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Titre : Analyses électrochimiques multi-échelles, du macro au nano, de la réduction de l’oxygène par un catalyseur sans 

métaux nobles. 

Mots clés : réaction de réduction de l'oxygène, matériau sans Pt, électrocatalyse, RRDE, SECM, SECCM. 

Résumé : L'évaluation de l'activité catalytique pour la 

réduction de l’oxygène est cruciale pour prédire et 

améliorer les performances d des piles à combustible. 

Ceci est particulièrement important pour l'évaluation de 

la sélectivité de la réaction (nombre d'électrons), étant 

donné que la production de H2O2 dans les piles à 

combustible à membrane échangeuse de protons 

entraine une dégradation rapide de leurs performances. 

Ce travail de thèse s’appuie sur plusieurs techniques de 

caractérisation électrochimique pour étudier un 

catalyseur sans métaux noble Fe-N-MWCNT. Une 

première étude par la méthode classique disque-anneaua 

permis de mettre en évidence l'influence du chargement 

des électrodes sur l’allure des voltammogrammes et sur 

le nombre d'électrons transférés. Un cadre théorique 

original considérant la résistance des agglomérats est 

développé pour interpréter les résultats et comprendre 

l’impact des conditions  

de préparation des encres sur les performances 

mesurées. Ensuite, la microscopie électrochimique est 

utilisée pour étudier des chargements en catalyseur 

plus faibles. Une nouvelle méthodologie utilisant 

successivement 2 microélectrodes (une en Au pour la 

détection de la réduction du O2 et une en Pt pour 

l’oxydation du H2O2) a été développée. Cette approche 

apporte des informations intéressantes sur la capacité 

du catalyseur à produire du peroxyde, mais l’impact du 

chargement est toujours significatif. Finalement, 

l’activité catalytique d’agglomérats individualisés a été 

investie via la technique électrochimique SECCM et 

l’utilisation de nanopipettes. La même activité est 

obtenue pour différents agglomérats ayant différentes 

teneurs en Nafion. Le couplage de l'étude 

électrochimique à des analyses MEB a ainsi permis de 

corréler la morphologie des agglomérats à leur activité 

catalytique. 
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Title : From macro to nano : a multi-scale electrochemical investigation of oxygen reduction reaction on a Pt-free 

catalyst 

Keywords : oxygen reduction reaction, Pt-free material, electrocatalysis, RRDE, SECM, SECCM.  

Abstract : The unambiguous evaluation of ORR activity in 

the laboratory scale is crucial for an accurate catalyst 

performance prediction on fuel cells. This is especially 

important when it comes to ORR selectivity assessment 

(number of electrons), considering that an unforeseen 

H2O2 production in a FC would lead to performance 

losses. This thesis makes use of several electrochemical 

characterization techniques to investigate one non-noble 

Fe-N-MWCNT electrocatalyst. Starting from RRDE 

method which is utilized to study the material for its 

activity and selectivity, the results highlight the influence 

of electrode loading on the shape of ORR voltammograms 

and on the number of transferred electrons. An original 

theoretical framework involving agglomerate resistance 

is developed, and further used to understand the impact 

of the ink processing condition on the overall 

performance. Furthermore, advantage of SECM is taken 

as a micro-scale technique which allows the study of 

lower loadings than RRDE. 

A new SECM dual-electrode investigation approach 

developed in our group is used successfully in this work, 

namely an Au UME for ORR detection and Pt UME for 

H2O2 detection. Whilst this approach unravels 

interesting information about the catalyst’s ability for 

peroxide production, the varying number of electrons 

with loading is still apparent. Finally, SECCM is 

employed to unravel the intrinsic ORR activity of 

individual catalyst agglomerates independent of Nafion 

content via nano-pipettes. Coupling with SEM made it 

possible to correlate the morphology of the 

agglomerates to their catalytic activity. 
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Notations 
 

AFM          Atomic Force Microscopy 

Bm ink      Ball Milling ink  

CA              Chronoamperometry/chronoamperogram 

Cdl
                       Double Layer Capacitance  

CE              Counter Electrode 

CL               Catalyst Layer 

Cs                Specific Capacitance 

CV              Cyclic Voltammetry/Cyclic voltammogram  

ECSA          Electrochemical Surface Area 

FC               Fuel Cell 

FCV            Fuel Cell Vehicle 

GCE            Glassy Carbon Electrode 

GDL            Gas Diffusion Layer 

LSV             Linear Sweep Voltammetry/Linear Sweep Voltammogram 

MEA           Membrane Electrode Assembly 

N                Collection Efficiency  

n                 Number of Transferred Electrons 

O2               Dioxygen 

ORR           Oxygen Reduction Reaction 

PEMFC      Proton Exchange Membrane Fuel Cell 

RC              Redox Competition Mode  

RCE            Reference Counter Electrode 

RDE           Rotating Disc Electrode 

RE              Reference Electrode 

RHE           Reversible Hydrogen Electrode 

RRDE         Rotating Ring Disc Electrode 

SCE            Saturated Calomel Electrode 
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SECCM      Scanning Electrochemical Cell Microscopy 

SECM        Scanning Electrochemical Microscopy 

SEM          Scanning Electron Microscopy  

SG/TC       Substrate Generation Tip Collection Mode 

SPM          Scanning Probe Microscopy  

TG/SC       Tip Generation Substrate Collection Mode 

TPB           Triple Phase Boundary 

UME         Ultramicroelectrode 

Us ink       Ultrasonicated Ink 

WE            Working Electrode 
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Résumé étendu en français 
 

Les conséquences environnementales et sanitaires causées par la combustion de sources 

d'énergie non durables telles que les combustibles fossiles ont suscité beaucoup d'attention dans 

la recherche d'alternatives plus viables. Alors que de nombreux développements sont en cours 

dans cette direction, notamment l'énergie solaire, éolienne et hydraulique, il est toujours 

nécessaire de disposer d'un vecteur énergétique capable de transporter l'énergie dans le temps 

et dans l'espace. L'hydrogène est désormais reconnu comme le vecteur énergétique le plus 

prometteur pour remplacer les combustibles fossiles. Dans le secteur de l'énergie des transports 

par exemple, les véhicules à hydrogène (Fuel Cell Vehicles, FCV) présentent des avantages 

prometteurs avec 0% d'émissions par rapport aux moteurs à combustion. Cependant, la 

maturation d'une telle technologie ne progresse pas de manière significative en raison des 

complications liées à sa chimie. La réaction de réduction de l'oxygène (ORR) se produisant à la 

cathode des piles à combustible est une réaction lente en plusieurs étapes, se produisant par une 

voie possiblement directe ou indirecte via la production d'un intermédiaire (H2O2). Les 

électrocatalyseurs nécessaires pour stimuler cette réaction sont généralement des catalyseurs 

rares à base de platine. Cela a conduit depuis des décennies à rechercher des matériaux 

alternatifs actifs pour l'ORR, et l'étude des électrocatalyseurs non nobles (sans Platine) reste 

toujours l'un des sujets brûlants dans le domaine. 

Dans cette thèse, un catalyseur à base de nanotubes de carbone multiparois modifiés avec N et 

Fe (Fe-N-MWCNT) est choisi comme matériau de référence et étudié pour son activité ORR en 

milieu acide. Même si l'analyse des électrocatalyseurs peut être effectuée dans un système 

d'assemblage d'électrodes à membrane (MEA) avec des résultats proches de ce à quoi on 

pourrait s'attendre dans une pile à combustible, cela prend beaucoup de temps et de matériel. 

Les méthodes de laboratoire, sont, elles, plus robustes et moins exigeantes, et offrent également 

la possibilité d'extraire des informations fondamentales cruciales sur l'électrochimie du 

catalyseur. Par conséquent, dans cette thèse, toutes les investigations ont été effectuées avec 

des techniques électrochimiques de laboratoire. L'électrode à disque rotatif (anneau) (R(R)DE) 

est la méthode de laboratoire la plus utilisée en électrocatalyse, fournissant des informations 
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cruciales sur l'activité intrinsèque de l'ORR en termes de surtension et sur la sélectivité de l'ORR 

en termes de quantité de H2O2 formé. Cependant, cette méthode est très performante pour des 

couches minces de catalyseur, alors qu'en pratique, comme les catalyseurs non nobles sont 

intrinsèquement moins actifs, des couches d'électrodes assez épaisses sont généralement 

étudiées. Cela complique l’interprétation des mesures, car l'organisation du matériau dans la 

couche épaisse a une influence sur l'exposition des sites actifs. Par conséquent, la séparation du 

concept d'activité intrinsèque du catalyseur et d'organisation de la matière dans la couche est 

cruciale. C'est quelque chose qui a été abordé dans le troisième chapitre de cette thèse, où avec 

la RRDE nous expliquons comment les conditions de préparation des couches catalytiques 

influencent la performance obtenue. Il s'avère que la forme des voltammogrammes peut 

permettre d’obtenir des informations sur la qualité de l’organisation de la matière active dans le 

matériau. Par contre, la RRDE n'est pas très appropriée pour étudier la sélectivité de la réaction, 

étant donné que le nombre d'électrons transférés qu’on observe change très significativement 

avec le chargement, quel que soit le chargement. 

Pour cette raison, nous avons utilisé une autre méthode pour étudier la sélectivité. La méthode, 

relativement peu utilisée par la communauté malgré les informations qu’elle apporte, s’appuie 

sur la microscopie électrochimique à balayage (SECM). C’est une technique d’électrochimie à 

l’échelle micrométrique, qui permet d’étudier des quantités de matériau beaucoup plus faibles 

qu’en RRDE, ce qui supprime les complications liées à l’épaisseur de la couche catalytique. Dans 

le quatrième chapitre, nous montrons comment la SECM peut être utilisée pour extraire la 

sélectivité ORR de manière plus fiable grâce à l’étude de chargements très faibles, et à l’utilisation 

de sondes micrométriques. Le même catalyseur étudié (Fe-N-MWCNT) qui, en RRDE présentait 

un nombre d’électrons transférés proche de 4 par molécule d’Oxygène consommé, apparait en 

fait -grâce à la SECM- comme ayant un nombre d’électrons proche de 2, si bien que ce catalyseur 

n’est en fait pas si performant. Ce résultat illustre l’intérêt de la microscopie électrochimique 

pour la sélection des électrocatalyseurs, compte tenu du caractère indésirable de l'intermédiaire 

H2O2 majoritairement produit, en raison de ses effets dégradants sur la matrice carbonée. Même 

si la SECM est très utile, sa résolution est limitée à la taille de la sonde, de taille micrométrique 

dans nos travaux. Zoomer sur le catalyseur avec une résolution nanométrique est par contre 
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envisageable avec une autre technique à sonde locale, la microscopie à cellule électrochimique 

à balayage (SECCM). Dans le cinquième et dernier chapitre de cette thèse, nous montrons 

comment, par SECCM, avec des pipettes de taille nanométrique, nous pouvons acquérir l'activité 

ORR intrinsèque des agglomérats individuels du catalyseur Fe-N-MWCNT, en normalisant le 

courant avec la surface électrochimique (ECSA). Une analyse SEM ultérieure permet alors de 

corréler l'activité catalytique et la morphologie des agglomérats. 
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Introduction 
 

The significance of setting up an eco-friendly environment, free of hazardous and heat-trapping 

greenhouse gases, is apparent to everyone. If for a start, we can only convert the transportation 

sector into an environmentally friendly one, we would significantly reduce the overall emissions 

worldwide. While the human factor is key to achieve that, time pressure, technical limitations 

and economic factors often conquer the conscience. Having a means that could beat all these 

factors with fast and inexpensive solutions while at the same time benefiting the environment, 

would doubtlessly solve the problem. One of those means could be fuel cell vehicles (FCV), for 

the development of which the scientific community is working endlessly for decades. Yet, their 

progress is currently not at the desired level due to the inherent complexities of such systems 

and their unaffordable price mainly related to the cathode electrocatalyst.  

Large scale commercialization of FCV is the final step of many antecedent problems that are 

necessary to be solved primarily. Considering the oxygen reduction reaction (ORR) aspect, first 

of all, there is a lot of thought put into the design and synthesis of an active, selective, stable, 

cost-effective, and abundant ORR electrocatalytic material. These are a lot of prerequisites that 

rarely overlap in a unique material, putting the scientific community already in a tricky situation 

for finding the perfect candidate.  

Thereafter, the electrocatalysts are screened for their catalytic activity in the laboratory mostly 

with the rotating (ring) disc electrode (R(R)DE) method and if excellent performance is found, 

further screening on membrane electrode assembly (MEA) is required. Regrettably, this step is 

often a barrier preventing the continuation to further stages. When investigating Pt-free 

catalysts, usually higher amounts of materials are investigated compared to Pt, in order to 

compensate for their lower intrinsic activity. The thick catalyst layers often tend to hide the real 

electrochemical response, as will be discussed later on. Indeed, in previous works it has been 

pointed out that the MEA and RRDE performances are considerably different, with RRDE results 

highly overestimating the ORR performance (Figure 1).1 Certainly, these two investigation 
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methods have their differences, however, the catalyst ought to have an intrinsic activity and 

selectivity not significantly dependent on the methodology used.  

 

Figure 1 Difference in RRDE vs MEA performance results for Pt-based materials, and for Pt-free materials (LP@PF-2). The ‘?’ 
designates that the experiment was not performed in a fuel cell while the ‘*’ indicates that the fuel cell data have been 

obtained from polarization curves. All the data was evaluated at 0.1 M HClO4 saturated with O2. Other experimental details are 
explicated in the reference.1 

Therefore, this invokes the question: are we accurately determining the ORR performance on the 

lab scale, or are we too focused on synthesizing novel electrocatalysts? This question is even 

more pertinent when one considers that there are other lab-scale methodologies besides RRDE 

with the ability to investigate ORR performance, although significantly underused by the 

community.  

Consequently, this thesis deals with the investigation of an electrocatalytic Pt-free material on 

the lab scale, with several characterization methods to unleash their power and limitations, as 

well as the intrinsic ORR activity and selectivity of the catalyst.  

While Chapter I gives an introduction to the energy transition and the role of ORR in this field, 

Chapter II presents the principles of the electrochemical methods that were used to evaluate the 

ORR performance such as RRDE, scanning electrochemical microscopy (SECM), and scanning 

electrochemical cell microscopy (SECCM).  
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Starting with RRDE as the macro-scale technique conventionally used, although it is already well-

established, does the processing condition of the catalyst ink require more attention for an 

accurate activity assessment? Answers to this question are provided in Chapter III where the 

electrocatalytic ORR activity of the Fe-N-MWCNT catalyst is evaluated, with purposeful 

discussions of the expected and unanticipated results.  

When the limitation of RRDE is identified, the advantage of the micro-scale SECM technique is 

taken as presented in Chapter IV. This method permits the study of smaller loadings which would 

in principle clear out the impediments coming from catalyst layer thickness, mainly the trapping 

of the intermediate within. Coupling with AFM, it is possible to determine the agglomerate size 

and distribution of the deposit, and then discuss their correlation to the catalytic activity.  

Finally, zooming into individual agglomerates of the material with nano-scale high resolution can 

be achieved by SECCM investigations, as presented in Chapter V. Studying single entities has the 

advantage of unambiguously determining the ORR activity without the influence of many 

experimental factors that are usually impediments in macro and micro scale techniques. When 

coupled with SEM, it is possible to correlate the morphology of each agglomerate to its ORR 

activity.  

