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RÉSUMÉ 

Les piles lithium-ion (LIB) ont émergées comme une solution prometteuse pour exploiter 

durablement les énergies renouvelables et électrifier les transports ainsi que les secteurs 

industriels afin de lutter contre le changement climatique. Toutefois, les performances des piles 

classiques ne sont pas suffisantes pour ces applications qui nécessitent des capacités de charge 

rapide ainsi qu'une densité énergétique, une durée de vie et une sécurité élevées. Le principal 

problème est la limitation de la densité de puissance des piles lithium-ion causée par la lenteur du 

transport des ions Li+ à travers les pores remplis d'électrolyte (phase liquide) et à l'intérieur du 

matériau actif (phase solide) dans les électrodes composites.  

Lorsque les électrodes atteignent une épaisseur significative, c’est le transport dans la phase 

liquide qui limite la puissance lors de l’application de densités de courant élevées. Le transport 

dans la phase liquide peut être grandement influencé par les paramètres architecturaux de 

l’électrode tels que la porosité, l’épaisseur et la tortuosité de celle-ci. L'optimisation de ces 

paramètres dans les électrodes de batterie de la prochaine génération peut améliorer le transport 

de masse en phase liquide et, par conséquent, améliorer leurs densités de puissance. Les 

techniques existantes utilisées pour étudier l'impact des paramètres architecturaux des électrodes 

sur le transport de masse ne permettent pas de distinguer les différences de transport dans les 

phases solide et liquide. De plus, puisque les paramètres architecturaux comme la porosité et la 

tortuosité, varient à l'échelle microscopique dans l'ensemble de l'électrode composite, il est 

crucial d'analyser leur effet sur le transport de masse à l'aide de techniques offrant une haute 

résolution spatiale. C'est la principale motivation de cette thèse. Par conséquent, cette thèse 

étudie l'impact des paramètres architecturaux de l'électrode sur le transport de masse en phase 

liquide, en particulier en utilisant des méthode microscopie à sonde locale (SPM) telles que la 

microscopie électrochimique à balayage (SECM) et la microscopie de conductance ionique à 

balayage (SICM). 

La SECM étant l'une des principales techniques utilisées dans cette thèse, le deuxième chapitre a 

été consacré à un résumé de ses tendances récentes et démontre l'application étendue de divers 

modes de SECM pour étudier les cathodes, les anodes et les processus de transport d'ions dans 
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les piles ainsi que la réaction d'oxydation de l'hydrogène, la réaction de réduction de l'oxygène et 

le transport membranaire dans les piles à combustible et les supercondensateurs. Il met 

également en évidence les domaines qui doivent être explorés par la SECM. 

Le troisième chapitre illustre comment la SICM et la SECM peuvent être utilisées dans des 

études expérimentales pour mesurer le transport en phase de liquide exclusivement dans les 

électrodes Li4Ti5O12. La conclusion importante est la nature complémentaire de la SECM et de la 

SICM pour les mesures de transport de masse utilisant les nombres de MacMullin (NM). En 

outre, ces techniques ont été utilisées pour étudier l'hétérogénéité des films grâce à la 

cartographie topographique 2D. 

Le quatrième chapitre traite de l'importance des différences de géométrie des substrats sur le 

transport de masse. Une approche de modélisation SECM 3D est employée dans cette étude pour 

analyser l'effet géométrique sur le transport de masse dans trois types de substrats (SP, HF-1 et 

HF-2) ayant la même porosité et la même épaisseur. Notre étude démontre que, lorsque la 

complexité géométrique augmente, le transport devient plus lent à travers les pores, comme 

l'indiquent les faibles courants de sonde SECM et les valeurs NM élevées. 

Alors que les chapitres III et IV traitent de l'importance des paramètres architecturaux de base, 

notamment la porosité et l'épaisseur, ainsi que de la géométrie du substrat, le chapitre V 

s'intéresse à la rugosité de la surface, un autre paramètre qui influence le courant de sonde 

SECM. Cette étude numérique SECM 3D démontre que le courant de sonde est une combinaison 

de la rugosité de surface ainsi que de la porosité des substrats et est plus prononcée dans le cas 

des substrats rugueux. Ainsi, cette étude souligne la nécessité de mesurer la rugosité de la surface 

des substrats poreux avant de les utiliser pour des études de transport de masse par SECM. 

Les études expérimentales et la modélisation numérique des SPM discutées dans cette thèse 

peuvent améliorer les connaissances existantes sur l'impact des différents paramètres 

architecturaux sur le transport de masse à l'échelle microscopique. En outre, ces études seront 

utiles pour la conception de futures piles à haute performance. 
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ABSTRACT 

Lithium-ion batteries (LIBs) have emerged as a promising solution for sustainably harnessing 

renewable energy and electrifying transportation as well as industrial sectors to combat climate 

change. However, the performance of conventional LIBs is not sufficient for these applications, 

which require fast-charging capabilities along with high energy density, cycle life, and safety. 

The main issue is the LIBs' power density limitation caused by sluggish Li+ ion transport through 

the electrolyte-filled pores (solution phase) and within the active material (solid-phase) in 

composite electrodes.  

Solution-phase transport plays a critical role in determining the power performance of thick 

battery electrodes at high current densities and is influenced by electrode architectural 

parameters such as porosity, thickness, and tortuosity. Optimizing these parameters in next-

generation battery electrodes can enhance the solution-phase mass transport and, thereby, 

improve their power densities. The existing techniques used to investigate the impact of the 

electrode architectural parameters on mass transport cannot distinguish the differences in 

transport through the solid and solution phases. Moreover, as architectural parameters, including 

the porosity and tortuosity, vary at the microscale throughout the composite electrode, it is 

crucial to analyze their effect on mass transport using techniques that offer high spatial 

resolution. This is the main motivation of this dissertation. Consequently, this dissertation 

investigates the impact of electrode architectural parameters on solution-phase mass transport, 

especially using scanning probe microscopies (SPMs) such as scanning electrochemical 

microscopy (SECM) and scanning ion conductance microscopy (SICM). 

As SECM is one of the main techniques employed in this dissertation, the second chapter has 

been devoted to summarizing its recent trends and demonstrates the extensive application of 

various modes of SECM for studying the cathodes, anodes, and ion transport processes in 

batteries, hydrogen oxidation reaction, oxygen reduction reaction, and membrane transport in 

fuel cells and supercapacitors. It also highlights the areas that need further exploration with 

SECM. 
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The third chapter illustrates how SICM and SECM can be used in experimental studies to 

measure the solution-phase transport exclusively within Li4Ti5O12 electrodes. The important 

finding is the complementary nature of  SECM and SICM for mass transport measurements 

using MacMullin (NM) numbers. In addition, these techniques have been used to investigate the 

heterogeneity of the films through 2D topography mapping. 

The fourth chapter discusses the importance of the differences in substrate geometries on mass 

transport. A 3D SECM modeling approach is employed in this study to investigate the geometric 

effect on mass transport in three types of substrates (SP, HF-1, and HF-2) having the same 

porosity and thickness. Our study shows that as geometric complexity increases, the transport 

becomes more sluggish through the pores within them, indicated by the low SECM probe 

currents and high NM values. 

As Chapters III and IV discuss the importance of basic architectural parameters, including 

porosity and thickness, along with the substrate geometry, Chapter V is concerned with surface 

roughness, another parameter that affects the SECM probe current. This 3D SECM numerical 

study shows that the probe current is a combination of surface roughness and porosity of 

substrates, which is more pronounced in the case of rough substrates. As such, this study 

underscores the need for surface roughness measurement of porous substrates before using them 

for SECM mass transport studies. 

The experimental studies and numerical modeling of SPMs discussed in this dissertation can 

enhance the existing knowledge about the impact of different architectural parameters on mass 

transport at the microscale. Furthermore, these studies will benefit the design of future high-

performance battery designs. 

Keywords: Lithium-ion batteries, Mass transport, SECM, SICM, MacMullin number, 3D Model, 

Effective diffusion coefficient, Effective conductivity 
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CHAPTER I  

INTRODUCTION 

1.0. Renewable Energy: Fueling A Sustainable Future 

1.0.1. Climate change: A Global Concern 

As the third decade of the 21st century dawns, climate change becomes a global concern. 

Although every year Earth is warming, the warming rate dramatically increased over the past 

decade (2014-2023), during which the top 10 warmest years occurred in the 174-year historical 

record (Figure 1.1a). Since the beginning of the Industrial Revolution, climate change has 

accelerated due to the emission of CO2 and other greenhouse gases from the extensive use of 

fossil fuels like coal, gas, and oil for electricity, transportation, agriculture, etc. Consequently, the 

earth’s surface temperature rises and melts the polar ice caps, disrupting the natural ecosystem 

and biodiversity. Furthermore, extreme weather events like intense heatwaves, drought, and 

heavy precipitation are being observed. 

 

Figure 1.1. a) Global land & ocean average temperature anomalies from 1850-2023 relative to 

1901-2000 mean (data obtained from National Oceanic and Atmospheric Administration) b) 

Actual and projected global temperature change relative to 1850-1900 (IPCC, 2022)  
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As energy is inevitable for sustaining life, we cannot suddenly stop using it to avoid the 

consequences including climate change. Therefore, the key questions are:  

1) How can we mitigate climate change/global warming, ensuring a sustainable future without 

compromising energy usage?  

2) How fast do we have to implement the mitigation measures to limit the temperature increase? 

1.0.2. Mitigation Measures 

The average global temperature change surpassed 1℃ in 2017 compared to the pre-industrial 

level due to human activities, according to the 2018 special report from the Intergovernmental 

Panel on Climate Change (IPCC, 2022). If the current rate of warming continues, the global 

temperature change is projected to exceed 1.5 ℃ by around 2040 (Figure 1.1b). Therefore, strict 

action plans and alternatives to fossil fuel-based resources are required to reduce the current 

warming rate. The first global commitment, the Paris Agreement was signed in December 2015 

at the 21st Conference of Parties (COP21) to mitigate climate change. As the earth’s surface 

temperature is rising to alarming levels due to the burning of fossil fuels, the goal is to prevent 

the global temperature rise further to 1.5 ℃ and maintain it below 2 ℃ during this century 

compared to pre-industrial levels. Accomplishing this goal involves reducing fossil fuel usage, 

capturing and storing carbon emissions effectively, controlling population growth, and widely 

adopting renewable energies including solar, wind, hydropower, etc. Escalating energy 

requirements have led the world to focus on renewable energy sources. These energy sources are 

replenishable and most of them are “clean”, producing no greenhouse gas emissions, which helps 

alleviate climate change challenges. Consequently, the world is transitioning from traditional 

fossil fuels to sustainable renewable energy sources. Nevertheless, this transition is progressing 

very slowly, as remarked by the most recent COP28 summit in 2023. Hence, COP28 put forward 

the world’s first ‘global stocktake’ aimed at accelerating this transition to achieve the Paris 

Agreement goals by 2030. 
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1.0.3. Renewable Energy: Challenges & Solutions 

Renewable energy is a key weapon in our battle to mitigate climate change, however, their 

intermittent nature, along with high infrastructure and production costs makes the transition slow. 

Though policies are adopted to accelerate this transition, each country's technical, economic, and 

environmental capability to use renewables varies. Therefore, to use renewables as an alternative 

to fossil fuels in the long run and integrate them smoothly into the global energy market at low 

cost, they must be stored efficiently. At this stage, the development of efficient energy storage 

and conversion devices like batteries, supercapacitors, fuel cells, etc. are crucially required. 

When these devices are integrated into large-scale grids, they ensure energy security by storing 

energy during off-peak demand periods for use during peak consumption periods. Moreover, 

incorporating these energy storage devices in the transportation sector can significantly reduce 

greenhouse gas emissions. Among the existing energy storage devices, lithium-ion batteries 

(LIBs) have been widely used in everyday life to power electric vehicles (EVs) and electronic 

gadgets such as laptops, mobiles, digital cameras, etc. This is due to their unique advantages, 

such as high energy density, and long cycle life compared to other commercial energy storage 

devices like lead-acid and nickel-cadmium batteries. Given the significance of LIBs, it is crucial 

to study their working mechanism, and any pitfalls associated with them for designing next-

generation batteries capable of storing store more energy and providing higher power. Therefore, 

the working principles of LIBs, current challenges, and techniques to improve and analyze their 

performance at the micro to mesoscale will be discussed in the following.  

1.1. Lithium-ion Batteries (LIBs) 

1.1.1. Working Principle 

LIBs consist of three main components: a positive electrode, a negative electrode, and a 

separator with the electrolyte between them. The positive and negative electrodes are called 

cathode and anode by convention during the discharging process. However, these terms could be 

used interchangeably depending on whether the battery is in (dis)charged state. The active 

materials used in the positive electrode include lithium cobalt oxide (LCO), lithium iron 

phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA), whereas for the negative 

electrode, graphite, lithium titanate (LTO), etc., are used (Zubi et al., 2018). The electrolyte 

could be either in solid or liquid form. As solid electrolytes which are still under development are 
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out of the scope of this dissertation, as such, we focus on the liquid electrolyte consisting of 

lithium salt and organic solvents. Lithium hexafluorophosphate (LiPF6) is the commonly used 

salt in commercial LIBs due to its electrochemical stability and high lithium ion conductivity in 

organic carbonate solvents. To facilitate the mobility of the Li+ ions, highly polar aprotic solvents 

including ethylene carbonate, dimethyl carbonate, diethyl carbonate, and propylene carbonate are 

used. As such, the electrolyte is ionically conducting and electronically insulating. 

 

Figure 1.2. Working of LIB during a) charge and b) discharge 
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To explore the battery chemistry, LFP (LiFePO4) and LTO (Li4Ti5O12) are chosen as examples 

for positive and negative electrodes, respectively. During charge, LFP undergoes oxidation and 

releases Li+ ions, and electrons (Figure 1.2a). These Li+ ions travel through the electrolyte and 

intercalate into LTO, resulting in the reduction of LTO.  On the other hand, the electrons move 

through the external circuit and reach LTO, thereby completing the circuit. The reverse process 

occurs during discharge i.e., LTO oxidizes and releases Li+ ions and electrons, which move into 

the LFP and reduce it (Figure 1.2b). This shuttling of solvated Li+ ions between the two 

electrodes is called the “rocking chair” mechanism. The electrochemical reaction at LFP and 

LTO during charge are given as: 

                                              LiFePO4 →  Li+  +  e− + FePO4 

Li4Ti5O12 + 3Li+ +  3e− → Li7Ti5O12  

In general, the active materials used in battery electrodes have a low electronic conductivity, so 

conductive carbon additives are added to the electrode (Spahr, 2009). As such, positive and 

negative electrodes are composites comprising active material, carbon, and binder (e.g.: poly 

(vinylidene fluoride)) bound to a metallic current collector. 

1.2. Motivation for the Dissertation 

1.2.1. LIBs: Challenges in Storing Renewable Energy Efficiently 

The use of LIBs in different industries relies on factors like energy density, power density, safety, 

cost, cycle life, and environmental impact (Manthiram, 2017). A trade-off between these factors 

is essential depending on the application as no battery technology has all the required aspects. In 

portable electronic device applications, a high energy density is imperative compared to power 

density. On the other hand, energy grid applications prioritize power density, safety, cost, and 

cycle life over energy density. Whereas in the case of EVs, power density, safety, cost, and cycle 

life are crucial along with energy density. For instance, the automotive application requires strict 

specifications including a 10-year calendar life, a 1000-cycle life, a temperature range of -30 to 

50 ℃, and a cost of less than $100 per kilowatt-hour (Masias et al., 2021). Consequently, the 

next-generation batteries must be able to store more energy and charge quickly. The goal of the 
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US Advanced Battery Consortium is to develop a battery technology that can achieve an 80% 

state of charge (SOC) in just 15 minutes (Deng et al., 2020; Neubauer et al., 2014). However, the 

properties of battery materials and cell chemistry are significant obstacles to reaching this fast-

charging goal. 

During the operation of LIBs, the internal resistance leads to overpotentials. These, in turn, cause 

limited charging speeds owing to the limited potential stability window of the electrolyte and 

excess heat generation as well as safety issues due to lithium plating. (Waldmann et al., 2018). 

These issues prevent the battery from attaining its theoretical energy density. Therefore, reducing 

the overpotential is crucial to improving the battery performance. The factors contributing to 

overpotential include ion and electron transport within positive and negative electrodes, ion 

transport within the electrolyte, and charge transfer reactions at the electrode/electrolyte interface 

(Chen et al., 2021).  Among these, the Li+ ion transport within the composite electrodes is the 

rate-determining step in attaining high power density (Cornut et al., 2015 ; Heubner et al., 

2020a ; Ogihara et al., 2015 ; Weiss et al., 2021). Therefore, the scope of this dissertation 

revolves around the mass transport within porous electrodes. 

1.3. Mass Transport in Composite Electrodes 

Mass transport is used to describe the movement of Li+ ions within a battery electrolyte and 

electrode material when the battery operates. Within the porous composite electrodes, two types 

of transport processes occur, such as: 

1) Li+ ion transport through the liquid electrolyte present in the electrode pores (solution-

phase), 

2) Li+ ion transport within the active material (solid-state) (Figure 1.3).  

Among these two processes, the solution-phase transport becomes the critical factor influencing 

the power performance of LIBs at high current densities, i.e., the faster the Li+ ion transport, the 

better the power of batteries (Cornut et al., 2015 ; Ye et al., 2015).  
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Figure 1.3. a) Schematic of a composite electrode and b) different processes occurring at the 

electrode level (Zhu et al., 2022) 

The transport of Li+ ions can be expressed in terms of molar flux, which is the number of moles 

of ions traveling per unit time through a unit area (mol cm-2 s-1). Depending on the driving force 

for transport, the three basic mechanisms of mass transport are: 

1) Diffusion: Is the movement of species (𝑖) from a high concentration to a low concentration, 

i.e., diffusion is driven by a concentration gradient. Generally, the diffusion flux (𝐽𝐷,𝑖) is 

described by Fick’s first law and in 3D it is expressed as follows with the help of a gradient 

operator (𝛻): 

𝐽𝐷,𝑖 = −𝐷𝑖𝛻𝐶𝑖 (1.0) 

Where 𝐷𝑖 is the diffusion coefficient, 𝛻𝐶𝑖the concentration gradient, 𝐶𝑖 the concentration of Li+ 

ions. 

2) Migration: Is the movement of a charged species in electrochemical processes due to the 

electric field. The flux due to migration (𝐽𝑀,𝑖) is: 
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𝐽𝑀,𝑖 = −
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖𝛻𝜙 

(1.1) 

Where 𝑧𝑖 the dimensionless charge, 𝐹  is the Faraday constant, 𝑅 is the universal gas constant, 𝑇 

is the temperature and  𝛻𝜙 the electrostatic potential gradient. The coefficient 
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖  gives the 

mobility of charged species (𝑢𝑖). 

3) Convection: Movement of the species by bulk motion of a solution in response to a 

mechanical force. It could be either forced convection or natural convection generated by slight 

temperature, gravity, or density changes. The flux due to convection (𝐽𝐶,𝑖) is: 

𝐽𝐶,𝑖 = 𝜈 𝐶𝑖 (1.2) 

Where 𝜈 is the solution velocity. In the modeling studies of LIBs, it is often assumed that the 

contribution of convective transport is negligible (Latz et Zausch, 2011). 

The total solution-phase mass transport to an electrode in LIBs is a combination of the above 

three mechanisms, which is governed by the Nernst-Planck equation as follows: 

𝐽𝑖 = −𝐷𝑖𝛻𝐶𝑖 −
𝑧𝑖𝐹

𝑅𝑇
𝐷𝑖𝐶𝑖𝛻𝜙 + 𝜈 𝐶𝑖 

(1.3) 

                                       Diffusion    Migration   Convection 

 

Where 𝐽𝑖 represents the net flux of species. 

1.3.1. Mass Transport/ Concentration Overpotential 

Overpotential has a huge impact on the performance of LIBs affecting both the energy and power 

densities. It is defined as the difference between the output potential (𝐸) and the thermodynamic 

equilibrium potential of the redox reaction (𝐸𝑒𝑞) i.e., total overpotential (𝜂) is given as: 
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𝜂 = 𝐸 − 𝐸𝑒𝑞 (1.4) 

The total overpotential in a battery is a combination of three overpotentials. 

1) Ohmic overpotential: This refers to the voltage drop caused by the internal resistance of the 

battery. This internal resistance can be caused by various components within the battery, 

including electrolyte resistance, resistance within the electrode comprising the resistance 

contribution of the active material and conductive carbon. During the charge/discharge processes 

of the battery, the current flowing through the battery encounters this internal resistance, 

resulting in a voltage drop. 

2) Charge transfer overpotential: This is the extra potential required to overcome the activation 

energy barrier of an electrochemical reaction. It arises from the electron/charge transfer reactions 

at the electrode-electrolyte interface. 

3) Concentration overpotential: This is the additional voltage required to drive the 

electrochemical reaction due to the concentration gradient of Li+ ions developed in the battery 

electrolytes. For instance, during the charging process, Li+ ions are consumed at the negative 

electrode. To compensate for these Li+ ions, and thereby maintain charge neutrality throughout 

the battery, Li+ ions are released at the positive electrode. However, this release of Li+ ions create 

a concentration gradient between the electrode surface and bulk electrolyte as anions are not 

electroactive. Moreover, owing to the low cation transference number of the conventional liquid 

electrolyte, it cannot counteract this concentration gradient, thus resulting in a concentration 

overpotential (Newman et Balsara, 2004). For example, the cation transference number (𝑡+) of 

LiPF6 is approximately equal to 0.4 (Fong et al., 2019). Therefore, to enhance mass transport in 

batteries, the cation (Li+ ion) is preferable to have a higher transference number than the anion. 

A representative example showing the evolution of the concentration gradient during the 

charging of a battery has been given in (Figure 1.4). When the battery is at rest (time, t= 0), the 

initial Li+ concentration throughout the solution phase is uniform. However, when the battery 

starts to (dis)charge, a concentration gradient develops slowly due to the sluggish transport of Li+ 
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ions through the solution phase of the positive and negative electrodes leading to concentration 

overpotentials (𝜂𝐶), which is given as follows (Li, 2021): 

𝜂𝐶 =  
𝑅𝑇

𝑛𝐹
ln

𝐶𝐵

𝐶𝑆
 

(1.5) 

Where 𝐶𝐵 denotes the bulk Li+ ion concentration of the electrolyte, 𝐶𝑆 the Li+ ion concentration 

of the electrode surface, and 𝑛 the number of electrons. As the battery starts to (dis)charge at 

high C-rates, this concentration overpotential increases dramatically due to the limited mass 

transport. 

 

Figure 1.4. Schematic showing the evolution of Li+ concentration gradient in the solution-phase 

of LIB during charge 

1.3.2. Regulating Mass Transport in Electrodes 

1.3.2.1. Role of Electrode Architecture 

Controlling the architecture of both positive and negative electrodes is imperative to optimizing 

the mass transport within them. As such, the three important parameters, thickness, porosity, and 

tortuosity, have a significant effect on the Li+ transport at the electrode level and, thereby the fast 

charging of batteries (Heubner et al., 2020b ; Taleghani et al., 2017 ; Yu et al., 2006).  
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1) Electrode thickness 

 

Figure 1.5. a) Schematic of electrode thickness effect on Li+ transport during battery charging. 

The curve shows the Li+ concentration for thick (red) and thin (black) electrodes (Liu et al., 

2019d), b) active material utilization in thick and thin electrodes (Weiss et al., 2021) 

The performance of batteries in terms of high power and energy densities is significantly affected 

by the thickness of the composite electrodes. An increased thickness can lead to enhanced mass 

transport limitations, impacting the power performance of batteries. When the electrode 

thickness increases, the diffusion paths for Li+ ions become longer, leading to large concentration 

gradients within the solution phase of porous electrodes, which, in turn, increases concentration 

overpotential (Figure 1.5a) (Liu et al., 2019d). Ultimately, this can lead to underutilization of 

active materials in the inner region of thick electrodes compared to thin ones (Figure 1.5b) (Li et 

al., 2020a ; Weiss et al., 2021). 
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On the other hand, in the case of thin electrodes, the concentration gradients developed within 

the electrodes are small due to the shorter diffusion length. Therefore, the solution phase mass 

transport of Li+ ions is not limiting and can exhibit fast-charging capabilities. At high rates, the 

only factor restricting the performance of thin electrodes is the solid-state diffusion (Ju et al., 

2020). Although thin electrodes (< 20 μm) outperform thick electrodes (>100 μm) at high current 

densities in terms of the specific capacity (mAhg-1) achieved, when a full-cell level is considered, 

the active-to-inactive material ratio is unfavorable to obtaining high energy densities and 

increases the cost of the battery (Heubner et al., 2021). As a result, for optimum performance of 

LIBs, the current commercial electrodes have a thickness in the range of 50-100 μm (Zhu et al., 

2022). 

2) Porosity 

 

Figure 1.6. Cross-sectional view of a) uncalendered (high porosity) and b) calendered (low 

porosity) graphite electrodes obtained using scanning electron microscopy. Carbon-binder 

domains (red box) and cracks in particles (green box) are marked (Robertson et al., 2021) 

Porosity (𝜀) represents the volume fraction of the electrolyte-filled voids within the battery 

electrode i.e., 
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𝜀 =
𝑉𝑣𝑜𝑖𝑑

𝑉𝑇
 

(1.6) 

Where 𝑉𝑣𝑜𝑖𝑑 is the volume of the voids and 𝑉𝑇 the total volume constituting the volume of each 

component in the composite electrode and the volume of the voids. 

Typically, the dry-processed electrodes with high porosity can enhance the wetting of the 

electrode, and thus facilitate the smooth transport of Li+ ions through the electrode pores. This 

decreases the concentration overpotential and supports the fast charging in thick electrodes. 

Nevertheless, exceeding a certain value of porosity reduces the overall mass loading of active 

material per unit volume of the electrode, severely affecting the volumetric energy density 

(Parikh et al., 2020). Moreover, high-porosity electrodes exhibit lower mechanical integrity and 

electronic conductivity than less porous ones (Antartis et al., 2015). They are inhomogeneous 

due to the presence of a wide range of pore sizes and a non-uniform spatial distribution of 

carbon-binder domains (Figure 1.6a) (Robertson et al., 2021). When these electrodes undergo a 

compaction process known as calendering, particle-to-particle contact within them and the 

adhesion between the current collector and the electrode increases (Zheng et al., 2012c). On the 

other hand, calendering reduces the overall porosity (Figure 1.6b), resulting in decreased void 

spaces available for the Li+ ions to travel within the electrode, leading to sluggish transport. 

Therefore, an optimum porosity is preferred for the performance of LIBs. In commercial battery 

electrodes, a porosity of 30% was used (Zhu et al., 2022). 

