 

advantage for comparison of the nano- or micro- scale electrochemical measurement with prior 

state-of-the-art experimental and computational literature. Further details about SECCM and other 

EC-SPM techniques are given in the Introduction chapter, Section 1.4.2.  

To quantify the intrinsic electrochemical pseudocapacitive response of the monolayer Ti3C2Tx 

MXene, it is isolated the capacitive response on 0.3 m2 regions of monolayer Ti3C2Tx MXene 

flakes immobilised on a carbon supporting electrode using SECCM, as shown in Figure 6.4 A. 

Through SECCM electrochemical mapping, cyclic voltammograms are measured on a regular grid 

of sample points spaced 1.80 µm apart on a region of monolayer Ti3C2Tx flakes. Cyclic 
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voltammograms were acquired on both Ti3C2Tx flakes and the surrounding carbon substrate, 

allowing us to compare the response on different flakes, different parts of the same flake, and 

control sample points on the carbon substrate. As shown in Figure 6.4 B, probing individual 2D 

MXene flakes supported on a carbon electrode with SECCM provides a bottom-contact 

configuration that has not been tested before for MXenes. 

Figure 6.4: A. Schematic of the SECCM configuration to measure monolayer Ti3C2Tx flakes 

immobilised on the surface of a carbon supporting electrode. SECCM-based cyclic voltammogram 

measurements were conducted in a hopping mode, with the probe movement pattern shown in 

coloured arrows (blue approach, red retract, and black move to next measurement position). 

B. Schematic of the end of SECCM probe, highlighting the nanoscale electrochemical droplet cell 

and the two-electrode electrochemical cell configuration. Reproduced with permission from Brunet 

Cabré, M. et al.40 . 
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6.2 Aims 

The aim of this chapter is to measure the pseudocapacitance response of the building blocks of 

MXene electrode supercapacitors, i.e., individual monolayer MXene flakes. The approach taken in 

this chapter will allow a comparison of the pseudocapacitive behaviour observed on monolayer 

flakes with the macroscale electrode response. Therefore, the measurement will bridge the gap 

between previous macroscale experimental approaches and computational studies. 

To achieve the aim of this chapter, I first developed an experimental protocol that isolates single 

MXene flakes on a flat, conductive surface suitable for nano-electrochemical techniques. The 

electrochemical mapping, achieved by SECCM, is then used to isolate the electrochemical 

response of subregions of MXene flakes. A careful analysis of electrochemical data and 

morphological characterisation allowed the isolation of the response from the monolayer basal 

planes, edges, and layer stacks. Those results allow for a discussion of pseudocapacitive behaviour 

on those different morphological features.  
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6.3 Methods 

Chemicals. Perchloric acid (HClO4, Fluka Analytical, 67-72%) was used as supplied by the 

manufacturer. All solutions were made with Millipore water with a high resistivity of 18 MΩ cm. 

All procedures were carried out at room temperature.  

Preparation of carbon substrates. Carbon substrates were synthesised on SiO2/Si wafers 

substrates by sputtering deposition followed by graphitisation under an inert atmosphere. The 

SiO2/Si wafers (300 nm thermal oxide) were first cleaned with piranha solution (3:1 H2SO4/H2O2) 

and then rinsed with Millipore water and dried under nitrogen prior to sputter deposition. 

Deposition was carried out as previously reported;46  briefly, amorphous carbon thin films were 

deposited in a dc-magnetron sputtering chamber (Torr International, Inc.) using a graphite target 

at a base pressure < 2 × 10-6 mbar for 40 min using Ar as deposition gas (50 sccm, 1-2 × 10-2 mbar). 

The films were subsequently graphitised at 900 ° C in a tube furnace (Carbolite Gero) under N2 

flow for 60 minutes, yielding 73 ± 3 nm thick carbon electrodes. All of the carbon substrates used 

in this chapter were manufactured integrally by Ph.D. student Christian Schröder. 

Preparation of Ti3C2Tx stock solution: 20 ml of 9 M HCl (Sigma) were added into a PTFE vented 

vessel containing 1.6g of LiF powder (Sigma). To allow the dissolution of the LiF powder, the 

solution was stirred at 400 rpm for 10 minutes while the vessel was placed in an oil bath at 35 °C. 

Keeping the vessel in the oil bath while stirring the solution, a total of 1 g of MAX Ti3AlC2 phase 

(Carbon-Ukraine ltd.) was added to the solution in small fractions, allowing the temperature to 

stabilise between additions and minimising overheating of the solution. To achieve a complete 

etching of the MAX phase, the solution was kept at 35°C and stirred at 400 rpm for 24 hours. After 

this time, the solution was diluted with deionised water and centrifuged 5 minutes at 5000 rpm. 

The supernatant was discarded, the sediment was redispersed in deionised water, and centrifuged 

again for 5 minutes at 5000 rpm. This process was repeated until the solution was pH 6. The 

solution was then vortex for 30 minutes to ensure delamination of multilayer Ti3C2Tx flakes in 

monolayer Ti3C2Tx flakes. After vortex, the solution was centrifugated 30 min at 1500 rpm, 

collecting the supernatant that contained the monolayer flakes. A final centrifugation step for 

1 hour at 5000 rpm was used to concentrate the monolayer flakes in the sediment, which was 

redispersed to obtain a 4 g/ml stock solution of Ti3C2Tx flakes. The Ti3C2Tx  synthesis method 

described here was previously reported by Borghetti, M. et al.41 The Ti3C2Tx stock solution used 

in this chapter was manufactured by Ph.D. student Dahnan Spurling. 

Preparation of monolayer MXene flakes supported on carbon electrodes. The stock solution 

was diluted with distilled water down to 10 µg/ml. The Ti3C2TX stock and aliquots were bubbled 

with argon to degas the solution and the flask was filled with argon to store the solution in an inert 

atmosphere. 2 µl of the diluted solution were drop-cast onto carbon substrates within the first 24 h 
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from the obtention of the MXene stock solution. The sample was dried overnight in air, resulting 

in a region within the drop-cast area with single MXene flakes on a carbon substrate, which 

stabilised the bottom-contact connection. Electrochemical measurements were carried out within 

1 day from the drop-cast.  

Instruments. Optical, atomic force microscopy (AFM), and scanning electrochemical cell 

microscopy (SECCM) measurements were acquired on a Park NX10 (Park Systems, South Korea). 

