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Abstract 

canning Electrochemical Cell Microscopy (SECCM) has proven 
powerful for gaining electrochemical knowledge of microscopi-
cally structured surfaces, and this work is aimed at expanding the 
horizon of its application to complex multiphase systems, 

through new examined materials, electrochemical methods, experi-
mental configurations and methods of data analysis. Firstly, SECCM is 
applied in the conventional voltammetric mode to a microscopically 
mixed polymer electrode blend consisting of conductive P3HT and insu-
lating PMMA, revealing that P3HT is still able to exhibit relatively facile 
electron transfer kinetics when in the blend, contrary to macroscale elec-
trochemistry results, which are mostly controlled by parasitic resistance. 
Then, a new, current controlled (chronopotentiometric) SECCM setup 
is developed and tested on model systems of increasing complexity, 
demonstrating stable and reproducible local electrochemistry with wide-
spread applicability, e.g., to measure the “onset potential” in an electro-
catalytic system at minimal driving force. Chronopotentiometric 
SECCM is then applied to the study of structure-dependent Cu corro-
sion in a novel triple-phase aqueous nanodroplet/oil/metal configura-
tion, where a newly developed electrochemistry/crystallography correla-
tion analysis is applied to visualise the trend in surface activity across the 
whole spectrum of orientations within a polycrystal. The high-index fac-
ets present a complex pattern of surface reactivity that cannot be simply 
interpreted as combination of the behaviour of the low-index grains. Us-
ing the same system, but applying the conventional voltammetric 
SECCM mode, two possible oil related effects and their intercorrelations 
are then explored: the effect of dissolved O2 and the effect of an oil-solu-
ble corrosion inhibitor. A strongly grain dependent and unique action is 
observed on both the anodic and cathodic reactions that drive Cu corro-
sion, with the high flux of O2 across the three phase interface dramatically 
enhancing (anodic) electro-dissolution, as well as changing the apparent 
mechanism of corrosion inhibition. Overall this work opens up a wide 
range of new possibilities for SECCM in the study of complex multiphase 
systems, with relevant application in the fields of opto-electronics, energy 
transformation and corrosion. 
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Chapter 1

Introduction 

his thesis is about the exploration of the complexity of electro-

active surfaces. The centrality of surface processes, especially 

in electrochemical applications, has been widely appreciated 

for a long time, with even Walter Brattain, the father of modern transis-

tors, highlighting it at the very beginning of his Nobel Prize lecture, not 

later than 1956:1

“It is at a surface where many of our most interesting 

and useful phenomena occur. We live for example on the 

surface of a planet. It is at a surface where the catalysis of 

chemical reactions occur. It is essentially at a surface of a 

plant that sunlight is converted to a sugar. In electronics, 

most if not all active circuit elements involve non-equilib-

rium phenomena occurring at surfaces. Much of biology is 

concerned with reactions at a surface.” 

After this statement, however, Brattain observed how little progress had 

been made by physicists to that moment in understanding surface prop-

erties, if compared to bulk gases and solids. At a distance of 64 years, his 

words are still rather pertinent; indeed, even though enormous progress 

has been made in understanding surface processes and properties,2-5 it is 
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still considerably easier to study the physics and chemistry of a bulk ma-

terial rather that its interfacial behaviour. 

Particularly in electrochemistry, whose definition lays in the notion of 

electron transfer between two different phases, the concept of surface and 

surface reactivity relative to interfacial processes is still a hot topic for any 

new research. The study of the electrochemical reactivity of surfaces is 

therefore fundamental in fields such as energy storage,6-8 electrocataly-

sis,9-12 fuel cells13,14 and photo electrochemical devices,15-18 only for citing 

a few, but also in fields that, despite not involving an electrochemical cell, 

are based on electron transfer processes across an interface, such as metal 

corrosion19-26 and some fundamental metabolic processes.27-30

In general, the surface presents a peculiar reactivity, if compared to the 

bulk material, because of the non-ideal status of the atoms, ions or mole-

cules on the top-most layer, whose interaction with the surroundings is 

somehow disrupted due to the lack of their counterparts in one or more 

coordination site(s).31-33 Furthermore, the composition of the surface 

could be relatively different from the composition of the bulk, due to 

chemical reactions with the surrounding environment and/or contami-

nation, and complex topographical features can be present, adding 

unique active sites for chemical and physical processes. 

Over the years, specific techniques have been developed to examine 

the properties of very thin layers, in order to distinguish the surface prop-

erties from those of the bulk.3,5,34,35 Important examples include spectro-

scopic methods such as surface enhanced Raman spectroscopy (SERS)36

or surface extended X-ray absorption fine structure (SEXAFS)37 and X-

Ray photoelectron spectroscopy (XPS),38 or diffraction techniques such 

as grazing incidence X-Ray or neutron diffractions (GID),39,40 and many 

others.41,42 If the overall difference between the surface and the bulk is al-

ready per se a wide field of study, another factor of complexity of a surface 

behaviour resides in its heterogeneity on a microscopic level. 
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The study of surface features in the micrometric to nanometric range 

(even to the atomic scale), is often determinant for a comprehensive un-

derstanding of the macroscopic surface behaviour.43,44 Such features span 

from the crystallographic orientation and defects in crystallographic 

structure (if the material is crystalline), to the patterns of mixing of differ-

ent materials (if the material is a mixture), to the presence of certain topo-

graphical features and so on. Therefore, a fundamental tool in the study 

of surface properties is represented by the microscopy techniques,45

which can be generally divided into two broad categories. First, the tech-

niques that use the properties of the interaction of the surface with radia-

tion, such as optical and electron microscopy. Second, the techniques 

that take advantage of the interaction between the surface and a motile 

microscopic probe, collectively classified as scanning probe microscopy 

(SPM). 

The first group includes important widespread techniques such as 

transmission electron microscopy (TEM),46 scanning electron micros-

copy (SEM),47 which use an electron beam to visualise the sample, tech-

niques that use visible light (from the classical optical microscopy to the 

extremely advanced fluorescence near-field microscopy),48,49 and many 

other sorts of radiation.50,51 The second group includes techniques that 

have been developed mostly in the last 40 years, and are based on the in-

teraction between the sample surface and a microscopic probe.52 Starting 

from scanning tunnelling microscopy (abbr. STM, which involves meas-

uring the tunnelling current between the substrate and the probe),53,54

several techniques have been developed. This includes atomic force mi-

croscopy (abbr. AFM, where the mechanical force between the probe and 

the substrate is measured)55 scanning kelvin probe (KPFM)56,57 and, fi-

nally, various scanning electrochemical probe microscopies (SEPMs), 

where the measured signal between the probe and the substrate is elec-

trochemical in nature (such as the current or the electromotive 

force).24,58-62

The complexity of surfaces



4 

As explored in the following paragraphs, SEPM has proved to be ex-

tremely useful in characterising the microscopical properties of electro-

active materials in the environment where they are supposed to operate, 

rather than ideal experimental conditions (such as high-ultra-vacuum or 

controlled atmospheres). It comprises methods such as scanning electro-

chemical microscopy (SECM)58 and scanning ion conductance micros-

copy (SICM)59 the first of these techniques, both developed in 1989, 63,64

and the electrochemical microcell techniques24,60 such as scanning elec-

trochemical cell microscopy (SECCM)61,62,65 which is the main topic of 

this dissertation. 

Improving these techniques and expanding their fields of application 

is a hot topic in microscopy and a great challenge in electrochemical re-

search,66 and this thesis was developed along this line. But in order to give 

a context to the data that will be presented, this introductory chapter will 

first describe the fundamentals of electrochemical processes and electro-

chemical techniques, before moving on to describe the principles and 

main accomplishments of the SEPM techniques most relevant to this 

work. Finally, a few topics will be introduced where SEPM has the poten-

tial to be revolutionary, both in terms of the study of the subject/phe-

nomenon, as well as in the application of the technique itself. 

1.1. BASICS OF ELECTROANALYSIS

This section will give an overview of the main principles of electro-

chemistry and how they are applied in classical electroanalytical tech-

niques, with particular focus on the ones that are most relevant for this 

work. 

1.1.1. Fundamental parameters 

Electrochemistry involves the study of the electron transfer that hap-

pens at the interface between two distinct chemical phases, and how the 

composition and the reactivity of these phases influence it.67 Usually, the 
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electron transfer happens between an electronic conductor, generally a 

solid electrode (M1), and an ionic conductor or electrolyte, i.e. a liquid 

solution containing dissociated ions (S). The electrochemical system is 

usually completed by putting S in contact with another metallic conduc-

tor (M2), and connecting M1 and M2 to a power source (V) through metal 

cabling (M3).68 Therefore, a typical electrochemical system can be de-

scribed as a series of subsequent connections forming an electrochemical 

cell, in sequence V/M3,  M3/M1,  M1/S,  S/M2,  M2/M3',  M3'/V. Within 

this kind of system, two parameters are considered fundamental for char-

acterising the electrochemical reaction at the interface M1/S, the electro-

M1/S), intended as the electrical work necessary to 

transport a charge from M1 to S, and the charge flux through the surface 

( ), as indicator of the rate of the reaction. Such parameters are not di-

rectly measured, but can be related to the two main instrumental param-

eters, the cell potential (E) and the current (i).

M1/S is the effective driving force for the 

electron transfer that happens at the interface of interest, and it is related 

to the cell potential E (applied at the power source V) through this rela-

tion:69

 
 

   
        
   

1 2

1 2

M M

M /S M /S
e eE
F F

(1.1) 

where 


 

i

M

M /S

i
e

iE
F

(1.2) 

is the half-cell potential corresponding with the interface between the so-

lution and the metallic conductor (Mi Mi/S is the 

electrical driving force of the reaction, while µe
Mi is the chemical potential 

of the electron, i.e. the chemical driving force of the reaction, and F the 

Faraday constant. Therefore, the potential, E, applied at the electrode is 
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an indirect measure of the reaction driving force, being expressed as a dif-

ference between the two electrodic processes. In electrochemical studies, 

in order to focus on the interface of interest (M1/S), E2 is ideally kept con-

stant and set as a reference in order to make E1 the only variable in the 

system, such that it can be expressed solely as E; however, such E repre-

sents the difference relative to a constant reference value.69

The flux , which is an indicator of the rate of the reaction carried out 

at the electrode surface,67,68 is proportional to i through the following 

equation: 


i

nFA
(1.3) 

where n is the number of electrons exchanged in the reaction and A is the 

total area of the electrode.  

 is influenced by several factors, first and foremost the rate of the elec-

trochemical reaction at the surface, determined by the electromotive 

force and the intrinsic properties of the reactants and the two interacting 

phases. Secondly, the mass transport of the reactant and the products to 

and from the electrode surface, dependent mainly on diffusion, convec-

tion and electrical migration. Thirdly, the presence of additional non 

electrochemical processes, such as homogeneous reactions in solution, 

and surface interaction processes such as adsorption, desorption and 

modification of the surface itself (e.g. because of material deposition and 

degradation).  

In equilibrium conditions, the neat flux of electrons through the sur-

face (i.e. net i) is zero so, for a typical redox process, with O being the ox-

idised species and R the reduced one, 

 O n e R (1.4) 

The electrochemical potential (i.e. the chemical potential corrected with 
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) of the reactants equals that of the products, 

so that the equilibrium potential, Eeq can be expressed by the Nernst equa-

tion:67,70

 
   

 

0 O
eq O/R

R

ln
RT a

E E
nF a

(1.5) 

where E0
O/R is the standard reduction potential of the redox couple O/R, 

aO and aR are the activities of the two species, R is the universal gas con-

stant and T the absolute temperature. E measured in this case can be de-

scribed as equilibrium potential (Eeq) and depends solely on the afore-

mentioned thermodynamic parameters. To simplify the treatment and 

express E as a function of the concentration rather than the activity, it is 

useful to introduce the formal potential, E0'.67 If the activity of the species 

j is defined as 

j j ja C (1.6) 

where Cj j is the activity coefficient, then E0'O/R

is expressed as  
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E E
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(1.7) 

Therefore, equation (1.5) can be re-arranged as 

 
   

 

0' O
eq O/R

R

ln
RT C

E E
nF C

(1.8) 

1.1.2. Basic principles of electron transfer kinetics 

The fundamental reaction happening at the electrode interface in-

volves, in the simplest case, a generic redox process between and oxidised 

species O and a reduced species R, as mentioned above and reported in 

more details here: 
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f

b

k

k
O n e R (1.9) 

where kf is the kinetic constant of the forward reaction (arbitrarily defined 

as the reduction reaction in this case), kb is the kinetic constant of the 

backward process and n is the number of electrons exchanged in the re-

dox reaction. In this simple case the fluxes (i.e. the reaction rates) of each 

of the species involved can be simply written as71,72

 f f O (0 , )k C t (1.10) 

 b b R ( 0 , )k C t (1.11) 

with Cj(z,t) being the concentration of the species j at a distance z from 

the electrode and at time t. z is equal to 0 at the surface, as in the case 

considered here, and ideally equal to infinite in the bulk solution. The to-

tal flux t, therefore, will be the difference f b: 

     t b f f O b R( 0 , ) ( 0 , )k C t k C t (1.12) 

By the combination of equation (1.12) with (1.3), an expression for 

the net current resulting from the electron transfer at the surface is ex-

pressed as 

    f b f O b R(0, ) (0, )i i i nFA k C t k C t (1.13) 

with if and ib being respectively the oxidation and the reduction current: 

f f O ( 0 , )i n F A k C t (1.14) 

b b R ( 0 , )i n F A k C t (1.15) 

The current i is usually referred as faradaic current, being originated 

from a redox process at an electrode. The theories of electron transfer ki-

netics aim to relate i with the applied electrodic potential E, in order to 

extract fundamental parameters that can help describe the mechanism of 

the reaction. This means linking the kinetic constant to the energetic fac-

tor, and evaluating the relation between such factors and E. 
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Taking the case of the simplest electron transfer, involving only one 

electron (n = 1), the relation of between the two kinetic constants and the 

energy of the transition state can be expressed by an exponential relation, 

of which the most useful form is represented by the Eyring equation:73,74

  
  

 

‡
jB

j exp
Gk T

k
h RT

(1.16) 

where j can either stand for the forward or the backward process. In the 

Gj
‡ represents the free energy of the transition state of the 

considered reaction, T is the absolute temperature, kB, and h are respec-

tively the Boltzmann constant and the Plank constant, and  is the trans-

mission coefficient, a probability factor related to the vibration states of 

the system, assumed equal to 1 in this treatment.67,75

Gj
‡, the difference in free energy between the reactant and the tran-

sition state, is assumed to be dependent on the electrode potential, given 

the characteristics of the electrochemical cell described above.76 The sim-

plest model for such relation involves a linear relation, as described by the 

Butler-Volmer theory.71,72,77,78 Therefore, the two transition state energies 

can be described by the following equations: 

    ‡ ‡
f 0 eqG G F E E (1.17) 

    ‡ ‡
b 0 eqG G F E E (1.18) 

G0
‡ is the barrier in absence of electrical perturbation, Eeq the 

equilibrium potential [i.e. the potential given by the Nernst equation, 

therefore related to the formal potential E0', as shown in Eq.(1.8)], and 

and  are the electron transfer coefficients. For an elementary process 

such as a one electron reduction,  and  are considered complementary, 

with  = 1 . Therefore, by combining equations (1.13), (1.16), (1.17) 
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and (1.18), a fundamental kinetic relation is obtained, known as the But-

ler-Volmer equation: 

          
  

 

0' 0'10
O R(0, ) (0, )

RT RTE E E E
F Fi nFAk C t e C t e  (1.19) 

where k0 is defined as 

  
  

 

‡
0 B 0exp

k T G
k

h RT
(1.20) 

thus representing the intrinsic rate constant of the system, i.e. the rate 

constant in the absence of an electric perturbation. k0 is called heteroge-

neous electron transfer constant, and together with the electron transfer 

coefficient  represent the fundamental parameters for characterising the 

kinetics of electron transfer in a heterogeneous phase.67 The Butler-

Volmer equation can be re-written as a function of Eeq, and will assume 

the following shape: 

          
  

 

eq eq1
O R

0 * *
O R

(0, ) (0, )RT RT
E E E E

F FC t C t
i i e e

C C
(1.21) 

where E Eeq is the overpotential ( ), CO* and CR* are the bulk concen-

trations of O and R, and i0 is the exchange current, defined as: 

   
 


(1 )0 * *

0 O Ri nFAk C C (1.22) 

i0 is the kinetic parameter (similarly to k0), associated with the condition 

of dynamic equilibrium (at  = 0), being either if or ib when if – ib = 0.  

This treatment, which is valid for a simple one electron reaction [Eq. 

(1.9) with n = 1], is at the basis for the study of different electrochemical 

systems. However, it needs to be considered that many electrochemical 

systems involve several electrochemical and chemical reactions, with 

more than one electron involved in each of the redox steps. The overall 

reaction kinetics are determined mainly by the kinetics of the slowest step 
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of the mechanism, often referred as the rate determining step (RDS). The 

identification of the RDS and if such process can be ascribed to the theory 

discussed above is an important part of molecular electrochemistry stud-

ies.67

Even considering the single electrochemical reaction introduced in 

Eq. (1.9), several different cases can be identified. The simplest one in 

electrochemistry is that both forward and backward reactions (character-

ised by the kinetic constants kf and kb) are fast and no other chemical or 

physical process intervenes to seize O or R. In this case the reaction can 

be considered electrochemically reversible, and the conversion of the re-

actant at the electron surface  is instantaneous on the time scale of mass 

transport. Such processes are referred to as “Nernstian”, because the con-

centration of the two species at the electrode can be defined simply by the 

Nernst equation; so, by re-arranging equation (1.5): 

     

0O
O /R

R

(0 , )
exp ( )

(0 , )
a t nF

E t E
a t RT

(1.23) 

or, if concentrations are used 

     

0 'O
O/R

R

(0 , )
exp ( )

(0 , )
C t nF

E t E
C t RT

(1.24) 

where the label (0,t) indicates the specific parameter measured at the sur-

face (with z = 0 for a planar and a disc electrode, as mentioned earlier) 

and at any time t of the electrochemical analysis. The electrochemically 

reversible case is common for systems that are characterised by an outer-

sphere electron transfer on a perfectly conductive electrode, such as gold, 

platinum or glassy carbon. It is the case, for example, of the oxidation of 

ferrocene dimethanol (Fc(MeOH)2 2
+) or the reduction of 

ruthenium hexamine (Ru[NH3]6
3+

3]6
2+) in electrolyte-rich 

aqueous solution, and usual mass transport rates (see next section).79,80
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Another typical encountered case is the completely irreversible reac-

tion. This can be achieved in different ways: the most obvious is  when 

reaction (1.9) is chemically irreversible, if kb = 0; otherwise, the same ef-

fect can be caused by a side reaction able to consume the product R con-

siderably faster than the rate kb. In between the two extreme cases (fully 

reversible and fully irreversible) it is possible to define a quasi-reversible 

situation, i.e. where kf and kb are both non-zero but also not critically fast 

on the mass transport timescale (vide infra). In both of the irreversible 

and quasi-reversible cases, the concentration of O and R at the electrode 

surface will be determined both by thermodynamic and kinetic parame-

ters (i.e. E0', k0 and  of the electron transfer).67,81

Regardless of the reversibility of the main electrochemical reaction, it 

needs to be remarked that a system described only by reaction (1.9) rep-

resents a limited numbers of model cases, as the ones of the ferrocene or 

ruthenium derivatives mentioned above. In the overwhelming majority 

of the electrochemical systems, the process will have contribution of sev-

eral electrochemical and non-electrochemical reactions, the latter of 

which can happen both at the electrode surface and in the homogeneous 

phase. As an example, reactions that involve the loss or acquisition of a 

proton in solution (i.e. acid-base reactions) are often a key step in many 

electrochemical processes.82

Naming other typical reactions following the electrochemical step: 

further reduction or oxidation of the product, rearrangement of the mol-

ecule, disproportionation, dimerization, reactions with electrophiles and 

nucleophiles in solution and many others.67,83 In several cases, the ideality 

of the electrode itself cannot be assumed, e.g. in the case of non-perfectly 

conductive surfaces,84 or irreversible modifications of it, such as corrosion 

and other forms of degradation,19,85,86 or phenomena of chemical and 

physical adsorption of species in solution, and so on.67,87,88

The formation and consumption of every species involved in these 
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processes provokes a dramatic change in the local or bulk solution prop-

erties (depending on the timescale), such as concentration and conduc-

tivity. These properties, in turn, influence the movement of the species 

within the solution, and their possibility of reaching the site where the 

reaction is carried out. For this reason, the second fundamental parame-

ter in an electrochemical system, and often the main parameter for deter-

mining the outcome of an electroanalysis, is the mass transport in solu-

tion, to which the next section will be dedicated. 

1.1.3. Mass transport in solution 

The movement of species in a solution can follow, within an electro-

chemical system, three different mechanisms: diffusion, migration and 

convection.67,89,90 Diffusion is the flux of a species in solution caused by a 

gradient in concentration; migration is the flux of a charged species 

caused by a gradient in the electric field and; convection is caused by the 

mechanical movement of the solution relative to the electrode. Convec-

tion can become fundamental in systems where the electrode undergoes 

rotation or the solution is flowed across the electrode surface, however, 

with few exceptions (concerning mostly natural convection),91 it is con-

sidered to have very little impact on measurements conducted under 

stagnant conditions. Therefore, under such conditions, mass transport 

can be described by a simplified form of the Nernst-Planck equation,92

that associate Jj, the vectorial flux of the species j (made of the three car-

tesian components Jj,x, Jj,y and Jj,z) with the two fundamental parameters 

involved in diffusion and in migration, i.e. the concentration gradient ∇Cj

and the potential gradient ∇ : 

   
j

j j j j j

z F
D C DC

RT
J (1.25) 

In the equation, the first term relates to diffusion, with Dj being the diffu-

sion coefficient, while the second accounts for migration, being zj the 
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nominal charge of the species j. In normal conditions, the contribution of 

the migration factor on the species involved in the electrochemical reac-

tion can be minimised by adding a relatively high concentration of an in-

ert supporting electrolyte.93 With such approximation, equation (1.25) is 

reduced to the following: 

 j j jD CJ (1.26) 

which is known as Fick’s first law of diffusion.90,94 Such equation can be 

re-arranged, assuming conservation of the mass of each species j in ab-

sence of any chemical reaction, to obtain the time dependent version, also 

known as Fick’s second law of diffusion:94


 



j 2
j j

C
D C

t
(1.27) 

where ∇2 is the second derivative respect to the spatial coordinates, i.e. the 

Laplace operator. It is clear that electrode kinetics and diffusion have a 

high degree of intercorrelation, with the concentration gradient of any 

species j depending on the rate  at which such species is transformed at 

the electrode, but with that same rate depending on Cj(0,t), as described 

by eq. (1.19). 

It is also clear that ∇Cj and ∇2Cj, and therefore the diffusion flux, are 

highly dependent on the geometry of the system, generating dramatic dif-

ferences in the mode of the mass transport under different conditions. 

Two relevant examples of geometry are: 

 Planar electrode: an electrode where edge effects are negligible, and 

therefore the only component of ∇2Cj is the variation on the normal 

direction to the electrode surface (z). This case is defined as planar 

semi-infinite diffusion, as the diffusion wave front is always parallel to 

the surface:90
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2
j2

j 2

C
C

z
(1.28) 

 Microdisc electrode: a disc electrode small enough that the edge ef-

fects cannot be neglected, as in the previous case. In this case ∇2Cj is 

expressed in cylindrical coordinates, and depends on the radial dis-

tance from the disc centre (r) and the normal distance from the sur-

face (z). This case is referred to as radial diffusion:95

  
   

  

2 2
j j j2

j 2 2

1C C C
C

r r r z
(1.29) 

In addition to these two cases, many other electrode geometries and 

arrangement can be used, sometimes operating in a mixed regime, for ex-

ample with mass transport contributions that can have partial character-

istic of a planar electrode. Typically employed geometries are hemispher-

ical electrodes, nanopipette micro-cells, array or microdisc electrodes and 

series of band electrodes.67,90,96-98 In most of the cases the diffusion equa-

tion [i.e. eq. (1.26)] is too complex to be solved analytically, and therefore 

numerical solutions and simulations are often employed for these kind of 

systems.  

The rate of mass transport, as mentioned above, can have a dramatic 

influence over the observed relation between i and E. When the electron 

transfer across the surface is fast relative to mass transport, the latter be-

comes the limiting factor of the reaction, functioning as a bottleneck for 

Cj(0,t) and therefore the current. As a general kinetic rule, the overall rate 

of the electrochemical reaction (ko) is dependent on both the electron 

transfer rate (ket) and the mass transport rate (km) through this simple 

relation: 

 
o et m

1 1 1
k k k

(1.30) 

Hence the slowest process acts as a bottle-neck for the kinetics of the 
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whole system. The balance between electrode kinetics and mass 

transport is of fundamental importance in determining the total current 

of the system; however, it is not the only factor, and in some cases, other 

contributions could be predominant. Firstly, the current includes also a 

non-faradaic component, the double layer charging, which cause a capac-

itive current that in specific cases can be predominant. Besides, the differ-

ent components of the electrochemical cell (particularly the solution, but 

in many cases also the electrode), tend to oppose a resistance to the pas-

sage the current, which influences the effective value of E applied to the 

system. Therefore, it is useful to discuss such contributions in more de-

tails. 

1.1.4. Non-Faradaic current: double layer charging 

The capacitive contribution arises from the fact that each ion in solu-

tion is solvated, i.e. surrounded by molecules of the solvent. When the 

charge is transferred, the molecules of the solvent between the charged 

species in solution and the charged electronic conductor (specifically M1, 

but the same process happens with M2) will act as a di-electric barrier, de 

facto creating a double layer capacitor on the electrode surface. In the 

ideal case (i.e. with the ion perfectly solvated and no adsorption of them 

on the electrode), all ions will be distributed at a constant distance from 

the electrode, on the so called outer Helmholtz plane (OHP)99-101 and, for 

a macroscopic planar electrode, the capacitive contribution can be ap-

proximated to the one of a planar capacitor of capacitance COHP: 


 0

OHP
A

C
d

(1.31) 

with  and 0 being respectively the relative and absolute dielectric con-

stants, A being the area of the electrode and d the distance between the 

electroactive ions and the surface usually a few angstroms. More gener-
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ally, the capacitance is the differential of the stored charge Q and the po-

(and therefore E): 





OHP
Q

C
E

(1.32) 

Since Q is linked to a current flow, the total current i will be a sum of the 

contribution of the faradaic process (iF) and the double layer “capacitor” 

charging (iC):67

 F Ci i i (1.33) 

with 

 C OHP
dQ dE

i C
dt dt

(1.34) 

The contribution of the capacitive current on the overall process can dif-

fer massively depending on the system and the technique employed; in 

some cases it can account for almost the 100% of the measured current,102-

104 and therefore needs to be carefully calibrated for. 

1.1.5. Resistance effect 

The charge passing through an electrochemical system has to traverse 

several phases, characterised by extremely different conductivity proper-

ties. Whereas within the metallic conductors (such as M1, M2 and M3, as 

defined in section 1.1.1) the contribution of the resistance, or ohmic 

term, can be considered negligible, the same cannot be said for the ionic 

conductor S. Besides that, most electrochemical system will have a high 

degree of complexity, involving several semi-conducting phases between 

M and S (such as in the case of electrochemical solar cells or transistor, as 

described in Chapter 3).  

The resistance to the flux of charge though the solution can be de-

scribed as an ohmic drop of the potential between the double layer OHP 

of the two electrode conductors M1 (working electrode, WE) and M2, 

(counter electrode, CE),  as shown in  Figure 1.1. Such  potential drop is 
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Figure 1.1: scheme of the potential drops in a typical three electrodes electrochemical 

cell, WE, CE and RE being respectively the working electrode, the counter electrode and 

Edrop Eu the compo-

nent of the potential drop caused by the uncompensated resistance (Ru). 

quantifiable through Ohm’s law as  

 drop SE iR (1.35) 

where Rs is the solution resistance. Thus, the variation in the applied po-

tential is proportional on the intrinsic resistivity of the solution (depend-

ent on the nature of the solvent/solutes and the geometry of the system) 

and the overall current. In order to address the problem of iR drop in so-

lution, a further electrode, called reference electrode, is added in proxim-

ity of the working electrode (indicated as RE in Figure 1.1); such elec-

trode is, in principle, insensitive to the reaction carried out in the cell, so 

that its potential is effectively constant and the cell potential can be cali-

brated for taking into account the iR drop. However, since the reference 

electrode has to be put at a finite distance from the working electrode, 

part of the solution resistance will still influence the measurement. Such 

resistance is referred as uncompensated resistance (Ru),105-109 and its ef-

fect needs to be added to the electrode potential in order to obtain the 

effective electromotive force (Eeff): 

   eff drop,u uE E E E iR (1.36) 
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Figure 1.2: Schematic representation of a Randles circuit for a single electrochemical 

reaction at the working electrode. In a typical 3-electrode setup, an equivalent circuit for 

the counter electrode will be connected to this, with a reference in the middle to com-

pensate most of the resistance responsible for the ohmic drop in solution. Reproduced 

from Ref. [110]. 

Since the resistance contribution over the potential widely depends on 

the amount of current passed and the conductivity of the solution, its ac-

tion can be mitigated, when possible, by changing the solution composi-

tion or employing techniques that involve a small amount of current 

passed, such as electrochemical microscopy techniques (vide infra). Fur-

therly, since resistance of the solution can be measured by most commer-

cial instruments, its contribution can be often isolated and corrected 

for.111 However, despite such possibilities, the problem of solution and 

contact resistances remain a fundamental issue in potential applications 

in energy devices, such as solar cells, light emitting diodes, batteries and 

transistors, where often the resistance accounts for most of the efficiency 

losses of the device.112-114

1.1.6. Randles circuit and electrodes setup 

In order to visualise all of the processes (faradaic and non-faradaic) 

that contribute the to the i–E characteristics of a system, an electrochem-

ical cell can be usefully represented by an equivalent circuit. The simplest 

instance, accounting only for the electron transfer at the interface, mass 

transport in solution, double layer charging and uncompensated re-

sistance, is called Randles equivalent circuit and is shown in Figure 

1.2.67,110,115 Charge transfer and the solution resistance are represented by 

resistors (respectively Rc and Ru,sol in Figure 1.2), the double layer charg- 
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ing by a capacitor (Cohp in Figure 1.2), and mass transport by a custom 

element called Warburg impedance (identified as W in Figure 1.2). Fur-

ther elements can be added in order to account for the complexity of the 

electrode material and the eventual additional reactions that may take 

place in solution and/or at the interface.116

In most cases each electrode (working and counter) is represented by 

a separate Randles circuit, therefore a typical electrochemical cell is rep-

resented by two of them, connected through the solution resistance and 

with the reference electrode set in the middle. In specific conditions the 

perturbation to the counter electrode can be relatively small, for example 

when the current density is negligible, due to the area of CE being several 

times larger than the WE. Assuming that the products of the reactions at 

the CE do not affect the solution significantly, it is possible to omit the 

reference electrode and use a simpler two electrode configuration, 

wherein a quasi-reference counter electrode (QRCE) is employed. Usu-

ally (but not always) the three electrode setup is employed in electro-

chemistry on macroscopic electrodes, while the two electrode setup is 

more common with (sub)microscale measurements. 

1.2. ELECTROCHEMICAL TECHNIQUES

The main electrochemical techniques can be divided into two differ-

ent categories on the bases of what kind of perturbation is applied to the 

system: in the first case, the potential-controlled techniques, E is set by 

the instrument (a potentiostat) to specific values relative to the reference 

electrode, and the resulting current i is measured as a consequence. In the 

second case, the current-controlled methods, the current is the variable 

that is set by the instrument (a galvanostat), while the measured parame-

ter is the potential  necessary for sustaining the applied current.67

1.2.1. Potential Controlled: Potential Sweep Voltammetry 

Controlled potential electrochemical methods are the most widely 
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used nowadays in electroanalysis. The potential can be applied to the sys-

tem in several different time dependent ways, such as constant potential 

pulses, potential sweep and more complex perturbations (e.g., sinusoidal 

or square-wave waveforms). For the sake of this work it is useful to intro-

duce the techniques that employ a linear variation of the potential with 

time, collectively known as potential sweep voltammetries.81 When the 

potential is swept in only one direction, known as linear sweep voltam-

metry (LSV), the applied potential can be described by this relation: 

 iE E vt (1.37) 

where Ei is the initial potential ad v is the scan rate, expressed in V s . 

Depending on the analysed system and the employed instrumentation, v

can widely vary from a few millivolts per second to several thousand volts 

per second.81,117 The rate at which the potential is varied can have im-

portant implication on the possibility of measuring dynamic and out of 

equilibrium processes, as well as discriminating processes with different 

reaction kinetics.  

In cyclic voltammetry (CV), which is perhaps the most widely used 

technique in modern electrochemistry, E is instead swept back towards 

the initial value after reaching a specific point, characterised by t  (switch 

time) and E  = Ei + vt  (switch potential): 

  


   

i if

( ) if

E E vt E E

E E v t t E E
(1.38) 

Cyclic voltammetry offers considerable versatility in terms of sweep rate, 

cycle number, switch potential etc. A visualisation of the applied potential 

described in Eqs. (1.37) and (1.38) is shown in Figure 1.3a and b, respec-

tively. In all potential-controlled techniques, the resulting current will be 

determined by the simultaneous contribution of electrode kinetics, mass 

transport and non-faradaic contribution, as discussed earlier.  In order to 

clarify the influence of such factors on the i–E response, it is useful to  
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Figure 1.3: Examples of modes of application of the potentials in some common poten-

tial-controlled techniques: (a) Linear Sweep Voltammetry and (b) Cyclic Voltamme-

try. 

consider the characteristics of the voltammograms from some specific 

model systems in greater detail.  

The first case is a voltammogram obtained from a Nernstian process 

in absence of any non-faradaic contribution, on a planar electrode. This 

case is useful for understanding the contribution of mass transport itself, 

specifically (semi-infinite) diffusion, which can be simply described by 

eq. (1.28). As discussed before, the reaction in eq. (1.9) can be consid-

ered a Nernstian process when kf and kb are very high, such that the con-

centrations of O and R at the electrode surface can be described at any 

time t by eq. (1.24). In this case, the shape of the voltammogram is con-

trolled purely by thermodynamics and mass transport, and can thus pro-

vide information on E0', C*, Dj etc. Therefore, the interpretation of the 

data in this case is relatively simple, and some characteristics of the curves 

may also be valid in non-reversible cases.67,81,117

While the electrochemical reaction can be described by the Nernst 

equation, the diffusion of O and R is described by Fick’s second law [eq. 

(1.27)], which, for this reaction and in case of planar semi-infinite diffu-

sion, becomes 
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where z is the spatial coordinate. These equation clearly identifies a sys-

tem of partial differential equations, where the contour conditions are de-

fined, at the electrode, with eq. (1.24) at any given time t, where E(t) is 

given by eq. (1.37) for the linear sweep voltammetry and eq. (1.38) for 

the cyclic voltammetry. Besides, further conditions are added to account 

for the initials (t = 0) and bulk (z 

   *
O O O( ,0) ( , )C z C t C (1.41) 

and 

   *
R R R( ,0) ( , )C z C t C (1.42) 

where Ci* is the bulk concentration of the species i. The presented prob-

lem can generally be solved numerically. One of the few cases in which 

the problem has a closed solution is at high values of overpotential (E >> 

E0'), where it is assumed that the species O is constantly totally consumed 

at the electrode, such that 

O (0 , ) 0C t (1.43) 

In that case, the current is proportional to t , in an expression known 

as the Cottrell equation:118
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(1.44) 

The full solution of the problem, however, results in a graph that is quali-

tatively similar to the ones shown in Figure 1.4. Assuming that CR* = 0 
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and DO = DR, the curve starts with a null current, then undergoes an ex-

ponential growth while the species O is consumed (area 1 in Figure 1.4a), 

up to the point CO(0,t) = 0, when the current, being limited by the finite 

rate of mass transport, will decrease with a trend such as the one described 

by eq. (1.44), and shown in area 2 of Figure 1.4a. The point at which such 

condition is reached is marked by a peak in the current, characterised by 

values of current and potential (respectively ip and Ep, Figure 1.4b), which 

depend only on thermodynamics and diffusional parameters and v: 
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importance in the analysis and determination of diffusional parameters 

for Nernstian and near-Nernstian processes.119,120 In condition of equality 

of diffusion coefficients and room temperature (298.15 K), eq. (1.46) 

simply becomes 

 0'
p O/R

28.5mV
E E

n
(1.47) 

which is an important parameter for verifying the reversibility of the pro-

cess. After the peak, a quadratic decrease in the current as per the Cottrell 

equation continues until after the potential is reversed (at t = t ). At that 

point, when E becomes again sufficiently close to E0', the reverse reaction 

(i.e. consumption of R) will become the most significant contribution, 

generating a new exponential growth of the current (albeit in the opposite 

direction, as shown in Figure 1.4a, area 3), until a new peak is reached, 

and the trend comes back to a purely diffusive behaviour (area 4, Figure 

1.4a), with a decrease in the absolute value of the current, which however,  
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Figure 1.4: Typical cyclic voltammogram obtained for a Nernstian system conditioned 

only by planar semi-infinite diffusion, representing the current density as a function of 

(a) t/t  and (b) the electrode potential (expressed as E-E0'). Reproduced from Ref. [67]. 

does not reach a value of 0 at E = Ei due to the permanent modification 

(within the timescale of the measurement) in the concentration profiles 

of O and R.* Interestingly, the separation between Ep of the forward and 

the backward peak is also an important indicator relative to the reversibil-

ity of the process and the eventual presence of further heterogeneous and 

homogeneous processes that can alter the concentration of either O

and/or R. 

For non-Nernstian systems (i.e. a non-reversible redox reaction at the 

interface), the peak potential depends on the kinetics of the electron 

transfer reaction and the scan rate. As an example, Figure 1.5a shows how 

the curve changes by decreasing k0, and thereby slowing down the elec-

tron transfer kinetics. In this case the forward and the backward peaks are 

shifted to more positive and negative potentials, respectively, while the 

waveshape becomes more asymmetric. The asymmetry between the for-

ward and backward peak can also depend on the presence of homogene-

ous coupled reaction; as an example, if a homogenous reaction(s) con-

sumes R as it is formed, ip of the backward peak will decrease and eventu-

ally disappear at high reaction rates.  Furthermore, there are several cases 

*A practical visualisation of the variation of the concentration profiles of O and R
during the CV of a Nernstian system can be found in Ref. [121], Figure 3a-g. 
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where, independent on the rate of the reaction at the electrode, in com-

mon experimental conditions a diffusional profile such as the one de-

scribed by eq. (1.44) is not observed. As an example, the hydrogen evo-

lution reaction (HER) is usually carried out in conditions of high concen-

tration of protons, so that it is not possible to observe the diffusion limited 

profile before the solvent itself is reduced, thus showing only the expo-

nential growth part of the curve, for the reaction in strong acidic condi-

tions.122 However, such reaction can be brought to diffusional control 

adopting specific experimental conditions.123

Among the physical processes that can affect the curve, adsorption of 

the species on the electrode plays a major role. Figure 1.5b shows the lim-

iting case of a Nernstian process where only the adsorbed species O and 

R are electroactive, resulting in a perfectly symmetrical voltammetric 

curve where ip is proportional to v [contrarily to eq. (1.45)].67 Very im-

portant is also the capacitive contribution of the current, with the effect 

of increased capacitance shown in Figure 1.5c. The first part of the curve 

shows an increase of the current that is unrelated with the faradaic pro-

cess, due to the charging of the double layer, which is summed to the far-

adaic response. However, since this contribution is generally propor-

tional to the scan rate v, so in planar semi-infinite conditions, at high val-

ues of v the capacitive current could even overtake the faradaic contribu-

tion (which for a non-surface related process has a peak current that is 

proportional to the square route of v).67,117

Finally it is useful to mention the role of uncompensated resistance, 

which can affect the potential felt at the electrode surface dependently on 

the measured current. This results in a linearized i–E characteristic (as 

per Ohm’s first law) that tends to shift the voltammetric peaks to more 

extreme potentials (as in slow electron-transfer kinetics, vide su-

pra).105,106,124 As shown in Figure 1.5d, a resistive voltammogram is often 

indistinguishable from one obtained from a slow kinetic system; there- 
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Figure 1.5: Examples of the influence of some important chemical and physical factors 

on a voltammetric curve. (a) Cyclic voltammograms obtained with different values of k0

(shown on the graph), at v = 1 V s (b) Simulated voltammograms for a nernstian sys-

tem in presence of high uncompensated resistance, compared to a slow kinetics system 

in absence of resistance, at a scan rate v = 30 V s , reproduced from Ref. [124]. (c) Cyclic 

voltammograms obtained from of a Nernstian system where both species are electroac-

tive only when adsorbed on the surface, reproduced from Ref. [67]. (d) Cyclic voltam-

mograms of a Nernstian system in presence of different values of double layer capaci-

tance (indicated on the graph). 

fore, the decoupling of the effective applied potential from its resistive 

contribution is not always straightforward.124

Planar semi-infinite diffusion is a good approximation for a macrodisc 

electrode, i.e. where the size of the electrode is so large compared to the 

diffusion layer thickness, such that the flux at edges of the electrode can 

be considered negligible. On the contrary, when the electrode is on the 

same scale as the diffusion layer, the mass transport at the edges acquires 

a fundamental importance.125,126 In the specific case examined here, a flat 
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microdisc facing an infinitely large solution, the diffusion equation is gen-

erally written in cylindrical coordinates, as per eq. (1.29), such that the 

second Fick’s law of diffusion for the single redox process [eq. (1.9)] be-

comes: 
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where r and z are respectively the radial distance from the centre of the 

disc and the normal distance from its surface. The solution of this prob-

lem, assuming the same contour conditions as in the planar case, will re-

sult in a peculiar i–E profile, as shown in Figure 1.6a. Due to the enhanced 

flux of reactant at the edges of the electrode, the system assumes a steady 

state in a very small limit time (tL), depending on the area of the electrode 

and the diffusion coefficient:127
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DO in aqueous solu-

tion of 1·10  cm2 s , assumes a value of ca. 0.5 s. At large driving poten-

tials the current assumes a stationary value, iss, which depends only on dif-

fusional parameters and the radius of the electrode: 

 *
ss O O 04i nFD C r (1.51) 

where r0 is the radius of the electrode. Interestingly, iss unlike ip on a planar 

electrode, is independent of timescale (i.e. v), as long as a steady-state has 

been achieved. In case of slower reaction kinetics and faster scan rate, the 

curve tends to assume a peaked shape similar to the one observed at the 

macroscale.128
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Figure 1.6: Cyclic voltammograms in conditions of radial diffusion at a micro-disk elec-

trode in different kinetic condition. (a) Curves depicting the effect of different values of 

k0 (with a fixed value of  = 0.5). (b) Curves depicting the effect of different values of 

(for a reduction process, with a fixed value of k0 = 10  cm s ). 

In the ideal case (i.e. simple, electrochemically reversible process), the 

position of the electrochemical wave is linked to the standard potential of 

the reaction, in this case through the half wave potential (E1/2), i.e. the po-

tential at which i = iss/2: 
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so that E1/2 coincides with E0' if DO = DR. Also in this case the curve is 

highly dependent on chemical and physical factors that also affects the 

macroscale curve, even though on a different scale. In the case of quasi-

reversible and irreversible systems, k0 and additionally influence the 

shape and position of the curve, as shown in Figure 1.6a and b. Slowing 

down the kinetics, in this case, pushes E1/2 to more extreme values, even 

though without influencing iss, and the value of influences the symmetry 

of the curve relative to E0'. This factors, and the relative insensitivity of 

the shape of the curve on several kind of additional homogeneous reac-

tions taking place in solution, make cyclic voltammetry at microdisc elec-

trode a powerful technique for characterising the kinetics of electrochem-

ical reactions.129
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A few other fundamental factors affect microdisc electrodes in a radi-

cally different way when compared to conventional macroscale elec-

trodes. As an example, in most measurements carried out at micro- and 

nano-scale electrodes, the effect of the uncompensated resistance in so-

lution can be neglected, mostly due to the extremely lower magnitude of 

the measured current [see Eq. (1.36)]. Indeed, microelectrodes can be 

used to make measurements in resistive solutions that would otherwise 

be impossible with conventional macroscale electrodes.130 Furthermore, 

while the double layer charging current is proportional to v also in case of 

a microdisc electrode, iss is effectively independent of it (within the limits 

of the conditions for which the reaction can reach a steady state, i.e. small 

r0 and low v), allowing the measured current to be unambiguously as-

signed to faradaic processes.126,131,132

1.2.2. Current Controlled: Chronopotentiometry 

This class of methods is characterised by the control of the current, 

through an instrument called galvanostat, and the measure of the poten-

tial, which is adopted at the working electrode in order to maintain the 

applied current (iapp).67,133,134 iapp can be imposed in several different ways, 

utilising various time dependent functions. However, the most common 

techniques involve the application of a constant current for a determined 

amount of time, or multiple pulses with different current values. Such 

techniques are known with the collective term chronopotentiome-

try.133,135 Even though current-controlled techniques are less widespread 

in electroanalysis, they still have important applications. One of the most 

common uses is in the characterisation of the charge and discharge char-

acteristics of batteries and supercapacitors.136-139†

In the planar semi-infinite diffusion regime, the diffusion equation 

[Eq. (1.28)] can be solved analytically, in conditions of constant iapp, for 

† Further discussion about the applications of current controlled electrochemical 
techniques can be found in Chapter 4, section 4.1. 
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the one step electron transfer process described in eq. (1.9). Regardless 

of the value of iapp, the concentration of electroactive species O at the elec-

trode surface (assuming that the current is flowing in the direction of the 

process O → R) decreases until reaching a value of zero. The time at 

which this occurs, termed the “transition time” ( ), is given by the Sand 

equation,67,140 and is independent of the electrochemical reversibility (i.e.

electron-transfer kinetics) of the redox process: 
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At time , the concentration of O at the surface [CO(0,t)] reaches zero 

in any condition of reversibility. In fact, CO(0,t) can be described by the 

following equation:67
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When iapp is imposed to the system by the galvanostat, the instrument 

itself tunes to the potential E necessary to sustain the reaction O → R [Eq. 

(1.9)], dependent on kinetic and thermodynamic factors. As is 

reached the concentration gradient of O at the electrode would start to 

decrease and therefore the sole conversion of O would not be sufficient 

to sustain iapp [in a predominantly diffusive system, in fact, the electron 

JO, given by eq. (1.26)]. Thus, 

the instrument tunes E to a more extreme value where a new electron 

transfer process can occur. As a consequence, E shifts dramatically at t = 

 (and therefore the term “transition time” is used). 

For the reaction described in Eq. (1.9), an analytical form of the func-

tion E(t) can be found in two different cases: the fully reversible (Nern-

stian) and the fully irreversible. For the quasi reversible a numerical solu-

tion has to be calculated. In the Nernstian case, where the concentrations 

of O and R at the electrode are described by eq. (1.24), E(t) assumes the 
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following form:67
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where E /4 is the potential measured at /4, and it is dependent on the 

standard potential E0'O/R: 
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The typical shape of a chronopotentiogram described by eq. (1.55) is 

shown in Figure 1.7a. The curve observes a quasi-plateau situation (in the 

range E /4 ± 25 mV ) followed by a sharp potential shift at the transition 

time, with the potential of the plateau depending only on the thermody-

namic and mass transport parameters. In the other two cases (irreversible 

and quasi-reversible), even though the curve assumes a qualitatively sim-

ilar shape, the measured potential is actively linked to both the applied 

current and the kinetic parameters of the reaction, specifically the heter-

ogeneous electron transfer constant k0 [Eqs. (1.19) and (1.20)].  

Equation (1.55) describes an asymptotic growth of the potential at the 

transition time. However, in a real electrochemical cell, further reactions 

will intervene to sustain the applied current, e.g. the oxidation or the re-

duction of the solvent of the electrolyte solution, or the redox transfor-

mation of another electroactive solute. Therefore, after the transition E

will stabilize on a new quasi-plateau, with a value depending on the pro-

cess involved. According to the number of electrochemically active spe-

cies present in the solution, as well as to the presence of complex multi-

step mechanisms, the curve could present several plateaus and transi-

tions.141 Therefore, several processes in a single electrochemical system 

can be discriminated all at once if their potential is different enough to 

allow every single one to independently contribute to iapp.  
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Figure 1.7: (a) Shape of a Chronopotentiometry described for a Nernstian system by 

eq. (1.55). (b) Trend of the deviation of  from the value theorised by Eq. (1.53)( s), in 

a system governed by radial diffusion (microdisc electrode), when the applied current 

(iapp) approaches the steady state current (iss), reproduced from Ref. [142]. 

As described for the potential-controlled techniques, many different 

processes can influence the shape of the curve, such as double layer charg-

ing, presence of further homogeneous reactions, adsorption and uncom-

pensated resistance.67 Chronopotentiometry can be useful for analysing 

system, such as batteries, where a constant current flow represents the 

normal way of operating.143,144 As it will be discussed in Chapter 4 and 5, 

such measurement can be useful also in electrocatalysts characterisation 

and corrosion research. 

As in the potential controlled techniques, a few peculiarities are ob-

served when chronopotentiometry is applied on a microdisc electrode, 

where radial diffusion needs to be accounted for, and therefore the mass 

transport is governed by Eqs. (1.48) and (1.49) for the single step reac-

tion O → R. In this case the diffusion equations do not have an analytical 

solution even for a reversible system and the potential-time behaviour is 

highly dependent on iapp, particularly in relation to iss [as defined in eq. 