3) Tortuosity 

Tortuosity (τ) plays an equally important role as porosity in determining the rate performance of 

LIBs. It is the ratio of the mass transport distance (𝑑) between two points to the straight-line 

distance (𝐿) within the porous composite electrodes (Sun et al., 2024), 

𝜏 =
𝑑

𝐿
 

(1.7) 

The above geometric definition of tortuosity characterizes the microstructure of porous 

electrodes. The concept of tortuosity has been defined in various ways in the literature. In this 
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dissertation, the definition of tortuosity will be based on the physical mass transport processes 

and will be described in relation to the effective ionic conductivity and diffusivity. This will be 

further discussed in the upcoming sections. 

 

Figure 1.7. a) Schematic showing the Li+ ion transport through tortuous paths in thin and thick 

electrodes b) Faster ion transport in thick electrode with low tortuosity. The shortest paths for 

transport are indicated by red arrows (Kuang et al., 2019) 

For an ideal electrode with a straight ion pathway, tortuosity is equal to one. In reality, the 

composite electrodes prepared with multicomponent slurry have tortuous paths through which 

the mass transport of Li+ ions takes place. Generally, an electrode with high tortuosity 

experiences sluggish transport that results in poor rate performance. Compared to thin electrodes, 

the tortuous path for diffusion is longer in thick electrodes (Figure 1.7a) (Kuang et al., 2019). 

This leads to severe concentration overpotential and affects the ability to maintain high cycling 

rates and power densities. Moreover, during fast charging, this causes Li+ deposition on the 

negative electrode surface (close to the separator) (Wang et al., 2016). Therefore, reducing the 

tortuosity is an effective way to facilitate mass transport in thick electrodes and achieve high rate 

capability (Figure 1.7b).  
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1.3.2.2. Strategies for Optimizing Mass Transport in Electrode Architecture 

 

Figure 1.8. a) Fe3O4 coated graphite flakes b) alignment of coated graphite flakes in the presence 

and absence of magnetic field creating different tortuous paths within the electrode (Billaud et 

al., 2016) 

One common approach to optimizing electrode architecture and boosting mass transport is by 

reducing tortuosity.  Several techniques have demonstrated high potential in designing thick 

electrodes with low tortuosity, such as salt templating (Elango et al., 2018), ice templating (Amin 

et al., 2018), wood templating (Lu et al., 2018), and magnetic-assisted templating (Billaud et al., 

2016 ; Zhu et al., 2022). Among these techniques, magnetic-assisted templating is a relatively 

slow process, however, it offers greater control over porosity, pore size, and shape. For example, 

in magnetic-assisted templating, graphite flakes coated with superparamagnetic Fe3O4 

nanoparticles are aligned perpendicular to the current collector using an external magnetic field 

of strength 100 mT (Figure 1.8) (Billaud et al., 2016). This alignment creates oriented pore 

channels, leading to less tortuous paths within the electrode and improving the rate performance 

of batteries. 
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Figure 1.9. a)-d) Different printing steps involved in the fabrication of interdigitated micro 

batteries using a 30 μm nozzle diameter e) scanning electron microscopy image of the 3D printed 

and annealed LTO/LFP battery (Sun et al., 2013) 

An alternative method for creating low tortuosity electrodes involves 3D printing or direct ink 

writing (Fu et al., 2017). This method allows for the printing of 3D electrodes using a slurry or 

ink in a layer-by-layer fashion and offers high precision and tunability. An example of this is the 

fabrication of a 3D microbattery, where a low tortuosity electrode of LFP and LTO in an 

interdigitated architecture was created by directly printing the slurry on top of a gold current 

collector (Figure 1.9a-d) (Sun et al., 2013). Electrodes with low tortuosity can be attained after 

subsequent drying and annealing steps (Figure 1.9e). As the electronic conductivities of LFP and 

LTO are low, using graphene oxide-based inks can significantly improve the conductivity and 

thereby the energy and power densities of the battery (Fu et al., 2016). Although 3D printing 

technology enables the fabrication of thick electrodes with low tortuosity, the high 

manufacturing cost and long printing time make it challenging for the large-scale production of 

thick electrodes at the industrial level. 

In general, thin electrodes with high porosity and low tortuosity enhance the Li+ ion transport 

within the electrode (Heubner et al., 2019). However, the effect of electrode parameters such as 

thickness, porosity, and tortuosity on mass transport are interconnected.  Therefore, rather than 
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focusing on the effect of a single parameter, it is imperative to consider the overall effect of these 

parameters to optimize the electrode architecture of LIBs in applications such as EVs where 

impressive energy and power density are required.  

1.3.2.3. Effective Mass Transport Parameters in Composite Electrodes 

Conventionally, the intrinsic transport parameters such as the ionic conductivity (𝜅0) or diffusion 

coefficient (𝐷0) of the bulk electrolyte can be used to characterize the Li+ transport kinetics. 

When Li+ ions move through the porous electrodes, their facile transport can be obstructed by the 

arrangement of solid components, as indicated by the tortuosity. As the geometric definition of 

tortuosity (Eq.1.7) does not fully account for the constrictions and transport parameter changes at 

different locations within the porous electrodes, the effective transport parameters such as the 

effective diffusivity (𝐷𝑒𝑓𝑓) or effective conductivity (𝜅𝑒𝑓𝑓) can be used to represent the overall 

mass transport (Tjaden et al., 2018). These effective transport parameters take into account 

factors such as the porosity (𝜀) and tortuosity (𝜏) and the relation is given by (Thorat et al., 

2009):  

𝜅𝑒𝑓𝑓 =
𝜅0𝜀

𝜏
 (1.8) 

𝐷𝑒𝑓𝑓 =
𝐷0𝜀

𝜏
 

(1.9) 

The above equations show a relation between porosity and tortuosity in terms of the transport 

parameters. In porous structures, the direct correlation between the tortuosity and porosity is 

generally described by the Bruggeman relation (𝜏 = 𝜀−0.5) (Bruggeman, 1935). This relation is 

widely adopted to predict tortuosity assuming that the particles inside the porous structures are 

spherically shaped and monodispersed (Thorat et al., 2009). However experimental studies have 

shown that these predictions can give inconsistent results (Hossain et al., 2020). In battery 

studies, MacMullin number (𝑁𝑀) is normally used to quantify the hindrance caused by the 

electrode geometry to the ion transport. This number provides the relationship between the 

electrolyte's porosity, tortuosity, intrinsic or bulk electrolyte transport properties, and the 

effective transport parameters in porous electrodes (Hossain et al., 2020). 
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𝑁𝑀 =
𝜅0

𝜅𝑒𝑓𝑓
=

𝐷0

𝐷𝑒𝑓𝑓
=

𝜏

𝜀
 

(1.10) 

If the transport parameters are known at a given porosity, either 𝑁𝑀 or tortuosity can be 

determined. As such, it is vital to measure the effective transport parameters for regulating 

tortuosity and improving the mass transport in porous electrodes for fast charging. This is the key 

motivation of this dissertation, and the focus has been on localized probe-based techniques, 

which can offer localized information about the effective transport properties. Therefore, before 

exploring the probe-based techniques, the next section of the dissertation discusses the existing 

techniques for analyzing the mass transport parameters at the mesoscale and their challenges. 

1.4. Multiscale Techniques Applicable to Batteries 

In LIBs, mass transport processes occur at characteristic timescales ranging from microseconds 

to minutes while the electrode dimension in which these processes occur varies from the 

nanometer (nm) to millimeter (mm) scale (Figure 1.10) (Zhang et al., 2021). Owing to the 

importance of mass transport in optimizing the design and overall performance of future 

batteries, developing multiscale techniques that accurately analyze the Li+ ion transport in the 

length scale of nm to mm is an absolute requirement. 

 

Figure 1.10. Mass transport processes in porous electrodes occur at different time scales and 

dimensions (Zhang et al., 2021) 
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Figure 1.11. Commonly used multiscale techniques for analyzing and characterizing batteries, 

arranged based on their ability to provide information in different scales 

A broad spectrum of techniques based on X-rays, neutrons, electrons, scanning probes, etc. are 

available for characterizing battery electrodes and evaluating their performance in various 

dimensions (Figure 1.11). As this dissertation primarily focuses on mass transport, it is 

imperative to discuss all the available multiscale techniques suitable for this purpose. Therefore, 

the initial discussion revolves around the well-established methods such as cyclic voltammetry, 

electrochemical impedance spectroscopy, and galvanostatic intermittent titration techniques that 

serve as alternatives to the microscale mass transport detection techniques. Subsequently, we will 

delve into microscale techniques such as scanning electrochemical microscopy (SECM) and 

scanning ion conductance microscopy (SICM), which are the core parts of this dissertation. 

1.4.1. Cyclic Voltammetry (CV) 

1.4.1.1. Working Principle 

CV is a commonly used technique to study the bulk properties of electrochemical systems, 

including batteries. It provides information about mass transport and kinetics of electrochemical 

reactions. CV has been used in battery research to investigate their capacity fading (Zhang et al., 

2000), interfacial studies (Hui et al., 2018 ; Yoo et al., 2017), and electron and ion transport 

properties (Clancy et Rohan, 2018 ; Friedl et Stimming, 2017 ; Kim et al., 2020).  
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Figure 1.12. Schematic of a) potential waveform, CV of b) reversible reaction, c) irreversible 

reaction showing only oxidation peak, and d) change in concentration of redox species over time 

Generally, a three-electrode cell consisting of a working, reference, and counter electrode is used 

in a CV measurement. A triangular potential waveform (Figure 1.12a) is swept linearly in the 

electrochemical cell at a specific scan rate, and the resulting current generated due to redox 

processes at the electrode-electrolyte interface is monitored, which enables the detection of the 

reversibility of the electrochemical reaction.  

In an anodic or oxidative process, the applied potential (𝐸) starts below the standard potential 

(𝐸0) of the redox material, while for the reductive process, 𝐸 begins at a higher potential than 

𝐸0. During the initial stages of both processes, only capacitive or non-faradaic currents are 

generated. For instance, in the case of an anodic process (oxidation), the potential sweep occurs 

in the positive direction, and the redox species in the vicinity of the working electrode begin to 

undergo oxidation.  As the charge transfer rate increases, the faradaic current also increases, and 

gradually reaches a maximum current (𝐼𝑝,𝑎) at a specific potential (𝐸𝑝,𝑎) (Figure 1.12b). Over 
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time, the concentration of redox species in the surrounding area of the working electrode 

decreases, creating a concentration gradient between the electrode surface and the bulk 

electrolyte (Figure 1.12d). To maintain the oxidation rate, additional redox species must diffuse 

from the bulk electrolyte. However, as the diffusion layer expands, the faradaic current decreases 

to a minimum on increasing the potential due to the reduced concentration of the redox species. 

After reaching the potential, 𝐸2, reversing the potential results in the reduction of oxidized 

species, and the current increases in the negative direction. After reaching its maximum (𝐼𝑝,𝑐), the 

current decreases due to the slow diffusion similar to the oxidative scan. Therefore, a duck-

shaped cyclic voltammogram was formed in the case of a completely reversible system that 

includes both oxidation (anodic) and reduction (cathodic) peaks (Figure 1.12b). Moreover, as 

the charge transfer is faster, the current is limited only by the diffusional mass transport in a 

reversible process. On the other hand, for an irreversible system, either one peak corresponding 

to oxidation or reduction is present (Figure 1.12c).  

The peak current (𝐼𝑝) depends on the diffusion coefficient (𝐷), concentration (𝐶) of the species 

of interest, electroactive area (𝐴) of the working electrode and the scan rate (𝜐) with which the 

potential is swept. The relation between the peak current and these parameters for a reversible 

process at 298 K is given by the Randles-Sevcik equation: 

𝐼𝑝 = 2.69 × 105 𝑛3/2𝐴𝐶 𝜐1/2𝐷1/2 (1.11) 

Where 𝑛 is the number of electrons involved in the electrochemical reaction. The linear relation 

between 𝐼𝑝 and 𝜐1/2 can be utilized to measure the diffusion coefficient. For example, Yu et al. 

conducted a systematic study of LiFePO4 electrodes by CV and determined the apparent 

diffusion coefficient of Li+ ions (Yu et al., 2007). In addition, the effect of electrode mass 

loading, scan rate, electrolytes, and temperature on the CV profile was also investigated. 

However, applying the Randles-Sevcik equation for analyzing battery electrodes requires careful 

consideration of electrode structure and their properties, as it is based on the assumption that the 

system contains only one diffusing species, the electrode surface is homogeneous, and exhibits 

planar diffusion. This limitation poses challenges when evaluating porous composite electrodes 
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in batteries, which possess diverse levels of porosity, tortuosity, and particle distribution, 

resulting in non-uniform and intricate diffusion pathways.  

1.4.1.2. Effect of Transport on CV Shape 

 

Figure 1.13. Difference in the shape of cyclic voltammograms with different kinetic and mass 

transport parameters. a) rate of charge transfer >> mass transport rate, b) very slow rate of charge 

transfer and mass transport, and c) rate of charge transfer << mass transport rate, red arrows 

indicate the increasing scan rate direction (Vassiliev et al., 2016) 

The charge and discharge characteristics of batteries can be studied using the anodic and 

cathodic scans of CV, respectively. The shape of the cyclic voltammogram varies depending on 

the Li+ (de)intercalation kinetics and mass transport limitation (Vassiliev et al., 2016). When the 

intercalation or charge transfer rate is faster than the diffusional transport in the electrolyte, the 

current increases steeply, and the peak potential shifts in the direction of the potential scan. 

Furthermore, the region of CV where the decaying current’s slope decreases with an increasing 

scan rate can be used to determine the diffusion coefficients (Figure 1.13a).   

Conversely, if the rate of mass transport and charge transfer is slow, a broad peak is obtained at 

the beginning of CV due to sluggish charge transfer (Figure 1.13b). Increasing the scan rate 

shifts the oxidation and reduction peak potential to more anodic and cathodic values, leading to a 

higher peak-to-peak separation. Moreover, the peak current decreases slowly, predominantly due 

to diffusional transport. The final scenario is when the mass transport rate is significantly higher 
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compared to the charge transfer rate, in which the shape of the voltammogram is controlled by 

the charge transfer kinetics (Figure 1.13c). 

1.4.1.3. Planar and Hemispherical Diffusion  

The surface area of the working electrode plays an important role in CV measurements. The 

diffusion profile of the redox species could be planar or hemispherical between the bulk 

electrolyte and at the electrode/electrolyte interface depending on the surface area. The duck-

shaped CV discussed in the previous sections is obtained as a result of semi-infinite linear 

diffusion (Figure 1.14a) towards the surface of a planar electrode also called macroelectrode, 

which has a surface area in the range of square millimeters (mm2).  

 

Figure 1.14. a) Planar diffusion in macroelectrode, b) hemispherical diffusion in microelectrode 

(dotted lines represent the diffusion profile and the arrows indicate the transport of diffusing 

species), and c) cyclic voltammogram of microelectrode 

The electrode with at least one dimension in the range of 1 μm to 25 μm is called a 

microelectrode (ME). A hemispherical diffusion profile occurs in the case of ME and leads to a 
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sigmoid-shaped CV (Figure 1.14b, c). Owing to the micrometer dimension of ME, low currents 

in the range of pA-nA are detected. This minimizes the ohmic or voltage drop (𝐼𝑅) that arises 

due to the electrolyte resistance (𝑅) between the working and reference electrodes when the 

current (𝐼) flows. During CV at low scan rates, steady-state is achieved where the rate of 

oxidation or reduction is equal to the rate of diffusion due to the hemispherical diffusion at the 

ME. The steady-state current (𝐼0) at a disc-shaped ME is given by,  

𝐼0 = 4𝑛𝐹𝛽𝐷𝐶𝑎 (1.12) 

Where 𝑎 is the radius of the electroactive area and 𝛽 is a function of the RG (ratio of outer to 

inner radii) of the microelectrode (Bard et Faulkner, 2000 ; Lefrou et Cornut, 2010). 

ME offers the advantage of conducting quick voltammetric studies and electrochemistry in 

confined spaces due to the faster response time and small size. The development of ME has led 

to the emergence of scanning probe microscopy techniques such as scanning electrochemical 

microscopy (SECM), which is the focal point of this dissertation. 

1.4.2. Electrochemical Impedance Spectroscopy (EIS) 

1.4.2.1. Working Principle 

EIS is a powerful non-destructive, and rapid technique widely used in LIBs to analyze the bulk 

and interfacial transport phenomena over a range of time scales. In contrast to CV which 

employs a large potential perturbation to measure transient current response, EIS applies a small 

sinusoidal perturbation to an electrochemical cell at equilibrium across a wide frequency range 

and measures the characteristic response, which depends on the cell impedance at different time 

scales. Furthermore, EIS is, in favorable cases, capable of deconvoluting the potential drop due 

to ohmic, charge transfer, and concentration overpotentials and is instrumental in quantifying 

parameters such as diffusion coefficient, charge transfer resistance, and double layer capacitance 

(Hui et al., 2019). 
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Figure 1.15. Schematic showing the relation between input and output signals over time 

(Redrawn from (Vadhva et al., 2021) 

In EIS, the input sinusoidal signal can be potential (potentiodynamic) or current (galvanostatic). 

Typically, a sinusoidal potential, 𝐸(𝑡) at a frequency (𝑓) is applied, and the resulting current, 

𝐼(𝑡) is measured as output (Figure 1.15). While the output current has the same frequency as the 

input signal, its amplitude and phase may differ.  

In potentiodynamic mode,  

𝐸(𝑡) = 𝐸0 𝑠𝑖𝑛(⍵𝑡) (1.13) 

𝐼(𝑡) = 𝐼0sin (⍵𝑡 + 𝜙) (1.14) 

where ⍵ = 2𝜋𝑓 is the angular frequency, 𝐸0 and 𝐼0 are the amplitude of potential and current, 𝑡  

is the time, ⍵𝑡 + 𝜙 is the phase angle and 𝜙 is the phase difference. The ratio of Eq. 2.4 and 2.5 

gives an expression similar to Ohm’s law for determining the impedance (𝑍(⍵)), which is the 

opposition to the flow of current in the system. 

𝑍(⍵) =
𝐸(𝑡)

𝐼(𝑡)
=

𝐸0 sin(⍵𝑡)

𝐼0sin (⍵𝑡 + 𝜙)
= 𝑍0

sin(⍵𝑡)

sin (⍵𝑡 + 𝜙)
 

(1.15) 
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As 𝐸(𝑡) and 𝐼(𝑡) consists of amplitude and phase difference, they can be represented by a 

complex number. As such, the impedance can also be represented as a complex number 

comprising of a real part (𝑍′) and an imaginary (𝑍") part.  

𝑍(⍵) = |𝑍|[𝑐𝑜𝑠(𝜙) + 𝑗𝑠𝑖𝑛(𝜙)] = 𝑍′ + 𝑗𝑍" (1.16) 

The modulus of Z and phase difference (𝜙 ) can be calculated as follows: 

|𝑍| = √𝑍′2 + 𝑍"2 (1.17) 

𝜙 =  tan−1 (
𝑍′

𝑍"
) 

(1.18) 

1.4.2.2. Understanding EIS Spectra 

 

Figure 1.16. a) Nyquist plot (Laschuk et al., 2021), b) Bode plot (Vadhva et al., 2021), and c) 

Randle’s circuit for an electrochemical cell 
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EIS spectra are represented in the form of either Nyquist or Bode plots. Nyquist plot (Figure 

1.16a) provides the relation between the real and imaginary components of impedance, whereas 

Bode plot (Figure 1.16b) gives the relation of log |𝑍| vs log(f) and φ vs log(f). Among the two, 

the Nyquist plot is commonly used in LIBs analysis as the stability of the system, along with the 

solution (Rs) and charge transfer (RCT) resistance values contributing to impedance, can be 

determined directly from the plot.  

In general, the overall impedance of an electrochemical cell due to the electrolyte resistance, 

double-layer capacitance at the electrode-electrolyte interface, charge transfer kinetics, and mass 

transport can be represented with the help of resistors and capacitors. Therefore, the kinetic and 

mass transfer controlled regions in the Nyquist plot can be interpreted with the help of an 

equivalent circuit. One of the simplest and widely used equivalent circuits is Randle’s circuit 

(Figure 1.16c), consisting of the solution resistance (Rs), in series to a parallelly connected 

combination of double layer capacitance (Cdl), charge transfer resistance (RCT), and Warburg 

impedance (Zw). In the low-frequency region of the spectrum, the overall impedance is 

controlled by the mass transfer or Warburg impedance and is given by  

𝑍 = 𝑅𝑠 + 𝑅𝐶𝑇 + 𝜎⍵−
1
2(1 − 𝑗) 

(1.19) 

Where 𝑗 =√-1 and σ is the Warburg coefficient, which can be obtained from the slope of the 

linear relation between 𝑍′ or 𝑍" vs ⍵−
1

2 . The diffusion coefficient (𝐷) can be calculated from σ 

using the relation (Lazanas et Prodromidis, 2023), 

𝜎 =
2𝑅𝑇

𝑛2𝐹2𝐴𝐶√𝐷√2
 

(1.20) 

Where 𝑛 is the number of electrons, 𝐴 the electrochemical active area and 𝐶 the bulk 

concentration of electroactive species. This relation has been utilized in EIS battery studies to 

quantify the mass transport in electrodes.  
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Although the Nyquist plot using Randle’s circuit serves as a valuable tool for interpreting the EIS 

data, the experimental data can deviate from this model circuit due to the surface roughness of 

the electrodes and non-linear diffusion processes. As a result, the capacitance component in the 

circuit may be substituted by a constant phase element (CPE), to improve the numerical fitting of 

the circuit model to the experimental EIS data (Lasia, 2022). Despite the challenges associated 

with numerical fitting, the semi-circle region of the EIS spectrum at high-frequency offers 

valuable insights about RCT, while the slope of the linear region at low frequency provides 

information about the mass transport parameters. 

1.4.3. Galvanostatic & Potentiostatic Intermittent Titration Technique (GITT & PITT) 

1.4.3.1. Working Principle 

GITT and PITT are frequently used to assess the kinetic processes occurring in batteries. Many 

studies have used these techniques to determine the Li+ diffusion coefficient in various 

electrodes, including graphite, LiFePO4, etc. (Aurbach et al., 1998 ; Churikov et al., 2010 ; Dees 

et al., 2009 ; Markevich et al., 2005). Unlike CV, which only offers an average diffusivity value, 

these techniques can effectively determine the lithium diffusion coefficient at various states of 

charge in LIBs. An electrochemical cell under equilibrium can be subjected to either a constant 

current (galvanostatic) pulse or a potential (potentiostatic) pulse. For instance in GITT, when a 

constant current pulse (𝐼0) is applied to a system under equilibrium at time 𝑡0, the equilibrium 

potential (𝐸1) changes to 𝐸2 due to an IR drop originating from the internal resistance of the cell, 

including the electrolyte resistance  (Figure 1.17) (Kim et al., 2022). With a positive applied 

current, lithium ions deintercalate from the host material during the pulse duration (𝜏), resulting 

in a change in the potential to 𝐸3. Once the applied current pulse is stopped, the potential 

decreases due to the IR drop. This step is followed by a relaxation period during which no 

current flows. This allows the electrode composition to become homogeneous through the 

diffusion of Li+ ions, and the system reaches a new equilibrium potential (𝐸4). 
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Figure 1.17. a) Schematic showing the applied current pulse with a duration (𝜏) b) 

corresponding transient voltage change and c) transport of Li+ ions during the single step of 

GITT (Kim et al., 2022) 

Based on the current or voltage output, the diffusion coefficient of Li+ ions (𝐷) can be 

determined by a simplified equation derived from the combinations of Fick’s first and second 

laws along with the Butler-Volmer equation as follows (Jia et al., 2022 ; Kim et al., 2022): 

𝐷 =
4

𝜋𝜏
[
𝑚𝐵𝑉𝑀

𝑀𝐵𝐴
]

2

(
∆𝐸𝑠

∆𝐸𝑡
)

2

 
(1.21) 

Where 𝑚𝐵is the mass of host material in the electrode (g), 𝑀𝐵 is the molar mass of the host 

material (g mol-1), 𝐴 is the electrode-electrolyte interface area (cm2), 𝑉𝑀 is the molar volume of 

the material (cm3 mol-1), ∆𝐸𝑠 =  𝐸4 − 𝐸1 is the steady state voltage change and ∆𝐸𝑡 =  𝐸3 − 𝐸2 

is the total voltage change. The diffusion coefficient can be obtained using equation 1.21 when 

the pulse time (𝜏) is much smaller than the characteristic diffusion time (𝜏𝑑𝑖𝑓𝑓), i.e., 
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𝜏 ≪ 𝜏𝑑𝑖𝑓𝑓 =
𝑙2

𝐷
 

(1.22) 

Where 𝑙 is the characteristic diffusion length that is assumed to be equal to the electrode 

thickness. Consequently, one drawback of GITT or PITT measurements is the long relaxation 

time required for the system to reach equilibrium, which can take up to a month or more 

depending on the experimental requirements (Gmitter et al., 2010). 

In summary, the electroanalytical techniques discussed in the preceding sections share the 

common characteristic of being able to determine diffusion coefficients within the composite 

battery electrodes at the mesoscale. Furthermore, they provide information about mass transport, 

encompassing both solid and solution phases in electrodes. Alongside this information, 

microscale and localized insights separately from these phases are also crucial for improving the 

power performance of LIBs as the range of ion transport processes within batteries occurs in 

nano to millimeter scale. As such, using techniques such as SECM and SICM is critical. The next 

section will discuss these two important scanning probe techniques.  

1.4.4. Scanning Electrochemical Microscopy 

Introduced simultaneously by Bard and Engstrom groups in 1989, SECM offers the unique 

advantage of investigating the electrode-electrolyte interface, degradation reactions, and 

electrode architectures with high spatial resolution (Bard et al., 1989 ; Engstrom et Pharr, 1989). 

It is a powerful in situ technique that enables the monitoring of electrochemical processes in their 

actual environment and provides transient information at the micro to the nanoscale, which 

cannot be obtained with any of the macroscale techniques previously discussed. 

1.4.4.1. Principles of Operation 

A typical SECM instrument includes the following components (Figure 1.18):  

1) A microelectrode (ME) with dimensions in the low micrometer or nanometer range, acting as 

a working electrode (WE1). The advantages of ME were already discussed in section 1.4.1.3.  
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2) A 3D positioning system consisting of stepper and piezo motors for controlling the movements 

in x, y, and z directions 

3) A bipotentiostat for measuring and controlling potential and current 

4) A data acquisition system to coordinate all components and record data 

 

Figure 1.18. Schematic of SECM setup showing the various components (Polcari et al., 2016) 

When an electric potential corresponding to the redox potential of the mediator is applied 

between the WE1 and reference electrode, the mediator undergoes either oxidation or reduction, 

resulting in a faradaic current in the pA to nA range. SECM operates by measuring this faradaic 

current at the ME tip, allowing for analysis of the substrate immersed in the electrolyte solution. 