The AFM images were obtained in a non-contact mode (NCM) with a PPP-NCHR cantilever type 

(force constant = 42 N/m, resonance frequency = 330 kHz, Nanosensors). AFM and SECCM 

measurements were performed in a room with temperature control. The temperature and humidity 

inside the SECCM and AFM faraday cage were recorded for 7 days (see Appendix Figure A1 at 

the end of this chapter) with a mean temperature of 22.6 ± 0.2 ° C and relative humidity between 

40 - 60 %RH. Scanning electron microscopy (SEM) images were acquired with ZEISS Ultra plus 

with the secondary electron detectors, SE2 and In-Lens, at an acceleration voltage of 3 kV. Energy 

dispersive X-ray spectroscopy (EDX) was performed on Zeiss Ultra Plus field-emission SEM at 

an acceleration voltage of 10 keV with a 20mm² Oxford Inca EDX detector. X-ray diffraction 

(XRD) was obtained using the powder diffractometer Bruker D8 Discovery, in θ/2θ configuration 

and range of 3−75 ° at 2 ° min−1.  Raman spectroscopy measurements were acquired using a WITec 

Alpha 300R instrument with a 633 nm He-Ne laser source and 1800 lines/mm grating. Structural 

characterisation measurements (EDX, Raman, and XRD) were performed on the as-synthesised 

Ti3C2Tx thin film produced by vacuum filtration. The EDX, XRD, and Raman characterisation 

performed in this chapter were manufactured integrally by Ph.D. student Dahnan Spurling. The 

SEM characterisation performed in this chapter was performed with the help of Ph.D. student 

Dahnan Spurling. 

Probe preparation. Single-barrelled nanopipettes with an aperture radius of approximately 

400 nm were used as SECCM probe. The nanopipettes were fabricated from single-barrelled 

borosilicate capillaries (1.5 mm O.D. and 0.86 mm I.D., BF150-86-7.5, Sutter Instrument, USA) 

using a P-2000 laser puller (Sutter Instrument, USA). Using a pipette filler (MicroFil MF34G-5, 

World Precision Instruments, USA) the nanopipette was filled with 20 mM HClO4. A Pd-H2 quasi 

reference counter electrode (QRCE) was inserted at the top end of the pipette; prior to this, a 

Palladium wire (0.25 mm diameter, 5 cm long, PD005130, Goodfellow, UK) was biased at -3 V 

vs. a Pt counter electrode in 20 mM HClO4 solution for 15 min to yield the Pd-H2 quasi reference 

electrode.38,42 Pd-H2 QRCE was calibrated against standard calomel electrode (SCE) after SECCM 

scan with a read of -191mV, which corresponds of Pd-H2 of +50mV vs standard hydrogen electrode 

(SHE). 

Scanning protocol. Electrochemical SECCM measurements were performed over a region of the 

sample where monolayer Ti3C2Tx flakes were immobilised, as identified by optical microscopy. 
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SECCM imaging was carried out on a regular grid of sample points spaced 1.8 µm apart. At each 

SECCM sample point two cyclic voltammograms were measured between +0.500 V and -1.000 V 

vs. Pd-H2 at a scan rate of 0.500 V/s. A hopping mode was used in which the probe was approached 

vertically toward the sample surface at a speed of 0.200 μm/s and a potential of –0.500 V was held 

until contact was established between the nanopipette droplet and the surface. The contact was 

detected as the appearance of a double layer charging current that exceeded a defined absolute 

threshold current of 3.0 pA. After the pipette approach and droplet cell formation, the potential was 

changed to +0.500 V and after a holding time of 2.0 s, two voltammetry cycles were recorded; then 

the pipette was retracted and moved to the next sample point of the predefined grid.   
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6.4 Results 

6.4.1 Characterisation of the structure of MXene Ti3C2Tx flakes 

To characterise the MXene flakes produced by MAX phase exfoliation, a set of spectroscopic and 

diffraction techniques were carried out; results shown here are reported courtesy of Mr. Dahnan 

Spurling from the Nicolosi group. First, three free-standing films were made from individual 

MXene flakes prepared by vacuum filtration using the Ti3C2Tx stock dispersion (4 mg/ml). Each 

film was characterised only by one technique: EDX, Raman, or XRD. The sample was pristine 

prior to each of the characterisation techniques to avoid potential damage from prior 

characterisation methods to affect further measurements.  

The X-ray diffractogram (XRD) of the Ti3C2Tx free-standing films, shown in Figure 6.5 A, shows 

the characteristic (0 0 2) peak at 7.064° and its reflections up to (0 0 12).  XRD indicates that the 

freestanding film is formed of bidimensional Ti3C2Tx flakes.37 There is no trace of an anatase (TiO2) 

peak at around 2θ = 25° and no other characteristic MAX phase peaks are observed. Therefore, it 

is concluded that the stock solution contains only Ti3C2Tx flakes. The Raman spectra shown in 

Figure 6.5 B also indicates the bidimensional Ti3C2Tx that forms the freestanding film with the 

presence of A1g and Eg peaks.43 The EDX spectra with the corresponding elements assigned to each 

peak,  displayed in Figure 6.5 C, indicate only the presence of elements characteristic of the 

Ti3C2Tx flakes, namely Tx = –O , –F and –Cl. Note that –Cl results from the exfoliation procedure 

implemented with the use of LiF salt in combination with HCl.37 
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Figure 6.5: A. X-ray diffractogram (XRD) of freestanding Ti3C2Tx films. The diffractogram shows 

the characteristic peak (0 0 2) at 7.064° and its reflections up to (0 0 12).37 B. Raman spectra of the 

freestanding Ti3C2Tx film. Spectra show characteristic peaks: A1g at 200 cm-1, Eg within the region 

of 230 – 470 cm-1 and both Eg and A1g in the region of 580 - 730 cm-1 region.43 C. Energy dispersive 

X-ray spectroscopy (EDX) of Ti3C2Tx freestanding films. Spectra show the presence of the surface 

group atoms. No Al trace is observed suggesting complete MXene exfoliation. The observed 

halogen elements (F, Cl) observed are introduced during the exfoliation of the MAX phase with 

LiF and HCl solution.37 Data provided courtesy of Mr. Dahnan Spurling. 

6.4.2 Identification of the region with MXene flakes for SECCM scanning 

Optical images were used to locate the region of the carbon substrate that displayed supported 

Ti3C2Tx flakes, as shown in Figure 6.6. The red features were identified as MXene flakes over the 

carbon substrate, which present a yellowing colouring. Once the region was identified, SECCM 

electrochemical mappings were conducted over a red feature. After SECCM, physical 

characterisation was conducted by AFM and SEM. All experimental results presented in this 

chapter are performed over the region marked with a black square in the optical image displayed 

in Figure 6.6.  
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Figure 6.6: Optical image of the substrate with Ti3C2Tx drop-cast. The yellow background is the 

carbon substrate, and the red features are the MXene flakes. Black square indicates the region of 

the sample where the experiments were conducted. 