The experimental work of Chapter III and Chapter IV was done under the supervision of Renaud 

Cornut and Bruno Jousselme at the Laboratory of Innovation in Surface Chemistry and 

Nanosciences (LICSEN) at CEA-Saclay. This laboratory gathers organic chemists and 

electrochemists to work jointly on the synthesis, investigation, and application of Pt-free 

materials on fuel cells. The work of Chapter V was conducted at the Center for Electrochemical 

Sciences (CES) at Ruhr University in Bochum, under the supervision of Professor Wolfgang 

Schuhmann. 
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Chapter I: Energetic 
transition and the role 
of oxygen reduction 
reaction 
electrocatalysts     
 

Transposing the fossil fuel-based energetic systems with green alternatives is mandatory for a 

sustainable way of living. Making the transportation energy sector more environmentally friendly 

is one of the approaches to boost this energetic transition, with FCV demonstrating promising 

potential for reaching that goal. However, the challenges associated to oxygen reduction reaction 

(ORR) electrocatalysis are doubtlessly the most intricated impediments to solve, mainly due to 

the complexity of this reaction and the scarce electrocatalysts necessary. In this chapter, an 

overview of the current status on electric vehicles is presented, elaborating more the fuel cell 

technology and the challenges associated to it. Finally, an introduction of ORR and the common 

electrocatalytic classes of materials is presented.  
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1.1 Towards decarbonization of the transport energy sector 
 
1.1.1 Repercussions of fossil fuel consumption and alternative energies  
 

It is well known that currently the burning of fossil fuels accounts for about 80% of energy 

production worldwide,2 a fact which is sabotaging the well-being in our planet in many ways. To 

start with, this form of energy production is the major cause of high amounts of greenhouse 

gases, including carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), which have a 

tendency to trap the heat in the atmosphere. Only CO2 alone was predicted long ago to be about 

61% of the reason of global warming in this century, mainly due to its massive production by the 

human factor.3 Not to mention its hazardous impact on human health,4 along with other air 

pollution particulates such as NOx, SOx, and CO.5 Moreover, at the rate in which fossil fuels have 

been employed, it is actually estimated that they will be exhausted and out of stock no longer 

than a few decades from now.6  

Therefore, the urgency of developing and commercializing technologies based on alternative 

energy sources is now evident.7 Renewable energy sources that are more sustainable and their 

working principle does not involve emission of harmful gasses are growing in many countries, 

such as sun, wind and water-based energy. However, these natural resources are not spread 

evenly in the globe and in time, making it hard to meet the demands of the increasing 

population.8 Despite their sustainability, the lack of effective energy storage of such energy 

sources still possess a challenge in their desired larger-scale application.9 Most importantly, the 

problem of emissions coming from combustion engine vehicles which accounted for 99% of the 

overall engines in 2019, was not solved until now.10 Considering that about a quarter of CO2 

emissions comes from the transport sector alone,11 development of fossil-fuel-free vehicles 

would facilitate the drop in overall emissions, with battery and fuel cell electric vehicles being 

propitious candidates.  
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1.1.2 Electric Vehicles-Batteries and Fuel cells 
 

Battery electric vehicles (BEV) are one of the technologies which store chemical energy, 

generating thereafter electrical current while discharging. Lithium-Ion Battery (LIB) based electric 

cars started launching in the beginning of 21st century including Tesla Model S, BMW i3, Toyota 

Prius Prime etc, becoming a multi-billion-dollar industry.12 The sales of BEV are predicted to 

increase enormously by 2030, leading to a further increase in demand of battery-system 

materials,13 with lithium and copper being consumed in the largest amount.14 The latter is also 

utilized in the recharging infrastructure and electricity generation,15predicting a very demanding 

electrical network considering the rate at which BEV production will increase. One of the main 

disadvantages of BEV is that they require big reservoirs with limited capacity and driving range.16  

An alternative solution to most of those problematics could be FCV, which are based on energy 

conversion devices whose principle consists on converting chemical energy directly to electrical 

energy by oxidizing a fuel in the anode and reducing another chemical species at the cathode 

(reactions shown in Figure 2).16 Although a variety of fuels can be employed, the  greatest benefit 

of using FCV is their ability to utilize hydrogen as a fuel. Being the most lightweight and available 

element on earth, hydrogen can be stored and transported in tanks with a superior safety factor 

compared to conventional engines.17 Moreover, replacing the fossil fuel and gas energy vector 

with H2 is generally accepted as a promising approach to diminish the global warming, 

considering that it leads to only water as a by-product.  

 

Figure 2 Electrochemical reactions occurring at both electrodes in a fuel cell. 
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Nowadays, FCV have reached the market thanks to decades of intensive research, with models 

such as Toyota Mirai, Hyundai ix35, Honda Clarity, Hyundai Nexo etc already launched, although 

not available in all countries due to limited necessary infrastructure and higher cost.18 The biggest 

advantage of FCV is their superiority when it comes to fast recharging times and significantly 

extended driving ranges, thus excluding the problem of intermittency. This makes them suitable 

for heavy transportation sectors, as presented in Figure 3.19 Nevertheless, the large storage tanks 

needed due to the exceptionally low H2 density is a matter of concern in this field.20 Moreover, 

despite the propitiousness of FCV, the most significant obstacle that prevents them from 

dominating the market is their price. The high-cost is mainly affiliated to the membrane electrode 

assembly (MEA), which will be explicated more in the next section. 

 

 

Figure 3 Illustration showing the comparison of FCV and BEV, the efficiency represents the BEV charging efficiency and the FCVs 
H2-to-electricity conversion efficiency. It is higher for BEV considering a wider infrastructure. The energy density implies BEVs 
battery pack and battery management system and the FCVs fuel cell system and H2 tank. Moreover, for similar sized vehicles, 

the refueling time is dozens of hours for a BEV and only 5-10 min for a FCV.19 
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1.2 PEMFC technology 

 
1.2.1 PEMFC working principle and components 
 

As mentioned in the previous section, hydrogen holds the spotlight for being the greenest FC fuel 

by forming only water as a product, making it the most mature technology up to now.21 One of 

the FC types which uses H2 is proton exchange membrane fuel cell (PEMFC) which has leading 

performances when it comes to the high efficiency, low emissions, fast change in the functioning 

intensity, longer lifetime, cheaper manufacture and the lightweight.22,23 Most importantly, 

PEMFC have low operating temperature which prevents membrane dehydration,22,23 making the 

research towards their development up and coming in the field. 

 

Figure 4 PEMFC scheme.24 

In Figure 4 one can see an illustration representing the PEMFC, with the flow fields permitting 

the entry of gases needed for the reactions to occur, in between of which the membrane 

electrode assembly (MEA) is placed. The latter includes mainly a proton exchange membrane 

(PEM), a gas diffusion layer (GDL) along with a microporous layer (MPL), and a catalyst layer 
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(CL).25 While the GDL is mainly responsible for allowing the gas molecules to diffuse in the system, 

the MPL made of carbon nanospheres and Polytetrafluoroethylene (PTFE) strengthens gas 

transport and removes H2O formed at the cathode.24,26 Moreover, the CL ensures the electron 

transfer and the PEM the proton conductivity. More precisely, when the CL at the anode is in 

contact with H2, hydrogen oxidation reaction (HOR) occurs and dissociates to proton ions and 

electrons. While the electrons flow to the circuit to generate electricity, the proton ions diffuse 

through the PEM to reach the other CL at the cathode. Inhere, O2 diffuses to the cathode where 

it gets adsorbed and gets its O=O bond weakened by the electrons transported from the anode, 

in addition to the consummation of proton ions coming from the PEM, hence oxygen reduction 

reaction (ORR) occurs with water as a product (reactions presented in Figure 2).27 The 

performance of a fuel cell is closely linked to the MEA and the malfunction of any of its 

components greatly compromises the overall functionality of the fuel cell. In particular, the CL 

component is one of the biggest problematics regarding FC large-scale commercialization, as will 

be shown in the next section.  

 

1.2.2 Catalyst layer and the challenges associated to it  
 

The CL is comprised of catalyst particles, a carbon support to ensure good conductivity and an 

ionomer serving as a binder and/or proton conductor, usually Nafion. The CL is the most principal 

part of the PEMFC due to its complexity and many functionalities it carries. Besides the proton 

transport, it is also responsible for the transport of reacting species which go in and out of the 

system.28 Moreover, it carries out the electron transfer in the boundary between the reactant, 

ionomer and catalyst where the molecular, proton and electron channels intersect (triple-phase-

boundary or TPB) as illustrated in Figure 5. As a consequence, designing a catalyst layer that 

undertakes all these processes successfully while exhibiting high reaction rates and keeping the 

catalyst amount to the minimum, is doubtlessly not a trivial task.  
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Figure 5 Illustration of the inside structure of an agglomerate and TPBs where reaction occurs. 

Firstly, forming a CL with as many TPBs as possible is crucial for a high activity.29,30 The TPB 

formation depends mainly on the way the catalyst is dispersed and the microporosity of the 

carbon support hence the Nafion penetration through it.25  Moreover, the formulation of catalyst 

ink is important to be optimized,  considering that too little Nafion content can compromise the 

proton conductivity in a FC, or lead to bad dispersion and poor catalyst adherence on the 

substrate in laboratory-scale investigations.31 On the other hand, higher amounts of Nafion can 

compromise the electronic conductivity in the material due to its electrically insulating nature.  

The way the catalyst ink is processed is also a crucial factor, with small particles being the target 

in order to maximize surface area and available active sites.   

Both electrodes in a FC require a CL, however the ORR reaction occurring in the cathode is a 

sluggish multi-step reaction 6 orders of magnitude slower than the anode reaction HOR,32 making 

it the biggest problematic sought to be resolved. This is especially true when considering the acid 

media which is a harsh environment for the majority of ORR catalytic materials, as in alkaline 

media it is generally known that the catalyst is not as much challenged.33 Catalyst particles or the 

electrocatalytic material is the most critical component of the CL. It is now a generally accepted 

fact that the cost of commercial ORR electrocatalysts is one of the primary obstacles hindering 
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fuel cell commercialization,18 pushing researchers to seek for alternative cost-effective ORR 

active materials. In the next sections, ORR pathways and an overview of common electrocatalytic 

materials is presented.  

1.3 Oxygen reduction reaction (ORR) 

1.3.1 Oxygen reduction reaction pathways  

 

The pathways in which ORR occurs are mainly through a direct and efficient four-electron transfer 

shown in Equation 1 in acid media, or an indirect pathway with H2O2 formed as an intermediate 

(Equation 2).34 The H2O2 can then get further reduced to water (Equation 3), or get decomposed 

(Equation 4).35 This is the general way of describing ORR pathways, however one must bear in 

mind that there are other intermediates proved to be formed during ORR, including the 

superoxide ion formed via 1-electron reduction (O2
-)35,36 or the OH× radical via a 3-electron 

pathway.37  

Direct pathway:       𝑂! + 4𝐻" + 4𝑒# → 2𝐻!𝑂                               1 

                            Indirect pathway:    𝑂! + 2𝐻" + 2𝑒# → 𝐻!𝑂!                                2 

                                    𝐻!𝑂! + 2𝐻" + 2𝑒# → 2𝐻!𝑂                          3 
                                                                      2H!O! → 2H!O +	𝑂!                                      4 

Nevertheless, the formation of peroxide leads to the degradation of carbon-based catalysts,38 it 

can attack the Nafion membrane in the FC39 and generally this pathway is less energy efficient.40 

Therefore, developing electrocatalysts with minimal peroxide production is essential. 

Consequently, typically a good ORR electrocatalyst undergoes a direct 4-electron-transfer, 

exhibits a low overpotential and has many active sites.  

 
1.3.2 Precious state-of-the-art electrocatalysts and their intrinsic activity 
 

Pt-based electrocatalysts are generally acknowledged as the state-of-the-art materials for ORR 

regarding PEMFC technology, exhibiting superior performance mainly due to their high selectivity 
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and stability. The binding energy of O2 with Pt often illustrated by volcano plots, is one of the 

reasons that makes Pt the first choice since the first fuel cell in 1840.41 The bond must be strong 

enough for the oxygen to bind to the catalyst, but not too strong so it prohibits the removal of 

the intermediates.42 This kind of in-between bond strength is what puts noble metal 

electrocatalysts generally on top of the volcano curve, which makes them very suitable 

candidates for the ORR (Figure 6). Nevertheless, there have been works dedicated to further 

improvement of such noble materials by modulating the particle sizes and morphologies, forming 

alloy catalysts,43 or forming core shell structures. As such, the number of active sites and their 

intrinsic activity may be increased, the loading of precious Pt in alloys is decreased, and the 

combination of Pt with other metals may lead to a fruitful synergistic effect.44 When it comes to 

the intrinsic activity of such materials, it is often depicted in terms of turnover frequency (TOF) 

which defines the efficiency of the catalyst on transforming the reactant to product, per unit time 

and amount of catalyst.45 For TOF determination, it is necessary to evaluate the site density (SD) 

of the catalyst, which is possible via several methods that have been exhibiting promising results 

such as: hydrogen underpotential deposition (HUPD), underpotential deposition (UPD) or CO 

stripping. The principle of these methods is based on measuring the charge generated by the 

adsorption of a hydrogen monolayer or other metals on the active sites, or the charge needed to 

strip off the CO already adsorbed on active sites, respectively.45  

However, even though the intrinsic activity has been demonstrated to be auspicious, the Pt-

based materials do not greatly withstand long-term operations without their structure being 

altered, making their durability inferior.46 Moreover, due to the difficulty to break the strong O=O 

bond with an energy of  498 kJ mol−1(sluggish ORR kinetics),47 even Pt-based materials exhibit 

high overpotentials at low loadings (0.3-0.4 V), generating the need for the usage of high masses 

for the acquirement of fair performance levels.48 Thus, it is undeniable that their large-scale 

usage is not sustainable considering their scarceness and price, which restricts the fuel cell 

manufacture.18 Developing electrocatalysts with decreased Pt content would be an effective 

approach to increase the economic viability of the catalyst, if the activity would not be 

compromised at some point at low Pt loadings.49 
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Figure 6 ORR activity versus oxygen binding energy.50 

 

1.3.3 Non-precious electrocatalysts and their intrinsic activity  
 

Another strategy is the development of catalytic materials non reliant at all on precious metals. 

Significant effort has been made by scientists to design and synthesize such materials with the 

ultimate goal of achieving a performance the exceeds that of noble electrocatalysts. For example 

metal oxides have been extensively studied, such as MnOx
51 and Co3O4

52
 whose morphology plays 

an important role in the ORR activity apart from the valence status of the metal.53 However, 

metal oxides alone do not exhibit good conductivity, hence in practice they are often coupled 

with a carbon support for a better performance,54,55 although there may be a competition 

between the metal oxide and the carbon for O2 adsorption.56 Besides, one has limited flexibility 

in tuning their composition and structure.57 Multi-metal electrocatalysts have also been studied 

for ORR, for example spinel-type oxides (A2+B3+
2O4

2−) and Perovskite type oxides (ABO3), along 

with Transition Metal Nitrides and Phosphides.58 Despite transition metal oxides being pre-

eminent when it comes to their stability, their electrocatalytic activity remains generally inferior 

compared to carbon-based materials for example.59  

Carbon based electrocatalysts have been acknowledged for their reassuring ORR activity 

considering their high electronic conductivity, surface area and versatile possibilities for tuning 



Chapter I: Energetic transition and the role of oxygen reduction reaction electrocatalysts 
 

27 
 

their structure and composition.60 Most commonly such materials are doped with N atoms due 

to their high electronegativity61 which leads to high positive charge density in its adjacent carbon 

atom, ready to adsorb oxygen.60 This apparently changes as well the position in which oxygen 

adsorbs from end-on to side-on, where the latter weakens the O-O bond and facilitates 4e- 

transfer.60,62 It was often concluded that a certain type of N in the carbon structure such as 

pyridinic63 or quaternary64 had influence in the activity, however there are studies that refute    

this hypothesis,65,66 thus remaining difficult to identify the active centers. However, the majority 

of these electrocatalysts are investigated only in basic media which is not a very challenging 

environment for most catalytic materials.67 Therefore further investigation in acid media is 

necessary to unravel their potentiality for application in the PEMFC technology.  

A particular class of material that has succeeded in the domination of carbon-based and non-

precious ORR electrocatalysts are the Fe-N-C electrocatalysts,68 especially when C stands for 

carbon nanotubes.69,70 The simple and abundant precursors is one of the factors that makes them 

one of the most studied class of ORR materials.71 Their encouraging activity was accredited 

mainly to Fe–N4 active sites,72,73 postulation made based on the data obtained from various 

characterization techniques, such as X-ray Photoelectron Spectroscopy (XPS), Mossbauer 

Spectroscopy, and Time-Of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS).71 Theoretically, 

Fe-N2 active sites are supposed to exhibit the highest intrinsic activity, however that is yet to be 

proved experimentally.74 A representation of Fe-N-C sites is shown in Figure 7. However, the 

active centers in such materials remain not well understood, considering the poor control in the 

pyrolysis synthesis procedure which leads to various iron environments.75 In contrast to metal 

oxides, carbon materials modified with Fe and N exhibit promising electrocatalytic activity, 

however suffer from poor stability in acidic conditions.76 

While for metal-based catalysts, the evaluation of SD and intrinsic activity is doable with HUPD, 

UPD and CO stripping, such methods are not applicable to all materials such as Fe-N-C catalysts, 

which are less understood and they do not adsorb CO under ambient conditions. Consequently, 

Luo et al77 have applied cryo-CO sorption and desorption to evaluate SD and TOF and have 

evaluated the influence of the preheating cleaning treatment needed prior to the CO sorption in 

order to remove competitive adsorbates. NO2
- stripping is another promising technique 
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developed to determine intrinsic activity of Fe-N-C materials78 it is however a method performed 

specifically at pH=5.2.79 Despite these methods being up and coming for the intrinsic activity 

evaluation of such class of materials, they are not performed in an electrochemical environment 

similar to what one uses in practice for ORR evaluation.  

 

 

Figure 7 Representation of Fe-N-C sites in a graphene structure. Grey sphere=carbon, Blue sphere-Nitrogen, Red sphere-Iron.74 

 
1.4 Conclusion and thesis objective 
 

Transforming the transportation sector into an environmentally friendly one is a key approach to 

diminish greenhouse gas emissions and global warming. Further developments in FCV which use 

hydrogen as energy vector has been shown to be a propitious approach to achieve that. However, 

many challenges need to be overcome to make improvements in that direction and the majority 

of them are related to ORR electrocatalysis. The complexity of this reaction and the scarceness 

of the electrocatalytic materials required for it are top research objectives in this field. Therefore, 

synthesizing and investigating non-precious electrocatalysis is of utmost importance for further 

developments. The work of this thesis deals with the second aspect, namely the electrocatalyst 

investigation in the laboratory scale, which often precedes the application of the material on fuel 
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cells. Consequently, it is crucial that the activity acquired in the laboratory reflects the intrinsic 

ORR activity, which is not always the case when the conventional RRDE methodology used. 