The substrate can serve as a second working electrode (WE2) if necessary or remain unbiased 

depending on the operating modes of SECM and specific requirements. The spatial resolution of 

SECM depends on the size of ME and the operating modes being used, which gives the benefit 

of monitoring features that are not observable in one mode to be noticeable in the other mode 

(Wang et al., 2015). Moreover, SECM can identify well-separated features on the substrate if the 
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minimum feature size is 10 to 20 times smaller than the diameter of the ME i.e., a 1 μm diameter 

ME can resolve 50 -100 nm sized features on the substrate (Bard et al., 1992, p. 12). 

1.4.4.1. Battery Relevant Operating Modes of SECM 

There are several operating modes available in SECM. These include feedback, tip generation/ 

substrate collection (TG/SC), substrate generation/ tip collection (SG/TC), and redox 

competition, which are widely used in studying energy storage devices.  

 

Figure 1.19. Schematic of different operating modes in SECM with a redox mediator ‘𝑅’ 

undergoing an oxidation reaction at the ME.  a) hemispherical diffusion at steady state where 

microelectrode positioned away from the substrate, b) negative feedback near insulator, c) 

positive feedback near conductor, d) substrate generation-tip collection (SG/TC) mode, e) tip 

generation- substrate collection (TG/SC) mode, f) redox competition mode. Redrawn from 

Polcari et al., 2016 

1) Feedback Mode 
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It is one of the first and commonly used modes in SECM. This mode is used in all SECM-related 

studies in this dissertation. Typically, in SECM, the faradaic current generated at the ME due to 

the oxidation or reduction reaction is recorded. For instance, consider the oxidation of a redox 

mediator 𝑅 at the ME as follows: 

𝑅 − 𝑛𝑒− → 𝑂 (1.23) 

As more 𝑅 is used up at the ME, the difference in concentration of 𝑅 between the center of ME 

and the remaining part of the electrochemical system generates a diffusion layer. As explained in 

section 1.4.1.3, the diffusion profile for a disk-shaped ME is hemispherical. When the ME/ 

SECM tip is far from the substrate, i.e., at a tip-substrate distance (𝑑) 10 times greater than the 

radius of the tip (𝑎), called the bulk position, the current corresponding to 𝑅 oxidation (𝐼0) is 

detected at the ME (Figure 1.19a) and is given by equation 1.12. However, this faradaic current 

measured at the tip can significantly be affected by the presence of a substrate, depending on the 

substrate’s topography and electrochemical activity.  

In feedback mode, when the probe touches a substrate that is insulating, the oxidation reaction is 

impeded by its presence as the diffusion of R is hindered towards the tip, resulting in a net zero 

faradaic current (negative feedback) (Figure 1.19b). In contrast, when the tip makes contact with 

a conducting substrate, although the diffusion is hindered, the current measured at the substrate 

(𝐼∗) is higher than the bulk current as 𝑅 can be locally regenerated at the conducting substrate by 

receiving electrons from the substrate, creating positive feedback (Figure 1.19c). The results 

obtained from the feedback modes are represented with approach curves, which illustrate the 

relationship between the normalized current (𝐼∗/ 𝐼0) and normalized tip-substrate distance (𝐿 =

𝑑/𝑎) (Figure 1.20). The approach curves provide direct insight into the electrochemical nature 

of the substrate under study. The approach curve data for positive and negative feedback 

measurements can be quantitatively interpreted using approximate analytical expressions (Lefrou 

et Cornut, 2010). Chapter 3 discusses how this mode can be utilized to analyze the transport 

parameters for a porous substrate. 
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Figure 1.20. Representative approach curve of insulating and conducting substrates 

2) Generation /Collection (GC) Mode 

The generation /collection mode has two types: 1) substrate generation-tip collection (SG/TC) 

mode (Figure 1.19d), and 2) tip generation-substrate collection (TG/SC) mode (Figure 1.19e). 

In SG/TC mode, 𝑅 undergoes oxidation at the substrate generating an oxidized species that is 

being collected (reduced) by the biased tip. This approach has been effective in analyzing the 

concentration profile or chemical flux of species produced at the substrate. However, one 

drawback of this method is its inability to track larger substrates due to the non-steady state 

processes at the substrate. Moreover, larger substrate currents lead to a low collection efficiency 

(ratio of tip current and substrate current). 

In TG/SC mode, 𝑅 is oxidized at the tip and the oxidized species is collected by the substrate. 

Similar to SG/TC mode, the tip and substrate are biased in TG/SC mode, and the corresponding 

current at both the tip and substrate is measured. Upon biasing, the initial current at the tip is 

zero. However, oxidized species diffuses and reaches the tip, leading to a steady state current 

over time. When the normalized tip substrate distance, 𝐿 is less than or equal to two, this mode 
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exhibits higher collection efficiency, unlike the TG/SC mode (Zhou et al., 1992). As a result, the 

TG/SC mode is commonly employed for studying reaction kinetics. 

3) Redox Competition (RC) Mode 

While using RC mode, the tip and substrate are brought closer together and biased to the same 

potential, leading to competition between tip and substrate for the same redox species 𝑅 (Figure 

1.19f). The substrate is held at a reducing potential while a reducing potential pulse is applied to 

the tip to prevent the complete depletion of redox species in the gap between the tip and 

substrate. Here, only the current at the tip is measured which varies based on the activity of the 

substrate. For instance, the tip current remains constant over the electrochemically inactive area 

of the substrate, and it decreases when scanned over the electrochemically active area as the 

active area consumes the redox species faster than the tip. Compared to the other two modes of 

SECM, the RC mode is mostly useful in studying the substrate's electrocatalytic activity. 

In addition to the three discussed basic modes, other operating modes such as direct, 

potentiometric modes, etc. are particularly useful in the fields beyond energy storage devices 

(Polcari et al., 2016). 

1.4.4.2. Probes in SECM 

The probe or microelectrode, with at least one dimension less than 25 μm is the most important 

part of SECM. Common probe geometries include disk (Danis et al., 2014), conical (Fan et al., 

1994), hemispherical (Mauzeroll et al., 2003), ring disk (Nebel et al., 2013), and inlaid ring 

(Takahashi et al., 2010) (Figure 1.21). Among these, the disk geometry is the most prevalent due 

to its ease of fabrication. These probes are typically manufactured using electroactive wires such 

as platinum, gold, carbon, and silver as the core, which is then surrounded by a glass sheath. The 

SECM studies included in this dissertation use platinum disk microelectrodes. 
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Figure 1.21. Different probe geometries and sizes a) Pt disk microelectrode, b) Pt disk 

nanoelectrode, c) Hg hemispherical microelectrode, d) Au conical microelectrode, and e) Au ring 

microelectrode (Polcari et al., 2016) 

The probe size is a critical factor in determining the spatial resolution of SECM. The ratio of the 

radius of the active core to the surrounding glass radius (RG) is an important geometric 

parameter that influences the quality of the microelectrode. A microelectrode with a smaller RG 

helps to attain minimum tip-substrate distance and enhances sensitivity by reducing the contact 

between the insulating glass sheath and the substrate. Although, MEs with diameters ranging 

from 5 to 25 μm are commercially available, the price per ME is very high. In contrast, probes in 

the micro to nanometer range with a reduced RG can be fabricated in-house using techniques 

such as laser pulling (Katemann et Schuhmann, 2002) and electrochemical etching (Sun et al., 

2001). For instance, the Mauzeroll group developed a simple, fast, and reproducible method 

using the laser pulling technique for fabricating disk microelectrodes with controlled geometries 

and an RG between 2.5 and 3.6 (Figure 1.22) (Danis et al., 2015). This procedure is followed for 

the microelectrode fabrication in this dissertation. 
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Figure 1.22. Different steps in the fabrication of microelectrodes using a) soda-lime glass 

capillary, b) laser heating and pulling capillaries c) pulled micropipettes, d) Adding active wire 

inside micropipette, e) heat sealing the tip and, f) assembled microelectrode (Danis et al., 2015) 

1.4.4.3. SECM Modeling  

Modeling studies are often helpful in interpreting and quantifying SECM data especially when 

numerous factors including the probe geometry (Amphlett et Denuault, 1998), substrate’s 

electrochemical activity (Mishra et al., 2024 ; Xiong et al., 2006), architecture (Hossain et al., 

2021), and topography (Li et al., 2016), influence the faradaic current generated at the probe. 

Additionally, it offers precise control over intricate substrate geometries compared to 

experimental analysis.  

Several numerical methods including the finite difference method (Bard et al., 1992 ; Unwin et 

Bard, 1991), finite element method (Kwak et Bard, 1989 ; Xiong et al., 2007), and boundary 

element method (Sklyar et al., 2006 ; Sklyar et Wittstock, 2002), are available for SECM. 

Among these, the finite element method (FEM) is most commonly employed numerical method 

for feedback mode SECM as it offers the advantage of modeling irregular geometries and 

generating concentration profiles of diffusing species (Kwak et Bard, 1989). Moreover, the FEM 

modeling studies can easily be conducted using commercial computational software like 

COMSOL Multiphysics. In FEM studies of SECM, the first step involves defining a model 
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geometry that simulates the experimental setup, including domains such as bulk electrolyte, 

probe, and substrate. The model is then discretized into finite elements (mesh) to which the 

boundary conditions are applied, and the partial differential equations are solved. The model 

geometry could be two-dimensional (2D) axisymmetric or three-dimensional (3D). 2D-

axisymmetric geometry is mostly suitable for modeling probe approach curves and flat 

substrates. On the other hand, 3D geometry, despite the higher computational cost, resembles the 

true experimental situation and can accommodate more complex diffusion patterns as there is no 

symmetry requirement (Filice et al., 2015 ; Sklyar et Wittstock, 2002).  

The Nernst-Planck equation (Eq.1.3) is useful for modeling the mass transport of redox 

mediators in SECM. The migration and convection terms in the Nernst-Planck equation can be 

neglected as the excess supporting electrolytes are added, and the approach curve measurements 

in the feedback mode are conducted with a slow speed that does not cause disturbance to the 

electrolyte. Consequently, equation 1.3 is reduced to Fick’s diffusion equation. In SECM, as 

mass transport in the space between the probe and substrate is well-defined and assumed to be 

hemispherical, quantitative information about the substrate properties can be acquired by 

modeling the diffusive transport in this domain in stationary or time-dependent scenarios. As 

such, for stationary or steady-state study, Fick’s first law (Eq.1.24) is followed, while for time-

dependent study, Fick’s second law (Eq.1.25) can be applied to calculate the flux (𝐽). 

𝐽 = −𝐷∇C (1.24) 

𝜕𝐶

𝜕𝑡
= −∇𝐽 

(1.25) 

Where 𝐷 is the diffusion coefficient and 𝐶 is the concentration of the species. 

The numerical modeling studies discussed in this dissertation focus on feedback mode SECM, 

where a 3D stationary modeling study is conducted. In brief, when the probe is away from the 

substrate, a steady state is achieved by the probe quickly, and the diffusive flux of molecules at 

the probe is maximum, which can be obtained using equation 1.24. If the substrates being 

investigated are porous, a second mass transport constraint arises from their porosity (ε) and 
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tortuosity (τ). This consequently reduces the diffusive flux near the substrate (𝐽′), and is given 

by, 

𝐽′ = −
𝜀

𝜏
 𝐷∇𝐶 (1.26) 

After implementing the necessary boundary conditions for the system under investigation, the 

integration of the total normal flux across the probe’s surface area (𝐴) yields the probe current, a 

critical parameter in the SECM simulation that can be directly compared with the experimental 

results.  

𝐼 = 𝑛𝐹𝐷 ∫ [
𝜕𝐶

𝜕𝑧
]

𝑧=0

𝐴

0

𝑑𝐴 
(1.27) 

Where (
𝜕𝐶

𝜕𝑧
) is the concentration gradient normal to the microelectrode surface and 𝑧 = 0 means 

the microelectrode-electrolyte interface. The current between the probe and the substrate at all 

tip-substrate distances can be determined easily using the above equation.  

Furthermore, in SECM, 3D models are essential for simulating challenging situations involving 

the investigation of the tilt of the substrate or the probe, and surface roughness in porous 

substrates. Chapters 4 and 5 offer a comprehensive discussion of the 3D SECM geometries 

employed for analyzing the mass transport in various porous substrates, considering their 

geometric intricacies and surface roughness.  

1.4.5. Scanning Ion Conductance Microscopy (SICM) 

1.4.5.1. Working Principle 

SICM is a nanopipette-based technique, introduced by Hansma et al. in 1989 (Hansma et al., 

1989). Traditionally, SICM is used for imaging topography. Another interesting application of 

SICM is in the field of biology, where nanopipettes are used to deliver species to the interface of 

living cells (Ivanov et al., 2015 ; Korchev et al., 1997 ; Page et al., 2017). In SICM, typically, a 

nanopipette is used as a scanning probe and the instrumental setup resembles that of SECM, 

featuring stepping motors and piezoelectric actuators. It involves a two-electrode system, with 
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one electrode inserted into the nanopipette filled with electrolyte, and the other electrode in the 

bulk electrolyte solution (Figure 1.23) (Page et al., 2017). A potential is applied between these 

two electrodes and the ion current generated is measured using a low-current amplifier. The 

sensitivity of this ion current at the tip increases when it is close to the substrate at a distance 

comparable to the order of the tip radius. Consequently, the tip current can be used as feedback 

to control the tip-substrate distance, allowing for contactless positioning of the tip relative to the 

substrate surface. Furthermore, in SICM, electrolytes with high ionic strength are commonly 

employed to minimize the formation of the diffuse double layer at the interface to less than 1 nm 

(Klenerman et al., 2011). As a result, the nanopipette remains unaffected by surface charge 

effects, and the feedback current is exclusively dependent on the substrate’s topography. 

 

Figure 1.23. SICM setup with two-electrode configuration (QRCE: Quasi-reference counter 

electrode) (Page et al., 2017) 

Like SECM, the current and tip-substrate distance relationship in SICM can also be interpreted 

with the help of approach curves. In the bulk electrolyte i.e., when the pipette is far from the 

substrate, owing to the unrestricted flow of ions towards the tip, the initial ion current generated 

is maximum and reaches a steady state. However, as the nanopipette approaches the substrate, 
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the ion flow toward the tip orifice is disrupted by the presence of the substrate, causing the net 

ion current to drop to zero. Since the working principle relies on the ion current flow between the 

nanopipette electrode and the electrode in the bulk electrolyte, the approach curve consistently 

shows negative feedback, regardless of whether the unbiased substrate being investigated is 

insulating or conducting. 

1.4.5.2. Probe Fabrication and Equivalent Circuit 

 

 

Figure 1.24. a) Different steps in nanopipette fabrication using a laser puller (Stanley et 

Pourmand, 2020), b) SEM image of a nanopipette (Zhu et al., 2021) 

The size and shape of SICM tips play a crucial role in determining the spatial resolution and 

sensitivity of the technique. Typically, borosilicate or quartz glass capillaries are used for the tip 

fabrication. With the help of a laser puller, these capillaries can be heated and melted at their 

center, producing two identical pipettes with a fine taper (Figure 1.24a). By choosing the 

appropriate laser pull parameters and glass capillary, reproducible pipettes with controlled 

geometry and tip sizes varying from nano to micrometers can be fabricated. As such, SICM 

offers a high spatial resolution in contrast to SECM. Moreover, the preparation of SICM probes 

is notably less complex, and the tip shape is generally conical. The fabricated tips can be imaged 

using characterization techniques like scanning electron microscopy (SEM) (Figure 1.24b) and 

transmission electron microscopy (TEM). 
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Figure 1.25. a) Equivalent circuit diagram of SICM, b) schematic of a nanopipette with the 

important geometric parameters (Zhu et al., 2021) 

In SICM, the different components are described by an equivalent circuit with resistors 

connected in series (Figure 1.25a). These include the pipette resistance 𝑅𝑝 and access resistance 

𝑅𝑎 that denotes the solution resistance in the gap between the pipette tip and substrate. Both 𝑅𝑝 

and 𝑅𝑎 depend on the conductivity of the electrolyte (𝜅), and the geometric parameters of the 

pipette such as the inner radius (𝑟𝑖), outer radius (𝑟𝑜), and cone angle (α) (Figure 1.25b), as given 

by (Zhu et al., 2021): 

𝑅𝑝 ≈  
1

𝜅

1

𝜋𝑟𝑖 tan 𝛼
 

(1.28) 

𝑅𝑎 ≈

3
2 ln (

𝑟𝑜

𝑟𝑖
)

𝜅𝜋𝑑
 

(1.29) 

𝑅𝑝 is dominant in the bulk electrolyte whereas 𝑅𝑎 is dominant in the presence of a substrate as it 

is the term that has a direct dependence on the tip-substrate distance (𝑑). Hence, the total ion 

current (𝐼(𝑑)) generated in SICM is a combination of 𝑅𝑝 and 𝑅𝑎, and shows a behavior similar to 

Ohm’s law for an unbiased substrate given by (Zhu et al., 2021): 
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𝐼(𝑑) =
𝑉

𝑅𝑝 + 𝑅𝑎
≈ 𝐼0 [1 +

3
2 𝑙𝑛 (

𝑟𝑜

𝑟𝑖
) 𝑟𝑖tan (𝛼)

𝑑
]

−1

 

(1.30) 

Where, 𝐼0 =
𝑉

𝑅𝑝
 is the bulk current. The ratio of bulk current and current near the substrate can be 

used to determine the transport properties, which will be discussed in Chapter III.  

 

Figure 1.26. Cyclic voltammetry of SICM pipette tip in 0.3 M LiPF6 in propylene carbonate at a 

scan rate of 5 mVs-1, WE and CE/RE: LiFePO4 

Additionally, more accurate information about the tip geometric parameters discussed in the 

above equations can be achieved through ion conductance measurements (Edwards et al., 2009). 

For instance, a cyclic voltammetry (Figure 1.26) can be conducted by positioning the SICM tip 

in the bulk position. The slope of the CV gives the value of pipette resistance (𝑅𝑝). While the 

radius of the tip can be obtained using SEM or TEM, the conductivity of the solution can be 

obtained using a conductivity probe or from literature. For the example of the CV provided here 

(Figure 1.26), 𝑅𝑝 is equal to 29.2 MΩ, 𝑟𝑖 obtained from SEM is 1.5 μm and a conductivity of 4.5 

mS cm-1 taken from literature for 0.3 M LiPF6 in propylene carbonate (Hwang et al., 2018). 

Applying these values to equation (1.28) helps determine the value of the cone angle which is 
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approximately equal to 1°. However, the cone angle calculation is not critical for the 

methodology discussed in Chapter III. 

1.4.5.3. SICM Operating Modes 

The different types of operating modes in SICM include a) constant height (Z) mode, b) direct 

current (DC) mode c) alternating current (AC) mode, and d) hopping mode.  

 

Figure 1.27. Different operating modes in SICM (Leitão, 2015) 

1) Constant Z mode  

In constant Z mode, the pipette is scanned laterally at a constant distance from the substrate to 

analyze its topography (Figure 1.27a). Although raster scanning patterns are commonly used in 

this mode, scanning can also be performed in spiral patterns (Momotenko et al., 2016). 

Moreover, this mode offers high temporal resolution. However, it is only suitable for studying 

the topography of extremely flat surfaces with minimal variation in surface features, as there is a 

risk of tip crashing.  

2) DC mode 

DC mode is one of the most fundamental and earliest modes developed. This mode utilizes the 

fluctuation in ion current to serve as a feedback loop for regulating the movement of the tip 

relative to the interface (Figure 1.27b). A predetermined current threshold, also known as the set 

point, is employed to approach the surface of the substrate. Once the tip has reached the specified 

set point, it is scanned across the substrate while continuously measuring the ion current. The Z 
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scanner adjusts the vertical position of the pipette based on the variation in current to maintain 

the given set point. However, during prolonged measurements, the current in DC mode can drift 

and result in the tip crashing into the surface. 

3) AC mode 

In AC mode, an AC signal is produced through either distance modulation or 

bias/phase/amplitude modulation. In the distance-modulated method, the Z-piezo experiences a 

minimal oscillation with a predetermined amplitude which is utilized to oscillate vertically the 

tip at a constant displacement (Figure 1.27c). This oscillation generates an AC component in the 

measured ion current as it approaches the surface, which can be examined using a lock-in 

amplifier for feedback control. Conversely, in bias/phase/amplitude-modulated methods, an 

additional voltage modulation is added to the pre-existing DC voltage, generating an AC 

component rather than physically oscillating the pipette. This mode offers advantages including 

enhanced temporal resolution, and the ability to investigate substrates with intricate topography. 

Additionally, it addresses the challenge of current drift during measurements. 

4) Hopping mode 

In hopping mode, the current records continuously while the pipette approaches the surface until 

a predetermined set point (Figure 1.27d). It is then retracted and relocated laterally to a new 

location, and the same approach to the surface is repeated. Hopping mode allows the mapping of 

substrates characterized by significant variations in surface features without damaging the tip. 

Nonetheless, the repetitive vertical movement of the tip reduces the overall scan speed. 

1.4.5.4. SICM Modeling Studies 

While not within the scope of this dissertation, it is worth noting that SICM modeling studies can 

effectively aid in interpreting data similar to SECM (Edwards et al., 2009). Conducting FEM 

simulations can provide a thorough understanding of SICM experimental data, especially when 

the output ion current is influenced by multiple parameters such as substrate slope (Jiao et al., 

2020), surface charge (Sa et al., 2013), ion permeability of the substrate (Payne et al., 2019) and 

tip-substrate distance (Rheinlaender et Schäffer, 2017). The ionic flux towards the tip orifice and 

the electric potential in SICM can be modeled using Nernst-Planck and Poisson’s equations, 
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respectively. The new advancements in SICM that enable surface charge mapping (McKelvey et 

al., 2014 ; Zhu et al., 2018) and quantifying electrochemical flux (Kang et al., 2017 ; Lipson et 

al., 2011), or both simultaneously (Chen et al., 2019a), in addition to the topography mapping 

has resulted in a significantly increased number of numerical modeling studies. 

1.5. Outline of Dissertation  

This dissertation delves into the significance of mass transport processes in batteries and the 

multiscale techniques for detecting the transport parameters. Most importantly, the primary goal 

of the dissertation is to provide a comprehensive understanding of the impact of electrode 

architectural parameters on the solution phase mass transport in porous structures in the 

microscale using scanning probe microscopy techniques and numerical modeling studies.  

Chapter I focuses on the necessity of energy storage devices in storing renewable energy, the 

factors limiting the application of LIBs, and the ability of different multiscale techniques to 

analyze the mass transport properties. 

Chapter II is a mini-review that outlines the recent trends in SECM in the field of three 

important energy storage and conversion devices such as batteries, fuel cells, and 

supercapacitors. We particularly delve into recent literature to emphasize the crucial role of 

SECM in investigating the various processes inside these devices that lead to their performance 

deterioration. 

Chapter III provides a comparative study between SICM and SECM to understand the mass 

transport process within porous Li4Ti5O12 battery electrodes. We showed for the first time the 

complementary nature of these two techniques in investigating the mass transport in battery 

electrodes. 

Chapter IV describes a 3D SECM modeling study of three porous substrates with different 

geometries. The effect of substrate geometry on the steady-state current arising due to the 

differences in mass transport within them was investigated. Most importantly, this chapter 

highlights the importance of modeling in transport studies of commercial battery electrodes. 
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Chapter V discusses the impact of surface roughness on mass transport in porous substrates. A 

3D SECM simulation study was conducted to compare the transport in flat and rough substrates 

with identical porosity. It was found that surface roughness has a notable impact on transport 

measurements using the SECM probe, leading to an increased flow of molecules towards the 

partially covered probe due to the rough nature of the surface. 

Chapter VI concludes Chapters I through V, focusing on the key findings. This chapter further 

discusses the perspectives of the research projects included in this dissertation. 
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CHAPTER II  

CURRENT TRENDS IN SECM FOR ENERGY STORAGE DEVICES: REACHING THE 

MICROSTRUCTURE LEVEL TO TUNE DEVICES AND PERFORMANCE 

The latest advancements in scanning electrochemical microscopy (SECM) regarding the three 

most important electrochemical energy storage and conversion (EESC) devices such as batteries, 

fuel cells, and supercapacitors are explored in this chapter. The significance of SECM as a 

powerful in situ probe technique to understand the electrochemical reactions at the electrode-

electrolyte interface is mainly discussed. Additionally, this chapter gives an insight into the less 

studied areas in EESC devices, which is critical for their optimal performance. We anticipate the 

development of SECM hyphenated with other techniques to widen its scope in the energy 

research community. Therefore, this review comprises the recent articles published in the last 

decade relating to trends of SECM in EESC devices that appeal to electrochemists worldwide. 

This chapter has been published as a review in the journal, Current Opinion in Electrochemistry 

Volume 45, June 2024, 101522. Anjana Raj Raju, Prof. Steen Schougaard, and Prof. Janine 

Mauzeroll are co-authors of this article.  

The contributions of the authors of the article are listed below: 

➢ Anjana Raj Raju: Scope of the review, collected articles, redaction of manuscript 

➢ Prof. Steen Schougaard: Discussion, supervision and redaction of manuscript. 

➢ Prof. Janine Mauzeroll: Discussion, supervision and redaction of manuscript 

2.1. Abstract 

Increasing demand for sustainable energy resources necessitates the advancements of 

electrochemical energy storage and conversion (EESC) devices. For optimal device performance, 

it is imperative to have comprehensive insight into the multiple electrochemical processes 

occurring at the electrode-electrolyte interface from the atomic/molecular scale to the nanoscale. 

Scanning electrochemical microscopy (SECM), a powerful in situ technique, offers the unique 

https://www.sciencedirect.com/journal/current-opinion-in-electrochemistry
https://www.sciencedirect.com/journal/current-opinion-in-electrochemistry/vol/45/suppl/C
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advantage of probing electrochemical processes and topography with nanoscale resolution. This 

review emphasizes the crucial role of SECM in providing localized information about surface 

heterogeneity, electrode reactions, and their kinetics that lead to performance deterioration in 

batteries, fuel cells, and supercapacitors. 

2.2. Introduction 

The development of electrochemical energy storage and conversion (EESC) devices is critical to 

meet the rising global energy demands and promote sustainable energy sources. Currently, the 

focus is on lithium-ion batteries (LIBs), fuel cells, and supercapacitor-related technologies. Each 

of these devices provides unique advantages and disadvantages. While LIBs have higher energy 

densities than supercapacitors, supercapacitors tend to have a higher power density [1]. In 

comparison, fuel cells show high energy density primarily due to the use of fuels i.e. mostly 

irreversible reactions where one of the reactants (O2) is supplied from the atmosphere. However, 

the catalysts required for efficient conversion are expensive and the device requires a 

replenishable supply of fuels from sustainable sources like electrolysis of water (Ramachandran 

et al., 2023). To improve the performance of the EESC devices, the electrochemical reactions 

occurring at the electrode-electrolyte interface, degradation mechanisms, and the influence of the 

electrode architectures must be explored.  