6.4.3 Morphological characterisation of MXene flakes in the SECCM 

scanned region 

The morphology of the Ti3C2Tx flakes was determined by a combination of AFM and SEM, both 

of which were performed after SECCM probing. The AFM image in Figure 6.7 A shows four 

distinct MXene flakes supported on the carbon thin film electrode; the circular features distributed 

in a square grid correspond to inorganic residues left by the SECCM droplet cell. Figure 6.7 B 

shows four height profiles measured at the step-edges between the carbon substrate and the basal 

plane of Ti3C2Tx flakes, corresponding to four different flakes, as indicated using solid lines in 

Figure 6.7 A.  The average step-height was found to be 3.4 ± 0.4 nm (see Table 6.1). The Ti3C2Tx 

monolayer thickness, according to TEM studies and DFT calculations of prior published literature, 

is estimated to be 0.98 nm;44-46 however, experimental AFM step-heights typically reported for 

Ti3C2Tx monolayers supported on SiO2 are in the range 2-3 nm.47-50 These larger values of step-

height observed via AFM are commonly attributed to a combination of the nature of the 

substrate/2D material interface, the presence of adsorbates on 2D materials and possible 

instrumental factors.50-52 Adsorbed water layers and/or water trapped in the interlayer between 

monolayer and substrate, are a characteristic of deposited Ti3C2Tx monolayers, as is also the case 

for other 2D materials discussed in the literature.52-54 Furthermore, a recent study observed that 

AFM step-height profiles of Ti3C2Tx monolayers vary depending on the exfoliation procedure used 

because of differences in surface functionalities (Tx), leading to variable densities of adsorbed 

water at their surface.49 Therefore, AFM thickness determinations of Ti3C2Tx monolayers are 
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highly dependent on the presence of adsorbates and on the specific substrate of choice. Based on 

the combined AFM and SEM characterisation (detailed below) the step-height of 3.4 ± 0.4 nm 

measured between the carbon substrate and the MXene flake, can be attributed to a monolayer of 

Ti3C2Tx with the presence of a water adlayer and, probably, also of an interlayer trapped between 

the flake and the carbon substrate. 

Figure 6.7: AFM characterisation for MXene flakes. AFM image taken after SECCM. A. AFM 

map of MXene flakes, also showing left over SECCM droplet residues. Solid coloured lines 

indicate regions where step profiles from carbon to monolayer were taken. The dotted lines indicate 

regions where step profiles from carbon to monolayer to bilayer were taken. B. Step profiles from 

the carbon surface to the monolayer MXene surface. C. and D. Step profiles from the carbon 

surface to the monolayer surface and to the bilayer surface. 

Table 6.1: MXene flake step-heights obtained from AFM images. 

Ti3C2Tx Morphology 
Step-height 

(nm) 

Standard 

deviation (nm) 

Carbon to monolayer 

MXene 

Profile 1 3.35 0.29 

Profile 2 3.35 0.29 

Profile 3 3.59 0.38 

Profile 4 3.39 0.32 

Mean 3.42 0.35 

Monolayer to bilayer 

MXene 

Profile 1 1.85 0.48 

Profile 2 2.47 0.61 

Profile 3 2.22 0.50 

Profile 4 2.59 0.55 

Mean 2.28 0.63 
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Figure 6.7 A also shows that some of the monolayer flakes are immobilized overlapping each other, 

resulting in bilayer regions. The height profiles from carbon to monolayer and to bilayer were 

acquired in regions indicated in Figure 6.7 A by a dotted line, and are plotted in Figures 6.7 C 

and D. The step-height from monolayer to bilayer was found to be 2.28 ± 0.63 nm (see Table 6.1), 

considerably smaller than the step-height values obtained for carbon (substrate) to monolayer. This 

is in good agreement with observations from other studies, where reported step-height values for 

monolayer to bilayer are considerably smaller than for substrate to monolayer.49  

SEM imaging was performed using the In-Lens and Secondary Electron (SE2) detectors. The 

In-Lens detector, see Figure 6.8 A, clearly resolves the locations of electrolyte residues on the 

sample. This enabled us to assign the composition of the surface at each SECCM measurement 

point, and its classification as being on either carbon, or Ti3C2Tx flakes, as detailed in Section 6.4.4 

below. In Figure 6.8 B, the SE2 detector provided clear contrast that allowed us to determine the 

number of Ti3C2Tx layers stacked on the substrate, with areas with overlapping flakes being clearly 

differentiated as brighter regions. Four isolated flakes with an area larger than 5 µm2 were identified 

in Figure 6.8 B (also see Figure 6.14 A), and their areas are reported in Table 6.2. The four larger 

flakes and most of the smaller flakes consist of the same number of layers. Given that the 

exfoliation method used achieves a monolayer yield of 80%,55 the secondary electron SEM 

micrograph corroborates the assignment of the four largest Ti3C2Tx flakes as a monolayer. 

Table 6.2: Area of Ti3C2Tx flakes as determined from SEM micrographs. 

Flake label 
Flake size 

(m2) 

(i) 5.87 ± 0.03 

(ii) 5.13 ± 0.03 

(iii) 15.43 ± 0.09 

(iv) 14.14 ± 0.04 
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Figure 6.8: SEM micrographs obtained after SECCM scans. A. Image obtained with the In-Lens 

detector. B. Image obtained with the secondary electron detector (SE2). 

6.4.4 Assignment of SECCM point to Ti3C2Tx flake morphology   

Electrolyte residues are a common feature of SECCM mapping that enable identification of the 

area contacted and probed by the SECCM droplet cell.36 Thus, the relative positions of residue 

points are used to correlate the electrochemical response with the surface morphology probed in 

each case. Figure 6.9 A identifies a total of 80 points of the SECCM grid that are visible over the 

area imaged in the SEM micrograph; of these, 67 points present a well-defined circular geometry 

that is suitable for area normalisation to current densities, while the remaining 13 points are 

indicated with crosses in Figure 6.9 B. Based on the locations in the SEM micrograph, the 

electrochemical responses of these 67 points were assigned to that of either the carbon substrate 

(40 points) or Ti3C2Tx MXene (24 points). For the remaining 3 points, it is not possible to 
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unambiguously establish if the droplet cell was in contact with the MXene flake, therefore these 3 

points (marked with a cross in Figure 6.9 C) were excluded from further analysis. The contrast of 

the SE2 detector further enabled us to discriminate whether contact with Ti3C2Tx was established 

exclusively on the monolayer basal plane (5 points, in red), on the edge of a monolayer (7 points, 

in blue), or on a multilayer region (12 points, in green). The classification of all 64 points according 

to the above four morphologies is shown in Figure 6.9 C, and a summary of the number of points 

for each category is reported in Table 6.3. 

Figure 6.9: A. Identification of all SECCM grid points visualised in the SEM micrographs; each 

point is indicated with the corresponding numbered position in the grid. B. Identification of points 

without a well-defined circular geometric area (black cross). C. Classification of points with a 

well-defined circular geometric area and non-ambiguous contact, respect the surface contacted; 

only carbon contact (black circle), only monolayer basal-plane contact (red circle), partial carbon 

and partial monolayer contact (blue circle) and partial or complete multilayer contact (green circle). 

For three points (black crosses) it is ambiguous if they contact only carbon or if there is partial 

contact of carbon and partial contact of monolayer contact. 

 



Chapter 6 

230 

 

Table 6.3: Total number of SECCM points examined and classified according to the surface 

morphology probed. 