Accordingly, in this work an exemplary Fe-N-C catalyst is investigated electrochemically with 

several laboratory techniques, with macro (RRDE), micro (SECM) and nano (SECCM) scale 

resolutions. Bearing in mind that the PEMFC technology is with highest applicative interest, all 

electrochemical investigations are performed in acid media, pH=1. With this macro-to-nano 

approach, the potentiality and limitation of each technique will be unraveled with the main goal 

of acquiring the intrinsic ORR activity and selectivity. Using characterization techniques such as 

atomic force microscopy (AFM) and scanning electron microscopy (SEM) sheds light onto the 

agglomerate scale and morphology of the catalyst, which makes the results complete and more 

comprehensive.  
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Chapter II:  Laboratory 
electrochemical 
techniques for ORR 
investigation  

 

Highly selective catalysts that exhibit low overpotentials are excellent candidates for ORR. 

However, does this claimed ORR activity in literature usually come from the performance on a 

MEA? Sometimes that is the case, however the majority of publications refer to the catalytic 

activity assessed in the laboratory which is a more convenient approach in electrocatalysis 

research. Synthesizing a non-precious electrocatalyst with high intrinsic activity is indeed crucial 

in this field, yet the methodology utilized to come to such conclusion, is undeniably just as pivotal. 

In this chapter, firstly the principles of RRDE, SECM and SECCM as the main electrochemical 

techniques able to evaluate of ORR activity and/or selectivity are presented. Thereafter, AFM and 

SEM are introduced briefly, as the main catalyst layer characterization techniques utilized in this 

work.  

 

 

 

 



Chapter II:  Laboratory electrochemical techniques for ORR investigation 
 

31 
 

2.1 Rotating (Ring) Disc Electrode (RRDE) 
 

RDE is the most common method for a rapid catalyst activity evaluation. It is based on a three-

electrode cell where the working electrode (WE) is typically a glassy carbon disc electrode (GCE) 

surrounded by an insulating material, while the reference electrode (RE) and the counter 

electrode (CE) choice vary within laboratories. The working electrode is subjected to rotations at 

certain speeds (convection), where the higher the convection, the thinner the diffusion layer (δ) 

close to the electrode, leading to a steady state current.80 The diffusion within the δ transports 

the reactant to the catalyst.80 Hence, this apparatus is a convenient means for the quantitative 

study of electrode kinetics.    

 

Figure 8 RRDE scheme.81 

The Koutecky–Levich (K–L) equation is the mathematical expression of current density on the 

RDE disc and it takes into account the current densities coming from mass transport in addition 

to the kinetic current density. The formula is depicted in Equation 5, with the j=current density, 

jL=current density limited by diffusion, jK=kinetic current density, and ω=angular velocity. The jL 
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parameter represents only the current density that is generated due to mass transport in the 

electrode, excluding any influence of currents coming from electrode kinetics. It is an important 

parameter often used to evaluate the performance of the catalyst, and it is expressed by Levich 

equation (jL=B*ω	$/!). The B is expressed in Equation 6, where F (Faraday constant) =96 485 

C/mol, CO2=bulk concentration of oxygen, DO2=diffusion coefficient and v=kinematic viscosity of 

the electrolyte and nO2 = number of transferred electrons.  

The jK on the other hand represents the current density associated to electrode kinetics, and is 

usually expressed by Butler-Volmer equation presented in Equation 7 where jo is the exchange 

current density, often depicted as rate constant, η is the overpotential, α is the symmetry factor 

of the reaction, T is temperature and R is the universal gas constant with a value of 8.314 

J⋅K−1⋅mol−1. This equation was first derived considering a single-step one-electron transfer 

reaction.82 However, if the rate-determining step of the reaction is a one-electron step, it makes 

the usage of Butler-Volmer equation justifiable even for multi-step processes.82 Therefore, it 

remains the most used formula for expressing even the kinetics of multi-step reactions.83–86 
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The calculation of the number of transferred electrons per O2 molecule namely n was 

traditionally made with the help of Equation 5, by performing LSVs at different scan rates and 

then plotting -1/j as a function of 𝜔 -1/2 (K-L method), where the value of n is not meant to be 

dependent on the other parameters in the equation. However, it has been shown that n being 

constant with potential is not true in reality.87 Moreover, Bouleau et al.31 present how for a 

carbon-based electrocatalyst the n varied with ω in a potential range of 0.2-0.7 V vs RHE. Overall, 

many works show that  K-L approach is maybe not perfect for evaluating accurately the number 

of transferred electrons.31,87 



Chapter II:  Laboratory electrochemical techniques for ORR investigation 
 

33 
 

Another method for selectivity assessment is RRDE. The setup is similar to RDE except that there 

is an additional ring electrode (generally platinum) separated by the GC through the insulating 

material.88 This ring electrode (WE2) serves for detection of H2O2 that may be produced by the 

sample and works independently from GC (WE1).89 Quantifying the intermediate produced 

during ORR is a more straight forward approach to acquire n. By detecting the peroxide on the 

Pt ring, the n can be derived through Equation 8 where id is the current of the disk electrode, ir 

the current of the Pt ring and N the collection efficiency of the ring. This information can be used 

for evaluating the %H2O2 as well (Equation 9). This methodology is endorsed by the community 

for selectivity assessment, therefore in this work the derivation of n and %H2O2 was done via 

Equation 8 and Equation 9.              

𝑛 = 4 × 6&
6&"6'/7

                                                   8 

                                                              %𝐻!𝑂! = 200	 ×	 6(/7
6)"6(/7

                                  9                

 

2.2 Scanning Electrochemical Microscopy (SECM) 
 

An alternative to RRDE, a pure diffusion-based technique is scanning electrochemical microscopy, 

a type of scanning probe microscopy (SPM) which enables the analysis of redox processes in 

samples by gathering their spatially resolved chemical, electrochemical, and/or topographic 

specificities. This can be acquired by placing an ultra-microelectrode (UME, typically ≤ 25 μm) at 

a certain distance from the sample of interest and moving it across the sample (x,y direction), by 

keeping the UME still (fixed x,y,z), or by moving the UME only on the z direction.90 The UME is 

placed along with the sample, counter and reference electrode in a cell and controlled by a 

potentiostat (Figure 9). Electrochemical information is obtained from the (electro)chemical 

reactions occurring either at the UME, at the sample, or both. Concerning the probe, the RG is 

an important parameter which depicts the ratio between the insulating glass radius of the 

electrode (rg) and the radius of the active electrode (rT). This parameter can have an influence on 

the diffusion hindering of the analyte to the electrode and its value needs to be chosen carefully. 

Such probe parameters can be determined via SEM images or approach curves.91 The tip-to-
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sample distance d and tip size have great impact on the spatial resolution.92 The d can be 

established by performing approach curves,93 which can then be compared with theory.94,95 Since 

the introduction of SECM by Bard et al. in 1989,96 a great deal of effort has been made by 

researchers to improve it and to expand its application possibilities. Owing to many 

advancements of the technique, nowadays utilization of SECM enables researchers to obtain very 

useful information on a variety of materials for numerous applications.97–100 

 

Figure 9 SECM scheme.101 

While in flat macroelectrodes the diffusion of species occurs in a perpendicular manner and the 

diffusion layer is thin in comparison to the size of the electrode, in ultramicroelectrodes 

hemispherical diffusion around the electrode is created and thus promoting higher mass transfer 

and limiting current densities102 owing to the geometry (which can be diverse103) and the small 

size of the UME. In this case, the diffusion layer is big compared to the size of the UME. Therefore 

inhere one can achieve steady state, diffusion limited currents without the need of any 

convection, leading to an independence of current on the scan rate.104 Smaller dimensions of the 

electrode permit a better sensitivity in measurements, and the absence of convection in SECM 
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investigations simplifies the interpretation of results compared to hydrodynamic methods. 

Moreover, the line scans acquired with SECM can be translated to catalytic activity maps which 

can give an insight on the current distribution within the catalyst layer. SECM has also found 

utility in H2O2 detection and has some advantages compared to RRDE. Catalyst layers studied 

with RRDE are often quite thick, in which case H2O2 can decompose within the layer before 

getting in contact with the ring, leading to fewer amounts of intermediate detected.105 The 

possibility for this cannot be excluded in SECM as well, however this method allows the study of 

much lower loadings, decreasing the chances of encountering this problem. 

2.2.1 SECM modes 
 

Depending on the purpose of experiment, several modes can be employed by SECM and they will 

be described briefly in the next sections.  

Redox competition (RC) mode  

The RC mode was introduced by Eckhard et al. in 2006106 and it is based on the competition of 

the sample and tip for the same mediator (oxygen for example), thus undergoing the same 

reaction (ORR). Let’s say we polarize the tip at a negative potential in which ORR occurs. When 

the tip is approached to the sample by line scans (x, y direction), or if the tip is static above the 

sample and the sample potential reaches the ORR region, due to the extensive consumption of 

O2 by the sample as well, there is less O2 detected by the tip, hence there is a decrease in the tip 

current which is measured.106 The amount of net current that decreases corresponds to the ORR 

activity of the sample. The RC mode suppresses the background current issue generally 

encountered with tip generation/substrate collection (TG/SC) mode which was initially used for 

ORR investigation.106 

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

modes 

With the generation/collection modes the mediator is produced at one of the electrodes. In 

TG/SC mode, the redox species (O2 for example) is generated at the tip and detected thereafter 

at the sample, thus it is a mode commonly used in ORR activity investigations.107,108 Due to recent 
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innovations, the O2 does not have to be generated by an electrode, it can rather be delivered 

from a micropipette filled with a solution, which can have pumped oxygen at any time of choice, 

instead of a potential pulse.109 This mode is called micropipet delivery/substrate collection 

(MD/SC) mode and it expands the SECM application even to cases when the analyte cannot be 

electrochemically generated.110,111 Nevertheless, another commonly used mode is the SG/TC 

one, where the generation of redox species occurs at the sample, after which they diffuse to the 

tip and undergo electrochemical reaction.112 In this case, the current of the tip will grant 

information about the electrochemical activity of the sample. SG/TC mode is with interest in ORR 

investigations as the H2O2 produced at the sample can be detected at the UME, thus granting the 

ORR selectivity.113  

The evaluation of n in SECM can be done using the data gathered from reduction of oxygen 

through RC mode and oxidation of H2O2 at the tip via SG/TC mode using the Equation 10 114 which 

is similar to Equation 8, except that here the background current is corrected, namely the current 

at all potentials is subtracted by the current value at the most positive potential at which ORR 

does not occur. The collection efficiency, N, is usually considered 100%, if the ORR and H2O2 

currents do not change as a function of d.115 However, numerical simulations have been 

previously performed to validate the value of N and it has been estimated to be up to 49% for 

given experimental parameters, much higher than one can get via RRDE configuration.116 This is 

not surprising, considering that in SECM configuration the tip collecting the peroxide is positioned 

closely on top of the sample, in comparison to RRDE where the Pt ring is adjacent to the disc. 

Additionally, adapting some experimental parameters such as bigger RG and smaller d can also 

increase the chances to collect more H2O2.117 

                                                             	n = 	4	 ×	 ∆9*%

:
∆,-%*%

. ;"∆9*%
                  10 

Feedback mode  

Feedback mode is another widely used mode in the field, described initially along with SECM 

itself in 1989. Let us consider an oxidized species O as a free mediator present in solution that is 

reduced to R by the polarized UME. At a large distance from the sample, the tip exhibits a 
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constant diffusion-limited current iss, whose magnitude is proportional to the concentration of O 

and electrode size. As illustrated Figure 10, if the sample is not reactive (an insulator) and the tip 

approaches it, the hemispherical diffusion will be disturbed and thus the diffusion of O to the tip 

will be hindered. This will lead to a decrease in the diffusion-limited tip current, known as 

negative feedback effect.118 In the case of positive feedback, an electrochemically active sample 

(a conductor) is approached by the tip. The substrate can thus oxidize the R formed at the tip 

back to O, thus increasing the concentration of O in the diffusion zone and increasing the tip 

current.118 The current normalized by the current measured far from the substrate vs d curves 

obtained while the tip approaches a conductive or insulating substrate are called approach 

curves. Concentration and diffusion coefficient of O do not influence the approach curve, as it 

includes dimensionless variables solely.90 The degree of current change is dictated by the activity 

of the sample, enabling the distinction between more and less active spots118 in the same 

substrate, the determination of d and of a. The rg parameter (insulating part of the UME) has the 

largest influence on negative feedback curves as it hampers the lateral diffusion.90 As feedback 

mode measures the current only at the tip, it is convenient to use in cases when the substrate 

cannot be polarized. 
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Figure 10 Scheme of SECM modes. 

 

2.3 Scanning electrochemical cell microscopy (SECCM) 
 
Another SPM technique which is promising for ORR investigation and permits nano-scale 

resolutions is scanning electrochemical cell microscopy (SECCM), a technique based on an 

electrolyte-filled, dual or single-barred pipette, with a reference electrode in the channel(s).119 A 

droplet is formed at the end of the pipette and when it is in contact with the sample a feedback 

current is generated and one can perform electrochemistry within the confined meniscus. Once 

a potential is applied between the electrodes, ion and electron-transfer occurs through the 
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droplet meniscus. This results in modulations of substrate surface current (isurf) which serves as 

a feedback signal for probe positioning. The pipette moves laterally across the surface at a certain 

d or hopping mode, during which the current signals are recorded.119 This technique enables the 

imaging of electrochemistry, conductivity and topography of samples, simultaneously.120 The fact 

that only a small part of the sample is in contact with the solution very briefly, makes SECCM an 

encouraging method for investigating samples sensitive to corrosion, passivation or surface 

fouling.121 The configuration in the SECCM technique also ensures high O2 diffusion that comes 

from the barrel of the pipette and the liquid-air interface of the meniscus.122 There are however 

fewer reported works regarding ORR investigation with SECCM, for example Tetteh et al.123 

studied ORR of a complex solid solution (CSS) revealing heterogeneities in activity when scanning 

with a nano-sized pipette. Moreover, Byers et al.124 studied single walled carbon nanotubes 

(SWCNT), with high resolution SECCM revealing that the SWCNT alone are active for ORR, rather 

than only a carbon conductive material that one usually uses as support for the catalyst. 

However, SECCM principles are a bit distinct when compared to SECM. Mostly because herein, 

there is only the substrate (sample) as the unique working electrode, while the pipette is only 

filled with electrolyte and with the reference electrode. This implies that while the ORR activity 

can be investigated, there is no means to detect the product generated by the sample (H2O2). 

Therefore, the SECCM set-up cannot provide information about the catalyst’s selectivity towards 

ORR. Nevertheless, one exceptional advantage of this method is the feasibility of acquiring 

resolution of up to a few nanometers due to the easy fabrication of nanopipettes which takes 

only a few minutes. In theory this is also possible with SECM as 10 nm Pt nanoelectrodes have 

been fabricated,125 however the experimental wrestle to achieve that makes it much more 

challenging, especially in the case of gold nanoelectrodes which might take days if not weeks. 

Another advantage of this method is the reduced time needed for acquiring high resolution 

images with hundreds to thousands of measurement points.126  

 



Chapter II:  Laboratory electrochemical techniques for ORR investigation 
 

40 
 

 

Figure 11 SECCM scheme in hopping mode. 

 

2.4 CL structure characterization techniques  
 

The above-mentioned techniques give crucial information about the catalyst activity, however 

often that is not complete without an additional observation of the sample in order to better 

understand the investigated material. In the following section, the main techniques used in this 

work for CL characterization in addition to optical images will be presented, namely Atomic Force 

Microscopy (AFM) and Scanning Electron Microscopy (SEM). In this thesis, while AFM was used 

in combination with SECM to have information about the CL agglomerates, SEM was used in 

combination with SECCM to get more in-depth insight on the morphology of each studied 

agglomerate.  
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2.4.1 Atomic Force Microscopy (AFM) 
 
AFM is a scanning probe technique which measures attractive or repulsive interactions between 

a sharp tip on a flexible cantilever and a sample under investigation. After the cantilever 

approaches the surface, it gets deflected by the interactions with it in accordance with Hooke 

law.127 This deflection is measured thanks to a laser beam and a photodiode and holds 

information about the sample127 while the sample or the tip are moved by a piezo scanner. There 

are certain possibilities of AFM operation, such as by contact, noncontact, static or dynamic mode 

for which a comprehensive introduction was made by Haugstad.128 AFM is mostly used for 

assessing surface topography, morphology, and roughness. When AFM features are joined with 

the ones of SECM, their features merge and allow the correlation of topographical and 

electrochemical information of the sample with high resolution. AFM can be used to determine 

the particle sizes and catalyst volume of the same deposit that is investigated under SECM. 

 

Figure 12 Scheme of AFM working principle.129 

2.4.2 Scanning Electron Microscopy (SEM) 
 

It is known that despite the wide range application of optical microscopy, in the world of 

nanomaterials it fails to give information due to its limited resolution.130 Electron microscopy 

(EM) techniques liberate us from this limitation allowing ultra-high resolutions up to a few nm. 

One of the EM techniques crucial in the field of nanomaterials is SEM, a technique whose 

principle consists on scanning the sample with an electron beam from an emission source and 
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ejecting electrons from the sample surface, electrons which then are captured by a detector. 

Transmission Electron Microscopy (TEM) is another EM technique which can provide a higher 

resolution than SEM.131,132 The latter is widely used to determine the size and morphology of 

nanomaterials.  