(1.51)].142,145,146 If iapp/iss >> 1, the approximate solution for  can be ob-

tained from eq. (1.53), resulting in a macroelectrode-like response, 

whereas if iapp approaches iss  will tend to infinity as shown in Figure 1.7b 

for a Nernstian process, with the concentration of electroactive species 
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(O in this case) adopting a constant, non-zero value at the electrode sur-

face, and a steady state diffusion regime established. Furthermore, the 

measured potential itself is influenced by the edge effects present in a mi-

crodisc electrode, slightly shifting towards more extreme values as the ra-

dius of the electrode is decreased, but maintaining the general shape of 

the curve.142

1.3. SCANNING ELECTROCHEMICAL PROBE MICROSCOPY

As briefly overviewed in the previous paragraphs, the classical electro-

chemistry can be applied to characterise the complex physicochemical 

properties of an electrochemical system. However, as stated in the open-

ing, perhaps one of the most interesting properties of electroactive mate-

rials is the heterogeneity of the surface structure/composition. For this 

reason, in recent years, classical electrochemical techniques have been 

adapted to operating at the (sub)microscale, and coupled with precision 

positioning systems to attain spatial resolution over the measured signal, 

thus developing the SEPM techniques. In this paragraph, a brief overview 

of the historically more important techniques is given, leading to closer 

look on the technique that is the object of this work specifically, Scanning 

Electrochemical Cell Microscopy (SECCM).  

1.3.1. SECM and SICM 

The very base principle of any scanning probe microscopy technique 

is the presence of a small probe, moved by an extremely precise motor, 

which is used to measure a specific signal that is dependent on the dis-

tance between the probe and the examined surface, and a feedback sys-

tem that allows the probe to approach the sample according to such sig-

nal.147 SEPM techniques use electrochemical variables, such as potential, 

current, conductivity and related properties, both as a feedback signal and 

as a measure of the surface properties. 
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Figure 1.8: (a) Scheme of the setup of a typical SECM experiment, reproduced from 

Ref. [148]. (b) Scheme of the negative feedback mode of operation, (c) scheme of the 

positive feedback mode. iT in both cases is the “tip current”, i.e. the current at the probe, 

with i  being the current with the tip far from the sample surface. 

The first and most widely studied SEPM technique is SECM, intro-

duced and developed by Engstrom and Bard and co-workers at the end 

of the 1980s. 63,149-151 The technique is based on the use of an ultramicro-

electrode (i.e. a microdisc electrode of micrometric or nanometric size, 

UME) as the probe, functioning as working electrode of the electrochem-

ical system, measuring the local electrochemical properties of the surface 

of a macroscopic substrate (i.e. another electrode). During operation, 

both the UME and the substrate are immersed in solution, which usually 

contains an electrochemical mediator that undergoes a simple, Nernstian 

redox reaction and does not strongly interact with the surface of interest. 

The main setup of a typical SECM experiment is shown in Figure 1.8a. 

The UME probe and the sample (if conductive) are two different work-

ing electrodes immersed in the electrolyte, together with a common 

counter and the reference electrodes.58,148

SECM is usually conducted in potential controlled conditions (at the 

UME tip). During operation, the UME is approached to the surface with 
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an applied constant potential, to drive an electrochemical process at the 

mass transport limit. The proximity of the probe with the surface will se-

verely influence the extent of the diffusion layer (because of the confined 

space), therefore influencing the current measured at the UME. If the 

substrate is non-conductive (Figure 1.8b), the diffusion layer is dramati-

cally compressed when in the vicinity of the surface, inducing a reduction 

in the measured current (negative feedback). Instead, if the substrate is 

conductive (Figure 1.8c), and biased at the appropriate potential, the me-

diator is regenerated at the surface, thus increasing the current (positive 

feedback). A threshold current is generally set as a feedback signal to stop 

the approach, allowing the measure of topography or local electrochemi-

cal properties by translating the probe in two dimensional space.148,150,152

Due to the possibility of working in physiologically relevant solutions 

and not requiring physical contact with the sample, SECM has often be-

ing applied to study the metabolic processes of single living cells or tis-

sues.153-157 Other exemplar fields of applications include the study of 

transport phenomena at liquid/liquid interfaces158-160 and biological 

membranes,161,162 micro and nanopatterning,163,164 electrocatalysis165 and 

photooxidation,160 as well as surface corrosion and degradation.26,166

Another important SEPM technique operating in solution is SICM, 

which was also first developed in 1989.64 SICM is based on the principle 

of sensing the surface through a change in conductivity of the solution in 

the narrow space between the sample and sharp pulled nanopipette 

probe.59,167-169 The main setup of the technique is shown in Figure 1.9a. 

SICM does not require a redox mediator, as only the conductance current 

(i.e. the current arising from applying a potential in a solution of finite 

conductivity, as discussed in section 1.1.4) is measured. The sample and 

the probe are immersed in an electrolyte, having two QRCEs inserted re-

spectively in the pipette and the bulk solution, with a bias potential ap-

plied between them, inducing a conductance current.  As the pipette tip  
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Figure 1.9: (a) Scheme of a typical SICM instrument setup. (b) A typical SICM ap-

proach curve plotted as the normalized ion current (I/I ) versus tip–sample distance 

normalized to the tip radius (d/ri). Both figures are reproduced from Ref. [169]. 

approaches the substrate, the access resistance increases and the conduct-

ance current between the two QRCEs decreases, as shown in Figure 1.9b, 

serving as a feedback parameter for detecting the surface.  

Since the substrate surface is probed indirectly, SICM is very suitable 

for measuring the topography of soft and delicate samples, and as such 

has been widely used for high resolution mapping of living tissues.59,170-172

The resolution of the technique is mostly limited by the size of the tip 

aperture of the probe, which can be fabricated extremely precisely, down 

to tens of nanometres in size.168,173,174 Besides topography, SICM allowed 

to calculate surface charge175 and ion transport arising from surface reac-

tions in electroactive materials,176,177 which can be connected as working 

electrode to the system and play an active role into the measured cur-

rent.167

While both SECM and SICM, as well as most other SEPM techniques, 

have proven very powerful in the investigation of the phenomena dis-

cussed above, they rely on the principle that the whole examined sample 

is immersed and connected in the solution of interest. Therefore, while 

the probe measures activity at a precise micro/nanoscale site, the electro-

chemical reaction takes place globally, across the entire substrate surface. 

This can be seen as a limitation, especially for reactions that have a huge 
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impact on the surface and the solution properties, such as corrosion or in 

general degradation reactions, electrochemical synthesis, or specific cases 

of electrocatalytic reactions.178 Besides, especially in SECM, it is very dif-

ficult to separate the feedback signal (i.e. the signal used for detecting the 

approach to the surface by the probe) and the electrochemical signal 

from the surface itself, meaning that surface topography and activity are 

convoluted. In addition to this, except in a few cases, in SECM the surface 

activity is often measured indirectly, using a redox mediator rather than 

reactive flux (i.e. products) from the process of interest.179

The necessity of probing the electrochemical activity of a substrate lo-

cally and directly has stimulated the development of innovative tech-

niques that are able to probe a limited area of a surface without affecting 

the whole sample. These methods are collectively known as microcell 

techniques, and SECCM is the most modern and significant advance of 

them. 

1.3.2. Microcell techniques and SECCM 

The idea of confining an electrochemical cell in a very small area at the 

end of a micro-capillary probe was firstly developed, mainly for corrosion 

research (especially affected by the issues highlighted above) in early 

works such as the ones of Howard et al.,180 Suter, Böhni et al.24,181 and 

Lohrengel et al.60,182,183 in the 1990s. The technique consists mainly in the 

use of a thin capillary filled with the solution of interest; the electrolyte 

forms a microdroplet meniscus at the open sharp end of the capillary, 

which is used to make a “droplet contact” on the sample, in a delimited 

area often sealed by a non-conductive layer around the edge. Such con-

fining of the droplet meniscus was designed to effectively create a micro-

metric size electrochemical cell, with the substrate being the working 

electrode, and with the other electrodes placed in contact with the solu-

tion in the glass capillary. This setup has allowed localised electrochem-

istry to be performed with high control of the cell confinement.184-188
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The particular appeal of such techniques arises from the possibility of 

examining only small areas of the sample, with the advantage of needing 

a very small amount of electrolyte and avoiding laborious solution-con-

tainment preparation procedures of the sample. However, these tech-

niques are often limited in their capabilities of performing systematic scan 

of the sample by the relatively slowness of the approach and contact of 

the microdroplet probe with the surface, as well as the size of the probe 

itself, which is often within the scale of tens of micrometres or larger.65

SECCM was developed in order to try to address most of these con-

cerns and nonetheless preserve the key advantages of the microcell tech-

niques, i.e. the ability to perform electrochemistry in clear confined area. 

SECCM was introduced in 2010 in seminal contributions by Unwin and 

co-workers,189 and its developments are based on some key characteris-

tics:61,189-191

 The use of very sharp laser-pulled pipettes as probes, which can reach 

aperture size (and therefore microcell droplet size) down to the tens 

of nanometres scale, allowing extremely fine nanometric mapping. 

Such development is mostly due to the improvement of nano-pipette 

technology throughout the year, particularly employed in techniques 

such as SICM.173

 The better control of the positioning system and a low noise in the 

electrochemical measurements, allowing currents in the sub-pA order 

of magnitude to be detected.  

 An improved way of isolating the micro-nanodroplet probe within the 

selected area, allowing faster and less laborious ways of approaching 

and contacting the surface.  

The common trait of any SECCM setup them is the presence of an 

electrolyte filled micro/nano-pipette probe [equipped with QRCE(s)], 

mounted on a piezoelectric positioning system and connected to electro-

chemical instrumentation. The pipette can be single or double channel 
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depending on the type of measurement and substrate. The technique’s 

configuration in the two cases is shown, respectively, in Figure 1.10a and 

b. In the single channelled configuration the probe is obtained by a cylin-

drical tube capillary, and a single quasi-reference counter electrode 

(QRCE) is inserted in the nano pipette. The QRCE and the analysed 

substrate (which is the working electrode) are then connected to the elec-

tronic instrumentation, and the only current flowing in the system is the 

one between them (indicated as isurf in Figure 1.10).  

In the double channel configuration, instead, the probe is made by 

pulling a theta shaped capillary, effectively creating two separate semi-pi-

pettes (channels), whose filling electrolyte solutions merge only through 

the droplet meniscus at the end. In this configuration, two individual 

QRCEs are inserted in the channels, allowing two different currents to be 

measured synchronously, the one between the two channels (idc in Figure 

1.10) and the one between the QRCE and the sample (isurf, similarly to 

the single channel configuration). 

The advantage of the single channel setup is the easier electrochemical 

instrumentation and the rapidity of the feedback response, which allows 

to do faster imaging of the surface. Furthermore, since the single channel 

pipettes can generally achieve smaller sizes (down to 30 nm in diameter, 

reported), it is possible to achieve higher imaging resolution.192 The ad-

vantage of the dual channel system, instead, arises from the complete sep-

aration between the feedback signal for detecting the meniscus-surface 

contact (indicated by idc) and the electrochemical activity of the surface 

itself (indicated by isurf), which allows the analysis of surfaces with areas 

of different electrical conductivity (as well as completely non-conductive 

substrates). SECCM with quad channel nanopipettes has also been re-

ported, with two channels performing the standard meniscus cell contact, 

and the others functionalised to acquire complementary electrochemical 

information of the system.193
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Figure 1.10: Scheme of SECCM setup for (a) single channel and (b) double channel 

experiments. Both the setups are shown for a typical potential-controlled experiment. 

In SECCM , topography and electrochemical activity mapping are 

measured synchronously, with no convolution, which is an important ad-

vantage over SECM, as discussed above. This is clearly verified for the 

multiple channel configuration, but also true for the single channel con-

figuration, since the detection of the surface does not depend on a gradual 

modification of the detected property, but rather in an on/off configura-

tion where there is complete absence of electrochemical signal until the 

nanodroplet makes contact with the surface.  

Relevant applications of the technique over the years include, among 

others, the study of nanoscale electrochemical characteristic of graphene, 

graphite and carbon nanotubes,194-198 the electrosynthesis and electroa-

nalysis of polymers,199,200 the study of electrocatalytic material for hydro-

gen evolution reaction,201-205 CO2 reduction,206 oxygen reduction207-209

and oxygen evolution210 reactions, the study of Li de-intercalation in en-

ergy storage materials,139,211,212 the electrochemical activity of polycrystal-

line Pt,208,213,214 Pd215 and boron doped diamond,216 the kinetics of crystal 

dissolution,217 the collision and growth of single nanoparticles,218,219 the 

study of photoelectrochemical processes220,221 and the study of the micro-

scopic corrosion properties of polycrystalline Zn,222 Steel223-225 and Al.226
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From a theoretical point of view, the SECCM nanopipette probe 

shares some characteristics with a conventional microdisc electrode, be-

ing the contact area approximately a circle of micrometric or nanometric 

size, but with the solution geometrically limited at the edges of the elec-

trode, as shown in Figure 1.10.  Due to the conical shape of the nanopi-

pette probe, radial diffusion is also the dominant mode of mass transport 

in SECCM, albeit with an overall flux that is ca. 10% of a microdisc of the 

same radius. The exact value of the steady state current depends on both 

the size and the geometry (e.g., cone angle) of the probe, and can be pre-

cisely modelled by finite element method (FEM) simulations.97 In a dou-

ble channel pipette, the presence of two nominally identical QRCEs bi-

ased at different potentials (one is normally grounded, while the other is 

biased with respect to ground) generates a split in the electric field that is 

equally distributed through the two the different channels. As a conse-

quence, the potential applied between the two QRCEs (E1 in Figure 

1.10b) influences the effective potential applied at the working electrode 

surface (E2), such that the effective driving force (Esurf) ‘felt’ at the surface 

is calculated as 

    
 

1
surf 2 2

E
E E (1.57) 

However, isurf is completely independent of idc, and therefore these two 

current signals are readily employed for collecting different information. 

While isurf describes the electrochemical activity of the sample, idc gives 

crucial information on the shape of the droplet and how that is affected 

by surface contact.  

1.4. SYSTEMS OF INTEREST

As mentioned at the beginning of this chapter, there are several fields 

where the heterogeneity of the surface at the nanoscale can play a crucial 

role in determining the macroscopic electrochemical properties of a ma-

terial. The work presented in this thesis focuses mainly on two relevant 
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electroactive surfaces, conductive polymers and corroding metals. There-

fore, it is useful to give an overview on the electrochemical characteristics 

of these systems, as well as a brief description of the wealth of information 

that can be revealed with SEPM.   

1.4.1. Conductive polymers for electrochemical applications 

Polymers that manifest conductive or semiconductive properties have 

become prominent in the last 40 years as important materials in opto-

electronics, showing exceptional promise as active elements in next-gen-

eration energy harvesting and storage.227 These materials are particularly 

interesting because they pair electrical conductivity with some other 

properties that are not typical of traditional electrode materials (e.g. met-

als), such as a high mechanical flexibility, printability, biocompatibility, 

light weight, and the possibility of being synthesized from relatively cheap 

and sustainable sources. In addition, their conductivity, optical and elec-

tronic properties can be tuned relatively easily through chemical synthe-

sis and functionalisation of the consistent molecule(s) (monomers), a 

process that in traditional electrode materials is far less versatile.228,229

Important examples of such macromolecules include chains of aro-

matic amines (e.g. polyanilines) or heterocyclic compounds (e.g. polypyr-

roles, polycarbazoles and polythiophenes) or compounds that, despite 

not having a conductive backbone chain, possess side groups that can eas-

ily undergo redox reactions originating charged conductive species.227

The structures of two heavily studied polymers, polyaniline (PANI) and 

poly[3-hexylthiophene] (P3HT) are shown respectively  in Figure 1.11a 

and b.  

Conduction in polymers 

The conduction of charge through a polymer can happen essentially 

with two different mechanism, either a movement of delocalised elec-

trons (or electron holes) within a conjugated system (namely electronic  
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Figure 1.11: Chemical structure of (a) polyaniline (PANI), with m + n = 1, and (b) 

poly[3-hexylthiophene] (P3HT).  

conduction, or intrinsic conduction) or an electron exchange reaction be-

tween neighbouring redox sites (electron hopping and tunnelling mech-

anisms). In general, the polymers made of a highly conjugated system 

largely utilise the first mechanism for intra-chain charge transport and the 

second for interchain conduction (or charge transport at defects within 

the macromolecule).227,230,231

The intrinsic conductivity of the polymers can be usually described in 

terms of band theory, similar to inorganic conductors and semiconduc-

tors, even though the organic structure will present a peculiar set of states 

that can also assume a discrete energy configuration.232,233 The injection 

of charge will cause a change within the band structure, with the for-

mation of localised and delocalised charged structures such as solitons 

polarons and bipolarons.229,234,235 This kind of transport is believed to be 

extremely fast at least in macromolecules with little defects, while the 

transfer between different chains, governed by the hopping mechanism, 

is generally the rate determining step and strictly depend on the distance, 

and therefore on the supramolecular structure and the presence of crys-

tallinity.233,236,237

Polymers can be electrochemically doped by oxidation or reduction, 

which can dramatically increase the conduction properties. Given the 

permeability and the ionisation of the material during the charge transfer, 

the conduction in polymers is usually associated with transport of ions 
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through the polymeric phase, thus resulting in an electron-ion hybrid 

conduction mechanism.238,239

Applications and microstructural implications 

A considerable number of polymer-based electrochemical devices and 

architectures have been developed to date, including supercapaci-

tors,240,241 redox-flow batteries242 and organic bioelectronics,243-245 ther-

mogalvanics,246 electrochromics247-249 and photo-electrochemical de-

vices.15,250 Recent advances in emergent wearable health-monitoring de-

vices have inspired the inclusion of conductive polymers as sensing ele-

ments on fabrics and textiles, on the skin as electronic tattoos, and in 

vivo.249,251

All these applications often involve the complex microscale blending 

of one or more conducive polymer with other conductive and non-con-

ductive materials, in order to create a p-n junctions, to improve the charge 

transport properties, increase the contact area of the active surface and 

improve resistance of the device to aging and environmental degrada-

tion.252-255 As an example, in a typical organic photovoltaic cell, a conduct-

ing polymer is usually employed as electron donor, and because of its 

non-uniform and short-distanced conduction properties, it needs to be 

carefully blended, at a nanometric level with the electron acceptor (e.g. a 

fullerene derivative) in order to facilitate the electron transfer between 

them. The nature of such blending is one of the main parameters affecting 

the efficiency of the cell.256-258

Another relevant example is represented by organic field effect tran-

sistors.259 In these devices, a polymer such as P3HT acts as the semicon-

ductor layer connecting the two main electrodes (Source and Drain) and 

being “activated” when an appropriate potential is applied to a third elec-

trode (Gate), separated by the rest of the structure by a dielectric layer.260

In such devices, it was observed that mixing the P3HT with insulating 
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polymers in various proportions can improve the carrier mobility (elec-

trons or electron holes, depending on the type of transistor) and the sta-

bility toward degradation. With adequate synthesis procedures, the insu-

lating polymer can create an encapsulation layer that prevent contact 

with air, improve mechanical properties and form a scaffold for the con-

ductive polymer, allowing the creation of stratified structures that actu-

ally improve charge transport properties.261,262

The design of more efficient devices generally leads to more complex 

blend and structures, and therefore an increase complexity of the material 

surface on the micro and nanoscale. However, as it will be discussed in 

Chapter 3, most of the characterization of such materials still relies heav-

ily on macroscopic electrochemical techniques, which for their own na-

ture can only give a partial picture of the properties of microstructured 

surfaces.62 For this reason, techniques in the SEPM family, such as 

SECCM, have the potential to revolutionise the study of complex con-

ductive polymers blends, revealing previously unseen phenomena at the 

scale of surface heterogeneities. 

1.4.2. Metal corrosion and corrosion protection 

Corrosion is regarded as one of the most compelling and expensive is-

sues in the modern world, being a major cause of degradation of machin-

ery, cultural artefacts, buildings etc., therefore impacting several aspects 

of industrial production and everyday life. The cost of the direct and in-

direct effects of metallic corrosion (e.g. machine parts replacements, 

building refurbishments, malfunctioning because of faults and break-

downs, etc.) is estimated to amount to ca. 3% of the GDP of an industrial-

ised country.263,264

Corrosion itself is intrinsically an electrochemical process, where the 

metallic surface (which can be referred as the working electrode in a hy-
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pothetical corroding electrochemical cell) provides the main anodic re-

action (i.e. the metal oxidation), while the cathodic process is provided 

by the phase the metal is in contact with, which could be an electrolyte 

solution or other kind of liquid, a gas (e.g. air), or another metal, or any 

combination of them.265 To cite an example, in the atmospheric corrosion 

of copper, where the metal is generally in contact with open air and cov-

ered by a thin layer of aqueous solution, the cathodic process is mostly 

the oxygen reduction reaction by atmospheric O2.266 In many cases the 

corroding system is characterised by a complex multiphase interface, with 

multiple layers of the metallic element in different states of oxidation, (e.g.

oxides, hydroxides, salts, coordination compounds, etc., depending on 

the metal and the electrolyte), metal-metal junctions and liquid layers in 

contact with gas phases.19,265,267

Mixed potential theory and corrosion characterisation 

Different kinetic and thermodynamic parameters can be used to char-

acterise metal corrosion. As a base “textbook” example, the corrosion of 

Zn immersed in an HCl solution is considered, with the anodic reaction 

being the oxidation of the metal to the completely solvated ion, 

  2
( ) ( )Zn Zn 2s aq e , (1.58) 

and the cathodic reaction being the hydrogen evolution reaction (HER), 

      22H Cl 2 H 2Cle . (1.59) 

Both processes are characterised by their own kinetic and thermody-

namic parameters, with the overall corrosion rate depending on the com-

bination of them. In the simplest case, the two reactions can be related 

with the mixed potential theory, which assumes each electrochemical 

half-reaction acts as an independent process governed by Butler-Volmer 

kinetics [described by eq. (1.19)].265,268 At high values of overpotential for 

both cathodic and anodic reactions, one of the two terms of the Butler-
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Volmer equation can be neglected, and therefore the equation will as-

sume a simple exponential form;67 for the aforementioned Zn corrosion 

process, in the ideal case of negligible mass transport (for which Cx(0,t) 

Cx*) can be arranged as: 

   2 0 ,Zn Zn ZnZn /Zn
ln( ) ln( )

nF
I I

RT
. (1.60) 

    HER 0 ,HER HER HERln( ) ln( ) 1
nF

I I
RT

. (1.61) 

The ideal processes described by Eqs. (1.60) and (1.61) can be visu-

i ) plot, also known as Evans diagram,269,270 as 

shown in Figure 1.12, while the representation of the linear relation be-

tween E and log(i 271

In particular, the slope of such graph, corresponding to (RT ) [or 

(RT)/(nF ), depending on the half-reaction], is called Tafel slope 

and is an important kinetic and mechanistic parameter, often used for 

characterising electrocatalytic reactions.272,273

The potential at which the anodic and cathodic current are equal, cor-

responding to the point of dynamic equilibrium of the corrosion reaction, 

is often referred as the corrosion potential (Ecorr). The corresponding 

half-cell current is defined as corrosion current (icorr), and represents the 

main kinetic parameter of the overall process. These two parameters are 

often measured with techniques of potentiodynamic polarisation, i.e.

sweep voltammetry in conditions of minimum influence by mass 

transport phenomena,19,274 with Ecorr and icorr being obtained by the inter-

section of the extrapolated linear part of the curves, as shown in Figure 

1.12 for the aforementioned Zn corrosion. Ecorr acts as an effective dy-

namic equilibrium parameter, and can be also estimated by measures of 

open circuit potential (OCP). 
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Figure 1.12: Evans diagram for Zn corrosion in HCl solution. Reproduced from Ref. 

[265]. 

The mixed potential theory can be useful to give a simple explanation 

of the corrosion process, however, in many cases corrosion involves sev-

eral intermediates and multistep mechanisms. Often the oxidation of the 

metal involves the formation of different layers of oxide, hydroxides, and 

salt depending on the species dissolved in the electrolyte. Such reactions 

are heavily influenced by pH, and can bring to the formation of passive 

layers that hinder the corrosion reaction in a wide potential range. 

Regarding copper behaviour, electrochemical and spectroscopy stud-

ies have detected many stages of oxidation and, therefore, different layers 

of partially oxidised Cu on the surface. Some of them are composed by 

crystalline forms of copper oxides (Cu2O and CuO, but also Cu2O3), hy-

droxides (in alkaline environment) and many other compounds depend-

ing on the electrolyte which is used.275-278 As an example, in buffered 

(chloride free) solutions the first resistance to corrosion is given by a thin 

oxide or hydroxide (depending on the pH) start to form, creating defects 

in the first layer which increase the current until the CuO/Cu(OH)2 layer 

is thick enough to give a strong resistance, at high anodic potentials.275,276
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Figure 1.13: Pourbaix diagram for the corrosion of unalloyed (a) Fe and (b) Cu (both 

with only oxides and not hydroxides considered). Freely reproduced from Ref. [279]. 

Each continuous and dotted line describes a change of phase, (where multiple parallel 

lines represent the same transition at different concentrations of the dissolved species), 

while the two parallel dashed lines describe, respectively the potential for HER (bot-

tom) and ORR (top). 

The thermodynamic and kinetic properties of the different layers of 

partially oxidised metals, formed at the interface with the electrochemical 

solution during the corrosion process, largely depend both on the poten-

tial applied and on the pH. It is possible to visualise the thermodynamic 

stability of such layers with phase stability (potential/pH) diagrams, also 

known as Pourbaix diagrams,279,280 of which examples for Fe and Cu cor-

rosion are shown respectively in Figure 1.13a and b. Generally, the pH 

dependent standard potentials for the oxygen reductio reaction, (ORR) 

and HER are also shown, in order to give an idea of what could be the 

most relevant cathodic process in aqueous solution. The comparison be-

tween Figure 1.13a and b, for example, rapidly shows that Fe can be oxi-

dised by H+ almost at any pH, while Cu cannot, and that Fe2+ can be a 

stable corrosion product while Cu+ cannot, except within the oxide layer 

at high pH. In several metals, the thermodynamic stability of the formed 

layers on the surface can provide an indication on the range of conditions 

where they are protected from further oxidation.19,265 However, these di-

agrams cannot provide insight on the kinetics of formation of such layers 
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which depend on several factor, notably including the microscopic char-

acteristics of the surface.  

Surface complexity 

Aside from the intricacy of corrosion mechanisms in a chemical sense 

(e.g. see Figure 1.13), these processes take place at a surface and are there-

fore heavily influenced by interfacial properties. Surface defects are often 

points of initiation for corrosion processes, giving rise to specific phe-

nomena such as crevice, pitting and filiform corrosion.281-283 In polycrys-

talline metals, grains of different crystallographic orientation typically 

have a different corrosion activity,284-287 and additionally, grain bounda-

ries may also play a fundamental role in the process, giving rise to phe-

nomena such as intergranular corrosion.288-291 Other important factors 

that can locally affect the corrosion properties at a local level are the pres-

ence of points of mechanical, thermal or other stress,292 the presence of 

specific microorganisms,293 the presence of contaminants or particular 

configurations in alloy metals that causes the surfaces not to be homoge-

neous. An interesting example of the latter case, could be the presence of 

particular Zn formations in the Cu matrix of brass,294,295 or the Mg inclu-

sions in an alloyed steel.296,297

The contribution of all these factors generally have dramatic conse-

quences on the overall corrosion reaction, and it is possible, to a limited 

extent, to study them with macroscopic methods of measure. However, a 

deep understanding of these phenomena can be obtained only with mi-

croscopic techniques of analysis. A common approach in corrosion stud-

ies is to apply a corrosion perturbation to the entire system and then ex-

amine its effect at the micro/nanoscale with a combination of spectro-

scopic and microscopy techniques. As a significant example (related to 

the topics that will be discussed in Chapter 5 to 7), Terryn and co-work-

ers used electron backscattered diffraction (EBSD) in combination with 

STM, AFM and SECM for studying copper corrosion in chloride media, 
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and its dependency on the crystallographic orientation.298-301 With such 

approach, the activity of different grains was identified (e.g. the ones of  

{111} orientation seem to be more resistant to electrochemical oxidation 

than the ones of{001 orientation), as well as a difference in the chemical 

nature of the passivation layer formed different grains. In particular, the 

{111} was found to have a more passive oxide layer on the top, while the 

{001} grain has a less stable oxide and, in addition, a top granular film of 

amorphous hydroxides.299

Besides the specific corrosion properties related to the microstructure 

of the surface, the corroding environment (i.e. the other phase in contact 

with the metal) can have a variability on a microscopic level. As an exam-

ple, environmental corrosion is often caused by droplet of corroding so-

lution in contact with the metal; it has been shown that in many cases the 

metal/droplet/air interface is the most active area for corrosion initia-

tion.23,302,303 Biofilm corrosion usually involve a complex environment 

formed by cells and associated intercellular matrix.304 Additionally, as will 

be discussed in details in Chapter 5 to 7, corrosion by oil products is often 

caused by aqueous contaminants dispersed as nanodroplet in the non-

aqueous phase.305,306

Corrosion inhibition 

In order to prevent or limit the effect of corrosion, several approaches 

have been developed and employed. One of the most important is repre-

sented by coating the metal with inert organic and inorganic layers, 307-309

or with sacrificial metals that provide corrosion protection by oxidising 

instead of the coated surface (anodic protection).310 Other strategies em-

ploy functionalisation of the solutions that are in contact with the metal.  

Fundamental compounds that can be used in both cases, either as ad-

ditive in solution or as part of coatings, are the so-called corrosion inhib-

itors, i.e. species with the ability to slow down or hinder the corrosion pro-
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cesses. 311-314 They can either act as sacrificial antioxidants in solution (be-

ing oxidised instead of the metal surface) or form a layer on the surface 

that acts as a physical barrier against O2 and other corroding agents, or 

actively intervene and increase the activation energy of some critical steps 

of the corrosion mechanism. The use of corrosion inhibitors is often use-

ful to avoid unpleasant and expensive bulk organic coatings of the metal 

(such as certain types of paint), and their properties depend strictly on 

their structure and the specific corroding environment.  

One of the most common classes of inhibitors, used especially for pre-

venting Cu corrosion, is that of benzotriazole (BTAH) and its deriva-

tives,315 whose action will be examined in detail in Chapter 7. The action 

of BTAH, as well as most other inhibitors that act by strongly interacting 

with the metallic surface, by definition has a strong dependence on sur-

face microstructure. Several studies, employing both microscopy tech-

niques and quantum mechanical simulations, have shown how the struc-

tures that such molecules create on the surface are critical for their inhi-

bition action.316-320

Application of SECCM in corrosion science 

As alluded to above, electrochemistry at (sub)microscale, and 

SECCM in particular, is extremely promising for the characterisation of 

microstructural effects in metal corrosion. SECCM, coupled with other 

microscopic and spectroscopic techniques, is able to couple the high level 

of mechanistic information available from classical electrochemical tech-

niques with the local resolution needed for characterising the microstruc-

tural properties implicated in corrosion processes. As such, in recent 

years it has been employed to explore the crystallographic dependent 

properties of Zn,222 Steel223-225 and Al226 corrosion processes.  

In particular, the work carried out by Yule et al on the corrosion of low 

carbon steel in H2SO4
225 depicted in Figure 1.14, showed how  
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Figure 1.14: (a) Average Potentiodynamic polarisation ( ) curve (v = 2 V s ). (b)

Spatially resolved isurf maps obtained at the potentials indicated in (a), and (c) corre-

sponding Crystallographic orientation map (obtained with EBSD). (d) Spatially re-

solved isurf  V (with enhanced scale to highlight 5 

specific outliner pixels) and (e) corresponding SEM image. All the figures are reported 

from Ref. [225].  

it is possible to employ SECCM to record the activity of several consecu-

tive processes in the metal dissolution and cross correlate them with crys-

tallographic and compositional information. As shown in Figure 1.14, a 

voltammetric analysis was carried out (Figure 1.14a) in order to go 

through the potentials of (i) the Fe2O3 passive film formation, (ii) its fol-

lowing reduction, (iii) the active iron dissolution and (iv) the cathodic 

processes (HER and ORR). Each of these processed was represented by 

a spatially resolved current map (Figure 1.14b), that was correlated with 

the co-located crystallographic orientation map Figure 1.14c) obtained 

through EBSD, to statistically analyse the difference in behaviour on dif-
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ferent grains. In addition, the resolution achieved by the technique al-

lowed to explore the activity of single MnS inclusions,297 which exhibited 

a more articulated electrochemical behaviour and a larger current, as 

shown by the comparison between the re-scaled electrochemical image 

of process (iii) and the co-located SEM image (Figure 1.14d and e respec-

tively). 

In addition to the electrochemical/surface structure correlation anal-

ysis possibilities, the peculiar nanodroplet meniscus configuration allows 

the creation of a system of analysis where the examined metal is in contact 

with both the solution in the nanopipette and the external environment 

within a confined space. This, in particular conditions, as it will be exam-

ined in Chapter 5 to 7 for a Cu surface, can allow the study of corrosion 

and corrosion inhibition on both a complex surface and a complex cor-

roding multiphase environment.226

1.5. OVERVIEW AND AIM OF THE WORK

The previous sections have underlined how combining the power of 

classical electroanalytical techniques (introduced in paragraphs 1.1 and 

1.2) for mechanistic characterisation with the surface analysis possibili-

ties of scanning probe microscopy has led to the development of scanning 

electrochemical cell microscopy (SECCM, paragraph 1.3). SECCM has 

proven to be a powerful tool for the characterisation of many different 

kinds of structurally-heterogeneous electroactive surfaces. Yet SECCM is 

still constantly being developed, both in terms of measurement capability 

(e.g., scanning speed, resolution, electrochemical waveforms etc.) and ar-

eas of application. On the latter point, two very interesting fields in which 

SECCM has the potential to reveal considerable new information on sur-

face structure-activity are conductive polymers for energy devices and 

corroding surfaces. Therefore, this thesis is focused on developing new 

ways of SECCM analysis and applying them to the study of some exem-

plar cases belonging to the two fields discussed above. 
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Firstly, in Chapter 3, SECCM is applied to the study of the electron 

transfer properties of a complex microscale blend of conductive and non-

conductive polymers. This work is aimed not only to demonstrate that 

SECCM can actually be employed in this important field, revealing a 

wealth of information that is obscured in conventional macroscopic 

measurements, but also to overcome some technical limitations associ-

ated with the use of double channel pipettes (i.e. a generally slow speed of 

analysis and a relatively low lateral resolution of the imaging, if compared 

to single channel experiments).97,179,216

Secondly, a new approach for the use of SECCM as a electroanalytical 

technique is introduced. So far, with only very few exceptions (mostly re-

lated to battery research),139,211 SECCM has been mostly employed in a 

potential controlled setup. Therefore, in Chapter 4 the use of a current 

controlled technique, chronopotentiometry, is explored on a series of 

surfaces of increasing complexity, demonstrating that, if needed, 

chronopotentiometric SECCM can also be a powerful electrochemical 

imaging tool for characterising heterogeneous interfaces. 

Thirdly, a new experimental configuration for studying the corrosion 

of Cu in a triple-phase microscopic system is introduced. So far, most of 

SECCM studies have been conducted with the sample and the 

nanodroplet directly in contact with the atmosphere (either air or other 

controlled gas phases).222,225 This work demonstrates that the effect and 

the activity of an immiscible liquid phase (replacing the gaseous atmos-

phere) around the aqueous nanodroplet can be as well studied with 

SECCM.226 Employed with a mineral oil (dodecane based) immiscible 

phase, these conditions resemble those encountered in an corrosive in-

dustrial environment. This part of the investigation is developed through 

the three following chapters. 

Chapter 5 marries this triple-phase configuration with the new set up 

introduced in Chapter 4, taking advantage of the unique characteristics 
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of chronopotentiometric SECCM to study the intercorrelation between 

the different reactions involved in Cu corrosion. In Chapter 6, instead, a 

conventional voltammetric approach is adopted to better study the effect 

of the molecular oxygen, flowing through the different phases, from the 

atmosphere, through the oil layer and into the aqueous nanodroplet, on 

the corrosion of metallic copper in a confined environment. Finally, in 

Chapter 7, the functionalisation of the oil phase with a corrosion inhibitor 

and its effect on the corrosion happening in the aqueous phase is studied, 

furtherly increasing the level of complexity of this multi-phase application 

of the SECCM technique.  

Moreover, besides the bare study of such reactions at the micro-na-

noscale, which is already interesting per se, this work is aimed at exploiting 

the possibility of SECCM to map a polycrystalline surface in all of these 

three cases, and therefore exploring how such processes are influenced by 

the crystallographic orientation of the metal, paving the way for a wide 

spectrum crystallography/electrochemistry correlation analysis. 
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Chapter 2

General Methods 

ince most of the chapters are partially or totally aimed at de-

scribing the innovations brought to the electroanalytical possi-

bilities of SECCM, the specific details of the employed proto-

cols (such as the specific SECCM setups or the details of the FEM simu-

lations) are reported in each specific chapter. However, it is useful to de-

scribe here the common traits of the employed techniques, especially 

those that are used in many or all the following chapters, in order to give 

a broader view of the experimental part of this work. 

2.1. MATERIALS

2.1.1. Chemicals 

nol (FcDM, Sigma Aldrich, 97%), perchloric acid (HClO4, Sigma Al-

drich, 70%), hexaammineruthenium(III) chloride ([Ru(NH3)]Cl3, 

Sigma-Aldrich), dichlorodimethylsilane [Si(CH3)2Cl2, Acros Organics, 

2SO4, Sigma Aldrich, 96%), Cupric sulphate 

(CuSO4, Sigma Aldrich, 99%), n-dodecane (C12H26, Sigma Aldrich, 

99%), 1-N,N-bis-(2-ethylhexyl)-ARmethyl-benzotriazole-1-methana-

mine, silicone oil (DC 200, Fluka Analytical),  were used as supplied by 
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the manufacturer. All solutions were prepared with deionized water (In-

2.1.2. Electrode materials preparation 

Polymer blend electrodes 

All the polymeric samples were produced and provided by the Labor-

atory for Interface Science of Printable Electronic Materials at the Uni-

versity of Arizona, U.S.A.. However, it is useful to give some detail of the 

preparation, for more clarity. 

Indium tin oxide (ITO)-coated glass substrates (Colorado Concept 

Coatings, sheet resistance < 15 ohm/square) were cleaned by Triton X-

100 (Sigma, laboratory grade) diluted with ultrapure water followed by 

successive sonication in 50:50 deionized water/ethanol, pure ethanol, 

pure acetone, and pure isopropanol and dried in a stream of nitrogen. 

Stock solutions of 13 mg/mL of poly(3-hexylthiophene) (P3HT, Rieke, 

average molecular weight 57,000) and poly(methyl methacrylate) 

(PMMA, Aldrich, average molecular weight 120,000) were allowed to 

dissolve overnight in 1,2-dichlorobenzene (Acros, 99%) on a hotplate at 

80 °C under constant stirring. Stock solutions were mixed by volume to 

create, 5:1, 1:1 and 1:5 mixtures of P3HT to PMMA (wt %) and allowed 

to mix for 15 minutes before casting. Films were filtered using 0.45 µm 

PTFE filters (Fisherbrand) spin cast at 1000 rpm for 1 minute on Laurell 

spin coater (500 rpm for acceleration) and annealed at 120°C for 20 

minutes.  

Note that, together with the blends, also the stock solution of P3HT 

was employed to produce a polymer electrode sample.  Of all the sample 

produced, however, only the pure P3HT and the 1:5 mixture were sub-

jected to nanoscale electrochemical characterization, as explained in de-

tail in Chapter 3. All the samples were mounted on a SEM aluminium 

stub, and the conductive surface on the top of the glass was connected to 
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the stub with conducting silver paint glue (RS Supplies, U.K.). This sam-

ple configuration was utilised in every performed analysis.  

Glassy Carbon 

The glassy carbon (GC) substrate was purchased from HTW-Ger-

many and polished with an aqueous suspension of Al2O3 (Buehler, 

U.S.A.), of particle size 0.05 µm, before use. Subsequently, it was 

mounted on a SEM aluminium disk stub with conductive silver paint glue 

(RS Supplies, U.K.) and rinsed with deionized water prior to measure-

ment. 

High oriented pyrolytic graphite 

The high oriented pyrolytic graphite (HOPG) sample originated from 

GE Advanced Ceramics (U.S.A.) and was a gift from Prof. R. L. McCre-

ery, University of Alberta, Canada. Full characterization of this material, 

including the step edge density, has been previously reported.1 The sam-

ple was fixed to an aluminium SEM stub with conductive silver paint glue 

(RS Supplies, U.K.). Prior to use, the HOPG crystal was gently cleaved 

using the “scotch tape method”2 and subsequently left exposed to air for 

1 hour, to allow surface “aging”, before any electrochemical analysis.  

MoS2 

The molybdenite (MoS2) crystal (semiconducting 2H phase, as pre-

viously characterised3) was purchased from Manchester Nanomaterials 

(U.K.). Prior to use as an electrode material, the MoS2 crystal was fixed 

on a glass microscope slide with carbon SEM tape and mechanically 

cleaved using the “scotch tape method”.2 To ensure electrical connection 

and in order to avoid ohmic resistance through the material, the cleaved 

MoS2 surface was electrically connected through a top contact with con-

ductive copper SEM tape, covering most of the material except for a 1 

mm diameter exposed circular area. 
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Polycrystalline copper 

The copper (Cu) substrates were prepared from a foil of 3 mm thick-

× 2 cm. 

The sample employed in Chapter 5 did not undergo any further thermal 

process, while the ones used in Chapter 6 and Chapter 7 were annealed 

under an argon atmosphere for 12 hours at 800° C in a furnace. Subse-

quently, all the Cu substrates (annealed and non-annealed) were hot 

mounted at 190° C in cylindrical conductive carbon supports (Konduc-

toMetTM, Buehler, U.S.A.) with a SimpliMetTM 3000 Mounting Press 

(Buehler, U.S.A.) The final samples were roughly 2 cm high and had a 

diameter of 3 cm.  

The mounted Cu substrates were then polished to a mirror finish 

TM Supreme 

Diamond suspension on a TexmetTM

MetaDiTM Supreme Diamond suspension on a VerdutextTM polishing pad 
TM Colloidal Silica suspension on a 

ChemoMetTM polishing pad. The polished sample was washed in deion-

ized water and isopropanol and dried with air blowing. Before use as a 

substrate in SECCM, a ca. 3 mm high barrier of chemically-resistant 

epoxy resin (Sigma Aldrich, Germany) was formed around the Cu foil 

surface, which served as a well/reservoir for dodecane during scanning 

(see section 5.2.1). 

2.2. NANOPIPETTE PROBES FABRICATION

2.2.1. Nanopipette pulling 

All the nanopipettes were fabricated from cylindrical capillaries, that 

were pulled to a sharp tip with a commercial CO2 laser puller (P-2000, 

Sutter Instruments, U.S.A.).  
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Figure 2.1: (a-b) STEM image (bright field) of the tip obtained with (a) pulling pa-

rameters (i) and a theta quartz capillary, (b) pulling parameters (vii) and a borosilicate 

glass capillary. (c) SEM image of the tip obtained with pulling parameters (iv) and a 

borosilicate glass capillary. 

2.2.2. QRCEs fabrication 

Double channel pipettes were obtained from quartz theta capillaries 

(QTF120-90-100, Friedrich & Dimmock Inc., U.S.A.), using the follow-

1: HEAT 800, FIL 4, VEL 40, DEL 130, PUL 30; line 2: HEAT 750, FIL 

3); line 1: HEAT 850, FIL 4, VEL 20, DEL 130, PUL 80; line 2: HEAT 

750, FIL 3, VEL 20, DEL 130, PUL 130.  

Single channel pipettes were obtained from filamented borosilicate 

glass capillaries (GC120F-10, Harvard Apparatus, U.K.), using the fol-

; line 1: HEAT 

800, FIL 4, VEL 40, DEL 130, PUL 30; line 2: HEAT 750, FIL 3, VEL 20, 

; line 1: HEAT 

350, FIL 3, VEL 40, DEL 220, PUL 0; line 2: HEAT 350, FIL 3, VEL 40, 

; line 1: HEAT 

350, FIL 3, VEL 30, DEL 220, PUL 0; line 2: HEAT 350, FIL 3, VEL 40, 

line 1: HEAT 800, FIL 4, VEL 40, DEL 130, PUL 30; line 2: HEAT 750, 

(Chapter 6 and Chapter 7); line 1: HEAT 340, FIL 3, VEL 30, DEL 250, 
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The scanning electron transmission microscopy (STEM) image of 

tips obtained with, respectively, program (i) and (vii) and the SEM image 

of a tip obtained with program (iv) are shown respectively in Figure 2.1a 

b and c. It needs to be noted that, despite the similarity of the size of tips 

used in different chapters, slightly different pulling parameters were used 

due to re-calibrations of the laser puller in between the works. 

Ag/AgCl 

The Ag/AgCl QRCE was prepared by anodization of an annealed sil-

ver wire (0.25 mm diameter, Goodfellow, U.K., 99.99%) in saturated KCl 

solution for ca. 2 minutes. The QRCE potential was potentiometrically 

calibrated after the SECCM scans by measuring the open circuit potential 

(OCP) in the solution of interest (either 10 mM KCl + [Ru(NH3)6]Cl3,r 

0.1M KCl + FcDM or 10 mM H2SO4) versus a commercial leakless 3.4 M 

Ag/AgCl electrode (ET072, eDAQ, Australia), that has a theoretical 

standard potential of + 205 mV vs. the standard hydrogen electrode 

(SHE).4

80 mV vs commercial Ag/AgCl in the more concentrated chloride solu-

tion (5mM FcDM + 0.1M KCl), + 100 mV in the less concentrate (5mM 

[Ru(NH3)6]Cl3

Ag/AgCl in the sulphuric acid solution (10 mM H2SO4). 

Pd/H2

The Pd/H2 QRCE was prepared by electrochemical dissolution of H2

in annealed palladium wire (0.25 mm diameter, Goodfellow, U.K., 

99.99%). The Pd wire was held in a 0.1 M HClO4

wire for 30 mins, and used for experiments immediately after. 

2.2.3. Setup of the probe 

After pulling, in two specific cases (examined in Chapter 4) the probes 

were silanized by dipping them into Si(CH3)2Cl2 with argon flowing 
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through the tip (at a pressure of 6 bar) for 1 min (this prevented the silane 

from entering the tip). This procedure created a hydrophobic surface on 

the outside of the tip, which aided meniscus cell confinement during 

scanning. This process was employed only in cases where additional 

droplet confinement was not already provided by the nature of the sam-

ple (such as for very hydrophobic polymer electrodes or mineral oil con-

fined pipettes) and, in any case, only for probes that were >200 nm in di-

ameter. All the other pipettes were employed as produced by the puller. 

Each nanopipette was filled with the solution of interest (making sure 

no bubbles were formed at the tip by optical microscopy examination); 

for the double channelled ones, each single channel was filled with the 

same solution. In order to avoid solvent evaporation during prolonged 

scanning, a silicone oil layer was added on the top of the solution (i.e. the 

back of the nanopipette)3 and a QRCE was then inserted from the same 

side into each nanopipette channel. The end of the QRCE was positioned 

at ca. 2 cm from the nanodroplet meniscus formed at the probe tip.5 The 

probe was then mounted on the positioning system of the SECCM setup 

and used for the analysis immediately. 

2.3. SECCM 

All experiments in the SECCM configuration were carried out on a 

home-built SEPM workstation, as detailed in previous works.6,7 While the 

general setup and principles of the technique are the within all the analy-

sis carried out, within the many chapters there are some differences in the 

adopted procedures and a few specific parts of the instrumentation. Such 

differences are highlighted in Table 2.1. In essence, the SECCM platform 

is comprised of x-y-z piezoelectric positioners (details in Table 2.1), 

homebuilt electrochemical instrumentation (discussed in detail in the re-

spective chapters), a waveform generator and a data collection system. 

The latter two are both integrated in an FPGA card, used respectively for 
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applying potential to the system and recording the output from the cus-

tom electronic equipment.  

The nanopipette probe was mounted on the z-piezoelectric positioner 

and moved to the initial position over the sample using coarse x-y-z mi-

cropositioners (M-461-XYZ-M, Newport, U.S.A.), in tandem with an op-

tical camera (PLB776U camera equipped with a 4× lens, Pixelink, 

U.S.A.). The piezoelectric positioners and sensitive components of the 

electrochemical instrumentation (i.e. electrometers heads and gal-

vanostat heads) were placed in an aluminium faraday cage equipped with 

heat sinks and acoustic foam, equipped with a passive mechanical vibra-

tion isolator (specified in Table 2.1). This configuration has previously 

been shown to minimize electric noise, thermal drift and mechanical vi-

bration.8-10

All SECCM measurements were carried out using the “hopping 

mode” imaging protocol, as previously described11,12 with the feedback 

parameters and the employed techniques detailed in the respective chap-

ters. The output signal (i.e. either current or potential); was measured at 

a data acquisition rate (rda) depending on the frequency of measurement 

(tm

ments averaged for obtaining a digital data point (na): 

da m a( 1)r t n  (2.1) 

with the +1 arising from the fact that one iteration is necessary for trans-

ferring the data to the computer. The specific data are reported in Table 

2.1. All data acquisition and instrumental control was carried out with an 

FPGA card (PCIe-7852R) controlled by a LabVIEW 2016 (National In-

struments, U.S.A.) interface running the Warwick Electrochemical Scan-

ning Probe Microscopy software (WEC-SPM, downloadable from the 

Warwick electrochemistry and interfaces group website, www.war-

wick.ac.uk/electrochemistry). 
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Table 2.1: Technical specifications for the SECCM technique employed in each differ-

ent chapter. 