 Number of points 

Points visualized in SEM micrograph 80 

Points with a well-defined geometric area 67 

Points with well-defined surface contact 64 

Surface morphology contacted 

Ti3C2Tx - Monolayer basal-plane 5 

Ti3C2Tx  - Carbon and Monolayer 7 

Ti3C2Tx  - Multilayer Stack 12 

Ti3C2Tx - Total 24 

Carbon 40 

6.4.5 Determination of cell geometric area 

The electrochemically active geometric area was estimated from the diameter of each residue 

observed in the SEM images displayed in Figure 6.8 A. The distribution of the area values obtained 

is shown in Figure 6.10 A. The average area contacted by the droplet cell was found to be 

0.31 ± 0.02 µm2. The well-defined circular geometry observed for the majority of electrolyte 

residues and the narrow distribution of the electrochemical surface area values confirm that the 

SECCM droplet cell maintains a regular shape and does not spread over the contacted surface 

during measurements. Figure 6.10 B shows the geometric area distributions observed for the carbon 

and Ti3C2Tx regions; the distributions display maxima at similar positions and mean values within 

their errors, indicating consistent droplet sizes at the two types of surface.  

Figure 6.10: Distribution of the active geometric areas obtained from SEM images of electrolyte 

residues after SECCM. A. Distribution of area values for all points with well-defined circular shape 

(N = 67). B. Overlap histogram showing distributions of droplet area values for points that 

correspond to the carbon (N = 40, in black) and Ti3C2Tx (N = 24, in brown) regions. 
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6.4.6 Localised electrochemical measurements on Ti3C2Tx flakes 

Cyclic voltammograms (CV) in acid electrolyte (20 mM HClO4) were measured at each probed 

point, between + 0.5 V and – 1.0 V vs. Pd-H2 at 0.5 V/s; two cycles were recorded in all cases. As 

shown in Figures 6.11 and 6.12, the voltammograms obtained at each point can be classified by 

the first or second cycle response and by the surface morphology contacted: only carbon contact, 

only monolayer basal-plane contact, partial carbon and partial monolayer contact and partial or 

complete multilayer contact.  

In Figures 6.11 and 6.12 very different responses are observed for the two types (carbon and 

MXene) of surface morphology; also, a significant difference between the first and second cycle is 

observed when MXene flakes are contacted in the cell. The difference between consecutive cycles 

can be attributed to conditioning of the MXene surface during the initial cycle, which is often 

related to the effect of cycling on the Tx group environment.20,56-58 Note that the previous literature 

does not provide a description at the molecular level of the MXene conditioning process; however, 

experimental evidence indicates that constant capacitance values are obtained only after one or a 

few cycles in the electrolyte of choice.18 As observed in Figures 6.11 A and 6.12 A, this behaviour 

is not observed when only carbon is contacted, where the first and second cycle present an identical 

response. To minimise possible contributions from any surface conditioning process, only the 

second cycle of each point was used for further analysis. 

From the 2nd cycle voltammograms, Figure 6.12, two electrochemical regimes can be 

distinguished:  

• Between +0.5 V and -0.5 V vs. Pd-H2 (Pd-H2 is +50 mV vs SHE)  the voltammograms 

obtained over Ti3C2Tx flakes show the characteristic I-V curves of pseudocapacitive 

charging.18,20,59 For droplet cells contacting partial carbon and partial monolayer surfaces, 

a capacitive charge is also observed but of lower magnitude. At this potential window, 

carbon exhibits a flat response, indicating a minor capacitive behaviour. Also, see 

Figure 6.13 A, where representative voltammograms on the carbon surface and on the 

basal plane of monolayer Ti3C2Tx flakes are overlapped to facilitate a comparison of their 

respective capacitive responses.  

 

• Below -0.6 V vs. Pd-H2 an exponential increase in current magnitude is observed on both 

Ti3C2Tx flakes and the carbon substrate, which is consistent with the onset of the hydrogen 

evolution reaction (HER).13,60 

Therefore, the chosen potential window, + 0.5 V to – 1.0 V vs. Pd-H2, induced both 

pseudocapacitive and HER responses without inducing irreversible anodic oxidation, which occurs 

above + 0.7 V vs. Pd-H2 ( + 0.75 V vs. SHE).59  
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Cycling into the HER regime should favour conditioning of the MXene surface by saturating 

terminal oxide groups with adsorbed protons.22  Note here that in the case of macroscopic electrodes 

the evolution of gas can create mechanical instabilities that degrade or change the response over 

time. However, in the case of SECCM experiments, gas evolution takes place on a mono-/few-

layer electrode and the gas can transport very rapidly to the droplet cell air interface, preventing 

bubble formation.61,62 If gas bubble formation were to occur within the SECCM droplet cell, a 

discontinuity would be observed in the current trace of the voltammograms, because of the 

associated change in contact area and reactant mass transport. This has previously been observed 

when performing HER experiments with other 2D materials using SECCM,62, but such behaviour 

was not observed here, indicating that bubble formation does not occur under our experimental 

conditions. The SECCM configuration, which only wets a very minor portion of the sample 

surface, prevents the “lift-off” of the MXene flake from the surface. The AFM and SEM shows 

that the MXene layers are intact on the carbon working electrode support and show no evidence of 

exfoliation. Therefore, the mechanical instability commonly observed in macroscale MXene 

electrodes,63 is not a concern under the experimental conditions used here. 

In summary, the MXene surface presents a characteristic capacitive response. Depending on the 

morphology of the MXene surface contacted or just between different points that contact the same 

morphology type (i.e. the monolayer of Figure 6.12 F) different capacitive current magnitudes are 

observed.  

Figure 6.11: First loop of cyclic voltammograms on A Carbon sample points, B Mixed monolayer 

MXene and Carbon sample points, and C monolayer (basal-plane) MXene sample points. D, E and 

F are maximised plots of A, B and C, respectively. 



Chapter 6 

233 

 

Figure 6.12: Second loop of cyclic voltammograms on A Carbon sample points, B Mixed 

monolayer MXene and Carbon sample points, and C monolayer (basal-plane) MXene sample 

points. D, E and F are maximised plots of A, B and C, respectively. 

6.4.7 Observation of the capacitive response in subregions of Ti3C2Tx flakes 

To quantitatively compare the difference in the pseudocapacitive response for the different surface 

morphologies and between different sample points, the capacitance of each point was determined 

by integrating the charge between +0.5 V and -0.5 V, as illustrated in Figure 6.11 A. The 

distribution of the capacitance values obtained for all points of the SECCM grid (N = 80) resulted 

in the histogram shown in Figure 6.13 B and suggests the presence of two distinct populations. To 

account for different contact areas, the capacitance was normalised by the geometric area to derive 

the specific surface capacitance at each point. Figure 6.13 C displays stacked histograms of the 

specific surface capacitance obtained at carbon contact points and at MXene flake contact points, 

with points contacting a monolayer basal-plane of Ti3C2Tx, exclusively, highlighted in red. The 

average surface capacitance obtained for carbon was 0.15 ± 0.04 mF/cm2, consistent with graphitic 

carbons in acidic electrolytes (up to 0.35 mF/cm2).64,65 The average surface capacitance measured 

on monolayer Ti3C2Tx MXene sample points, exclusively, is 2.8 ± 1.0 mF/cm2, more than an order 

of magnitude larger than that of the carbon support. As shown in Figure 6.11 C, the remaining 

points in contact with Ti3C2Tx flakes present a distribution of specific surface capacitance, with 

values larger than the mean carbon specific surface capacitance. A detailed assignment of these 

points, shown in Figure 6.7, suggests that the broad distribution in specific surface capacitance is 

due to a wide range of flake morphologies (e.g. edge, multilayer).  
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Figure 6.13: Representative cyclic voltammograms on a carbon surface (black) and a single 

monolayer MXene flake (orange) at a scan rate of 0.5 V/s in 20 mM HClO4. B. Histogram of the 

capacitance values of each individual SECCM grid point observed on the SEM image (N = 80). C. 

