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Abstract
Historical electrochemical methods of materials characterisation typically ex-

amine the macroscale response of a system of interest. This provides some infor-
mation, but makes it difficult to elucidate the fundamental relationship between
structure and functionality of a material. For this reason there has been a large
push towards studying structure-activity relationships at the nanoscale or single
entity level, with electrochemical imaging techniques coming to the fore. These
techniques typically use a mobile electrode probe to investigate the system, and the
probe that is used (a “nanoelectrode”) is key. A previous method of nanoelectrode
fabrication involving the electrodeposition of platinum on pyrolysis formed carbon
nanoelectrodes has been reported and investigated in terms of reproducibility and
most effective methods of characterisation (Chapter 2). New methods for fabrica-
tion are still being pursued and a recent approach utilising chemical reduction at a
nanopipette-solution interface is investigated for its application in electrochemical
imaging techniques (Chapters 4 & 5).

There is a myriad of analytical techniques for surface materials character-
isation and several fall within the category of scanning electrochemical probe mi-
croscopy (SEPM). Within SEPM, hybrid techniques are popular, combining the
advantages of individual techniques. The combination of scanning tunnelling mi-
croscopy (STM) with scanning electrochemical microscopy (SECM) has shown promise
in previous studies, but has not been widely adopted due to the challenges associ-
ated with probe fabrication and instrument operation. These challenges have been
addressed with the assessment of SEPM systems for conductance and/or tunnelling -
SECM measurements using a novel scanning protocol (Chapter 3). If truly molecular
topographical resolution is the goal, then STM has proven itself to be an extremely
successful technique. To demonstrate, molecules of benzotriazole were deposited
on a Cu(110) surface to elucidate fundamental structural information, this system
is one where STM-SECM or conducting-SECM could potentially be applied in the
future (Chapter 6).
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Chapter 1

Introduction

1.1 Thesis Summary

Nanoelectrodes are a pre-requisite for several nanoscale electrochemical experiments,

despite this requirement, their fabrication and characterisation are far from trivial.

This thesis addresses one previous method of nanoelectrode fabrication and also

applies this method to a specific hybrid nanoscale imaging technique termed con-

ductance - scanning electrochemical microscopy (C-SECM). This thesis then goes

on to introduce and study a more recently reported method for nanoelectrode fabri-

cation and characterisation before the application of these electrodes for nanoscale

scanning electrochemical probe microscopy. The final chapter focusses on the ad-

sorption of a molecule (benzotriazole) on a metal (Cu(110)) surface in an ideal

system (ultra-high vacuum) for a demonstration of the capability of scanning tun-

nelling microscopy (STM).

Chapter 2 studies the fabrication and characterisation of carbon nanoelec-

trodes, previously described in the literature. Purely electrochemical methods of

nanoelectrode characterisation can provide misleading conclusions if proper inter-

pretation is not carried out, characterisation with both voltammetry and microscopy

of carbon nanoelectrodes is carried out in this chapter. These carbon nanoelectrodes

were then used as a substrate for Pt electrodeposition to form Pt nanoelectrodes us-

ing several different experimental procedures. Once again the use of electrochemical

methods of characterisation are presented, along with electron microscopy studies

to show the advantages and limitations of each approach.

In Chapter 3 the Pt nanoelectrodes fabricated in Chapter 2 were used in a

state of the art electrochemical imaging instrument to carry out a C-SECM study of

an exemplar system of the hydrogen evolution reaction (HER) on Au nanocrystals.
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The method of C-SECM operation is different to previous STM-SECM attempts,

utilising a hopping mode to simultaneously map topography and electrochemical

activity. The lateral resolution achieved is also greater than that of previous elec-

trochemical imaging studies using nanoscale electrode probes. The specific instru-

mentation setup presents certain limitations to the presented method as is discussed,

but the study highlights the future use of C-SECM for nanoscale materials charac-

terisation.

Due to the issues presented in Chapter 2 a newer method for Au nanoelec-

trode fabrication is described and studied in Chapter 4. Characterisation of these

electrodes is then carried out using electron microscopy and a non-trivial electro-

chemical approach. These electrodes present a very simple and extremely repro-

ducible method of fabricating Au nanoelectrodes with a good geometry, especially

when compared to the methods described in Chapter 2. However their electrochem-

ical characterisation presents some challenges with regards to predictability.