Technical 
Specific 

Customised Setup 

Chapter 3 Chapter 4 Chapter 5 Chapter 6-7 

Piezoelectric 
positioners
(P. I., Ger-

many) 

z:  
P-753.1CD 
x-y:  
P-733.2DD,  

z:  
P-753.3CD  
x-y:
P-621.2CD  

x-y-z:  
P-611.3S,  

z:  
P-753.2 
x-y:  
P-733.2,   

Mechanical 
vibration iso-

lator 

Pneumatic 
isolation table 
S-2000A-
423.5, (New-
port, U.S.A.) 
supporting 
the Faraday 
cage

Mechanical 
Isolator (Mi-
nus K® Tech-
nology, Inc. 
U.S.A.) 
inside the  
Faraday cage 

Mechanical 
Isolator (Mi-
nus K® Tech-
nology, Inc. 
U.S.A.) 
inside the  
Faraday cage 

Mechanical 
Isolator (Mi-
nus K® Tech-
nology, Inc. 
U.S.A.) 
inside the  
Faraday cage 

Main electro-
chemical 

technique 

Cyclic voltam-
metry 

Chronopoten-
tiometry 

Chronopoten-
tiometry 

Cyclic voltam-
metry 

Nanopipette
channels 

Double Single Single Single 

Digital acqui-
sition rate 

tm

na = 128
rda = 516  
rda = 

tm

na = 128
rda = 516  
rda = 

tm

na = 256
rda = 2570  
rda = 

tm

na = 128
rda = 516  
rda = 

After collection, all the raw data were processed using the Matlab 

(Mathworks, U.S.A.) software suite (version R2016b to R2020b depend-

ing on the software update). Topographical maps measured with 

SECCM were further elaborated using the scanning probe image pro-

cessing (SPIP) software package (v. 6.0.14, Image Metrology, Denmark). 

Data plotting was performed with the OriginPro 2016 64bit (OriginLab, 

U.S.A.) software package (version 2016 to 2020 64bit depending on the 

software update) and Matlab software suite (for the 2D maps). All topo-

graphical and electrochemical maps were plotted without any data inter-

polation. 
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2.4. MACROSCALE ELECTROCHEMISTRY

2.4.1. Voltammetry 

Macroscopic Cyclic voltammetry was performed in a conventional 

three electrode set-up, with a commercial leakless Ag/AgCl electrode 

(3.4 M KCl, ET072, eDAQ, Australia) as reference electrode, a coiled 

platinum wire (0.5 mm diameter, Goodfellow, U.K.) as counter electrode 

and a working electrode depending on the specific analysis as detailed be-

low: 

 In Chapter 3, an Au macrodisc electrode (area, A = 0.0201 cm2, Bio-

analytical Systems, U.S.A.) was employed, and the cyclic voltammetry 

was recorded on a FAS2 Femtostat (Gamry, U.S.A.) potentiostat. Fur-

ther macroscale analysis discussed in Chapter 3 were performed by the 

provider of the polymeric samples (at the University of Arizona, 

U.S.A.) to characterise them after the synthesis. In that case electro-

chemical measurements were performed with a CH Instruments 

920D bipotentiostat with either a gold or ITO counter electrode 

(area, A = 0.55 cm2) and Ag/AgCl reference electrode (3.0 M KCl). 

 In Chapter 6, a 3 mm diameter Cu macrodisc electrode (area 0.071 

cm2, Bioanalytical Systems, U.S.A.) was employed, and the cyclic volt-

ammetry was recorded on a CH Instruments 400 potentiostat. In the 

case of a de-aerated experiment, the solution was degassed with Ar 

prior to experimentation, and a blanket of Ar was maintained during 

the course of the voltammetry. 

2.4.2. Chronopotentiometry 

Macroscopic electrochemical experiments were performed in a con-

ventional three-electrode format on a commercial FAS2 Femtostat 

(Gamry, U.S.A.) potentiostat/galvanostat. A commercial Cu macrodisc 

electrode (3 mm diameter, MF-2110, BASi, U.S.A.), commercial 3.4 M 

Ag/AgCl reference electrode (vide supra) and coiled platinum wire (0.5 
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counter electrodes, respectively. When needed, the solution of interest 

was deaerated with nitrogen gas (N2) for at least 15 minutes, prior to ex-

periments and a blanket of N2 was maintained during the whole time of 

measure. 

2.5. ELECTRON MICROSCOPY

2.5.1. Scanning Electron Microscopy 

SEM was employed to characterise the nanopipette probe geometry 

and visualise electrode surfaces (HOPG, MoS2 and Cu surfaces) after 

SECCM experiments, as previously reported.3,7,13 The SEM images were 

obtained on a GeminiSEM Field Emission Scanning Electron Micro-

scope (ZEISS, Germany), at an acceleration voltage of 5 kV using an 

InLens detector. 

2.5.2. Scanning Transmission Electron Microscopy 

STEM was employed for the characterization of the probes used in 

SECCM. The image was collected on a GeminiSEM – Field Emission 

Scanning Electron Microscope (ZEISS, Germany), equipped with a 

STEM detector. The image was collected at an acceleration voltage of 30 

kV for quartz pipettes and 25 kV for borosilicate ones, employing bright 

field detection. 

2.5.3. Electron Backscattered Diffraction  

The EBSD analyses were performed either with a Zeiss SUPRA FE-

SEM (Zeiss, Germany), for Chapter 5, or a JEOL JSM-7800F FEG-SEM 

(Zeiss, Germany) for Chapter 6 and Chapter 7; both instruments were 

equipped with a Nordlys EBSD detector (Oxford Instruments, U.K.). 

The EBSD mapping was carried out with an acceleration voltage of 20 

keV, with the sample tilted 70º to the detector. EBSD data were pro-
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cessed using the HKL CHANNEL5 software (Tango, Oxford Instru-

ments, U.K.) to extract inverse pole figure (IPFz) images for each 

SECCM scan area, and, in specific cases, disorientation colouring maps 

(i.e. disorientation angle between each couple of neighbouring pixels in 

the EBSD map) and grain orientation spread (GOS) maps. 

2.6. CONDUCTIVE ATOMIC FORCE MICROSCOPY

Conductive atomic force microscopy (c-AFM) images were obtained 

using an Asylum research MFP-3D. The measurement was performed in 

contact mode by applying a constant bias of +2 V between the tip and the 

sample holder. An OMCL-AC240TM (tip side platinum coating, alu-

minium reflex coating) ElectriLevers (Olympus, Japan) was employed as 

the probe. The resulting topography and current maps were analysed 

with the SPIP software package (version 6.0.14) and reported with no in-

terpolation. 

2.7. OPTICAL MICROSCOPY

Optical microscopy analysis was carried out to verify the absence of air 

bubbles in the electrolyte-filled pipettes and to characterise the polymer 

film electrodes. An Olympus BH2 optical microscope, with 500× magni-

fication and top-side illumination (i.e. reflection light mode) was em-

ployed in all cases. 

2.8. CRYSTALLOGRAPHIC ORIENTATION REPRESENTATION

A 2D projection for representing the orientation of the crystallo-

graphic planes in the cubic system was developed, and systematically uti-

lised to represent the analysed grains in Chapters 5 – 7. Here the calcula-

tion leading to such projection is described. The orientation of a generic 

1 2. From 

these angles, it is possible to obtain the Miller indices (h,k,l) of the plane: 

  2sin sinh n (2.2) 
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  2sin cosk n (2.3) 

 cosl n (2.4) 

As it can be seen from Eqs. (2.2) to (2.4), the Miller indices depend only 

1 corresponding to the rotation of 

the plane relative to the normal direction. 

Due to the symmetry of the cubic system to which Cu belongs (crystal 

group 225), all the families of the plane {h,k,l} have equivalent structures, 

h,k,l) were simply ordered from small-

est to largest, so that h k l', with h', k' and l' being the rearranged in-

dexes. This was done in order to obtain comparable orientations for the 

following steps (vide infra). For instance, given the aforementioned sym-

metry, planes (100), (010) and (001) are all equivalent to (001), the one 

of the three with (h,k,l) sorted from smallest to largest.  

employed for cubic system representation, (001), (011), (111), was cal-

1 2 3: 

           


      


        

1 2 1 2 1 2
2 2 2 2 2 2

1 1 1 2 2 2

c o s
h h k k l l

h k l h k l
(2.5) 

with (h'1,k'1,l'1 h'2,k'2,l'2) being the Miller 

be described respectively by three coordinates; for example, calculated 

values for each the low-index planes are shown in Table 2.2. As alluded to 

above, low-index grains (001), (011) and (111) were chosen to fulfil the 

requirement of sorting (h,k,l) from smallest to largest. The points repre-

1 2 3 space are called P1, 

P2 and P3., with coordinates expressed with letters, such as P1 (0,a,b), P2

(a,0,c) and P3 (b,c,0), with a = b = c = 
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Table 2.2 1 2 3 for the low index planes in the cubic 

system. 

Plane γ1
 001 (˚) γ2

 011 (˚) γ3
 111 (˚) 

001 0 45 54.736

011 45 0 35.264 

111 54.736 35.264 0 

1 2 3

of Miller indices (h',k',l') as defined above, it can be shown that all calcu-

lated points, P, lay on a hyperbolic plane that passes through P1, P2 and 

P3. This can be qualitatively explained by considering that the miller in-

dexes (h,k,l) are not totally independent, being all calculated from the 

2). Specifically, from the re-elaboration of 

eq. (2.2), (2.3) and (2.4) 

 
   

 

2

1 1
1
h

k l
l

l < 1. (2.6) 

Therefore, a useful and simple 2D representation of the grains is intro-

1 2 3) space 

on the plane passing through P1, P2 and P3. Such a plane will be repre-

sented by the following equation: 

     1 2 3 0u v w k , (2.7) 

with: 

    22 2273.5382u ac bc c , (2.8) 

    22 1397.3333v cb ab b , (2.9) 

    22 2025w ac ab a (2.10) 

and 

    3

173719 12 .6k abc , (2.11) 

a, b and c correspond to the angles defined above. In order to represent 
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the points over this plane, two Cartesian coordinates were arbitrary de-

fined as follows: x axis as the line passing through P1 and P3, y axis as the 

line passing through P1 and orthonormal, to x. The direction of the axis 

was defined in order for P2 to have both positive coordinates in this pro-

jection. Such coordinates were called C1 (x-axis) and C2 (y-axis). There-

fore, C1 and C2 1 2 3 for each considered plane. 

If the following constants are defined: 

     2 2 2
1 2 2 66.55c b a bc (2.12) 

     22 2 2
2 3349.9465u v w (2.13) 
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Then for each generic plane, P: 

        ε ε ε
1 2 31 1 2 31 ( ) 1 ( ) 1 ( )P P P PC a b (2.20) 

        ε ε ε
1 2 32 1 2 32 ( ) 2 ( ) 2 ( )P P P PC a b (2.21) 

The position of some representative planes in coordinates C1 and C2

are shown in Figure 2.2. On this plot, in this coordinate system, P1 (0,0),  
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Figure 2.2: Two-dimensional projection of grain orientations in a fcc cubic crystal sys-

tem, represented in arbitrary coordinates. The black lines delineate the space that con-

tains all possible grain orientations (given the symmetry of the cubic system). The posi-

tion of the low-index grains is also highlighted, as well as the surface structure of a few 

exemplar grains indicated on the plot. 

P2 3 i.e. all 

grains) lay in a section delimited by the following three lines, as shown in 

Figure 2.2: line 1, representing the family of planes with miller indices  
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Chapter 3

Conductive Polymer Electrodes 

omplex blends of conductive and non-conductive polymers 

are often employed in crucial fields of optoelectronics, as 

mentioned in Chapter 1 (section 1.4.1), but despite their sur-

face complexity, there is still little comprehension about their nanoscale 

electrochemical properties. The work presented in this chapter is aimed 

to prove that SECCM, which so far has had little applications in the field 

of conductive polymers, due mainly to problems of wettability of the sur-

face and a slow imaging rate for double channel mode of operation, can 

be successfully applied to the study of this kind of system. 

3.1. INTRODUCTION AND BACKGROUND

3.1.1. Conductive polymers in UMEs arrays 

Conductive polymer employed in an optoelectronic device is often in-

cluded in blends with other organic and inorganic, conductive and non-

conductive materials; in some cases (given by specific arrangement be-

tween the conductive and insulating phases) these materials can effec-

tively act as arrays of UMEs. Traditionally, UMEs arrays are coupled with 

chemical or optical assays for a number of molecular detection schemes. 
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They necessitate isolated, electronically conductive domains on the or-

der of microns to nanometres surrounded by a contiguous insulating ma-

terial. Conventional methods of fabrication, however, involving mainly 

inorganic semiconductors, are generally time and cost intensive and re-

stricted to rigid substrates. On the other hand, the ease of printing poly-

meric materials enables the development of thin film planar structures 

that would serve to widen applications, especially in the field of life sci-

ences.1-3

Therefore, understanding the microscopic electrochemical behaviour 

(and specifically the electron transfer properties) of polymeric UME ar-

rays can be of great importance for analytical (linked to the development 

of assays based on printable conductive polymer electrodes) and optoe-

lectronic applications. Conductive polymers follow a potential-depend-

ent mechanism, whereby the kinetics of electron transfer are associated 

with the overlap in the density of states (DOS) of the electrode and elec-

trolyte.4 For semicrystalline polymers such as P3HT, the DOS is strongly 

connected to the microstructure, with crystalline domains being easier to 

oxidize than amorphous regions.5 The fraction of crystallites varies with 

processing and could hypothetically be altered when the conductive pol-

ymer is constrained into a UME configuration. Thus, realization of all-

organic electrochemical devices necessitates a detailed understanding 

both of the nanoscale structure-property relationships governing charge 

transfer and how these relationships influence measurements on longer 

length scales. 

As a model system for this type of studies, a series of binary conduc-

tive/insulating polymers blends was chosen, with the conductive part be-

ing the semi-crystalline P3HT, and the insulator part being the amor-

phous PMMA. P3HT was chosen as the model conductor for organic 

electrochemical systems as it is well-studied,6 both structurally and elec-

trochemically (though mostly at the macroscale).7-9 As the interest of this 
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chapter is on nanoscale behaviour and how this translates to performance 

in a UME array, P3HT was blended with PMMA as the system is known 

to possess microstructural heterogeneity arising from phase segrega-

tion.10,11 Previously, P3HT:PMMA microstructural domains have been 

used to improve charge transport in organic field effect and electrochem-

ical transistors, to obtain high transmittance while retaining conductivity 

in opto-electronics, and to alter photoluminescence.10,12-14 More broadly, 

blending a conductive polymer with a non-conjugated system is used to 

acquire new mechanical, optical, morphological and thermal properties, 

or to introduce strategic intermolecular forces for adhesion/binding, 

coulombic charge stabilization, or promote desired chemical-electro-

chemical reactions.15

3.1.2. The application of SECCM 

Conventional macroscopic electroanalytical methods, notably cyclic 

voltammetry, are typically used as the main tool to study the properties 

of conductive polymer electrodes and compare behaviour across materi-

als sets, in order to elucidate electrochemical structure-property relation-

ships. Hence, such relationship can be only probed indirectly and with a 

degree of uncertainty. On the contrary, the SECCM approach can poten-

tially directly probe the spatial-heterogeneity arising from phase segrega-

tion in polymer blend electrodes, in order to fully understand the rela-

tionship between local chemical composition and electrochemical reac-

tivity. Such potentiality, as discussed in Chapter 1 (section 1.3.2) has 

been previously demonstrated with many classes of (electro)materials 

but rarely applied for polymer analysis.16

Therefore, voltammetric movies from SECCM of the rapid outer-

sphere electron transfer process FcDM0/+

ferrocenedimethanol) at complex, phase-separated P3HT:PMMA blend 

electrodes have been correlated with complementary, co-located high-
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resolution c-AFM to reveal unambiguously electrical-electrochemical in-

terconnections in the blends, at the nanoscale. The kinetic information 

extracted from such analysis, then, have been employed, with the aid of 

FEM simulations, to evaluate the limitations of conventional macro-

scopic electrochemical analysis in this class of material. With this added 

understanding, the ambient exposure-induced degradation of the poly-

meric blend electrodes has been interrogated with SECCM, demonstrat-

ing a spatially heterogeneous loss in electrochemical redox behaviour. 

3.2. EXPERIMENTAL DETAILS

Details on the employed chemicals, materials and the probe prepara-

tion protocols are described in Chapter 2. The specific procedures 

adopted in this work involved nanoscale electrochemical measurement 

with SECCM, followed by the analysis of such measures for extracting 

kinetical data, which then were employed in numerical simulations for 

describing the system’s behaviour. Therefore, this section will describe, 

in order, these three specific procedures. 

3.2.1. SECCM Experiments 

In this work, a double channel SECCM setup has been employed in a 

potential controlled (voltammetric) mode to measure the characteristics 

of ITO supported polymer blend films, in a solution containing 4.5 mM 

FcDM as electrochemical mediator and 100 mM KCl as supporting elec-

trolyte. The main setup of the technique is shown in Figure 3.1a. The 

sample (produced by the University of Arizona with the procedure high-

lighted in Chapter 2) was mounted on a custom sample holder (sur-

rounded by a moat of water in order to maintain a constant humidity), 

placed on the x-y piezoelectric positioner, while the probe was mouthed 

on the z piezo. The two QRCEs and the sample were connected to a bi-

potentiostat, that was responsible for applying the two different poten-

tials E1 and E2, as shown in Figure 3.1a. 
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Figure 3.1: (a) Scheme of the double channel voltammetric SECCM setup employed 

herein, specifically for the 1:5 P3HT:PMMA blend electrode. The probe was translated 

across the substrate (working electrode) surface through the use of piezoelectric posi-

tioners in a “hopping mode” configuration. All the potential (E1 and E2) and current (idc

and isurf) parameters are indicated on the appropriate point of the scheme. (b) Example 

plots of z-position (top plot), E1 and E2 (middle plot), and idc and isurf (bottom plot) as a 

function of time, recorded simultaneously during a single approach to a P3HT domain 

containing 4.5 mM FcDM + 100 mM KCl. 

The voltammetric SECCM was carried out in hopping mode, as pre-

viously described.17 This protocol involves approaching the probe to the 

surface of interest at a series of predefined grid points, and carrying out a 

single electrochemical experiment on each landing. In this context, the 

term “landing” refers to droplet (meniscus) contact; the probe itself does 

not make physical contact with the surface. During the approach, a dc ion 

current (indicated by idc in Figure 3.1), induced by applying a bias of 50 

mV (indicated by E1 in Figure 6) between the QRCEs located in the two 

channels of the nanopipette probe, served as a feedback signal to detect 
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each landing (i.e. meniscus-surface contact), at which time the z-ap-

proach was halted. Cyclic voltammetry was performed by sweeping the 

potential of one of the QRCEs (indicated by E2 in Figure 3.1), which de-

termined the substrate potential (Esurf) together with E1, as discussed in 

Chapter 1 (section 1.3.2) and described by eq. (1.57), and the surface 

current (isurf) was measured. In this way, a surface dependent electro-

chemical movie of the surface current in function of potential and special 

coordinates was collected. 

Figure 3.1b shows representative examples of the z-extension, applied 

potentials (E1, E2) and the measured currents (idc and isurf) for a single 

“hop” of a scanning experiment. During approach [Figure 3.1b, (1)], idc

adopts a fixed value (“non-contact” value) which depends on the electro-

lyte composition, tip geometry and bias potential.18 Landing is detected 

by a large spike (several hundreds of pA) in idc as the meniscus is de-

formed due to surface contact [Figure 3.1b, (2)], which serves as a feed-

back signal to halt the z-approach. Once on the surface [Figure 3.1b, (3)], 

the z-position is fixed, and cyclic voltammetry is performed by sweeping 

E2, as isurf is measured. After the measurement [Figure 3.1b, (4)], the 

probe is retracted and translated in x/y space, while idc returns to its non-

contact value for the next “hop”. Note that to accommodate for drift in 

idc, the feedback threshold was defined relative to the non-contact value 

on each and every hop in a self-referencing regime.19,20

The use of idc as feedback signal represents the main innovation 

brought to the double channel SECCM technique. So far, due to the sus-

ceptibility of the idc signal to drift, a different signal has typically been em-

ployed in conventional double channel SECCM, i.e. the amplitude of an 

ac component of idc generated by a sine wave distance modulation of the 

z-piezo position, applied through the use of a DSP lock-in amplifier 

(SR830, Stanford Research Systems, U.S.A.); more details regarding this 
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method can be found in Appendix, Section A.2. Despite its high sensitiv-

ity for the surface detection, because of intrinsic time limitations in the 

response of the lock-in amplifier the use of this ac parameter limits the 

approach rate of the pipette to approximately 1/10 of the pipette diame-

ter per second (in this case vappr , since the employed pipettes 

were 100 nm to 200 nm dimeter),18,21 making impossible the collection of 

the number of points needed in the analysis of a high number of micro-

i.e. less 

than a day). Since idc has a faster response to the surface contact, it was 

, which, together with a 

 and an electrochemical perturbation time of 

about 1.8s, allowed each scan to be collected in approximately 8 to 12 

hours. The issues deriving by the substantial shift in idc during such 

amount of time were overcome by employing a “self-referencing” feed-

back mode, which consisted in stopping the approach when an absolute 

variation of idc (± 100 pA) was detected compared to the value of idc meas-

ured before each single approach. 

Note that the area of contact between the droplet and the surface dur-

ing the voltammetric analysis, and therefore the active working electrode 

area, depends on the geometry of the probe and the characteristics of the 

electrolyte and the surface (i.e. wettability of the surface). The usual 

method for determining the wetted area, i.e. observing the droplet “foot-

prints”, that is the mark left on the surface due to surface modification or 

electrolyte residue, post-measurement using SEM,22 as shown in the next 

chapters, was not applicable in this case, due to the damage caused on the 

polymer surface by the electron beam. Thus, in order to determine the 

dimensions of the droplet cell, the constant-distance mode of SECCM 

was deployed,23,24 measuring the footprint by translating the probe over 

the boundary separating a conductive P3HT domain from a non-conduc-

tive PMMA domain, as outlined in Appendix, Section A.2. The wetted 
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sistent with previous studies in this configuration.25

3.2.2. Kinetic analysis with steady state voltammetry 

The standard heterogeneous electron-transfer rate constant (k0) and 

transfer coefficient ( ) associated with the FcDM0/+ process were calcu-

lated using a well-used numerical method proposed to treat steady state 

voltammetric data.26 Due to the conical shape of the nanopipette probe 

used in SECCM, there is a radial contribution to mass-transport, which 

results in a flux that is ca. 10% of an inlaid disk electrode of the same size, 

as discussed in Chapter 1 (section 1.3.2).18 However, the confined geom-

etry of the meniscus (droplet) cell in SECCM tends to suppress the en-

hanced flux (i.e. higher current density) normally expected at the edge of 

conventional UMEs; therefore, a uniformly accessible electrode condi-

tion was hypothesized to a first approximation. The validity of such hy-

pothesis is discussed, with the support of FEM simulation of a typical 

SECCM setup, in Appendix, section A.3.1. 

In order to calculate k0 and  values, the steady state limiting current 

(iss) and voltammetric half-wave (E1/2) and quarter-wave (E1/4 and E3/4) 

potentials were extracted from each voltammetric transient, as shown in 

Figure 3.2. These parameters were used to firstly determine , based on 

the difference between |E1/2–E1/4| and |E1/2–E3/4|, and subsequently k0, 

which depends on , |E1/2 –E1/4|, the formal potential (E0') and the mass-

transport coefficient (km). E0' was estimated from macroscale voltamme-

try, under conditions of electrochemical reversibility (on an Au electrode, 

vide infra), and km was calculated as follows: 

 ss
m *

i
k

nFAC
(3.1) 

where C* is the bulk concentration of FcDM. For comparison, under con- 
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Figure 3.2: Example of a normalized steady state voltammogram, with the main param-

eters required for microscopic kinetic analysis, iss, E1/4, E1/2 and E3/4 labelled. The poten-

tial scale is referred to the standard potential of the FcDM0/+ process, E0'. 

ditions of planar diffusion (i.e. at a macroscopic electrode), km is calcu-

lated from the voltammetric peak current as follows: 

   
 

1
2

m 0.4663
nFvD

k
RT

(3.2) 

3.2.3. FEM simulations of a P3HT macroscopic response.  

FEM simulations were carried out in two different configurations, de-

pending on the electrode system under consideration, either an Au elec-

trode, a pure P3HT film or a 1:5 P3HT:PMMA blend electrode. In all 
+ + e ) 

governed by the Butler-Volmer formalism of electrode kinetics was as-

sumed. The homogeneously active electrodes, that is the Au (i.e. reversi-

ble case) and pure P3HT film electrodes were simulated using the Di-

giElch software package (v.8.FD, Gamry, U.S.A.), employing a planar ge-

ometry and semi-infinite one-dimensional (1D) diffusion regime. In the 

simulations, the bulk concentration of FcDM was set at 4.5 mM, E0 was 

experimentally determined from macroscale voltammetry on gold (vide 

infra), the diffusion coefficient of FcDM0 and FcDM+ were set to 8 × 10

cm2 s  and the electrode area was set at 0.021 and 0.55 cm2 for the Au  
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Figure 3.3: Schematic of the 2D axisymmetric geometry built in COMSOL Multiphys-

ics to represent the 1:5 P3HT:PMMA blend electrode. Boundaries ra and rb represent 

the active (conductive) P3HT and inactive (insulating) PMMA domains, respectively. 

and P3HT electrode, respectively. The kinetic parameters, k0 and , were 

set to be 1 cm s , 0.5 (electrochemically reversible) for the Au, and ex-

tracted from experimental data (employing the method described in the 

previous section) for the P3HT film electrodes. Note that unless explic-

itly stated, Ru

In the case of the heterogeneously active 1:5 P3HT:PMMA blend 

electrode, FEM simulations were performed using the COMSOL Mul-

tiphysics software package (v.5.1, COMSOL Inc., Sweden). A bi-dimen-

sional axisymmetric simulation set up was employed, using a rectangular 

cell with edges named r (bottom), z (left), r' (top) and z' (right), as 

shown in Figure 3.3. The cell dimensions were set to 1.61 µm width (cor-

responding to ra + rb, see Figure 3.3) and 500 µm height (corresponding 

to h), with z set as the symmetry axis. On both the left (z) and right (z') 

edges, the condition of zero flux was imposed, as well as on the bottom 

edge (r) along rb (i.e. the insulating PMMA domain).  

On the top edge (r'), both zero flux and constant concentration con-

ditions were imposed (with Cr' = 4.5 mM). No concentration condition 
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was imposed on z'. On the P3HT simulation domain (all over ra), a po-

tential-dependent flux, governed by Butler-Volmer electrode kinetics was 

employed, with k0 and  extracted from experimental data (employing the 

method described in the previous section). As above, the bulk concentra-

tions of FcDM0 and FcDM+ were set to 4.5 and 0 mM, respectively. 

3.3. RESULTS AND DISCUSSION

3.3.1. Compositional surface characterisation 

As noted above, this work has been carried out in collaboration with 

the Laboratory for Interface Science of Printable Electronic Materials at 

the University of Arizona, where the polymeric samples were fabricated 

and initially characterised by spectroscopic, crystallographic and macro-

scopic electrochemical analysis. With the exception of the macroscopic 

electrochemistry, these results are beyond the scope of this thesis, but are 

available in published reference originated from the work.27 Nevertheless, 

it is useful to list the main highlights of such characterisation: 

 In the sample presenting both P3HT and PMMA (respectively in 5:1, 

1:1 and 1:5 weight ratio) the two phases are completely separated; 

however, a very small fraction of the PMMA could be intercalated 

within the conductive P3HT domains. 

 The microstructure depends on the ratio between the two polymers: 

the 5:1, 1:1 have islands of insulating PMMA within continuous 

P3HT, while the opposite is observed for the 1:5 sample (i.e. islands of 

P3HT within continuous PMMA). In any case, the conductive P3HT 

domains are always in contact with the underlying ITO support. 

 No chemical interaction between the P3HT and the PMMA phase 

was observed in any of the blends, neither were microstructural 

change in interchain packing of the P3HT between the pure P3HT 

sample and the P3HT domains in the blends.  
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Given these results, the pure P3HT and the 1:5 blend samples were cho-

sen as suitable substrates for the nanoscale multi-microscopy analysis. 

3.3.2. Correlative electrochemical multi-microscopy for nanoscale 
kinetic analysis.  

The spatially-dependent electron-transfer characteristics of pure 

P3HT and 1:5 P3HT:PMMA blend films were probed at the nanoscale 

using  double channel voltammetric SECCM.22,23,28 The nanopipette 

4.5 mM FcDM and 100 mM KCl. The dual barrels were equipped with 

Ag/AgCl QRCEs which possess a stable potential of ca. 0.070 to 0.080 V 

(measured to 1 mV) vs Ag/AgCl (3.4 M KCl).29 Note that unless other-

wise stated, all potentials herein are corrected to the Ag/AgCl (3.4 M 

KCl) reference scale. During operation, a small potential bias (50 mV) 

was applied between the identical QRCEs located in the two channels of 

the probe, inducing a dc ion current (idc

feedback signal, as highlighted above. Note that this idc feedback is inde-

pendent of the substrate conductivity and thus can be used to position 

the probe on both the P3HT and PMMA domains of the polymer blend 

electrode.23,30

SECCM was initially performed on freshly prepared films of P3HT 

and 1:5 P3HT:PMMA by performing cyclic voltammetry in the potential 

range ca. i.e.

QRCE) to observe the FcDM0/+ redox process. The FcDM0/+ electron 

transfer reaction is a rapid, mechanistically simple, outer-sphere process 

on most conventional (e.g., metal and carbon) electrode materials:31 

FcDM  FcDM+ + e (3.3) 

As the nanopipette probes used in SECCM possess a conical geome-

try, mass-transport is predominantly governed by quasi-radial diffusion, , 

resulting in relatively high rates of mass-transport that allow (near) 
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steady state conditions to be established on the voltammetric timescale 

explored herein (i.e. ms timescale at voltammetric scan rate, 1 V 

s ).18,32 The heterogeneous electron-transfer rate constant (k0) and 

transfer-coefficient ( ) were calculated numerically from the experimen-

tally derived formal (E0ˈ), half-wave (E1/2) and quarter-wave (E1/4 and 

E3/4) potentials, with the method discussed in section 3.2.2.26

A spatially resolved electrochemical flux movie for the FcDM0/+ pro-

cess on an area of the pure P3HT film electrode is shown in Appendix, 

Movie A1. A single frame from the movie, obtained at a potential where 

FcDM0/+ is mass-transport limited (i.e. 0.65 V vs Ag/AgCl) is shown in 

Figure 3.4a. Evident from Movie A1 and Figure 3.4a, the P3HT film ex-

hibits relatively uniform electrochemical activity towards the FcDM0/+

process throughout the entire potential range, with the exception of a few 

obtained topographical (z-height) map (Figure 3.4b) reveals no correla-

tion between the physical structure and electrochemical activity, with the 

film possessing a surface roughness on the same scale (ca. 15 nm RMS) 

as the underlying ITO support.  

For comparison of these sample with conventional electrodes (i.e.

metals), a classical Nernstian behaviour and underlying Butler-Volmer 

mechanism was assumed; the limitations of these assumptions for con-

ductive polymer electrodes have been detailed previously,33 but regard-

less, provide an initial point of comparison. The uniform electrochemical 

activity of the P3HT film is reflected in the spatially resolved k0 map 

shown in Figure 3.4c, from which surface average (9567 individual meas-

urements) values of k0  cm s  and 

tion 3.3.3 for the discussion about the statistical distribution of these val-

ues). Note that this k0 value is orders-of-magnitude lower than that usu-

ally measured for the oxidation of ferrocene and derivatives at conven-

.31
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Figure 3.4: (a) Electrochemical activity and (b) corresponding topographical map rec-

orded in the SECCM configuration (101 by 101 pixels, hopping distance 100 nm), vis-

ualizing the FcDM0/+ process on a fresh P3HT film deposited on ITO coated glass. (a) 

Single frame of Movie A1, taken at 0.74 V vs Ag/AgCl. (c) Map of k0 values associated 

with the FcDM0/+ process, calculated numerically from the spatially resolved  meas-

urements from SECCM. k0 was calculated only where a full steady state voltammogram 

was obtained within the potential window, and set to 0 otherwise. The nanopipette 

mM KCl. 

This is expected based on the significantly lower intrinsic DOS of poly-

meric electrode materials (P3HT) compared to conventional metallic 

conductors. However, these average results are much larger than previ-

ously reported macroscale cyclic voltammetry measurements of the 

FcDM0/+ process on electrodeposited P3HT (k0   7 × 10  cm s ), 

which exhibited clear (electrochemical) irreversibility.33

As anticipated above, the 1:5 P3HT:PMMA blend electrode is struc-

turally heterogeneous, with segregated P3HT and PMMA domain; this 
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is further illustrated by c-AFM imaging in Figure 3.5a and b. The c-AFM 

revealed the elevated islands (ca. 10 nm in height, Figure 3.5a) in such 

blend to be conductive P3HT domains (conductance current of ca. +10 

pA above the non-conducting baseline, at +2 V), within a “sea” of insulat-

ing PMMA, shown in Figure 3.5b. The individual P3HT:PMMA do-

mains also contrast optically, as shown in Figure 3.5c. From Figure 3.5a-

c, the roughly circular P3HT domains (islands) are on average ca. 2.3 µm 

in diameter and separated by an average distance of ca. 2.9 µm.  

Voltammetric SECCM performed on the same scanned area using the 

protocol outlined above; the synchronously obtained topographical map 

is shown in Figure 3.5d. The morphology (i.e. height, shape and diame-

ter) of the individual P3HT domains in Figure 3.5d is qualitatively similar 

to the co-located AFM map in Figure 3.5a, demonstrating the high-fidel-

ity of SECCM topographical mapping.24 The corresponding spatially re-

solved electrochemical movie for the FcDM0/+ process on the blend elec-

trode is shown in Appendix, Movie A2. A single frame from the movie, 

obtained at a potential where the FcDM0/+ process is mass-transport lim-

ited  on  the  individual  P3HT  domains  (i.e. 0.74 V vs Ag/AgCl)  is also 

shown in Figure 3.5e. Evident from MovieA2 and Figure 3.5e, the poly-

mer blend electrode possesses highly heterogeneous electrochemical ac-

tivity, with the P3HT domains (i.e. red areas in Figure 3.5e) supporting 

the FcDM0/+ process, while only non-faradaic current arising predomi-

nantly from stray capacitance ( ca. 0.8 pA) was measured on the insulat-

ing PMMA domains (i.e. blue areas in Figure 3.5e). 

Considering potentials where the FcDM0/+ process is kinetically lim-

ited (i.e. at E < E1/2, ca. 0.2 to 0.4 V vs Ag/AgCl) in Movie A2, it is clear 

that the individual P3HT domains are not uniformly active. The larger 

domains on average show higher electrochemical activity (i.e. higher cur-

rents at a given potential) than the smaller domains, explored further be-

low. 
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Figure 3.5: Correlative multi-microscopy analysis of the surface of a 1:5 P3HT:PMMA 

blend electrode, deposited on an ITO support. (a) Topographical and (b) correspond-

ing electrical conductivity maps, measured using c-AFM (bias potential = + 2.0 V). (c)

Optical microscopy image (reflected light, 500x magnification). (d) Topographical and 

corresponding (e) electrochemical activity map recorded in the SECCM configuration 

(97 by 79 pixels, hopping distance = 0.25 µm, 2.85 s pixel ), extracted as a single frame 

of Movie A2, taken at 0.74 V vs Ag/AgCl. (f) Map of k0 values for the FcDM0/+ process, 

calculated numerically from spatially resolved  data from SECCM (Movie A2). In 

(f), the colour scheme was applied only where full steady state voltammograms were 

measured (i.e. on the P3HT domains); otherwise, it was assigned no colour, coinciding 

with the insulating PMMA domains. The nanopipette probe used for SECCM, (d – f), 
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Figure 3.6: Plots of (a) the median value of k0 from each P3HT domain from a fresh 1:5 

P3HT:PMMA blend electrode, both as a function of the area of the individual domain 

and (b) the median conductance current measured with c-AFM. The conductance cur-

rent and k0 values were extracted from Figure 3.5b and f, respectively, while the area of 

the domains was extracted by the analysis of the optical microscopy image shown in Fig-

ure 3.5c. 

Upon sweeping to more positive potentials (i.e. E > 0.6 V, Figure 3.5e), 

all P3HT domains attain a mass-transport limited current of ca. 11 pA. 

This limiting current is approximately 10% of what is expected at a con-

ventional inlaid metal disc electrode of the same diameter as the used na-

nopipette probe (ca. 200 nm in Figure 3.5, see Figure 2.1a), in agreement 

with theoretical predictions of SECCM mass transport.18 Note that in 

Figure 3.5e, pixels located at the edges of the islands exhibit currents that 

are smaller than the mass-transport limit due to the co-contribution of 

conductive P3HT and non-conductive PMMA within the area probed by 

the meniscus cell (i.e. only a fraction of the probed area is conductive/ac-

tive).  

Using the numerical approach outlined in section 3.2.2, pixel-resolved 

electrode kinetic parameters (i.e. k0 and  values) were extracted, as illus-

trated by the spatially resolved k0 map in Figure 3.5f. Considering all of 

the active P3HT domains (1826 individual measurements), average k0

and  values of 8 × 10  cm s  and 0.4 were calculated, corresponding to 

a ca. 4-fold decrease in the FcDM0/+ electrode kinetics compared to the 

pure P3HT case above (Figure 3.4c). 
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Figure 3.7: (a) Normalized near steady state voltammograms (v = 1 V s ) obtained 

from the FcDM0/+

Au, P3HT and 1:5 P3HTPMMA blend electrodes. The curves were obtained by aver-

aging 278, 9567 and 1826 individual measurements respectively on the Au, P3HT and 

P3HT domains of the 1:5 P3HT:PMMA blend electrode. (b) Histograms of measured 

k0 values for P3HT and 1:5 P3HT:PMMA blend electrodes (logarithmic scale), with an 

indication of the maximum k0 that can be calculated (limit of detection) with the em-

ployed method (dotted blue line).(c) Simulated and (d) experimental macroscopic 

CVs (v = 0.1 V s ). In all plots, the blue, red and green curves refer to the Au, P3HT and 

1:5 P3HT:PMMA blend electrodes, respectively. All experiments were performed with 

a 4.5 mM FcDM + 100 mM KCl solution. In (c), the reversible case was employed to 

determine E0' for the process, whose value was calculated to be 0.271 V vs Ag/AgCl 

(3.4M KCl). 

Evidently, the electrode kinetics associated with the FcDM0/+ process 

is P3HT domain-dependent, with the intra-domain variation being 

smaller than the inter-domain variation. In general, the k0 values meas-

ured on an individual P3HT domain (island) are relatively homogeneous 

and also tend to be larger on the largest islands (Figure 3.6a). Larger is-

lands also coincide with the largest conductance currents in the solid state 

(Figure 3.6b). This effect may be due to the geometry of the conducting 
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and electrochemical probe arrangements; particularly, if the conductivity 

within the film were highly anisotropic laterally and perpendicular to the 

ITO substrate, with the lateral conductivity was much greater than the 

perpendicular one. Usually in c-AFM of conductive polymer films, such 

effects are not considered,34 with the local conductivity cell dimensions 

ascribed to the tip contact area. 

Given the lateral domain size extremely larger than the film thickness, 

however the lateral conductivity here would need to be orders of magni-

tude higher than that perpendicular for a purely geometrical effect based 

on domain size to be an important factor; therefore, other effects between 

individual domains cannot be ruled out, including localized differences in 

sample thickness, small differences in domain composition, and spatial 

variations in potential and charge density distributions.35 In particular, re-

garding the composition, the fact that the k0 values tend towards those 

recorded on the pure P3HT film at high domain sizes could indicate that 

the domains become increasingly like pure P3HT as they increase in size 

(even though the variation in composition would have to be very small, 

according to the characterisation carried out after the electrode prepara-

tion). Most likely, such effect is caused by a coexistence of all these fac-

tors. 

3.3.3. Predicting the macroscopic voltammetric response of 
polymer blend electrodes.  

Steady state voltammograms from the pure P3HT film and 1:5 

P3HT:PMMA blend electrodes obtained by averaging all of the active 

“pixels” in Movie A1 and A2, respectively, are shown in Figure 3.7a. A rel-

atively high mass-transport coefficient is achieved in the SECCM config-

uration with the nanoscale probes employed herein,18 with a value km

× 10  cm s , estimated from the mass-transport-limited current calcula-

tion detailed in section 3.2.2 [eq. (3.1)]. Kinetically, from the analysis of 

Figure 3.7a, both the pure P3HT film (red trace, k0  cm s ) and 
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1:5 P3HT:PMMA polymer blend (green trace, k0  cm s ) can 

be statistically distinguished from one another, as well as from the elec-

trochemically reversible case (as measured on a nanocrystalline Au elec-

trode, blue trace, k0 > 1 cm s ).31 The numerically derived k0 values for 

both the pure P3HT and 1:5 P3HT:PMMA electrodes both follow log-

normal distributions, as shown in Figure 3.7b. 

Log(k0) is proportional to the standard free energy of activation for a 

heterogeneous electron-transfer reaction, which, in this case, will be com-

posed of the reorganization energy and work terms (as per Marcus the-

ory),36 and the energetic barrier of the actual electron transfer event, 

which is dependent, among other factors, on the DOS.37 As FcDM0/+ is a 

well-known outer sphere redox couple, the electron transfer rate is most 

likely to be limited by the relatively low DOS of P3HT (which is why the 

kinetics of FcDM0/+ is slow enough to be measurable). Note that the ap-

parent energy barriers observed (inferred from k0) are averages over the 

area probed during each SECCM measurement (e.g., Figure 3.5e and 

Movie A2), comprising a multitude of sites with different properties (e.g., 

local DOS). It is the distribution in electrochemical activities between 

these elementary sites of P3HT that gives rise to the log-normal distribu-

tions in Figure 3.7b. This also explains why the distributions in Figure 

3.7b are of the same width (i.e. standard deviation of 0.3 in both cases), 

as the electrode material (P3HT) and redox process (FcDM0/+) under 

investigation are analogous in the two cases.  

In order to predict the macroscopic electrochemical response from 

the nanoscale measurements for the three different electrodes consid-

ered, FEM simulations were conducted, with the setup described in sec-

tion 3.2.3. The Au (k0 = 1 cm s ,  = 0.5, essentially reversible) and pure 

P3HT film (k0 = 3 × 10  cm s ,  = 0.6) cases were simulated assuming 

mass-transport occurred solely by planar (1D) diffusion to a homogene-

ously active electrode surface. The 1:5 P3HT:PMMA blend electrode 
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case was simulated with a 2D axisymmetric geometry (Figure 3.3), where 

the central area represents a conductive P3HT domain (k0 = 8 × 10  cm 

s ,  = 0.4) while the surrounding ring represents a non-conductive 

PMMA domain (set as a no flux boundary). The radius of the P3HT do-

main (ra in Figure 3.3) was set to be 1.19 µm while the extension of the  

PMMA ring around it (rb in Figure 3.7c) was set to be 0.22 µm, both val-

ues being averages calculated from the topographical/optical images 

shown in Figure 3.5. A condition of no flux was imposed at the cylindrical 

surface defined by r = ra + rb, in order to approximate the conditions of an 

infinite close-packed array of microelectrodes (e.g., Figure 3.5e). Note 

that the simulation domain represented by Figure 3.3 is a simplified rep-

resentation, but will give a good guide as to the general shape of a macro-

scopic CV curve.38

Simulated cyclic voltammograms (CVs) obtained at a scan rate of 0.1 

V s  are shown in Figure 3.7c. A relatively low mass-transport coefficient 

is obtained at this moderate scan rate, km  cm s , estimated from 

the voltammetric peak current, as detailed in section 3.2.2 [eq. (3.2)]. In 

D / km) is estimated, meaning the diffusion fields from the individual ac-

scale, and thus planar diffusion can be assumed (which has been incorpo-

rated into the model described by Figure 3.3).  

Note that due to the relatively low km value, the macroscopic voltam-

metric response simulated for the pure P3HT film is indistinguishable 

from the Au electrode (i.e. both are electrochemically reversible, compare 

red and blue curves), while the 1:5 P3HT:PMMA blend electrode shows 

Ep = 118 mV, compared 

to 56 mV of the other two, reversible cases). In other words, despite the 
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different properties of the three electrode materials, the simulations pre-

dict that macroscopic cyclic voltammetry can only distinguish between 

the pure P3HT and 1:5 P3HT:PMMA cases, but not the Au and the pure 

P3HT cases (electrochemically reversible).  

Thus, a major reason why conventional cyclic voltammetric methods 

of analysis alone are not suitable for benchmarking the quality of conduc-

tive polymer films as electron conductors (i.e. electrodes) is susceptibility 

to ohmic resistance (iR drop), particularly at the high scan rates required 

to probe the kinetics of rapid electron-transfer processes (explored be-

low). In addition, even if the complications from iR drop were to be 

avoided, in the absence of spatial-information on electrochemical reactiv-

ity (i.e. obtained from SECCM mapping), a number of assumptions 

would need to be made (i.e. uniform size, spacing and reactivity of the 

P3HT domains, see Figure 3.3) to quantitatively interpret macroscopic 

electrochemical data, as in Figure 3.7c.  

For comparison with the simulations, macroscopic cyclic voltamme-

try was carried out on an Au macrodisc electrode, a P3HT film electrode 

and a 1:5 P3HT:PMMA blend electrode, shown in Figure 3.7d. Evi-

dently, while the experimentally measured CV on the Au macrodisc is in 

excellent agreement with theory,  the CVs obtained on the pure P3HT 

and 1:5 P3HT:PMMA blend are vastly different to those predicted by 

simulation. Both polymer electrodes exhibit dramatic shifts in peak po-

tential (towards more positive values for the oxidation peak and more 

negative for the reduction peak) and decreases in the peak current den-

sity compared to the reversible case (Au). In particular, the 1:5 

P3HT:PMMA blend does not exhibit classical peak shaped current-po-

tential behaviour during the forward potential scan, rather showing a flat-

tened, plateau-type response that gives rise to a positive hysteresis on the 

reverse sweep. Naive interpretation of these data may indicate that the 

electrochemical activity of P3HT can be dramatically influenced by 
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blending with PMMA, with the k0 value associated with the FcDM0/+ pro-

cess decreasing by several orders of magnitude between pure P3HT elec-

trode and the 1:5 P3HT:PMMA blend. 

As alluded to above, the large discrepancy between the experimental 

(Figure 3.7d) and simulated CVs predicted from analysis with SECCM 

(Figure 3.7c) is reasonably attributed to the presence of uncompensated 

resistance (Ru). For conventional metallic electrodes, Ru is typically a 

small fraction of the solution resistance (Rs) arising from the finite sepa-

ration between working and reference electrodes and is included in the 

measured potential as an ohmic drop term (iRu). In the present case, it is 

assumed that an additional resistance arising from the finite electrical 

conductivity of the polymer films (as well as the P3HT-ITO interface), 

Rfilm, also contributes to Ru. Such resistive components can be considered 

to be in series, i.e. their effect is summed. While Rs is constant in all exper-

iments, Rfilm is a macroscopic property that depends on the composition 

of the polymer electrode, increasing with PMMA content in the blend.  

Therefore, simulations that incorporate Ru can emulate the general 

shape of the experimental CVs for the pure P3HT electrode, with Ru = 

with Ru

Ru (and therefore Rfilm) is assumed to be independent of potential, which 

is likely to be an oversimplification, as P3HT is known to exhibit poten-

tial-dependent conductivity (i.e. Rfilm is potential-dependent).39 In any 

case, as Ru is the predominant factor controlling the potential-dependent 

electron transfer rate, the macroscopic CVs (Figure 3.7d) cannot be ana-

lysed straightforwardly to reveal the structure-dependent k0 values, as 

previous studies on similar materials would seem to suggest.40-42

As detailed above, km value calculated for a fully active surface (i.e. pure 

P3HT) at the macroscale (v = 0.1 V/s) is ca. 2 × 10  cm s . When cor-
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Figure 3.8: (a) Comparison between experimental voltammetric curve of FcDM oxi-

dation for pure P3HT (continuous line) and simulations obtained with an added un-

k0 = 1 cm s , 

= 0.5, green circles) and the measured kinetic parameters on the P3HT film (k0 = 0.03 

cm s ,  = 0.6, blue circles). (b) Comparison between the experimental voltammetric 

curve for the 1:5 P3HT:PMMA blend (continuous line) and a simulated curve (circles), 

obtained for a fully reversible system (k0 = 1 cm s ,  = 0.5), with the addition of an 

with a 1D geometry and planar diffusion, at a sweep rate of 0.1 V s–1 and in 5 mM FcDM 

concentration. 

tive (from the chemical characterisation and the c-AFM), a km value of ca.

1 × 10  cm s  is calculated on the individual P3HT domains (UMEs), 

which is approximately 10% of that in the SECCM configuration (km

× 10  cm s ). Based on this, in the absence of iRu effects, one would ex-

pect that the macroscopic CV would be closer to reversible than that 

measured in the SECCM configuration, which, when comparing Figure 

3.7a and d, is contrary to what is observed experimentally. Thus, the dif-

ferences between the experimental and simulated macroscopic CVs in 

Figure 3.7d and e are solely attributable to iRu (predominantly Rfilm in the 

case of the 1:5 P3HT:PMMA blend), and the SECCM-averaged CVs 

(Figure 3.7a) reflects the iRu-free response of the P3HT domains. The 

two different diffusion regimes can be illustrated schematically, in the 

case of 1:5 P3HT:PMMA blend electrode, as shown in Figure 3.9.  

At the macroscale, the diffusion layer is orders of magnitude larger 

than the size of the individual P3HT  domains  (UMEs),  thus  mass trans- 
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Figure 3.9: Scheme of the mass-transport to (i.e. diffusion layers) and the charge-trans-

fer within individual P3HT domains (UMEs) of the 1:5 P3HT:PMMA blend, at the (a)

macroscale and (b) in the SECCM droplet-cell configuration. All of the involved re-

sistances are highlighted in the scheme, with RMT being the mass-transport resistance, 

RCT the charge-transfer resistance, Rf the film resistance and RLT the lateral charge-trans-

fer resistance. 

port in solution and charge-transfer in the P3HT film (to the underlying 

ITO support) are predominantly planar, as illustrated in Figure 3.9a. 