Stacked histogram of the surface capacitance over the carbon surface (black, N = 40) and the 

MXene flake (orange, N =24), of which it is highlighted the once over basal plane of single layer 

Ti3C2Tx (red, N = 5). Reproduced with permission from Brunet Cabré, M. et al.40 . 

The average surface capacitance values found for the monolayer Ti3C2Tx are derived from a flat 

2D surface (i.e., the basal plane), and cannot be directly compared with the areal capacitance values 

(normalised by geometric area) of the three-dimensional electrodes reported in the literature.  

However, previous literature studies also reported specific gravimetric capacitance values for 

three-dimensional electrodes, as shown in Table 6.5. MXene capacitance values derived from 

different approaches are often compared using gravimetric capacitance metrics. For instance, in 

experimental work carried out using macroscopic electrodes, the capacitance is normalised by the 

mass of electrode material deposited over the geometric area contacted by the 

electrolyte.15,18,20,52,59,66-69 Computational work also translates monolayer simulations of specific 

areal capacitance into gravimetric capacitances.15,20,22,25,26,70  

The gravimetric capacitance can be calculated from the sample points that contact the monolayer 

basal plane exclusively, based on the known contact area of the SECCM measurement and the 

crystal structure of Ti3C2Tx monolayers which consist of 12 unit cells/nm2.22 Thus, the mass per 

unit area of the Ti3C2Tx monolayers was calculated as:  

𝑚𝑖 = 𝐴 ∗
1

𝑆𝑆𝐴1𝐿
      (Eq.6.3) 

where 𝑚𝑖 is the mass of Ti3C2Tx the droplet cell of point 𝑖, 𝐴 is the wetted area and 𝑆𝑆𝐴1𝐿 is the 

specific surface area of a Ti3C2Tx monolayer. 𝑆𝑆𝐴1𝐿was calculated from Ti3C2Tx stoichiometry, 

molar mass and a surface termination, Tx, assumed to consist of –OH groups. Thus: 

1

𝑆𝑆𝐴1𝐿 
=

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝑖3𝐶2𝑂𝐻

𝜇𝑚2 𝑜𝑓 𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟
=

12 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙𝑠

𝑛𝑚2 ∙
106 𝑛𝑚2

1 𝜇𝑚2  
3 ∙ 𝑇𝑖𝑀𝑊 + 2 ∙ 𝐶𝑀𝑊 + 1 ∙ 𝑂𝑀𝑊 + 1 ∙ 𝐻𝑀𝑊

1 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
 ∙

1

𝑁𝐴
  

1

𝑆𝑆𝐴1𝐿 
= 3.678 ∙  10−15 𝑔

𝜇𝑚2   𝑆𝑆𝐴1𝐿−𝑜𝑛𝑒 𝑠𝑖𝑑𝑒 = 271.9 
𝑚2

𝑔
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The electrochemical area contacted in our measurements is 0.31 µm2, and therefore the mass of 

monolayer Ti3C2Tx contained in the 0.31 µm2 area is 1.15 ± 0.10 fg. We can normalize the 

capacitance values on monolayer points by this equivalent mass yielding gravimetric capacitances 

between 4000 - 12000 F/g for a monolayer basal plane. These values are remarkably high, one to 

two orders of magnitude greater than any previous theoretical prediction or measurement (see 

Table 6.5).66-68,71 The pseudocapacitive charging is estimated to provide about 0.4 e- per unit cell 

per volt of storage when both sides of a monolayer are protonated.22,25,27  A gravimetric capacitance 

of 12000 F/g would be equivalent to 14.8 e- per unit cell per volt, an unphysically large capacitance 

that suggests that the MXene monolayer area engaged in capacitive charging might be much larger 

than the area of the submicron droplet contact (0.31 µm2).  

The SEM imaging, Figure 6.14 A, shows that the MXene sample consists of four separate 

monolayer flakes. A comparison of the basal plane pseudocapacitance values (N = 5) obtained on 

the four flakes reveals differences, as shown in Figure 6.14 B, with a trend of increasing 

capacitance with increasing flake size. When the basal-plane capacitance values are normalised by 

the mass of the entire flake (see Table 6.4), the specific gravimetric capacitance values are found 

to be independent of the flake size and range between 180 and 300 F/g (see Figure 6.14 C). These 

estimates of gravimetric capacitance are in excellent agreement with values predicted by DFT 

simulations (ca. 230 F/g)22,25,26,70,72 and previous experimental determinations (220 - 250 F/g).45,69 

Normalising the basal-plane capacitance values by the two-sided area of the entire monolayer flake, 

we obtain specific surface capacitance values of 40 ± 10 µF/cm2, which is in agreement with the 

DFT prediction for Ti3C2Tx of 45 µF/cm2.70 This suggests that the capacitance response arises from 

the entire MXene flake and is not confined to the contact area between the MXene basal plane and 

the SECCM-based electrochemical cell.   

Figure 6.14: A. Electron micrograph of sample surface flakes larger than 5 um2 labelled. 

B. Specific gravimetric capacitance on monolayer Ti3C2Tx compared to the total area Ti3C2Tx flake, 

obtained by normalising the capacitance by the mass of MXene in electrochemical contact with the 

electrolyte. C. Specific gravimetric capacitance obtained by normalising the total mass of the 

monolayer flake. Reproduced with permission from Brunet Cabré, M. et al.40 . 
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Table 6.4: Area of Ti3C2Tx flakes determined from SEM micrographs (see Figure 6.8 and Table 

6.2) and the equivalent mass of each flake. 

Flake label 
Flake size 

(m2) 

Flake Mass 

(fg) 

(i) 5.87 ± 0.03 21.5 

(ii) 5.13 ± 0.03 18.9 

(iii) 15.43 ± 0.09 56.8 

(iv) 14.14 ± 0.04 52.0 

 

 

Table 6.5: Summary of the capacitance values reported in the literature for Ti3C2Tx electrodes.  

 

Specific 

gravimetric 

capacitance 

(F/g) 

Specific surface 

area (m2/g) 

Specific 

surface 

capacitance 

(mF/cm2) 

Ref. 

Ti3C2Tx film 231 16.2 1.43 71 

Ti3C2Tx   film 220 19.2 1.145 73 

Ti3C2Tx /Ni foam film 350 32 1.093 67 

Ti3C2Tx  aerogel 438 108 0.406 71 

Ti3C2Tx  hydrogel 220 196 0.112 73 

3D printed  Ti3C2Tx aerogel 242 177 0.137 68 

Monolayer 

Ti3C2Tx 

Electrochemically 

contacted surface area 
7700 ± 2800 

271.9 

(SSA 1L-one side) 
2.8 ± 1.0 

This 

work 
Flake surface area 240 ± 50 

543.9 

(SSA 1L- two sides) 
0.04 ± 0.01 
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6.4.8 Implications on the pseudocapacitive mechanism of MXenes. 