To deepen our understanding of such reactions, interfaces, and architectures, we need in situ 

techniques with high spatial and temporal resolution that allow the redox reactions to be 

examined in their intended environment at the reaction site while providing information on 

transient events. SECM has a lot to offer in this area. As an in situ scanning probe technique, it 

enables the real-time monitoring of electrochemical reactions and topography with nanometer 

resolution (Bard et al., 1989 ; Engstrom et Pharr, 1989). SECM operates by measuring the 

current generated at the poised microelectrode or nanoelectrode due to the electrochemical 

reaction of a redox mediator, enabling the analysis of insulating or conducting substrates 

immersed in electrolytes. Critically, this faradaic current, which is dependent on the probe 

geometry, probe-substrate distance, topography as well as the surface reactivity of the substrate, 

can be measured in a broad range of EESC electrolytes and under controlled 

atmosphere(Amphlett et Denuault, 1998 ; Bard et al., 1991a ; Bülter et al., 2014). State of the art 
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spatial resolution is intimately related to the probe geometry and its distance from the substrate 

(Bard et al., 1991b). The SECM technique offers great flexibility in the experimental design due 

to the different operating modes such as feedback (FB), generation-collection (GC), surface 

interrogation (SI), and redox competition (RC) (Polcari et al., 2016). In brief, FB mode provides 

positive or negative feedback based on the nature of the substrate (conductor/insulator), GC 

mode generates oxidized/reduced form of the mediator at the probe and collects them at the 

substrate or vice versa. RC mode involves both the substrate and probe competing for the same 

redox molecules and SI mode detects adsorbed species at the substrate using an electrogenerated 

titrant at the probe (Polcari et al., 2016).This review highlights the significance of SECM in the 

realm of three critical EESC devices over the last decade (2013-2023). Specifically, we focus on 

the investigation of anodes and cathodes along with the ion transport in batteries, hydrogen 

oxidation, oxygen reduction reactions, and membrane transport in fuel cells as well as the 

electrochemical reactivity and kinetics of electrodes in supercapacitors. 

2.3. LIBs 

2.3.1.  Solid Electrolyte Interphase (SEI)  

SEI, a passive layer formed on the anode surface by the electrolyte reduction during the initial 

charging cycles plays an important role in the performance and degradation of LIBs (Verma et 

al., 2010). The formation of SEI, its evolution, and degradation on the microscale are still not 

fully understood. SECM has been used substantially to explore the passivating properties of SEI 

on various electrodes such as graphite (Bülter et al., 2014, 2016 ; T. Gossage et al., 2019 ; 

Zampardi et al., 2015b ; Zeng et al., 2020a), Si-graphite (Jiyane et al., 2023), graphene (Gossage 

et al., 2020 ; Hui et al., 2016 ; Schorr et al., 2018 ; Zeng et al., 2022), glassy carbon (Zampardi 

et al., 2015a, 2015c), copper (Krumov et al., 2023 ; Santos et al., 2022), Li metal (Bülter et al., 

2015a ; Krueger et al., 2020), silicon (Bülter et al., 2015b ; dos Santos Sardinha et al., 2019 ; 

Ventosa et al., 2016), silicon clathrate (Tarnev et al., 2020), and TiO2 (Liu et al., 2019a, 2019b ; 

Ventosa et al., 2017 ; Zampardi et al., 2013). As the SEI is delicate, spatially, and temporally 

dynamic in morphology and composition, it can easily get altered. Therefore, Zeng et al. used 

FB-SECM to investigate the electronically insulating SEI formed during the first lithiation and 

its partial decomposition in the subsequent delithiation on a graphite anode. Continued long-term 

cycling showed this SEI formation slowed and that the graphite surface was predominantly 
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covered with insulating components (Zeng et al., 2020a).  Krueger et al. studied the protecting 

properties of SEI on a Li metal using SECM directly within the cell between charge-discharge 

cycles (Figure 2.1) (Krueger et al., 2020). Using three applied battery cycling protocols, the 

development of protruding lithium deposits that are significantly electrochemically active was 

monitored (Figure 2.1d) (Krueger et al., 2020). The deposition of lithium can rupture SEI and 

expose fresh lithium that subsequently reacts with the electrolyte reforming the SEI (Wu et al., 

2021). This reformation entails a loss of mobile Li-ions in the electrolyte. The rupture of SEI 

during the lithium plating/stripping process and its heterogeneous nature towards electronic 

conductivity was demonstrated by SECM on a copper electrode, which showed a stable 

passivation at 0.5 V vs Li/Li+ (Krumov et al., 2023). Ideally, SEI conducts Li+ ions and blocks 

electrons through them. Hence, understanding these two properties of the SEI quantitatively and 

qualitatively is critical for LIB performance. The combination of SECM FB and multi-frequency 

alternating current modes provided in situ and local quantitative information about the electronic 

and ionic properties of SEI for the first time by Santos et al. (Santos et al., 2022). The impact of 

SEI formation protocols and the electrolyte composition on the resulting SEI properties were 

also reported (Santos et al., 2022). In addition to these properties of SEI, topographic and 

interfacial reactivity information can be obtained by combining SECM with other techniques. 

For example, Schorr et al. coupled SECM with Raman to examine the localized charge transfer 

at the SEI of graphene (Schorr et al., 2018) whereas Zampardi et al. used SECM with in situ 

atomic force microscopy (AFM) to explore the topography change on a glassy carbon electrode 

during SEI formation (Zampardi et al., 2015a). 
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Figure 2.1. FB-SECM images at Li metal a) before and b), c), d) after charge-discharge cycles 

with protocols I), II), and III) respectively. Reproduced with permission from Krueger et al., 

2020. Copyright 2020 Wiley-VCH Verlag GmbH & Co. KGaA. CC-BY-NC 4.0. 

2.3.2. Cathode Electrolyte Interphase (CEI) 

CEI, formed on the cathodes has been less explored than SEI. The high operating potential of 

cathodes comparable to the thermodynamic stability window of electrolytes, the presence of 

native surface oxides, transition metal dissolution into the electrolyte, oxygen evolution reaction, 

etc. pose challenges to CEI-related studies (Xu, 2014). Here, SECM was used to study electrodes 

such as LiMn2O4 (Huang et al., 2021 ; Liu et al., 2019c), LiNi0.5Mn1.5O4 (Zampardi et al., 2017), 

LiCoO2, and Li1+x(Ni1/3Mn1/3Co1/3)1-xO2 (Mishra et al., 2022). For LiMn2O4 (without binders and 

carbon additives), the SECM substrate generation/tip collection (SG/TC) mode was used to 

investigate the manganese dissolution in different lithium electrolytes (ClO4
−, PF6

−, and 

(CF3SO2)2N
−) and the electrochemical activity of degradation products near CEI (Figure 2.2) 

(Huang et al., 2021). The existence of multiple electrochemically active species after a 4.5 V vs. 

Li/Li+ potential hold at the LiMn2O4 substrate (Figure 2.2b) and the detrimental effect of anions 

including ClO4
− and PF6

− on the manganese dissolution suspected to cause capacity decay was 

demonstrated (Huang et al., 2021). Furthermore, the capacity fade can be accelerated by lattice 

https://creativecommons.org/licenses/by-nc/4.0/
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oxygen loss due to the structural changes inherent to the highly delithiated states. As such, a two-

stage oxygen evolution was detected by SG/TC mode from LiCoO2, LiNi0.33Mn0.33Co0.33O2 and 

LiNi0.8Mn0.1Co0.1O2 (Mishra et al., 2022). All the cathodes showed an unprecedented incipient 

release at a potential less than 3.3 V vs Li/Li+ during the first charging cycle and the SECM 

mapping demonstrated spatial oxygen evolution heterogeneity (Mishra et al., 2022). 

 

Figure 2.2. a) SECM schematic showing the manganese dissolution from LiMn2O4 b) Tip 

voltammograms obtained before (light color) and after (dark color) holding the LiMn2O4 

substrate at 4.5V in various electrolytes at 1 V/s. Reproduced with permission from Huang et al., 

2021. Copyright 2021 American Chemical Society. CC-BY 4.0. 

2.3.3. Ion Transport and Detection 

Ion transport within the electrolyte-filled pores (solution-phase) in composite electrodes is 

critical to achieve higher rate performance in LIBs. SECM demonstrated the potential to 

deconvolute the effect of solution phase mass transport from the transport through the active 

materials. With the FB mode, the effective diffusion coefficient was directly measured using 

anthracene, an irreversible redox molecule, and the study showed a variation from the 

Bruggeman model for LiFePO4 electrodes with porosities less than 60% (Hossain et al., 2020). A 

mercury (Hg) capped platinum microelectrode was used in the redox SECM mode to get 

quantitative and spatially resolved information for the first time about the Li+ ions and other 

alkali ions such as Na+ and K+ in non-aqueous environments (Barton et Rodríguez-López, 2014). 

        

         

         

    

https://creativecommons.org/licenses/by/4.0/
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The anodic stripping voltammetry measurements obtained a limit of detection of 20 μM for Li+ 

ions at the microelectrode and helped to identify the microscale surface features through the 

differences in local Li+ flux (Barton et Rodríguez-López, 2014). However, the use of these Hg 

sphere-capped microelectrode was limited to rapid timescales and dilute solutions due to the 

irreversible Hg amalgam saturation. To tackle these shortcomings, a Hg disc well microelectrode 

was developed and showed an improved spatial and temporal resolution compared to a sphere-

capped microelectrode (Barton et Rodríguez-López, 2017). 

2.4. Fuel Cells 

2.4.1. Oxygen Reduction Reaction (ORR) 

SECM has gained attention in fuel cell research to screen electrocatalyst that boosts the anodic 

and cathodic reactions. The electrocatalytic activity for the cathode reaction, ORR was 

investigated in noble metal (Cho et al., 2015 ; Nebel et al., 2014) and non-precious metal 

catalysts (Dobrzeniecka et al., 2016 ; Henrotte et al., 2020 ; Li et al., 2019, 2020b, 2023 ; Limani 

et al., 2023 ; Seiffarth et al., 2016 ; Silva et al., 2016 ; Singh et al., 2018). The Schumann group 

integrated the RC mode with the 4D shearforce-based constant-distance mode SECM to analyze 

the activity distribution of Pt/C catalyst separately by deconvoluting the topography effect 

(Nebel et al., 2014). The Wittstock group utilized a similar approach to investigate the 

morphology and ORR activity of gas diffusion electrodes (Schulte et al., 2017). The high cost of 

fuel cells is often attributed to the sluggish ORR kinetics at the cathode, which requires ten times 

more Pt catalyst compared to the anode (Gasteiger et al., 2004 ; Jaouen et al., 2011). 

Consequently, tremendous efforts have been made to develop non-precious metal catalysts, and 

recent SECM studies have primarily focused on analyzing the ORR activity of these catalysts. 

For instance, Xin and colleagues demonstrated the good catalytic activity of MoSe2@rGO hybrid 

at both higher and lower potentials using RC-SECM (Xin et al., 2016). The Nagaiah team 

visualized a nitrogen containing carbon sphere catalyst ORR activity in alkaline media for the 

first time without notable interference from viscous resistance during SECM imaging (Figure 

2.3a, b) (Tiwari et al., 2017). An SI-SECM approach showed that Co-Fe bimetallic 

subnanoclusters dispersed on a carbon matrix containing polypyrrole hydrogels have a higher 

active site density and faster binding rate to O2 compared to their monometallic counterparts 

(Figure 2.3c, d) (Li et al., 2019). 
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Figure 2.3. a) RC-SECM schematic and b) the corresponding image of localized ORR activity of 

nitrogen containing carbon sphere catalyst spot in 0.1 M NaOH electrolyte. Potentials were 

converted to RHE scale. Reproduced with permission from Tiwari et al., 2017. Copyright 2017 

the Royal Society of Chemistry. SI-SECM analysis showing c) cyclic voltammograms of ORR in 

N2 saturated KOH electrolyte and d) titrated gravimetric site density of monometallic and 

bimetallic catalysts. Reproduced with permission from Li et al., 2019. Copyright 2019 American 

Chemical Society. 
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2.4.2. Hydrogen Oxidation Reaction (HOR) 

The various modes of SECM enabled the investigation of Pt nanoparticles (NPs) (Kim et al., 

2016), Pt decorated gold (Selva et al., 2023), polycrystalline Pt (Wang et Wipf, 2020), and 

amorphous alloys based on Pt and Pd (Hasannaeimi et Mukherjee, 2019) catalytic activity 

towards the anodic HOR reaction in proton-exchange membrane fuel cells. Here a fundamental 

understanding of the structure-activity relationship of electrocatalysts is sought to achieve higher 

efficiencies. The Bard group explored separately the topography and activity of individual Pt 

NPs in HOR with nanometer spatial resolution SECM as well as the fast electron transfer 

kinetics (Kim et al., 2016). Wang et.al visualized for the first time the heterogenous HOR 

activity on high index single crystal Pt catalysts using SG/TC mode SECM and compared it to 

their crystallographic orientation (Figure 2.4a, b) (Wang et Wipf, 2020). Grains with (111) and 

(110) terrace orientations showed higher activity than those with (100) orientation (Figure 2.4b). 

As substrate potential increased from -0.75 to +0.8 V vs MSE, both the HOR activity and tip 

current decreased due to the blocking effect of anion adsorption and surface oxide growth 

(Figure 2.4b-i). However, the tip current increased when the potential was varied from +0.1 to -

0.5 V vs MSE, suggesting a reversible reduction of Pt/O species (Figure 2.4j, k) (Wang et Wipf, 

2020). 

 

Figure 2.4. a) Image of electron backscatter diffraction inverse pole figure (IPF) b-k) SECM 

HOR current map at the corresponding grain boundaries of the polycrystalline platinum substrate 

biased at different potentials vs MSE in 10 mM H2SO4 + 0.1 M K2SO4 solution (Etip = −1.5 V). 
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Normal direction (ND) was represented by a color triangle whereas the transverse and rolling 

direction axes by TD and RD respectively. Reproduced with permission from Wang et Wipf, 

2020. Copyright 2020 the Electrochemical Society. 

2.4.3. Membranes 

The number of SECM reports on ion exchange membranes is limited (Ben Jadi et al., 2020 ; 

Mareev et al., 2018 ; Moghaddam et Peljo, 2021 ; Shi et A. Baker, 2015), despite of their vital 

role in determining the efficiency of fuel cells. Notable exceptions include, the Baker group use 

of a combination of SECM and scanning ion conductance microscopy (SICM) to examine the 

relation between membrane leakage and surface defects in Nafion (Shi et A. Baker, 2015). 

Similarly, the Peljo team found by FB-SECM the oxygen absorption in the electrocatalyst layer 

due to the catalyst’s support (carbon black) combined with the Nafion ionomer (Moghaddam et 

Peljo, 2021). 

2.5. Supercapacitors 

The supercapacitors have not been investigated extensively with SECM. However, in the last 

decade, the handful of studies conducted mainly focus on the electrochemical reactivity, and 

kinetics of electrodes such as carbon-based materials (Franklin et al., 2023 ; Liu et al., 2022b ; 

Park et al., 2017), conducting polymers (Dufil et al., 2023 ; Sumboja et al., 2015), metal oxides 

(Dey et al., 2017 ; Zheng et al., 2020) and dichalcogenides (Ghosh et al., 2020, 2022 ; Ritzert et 

al., 2018). The analysis of charge transfer kinetics at the electrode-electrolyte interface is 

essential as it facilitates rapid charge-discharge processes and thereby the performance of 

supercapacitors. For example, the heterogeneous charge transfer constant was quantified using 

FB-SECM for carbon-hydroquinone (Park et al., 2017) and polyaniline-based electrodes 

(Sumboja et al., 2015). In addition to the kinetics study, SECM has been found useful in 

understanding the heterogeneity in localized electrochemical reactivity of electrodes that could 

affect the charge transfer processes (Ritzert et al., 2018 ; Zheng et al., 2020). 

2.6. Conclusion and Perspectives 

SECM has become indispensable to the study of various processes in EESC devices such as 

LIBs, fuel cells, and supercapacitors, and to improve their performance. SECM has been 
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successfully applied to SEI, CEI, and ion transport in LIBs, the HOR, ORR, and membrane 

transport in fuel cells, and the electrochemical reactivity and kinetics in supercapacitors at the 

microscale. However, understanding is still lacking in many aspects of these devices. In LIBs, 

more insight is needed into the formation mechanism of CEI, its stability and side reactions 

whereas in fuel cells, the studies should focus on HOR catalysts other than Pt to reduce the cost 

and into the performance of other components like the ion exchange membranes, bipolar plates, 

etc. In general, supercapacitors were explored less with SECM. Consequently, there are many 

opportunities for future discoveries in supercapacitors exploring more electrode materials and 

electrolytes using SECM. Furthermore, though a few hyphenated techniques such as SECM-

AFM, SECM-SICM and SECM-Raman have been developed these have yet to be widely applied 

despite their clear advantages. Though the scope of this review includes LIBs, the recent 

applications of SECM in Li-O2 (Krueger et al., 2022), Lithium-Sulfur (Lang et al., 2023 ; 

Thangavel et al., 2022), and Li metal batteries (Weber et al., 2023) demonstrate its potential in 

future battery fields. The flexibility of SECM to hyphenate with other techniques, non-

requirement of substrate conductivity, diversity in probe geometry, multiple measurement modes, 

along with the nanoscale electrochemical data, broadens its scope beyond EESC devices and 

make it distinct from other in situ techniques based on scanning probe microscopies and X-ray 

based methods. 

2.7. Acknowledgments 

The financial support from the Natural Sciences and Engineering Research Council (NSERC) is 

gratefully acknowledged. The authors would also like to acknowledge Elliot Howell, for his 

assistance during the literature search for supercapacitors.



59 
 

CHAPTER III  

INVESTIGATING MASS TRANSPORT IN LI-ION BATTERY ELECTRODES USING 

SECM AND SICM 

Improving Li+ ion transport within the electrode through the electrolyte-filled voids is key for 

optimizing power density and enabling future applications. In this work, we report for the first 

time a unique comparison between scanning electrochemical microscopy (SECM) and scanning 

ion conductance microscopy (SICM) in the context of LIBs. Employing SICM and SECM, we 

investigated the effect of porosities on the mass transport in Li4Ti5O12 (LTO) anodes and 

observed an increased current with an increased film porosity. We also demonstrated the 

capability of SICM and SECM to detect the LTO film’s heterogeneity and validated their 

complementary nature as they yielded comparable MacMullin numbers (𝑁𝑀).  

We anticipate that NM obtained from these techniques can be used as a powerful tool to improve 

modeling studies and, thereby, the design of future batteries. In addition, these techniques can be 

extended to tune the transport properties of other porous structures in fuel cells, supercapacitors, 

etc. 

This chapter has been just accepted as a research article in the journal, DeCarbon (In press, 

2024). Anjana Raj Raju, Dr. Andrew Danis, and Prof. Steen B. Schougaard, are co-authors of this 

article.  

The contributions of the authors of the article are listed below: 

➢ Anjana Raj Raju: Scope of the review, collected articles, redaction of manuscript 

➢ Dr. Andrew Danis: Initial investigation with SICM 

➢ Prof. Steen B. Schougaard: Discussion, supervision and redaction of manuscript. 
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3.1. Abstract 

Li-ion batteries (LIBs) are indispensable as global energy production transitions to sustainable 

production. Nevertheless, the use of LIBs in renewable energy storage applications is 

challenging due to their limited power densities. To comprehend the origin of this limitation, it is 

crucial to investigate the effect of electrode architecture on the Li+ ion transport within their 

pores (solution-phase). In this work, the solution phase transport in various porous Li4Ti5O12 

(LTO) films was investigated using scanning ion conductance microscopy (SICM) and scanning 

electrochemical microscopy (SECM). When the porosity of LTO film increases, SECM and 

SICM approach curves show an increase in current. This is attributed to the ion transport through 

the film pores. The 2D topographical mapping using both techniques shows their ability to detect 

the LTO film’s heterogeneity. Most importantly, this work gives insight into the complementary 

nature of the two scanning probe techniques as demonstrated by the comparable MacMullin 

numbers.   

3.2. Introduction  

Escalating energy demands and concerns about climate change drive the global transition 

towards renewable energy technology. During this transition, energy storage devices such as 

lithium-ion batteries (LIBs) are imperative due to their energy density, power density, and large 

scale availability (Pouraghajan et al., 2018). Despite the merits, the limited capacity, safety 

concerns, and high production costs of LIBs hinder their extensive application (Pouraghajan et 

al., 2018). As the energy market currently focuses on transportation sectors such as electric 

vehicles, hybrid electric vehicles, and plug-in hybrid vehicles, developing LIBs with high power 

density is critical. The composite electrode of LIBs has two phases: the solid phase consisting of 

the active material, polymeric binder, and carbon; and the solution phase of liquid electrolyte that 

occupies the pores.  The Li+ ion transport through these solid and solution phases is crucial for 

the overall performance of LIBs. Specifically optimizing solution phase mass transport which 

depends on microstructural parameters such as porosity and tortuosity, is key to achieving high 

power densities (Cornut et al., 2015 ; DuBeshter et al., 2014 ; Fongy et al., 2010 ; Heubner et al., 

2020a ; Pouraghajan et al., 2018 ; Vijayaraghavan et al., 2012 ; Zheng et al., 2012b). Porosity 

translates into the volume fraction of electrolyte within the electrode (Newman, 1995), whereas 

tortuosity is the ratio of the convoluted path to the straight line distance inside the electrode 
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representing an additional barrier to facile Li+ transport (Usseglio-Viretta et al., 2018). 

Therefore, a fundamental understanding of the effect of these parameters on the Li+ ion transport 

through the solution phase is pivotal when designing batteries with higher power density.  

The mass transport parameter for Li+ ion transport kinetics is the bulk electrolyte’s ionic 

conductivity (𝜅0) or diffusivity (𝐷0). The effect of the solid obstructing the transport in the 

solution phase within the electrode is captured in the effective conductivity (𝜅𝑒𝑓𝑓) and effective 

diffusivity (𝐷𝑒𝑓𝑓). The dependence of these transport parameters on the electrode’s porosity (ε) 

and tortuosity (τ) is represented commonly by the MacMullin number (𝑁𝑀) defined as 

(Landesfeind et al., 2016 ; Liu et al., 2022a ; Patel et al., 2003 ; Pouraghajan et al., 2018): 

𝑁𝑀 =
𝜅0

𝜅𝑒𝑓𝑓
=

𝐷0

𝐷𝑒𝑓𝑓
=

𝜏

𝜀
 

(3.1) 

𝑁𝑀 has been used in transport model studies as this does not require any assumptions about the 

porosity (Liu et al., 2022a). In this study, the effective transport in porous structures is 

represented in terms of 𝑁𝑀.  

Several strategies have been aimed at comprehending the impact of electrode architecture on the 

mass transport of composite electrodes (Cornut et al., 2015 ; Fongy et al., 2010 ; Tran et al., 

2012 ; Yu et al., 2006 ; Zheng et al., 2012b). Two widely employed techniques, the 

electrochemical impedance spectroscopy (Andre et al., 2011 ; Landesfeind et al., 2016 ; Zahn et 

al., 2017), and galvanostatic intermittent titration techniques (Cabañero et al., 2018 ; Gao et al., 

2018), measure the mass transport in terms of ionic conductivity and diffusion coefficients, 

respectively. Nonetheless, these techniques cannot easily distinguish between solid and solution 

phase transport, and therefore only provide a general macroscopic understanding of the Li+ 

transport in the electrodes. Another approach, the polarization interrupt method, measures the 

transverse transport of Li+ ions in terms of 𝐷𝑒𝑓𝑓, requires free-standing electrodes and a special 

cell geometry (Thorat et al., 2009). Moreover, a detailed mathematical model is essential to 

elucidate the results obtained from this method. Although numerical simulations can be used as 

an alternative tool to study the mass transport phenomena and thereby predict battery 
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performance, they are computationally expensive (Heubner et al., 2020a ; Nguyen et al., 2020 ; 

Perry et Mamlouk, 2021 ; Stephenson et al., 2007, 2011 ; Usseglio-Viretta et al., 2018). 

Additionally, they often rely on assumptions like electrode homogeneity, spherical shape for 

active material, etc. which may not represent the real condition of battery electrodes. 

Despite numerous techniques being employed, it is still challenging to obtain micro scale 

information, which is essential for improving battery design including power density. In this 

regard, in situ scanning probe techniques such as scanning electrochemical microscopy (SECM) 

and scanning ion conductance microscopy (SICM) emerge as a promising solution (Eidenschink 

et Matysik, 2024 ; Lipson et al., 2011 ; Polcari et al., 2016 ; Raju et al., 2024 ; Takahashi et al., 

2023 ; Zhu et al., 2021). Typically, SICM employs an electrolyte filled nanopipette to monitor 

the ion current generated between the working electrode inside the pipette and the counter 

electrode in the bulk solution (Hansma et al., 1989 ; Takahashi et al., 2023). Conversely, SECM 

has a microelectrode to monitor the electrochemical processes occurring at the electrode-

electrolyte interphase (Bard et al., 1989). Recent studies using these techniques showed their 

ability to independently measure the solution phase transport in battery cathodes (Hossain et al., 

2020 ; Payne et al., 2019). For porous LiFePO4 cathodes, Hossain et al. used SECM to 

investigate the effective diffusivity with an irreversible molecule, anthracene (Hossain et al., 

2020), whereas Payne et al. used SICM to measure the Li+ ion conductivity of aqueous 

electrolyte (Payne et al., 2019). 

Here the focus is to analyze anodes. Specifically, Li4Ti5O12 (LTO), which shows remarkable 

cycling stability at high charge-discharge rates (Odziomek et al., 2017). The fast Li+ ion kinetics 

and zero strain nature possessed by LTO, as well as its high lithiation potential (1.5 V vs Li/Li+) 

help to elude lithium plating issues, making it an appealing high power anode (Ishihara et al., 

2014 ; Zhang et al., 2020). In this study, we compared SECM and SICM techniques in the 

context of LIBs for the first time to understand the solution phase mass transport in battery 

electrodes. 
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3.3. Experimental 

3.3.1. Preparation of Partially Delithiated LiFePO4 (pd-LFP) Electrodes 

The partial delithiation of LFP was performed based on a previous procedure with minor 

modifications (Lepage et al., 2014). 3 g LFP (GELON) was partially delithiated using 99 μl each 

of glacial acetic acid (ACS grade, Fisher Scientific) and hydrogen peroxide (H2O2, 30%, ACS 

grade, Fisher Chemical) in an Erlenmeyer flask containing 90 ml nanopure water. The 

suspension was stirred at 450 rpm for 24 h, filtered, and rinsed with nanopure water. Then the 

pd-LFP was dried under vacuum at 90°C for 24 h.  