 

Figure 13 SEM working principle scheme133 BSE stands for backscattered electrons while SE for secondary electrons. These and 
X-ray are only some of the electrons which can be ejected from several depths of the sample. 

 

2.5 Conclusion 
 

In this chapter, the electrochemical characterization techniques utilized in this thesis were 

presented. Starting with RRDE as the conventional methodology used mostly in the community 

and following with SECM as a technique with similar working principles, yet with different 

phenomena manifesting in microelectrodes. Thereafter, SECCM as an up-and coming technique 

in the field was introduced. The working principle of all these techniques was explicated. Finally, 

a brief presentation of SEM and AFM was made, as the main CL characterization techniques 

employed in this work. While the former can give insight on the morphology of the catalyst, the 

latter can be used to unravel the agglomerate size and distribution in the CL. 
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Chapter III: RRDE 
study-key challenges in 
acquiring intrinsic ORR 
activity and selectivity 
 
In this chapter, the macroelectrode-based RRDE method is employed for the electrochemical 

investigation of the non-noble Fe-N-MWCNT catalyst. After introducing the common RRDE 

problematics in the field, the chapter continues by presenting the ORR performance of the 

catalyst. It is demonstrated how the electrode coverage and amount of material deposited on 

the electrode affect the ORR activity and selectivity. A hypothesis explaining the less sigmoidal 

shapes of voltammograms at lower loadings is proposed. Finally, the effect of catalyst ink 

processing condition on the voltammogram shape and number of transferred electrons is 

presented.   
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3.1 RRDE as a conventional ORR investigation method  
 

Research towards the synthesis and design of non-precious ORR electrocatalysts is vastly 

increasing in the field with plenty of auspicious materials exhibiting encouraging results.69,134 The 

results usually refer to the performance acquired in laboratory scale, namely with RRDE as a 

convenient, rapid, and undoubtedly the most widely used technique for preliminary evaluation 

of electrocatalytic materials. Nevertheless, as the ultimate goal is the integration of the 

electrocatalyst on a FC, the excellent activity acquired in laboratory might be unavailing knowing 

that the performance acquired with RRDE for Pt-free materials generally does not match the one 

acquired via MEA studies.1 Since it is indeed a well-established method for decades, there is a 

chance that nowadays it is being taken for granted while the ultimate focus stays on the research 

of new synthesis strategies for materials. With an example to start with, one barely encounters 

micrographs of deposits on the GC electrode, even though the electrode coverage and 

smoothness of layer can certainly impact the outcome.135,136 Moreover, when Pt-free materials 

are investigated, higher electrode loadings tend to be utilized compared to Pt/C63 which often 

overestimates the performance.137 This approach is usually employed because higher loadings 

tend to exhibit higher selectivity and better diffusion plateaus compared to lower ones.138 

However, does that represent the intrinsic selectivity of the catalyst which should allegedly be 

independent of mass? Identifying and addressing the problematics that prohibit acquiring pivotal 

information about catalysts activity is necessary in the field in order to go steps closer into 

resolving them. Some researchers have indeed tackled such issues related to appropriate 

experimental protocols employed in RRDE. In a recent publication, Bouleau et al.31 make an 

excellent encapsulation of loading, Nafion, carbon grinding and selection of upper potential 

influence on the ORR catalytic activity. Garsany et al.136,139 have as well stressed the importance 

of electrode coverage and quality of catalyst film on the ORR outcomes. In this chapter, the 

influence of catalyst loading, electrode coverage and ink processing condition on ORR activity 

and selectivity is presented. An observation not properly interpreted until now is the change on 

voltammogram shape with loading, which is tackled herein.  
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3.2 Catalyst ink dispersion methods-ultrasonic bath and ball 
milling 
 

Graphitized carbon nanomaterials are well known for their hydrophobicity and their tendency to 

aggregate due to Van der Waals and electrostatic interactions140,141 leading to challenges 

regarding their dispersion in aqueous solutions. Consequently, processing the catalyst ink prior 

to the electrochemical study is a common practice in order to acquire mixtures as homogeneous 

as possible with abundant triple-phase boundaries. Up to now, the most common processing 

method used by the community to overcome the aggregation of carbon nanomaterials is 

ultrasonication of the catalyst ink.142,143 The principle consists on the generation of ultrasonic 

waves by an inducer, which create gas-and vapor-filled microbubbles upon travelling through the 

medium. After reaching a maximum size, the microbubbles collapse by generating local extreme 

conditions with high pressure, high temperature, and  H* and OH* radicals created by water 

synolysis.144,145 These so-called ‘hot spots’ are accounted for the breaking of agglomerates in the 

material. 

Another approach for dispersing carbon-based catalysts is by mechanically breaking the 

agglomerates through agitation of the ink containing ZrO2 beads inside, in which case the 

collisions and friction of the beads with each-other and with the container, transfers the 

mechanical energy to sufficiently break the particles.146 Studies have shown that ball milled inks 

exhibit higher viscosity and higher stability of agglomerates.147 Higher current densities and 

generally better MEA performance has been obtained with mechanical ball milling processing 

compared to solely ultrasonicated inks.148,149 This enhancement in performance was mostly 

correlated to the sufficiently decreased particle size,150 easing the access of oxygen to active sites 

(Figure 14). Despite the fact that ball milling has prospered, ultrasonication treatment of catalyst 

inks still dominates in laboratory scale protocols. Consequently, in this chapter, inks acquired 

with ultrasonication processing and ball milling were studied subsequently with RRDE.  
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Figure 14 Different catalyst  dispersion leads to big or small agglomerates, thus affecting oxygen access to active sites.151 

 
3.3 Experimental  
 

3.3.1 Catalyst Ink preparation  
 

The ball milling ink (bm-ink) was prepared by dispersing 120 mg of Fe-N-MWCNT catalyst powder 

(synthesis in Annex I) in a mixture of 1440 mg Nafion solution (5 wt. % in lower aliphatic 

alcohols and water, contains 15-20% water, ref 274704, from Sigma Aldrich), 2925 mg 

isopropanol (99.5 % from Thermo Fisher Scientific Chemicals) and 975 mg water, obtaining a 

concentration of 19.56 mg/mL in catalyst. The Nafion percentage in this formulation is about 37.5 

%. This ink was mixed with 10 g zirconium (Zr) spheres (from Retsch) and treated for 1 hour in 

IKA ULTRA-TURRAX® Tube Drive for first grinding. Afterwards, the same ink was left for 2 weeks 

in IKA ROLLER 6 shaker. Additionally, the ink was treated for 30 minutes in ultrasonic bath before 

each measurement. The ultrasonicated ink (us-ink) with the same concentration (19.56 mg/mL) 

was prepared by dispersing 24 mg catalyst on 660 µL isopropanol, 220 µL, water and 350 µL 

Nafion solution (5%) and then treated on ultrasonic bath (VCX 750 from Sonics materials 

equipped with a Cup Horn) for 1 hour. Likewise, before each measurement the ink was left 30 

minutes on ultrasonic bath. 
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3.3.2 Electrochemical measurements 
 

The GC electrode with an area of 0.196 cm2 and a platinum ring (RRDE electrode from Pine 

Research) was polished with 200 Å alumina suspension (99.98 % from Presi, Grenoble) for 10 

minutes before each measurement. Amounts of 0.23, 0.7, 1.6, 3, and 5 µL ink were drop-casted 

in the GCE for achieving the loadings 23, 70, 160, 300, and 500 µg/cm2 respectively. The 0.23 and 

0.7 µL were deposited in one drop, while the other loadings in two equal drops followed by drying 

in open air. All experiments were conducted in 0.05 M H2SO4 electrolyte (99.999% from Sigma 

Aldrich), bubbled with oxygen for at least 30 minutes prior to each experiment. A saturated 

calomel electrode (SCE) was used as a reference electrode and a carbon rod as counter electrode. 

The potentials in the results section are all converted to reversible hydrogen electrode (RHE) via 

Equation 11, where the pH in the electrolyte used herein is equal to 1 and the standard potential 

for SCE (Eo
(SCE)) is 0.241 V.152  

 
𝐸2<= = 𝐸>?= + 0.059	𝑝𝐻 +	𝐸>?=-

                      11 

 

Onset potentials (Eonset) correspond to the potential value at a current density of 0.1 mA/cm2. 

Cyclic voltammograms (CVs) were performed in order to take into account the capacitive current, 

in a potential range between -0.3 V and 0.8 V vs SCE and a scan rate of 5 mV/s. This scan rate is 

a good compromise for approaching steady-state behavior, as higher ones could give an apparent 

kinetics artificially improved, while much lower ones could invoke artifacts coming from the 

accumulation of impurities in the electrolyte at the WE.139 Even though the capacitive current 

was small, the average current from the forward and the backward scan of CV was used in all 

calculations, and we refer to all voltammograms as LSVs. Simultaneously, chronoamperograms 

(CA) on the platinum (Pt) ring were recorded by applying a constant potential of 1.0 V vs SCE, a 

potential value where H2O2 oxidation peak was observed. Calibration of the Pt ring was 

performed by gradually adding peroxide in the electrolyte while the ring is polarized at 1.0 V vs 

SCE, in order to ascertain its good sensitivity to H2O2 detection, as shown in Figure 15. The 

calibration curve is a straight line with a coefficient of determination R2 of 0.99, while slope 
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calculated herein is 0.35788. The background current of 0.005 mA could correspond to the 

oxidation of small amounts of impurities present in the solution.  

 

Figure 15 Calibration curve obtained from CA currents recorded at the Pt ring (polarized at 1.0 V vs SCE) at different 
concentrations of H2O2 in the electrolyte. 

The voltammograms were carried out in different rotation speeds, namely 400, 800, 1200, 1600 

and 2000 rotations per minute (rpm) while the presented voltammograms in all figures 

correspond to 1600 rpm. The collection efficiency of the Pt ring (N) was determined using a 

standard procedure from BioLogic (EC-Lab-Application Note #07 2004), using a Fe(CN)6
4- solution 

(5×10-3 M) with KCl (0.5 M) as supporting electrolyte. The disc is swept from 0 to 1 V vs SCE in 

which case the Fe (II) species is oxidized to Fe (III), while the ring is polarized at 0 V to reduce back 

the Fe (III). Dividing the corresponding ring and disc currents gave access to the collection 

efficiency N= − 6'/01
6&/23

=0.21. This value is what is commonly found in literature and is considered 

relatively low, due to the limitations imposed by the geometry of the working electrodes, namely 

the Pt-collection ring placed on the side of the GC disc where the intermediate is generated 

(Figure 8), which is an unfavorable position to catch the maximum amount of peroxide. The n 

and %H2O2 were calculated with Equation 8 and 9 respectively.   
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3.4 Us-ink-ORR performance at different loadings  
 
3.4.1 Selectivity-peroxide production and number of electrons  

Initially, the catalyst ink processed by ultrasonication was drop casted in different amounts in a 

GC disc electrode. As the current is divided by the geometric area of the electrode leading to 

current density, it is crucial that the coverage of the GC disc with catalyst is as high as possible. 

In order to have a better control in that, micrographs of each studied deposits were taken as 

shown in Figure 16. Herein one can see that as the loading gets lower, it is more challenging to 

cover well the whole area, thus loadings lower than 23 μg/cm2 were not able to be acquired. 

Higher loadings than 500 μg/cm2 were not studied, considering that their high roughness could 

disturb the diffusion layer and thus lead to overestimated currents, higher than the jL predicted 

by Levich equation.153 Nevertheless, the selectivity of the respective deposits was acquired by 

detecting peroxide currents at the Pt ring, simultaneously while the LSV occurs at the GC disc. 

The percentage of H2O2 was calculated via Equation 9 using the disc and the ring currents and 

was plotted versus the potential applied at the disc (Figure 17a). The shape of %H2O2 curves show 

a decreasing peroxide percentage detected at more negative potentials (0-0.2 V vs RHE), which 

may be correlated to the higher rate of H2O2 reduction to H2O at such conditions.154 It is also 

shown in Figure 17a that the peroxide detected decreases significantly with an increase on 

catalyst thickness, where the lowest loading exhibits a peroxide percentage as high as ~45%, 

while the highest loading only ~12% at 0.57 V. At more negative potentials (0 V vs RHE) the 

percentage varies from 7% to 20% for highest and lowest loadings respectively. The 

corresponding values of n acquired via Equation 8 are shown in Figure 17b where it is evident 

that the n varies throughout different potentials and increases from ~3.25 to 3.75 (at 0.57 V vs 

RHE) from the 23 to 500 ug/cm2 deposit, while at 0 V vs RHE the n increases from ~3.62 to 3.85. 

Higher peroxide detection for lower loaded deposits is in accordance with what was observed 

previously for carbon based materials.138,155–157 This was attributed to the larger diffusion path of 

H2O2 in thicker layers, possibly leading to a further electrochemical or chemical reduction of H2O2 

to H2O within the layer, prior to getting released to the electrolyte.154 There are also works that 

have correlated this to the higher microporosity of the material at higher loadings, in which case 
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the micropores would aid H2O2 adsorption and its reduction.158 In fact, H2O2 disproportionation 

to O2 and H2O within the layer is as well possible. However, this variation in selectivity makes it 

difficult to come to a conclusion as to what is the intrinsic n of the catalyst.  

 

Figure 16 Micrographs of the studied deposits. GC disc covered with different amounts of Fe-N-MWCNT catalyst (us ink). 

 

Figure 17 a) Peroxide percentage detected at the Pt ring vs the potential applied at the disc for different loadings (μg/cm2), b) 
the corresponding n values. Experiments obtained for us-ink of Fe-N-MWCNT catalyst in O2 saturated 0.05 M H2SO4 at a scan 

rate of 5 mV/s, corresponding to the measurement at 1600 rpm. 
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3.4.2 Voltammograms and the evolution of their slope  

The LSVs recorded at the disc for the all the deposits are shown in Figure 18a, where one can 

recognize an increase of the current density at 0 V vs RHE (j(E=0V)) and more positive 

overpotentials at higher loadings (values in Table 1).  While better kinetics is anticipated with an 

increase in mass thus active sites, the j(E=0V) change is rather unpredicted. The reason for this 

might be the fact that at lower loadings, the ink is not as well distributed, leaving more uncovered 

spots in the electrode. As such, the covered electrode area is smaller and as the O2 diffusion 

occurs in parallel with the electrode, the current density values will be smaller too.159 This 

outcome is often observed in previous works.31,158,160 Nonetheless, something interesting about 

the LSV curves in Figure 18a is also their shape variation with loading, namely the diffusion 

plateau is more evident at higher loadings. To better quantify this, the first derivative of the LSV 

curves (dj/dV) was acquired in Figure 18b, depicting the slope of the voltammograms. Firstly, 

neither voltammogram exhibits a symmetrical bell shaped gaussian derivative curve, which 

would imply an ideal sigmoidal LSV curve.153 Secondly, the maximum dj/dV value is increasing 

with loading, from ~5 mA/cm2·V for the lowest loading to ~14.5 mA/cm2·V for the highest one. A 

higher dj/dV value (more sigmoidal-shaped curve) at higher loadings is somewhat counter 

intuitive when one considers that at higher thicknesses, there is longer O2 diffusion paths which 

should be disadvantageous by prohibiting the access to the majority of active sites far from the 

surface of the catalyst layer. Same limitation could be predicted for the electrons that have to 

flow from the electrode throughout the CL (Figure 19). Therefore, one would expect an ohmic 

drop leading to a less sigmoidal shape of the curve at higher thicknesses. Moreover, high slopes 

have been associated to fast 2+2 e- mechanism or a direct 4e- one, with minimum peroxide 

production.161 This is in disagreement with many published works where catalysts with highly 

selective H2O2 production have shown well defined sigmoidal voltammograms,162–164 as well as 

catalysts with close to four electron transfer which have exhibited non-sigmoidal slopes.65 Even 

though the variation of slope with loading was well noticed in previous studies,138,153,165 the 

elucidation of such observation is rather dissatisfactory in literature. Therefore, in the next 

section we propose a possible cause leading to non-sigmoidal shaped voltammograms. 



Chapter III: RRDE study-key challenges in acquiring intrinsic ORR activity and selectivity 
 
 

52 
 

 
Figure 18 a) ORR LSV curves for us-ink of Fe-N-MWCNT at different loadings (μg/cm2) at 1600 rpm, b) the corresponding first 

derivative of the respective curves. Experiments obtained in O2 saturated 0.05 M H2SO4 at a scan rate of 5 mV/s. Results 
correspond to deposits acquired with us-ink. 

 

 Table 1 j(E=0V) and Eonset values extracted from Figure 18. 

 

 

 

Figure 19 Scheme illustrating the (predicted) hampered access of O2 and electrons to active sites at higher loadings compared 
to more feasible access at lower loadings. 

 

Loading/μg/cm2 23 70 160 500 

j(E=0V)/mA /cm2 -2.64 -3.11 -3.71 -4.42 

Eonset / V vs RHE  0.74  0.78  0.80  0.82 
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3.5 Hypothesis on the origin of voltammogram slope 
 

Considering that voltammograms are typically the first source of information in ORR 

electrocatalysis, understanding the origin of their shape could have important implications on 

the interpretation of results and performance predictions for MEA studies. A low slope deviating 

from the sigmoidal shape in RDE voltammograms would certainly suggest poor current densities 

on a MEA, generating the necessity to further investigate this matter.  