In acid electrolytes, the pseudocapacitance of MXenes is described as arising from proton 

intercalation/deintercalation accompanied by redox switching of the Ti centers and 

protonation/deprotonation of oxygen functional groups.3,21 However, our samples consist of 

monolayer MXene on a carbon surface, and therefore ion intercalation would need to occur 

between the monolayer MXene and the underlying carbon surface. Furthermore, we conduct our 

electrochemical measurements by establishing electrochemical contact with only a fraction of the 

basal plane of the MXene, which leaves no clear pathway for the intercalation of ions between the 

MXene and the carbon substrate. Nonetheless, we appear to be measuring the pseudocapacitance 

response from the entire MXene flake, despite our experimental configuration only allowing ion 

transport to approximately 3% of the total MXene flake surface.  

Ion intercalation might be possible when contacting the boundary between the flake edge and the 

carbon substrate, thus providing enhanced capacitive responses.20,24,66,74 On such sample points, the 

SECCM-based electrochemical cell is in contact with the carbon substrate-monolayer MXene gap 

which could enable intercalation between the monolayer MXene and the carbon surface. However, 

as shown in Figure 6.15, the edge points show capacitance values per area that are smaller than 

those at monolayer basal-plane. This analysis suggests that the ion intercalation at the flake edges 

is unlikely to be responsible for the specific pseudocapacitive values shown in Figure 6.15.  

Figure 6.15: Surface capacitance plotted against the area of the Ti3C2Tx monolayer contacted. 

Different symbols indicate which flake was contacted, while the colour code indicates surface type. 

Reproduced with permission from Brunet Cabré, M. et al.40 . 
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6.5 Discussion  

In the literature, capacitive I-V curves obtained on macroscopic 3D electrodes are often 

deconvoluted into current contributions from both surface and bulk processes,18,29,33 using a model 

described by Dunn et al.30  Both surface and bulk processes are important for describing the MXene 

pseudocapacitive behaviour, and it is useful to differentiate between the timescales of the fast 

protonation kinetics of Tx groups (surface processes) and the contribution from the slower 

ion-intercalation (bulk processes).33 The Dunn et al. model however only considers two possible 

charging processes and assumes that the transport of charged species, i.e. bulk processes, can be 

described as a one-dimensional linear diffusion process.48 This is a limitation for the description of 

3D hierarchical structures that display intercalation. Deconvolution can in principle be improved 

by including other transport mechanisms.31,32 However, increasing the number of parameters makes 

the modelling complex and can potentially lead to non-unique solutions. 33 

The system studied here does not resemble any of the previous macroscale configurations used for 

MXene pseudocapacitance studies and enables measurement of discrete monolayer flakes without 

confounding effects that might arise from the 3D electrode architecture/organisation. Thus, 

enabling the unambiguous assignment of the observed charging behaviour to surface processes, 

going well beyond approaches that involve mathematical deconvolution with a multi-parameter 

model. The results of our study show that by establishing electrochemical contact with only a small 

portion (approx. 3 %) of the basal plane of a single monolayer MXene flake, the pseudocapacitive 

response observed is equivalent to that from the entire MXene flake. Assuming that 

pseudocapacitive behaviour in MXene monolayers is associated with protonation/deprotonation, 

our results suggest that protons are transported from/to the electrochemical cell over the entire 

MXene flake. Therefore, while our unique SECCM configuration isolates the surface processes 

and restricts ion-intercalation mechanisms, the proton transport effects are still found to dominate 

the capacitive response. Significantly, we conducted our measurements at 0.5 V/s, thus probing 

timescales where prior MXene descriptions stated that the response should be dominated by surface 

capacitive storage. 33 Our results, however, identify that proton transport is likely to be present even 

at very short timescales, where prior studies described the capacitive response of MXene as 

independent of the ion transport processes. 

We speculate that the pseudocapacitive charging (i.e. -O → -OH surface protonation) outside the 

wetted area arises from the surface transport of protons in a water adlayer on the MXene flake 

surface.47,49,52  Although we cannot exclude other possible proton transport mechanisms, such as 

proton transfer between functional groups (-O and -OH groups), proton tunnelling through the 

MXene layer or proton conduction through structural defects in the MXene.56 Our measurements 

were conducted without atmospheric control, (approx. humidity of 47 ± 4 %RH, see Appendix 
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Figure A1 and Methods section 6.3),  and it is likely that a thin water layer is present on the MXene 

surface that would facilitate proton transport. The AFM step-height profile of Ti3C2Tx flakes 

suggests the presence of water adsorbed on its surface and/or water trapped between the carbon 

substrate and the Ti3C2Tx flake (see Section 6.4.3). The timescale of the cyclic voltammograms 

obtained in this work is on the order of 1 s; assuming surface diffusion of protons in a thin water 

layer, this would suggest that diffusion coefficients >10-8 cm2 s-1 would be needed to access a 

10 µm2 flake surface during the electrochemical measurements. This is not an unreasonable 

diffusion rate, based on studies of proton dynamics at hydrophilic surfaces that reveal high proton 

mobility/diffusivity via water-assisted and anhydrous mechanisms.24,74-76  

Our results suggest that proton conduction on the MXene surface may contribute to the outstanding 

performance often observed in MXene-based supercapacitors, whereby even limited percolation 

contacts might be sufficient to achieve very high specific gravimetric capacitances. The proton 

transport across the MXene surface at diffusion coefficients >10-8 cm2 s-1 would act as a 

complementary mechanism supporting the retention of capacitive behaviour observed at ultrafast 

charging/discharging rates (>1000V/s) for three-dimensional networks.15 Finally, these results 

suggest that MXene-based supercapacitors need to account for short time proton transport 

contributions, complementing the proton intercalation/deintercalation into MXene interlayer 

spaces. 
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6.6 Conclusion 

MXenes exhibit excellent performance as electrochemical supercapacitors due to their high 

specific surface area, metallic-like conductivity, and pseudocapacitive response. The development 

of new super/pseudo-capacitor technology depends on a precise understanding of the physical 

nature of the electrochemical charge storage mechanism. However, there were no prior 

nano-electrochemical studies that evaluated the pseudocapacitive behaviour of monolayer MXene 

flakes.  

Using SECCM, I performed electrochemical mappings over monolayer MXene (Ti3C2Tx) flakes in 

acidic media with 0.3 µm2 resolution. Coupling nanoscale electrochemical measurements with 

surface structure determinations allows to calculate the gravimetric capacitance of individual 

monolayer Ti3C2Tx flakes. The capacitance values shown in this chapter confirm that the edges of 

the flakes do not contribute to an enhanced capacitive response. More importantly, this approach 

revealed extraordinarily high gravimetric capacitance values, up to 40 times larger than previously 

reported for Ti3C2Tx, using macroscale electrodes. We suggest that thanks to the unique 

experimental configuration implemented in this work, for the first time it can be demonstrated that 

the capacitive response extends beyond the area of on monolayer Ti3C2Tx MXene wetted by the 

electrolyte.   
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Appendix  

Figure A1: Ambient conditions inside the Faradaic cage where AFM and SECCM measurement 

were performed. Temperature (blue), humidity (orange) and dew point (black dotted line) recorded 

inside the faradic cage for 7 days. The temperature is very stable with a mean value of 

22.6 ± 0.2 °C. Humidity values oscillate between 40 – 60 % RH.   
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7.1 Conclusions 

The objective of this thesis is to employ advanced nano-electrochemical techniques, such as 

Scanning Electrochemical Cell Microscopy (SECCM), to explore 2D materials relevant for energy 

storage and conversion technologies. Additionally, this thesis endeavours to advance the 

development of nano-electrochemical characterisation techniques and methods. 