By contrast, in the SECCM droplet-cell configuration, mass-transport 

within the pipette occurs radially (see section 3.2.2 and Appendix, section 

A.3.1), and because the electrode area probed by the nanopipette (com-

mensurate with the pipette dimensions, ca. 200 nm) is considerably 

smaller than individual P3HT domains, charge-transfer through the film 

occurs in the perpendicular and lateral directions, as illustrated in Figure 

3.9b. In effect, the additional charge-transfer pathways act to lower the 

effective resistance of the film. This, in addition to the small currents (i.e.

< 20 pA, herein) measured in SECCM render this technique relatively 
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Figure 3.10: Cyclic voltammogram of pristine and aged P3HT films in 1 mM FcDM in 

0.1 M KCl (v = 0.1 V s ). All three P3HT samples were prepared in the same day. One 

sample was measured immediately after preparation (black line), while the other two 

were kept for 21 days, respectively, in the glove box filled with Ar gas (red line) and in 

ambient atmosphere (blue line) before the measurement.  

immune to iRu effects,22 meaning that it can be applied to study the elec-

trochemical properties of relatively resistive materials such as conductive 

polymer blends (herein) and semiconductors in general.24,43

3.3.4. Sample aging at microscopic level.  

P3HT is known to undergo chemical degradation upon prolonged ex-

posure (i.e. on the days to weeks’ timescale) to ambient conditions (i.e.

light and atmospheric oxygen).44,45 The chemical degradation is expected 

to alter the electrochemical performance, as demonstrated from mac-

roscale CVs on the pure material, shown in Figure 3.10. Briefly, any 

chemical reaction can degrade the film and alter the local density of states 

and thus the rate of electron transfer. Therefore, shown below, local elec-

trochemical activity may serve as a far more sensitive probe to spatial deg-

radation effects than what can currently be measured chemically.  

The spatial instability of the polymer electrode was explored using 

voltammetric SECCM, employing the protocol outlined above (for the  
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Figure 3.11: (a) Topographical and corresponding (b) electrochemical activity map 

recorded in the SECCM configuration (89 by 89 pixels, hopping distance = 0.25 µm, 

2.38 s pixel ), visualizing the FcDM0/+ process on an aged 1:5 P3HT:PMMA blend 

electrode. (b) is a single frame of Movie A3, taken at 0.88 V vs Ag/AgCl. (c) Normalized 

near steady state voltammograms ( = 1 V s ) extracted from the six P3HT domains 

labelled in (a) and (b), alongside the one extracted from a fresh 1:5 P3HT:PMMA 

blend electrode (see Figure 3.5). The curves were obtained by averaging all “active” pix-

ameter and contained 4.5 mM FcDM + 100 mM KCl. 

“fresh” samples) to scan the 1:5 P3HT:PMMA blend electrode after 

“aging” under ambient conditions for a period of three weeks. Evident 

from the SECCM topography map in Figure 3.11a, the area scanned on 

the aged blend electrode is structurally analogous to that of the fresh elec-

trode (see above, Figure 3.5d), with µm-sized islands of conductive 

P3HT within a matrix of insulating PMMA. However, when viewing the 

spatially resolved current-potential data, shown in Appendix, Movie A3, 

it is clear that the “aged” blend electrode exhibits a significantly different 
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pattern of nanoscale reactivity compared to the “fresh” electrode above. 

There are statistical differences between the current measured at the in-

dividual P3HT domains at the aged surface, with only a single domain 

attaining a mass-transport limited current for the FcDM0/+ process within 

the examined potential window (– 0.11 to 0.88 V vs Ag/AgCl), as shown 

in Figure 3.11b. This indicates that k0 varies significantly from domain-

to-domain (i.e. orders-of-magnitude differences), which contrasts the 

fresh sample where all P3HT domains attained an identical mass-

transport limited current within the scanned potential window (Figure 

3.5e) and relatively small inter-domain variations in k0 were observed. 

Figure 3.11c shows the averaged steady state voltammograms ex-

tracted from individual P3HT domains. As noted above, only a single do-

main supported a mass-transport limited current, labelled 1 in Figure 

3.11b and c, from which a k0 value of ca. 5 × 10  cm s  was calculated, 

which is approximately half of that measured at the fresh electrode surface 

(vide supra). The absence of a mass-transport limited current plateau 

(within the investigated potential window) precludes quantitative analy-

sis for the other domains, but it is clear that the k0 value progressively de-

creases from curve 2 to 6. The slowest response is barely distinguishable 

from the (stray) capacitive response obtained on the insulating PMMA 

areas (normalized to 0 in the plot). Evidently, exposure to the ambient 

atmosphere on the weeks’ timescale significantly affects the electron-

transfer properties of P3HT, whether pure (Figure 3.10) or blended with 

PMMA (Movie A3 and Figure 3.5c).  

While the chemical mechanism leading to these observed changes is 

beyond the scope of this proof-of-concept, it can be postulated that vari-

ations in the local chemical environment arising from differences in com-

position/structure (i.e. PMMA content) or oxygen diffusion rates at the 

individual P3HT domain level could alter degradation rates at the 

(sub)microscale. Such non-uniform (spatially-dependent) degradation 
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rates would be “invisible” in a conventional macroscopic CV, which is 

controlled by electrode-film resistance (i.e. Rfilm contributing to Ru) rather 

than redox reactions (i.e. the FcDM0/+ process), as highlighted by the 

schemes in Figure 3.9. SECCM clearly serves as a more sensitive screen-

ing tool for (electro)chemical degradation of semiconductor materials, 

with broader applicability beyond just organic electronics.   

3.4. CONCLUSION

This study advocates the use of correlative electrochemical multi-micros-

copy to understand the underlying structural factors governing electron-

transfer in complex, structurally-heterogeneous electrode materials from 

the nanoscale to macroscale. Correlation of topographical, composi-

tional and conductance mapping with quantitative, nanoscale resolution 

electrochemical flux movies from SECCM revealed only a slightly re-

duced electron-transfer rate constant (i.e. k0 value) for the FcDM0/+ pro-

cess in the isolated P3HT domains in a 1:5 P3HT:PMMA blend, if com-

pared to pure P3HT electrodes at a commensurate length scale. Combin-

ing these data with complementary FEM simulations, macroscopic elec-

trochemical behaviour was predicted and further compared to experi-

ment, demonstrating that electrode-film resistance, rather than redox re-

action kinetics (i.e. FcDM0/+), controls the measured macroscopic elec-

trochemistry of these polymer blend electrodes. These results suggest 

that conventional bulk voltammetric measurements should be used with 

caution to assess the quality of conductive polymers as electrodes. With 

this additional knowledge, the ambient exposure-induced degradation of 

P3HT:PMMA blend electrodes was interrogated with SECCM to reveal 

a spatially-heterogeneous loss of P3HT electroactivity, with individual 

P3HT domains affected to dramatically different extents.  

Overall, this study highlights the great strength of SECCM for resolv-

ing structure-property (e.g., electrochemical activity or degradation) rela-

tionships in complex (electro)materials such as conductive polymer 
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blends and for predicting the factors that control electrochemistry across 

length scales. The possibility of performing large and highly resolved 

maps (implemented thank to the use of idc as feedback parameter), opens 

up the possibility to systematically examine complex blends of conduct-

ing and insulating materials. The presented approaches should be gener-

ally applicable to any class of conductive polymer (or polymer blend), 

and offers the possibility for re-evaluating and optimizing materials that 

were previously discarded due to apparently poor macroscopic electro-

chemical properties. 
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Chapter 4

SECCM Chronopotentiometry 

he work presented in this chapter is not directly related to ei-

ther of the two important fields of applications described in 

Chapter 1 (i.e. studies on conductive polymers and corro-

sion). In fact, this chapter is entirely dedicated to the development of 

SECCM itself, in order to address the technical and theoretical nuances 

arising from its application in current-controlled mode, i.e. with 

chronopotentiometry. This development is critical for many fields of re-

search (some of which are explored herein), and it will be fundamental 

for the corrosion studies carried out in the next chapter. 

4.1. INTRODUCTION AND BACKGROUND

Despite being less used than potential-controlled methods in modern 

electrochemical science, current-controlled or galvanostatic techniques 

still play an important role in diverse fields, including coatings (i.e. elec-

troplating)1 and battery research,2 where constant-current conditions are 

usually applied to allow fine control over the rate of (electro)chemical 

processes. For instance, a notable advantage of galvanostatic techniques 

in electroplating is that the charge passed, and hence the amount of ma-

terial electrodeposited can be controlled precisely, which generally makes 
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it easier to obtain a uniform deposition compared to constant-potential 

conditions.3 Another interesting application of galvanostatic methods 

can be found in the field of electrocatalysis, where a commonly adopted 

metric for benchmarking the activity of a material is the overpotential re-

quired to achieved a given current density (e.g., 10 mA cm , ���);4,5 as 

explored herein, this kind of determination is conceptually easier under 

current-controlled conditions, rather than controlled-potential.  

For all these reasons, and other that will be discussed further herein, it 

would be interesting to expand the applicability of SECCM in order to 

include galvanostatic techniques on a routine basis. Some steps have al-

ready been done in this direction: galvanostatic SECCM has recently 

been used as part of studies to map the charge/discharge characteristics 

of battery electrodes,6-8 even though the galvanostatic characterisation 

represented only a small and complementary part of the work. In order to 

improve the use of chronopotentiometric SECCM in these and further 

applications, it is necessary to understand in more detail the electrochem-

ical response of different kinds of system with this unique (galvanostatic) 

mode of application. 

Therefore, in this chapter chronopotentiometric SECCM has been 

applied for the study of three model electrochemical systems, in order to 

verify the validity and liability of the method by comparing results in cur-

rent-controlled mode with previous results on similar systems in the po-

tential-controlled mode. Firstly, the outer-sphere [Ru(NH3)6]3+/2+ pro-

cess was characterised at a polished GC surface, where ideal electrochem-

ical reversibility (i.e. “Nernstian” behaviour) is expected, given the scale 

of the nanopipette used (ca. 500 nm) compared to the structural hetero-

geneity in GC (i.e. it is microstructurally isotropic).9 These measure-

ments sought to confirm the stability of the meniscus (droplet) cell and 

demonstrate the reproducibility of the electrochemical potential (E) - 

time (t) curves at the different pixels among the thousands of an SECCM 
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scan. Secondly, the same process was investigated on an aged HOPG sur-

face, which has previously been shown to exhibit complex, structure-de-

pendent (i.e. step edge, vs. basal plane) electron-transfer properties under 

these conditions.10 Finally, the technique was employed in the context of 

electrocatalysis to probe the HER activity of bulk MoS2, demonstrating 

enhanced catalytic activity at macroscopic defect sites where the step 

edge is exposed. 

4.2. SECCM SETUP

Details about the experimental SECCM setup (i.e. common instru-

mentation, probes and electrode materials preparation and data analysis) 

and the electron microscopy technique employed in this work are pro-

vided in Chapter 2. The custom setup employed in this chapter includes 

a home-built low current galvanostat, employed to apply the current (iapp) 

at the QRCE present in the single-channel nanopipette probe and meas-

ure the potential (Esurf) at the substrate. A schematic representation of the 

setup for galvanostatic SECCM and chronopotentiometric measure-

ments is given at the start of the results and discussion section (Figure 

4.1). 

The chronopotentiometric SECCM experiments were performed 

with a “hopping mode” imaging protocol, as previously described.11,12

This protocol involved approaching the nanopipette probe to the sub-

strate surface at a series of predefined locations in a grid and, upon each 

meniscus landing (note that the pipette itself did not contact the surface), 

a chronopotentiometric measurement was made, allowing the creation of 

time-dependent 2-dimensional electrochemical potential “maps” of the 

substrate. In addition, the z-position of the probe was recorded synchro-

nously on every approach, and the contact z-coordinate was plotted as a 

function of x-y coordinate to create a topographical map of the substrate 

surface. During approach of the tip, the potential measured in the gal-

vanostat circuit was employed for positional feedback in order to detect 
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meniscus contact with the surface. A change of 6 V from the ‘overload’ 

value (±10 V) experienced when the tip was at open circuit (tip away 

from the surface) was set as the feedback threshold to indicate meniscus 

contact and to immediately stop the nanopipette movement on each ap-

proach. The nanopipette speeds were 3 m s-1 on approach, 20 m s-1 on 

retract (by 4 m) and 5 m s-1 for lateral movement. The distance be-

tween each pixel depended on the tip size and sample; pixel densities are 

specified for each data set presented.    

After collection, all the raw data were processed using the Matlab soft-

ware suite. “False approach” points, i.e. where the nanopipette was trig-

gered to stop but subsequent analysis revealed that meniscus contact had 

not been made (evident from a ‘spike’ in the synchronously obtained 

topographical map, not shown in the results), were discarded. These 

events were rare, e.g. amounting to 12 out of the 6561 pixels for 

[Ru(NH3)6]3+/2+ process on GC, discussed below.

4.3. RESULTS AND DISCUSSION

4.3.1. Chronopotentiometric SECCM: working principles.  

A general scheme of the technique and typical data for a single pixel 

are shown in Figure 4.1. As the single channel nanopipette (Figure 4.1a) 

was moved across the surface in the “hopping-mode” regime, the meas-

ured galvanostat output potential (Eoutput) was used for positional feed-

back (vide supra). Figure 4.1b shows representative examples of the z-po-

sition of the probe, current applied by the galvanostat (iapp) and Eoutput for 

a single “hop” with a single pulse chronopotentiometry measurement 

(preceded by a landing at OCP), as used for the Ru(NH3)6
3+/2+ case dis-

cussed below. When iapp of a specific magnitude and polarity is set at the 

galvanostat, the instrument tunes Eoutput (equivalent to Esurf during menis-

cus contact) until the set current is reached. If the electrochemical cell has 

not been formed (i.e. meniscus contact has not been made with the sur-

face, ‘non-contact’),  Eoutput will be  in the “overload”  state [±10 V for the  
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Figure 4.1: (a) Schematic of the SECCM configuration deployed in the galvanostatic 

mode with a single channel pipette probe. The arrows indicate the movement of the 

probe across substrate (working electrode) surface during a typical scanning protocol. 

(b) Plots showing the variation of three main parameters (z-position of the tip, applied 

current iapp, and output potential of the galvanostat, Eoutput) recorded synchronously dur-

ing a single hop of a typical scanning experiment. Each individual operation is marked 

with a number: (1) approach; (2) meniscus contact; (3) current pulse to desired value; 

(4) retract (second current pulse to establish ‘overload condition’ and; (5) movement 

to the next point. These data were collected under the following experimental condi-

tions: tip diameter ca. 400 nm (tip orifice area ca cm2, example shown in Figure 

2.1c), electrolyte solution 5 mM [Ru(NH3)6]Cl3 in 10 mM KCl, performing the 

[Ru(NH3)6]3+/2+ process on a GC substrate. 

employed instrument, with the sign dependent on the polarity of iapp, i.e.

Figure 4.1b, (1)]. Eoutput remains constant at the ‘overload’ value until the 

probe makes meniscus contact with the surface (note that the probe itself 

does not make physical contact with the surface). This is true even when 

the current is set to 0 pA during the nanopipette approach, as in Figure 

4.1b, (1) and (2).  

Once meniscus contact was sensed, Eoutput quickly transitioned to Esurf 

[i.e. Figure 4.1b, (2)]. This dramatic potential change (several volts) was 
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set as the “feedback threshold” for stopping the z-approach of the probe, 

and starting the chronopotentiometric pulse experiment at a time 0.5 s 

later. The probe was kept standing at that fixed distance from the surface 

for the whole duration of the chronopotentiometric analysis, with no 

feedback during the contact period, as the thermal drift of the system (ap-

proximately 0.1 nm/s) was considered to be negligible on the time scale 

of a single hop of the scan, as assessed in our previous work.13

In Figure 4.1b, (3) the current was pulsed to 23 pA (see next section 

for clarifications about the amplitude of the current) and the correspond-

ing potential measured as a function of time. After the chronopotentiom-

etric pulse (duration 1.5 s in Figure 4.1b), the probe was retracted a fixed 

distance (2 m) from the surface [i.e. Figure 4.1b, (4)], before being 

moved to the next point and Eoutput again adopted the ‘overload’ condition 

[i.e. Figure 4.1b, (5)]. During the retraction, iapp was pulsed to a larger 

value [e.g., 30 pA in Figure 4.1, (4)], in order to minimize the time taken 

for Eoutput to reset to the non-contact or ‘overload’ value (i.e. ±10 V) for 

the next hop [i.e. dEoutput/dt∝ iapp in Figure 4.1, (4)]. 

This methodology, combined with the use of nanopipettes of different 

sizes (ranging from 150 nm to 800 nm in diameter) has been employed 

to perform spatially resolved chronopotentiometric measurements in a 

range of electrochemical systems (vide supra) in order to demonstrate the 

versatility and wide applicability of the chronopotentiometric SECCM 

technique. 

4.3.2. [Ru(NH3)6]3+/2+ process on glassy carbon 

This first system was chosen in order to verify the stability and repro-

ducibility of the confined electrochemical cell in chronopotentiometric 

conditions, as well as compare the SECCM case with the general theory 

of controlled current analysis. The [Ru(NH3)6]3+/2+ electron transfer re-

action is a rapid, mechanistically simple, outer-sphere process:14
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[Ru(NH3)6]3+ + e ⇌ [Ru(NH3)6]2+,  (4.1) 

The process has an E0 ) and is well-

known to exhibit the characteristics of an ideal, reversible process at most 

electrode materials, including GC under ‘typical’ cyclic voltammetric 

conditions.15 Thus, this Nernstian process was investigated first at a GC 

electrode in order to examine the reproducibility of galvanostatic 

SECCM. 

As introduced in Chapter 1, a typical chronopotentiometric curve for 

a Nernstian process would present a plateau at a potential close to E0’ fol-

lowed by a dramatic change of E at a time described by the Sand 

equation [eq. (1.53)],16 rearranged here in order to explicit : 

 
 

   
 

2
*

app2
nFC

D
I

(4.2) 

where C* is the bulk concentration of [Ru(NH3)6]3+, D is the diffusion 

coefficient and Iapp is the applied current density‡ It has previously been 

established that radial diffusion makes a significant contribution to mass-

transport in the SECCM configuration, with the diffusional flux in 

SECCM being ca. 10% of that expected at the same size microdisc elec-

trode,17 confirmed herein by performing linear sweep voltammetric ex-

periments, as shown in Figure 4.2. A near steady state voltammogram was 

obtained at a scan rate of 100 mV s , with the steady state limiting ca-

thodic current (iss) determined to be 24 pA (Iss = 13.3 mA cm , given a 

radius of SECCM contact, a, of 2.5  10  cm estimated by the cross-sec-

tional area of the tip end), which is approximately 15 times smaller than 

the value expected at the same sized microdisc [given by eq. (1.51)].18

‡ Note that, while i denotes the current, I always refers to the current density (I = 
i/A) 
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Figure 4.2: Cyclic voltammogram (CV) obtained from a solution of Ru(NH3)6Cl3 (5 

mM in 10 mM KCl) at a glassy carbon surface in the SECCM format with a 480 nm 

rate of 100 mVs , with a procedure analogous to that described for a single point volt-

ammetric SECCM measure in Chapter 3 (albeit with a single channel probe) 

As discussed in section 1.2.2, for a microdisc electrode, if iapp/iss≫ 1, 

the approximate solution for  can be obtained from eq. (4.2), whereas if 

iapp approaches iss, the transition time will tend to infinity (see Figure 

1.7b).19-21 This predicted behaviour was verified also in the SECCM con-

figuration by performing chronopotentiometric experiments at a series of 

increasing iapp, as shown in Figure 4.3. In all cases, the current was pulsed 

from an initial value iapp = 0 pA (i.e. close to OCP) to a particular cathodic 

current value (ranging in magnitude from 25 to 31pA), always larger than 

iss = 24 pA in order to see the transition. Typical chronopotentiometric 

curves are shown in Figure 4.3a. For clarity, the meniscus landing re-

sponse with 0 pA current is set to negative times and the cathodic pulses 

start at t = 0 s. Immediately after the cathodic current pulse, in all curves, 

Esurf presents a very sharp negative ‘spike’, before settling at the expected 

value for the reduction process (assuming a reversible process, justified 

above) on the millisecond timescale. This potential ‘spike’ can be at-

tributed to double layer charging and stray capacitance as iapp is changed 

abruptly. As shown in Figure 4.3b,  becomes much extended as iapp ap-

proaches iss, analogous to the case with microdisc electrodes.19-21 Con-

versely,  approaches a more linear behaviour with respect to Iapp at  
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Figure 4.3: (a) Single-pulse galvanostatic curves obtained in the SECCM configuration 

with a solution containing 5 mM Ru(NH3)6
3+ and 10 mM KCl at a GC substrate. For 

times, t < 0 s, iapp = 0 pA and the current transient corresponds to the landing of the 

meniscus. At t = 0 s, iapp was jumped to a value in the range 22 to 31pA for the cathodic 

pulse (positive times, indicated on the plot). (b) Plot of transition time,  [calculated 

from the data in (a)] versus Iapp . The vertical dotted line in (b) indicates the inverse 

square of the steady state current density (i.e. Iss ), for Iss = 13.3 mA cm . In these ex-

periments, the diameter of the nanopipette probe was ca. 480 nm. 

higher values of iapp (shown in Figure 4.3b), analogous to the case with 

macroscale electrodes (vide supra).  

It should be noted that the transition becomes broader and less well-

defined with decreasing iapp (see Figure 4.3a), making it difficult to accu-

rately determine . In addition, comparison with theory19-21 reveals that 

the values of iapp employed herein (up to 31 pA) are too low to observe 

fully linear vs. Iapp  behaviour (i.e. as predicted by the Sand equation), 

but it was difficult to apply higher current values, as  becomes too small 

in comparison to the timescale of double layer and stray capacitance 

charging (vide supra). For this reason, no further attempt was made to 

treat the vs. Iapp  data quantitatively. Finally, it is interesting to note 

that after the transition, as shown in Figure 4.3a, the  curves obtained 

in the SECCM configuration become relatively noisy and unstable, if 

compared to the corresponding ones obtained on a macrodisc electrode 

(not shown). This is probably due to slight instability of the droplet (me-

niscus) cell during the cathodic process to which the potential transitions 

(i.e. ORR and/or HER). 
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Figure 4.4: (a) Average  curve (N = 6561) obtained from an 81 × 81 pixel galvanos-

tatic SECCM scan. At each pixel, meniscus landing was achieved with iapp = 0 pA (OCP) 

and the current was stepped to iapp = 23 pA during the cathodic current pulse (set at t = 

0 s). The standard deviation from measurements at all points is also shown (dotted 

lines), as well as the statistical analysis of E /4 (inset). (b) Variation of E /4 measured over 

the ca. 5 hour scan time. In these experiments, the diameter of the nanopipette probe 

was ca. 400 nm. (c) SECCM surface potential map showing Esurf at a time of 0.125 s of 

the chronopotentiometric transient. The 12 blue spots in (c) correspond to the “false 

approach” points of the SECCM scan (discussed in section 4.2). 

In order to test the reproducibility of the galvanostatic method for 

 experiments (81 × 81 points, square grid, hopping distance of 1 µm) 

was carried out on a polished GC electrode. A cathodic chronopotenti-

ometry pulse with iapp = 23 pA (Iapp ) was performed at every 

point, preceded by 0 pA applied current for meniscus landing on the sur-

face (i.e. OCP), with iapp chosen to be high enough in relation to iss to ob-

serve the transition (note, the probe used in these experiments was 

smaller than that used above in Figure 4.3, around 450 nm of diameter, 

and iss was lower than the previous probe). 
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Figure 4.4a plots the average of all recorded E-t curves, with a repre-

sentation of the statistical tolerance at every point. Evidently, the curves 

are very reproducible prior to the transition (0 < t < , i.e. during the 

[Ru(NH3)6]3+/2+ process), confirming that the meniscus cell (footprint) 

is very stable and consistent on this timescale. The first section of the 

curve (0 < t < ) was fitted with a typical macroscale potential profile for 

a Nernstian process [eq. (1.55)] to give values of  and E /4 [equal to E , 

assuming D[Ru(NH3)6]3+ = D[Ru(NH3)6]2+, as shown by eq.(1.56)], of 0.502s  ± 

In particular, E /4 exhibits a very narrow normal distribution, with a 

standard variation of just = 0.002 V, a testament to the reproducibility 

of this methodology and the meniscus contact at thousands of different 

points across the working electrode surface. This is further evident from 

an analysis of the drift of E /4 over the scan time (Figure 4.4b), which 

changes by only ca.

to slight drift in the QRCE potential, as previously reported.22 Finally, an 

analysis of the E /4 map and topography image does not indicate any sub-

stantial variation during the scan, as shown in Figure 4.4c. Overall, these 

results verify the general applicability and reproducibility of SECCM 

chronopotentiometry, which is expanded to more complex electrochem-

ical systems in the following sections. 

4.3.3. [Ru(NH3)6]3+/2+ process on aged HOPG 

Previous work employing SECCM in tandem with complementary 

microscopy/spectroscopy techniques has shown that for the 

[Ru(NH3)6]3+/2+ process on “aged” HOPG (exposed to the ambient at-

mosphere for an extended period before measurements), there was a dif-

ference in the [Ru(NH3)6]3+ reduction potential between the basal sur-

face and step edge sites, with enhanced electrochemical activity at step 

edges.10 Thus, the [Ru(NH3)6]3+/2+ process on aged HOPG was investi-

gated as a model system to demonstrate the capability of SECCM  



142 

Figure 4.5: (a) E-t plots for the reduction scan of 5 mM [Ru(NH3)6]3+ (10 mM KCl 

supporting electrolyte) on an aged HOPG surface. The plots were obtained by averag-

ing: all points of the scan (black trace); points obtained on the step edge feature [red 

trace, indicated by the red boxes in (b) and (c)]; and points obtained at the basal surface 

(blue trace). All curves were measured with iapp = 10 pA, which was maintained consist-

ently throughout the experiment (i.e. during each approach and landing). In these ex-

periments, the diameter of the pipette probe was ca. 800 nm. (b) Map showing Esurf at t

= 3s. (c) SEM image of the same area, with the scan area marked by the blue square.  

higher values of iapp (shown in Figure 4.3b), analogous to the case with 

macroscale electrodes (vide supra).  

A chronopotentiometric scan (961 individual experiments, 31 × 31 

points in a square grid, with a hopping distance of 2 µm) was performed 

on a mechanically exfoliated HOPG substrate that had been aged for 1 

hour prior to use. In these experiments the cathodic current, Iapp = 1.5 mA 

cm  (iapp = 10 pA), was selected to be only ca. 15% of Iss (Iss 

cm ) as the aim was to quantify the activity for the [Ru(NH3)6]3+/2+ pro-

cess, and so measuring  was not necessary. In addition, a relatively long 
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pulse time of 3 s was employed in order to ensure the electrochemical 

process achieved steady state (vide supra).  

A summary of key results is shown in Figure 4.5. Figure 4.5a shows the 

average of all the galvanostatic curves (N = 961) collected on the aged 

HOPG surface. In agreement with the results above, the E-t curve initially 

exhibits a sharp negative spike on the millisecond timescale (charging) 

before settling on the expected waveshape for this kind of system, i.e. a 

plateau with an Esurf value close to (but not equal to) E0, as discussed ear-

lier. A spatially resolved electrode potential map of the HOPG surface 

was constructed by plotting Esurf measured after 3 s vs. x-y position, as 

shown in Figure 4.5b. Clearly, the basal surface possesses relatively uni-

form activity (blue areas in the map), with a series of “high activity” fea-

tures running diagonally across the scan area, revealed to be step edges 

through co-located imaging with scanning electron microscopy, SEM 

(image shown in Figure 4.5c). Note that these features were too small to 

identify from the SECCM topographical map recorded synchronously 

with the electrochemical data, which just appeared as a relatively flat and 

featureless surface (not shown), due to the size of the pipette probe used 

(vide supra). The most prominent feature (likely the largest multilayer 

step edge), set in the top right corner of the scan area exhibits a potential 

that is, on average, 21 mV more positive than the one of the surrounding 

plane (ranging from +13 mV at the beginning to +24 mV at the end of the 

pulse), indicating that the electrochemical reaction proceeds more read-

ily at the step edge, for reasons outlined in detail elsewhere.10

4.3.4. HER on MoS2 natural crystals  

MoS2 is a promising low-cost, earth-abundant electrocatalyst for 

HER.23,24 The sample used herein was naturally occurring molybdenite 

(2H phase), a layered crystalline semi-conductor with a surface consist-

ing of extended basal planes interrupted by step edge defects of variable 
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height (monoatomic to several multi-layer, tens of nm in size). It is gen-

erally accepted that the basal plane of MoS2 (2H phase) is a relatively in-

active HER catalyst, while the step edge possesses high catalytic activity, 

established from theoretical and experimental standpoints.4,25 Recent 

voltammetric SECCM studies mapped the electrocatalytic activity of 

molybdenite, revealed uniform electrocatalytic activity at the basal plane 

(on the µm length scale) and enhanced activity at the step edge.26-28

As alluded to above, chronopotentiometry presents a very facile route 

for benchmarking catalytic materials (i.e. determining the overpotential 

required for a given current density, at particular locations of the surface, 

with high spatial-resolution). Besides, it allows the measurement to be 

carried out at a very small current density (i.e. the “foot of the wave”, 

where the reaction is purely surface-controlled) compared to the current 

densities that are generally measured in potential-controlled methods, 

thus opening up a new dynamic (lower current density) range for elec-

trocatalytic imaging, as will be demonstrated here. For these measure-

ments a current density of 2 mA cm  (iapp = 0.628 pA, with a 150 nm di-

ameter probe, assuming that the wetted area is the same size as the probe 

dimensions, as previously reported27) was used on a mechanically exfoli-

ated MoS2 crystal in 0.1 M HClO4; a pulse of 0.5s was applied to every 

point, giving an average rate of acquisition of 0.75s per point (taking into 

account the time of approach, retract and lateral movement), which is 

comparable with the scan rate achieved in potential-controlled SECCM 

work on the same system.26

The main results of the chronopotentiometric scan are shown in Fig-

ure 4.6. The topographical map shown in Figure 4.6a, constructed di-

rectly from the z-approach data collected during the SECCM experi-

ment, reveals that the scan area is predominantly on the basal plane, with 

large, multilayer step edges (tens of nm in size) present in the top-left and 

top-right corners. Comparing the topographical map with the spatially  
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Figure 4.6: SECCM (a) topographical and (b) galvanostatic (Esurf at 0.3 s) electro-

chemical activity maps obtained from 0.1 M HClO4 solution, visualizing HER activity 

at the surface of MoS2. (c) Line scan profiles of topography (red trace) and Esurf (black 

trace), obtained at the lines indicated in (a) and (b), respectively. (d) Average 

curves obtained at the basal plane (black trace) and two step-edge features located in 

the top-right corner of the scan area (red trace). Standard deviations are also repre-

sented (dashed lines). In these experiments, the diameter of the nanopipette probe was 

ca. 150nm. 

resolved chronopotentiometric map (constructed at 0.3 s, where the 

curve stabilizes) in Figure 4.6b confirms the aforementioned heterogene-

ity between the basal plane and step edges, with more positive potentials 

(i.e. smaller overpotentials) measured at the latter. As shown in Figure 

4.6c, line-scan profiles of z-height and Esurf further demonstrate that the 

sites of enhanced activity are located on the multistep surface features (i.e.

defects sites where the step edge is exposed). 

Average  curves shown in Figure 4.6d reveal that the basal plane 

possesses a uniform activity on this length scale, with an average Esurf

413 mV ± 18 mV vs. Pd/H2 at the end of the pulse. In addition, the aver-

age Esurf taken from the two large features located on the top-right of the 

2, 

again demonstrating accelerated HER kinetics at the exposed step edge. 
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Figure 4.7: Chronopotentiometric scan of an MoS2 surface, performed with a probe of 

820 nm diameter filled with 0.1M HClO4 solution. A chronopotentiometric current 

iapp=10.6 pA was employed. (a) Surface potential (Esurf) map at 0.2s after the pulse cur-

rent application. (b) Synchronously recorded SECCM topographical map. (c,d) Line 

scan profiles of topography (red traces) and Esurf (black trace), obtained at the lines in-

dicated in (a) and (b), as either dotted lines (plotted in c) or continuous lines (plotted 

in d). 

It is worth  noting that the red  curve arises from an  area comprised 

of both basal and step edge, with the size of the feature determining the 

basal:edge ratio in the probed area (i.e. the step edge activity was not 

measured in isolation). This is why the activity enhancement (evidenced 

by the shift in Esurf) scales with step size, with bigger steps appearing to be 

being more active than the smaller ones, down to levels below the sensi-

tivity of SECCM topography, as shown in Figure 4.7 for a scanned area 

with multiple sized steps (see comparison between Figure 4.7a and b). 

Given that the geometry of the step-edge features are known from the 

topographical map, step edge activity could be estimated directly, follow-

ing the procedure similar to that outlined in previous work,27 although 

this was beyond the scope of this proof of concept. 
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It is worth remarking that the analysis carried out above has allowed 

catalytic activity to be probed directly by simply applying a current of 

0.628 pA (ca. 2 mA cm-2), which is considerably lower than the average 

currents measured with the voltammetric (e.g., potential-controlled) 

techniques utilized in previous studies (up to – 1 V VS RHE and 60pA 

with a 50 nm diameter tip).7,27,29,30 Compared to a typical SECCM  LSV 

experiment , such current and potentials will fall in the very early foot of 

the reduction wave, where the distinction between the activity of planes 

and edges is quite difficult due to the current being very close to noise 

level of the electrochemical instrumentation. This is one major advantage 

of the galvanostatic approach, as this and similar analyses can be carried 

out without significantly polarizing the substrate (working electrode) 

surface. 

4.4. CONCLUSIONS

SECCM was deployed in the current-controlled (galvanostatic or 

chronopotentiometric) mode to interrogate electrochemical systems of 

increasing complexity. Firstly, the analysis of the electrochemically re-

versible [Ru(NH3)6]3+/2+ process at a homogeneous surface (on the scale 

of the SECCM probe), polished GC, demonstrated that the meniscus cell 

configuration is sufficiently stable when operated in the current-con-

trolled mode, with a consistent electrochemical response (E /4

± 0.002 V vs. Ag/AgCl) recorded over an extended experimental time-

scale (over 5 hours, and over 6000 individual points). Further analysis of 

the same process on an aged HOPG surface revealed that subtle differ-

ences in activity, enhanced at the step edge relative to the basal plane (ca.

20 mV difference in Esurf), could be detected readily with high sensitivity.

Finally, the optimized setup was applied to study the activity of an elec-

trocatalytic surface, proving the efficacy of galvanostatic techniques for 

“benchmarking” catalytic activity by measuring the overpotential at a 

given current density. Enhanced catalytic activity towards the HER was 
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measured at the step edge of MoS2 relative to the basal plane, revealed 

directly by comparing the synchronously obtained Esurf and topographical 

“maps”.  

Remarkably, high sensitivity and resolution were achieved in both the 

topographical and electrochemical images, despite the application of a 

very small current (< 1 pA), avoiding significant polarization or damage 

of the sample. It follows that this approach should allow the study of the 

surface dependency of processes that would be difficult to examine in po-

tential-controlled mode, due to the occurrence of other higher current 

processes at nearby potentials, such as for example, the ubiquitous inter-

ference of the HER with electrochemical CO2 reduction (ECR) in aque-

ous electrolytes.31,32 This is also an important consideration, for example, 

in the study of corrosion-related processes, where small changes in po-

tential can change the active dissolution current by orders of magnitude, 

resulting in significant damage to the material under examination.33 The 

use of chronopotentiometric SECCM in corrosion studies will be the 

main topic of the next chapter. Overall, the work presented here opens up 

promising new applications of galvanostatic techniques at the nanoscale 

level, including to fields where current-controlled methods are typically 

applied, such as electroplating or energy storage materials characteriza-

tion, and where the high spatial resolution of SECCM could be very pow-

erful in elucidating structure-activity correlations.
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Chapter 5

Grain Dependent Cu Corrosion 

his is the first of the three chapters dedicated to the study of 

the corrosion and corrosion protection of copper within a na-

noscale droplet cell. The discussion initiated in Chapter 4 

opened up interesting possibilities for the use of chronopotentiometric 

SECCM in corrosion measurements. The present contribution is a direct 

evolution of such discussion. Besides, this work does not have chronopo-

tentiometry as a sole innovation, but is aimed at expanding nanoscale 

electrochemical studies to a metal/aqueous nanodroplet/oil three-phase 

system, and further visualise the grain dependent corrosion processes on 

a wider range of grains, thus gaining a more comprehensive view of the 

critical process(es). This latter innovation will be further expanded dur-

ing the voltammetric studies described in Chapter 6 and Chapter 7. 

5.1. INTRODUCTORY REMARKS

The impact and importance of corrosion studies has been broadly dis-

cussed in Chapter 1 (section 1.4.2), highlighting how electrochemical 

techniques, allied to complementary analytical and microscopy methods, 

play a central role in unveiling corrosion and corrosion protection mech-

anisms.1-5 However, a limitation of many experimental approaches is that 
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the electrochemical perturbation (and measurement) is applied globally 

at a macroscopic electrode immersed in a bulk solution,6 but most corro-

sion processes are initiated and perpetuated at (sub)microscopic surface 

sites (e.g., grain boundaries, inclusions, microscratches etc.).7-12 Mis-

match between the scale of key corrosion phenomena and conventional 

electrochemical methods makes it difficult to unambiguously identify the 

key anodic/cathodic sites driving corrosion. This issue is compounded 

for the case of atmospheric corrosion,13 or corrosion in certain automo-

tive/industrial environments (vide infra),14,15 which take place due to the 

action of small droplets on the surface in a confined system.  

The possibility of SECCM of mapping electrochemistry locally and di-

rectly via a nanoscale electrochemical meniscus cell,16-20 and its combi-

nation with co-located crystallographic orientation measurements 

(EBSD), has permitted the study of various electrochemical processes at 

a range of polycrystalline materials, with some important corrosion appli-

cations.21-25 As exemplified in Chapter 1, section 1.4.2 for Ref. [22], the 

analysis of polycrystalline surfaces has involved, so far, mainly the specific 

comparison of selected grains, usually representative of the low index 

gains of the crystallographic system of the material of interest. This ap-

proach, despite producing very interesting and important results, is rela-

tively limiting of the capabilities of SECCM, which is able to perform 

analysis on a wide range of surface orientations within a single analysis. 

Besides, sometimes the most active and interesting grains in electro-

chemistry are far from the low-energy planar structures of low index 

grains, so it would be interesting to gain a full spectrum view of the elec-

trochemical activity/surface structure relationship. 

In addition to its high spatiotemporal resolution in surface/electro-

chemistry characterisation, the meniscus cell configuration of SECCM 

facilitates rapid reactant/product exchange with the surrounding envi-

ronment, mimicking a gas diffusion electrode, with an enhanced flux of 
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gases into the meniscus cell (i.e. at the three-phase boundary).26-28 When 

operated in air, SECCM emulates the configuration of atmospheric cor-

rosion, with gas exchange (e.g., oxygen, O2) taking place across the liq-

uid/gas interface of the meniscus in contact with a surface of interest. As 

recently reported, and expanded upon herein, SECCM can also be oper-

ated under oil immersion,24,25 which not only aids in confinement of the 

meniscus cell during prolonged measurements,25 but also opens up the 

possibility of studying the effect of oil-soluble species (e.g., corrosion in-

hibitors, organic contaminants, redox mediators etc.) on local reactions 

at the solid/liquid/liquid interface with high spatial-resolution. This con-

figuration is regaining interest for fundamental studies,29,30 as well as be-

ing of great practical importance (e.g., phase-transfer reactions in indus-

trial chemical processes, biology etc.).31

In Chapter 4, the versatility of chronopotentiometry in the confines of 

the meniscus cell of the SECCM configuration was demonstrated; here 

that knowledge is translated into local corrosion measurement. First, it is 

possible to make meniscus contact at zero applied current, corresponding 

to OCP, which is measured. This corresponds to the corrosion (mixed) 

potential, where the rate of anodic dissolution of the metal (forming 

metal ions) and the rate of reduction of oxygen are balanced. Surface ion 

release under this condition is then analysed by subsequent “electro-

chemical titration” of a portion of the released metal ions, by applying a 

cathodic current and recording the resulting chronopotentiometric 

curve. This allows the evaluation of intrinsic corrosion susceptibility, in 

situ, with high spatial-resolution, for the entire range of crystallographic 

orientations of a polycrystalline metal (co-located EBSD analysis). 

Chronopotentiometry measurements with and without O2 present, and 

the use of an anodic pulse to induce the anodic dissolution (as well as the 

cathodic measurements mentioned) allow all the key electrochemical 

processes underpinning localised corrosion to be studied. The patterns 
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of surface reactivity establish the intimate link between corrosion suscep-

tibility, electrochemical kinetics and surface structure at the nanoscale.  

5.2. EXPERIMENTAL DETAILS 

All techniques employed in this work are commonly used in SECCM 

studies and shared between chapters in this thesis, therefore their main 

setup description is included in the General Methods (Chapter 2). How-

ever, since the use of SECCM in triple-phase environment and the cross-

correlation between SECCM and EBSD is firstly introduced, it is useful 

to give some specifics about such methods for the present work. 

5.2.1. Triple-phase SECCM 

The SECCM setup employed in this work is shown in Figure 5.1. All 

SECCM experiments were carried out with a single channelled pipette  

filled with a 10 mM H2SO4

Ag/AgCl QRCE, on a polycrystalline Cu sample (preparation described 

in section 2.1.2). After positioning the sample and the probe on the in-

of dodecane was placed onto the Cu substrate to a thickness that also cov-

ered the tip of the SECCM probe, and confined using a chemically-re-

sistant epoxy resin well, as schematised in Figure 5.1 (the two elements 

are labelled e and f, respectively). Unless otherwise stated, the dodecane 

layer was exposed to the ambient air, meaning that O2 was present in the 

SECCM droplet cell. In the limited cases where an O2-free environment 

was needed, an environmental cell was used, through which Argon was 

flowed for at least an hour before and during experiment, as outlined in 

previous contributions24,32 and described more in detail in Chapter 6. 

The SECCM experiments were performed in the chronopotentiom-

etric mode, with a “hopping mode” imaging protocol, employing a home-

built sensitive galvanostat with an ultralow input bias current, as intro-

duced in the last chapter. The pipette was approached with a current set  
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Figure 5.1: Scheme (not to scale) of the SECCM three-phase (Cu/aqueous/dodec-

ane) setup employed in this work. The main components of the system are: a nanopi-

pette probe; b electrolyte solution (H2SO4 10 mM); c QRCE connected to the gal-

vanostat; d conductive carbon mounting for the sample, connected to the voltage meas-

uring device; e epoxy resin well to contain dodecane; f dodecane layer covering g the 

polycrystalline copper (working electrode) surface and; h homebuilt galvanostat and 

potential measuring device.  

to be zero (within the sensitivity range of the galvanostat, which had an 

instrumental error of ± 6 fA) so that upon meniscus contact, the recorded 

potential was effectively the mixed corrosion potential, measured in con-

ditions of net zero-current. This potential approximates closely to the 

OCP and it will be referred to as such, for brevity, noting its equivalence 

to the mixed corrosion potential. After the OCP measurement step, a 

chronopotentiometric pulse measurement was then performed to a de-

sired value of applied current and the potential-time profile recorded for 

a defined period. Subsequently, the nanopipette probe was retracted 

from the surface and moved laterally to begin the approach to the next 

point. The nanopipette translation speeds were 5 m s  on approach, 20 
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m s  on retract (by 1.5 m) and 30 m s  during lateral movement. 

The distance between each pixel (i.e.

larger than the diameter of the area wetted by the meniscus cell (vide in-

fra), so as to ensure that each point measurement was independent of the 

last. At the beginning of each approach, the potential was set to the “over-

load” value of the FPGA card (+10 V). A detectable decrease of more 

than 5 V from this value was set as the threshold to indicate when the me-

niscus had made contact with the surface. 

The chronopotentiometric pulse data collected at each position were 

organised in order to create time-dependent two-dimensional maps 

(Movies A4 to A6) of the recorded local working electrode potential as a 

function of time (i.e. an electrochemical movie of Esurf in the imaged re-

gion as a function of time, where Esurf is the surface potential measured 

during SECCM). The current (iapp) was applied at the QRCE and Esurf

was measured at the substrate (working electrode). The transition time 

( ) was calculated at each pixel of Movies A5 and A6 by finding the time 

of the inflection point of the chronopotentiometric curve during the ca-

thodic pulse. Each electrochemical movie was collected on different spots 

of the same Cu sample. Two different nanopipette probes were employed 

for the anodic scan (Movie A4) and the cathodic scans (Movies A5 and 

A6, collected subsequently). 

5.2.2. Correlated electron microscopy characterisation 

SEM imaging was employed to measure the contact area of the menis-

cus cell with polycrystalline Cu, by evaluating the size the of footprints 

left on the surface after the measurements; the measured diameters (pre-

cision better than   cm2) 

× 10  cm2) for the cathodic pulse experiments (Appendix, section A.4.1). 

These aerial values were used to calculate applied current densities. Im-

portantly, there was no noticeable influence of surface microstructure on 
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the degree of wetting (Appendix, section A.4.1) for any particular exper-

imental run. Furthermore, the consistency of SECCM potential data 

within areas of the same surface structure, and for different times within 

an imaging run, indicates the consistency of the meniscus contact.  

EBSD mapping was carried out as reported in section 2.5.3, on the 

same areas of the SECCM analysis, after the electrochemical experiment 

was performed. The raw data were elaborated in order to obtain the aver-

age orientation parameters for each considered grain, and the grain 

boundary map extracted from EBSD mapping was employed for identify 

each grain activity on the electrochemical maps. This correlation allowed 

to divide each electrochemical image into subsets corresponding to each 

single grain measured by EBSD (except the ones that corresponded to 

less than 1 pixel in the SECCM map), and carry statistical analysis on 

them. 

5.3. RESULTS AND DISCUSSION

5.3.1. Copper electrochemistry in H2SO4 (pH 2): macroscale 
vs microscale.  

Consulting the phase stability (potential/pH) diagram for copper,33 only 

soluble cupric ion (Cu2+): 

  2
( )Cu Cu 2s e (5.1) 

which has a standard electrode potential E0 = 0.134 V vs Ag/AgCl (3.4 M 

KCl). This process in eq. (5.1) is referred to as the Cu/Cu2+ process, 

herein. Note that although eq. (5.1) shows an overall 2 electron process, 

this is an oversimplification of the Cu oxidation process, which under 

most conditions occurs through the intermediate, Cu(I)ads, formed 

through coupled interfacial (electro)chemical reactions with complexing 

agents (e.g. Cl  or SO4 ) or O2, in solution.34-37 An example of such reac-

tion is the oxidation of the Cu(I) intermediate by the dissolved oxygen: 
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  2
ads 2 2 2

1 1
Cu(I)  O Cu H O

2 2
, (5.2) 

which is thought to play a fundamental role in Cu dissolution in aerated 

acidic conditions.37,38 Indeed, stable Cu(I)ads intermediates can be ob-

served at pH > 5,33 in copper oxides, hydroxides or oxyhydroxides (col-

lectively referred to as CuOx, herein), but these species are not thermo-

dynamically stable at pH 2, given the following reaction: 

   2
2C u O  ( 2 x ) H C u  x H Ox

(5.3) 

although they may well play a role in multi-step Cu electrodissolution.  

A few cathodic processes need to be considered for the defined condi-

tions, the most obvious being the ORR [eq. (5.4)] and the HER [eq. 

(5.5)]: 

   2 2 2O  2 H  2 H Oe (5.4) 

   22 H  2 He (5.5) 

which have an E0

(3.4 M KCl) at pH = 2. Note that in acidic media, the ORR reportedly 

follows the 2e  pathway to form H2O2 as the main product.37,39 From the 

E0 values of Eqs. (5.1) and (5.4), Cu dissolution occurs spontaneously 

tion: 

    2
2 2 2C u O  2 H C u H O (5.6) 

Eq. (5.6) is the Cu corrosion reaction that occurs at the OCP. Thus, for 

the conditions of the present measurements, a third cathodic process that 

needs to be considered is the electrodeposition of Cu2+ [liberated during 

eq. (5.6)] to Cu(s) [i.e. the reverse of eq. (5.1)], referred to as the Cu2+/Cu 

process, herein. The important role of HSO4 /SO4  through surface 

complexation, as well as the intercalation of these ions within Cu adlayers 

during the deposition process, has been previously highlighted.40-43
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Constant current chronopotentiometry is a powerful approach for 

separating electrochemical processes that occur at similar potentials [e.g., 

Eqs. (5.1), (5.4) and (5.5)].44 As highlighted in Chapter 1 and Chapter 4, 

when the constant current condition is imposed, the working electrode 

(Cu herein) adopts the potential necessary to drive the most favourable 

redox reaction at the rate necessary to support iapp. At the transition time 

( ), when the iapp can no longer be supported by such reaction, the work-

ing electrode potential shifts to the value necessary to carry out the next 

most favourable reaction at the imposed rate. By plotting the measured 

potential as a function of time, closely spaced redox processes can be re-

solved as distinct potential plateaus.45

To demonstrate the merit of the technique for resolving the Cu/Cu2+, 

ORR and HER processes [Eqs. (5.1), (5.4) and (5.5), respectively], a 

comparative chronopotentiometry study was carried out at the mac-

roscale (i.e. in bulk solution) and microscale (i.e. in the SECCM configu-

ration, Figure 5.1), as shown respectively in Figure 5.2a and b. Note that 

all current pulses were preceded by an equilibrium pulse at the OCP (i.e.

iapp set to zero), which is represented on the resulting  plots at “nega-

tive times”. The anodic current pulse in bulk (Figure 5.2a, green dashed 

line) and the SECCM configuration (Figure 5.2b, green dashed line) re-

sults in a constant potential plateau corresponding to Cu oxidation via

the reaction shown in eq. (5.1). For electrodissolution, the potential re-

mains at a constant value (i.e. no transition is observed) because of the 

constant supply of reactant (i.e. Cu). 