The electrodes studied in Chapter 4 are tested for their suitability as nanoscale

electrochemical probes in Chapter 5, with a specific emphasis on in-situ STM and

SECM, with ideal future applications being in STM-SECM studies. Whilst the

electrodes show promise for these applications, there are some drawbacks and chal-

lenges to be overcome before they become a staple fabrication method in the field

of electrochemical imaging.

As the previous chapters have discussed, nanoscale electrochemical imaging

and electrode fabrication can be extremely challenging and there are many issues

to be addressed. To demonstrate the capability of STM itself, Chapter 6 describes

a study carried out using an ultra-high vacuum (UHV) STM to investigate the

adsorption of a corrosion inhibitor, benzotriazole on a single crystal Cu(110) surface.

1.2 Scanning Tunnelling Microscopy

Scanning tunnelling microscopy (STM) was the first scanning probe microscopy

(SPM) technique, developed in 1981.1 Since then STM has demonstrated an ex-

ceptional ability to study the topography and electronic structure of conducting

surfaces at the atomic level.2 STM is often used in ultra-high vacuum (UHV) and/

or at low temperatures (liquid nitrogen or liquid helium).3–5 STM can also be oper-

ated in a variety of methodologies in addition to pure topographical measurements

such as scanning tunnelling spectroscopy,6 single molecule conductance measure-

ments7,8 and many others. Here the introduction will be limited mostly to the use

of STM for topography and electrochemical measurements in ambient and in-situ
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Figure 1.1: Scanning electron microscopy (SEM) images of mechanically cut Pt/Ir
(A) and electrochemically etched W (B) wires used as STM tips. (B) Reproduced
from Wüthrich, et al., J. Micromechanics Microengineering, 15, 2005.10 Copyright
(2005) Institute of Physics.

environments.

1.2.1 Operational Theory

STM utilises the phenomenon of quantum tunnelling, a subatomic particle can pass

through a potential barrier that it could not do under the laws of classical mechanics.

In the case of STM, the subatomic particle is the electron and the barrier is the

physical gap between the STM tip and the surface of interest. STM tips are typically

made from Pt/Ir or W wires that have been mechanically cut (Figure 1.1A) or

electrochemically etched (Figure 1.1B).9 At some point the tip will be atomically

sharp at the end and when the tip is brought in a sufficiently close proximity (≈ 4

nm) the tunnelling probability between the tip and surface becomes non-negligible.6

Generally the tip and surface will have different work functions and at equilibrium

the two will have a common Fermi level. This creates an electric field in the gap

between them. The typical work functions of metals is several eV which is generally

much higher than the thermal energy of electrons, therefore there is a barrier for

the electrons between the tip and surface. This barrier is impassible classically,

however, in reality electrons have a delocalised wave function meaning there is a

non-zero probability of electrons tunnelling across the gap and creating a tunnelling

current which can be measured. Once a potential difference is applied, the Fermi

level of the sample is shifted by −eV (where e is the electron charge and V is the

applied potential), creating a net tunnelling current.6

The overall tunnelling current can be derived using the approach developed

by Bardeen.11,12 The approach starts with the stationary Schrödinger equations:
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(T̂ + ÛS)ψµ = Eµψµ (1.1)

(T̂ + ÛT )χν = Eνχν (1.2)

where T̂ and Û are the kinetic and potential energy operators respectively,

S and T refer to the sample and tip respectively, ψµ and χν are the unperturbed

wavefunctions and E is the energy.6 The Bardeen approach continues derivation

from here with many steps and approximations to give the final result for the overall

tunnelling current I given by:

I =
4πe

~

∫ eV

0
ρT
(
ETF − eV + ε

)
ρS
(
ESF + ε

)
e−2ksdε (1.3)

with

k ≈
√
m(φT + φS)

~
(1.4)

e is the electron charge, ~ is the reduced Planck constant, V is the applied potential,

ρ is the density of states, EF is the Fermi energy, ε is the energy to integrate, s is the

sample to tip separation, m is the electron mass and φ is the work function.6 This

equation has several terms and variables, however, the most important to note is the

tunnelling current (I) is exponentially dependent on the tip to sample separation

(s). This is the primary reason that STM has such incredible resolution, a change

of height on the atomic scale results in an exponential change in the measured

tunnelling current. The lateral resolution of STM has also been approximated as(
(2 Å)(R+ s)