In Chapter 3, I demonstrated single entity electrochemistry with microsecond temporal resolution 

by combining a custom transimpedance amplifier with a micropipette SECCM probe. The setup 

designed allowed for voltammetry and chronoamperometry measurements at a close distance to 

the current amplifier to minimise connections, input capacitance, and noise levels. Throughout 

Chapter 3 it is demonstrated the efficacy of the method developed, which could be further used to 

study other single-entity systems at high resolution bandwidth. For instance, energy conversion 

studies based on nanomaterial electrocatalysts can benefit from high bandwidth single entity level 

characterisation to unveil reaction dynamics from recording transient fluctuation in the 

electrochemical response. 

The objective of Chapter 4 was to examine the correlation between the number of layers stacked 

in two-dimensional transition metal dichalcogenides (2D TMDCs) and the resultant 

electrochemical response. The findings of the study provided valuable insight into the significance 

of the band gap in determining the tunnelling barriers that dominate the electron transfer kinetics 

and the overall electrochemical response for the outer sphere redox species. The findings of the 

study have implications for the future use of 2D TMDCs in electrochemical systems, such as energy 

conversion devices. First, it was demonstrated that the way electrical contact is established with 

2D TMDCs affects their electrochemical kinetics, which could potentially extend to other 

semiconductor 2D nanomaterials. The second key finding of the study is the electrochemical 

observation of a dependence between the number of stacked layers and the properties of electron 

transfer. Fewer number of layers provide thinner tunnelling barrier of height (few TMDCs stacked 

layers have larger band gap), while a larger number of stack layers provide thicker tunnelling 

barrier of smaller height (more TMDCs layers stacked have smaller band gap). Ultimately, the 

results of Chapter 4 provide information about how the morphology and structure of the 2D 

TMDCs affect the electrochemical response.  

The analysis performed in Chapter 5 builds upon the dataset presented in Chapter 4. The focus of 

Chapter 5 is to examine the response of anomalous current response points, which were not 

identified as basal plane in Chapter 4. The results of this analysis highlight the significant impact 

that nanoscale defects can have on the electrochemical response of seemingly defect-free 2D 

materials. The study demonstrates that even small defects can greatly alter the overall response, 

emphasising the need for caution when interpreting electrocatalysis results on 2D TMDCs because 
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the dominant response may not stem from the material's intrinsic properties, but from the defects 

present. The defect-generated catalytic centres in 2D materials can be used to produce highly 

efficient electrocatalysts. Chapter 5 provides a method for the identification of these centres 

through electrochemical means. 

MXenes, particularly Ti3C2Tx, are a 2D material of great interest for use as supercapacitors. To 

develop new energy storage technologies, it is crucial to have a deep understanding of their 

physiochemical nature, which was explored in Chapter 6. The examination of single flakes of 

MXene using SECCM revealed a pseudocapacitive response with delocalised charging, adding to 

other studies that highlight the dependence of structure and morphology on energy storage 

efficiency. 

Among the different contributions in the study of nanomaterials for energy conversion and energy 

storage, this thesis broadens the research conducted using SECCM and its methodologies. Along 

the different chapters, a specific methodology had to be developed according to the experimental 

demands. SECCM, with over a decade of existence, has established its efficacy in the realm of 

nano-electrochemistry through numerous high citated publications. Nevertheless, the overall 

number of SECCM publications is still limited, and so, the methodologies reported are often bound 

to the specific experimental requirements. A search of the Web of Science database shows that 

there are only 118 publications related to SECCM (information obtained utilising term “SECCM” 

on “Topic” search on the 09/02/2023). Then, the four first-author publications produced in the 

course of this thesis represent more than 3% of the total publications ever conducted using SECCM. 

The adoption of SECCM technology is expanding as more research groups utilise it. Last year 

alone, in 2022, 26 articles related to SECCM were published, accounting for 22% of all SECCM 

publications since 2010. In addition, there has been an increasing commercial interest in SECCM, 

leading to the development of the first commercially available equipment in the past two years. 

During my Ph.D., as part of the Prof. McKelvey’s group, I was involved in testing and providing 

guidance for the development of the first commercial SECCM equipment produced by 

ParkSystems.  
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7.2 Future work 

The previous section presented the thesis contribution and advances in relation to the current state 

of the art. This section discusses potential future steps for the various research topics covered. 

In Chapter 3, the analysis of the noise levels of the custom TIAs revealed increased floor noise 

levels for higher-bandwidth TIAs. According to our collaborators who designed and manufactured 

the TIAs, the noise floor difference originates from a design flaw on the TIAs PCB board. The 

collaborators already corrected this issue and manufactured a new batch of current amplifiers. The 

experiments on single entities in Chapter 3 also showed that using a printed gold pad as the working 

electrode is not an effective solution. The printed pad does not guarantee a clean and pristine state 

of the working electrode surface. To address this problem, the next generation of TIAs has replaced 

the printed gold pad with a gold ball bond. Therefore, further work includes testing and analysing 

the performance of the next generation current amplifier by SECCM. The improved noise levels 

and electrode surface of the next generation TIAs should enable a wide range of single entity 

electrochemistry experiments, including the study of diffusion and adsorption of nanoparticles, 

time evolution of nanoscale phases or single bio-analyte, e.g. single enzyme, testing. 

In Chapter 4 the relation between the number of TMDC stacked layers and electrochemical 

behaviour was studied using an outer sphere redox probe. However, in the field of energy 

conversion technologies, 2D TMDCs are frequently used as catalysts for inner sphere reactions, 

such as the hydrogen evolution reaction. Thus, it would be of great interest to also analyse the 

inner-sphere and/or catalytic reaction kinetic dependence with the number of TMDC layers. During 

the thesis, this measurement was attempted but coincided with the lockdown of the COVID-19 

pandemic, which resulted in a delay of a few months. Unfortunately, after lockdown, it was not 

possible to ensure the pristine state of the samples, as they may have been degraded because of 

exposure to air for a period of months. To achieve an unambiguous isolation of the basal plane 

electrochemical response, as accomplished in Chapter 4, it is imperative to maintain strict control 

over the sample condition. Thus, the method implemented requires to precisely identify the points 

of contact with the pristine base plane and distinguish them from defective points. Future work 

includes using a fresh batch of 2D TMDC samples to employ the protocol developed in Chapter 4 

to evaluate whether inner-sphere and/or electrocatalytic kinetics also display correlation with the 

number of TDMC stacked layers. It should be noted that the preparation of large-scale basal plane 

domains of 2D TMDCs on a conductive substrate is a challenging task, as outlined in Chapter 4, 

and there is no commercially available alternative. 