Let’s zoom into the electrochemical area in the CL where the charge transfer occurs. This is a 

complicated media involving numerous processes such as electron and proton transport 

throughout the CL (characterized by RT,e- and RT,H+, respectively), electron and proton transport 

on the catalyst agglomerates (characterized by Ragg,e- and Ragg,H+ respectively, Figure 20a), charge 

transfer (RCT) and double layer charging (CDL) within agglomerates. If we present these 

phenomena in terms of electrical circuit, we would have a circuit like in the Figure 20b.  

Safari and Delacourt166 have introduced the concept of intraparticle resistance, where the inner 

part of the particle experiences a screened potential rather than the applied one (Eapp-RI). This 

screening effect was injected into a modified Buttler Volmer equation, similarly as what was done 

previously by Alice Boudet to interpret SECM results.167 We make a hypothesis inspired by this 

theory, where the particle in our case is an agglomerate with a flowing current (ilocal) and with a 

certain screening or ohmic effect (Rilocal). If for example, we double the number of agglomerates, 

for a given current, the distribution of the total current onto more agglomerates will halve the 

flowing current in one agglomerate (ilocal), thus decreasing the screening effect too. If again we 

describe this in terms of electrical circuit, adding parallel resistances (more catalyst) would lead 

to a smaller equivalent (total) resistance (Figure 20c). This explains why at lower loadings (less 

agglomerates) we observe more screening effect, while at higher loadings (more distributed 

current and lower ilocal) we have more sigmoidal shaped curves. In this case, the transverse 

electron and proton resistances are negligible because considering them a limitation does not 

justify the experimental observation.  
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Figure 20 a) Scheme illustrating the charge transfer process, namely electrons travelling throughout the layer, entering inside a 
catalyst agglomerate, undergoing charge transfer, followed by protons getting out of the agglomerate and finally travelling 
throughout the layer to reach the membrane, b) representation of the previous scheme in terms of electrical circuit, where RT,e 
is the resistance of the transversely moving electrons within the layer, Ragg,e is the resistance coming from electrons flowing inside 
the agglomerate, RCT is the resistance of charge transfer, CDL is the double layer capacitance, Ragg,H+ is the resistance of protons 
inside the agglomerate and RT,H+ is the resistance of protons flowing transversely within the layer, c) electrical circuit 
representation in the case of adding one more agglomerate (higher loading) while considering the resistance inside the 
agglomerate as the only limiting factor, while other resistances are negligible.  

 

In order to confirm this hypothesis, the model was put in equation and solved numerically by 

Alice Boudet. Roughly explained, the screened potential and the loadings were taken into 

account in the Butler Volmer Equation. The latter was then solved via the finite element modeling 

software Comsol Multiphysics, enabling the plotting of theoretical voltammograms. As shown in 
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Figure 21, this model was able to reproduce the evolution of the shape with loading and 

derivatives of the experimental voltammograms.  

 

Figure 21 a) Example of simulated voltammograms at different loadings and b) the corresponding simulated derivatives/slopes 
by Alice Boudet. 

Now the question arises: to what extend is this simple theoretical approach able to predict 

experimental outcomes. Moreover, thin layers are with interest to be used in RRDE, therefore 

one would want to diminish the ohmic drop in low loadings. Since we are considering the ohmic 

effect to come from the agglomerate, in principle one would expect less screening effect in 

agglomerates with smaller volume. Therefore, if one changes experimentally the processing 

condition of the catalyst to allow for more breakage of agglomerates, a lower screening effect 

could be predicted, as will be shown in the next section.   
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3.6 Bm-ink-ORR performance at different loadings 

 

3.6.1 Towards improved catalyst ink dispersion 

 

Further study was conducted for an experimental proof of the model described in the previous 

section. Another set of experiments was performed with a catalyst ink treated with ball milling 

(bm-ink) prior to ultrasonication. In MEA studies, ball-milling has been indeed recognized as a 

successful method to disperse catalytic materials.168–170 To have a first insight if the dispersion 

was enhanced with ball milling treatment, SEM cross sections images of both inks drop casted in 

a gas diffusion layer (GDL) were taken. In Figure 22 one can see a drastic difference on the texture 

of us-ink vs bm-ink, where the former exhibits a lumpy layer with a thickness of ~20-50 μm with 

big agglomerates, while the latter exhibits a rather compact film of only ~10 μm. The deposits 

acquired in the GC disc with the bm-ink are shown in Figure 23, where one can recognize a 

substantial improvement on the smoothness of the catalyst layer compared to the us-ink 

deposits in Figure 16, although the electrode coverage at lower loadings is still compromised.  

 

 

Figure 22 Scanning electron microscopy (SEM) images of us ink and bm ink of Fe-N-MWCNT deposited in gas diffusion layer 
(GDL) with a loading ~600 ug /cm2. 
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Figure 23 Micrographs of the studied deposits. GC disc covered with different amounts of Fe-N-MWCNT catalyst (bm ink).  

 

3.6.2 Voltammograms and the evolution of their slope  
 

The corresponding voltammograms of the bm ink deposits are presented in Figure 24a with the 

j(E=0V) values higher than the ones observed in the us ink deposits. Herein the diffusion plateau 

is well defined for higher loadings, therefore we can refer to the current density at 0 V as the 

limiting current density or jL. The overpotential values observed herein do not vary much from 

the us-ink deposits, which may be an indication that the processing conditions does not have an 

impact on the kinetics of the material and number of active sites. The jL and Eonset results for all 

loadings are presented in Table 2. The shapes of the LSVs are also evidently more sigmoidal 

compared to the us-ink as demonstrated in Figure 24b, where the derivative curves are now 

symmetric gaussian shaped. The derivatives vary from ~13 mA /cm2·V for the lowest loading to 

~30 mA /cm2·V for the highest. Similar to the us-ink deposits, the sigmoidal shape increases with 

loading because of the previously described hypothesis, however the values of the slopes here 

are higher compared to the us-ink deposits. For example, when analyzing the derivatives of the 

thickest layers in both inks, the bm-ink one exhibits a 30 mA /cm2·V slope compared to the us-

ink one which was only ~14.5 mA /cm2·V. Therefore, decreasing the size of agglomerates was a 

successful approach to diminish the screening effect.  
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Figure 24 a) ORR LSV curves for bm-ink of Fe-N-MWCNT at different loadings (μg/cm2) at 1600 rpm, b) the corresponding first 
derivative of the respective curves. Experiments obtained in O2 saturated 0.05 M H2SO4 at a scan rate of 5 mV/s. 

 Table 2 jL and Eonset values extracted from Figure 24. 

 

3.6.3 Selectivity-peroxide production and number transferred electrons   
 

The selectivity of the bm-ink deposits was investigated as well and the %H2O2 and n at different 

potentials are depicted in Figure 25. Herein, the percentage of peroxide detected is as low as 3% 

for the highest loading and ~32% for the lowest loading, while the n varies from ~3.42 to 3.95 at 

~0.63 V vs RHE. For the highest loadings, the peroxide percentage is for 11% less in the bm-ink 

and the n higher for 0.2 compared to us-ink. For the lowest loadings, the bm-ink exhibits 13% less 

%H2O2 compared to us-ink, and a n higher for 0.2. The enhancement of n in the bm ink could be 

due to the reorganization of the agglomerates, with active sites being possibly more 

homogeneously distributed and H2O2 having more neighboring active sites to be further reduced 

to water. Consequently, the selectivity of the catalyst was generally speaking improved with ball 

milling treatment of the ink. Notwithstanding, the selectivity of the catalyst is yet varying with 

Loading /μg/cm2 23 70 160 300 

jL / mA /cm2 -4.62 -4.28 -5.06 -5.42 

Eonset / V vs RHE  0.74  0.78  0.80  0.83 
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the loading for a value of 0.5 in both inks, intercepting the access to the intrinsic ORR selectivity 

of the material.  

 

Figure 25 a) Peroxide percentage detected at the Pt ring vs the potential applied at the disc for different loadings (μg/cm2), b) 
the corresponding n values. Experiments obtained for bm-ink of Fe-N-MWCNT catalyst in O2 saturated 0.05 M H2SO4 at a scan 

rate of 5 mV/s, corresponding to the measurement at 1600 rpm. 

 

 

3.7 Conclusion 

In this chapter, the Fe-N-MWCNT catalyst was investigated for its selectivity and activity via RRDE 

method. When the conventional ultrasonicated ink was studied, it was observed that the n was 

varying with loading (from 3.2 to 3.7 at 0.57 V vs RHE), thus prohibiting the information of 

intrinsic n. Meanwhile it was recognized that the shape of LSVs was deviating from the predicted 

sigmoidal one, all the more at lower electrode loadings. A hypothesis was made assuming that at 

higher loadings, the local current of agglomerates is more distributed and leads to a diminishing 

of ohmic drop. The theoretical voltammograms taking into account the screening effect were 

plotted by Alice Boudet and exhibited the same slope/loading trend as the experimental 

observation. By improving the catalyst dispersion through ball milling treatment, the hypothesis 

was further confirmed experimentally. The bm-ink deposits lead to drastically improved slopes 



Chapter III: RRDE study-key challenges in acquiring intrinsic ORR activity and selectivity 
 
 

60 
 

of voltammograms, possibly due to less screening effect on the smaller agglomerates. The 

selectivity was also investigated with RRDE, and changed from ~3.42 to 3.95 (with bm-ink) at 0.6 

V vs RHE, depending on the loading.  

There are several takeaways from this chapter, starting with the importance of taking 

micrographs of the studied deposit, ensuring that a good electrode coverage and smooth layer 

are being obtained. Secondly, the non-sigmoidal shape of the voltammograms can come from an 

ohmic drop caused by a screening effect inside the catalyst agglomerate. This screening is 

diminished when the amount of material is increased, as well as when the size of agglomerates 

is decreased via ball milling. Therefore, processing condition of the catalyst ink plays a role on 

ohmic losses. In other words, a non-sigmoidal shaped voltammogram suggests that the 

processing condition needs to be improved (material organization within the CL). This finding is 

vastly pertinent when considering the integration of the catalyst in FCs, as ohmic drop has huge 

impact on FC performance and is ought to be kept as low as possible.  

Finally, and most importantly, even though the selectivity of the catalyst is enhanced with ball 

milling treatment, it always changes with catalyst loading no matter the catalyst dispersion. 

When a good electrode coverage is achieved, the catalyst might be too thick with long H2O2 

diffusion paths within. On the other hand, lower loadings jeopardize a good electrode coverage 

even if the dispersion is good, causing lower jL. Notwithstanding the attempts, using RRDE 

method it was not possible to be granted access to intrinsic catalyst selectivity which would not 

depend on the amount of material studied. Ideally, one would need to be in a situation where all 

active sites are available for the reaction, where no long diffusion paths could trap the 

intermediate (thin layers) and where one would not depend on the geometric area of a 

macroelectrode. Theoretically, one could achieve this with a method that allows investigations 

of much smaller amounts of material and employs smaller electrodes, as will be shown in the 

next chapter.  
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Chapter IV: SECM and 
AFM investigation of 
ultra-low catalyst 
loadings 
 

In this chapter, the ORR activity of the Fe-N-MWCNT catalyst is investigated at ultra-low loadings 

by employing SECM. The aim is to reach a situation where the catalyst thickness will not be a 

limitation in acquiring the intrinsic number of transferred electrons. Firstly, the meticulous choice 

of substrate, ultramicroelectrode and deposition method will be introduced, followed by the 

loading assessment using AFM. Thereafter, the electrochemical measurements acquired with 

SECM will be presented with a particular emphasis on the number of electrons variation with 

loading and its association to the agglomerate state of the deposits determined by AFM. Finally, 

the SECM outcomes were correlated to the results acquired with RRDE in Chapter III for a more 

comprehensive perspective.  
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4.1 SECM as a non-conventional ORR investigation method  
 

SECM is in theory a valuable asset when it comes to electrocatalytic investigations due to 

numerous advantages that microelectrodes can provide, explicated in more detail in Chapter II. 

Despite the competence of SECM to be employed on its own, curiously in electrocatalysis 

literature it is vastly used for supporting the RRDE results with extra information, such as activity 

maps showing the distribution of current in the catalyst deposit.171,172 SECM was as well used 

hand in hand with RRDE knowing that both are powerful tools for ORR selectivity assessment via 

peroxide determination. There are works where the RRDE results were concordant with the 

SECM ones,173,174 and works that showed that RRDE rather overestimates activity.114 The number 

of electrons assessment via SECM by employing pulsed-profile is the approach most widely used 

for ORR selectivity assessment,175,176 although it is not implemented as much as one would 

expect. Therefore, RRDE still dominates within laboratory scale techniques for ORR activity and 

selectivity assessment of the catalyst. Additional SECM research in ORR electrocatalysis is vastly 

requisite for unleashing its power, understanding better the technique and the catalyst itself. In 

this chapter, the latent potentiality of SECM was utilized by studying ultra-low loadings which 

were not possible to be acquired in a mm-sized electrode in RRDE.   

 

4.2 Experimental  
 

The rotating disc electrode experimental set-up is regulated in the community, where a 

commercial GCE is used as WE1 with the drop casted catalyst and the Pt ring around as WE2. 

Only the dimensions of the GCE and its separation from Pt ring might vary slightly within users.  

The electrochemical measurements and their treatment to acquire performance parameters are 

standardized too, although the amount of material studied is not regulated as was mentioned in 

Chapter III. However, in SECM there is no consensus on the type of substrate (WE1), UME (WE2), 

catalyst deposition method and neither catalyst amount, leaving some liberty for the 

experimentalist to customize the set-up judiciously. In the following section, the SECM 
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experimental approach used in this work will be discussed in detail, by reasoning the choice of 

substrate, deposition method, determination of loading and choice of UME.  

4.2.1 Choice of substrate and its fabrication 
 
The substrate is one of the working electrodes in SECM measurements, subjected to polarization 

at certain potentials during electrochemical measurements. Consequently, a proper substrate 

selection is mandatory for precise evaluation of catalysts activity. There are several substrate 

alternatives that could be used in SECM, as long as they fulfil the requirements of being 

conductive, flat enough for the topography not to influence the electrochemical measurement, 

and most importantly, inert towards ORR for the substrate activity not to be superimposed with 

the one of the catalysts. GCE is commonly used in SECM measurements177 and gold coated Si-

wafers have also been employed.178 The work done previously by Olivier Henrotte in our group 

demonstrated that boron doped diamond (BDD) is superior to the formerly mentioned substrates 

as it exhibits the highest overpotential for ORR among them, besides its high stability and 

reusability.179 As such, the potential range able to be utilized herein is wider (until -0.3 V vs SCE), 

without the substrate contributing to the current coming from the catalyst. Considering that the 

SECM study will be coupled with AFM later on, a substrate with minimal roughness is necessary 

for the distinguishment of small agglomerates, therefore the conventional BDD with a ~40 nm 

roughness would not be adequate.178,179  

Consequently, a flatter BDD substrate was fabricated by Emmanuel Scorsone via the following 

procedure: Initially diamond nanoparticle (Microdiamant, Switzerland) seeds were deposited 

onto a silicon substrate according to a procedure described previously,180 followed by the 

deposition of a first layer of boron doped diamond of approximately 500 nm thickness in a Seki 

Diamond AX6500 diamond growth reactor in a hydrogen plasma containing 1% methane as the 

source of carbon and trimethyl boron as dopant. Subsequently the substrate was transferred to 

another Seki Diamond AX6500 diamond growth reactor, where a 100 μm thick layer of intrinsic 

diamond was overgrown onto the BDD layer. Finally, the silicon was removed by wet etching in 

a mixture of HF/HNO3 in order to acquire a free-standing diamond film. While the rough surface 

is the one exposed to the plasma during growth, the smooth surface (boron-doped) is the one 
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originally in contact with the silicon. Since the latter is smooth in the first place, this BDD layer 

will end up smooth too (Figure 26). The substrate was scanned with AFM (image in Figure 27a) 

where the root mean square (RMS) roughness of only 0.281 nm for a 2 μm area was determined. 

Some small spots appear brighter in the AFM image, however if we see the section analysis of 

such region in Figure 27b (marked with a black line in Figure 27a), one can see that even such 

irregularity exhibits a roughness of less than 3 nm.  

 

Figure 26 Scheme showing the fabrication process of BDD. 

 

Figure 27 a) AFM image of the flat BDD substrate, b) section analysis of the region marked with a black line in the image, 
depicting the roughness of the white spots in the image.  
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4.2.2 Catalyst ink preparation  
 

From the study presented in Chapter III, it was evident that ball milling was successful in breaking 

big agglomerates and well dispersing the catalyst. Therefore, the catalyst ink herein was prepared 

by dispersing 20 mg of catalyst powder into a 1.175 mL mixture of isopropanol and water (3:1 

ratio) and 24 μL Nafion (5% in weight after drying), leading to a concentration of 17 mg/mL. The 

Nafion percentage in this formulation is about 5 %. Subsequently, after adding ~15 g of Zirconium 

beads, the ink was treated 40 minutes on an IKA ULTRA-TURRAX® Tube Drive for an initial 

breaking of agglomerates, followed by ball milling for 2 weeks in an IKA ROLLER 6 shaker. 