) 1
2 assuming the end of the tip is spherical with radius R and with all

values in Å.13

1.2.2 Tip Positional Control

To operate an STM, the movement of the tip has to be controlled in an extremely

precise fashion. To achieve atomic resolution the position of the tip needs to be con-

trolled on the Ångström scale. This motion is realised with the use of piezoelectric

ceramic actuators. Piezoelectrics can expand or contract with an applied voltage,

this also works in the opposite regime where expanding or contracting the piezo-

electric will create a voltage; to a good approximation the response is linear with a

proportionality constant.14 The required properties for a piezoelectric scanner are:

high mechanical resonance frequencies, high scan speeds, high spatial resolution, in-

dependent three-dimensional control, low creep and minimal thermal drift.6 Many

forms of scanners have been used for STM, however, a single piezoelectric tube is
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A B C

Figure 1.2: (A) Schematic of a piezoeletric tube scanner with a mounted tip and
four external electrodes. (B) Applying a bias on the external electrodes allows for
lateral motion of the STM tip. Applying a bias to the internal electrode (C) or
external electrodes in unison allows for vertical motion.6

the most common. This consists of a piezoelectric material tube with four electrode

sections around the outside and optionally an electrode inside. Applying opposing

voltages to these outer electrodes will move the tip in the lateral directions, while

vertical motion is realised by polarizing either all the external electrodes in unison

or by polarising an inner electrode relative to the outer ones (Figure 1.2).6,15 Whilst

these exist in a wide range of sizes and materials, STM tube scanners will typically

have a lateral range of a few microns and a vertical range of around one micron.16,17

Creating an STM image involves moving the tip across the surface of interest

and measuring the tunnelling current at each location. Two modes are generally used

for imaging; constant height mode (Figure 1.3A) and constant current mode (Figure

1.3B). As the name would suggest, in constant height mode the vertical displacement

of the tip is kept constant and the change in tunnelling current across the surface is

the feature of interest. If there is a dip in the surface, a reduced tunnelling current

is observed, and vice versa for a bump. This mode is only used over a small area on

very flat surfaces otherwise the tip could crash into the surface. Resolution is also

lost in any features that are below the imaging plane and thermal drift during the

length of the scan could cause the tip to contact the sample.6 Constant current mode

adjusts the vertical displacement of the tip to keep the tunnelling current constant

using a computer controlled feedback mechanism and records the voltage applied to

the vertical adjustment piezoelectric. This mode is the most commonly used as it

can be applied to a greater range of surface topographies. Repeating either of these

modes in a raster pattern will generate an STM image of the surface.6

A notable issue is presented for surfaces covered with adsorbates as constant

current imaging is only an accurate topographical representation if the local density
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Figure 1.3: (A) Constant height mode, where the height of the tip is kept constant
and the change in tunnelling current is measured. (B) Constant current mode, where
the tunnelling current is kept constant using a feedback loop to adjust the tip to
surface separation, whilst recording the piezoelectric extension.

of states is constant (see equation 1.3). In STM imaging electronegative atoms

adsorbed on metal surfaces appear as depressions, this is due to a charge transfer

that takes place between the substrate and the adsorbed atom which screens the

metals conduction electrons.6,18

1.2.3 The STM Tip

The first major criteria for an STM tip is that it is conductive to allow electrons to

tunnel and current to flow. The atomic scale structure of the tip is also extremely

important for STM imaging: ideally the tip should be terminated by a single atom

if atomic resolution is the goal. If tunnelling occurs at more than one atom (double

tip), image artefacts will be produced. The purity of the tip is also an important

factor, oxide layers can have a very high resistance, causing the tip to physically

touch the sample before a tunnelling current is observed, therefore a chemically inert

metal is the most suitable material for an STM tip. For these reasons, generally

materials like Pt/Ir or W wires are used.6,19

Whilst these wires alone will suffice in ambient or UHV conditions, in-situ

or electrochemical conditions require modification to these wires. Specifically if the

solution is conductive then the tip will simply short the circuit resulting in saturated

currents. In order to operate STM in conductive solutions the tips are insulated so

that only a small area is exposed at the end. Doing this limits the currents measured

from Faradaic processes and as long as the tunnelling current is greater than these

processes then STM measurements can still be obtained.20,21

There have been several methods used to insulate tips for in-situ STM mea-

surements, a few more commonly used methods are summarised below. One method
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is insulating using melted wax, the tip is moved into molten Apiezon wax using a fine

manipulator until a thermal equilibrium is met, the tip is then moved up and out of

the wax. The precise temperature of the wax makes a large difference to the quality

and coverage of the insulation.22–24 Another method is coating in varnish where the

wire is left tip upwards with varnish on the end and then cured to expose the very

tip.21,25,26 Electrophoretic paint can also be used to insulate STM tips. The tip is