During the cathodic current pulse in bulk aerated solution (Figure 

5.2a, red line), three processes (plateaus) are observed at the following 

potentials: (1 2 3

Thus, the three cathodic processes discussed above are easily discrimi-

nated using chronopotentiometry.  By performing control  experiments 

in deaerated solution, where only the HER is possible (Figure 5.2a, black  
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Figure 5.2: Anodic and cathodic chronopotentiometric (E t) curves obtained from 

polycrystalline Cu (10 mM H2SO4, pH = 2) at (a) a Cu macrodisc electrode (area, A = 

0.071 cm2) and (b) in the three-phase SECCM configuration. In (a), transients are 

shown for anodic (green) and cathodic (red, blue and black traces) Iapp pulses of 0.1 mA 

cm  magnitude preceded by 20 s OCP pre-equilibrium. The experiments were carried 

out in aerated H2SO4 (red and green curves), deaerated H2SO4 (black curve) and de-

aerated H2SO4 containing 0.2 mM CuSO4 (blue curve). In (b), anodic (green trace) and 

cathodic (red trace) Iapp pulses of 6 and 0.88 mA cm , respectively at a polycrystalline 

Cu foil electrode (immersed in dodecane) were preceded by 1 s OCP pre-equilibrium. 

The contact area (“footprint”) of the meniscus cell was 1.6 × 10  and 6.4 × 10  cm2 for 

the anodic and cathodic Iapp pulse, respectively. The anodic and cathodic Esurf t curves 

were obtained by averaging 10,287 and 11,556 individual measurements, respectively. 

The numbers on the curves in (a) and (b) define the specific cathodic processes de-

scribed in the text. (c) Schematics of the reactions portrayed in both the anodic (repre-

sented by the green arrows) and cathodic (represented by the red arrows) potentiom-

etric analyses in the SECCM configuration. The Cu2+ released during the OCP step 

(mixed potential due to the Cu/Cu2+ reaction and ORR) is redeposited during the first 

part of the cathodic pulse (with the connection between the two processes represented 

by the yellow arrow). 
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line) and deaerated solution spiked with 0.3 mM CuSO4, where both 

Cu2+/Cu and the HER are possible (Figure 5.2a, blue line), plateaus (1), 

(2) and (3) are assigned to Cu2+/Cu [reverse of eq. (5.1)], ORR [eq. 

(5.4)] and HER [eq. (5.5)], respectively. It should be re-iterated, that in 

bulk aerated solution (i.e. Figure 2a, red line), the Cu2+ that gives rise to 

plateau (1) is released into solution during the OCP pre-pulse, from the 

acid etching of Cu(s) in the presence O2 [i.e. eq. (5.6)]. These results are 

consistent with previous work on chronopotentiometric Cu deposition 

in H2SO4 at the macroscale.46

The corresponding SECCM chronopotentiometric pulse experiment 

carried out on a polycrystalline Cu surface (immersed in dodecane) (Fig-

ure 5.2b) produced some different features to the macroscopic case. Each 

individual Esurf  experiment was limited to 3 seconds (1 second OCP, 2 

seconds current pulse) to maintain meniscus cell stability (i.e. minimise 

surface wetting) and ensure reasonable imaging times when creating sur-

face arrays of data (up to a few hours, as shown in the previous two chap-

ters). Taking into consideration that ∝ Iapp  [as described in Chapter 1 

and Chapter 4, Eqs. (1.53) and (4.2)], a larger applied current density 

(Iapp) value of 0.88 mA cm  (iapp = 5.65 pA, see Appendix, section A.4.1, 

for the measured wetting area) had to be employed in the SECCM con-

figuration (c.f. 0.1 mA cm  in the macroscale experiment) to observe 

both the Cu2+/Cu and ORR processes on this timescale. A typical Esurf

curve obtained by averaging 11556 individual measurements, each at sep-

arate locations across a polycrystalline Cu surface, is shown in Figure 5.2b 

(red line). Analogous to the case in bulk solution (vide supra), plateau 

(1), the Cu2+/Cu process, occurs at ca.

sition (at time (2), the ORR, at ca.

In order to verify the nature of such plateaus, a comparison with an 

SECCM analysis in de-aerated atmosphere (Figure 5.2b, black curve, av-

erage of 625 individual measurements across a Cu surface), obtained by 
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applying Iapp = 0.95 mA cm  (iapp = 30 pA, note the larger wetting radius 

of the SECCM meniscus cell under these conditions, Appendix, Figure 

A.7). As in the macroscopic case, in the absence of O2, Esurf shifts rapidly 

and settles directly on a plateau compatible with process (3)

V), i.e. the HER. Note that in the aerated SECCM configuration, the final 

transition to the HER was not observed, even when a longer pulse time 

was applied (i.e. tens of seconds timescale). As explored in detail through 

FEM simulations in Appendix, section A.3.2, this is due to the high flux 

of O2 into the SECCM droplet from the oil phase. In fact, the oil phase 

acts as an infinite reservoir of O2 (with a saturating concentration of 2.02 

mM compared to 0.26 mM in the aqueous phase47), compressing the dif-

fusion layer and effectively reaching a steady state where the condition 

for the transition (O2 concentration at the electrode being zero) is never 

met;48,49 this happens because Iapp (0.88 mA cm ) is ca. 100 times smaller 

than the stationary state current for the ORR (84 mA cm , as calculated 

in Appendix). 

Note that the absence of a plateau (1) in the de-aerated case (Figure 

5.2b, black curve) indicates that the amount of Cu2+ released by oxide dis-

solution, eq. (5.3), is negligible (undetectable) compared to that released 

from the corrosion of Cu, [eq. (5.6)], in aerated solution (Figure 5.2b, 

red curve). Although this is inferred from the surface average behaviour 

(Figure 5.2b, black curve), under de-aerated conditions a rapid transition 

is consistently observed during all single point measurements, with no 

significant variation in the transition time (< 0.1 s) between the individ-

ual grains examined. Hence it is assumed that the amount of Cu2+ released 

from oxide dissolution is negligible on all grains. Thus, as explored below, 

by ‘titrating’ the Cu2+ released during eq. (5.6), by application of a ca-

thodic current,  can effectively serve an in situ indicator of the extent of 

the Cu corrosion that occurs with zero applied current (i.e. at OCP). To 

illustrate this, and further emphasise all of the processes relevant to Cu 
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corrosion in acid media (i.e. Cu/Cu2+, Cu2+/Cu and the ORR), a sche-

matic is presented in Figure 5.2c of the key processes that may occur in 

SECCM at OCP and during the cathodic and anodic pulses. 

As discussed in the previous chapter, the transition time ( ), i.e. the 

time at which the concentration of the reactant (Cu2+ in this case) reaches 

zero at the electrode surface, can be approximated by the Sand equation 

[eq. (4.2)] when the magnitude of Iapp is several times larger than the 

magnitude of the steady state limiting current density (which, as explored 

above, is not the case for the ORR reaction). In the present case, all the 

parameters of the Sand equation do not vary significantly over the differ-

ent grains, with DCu2+  cm2 s  (Ref. [50]), n = 2 (reasonably as-

sumed independent of grain orientation) and Iapp  (as 

stated above, there is no significant variation in the meniscus cell wetting 

from point-to-point within the scan). Therefore, any variation in  be-

tween grains reflects variation in the effective concentration of solubilised 

Cu2+, arising from the corrosion of Cu(s) during the OCP pre-equilibrium 

step [i.e. eq. (5.6)], effectively functioning as an indirect method of titra-

tion of the released ions. Herein, the relationship between  and the rele-

vant corrosion reactions (vide supra) is used, qualitatively, to fingerprint 

regions of the surface where corrosion is most facile (longer ); eq. (4.2) 

does not apply quantitatively, as the Cu2+ concentration is transient and 

local.  

In reference to Eqs. (5.1) and (5.4), the key factor for evaluating the 

ease of a reaction on a certain point of the surface is Esurf, which is depend-

ent on both thermodynamic and kinetic factors:45

 0'
surfE E Q (5.7)

where E0  E0) is the formal potential of the main involved electrochem-

ical step, and Q is dependent on Iapp and the interplay of electrochemical 

kinetics (rate constant, concentration)-mass transport. As Iapp, and mass 
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transport conditions are constant throughout an SECCM scan, variations 

in the measured Esurf informs on the local thermodynamics and kinetics of 

the processes, analogous to chronopotentiometry at ultramicroelec-

trodes.48

5.3.2. Grain-dependent copper anodic (electro)dissolution.  

To map the grain-dependence of the Cu/Cu2+ process (i.e. copper 

electrodissolution) an anodic waveform comprising of OCP for 1 second, 

followed by Iapp  (with an applied current of 10 pA and 

an average wetting area of 1.6 × 10  cm2, determined from the SEM im-

age of the scanned area, Appendix Figure A.6) for 1.5 second was used at 

each position of the surface of polycrystalline Cu. A spatiotemporally-re-

solved electrochemical movie of Cu/Cu2+ activity (maps of potential as a 

function of time) is included in Appendix, Movie A4 (details in Appendix, 

section A.1.2). A single frame of Movie A4, taken at a time of 0.2 s into 

the anodic pulse, is shown in Figure 5.3a.  

Comparison of these data with the co-located crystallographic orien-

tation (EBSD) map in Figure 5.3b reveals the strong crystallographic de-

pendence of the Cu/Cu2+ process. As part of the measurement protocol 

(vide supra) OCP data were collected at the same locations, and a strong 

grain dependency was also observed, as shown in Appendix (Figure 

A.13). A discussion of the grain-dependent OCP characteristics is pre-

sented for data collected with the cathodic pulse SECCM scan (vide in-

fra). 

Due to the large number of independent Esurf  measurements made 

on individual grains (e.g., see Figure 5.3a), structure-dependent distribu-

tions of electrochemical activity can be extracted and statistically ana-

lysed. For example, a comparison between the distribution of Esurf ex-
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Figure 5.3: (a) Esurf map of the Cu/Cu2+ (Cu oxidation) process on a polycrystalline Cu 

foil electrode immersed in dodecane, obtained in the three-phase SECCM configura-

tion with Iapp = + 6.25 mA cm . The nanopipette probe contained aerated 10 mM 

H2SO4 and contacted an area of the surface of 1.6 × 10  cm2. The map was extracted at 

time 0.2 s of Movie A4. (b) Crystallographic orientation map, IPFz (Inverse Pole Figure 

{001} and {011} orientations, respectively. The grain boundaries in (b) are overlaid on 

the Esurf map in (a). (c) Statistical distribution of Esurf 

marked in (b). (d) Full grain orientation correlation analysis of Esurf at 0.2 s, extracted 

from (a), versus the average grain orientation, extracted from (b), projected onto a 2D 

plot, as explored in Chapter 2, section 2.8. The labels are used to group particular regions 

for the textual discussion. Details of the data extracted for each single grain can be found 

in Appendix, Section A.5.1 (Figure A.12 and Table A.1). 

of the {001} and {011} orientations, respectively, and possess average 

Esurf values (taken at the maximum of the normal distributions in Figure 

5.3c) of + 0.095 V (std. dev. = 0.010 V) and + 0.082 V (std. dev. = 0.012 

V). Despite this relatively high variance, and the resulting partial overlap-

ping of the two distributions, there is a clear difference in Cu oxidation 

strength of SECCM for resolving even small differences in nanoscale 

structure-activity.16,20

vides insight into the structure-dependent electrochemical activity of a 

surface.22,24 It should be noted, however, that even these “representative 
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grains” are not perfectly coincident with the ideal low-index grains, 

{001}, {011} and {111}, which are often the subject of macroscopic sin-

gle-crystal experiments and theoretical studies.51-54 To gain a more com-

plete view of structure-dependent Cu oxidation susceptibility, a two-di-

mensional (2D) representation of the crystallographic-orientation was 

developed, analogous to the inverse pole figure in the z direction (IPFz) 

colour key (e.g., see Figure 5.3b). Details of the development and imple-

mentation of this 2D projection are given in the General Methods (Chap-

ter 2, section 2.8).  

In essence, the crystallographic orientations within a scan area, deter-

mined by EBSD analysis, are plotted in Cartesian space (x-y coordinates 

denote the orientation of the grain relative to the ideal low-index orienta-

tions) and the electrochemical activity (i.e. Esurf), determined by SECCM 

analysis, is plotted on a separate colour scale. In this way, the crystallo-

graphic orientation and electrochemical activity can be readily visualised 

and compared for many surface orientations of a polycrystalline surface. 

As pointed in section 5.1, this kind of extended analysis has never been 

performed on such a wide range of crystallographic orientations mainly 

involving, so far, specific comparison of selected grains, usually repre-

sentative of the low index gains of the crystallographic system of the ma-

terial of interest.7,8,12,21,23,24,26,55,56 Therefore, this work represents a signifi-

cant advance in the use of SECCM to study the relationship between 

electrode surface structure and activity. 

A correlative plot of Esurf versus grain orientation, constructed from the 

SECCM and EBSD datasets (Figure 5.3a and b, respectively), is shown 

in Figure 5.3d. In order to compare to the corrosion-related processes, 

five distinct areas within which the activities are broadly similar are de-

marcated A to E in Figure 5.3d: A) Grains close to the {001} plane, 0.096 

< Esurf < 0.1 V; B) the band of grains around the {225} grain, 0.09 < Esurf < 

0.094 V; C) grains toward the {111} orientation, 0.09 < Esurf < 0.094 V; 

D) grains close to the {011} orientation, 0.088 < Esurf < 0.09 V and; E) the 
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band of grains located between B, C and D, Esurf < 0.088 V. Notably, area 

E, of intermediate orientation, is the most susceptible to oxidation and is 

in an area of the plot that is closest to the {011} plane. Note that the grains 

(Figure 5.3b), which is between areas D and E, tend to show intermediate 

electrochemical behaviours, making the transition between neighbouring 

areas of the plot relatively smooth. 

5.3.3. Grain-dependent cathodic processes: ORR 

The SECCM chronopotentiometric cathodic waveform comprised of 

OCP for 1 second, followed by Iapp  for 2 seconds (con-

sisting in an applied current of 0.565 pA over an  average wetting area of 

6.4 × 10  cm2, measured from the SEM image of the scanned area, Ap-

pendix Figure A.8 and Figure A.9). Spatiotemporal-resolved electro-

chemical movies of cathodic activity are included in Appendix, Movie A5 

and A6 (obtained for two different areas of the Cu working electrode sur-

face). A single frame of Movie A5, taken at a time when Esurf is dictated by 

the energetics (i.e. thermodynamics/kinetics) of the ORR (i.e. t = 2 s in 

Figure 5.2b), is shown in Figure 5.4a (note that the Cu2+/Cu process is 

explored separately, below).  

Comparison of Figure 5.4a with the co-located EBSD map presented in 

Figure 5.4b reveals a clear correlation between Esurf and crystallographic 

orientation. To illustrate this, three grains were selected from Figure 5.4b, 

of the {111} family, with an average orientation of {0.54 0.53 0.66}. Com-

paring the statistical distribution of the Esurf associated with the ORR pro-

cess measured at each position within these grains (Figure 5.4c) gives the 

following values: E E

(st. dev. 0.007 V) and E -grain  
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Figure 5.4: (a) Surface potential (Esurf) map of the ORR process on a polycrystalline Cu 

foil electrode immersed in dodecane, obtained in the SECCM configuration with Iapp = 

. During these measurements, the nanopipette probe contained aerated 

10 mM H2SO4 and contacted an area of 6.4 × 10  cm2. The map was extracted at time 

2 s of Movie A5. (b) Crystallographic orientation map, IPFz obtained with EBSD. 

spectively. The grain boundaries from Figure 5.4b are overlaid on the Esurf map in (a). 

(c) Statistical distribution of Esurf

Figure 5.4b. (d) Full grain orientation correlation analysis of Esurf at 2 s, extracted from 

(a) and Figure A.14a (Appendix, section A.5.1), respectively for Movie A5 and A6, ver-

sus the average grain orientation, extracted, respectively, from (b) and Figure A.14b 

(Appendix, section A.5.1), and projected onto a 2D plot. Details of the data extracted 

for each single grain can be found in Appendix, Section A.5.1 (Figure A.15 and Table 

A.2). 

variation in Esurf (ca. 0.05 V) is similar to that measured for the Cu/Cu2+

process (ca. 0.04 V, Figure 5.3a) while the intra-grain variation is around 

three times smaller, making clearer the difference between these example 

grains.  

Considering the Esurf 

(Figure 5.4d), a highly complex grain dependence can be observed. For 
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sake of comparison with the Cu/Cu2+ process analysed earlier, five activ-

ity areas (named A to E) are highlighted in Figure 5.4d, in the same posi-

tions as the ones in Figure 5.3d. Area C, comprising the grains that are 

closest to the {111} orientation (e.g.

Esurf 

closest to the {011} orientation (e.g.

tivity (Esurf 

have intermediate values of Esurf Esurf 

noting that the lowest-activity grains in area D are not exactly coincident 

with {011}, but rather in a group lying at lower values of C1 ˚ in-

˚ of the {011}).  

For comparison with literature studies on single crystals, comparing 

< Cu{111}. The relative ORR rates on the Cu{111} and Cu{001} facets 

are in agreement with previous voltammetric studies on macroscopic sin-

gle crystal electrodes,52,57 which ascribed variations in the ORR kinetics 

and/or reaction pathway with grain structure to the adsorption of spec-

tator species, specifically (bi)sulphate (i.e. HSO4  and SO4 ) in aqueous 

H2SO4. In other words, the structure (and potential) dependent adsorp-

tion of (bi)sulphate anions blocks catalytic active sites for the adsorption 

of O2 molecules, inhibiting the ORR in a grain-dependent manner. While 

analogous experimental literature is not available on Cu{011}, it is worth 

noting that this crystal plane is considered to have strongest binding for 

dissociated oxygen.58-60 As Cu is on the descending branch of the classical 

Volcano plot for the ORR (noting that the literature focuses more on the 

4e  reduction; studies of Cu amalgams suggest the same trend for the 2e

process),61, 62 it follows that an increased binding strength would result in 

more sluggish ORR kinetics, consistent with the present measurements, 

and highlighting the value of SECCM-EBSD pseudo-single crystal stud-

ies in being able to investigate a wide range of surface structures well be-
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yond what is possible with classical single crystal studies. According to 

previous STM and theoretical studies,54,59,63-65 the interaction of oxygen 

with Cu{001} and Cu{011} happens at significantly lower temperatures 

and coverage than on {111} surfaces. This may also explain why grains 

that are closer to the {111} orientation appear to possess the fastest ORR 

kinetics, by lowering the binding strength (i.e. towards the peak of the 

Volcano plot). 

It is also interesting to note that individual high-index grains shown in 

Figure 5.4d can present reactivity that is distinct from neighbouring 

grains of similar structure. For instance, consider the two grains labelled 
o in 

the 2D projection (their average Miller indexes are {0.306 0.036 0.951} 

higher activity (Esurf Esurf

the surrounding grains (Esurf average of neighbouring grains with less than 

which is found in two grains that are relatively big and of comparable size 

(thus relatively immune to random statistical variations), demonstrates 

that the grain dependency of surface electrochemical reactions cannot be 

interpreted simply in terms of a surface structure that is a composite of 

individual low-index grains. A more detailed analysis of this phenomenon 

will be carried out in the next chapter. 

5.3.4. Grain-dependent cathodic processes: Cu deposition 

The analysis of the part of the cathodic chronopotentiometric pulse 

transient concerning the Cu2+/Cu process [plateau (1) in Figure 5.2b] 

focuses on two fundamental parameters, Esurf and . These parameters 

carry different and complementary information, with Esurf indicating on 

the energetics (kinetics/thermodynamics) of the reaction, and indicat-

ing on the amount of Cu2+ released into solution during the OCP stage 

[i.e. due to corrosion, as per eq. (5.6)]. Figure 5.5a reproduces a single  
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Figure 5.5. (a) Esurf map for the Cu2+/Cu process (Cu electrodeposition) on a polycrys-

talline Cu foil electrode immersed in dodecane, obtained with SECCM with Iapp

0.88 mA cm . The nanopipette probe contained aerated 10 mM H2SO4 and contacted 

an area of 6.4 × 10  cm2. The map was extracted at time 0.25 s of Movie S2. (b) Map of 

Cu2+/Cu, extracted from Movie A5. The grain areas determined from Figure 5.4b are 

overlaid on the maps in (a) and (b). (c – d) Full grain orientation correlation analysis of 

(c) Esurf at 0.25 s and (d) Cu2+/Cu, extracted from (a) and Figure A.14c, and (b) and Fig-

ure A.14d, respectively, with the average grain orientation extracted from Figure 5.4b 

and Figure A.14b. The insets in (c) and (d) show the distributions of Esurf and Cu2+/Cu, 

each grain can be found in Appendix, section A.5.1 (Figure A.15 and Table A.2). 

frame of Movie A5, taken at a relatively early time, t = 0.25 s when Iapp is 

solely supplied by the Cu2+/Cu process, while Figure 5.5b shows a spa-

tially resolved map of Cu2+/Cu (derived from the Esurf data in Movie A5).  

Comparing Figure 5.5a and b (and Movie A5) with the co-located 

EBSD map in Figure 5.4b, shows that there is a clear correlation between 

electrochemical activity (as reflected in both Esurf and ) and surface crys-

tallographic orientation. This is also clear from the 2D plots of Esurf and 

versus crystallographic orientation, shown in Figure 5.5c and d, respec-

tively.  
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Focusing on the grain-dependent Esurf characteristics (Figure 5.5c), 

two distinct areas can be identified on the plot, marked F and G, listed 

below in order of decreasing ease of reduction. F) Grains with orienta-

Esurf 

0.09 V and; G) grains close to the {001} orientation (specifically the ones 

with C1 2 Esurf 

close to the {001} orientation result in both the highest anodic (Cu/Cu2+, 

Figure 5.3d) and the lowest cathodic potentials (Cu2+/Cu, Figure 5.5c), 

and thus the multistage Cu dissolution and Cu2+ deposition processes are 

not simply related.  

As introduced above, the intermediate Cu(I)ads species on the surface 

play a fundamental role in the dissolution process, with its subsequent ox-

idation to Cu(II) considered to be the rate determining step,34,35 and be-

ing highly affected by the presence of O2 in solution.38,66,67 Conversely, for 

the re-deposition process [i.e. Cu2+/Cu] sulphate complexation and in-

tercalation is poised to play a major role.40-43 The difference in mechanism 

may explain the different grain dependencies of the dissolution and dep-

osition processes. 

Esurf associated with the Cu2+/Cu process also shows significantly 

0.04 V (for Cu/Cu2+)  and 0.05 V (ORR); compare Figure 5.5a, Figure 

5.3a and Figure 5.4a, respectively. Comparing the statistical distribution 

of the Esurf associated with the Cu2+/Cu process measured at each position 

inset) gives the following values: E E

E

is worth noting that although there is significant inter-grain variations in 

Esurf (i.e.

measured by the standard deviation, is comparable for both the Cu2+/Cu 

and Cu/Cu2+ processes (Figure 5.3c). 
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As stated above,  depends on the amount of Cu2+ released into the 

solution during the OCP step (t < 0 , Figure 5.2b), therefore the analysis 

presented in Figure 5.5b and d (extracted from Movie A5 and A6) can 

give an insight on the relationship between the two half reactions contrib-

uting to Cu corrosion [i.e. Cu oxidation and ORR, Eqs. (5.1) and (5.4)]. 

The variation in  within a single grain is generally relatively high, for ex-

ample, comparing the 

5.5d), differences in the maximum value of the three distributions are ev-

ident (e.g.

more than in the equivalent Esurf distributions (inset in Figure 5.5d). Nev-

ertheless, due to the large number of Esurf  measurements made in each 

individual grain, differences in the mean  values are readily distin-

guished, with  = 1.101 s (st. dev. = 0.059 s),  = 1.197 s (st. dev. = 0.097 

s) and  = 1.138 s (st. dev. = 0.096 s).  

More broadly, Figure 5.5d presents very clear trends in  with crystal-

lographic orientation, evident by considering the same five distinct areas 

(named A to E), discussed above. Area B, in particular, is the one with the 

smallest  values ( 2+

released at OCP, which is consistent with the energetically unfavourable 

Cu/Cu2+ (i.e. most positive values of Esurf) and ORR (i.e. most negative 

values of Esurf) processes on these planes (consult Figure 5.3d and Figure 

5.4d, respectively). In contrast, area E possesses relatively large  values 

( 2+

process on these planes (although the ORR remains relatively unfavour-

able). Area C also possesses relatively large  values (

be the result of a favourable ORR that overcomes the moderately unfa-

vourable Cu oxidation. Area D, where ORR is unfavourable but the 

Cu/Cu2+ is moderately favourable, possesses intermediate  values (

1.1 s). The response in area A is more complex, possessing relatively var-

iable  values, e.g., grains closer to the {001} orientation possess 
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Figure 5.6: (a) SECCM Esurf map at OCP on a polycrystalline Cu foil electrode im-

mersed in dodecane. The nanopipette probe contained aerated 10 mM H2SO4 and con-

tacted an area of 6.4 × 10  cm2 at each location in the map. The map was extracted at 

step). The grain boundaries from Figure 5.4b are overlapped on the map. (b) Full grain 

orientation correlation analysis of Esurf versus the 

average grain orientation, extracted from Figure 5.4b and Figure A.14b. Details of the 

data extracted for each single grain can be found in Appendix, section A.5.1 (Figure A.15 

and Table A.2). Relevant orientation areas are marked on the graph. (c) Plot of the gen-

eral correlation between Cu2+/Cu from Figure 5.5b and Figure A.14d, versus the Esurf in 

the OCP step for each point measurement (from Figure 5.6a and Figure A.14e). is 

represented as the median values of  for each recorded value of OCP (with a step size 

of 0.31 mV, corresponding to the sensitivity of the measurement), with an error bar rep-

resenting the standard deviation for the same set of data. Only the OCP points with at 

least 10  values are represented. 

(c.f. area E), while those with higher C1 c.f.

area B). Nevertheless, area A is largely an exception, and the relative ease 

of the two half reactions, Cu/Cu2+ and ORR (from Esurf), is a predictor of 

the amount of Cu2+ released during corrosion at OCP (from ) on the 

grains situated in areas B - E. 
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5.3.5. Grain-dependent open circuit potential step.  

A map of the OCP extracted from Movie A5 (0.01 s before the appli-

cation of the cathodic pulse) is shown in Figure 5.6a. It is clear that OC!P 

is grain dependent, as shown in the OCP/crystallographic orientation 

correlation plot, presented in Figure 5.6b. Most clearly by visual inspec-

tion, area B, which shows the most negative OCP values (with a median 

value Esurf,B = 0.0046 V, compared to an overall median of 0.0116 V), also 

have the smallest  values, corresponding to the least amount of Cu2+ re-

leased in the OCP step (vide supra), indicating that the least anodic OCP 

corresponds to a surface with the highest corrosion resistance. Although 

the deduction of corrosion susceptibility from OCP measurements may 

be complicated due to the different surface structural dependences of the 

kinetics and thermodynamics of the Cu/Cu2+ and ORR processes, and 

the involvement of O2 in the Cu/Cu2+ process, there is a positive relation-

ship between  (from Figure 5.5b and Figure A.14d) and the OCP (from 

Figure 5.6b, and Figure A.14e), as shown in Figure 5.6c. Thus, while there 

maybe outliers (note the error bars on  in Figure 5.6c), nanoscale OCP 

measurements provide a guide to metal corrosion susceptibility/re-

sistance, particularly if large datasets can be collected (i.e. on the order of 

a few thousand points, Figure 5.6).  

5.3.6. Electrochemical activity of microscopic surface defects. 

Physical deformation, in particular scratches, are unavoidably intro-

duced during the manufacturing and the finishing (polishing) processes 

of any metal surface. It is accepted that, in most cases, a macroscopic 

scratch will possess increased corrosion susceptibility compared to the 

rest of the metallic surface, predominantly due to induced micro-frac-

tures in the material that act as initiation sites for corrosion-related pro-

cesses.68,69 Although the corrosion-action of several different kinds of 

physical deformation have been the subject of macroscopic electrochem-  
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Figure 5.7: (a) SEM image of the scanned area of Figure 5.4 and Figure 5.5 (Movie A5), 

with main surface scratches labelled with the letters a-e. (b) Raw EBSD map (i.e. without 

grain boundaries drawn) of the area scanned in the ESI, Movie A5. Five main surface 

defects (scratches), labelled f – i, are identified. Note that scratches can be generally 

identified as a black zone in EBSD images, due to the fact that the “shadow effect” of the 

scratches walls generally do not allow the underlying crystallographic orientation to be 

determined.(c) EBSD misorientation colouring map of the same area. The colours in 

this map indicate inter-pixel misorientation, such that a visible colour difference be-

tween any two adjacent points within a given grain represents the misorientation angle 

between such points. (d-f) Comparison of the average chronopotentiometric (E t) 

curves recorded on the scratches to the surrounding grain(s), identified on the corre-

sponding EBSD image, Figure 5.4b. In (d), scratches a, b and c

and in (e), scratch d

sponding EBSD image, Figure 5.4b. In (f), scratches g, h and i

Also shown are plots of the difference between the Esurf t curves recorded on the 

scratches and the surrounding grain, Esurf. 
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ical investigation and surface analysis techniques,70-72 the role of micro-

scopic defects, such as scratches introduced by fine polishing, is still 

largely unknown. SECCM enables electrochemical activity to be probed 

at a commensurate scale to microscopic surface defects.  

A number of microscopic scratches were observed in the mirror-fin-

ished Cu surface employed in this work, as indicated by the SEM and 

EBSD images shown in Figure 5.7a-c,  respectively.  Five major scratches 

can be identified within the cathodic scan area shown in Figure 5.4 and 

Figure 5.5 and labelled a to e in Figure 5.7a.  Additionally, at least other 6 

features can be identified in the IPFz map (Figure 5.7b) and ca. 20 minor 

defects can be identified if the disorientation colour map is analysed (Fig-

ure 5.7c). The discussion here focuses mainly on the features identified 

under cathodic polarisation, but a few scratches were also identified 

within anodic polarisation, identified and briefly discussed in Appendix, 

Figure A.16 .  

Electrochemical analysis of these scratches, achieved by correlating 

the SECCM and SEM/EBSD maps, reveals that microscopic surface de-

formations often have a pronounced effect on the (cathodic) surface ac-

tivity. As an example, Figure 5.7d compares the Esurf t pulses obtained 

from scratches a, b and c of Figure 5.7a to the average Esurf t from the sur-

rounding grain, in which they are located (i.e.

idently, all three features exhibit enhanced cathodic activity compared to 

the grain average, with feature a being the most active. It is important to 

cathodic pulse, Figure A.8a) is much larger than the topographical defor-

commensurate with the size of the polishing particles; it can be assumed 

the depth of the scratch would be similar). Notably, while the scratch is a 

minor component of the probed area, there is evidently considerably 

more Cu2+ released at OCP in these locations, lengthening the transition 
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time between the Cu2+/Cu and ORR processes.  

A fascinating aspect of this analysis is that the activity of the scratch 

seems to be highly dependent on the grain in which it is located. As an 

example, the results over feature d are analysed in Figure 5.7e. The sec-

tion of scratch d

scratch a i.e. Esurf

and a longer transition between the Cu/Cu2+ and ORR plateaus). Con-

versely, on the section of scratch d Esurf for the 

Cu2+

two scratches located on them, a and d, exhibit a completely different be-

haviour, shown in Figure 5.7d and e, respectively. Similar observations 

can also be made for the several scratches, besides d

shown in Figure 5.7f. It should also be noted that some surface defects 

have no apparent effect on Esurf, such as scratch e in Figure 5.7a. Evidently, 

the electrochemical activity induced by surface deformation must de-

pend on the orientation of the underlying grain that is exposed within the 

defect, in addition to other factors such as the increased surface area re-

sulting from surface roughening, and/or the increased surface strain.  

Interestingly, while such variety of enhanced activity is observed for 

mechanically induced defects in the structure, the same is not generally 

observed in the present conditions, for the grain boundaries, as can be 

seen from the reproduction of the anodic and cathodic Esurf maps without 

the boundaries overlaid (Figure 5.8a-c). It has previously been shown 

that SECCM possesses sufficient sensitivity to detect the activity of 

atomic scale defects such as step edges,73 grain boundaries28,74 and point 

defects,75 with the caveat that these sites need to be highly active (ca. or-

ders-of-magnitude) compared to the surrounding basal surfaces, in order 

to be detected.76 While the lack of electrochemical contrast at grain 

boundaries may indicate that they do not serve as anodic/cathodic sites  
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Figure 5.8: (a-c) Reproduction of, respectively, (a) Figure 3a, (b) Figure 4a and (c)

Figure 5a, all without the grain boundaries overlaid on the electrochemical map. (d)

EBSD map (IPFz) of a polycrystalline Cu surface and (e) corresponding SECCM Esurf

map, collected with the following method: a chronopotentiometric pulse of 0.3s at a 

0.1 s of the anodic pulse. 

diameter) relative to the grain boundary (i.e. the majority of the measure-

ment area is grain rather than grain boundary) needs to be noted.  
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To better target grain boundaries, an analogous anodic chronopoten-

tiometric SECCM experiment was carried out with a smaller nanopipette 

probe (ca. 150 nm diameter) and higher spatial resolution (250 nm), but 

from the comparison between the EBSD map (Figure 5.8d) with the Esurf

map (Figure 5.8e) it is evident that in this case the grain boundary activity 

still appears to be roughly the average of the two adjacent grains. Thus, 

while enhanced anodic/cathodic activity at the grain boundary termina-

tions cannot be totally ruled out at this lateral resolution, it is concluded 

that these sites are not orders-of-magnitude more active than the sur-

rounding grains. Nevertheless, these results still clearly demonstrate that 

the microscopic features can play an important  role  as  initiation  sites  

for corrosion-related processes, and further underline the great power of  

SECCM for identifying and characterising them. Further analysis of 

scratches and defects by SECCM could be very valuable towards devel-

oping a holistic view of metal reactivity and corrosion.  

5.4. CONCLUSION

SECCM was successfully adapted to map grain-dependent electrochem-

ical activity at an aqueous nanodroplet/oil/metal three-phase interface, 

emulating the conditions encountered during corrosion in industrial/au-

tomotive environments, and opening up new prospects for fundamental 

electrochemical studies at the (sub)microscale. Application of a correla-

tive multi-microscopy approach, in which electrochemistry at a polycrystal-

line copper surface, from SECCM, was combined with co-located struc-

tural information from EBSD, allowed full elaboration of the structure-

activity relationship for three corrosion-related processes and their inter-

correlation: Cu/Cu2+, Cu2+/Cu and ORR, and the combination of 

Cu/Cu2+ and ORR during a pre-equilibrium OCP (mixed potential) 

step.  

This in-depth analysis method has revealed unique, process-depend-

ent patterns of reactivity for the full spectrum of surface crystallographic 
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orientations, for which the electrochemical activity of high-index surface 

facets cannot be predicted simply through combination of the {001}, 

{011} and {111} response(s). Within the full spectrum of surface orien-

tations, it was possible to identify those where the two reactions contrib-

uting to Cu corrosion (i.e. Cu/Cu2+ and ORR) are most favoured. Na-

noscale OCP (mixed potential) measures were furtherly introduced, out-

lying a procedure to detect Cu2+ released into solution at OCP as a marker 

of the extent of corrosion, as reflected in the chronopotentiometric tran-

sition time. This analysis highlights the value of both kinetic mapping and 

OCP measurements for revealing local corrosion susceptibility with 

SECCM.   

In addition, it was also possible to probe the electrochemical activity 

of individual (micro)scratches, revealing that these nanoscopic surface 

defects can serve as cathodic “hot-spots” for corrosion-related processes. 

Moreover, this work sets a new standard for surface structure-activity 

studies in (electro)materials and corrosion science, and additionally pro-

vides a new configuration for the study of multiphase environments at the 

nanoscale. As mentioned at the beginning, such configuration will be val-

uable, in the next two chapters, for characterising the effect of two im-

portant factors involved in corrosion at the nanoscale: the presence of at-

mospheric O2 and the presence of a corrosion inhibitor.  
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Chapter 6

Triple-Phase Cu Dissolution 
and O2 effect 

ow that a wide spectrum method of analysis of the correla-

tion between electrochemical properties and surface crystal-

lographic orientation has been established for Cu corrosion 

studies (Chapter 5), it is time to start to see the effect of some specific 

environmental variables on it. The first obvious variable that can affect 

corrosion processes at this triple-phase Cu/H2SO4/Oil interphase, espe-

cially at the nanoscale, is the presence of O2 in the system. Therefore, the 

analysis of O2 action on this specific nanoscale corrosion system is the 

main topic of this chapter. 

6.1. INTRODUCTION AND BACKGROUND

SECCM is based on the confinement of an electrochemical cell into a 

nanodroplet meniscus, and it is important to underline that, aside of the 

peculiar electrochemical setup of this specific technique, nanodroplets 

themselves present unique physical/chemical environments that influ-

ence the properties of the species confined inside. Indeed, the kinetics of 

many reactions are dramatically accelerated when confined to micro- or 

nanodroplets1-6 due to the high droplet area-to-volume ratio and surface 



Chapter 6 – Triple-Phase Cu Dissolution and O2 effect 

190 

tension, which can cause charge accumulation at the droplet-edge, local 

pH variations, fast de-solvation and rapid interfacial reactant/product ex-

change with the surrounding environment.6-8 Beyond nanodroplets, in-

terfacial exchange across nanometric phase boundaries takes place in 

many technologically and biologically important (electro)chemical reac-

tions, including H2/O2 redox in fuel cells, chemical synthesis/polymeri-

zation, metabolic processes, electrodeposition and corrosion.9,10 Reac-

tions involving O2 are particularly important due to its high natural abun-

dance and ease of diffusion through hydrophilic and hydrophobic me-

dia.11-13 In particular, as already underlined in the previous chapter, the 

flux of O2 at the boundary of an aqueous nanodroplet is of fundamental 

interest for studying corrosion processes in automotive environment (e.g.

in engine oil) and in specific occurrences in the oil industry.14-16

While homogeneous reactions in (sub)microdroplets have been 

widely explored,17 there is a comparative lack of understanding on heter-

ogeneous (i.e. inter-phase) reactions, e.g., (electro)chemical processes 

that take place at the triple-phase interface formed with an electrode sur-

face. Therefore, the specific setup of SECCM introduced in the previous 

chapter,18-20 with the  nanometric droplet (meniscus) cell formed at the 

end of the fluidic probe immersed in a layer of dodecane and in contact 

with a Cu polycrystalline surface, can serve as a model system for devel-

oping this kind of triple-phase studies. In order to study the role of O2 in 

such condition, herein SECCM has been performed in potential-con-

trolled mode, comparing voltammetric movies from polycrystalline Cu in 

the presence (i.e. in contact with air) and absence (i.e. in Ar atmosphere) 

of O2, through the use of a sealed environmental cell. These data are ra-

tionalised through the use of FEM simulations of the nanodroplet envi-

ronment. Furthermore, the possibility of multi-microscopic electro-

chemical analysis given by the co-use of SECCM and EBSD on the same 

sampled surface can bring this kind of electrochemical analysis to a higher 

level, where not only the effect of O2 on the Cu corrosion reactions is 
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studied, but also the influence of the Cu crystallographic structure on 

such effect can be directly determined. 

6.2. EXPERIMENTAL DETAILS

6.2.1. SECCM 

The SECCM configuration employed in this chapter is completely 

analogous to that employed in Chapter 5 (with technical setup described 

2.1b) filled with a 10 mM H2SO4 and equipped with an Ag/AgCl QRCE 

was approached to a polycrystalline Cu sample, with the surface of the 

metal and the nanodroplet meniscus immersed in dodecane layer. None-

theless, some peculiarity of the work carried in this chapter need to be 

noted. Firstly, measurements were carried out both in presence and in ab-

sence of O2, in order to compare the two cases. For measurements with 

O2 present, the entire set up (i.e. SECCM probe and immersed Cu sub-

strate) was exposed to the ambient air (as in the previous chapter). For 

measurements with O2 absent, the tip of the SECCM probe and the do-

decane covered Cu substrate were contained in a custom-built environ-

mental cell,21 which was mounted on the x-y piezoelectric positioner. The 

environmental cell was purged with high-purity Ar at a flow rate of 80 mL 

min  for at least 1 hour prior to use, which was also maintained for the 

duration of all SECCM scanning experiments. 

Secondly, all SECCM experiment were carried out in potential-con-

trolled regime, i.e. applying constant potential pulses and LSV to the sys-

tem (voltammetric hopping mode).22-24 Specifically the pipette was ap-

proached to the surface until meniscus contact, with the positional feed-

back achieved by monitoring the current flowing between the Cu work-

ing electrode and Ag/AgCl QRCE (termed the surface current, isurf); the 

z-approach was halted upon detection of an absolute current threshold of 

1.5 pA, (indicating the formation of a 2-electrode electrochemical cell ).  
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During approach, an initial potential (Ei) of – 0.7 V vs Ag/AgCl QRCE 

(ca. – 0.45 V vs Ag/AgCl 3.4 M KCl) was applied at the Cu substrate. 

After landing, Ei was held for 0.25 s, before sweeping the potential posi-

tively at scan rate (v) = 1 V s . After reaching the final potential (Ef) val-

ues of ca. + 0.24 V and + 0.61 V vs Ag/AgCl under aerated and de-aerated 

conditions, respectively, the direction of the potential sweep was reversed 

back towards Ei to produce a CV. Note that although a full CV was rec-

orded, only the forward sweep is presented as an LSV. As CV curves were 

measured for each point of the scan area, isurf,  electrochemical movies 

were created, as previously reported.22,25 During scanning, the nanopi-

pette was approached at a speed of 3 m s , retracted at 10 m s  (for a 

distance of 2 m) and moved laterally at a speed of 20 m s  between 

each point. The distance between each landing point (i.e. the hopping dis-

tance) was set to be 2 m in every scan, in order to avoid overlapping of 

the areas wetted by the meniscus, and therefore keeping each CV meas-

urement independent of the others. 

6.2.2. FEM simulations 

FEM simulations were performed with the COMSOL Multiphysics 

5.4 software suite employing the geometry detailed in Figure 6.1. The 

simulation was carried out to reproduce the anodic dissolution of Cu in 

the controlled potential mode, sweeping the potential from the initial 

value of 0 V to the final value Ef (+ 0.24 V and + 0.61 V vs Ag/AgCl under 

aerated and de-aerated conditions, respectively). As discussed in detail 

below, two different cases were considered: (1) with no O2 present in the 

system and Cu(I) is a surface adsorbed species; (2) with O2 present in 

both the oil and aqueous solution and Cu(I) is a surface adsorbed species 

(i.e. reaction between Cu(I) and O2 takes place heterogeneously). In all 

cases, a single channelled pipette was simulated, through a 2D axisym-

metric geometry.  
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Figure 6.1: Scheme of the geometry employed in the FEM simulations. The whole ge-

ometry is represented on the left, while a magnification of the meniscus (droplet) cell 

area is schematized on the right. In all cases, h  m, hdr = 200 nm, hdod

m, rt  m,  rtd  m, rg = 37.5 nm. In case (1), rp = 300 nm and re = 

500 nm and ri was set as a no-flux boundary. In case (2), the aerated dodecane layer, 

coloured in orange, was added. rp = 225 nm, re = 350 nm and ri was set as the O2 phase 

transfer boundary. In all cases rdod was adjusted such as rdod + re  m. The values 

of re were chosen to be a reasonable approximation of the values extracted from the ex-

perimental wetting areas (Figure A.10, and the values of rp were adjusted subsequently 

to be approximately 1.5 times smaller). 

The mass-transport of all species in the aqueous and the oil phase was 

assumed to be governed solely by diffusion, and modelled using the 

Transport of Diluted Species module within COMSOL. The bottom 

boundary of the meniscus probe (labelled re in Figure 6.1), represents the 

electrode (i.e. the dissolving Cu surface), while the boundary marked as 

ri represents the aqueous solution / dodecane interface. The following 

simulation conditions were employed: 

Case 1: As the Cu/Cu(I) is assumed to be Nernstian (vide infra), and 

Cu(I) is a surface-adsorbed species, the Cu electrode is considered to be 



Chapter 6 – Triple-Phase Cu Dissolution and O2 effect 

194 

fully covered with Cu(I)* in the range of potentials considered (i.e. E > 

0.4 V vs. Ag/AgCl in de-aerated solution). Thus, the simulations were 

performed by considering a nominally “Cu(I)* electrode”, where the rate 

determining step (RDS) is the Cu(I)/Cu(II) process. The flux, J for this 

sluggish 1 e  oxidation was therefore expressed as follows, assuming But-

ler-Volmer kinetics: 

        
2+

et 0'
Cu

exp 1
nF

J k E E
RT

(6.1) 

where ket is a generic heterogeneous standard rate constant for the elec-

trode dissolution process [i.e.

E is the applied potential, E0' is the formal potential, n is the number of 

electrons exchanged, F is the Faraday constant, R is the Universal gas con-

stant and T is the absolute temperature. The reaction is electrochemically 

irreversible, and thus the reverse reaction was not considered. Within 

these simulations, T = 298.15 K, n = 1 and E0' 

6.3.1, reaction (6.9)]. E was swept from 0 V to Ef = + 0.61 V. ket

were adjusted heuristically to fit the experimental data. Cu2+ was the only 

species present in solution, and the current was obtained by integration 

over the whole electrode boundary, considering the rotational symmetry: 







 

e

2+

2+2

surf Cu0 0

[Cu ]r
i rd nFD dr

z
(6.2) 

2+ z is the concentration gradient in the z direction,  is the 

rotation angle and DCu2+ is the diffusion coefficient. DCu2+ was set equal to 

8 · 10  cm2 s  (Ref. [26]) and the bulk concentration CCu2+ was set equal 

to 0. Note that n was set equal to 2 when calculating isurf through eq. (6.2)

, taking into account the overall stoichiometry of the Cu/Cu(II) process. 

Case 2: As alluded to above, the Cu/Cu(I) process [reaction (6.8), see 

below] is assumed to be Nernstian. Thus, in the range of potentials con-

sidered (i.e. 0 < E < 0.24 V vs. Ag/AgCl in aerated solution), Cu(I)* only 
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partially covers the Cu surface, with activity described by the Nernst 

Equation: 

     

0'
Cu(I)* exp

nF
a E E

RT
(6.3) 

With n = 1 and E0' = 0.315 V. O2 was added to the homogeneous solution, 

both in the aqueous and the oil phase, and its reaction with Cu(I)* was 

limited to the electrode surface, giving rise to the following flux: 

 


2+
2 2Cu(I)*Cu 0

OO z
J k a (6.4) 

The current was calculated with the same integration as in eq. (6.2), but 

with n =1 in order to account for the fact that only 1 e- was electrochemi-

cally exchanged. 

Two different diffusion coefficients (D) and bulk concentrations (C) 

were employed for O2 in the aqueous phase (i.e. in the nanopipette 

probe) and the dodecane phase, with  Daq  cm2 s  (Ref. [27]), 

Ddodec  cm2 s (Ref. [28]), Caq = 0.26 mM and Cdodec = 2.02 

mM.29 For the species Cu2+, the same diffusional parameters of case (1) 

were employed. The relative initial concentrations were imposed as 

boundary conditions both at the top of the tip (labelled rt in Figure 6.1) 

and at the top of the dodecane layer (labelled rtd in Figure 6.1). An equi-

librium partition flux was imposed at the edge of the nano-droplet menis-

cus (labelled ri in Figure 6.1): 

     i

2O ,dodec in 2 out 2dodec aq
O OrJ k k (6.5) 

     i

2O ,aq in 2 out 2dodec aq
O OrJ k k (6.6) 

with  

 out
part

in

k
K

k (6.7) 

where Kpart is the partition coefficient between the two phases. From lit-

erature data, Kpart = 7.8 (Ref. [30]), while kout was set to be a high value 
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(kout = 10 cm s ), such that the system could be considered at equilibrium 

on the time scale of the calculation, as explored in the previous chapter 

(and detailed in Appendix, section A.3.2). Unless otherwise stated, all 

boundaries were set to have a no-flux condition. All simulations were car-

ried out with a time dependent calculation of time t = (Ef Ei)/v, with v

being the sweep rate, set to 1 V s . The time was divided into 1000 time-

steps, with a relative tolerance of 0.01. PARDISO solver was employed in 

all cases. 

6.3. RESULTS AND DISCUSSION

6.3.1. Average effect of O2 on the voltammetric curve. 

As introduced above, SECCM was deployed to investigate the effect 

of O2 on the electrochemical reactions of Cu within an acidic nanodroplet 

at voltammetric scan rate, v = 1 V s ) under ambient and argon-purged 

conditions (in an environmental cell)21 to isolate the effect of O2. The av-

erage curves measured in the two different conditions, as well as the aver-

age pre-LSV pulses, are shown in Figure 6.2.  

The first, obvious distinction between the aerated and the de-aerated 

case is given by the possibility of O2 of being reduced at the electrode, 

within the cathodic side of the LSV, therefore distinguishing between 

ORR [reaction (5.4)] and HER [reaction (5.5)] as the main cathodic 

process. Based on thermodynamic considerations [e.g., Eqs. (5.4) and 

(5.4)], the cathodic wave would be expected to shift negatively from the 

aerated to the de-aerated case, with the HER place at more negative po-

tentials than the ORR. However, as shown in Figure 6.2a, the current 

density of the cathodic wave is very similar in the two cases, with the de-

aerated one being, in fact, slightly larger.  
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Figure 6.2: (a) Average LSVs (v = 1 V s ) obtained with the voltammetric SECCM 

configuration in a Cu/H2SO4/dodecane triple-phase system. (b) Average constant po-

the start of the LSV, with the solid curve representing the current density (Isurf) and the 

dotted one representing  (Isurf) . In both (a) and (b) the red curves were obtained in 

deaerated conditions (averaging 5200 single measurements) and the grey curves were 

obtained in aerated conditions (averaging 5100 single measurements). The E scale is 

referred to a leakless Ag/AgCl electrode with a 3.4 M KCl solution. 