A homogenous slurry consisting of 80 wt% pd-LFP, 7 wt% carbon black (Super C65, IMERYS), 

and 13 wt% polyvinylidene fluoride (PVDF, Kynar HSV1810) in 1.3 ml N-methyl pyrrolidone 

(NMP, Gelon) was prepared by mixing mechanically with ceramic beads over 24 h. Then the 

slurry was coated on an aluminum wire (0.25 mm diameter, 99.5% purity, Goodfellow) and dried 

at 120°C in the oven for 5 min. This step was repeated three times to ensure a uniform coating. 

All the prepared pd-LFP coated Al wires have a coating thickness of approximately 180 μm. 

These pd-LFP coated Al wire was used as working and quasi-reference counter electrodes for 

SICM measurements. The open circuit potential shows the stability of these wires (Figure A.1) 

and the cyclic voltammetry was performed to test the electrochemistry (Figure A.7). 

3.3.2. Preparation of Micropipettes 

Pipettes were pulled from borosilicate capillaries (1.2 mm o.d., 0.69 mm i.d., filamented, Sutter 

Instrument Co.) using a laser pipette puller (P-2000, Sutter Instrument Co.) with a three-step 

pulling procedure: (1) Heat=300, Fil=2, Vel=20, Del=100, Pull=Nil; (2) Heat=300, Fil=2, 

Vel=24, Del=200, Pull=Nil; (3) Heat=300, Fil=0, Vel=24, Del=200, Pull=120. Using a multi-line 

procedure provides greater control over pipette tip size and shape, resulting in pipettes with more 

reproducible characteristics. Using a JEOL-6000 scanning electron microscope (SEM, SE 

detector, accelerating voltage =10 and 15 keV), the pipettes were imaged before the experiments 

(Figure A.2a, b). The radii of the micropipettes used in this study varied from 1.05 μm to 1.53 

μm. 
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3.3.3. Preparation of Microelectrodes 

The microelectrode was prepared using a previously reported procedure (Danis et al., 2015). In 

brief, soda lime capillaries were pulled using the laser puller with the following pulling program: 

(1) Heat=240, Fil=5, Vel=60, Del=140, Pull=70.  A 1cm long platinum (Pt) wire (0.025 mm 

diameter, 99.99%, Goodfellow) was inserted into the end of the pulled micropipette and heat 

sealed under vacuum. Later a copper wire with a conductive silver epoxy (EPO-TEK® H20E, 

Epoxy Technology) was inserted to make the connection with the Pt wire. Finally, a gold pin was 

soldered with the copper wire to complete the microelectrode assembly. It was kept at 120°C for 

10 min for the epoxy to cure. The electroactive surface of the microelectrode was exposed using 

a polishing machine (Strugers Tegrapol 23). A SiC grinding paper with grit P320 and P1200 was 

used respectively to polish the microelectrode. The prepared microelectrodes were cleaned using 

water under sonication, dried at 100 °C, and imaged using an inverted microscope (Zeiss Axio 

Vert.A1) (Figure A.2c, d). All the fabricated microelectrodes have an RG (𝑅/𝑎) ≈ 2.5, where 𝑅 

is the outer radius of the microelectrode and 𝑎 is the radius of the Pt wire. 

3.3.4. SICM and SECM Measurements 

A commercial Li4Ti5O12 (LTO, Nanomyte BE 10-CE, NEI Corporation) coated on a copper 

current collector with the composition LTO: carbon black (super P): PVDF = 90:5:5 wt% was 

used as the porous substrate. The LTO films were calendered with Hot Roller MTI Corp. HR01 

to different porosities. Moreover, the calendering process reduces the surface roughness of the 

porous film (Figure A.3). The films were cut with a diameter of 1.5 cm and dried in a vacuum 

oven at 100 °C overnight before use. The film thickness was measured using a thickness gauge 

(Mitutoyo 547-526S) and it varied from 77 to 56 μm. The film porosity values range from 50% 

to 63%, which was calculated based on the component’s densities (see Appendix A).  

The experiments were conducted using a plastic petri dish, with a plastic disc placed on top to 

keep the film in place while immersed in the electrolyte (Figure A.4). The disc had two holes, 

one positioned above the LTO film and the other above the surface of the petri dish, to allow the 

probe to make contact with both substrates. The insulating nature of the petri dish was utilized as 

the internal control before approaching each LTO film. This provides information about the 

current contribution from the misalignment of probes (micropipette or microelectrode) with the 
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substrate. Similarly, in the case of porous LTO films, the approach curves were recorded by 

allowing the probe to make gentle contact with them, which was identified by a small increase in 

current following a drastic current decrease. This helps to determine the exact tip-substrate 

distance and reject any measurement where the pipette is misaligned, so the measured current 

reflects exclusively the transport from the porous films.  

All SECM and SICM measurements were carried out using an ELProscan 3 system (HEKA, 

Lambrecht/Pfalz, Germany; potentiostat model, PG340) in an Argon-filled glove box (H2O < 

1ppm, O2 < 1ppm). The speed was set at 1 μm s-1 for all the approach curve measurements. 

For SICM, a two-electrode configuration of pd-LFP was used. The electrolyte was 0.3 M LiPF6 

(Gotion) in propylene carbonate (PC, anhydrous, 99.7%, Sigma-Aldrich). The electrolyte-filled 

pipette with the pd-LFP coated wire serves as the probe. The counter-reference electrode is a 

ring-shaped pd-LFP wire, which provides uniform current distribution throughout the cell.  

The three-electrode cell in SECM consists of a Pt disk microelectrode as the working electrode, a 

Pt wire as the counter, and an Ag/Ag2O as the reference electrode. In studies that involve highly 

purified organic solvents, using a silver wire with an oxide coating as a quasi-reference electrode 

offers convenience when making the electrode assembly as well as compatibility with the highly 

anhydrous glovebox environment and little risk of contaminating the electrolyte. The solution 

contained 2 mM anthracene (purified, 98%, Sigma Aldrich) in 0.1 M tetraethylammonium 

tetrafluoroborate (TEABF4 ≥ 99.0% electrochemical grade, Sigma-Aldrich) in PC. Cyclic 

voltammetry (CV) was performed using a Pt microelectrode before the approach toward the 

substrate to find the steady-state potential (Figure A.5a). The irreversible nature of anthracene 

was confirmed with the help of CV using a Pt macroelectrode (1.6 mm diameter, 99.95% purity, 

BASi Research Products) (Figure A.5b) and approach curves using a copper film as the 

conductor (Figure A.6). In addition, the reproducibility of this technique was verified by 

approaching the insulator multiple times (Figure A.8). 

For the 2D surface map measurement, SICM was carried out initially using 0.1 M TEABF4/ PC 

electrolyte followed by SECM measurement in 2 mM anthracene containing the same electrolyte 

to determine the variation in normalized current across the LTO film surface. Both the SICM and 
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SECM surface maps were generated by recording approach curves at each position on the LTO. 

These approach curves were measured in a specific pattern to ensure that the distance between 

adjacent measurements is at least 100 μm, thereby preventing the overlap of the diffusion profile 

from previous measurements. Similarly, a total of 25 approach curves covering an area of 200 

μm × 200 μm was recorded in each SICM and SECM map. The details of the porous LTO films 

(Table A.1) used for 2D surface map measurements and their transport properties in terms of NM 

(Figure A.9) are given in SI. 

3.3.5. Data Analysis 

All the data analysis was performed using the Origin version 2024. All the confidence intervals 

were calculated at a 95% confidence level using Student-t-statistics for four observations.  

3.4. Results and Discussion 

3.4.1. SICM: Ion Current Measurement 

In this study, we employed a partially delithiated LFP as a working electrode in SICM for the 

first time. The lithiation/delithiation reactions in LFP have been extensively studied, showing a 

remarkably flat equilibrium potential at 3.4 V vs Li/Li+ within the lithiation level of x= 0.1 to 0.8 

in LixFePO4 (Padhi et al., 1997 ; Zheng et al., 2012a). As such partially delithiated LFP has been 

used as a reference/counter electrode in previous studies (Payne et al., 2019).  
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Figure 3.1. (a) Equivalent circuit for the electrochemical cell in SICM; (b) schematic of SICM 

set up when the micropipette is unaffected by an insulating or porous substrate (Arrows represent 

the ion current) 

SICM works by measuring the ionic current generated at the pipette electrode due to the applied 

potential between the pipette and reference electrodes. In general, the electrochemical cell in 

SICM is described by an equivalent circuit with resistors connected in series (Figure 3.1a). The 

micropipette current is influenced by both the pipette resistance (𝑅𝑝) and the distance-dependent 

access resistance (𝑅𝑎). The substrate does not affect the ion flow when the tip-substrate distance 

is very large (Figure 3.1b). At this distance, maximum ion flow occurs at the pipette resulting in 

a steady state ion current (𝐼0), which is solely dependent upon 𝑅𝑝 (Zhu et al., 2021). At high tip-

substrate distances, 𝑅𝑎 is negligible due to the larger area between the working and counter 

electrode. 

𝐼0 =
𝑉

𝑅𝑝
 ;        𝑅𝑝 ≈  

1

𝜅0𝜋𝑟𝑖 tan 𝛼
 

(3.2) 

Where 𝑉 is the imposed potential (V), 𝜅0 is the ionic conductivity of the electrolyte (Sm-1), 𝑟𝑖  and 

𝛼 are the inner radius (m) and the cone angle (degree) of the pipette, respectively. However, as 

the pipette moves closer to the substrate, the ion flow becomes restricted due to the presence of 

the substrate. 𝑅𝑎 dominates at this point, so the ion current near the substrate (𝐼∗) decreases (Zhu 

et al., 2021). For an insulator substrate, 𝐼∗ is given by (Zhu et al., 2021): 
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𝐼∗ =
𝑉

𝑅𝑝 +  𝑅𝑎
 ;    𝑅𝑎 ≈

   
3
2 𝑙𝑛 (

𝑟𝑜

𝑟𝑖
)

𝜅0𝜋𝑑
 

(3.3) 

Where 𝑑 is the tip-substrate distance and 𝑟𝑜 is the outer radius of the micropipette. 

In the case of a porous substrate, 𝑅𝑎 is a combination of two components in parallel: resistance 

through the porous film (𝑅𝑝𝑜𝑟) and the solution resistance in the gap between the pipette and the 

substrate (𝑅𝑔𝑎𝑝) (Figure 3.2a). 

1

𝑅𝑎
=

1

𝑅𝑝𝑜𝑟
+

1

𝑅𝑔𝑎𝑝
 

(3.4) 
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Figure 3.2. (a) Equivalent circuit diagram for the porous substrate; SICM schematic 

demonstrates the ion current due to migration (brown color arrows) (b) inside porous LTO films 

when the pipette is positioned on the LTO surface; (c) restricted current flow when the 

micropipette is near the insulator; (d) experimental SICM approach curves of LTO films (sample 

number 1-4) with different porosity (ε) 

Table 3.1. LTO films used for SICM measurements (95 % confidence interval) 

As the pipette tip to porous substrate distance decreases, the ionic current becomes increasingly 

restricted due to the narrowing of the gap. Thus, 𝑅𝑔𝑎𝑝 increases, and the “squeezing” effect of 

the ionic current causes an increasing fraction of current to travel through the porous electrode 

path with the parallel resistance (𝑅𝑝𝑜𝑟) (Bhushan et Fuchs, 2006 ; Payne et al., 2019) (Figure 

     

  

     

  

      

  

 
LTO films used in SICM 

Sample Number 1 2 3 4 

Porosity,ε  (%) 50.0 ± 1.4 54.3 ± 1.5 58.6 ± 0.1 63.2 ± 3.2 

Thickness (µm) 57.4 ± 1.6 56.6 ± 1.6 62.0 ± 0.1 77.2 ± 3.9 
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3.2b). Therefore, 𝐼∗ for a porous substrate is a function of 𝑅𝑔𝑎𝑝, and 𝑅𝑝𝑜𝑟. In contrast for an 

insulator, 𝐼∗ depends only on the high resistance path (𝑅𝑎) that does not have the 𝑅𝑝𝑜𝑟 

contribution. Therefore, as the micropipette approaches a distance (𝑑) similar to the pipette 

opening diameter, the current flow is drastically affected (Figure 3.2c). Finally this current flow 

is completely blocked when the pipette tip touches the insulator’s surface. 

As the SICM technique is well established for an insulator, approach curves were performed on 

this substrate first before approaching the LTO films with various porosities (Table 3.1). 

Comparing the approach curves of insulator and porous films, a significant current decrease was 

only observed when the tip-substrate distance reaches the order of the tip radius (Figure 3.2d). 

As expected the presence of substrates impedes the ion flow toward the tip, the presence of pores 

in LTO films creates an alternate pathway for ion flow to the pipette tip and results in a higher 

current in contrast to the insulator. This relationship between the effective ionic conductivity 

(𝜅𝑒𝑓𝑓,𝐿𝑖) , and ion current is given by: 

𝑁𝑖 =
𝐼∗

𝐼0
=

𝜅𝑒𝑓𝑓,𝐿𝑖

𝜅0,𝐿𝑖
 

(3.5) 

Where 𝑁𝑖 is the normalized current.  
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3.4.2. SECM: Faradaic Current Measurement 

 

Figure 3.3. SECM schematic showing the Pt microelectrode detection of anthracene oxidation 

(a) in the bulk position; (b) near the insulator; (c) near the porous LTO film; (d) SECM 

experimental approach curves of LTO films (sample number 1-4) with various porosity (ε) (blue 

arrows represent the anthracene diffusion) 

 
LTO films used in SECM 

Sample Number 1 2 3 4 

Porosity,ε (%) 49.9 ± 2.9 57.4 ± 1.2 59.4 ± 2.5 63.2 ± 2.1 

Thickness (µm) 56.1 ± 3.3 61.0 ± 1.3 65.0 ± 2.7 75.8 ± 2.5 

Table 3.2. LTO films used for SECM measurements (95 % confidence interval) 
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While SICM probes the solution phase transport based on the ionic conductivity of the 

electrolyte, SECM works by measuring the faradaic current generated at the poised 

microelectrode due to the redox reaction of a mediator. Here, SECM feedback mode was used to 

measure the current generated by the redox reaction of anthracene. The irreversible nature of 

anthracene results in negative feedback when the microelectrode approaches an insulating or 

conducting substrate. Consequently, though carbon additives are electronically conducting in the 

composite LTO, the approach curves always show negative feedback or hindered diffusion near 

the substrate. In binary electrolytes, such as LiPF6 used in LIBs, the charge transport is governed 

by an expression similar to Fick’s law (Newman et Balsara, 2004). The expression involves an 

implicit “diffusion coefficient” that combines both the anion and cation diffusion coefficients. 

Consequently, the diffusion process of binary electrolytes in batteries can be imitated using 

anthracene. Furthermore, the ratio (ℛ) of diffusion coefficients in bulk and near the porous 

structure remains constant despite the chemical nature of the diffusing species as the only 

variable between them is the porous architecture. Therefore, 

ℛ =
𝐷𝑒𝑓𝑓,𝐴𝑛

𝐷0,𝐴𝑛
=  

𝐷𝑒𝑓𝑓,𝐿𝑖𝑃𝐹6

𝐷0,𝐿𝑖𝑃𝐹6

 
(3.6) 

When the microelectrode is away from the substrate (𝑑 >10 𝑎), no restriction is observed for the 

anthracene diffusion to the microelectrode (Figure 3.3a). Therefore, the current measured at the 

microelectrode due to anthracene oxidation attained the steady state given by (Lefrou et Cornut, 

2010): 

𝐼0 = 4𝑛𝐹𝛽𝐷0,𝐴𝑛𝐶𝐴𝑛𝑎 (3.7) 

Where 𝑛 is the number of electrons involved in anthracene oxidation, F is the Faraday constant, 

𝛽 is the correction factor that varies as a function of RG, 𝐷0,𝐴𝑛 is the bulk anthracene diffusion 

coefficient (m2s-1), 𝐶𝐴𝑛 is the anthracene concentration (M), 𝑎 is the radius of the microelectrode 

(m). When the microelectrode reaches the surface, anthracene diffusion depends on the nature of 

the substrate. If the substrate is an insulator, the diffusion to the microelectrode gets largely 

restricted (Figure 3.3b). Ideally, no diffusion takes place and the faradaic current becomes zero 
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as the microelectrode touches the insulating surface. However, if the substrate is porous, 

diffusion occurs through the pores and anthracene molecules can reach the microelectrode 

(Figure 3.3c). 

SECM approach curves showed a similar trend to the SICM ones (Figure 3.3d). Owing to the 

porosities of the LTO film (Table 3.2), the anthracene diffuses towards the microelectrode and 

hence a higher current was measured near the porous films compared to an insulator. 

Additionally, as the porosity of the films increases, the current also increases due to the increase 

in the number of anthracene molecules reaching the microelectrode through diffusion inside the 

porous networks. This effective diffusion coefficient of anthracene (𝐷𝑒𝑓𝑓,𝐴𝑛) is expressed in 

terms of the faradaic current as (Hossain et al., 2020, 2021): 

𝑁𝑖 =
𝐼∗

𝐼0
=

𝐷𝑒𝑓𝑓,𝐴𝑛

𝐷0,𝐴𝑛
=  

𝐷𝑒𝑓𝑓,𝐿𝑖𝑃𝐹6

𝐷0,𝐿𝑖𝑃𝐹6

 
(3.8) 
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3.4.3. 2D Surface Mapping and MacMullin Number 

 

Figure 3.4. (a) SICM and (b) SECM 2D surface mapping of LTO film with a porosity, ε = 63.2 ± 

3.2 % and thickness = 77.2 ± 3.9 μm; (c) 𝑁𝑀 values calculated for porous LTO films tested with 

SECM and SICM 

The 2D surface mapping of LTO film using SICM and SECM revealed that the surface current is 

strongly dependent on the substrate’s topography (Figure 3.4a, b). The contribution of surface 

roughness of the LTO films used in this study was significantly reduced by calendering as 

demonstrated in the SEM images (Figure A.3). Therefore, the observed topography effect stems 

from the heterogeneity within the porous architecture encompassing the local tortuosity and 

porosity. While SICM surface mapping showed an 8% change in current (Figure 3.4a), SECM 

demonstrated a 12% variation for the same LTO film (Figure 3.4b). To compare the results 

obtained by SECM and SICM based on the effective mass transport parameters, we calculated 

𝑁𝑀 as follows by comparing equations (3.1), (3.5), and (3.7): 
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𝑁𝑀 =  
𝐼0

𝐼∗
=

𝜅0,𝐿𝑖

𝜅𝑒𝑓𝑓,𝐿𝑖
=

𝐷0,𝐴𝑛

𝐷𝑒𝑓𝑓,𝐴𝑛
=

𝜏

𝜀
 

(3.9) 

The normalized current values from SECM and SICM were converted to 𝑁𝑀 values (Figure 

3.4c). The calculated 𝑁𝑀 values demonstrated that the two techniques are complementary to each 

other when it comes to the measurement of transport in the solution phase. The 2D mapping 

along with the 𝑁𝑀 data comparison of SECM and SICM demonstrated their capability to probe 

the microporous surface heterogeneity in battery electrodes and provide valuable information 

about the solution phase transport parameters. These microscopic details are advantageous for 

optimizing the transport properties of porous composite electrodes, and thereby the high power 

battery designs. 

3.5. Conclusion and Perspectives 

A comprehensive understanding of the mass transport within the porous battery electrode 

especially through the electrolyte filled pores is critical to attaining high power densities in 

rechargeable batteries including LIBs. Importantly, mass transport depends on the electrode 

architectural parameters like porosity and tortuosity. For the first time, SECM and SICM 

techniques were compared to investigate the solution phase mass transport in Li-ion battery 

anode films with different porosities. During both SECM and SICM measurements, current 

increased as the porosity of films increased as expected. The surface heterogeneity of LTO films 

was investigated with 2D surface mapping using SICM and SECM, demonstrating an 8% and a 

12% change in the normalized current, respectively, for the same film. Furthermore, 𝑁𝑀 

determination from SECM and SICM validated the complementarity.  

Although SECM and SICM techniques are individually robust in measuring the solution phase 

transport, each has its advantages and challenges. In SICM, the glass/quartz micropipettes used 

are easy to fabricate, less expensive, and possess tunable pore size, however, air bubbles can 

easily form at the orifice when filled with electrolyte. If the LFP coating on the wire (within the 

micropipette) is not uniformly distributed or is overly thick, the LFP particles can peel off from 

the wire causing the clogging of the pipette orifice and affecting the ion current measurements. 

More importantly, the pipette opening must be in the single-digit-micrometer range to provide 
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sufficient restriction for generating a measurable resistance. In contrast, microelectrodes in 

SECM do not face these issues and provide great reproducibility in terms of probe geometry. 

However, SECM tip fabrication procedure is more time-consuming in part due to the need for 

polishing to obtain a known geometry. Moreover, an irreversible mediator that is not prone to 

cause fouling is required. To improve the modeling studies and design high power batteries, 𝑁𝑀 

values derived from these techniques should become a powerful tool. Additionally, these 

scanning electrochemical probe methodologies can be extended to other porous materials, 

providing avenues to tailor their transport characteristics in fuel cells, supercapacitors, and fields 

not associated with energy such as in drug delivery and bio-sensing.  
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CHAPTER IV  

MICROPOROUS SUBSTRATE EFFECT ON SECM STEADY STATE CURRENTS – A 

3D MODELING STUDY CRITICAL TO BATTERY ELECTRODE PERFORMANCE 

Scanning electrochemical microscopy (SECM) is a powerful technique for investigating mass 

transport in porous structures, like lithium-ion battery electrodes, with microscale spatial 

resolution. As the porous substrate’s architecture plays a crucial role in controlling mass 

transport, it is imperative to understand its role in enhancing the performance. In this chapter, we 

used 3D SECM modeling to compare the impact of substrate geometry on transport in three 

microporous structures: superposition (SP), and two high-fidelity (HF-1, HF-2) models. We 

found that increasing geometric complexity resulted in a lower steady-state current for a given 

thickness and porosity. The MacMullin number (𝑁𝑀) comparison showed the order: HF-2 > HF-

1 > SP, indicating the presence of more tortuous paths in HF-2 compared to HF-1 and SP. Our 

findings also revealed significant 𝑁𝑀 deviation from the Bruggeman model, particularly at low 

porosities. This suggests that relying on the Bruggeman model for analyzing commercial porous 

battery electrodes with low porosity can lead to errors, emphasizing the importance of explicitly 

modeling transport in porous substrates with different geometries. 

This chapter has been submitted as a research article in the Journal of The Electrochemical 

Society and is currently under revision. Anjana Raj Raju, Dr. Bastian Krueger, and Prof. Steen B. 

Schougaard are co-authors of this article.  

The contributions of the authors of the article are listed below: 

➢ Anjana Raj Raju: Modeling, data analysis, figures, discussion, redaction of manuscript 

➢ Dr. Bastian Krueger: Design of porous substrates 

➢ Prof. Steen B. Schougaard: Discussion, supervision and redaction of manuscript.  
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4.1. Abstract 

Scanning electrochemical microscopy (SECM) enables the study of mass transport in porous 

substrates with microscale spatial resolution, which is profoundly influenced by the substrate's 

architecture. Here, a 3D SECM modeling was used to compare the impact of substrate geometry 

on transport in three porous structures: a superposition (SP) model with average porosity and two 

high fidelity (HF-1 and HF-2) models with explicit pore geometries. It was found that the steady-

state current decreases with an increase in the geometric complexity from SP to HF-1 to HF-2, 

indicating the presence of more tortuous paths in HF-2. Despite having the same porosity and 

thickness values, the disparity between the SP and the two HF substrates shows the effect of 

microporous geometry. Our findings also demonstrated the deviation of all three substrates from 

Bruggeman's predictions, which highlights the significance of modeling to rationalize the 

transport properties in commercial battery electrodes. 

4.2. Introduction 

The performance of microporous structures used in energy storage devices, catalysis, sensing, 

gas storage, and biomedical applications is determined by the material chemistry and the mass 

transport processes occurring within them.(Chen et al., 2022) These transport processes get 

complicated as the geometry of porous structures becomes complex, with numerous interfaces 

between different components.  For instance, for energy storage devices such as lithium-ion 

batteries, the sluggish liquid phase Li+ ion transport within the thick, composite porous 

electrodes limits them from achieving high power density.(Cornut et al., 2015 ; Fongy et al., 

2010 ; Heubner et al., 2020a ; Pouraghajan et al., 2018) The ion transport depends on the 

electrode architectural parameters such as porosity, tortuosity, and thickness.(Boyce et al., 2022 ; 

Vijayaraghavan et al., 2012 ; Zheng et al., 2012b) Therefore, it is essential to study the impact of 

these architectural parameters on mass transport in the micro- to nanoscale to optimize battery 

performance.  

In this regard, localized measurement techniques on porous substrates are imperative. Although 

many methods have been previously reported to measure ion transport, they provide information 

on the macroscale rather than localized information.(Andre et al., 2011 ; Cabañero et al., 2018 ; 

Gao et al., 2018 ; Landesfeind et al., 2016 ; Zahn et al., 2017) In recent years, scanning 
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electrochemical microscopy (SECM) has demonstrated its ability to effectively monitor and 

quantify the transport processes in numerous types of porous substrates with microscale spatial 

resolution.(Bath et al., 1998 ; Haensch et al., 2019 ; Hossain et al., 2020 ; Kuss et al., 2016 ; 

Macpherson et al., 2002 ; McKelvey et al., 2011 ; Nugues et Denuault, 1996 ; Scott et al., 1991) 

SECM operates by tracking the flux of the redox molecule which undergoes either oxidation or 

reduction at the microelectrode tip when it emerges from the porous structure. During the ion 

transport measurements, a reversible mediator is not preferred in feedback mode SECM, as it can 

regenerate with the help of electronically conducting components in the porous substrates (eg: 

conductive carbon in the battery electrodes). This regeneration can adversely affect the 

positioning of the tip relative to the substrate and the mass transport measurements. Recently, 

SECM methodologies have been developed using irreversible molecules such as anthracene and 

ascorbic acid to study mass transport regardless of the nature of the porous substrates.(Haensch 

et al., 2019 ; Hossain et al., 2020) With the help of approach curves, the mass transport in porous 

substrates was measured in terms of the effective diffusion coefficient (Deff) relative to the bulk 

electrolyte diffusivity (D). In experimental studies, controlling the actual porous substrate 

geometry is challenging. For example, changing the substrate’s porosity readily changes its 

thickness, and therefore investigating the effect of porosity on steady-state current without the 

impact of thickness is difficult. 