submerged in an electrophoretic paint (Clearclad, Glassophor, etc.), a potential is

applied between the tip and a Pt electrode to create the coating and then the tip

is cured to harden the coating and expose the apex. The specific deposition and

curing conditions depend greatly on the exact paint used.21,27–29

1.2.4 In-situ and Electrochemical STM Studies

The first STM study, carried out in UHV, demonstrated the monoatomic steps

of, and surface reconstructions associated with, CaIrSn4 and Au surfaces.1 Shortly

thereafter, the 7 × 7 reconstruction on Si(111) was imaged in real space directly

for the first time.30 Atomic resolution studies of graphite surfaces in air and wa-

ter first demonstrated the possibility of using STM as a tool for in-situ surface

characterisation,31,32 once this had been carried out, it did not take long before

STM measurements in an electrochemical environment were reported, termed elec-

trochemical (EC)-STM. Some of the earliest work in this area involved imaging a

graphite surface before and after Au electrodeposition without removing the sample

from the electroplating solution.20 The first study to use a three-electrode setup

(i.e., with the tip, substrate and a reference electrode) demonstrated the electro-

chemical deposition and dissolution of Ag under potentiostatic conditions, this was

followed shortly thereafter by the publication of a full design specification for an

EC-STM.33

Over the years many EC-STM studies have been carried out, so for the sake

of this thesis some more interesting studies in the last few years will be highlighted

to show what is at the forefront of EC-STM.

One key capability of EC-STM is to map surface topography whilst carrying

out voltammetry on the substrate. Several recent studies highlight this, for ex-

ample anion intercalation in highly ordered polycrystalline graphite (HOPG) with

4 different electrolytes (HCl, HClO4, H2SO4 and H3PO4) has been studied. The

group cycled the potential of the substrate between EC-STM scans to show that

in HClO4 and H2SO4 anion intercalation resulted in “blister” formation not seen

with the other electrolytes. The first stages of the intercalation process were also

outlined.34 Another study described the potential dependence of germanene growth
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on the Au(111) surface, showing that the initial deposition occurs at defects in the

Au(111) herringbone reconstruction. Subsequently growth in troughs of the surface

relaxes the structure, further growth was shown to occur via a second layer of weakly

bound islands.35

EC-STM also has significant applications within the field of energy materials,

a recent study looked at the ability of iron-pthalocyanine layers adsorbed on Au(111)

to catalyse the oxygen reduction reaction.36 Electrochemical roughening of Pt(111)

in HClO4 has been studied recently with EC-STM, this was achieved by cycling the

potential of the system (between 0.05 and 1.35 V vs a reversible hydrogen electrode,

RHE) and taking EC-STM scans with the potential held in the double layer region

(0.4 V vs RHE) building up a series of images showing the roughening as a function

of cycle number.37

Generally speaking the limiting factor for the speed of acquisition for STM

images is the feedback required for constant current mode imaging. As mentioned

previously (Section 1.2.2), constant height STM is limited in the topography possible

to study, and any resolution is lost for a substrate which is not directly in the imaging

plane, however, it can be operated much faster than the constant current mode.38,39

A recent study investigated the surface dynamics of Au(111) crystals in different

ionic liquids, with STM images obtained in only ≈ 100 ms per frame. This acqui-

sition rate allows the system to be investigated on the electrochemical timescale.38

The same group also studied Bi electrodeposition on Au(111) and Au(100), the time

resolution achieved allowed for real time videos of atomic movement, showing the

influence of Bi-Bi covalent bonds on the morphology of the electrodeposition.39

A rather novel approach to EC-STM was conducted recently where noise

in the tunnelling current was used to investigate electrochemical phenomena. As

mentioned earlier (Section 1.2.3) EC-STM tips are insulated to try and minimise

the contribution of Faradaic currents to maximise the signal to noise ratio. This

study took a conventional EC-STM instrument with a Pt(111) crystal and analysed

the Faradaic noise during the scanning procedure. They showed that when the

substrate potential was appropriate for the hydrogen evolution reaction (HER), the

noise was increased over surface features like step edges. This increase is attributed

to a greater catalytic activity which changes the local composition of the solution

and hence the tunnelling barrier. The same study also investigated Pd islands on

Au(111), an increase in noise was recorded over the Pd islands and an even greater

increase is seen over the first few atoms of the Pd/Au boundary. This technique is

not currently fully quantitative, however it does show how conventional EC-STM

can be sensitive to catalytic properties.40
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Figure 1.4: (A) Schematic of an AFM tip tracing surface topography with a detector
used to monitor the change in laser and hence cantilever position. (B) Phases of
a force-distance curve. In (a) the tip is approached towards the surface, (b) an
adhesive force between tip and sample reduces force on the cantilever, (c) the force
increases as the tip is driven into the surface, (d) the adhesive force of the surface
keeps the tip on the surface, (e) the tip detaches from the surface.