Interestingly, the same effect is also observed during the pre-LSV 

pulse (Figure 6.2b). Consulting the phase stability diagram of Cu,31 the 

HER is the only possible reaction in de-aerated acidic solution, corrobo-

rated by the shape of the i–t curve, which is essentially Cotrellian beyond 

0.05 s [Figure 6.2b, with the “Cottrell” behaviour defined by eq. (1.44)], 

from 10 mA cm  to 1 mA cm , Figure 6.2a). By contrast, in the aerated 

case, the i–t curve is non-Cotrellian (Figure 6.2b) and the Tafel slope is 

significantly larger (Figure 6.2a), indicating that a different reaction (i.e.

ORR) is taking place.  

Therefore, it appears that the HER occurs at a significantly smaller 

overpotential than would be expected for Cu, which is reportedly a rela-

tively poor HER catalyst in bulk.32,33 The exact cause of this phenomenon 

is unknown and is presently under investigation. One possibility is that it 

arises from unique reactivity, charge accumulation and/or H2 mass-

transport at the aqueous/oil/metal interface. The cathodic branch of the 

LSV will not be further discussed in this chapter, rather the anodic 
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branch, which can also give more insights on the properties of the corro-

sion process in the two cases, will be considered. 

6.3.2. Effect of O2 on Cu electro-dissolution. 

The anodic dissolution of  (electro)dissolution of metallic copper can 

follow several different pathways, visually schematised, both in the deaer-

ated and aerated case, in Figure 6.3. The first reaction is the oxidation of 

Cu to Cu(I): 

( )Cu Cu(I)s e  E0 = 0.315 V vs Ag/AgCl34 (6.8) 

This process is assumed to be fast (i.e. at equilibrium) on the timescale of 

the reactions considered.35-37 Due to very low thermodynamic stability in 

aqueous media, Cu(I) is assumed to exist as  a complexed surface-ad-

sorbed species [denoted Cu(I)* hereafter] on the voltammetric time-

scale (vide infra), as per previous studies.36-38 In the absence of O2 (Figure 

6.3a), Cu(I)* is furtherly electro-oxidized to Cu(II): 

Cu(I) Cu(II) e   E0 34 (6.9) 

Even though the reaction is extremely favoured thermodynamically 

[such that Cu(I) can rarely form stable complexes in aqueous solution], 

it is subject to severe kinetic limitations.35,37 In the presence of O2, addi-

tional Cu oxidation pathways have been proposed,39,40 involving O2 as an 

electron acceptor from the Cu(I)* species, e.g., in acidic solution: 

2 2Cu(I)*+O CuO (6.10) 

2 2CuO H Cu(II) HO    (6.11) 

where HO2 is the protonated form of the superoxide (O2 ) ion. 

Naturally, due to the existence of distinct aerobic [Eqs. (6.8), (6.10) 

and (6.11)] and anaerobic [Eqs. (6.8) and (6.9)] pathways, O2 perturbs 

the electro-dissolution of Cu, readily demonstrated with conventional 

macroscopic (bulk) voltammetry, displayed in Figure 6.4. In particular,  



199 

Figure 6.3: Schematic of SECCM set up  (nanopipette tip filled with 0.01 M H2SO4 and 

equipped with an Ag/AgCl, immersed in dodecane and contacted with the Cu surface) 

and the possible related cathodic and anodic processes in (a) the de-aerated or (b) the 

aerated system. 

Figure 6.4: Macroscopic CVs obtained from a 3 mm diameter Cu macrodisc electrode 

in aerated (black curve) and de-aerated (red curve) 1 M H2SO4. The potential was 

. In both cases, a 

potential pulse of 60s was applied at the initial potential prior to the start of the sweep. 

The two curves present a difference in the onset potential for Cu electro-dissolution of 

chemistry reported here was carried out in a 1 M H2SO4 solution, in order to avoid in-

terference by solution resistance. Such problems can be neglected in the SECCM envi-

ronment due to the extremely small current measured. 

the oxidation wave is shifted ca. + 50 mV in aerated H2SO4 (grey curve) 

compared to de-aerated (red curve). Other differences can be seen in the 

position and the magnitude of the Cu re-deposition peak, indicating a 

possible complex and a-symmetric influence of O2 on the two processes, 

as also observed in the previous chapter. 
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As alluded to above, due to the unique nanodroplet configuration of 

SECCM (i.e. large surface area-to-volume and rapid interfacial ex-

change), the effect of O2 is dramatically enhanced, as demonstrated in 

Figure 6.2a. Evidently, in the SECCM configuration the Cu electro-oxi-

dation wave is shifted ca. +400 mV in the presence of O2, highlighting the 

significance of high O2 influx in the nanodroplet configuration. Interest-

ingly, while both curves in  Figure 6.2a are shifted anodically compared 

to their bulk counterparts (Figure 6.4), this effect is more significant un-

der de-aerated conditions, increasing the “potential gap” between the two 

curves. This may stem from the fact that (electro-)dissolution involves 

the removal of Cu atoms from active step sites,41,42 which are expected to 

be readily annihilated from the nanometric probed (working electrode) 

area.  

In other words, during Cu electro-oxidation, the active step sites 

would “move” to the boundaries of the nanometric SECCM meniscus 

cell on a very short timescale, thereby forcing the reaction to take place 

on the less active basal surface. Other explanations could take into ac-

count the surface modification caused by the enhanced HER described 

above (if the HER hinders the reduction of the native oxide layer), as well 

as local pH variation caused by such reaction in the cathodic branch of 

the LSV. While these effects make Cu electro-oxidation more difficult in 

de-aerated conditions [Eqs. (6.8) and (6.9)], this effect is partially offset 

by the high flux of O2 under aerated conditions, which effectively forces 

the reaction through an alternative pathway  [Eqs. (6.10) and (6.11)]. 

6.3.3. FEM simulations of O2 action in Cu dissolution 

The mechanism of action of O2 on Cu electro-dissolution was further 

explored semi-quantitatively by FEM simulations, whose geometry is 

schematized in Figure 6.5a and described in more details in section 6.2.2. 

The oil behaves as an O2 reservoir through a partition equilibrium at the 

dodecane/nanodroplet interface. As stated above, Cu(I) was assumed to 
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exist solely as a complexed surface-adsorbed species [i.e. Cu(I)*],36-38 and 

thus disproportionation in solution and homogeneous reactions with O2

were not considered. In addition, since eq. (1) is assumed fast, at low driv-

ing force (i.e. E < E0, as in the aerated case) the surface concentration of 

Cu(I)* is governed by the Nernst equation,38 while at high driving force 

(i.e. E >> E0, as in the de-aerated case) the surface is fully covered in 

Cu(I)*. Note that the E0 values are reported under standard conditions34

and have not been modified to take surface adsorption of Cu(I) into ac-

count, thus the kinetic parameters derived below are apparent values and 

may not be physically meaningful.  

In the de-aerated case (Figure 6.5b), the electro-dissolution was as-

sumed to proceed via eq. (6.8) followed by eq. (6.9). As eq. (6.8) is Nern-

stian (vide supra), the experimental data were simulated by considering a 

nominally “Cu(I)* electrode” undergoing electro-oxidation via eq. (6.9)

, governed by Butler-Volmer kinetics with the charge-transfer coefficient 

( ) and electron-transfer coefficient (ket) treated as variables. In the aer-

ated case, shown in Figure 6.5c, the electro-dissolution was assumed to 

proceed via eq. (6.8) followed by eq. (6.10).  Evidently, Cu electro-oxi-

dation is highly sensitive to the kinetic constant of eq. (6.10), owing to 

the unique configuration of the nanodroplet cell, with a high contact sur-

face between the aqueous and oil phase, the latter effectively acting as an 

O2 reservoir. This is clear in the simulated concentration profile (Figure 

6.5d), where at E5mA (defined as the onset potential required to achieve a 

current density of 5 mA cm−2, ca. 0.17 V in the best-fit simulation), O2 is 

most depleted at the centre of the meniscus cell (i.e. at the point furthest 

from the aqueous-oil interface).  

Note that the FEM simulations predict that O2 becomes the limiting 

factor at high driving force, limiting I to a steady state value of ca. 50 mA 

cm , as shown in Figure 6.5e, but this is not observed experimentally (see 

Figure 6.2b). This is because in reality there are many follow up reactions  
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Figure 6.5: (a) Scheme of the geometry employed in the FEM simulations, adapted 

from Figure 6.1. (b) ket = 2.3·10  mol 

cm  s ) under de-aerated conditions. (c) Simulation-experiment comparisons (with 

different values of the kinetic constant, kO2) under aerated conditions. (d) Simulated O2

concentration profile (kO2 = 58 cm s ) obtained at E5mA (E = 0.17 V, I = 5 mA cm ). (e)

Reproduction of (c) over a wider current density scale and with the curve obtained at 

kO2 = 10 000 cm s  added to the plot. 

that would serve to regenerate O2 (e.g., local pH changes due to eq. (6.11)

, electro-oxidation of O2  to O2 and other parasitic processes) and further 

release/oxidize Cu(I) in solution [e.g., reverse of eq. (6.10), eq. (6.11), 
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and disproportionation], which play prominent roles in the electro-dis-

solution process.39,40,43 As such, the simplified model presented in Figure 

6.5, which is in excellent agreement with the experimental data at low 

driving force (i.e. E < 0.24 V vs. Ag/AgCl, Figure 6.5c), represents the 

minimum possible influence of O2 on Cu electro-dissolution within an 

aqueous nanodroplet environment. 

6.3.4. Multi-microscopy grain activity analysis 

So far, the “representative” LSVs considered (Figure 6.2a) were ob-

tained by averaging ca. 5000 independent measurements on polycrystal-

line Cu under each condition. Their analysis provides a general idea of 

the effect of O2 on Cu electro-dissolution (Figure 6.5), but ignores the 

possible influence of the underlying surface structure. Beyond its unique 

nanodroplet cell configuration (vide supra), SECCM enables the con-

struction of spatially-resolved electrochemical activity movies (Appen-

dix, Movie A7 to A10), which can be readily correlated to co-located 

structural information (i.e. crystallographic orientation from electron 

backscattered diffraction, EBSD) to resolve nanoscale structure-activity 

directly and unambiguously, as specifically shown in Chapter 4.20,22,44

The results of this correlative multi-microscopy approach are shown in 

Figure 6.6. The comparison of the E5mA map under de-aerated and aerated 

conditions (Figure 6.6 and b, respectively) with the co-located crystallo-

graphic orientation maps (Figure 6.6c and d, respectively) reveals that Cu 

electro-dissolution is a highly grain-dependent process. Interestingly, 

compiling these data into electrochemistry/structure correlation plots 

(Figure 6.6e and f, with the construction of such graphs described in 

Chapter 2, section 2.8) reveals that the grain-dependency of the Cu elec-

tro-dissolution process is different in the de-aerated and aerated cases, 

again supporting the initial assumption that the Cu(I)-O2 interaction 

takes place heterogeneously [i.e. at the electrode surface, eq. (6.10)]. 
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Figure 6.6: (a,b) Maps of E5mA obtained under (a) de-aerated (extracted from Movie 

A7) and (b) aerated (extracted from Movie A9) conditions. (c,d) Corresponding crys-

tallographic orientation maps, IPFz obtained with EBSD are shown in (c) and (d), re-

spectively. (e,f) Electrochemistry (E5mA) vs. structure (average grain orientation) corre-

lation plots, shown in (e) and (f), respectively. E5mA was extracted from Movies A7 and 

A8 [de-aerated, i.e. from (a) and Figure A.17a] in (e) and Movies A9 and A10 [aerated, 

i.e. from (b) and Figure A.17b] in (f). (a,b) were obtained in the SECCM configuration 

with a nanopipette probe containing 0.01 M H2SO4. The grain boundaries extracted 

from (c) and (d) were overlaid to (a) and (b), respectively. 

Under de-aerated conditions (Figure 6.6e), the grains with the lowest 

susceptibility to oxidation are close to the {111} orientation (i.e. with C2

E5mA > 0.59 V), while grains with low C2 values, in particular those 
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close to the {012} and {035} planes possess the highest susceptibility (i.e.

E5mA < 0.58 V). This difference may be attributable to the intrinsically 

lower surface energy of the {111} plane45 and/or grain-dependent surface 

stabilization brought on by the adsorption of (bi)sulfate.46-48

Further, the E5mA values for the two grains that are closest to the {001} 

orientation (i.e. the two grains that lay at 10° < C1 < 20° in Figure 6.6e) 

tentatively indicate an increase in electro-oxidation susceptibility to-

wards the {001} (although no definitive conclusions can be drawn since 

this family of grains is generally under-represented in the de-aerated 

data). By contrast, under aerated conditions (Figure 6.6f), grains close to 

the {100} orientation (C1 < 10°, E5mA > 0.18 V) possess the lowest oxida-

tion susceptibility, followed by those very close to the {111} orientation 

(C2 E5mA

2

E5mA

Aside from specific areas of activity, qualitatively comparing Figure 

6.6e and f it is possible to note a general trend of decreasing E5mA by de-

creasing C2 [i.e. moving away from the {111} orientation], with then a 

steep increase in the aerated case once the {001} orientation is reached 

(corresponding to the left side of the graph presented in Figure 6.6f). 

However, this decreasing trend has a much steeper drop-off in the aerated 

2

1 for brevity, identified in Figure 6.6e and f).  

Therefore, the presence of O2 tends to strongly facilitate the anodic 

dissolution process on the grains of Set 1, if compared to the {001} ori-

ented grains, which instead pass from being relatively active in the de-aer-

ated case to be the most resistance. To be clear, actually O2 strongly facil-

itate the oxidation process on both these sets of grains, but it seems to be 

much more efficient at doing so on Set 1. 
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6.3.5. Probing heterogeneity within similarly oriented grains 

Expanding further on the structure-dependent electrochemical analy-

sis, it is useful step aside from the examination of the general trend of elec-

trochemical activity within the whole spectrum of orientation and give a 

closer look to the variability within groups of grains with similar orienta-

tion. As already observed in the previous chapter, some grains with very 

similar orientation (adjacent in the correlation plot), can present very dif-

ferent electrochemical behaviour, with one generally be an exception 

compared to the surrounding grains. This is also the case for the sets of 

grains collected herein. 

Examining the statistical distribution of E5mA, over all the single point 

measurements performed with SECCM in Movies A7-A10, shown in Fig-

ure 6.7a, it is clear that there is a higher variability in the aerated data (e.g., 

standard deviations of ca. 9 and 4 mV in the aerated and de-aerated cases, 

respectively). While this may be partly due to the fact that two different 

sets of grains were examined [e.g., as stated above, in the de-aerated case, 

there is a substantial lack of {001} oriented grains, that are instead well 

represented in the other case], these data strongly suggest that the pres-

ence of O2 causes the anodic dissolution process to become more 

strongly structure-sensitive, and therefore present a higher degree of var-

iability with subtle variations of crystallographic orientation. 

This intrinsic variability is also evident in the electrochemistry (E5mA) 

vs. structure (average grain orientation) correlation plots (Figure 6.6e 

and f), where there are several exceptions to the general trends described 

above, as highlighted in the reproductions shown respectively, in Figure 

6.7b and c. For example, as noted above, in the de-aerated case E5mA tends 

to increase with C2, with grains close to {111} orientation being less sus-

ceptible to electro-oxidation. However, there  are several exceptions to 

this trend, such as grains 16  (Figure A.18 and  Table A.3,  highlighted in  
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Figure 6.7: (a) Statistical distribution of E5mA calculated for each measured point, re-

spectively in aerated (grey distribution) and de-aerated (red distribution) conditions. 

The calculated standard deviations are 0.0085 V for the aerated condition and 0.0043 V 

for the de-aerated. (b-c) Reproduction of (b) Figure 6.6e (c) part Figure 6.6f  with iden-

tified critical areas and grains. The grains are numbered according to the lists presented 

in Appendix, section A.5.2. 

Figure 6.7b), with an orientation close to {358}, that possesses signifi-

cantly lower E5mA values than its neighbours. By contrast, some specific 

groups of grains, such as grains 34 and 52 (Figure A.18 and Table A.3, 

highlighted in Figure 6.7b) that have an orientation close to {168}, and 

43, 53, 54 and 57 (Figure A.18 and Table A.3, highlighted in Figure 6.7b), 

that have an orientation close to {268}, possess higher E5mA values than 

the surrounding ones. 

Such local variations were observed also in the aerated case. Specifi-

cally, it is worth to examine a small subset of grains that exhibited unique 

Cu electro-dissolution activities despite nominally similar orientations. 

spectively, 46, 51, 52 and 54, in Figure A.19 and Table A.4. Figure 6.8a 

reports an extract of the E5mA map extracted from Movie A10 (shown en-

tirely in Figure A.17b)§ containing such grains, compared to the co-lo-

cated EBSD map in Figure 6.8b (shown entirely in Figure A.17d).  

§ Figure A.17b, together with Figure 6.6b, was used to construct the electrochemis-
try/orientation correlation map for the aerated case. 
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Figure 6.8: (a) Extract of E5mA maps from Movie A10 (aerated conditions) and (b) the 

corresponding EBSD map (extract of Figure A.17d). (c-d) Extracts of (c) E5mA and (d) 

GOS vs. structure (average grain orientation) correlation plots, respectively from Figure 

6.6f and Figure 6.9. 

The selected group of grains presents near-identical average crystallo-

graphic orientations, as shown by the electrochemistry/structure corre-

lation map in Figure 6.8c (they differ from each other by < 2° in the pro-

jection), and yet the Cu electro-dissolution process is significantly easier 

E5mA is ca. 20 mV more negative). 

The difference can be visualised also on the map (Figure 6.8a) since the 

grains are adjacent on the surface. This data clearly indicates that the 

grain average orientation cannot be taken as the sole descriptor of Cu ox-

idation susceptibility.49

orientation spread (abbr. GOS, corresponding to the intra-grain standard 

deviation in crystallographic orientation) than the others, as shown in 

duced by the larger grain orientation spread translates to higher activity 

(consistent with the discussion on stepped vs basal surface activity, 

above).As shown in Figure 6.9, (portraying the complete GOS map), the 

GOS itself is grain dependent, being remarkably higher for grains in the 

lower part of the graph, i.e. towards the grains [{001} and {011}], which 

are less thermodynamically stable.45 This may indicate that the more sta-

ble planes, such as {111}, tend to form more pristine (i.e. less defective)  
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Figure 6.9: Correlation plot for the GOS and the crystallographic orientation for the 

aerated case, obtained by data extracted form Figure 6.6d and Figure A.17d. Significant 

grains mentioned in the text are highlighted on the plot. 

surfaces, but the presence of defects can nonetheless be extremely im-

portant in dictating the electrochemical activity of the grain.50

However, in other cases of high GOS variability within families of 

grains that are very close in orientation, a corresponding significant 

change of E5mA was not observed. For example, consider grains 18 and 25 

(Figure A.19, Table A.4, highlighted in Figure 6.7 and Figure 6.9), that in 

and 44, (Figure A.19, Table A.4, highlighted in Figure 6.7 and Figure 6.9), 

cases, as highlighted in Figure 6.7c, the electrochemical activity of the 

E5mA < 1 mV). Therefore, the ori-

entation of the specific planes and the nature of the steps (defects) inter-

rupting the regularity of each specific grain, rather than just the amount 

of them, appears to be a fundamental factor affecting the grain depend-

ency of the considered reaction(s). 

6.4. CONCLUSION

The work presented in this chapter took advantage of the unique 

three-phase configuration of SECCM, introduced in Chapter 5 to study 
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how rapid interfacial exchange can influence (electro)chemical pathways 

in an aqueous nanodroplet environment. In particular, the effect of O2 on 

Cu electro-dissolution was studied employing voltammetric SECCM 

coupled with co-locate crystallographic orientation analysis (EBSD), 

comparing de-aerated (Ar fluxed) and aerated cases. O2 flux across the 

nanodroplet-dodecane interface was observed to have a dramatic effect 

on the rection, shifting E5mA by ca.

case. Such effect was associated with the different Cu dissolution mecha-

nism in presence of O2 and the possibility of the oil phase to be an infinite 

reservoir of O2 during the scale of the experiment. The Cu electro-disso-

lution presented complex grain dependent characteristics in both de-aer-

ated and aerated conditions (as partially explored in Chapter 5), but the 

effect of oxygen was found to affect such dependency, with grains in some 

areas of the orientation spectrum (e.g. a specific band of grains relatively 

close to the {111} orientation) being more sensitive to the reaction with 

O2. 

Furthermore, the grain dependent analysis revealed how some grains 

of similar orientation can present different electrochemical behaviour, 

possibly due to “contamination” of the crystallographic planes them-

selves (which , in a polycrystalline surface, are often far from ideality), 

with slightly different oriented planes and steps. This finding also high-

lights the importance of a comprehensive whole-spectrum analysis on a 

wide range of grains for distinguishing the general behaviour from local 

variations. As inter-phase reactions involving interfacial reactant/prod-

uct exchange at complex surfaces play a pivotal role not only in corrosion 

studies, as highlighted by this and the previous chapter and further dis-

cussed in Chapter 7, but also in renewable energy generation/storage ap-

plications (e.g., batteries and fuel cells), materials synthesis (e.g., electro-

deposition) and biological processes (e.g., cellular metabolism), one may 

envisage that SECCM will play a significant role in future high-through-

put studies in these important areas. 
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Chapter 7

Corrosion Inhibition by 
Benzotriazole 

s introduced and developed in the previous two chapters, the 

SECCM configuration can be easily adapted to study anodic 

and cathodic electrochemical processes at nanoscale at a 

Cu/H2SO4/dodecane triple-phase interface. In Chapter 6, in particular, 

it was demonstrated how the presence of O2 in the oil phase dramatically 

affects such processes, in a grain dependent fashion. The purpose of this 

chapter is to understand if other species dissolved in the oil phase can 

have an impact on what happens in the nanodroplet. In order to do that, 

the best strategy is to add the desired species to the oil phase (dodecane), 

repeat the LSVs measures of Chapter 6 and then compare the two sets of 

data. In this chapter, such strategy is applied to study the effect of a cor-

rosion inhibitor on Cu corrosion reactions. 

7.1. INTRODUCTION AND CONTEXT

7.1.1. Cu corrosion in automotive and oil industry 

Cu is widely used in the automotive and oil refinery industries, and its 

corrosion, together with other metals’, is viewed as an extremely expen-

sive issue, as pointed in Chapter 1. Specifically, in these fields the active 
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corrosion agents are typically water-soluble (or partially oil-soluble) ac-

ids (e.g., sulfonic, sulphuric and/or carboxylic acids and their salts) dis-

solved in the small amount of water that contaminates all oil products.1,2

In particular for the automotive industry, waste products (e.g., carbon, ni-

trogen and sulphur oxides and water) originating from the combustion 

chamber generate acidic nanodroplets within the oil phase, which can in-

duce localized corrosion upon contact with the metallic (e.g., Cu) sur-

faces of the engine.3,4 For this reason, the previous two chapters have been 

dedicated to the study of corrosion reactions in a system aimed to repro-

duce, with a model experiment, such triple-phase nanoscale system in an 

electrochemical configuration. 

The concept of corrosion inhibitor has been also introduced, as a spe-

cies that is able to slow down the process by interfering with the involved 

electrochemical reactions. The most studied and arguably the most im-

portant corrosion inhibitor for Cu surfaces is 1,2,3 - Benzotriazole 

(BTAH, Figure 7.1a), which has been known since the late 1940s and ap-

plied as a corrosion suppressor since the 1960s.5 The action of BTAH in 

suppressing and controlling Cu degradation is mainly due its ability to 

strongly interact with metal surfaces, predominantly through the nitro-

gen atoms present in the heterocyclic ring (especially when it is in the 

deprotonated form, BTA ̅

(Figure 7.1a). This strong interaction results in the formation of supra-

molecular structures, which effectively act as physical barrier to the sur-

rounding environment.6-8 In the years since its inception, many BTAH 

derivatives have been synthesized in order to adapt its use to different 

conditions;9-11 for example, oil-soluble derivatives are used in the oil and 

automotive industries to suppress the aforementioned Cu degradation.12

Due to the great potential of BTAH and derivatives for suppressing 

corrosion in a wide range of applications, many studies have attempted  

to characterise the interaction between the BTAH molecule and Cu sur- 
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Figure 7.1: Chemical structures of (a) 1,2,3-Benzotriazole and (b) 1-N,N-bis-(2-

tive considered in this contribution. The red structure in (b) highlights the part of the 

molecule in common between (a) and (b). 

faces, both experimentally, with surface characterization techniques, such 

as STM,13-17 XPS or electrochemical impedance spectroscopy (EIS),6,18

and theoretically, with quantum chemical calculations [e.g. with density 

functional theory (DFT)].19-23 These investigations have revealed that 

the nature of adsorbed BTAH is sensitive to Cu surface structure, primar-

ily the crystallographic orientation, with different interaction energies 

and unique structures and aggregates formed only on specific 

planes.13,14,22,23

As an example, calculations showed that BTAH is more prone to lose 

the acidic proton upon interaction with the {001} plane, as well as to have 

faces such as the{111} plane.22,23 The observation of such heterogeneity 

of action, couple with the heterogeneity of corrosion properties (e.g. Cu 

dissolution or ORR) of the different grains on a polycrystalline surface 

(widely discussed in the previous two chapters),24-27 naturally raises the 
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question of what is the grain dependent specific interaction of BTAH de-

rivative on each of these processes. 

7.1.2. SECCM possibilities in corrosion inhibition studies 

As demonstrated by the work presented in Chapter 5 and Chapter 6, 

as well as in previous contributions,28-31 the multi-microscopy approach 

involving SECCM and co-located EBSD allowed to gain an holistic view 

of the electrochemical reactions involved in corrosion across the whole 

spectrum of crystallographic orientations. In Chapter 6, in particular, 

SECCM was deployed to perform voltammetry on polycrystalline copper 

in both aerated and de-aerated conditions, highlighting a dramatic differ-

ence in the susceptibility of the surface to anodic dissolution in the two 

conditions, as well as in the grain dependency of the process.  

A natural extension of these works is to study the grain-specific action 

and inhibition efficiency of BTAH, which up until now, as is evident from 

the works mentioned above, has almost exclusively been carried out on 

the well-defined, low index crystallographic planes of Cu (i.e. {001}, 

{011} and {111}).The previous chapters demonstrated clearly that the 

electrochemical activity of high-index surface facets, which are a substan-

tial component of a polycrystalline surface, cannot be predicted simply 

through combination of such low index grains response(s). Hence it is 

worth asking if that observation is valid also for the inhibitor’s action. Be-

sides, given the relevance of the triple phase system (Cu/aqueous 

nanodroplet/oil) in oil and automotive industry, it is worth asking if the 

addition of a corrosion inhibitor in the oil phase can affect the grain de-

pendent corrosion processes happening in the aqueous acidic 

nanodroplet. 

Therefore, the work presented in this chapter exploits the power of the 

SECCM/EBSD combined multi microscopy approach for understand-

ing the activity of an oil soluble BTAH derivative, 1-N,N-bis-(2-
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ethylhexyl)-ARmethyl-benzotriazole-1-methanamine (Figure 7.1b, from 

SECCM voltammetric results of Chapter 6 with the analogous analysis 

conducted in presence of the inhibitor in the oil phase. In order to do so, 

besides recalling the details analysis of the grain dependency of the an-

odic processes, also the cathodic processes, that was only barely touched 

in the previous chapter, will be examined in detail. This work can demon-

strate how such methodology can help to disclose the grain dependent 

action of benzotriazole on the Cu surface, giving a clear path for closing 

the gap of knowledge between the surface science and theoretical studies 

of BTAH surface interaction, that give insights on the specificity of the 

interaction on each different surface, and the testing of its effect on cor-

rosion in an industry-relevant system, which normally does not include 

grain dependent analysis, thus paving the way for a multiscale compre-

hension of the phenomenon. 

7.2. EXPERIMENTAL DETAILS

All the SECCM experiment, as well as the intercorrelation with the 

EBSD results have been carried out with the same methods described in 

Chapter 6 (the general setup instead is detailed in Chapter 2), with the 

in dodecane as mineral oil phase, instead of pure dodecane. 

7.2.1. Contact angle measurements 

All the contact angle measurements were carried out with Krüss 

DSA30 goniometer and embedded software. The Cu sample was placed 

in a quartz cuvette filled with the mineral oil solution (either dodecane or 

chanically laid on the Cu surface. The contact angle was monitored every 

0.5 s for 100 s and reported as average between the left and the right angle.  
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7.3. RESULTS AND DISCUSSION

7.3.1.

SECCM was performed in a triple-phase aqueous nanodroplet/oil/ 

metal interface configuration, whereby the Cu surface was immersed in a 

in dodecane. Such BTAH derivative (whose structure is shown in Figure 

7.1b), is obtained by methylating the aromatic ring and substituting the 

protonated nitrogen in the azole ring with a tertiary amine alkyl chain. 

This renders the molecule soluble in dodecane, while unmodified BTAH 

itself is not.  

Although the added alkyl chains are not expected to interact strongly 

with the Cu surface, they may indirectly influence the adsorption of 

formation of the most packed supramolecular structures and; (ii) pre-

venting the formation of a negative charge on the azole ring (as in BTA ̅  ). 

However, it has been suggested that in certain specific conditions the in-

hibitor could lose the tertiary amine chain thus releasing BTA ̅  to react 

on the surface;32-34 furthermore, the Wan-der-Waals interactions with the 

system (as briefly mentioned above) is thought to play an important role 

in the formation of specific structures on the Cu surface.16,35 Therefore, 

none of the different types of interaction reported for BTAH on Cu can 

be excluded a priori due to such hydrophobic additions to the molecule. 

SECCM was employed to collect voltammetric electrochemical mov-

ies of this triple phase system,(Cu surface, H2SO4 solution in the nanopi-

(Movies A11-A13) and the aerated one (Movies A14-A15). As an exam-

ple, a set of data obtained by multi-microscopy correlation from Movie 

A11 and co-located EBSD analysis is shown in Figure 7.2.  
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Figure 7.2: (a-b) SECCM current maps extracted from Movie A11, respectively at (a)

(b) the end (E = + 0.64 V) of the LSV sweep. (c)

Crystallographic orientation map (IPFz) measured with EBSD on the same area. The 

grain boundaries extracted from (c) were overlaid on (a) and (b). (d) Exemplar average 

LSV curves extracted from selected grains marked in (c) and magnification of respec-

tively the cathodic wave (e) and the anodic wave (f). The overall average curve was also 

added in (d-f). (g-h) Statistical distribution of the current measured (a) and (b), respec-

tively in (g) for the cathodic current and (h) for the anodic current, for the specific 

grains highlighted in (c).  

0.25s chronoamperometric pulse was applied, followed by potential 

sweep towards positive potentials at 1 V s . As shown in Figure 7.2, from 

the comparison of the isurf maps at the initial (Figure 7.2a) and final po-

tential (Figure 7.2b) of the LSV with the EBSD performed on the same 

area (Figure 7.2c), the electrochemical processes present a clear grain de-
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pendency, analogous to what was observed for the same system in ab-

sence of the corrosion inhibitor (Figure 6.6). To demonstrate this clearly, 

All LSVs are qualitatively similar to the average of all the LSVs over 

this scan area (green line), but exhibit differences in the magnitude of the 

anodic and cathodic current, shown clearly in the magnified curves pre-

sented respectively in Figure 7.2e and f. From their comparison, it is evi-

dent that the HER, which is the main cathodic reaction in absence of O2

(as briefly discussed in the previous chapter for the uninhibited case), has 

An easier way to visualize such differences, and clear advantage of the 

use of SECCM for this kind of system, is to compare the distribution his-

tograms for the current in all cases, shown respectively in Figure 7.2g and 

h for the cathodic an anodic c current. Such plots show that despite the 

random variation of the electrochemical properties within the grains 

(which, in term of standard deviation, for the selected grains is ca. 1.4 pA 

for the cathodic current and ca. 33 pA for the anodic current), signifi-

cantly different average behaviour can be detected in each case, however, 

in some cases, grains that in average have different behaviour in fact pre-

Figure 7.2g). Therefore, the intergrain differences can be sometimes 

more shaded than an average measure would suggest, because of several 

different factors contributing to the corrosion reaction, as well as the non-

ideality of the planes present in a polycrystalline sample. 

In all the cases examined in this and the previous chapter (i.e. aerated 

thodic and anodic waves of the LSV analysis resulted in some sort of grain 
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centration (100 ppm) in the oil, does not cause the complete homogeni-

zation of the surface behaviour, i.e. the grain orientation plays a role in the 

corrosion process also in the presence of an inhibitor. Higher concentra-

sion that could lead to a decrease of current such that he intergrain differ-

ences would not be detectable, hence a relatively low employed concen-

tration of inhibitor can be particularly useful to give insights on which 

grains are more or less susceptible to the inhibitor activity. Therefore, the 

ency, in absence and presence of the inhibitor, of all the major electro-

chemical processes examined, ranging from the anodic dissolution to the 

cathodic processes in presence and in absence of O2. 

7.3.2. Evaluating the general effect of the corrosion inhibitor on 
the voltammetric response.  

Figure 7.3 shows the comparison, with the average LSVs measured 

both in deaerated and aerated atmosphere (respectively in Figure 7.3a 

and b), between the case with the oil phase composed only of dodecane 

(grey lines) versus

clear that the inhibitor has an effect in both cases. First of all, according 

to complementary SEM imaging of the area of scan (Appendix, Figure 

A.11), the contact area of the droplet is always decreased when the inhib-

the surface, exposing the aqueous droplet to a layer of organic molecules; 

such layer can therefore increase the hydrophobicity, decreasing the ex-

tent of the nanodroplet spread during the contact with the surface. 

Such property can be verified, although in relatively different condi-

tion (i.e. a macroscale droplet and no electric stimulus applied, and only 

in the aerated case) with a contact angle measure, as shown in Figure 7.3c. 

The contact angle measure was conducted in a triple-phase environment  
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Figure 7.3: (a-b) comparison of the average LSV curves before and after the addition 

(a) the de-aerated case (comparing the aver-

ages obtained from Movies A7-A8, with those obtained from Movies A11-A13, averag-

ing respectively 5200 and 7440 single measurements) and (b) the aerated case (com-

paring the averages obtained from Movies A9-A10 with those obtained from Movies 

A14-A15, averaging respectively 5100 and 5200  single measurements). (c) Contact an-

gle measurement obtained with a 10 mM H2SO4 solution droplet (300 µL) deposited 

on a mirror polished polycrystalline Cu surface covered in pure dodecane (black spots) 

resented by black colour and inhibited case by red colour. 

similar to that used for the SECCM measures, with a 10 mM H2SO4

solution droplet immersed in mineral oil and in contact with a mirror pol-

inhibitor is added in the dodecane, with a considerable decrease in the 

interfacial tension between the droplet and the metal. This behaviour is 

compatible with the formation of a hydrophobic coating, caused by the 

ted areas (Appendix, Figure A.11) the increased hydrophobicity does not 
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seem to depend on the grain orientation itself, since no difference can be 

qualitatively observed in the footprint of the SECCM droplet on different 

grains in either cases. Therefore, it is possible to exclude the effect of the 

decreased area just by calculating the current density in each case. 

The current density decrease shown with the addition of the inhibitor 

in Figure 7.3a and b is effective for both cathodic and anodic processes, 

although with different extents, in both the aerated and de-aerated case. 

current (at E E

= + 0.62 V) in the aerated case (with, respectively, a decrease of 72% and 

74%), it shows a more modest effect with the cathodic wave in the aerated 

case (37% decrease at E

aerated case (34% decrease at E = + 0.22 V).  

Despite the differences in affecting the average response from the sur-

face, in each considered electrochemical wave the presence of the inhibi-

tor significantly affects the reaction at a surface level (vide infra). The 

power of the multi-microscopy approach employed in this work is to un-

veil such influence over all the spectrum of crystallography orientation. 

In order to do such comparison, the 2D correlation plot between the elec-

trochemical characteristics and the crystallographic orientation, intro-

duced in Chapter 2 (section 2.8), and already employed in Chapter 5 and 

6, is used here, correlating data extracted from Movies A7-A15 with co-

located EBSD images. In order to have a parameter useful to uniformly 

compare the 2D correlation plots for the cathodic and anodic processes 

with and without the inhibitor, the 2 mA cm  onset potential (i.e. the po-

tential needed to achieve a cathodic current of 2 mA cm  indicated as 

E2mA) was used as a meter of comparison between the inhibited and un-

inhibited case.  

All average data extracted from each single grain in presence of 
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ualised in Figure A.24) and in Table A.6 for the aerated one (with grain 

IDs visualised in Figure A.25). Such data can be compared with the ones 

from the un-inhibited case, obtained in the previous chapter and listed in 

Table A.3 for the de-aerated case (with grain IDs visualised in Figure 

A.18) and in Table A.4 for the aerated one (with grain IDs visualised in 

Figure A.19). 

7.3.3.
system.  

As discussed earlier, the cathodic current is dramatically decreased in 

presence of the inhibitor in the de-aerated case. In these conditions of at-

mosphere and pH the only feasible reaction that can be carried out ca-

thodically is the HER [reaction (5.5)], and it is clear from the average 

curves shown in Figure 7.3a that the presence on the inhibitor consider-

ably affects the conversion of H+ at the surface. Figure 7.4 shows the com-

parison between the E2mA/crystallographic orientation correlation plots 

All the data in the projections were extracted from the comparison be-

tween SECCM electrochemical movies (Movies A7-A8 for the uninhib-

ited case and Movies A11-A13 for the inhibited one, with all the maps 

reported in Appendix, Figure A.20b and d and Figure A.22b,d and f) and 

the EBSD maps collected in the same areas (respectively Figure 6.6c and 

Figure A.17c for the uninhibited case and Figure 7.2c, Figure A.22g and 

h for the inhibited one).  

In the inhibitor-free case two grain orientation areas possess particu-

larly high activity, marked as area A and B in Figure 7.4a: area A comprises 

the three grains the closest to the {001} orientation, whereas area B in-

cludes grains with intermediate orientation, laying over the highly 

stepped grains area in the centre of the graph, but closer to the {011} 

plane. Conversely, the areas with the lowest HER activities are the ones 

marked as C and D, respectively at high values of C2 (i.e. closer to the  
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Figure 7.4: 2D correlation plots between the crystallographic orientation and E2mA of 

the cathodic process in de-aerated condition, respectively (a) in absence and (b) in 

tained from correlation of Movies A7-A8 (Figure A.20b and d) and IPFz EBSD maps 

reported in Figure 6.6c and Figure A.17c The plot shown in (b) was obtained from cor-

relation of Movies A11-A13 (Figure A.22b,d and f) and IPFz EBSD maps reported in 

Figure 7.2c and Figure A.22g and h . Relevant areas of the plot are marked with the let-

ters A-E. In two grains marked in (b), respectively grain 42 and 61 (Table A.5), the value 

of E2mA

of – 2 mA cm  in the examined potential range, as shown in Figure A.22b. Given the 

points for which E2mA could be measured within such grains, it is reasonable to think that 

their average E2mA would be nonetheless close to such value. 

{111} orientation) and over the grains around the {012} and {035} ori-

entation, as shown in Figure 7.4a. Even though such differences are not 

easy to rationalize, the HER reactivity difference between the {001} and 

the {111} grain in H2SO4 was previously theorized to be due to higher 

adsorption coverage of sulphate or bi-sulphate species on the {111}, 

causing the inhibition of HER activity on such plane.36

about 50 mV more negative, however such shift does not apply to all the 

areas of the spectrum of orientation with the same intensity, as it is clear 

from the comparison of the two correlation maps (Figure 7.4a and b). 

Unlike the un-inhibited case, the most active grains are undoubtfully the 

ones at high values of C2, i.e. tending towards the {111} orientation (in-

cluding area C examined earlier), with E2mA 2

the HER activity gradually decreases with such coordinate, to reach a 
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minimum of E2mA

tion (including area A and other 2 grains the closest to the {001}).  

therefore very complex, but it is clear that the grains of area C (and, gen-

eralising, the grains closer to the {111} orientation) are the ones where 

the inhibitor has the least effect. A possible explanation is that the higher 

affinity of Cu{111} with the (bi)sulphate complexing agents in solution 

cause a part of the inhibitor layer to be removed during the contact with 

the H2SO4 droplet, reducing the inhibition efficiency. On the other hand 

area A, which showed a relatively high HER susceptibility without the in-

hibitor (E2mA

activity; since the (bi)sulphate complexation was theorized to be almost 

sibly more efficient, having to depend less on the competition between 

the two complexing agents.  

As noted in the previous chapters, some grains tend to manifest prop-

erties that are peculiarly different from the ones of very similar orienta-

tion. As it can be qualitatively observed from Figure 7.4, this is the case 

for the inhibitor free case (Figure 7.4a), particularly regarding the grains 

in area B, as well as one grain in area D (grain 55 in Table A.3). In the 

inhibited case (Figure 7.4b), instead, such behaviour is not observed. 

chances that a specific surface will expose particularly active sites. In fact, 

at the centre of the spectrum of orientation are situated the grains that are 

more likely to expose unusual combination of steps for a large portion of 

their surface. Such steps, as demonstrated for several materials for HER 

(especially Pt),37 can be important sites of initiation of the reaction.38,39
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The “smoothing” of the grain dependency curve seems to suggest that 

such steps might not play such important role when the inhibitor is pre-

ing more active, are also more subject to the interaction with the inhibi-

tor) and allowing it only at the various combinations of basal planes com-

posing the grains.  

7.3.4.
conditions.  

Nature of the cathodic process 

The voltammetric behaviour of the system in presence of O2 presents 

several complex peculiarities. In particular, in the un-inhibited case the 

cathodic current is similar in magnitude to that measured in the de-aer-

ated case, even though with a completely different Tafel slope. As dis-

cussed in the previous chapter, it is reasonable to assume that the ca-

thodic current is mostly originated by ORR [reaction (5.4)], even though 

the presence of HER, given the low overpotential observed in de-aerated 

conditions, cannot be completely ruled out.** However, as it can be seen 

from a qualitative comparison of the E2mA/Crystallographic orientation 

correlation plots in the two un-inhibited cases (de-aerated in Figure 7.4a 

and aerated in Figure 7.5a), the grain dependency is significantly different 

in the two cases, with the grain toward the {111} orientation (including 

area C highlighted in the two plots) being among the least active in the 

de-aerated case (HER) and the most active in the aerated one (ORR). 

On the contrary, the grains closer to the {001} orientation observe the 

opposite trend, being more active in absence of O2 and less in its presence. 

These results are consistent with previous works comparing HER and 

ORR on Cu {111} and {001} surfaces.36,40

** As pointed in Chapter 6, this phenomenon is still under investigation and will not 
be further discussed in this thesis; it will just be assumed that the contribution of ORR 
in the aerated case is overwhelming on the cathodic branch of the LSV. 
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Figure 7.5: (a-b) 2D correlation plots between the crystallographic orientation and 

E2mA of the cathodic process in aerated condition, respectively (a) in absence and (b) in 

correlation of Movies A9-A10 (Figure A.21b and d) and IPFz EBSD maps reported in 

Figure 6.6d and Figure A.17d The plot shown in (b) was obtained from correlation of 

Movies A14-A15 (Figure A.23b and d) and IPFz EBSD maps reported in Figure A.23e 

and f. (c) Correlation plot of E2mA in function of the sole C2 coordinate, extracted from 

both (a) (grey scatters) and (b) (red scatters). 

Furthermore, the results shown in Figure 7.5a can be compared with 

the ORR Esurf/crystallographic orientation correlation map obtained with 

chronopotentiometric cathodic pulse in Chapter 5 (Figure 5.4d, p. 170) 

In that case, in fact, due to the nature of the measure, the measured po-

tential is most likely uninfluenced by HER rate. Interestingly, despite the 

physiological differences due to the compositions of the set of examined 

grains (the projection in Figure 7.5a has considerably less grains in the 

{011} orientation area) the trends of the potential in the two projections 

are qualitatively very similar, with the highest susceptibility being with 

the grains closest to the {111} orientation, and the area of lowest suscep-

tibility being around the bottom right of the graph. In both cases the 
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grains closest to the {001} plane (area A in Figure 5.4d, corresponding to 

area F in Figure 7.5a) have an intermediate behaviour This brings an-

other confirmation that the ORR makes up most of the electrochemical 

contribution in the cathodic wave.  

With the addition of the inhibitor, the decrease in cathodic current is 

in average more modest than in the de-aerated case, as described in the 

previous section. Comparing the average increase in onset potential 

E2mA is ca. 45 mV in the aerated system (Figure 

it appears that the inhibitor is less efficient at forming a barrier to O2 than 

H+, possibly because of the less hydrophilicity of the molecule, and there-

since O2, unlike H+, is present in high concentration in the oil phase (the 

saturation concentration is roughly 10 times higher than in the aqueous 

nanodroplet), it is reasonable to assume that it is already interacting with 

the inhibitor layer on the surface before the analysis is performed. 

Interestingly, unlike the de-aerated case, the grain dependency of the 

process does not have drastic changes with the addition of the inhibitor. 

If the un-inhibited (Figure 7.5a) and the inhibited (Figure 7.5b) case are 

compared, the general trend of high activity at high values of C2, towards 

the {111} orientation, and less favourable reaction at the bottom of the 

plot (between {001} and {011} orientation), is substantially verified. 

This leads to the assumption that the higher efficiency of HER suppres-

tive grains, while in the case of O2 related cathodic reactions the inhibi-

tion is more uniform and less grain dependent. This suggests that the in-

hibition mechanism in aerated conditions may be more related to the ca-

passage of O2 rather than the competition for active sites on the surface. 
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Nonetheless, some grain dependent properties of the inhibitory action 

can be identified also in this case, in particular in an intermediate band of 

grains, those indicatively situated at 10° < C2 < 25°, as it can be better vis-

ualised by the 1D plot of E2mA versus C2 (Figure 7.5c). E2mA increases fairly 

regularly with C2

not only the whole plot is shifted cathodically of about 45 mV, as dis-

cussed above, but E2mA presents a sharp rise at C2

some cases are comparable to the ones of the un-inhibited case (such 

grains, however, are not at the same C1 coordinate), with a following plat-

eau until C2

inhibition effect on these grains is slightly less pronounced then on the 

others of the orientation spectrum. This is an evidence that, despite the 

conditions (i.e. with HER), the grain difference is not completely erased 

by the presence of oxygen. Remarkably, this property is not observable 

unless a consistent sample of the full spectrum of orientations is investi-

gated, reiterating the usefulness of conducting this kind of wide range cor-

relations, made possible on this case by the use of SECCM. 

7.3.5.

As detailed in the previous chapter, the presence of O2 has a dramatic 

effect on the anodic dissolution of Cu in the employed triple-phase envi-

ronment, depending mostly on the slow kinetics of the electrochemical 

reaction Cu(I)/Cu(II) [eq. (6.9)] and the high reactivity of O2 at the sur-

face with Cu(I). As shown herein, such dramatic effect can be seen also 

crease in anodic current due to the addition of the inhibitor is more pro-

nounced in aerated conditions (74 % instead of 34% in de-aerated condi-

tions), leading to the assumption that the inhibitor is more efficient in the 

presence of O2 E2mA
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Figure 7.6: E2mA/crystallographic orientation 2D correlation plots for the anodic pro-

cesses. (a-b) Plots in de-aerated conditions, respectively (a) in absence and (b) in pres-

(c-d) Plots in aerated conditions, respectively 

(c) in absence and (d) 

(a) was obtained from correlation of Movies A7-A8 (Figure A.20a and c) and IPFz 

EBSD maps reported in Figure 6.6d and Figure A.17d The plot shown in (b) was ob-

tained from correlation of Movies A11-A13 (Figure A.22a,c and e) and IPFz EBSD 

maps reported in Figure 7.2c and Figure A.22g and h. The plot shown in (c) was ob-

tained from correlation of Movies A9-A10 (Figure A.21a and c) and IPFz EBSD maps 

reported in Figure 6.6d and Figure A.17d The plot shown in (d) was obtained from cor-

relation of Movies A14-A15 (Figure A.23a and c) and IPFz EBSD maps reported in Fig-

ure A.23e and f. 

in the mechanism in de-aerated and aerated conditions, it is reasonable 

the two cases; the 2D E2mA/crystallographic orientation correlation plots 

for the anodic dissolution for the four considered cases (uninhibited and 

inhibited in both de-aerated and aerated conditions), shown in Figure 

7.6, seem to confirm this hypothesis. 

Inhibition of Cu oxidation in de-aerated conditions 

When O2 is absent, in the un-inhibited case (Figure 7.6a) the trend of 

Cu oxidation susceptibility presents some peculiar hotspots, in particular 
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around the grains of orientation close to the {012} and {035} planes (cor-

responding to area D, Figure 7.6a), as described in Chapter 6. Interest-

ingly, while these grains seem to be the most active for the anodic disso-

lution, with E2mA

reaction (Figure 7.4a, area D). It would seem that in Figure 7.6a E2mA in-

creases towards the {001} plane, although the data are not conclusive, 

given that the two grains closest to such plane (identified as n. 41 an 10 

in Figure A.18 and Table A.3) have different onset potential (0.566 V and 

0.557 V respectively, with the second more similar to the average of area 

D) and they are, anyway, at least 10° far from the {001} itself. Overall, the 

oxidation susceptibility decreases by moving towards the {111} plane 

(i.e. increasing the coordinate C2). As well as for the cathodic wave, sev-

eral grains can be qualitatively observed to have very different E2mA de-

spite having similar orientation (such as in the example just described). 