Numerical modeling offers an alternative solution to explore independently the effect of the 

above parameters on mass transport and validate the experimental observations (Hossain et al., 

2021). Nevertheless, the models based on SECM generally use an average value to represent the 

porosity of the entire substrate (Hossain et al., 2020, 2021). As a result, they may not reflect the 

heterogeneity in porosity within the substrate geometries. To the best of our knowledge, no 

SECM modeling studies have been conducted to compare and understand the magnitude of the 

difference in steady-state current when using average porosity values vs explicitly modeling the 

porosity based on substrate geometry in the microscale. 

In this work, we conducted a systematic study using 3D COMSOL simulations to understand the 

impact of substrate geometry with interconnected pores on the steady-state current. By 

simulating approach curves, we compared the steady-state currents obtained in a superposition 
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(SP) model substrate with an average porosity to two high-fidelity (HF) porous substrates with 

porosities defined by explicit geometric constraints.  

4.3. Methods  

Model Geometry 

A 3D finite element model was built with COMSOL Multiphysics 6.1 using the “Transport of 

Diluted Species in Porous Media (TDS)” module to simulate the SECM tip and steady-state 

diffusion of an irreversible molecule, anthracene. The detailed information about the 

implemented governing equations along with the boundary conditions, mesh, etc. can be found in 

Appendix B (Figures B.1 and B.2, Table B.1).  

 

Figure 4.1. a) SECM 3D COMSOL model geometry, a zoomed-in view of porous substrates b) 

SP c) HF-1, d) HF-2 

The model geometry consists of a disk microelectrode with a radius, 𝑎 = 12.5 μm and an RG = 3 

along with a cubic electrolyte domain of size 1250 μm × 1250 μm × 1250 μm (x × y × z) and a 

porous substrate domain (Figure 4.1a). Three porous substrates were generated: two HF models 

with well-defined geometry and porosity, and one SP model with an average porosity. The SP 

model substrate was represented with a single rectangular slab of size 100 μm ×100 μm (Figure 
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4.1b), HF -1 model substrate with an array of rectangular pillars equally spaced in the x and y 

directions (Figure 4.1c). The size of these pillars was 2.5 μm × 2.5 μm (Figure B.3a). SP and 

HF-1 substrates were generated on top of a 20 μm thick supporting rectangular base domain (100 

μm ×100 μm).  HF-2 substrate was created using an array of equally spaced repeating units 

(Figure B.3b) of size 5 μm × 5 μm × 5 μm in the x, y, and z directions in Autodesk Fusion 

software (Figure 4.1d). The initial substrate thickness for all porous substrates was 40 μm.  

An average porosity was applied to the SP substrate using the “porous media” node of the TDS 

COMSOL module. For HF-1 and HF-2 model substrates, the spacing between the pillars was 

adjusted to assign a specific porosity value.  The pore sizes in HF-1 and HF-2 are given in 

Appendix B (Table B.2 and Table B.3) and the effect of substrate lateral size of HF-1 is 

discussed (Figures B.4, B.5, and B.6). The microelectrode z position was parametrized to 

automate the approach toward the porous substrate. All the responses were simulated at a tip-

substrate distance (𝑑) of 100 nm and a bulk anthracene concentration of 2 mM (Table 4.1).  
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Parameter Value Description 

a 12.5 [μm] Radius of microelectrode 

R 37.5 [μm] Radius of glass sheath 

RG 3 R/a 

LElec 1250 [μm] Electrolyte domain length 

LUME 1000 [μm] Length of the microelectrode 

CAn 2 [mM] Bulk anthracene concentration 

DAn (Hossain et 

al., 2021) 

1.4 ×10 -9 [m2 s-1] Bulk diffusion coefficient of anthracene 

n 1 No: of electrons transferred 

R 8.314 [J mol-1 K-1] Universal gas constant 

F 96485 [C mol-1] Faraday’s constant 

k0 0.112 [m s-1] Heterogeneous rate constant 

κ 1000 Normalized heterogeneous rate constant: (k0*a)/ DAn 

η 0.25 [V] Overpotential: Eapp - E
0 

α 0.5 Transfer coefficient 

T 293 [K] Temperature 

L d/a Normalized tip-substrate distance 

τ 1 Tortuosity in SP model 

Table 4.1. Model parameters 
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4.4. Results and Discussion 

4.4.1. Effect of Substrate Thickness (h) 

 

Figure 4.2. Approach curves show the effect of thickness in a) SP, b) HF-1 c) HF-2 substrates, 

and d) a comparison of thickness effect between HF and SP substrates with 𝜀 = 63.3 % at 𝐿 = 

0.008 

The approach curves were simulated to systematically investigate the effect of various 

microstructural parameters on the normalized current (𝑁𝑖) at the HF and SP model porous 

substrates. The impact of substrate thickness in HF-1, HF-2, and SP models was studied in the 

range from 40 to 150 μm (Figure 4.2a, b, c). In all cases, an increase in substrate thickness 

results in increased current. This is attributed to the ability of anthracene molecules to reach the 

microelectrode tip through the substrate pores. When comparing the current values obtained from 

the three models, SP exhibited a higher current for all simulated thickness values (Figure 4.2d). 
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For a given thickness, the simulated current between SP and HF-1 exhibited a difference of 

approximately 6%, while the difference between SP and HF-2 was approximately 10%. These 

variations highlight the significance of the porous geometry, given that the same modeling 

parameters, including the RG of the microelectrode and substrate porosity, were used. 

4.4.2. Impact of Porosity (ε) 

 

Figure 4.3. Approach curves showing the effect of porosities in a) SP, b) HF-1 c) HF-2 

substrates with ℎ = 40 μm, and d) comparison of normalized current obtained in all three models 

at 𝐿 = 0.008 

Porosity plays a crucial role in controlling ion transport in porous substrates used in batteries, 

fuel cells, etc. Consequently, optimizing the porosity values enhances the performance of these 
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devices. Here, we examined the effect of porosities ranging from 35% to 75% in HF and SP 

models (Figure 4.3a, b, c). In all three models, the normalized current increased with an increase 

in substrate porosities, as expected given the fact that more ions reach the microelectrode 

through the substrate pores. Interestingly, for the same porosity, the current observed for the SP 

model was approximately 6% and 10% higher than that of the HF-1 and HF-2 models 

respectively, highlighting the disparity between the three models (Figure 4.3d). Hence for a 

given porosity and thickness, any obstruction to the ion transport is solely due to the microporous 

substrate geometry. 

4.4.3. MacMullin Number of Modeled Substrates 

 

Figure 4.4. a) Comparison of 𝑁𝑀 of three modeled substrates (ℎ = 40 μm) with Bruggeman 

relation, b) shows the effect of RG on current for various porosities of the SP substrate at 𝐿 = 

0.008 and inset shows the meshed geometry of the microelectrode with the surrounding glass 

sheath 

MacMullin number (NM) was used in this study to represent the mass transport properties in 

terms of the diffusion coefficient. It is an important parameter that describes the relation between 

the porosity (ε) and tortuosity (τ) of the porous structures to the diffusion coefficients and is 

given as (Bruggeman, 1935 ; Hossain et al., 2020, 2021 ; Pouraghajan et al., 2018): 
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𝑁𝑀 =
𝐷

𝐷𝑒𝑓𝑓
=

𝜏

𝜀
 

Eq. (5.1) 

In addition, the microelectrode current at bulk electrolyte (I) and near the porous substrate (I*) is 

determined by the ratio of the corresponding diffusion coefficients of the electrolyte as the 

diffusion coefficient is the only parameter that changes between the bulk and the porous 

structure. Therefore, NM becomes(Hossain et al., 2020), 

𝑁𝑀 =
𝐼

𝐼∗
=

𝐷

𝐷𝑒𝑓𝑓
=

𝜏

𝜀
 

Eq. (5.2) 

However, in the case of thin porous substrates (h ≤ 3a), the above relation is not valid as the 

hemispherical diffusion front can change to cylindrical (Hossain et al., 2021). In this study, as 

the substrate thickness (h= 40 μm) is greater than 3 times the radius of the microelectrode (a 

=12.5 μm), Eq. (5.2) holds and was used to calculate NM (Figure 4.4a) and effective diffusion 

coefficients (Figure B.7) for all three model substrates based on the normalized current obtained 

for various porosities. As expected, when porosity increases, NM decreases for all the substrates 

and follows the order: SP < HF-1 < HF-2 (Figure 4.4a). This suggests that HF-2 has more 

tortuous paths compared to HF-1 and SP substrates, which arises due to its complex microporous 

grid-like geometry. Additionally, the difference in NM between the three porous structures 

decreases as porosity increases, indicating that the substrate geometry has a predominant effect at 

low porosities by contributing more tortuous paths for mass transport. 

The other important finding was the 𝑁𝑀 deviation of the SP model from theory (𝜏 =1) for 𝜀 

>50%. Its 𝑁𝑀 values are overestimated by 2-5% compared to theory. This underscores the 

challenges of using an SP porosity model at high porosities for simulating the experimental data. 

In general, 𝑁𝑀 values of SP, HF-1, and HF-2 model substrates are consistently lower than those 

predicted by the widely adopted Bruggeman model (𝜏 = 𝜀−0.5) for porous structures 

(Bruggeman, 1935 ; Landesfeind et al., 2016). The observed deviation of three models from 

Bruggeman’s model and the inter-model differences validate the hypothesis of the effect of 

geometric complexity on mass transport.  
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4.4.4. Effect of RG 

To further examine the discrepancy in normalized current obtained from the theory and SP 

model, we investigated the effect of RG on the approach curve current at the substrate. The RG 

was varied between 2 and 7 for each porosity value used in the SP model (Figure 4.4b). For all 

porosities, there was a decrease in current as RG increased, indicating that the glass sheath 

surrounding the electroactive metal hindered the diffusion of anthracene molecules. Furthermore, 

to follow the superposition theory (𝜏 =1), the value of Ni should be equal to 𝜀. However, the data 

suggests that increasing the RG resulted in an increased deviation of the SP model from 

theoretical predictions. 

4.4.5. Concentration Profiles  

 

Figure 4.5. Cross-sectional view of anthracene concentration profile showing the comparison 

between a) SP and HF-1, b) SP and HF-2 substrates with ℎ = 40 μm, 𝜀 = 63.3%, RG = 3 

The anthracene concentration profile shows that its concentration within individual HF-1 and SP 

model substrates is not uniform (Figure 4.5a). Here, we assumed that the transport of anthracene 

is exclusively carried out by diffusion. The concentration of the anthracene directly below the 

microelectrode is zero as it quickly undergoes oxidation. This creates a localized concentration 

gradient within the substrate which combined with a second constraint originating from the 

geometry, accounts for the transport. 
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Comparing the concentration profiles in HF-1 and SP models (Figure 4.5a) provides valuable 

insights into the observed differences. It was evident from the concentration profile that the 

diffusion of anthracene within the two models was not identical, despite both possessing the 

same porosity (𝜀 = 63.3%) and thickness (ℎ = 40 μm). Using the same porosity, and thickness as 

in the other two substrates, the concentration profile for the HF-2 model was simulated and 

compared to the SP model. HF-2 also showed a non-uniform diffusion profile within the 

substrate (Figure 4.5b). Furthermore, the corresponding diffusive flux visualization of 

anthracene in SP, HF-1, and HF-2 substrates was analyzed (Figure B.8). A non-uniform flux 

distribution (represented by contour lines) was observed in all three substrates due to the 

anthracene oxidation. As the geometric complexity increases from SP, flux distribution within the 

substrate becomes distorted in HF-1 and HF-2. The distortions in flux distribution were more 

pronounced in HF-2 compared to HF-1. Most importantly, flux visualization helped confirm the 

dissimilarity in anthracene mass transport between the three porous substrates. 

The concentration profile of anthracene in HF-2 and SP models (Figure 4.5b) showed 

dissimilarities, indicating that geometric constriction plays a critical role in addition to other 

parameters such as thickness, porosity, and RG. Hence, this result suggests that the differences in 

the normalized current observed in the two HF substrates and SP are due to the geometric 

orientation of pillars blocking the facile transport resulting in various tortuosity. 

When utilizing the SP or HF models to replicate experimental data, it is crucial to take a 

meticulous approach in modeling porous substrates as the current depends not only on the 

porosity of the substrate but also on its geometry. The rationale behind the deviation of the SP 

model from the theory remains an unresolved question, possibly related to the proprietary and 

secret calculation algorithm of COMSOL. However, it is worth noting that the deviation is 

within 5% at high porosities for an RG =3. 

4.5. Conclusion 

Recently, SECM has emerged as a powerful technique for studying mass transport in porous 

structures with microscale resolution. In this work, a comparative study using 3D SECM 

modeling was conducted to investigate the mass transport occurring in porous structures (SP, HF-
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1, and HF-2) with different geometries. It showed that increasing the intricacy of substrate 

geometry at a specific porosity led to higher values of tortuosity and 𝑁𝑀. Accordingly, 𝑁𝑀 varies 

qualitatively in the following order: SP < HF-1 < HF-2 as intuitively expected. Moreover, the 𝑁𝑀 

of all the substrates was lower than what was predicted by the Bruggeman model, and this 

disparity was predominant at low porosities. For instance, at 𝜀 = 35%, the Bruggeman model 

overestimates 𝑁𝑀 by 1.2 times compared to the HF-3 model. This discrepancy can lead to 

significant errors in the investigation of mass transport in commercial battery electrodes with a 

porosity of around 30%. Therefore, this work emphasizes the necessity of modeling the porous 

structure to gain a better understanding of the experimental data. Moreover, the dissimilar 

diffusion profile and the normalized current variation observed between SP and the two HF 

substrates demonstrated the impact of substrate geometry. As porous substrates are indispensable 

in applications beyond energy storage, this study underscores the importance of their geometry 

and the need for caution when modeling them. 
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CHAPTER V  

INVESTIGATING THE IMPACT OF SURFACE ROUGHNESS ON MASS TRANSPORT 

IN POROUS SUBSTRATES 

The efficacy of mass transport within porous structures is governed by the transport processes 

occurring in the solution-filled pores present in the micro to the nanoscale, which in turn depends 

on various structural parameters such as porosity, thickness, tortuosity, and surface roughness. 

Numerical modeling studies are a great tool to investigate the effect of structural parameters on 

mass transport independently, as these parameters are often tricky to control in experimental 

studies. Therefore, this chapter discusses a 3D modeling study based on scanning 

electrochemical microscopy to investigate the effect of surface roughness and porosity on high-

fidelity porous structures with various surface roughness values. 

This chapter has been prepared for submission as a research article in the Journal of The 

Electrochemical Society. Anjana Raj Raju, Dr. Bastian Krueger, and Prof. Steen B. Schougaard 

are co-authors of this article.  

The individual contributions of the authors are: 

➢ Anjana Raj Raju: Modeling, data analysis, figures, discussion, manuscript writing. 

➢ Dr. Bastian Krueger: Design of porous substrates. 

➢ Prof. Steen B. Schougaard: Discussions, supervision and manuscript editing. 

5.1. Abstract 

Surface roughness plays a critical role in the performance of porous structures in many fields 

including batteries and corrosion. In corrosion, surface roughness can lead to increased corrosion 

rates and more localized damages. In the case of batteries, surface roughness can result in the 

incomplete utilization of active material, capacity fade, etc. In this work, we employed numerical 

modeling based on scanning electrochemical microscopy (SECM) to study the effect of surface 

roughness. A 3D modeling study has been conducted with two types of high-fidelity (HF) porous 
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structures with smooth and rough surfaces where the effect of porosity has been studied 

independently. Our findings demonstrated that HF structures with rough surfaces exhibited 

higher probe currents for all studied porosities compared to those with smooth surfaces. This 

suggests that the probe current is influenced by both porosity and surface roughness, affecting 

the mass transport measurement using SECM. Consequently, this study necessitates the 

determination of the surface roughness of the porous structure before conducting SECM 

experimental studies. 

5.2. Introduction 

Scanning electrochemical microscopy (SECM), owing to its versatility and non-invasiveness, has 

garnered considerable attention in various fields including energy, corrosion, biology, surface 

modification, catalysis, instrumental development, etc. (Polcari et al., 2016 ; Raju et al., 2024). 

SECM utilizes a microelectrode as the scanning probe or tip to monitor electrochemical reactions 

occurring at the electrode-electrolyte interfaces with high spatial resolution, determined by the 

tip size (Amphlett et Denuault, 1998). One notable application of SECM is its ability to visualize 

and quantify localized mass transport through porous structures, which often contain complex 

interfaces and interconnected pores of different sizes (Bath et al., 1998 ; Nugues et Denuault, 

1996 ; Shen et al., 2012). The mass transport properties of porous structures vary on the 

microscale and are greatly influenced by structural parameters such as porosity, and tortuosity 

(Boyce et al., 2022 ; Vijayaraghavan et al., 2012). Consequently, analyzing the contribution of 

these factors to the localized transport characteristics of porous substrates helps to optimize their 

performance, highlighting the significance of SECM. 

Recently, SECM has been utilized to measure mass transport in porous substrates, including 

battery electrodes and nanoporous gold substrates (Haensch et al., 2019 ; Hossain et al., 2020). 

These studies have focused on determining diffusive mass transport in the respective substrates 

using the microelectrode current generated due to the irreversible reaction of the mediator 

molecule. The effect of porosities was investigated and the mass transport through the 

electrolyte-filled pores (solution-phase) was exclusively measured. This methodology is 

particularly relevant to the battery research community as it helps to measure the solution-phase 

transport, which is the predominant rate-limiting factor in batteries during the charge-discharge 
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process (Fongy et al., 2010 ; Pouraghajan et al., 2018 ; Stephenson et al., 2007). Moreover, the 

previously reported techniques measure the mass transport in the mesoscale and could not 

distinguish the differences in transport through the solid particles and the electrolyte-filled pores 

within the substrate (Cabañero et al., 2018 ; Gao et al., 2018 ; Landesfeind et al., 2016). 

In addition to porosity, another important aspect that needs to be considered is the surface 

roughness of the substrates. Surface roughness is an important parameter in fields such as 

batteries (Chen et al., 2019b ; Jang et al., 2021 ; Zeng et al., 2020b) and corrosion (Hilbert et al., 

2003 ; Walter et Kannan, 2011). For example, in batteries, studies have shown that surface 

roughness affects electrode performance and can promote undesirable phenomena like lithium 

dendrite growth, leading to the capacity fade of lithium-ion batteries (Gao et Guo, 2021). In the 

field of corrosion, increased surface roughness can accelerate the rate of corrosion by increasing 

the effective surface area (Nguyen et al., 2012). Therefore, while adopting the SECM 

methodology to investigate the transport through porous substrates, the effect of surface 

roughness should be studied as it can affect the microelectrode current, which is informative 

about the diffusive mass transport in pore networks.  

While investigating the effect of different parameters such as porosity, thickness, tortuosity, and 

surface roughness, it is worth noting that these parameters are interconnected. Consequently, 

studying one parameter at a time by controlling other parameters is experimentally challenging. 

In such situations, numerical modeling studies are a great tool for modeling complex geometries 

and independently investigating the effect of multiple parameters on mass transport (Hossain et 

al., 2021). Moreover, it helps to validate the experimental data. However, modeling studies 

generally assume a smooth surface and adopt an average porosity value to represent the entire 

porous structure (Hossain et al., 2021). This is because incorporating the asymmetry arising from 

the surface roughness requires a three-dimensional (3D) model which is computationally 

expensive. Nevertheless, 3D models can capture the true nature of the electrochemical system 

under investigation and explore transport in more complex substrate geometries.  

In this work, we report an extensive 3D modeling study of SECM for the first time to investigate 

the effect of surface roughness in high-fidelity (HF) structures with various porosities. Finite 
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element simulations using COMSOL Multiphysics were employed to model the feedback mode 

SECM steady-state current in HF porous substrates with smooth and rough surfaces.  

5.3. Methods 

 

 

Figure 5.1. Grid geometry of a) smooth substrate with the repeating unit (brown color) and b) 

rough substrate (iii) with the building units i) and ii) 

Porosity (%) Distance, dG (μm) Width, wG (μm) Length, lG (μm) Height, hG (μm) 

20 1 4 5 2.5 

40 2 3 5 2.5 

60 3 2 5 2.5 

80 4 1 5 2.5 

Table 5.1. Geometric dimensions of smooth and rough grid porous structures 

The high-fidelity grid geometry of porous substrates with smooth (Figure 5.1a) and rough 

(Figure 5.1b) surfaces were generated using Autodesk Fusion 360 (2.0.16490, Autodesk) 

software. In rough substrates, surface roughness was attained by subtracting structure (ii) from 

structure (i). For structure (ii), each porous tower was generated with a 10 x 10 µm size and 

different heights. There were 24 towers with 6.6 µm height, 28 towers with 3.3 µm height, and 

24 towers with 10 µm height, randomly distributed over the surface (Figure 5.1b). The surface 
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roughness (Ra) calculated for all rough substrates is 3.25 μm. Four different porosities (20%, 

40%, 60%, and 80%) were created for both smooth and rough substrates. The dimensions used 

for building the porosity differences in the smooth and rough substrates are given in Table 5.2.  

In total, 8 porous substrates were created in a cubic grid geometry of size 100 μm × 100 μm × 

100 μm (x × y × z). These substrate files (.stl format) were then imported into the COMSOL 

Multiphysics 6.2 for SECM modeling.  

Parameter Value Description 

a 12.5 [μm] Radius of microelectrode 

R 37.5 [μm] Radius of glass sheath 

RG 3 R/a 

LElec 1250 [μm] Electrolyte domain length 

LUME 1000 [μm] Length of the microelectrode 

CAn 2 [mM] Bulk anthracene concentration 

DAn (Hossain et 

al., 2021) 

1.4 ×10 -9 [m2 s-1] Bulk diffusion coefficient of anthracene 

n 1 No: of electrons transferred 

R 8.314 [J mol-1 K-1] Universal gas constant 

F 96485 [C mol-1] Faraday’s constant 

k0 0.112 [m s-1] Heterogeneous rate constant 

κ 1000 Normalized heterogeneous rate constant: (k0*a)/ DAn 

η 0.25 [V] Overpotential: Eapp - E
0 

α 0.5 Transfer coefficient 

T 293 [K] Temperature 

L d/a Normalized tip-substrate distance 

Table 5.2. Model parameters 

A 3D finite element SECM model was developed in COMSOL Multiphysics 6.2 using the 

“Transport of Diluted Species in Porous Media (TDS)” module. The SECM model geometry 

consisted of a microelectrode of radius 12.5 μm with a surrounding glass sheath (RG=3), an 

electrolyte of size 1250 μm × 1250 μm × 1250 μm (x × y × z), and the imported porous substrate 

(see appendix C, Figure C.1). Here, the transport of an irreversible mediator, anthracene (An) 

was modeled using SECM in the feedback mode. The parameters used in the model are given in 

Table 5.2. The microelectrode z position approach to the porous substrate was automated with 

29.98 steps and a step size of 5 μm. Simulations were carried out for all responses with the 
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microelectrode at a tip-substrate distance (d) of 100 nm from the substrate. Detailed information 

regarding the COMSOL model is given in Appendix C. 

5.4. Results And Discussion 

5.4.1. Steady State Concentration Map of Anthracene 

 

Figure 5.2. 2D cross-sectional concentration map of anthracene in a, b, c, d) smooth and e, f, g, 

h) rough substrates with various porosities at a normalized tip-substrate distance, L= 0.008 

A systematic modeling approach was used to analyze the disparities in mass transport between 

smooth and rough substrates, both with porosities of 20%, 40%, 60%, and 80%. The 

microelectrode was positioned at a distance of L = 0.008, and the diffusion profile of anthracene 

was studied for all porous substrates (Figure 5.2). In this modeling study, anthracene was 

selected as the mediator as previous SECM experimental studies have demonstrated its unique 

advantages in studying the transport properties of substrates regardless of their nature (Hossain et 

al., 2020 ; Lhenry et al., 2013).  
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The anthracene concentration at the center of the microelectrode is essentially zero, due to the 

large overpotentials applied when probing porous media using SECM (Hossain et al., 2021).  

This creates a mass transport constraint near the tip when it is far from the substrate. As a 

consequence, a non-uniform anthracene concentration is observed, leading to a hemispherical 

diffusion profile as anthracene molecules must diffuse from the bulk. A second limitation to mass 

transport arises due to the porosity and tortuosity of the substrate when the tip is positioned 

closer to it. This leads to a non-uniform anthracene diffusion profile within the substrate as well 

(Figure 5.2). The diffusion layer grows as the porosity increases in both smooth and rough 

substrates, as evidenced by the concentration gradient profiles.  

5.4.2. Impact of Porosity and Surface Roughness 

 

Figure 5.3. Approach curves showing the effect of porosities (ε) in a) smooth substrates, b) 

rough substrates with a thickness of 100 μm, and c) comparison of porosity effect in smooth and 

rough substrates at normalized tip substrate distance, L= 0.008 
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The impact of the substrate’s porosity (ε) was studied by simulating approach curves in the 

feedback mode (Figure 5.3a, b). The current generated due to the irreversible anthracene 

oxidation at the microelectrode was calculated for all tip-substrate distances using equation C.5 

provided in Appendix C. When the microelectrode (ME) is positioned far from the substrate (i.e., 

bulk position), anthracene undergoes oxidation at the ME tip and a maximum diffusion-limited 

current is attained. However, as the tip approaches the substrate’s surface, the current decreases 

due to the hindrance of anthracene diffusion toward the ME by the presence of the substrate. The 

current begins to decrease at a normalized tip-substrate distance, L=2, and drastically decreases 

for L< 2. Unlike the situation with an insulator, the observed current does not reduce to zero 

owing to the presence of porous pathways within the substrate, which provide an alternate 

pathway for anthracene diffusion. Consequently, an increasing porosity facilitates more 

molecules reaching the tip through the pores within the substrate. The modeled approach curve 

data showed that increasing porosity leads to increased normalized current at a normalized tip-

substrate distance, L = 0.008, for both smooth and rough substrates (Figure 5.3a, b). 

When the ME is close to the smooth porous substrate, the only available path for anthracene 

diffusion is through the pores within the substrates. Conversely, when the ME approaches the 

rough substrates, although the substrate impedes the diffusion towards the ME, it is not as 

effective compared to the smooth substrates due to the additional path. This results in a higher 

normalized current near rough substrates compared to smooth substrates for all studied porosities 

(Figure 5.3c). For instance, at a porosity of 40%, the normalized current value obtained is 0.31 

for the smooth substrate whereas it is 0.56 for the rough substrate. 

5.4.3. Comparing the Diffusion Profile of Anthracene  

The comparison of concentration gradient profiles between smooth and rough surfaces across all 

porosities reveals the impact of surface topography, specifically roughness, on mass transport as 

measured by the tip (Figure 5.4a). For instance, the rough substrate with a porosity of 40% 

shows a larger diffusion front compared to those with a smooth surface. This suggests that the tip 

gets partially covered by the rough substrates and resulted in an increased flux of anthracene 

molecules towards the tip. Regardless of porosity values, this effect of surface roughness 

contributes to higher normalized currents, as demonstrated by the approach curves of the rough 
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substrates. Therefore, the current in rough substrates becomes a combination of the effect of 

porosity and the surface topography, whereas for smooth surfaces, it depends solely on the 

substrate’s porosity or the effective diffusion of anthracene. 