Thereafter, the ink was diluted to ~0.2 g/L and has undergone ultrasonic bath treatment for at 

least 30 minutes prior to depositing it on the substrate. 

4.2.3 Deposition of the catalyst ink onto the substrate 
 

The most straight-forward way to deposit the catalyst onto the substrate would be drop casting, 

which is indeed the common practice.115 However, in such cases it is difficult to obtain a 

homogeneously distributed deposit and to control its size. Consequently, in this work and in 

accordance with previous studies from the group, the deposits were acquired by spray-coating 

(Sonotek, ExactaCoat apparatus) the diluted ink, 5 mm on top of a micropatterned mask (from 

Micron Laser Technology) with a size of 200 μm, under which the BDD substrate is fixed. 

Homemade sliding plates are placed on top of the mask in order to allow the access of the ink 

only at one micropattern at a time (Figure 28a). The amount of ink sprayed is controlled by the 

number of passages in the nozzle which is chosen manually in the Sonotek Software, where four 

passages spray 0.15 mL of ink. The trajectory of four passages for each deposit is determined in 

the software, where each passage starts from different corners and they overlap with each other, 

leading to homogeneous and small deposits (Figure 28b). A flow rate of 0.3 mL/s has been chosen 

as the best compromise in order to avoid flooding and to allow the ink to reach the substrate 

through the mask. The substrate with the mask is placed on top of a heating plate (ExactaCoat 

apparatus) for allowing high temperatures (~80oC) that aids on solvent evaporation during the 

deposition (Figure 28c). Few-seconds pauses are also employed after each passage in order to 
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avoid flooding. The deposits were dried under argon flux afterwards, in order to remove the 

poorly adhered particles. Finally, micrographs of the deposits are taken with Olympus BX61 

optical microscope prior to SECM measurements, in order to determine their area and 

homogeneity.  

 

Figure 28 a) Picture of the mask fixed on top of the substrate with the sliding plates, b) passage pathways of the spraying nozzle 
above the sliding plates, c) picture of the set-up prior to spraying. 

 

4.2.4 Loading estimation via AFM 
 

Theoretically, the loading could be estimated by the volume of sprayed ink on the substrate and 

the area defined by the mask which are known in our case. However, the work done previously 

by Alice Boudet in our laboratory showed that using the exact same apparatus, in reality a very 

low amount of sprayed catalyst actually adheres to the substrate (5-25%) and this adherence 

even depends on the material.178 The size of deposits observed by optical microscopy is usually 

somewhat bigger than the size of the mask used (200μm), indicating the spreading of the ink 

underneath the mask.178 Therefore, this generates the need to have a more accurate and 

quantitative estimation of the loading, which can be achieved by catalyst volume determination 

with AFM (PicoLE microscope from Molecular Imaging) which herein was employed with a 

protocol established by Alice Boudet.167 The resolution deemed appropriate for the experiments 

herein is 510 x 510, where the size of one pixel is 98 nm and the size of the scan is 50 μm. Five 

images were taken in different locations of the deposit with a low scan speed of 0.5 line/s. If the 



Chapter IV: SECM and AFM investigation of ultra-low catalyst loadings 
 

67 
 

extrapolated catalyst volume calculated in these images did not differ more than 10% from each 

other, the number of images taken was considered adequate for a fair estimation of the total 

deposit volume. Gwyddion software was used for image processing, where the particles are 

discerned via a watershed algorithm181 which establishes the local extremes and separate grains 

(Figure 29b). The export of the following parameters is done afterwards: particle height, volume, 

projected area and external surface. The definition of 50 ranges of particle volume was done, 

distributed in a logarithmic scale within the tiniest and the biggest particle detected during 

experiment. A python routine was used to count of particles in each range and the sum of their 

volumes.167 The average volume of all five images within one deposit is then multiplied by the 

ratio between the deposit surface and the AFM-determined surface. Consequently, we have 

information about how the volume of catalyst in each range contributes to the total catalyst 

volume (Figure 29c). The loading of the deposit was calculated using the volume acquired by 

AFM, the area determined by the optical microscope, and the assumed density of non-porous 

carbon 2 g/cm3 via Equation 12.182 This assumed density could be higher than the real density of 

the material studied herein which might be porous to some extent, leading to a small 

overestimation of the loading. Nevertheless, this is not an obstacle when considering that the 

main intention of this work is rather the comparison of different loadings. The loadings 

investigated in this work were 1.2 μg/cm2, 5.7 μg/cm2, 13.8 μg/cm2 and 38.4 μg/cm2. Smaller 

loadings were unsuitable for investigation because they were not visible in the substrate, 

therefore making it difficult to find during the SECM experiment. The micrographs along with the 

corresponding AFM images of all deposits are shown in Figure 30, where the distribution of the 

catalyst appears fairly homogeneous and consistent between AFM and optical images. 

  

𝐿𝑜𝑎𝑑𝑖𝑛𝑔	 = !	@AB45∗D678(AB5)
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Figure 29 Demonstration of the protocol for particle size determination. a) initial raw AFM image, b) distinguishment of 
particles via the watershed algorithm embedded in Gwyddion software, c) final result showing the volume of particles in μm3 (x 

axis) and how much they contribute to the total volume of the deposit (y axis). 
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Figure 30 a,b) Micrograph and AFM images of 1.2 μg/cm2 deposit, b,c) micrograph and AFM images of 5.7 μg/cm2 deposit, e,f) 
micrograph and AFM images of 13.8 μg/cm2 deposit, g,j) micrograph and AFM images of 38.4 μg/cm2 deposits. 
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4.2.5 SECM electrochemical approach 
 

The common UME material of choice for ORR investigation is platinum177 due to its high activity 

towards ORR, while the experiments are usually carried out in RC mode as a valuable protocol 

for ORR studies, considering that it excludes background currents often encountered in TG/SC 

mode.106,177 In order to get access to selectivity of the catalyst, the detection of peroxide 

produced during ORR is also needed and this is usually done with Pt microelectrodes too. The 

unique protocol reported on literature regarding selectivity investigation of the catalyst is via 

pulsed profile method developed in Schuhmann’s group in 2007183 where a combination of RC 

and SG/TC mode is employed in the same experiment for ORR and H2O2 current evaluation with 

a Pt UME. Herein, while the substrate was polarized at -400 mV and 0 mV vs Ag/AgCl, a potential 

pulse profile was applied to the tip as follows: +0.05 V for 500 ms as initial inert potential, +1.2 V 

for 200 ms for generating oxygen, -0.6 V for 500 ms for oxygen reduction (RC mode), +1.2 V 

oxygen generation, and finally +0.6 V for 500 ms for peroxide oxidation and data acquisition 

(SG/TC mode).115 The timeframes of milliseconds were chosen in order to avoid the escape of 

oxygen and peroxide before the track of faradaic currents. 

However, in a previous work done in our group as a part of the PhD thesis of Olivier Henrotte, by 

performing CAs at different cathodic potentials in a Pt UME it has been shown that the current 

did not reach a stable value until ~300s.179 This was unanticipated considering that the applied 

potentials corresponded to the ORR diffusion plateau, which should lead to steady state currents. 

This observation was linked to the establishment of Pt surface sites and possible contamination 

of the tip.179 Nevertheless, acquiring performance parameters based on steady-state currents is 

crucial in order to exclude the possibility of the current corresponding to adsorbed electroactive 

species or charging current.90 On that account, by Henrotte et al.179 it was demonstrated how Au 

probes are an excellent alternative to Pt for ORR investigation due to higher sensitivity towards 

O2 detection and higher stability which allows the performance of steady state measurements.179 

For H2O2 detection however, Pt UME remains the best alternative as with an Au UME one cannot 

observe conclusive peroxide oxidation peaks.  
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Consequently, the SECM experiments herein were originally performed with a new approach via 

two UMEs subsequently, namely an Au UME for ORR detection in RC mode and a Pt UME for H2O2 

oxidation in SG/TC mode. A SCE electrode was used as RE and a Pt mesh separated from the 

electrolyte by glassware was used as CE. The UMEs were purchased by Sensolytics, both with a 

10 μm diameter, RG=10 and rT=5 μm. Contrary to the pulsed profile used by Schuhmann´s group 

where the oxygen is provided via a potential pulse at the electrode, inhere prior to the start of 

each experiment, the electrolyte (0.05 M H2SO4) was purged with oxygen for at least 15 minutes, 

and then the O2 flow was kept on top of the electrolyte while avoiding bubbles. Before starting 

the electrochemical measurements, the tip was placed above the center of the deposit, which 

was achieved by doing line scans in RC mode and recording the coordinates when the current 

reached the maximum value (center of deposit). During the measurements, the Au tip was kept 

static above the deposit and polarized at -0.65 V vs SCE for oxygen reduction, while the substrate 

was swept at potentials from 0.4 V to -0.3 V vs SCE at a scan speed of only 2 mV/s in order to 

achieve steady state conditions. Subsequently, for peroxide detection the substrate potential 

was swept at the same potential range as for ORR, while at the Pt UME a CA was recorded at 1.1 

V vs SCE for H2O2 oxidation. The static-tip approach was previously used by Sánchez-Sánchez et 

al184 and saves a significant amount of time compared to performing line scans at different 

substrate potentials, which would have to be conducted with a maximum scan rate of 10 μm/s 

for the current response not to be perturbed by motion.185 Nevertheless, the tip currents 

acquired from both measurements are plotted versus the potential applied at the substrate, 

which was converted from SCE to RHE via Equation 11. The tip currents acquired by both 

experiments were used to calculate the n using Equation 10. The collection efficiency (N) in 

commonly taken as 100% as long as the probe current does not vary with a change in d114,115 as 

it was found in our case. However, considering that two different electrodes are employed herein 

which may have slight dimension variations, numerical simulations are necessary to be 

performed. This was done by Alice Boudet as a part of her doctoral thesis, in which case the 

collection efficiency of both tips, Pt in SG/TC mode and Au in RC mode were taken into account 

(N=hRC/hSG/TC ).167 This is due to the fact that with this SECM approach, both ORR and H2O2 

currents are collected indirectly at the UMEs, whereas in RRDE for example the ORR current is 
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acquired directly at the disc where the catalyst is deposited, thus only the collection efficiency of 

the Pt ring needs to be evaluated. Nevertheless, the collection efficiency for both tips, at the 

same experimental parameters as used in this thesis (d, RG, rT) was N=F.+%
+.I%

= 100%.  

 

 

Figure 31 Scheme of the dual electrode SECM approach used. 

 

4.3 ORR performance evaluation and interpretation 
 
4.3.1 ORR activity and selectivity evaluation at different loadings  
 

ORR was evaluated using RC mode where the Au probe is polarized at an oxygen reducing 

potential, while the sample is simultaneously swept in a wider range of potential (0.7-0 V vs RHE). 

If we normalize the probe current by its value at the most positive potentials where no ORR 

occurs, we obtain a depiction of ORR catalytic activity versus applied potential as shown in Figure 

32a. During the measurement in RC mode, at more cathodic potentials both the substrate and 

the Au tip are competing for ORR, which leads to diminished current at the tip as the potential 



Chapter IV: SECM and AFM investigation of ultra-low catalyst loadings 
 

74 
 

becomes more negative. The more the current depletes, the higher the activity of the catalyst 

towards ORR. In Figure 32a, it is evident that at higher catalyst loadings, there is more oxygen 

being consumed by the catalyst and the ORR net current is elevated. It is interesting to observe 

that the curve corresponding to the highest loading (38.4 μg/cm2) seems to be the only one 

where diffusion starts to be a limitation around 0.3 V vs RHE. With a higher amount of material 

(more active sites), the ORR is occurring rapidly and causing an oxygen depletion in the vicinity 

of the substrate and the tip, leading to a current pseudo-plateau. Nevertheless, to better quantify 

the electrochemical performance, the onset potential was determined for all loadings. It is 

defined as the potential at which the probe current reaches 0.9 (marked in Figure 32a), and the 

more positive its value (the lower overpotential), the more active the material.178 In Figure 32b, 

one can see that the overpotential becomes more positive with loading and follows a trend for 

the three lowest loadings. The highest loading however (38.4 μg/cm2) deviates from the line. 

These kind of deviation was observed as well previously from our group178 and was related to the 

agglomerate size, which will be discussed in section 4.3.2.   

 

Figure 32 a) normalized probe current versus applied potential at the sample, b) overpotential values at a probe current of 0.9. 
Results correspond to all studied loadings in μg/cm2. Electrolyte used was 0.05 M H2SO4 saturated with O2. 

 

In order to acquire the selectivity or number of transferred electrons, the determination of 

peroxide produced during ORR is necessary. This was done in SG/TC mode while polarizing the 
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probe at 1.4 V vs RHE while the substrate is simultaneously swept in a range of 0-0.7 V vs RHE. 

During the SG/TC mode the amount of H2O2 detected increases at more cathodic potentials due 

to a higher rate of oxygen reduction at the catalyst, leading to higher current at the Pt tip (Figure 

33a). Inhere, the current trend is opposite to the ORR one, with less peroxide detected for highest 

loadings (0.15 nA) and larger H2O2 currents detected for the lowest loading (1.25 nA). Using the 

ORR and H2O2 background-corrected currents, the n was acquired for all loadings as shown in 

Figure 33b. As predicted by the trend of H2O2 currents, the number of electrons increased with 

loading.  At 0 V vs RHE the most loaded deposit (38.4 μg/cm2) exhibits a n~3.9, followed by 13.8 

μg/cm2 with n=3.8, 5.7 μg/cm2 deposit with n~3.3 and finally, the 1.2 μg/cm2 deposit exhibits a n 

of only 2.6. All curves seem to exhibit a n roughly independent of potential in a wide range (0 to 

~0.5 V vs RHE), with the exception of the 5.7 μg/cm2 deposit which has a less steady behaviour. 

Further interpretation of results was done by analysing the deposits in agglomerate scale with 

AFM, as will be shown in the next section.  

 

 

Figure 33 a) net background corrected H2O2 currents acquired with a 10 μm Pt UME in SG/TC mode, b) number of transferred 
electrons calculated from the ORR and H2O2 currents while considering N=100%. Results correspond to all studied loadings in 

μg/cm2. Electrolyte used was 0.05 M H2SO4 saturated with O2. 
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4.3.2 Linking the ORR activity to the deposit agglomerates  
 

AFM images were taken for each deposit and were processed via Gwyddion software and a 

Python routine in order to get information on the agglomerate size and their contribution to the 

total volume of the catalyst. As shown in Figure 34a, there is a great difference on the 

agglomerate sizes between deposits. The 38.4 μg/cm2 deposit contains particles in a range of 20-

40 μm3 corresponding to 7% of the total volume, particles of 70-80 μm3 corresponding to 5% of 

the total volume and 90-110 μm3 to 4%, besides the smaller ones from 0 to 20 μm3 which seem 

to have less contribution to the total volume (~3%). It is followed by the 13.8 μg/cm2 deposit with 

particle volumes of 19-30 μm3 corresponding to 3% of the total volume and 0-11 μm3 particles. 

The 5.7 μg/cm2 deposit has particles up to 14 μm3 and the lowest loaded deposit has particles 

with a volume up to 3 μm3. There is a clear trend on the increase of agglomerate size with loading 

which was rather qualitatively evident as well from AFM images in Figure 30. This is possibly a 

consequence of material accumulation at the substrate as the ink evaporates during the spraying 

process.  

Firstly, the 38.4 μg/cm2 deposit is dominated by agglomerates at least double the size of its peers. 

This could mean that many active sites that are located in the interior part of the bulky 

agglomerate might not be easily accessible to the reaction.178 This might be the explanation for 

the smaller than predicted overpotential for this deposit, observed in Figure 32b. When relating 

to the peroxide results in Figure 33, one can realize a correlation between agglomerate size and 

the amount of peroxide detected, thus number of transferred electrons too. There is a chance 

that at bigger agglomerates, the diffusion pathway of the intermediate is longer and may possibly 

lead to peroxide decomposition before getting released in the solution. This way, there could be 

less peroxide detected at the Pt UME leading to an apparent higher number of transferred 

electrons. At small agglomerates in the lowest loadings, a volume of only ~3 μm3 might be already 

small enough for the intermediate that is produced within to get released easily onto the 

electrolyte, and thus get detected by the electrode. This trend is in accordance with what was 

observed before in a SECM loading/activity study114 as well as with the RRDE results presented 

in Chapter III. A similar reasoning was made when interpreting the RRDE results where the 
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thickness of the layer was discussed instead. A perspective on the ORR activity acquired by RRDE 

and SECM is presented in Section 4.3.4.   

 

 

Figure 34 Particle sizes and their distribution determined by AFM for all loadings in μg/cm2. 

 
4.3.3 Influence of Nafion on the detected H2O2 
 

The catalyst studied herein is modified with Fe, which can undergo demetallation in free water 

and form ferrous ions Fe2+.186 The latter can react with the H2O2 produced during ORR within the 

layer via the well-known Fenton reaction and form highly active radicals such as OH* (Equation 

13).39,187 These radicals can attack and degrade Nafion in various functional groups as shown in 

Figure 35.188  Moreover, it has been shown that the H2O2 alone has the power to degrade Nafion 

too.187 Considering that at higher loadings there is more Nafion content on the deposits, one 

cannot exclude the possibility of the peroxide to be involved in such side reactions to a higher 

extent, leading to less amount being released from the surface of catalyst.  