Interestingly, in most cases the outstanding grains are not the same for 

the cathodic and the anodic process; this observation, together with the 

shift of the most active grains from area A and B for HER to area D for the 

anodic dissolution, highlights the fact that different steps in the surface 

are more active for the two different reactions. 

The addition of the inhibitor, despite causing a relatively modest de-

crease in anodic current density in average (the average E2mA increases of 

ency of the process. Similar to the cathodic process (Figure 7.4b), the 

grains closer to the {111} orientation (i.e. with C2 > 30°) pass from being 

E2mA < 5 mV in average). On the other hand, the set of grains at the 

bottom of the spectrum (area D, highlighted in both Figure 7.6a and b) 

E2mA

though such area is not the least active in presence of the inhibitor, as for 

the cathodic processes.  
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In this case (i.e.

area A, as indicated in Figure 7.6b). Even though very few grains were 

measured in this part of the spectrum in the un-inhibited case to have a 

definitive comparison between Figure 7.6a and b, it is reasonable to think 

orientation) is relatively high.  

Therefore, as a general behaviour, while the inhibition of the cathodic 

process (HER) seems to depend on the possibility of competition for ac-

odic dissolution the grains with a higher dissolution rate in the un-inhib-

ited case are also those that interact the most proficiently with the inhib-

itor. 

Inhibition of Cu oxidation in aerated conditions 

In the aerated case (Figure 7.6c and d) the situation is significantly dif-

ferent. As discussed in Chapter 6, the presence of O2 drastically changes 

the mechanism of the Cu depletion, in particular the conversion between 

Cu(I) and Cu2+ [see Eqs. (6.10) and (6.11)], affecting the grain depend-

ence of the process. In both cases (un-inhibited, Figure 7.6c, and inhib-

ited, Figure 7.6d) the grains with the lowest oxidation susceptivity are the 

ones closer to the {001} orientation, indicated as area H in Figure 7.6c 

and d, with average E2mA

for the inhibited; however, due to the different sets of grains present in 

this areas in the two cases, the comparison needs to be taken cautiously. 

The following area in term of E2mA (marked as area I in Figure 7.6c and c) 

comprehends the grains closer to the {111} orientation, that have an E2mA

approximately 10 mV more negative than area H; this trend is verified 

both in the un-inhibited and inhibited case. Therefore, the efficiency of 

of about 30 mV in E2mA when the inhibitor is added. 
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Conversely, the grains that lay at coordinates that are between these 

two groups (area L), i.e. all the highly stepped grains and the grains to-

ward the {011} orientation, show a more complicated pattern when it 

activity in the un-inhibited case, higher than area H and I,  (albeit with 

some differences, as pointed out in Chapter 5, which, however, implied 

different experimental conditions, such as the use of galvanostatic condi-

tion and the pre-conditioning OCP pulse) their susceptibility is quite var-

{n11} line, on the right of the graph, (sub-area L1) present a relatively low 

value of E2mA in both the un-inhibited and inhibited case, with a change of 

ca. 30 mV (from ca. 0.143 V in the un-inhibited case to 0.180 V in the 

inhibited one), slightly higher of the change of grains in areas H and I. 

Conversely, the other grains, tending towards the middle of the graph 

(the highest stepped surfaces, area L2) present a more severe increase in 

E2mA (ca. 45 mV, from ca.

the inhibited one, with high variability), therefore the action of the inhib-

itor is more pronounced. This observation could suggest that, unlike in 

the case of ORR, the inhibition of the Cu oxidation process in aerated 

conditions is affected more by specific surface interactions, rather than 

just the capability of repelling O2 from the surface. 

7.4. CONCLUSION

In this chapter the multi-microscopy approach, involving electro-

chemical data from SECCM and cross-correlated crystallographic orien-

tation data from EBSD in a triple phase Cu/aqueous nanodroplet/min-

eral oil system was applied to study the action of an oil soluble benzotria-

grain dependent data obtained in absence of the inhibitor in the oil (al-

ready partially discussed in the previous chapter) were compared with 

analogous data collected with the inhibitor added to the mineral oil 
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phase. Interestingly, the efficiency of the inhibition is highly dependent 

on the specific process (HER, ORR, Cu oxidation in aerated and de-aer-

ated conditions), in a complex grain dependent pattern. In general, while 

crystallographic orientation, in presence of O2 the inhibitor shows a more 

homogeneous behaviour, suggesting that in the former case its mecha-

nism of action is more related to the interaction with specific active sites 

on the surface, while in the latter to the capability of creating a barrier to 

the passage of O2 to the surface. 

In de-aerated condition, in particular, for the HER reaction the im-

portant inhibition factor could be the competition between (bi)sulphate 

solution the grains that are more eager to oxidation are also those that can 

interact better with the inhibitor. In aerated condition, instead, while the 

general behaviour seems to indicate that O2 reaching the surface is the 

most important factor, there are nonetheless some exceptions to this be-

general less efficient than the average at inhibiting ORR and more effi-

cient at inhibiting Cu anodic dissolution. These results are an evidence 

that, as well as for the corrosion process itself (as explored in Chapter 5 

and Chapter 6), the corrosion inhibitor action presents a complex grain 

dependent pattern that cannot be simply rationalised as a combination of 

the low index planes {001}, {011} and {111}. 

This work showed how, with a multi-microscopy approach that is able 

to evaluate a wide range of different grain orientations of a polycrystalline 

surface, it is possible to understand what reactions of the corrosion pro-

cess are more sensitive to interaction with the inhibitor; this may be use-

ful in the future, in close association with surface science and computa-

tional studies, for understanding what kind of interactions between the 

inhibitor and the surface are the most effective, and eventually helping 

the  design of new and more efficient corrosion inhibitors. 
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Chapter 8

General Conclusion 

everal conclusions have already been given in this thesis, one for 

each piece of fundamental work carried out during the PhD. 

Each results chapter (Chapter 3 to Chapter 7) represents, in its 

own way, a finite singular project with its own general outlook. However, 

all of these contributions are deeply interlinked, and therefore it is useful 

to give an overall vision on the work as a whole. At the beginning, it was 

pointed out how the exploration of complex behaviours at the micro/na-

noscale represents a fundamental challenge in electrochemistry, and that 

SECCM can be a powerful technique to carry out such exploration.  

All of the work presented in this thesis represents an articulated at-

tempt to expand the fields of application of SECCM. This was achieved 

both by exploiting “classical” setups of analysis for characterising new 

kinds of surfaces, such as conductive polymer electrodes, as well as devel-

oping novel setups and techniques to extensively widen the use of 

SECCM, such as exploiting the triple-phase system or introducing the 

chronopotentiometric waveform. In each case, SECCM was applied to 

systems that are characterised by the presence of different phases, and as 

such, the technique can be truly defined as a “multiphase” electrochemi-

cal method of analysis. The concept of “correlative electrochemical 
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multi-microscopy” has been applied throughout, whereby the data ob-

tained by SECCM is correlated with complementary information from 

other microscopy techniques, in order to gain a holistic view of how elec-

trochemical reactivity is driven by the structural complexity of the ana-

lysed surfaces.  

Firstly, in Chapter 3, double channel voltammetric SECCM was em-

ployed to study the complex relation between the structure of a phase-

separated polymer blend (P3HT and PMMA) and its electron transfer 

properties. This work involved some improvement of the technique itself, 

if compared to previous works with double channel SECCM, i.e. the use 

of the dc current between the two channels as feedback signal, and the 

allowed the collection of large and highly resolved electrochemical mov-

ies of both a pure P3HT deposited layer and a blend where active do-

mains of P3HT were surrounded by non-conductive PMMA, and further 

correlate such results with co-located topography and conductivity meas-

urements.  

These analyses revealed that the conductive polymer retains most of 

its electron transfer capability within the blend, on the contrary of what is 

seen when macroscopic voltammetry is performed on the same sample. 

Besides, the P3HT domains are subject to different rates of environmen-

tal ageing. The nanoscale measurements, supported by FEM simulations, 

brought about the conclusion that macroscale electrochemistry is mostly 

affected by parasitic resistance, and the measured current is not indicative 

of the effective electron transfer properties of the composite material. To 

reiterate what was already underlined in the chapter, the implications of 

this are potentially immense: since most of the researched material are 

normally characterised by macroscale electrochemistry, the use of 

SECCM could potentially rehabilitate polymers and polymer blends that 

were wrongly discarded due to the influence of parasitic resistance, and 

not the intrinsic electron transfer and charge transfer properties. 
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Subsequently, in Chapter 4 an expansion of the electroanalytical pos-

sibilities of SECCM was developed, consisting in its use in a current con-

trolled mode (chronopotentiometry). The analysis carried out in this 

chapter demonstrated the reproducibility and stability of chronopotenti-

ometric SECCM experiments with model electrochemical systems of in-

creasing complexity: starting from an outer sphere electron transfer on 

glassy carbon, to then perform that same process on a HOPG surface, to 

finally its application on the characterisation of an electrocatalyst for 

HER. The chronopotentiometric technique was able to achieve similar 

results to those attained with potential controlled techniques, with high 

sensitivity and resolution in both the topographical and electrochemical 

images, but with smaller current passed through the sample, allowing to 

largely avoid the problems that can arise by surface polarisation. In par-

ticular, the characterisation of the electrocatalytic material could be car-

ried out at the “foot” of the voltammetric wave, and some important pa-

rameters, such as the onset potential of the process for a given current, 

could be determined directly. 

Even though such analysis is already quite interesting per se, in the con-

text of this work it was mainly a foundation for the research carried out in 

the next chapter. Indeed, in Chapter 5, chronopotentiometric SECCM 

was employed to characterise the grain dependent corrosion behaviour 

of polycrystalline copper, and several innovations in the technique were 

actually introduced throughout the chapter. Firstly, as anticipated, the 

chronopotentiometric mode of SECCM was used, which enabled the col-

lection of spatially resolved electrochemical movies, characterising both 

the anodic (Cu electrodissolution) and cathodic reactions (Cu deposi-

tion and ORR), as well as the OCP, in two distinct measurements. Sec-

ondly, the analysis was carried out in a triple-phase Cu/H2SO4/dodecane 

system, where the dodecane layer surrounding the SECCM nanodroplet 

acted as a O2 reservoir. Thirdly, a new way of projecting grain depend-

ent electrochemical data, conjugating SECCM with EBSD co-located 
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analysis, was introduced, allowing the visualisation of the electrochemical 

activity of the whole spectrum of grain orientations. 

These advances led to the conclusion that Cu corrosion process(es) 

follow an articulated grain pattern, with each reaction behaving inde-

pendently, and in a way that cannot be simply described by a simple com-

bination of low index grains behaviour, which has been the focus of past 

investigations. In particular, the analysis of the cathodic processes con-

sisted in an OCP pulse followed by a cathodic one, where the E t transi-

ent showed two different plateaus, corresponding to the deposition of the 

Cu2+ released during the OCP pulse and the ORR. The transition time 

between the two cathodic processes could be used as titration parameter 

of the amount of Cu2+ released during the OCP pulse, being dependent 

on both the susceptibility of Cu oxidation and that of ORR on the same 

sets of grains. Besides, it was also possible to observe enhanced activity at 

specific nano-defects (scratches) on the surface within a single grain. 

The employment of this triple-phase system, together with the imple-

mentation of a full electrochemistry/crystallographic orientation plot, 

certainly represent the central achievement of this work, useful for study-

ing the corrosion processes in a context that is relevant for automotive 

and oil industry applications. This approach was the base for the studies 

in Chapter 6 and Chapter 7, which essentially revolved around the same 

question: what is the effect of species that are present in the oil but inter-

act with the aqueous phase? 

Firstly, Chapter 6 took into consideration the effect of atmospheric O2

on Cu corrosion processes, especially focusing on the Cu electrodissolu-

tion reaction. This work used voltammetric SECCM, comparing a de-

aerated (Ar purged) with an aerated case, and found a dramatic increase 

in the current (at a given potential) in the aerated case. Such shift in the 

curve can be ascribed to many factors, such as a decreased current in the 

de-aerated case compared to the bulk, and the presence of a predominant 
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O2 related pathway in the mechanism of Cu dissolution, enhanced by the 

extremely high flux of O2 though the nanodroplet/oil interface. Such ef-

fect is also grain dependent, e.g. with some surfaces of orientations close 

to the ideal {111} plane being more activated than others in the presence 

of O2. Also it was possible to identify grains that behave differently despite 

similar orientation, again underlying the complex relation between elec-

trochemistry and surface structure (crystallography). 

Finally, Chapter 7 took into consideration the effect of an oil soluble 

corrosion inhibitor in the dodecane phase. A derivative of benzotriazole 

was added to the dodecane and local voltammetric curves were measured 

both in aerated and de-aerated conditions, allowing direct comparison 

with the results of the previous chapter. In this case, a cross correlation 

between the O2 and the inhibitor action was found, i.e. whereas in de-aer-

ated condition the anti-corrosion action is more related to the capability 

of the inhibitor of competing for active sites on the surface, in aerated 

condition it is mostly dependent on the capability of creating a physical 

barrier to the O2 itself. The importance of this work arises from the fact 

that, with a multi-microscopy approach that is able to evaluate a wide 

range of different grain orientations of a polycrystalline surface, it is pos-

sible to understand what reactions of the corrosion process are more sen-

sitive to the action of the inhibitor. Through the strict cooperation with 

synthetic chemistry and quantomechanical calculations, this knowledge 

could be employed to design and formulate more effective inhibitors in a 

targeted manner, largely depending on the surface of interest. 

Hopefully, this thesis has demonstrated that this multi-microscopy ap-

proach, that involves SECCM in tandem with other co-located surface 

characterisation techniques, has an expanding set of possibilities. In the 

future, this approach could be used to systematically examine and “re-dis-

cover” electroactive materials that may not be considered valuable nowa-

days, possibly due to highly complex (and poorly understood) structural 
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heterogeneity at a microscopic level. It could, as well, help to understand 

the behaviour of complex triple-phase electrochemical systems, with the 

effect of each individual component (e.g., corrosion inhibitor or contam-

inant) being able to be studied in isolation. This would be extremely use-

ful in corrosion research, as demonstrated here, but also in other fields, 

fuel cells just for citing one, where complex coupling between phase 

transfer and electron transfer happens on a normal basis. Finally the hope 

is that this work will help to view each grain dependent electrochemical 

process as something much more complex than what can be represented 

on an ideal, completely flat crystallographic plane and that studies em-

ploying such single crystal electrodes will take this fact into consideration 

when drawing conclusions relating to “practically-relevant” electrodes, 

which often possess significant heterogeneity beyond simple grain struc-

ture (e.g., grain boundaries, compositional differences, defects etc.). 

Equation Chapter 1 Section 1



247 

Appendix

A.1. ELECTROCHEMICAL MOVIES

All electrochemical movies are attached as multimedia material (*.avi 

files). Below the captions of such movies are reported, in order of appear-

ance. All voltammetric movies are shown with a potential resolution of 

0.01 V per frame. Each frame at a given potential, Ex, is obtained by aver-

aging the current between Ex Ex + 0.005 E. Each Chronopo-

tentiometric movie is shown with a time resolution of 0.01 s per frame, 

with each frame at a given time tx obtained by averaging Esurf between tx – 

0.005 s and tx + 0.005 s.  

A.1.1. Chapter 3 Movies 

All the movies in Chapter 3 were realised with a double channel nano-

pipette containing 4.5 mM FcDM + 100 mM KCl, with voltammetric 

(CV) SECCM (v = 1 V s ). 

Movie A1: SECCM Electrochemical movie (101 by 101 pixels, hopping distance 100 

nm), visualizing the FcDM0/+ process on a freshly prepared P3HT film. Each pixel rep-

resents a single CV, obtained by sweeping the potential from –0.14 to 0.65 V vs 

Movie A2: SECCM Electrochemical movie (97 by 79 pixels, hopping distance 250 nm), 

visualizing the FcDM0/+ process on a freshly prepared 1:5 P3HT:PMMA blend film. 

Each pixel represents a single CV, obtained by sweeping the potential from –0.15 to 0.72 
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Movie A3: SECCM Electrochemical movie (98 by 98 pixels, hopping distance 250 nm), 

visualizing the FcDM0/+ process on a 1:5 P3HT:PMMA blend film, aged by exposure to 

ambient conditions for a period of three weeks. Each pixel represents a single cyclic volt-

ammogram, obtained by sweeping the potential from –0.11 to 0.88 V vs Ag/AgCl, for-

A.1.2. Chapter 5 Movies 

All the movies in Chapter 5 were realised with a single channel nano-

pipette containing 0.01 M H2SO4, with chronopotentiometric SECCM, 

on a polycrystalline Cu surface immersed in dodecane. All experiments 

consist in an open circuit potential (OCP, i.e. applied current, iapp = 0) 

step of 1 s (expressed in the movie at negative times, from – 1s to 0) fol-

lowed by a current pulse at iapp. 

Movie A4: SECCM Esurf

applying an anodic chronopotentiometric pulse. Each pixel represents a single E t ex-

periment, with iapp = + 10.0 pA (applied current density, Iapp = + 6 mA cm ), applied for 

a time t

of 1.6 × 10  cm2. The grain boundaries extracted from Figure 5.3b, Chapter 5, are over-

lapped onto each frame of the video.  

Movie A5: SECCM Esurf

applying a cathodic chronopotentiometric pulse. Each pixel represents a single E t ex-

periment, with iapp Iapp ), applied for a time t = 2 s. The 

 cm2. 

The grain boundaries extracted from Figure 5.4b, Chapter 5, are overlapped onto each 

frame of the video.  

Movie A6: SECCM Esurf

applying a cathodic chronopotentiometric pulse. Each pixel represents a single E t ex-

periment, with iapp Iapp ), applied for a time t = 2 s. The 

cm2.The grain boundaries extracted from the Figure A.14b are overlapped onto each 

frame of the video.  
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A.1.3. Chapter 6 Movies 

All the movies in Chapter 6 were realised with a single channel nano-

pipette containing 0.01 M H2SO4, with voltammetric (CV) SECCM (v = 

1 V s ), on a polycrystalline Cu surface immersed in dodecane.  

Movie A7: SECCM isurf, movie (51 by 49 pixels, hopping distance 2 µm) in de-aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 0.44 

V vs. Ag/AgCl, Ef

nm in diameter and contacted an area of 7.59 × 10  cm2. The grain boundaries extracted 

from Figure 6.6c are overlapped onto each frame of the movie.  

Movie A8: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in de-aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 0.44 

V vs. Ag/AgCl, Ef

nm in diameter and contacted an area of 7.59 × 10  cm2. The grain boundaries extracted 

from Figure A.17c are overlapped onto each frame of the movie.  

Movie A9: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in aerated con-

ditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 0.45 V 

vs. Ag/AgCl, Ef

in diameter and contacted an area of 3.79 × 10  cm2. The grain boundaries extracted 

from Figure 6.6d are overlapped onto each frame of the movie.  

Movie A10: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in aerated 

conditions. Each pixel represents a single LSV, obtained by sweeping between Ei = – 

0.46 V vs. Ag/AgCl, Ef

400 nm in diameter and contacted an area of 3.79 × 10  cm2. The grain boundaries ex-

tracted from in Figure A.17d are overlapped onto each frame of the movie. 

A.1.4. Chapter 7 Movies 

All the movies in Chapter 7 were realised with a single channel nano-

pipette containing 0.01 M H2SO4, with voltammetric (CV) SECCM (v = 

1 V s ), on a polycrystalline Cu surface immersed in a 100 ppm solution 

Movie A11: SECCM isurf, movie (51 by 45 pixels, hopping distance 2 µm) in de-aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 

0.457 V vs. Ag/AgCl, Ef
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400 nm in diameter and contacted an area of 6.53 × 10  cm2. The grain boundaries ex-

tracted from Figure 7.2c are overlapped onto each frame of the movie.  

Movie A12: SECCM isurf, movie (51 by 50 pixels, hopping distance 2 µm) in de-aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 

0.457 V vs. Ag/AgCl, Ef

contacted an area of 6.53 × 10  cm2. The grain boundaries extracted from Figure A.22g 

are overlapped onto each frame of the movie.  

Movie A13: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in de-aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 

0.457 V vs. Ag/AgCl, Ef

400 nm in diameter and contacted an area of 6.53 × 10  cm2. The grain boundaries ex-

tracted from the Figure A.22h are overlapped onto each frame of the movie.  

Movie A14: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 

0.458 V vs. Ag/AgCl, Ef

400 nm in diameter and contacted an area of 3.47 × 10  cm2. The grain boundaries ex-

tracted from Figure A.23e are overlapped onto each frame of the movie.  

Movie A15: SECCM isurf, movie (51 by 51 pixels, hopping distance 2 µm) in aerated 

conditions. Each pixel represents a single CV, obtained by sweeping between Ei = – 

0.458 V vs. Ag/AgCl, Ef

400 nm in diameter and contacted an area of 3.47 × 10  cm2. The grain boundaries ex-

tracted from Figure A.23f are overlapped onto each frame of the movie.  

A.2. STABILITY OF SECCM DROPLET ON POLYMERS

In order to quantify the area wetted by the droplet cell during scanning 

on the conductive polymer samples presented in Chapter 3, a constant 

distance line scan was performed across the boundary between conduct-

ing P3HT and non-conducting P3HT domains on a polymer blend elec-

trode, with an experimental setup that has been previously described1,2

and is shown schematically in Figure A.1a. Briefly, a sinusoidal perturba-

tion was added to the z position of the nanopipette, originating and ac

component in idc. The amplitude of such component (Aac) is extremely 

sensitive to the distance between the probe and the sample. This is valid  
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Figure A.1: (a) Scheme of the constant distance SECCM setup, with the red arrow rep-

resenting the direction of the scan, from the conductive area (P3HT) to the non-con-

ductive one (PMMA). (b) Line scan profile of isurf vs. x-displacement, collected at 0.88 

V vs Ag/AgCl (i.e. FcDM0/+ is mass-transport controlled on P3HT). The boundary be-

also when the nanodroplet meniscus is made (on the contrary, idc has a 

major change only between before and after the contact), allowing Aac to 

be used as continuous feedback, with the possibility of the probe to scan 

the sample at a constant distance. 

Since the phase transition (boundary) between P3HT and PMMA is 

small compared to the probe size (few nanometres, as shown previously 

by nanoscale characterization), the width of the transition between the 

scribed.1 Such transition, as shown in Figure A.1b, happened in a space rtr

1.5 times. 
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A.3. ADDITIONAL SIMULATIONS

A.3.1. Chapter 3 Simulations 

Methods 

FEM simulations were carried out to simulate FcDM0/+ electrochem-

istry in the SECCM configuration, employing a previously reported 

model.3 In brief, the simulations were carried out with the COMSOL 

Multiphysics 5.4 software suite, considering the cyclic voltammetric re-

sponse for a single electron oxidation process [eq. (3.3)] within a 2D ax-

isymmetric geometry, as shown in Figure A.2. Note that a single channel 

pipette geometry has been considered in the simulations, which is a good 

approximation of the double-channel geometry when the effects of elec-

trical migration are negligible, as here, where the inter-channel bias was 

small for the migration of FcDM+.5, 6 The bottom boundary (labelled rd in 

Figure A.2) is the working electrode (i.e. area wetted by the SECCM me-

niscus cell), with a potential-dependent flux (J) imposed by Butler-

Volmer kinetics: 

 FcDM f b[FcDM] [FcDM ]J k k (A.1) 



 f bFcDM
[FcDM] [FcDM ]J k k (A.2) 

with 

     

0 0'
f exp (1 ) ( )

F
k k E E

RT
(A.3) 

and 

     

0 0'
b exp ( )

F
k k E E

RT
(A.4) 

where k0 is the standard heterogeneous electron-transfer rate constant, 

is the transfer coefficient, E is the applied potential, E0' is the formal po-

tential, F is the Faraday constant, R is the Universal gas constant and T is  
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Figure A.2: Scheme of the 2D axisymmetric geometry employed in COMSOL Mul-

tiphysics to simulate the FcDM0/+ process in the SECCM configuration. Boundary 

marked with rd represents the contact area of the droplet meniscus with the working 

electrode. The following geometric parameters were employed: h = 50 mm, rp = 350 µm, 

hd = 100 nm, rd = 140 nm, ra = 90 nm, rt = 28 nm. 

the absolute temperature. Within these simulations, 0.5, E0' = 0.271 V 

(determined as described in Chapter 5), T = 298.15 K and E was swept 

v = 1 V s . k0

values covering the range measured in this study (k0 = 10  to 1 cm s ) 

were considered. In all the boundaries marking the outer edges of the 

probe and the droplet, a condition of zero flux was imposed, while in the 

boundary between the droplet and the tip (marked as ra in Figure A.2) 

continuity of flux and concentration was set. The boundary marked with 

h (hd within the droplet) was set as the axis of symmetry, as shown in Fig-

ure A.2. 

Diffusion in the solution domain was modelled using the “Transport 

of Diluted Species” module within COMSOL, with mass-transport of the 

redox mediator (FcDM) assumed to be governed solely by diffusion. The 

diffusion coefficient was set equal for all the species, D  cm2 s , 
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while the initial concentration in the solution were CFcDM = 4.5 mM and 

CFcDM+ = 0. The initial concentrations were imposed as boundary condi-

tions at the top of the tip (labelled rp in Figure A.2). All simulated data 

were analysed and plotted using COMSOL Multiphysics 5.4. 

Results 

Concentration profiles calculated at the voltammetric half-wave po-

tential, E1/2, as well as under mass-transport control are shown in Figure 

A.3. The different k0 values employed in the simulations were chosen to 

be representative of a reversible system (Figure A.3a) and two values pre-

viously reported for bulk P3HT8 (Figure A.3b and c). The confined envi-

ronment of the SECCM meniscus cell suppresses the flux at the edges of 

the electrode, giving rise to an “inverse edge effect” (i.e. flux at the centre 

of the electrode is slightly higher than that at its edges, contrary to con-

ventional inlaid disk UMEs).  

Nonetheless, in all cases the concentration profiles are linear within 

the nanopipette probe and relatively uniform across the electrode surface 

(i.e. within the droplet cell). For example, in the most extreme case (Fig-

ure A.3c2), FcDM flux at the edge of the electrode is only 0.4% lower than 

that at the centre, justifying the uniformly accessible electrode condition, 

adopted in the main text. 
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Figure A.3: FcDM concentration distribution figures, taken in the cross section of the 

nanopipette probe, with k0 values of (a) 1 cm s , (b) 1 × 10  cm s  and (c) 1 × 10  cm 

s . For each case, the first figure (a1, b1 and c1) shows the concentration distribution 

at the end of the forward sweep (i.e. mass-transport control, E = 0.7 V), while the second 

(a2, b2 and c2) shows the concentration distribution extracted at E1/2 (respectively 0.26 

V, 0.30 V and 0.40 V). In each figure, grey and black contours denote increments of 

0.005 and 0.05 mM, respectively. 
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A.3.2. Chapter 5 Simulations 

Methods 

FEM simulations were carried out with the COMSOL Multiphysics 

5.4 software suite, to simulate the reduction of O2 to H2O2 in an SECCM 

environment under a steady-state diffusion-limited regime.3 The simula-

tions considered: |1| the meniscus cell is completely isolated from the 

surrounding environment and |2| the meniscus cell is in contact with a 

layer of dodecane with which the reactant (O2) is exchanged. The general 

geometry is shown in Figure A.4 with the dodecane layer of condition |2| 

highlighted in orange. In both cases, a single-channel pipette was simu-

lated, with a 2D axisymmetric cylindrical geometry. The bottom bound-

ary (labelled rdr in Figure A.4) represents the working electrode, i.e. the 

contact area between the nanodroplet meniscus and the Cu substrate. A 

flux (J) was imposed on this boundary:

 
2

e t
O f 2OJ k  (A.5) 

with kf = 1.5·103 cm s  to ensure the reaction was diffusion-controlled.  

Mass-transport in all the domains was modelled using the transport of 

diluted species module in COMSOL, with the mass-transport of O2 as-

sumed to be governed solely by diffusion. Phase-specific diffusion coeffi-

cients (Dph) and bulk concentrations (Cph), where ph is aqueous (aq) or 

dodecane (dodec), were employed in the aqueous phase (i.e. within the 

nanopipette probe and meniscus) and the dodecane phase (where simu-

lated): Daq  cm2 s  (Ref. [4]), Ddodec  cm2 s (Ref. [5]), 

Caq = 0.26 mM6 and Cdodec = 2.02 mM, for aerated solution.6 The pertinent 

initial concentrations were imposed as boundary conditions both at the 

top of the tip (labelled rp in Figure A.4) and at the top of the dodecane 

layer (labelled rair in Figure A.4). 

In condition |2|, an equilibrium partition flux was imposed at the 

boundary between the aqueous solution and the dodecane layer (labelled 
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Xint in Figure A.4): 

     
2

int
O ,dodec in 2 out 2dodec aq

O OJ k k (A.6) 

     
2

int
O ,aq in 2 out 2dodec aq

O OJ k k (A.7) 

with  

 out
part

in

k
K

k
(A.8) 

where Kpart is the partition coefficient between the two phases. In this sim-

ulation Kpart = 7.8 (Ref. [7]) while kout was set to be a high value (kout = 10 

cm s ), such that the system could be considered at equilibrium on the 

time scale of the calculation. This is reasonable as O2 transfer across im-

miscible liquid boundaries is diffusion-limited.8 In condition |1|, this 

boundary was set to be a no-flux boundary, to demonstrated that O2 flux 

down the nanopipette barrel is negligible compared to the flux across the 

oil-water boundary. In addition, unless otherwise stated, the no-flux con-

dition was imposed on all boundaries. The system was solved with sta-

tionary condition, adopting the PARDISO solver.9 The current (i) at the 

electrode (labelled rdr in Figure A.4) was calculated by integration of the 

O2 flux through the boundary, assuming a 2 electrons reduction reaction 

(n = 2):10







 

dr2 2
aq0 0

[O ]r
i rd nFD dr

z
(A.9) 

with r, z and  being the cylindrical coordinates represented in Figure 

A.4. 
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Figure A.4: Geometry of the 2D axisymmetric FEM simulations, with (a) defining the 

entire geometry and (b) a magnification of the nanodroplet (meniscus contact) region. 

When explicitly considered in the simulations, the dodecane layer is represented by the 

orange-shaded area. hp  m, rp  m, hdr = 200 nm, rdr = 400 nm, rg = 50 

rdod + rdr  m, hdod  m, rair  m. xint is either a no-

flux boundary (condition |1|) or the boundary representing the interface between aque-

ous solution and dodecane (condition |2|). 

Results 

As addressed in previous studies,3,11,12 the configuration of SECCM mim-

ics a gas diffusion electrode, to some extent, with an enhanced flux of gas-

eous reactants/products across the meniscus-cell (i.e. at the three-phase 

boundary). Thus FEM simulations were carried out to understand the 

transport of O2 across the oil-water interface in SECCM (see Figure 5.1, 

Chapter 5 for experimental schematic). As outlined above (see Figure 

A.4), the simulations consider two different conditions: |1| O2 transport 

limited to only the aqueous phase (i.e. no gas exchange with the surround-

ing oil phase) and; |2| O2 transport in both the aqueous and surrounding 
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oil phase (i.e. gas exchange occurs between oil and aqueous phases). Note 

that condition |1| was explored to determine the relative contributions of 

mass-transport down the nanopipette barrel vs. across the liquid-liquid 

(oil-water) phase boundary, to overall O2 flux. Simulated O2 concentra-

tion profiles, obtained from a diffusion-controlled four-electron process 

(e.g., the ORR at high overpotentials) are shown in Figure A.5. 

Under condition |1| (i.e. no gas exchange with the surrounding oil 

phase), a diffusion-limited current of 7.9 pA (1.6 mA cm ) was calcu-

lated, which is 5 % of that expected at the same sized inlaid disc microe-

lectrode, in agreement with previous reports of mass transport in 

SECCM,13 as well as with the data presented in Chapter 3 and Chapter 4 

In this case (Figure A.5a), as the O2 is depleted exclusively from the re-

probe, with the concentration reaching 90% of the bulk value (CO2 = 0.26 

mM) at ca.

Under condition |2| (i.e. gas exchange occurs between oil and aqueous 

phases), because the solubility and the diffusion coefficient for O2 are 

 cm2 s , respectively) than 

the aqueous phase, O2 transport across the oil-water boundary leads to a 

greatly enhanced flux (Figure A.5b), and diffusion-limited current of 423 

pA (84 mA cm ). As such, the diffusion layer is compressed compared to 

condition |1|, with the concentration reaching 90% of the bulk value at 

only ca.

As highlighted by the constant concentration contours within the oil 

phase (Figure A.5b), the O2 assumes a radial-spherical diffusion profile, 

with the oil supplying > 98% of the reactant flux to the electrode surface, 

at diffusion-control. 

As alluded to above, as Iapp (0.88 mA cm ) is small compared the 

steady-state limiting current [ca. 1.6 and 84 mA cm  under condition |1| 

and |2|, respectively], so no transition from the ORR to the HER plateau  
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Figure A.5: O2 concentration profiles, taken in the cross section of the nanopipette 

probe, under steady-state conditions. (a) Condition |1|, where O2 transport is limited 

to only the aqueous phase. (b) Condition |2|, where O2 transport occurs in both the 

aqueous and surrounding oil phase. In both cases, the green, black and white contours 

represent increments of 0.05, 0.02 and 0.002 mM, respectively. 

is observed experimentally. Indeed, given the ease with which O2 can be 

supplied through a nanodroplet environment, the simulations carried out 

above demonstrate the importance of O2 availability and ORR kinetics 

for modulating the corrosion-action of acidic nanodroplets. 
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A.4. SEM CONTACT AREAS CHARACTERISATION

A.4.1. Chapter 5 contact areas 

Figure A.6: SEM images of the droplet “footprint” residue remaining on the polycrys-

talline Cu surface after the chronopotentiometric anodic pulse (Movie A4). 

Figure A.7: SEM images of the droplet “footprint” residue remaining on the polycrys-

talline Cu surface after the chronopotentiometric anodic pulse in de-aerated atmos-

phere. The area used for the calculation of the average wetted area is the wider area of 

each meniscus trace (the third crown around each point). The average wetted area 

 cm2. 



Appendix  

262 

Figure A.8: (a) SEM images of the droplet “footprint” residue remaining on the poly-

crystalline Cu surface after the chronopotentiometric cathodic pulse (Movie A5). (b)

Statistical analysis of the wetted area of the droplet meniscus extracted from (a). The 

icant variation of the wetted area was observed within the scanned area. 
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Figure A.9: SEM images of the droplet “footprint” residue remaining on the polycrys-

talline Cu surface after the chronopotentiometric cathodic pulse (Movie A6) at magni-

fications of (a) 5150× and (b) 835×. In (b), it is possible to note a contaminated area of 

the surface that was discarded during grain analysis (highlighted with a circle). 



Appendix  

264 

A.4.2. Chapter 6 contact areas 

Figure A.10: Representative SEM images of the droplet “footprint” residue remaining 

on the polycrystalline Cu surface after the voltammetric SECCM was performed under 

(a) de-aerated (Movie A7) and (b) aerated (Movie A9) conditions, in both cases with 

dodecane as oil phase. The extracted average values of the footprint areas were respec-

tively 7.59 · 10  cm2 and 3.79 · 10  cm2. 
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A.4.3. Chapter 7 contact areas 

Figure A.11: Representative SEM images of the droplet “footprint” residue remaining 

on the polycrystalline Cu surface after the voltammetric SECCM was performed under 

(a) de-aerated (Movie A11) and (b) aerated (Movie A14) conditions, in both cases 

of the footprint areas were respectively 6.53 · 10  cm2 and 3.47 · 10  cm2. 
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A.5. DETAILS OF SCANNED GRAINS AND ADDITIONAL MAPS

A.5.1. Chapter 5 scans  

Anodic chronopotentiometric pulse

Figure A.12: Definition of the grain ID for each grain analysed from Movie S1 (repro-

duction of Figure 5.3b). 
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Table A.1: List of all grains analysed by SECCM (Movie A4 and Figure 5.3), with the 

average Euler angles, Miller indices and Projection Coordinates and Esurf listed for each 

one. The grain IDs correspond to those defined in Figure A.12. 

ID.

Average  Average  
Miller indices 

Projection  Average Esurf

t = 2s
(V vs 

Ag/AgCl)

Average EOCP

(V vs 
Ag/AgCl)

Size 
(pixels)

1 2 h k l C1 C2

1 182.61 4.67 21.64 0.030 0.076 0.997 7.32 1.88 0.0742 0.00611 63
2 257.65 37.98 25.05 0.261 0.558 0.788 53.59 18.71 0.0710 0.00072 7
3 295.68 20.18 9.69 0.058 0.340 0.939 31.43 5.11 0.0664 0.00062 7
4 132.72 15.93 15.22 0.072 0.265 0.962 24.90 5.23 0.0696 0.00057 6
5 297.51 38.16 67.99 0.573 0.232 0.786 54.57 16.64 0.0663 0.00204 146
6 215.84 34.34 87.36 0.564 0.026 0.826 52.06 3.54 0.0695 0.00143 11
7 212.25 8.56 78.45 0.146 0.030 0.989 13.48 2.55 0.0803 0.00107 49
8 88.07 43.61 60.42 0.600 0.340 0.724 57.31 26.33 0.0761 0.00331 20
9 21.15 25.3 74.37 0.412 0.115 0.904 38.96 8.13 0.0700 0.00876 3
10 286.4 39.9 73.26 0.614 0.185 0.767 57.67 13.44 8
11 159.29 38.14 10.85 0.116 0.607 0.787 56.92 8.42 0.0704 0.00158 7
12 124.44 19.62 19.87 0.114 0.316 0.942 30.30 7.50 18
13 97.38 39.37 56.05 0.526 0.354 0.773 52.27 25.81 90
14 166.95 44.24 85.25 0.695 0.058 0.716 64.69 4.31 74
15 90.09 42.47 56.55 0.563 0.372 0.738 55.17 28.32 2
16 219.56 32.18 83.99 0.530 0.056 0.846 49.16 5.18 10
17 260.23 28.44 41.15 0.313 0.359 0.879 38.39 19.37 4
18 256.5 39.7 27.2 0.292 0.568 0.769 54.67 21.44 0.0670 0.00372 23
19 283.6 36.42 13.55 0.139 0.577 0.805 54.40 9.95 0.0636 0.00766 3
20 293.2 30.6 70.45 0.480 0.170 0.861 46.00 11.60 14
21 165.02 42.65 68.64 0.631 0.247 0.736 58.94 18.71 4
22 164.3 44.51 0.14 0.002 0.701 0.713 65.91 0.23 22
23 55.01 44.66 1.83 0.022 0.703 0.711 65.80 1.66 14
24 165.4 44.36 88.58 0.699 0.017 0.715 65.61 1.27 192
25 263.53 26.44 36.95 0.268 0.356 0.895 37.13 16.39 12
26 71.11 25.22 49.64 0.325 0.276 0.905 34.79 16.48 3
27 257.24 28.58 44.33 0.334 0.342 0.878 37.59 20.47 40
28 101.9 39.02 52.37 0.499 0.384 0.777 50.67 27.66 20
29 235.69 15.15 62.07 0.231 0.122 0.965 23.06 7.20 987
30 351.22 42.2 77.86 0.657 0.141 0.741 61.02 10.43 0.0697 0.00199 12
31 61.74 44.39 16.72 0.201 0.670 0.715 61.57 15.52 8
32 349.23 43.73 80.27 0.681 0.117 0.723 62.97 8.78 31
33 61.51 42.36 16.48 0.191 0.646 0.739 60.03 14.30 0.0668 0.00047 6
34 348.35 29.65 13.93 0.119 0.480 0.869 45.33 8.58 0.0689 0.00041 57
35 56.38 39.11 86.76 0.630 0.036 0.776 58.79 3.30 56
36 96.16 39.2 58.97 0.542 0.326 0.775 53.04 23.75 0.0665 0.00169 3
37 316.16 43.64 36.74 0.413 0.553 0.724 55.00 31.79 0.0737 0.00224 13
38 120.96 29.09 58.52 0.415 0.254 0.874 41.73 16.30 0.0755 0.00209 2
39 100.15 39.44 52.41 0.503 0.388 0.772 51.08 28.05 52
40 97.89 38.66 55.52 0.515 0.354 0.781 51.42 25.49 31
41 98 39.93 56.86 0.537 0.351 0.767 53.05 25.79 325
42 204.42 29.34 81.8 0.485 0.070 0.872 45.09 6.00 28
43 98.7 40.23 55 0.529 0.370 0.763 52.70 27.27 71
44 177.42 45.23 23.97 0.288 0.649 0.704 60.13 22.68 12
45 98.95 39.96 55.41 0.529 0.365 0.766 52.60 26.76 67
46 231.04 41.11 4.51 0.052 0.655 0.753 61.37 3.94 15
47 349.61 42.9 81.04 0.672 0.106 0.733 62.45 7.83 36
48 81.87 32.85 38.15 0.335 0.427 0.840 44.26 22.11 21
49 286.85 24.92 46.28 0.305 0.291 0.907 33.56 17.14 10
50 79.65 32.75 40.66 0.352 0.410 0.841 43.33 23.04 2
51 62.12 39.97 18.18 0.200 0.610 0.766 57.38 14.63 29
52 272.1 38.43 0.65 0.007 0.622 0.783 57.62 2.02 36
53 239.02 15.76 59.4 0.234 0.138 0.962 23.71 7.98 28
54 96.52 39.61 60.4 0.554 0.315 0.770 53.87 23.10 6
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Follows Table A.1. 

ID.

Average  Average  
Miller indices 

Projection  Average Esurf

t = 2s
(V vs 

Ag/AgCl)

Average EOCP

(V vs 
Ag/AgCl)

Size 
(pixels)

1 2 h k l C1 C2

55 79.58 33.05 77.89 0.533 0.114 0.838 50.19 8.37 0.0646 0.00087 67
56 4.82 30.23 89.91 0.503 0.001 0.864 45.83 2.84 0.0646 0.00214 38
57 200.12 37.45 89.09 0.608 0.010 0.794 56.28 2.32 1654
58 77.88 40.98 63.89 0.589 0.289 0.755 56.16 21.53 0.0639 0.00291 147
59 162.44 38.81 12.17 0.132 0.613 0.779 57.49 9.52 0.0597 0.00306 3
60 117.65 42.21 17.61 0.203 0.640 0.741 59.60 15.22 64
61 343.47 34.84 3.99 0.040 0.570 0.821 52.87 4.14 0.0664 0.00143 13
62 63.11 36.86 62.68 0.533 0.275 0.800 51.80 19.50 0.0655 0.00364 4
63 317.5 33.76 14.67 0.141 0.538 0.831 50.86 9.98 0.0654 0.00214 137
64 321.28 28.76 11.2 0.093 0.472 0.877 44.20 7.19 3
65 247.08 14.28 52 0.194 0.152 0.969 20.80 8.29 11
66 30.47 39.65 47.62 0.471 0.430 0.770 49.45 30.72 16
67 103.19 45.22 29.37 0.348 0.619 0.704 58.57 27.46 52
68 81.77 31.43 73.83 0.501 0.145 0.853 47.57 10.16 0.0642 0.00156 44
69 80.47 31.54 75.44 0.506 0.132 0.852 47.90 9.35 131
70 286.19 26.29 49.87 0.339 0.285 0.897 36.15 17.27 6
71 93.38 32.79 31.01 0.279 0.464 0.841 46.29 18.71 10
72 287.86 26.3 48.55 0.332 0.293 0.896 35.81 17.67 22
73 314.52 32.55 17.64 0.163 0.513 0.843 48.86 11.31 27
74 84.71 39.77 66.57 0.587 0.254 0.769 55.81 18.65 0.0665 0.00113 707
75 23.48 44.14 89.49 0.696 0.006 0.718 65.44 0.58 9
76 254.61 14.37 37.33 0.150 0.197 0.969 21.00 8.25 16
77 133.18 37.21 82.04 0.599 0.084 0.796 56.09 6.35 11
78 327.81 28.68 23.26 0.190 0.441 0.877 42.85 12.50 30
79 357.27 44.18 23.9 0.282 0.637 0.717 59.41 21.90 25
80 277.72 38.24 51.69 0.486 0.384 0.785 49.69 27.25 12
81 349.83 33.49 7.54 0.072 0.547 0.834 51.03 5.97 0.0659 0.00214 45
82 175.77 36.69 22.62 0.230 0.552 0.802 52.85 16.26 0.0643 0.00115 14
83 313.7 43.97 42 0.465 0.516 0.720 53.27 35.36 6
84 317.08 31.12 14.56 0.130 0.500 0.856 47.32 9.25 0.0669 0.00128 47
85 120.23 41.86 14.33 0.165 0.647 0.745 60.15 12.22 0.0649 0.00018 26
86 82.93 31.82 72.25 0.502 0.161 0.850 47.88 11.12 0.0675 0.00258 10
87 277.53 41.28 76.89 0.643 0.150 0.751 59.91 10.96 37
88 203.22 35.7 85.53 0.582 0.045 0.812 54.11 4.33 28
89 207.24 36.42 80.58 0.586 0.097 0.805 54.93 7.24 55
90 120.58 41.61 13.4 0.154 0.646 0.748 60.16 11.32 6
91 278.38 42.11 75.59 0.649 0.167 0.742 60.36 12.39 19
92 121.6 40.84 13.85 0.157 0.635 0.757 59.30 11.44 0.0685 0.00031 5
93 140.87 11.64 83.43 0.200 0.023 0.979 18.23 2.79 0.0761 0.00509 13
94 277.53 39.17 75.53 0.612 0.158 0.775 57.43 11.38 4
95 79.87 34.31 77.09 0.549 0.126 0.826 51.80 9.07 0.0654 0.00148 37
96 283.17 41.88 68.87 0.623 0.241 0.745 58.36 18.06 12
97 76.39 34.47 80.13 0.558 0.097 0.824 52.29 7.31 0.0668 0.00128 19
98 34.21 0.7 79.01 0.012 0.002 1.000 1.11 0.21 0.0791 0.00931 28
99 84.18 46.17 67.2 0.665 0.280 0.693 61.08 22.23 0.0662 0.00204 31
100 84.83 3.49 28.46 0.029 0.054 0.998 5.39 1.63 0.0795 0.00509 130
101 119.36 42.39 15.06 0.175 0.651 0.739 60.44 13.07 16
102 196 37.73 3.35 0.036 0.611 0.791 56.90 3.54 11
103 278.11 41.52 75.24 0.641 0.169 0.749 59.73 12.45 0.0629 0.00097 24
104 82.05 30.75 72.77 0.488 0.151 0.859 46.52 10.49 23
105 280.78 31.94 13.1 0.120 0.515 0.849 48.58 8.69 0.0652 0.00474 22
106 122 33.7 21.59 0.204 0.516 0.832 49.60 14.06 0.0660 0.00103 135
107 10.62 37.86 81.38 0.607 0.092 0.790 56.87 6.83 0.0676 0.00097 4
108 353.44 32.94 19.57 0.182 0.512 0.839 49.04 12.55 8
109 251.53 37.49 80.57 0.600 0.100 0.793 56.31 7.35 84
110 163.45 40.47 12.41 0.139 0.634 0.761 59.26 10.13 497
111 277.79 39.02 57.72 0.532 0.336 0.777 52.48 24.43 0.0683 0.00051 73
112 255.03 40.68 75.25 0.630 0.166 0.758 58.93 12.13 61
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Follows Table A.1. 

ID.

Average  Average  
Miller indices 

Projection  Average Esurf

t = 2s
(V vs 

Ag/AgCl)

Average EOCP

(V vs 
Ag/AgCl)

Size 
(pixels)

1 2 h k l C1 C2

113 248.78 36.92 84.54 0.598 0.057 0.799 55.81 4.81 19
114 265.43 42.28 67.44 0.621 0.258 0.740 58.30 19.51 0.0636 0.00240 465
115 102.91 9.56 11.07 0.032 0.163 0.986 15.04 2.79 0.0711 0.00484 5
116 106.64 8.55 8.21 0.021 0.147 0.989 13.44 2.26 0.0767 0.00291 5
117 242.78 45.57 25.15 0.303 0.646 0.700 60.03 23.98 0.0647 0.00128 4
118 123.05 36.96 22.7 0.232 0.555 0.799 53.12 16.46 0.0634 0.00298 34
119 67.88 2.64 46.56 0.033 0.032 0.999 3.83 1.57 0.0778 0.00703 27
120 250.35 37.44 82.21 0.602 0.082 0.794 56.41 6.25 20
121 251.81 38.82 79.99 0.617 0.109 0.779 57.87 7.92 15
122 8.13 35.13 3.32 0.033 0.574 0.818 53.24 3.79 0.0641 0.00054 6
123 315.33 40.73 11.88 0.134 0.639 0.758 59.65 9.77 0.0641 0.00351 20
124 230.3 35.11 66.12 0.526 0.233 0.818 50.77 16.19 0.0658 0.00199 4
125 229.38 35.81 65.62 0.533 0.242 0.811 51.44 16.92 0.0681 0.00016 7
126 319.84 40.02 19.87 0.219 0.605 0.766 57.00 16.00 0.0631 0.00357 295
127 206.16 37.33 81.7 0.600 0.088 0.795 56.22 6.58 7
128 317.33 33.59 14.39 0.137 0.536 0.833 50.67 9.78 0.0624 0.00507 46
129 124.88 16.58 75.4 0.276 0.072 0.958 25.91 5.31 0.0675 0.00382 3
130 84.72 32.75 72.96 0.517 0.159 0.841 49.21 11.05 0.0653 0.00341 5
131 341.09 37.15 40.94 0.396 0.456 0.797 47.68 27.44 0.0657 0.00519 11

Figure A.13: (a)  SECCM Esurf map at OCP (named EOCP) on a polycrystalline Cu foil 

electrode immersed in dodecane. The nanopipette probe contained aerated 10 mM 

H2SO4 and contacted an area of 1.6 × 10  cm2 at each location in the map. The map was 

5.3b. (b) EOCP/crystallographic orientation correlation plot, extracted from (a) and Fig-

ure 5.3b. The inset in (b) shows the statistical distribution of EOCP extracted from grains 
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Cathodic chronopotentiometric pulse 

Figure A.14: Maps and graphs of grain dependent analysis of the cathodic chronopo-

tentiometric pulse measured in Movie A6. (a) Esurf map of the Cu reduction (Cu2+/Cu) 

process, extracted at t = 0.1 s. (b) Co-located crystallographic orientation map (IPFz 

from EBSD). (c) Esurf map of the ORR process, extracted at t = 2 s. (d) Map of Cu2+/Cu(s), 

extracted from Movie A6. (e) EOCP 

these measurements, the nanopipette probe contained aerated 10 mM H2SO4 and con-

tacted an area of 6.4 × 10  cm2, with Iapp . All the grain boundaries 

from Figure A.14b were overlapped to Figure A.14a-e. Shaded areas in (a,c-e) were not 

taken into consideration during the grain analysis, due to image artefacts caused by sur-

face contamination (e.g., dust or dirt), shown in Figure A.9b. 
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Figure A.15: Definition of the grain ID for each grain analysed from (a) Movie A5 (re-

production of Figure 5.4b) and (b) Movie A6 (reproduction of Figure A.14b). 
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Table A.2: List of all grains analysed by SECCM (Movie A5, Movie A6 and Figure A.14, 

Figure 5.4 and Figure 5.5), with the average Euler angles, Miller indices and Projection 

Coordinates,  and Esurf listed for each one. The grain IDs correspond to those defined 

in Figure A.15. 