 

Figure 5.4. a) Concentration map of anthracene shows the comparison of diffusion in smooth 

and rough substrates with a thickness of 100 μm and porosity, ε=40%, b) MacMullin number 

comparison of the modeled substrates with the Bruggeman’s relation 

5.4.4. Determining MacMullin Number  

The Macmullin number (𝑁𝑀) is a crucial parameter that characterizes the interplay between 

porosity, tortuosity (τ), and the effective diffusivity of molecules within a porous substrate. It is a 

vital tool in transport modeling studies, as it does not rely on any assumptions about porosity 

(Liu et al., 2022a). Previously reported studies have utilized 𝑁𝑀 to represent the SECM current 

relationship to the effective transport characteristics (Hossain et al., 2020, 2021). 𝑁𝑀 relates the 

ratio of currents at the bulk (𝐼) and near the porous substrates (𝐼∗) to the ratio of bulk diffusivity 

(𝐷) and the effective diffusivity (𝐷𝑒𝑓𝑓) as follows (Hossain et al., 2020 ; Thorat et al., 2009): 

𝑁𝑀 =
𝐼

𝐼∗
=

𝐷

𝐷𝑒𝑓𝑓
=

𝜏

𝜀
 

Eq. (5.1) 
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In this study, as the only factor that affects the transport in the substrate compared to the bulk is 

the microstructural parameters such as the porosity and tortuosity of the substrate, the ratio of the 

currents and the diffusion coefficients ratio remains the same. Utilizing the above definition, 𝑁𝑀 

was determined for both smooth and rough surfaces with porosities 20%, 40%, 60%, and 80% 

(Figure 5.4b). For all these substrates, 𝑁𝑀 decreases as porosity increases, suggesting that highly 

porous substrates lead to an increased flux of anthracene towards the tip through their pores. 

Compared to smooth substrates, rough substrates exhibit smaller 𝑁𝑀 values, indicating the 

presence of less tortuous paths. However, when compared to the ideal value of tortuosity (τ=1), 

all rough substrates showed a tortuosity value of less than one, which is unrealistic. This is 

predominantly due to the current contribution caused by the high surface roughness in addition to 

the porosity of the substrate. 

While prior SECM experimental studies have used equation (5.1) to calculate 𝑁𝑀 in porous 

substrates, the influence of surface roughness on current has not taken into account in this 

definition, indicating that this relationship is only valid for smooth substrates. Consequently, this 

skews the SECM data analysis in experimental mass transport studies using porous substrates 

with high surface roughness. A proper understanding of surface roughness is necessary before 

adopting SECM for tortuosity or mass transport studies in rough samples. 

Furthermore, a widely adopted model to predict the tortuosity of porous substrates known as 

Bruggeman’s relation was employed in this work to validate the modeling data. The 

Bruggeman’s relation is given by (Bruggeman, 1935 ; Tjaden et al., 2016):  

𝜏 = 𝜀(1−𝛼) Eq. (5.2) 

Where α is the Bruggeman exponent. Typically, α= 1.5 is used in most studies and predicts well 

the porosity dependence of tortuosity. Therefore, for Bruggeman, 𝑁𝑀 = 𝜀−1.5. Comparing the 

𝑁𝑀 values of all modeled substrates with Bruggeman’s model demonstrated a deviation at all 

porosities, raising questions about using this relationship to predict transport in porous structures. 

Without proper modeling data, using this relationship leads to significant errors in predicting the 

transport characteristics of porous structures. For example, as the observed deviation from 
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Bruggeman is more prominent at low porosities, utilizing this relation will be particularly 

problematic in predicting the performance of low porous substrates (eg: commercial battery 

electrodes possessing 30% porosity). 

5.5. Conclusion and Perspectives 

This study investigated the impact of surface roughness on mass transport in different porous 

substrates using 3D SECM modeling for the first time. The approach curve simulations 

demonstrated that an increase in porosity resulted in an increase in the tip current for all the 

smooth and rough surfaces. Additionally, 𝑁𝑀 deviation of all substrates from Bruggeman’s 

model highlights the importance of modeling studies in optimizing transport characteristics in 

porous substrates.  

More importantly, rough substrates exhibited lower 𝑁𝑀 and unrealistic tortuosity values 

compared to smooth ones, indicating the increased tip current contribution by the high surface 

roughness. In this SECM mass transport analysis with a microelectrode of RG = 3, the results 

were significantly impacted by the modeled substrates, which had a roughness of 3.25 μm. 

Therefore, when examining porous substrates with high surface roughness, using probes with an 

RG greater than the surface roughness would be beneficial for averaging out the roughness effect 

on the probe current as bigger probes can cover a large area of the substrate. Furthermore, probe 

measurements should be performed at different spots on the substrate to average out the impact 

of roughness. 

We anticipate that the findings of this study can be used as a reference for future experimental 

studies when analyzing rough substrates by SECM. It may also be useful to optimize the surface 

roughness of substrates to make them suitable for this methodology. Furthermore, the study 

suggests the potential need for measurements involving real porous samples with well-defined 

geometries created using 3D printing for in-depth analysis of experimental artifacts and surface 

roughness effects. 
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CHAPTER VI  

CONCLUSIONS & PERSPECTIVES 

This chapter aims to recapitulate the various analyses and studies conducted in chapters I to V 

and highlight their potential for future research. 

6.1. Summary 

Mass transport is a critical parameter that affects the reaction kinetics, material performance, and 

efficiency in all electrochemical systems. Consequently, understanding and optimizing mass 

transport is imperative for designing future electrochemical systems with optimized 

performance. As such, this dissertation primarily focuses on the mass transport process in porous 

structures, specifically with potential applications in battery technology. In LIBs, the sluggish Li+ 

ion transport through the electrolyte and within the electrode causes large concentration 

gradients, leading to deterioration of power performance, especially at high current densities. 

This concern is particularly significant for the application of LIBs in electric vehicles, where fast 

charging, high power and energy densities, safety, high cycle life, and cost-effectiveness are 

crucial requirements. Therefore, this dissertation primarily focused on studying the mass 

transport of Li+ ions through composite battery electrodes to enhance the power performance of 

next-generation LIBs. 

Chapter I provided a fundamental review of the significance of mass transport phenomena in 

the performance of batteries, the architectural parameters affecting transport, and the existing 

techniques to determine the transport properties of the electrodes at the mesoscale to the 

microscale. Among the methods discussed in Chapter I, scanning probe microscopies (SPMs) 

like scanning ion conductance microscopy (SICM) and scanning electrochemical microscopy 

(SECM) are the effective tools used in this dissertation to investigate the mass transport in 

various porous structures. The utilization of scanning probe microscopes (SPMs) is essential for 

advancing our understanding of battery materials and interfaces, as they have the capability to 

uncover intricate transport processes and quantify the effective transport properties at the 

microscale, which cannot be obtained using bulk measurement techniques including EIS, CV, 
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GITT, etc. This microscale information plays a pivotal role in shaping the design of future 

batteries, enhancing their performance, and prolonging their lifecycle. Given the escalating 

challenges posed by climate change and increasing energy demands, we are in dire need of 

effective solutions. Hence, the employment and development of SPMs in battery research during 

this period are of utmost importance. 

Given the significance of SPMs in this dissertation, Chapter II summarizes the trends of SECM 

in EESC devices such as batteries, fuel cells, and supercapacitors over the last decade. It 

discusses the indispensable use of SECM to provide the microscale information about the solid-

electrolyte interphase, cathode-electrolyte interphase, and ion transport in LIBs, as well as the 

hydrogen oxidation reaction, oxygen reduction reaction, and membrane transport in fuel cells, 

and the electrochemical reactivity and kinetics in supercapacitors. Additionally, this review of 

SECM gives an idea of the various operating modes, such as feedback (FB), generation-

collection (GC), surface interrogation (SI), and redox competition, which are relevant to the 

energy research community. 

One interesting SECM application using FB mode was used in Chapter III to determine the 

mass transport in a battery anode, Li4Ti5O12 (LTO), with different porosities. More importantly, 

SICM was also employed for the same purpose, to compare the transport measurement results. 

The probe currents measured were converted to Macmullin numbers (NM), which represent the 

transport through the solution-filled pores in LTO films depending on the porosity and tortuosity 

of the films. Throughout this dissertation, the effective transport properties were described in 

terms of NM. The study presented in Chapter III established the complementary nature of SECM 

and SICM in measuring solution-phase transport in battery electrodes for the first time, in terms 

of effective conductivity and diffusivity, respectively. In addition, this research used an 

irreversible mediator like anthracene to evaluate the transport properties in LTO films with 

conductive carbon. This helped to eliminate the impact of carbon on the probe current, which 

could otherwise cause errors in SECM measurements. 

While the above experimental approach helps to understand the dynamics of the real porous 

substrates, it is often challenging to control one structural parameter of these substrates without 

affecting the other parameters. Therefore, in Chapter IV, a finite element modeling study of 
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SECM in three-dimension (3D) was conducted to independently investigate the effect of 

thickness, and porosity in three types of porous structures with different substrate geometries. 

The steady-state current at the probe due to the irreversible oxidation of anthracene in the FB 

mode was simulated using all three types of microporous substrates, such as superposition (SP), 

high-fidelity (HF)-1, and HF-2. SP is one of the commonly adopted models in SECM studies to 

represent the porous structure with an average porosity, whereas the other two porous structures 

have a well-defined geometry. The interesting observation was the decrease in steady state 

current as the substrate’s geometric complexity increases at a given porosity and thickness. NM 

follows the order: HF-2 > HF-1 > SP, indicating more tortuous paths in HF-2 regardless of the 

same porosity and thickness used for all substrates. Another finding is the deviation of NM of all 

studied substrates from Bruggeman’s relationship, which is the widely adopted model for porous 

substrates. As this deviation becomes large at lower porosities, relying on Bruggeman to predict 

the transport results in inaccurate values especially for commercial battery electrodes having 

30% porosity. Therefore, this study highlights the significance of substrate geometry in mass 

transport, emphasizing the need to model actual porous structures rather than relying solely on 

the Bruggeman model if the geometry is known. 

Although Chapters III and IV explored the experimental and modeling aspects of the SECM 

methodology to measure the mass transport in distinct porous structures, an aspect that is still not 

fully understood is the surface roughness importance when studying these structures. Chapter V 

focuses on the surface roughness effect, acknowledging its importance across disciplines such as 

battery technology and corrosion studies. The control of surface roughness during experimental 

investigations poses a challenge and necessitates a computationally expensive 3D model to 

comprehend its influence on transport properties.  

The research outlined in Chapter V includes a comparative study using a 3D SECM model with 

anthracene to analyze the effect of surface roughness on mass transport in high-fidelity substrates 

with smooth and rough surfaces. The investigation involved analyzing the change in steady-state 

current in relation to the different porosities of two substrates with varying surface roughness. 

The research revealed that porous substrates with higher surface roughness consistently exhibited 

greater tip currents, resulting in tortuosity values of less than one. This indicates that when using 
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SECM to study substrates with higher surface roughness, the precision of mass transport 

measurements is adversely affected due to the influence of both roughness and porosity on the 

probe current. Furthermore, similar to the findings in Chapter IV, NM deviates drastically from 

Bruggeman’s model for both smooth and rough, porous substrates. The lower NM values 

obtained for all the rough substrates and the unrealistic tortuosity values compared to the smooth 

substrates verify the contribution of surface roughness to the probe current in addition to the 

porosity beneath the probe. 

In conclusion, Chapter I provides the significance of mass transport in LIBs and reviews the 

existing techniques for probing transport properties. Chapter II then advances the discussion to 

highlight the recent trends of SECM in the field of EESC devices. The subsequent chapters, III to 

V, add new knowledge to the field by extending the investigation using SPMs to include the 

impact of various structural parameters, substrate geometry, and topography on mass transport 

processes in porous structures through experimental approaches and modeling. 

6.2. Outlook 

The mass transport properties described in terms of NM in this dissertation, obtained using SPMs 

such as SECM and SICM, are critical in improving the modeling and design of future batteries 

with high-power densities. In general, knowing the transport properties further helps in selecting 

appropriate electrode materials, optimizing various structural parameters such as porosity and 

thickness, as well as predicting and preventing battery degradation. 

The complementary nature of SICM and SECM techniques discussed in Chapter III can extend 

to fields beyond batteries, such as corrosion studies, electrocatalysis, nanoporous materials, 

nanomedicine, and biological systems, where a nanoscale spatial resolution is essential for 

determining the mass transport. SICM can be employed in these cases as the nanopipette probes 

in SICM can be easily fabricated compared to nanoelectrode probes in SECM. In addition, it is 

difficult to find a porous substrate with a known tortuosity to serve as a reference to validate the 

experimental mass transport measurements. In such cases, either of these SPMs can be used to 

verify the results obtained through other techniques.  
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During battery cycling, solid electrolyte interphases and cathode electrolyte interphases can 

develop on the anodes and cathodes, respectively. Therefore, the next step forward is to adopt the 

SICM and SECM methodology to battery electrodes before and after cycling to understand the 

differences in overall mass transport properties. Additionally, temperature plays a significant role 

in the mass transport of batteries. Low temperature impede transport, while high temperature 

enhances it. This factor should be taken into account in future measurements using SICM and 

SECM methodologies outlined in this dissertation. Although the discussion is centered on LIBs, 

these two future lines of research are critical for other next-generation batteries, such as Li-O2, 

and Li-S batteries. 

The modeling studies discussed in Chapters IV and V have plenty of room for improvement. 

These studies focused on a simple 3D model for porous structures with substrates featuring 

uniform pore size or geometry. However, the exploration of non-uniform pore sizes is still 

pending, as real porous substrates exhibit a complex geometry with diverse interfaces and pore 

sizes. Additionally, the adsorption of redox mediators or their interaction with the substrate 

presents an important avenue for future research although it adds complexity to the numerical 

modeling studies. 

Another aspect to consider in the future using the scanning probe methodologies is how the 

variation in the size of the probes affects the mass transport measurements. The experimental 

studies in Chapter III utilized only one probe dimension: a 12.5 μm radius Pt microelectrode with 

an RG ≈2.5 and a micropipette with a radius of ≈1.5 μm. Therefore, it is particularly interesting 

to investigate the effect of dimensions of probe geometry on mass transport measurements in 

cases where the surface roughness is similar to the probe size and plays a significant role.  

Chapter IV discussed an SECM modeling study demonstrating the effect of surface roughness on 

the probe current measured at the porous substrates. When conducting experimental studies of 

any substrates, integrating SECM with AFM is an option to deconvolute the effect of topography 

from the mass transport contribution at different spots on the substrates simultaneously, as 

SECM has already been proven to be flexible in integrating with various techniques like Raman, 

AFM, etc.  
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We anticipate that the numerical modeling studies presented in Chapters IV and V can serve as a 

reference for future experimental SECM mass transport studies in porous substrates. Chapter IV 

discussed the differences in mass transport in the superposition model substrates, a widely used 

geometry used in the COMSOL modeling study to represent a substrate with an average porosity. 

As such, the results can be used to validate the experimental results obtained using any real 

porous structures (eg: battery electrodes) to understand the underlying artifacts that may arise 

during the experiments. 

 

Figure 6.1. Smooth substrate with 80% porosity imaged using a), b) scanning electron 

microscopy, and c), d) optical microscopy 

In addition to the 3D modeling results discussed, experimental data is also critical for 

understanding the challenges related to SECM transport measurement in real porous samples, 

especially with a large surface roughness. The meticulously uniform porous model geometries 

discussed in Chapters IV and V can be fabricated with the aid of high-resolution 3D printing 

techniques. The scope of this idea is currently under investigation in our laboratory. For example, 

a smooth substrate with 80% porosity was successfully fabricated with microscale precision 

using 3D printing (Figure 6.1). Scanning electron microscopy (Figure 6.1a, b) and optical 
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microscopy (Figure 6.1c, d) images illustrate the effectiveness of 3D printing in fabricating 

substrates with microscale precision. Future work involves experimental SECM investigation of 

mass transport in these 3D-printed microstructure geometries to validate the results obtained 

through modeling and to identify any experimental challenges. 

While looking for future avenues for research based on SECM, an interesting aspect that can be 

considered is the development of electroanalytical probes sensitive to Li+ ions. Although 

mercury (Hg)-based SECM probes are successfully developed for Li+ detection in non-aqueous 

electrolytes, the toxicity of Hg creates a major drawback, necessitating the development of 

alternative probes. For example, we have fabricated an alternate probe based on gallium for Li+ 

ion detection in non-aqueous electrolytes (Appendix D). This work can serve as a reference for 

future research related to gallium-lithium systems as it discusses the challenges and efforts 

undertaken to address them. 
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APPENDIX A  

SUPPORTING INFORMATION TO INVESTIGATING MASS TRANSPORT IN LI-ION 

BATTERY ELECTRODES USING SECM AND SICM 

 

Figure A.1. a) Measurement of open circuit potential of the pd-LFP coated Al wire showing its 

stability, b) chronoamperometry (applied potential = 3.5 V vs Li/Li+) of the pd-LFP coated Al 

wire immersed within micropipette; Electrolyte:0.1 M LiPF6 in PC and QRCE: Li metal 

 

Figure A.2. SEM images of the micropipette a) side view, b) top view; and optical microscopy 

images of the Pt microelectrode c) side view, d) top view 
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Figure A.3. SEM images of LTO films a, b) before and c, d) after calendering 

 

Figure A.4. Schematic of two-electrode configuration for SICM with the zoomed-in view of the 

electrochemical cell filled with electrolyte. A similar cell was used for SECM in three-electrode 

configuration with a microelectrode 
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Figure A.5. Cyclic voltammetry (CV) of anthracene using a) 25 μm Pt microelectrode, b) 1.6 

mm diameter Pt macroelectrode at a scan rate=100 mVs-1 in 0.1 M TEABF4/PC 

A steady-state current of, 𝐼0= 11.7×10-9 A is obtained from the CV of microelectrode (Figure 

A.5a). The electroactive radius (𝑎) of the microelectrode can be calculated from (𝐼0) as follows: 

𝐼0 = 4𝑛𝐹𝛽𝐷0,𝐴𝑛𝐶𝐴𝑛𝑎 Eq. (A.1) 

For anthracene oxidation, 𝑛=1, F=96485 Cmol-1, 𝐶𝐴𝑛=2×10-6 mol cm-3, 𝐷0,𝐴𝑛=1.1×10-5 cm2 s-1, 

𝛽=1.09 for an RG=2.5 (Lefrou et Cornut, 2010). Using these values, the calculated 𝑎 is 12.5 μm. 
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Figure A.6. SECM approach curves on insulator and conductor showing the hindered diffusion 

using anthracene 

 

Figure A.7. Cyclic voltammetry using partially delithiated LFP (Li(1-x)FePO4) at a scan rate of 

0.1 mVs-1 in 0.1 M LiPF6/PC, counter/ reference electrode: Li metal. The area under the 

oxidation/reduction curves is the same and equals 41 μA V 
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Figure A.8. SECM approach curves on the insulator repeated 25 times showing the 

reproducibility of the technique 

 

Figure A.9. MacMullin number calculated from SECM and SICM measurements conducted on 

the same LTO films 

In Figure A.9, the MacMullin numbers obtained from SECM and SICM measurements show 

slight differences. These discrepancies arise from conducting the measurements at two different 
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locations on the same film, as well as from the variations in probe sizes used in the two 

techniques.  

 
LTO films used in SECM and SICM  

Porosity, ε (%) 55.9 ± 1.2 59.4 ± 2.5 63.2 ± 2.1 

Thickness (µm) 59.4 ± 1.6 65.0 ± 2.7 75.8 ± 2.5 

Table A.1. The film parameters used for MacMullin number calculations in Figure A.9 

A.1. Porosity Calculation 

To determine the porosities of the LTO films with a diameter of 1.5 cm, the following 

calculations are conducted. 

The total volume of the film can be calculated by multiplying the area by its thickness (𝑙),  

𝑉𝑇 =  𝜋𝑟2. 𝑙 Eq. (A.2) 

Where 𝑟 is the radius of the film. The theoretical volume of the material is calculated by 

considering the mass fraction (𝑚) and densities (𝜌) of each of the individual components (LTO, 

𝐶: carbon black, 𝐵: binder ) of the composite film. 

𝑉𝑚𝑎𝑡 = 𝑚𝑇 . [
𝑚𝐿𝑇𝑂

𝜌𝐿𝑇𝑂
+

𝑚𝐶

𝜌𝐶
+

𝑚𝐵

𝜌𝐵
] 

Eq. (A.3) 

Where 𝑚𝑇 is the mass of the LTO film without the mass of the copper current collector. Porosity 

(ε) is defined as the volume fraction of voids present inside the film:  

𝜀 =
𝑉𝑣𝑜𝑖𝑑

𝑉𝑇
 

Eq. (A.4) 

Total volume 𝑉𝑇 constitutes both the volume of the material (𝑉𝑚𝑎𝑡) and volume of the voids 

(𝑉𝑣𝑜𝑖𝑑). Therefore, 𝜀 can be expressed in terms of  𝑉𝑚𝑎𝑡 as follows: 
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𝜀 = 1 −
𝑉𝑚𝑎𝑡

𝑉𝑇
 

Eq. (A.5) 
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APPENDIX B  

SUPPORTING INFORMATION TO MICROPOROUS SUBSTRATE EFFECT ON SECM 

STEADY STATE CURRENT-A 3D MODELING STUDY CRITICAL TO BATTERY 

ELECTRODE PERFORMANCE  

B.1. Simulation Details 

The irreversible oxidation of anthracene (An) at the microelectrode in bulk and near the porous 

substrate was simulated.  

𝐴𝑛 →  𝐴𝑛•+ +  𝑒− 

The total mass transfer of a species to the electrode is governed by the Nernst Planck equation. In 

3D, it is given as: 

𝐽𝐴𝑛 = −𝐷𝐴𝑛𝛻𝐶𝐴𝑛 −
𝑧𝐴𝑛𝐹

𝑅𝑇
𝐷𝐴𝑛𝐶𝐴𝑛𝛻𝜙 + 𝜈 𝐶𝐴𝑛 

Eq. (B.1) 

Where 𝐽𝐴𝑛 represents the flux of anthracene species, 𝐷𝐴𝑛 the diffusion coefficient, 𝛻𝐶𝐴𝑛the 

concentration gradient, 𝐶𝐴𝑛 the concentration of anthracene, 𝑧𝐴𝑛 the dimensionless charge, 𝛻𝜙 

the electrostatic potential gradient, 𝜈 the solution velocity. As such, the three terms on the right 

side of equation (B.1) correspond to diffusion, migration, and convection, respectively. 

In this work, a steady-state study was conducted to solve the Nernst Planck equation in 3D 

assuming negligible contribution from migration and convection. Hence the general form of the 

Nernst-Planck equation (equation (B.1)) is reduced to Fick’s first law, which depends only on the 

diffusion and is given by, 
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𝐽𝐴𝑛 = −𝐷𝐴𝑛𝛻𝐶𝐴𝑛 Eq. (B.2) 

The oxidation reaction occurring at the electrode surface acts as a driving force for generating a 

localized concentration gradient between the electrode-electrolyte interface. The second mass 

transport constraint in the superposition (SP) model comes from the porous substrate domain. 

The diffusion coefficient of anthracene inside the substrate (𝐷𝑒𝑓𝑓,𝐴𝑛) depends on the 

microstructural parameters such as the porosity (ε) and tortuosity (τ). Hence the flux becomes, 

𝐽𝐴𝑛 = −𝐷𝑒𝑓𝑓,𝐴𝑛 𝛻𝐶𝐴𝑛 Eq. (B.3) 

Where 

𝐷𝑒𝑓𝑓,𝐴𝑛 =
𝜀

𝜏
 𝐷𝐴𝑛 = 𝜀 𝐷𝐴𝑛 (for SP model with τ =1)  

 

Figure B.1. Model geometry with domains (A, B, C), boundaries of electrolyte (1-5), and 

microelectrode (6) 
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In the Transport of Diluted Species in Porous Media physics of COMSOL, both porosity and 

tortuosity were set to one to impose the diffusion solely based on the high fidelity structure of the 

porous substrate. All domains (A, B, C) had an initial concentration of 2 mM anthracene.  

B.2. Boundary Conditions 

1) A no flux boundary condition was applied to all the surface boundaries of the porous substrate, 

supporting base, glass sheath, and at boundary 5 of the electrolyte. 

2) A concentration boundary condition was applied to all the electrolyte boundaries (1-4) except 

boundary 5 (Figure B.1) where the porous substrate was located. 

𝐶𝐴𝑛 = 2 𝑚𝑀  

3) The flux boundary condition at the microelectrode (boundary 6 in Figure B.1) was calculated 

with the help of forward and backward rate constants, 𝜅𝑓 and 𝜅𝑏, respectively. 

𝐽𝐴𝑛 =  −[(𝜅𝑓 × 𝐶𝐴𝑛) − (𝜅𝑏 × 𝐶𝐴𝑛•+)] Eq. (B.4) 

As anthracene shows an irreversible kinetics, the flux becomes: 

𝐽𝐴𝑛 =  −[(𝜅𝑓 × 𝐶𝐴𝑛)] Eq. (B.5) 

Where  

𝜅𝑓 = 𝜅0 exp[
(1 − 𝛼)𝑛𝐹𝜂

𝑅𝑇
] 
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B.3. Meshing 

 

Figure B.2. Model geometry with tetrahedral mesh 

A tetrahedral mesh was used to discretize the model geometry (Figure B.2). In general, higher 

mesh density leads to more accurate numerical computation results. Hence, an increased mesh 

density was applied for the microelectrode tip, glass sheath, and porous substrate regimes where 

a significant concentration gradient was expected (Table B.1). For the remaining geometry, a fine 

built-in mesh was applied. 

Domain Max: 

element 

size 

(μm) 

Min: 

element 

size 

(μm) 

Max: 

element 

growth 

rate 

Curvature 

factor 

Resolution 

Microelectrode SP 0.09 0.05 1.3 0.2 1 

HF-1 0.09 0.05 1.2 0.2 1 

HF-2 0.09 0.05 1.4 0.4 0.7 

 

Porous 

substrate 

SP 3.75 0.25 1.3 0.2 1 

HF-1 3 0.25 1.3 0.2 1 

HF-2 2 0.25 1.4 0.4 0.7 

Glass sheath 68.8 5 1.4 0.4 0.7 

Table B.1. Shows the meshing parameters 
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B.4. Post Processing 

The current formed at the microelectrode tip (boundary 6 in Figure B.1) was calculated by 

integrating the total normal flux across its surface area (𝐴). 