Similarly, the study of kinetically enhanced defects on 2D TMDCs described in Chapter 5 was 

performed with outer-sphere redox probes. Therefore, future work could involve the 

electrochemical detection of inner-sphere kinetically enhanced defects on 2D TDMCs. Although a 
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fresh batch of 2D TDMC samples would ideally be required to ensure a pristine surface state, the 

degraded samples may still provide valuable information on the required methods, the defect 

presence, and the electrochemical response characteristics. Preliminary data obtained on the old 

TMDCs samples have shown that there are individual isolated points and multiple aligned points 

that display an enhanced hydrogen evolution reaction response. The electrochemical measurements 

have been complemented with AFM and TERS (tip enhanced Raman spectroscopy) 

characterisation, which allowed the observation of correlations between enhanced HER response 

and the presence of morphological features, such as 2D TMDC flake edges and cracks on the flakes. 

AFM and TERS also revealed that there are current enhance points that cannot be related to any 

apparent morphological defects, suggesting that there are multiple defects on MoS2 that could act 

as catalytic centres for HER enhancement. These preliminary results indicate the applicability of 

the method developed in Chapter 5 for identifying electrochemically the presence of individual 

defects that act as electrocatalytic active centres.  

Throughout the thesis, the importance of mass transfer processes in relation to the electrochemical 

response is emphasised, particularly in the context of quantitative determination of kinetic rates. 

Despite this emphasis, the impact of convective mass transport in SECCM was not considered and 

no literature discussing the relevance of such effects was found. In general, convective effects are 

often considered negligible in micro- nano-electrochemical systems due to the fast thermal 

equilibria offered by the microscale elements immersed in the electrolyte solution. Furthermore, in 

micro-nanoscale electrochemical systems, diffusive mass transport often plays a more dominant 

role in comparison to macroscale setups where convective effects are common. However, SECCM 

has a very different configuration of the different electrochemical elements compared to the 

traditional microelectrochemical system. First, in SECCM the components are not immersed in a 

common electrolyte solution, which leads to slower and more complex thermal equilibria. Second, 

it is expected that the tapered end of the SECCM probe restricts the hemispherical diffusion front 

to a give cone angle, which will be always smaller compared to the hemispherical diffusion front 

characteristic of microelectrodes. Third, and most notably, the droplet cell in SECCM is subject to 

evaporation of the electrolyte solvent, which can cause a flux of solvent toward the pipette aperture 

and result in thermal drift over the droplet cell and tapered end of the pipette. These differences 

might raise questions whether the assumption of negligible convection due to the fast thermal 

stability of microscale systems is applicable to SECCM configuration. Given the absence of 

literature addressing this topic, it would be of great interest to conduct a study to quantify the 

impact of convective mass transport on SECCM. The aim would be to determine if there are any 

conditions where convective transport in SECCM can/cannot be ignored by comparing its 

contribution to diffusive transport. With that aim, finite element simulations (FEMs) that 

incorporate both convective and diffusive transport can be implemented to achieve a first 

prediction. These simulations could then be verified through experimental SECCM studies. 
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In Chapter 6, the electrochemical response obtained on single MXene flakes indicates that the 

entire flake can become charged through contact with only a portion of it, but the mechanism 

behind this delocalised charging remains unclear. The findings of Chapter 6 raise many scientific 

questions that could be the foundation for future research, such as: 

- How does the charging mechanism observed in the SECCM configuration compare to that 

seen in bulk ensemble electrochemical methods? Is the delocalised charging related to 

protonation/deprotonation of functional groups across the whole MXene flake surface? 

Are the oxidation states of Ti centre across the MXene flake affected, as occurs in 

conventional ensemble-based configurations? Is the charging state homogeneous across 

the MXene flake? 

- How does proton transport (as a charge carrier) occur across the MXene surface? Are 

protons conducted and/or transported over the MXene surface? Does this relate to a layer 

of adsorbed water? Do MXene Tx groups and their protonation state have a role over charge 

carrier motion? 

- If charging occurs at a distance, will a given charging state be retained after contact with 

the MXene flake is removed? 

Further studies are required to answer these and many other interesting questions. Work proceeding 

from the results presented in Chapter 6 has already been defined with two complementary research 

lines. First, the combination of SECCM with spatially resolved spectroscopic characterisation 

using soft transmission X-ray microscopy (STXM) is being explored thanks to international 

collaboration. The aim of these measurements is to map the oxidation state of titanium across an 

MXene flake after conducting SECCM (i.e., after only a subregion of the flake has been contacted). 

The SECCM and STXM combination should provide insight into the extent of the delocalised 

electrochemical behaviour. A second line of research aims to address the open questions of MXene 

charging by utilising electrochemical methods that can be performed with current facilities (such 

as SECCM). For instance, a relatively simple follow up measurement would include SECCM 

mapping alternating charging and discharging on consecutive points (i.e. applying an anodic and 

cathodic potential step in alternating points). Utilising this simple method would give an indication 

as to whether charging can be retained upon removing the electrochemical connection and whether 

charging and discharging can occur by contacting different locations on the flake. 

Finally, future efforts can also be directed towards improving accessibility to single entity 

electrochemistry techniques. As a long-term user of SECCM, I would like to offer the following 

insight. At the beginning of my thesis, I acquired an understanding of the SECCM methods and 

because my thesis is devoted to this technique, over the course of four years I became proficient in 

its use. During my thesis, I had the opportunity to train six potential new users in the SECCM 

technique. I observed that for new users the learning curve for SECCM is steeper compared to that 
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of other more common electrochemical, microscopy, or spectroscopic techniques. This was 

observed even when the new users were trained on the commercially available and more user 

friendly SECCM equipment from ParkSystems, indicating that induction to a custom-made 

SECCM equipment would require an even longer learning process. The current state of 

development of SECCM instrumentation and methodology demands that the user carry out the 

methodologies with great precision, delicacy, and attention to detail. A crucial aspect of SECCM 

lies in the role of the user during the operation, who must continually evaluate the validity of the 

ongoing processes from monitoring the data in real time. This requires a comprehensive 

understanding of SECCM methods. However, it is unreasonable to expect a profound level of 

knowledge on SECCM methods from a novice user. As a result, new users often require several 

tutored sessions before they become (partially) independent. Given the limited number of SECCM 

users worldwide and its focus on fundamental electrochemical studies, the development of a more 

user-friendly SECCM technique would be beneficial. Additionally, there are limited number of 

publications that detail SECCM methodology in a manner that non-experts can easily follow and 

implement. This highlights the importance of taught methods and tutoring sessions as the primary 

means of transferring SECCM operation knowledge. However, this should not discourage efforts 

to make SECCM more accessible to a wider range of research groups. To provide easier access to 

SECCM and share the insights gained during my thesis, future work could involve publishing an 

introductory guide to single barrel SECCM methods. Chapter 2 of this thesis, which in some 

aspects contains an extended description of the SECCM methodology, was written to serve as the 

initial foundation for this guide. 
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