𝐻!𝑂! + 𝐹𝑒!" → 𝑂𝐻∙ +𝑂𝐻$ + 𝐹𝑒%"                                     13 
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Figure 35 Possible mechanisms of OH* radical attack at different functional groups of Nafion structure.188 

In order to further look into this, a deposit with similar loading (5.6 μg/cm2) as presented before 

(5.7 μg/cm2) was acquired, only this time with three times more Nafion content (15%). Note that 

identical loadings were not possible to be acquired due to the limitation in the reproducibility of 

the Sonotek spraying machine. The micrographs and AFM images of the deposit with 15% Nafion 

are presented in Figure 36. The ORR and peroxide detected is plotted in Figure 37 along with the 

previously studied loadings with 5% Nafion, namely the 5.7 μg/cm2 deposit. While the ORR 

normalized currents do not differ significantly within the 5% and 15% Nafion deposits, on the 

other hand it can be observed that the deposit with more Nafion content leads to less peroxide 

detected at the probe. The current for the 5.6 μg/cm2 deposit is lower for a value of 0.4 nA 

compared to its analogue. However, when we observe the agglomerate size in Figure 37c, one 

can see that the particle volume ranges are 5-8 μm3, which is not very different from the 

agglomerates studied previously with 5% Nafion and with particle sizes of 3-14 μm3. In fact, 

despite the fact that in the 15% Nafion deposit most agglomerates seem to be small (up to 1 

μm3
), the peroxide produced was minimal. Therefore, higher amount of Nafion seems to be 

playing a role in the peroxide detected, therefore in the n too. Indeed, the importance of 

optimizing the Nafion-to-catalyst mass ratio has been also emphasized in earlier works.189  
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Figure 36 Micrograph and AFM images of 5.6 μg/cm2 deposit with 15 % Nafion.   
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Figure 37a) ORR currents for the deposits with 15% Nafion content and the previously studied deposits with 5% Nafion b) 
peroxide detected by the Pt UME for the same deposits c) particle sizes and their distribution determined by AFM for the 

corresponding deposits. Loadings are presented in μg/cm2. 
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4.3.4 Comparison of results acquired with SECM vs RRDE 
 

There was comparable information acquired with different methodologies. While the 

overpotential was decreasing with loading in both SECM and RRDE investigations, the differences 

in the selectivity of the catalyst towards ORR are interesting to compare. To have a better 

understanding of the results, a plot of the n acquired at different loadings for the RRDE and SECM 

measurements is presented in Figure 38. One can see that with SECM, the limit of loading able 

to be studied was expanded. The lowest n acquired with SECM is ~2.6 at a loading of only 1.2 

μg/cm2, while in RRDE the lowest loading (23 μg/cm2) exhibits a n~3.2. A common n of 3.9 was 

acquired with both methodologies at their highest studied loadings, namely 38.4 μg/cm2 with 

SECM and 300 μg/cm2 with bm ink in RRDE.  At a similar loading where both methods could be 

used, we can see that the n acquired with SECM is higher than the one acquired with RRDE.  This 

can be explained by the difference in the material organisation in the spots investigated by the 

two methods. For SECM investigation we have sprayed the ink, leading to more individualized 

agglomerates than for the RRDE study, where the ink was drop casted. Another observation in 

these plots is the similarity on the trend of their n change with loading. As the amount of material 

increases, the n increases no matter the methodology used. Low loadings able to be acquired 

with SECM were foreseen not to have limitations of peroxide blockage. However, as it was seen 

also with AFM, even within such low loadings there is considerable differences in agglomerate 

sizes, despite the prudent deposition methodology used. Nevertheless, limitations that prohibit 

a n independent of loading seem to be manifesting in micro-scale SECM measurements too. 
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Figure 38 A representation of number of electrons acquired from RRDE measurements (for bm and us ink) and from SECM 
measurements of bm ink.  

 

4.4 Conclusion 
 

In this chapter, the ORR activity and the agglomerate scale of the Fe-N-MWCNT catalyst was 

studied with SECM and AFM respectively. The catalyst deposits were acquired by using a spraying 

technique which lead to defined and homogeneous spots whose area was determined with an 

optical microscope. The loading of all the deposits was acquired unambiguously by doing AFM 

scans prior to SECM measurement and extracting the information of size and height of particles, 

thus granting the total volume of the catalyst.  

The electrochemical SECM measurements were carried out by using an Au UME for oxygen 

detection, as deemed a successful approach in previously reported works. In addition, peroxide 

produced by the catalyst during ORR was detected by the Pt UME, thus enabling the acquirement 

of ORR selectivity. While in RRDE measurements, the lowest number of electrons observed was 

3.2, in SECCM at a loading of 1.2 μg/cm2 a n of only 2.6 was acquired. Therefore, there is more 

peroxide produced at the sample that one might have thought solely from the RRDE 

measurements where this information could have been hidden if one would focus on the highest 

loadings. In other words, the intrinsic selectivity of this catalyst is closer to 2, rather than 4. This 
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outcome is very significant when considering the integration of the catalyst into a fuel cell, as a 

high amount of peroxide leads to catalyst degradation. However, even though with SECM at low 

loadings it was foreseen that there would be no limitation in catalyst thickness, the n still kept 

varying with loading. With AFM we elucidated the sizes of agglomerates in all deposits and 

observed a correlation between big agglomerate size and smaller H2O2 currents (therefore higher 

n). It appears that even agglomerates with a volume of 25 μm3 could be too big and lead to 

peroxide entrapment within. On the other hand, more Nafion content in higher loadings could 

also play a role on the peroxide detected by the UME, due to side reactions that occur between 

peroxide or its radicals and Nafion. Ultimately, the agglomerate size plays a role on the released 

peroxide.  

Nevertheless, the ability to study ultra-low loadings is valuable in SECM as we can get closer to 

the intrinsic number of transferred electrons. These results also suggest that in future works, it 

is critical that the catalyst deposit is more rigorously homogeneous with small agglomerates and 

optimum Nafion-to-catalyst ratio, so that the entrapment of peroxide within the layer or its 

reactions with the binder could be avoided and one could get access to the core number of 

transferred electrons.   
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Chapter V: SECCM and 
SEM analysis of 
individual catalyst 
agglomerates with 
nanoscale resolution 
 

 

In this chapter, nano-scale SECCM is employed to investigate individual Fe-N-MWCNT catalyst 

agglomerates. At such small scales, the irrelevance of catalyst thickness opens the door for 

intrinsic activity assessment. Initially, the raw ORR currents for the agglomerates containing 

Nafion are presented. Thereafter, by normalizing thousands of individual measurements by their 

unique electrochemical surface area (ECSA), the activity maps in mA/cm2 are obtained. Similarly, 

the raw and the ECSA-normalized currents are obtained for the Nafion-free agglomerates. Similar 

ORR current densities demonstrate the intrinsic ORR activity that is independent of surface area 

and Nafion content. SEM images of the SECCM scanned area are obtained, revealing the 

morphology of the studied agglomerates.   
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5.1 Nano electrochemistry coming to the rescue  
 

From the previous chapters we saw that with RRDE and SECM methodologies, despite acquiring 

important information about a catalyst’s activity, there are irrefutable experimental challenges 

that make the extraction of intrinsic activity and selectivity quite complicated. The core of the 

problematic was found to be the thickness of catalyst, which vastly influenced the number of 

transferred electrons. Even when the loading was further lowered in the SECM measurements, 

the size of the agglomerates had as well an impact on the selectivity and the overpotential. On 

the other hand, more Nafion content for the same loading also revealed less peroxide detected 

at the UME, complicating further the interpretation of results. Although, Nafion’s role as a binder 

is crucial for a good dispersion and adherence on the electrode. Moreover, the resolution in 

SECM is limited to a few micrometers and the electrochemical information represents the global 

activity of many agglomerates in a deposit, making it impossible to establish the influence of 

individual agglomerates on the ORR activity.  

Being able to zoom into tiny structures of the material and performing single entity 

electrochemistry could in principle get rid of such obstacles. The thickness of the layer would not 

be an impediment as small entities of material can be studied individually. For the same reason, 

the presence of Nafion and an excellent adherence on the electrode is not mandatory either. One 

of the SPM techniques which allows high resolution single entity electrochemical measurements 

is SECCM, with which one can perform electrochemistry in a nano-sized droplet in contact with 

the sample without any influence of the surrounding (Chapter II). Herein, the usage of nano-sized 

pipettes and a small hopping distance allows one to perform hundreds to thousands of individual 

measurements within one sample with ultra-high resolution, at a time-scale of only a few hours. 

To put it into perspective, what we would see as one pixel in a SECM map, we can discern as 

thousands of pixels in a SECCM map, which can further be coupled with SEM to correlate the 

activity with the morphology of the tiny particles (Figure 39). Therefore, this opens the door for 

unraveling interesting information about the properties of a given catalyst. 
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Figure 39 a) A scheme showing an example of a SECM map acquired with RC mode and 10 μm Au UME and b) how one pixel of 
that map can be discerned as thousands of pixels with an SECCM map, differentiating different catalyst agglomerates, c) SEM 

image of the same area scanned with SECCM. Note this is only an illustration, as both maps do not correspond to the same 
deposit. 

 

In the following sections of this chapter, nano-scale SECCM is employed to investigate individual 

catalyst agglomerates with and without Nafion content, through high resolution surface area-

normalized electrochemical data, thus unraveling the intrinsic ORR activity. When coupling with 

SEM, the morphology of the studied catalyst agglomerates is analyzed.  

 

5.2 Experimental  
 

5.2.1 Fabrication of the nanopipettes 
 
A CO2 laser puller (P-2000; Sutter Instruments) was utilized to pull single barrel quartz capillaries 

with filament (ZQF-120-90-10; Science Products) through a one-line program, leading to a single 

barrel pipette. Subsequently its diameter was determined by SEM (FEI, Quanta 3D ESEM). The 

pulling parameters utilized for certain capillary sizes are shown below and gave very reproducible 

results: 

(d~150 nm): HEAT 720, FIL 4, VEL 45, DEL 130, PUL 90 

(d~250 nm): HEAT 680, FIL 4, VEL 45, DEL 130, PUL 90 
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5.2.2 Deposit preparation and SECCM experiment 
 

The catalyst ink was prepared with the same procedure as described in section 4.2.2. An 

additional ink was prepared with the same procedure, only excluding the Nafion in the 

formulation. The flat BDD substrate was rinsed with isopropanol and dried with argon, before to 

fixing it in the SECCM holder and contacting it with Cu tape, the conductivity of which was verified 

with a multimeter. Afterwards, the deposition was done by drop-casting a small drop of the ink 

on the substrate and letting it dry in air.  

A home-built SECCM set-up was utilized for the electrochemical experiments, which was installed 

in a Faraday cage with thermal isolation panels (Vaku-Isotherm) and set on a vibrating damping 

table (RS 2000, Newport) with four S-2000 stabilizers (Newport). The pipette was filled with 0.05 

M H2SO4 (99.999% purity, Sigma Aldrich) with a Ag/AgCl [3 M KCl] reference counter electrode 

inside and was fixed on a pipette holder. The BDD substrate was fixed on top of an x, y, z-piezo 

cube (P-611.3S nanocube; Physik Instrumente) where an analog amplifier (E-664, Physik 

Instrumente) aids for fine positioning. An optical camera (DMK 21AU04; The Imaging Source) and 

a cold light source (KL1500 LCD Schott) was used for visualization by eye while the substrate was 

initially positioned close to a region of interest, through a three-stepper motor driven micrometer 

screws (Owis) with an L Step PCIe (Lang) controller. Once the pipette was ~40 μm above the 

sample region of interest (working electrode, WE), the approach was done with a surface current 

(isurf) threshold of 2.5 pA, in order for the contact of meniscus-WE to be detected and further 

translation to be terminated. The hopping mode protocol was employed for collecting 

electrochemical data at multiple points, within the restricted area established by the meniscus 

between the pipette and the substrate. The number of landing points was predefined prior to 

the experiment. Once the meniscus is in contact with the WE, a linear sweep voltammogram 

(LSV) in a range of 0.3 to -0.6 V vs Ag/AgCl was performed, followed by three cyclic 

voltammograms (CV) in a range of 0.65-0.7 V vs Ag/AgCl at scan rates of 2, 5 and 10 V/s, at each 

landing spot. The potentials were converted to reversible hydrogen electrode (RHE) via Equation 

14, where the standard electrode potential for Ag/AgCl (Eo (Ag/AgCl)) =0.210 V and pH=1.  
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𝐸2<= = 𝐸E@/E@?J + 0.059	𝑝𝐻 +	𝐸E@/E@?J	-
                      14 

While the LSVs were translated to spatially-resolved voltametric image containing information 

about the activity of the sample, the CVs at a non-faradaic region were used to calculate the 

double layer capacitance. The z-position of approaches at all landing spots was translated to a 

topography map of the sample. The isurf flowing through the RCE was determined through a 

variable gain transimpedance amplifier (DLPCA-200, FEMTO Messtechnik). A FPGA card (PCIe-

7852R) served for data acquisition and instrumental control. This was managed through a 

modified version of a software developed in University of Warwick (WEC-SPM) written in 

LabVIEW (National Instruments). Matlab R2022a (Mathworks) software package was utilized to 

process all the raw electrochemical data and topography maps, with scripts written by Emmanuel 

Batsa Tetteh and Moonjoo Kim at Ruhr University in Bochum. 

5.2.3 SEM measurements 
 

The SEM images were acquired with a Quanta 3D ESEM (FEI) in high-vacuum mode, using an 

acceleration voltage of 30 kV. Prior to its investigation, the BDD substrate was put onto the 

aluminum SEM sample holder and contacted with a copper tape to the sample holder which 

prevents electrostatic charging. 

 

5.3 Investigation of Nafion containing agglomerates 
 
5.3.1 Raw ORR activity  
 

Initially, the Fe-N-MWCNT catalyst ink with 5% Nafion was drop-casted on the flat BDD substrate 

and was subsequently analyzed with SECCM using a ~150 nm pipette. The SECCM measurement 

spanned an area of 40x40 μm2, with a hopping distance of 0.8 μm leading to 51x51 landing points 

thus 2601 individual LSV measurements. Throughout the scan, the z-position of the capillary was 

monitored, generating a topography map as shown in Figure 40a, where the highest landing point 

corresponds to 730 nm for spot 1, followed by 666 nm and 380 nm for spot 2 and 3 respectively. 
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The LSVs recorded for all landing spots were translated into activity maps and the map at 0.56 V 

vs RHE is presented in Figure 40b, showing a homogeneous map with almost no current at such 

overpotentials. 

 

Figure 40 a) Topography map, b) SECCM activity map at 0.56 V vs RHE, scan size 40x40μm with a 0.8 μm hopping distance, 
acquired with a ~150 nm pipette. 

On the other hand, the activity map at 0 V vs RHE in Figure 41a shows an inert BDD substrate 

covered with active catalyst spots which are easily distinguished with higher currents. The 

diameter of the individual catalyst nanotubes studied here (~11 nm, Annex I) is significantly 

smaller than the size of the pipette (~150 nm), therefore the high current areas could correspond 

to small agglomerates of many nanotubes. When analyzing the LSVs corresponding to designated 

pixels in the activity map (Figure 41b), spot 2 shows significantly higher current (200 pA) 

compared to spot 1 and 3 with <20 pA. Nevertheless, something that has to be taken into account 

when making comparisons within different spots is that their electrochemical surface area (ECSA) 

could be different, meaning that a simple high current - high activity conclusion could be 

misleading.   
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Figure 41 a) Activity map showing the current in pA at 0 V vs RHE, b) corresponding LSVs for the designated pixels in the activity 
map, showing current (pA) vs E vs RHE. Data corresponds to the scan with 40x40 μm, 0.8 μm hopping distance and ~150 nm 

pipette. 

 
5.3.2 ECSA normalized ORR activity 
 
The raw currents presented in the previous section were further normalized by the ECSA, which 

can be derived from the double layer capacitance (Cdl) and specific capacitance (Cs) according to 

the expression ECSA=Cdl/Cs. Cyclic voltammograms (CVs) were performed at different scan rates 

in a non-faradaic potential region (0.906 V – 0.956 V vs RHE) (Figure 42) and from the slope of 

current vs scan rate, the Cdl was extracted. The coefficient of determination (R2) for the fits of 

each pixel (landing point) is used to verify the quality of the fit (presented in Figure 43a) and the 

chosen spots for this study exhibited an R2 ≥0.97 (values in Table 3). The Cdl map and its values 

for all designated spots are shown in Figure 43b and Table 3 respectively. The Cdl was divided 

with a value of Cs (0.0415 F/cm2) reported for carbon nanotubes (CNT),190 hence acquiring the 

ECSA in cm2 and using it to normalize the current.  
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Figure 42 CVs at a potential range of 0.906V to 0.956 V at scan rates of 2,5 and 10 V/s for a) spot 1, b) spot 2, c) spot 3 and d) 
the background. Data corresponds to the 40x40μm scan with a 0.8 μm hopping distance, acquired with a ~150 nm pipette. 
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Figure 43a) Coefficient of determination R2 acquired from the fitting of current vs scan rate, b) double layer capacitance Cdl 
acquired from the slope of current vs scan rate. Data corresponds to the 40x40 μm scan, 0.8 μm hopping distance and ~150 nm 

pipette. 