𝐼 = 𝑛𝐹𝐷 ∫ [
𝜕𝐶𝐴𝑛

𝜕𝑧
]

𝐴

0

𝑑𝐴 
Eq. (B.6) 

Where 𝑧 is the distance from the electrode surface and 𝑧 = 0 refers to the electrode/electrolyte 

interface. 

The ratio between the currents formed near the substrate (𝐼∗) and at the bulk electrolyte (𝐼) gives 

the normalized current (𝑁𝑖) which is given as, 

𝑁𝑖 =  
𝐼∗

𝐼
 

 

Eq. (B.7) 

B.5. Dimensions of HF-1 and HF-2 Structures 

 

Figure B.3. a) Schematic of rectangular pillars in HF-1 b) repeating units in HF-2 substrates 
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Porosity [%]  Distance dT [µm] Width wT [µm] 

35.0 0.600 2.500 

45.1 0.875 2.500 

55.6 1.250 2.500 

63.3 1.625 2.500 

75.0 2.500 2.500 

Table B.2. Geometric dimensions of HF-1 structure 

Porosity [%]  Distance dG [µm] Width wG [µm] Length lG [µm] 

35.0 1.750 3.250 5.000 

45.1 2.255 2.745 5.000 

55.6 2.780 2.220 5.000 

63.3 3.165 1.835 5.000 

75.0 3.750 1.250 5.000 

Table B.3. Geometric dimensions of HF-2 structure 

B.6. Effect of Size (WT) in HF-1 Substrate 

The effect of rectangular pillar size in HF-1 substrate was studied by varying the size from 1 μm 

to 10 μm while keeping the substrate thickness (ℎ = 40 μm) and porosity (𝜀 = 63.3%) constant 

(Figure B.4). As the pillar size increased from 1 to 3.5 μm, the current near the HF-1 model 

substrate remained nearly constant.  However, the current started to vary as the size changed 

from 4 to 10 μm, indicating an error in the model development. The approach curve suggests that 

a pillar size of 3.5 μm or less should be used to model the HF-1 substrate.  
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Figure B.4. Approach curves show the impact of the pillar size (wT) of the HF-1 substrate on the 

current (inset shows the normalized current values at normalized tip-substrate distance = 0.008, 

for different pillar sizes) 

In addition to the approach curve result, the diffusive flux in HF-1 substrates with various lateral 

pillar sizes was also investigated. For all modeled substrates, the flux is non-uniform due to the 

anthracene oxidation, and the flux is more confined beneath the microelectrode as the pillar size 

increases from 1 μm to 10 μm (Figure B.5). This result suggests that anthracene transport to the 

microelectrode gets increasingly impeded in the boundary between the solution and the substrate 

at L=0.008, as the lateral size of the substrate increases. As a consequence, the position of the 

microelectrode on the porous substrate determines the mass transport towards it if the substrate’s 

lateral size is in the order of the radius of the microelectrode (12.5 μm). For instance, in HF-1 

substrates with wT =10 μm, the impact of pillar size on diffusive flux towards the microelectrode 

was more pronounced. Two representative cases of microelectrode position were considered for 

HF-1 substrate with wT =10 μm. In the first case, the electroactive center of the tip was 

positioned above the pillar (Figure B.6a), and in the second case, it was positioned above a pore 

(Figure B.6b). The results showed a difference in the diffusive flux beneath the center of the tip 

indicating variations in mass transport measurement at different spots due to the large pillar size.  
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Figure B.5. Diffusive flux visualization within HF-1 substrate (h = 40 μm and ε = 63.3%) at a 

normalized tip-substrate distance, L = 0.008 for various lateral pillar sizes (wT) 

 

Figure B.6. Differences in diffusive flux visualized within HF-1 substrate at a normalized tip-

substrate distance, L = 0.008 for pillar size, wT =10 μm when the microelectrode center is 

positioned a) above the pillar and b) above the pore (Black arrows indicate the microelectrode 

centre) 
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Figure B.7. Shows the calculated effective diffusion coefficients for all modeled substrates from 

the normalized currents when the microelectrode is positioned at a normalized tip-substrate 

distance, L = 0.008 

 

Figure B.8. Diffusive flux visualization in a) SP, b) HF-1, and c) HF-2 substrates with h=40 μm, 

ε=63.3%, RG=3   
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APPENDIX C  

SUPPORTING INFORMATION TO INVESTIGATING THE IMPACT OF SURFACE 

ROUGHNESS ON MASS TRANSPORT IN POROUS SUBSTRATES 

This appendix discusses the simulation steps adopted for building the 3D COMSOL model used 

in Chapter V. 

C.1. SECM: 3D COMSOL Simulation 

 

Figure C.1. a) Model geometry with domains (boundaries of electrolyte (1-5), and 

microelectrode (6), and b) with tetrahedral mesh 

Using COMSOL Multiphysics 6.2, the irreversible oxidation of anthracene (An) was simulated 

at the SECM microelectrode surface to study the transport through high-fidelity porous structures 

with smooth and rough surfaces. Firstly, the model parameters (Table 5.2) were defined as given 

in Chapter V. Subsequently, the model geometry was constructed that represents the SECM 

probing of anthracene transport through porous substrates. As such, the geometry consists of 

three domains: 1) microelectrode, 2) electrolyte, and 3) porous substrate. The size of these 

domains was given in the methods section of Chapter V. After building the geometry, the 

appropriate governing equation has to be selected from ‘Physics.’ In this research, the physics 
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used was the Transport of Diluted Species in Porous Media (TDS), to model the transport of 

anthracene through porous substrates.  

By using the TDS physics, we can describe the total mass transport of anthracene with the 

Nernst-Planck equation, which includes diffusion, migration, and convection terms in 3D as 

follows:  

𝐽𝐴𝑛 = −𝐷𝐴𝑛𝛻𝐶𝐴𝑛 −
𝑧𝐴𝑛𝐹

𝑅𝑇
𝐷𝐴𝑛𝐶𝐴𝑛𝛻𝜙 + 𝜈 𝐶𝐴𝑛 

Eq. (C.1) 

Where 𝐽𝐴𝑛 represents the flux, 𝐷𝐴𝑛 the diffusion coefficient, 𝛻𝐶𝐴𝑛the concentration gradient, 𝐶𝐴𝑛 

the concentration of anthracene, 𝑧𝐴𝑛 the dimensionless charge, 𝐹 is the Faraday constant (96485 

C mol-1), 𝑅 is the gas constant (8.314 Jmol-1K-1), 𝑇 is the temperature (298K), 𝛻𝜙 the 

electrostatic potential gradient, and 𝜈 the solution velocity.  

A study was carried out to analyze the Nernst Planck equation in three dimensions under steady-

state conditions. In this context, the mass transport contribution from diffusion was only taken 

into account. Typically, the effect of migration is negligible as SECM involves the use of a large 

amount of supporting electrolyte. Additionally, the microelectrode approaches the substrate at a 

low speed without disrupting the solution, minimizing the impact of convection. As a result, the 

general form of the Nernst-Planck equation (equation (C.1)) is simplified to Fick’s first law, 

which is solely based on diffusion. This is expressed as: 

𝐽𝐴𝑛 = −𝐷𝐴𝑛𝛻𝐶𝐴𝑛 Eq. (C.2) 

A localized concentration gradient between the electrode-electrolyte interface is generated as the 

anthracene get oxidized at the microelectrode surface. When the microelectrode reaches the 

surface of the porous substrates, the anthracene oxidation at the microelectrode is determined by 

the anthracene diffusivity within the substrate, depending on the porosity (𝜀) and tortuosity (𝜏) of 

the substrate. This constitutes a flux,  
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𝐽𝐴𝑛 = −
𝜀

𝜏
 𝐷𝐴𝑛 𝛻𝐶𝐴𝑛 Eq. (C.3) 

For establishing the diffusion exclusively depending on the high-fidelity porous structure, the 

porosity (𝜀), and tortuosity (𝜏) were assigned a value of one in the COMSOL model.  

C.2. Boundary Conditions 

1) For surface boundaries of the porous substrate, supporting base, glass sheath, and at boundary 

5 of the electrolyte, a no flux boundary condition was applied. 

2) A concentration, 𝐶𝐴𝑛 = 2 𝑚𝑀 was applied to all electrolyte boundaries (1-4) (Figure C.1a) 

3) As the kinetics of anthracene is irreversible, the flux at the microelectrode (boundary 6 in 

Figure C.1a) depends only on the forward rate constant, 𝜅𝑓 and is given by, 

 

𝐽𝐴𝑛 =  −[(𝜅𝑓 × 𝐶𝐴𝑛)] Eq. (C.4) 

Where 𝜅𝑓 = 𝜅0 exp[
(1−𝛼)𝑛𝐹𝜂

𝑅𝑇
] 

C.3. Meshing 

The differential equations were solved by discretizing the model geometry into mesh or finite 

elements. A free tetrahedral mesh was used in this finite element simulation study (Figure C.1b). 

An increased mesh density was applied to microelectrode tip, glass sheath, and porous substrate 

regimes where a significant concentration change occurs (Table C.1). A finer built-in mesh was 

applied to the remaining geometry (bulk solution). 
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Domain Max: 

element 

size (μm) 

Min: 

element 

size (μm) 

Max: 

element 

growth rate 

Curvature 

factor 

Resolution 

Microelectrode 0.09 0.05 1.4 0.4 0.7 

Porous 

substrate 

Smooth 2 0.25 1.4 0.4 0.7 

Rough 2 0.15 1.4 0.4 0.7 

Glass sheath Smooth 68.8 5 1.4 0.4 0.7 

Rough 68.8 3 1.4 0.4 0.7 

Electrolyte Smooth 68.8 5 1.4 0.4 0.7 

Rough 68.8 3 1.4 0.4 0.7 

Table C.1. Shows the meshing parameters used in the model 

C.4. Calculating the Current 

At each simulated tip-substrate distance, integrating the total normal concentration flux across 

the microelectrode surface area (𝐴) provides the current at the tip (boundary 6 in Figure C1a).  

𝐼 = 𝑛𝐹𝐷 ∫ [
𝜕𝐶𝐴𝑛

𝜕𝑧
]

𝑧=0

𝐴

0

𝑑𝐴 
Eq. (C.5) 

Where (
𝜕𝐶𝐴𝑛

𝜕𝑧
) is the concentration gradient along the z-direction of the microelectrode and 𝑧 = 0 

refers to the microelectrode/electrolyte interface. 

For the approach curve simulation, the current was normalized to the current obtained at the 

bulk, and the tip-distance distance was normalized to the microelectrode radius. Here we are 

particularly interested in the ratio (i.e., normalized current (𝑁𝑖)) of the currents formed near the 

substrate (𝐼∗) and at the bulk electrolyte (𝐼). 

𝑁𝑖 =  
𝐼∗

𝐼
 

Eq. (C.6) 
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APPENDIX D  

DEVELOPING GALLIUM-COATED MICROELECTRODE FOR LITHIUM-ION 

DETECTION IN SOLUTION 

This appendix summarizes the efforts of developing a gallium-coated microelectrode for 

detecting lithium (Li+) ions in electrolyte solution. Although much effort has been undertaken for 

this project, the results received are not satisfactory for detecting Li+ ions in electrolytes with 

different concentrations. However, we expect this appendix may be a reference for future 

researchers when trying to develop liquid microelectrodes. This appendix mainly includes the 

challenges we faced and the possible efforts to solve them. 

D.1. Introduction 

Microelectrodes (ME) are the critical component of scanning electrochemical microscopy 

(SECM). While the microelectrode size is important for achieving high resolution, the choice of 

microelectrode composition and shape is also crucial for the suitable application of SECM in 

various fields including energy storage, electrocatalysis, corrosion, biomedical research, etc. 

(Polcari et al., 2016).  

One of the most popular liquid metal-based probes is the mercury (Hg)-based ME due to its 

ability to monitor simultaneously the redox and ionic reactivity in complex systems (Barton et 

Rodríguez-López, 2014). Moreover, the liquid nature of these probes offers unique properties 

such as flexible probe geometry and improved contact with substrates having rough or irregular 

surfaces. This leads to a significant advancement in the field of SECM, especially in the ion 

detection studies of alkali metal ions including Li+, Na+, and K+ (Barton et Rodríguez-López, 

2014, 2017). For instance, a mercury (Hg)-sphere capped ME was developed for the Li+ ion 

quantification in non-aqueous solutions (Barton et Rodríguez-López, 2014). This study also 

demonstrated that the amalgamation of lithium at the probe can be used to determine the probe-

substrate distance. Although Hg-based probes have several advantages, one of the greatest 

drawbacks of this probe is the toxicity of mercury, which demands special handling requirements 

and safe disposal procedures. This necessitates of a liquid metal-based ME that is less toxic, easy 
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to handle, and environmentally friendly compared to Hg-based probes if the probe is to be used 

extensively outside a narrow community of academic researchers. As such, gallium (Ga) is a 

good alternative to Hg, as it meets the previous requirements and possesses a melting point of 

29.68 ℃. Therefore, in this work, our objective was to develop a Ga-coated platinum ME 

capable of detecting Li+ ions from a non-aqueous liquid electrolyte solution. With the help of 

cyclic voltammetry, the plating and stripping of Li+ ions from this probe were investigated. 

D.2. Experimental Methods 

D.2.1. Fabrication of platinum (Pt) microelectrodes 

Pt MEs were fabricated first following a reported procedure (Danis et al., 2015). Using a P-2000 

laser puller (Sutter Instrument Co.), the soda lime capillaries were pulled into two pipettes with 

the program: Heat=240, Fil=5, Vel=60, Del=140, Pull=70. Then a 1 cm long Pt wire (25 μm 

diameter, 99.99% purity, Goodfellow) was inserted into the tip of the pulled pipettes and sealed 

the tip using the heating coil with the other end of the pipette connected to the vacuum. Later a 

copper wire of 10 cm in length with the conductive silver epoxy (EPO-TEK® H20E, Epoxy 

Technology) was used to create a connection to the Pt wire. The final assembly was completed 

by soldering a gold pin to the end of the copper wire. Later, the assembled microelectrode was 

kept under 120 ℃ for 10 min to cure the silver epoxy and was polished using SiC grinding paper 

with grit P320 and P1200 to get an RG of 2.5. Before coating gallium, MEs were cleaned with 

nanopure water using sonication. 

D.2.2. Coating Pt ME with gallium 

The following is a representative example of the probe fabrication procedure. 

The liquid gallium (Sigma Aldrich, 99.99%) was stored in a 50 ℃ oven before use. The gallium 

was then transferred to a borosilicate capillary (1.2 mm o.d., 0.69 mm i.d., filamented, Sutter 

Instrument Co.) and placed into the coating setup consisting of a heater with the temperature set 

at 45 ℃ (Figure D.1). With the help of the dinolite camera (Dino-Lite Pro-AM411T, 

Microscope.com), Pt ME was aligned on top of the gallium containing capillary and successfully 

coated with gallium. After imaging the Ga-coated Pt ME using an optical microscope (Nikon 

Eclipse 50i), it was transferred immediately into the Argon-filled glove box (H2O < 1ppm, O2 < 
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1ppm) for measurements using an ELProscan 3 system (HEKA, Lambrecht/Pfalz, Germany; 

potentiostat model, PG340). 

 

Figure D.1. Steps in the fabrication of gallium microelectrode 

D.2.3. Experimental setup 

The experimental setup consists of a two-electrode configuration, where Ga-coated ME acts as 

the working electrode and a Li(1-x)FePO4 film (thickness= 55 μm) as the quasi-reference counter 

electrode (Figure D.2). Detailed information regarding the preparation of delithiated Li(1-x)FePO4 

and the slurry fabrication was provided in Chapter 3. The experimental setup also has a heater 

and a dinolite camera (Dino-Lite AM73915MT8, Dunwell Tech) attached near the quartz vial 

containing the electrolyte. The electrolyte is lithium hexafluorophosphate (LiPF6, ≥ 99.99% 

battery grade, Sigma Aldrich) in a 50:50 volume ratio of ethylene carbonate (EC, Gotion) and 

dimethyl carbonate (DMC, Sigma Aldrich). Cyclic voltammetry measurements were performed 

at a scan rate of 50 mVs-1 for plating and stripping lithium ions. All the potentials mentioned in 

this work are relative to Li(1-x)FePO4. 

X-ray diffraction (XRD) was carried out for a Ga-coated Pt macroelectrode after performing the 

electrochemistry inside the glove box. With the help of a diffractometer (XRD, Bruker D8 
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Advance) with copper Kα radiation, the crystal structure was analyzed for 2θ ranging from 15 to 

60 degrees. 

 

Figure D.2. Schematic of the experimental setup with Ga-coated ME as working electrode and 

partially delithiated Li(1-x)FePO4 film as quasi-reference counter electrode 

D.3. Results and Discussion 

All the fabricated Ga-coated MEs have a conical tip when imaged outside the glove box (Figure 

D.3a). However, the small perturbations in the antechamber of the glove box as well as their 

immersion in liquid electrolyte can affect this conical shape, as demonstrated by the dinolite 

images (Figure D.3b).  

The liquid gallium readily forms a thin layer of oxides (in the order of nanometer) when exposed 

to oxygen (>1ppm) (Daeneke et al., 2018 ; Syed et al., 2019). To remove these gallium oxides 

(Ga2O3) from the gallium ME surface, cyclic voltammetry was carried out between -1 V and -

2.55 V vs Li(1-x)FePO4 for 6 cycles in a 0.1 M LiPF6 in EC: DMC electrolyte at room temperature 

(29 ℃) (Figure D.3c). The initial cycle for the negative potential scan showed a peak at -1.85 V 
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corresponding to the reduction of gallium oxide. After cycle 1, there is no peak formation, which 

indicates the effective removal of oxide layers from the Ga-coated ME. Moreover, the current in 

the negative direction at potential -2.55 V keeps decreasing over the cycles, possibly due to the 

changes in the gallium surface. This procedure was conducted for all the tested Ga-coated MEs 

and macroelectrodes used in this study.  

 

Figure D.3. a) Optical microscopy images of Ga-coated ME taken outside glove box, b) camera 

images of Ga-coated ME immersed in electrolyte taken inside the glove box, c) cyclic 

voltammogram for surface activation of Ga-coated ME, d) cyclic voltammogram during plating 

and stripping of Li+ ions at 50 mVs-1, e) the corresponding potential vs time plot, and f) current 

vs time plot  

After removing the gallium oxides, the plating and stripping of Li+ ions were conducted for 200 

cycles to test the stability of the Ga-coated ME (Figure D.3d). In this study, a minimum potential 

(-2.65 V) for Li+ ion plating was used to avoid the formation of multiple solid gallium-lithium 

alloy phases (Deshpande et al., 2011). First, the Li+ ion was plated onto Ga-coated ME by 

scanning the potential from -1.5 V to -2.65 V (Figure D.3e). Then the ME potential was held at -

2.65 V for 20 s. During the initial cycles, this helps the plating current to reach zero and 
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promotes the gallium-lithium alloy formed at the ME to reach equilibrium. However, over time, 

the current behavior at this constant potential regime changes.  

Upon reversing the scan direction, a sharp peak formation was observed at -2.6 V, corresponding 

to Li+ stripping from the ME (Figure D.3d). Over the cycles, the current decreased at the plating 

potential of -2.65 V, and similarly, the stripping current was also reduced, indicating the 

instability of the gallium microelectrode. This instability stems from the difficulty of Ga-coated 

ME to release completely the previously plated Li+ ions. We speculate that the Li+ ions are either 

consumed in a parasitic reaction or remain in the Ga-coated ME as a solid lithium-gallium alloy. 

To gain a better understanding of the potential solid alloys that could form at the Ga-coated ME, 

it is important to analyze the phase diagram of Ga-Li systems. The phase diagram indicates that 

above 17.6 atomic % of Li into Ga, multiple solid alloys such as Li3Ga14, Li2Ga7, etc. can form 

(Azza et al., 2017). Additionally, a previous study showed the formation of Li2Ga7 alloy based 

on X-ray diffraction data of the Ga-Li coin cells at the minimum plating potential of -2.65 V 

(Deshpande et al., 2011). Based on the reported studies, we expect the formation of these solid 

alloys over the cycles.  

Another important observation in this study was the sudden change in the current behavior 

during the constant potential regime at cycle 72 (Figure D.3f). This is possibly an indication of 

the beginning of a nucleation process within Ga-coated ME. After cycle 72, the Li+ stripping 

peak decreased rapidly, and eventually, the peak disappeared. This suggests that the continuous 

addition of Li2Ga7 alloy into the Ga-coated ME after each cycle may have resulted in more solid 

phases, isolating the liquid gallium core from further plating reactions with the electrolyte. 
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Figure D.4. a) Cyclic voltammogram during plating and stripping of Li+ ions at 50 mVs-1, b) the 

corresponding current vs time plot, and c) potential vs time plot at 40 °C 

A similar voltammetry procedure was conducted with other Ga-coated ME by heating the 

electrolyte to 40 ℃ to investigate the influence of temperature on the plating and stripping 

process (Figure D.4). The trend of plating and stripping current is similar to the experiment 

conducted at room temperature. However, a sharp decrease in current was observed earlier i.e., at 

cycle 40. The analysis of the corresponding current-time plot demonstrated the variation in 

current behavior at cycle 40 from previous cycles at the constant plating potential regime. 

Finally, the Li+ stripping peak disappeared. This underscores our previous hypothesis (Figure 

D.3e) of nucleation sites within gallium ME, which causes the liquid gallium core isolation. As 

temperature facilitates the diffusion of Li+ ions, this nucleation state can be achieved faster 

compared to the room temperature measurements. As a result, further measurements were 

conducted at room temperature to decrease the rate of nucleation. 
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Figure D.5. a) Cyclic voltammogram of gallium tip with different concentrations of LiPF6 in 

EC: DMC, and b) Variation of current at the gallium tip for the 0.1 M electrolyte before and after 

testing different concentrations, scan rate= 50 mVs-1 

To assess the instability of the Ga-coated ME, we studied its electrochemical behavior using two 

different concentrations of the LiPF6 in EC: DMC electrolyte (Figure D.5a). Initially, the 

gallium ME was tested in 0.1 M solution by scanning the potential from -2 V to -2.65 V and 

back. Subsequently, the same ME was tested with a 1 M solution. This process was repeated 

three times, and the plating and stripping current for the 0.1 M was tested again. During this 

procedure, an increase in stripping peak current from 180 nA to 233 nA was observed when 

switching from the 0.1 M to 1 M solution. However, comparing the initial current observed for 

the 0.1 M solution with the third dataset demonstrated a decrease in current as well as a shift in 

peak current. A similar trend was seen in the case of 1 M solution. These results demonstrate the 

challenge of effectively quantifying Li+ ions in various concentrated solutions using Ga-coated 

ME. Moreover, the difference in stripping peak current obtained for the 0.1 M solution between 

the initial and final data set is nearly 26% (Figure D.5a), which indicates that the surface of Ga-

coated ME was not adequately healing after each plating and stripping cycle, resulting in the loss 
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of its original metallic liquid surface properties. Therefore, we need to focus on the surface 

chemistry of gallium during the plating and stripping reactions. 

 

Figure D.6. a) Cyclic voltammogram of Ga-coated macroelectrode during plating and stripping 

of Li+ ions in 0.1 M LiPF6 electrolyte at 50 mVs-1, dinolite camera images of Ga-coated 

macroelectrode b) before and c) after 180 cycles 

The changes occurring at the gallium surface during plating and stripping on an ME are quite 

challenging to observe as the amount of gallium at the ME tip is limited. Therefore, to further 

investigate the variation of the Ga-coated ME surface, a Pt macroelectrode was coated with 

gallium. The larger size of the macroelectrode in comparison to the ME resulted in a larger 

amount of gallium on the macroelectrode surface. As a result, during the cyclic voltammetry, a 

current in the range of μA was observed compared to the nA currents observed in the case of ME 

(Figure D.6a). Here, the potential was swept to -2.65 V for plating Li+ ions to Ga 

macroelectrode, and the stripping was performed by reversing the potential scan for 180 cycles. 

Although a significant change in current was not observed, it is worth noting that the stripping 

and plating current gradually decreased, indicating that as the size of the gallium surface is 

increased, the nucleation takes longer time to contribute to a noticeable change in current. The 

optical images of Ga macroelectrode before and after 180 cycles displayed the surface changes 

of gallium during the cycling (Figure D.6b, c). The ME image after 180 cycles showed a matte 

surface due to the presence of lithium remaining on the gallium surface even after the stripping 

procedure. 
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Figure D.7. a) Schematic of X-ray diffraction sample holder containing microelectrode with and 

without air-tight cover, b) sample holder in the diffraction set up, and c) comparison of XRD of 

the sample holder and Ga-coated ME containing lithium-gallium alloy 

Another effort has been undertaken to understand the lithium-gallium alloy formation occurring 

on the surface of Ga-coated macroelectrode. Due to the air-sensitivity of the samples, performing 

XRD measurements posed a challenge. To address this, we designed a custom sample holder to 

enable XRD measurements on the macroelectrode containing lithium-gallium alloys (Figure 

D.7a). Before measuring the macroelectrode with gallium-lithium alloy, the sample holder was 

tested using the X-ray diffractometer (Figure D.7b) to examine its contribution to the 

diffractogram. The first XRD measurement was conducted on the Pt macroelectrode by placing it 

on the sample holder without the air-tight cover. Subsequently it was tested with the cover. The 

diffractogram shows three peaks corresponding to the Pt metal (Figure D.7c). The peak 

intensities decreased during the XRD measurements with the air-tight cover. Given the 

successful measurement of sample holder with XRD, we proceeded with diffraction 

measurements of the Ga-coated macroelectrode immediately after performing the plating and 

stripping of Li+ ions. Despite multiple attempts, no peaks corresponding to lithium-gallium 

alloys were observed (Figure D.7c). This suggests that a sufficient amount of solid crystalline 

alloy was not formed within the gallium macroelectrode to be detectable by the X-rays. 
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D.4. Conclusion 

In this study, a Ga-coated ME was fabricated through controlled immersion into a gallium 

reservoir. The resulting Ga-coated microelectrodes demonstrated the capability to detect Li+ ions 

in a liquid electrolyte. However, the reliability of quantifying Li+ ions in different electrolyte 

concentrations is questionable due to the poor self-healing of gallium during extended 

measurements. We have observed a significant variation in the stripping peak current over time, 

indicating changes in the surface properties of liquid gallium metal. Additionally, the abrupt 

decrease in peak current suggests the blockage of the liquid gallium surface by the formation of 

solid lithium-gallium alloys over time. The Ga macroelectrode demonstrated the retention of 

lithium on the gallium surface even after the stripping process. As a result, the application of Ga-

coated ME for liquid electrolytes is limited or unsuitable. We anticipate that this study could 

serve as a reference point for future research related to the lithium-gallium system.
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