ID.

Average  
Euler angles (˚) 

Average  
Miller indices 

Projection 
Coordinates. (˚)

Average Esurf 

(V vs Ag/AgCl) 
Average

τ (s)

Average 
EOCP

 − 0.01s
(V vs 

Ag/AgCl)

Size
(pix.)

φ1 Φ φ2 h k l C1 C2 Cu depos. ORR 

1 46.18 42.47 2.72 0.032 0.674 0.738 63.22 2.49 -0.132 -0.437 1.102 0.0097 519

2 305.1 31.93 52.89 0.422 0.319 0.849 43.57 20.87 -0.156 -0.433 0.933 0.0047 15

3 84.07 38.52 88.19 0.622 0.020 0.782 57.89 2.59 -0.128 -0.440 1.087 0.0084 9

4 87.60 37.71 85.96 0.610 0.043 0.791 56.89 3.93 -0.138 -0.440 1.143 0.0085 7

5 279.36 31.39 49.97 0.399 0.335 0.854 42.06 21.56 -0.166 -0.431 1.005 0.0058 61

6 302.65 31.28 56.73 0.434 0.285 0.855 43.92 18.66 -0.163 -0.433 0.933 0.0052 74

7 98.77 40.19 62.97 0.575 0.293 0.764 55.18 21.67 -0.116 -0.402 1.200 0.0153 9

8 202.51 38.94 88.45 0.628 0.017 0.778 58.45 2.37 -0.133 -0.434 1.038 0.0090 6

9 248.33 4.52 57.84 0.067 0.042 0.997 6.89 2.27 -0.164 -0.422 1.203 0.0161 1601

10 332.84 46.80 25.56 0.315 0.658 0.685 60.70 25.23 -0.126 -0.418 1.265 0.0131 40

11 111.00 31.91 75.08 0.511 0.136 0.849 48.36 9.64 -0.143 -0.422 1.260 0.0119 8

12 139.90 42.78 37.70 0.415 0.537 0.734 53.96 31.53 -0.114 -0.419 1.187 0.0124 12

13 41.25 10.79 80.62 0.185 0.031 0.982 16.95 2.93 -0.175 -0.428 1.138 0.0125 668

14 140.50 41.49 35.36 0.383 0.540 0.749 53.69 28.71 -0.129 -0.422 1.190 0.0121 18

15 28.97 32.16 6.26 0.058 0.529 0.847 49.14 5.30 -0.136 -0.437 1.287 0.0111 99

16 122.96 38.51 63.26 0.556 0.280 0.782 53.65 20.26 -0.152 -0.427 1.213 0.0070 118

17 221.31 37.18 1.27 0.013 0.604 0.797 55.95 2.54 -0.124 -0.435 1.098 0.0119 30

18 336.08 43.83 9.51 0.114 0.683 0.721 63.11 8.61 -0.119 -0.430 1.125 0.0154 547

19 245.76 46.01 16.04 0.199 0.691 0.695 62.84 15.75 -0.116 -0.427 1.028 0.0158 6

20 248.06 44.73 12.54 0.153 0.687 0.710 62.96 11.79 -0.133 -0.432 1.056 0.0109 8

21 92.58 38.91 1.31 0.014 0.628 0.778 58.38 2.26 -0.127 -0.438 1.095 0.0120 158

22 143.52 43.20 33.64 0.379 0.570 0.729 55.70 29.14 -0.112 -0.418 1.245 0.0148 58

23 50.62 10.31 71.44 0.170 0.057 0.984 16.15 3.82 -0.165 -0.427 1.125 0.0145 20

24 229.20 3.92 77.25 0.067 0.015 0.998 6.19 1.24 -0.165 -0.424 1.228 0.0158 59

25 332.89 44.17 25.61 0.301 0.628 0.717 58.91 23.40 -0.129 -0.419 1.321 0.0152 27

26 99.51 41.33 65.32 0.600 0.276 0.751 56.88 20.64 -0.123 -0.418 1.239 0.0142 9

27 127.86 11.59 11.30 0.039 0.197 0.980 18.21 3.37 -0.165 -0.427 1.195 0.0153 37

28 44.43 35.70 78.85 0.573 0.113 0.812 53.81 8.24 -0.128 -0.428 1.268 0.0136 18

29 213.55 28.65 2.74 0.023 0.479 0.878 43.82 3.85 -0.125 -0.430 1.352 0.0153 87

30 268.63 32.75 31.08 0.279 0.463 0.841 46.22 18.72 -0.136 -0.425 1.137 0.0121 8

31 49.01 40.33 9.69 0.109 0.638 0.762 59.67 7.91 -0.111 -0.430 1.084 0.0135 13

32 170.60 42.16 81.19 0.663 0.103 0.741 61.79 7.52 -0.117 -0.429 1.143 0.0139 69

33 212.08 25.27 2.79 0.021 0.426 0.904 38.82 3.81 -0.123 -0.417 1.267 0.0159 29

34 36.37 17.95 83.20 0.306 0.036 0.951 27.97 4.04 -0.159 -0.429 1.015 0.0151 150

35 279.63 42.63 58.68 0.579 0.352 0.736 55.99 26.88 -0.099 -0.413 1.224 0.0156 4

36 332.14 46.41 28.79 0.349 0.635 0.689 59.54 27.90 -0.100 -0.407 1.314 0.0198 4

37 55.20 39.44 86.37 0.634 0.040 0.772 59.24 3.50 -0.117 -0.432 1.136 0.0143 33

38 243.44 30.69 56.92 0.428 0.279 0.860 43.28 18.13 -0.122 -0.434 1.059 0.0131 5

39 91.53 36.97 4.27 0.045 0.600 0.799 55.88 4.13 -0.140 -0.437 1.128 0.0117 9

40 138.98 39.82 38.76 0.401 0.499 0.768 51.00 29.09 -0.149 -0.422 1.053 0.0129 3

41 122.32 42.90 72.53 0.649 0.204 0.733 60.22 15.44 -0.103 -0.424 1.060 0.0162 6

42 41.91 37.89 88.80 0.614 0.013 0.789 56.94 2.38 -0.117 -0.432 1.151 0.0170 107

43 314.90 38.27 16.26 0.173 0.595 0.785 56.05 12.44 -0.129 -0.425 1.280 0.0143 25

44 91.12 41.01 69.83 0.616 0.226 0.755 57.85 16.77 -0.122 -0.426 1.212 0.0121 44

45 50.65 36.38 73.64 0.569 0.167 0.805 53.86 11.84 -0.125 -0.425 1.221 0.0142 6

46 201.72 46.12 47.91 0.535 0.483 0.693 54.92 37.91 -0.106 -0.413 1.240 0.0190 6

47 112.91 24.33 77.71 0.403 0.088 0.911 37.67 6.73 -0.153 -0.427 1.136 0.0141 15

48 243.17 37.82 79.46 0.603 0.112 0.790 56.58 8.15 -0.124 -0.428 1.177 0.0158 11

49 295.90 12.65 5.82 0.022 0.218 0.976 19.78 2.90 -0.163 -0.426 1.249 0.0144 4

50 300.56 36.78 52.23 0.473 0.367 0.801 48.47 25.56 -0.136 -0.422 0.856 0.0132 97

51 179.03 17.72 31.26 0.158 0.260 0.953 26.46 9.19 -0.158 -0.427 0.907 0.0143 55
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Follows Table A.2. 

ID.

Average  
Euler angles (˚) 

Average  
Miller indices 

Projection 
Coordinates. (˚)

Average Esurf 

(V vs Ag/AgCl) 
Average

τ (s)

Average 
EOCP

 − 0.01s
(V vs 

Ag/AgCl)

Size
(pix.)

φ1 Φ φ2 h k l C1 C2 Cu depos. ORR 

52 106.23 48.94 45.28 0.536 0.531 0.657 55.86 42.70 -0.084 -0.403 1.167 0.0254 67

53 169.63 19.98 41.00 0.224 0.258 0.940 28.04 12.66 -0.141 -0.428 0.821 0.0173 4

54 319.97 39.16 33.03 0.344 0.529 0.775 52.37 25.03 -0.128 -0.412 1.047 0.0228 2

55 319.44 42.33 17.20 0.199 0.643 0.739 59.82 14.92 -0.114 -0.422 1.206 0.0180 36

56 354.16 36.82 9.74 0.101 0.591 0.801 55.42 7.48 -0.112 -0.425 1.187 0.0182 8

57 121.93 41.02 71.90 0.624 0.204 0.754 58.41 15.06 -0.098 -0.426 1.107 0.0198 16

58 54.94 40.47 86.17 0.648 0.043 0.761 60.60 3.51 -0.107 -0.433 1.140 0.0195 26

59 54.70 39.98 87.58 0.642 0.027 0.766 59.95 2.68 -0.103 -0.433 1.133 0.0210 14

60 328.76 32.32 41.25 0.353 0.402 0.845 42.67 22.87 -0.176 -0.425 1.066 0.0023 101

61 244.98 45.12 82.89 0.703 0.088 0.706 64.70 6.82 -0.151 -0.431 1.105 0.0059 474

62 64.84 7.41 66.92 0.119 0.051 0.992 11.56 3.09 -0.185 -0.414 1.146 0.0092 229

63 287.01 41.94 60.82 0.584 0.326 0.744 56.08 24.65 -0.137 -0.403 1.278 0.0117 24

64 287.01 42.88 61.07 0.596 0.329 0.733 56.93 25.21 -0.125 -0.407 1.269 0.0109 9

65 5.45 41.35 6.59 0.076 0.656 0.751 61.38 5.55 -0.124 -0.404 1.208 0.0115 33

66 232.67 38.51 10.45 0.113 0.612 0.782 57.43 8.19 -0.143 -0.421 1.156 0.0074 18

67 129.55 36.52 65.63 0.542 0.246 0.804 52.22 17.34 -0.156 -0.417 1.259 0.0062 89

68 4.79 42.28 6.96 0.082 0.668 0.740 62.32 5.95 -0.141 -0.426 1.086 0.0065 68

69 156.96 43.53 28.02 0.324 0.608 0.725 57.72 24.98 -0.124 -0.413 1.262 0.0112 33

70 14.33 5.19 27.09 0.041 0.081 0.996 8.04 2.36 -0.176 -0.417 1.113 0.0114 15

71 86.40 41.39 83.23 0.657 0.078 0.750 61.39 5.69 -0.131 -0.429 1.061 0.0089 97

72 99.23 44.99 72.89 0.676 0.208 0.707 61.88 16.20 -0.138 -0.417 1.074 0.0086 59

73 56.95 26.01 73.24 0.420 0.126 0.899 39.91 8.76 -0.160 -0.418 1.110 0.0085 69

74 148.18 20.35 46.50 0.252 0.239 0.938 28.02 13.45 -0.200 -0.432 0.929 -0.0007 42

75 155.00 19.00 39.67 0.208 0.251 0.946 27.00 11.69 -0.184 -0.425 0.961 0.0020 9

76 149.67 18.91 44.55 0.227 0.231 0.946 25.98 12.55 -0.190 -0.428 1.091 0.0042 12

77 330.04 30.71 42.91 0.348 0.374 0.860 40.38 21.97 -0.168 -0.429 0.881 0.0028 15

78 24.83 44.90 2.54 0.031 0.705 0.708 65.79 2.39 -0.138 -0.426 1.143 0.0089 31

79 113.74 29.21 46.73 0.355 0.335 0.873 38.62 20.72 -0.173 -0.426 0.922 0.0027 129

80 84.90 12.31 48.12 0.159 0.142 0.977 17.62 7.52 -0.177 -0.422 1.046 0.0085 46

81 333.40 37.13 6.77 0.071 0.599 0.797 56.06 5.60 -0.136 -0.424 1.221 0.0129 7

82 329.65 29.25 43.37 0.336 0.355 0.872 38.63 20.79 -0.185 -0.427 0.926 0.0029 94

83 296.10 42.80 45.03 0.481 0.480 0.734 51.05 35.38 -0.166 -0.419 0.915 0.0053 6

84 117.96 29.63 42.72 0.335 0.363 0.869 39.26 20.92 -0.178 -0.429 0.901 0.0027 26

85 329.90 31.31 41.57 0.345 0.389 0.854 41.47 22.06 -0.173 -0.427 0.966 0.0037 272

86 151.42 39.73 40.73 0.417 0.484 0.769 50.17 30.02 -0.152 -0.419 1.087 0.0063 38

87 295.60 44.61 44.05 0.488 0.505 0.712 52.91 37.11 -0.150 -0.409 1.105 0.0097 2

88 117.81 28.22 45.24 0.336 0.333 0.881 37.05 20.27 -0.165 -0.425 0.919 0.0052 4

89 144.28 40.99 50.38 0.505 0.418 0.755 51.72 30.78 -0.148 -0.416 1.159 0.0081 8

90 113.27 29.22 48.09 0.363 0.326 0.873 39.05 20.30 -0.173 -0.429 0.865 0.0015 32

91 164.62 43.56 0.22 0.003 0.689 0.725 64.64 0.56 -0.126 -0.429 1.074 0.0098 31

92 235.74 44.93 89.01 0.706 0.012 0.708 66.23 0.92 -0.120 -0.426 1.098 0.0121 22

93 173.02 28.03 46.76 0.342 0.322 0.883 37.31 19.66 -0.155 -0.426 0.974 0.0066 61

94 325.13 29.06 37.35 0.295 0.386 0.874 40.20 18.58 -0.145 -0.422 0.940 0.0085 21

95 237.52 45.02 83.96 0.703 0.074 0.707 64.93 5.76 -0.139 -0.418 0.983 0.0104 6

96 325.88 30.54 37.01 0.306 0.406 0.861 42.02 19.66 -0.138 -0.425 0.971 0.0093 13

97 24.86 17.78 18.72 0.098 0.289 0.952 27.60 6.55 -0.157 -0.421 1.098 0.0113 14

98 154.45 38.95 33.92 0.351 0.522 0.778 51.88 25.41 -0.135 -0.412 1.093 0.0088 66

99 325.98 30.90 45.27 0.365 0.361 0.858 39.98 22.73 -0.153 -0.426 0.809 0.0053 36

100 124.80 29.40 28.96 0.238 0.430 0.871 42.69 15.43 -0.126 -0.415 0.930 0.0105 10

101 24.56 40.57 81.91 0.644 0.092 0.760 60.23 6.67 -0.109 -0.421 1.128 0.0125 13

102 257.72 45.24 10.72 0.132 0.698 0.704 63.80 10.30 -0.120 -0.423 0.988 0.0111 16

103 73.73 27.33 47.90 0.341 0.308 0.888 36.84 18.72 -0.137 -0.424 0.764 0.0078 14

104 161.80 44.00 3.17 0.038 0.694 0.719 64.87 2.81 -0.108 -0.421 1.035 0.0127 76

105 69.20 37.74 82.58 0.607 0.079 0.791 56.83 6.02 -0.124 -0.428 1.151 0.0110 29

106 149.70 41.64 35.10 0.382 0.544 0.747 53.91 28.68 -0.116 -0.405 1.205 0.0113 33

107 232.44 42.71 3.34 0.040 0.677 0.735 63.44 2.95 -0.113 -0.421 1.047 0.0125 224

108 9.91 46.92 62.06 0.645 0.342 0.683 60.11 27.52 -0.103 -0.417 1.197 0.0125 136
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Follows Table A.2. 

ID.

Average  
Euler angles (˚) 

Average  
Miller indices 

Projection 
Coordinates. (˚)

Average Esurf 

(V vs Ag/AgCl) 
Average

τ (s)

Average 
EOCP

 − 0.01s
(V vs 

Ag/AgCl)

Size
(pix.)

φ1 Φ φ2 h k l C1 C2 Cu depos. ORR 

109 297.51 23.06 73.30 0.375 0.113 0.920 35.61 7.81 -0.118 -0.417 1.010 0.0151 7

110 48.34 19.33 83.03 0.329 0.040 0.944 30.08 4.31 -0.151 -0.415 1.087 0.0133 395

111 355.10 43.32 50.83 0.532 0.433 0.728 53.86 33.02 -0.126 -0.415 0.868 0.0103 7

112 56.81 41.82 12.47 0.144 0.651 0.745 60.58 10.59 -0.132 -0.425 1.084 0.0103 30

113 52.53 25.26 76.23 0.414 0.102 0.904 39.00 7.46 -0.182 -0.430 1.107 0.0075 145

114 138.09 41.93 49.55 0.508 0.434 0.744 52.21 32.24 -0.173 -0.415 1.098 0.0050 14

115 309.15 38.26 29.39 0.304 0.540 0.785 52.64 21.90 -0.174 -0.425 1.167 0.0048 29

116 110.26 33.40 52.23 0.435 0.337 0.835 44.97 22.43 -0.173 -0.425 0.994 0.0034 13

117 299.96 39.30 40.04 0.407 0.485 0.774 50.04 29.22 -0.186 -0.422 1.143 0.0039 36

118 90.36 41.96 53.53 0.538 0.397 0.744 53.71 29.90 -0.158 -0.416 1.156 0.0063 339

119 217.01 11.38 73.11 0.189 0.057 0.980 17.84 4.00 -0.183 -0.417 1.172 0.0075 13

120 102.59 45.73 69.79 0.672 0.247 0.698 61.52 19.53 -0.136 -0.410 1.217 0.0061 4

121 321.42 33.94 56.65 0.466 0.307 0.830 46.93 20.79 -0.162 -0.422 0.976 0.0062 36

122 55.89 40.23 12.13 0.136 0.631 0.763 59.07 9.84 -0.140 -0.425 1.105 0.0100 29

123 321.49 33.60 53.64 0.446 0.328 0.833 45.64 21.97 -0.161 -0.424 0.863 0.0045 19

124 56.20 40.87 11.31 0.128 0.642 0.756 59.92 9.34 -0.141 -0.426 1.021 0.0072 8

125 215.50 31.46 12.20 0.110 0.510 0.853 47.99 8.13 -0.154 -0.422 1.260 0.0087 42

126 202.14 13.38 87.49 0.231 0.010 0.973 20.79 2.57 -0.175 -0.422 1.227 0.0093 18

127 91.28 44.18 51.29 0.544 0.436 0.717 54.72 33.66 -0.129 -0.410 1.123 0.0106 31

128 64.07 42.20 46.93 0.491 0.459 0.741 51.37 33.86 -0.119 -0.407 0.938 0.0121 37

129 207.74 11.43 81.63 0.196 0.029 0.980 17.93 2.97 -0.155 -0.417 1.138 0.0122 4

130 137.67 47.06 27.97 0.343 0.647 0.681 60.19 27.65 -0.123 -0.415 1.233 0.0106 366

131 72.52 41.03 37.90 0.403 0.518 0.754 52.39 29.84 -0.137 -0.413 1.154 0.0108 10

132 51.50 0.58 60.17 0.009 0.005 1.000 0.90 0.28 -0.156 -0.418 1.344 0.0167 17

133 93.38 6.18 19.54 0.036 0.101 0.994 9.71 2.36 -0.166 -0.418 1.334 0.0137 93

134 112.54 29.71 47.46 0.365 0.335 0.869 39.41 20.94 -0.127 -0.419 1.159 0.0102 92

135 325.98 30.90 45.27 0.365 0.361 0.858 39.98 22.73 -0.153 -0.427 0.749 0.0045 18

Figure A.16: Reproduction of (a) the EBSD (IPFz) map and (b) the Esurf map reported 

in Figure 5.3 (i.e., Cu oxidation activity on polycrystalline Cu). In both images, the 

marked area contains a visible microscratch, identified in (a), which gives rise to en-

hanced oxidation activity, visible in (b). Other scratches can also be identified in (a), 

but they do not appear to give rise to an electrochemical behaviour that is significantly 

different from underlying grains, in (b).  
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A.5.2. Chapter 6 scans  

Figure A.17: (a,b) Maps of E5mA obtained under (a) de-aerated (extracted from Movie 

A8) and (b) aerated (extracted from Movie A10) conditions, obtained in the SECCM 

configuration with a nanopipette probe containing 0.01 M H2SO4. (c,d) Co-located 

crystallographic orientation maps, (IPFz from EBSD) for the scanned area of (c) Movie 

A8 and (d) Movie A10. The grain boundaries extracted from (c) and (d) are overlapped 

to (a) and (b) respectively 

De-aerated system 

Figure A.18: Definition of the grain ID for each grain analysed from (a) Movie A8 (re-

production of Figure A.17c) and (b) Movie A7 (reproduction of Figure 6.6c). 
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Table A.3: List of all grains analysed by SECCM in de-aerated conditions (Movie A7 

and Movie A8), with the average Euler angles, Miller indices and Projection Coordi-

nates, anodic E5mA and E2mA and cathodic E2mA listed for each one. The grain IDs corre-

spond to those defined in Figure A.18. 

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E5mA (V)

Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

1 350.96 43.10 76.20 0.664 0.163 0.730 61.372 12.529 0.5881 678
2 158.86 45.14 29.60 0.350 0.616 0.705 58.440 27.479 0.5914 222
3 248.82 27.34 3.09 0.025 0.459 0.888 41.916 4.617 0.5836 15
4 248.64 29.65 2.56 0.022 0.494 0.869 45.268 4.393 0.5818 38
5 120.48 32.57 88.29 0.538 0.016 0.843 49.425 3.837 0.5816 35
6 248.37 25.64 3.80 0.029 0.432 0.902 39.446 4.815 0.5809 8
7 119.15 32.01 0.13 0.001 0.530 0.848 48.412 3.178 0.5807 19
8 247.88 26.85 4.08 0.032 0.451 0.892 41.264 4.979 0.5809 38
9 270.96 36.68 89.25 0.597 0.008 0.802 55.172 2.778 0.5826 10
10 357.23 8.91 1.15 0.003 0.155 0.988 13.849 1.997 0.5828 104
11 308.49 31.95 67.58 0.489 0.202 0.849 47.263 14.662 0.5888 107
12 343.56 40.43 60.64 0.565 0.318 0.761 54.700 23.986 0.5922 39
13 150.27 28.55 81.83 0.473 0.068 0.878 43.933 6.761 0.5832 24
14 124.76 35.30 55.24 0.475 0.329 0.816 47.957 23.210 0.5855 8
15 320.94 37.33 35.55 0.353 0.493 0.795 49.770 25.306 0.5918 13
16 124.68 36.47 55.28 0.489 0.339 0.804 49.180 24.156 0.5887 200
17 208.20 42.87 21.90 0.254 0.631 0.733 58.969 19.573 0.5889 13
18 346.50 35.79 73.73 0.561 0.164 0.811 53.171 12.471 0.5890 74
19 209.49 41.88 20.18 0.230 0.627 0.745 58.621 17.653 0.5864 6
20 138.64 36.91 77.68 0.587 0.128 0.800 55.197 10.038 0.5834 16
21 147.56 41.91 69.24 0.625 0.237 0.744 58.488 18.153 0.5867 4
22 47.35 36.66 14.63 0.151 0.578 0.802 54.515 11.589 0.5903 14
23 194.59 16.44 5.87 0.029 0.282 0.959 25.621 4.191 0.5854 9
24 208.46 42.99 21.43 0.249 0.635 0.731 59.197 19.227 0.5905 98
25 329.39 34.66 55.25 0.467 0.324 0.823 47.281 22.684 0.5896 11
26 132.14 44.04 24.52 0.288 0.632 0.719 59.128 22.443 0.5955 32
27 218.59 30.88 2.50 0.022 0.513 0.858 47.058 4.319 0.5841 247
28 308.58 41.27 66.79 0.606 0.260 0.752 57.248 19.848 0.5968 17
29 132.22 44.07 24.38 0.287 0.634 0.718 59.190 22.338 0.5932 298
30 179.34 49.12 54.68 0.617 0.437 0.654 59.327 35.308 0.5951 121
31 23.12 25.29 26.22 0.189 0.383 0.904 37.782 12.906 0.5883 32
32 173.08 42.04 88.75 0.669 0.015 0.743 62.678 1.800 0.5897 11
33 292.58 39.41 34.84 0.363 0.521 0.773 52.006 26.711 0.5954 38
34 49.84 35.24 80.87 0.570 0.092 0.817 53.384 7.771 0.5899 43
35 318.66 37.63 18.12 0.190 0.580 0.792 54.937 14.343 0.5901 44
36 163.30 36.04 86.91 0.587 0.032 0.809 54.516 4.152 0.5904 7
37 338.72 30.58 54.16 0.412 0.298 0.861 42.398 19.883 0.5956 99
38 171.08 42.79 38.82 0.426 0.529 0.734 53.556 32.097 0.5952 498
39 99.94 22.84 71.61 0.368 0.122 0.922 35.174 9.209 0.5877 4
40 224.94 39.87 28.4 0.305 0.564 0.768 54.476 22.920 0.5938 59
41 309.28 10.9 88.95 0.189 0.003 0.982 16.913 2.356 0.5899 52
42 123.73 27.75 89.21 0.466 0.006 0.885 42.296 3.739 0.5872 111
43 251.61 38.04 73.7 0.591 0.173 0.788 55.791 13.151 0.5916 9
44 256.45 30.83 88.38 0.512 0.014 0.859 46.894 3.935 0.5863 110
45 272.61 21.08 87.56 0.359 0.015 0.933 32.512 4.043 0.5901 23
46 271.94 20.56 88.25 0.351 0.011 0.936 31.678 3.808 0.5888 9
47 65.83 32.58 23.26 0.213 0.495 0.843 47.885 15.413 0.5935 15
48 31.01 41.48 29.32 0.324 0.578 0.749 55.641 24.701 0.5956 15
49 214.6 42.9 61.3 0.597 0.327 0.733 57.014 25.214 0.5960 145
50 292.94 39.33 34.51 0.359 0.522 0.774 52.042 26.451 0.5966 27
51 93.68 34.28 57.84 0.477 0.300 0.826 47.648 21.139 0.5913 110
52 49.77 35.26 80.9 0.570 0.091 0.817 53.413 7.754 0.5909 347
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Follows Table A.3.

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E5mA (V)

Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

53 319.79 37.96 16.17 0.171 0.591 0.788 55.729 13.031 0.5930 9
54 320.36 38.32 15.9 0.170 0.596 0.785 56.187 12.936 0.5925 23
55 348.27 30.39 3.52 0.031 0.505 0.863 46.432 4.790 0.5875 99
56 292.98 39.51 34.35 0.359 0.525 0.772 52.263 26.511 0.5962 78
57 320.42 37.95 15.99 0.169 0.591 0.789 55.756 12.896 0.5939 5
58 280.1 45.3 18.71 0.228 0.673 0.703 61.651 17.804 0.5963 53
59 93.87 34.54 57.67 0.479 0.303 0.824 47.883 21.419 0.5920 46
60 338.94 27.48 22.85 0.179 0.425 0.887 41.294 12.758 0.5861 79
61 284.61 30.31 49.21 0.382 0.330 0.863 40.622 21.318 0.5929 39

Aerated system 

Figure A.19: Definition of the grain ID for each grain analysed from (a) Movie A9 (re-

production of Figure 6.6d) and (b) Movie A10 (reproduction of Figure A.17d). 

Table A.4: List of all grains analysed by SECCM in aerated condition (Movie A9 and 

Movie A10), with the average Euler angles, Miller indices and Projection Coordinates, 

anodic E5mA and E2mA ,cathodic E2mA and GOS listed for each one. The grain IDs corre-

spond to those defined in Figure A.19. 

ID 

Average  Average  
Miller indices 

Projection  Average
anodic 

E5mA (V)

Average
anodic 

E2mA (V)

Average
cathodic 
E2mA (V)

GOS
 (°)

Size 
(pixels)

1 2 h k l C1 C2

1 320.73 30.87 9.06 0.081 0.507 0.858 47.29 6.53 0.1727 0.1446
2 237.96 47.28 27.69 0.341 0.651 0.678 60.40 27.56 0.1767 0.1469 26
3 319.04 31.13 11.34 0.102 0.507 0.856 47.58 7.65 0.1732 0.1445 31
4 211.30 17.45 77.40 0.293 0.065 0.954 27.27 5.14 0.1818 0.1527 28
5 301.28 46.05 46.92 0.526 0.492 0.694 54.45 38.36 0.1877 0.1559
6 8.15 49.83 36.11 0.450 0.617 0.645 59.51 37.44 0.1884 0.1562 24
7 238.06 47.26 27.29 0.337 0.653 0.679 60.50 27.17 0.1771 0.1458 26
8 105.62 31.07 83.41 0.513 0.059 0.857 47.57 5.42 0.1722 0.1437 86
9 192.84 47.01 61.68 0.644 0.347 0.682 60.06 27.94 0.1772 0.1472 15
10 105.32 31.23 83.88 0.516 0.055 0.855 47.79 5.21 0.1737 0.1448 73
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Follows Table A.4. 

ID 

Average  Average  
Miller indices 

Projection  Average
anodic 

E5mA (V)

Average
anodic 

E2mA (V)

Average
cathodic 
E2mA (V)

GOS 
(°)

Size 
(pixels)

1 2 h k l C1 C2

11 7.49 39.34 30.21 0.319 0.548 0.773 53.43 23.31 0.1832 0.1529 24
12 319.76 30.81 9.68 0.086 0.505 0.859 47.19 6.81 0.1712 0.1425 27
13 60.65 38.18 61.44 0.543 0.296 0.786 52.80 21.28 0.1719 0.1422
14 243.74 43.89 6.53 0.079 0.689 0.721 63.94 5.87 0.1706 0.1421
15 165.27 2.53 77.12 0.043 0.010 0.999 4.00 0.81 0.1929 0.1621
16 169.00 2.78 73.30 0.046 0.014 0.999 4.39 0.99 0.1876 0.1568 15
17 359.38 45.53 26.16 0.315 0.641 0.701 59.72 24.87 0.1815 0.1513 13
18 345.04 20.94 37.88 0.219 0.282 0.934 29.89 12.66 0.1730 0.1453
19 156.08 3.93 86.26 0.068 0.004 0.998 6.16 0.90 0.1898 0.1619 17
20 39.24 45.89 57.79 0.608 0.383 0.696 58.18 30.46 0.1845 0.1543 37
21 265.66 47.17 31.01 0.378 0.629 0.680 59.39 30.51 0.1817 0.1517 56
22 152.94 28.66 49.99 0.367 0.308 0.877 38.98 19.19 0.1736 0.1451 8
23 150.96 29.12 51.79 0.382 0.301 0.874 40.03 18.94 0.1726 0.1448 16
24 130.13 38.52 39.08 0.393 0.483 0.782 49.68 27.93 0.1771 0.1490 16
25 349.18 20.91 34.23 0.201 0.295 0.934 30.49 11.77 0.1739 0.1461 88
26 36.02 43.93 81.27 0.686 0.105 0.720 63.39 7.92 0.1724 0.1444 11
27 118.86 31.68 45.59 0.375 0.368 0.851 40.91 23.37 0.1732 0.1455 16
28 35.60 43.60 81.49 0.682 0.102 0.724 63.18 7.61 0.1733 0.1457 15
29 149.77 29.39 54.31 0.399 0.286 0.871 41.04 18.21 0.1733 0.1453 36
30 305.88 21.53 1.97 0.013 0.367 0.930 33.16 3.38 0.1763 0.1649 4
31 78.20 6.48 44.75 0.079 0.080 0.994 9.25 3.99 0.1832 0.1609 4
32 359.56 44.75 24.96 0.297 0.638 0.710 59.52 23.24 0.1853 0.1470 4
33 279.01 36.94 23.85 0.243 0.550 0.799 52.81 17.24 0.1725 0.1484 5
34 23.78 47.27 58.42 0.626 0.385 0.679 59.29 31.10 0.1955 0.1470 45
35 82.32 3.53 54.69 0.050 0.036 0.998 5.33 1.86 0.1921 0.1518 8
36 239.02 32.90 17.19 0.161 0.519 0.840 49.38 11.18 0.1760 0.1446
37 344.96 35.01 61.96 0.506 0.270 0.819 49.60 18.67 0.1783 0.1418 77
38 238.52 33.29 17.73 0.167 0.523 0.836 49.80 11.63 0.1763 0.1549
39 23.85 47.30 58.59 0.627 0.383 0.678 59.35 30.98 0.1806 0.1517
40 252.47 46.88 28.58 0.349 0.641 0.684 59.90 28.08 0.1751 0.1629 98
41 35.72 31.91 73.17 0.506 0.153 0.849 48.13 10.66 0.1718 0.1428 36
42 104.18 3.82 33.45 0.037 0.056 0.998 5.80 1.96 0.1876 0.1516 1
43 23.83 47.01 58.82 0.626 0.379 0.682 59.24 30.53 0.1825 0.1511
44 83.74 2.51 53.53 0.035 0.026 0.999 3.77 1.34 0.1933 0.1475
45 302.09 29.63 78.25 0.484 0.101 0.869 45.43 7.58 0.1716 0.1404 28
46 4.87 38.72 41.60 0.415 0.468 0.780 48.91 29.37 0.1827 0.1398 90
47 290.62 46.08 63.60 0.645 0.320 0.694 60.01 25.49 0.1822 0.1420
48 299.25 39.95 40.24 0.415 0.490 0.767 50.56 30.00 0.1776 0.1465
49 109.53 36.35 51.36 0.463 0.370 0.805 47.74 25.57 0.1688 0.1453 90
50 192.16 46.21 18.58 0.230 0.684 0.692 62.27 18.28 0.1696 0.1496 45
51 177.59 38.13 50.50 0.476 0.393 0.787 49.16 27.75 0.1711 0.1398 65
52 5.70 37.87 41.05 0.403 0.463 0.789 48.33 28.23 0.1770 0.1575 24
53 237.76 19.29 22.03 0.124 0.306 0.944 29.66 7.90 0.1747 0.1481
54 4.69 38.18 41.88 0.413 0.460 0.786 48.30 28.92 0.1806 0.1520 33
55 49.55 24.19 79.12 0.402 0.077 0.912 37.48 6.24 0.1694 0.1544 30
56 164.91 17.53 27.44 0.139 0.267 0.954 26.60 8.30 0.1868 0.1433 6
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A.5.3. Chapter 7 scans  

Un-inhibited case 

Figure A.20: E2mA maps obtained in de-aerated conditions with dodecane as oil phase 

(Movies A7-A8). (a-b) Anodic (a) and cathodic (b) E2mA from Movie A7, with over-

lapped grain boundaries from Figure 6.6c. (c-d) Anodic (c) and cathodic (d) E2mA from 

Movie A8, with overlapped grain boundaries from Figure A.17c. 

Figure A.21: E2mA maps obtained in aerated conditions with dodecane as oil phase 

(Movies A9-A10). (a-b) Anodic (a) and cathodic (b) E2mA from Movie A9, with over-

lapped grain boundaries from Figure 6.6d. (c-d) Anodic (c) and cathodic (d) E2mA from 

Movie A10, with overlapped grain boundaries from Figure A.17d. 



Appendix  

280 

Inhibited case 

Figure A.22: E2mA

dodecane as oil phase (Movies A11-A13) and related EBSD maps. (a-b) Anodic (a) and 

cathodic (b) E2mA from Movie A11, with overlapped grain boundaries from Figure 7.2c. 

The grey points in (b) represents single measures where the cathodic current never 

reached the value of – 2 mA cm  in the considered potential range. (c-d) Anodic (c)

and cathodic (d) E2mA from Movie A12, with overlapped grain boundaries from (g). (e-

f) Anodic (e) and cathodic (f) E2mA from Movie A13, with overlapped grain boundaries 

from (h). (g-h) Co-located crystallographic orientation maps (IPFz) measured for (g)

Movie A12 and (h) Movie A13. 



281 

Figure A.23: E2mA

decane as oil phase (Movies A14-A15) and related EBSD maps. (a-b) Anodic (a) and 

cathodic (b) E2mA from Movie A14, with overlapped grain boundaries from (e). (c-d)

Anodic (c) and cathodic (d) E2mA from Movie A15, with overlapped grain boundaries 

from (f). (e-f) Co-located crystallographic orientation maps (IPFz) measured for (e) 

Movie A14 and (f) Movie A15. 
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Figure A.24: Definition of the grain ID for each grain analysed from (a) Movie A12 

(reproduction of Figure A.22g), (b) Movie A13 (reproduction of Figure A.22h) and (c)

Movie A11 (reproduction of Figure 7.2c). 

Table A.5: List of all grains analysed by SECCM in aerated condition (Movie A11-

A13), with the average Euler angles, Miller indices and Projection Coordinates and an-

odic and cathodic E2mA listed for each one. The grain IDs correspond to those defined 

in Figure A.24. 

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

1 263.40 29.21 8.53 0.072 0.483 0.873 44.898 6.123 13
2 1.26 39.09 63.41 0.564 0.282 0.776 54.266 20.558 21
3 155.75 40.48 81.09 0.641 0.101 0.761 59.986 7.309 317
4 31.86 43.43 12.00 0.143 0.672 0.726 62.121 10.748 14
5 256.55 28.10 28.72 0.226 0.413 0.882 41.083 14.512 588
6 180.96 45.74 26.64 0.321 0.640 0.698 59.719 25.454 193
7 2.56 2.61 61.88 0.040 0.021 0.999 4.041 1.207 39
8 37.32 17.93 70.16 0.290 0.104 0.951 27.771 6.851 65
9 80.78 25.12 61.13 0.372 0.205 0.905 37.114 12.785 78
10 256.28 27.61 29.10 0.225 0.405 0.886 40.371 14.364 40
11 32.63 43.18 11.18 0.133 0.671 0.729 62.130 9.911 64
12 81.70 25.22 60.30 0.370 0.211 0.905 37.101 13.129 19
13 157.84 39.58 81.67 0.630 0.092 0.771 59.036 6.759 43
14 229.36 41.89 10.35 0.120 0.657 0.744 61.163 8.785 96
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Follows Table A.5. 

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

15 353.13 41.57 80.97 0.655 0.104 0.748 61.139 7.587 167
16 235.41 15.96 66.89 0.253 0.108 0.961 24.615 6.716 35
17 60.36 35.98 24.60 0.245 0.534 0.809 51.573 17.162 73
18 229.25 42.00 10.41 0.121 0.658 0.743 61.255 8.865 214
19 316.60 49.60 45.43 0.543 0.534 0.648 56.391 43.467 7
20 60.36 35.98 24.60 0.245 0.534 0.809 51.573 17.162 2
21 352.67 41.63 81.48 0.657 0.098 0.747 61.311 7.169 2
22 299.68 24.20 37.73 0.251 0.324 0.912 34.142 14.957 80
23 35.9 17.61 72.09 0.288 0.093 0.953 27.380 6.317 45
24 136.87 29.59 55.58 0.407 0.279 0.870 41.614 17.865 189
25 137.78 29.71 54.07 0.401 0.291 0.869 41.354 18.560 17
26 83.77 38.12 34.52 0.350 0.509 0.787 50.887 25.022 225
27 246.10 36.75 55.34 0.492 0.340 0.801 49.484 23.874 100
28 3.75 11.06 4.94 0.017 0.191 0.981 17.289 2.480 335
29 244.49 42.65 75.53 0.656 0.169 0.735 60.818 12.659 716
30 159.76 36.79 2.27 0.024 0.598 0.801 55.507 3.087 67
31 161.72 36.46 2.00 0.021 0.594 0.804 55.022 2.999 98
32 116.72 44.40 38.66 0.437 0.546 0.714 54.917 33.869 174
33 116.50 44.36 39.22 0.442 0.542 0.715 54.678 34.184 11
34 220.88 40.90 18.63 0.209 0.620 0.756 58.158 15.438 42
35 3.86 10.89 4.80 0.016 0.188 0.982 17.021 2.431 190
36 117.87 13.31 70.25 0.217 0.078 0.973 20.749 5.085 23
37 116.76 44.46 38.61 0.437 0.547 0.714 54.983 33.901 169
38 135.78 33.76 55.66 0.459 0.313 0.831 46.432 21.140 38
39 2.07 10.98 6.95 0.023 0.189 0.982 17.210 2.696 9
40 283.18 29.70 55.25 0.407 0.282 0.869 41.659 18.082 76
41 93.64 38.79 39.37 0.397 0.484 0.779 49.823 28.355 163
42 207.13 21.55 75.19 0.355 0.094 0.930 33.445 6.799 495
43 93.68 38.74 39.25 0.396 0.485 0.780 49.821 28.243 491
44 263.79 34.76 51.54 0.446 0.355 0.822 46.181 23.983 61
45 27.21 29.20 10.02 0.085 0.480 0.873 44.870 6.754 27
46 178.82 40.26 20.37 0.225 0.606 0.763 57.097 16.526 18
47 341.00 31.35 4.19 0.038 0.519 0.854 47.877 4.379 10
48 344.96 43.52 20.41 0.240 0.645 0.725 59.899 18.389 11
49 77.16 27.48 4.07 0.033 0.460 0.887 42.196 4.300 17
50 206.98 21.33 75.20 0.352 0.093 0.932 33.115 6.734 19
51 291.07 47.73 53.28 0.593 0.442 0.673 58.021 35.945 24
52 290.93 47.69 53.46 0.594 0.440 0.673 58.052 35.758 22
53 318.56 15.76 28.18 0.128 0.239 0.962 23.937 7.550 96
54 242.27 50.28 44.62 0.540 0.547 0.639 56.842 44.354 27
55 318.50 15.66 28.24 0.128 0.238 0.963 23.784 7.510 96
56 242.51 50.34 44.20 0.537 0.552 0.638 57.073 44.225 14
57 241.95 50.01 45.28 0.544 0.539 0.643 56.609 44.056 64
58 270.22 36.60 66.65 0.547 0.236 0.803 52.569 16.702 140
59 123.60 40.05 25.24 0.274 0.582 0.765 55.565 20.217 78
60 123.00 40.44 26.31 0.288 0.581 0.761 55.617 21.304 4
61 180.31 24.29 81.29 0.407 0.062 0.911 37.628 5.562 145
62 266.85 45.65 57.56 0.603 0.384 0.699 57.940 30.437 10
63 238.89 38.85 45.02 0.444 0.443 0.779 47.655 30.924 15
64 43.18 16.75 69.56 0.270 0.101 0.958 25.959 6.524 15
65 278.50 38.92 46.59 0.456 0.432 0.778 48.370 30.374 21
66 217.85 30.00 83.97 0.497 0.053 0.866 46.004 5.135 18
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Figure A.25:Definition of the grain ID for each grain analysed from (a) Movie A14 (re-

production of Figure A.23e) and (b) Movie A15 (reproduction of Figure A.23f). 

Table A.6: List of all grains analysed by SECCM in aerated condition (Movie A14 and 

A15), with the average Euler angles, Miller indices and Projection Coordinates and an-

odic and cathodic E2mA listed for each one. The grain IDs correspond to those defined 

in Figure A.25. 

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

1 319.95 26.97 53.28 0.364 0.271 0.891 37.843 110
2 109.61 12.98 36.20 0.133 0.181 0.974 19.150 23
3 39.11 49.28 48.56 0.568 0.502 0.652 57.454 50
4 111.47 13.86 34.33 0.135 0.198 0.971 20.596 76
5 39.61 48.99 47.94 0.560 0.506 0.656 57.020 31
6 115.27 12.08 30.79 0.107 0.180 0.978 18.296 11
7 1.33 41.82 13.90 0.160 0.647 0.745 60.227 19
8 114.44 14.15 31.33 0.127 0.209 0.970 21.298 69
9 1.37 41.79 14.15 0.163 0.646 0.746 60.136 24
10 112.49 14.49 33.12 0.137 0.210 0.968 21.623 36
11 1.72 41.40 13.40 0.153 0.643 0.750 59.957 15
12 224.07 44.12 13.89 0.167 0.676 0.718 62.149 143
13 345.07 15.06 23.58 0.104 0.238 0.966 23.232 16
14 350.47 15.67 17.77 0.082 0.257 0.963 24.431 6
15 299.36 38.64 64.58 0.564 0.268 0.781 54.154 62
16 82.86 37.70 88.81 0.611 0.013 0.791 56.670 13
17 298.91 38.78 64.53 0.565 0.269 0.780 54.279 26
18 320.15 27.09 53.19 0.365 0.273 0.890 37.968 238
19 101.02 45.43 75.22 0.689 0.182 0.702 62.815 9
20 180.98 35.48 44.34 0.406 0.415 0.814 44.770 24
21 274.85 32.52 52.26 0.425 0.329 0.843 44.025 48
22 0.35 41.36 15.32 0.175 0.637 0.751 59.440 87
23 116.09 12.93 29.75 0.111 0.194 0.975 19.631 43
24 267.40 39.32 7.60 0.084 0.628 0.774 58.818 33
25 350.60 38.20 80.50 0.610 0.102 0.786 57.191 28
26 106.63 41.44 44.91 0.467 0.469 0.750 49.941 28
27 225.97 18.88 74.34 0.312 0.087 0.946 29.388 53
28 114.07 11.85 32.33 0.110 0.174 0.979 17.844 2
29 312.45 47.30 47.80 0.544 0.494 0.678 55.755 35
30 226.16 19.19 74.00 0.316 0.091 0.944 29.847 96
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Follows Table A.6. 

ID 

Average  Average  
Miller indices 

Projection  Average 
anodic 

E2mA (V)

Average 
cathodic 
E2mA (V)

Size 
(pixels)

1 2 h k l C1 C2

31 134.78 30.49 43.72 0.351 0.367 0.862 39.877 58
32 103.04 43.83 44.92 0.489 0.490 0.721 51.902 110
33 281.27 31.37 44.47 0.365 0.371 0.854 40.562 105
34 168.69 46.02 43.21 0.493 0.524 0.694 54.373 33
35 30.30 22.21 16.25 0.106 0.363 0.926 34.371 81
36 60.64 35.82 20.95 0.209 0.547 0.811 52.259 21
37 267.57 39.37 7.25 0.080 0.629 0.773 58.922 11
38 321.24 37.79 37.01 0.369 0.489 0.790 49.722 70
39 71.17 43.36 8.32 0.099 0.679 0.727 63.023 19
40 134.54 30.97 43.92 0.357 0.371 0.857 40.326 79
41 343.55 28.85 49.64 0.368 0.312 0.876 39.097 147
42 134.02 30.86 45.15 0.364 0.362 0.858 39.892 10
43 71.49 44.05 8.15 0.099 0.688 0.719 63.642 62
44 173.42 18.39 38.92 0.198 0.245 0.949 26.310 47
45 8.56 36.59 60.14 0.517 0.297 0.803 50.798 8
46 310.65 20.82 48.75 0.267 0.234 0.935 29.076 43
47 49.68 43.49 82.55 0.682 0.089 0.725 63.357 86
48 99.52 42.21 45.84 0.482 0.468 0.741 50.915 3
49 206.48 43.63 2.28 0.027 0.689 0.724 64.658 9
50 51.44 31.16 1.50 0.014 0.517 0.856 47.360 46
51 345.40 40.65 15.09 0.170 0.629 0.759 58.815 3
52 68.22 36.03 87.42 0.588 0.026 0.809 54.462 8
53 185.12 32.16 14.06 0.129 0.516 0.847 48.793 23
54 228.43 45.40 24.63 0.297 0.647 0.702 60.063 307
55 314.88 32.84 3.22 0.030 0.541 0.840 49.961
56 189.68 34.49 85.30 0.564 0.046 0.824 52.412 82
57 227.71 45.23 25.63 0.307 0.640 0.704 59.662 302
58 47.74 40.94 64.07 0.589 0.287 0.755 56.179 14
59 294.06 19.44 54.49 0.271 0.193 0.943 28.281 87
60 149.13 41.00 52.48 0.520 0.400 0.755 52.505 94
61 148.34 41.20 53.39 0.529 0.393 0.752 53.006 5
62 322.33 38.73 0.18 0.002 0.626 0.780 57.963 1
63 243.54 44.33 9.97 0.121 0.688 0.715 63.369 2
64 322.31 38.72 0.09 0.001 0.626 0.780 57.934 11
65 244.34 44.46 9.74 0.118 0.690 0.714 63.527 82
66 5.06 39.13 83.52 0.627 0.071 0.776 58.699 9
67 86.81 31.08 1.29 0.012 0.516 0.856 47.219 43
68 16.60 32.51 39.28 0.340 0.416 0.843 43.523 6
69 189.31 42.80 48.01 0.505 0.455 0.734 52.323 28
70 45.30 41.66 64.72 0.601 0.284 0.747 56.998 87
71 321.01 33.57 60.34 0.481 0.274 0.833 47.546 36
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