Table 3 Coefficient of determination of current vs scan rate slopes and double layer capacitance values for all designated spots. 

 

The ECSA normalized LSVs in Figure 44b show more similar current density between -200 and -

325 mA/cm2 rather than the disparate currents in Figure 41b. When analyzing the shape of LSVs, 

one can see that they do not exhibit diffusion limited current (jL) due to the high O2 mass 

transport in the small droplet, in which case the jL is shifted to more cathodic potentials.122,123 For 

the same reason, the observed current values are orders of magnitude higher than one would 

foresee.191  

Moreover, while the LSVs correspond to specific designated spots, the activity map gives us an 

overall idea of the activity during the whole scan. After normalizing the current with ECSA, the 

activity map exhibits higher currents throughout the lower half of the substrate (Figure 44a) 

which is vastly different from the non-normalized map in Figure 41a. The upper part of the scan 

also shows higher current densities, apparent on the LSV of the background (-60 mA/cm2). 

 Spot 1 Spot 2 Spot 3 Background 
R2 0.99 0.99 0.97 0.99 
Cdl (pF) 0.68 42.24 2.8 0.36 
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Figure 44 a) activity map normalized by ECSA showing the current density in mA/cm2 at 0 V vs RHE, b) corresponding LSVs for 
the designated pixels in the normalized activity map, showing current density (mA/cm2) vs E vs RHE. Data corresponds to the 

scan with 40x40, 0.8 μm hopping distance and a ~150 nm pipette. 

 
5.3.3 SEM investigation of the scanned area 
 

To get further insight on the appearance of normalized activity map in Figure 44a, subsequently 

we analyzed the SECCM scanned area of the sample with SEM (Figure 45). The lower half of the 

scan was actually flooded with no individual landing spots, explaining the higher current gradient 

on the same region in Figure 44a. It should be noted that all data were normalized by using a Cs 

corresponding to CNT (0.0415 F/cm2), while the Cs value for the BDD substrate is typically only 

about 3 μF/cm2.192 This might have led to an ECSA lower than predicted, hence leading to a higher 

current density in the background (BDD). To confirm this, the ECSA normalized activity map 

considering the BDD Cs is shown in Figure 46 with almost no current, where of course, herein the 

activity of the catalyst spots does not appear in the map. This explains the high background 

current in Figure 44b. It is evident that only by ECSA normalization and usage of the appropriate 

Cs, one can have an idea about the quality of the experiment with the intrinsic activity of the 

catalyst and the inertness of the BDD substrate in the applied potential region. 
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Figure 45 SEM image showing the traces of the SECCM scan with a size of 40x40 μm, 0.8 μm hopping distance and ~150 nm 
pipette. 

 

Figure 46 ECSA normalized activity map considering the specific capacitance of BDD (3μF/cm2) rather than the catalyst one. Data 
from the 40x40 μm2 scan with a 0.8 μm hopping distance, acquired with a ~150 nm pipette. 

Furthermore, we zoomed onto the individual catalyst spots with SEM (Figure 47) in order to have 

an insight on the morphology of the catalyst. The structure of the material was undetermined in 

most of the spots, with the exception of spot 2 where one can recognize the carbon nanotubes 

more clearly. Considering that the SEM images reveal smooth and liquid-like features of the 
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catalyst, it was assumed this could be due to Nafion present in the catalyst ink which may have 

overshadowed the nanotubes underneath, making the images inconclusive. 

 

 

 

Figure 47 SEM images of all designated spots (1,2,3) corresponding to the traces of the SECCM scan with 40x40 μm size, 0.8 μm 
hopping distance, ~150 nm pipette. 
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5.4 SECCM investigation of Nafion-free agglomerates  
 
5.4.1 Raw ORR activity 
 

In order to better visualize the structure of the catalyst in SEM and to acquire the real activity 

without Nafion influence, another measurement was done by drop-casting a catalyst ink without 

Nafion in its formulation. As such, the dispersion of the catalyst was not as good, leaving fewer 

spots deposited on the substrate. To increase the chances of landing on the catalyst spots during 

the SECCM experiment and to avoid overlapping of landing spots, the scan area was increased to 

100x100 μm2 with a hopping distance of 3 μm, therefore 986 (29x34) individual landing spots and 

the capillary size was ~250 nm. The topography map shows the flat substrate where the landing 

points at the studied pixels correspond to different heights, starting from 654 nm, to 721 nm and 

1040 nm for spot 1, 2 and 3 respectively, as depicted in Figure 48a along with the activity map at 

0.56 V vs RHE in Figure 48b.  The map at 0 V vs RHE is shown in Figure 49a where most 

agglomerates were caught only by one landing point, making the majority of catalyst spots 

appear as single pixels in the activity map. These pixels could be counted in the SECCM map and 

could more precisely be found in SEM by counting the droplet traces, making it more convenient 

for analysis. The non-normalized activity map and the corresponding LSVs in Figure 49a,b) show 

a trend of increasing current from spot 1 to spot 3 (from -25 to -325 pA). 
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Figure 48 a) topography map, b) SECCM activity map at 0.56 V vs RHE. Scan size 100x100μm with 3 μm hopping distance and a 
~250 nm pipette. 

 

Figure 49 a) Activity map showing the current in pA at 0 V vs RHE, b) corresponding LSVs for the designated pixels in the activity 
map showing current (pA) vs E vs RHE. Data corresponds to the 100x100 μm scan with 3 μm hopping distance and ~250 nm 

pipette. 

 
5.4.2 ECSA normalized ORR activity 
 

As in the previous section, CVs at different scan rates were performed in order to acquire Cdl and 

ECSA so that the current can be normalized by the surface area. The CVs are presented on Figure 

50 while the corresponding R2 map, the Cdl map and their values for all spots are shown in Figure 

51 and Table 4. The spots investigated inhere exhibit a R2≥ 0.99 and the ones with very low R2 

were considered as artefacts and not further investigated, for example the pink spots in Figure 
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51a. When the current is normalized by the ECSA as shown in Figure 52a,b, all designated spots 

level to a similar current density values between -225 and 325 mA/cm2 instead of the distinct 

ones observed in Figure 49. These values are interestingly similar to the ones in Figure 44 too, 

where the catalyst contained Nafion in its formulation. It has been reported in macroelectrode 

(RRDE) investigations that the higher content of Nafion lead to an inhibition of ORR due to the 

blockage of active sites from the Nafion self-assembly.193 In the nano scale study however, such 

events and the non-electroconductive nature of Nafion did not play a role on the ORR results. 

Doubtlessly, this is a demonstration of the intrinsic activity of the catalyst where the current is 

similar independently of Nafion content. The high background current after normalization is 

explained due to the different Cs of BDD, similarly as before. The activity map normalized 

considering a Cs of 3 μF/cm2 is presented in Figure 53. 
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Figure 50 CVs at a potential range of 0.906 V to 0.956 V at scan rates of 2,5 and 10 V/s for a) spot 1, b) spot 2, c) spot 3 and d) 
the background. Data from the 100x100 μm scan with a 3 μm hopping distance, acquired with a ~250 nm pipette. 

 

Figure 51  a) Coefficient of determination (R2) acquired from the fitting of current vs scan rate, b) double layer capacitance Cdl 
acquired from the slope of current vs scan rate. Data from the 100x100 μm scan with 3 μm hopping distance, ~250 nm pipette. 
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Table 4 Coefficient of determination of current vs scan rate slopes and double layer capacitance values for all designated spots. 

 

 

Figure 52 a) Activity map normalized by ECSA showing the current density in mA/cm2 at 0 V vs RHE, b) corresponding LSVs for 
the designated pixels in the normalized activity map, showing current density (mA/cm2) vs E vs RHE. Data corresponds to the 
scan with 100x100, 3 μm hopping distance and ~250 nm pipette. 

 

Figure 53 ECSA normalized activity map considering the specific capacitance of BDD (3 μF/cm2) rather than the catalyst one. 
Data from the 100x100 μm2 scan with a 3 μm hopping distance, acquired with a ~250 nm pipette. 

 Spot 1 Spot 2 Spot 3 Background 
R2 0.99 1.0 0.99 0.97 
Cdl (pF) 4.7 14.9 40.5 0.45 
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5.4.3 SEM investigation of the scanned area 
 

The scanned area was analyzed subsequently with SEM and the image of the full scan is shown 

in Figure 54, where at these experimental parameters the traces of the meniscus are well 

separated and there was no flooding occurring. Thereafter we zoomed into the individual studied 

spots shown in Figure 55 for a clearer insight on the morphology. Herein one can recognize clearly 

the presence of nanotubes due to the absence of Nafion in the catalyst. All agglomerates exhibit 

a mixture of nanotubes and block like structures, although their ratio seems to be different in the 

distinct agglomerates. To start with, spot 1 has a morphology dominated by nanotubes, while in 

spot 2 one can recognize only block-like structures rather than anything else. Moreover, spot 3 

exhibits a more clear-cut mixture of the two components, with some nanotubes along with block-

like structures. Nevertheless, nanotube or not, the ECSA normalized current densities suggest 

similar ORR activity in all agglomerates, demonstrating once more the steady ORR activity. 

 

Figure 54 SEM image showing the traces of the SECCM scan with a size of 100x100 μm and 3 μm hopping distance and ~250 nm 
pipette. 
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Figure 55 SEM image of all designated spots (1,2,3) corresponding to the traces of SECCM scan with 100x100 μm size, 3 μm 
hopping distance and ~250 nm pipette. 
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5.5 Conclusion 
 

In this chapter, the Fe-N-MWCNT catalyst was investigated at nano-scale resolutions via SECCM. 

Initially a catalyst deposit with Nafion content was analyzed, where the raw currents varied 

significantly within different agglomerates. When the currents were normalized by the ECSA, the 

current density of all spots leveled to a similar value of (~250 mA/cm2 in average). The values of 

current densities acquired were quite high due to rapid mass transfers in the confined nm-scale 

meniscus. The SEM images of the studied spots did not reveal clearly the nanotubes due to the 

presence of Nafion in the catalyst ink. Thereafter, another deposit without Nafion content was 

investigated. When the current was normalized by the ECSA, the ORR activity was similar to the 

agglomerates with Nafion content. Moreover, alike current densities are obtained for different 

spots containing variable proportions of nanotubes and block-like structures-as investigated with 

SEM. Overall, the nanomaterial morphology does not seem to be a key parameter influencing the 

intrinsic ORR activity and this can have crucial implications regarding future synthesis strategies. 

Nevertheless, further studies of a wider variety of morphologies would be imperative for a more 

unambiguous conclusion.  

However, an important parameter which was not able to be acquired herein is the selectivity (n), 

due to the fact that there is only the substrate as the unique WE with no other means to detect 

the intermediate. Perhaps if one would fabricate a double-barrel pipette with a platinum 

nanoelectrode in one of the barrels, detecting peroxide would be possible, albeit tricky. 

Nevertheless, the shape of the LSVs in SECCM studies was often correlated also to the ORR 

pathway, where two waves in the voltammogram were attributed to a 2+2e- reduction 

pathway.124,194 Consequently, the LSVs acquired herein might suggest a close to 4e- transfer 

pathway due to the absence of two separate waves. However, this would be an inordinate 

overstatement especially when considering the considerable amounts of peroxide detected in 

SECM and RRDE measurements. Consequently, the intrinsic number of transferred electrons 

remains an ongoing problematic ought to be solved by the community for a fair prediction of 

catalyst aptness for FC applications.  
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Conclusion and perspectives 
 

The unambiguous evaluation of ORR activity in the laboratory scale is crucial for an accurate 

catalyst performance prediction on fuel cells. This is especially important when it comes to ORR 

selectivity assessment (number of electrons), considering that an unforeseen H2O2 production in 

a FC would be extremely undesirable. This thesis explicated several electrochemical 

characterization techniques with which a Fe-N-MWCNT catalyst was investigated.  

Starting from RRDE method in Chapter III which was utilized to investigate the material for its 

activity and selectivity, the results highlighted the influence of electrode loading on the shape of 

ORR voltammograms and on the number of transferred electrons. Considering the former, the 

less sigmoidal voltammograms at lower loadings were justified with a hypothesis that a 

resistance inside the agglomerate screens the applied potential, and this resistance diminishes 

when more agglomerates (higher loading) are added due to a distribution of local current. This 

was further confirmed with another set of experiments with a ball milling-treated ink, in which 

case the agglomerates are smaller and with less screening effect, therefore with improved 

voltammogram slopes. This significant outcome implies that a non-sigmoidal shaped 

voltammogram suggests poor organization of material due to certain processing conditions. On 

the other hand, the selectivity study revealed that the peroxide produced by the catalyst changed 

significantly with the loading, therefore remaining unclear as to what is the intrinsic n of the 

material. On Chapter IV, advantage of SECM was taken as a micro-scale technique which allowed 

the study of lower loadings than RRDE. It was predicted that if the catalyst thickness was low 

enough, there would be less complications coming from the CL. A new SECM dual-electrode 

investigation approach was used successfully in this work, namely an Au UME for ORR detection 

and Pt UME for H2O2 detection. Whilst SECM unraveled interesting information about the 

catalyst’s ability for peroxide production, the varying n with loading was still apparent. However, 

it was interesting to observe that the intrinsic selectivity of the material is actually closer to 2, an 

information which is not apparent with higher loadings in RRDE measurements. However, 

generally both RRDE and SECM are dependent on experimental parameters which are difficult to 

be rigorously controlled. Extremely fine homogeneous layers are required with small and equally 
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distributed agglomerates, whose Nafion content should be tailored for the specific material 

studied.  

Finally, the situation in which no thickness factor or Nafion content was relevant to the outcome 

was achieved by nano-scale measurements with SECCM. Zooming into small agglomerates of the 

catalyst and evaluating their catalytic activity individually was the unique approach that gave 

access to the intrinsic ORR activity of the catalyst. The same ORR activity was obtained in mA/cm2 

for different agglomerates with and without Nafion content. The SEM images also reveal that all 

agglomerates with non-identical morphology exhibited similar current densities. However, the n 

which was one of the main tackled problematics in this thesis, was not possible to be assessed 

with SECCM due to the presence of only one working electrode.  

Overall, this work dealt with a step that is usually overlooked in the community, namely the way 

we evaluate intrinsic ORR activity with electrochemical methods. The results acquired in this 

thesis stress the judicious implementation of RRDE and SECM, while the power to accurately 

evaluate the intrinsic ORR activity with SECCM was unleashed. One would have to agree with 

Francisco Zaera that: ‘Only by making catalytic performance and not catalysis synthesis the center 

of attention will real progress in catalyst development be made’.195 
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Annex I: Catalyst synthesis and characterization 
 

Iron acetate (Alfa Aesar), Zinc nitrate (Alfa Aesar) and 2-methylimidazole (Alfa Aesar) (forming a 

MOF) and carbon nanotubes (NC 7100 from Nanocyl) were mixed 30 minutes in ethanol. Then, 

the solvent was removed by evaporation. The powder has undergone a first pyrolysis at 900 °C 

for 1 h under argon, followed by a second pyrolysis at 900 °C for 30 min in an NH3 atmosphere 

without any acid treatment. Zinc is removed when the temperature is increased, leaving behind 

a porous carbon material.  

  

Figure 56 SEM images of the Fe-N-MWCNT catalyst, revealing its morphology and diameter of nanotubes. 
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Figure 57 XPS spectra of the catalyst. XPS analyses were performed to show that this material was composed on surface of 
Carbon, Oxygen, Nitrogen and Iron with percentages of 94.2, 2.9, 2.7 and 0.2 respectively. 

 

Figure 58 Nitrogen adsorption–desorption BET isotherm. The surface area is 1132 m2g-1. 
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1. Limani, N.; Boudet, A.; Blanchard, N.; Jousselme, B.; Cornut, R. Local Probe Investigation of      
Electrocatalytic Activity. Chem. Sci. 2021, 12 (1), 71–98. https://doi.org/10.1039/D0SC04319B. 

 

2. Boudet, A.; Henrotte, O.; Limani, N.; El Orf, F.; Oswald, F.; Jousselme, B.; Cornut, R. Unraveling the 
Link between Catalytic Activity and Agglomeration State with Scanning Electrochemical Microscopy 
and Atomic Force Microscopy. Anal. Chem. 2022, 94 (3), 1697–1704. 
https://doi.org/10.1021/acs.analchem.1c04256 

 
3. Henrotte, O.; Boudet, A.; Limani, N.; Bergonzo, P.; Zribi, B.; Scorsone, E.; Jousselme, B.; Cornut, R. 

Steady-State Electrocatalytic Activity Evaluation with the Redox Competition Mode of Scanning 
Electrochemical Microscopy: A Gold Probe and a Boron-Doped Diamond Substrate. 
ChemElectroChem 2020, 7 (22), 4633–4640. https://doi.org/10.1002/celc.202001088. 

 
4. Limani, N.; Tetteh, EB.; Kim, M.; Quast, T.; Scorsone, E.; Jousselme, B.; Schuhmann, W.; Cornut, R. 

Scrutinizing intrinsic oxygen reduction reaction activity of a Fe-N-MWCNT catalyst via scanning 
electrochemical cell microscopy. (submitted)  

 
5. Two articles concerning the RRDE work of Chapter III and the SECM work of Chapter IV are being 

prepared.  
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