1.3 AFM

The atomic force microscope (AFM) was developed very shortly after STM,41 and

AFM and STM are by far the most utilised SPMs. An in depth review of AFM use

in electrochemical environments is beyond the scope of this thesis, but AFM has

been used with other scanning electrochemical probe microscopy (SEPM) techniques

in a hybrid setting (see Section 1.5) and therefore a brief overview of operational

principles will be described here.

AFM involves measuring the force between a sharp tip and the sample on the

atomic scale. Typically the tip will be mounted on a cantilever and the deflection of

this cantilever is used to measure the force, the deflection is recorded by reflecting a

laser off the cantilever and onto a detector (Figure 1.4A). The force (F ) in the most

basic case is given by Hooke’s law: F = −kz where k is the stiffness and z is the

deflection of the cantilever.42 A force-distance curve typically observed in AFM is

described in Figure 1.4B, however, depending on the surface, tip and environment

these curves can look quite different.42

There are several modes of operating an AFM and this determines what

probe motion and feedback is used, the most common are described below. Feed-

back in contact mode is carried out by setting a desired force on the cantilever,

the feedback loop will then adjust the tip to sample separation to keep this force

constant. This contact however, can damage the surface as the tip is essentially

dragged across it.43,44 This leads into non-contact mode AFM, in this case the tip
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is kept a set distance (30− 150 Å) above the surface and the Van der Waals forces

are detected. As would be expected the forces measured here are much weaker than

in contact mode, so the cantilever is oscillated near its resonant frequency which

allows for small deviations in this vibration due to the forces to be monitored.44,45

The forces here are over a very short distance and generally the surface will have

a fluid contaminant layer which is thicker than the operating distance required and

therefore the tip can become trapped in the layer or moves too far from the surface

to measure these forces. Finally, tapping mode AFM is similar to contact mode in

that the cantilever is oscillated near its resonant frequency, however, in this mode

the tip contacts and then detaches from the surface with each oscillation. This mode

eliminates the lateral forces found in contact mode but the impact force can often

be larger, which can blunt the AFM tip.44,46

Critically, as AFM measures force it can be applied to conductors and insu-

lators (unlike STM), it has also been utilised in air, solution and vacuum.47

1.4 SEPM

Following the success of STM, many other types of SPM have followed suit for the

investigation of surfaces at high resolution. Depending on the type of probe used,

and operational method, a plethora of different information can be obtained about a

surface. This has led to many different types of SPM. Specifically of interest to this

thesis is the category of scanning electrochemical probe microscopy (SEPM), where

local electrochemistry is the information of key interest. Below, the focus will be on

scanning electrochemical microscopy (SECM) as the most relevant technique to the

thesis, but details of the other key and most commonly used SEPM techniques are

also briefly described and have been covered in recent reviews.48–50

1.4.1 SECM

Scanning electrochemical microscopy (SECM), first described in the late 1980s, is

the most widely adopted form of SEPM and has proven to be extremely effective

at determining local electrochemistry at a surface.51–54 Historically, the resolution

of SECM has been limited to the micrometer scale due to the probes used being

ultramicroelectrodes (UMEs), however more recently the achievable resolution has

moved into the nanoscale due to new fabrication methods for nanoelectrodes (NEs).
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1.4.1.1 Operational Principles

SECM operates by measuring the current on a UME or NE as it is scanned in close

proximity to a substrate in solution. SECM can determine surface topography and

electrochemical activity, although not normally at the same time. There are several

different ways of operating an SECM in terms of the potentials used, the currents

measured and the pattern of motion for scanning.51

One class of operation for SECM is in generation/collection (G/C) modes.

The two types of G/C mode used are substrate generation/tip collection (SG/TC)

and tip generation/substrate collection (TG/SC). During G/C modes both the sub-

strate current (iS) and tip current (iT) are measured and the potential for both is

controlled.55,56

In TG/SC mode a product is generated at the tip and the substrate is used

to collect it. As an example the oxidised form of a species (O) could be reduced

at the tip to the product (R) following O + ne− → R, then the substrate would

have a suitable potential to collect R via the opposite process (R − ne− → O).

Collection efficiency is given by iS/iT. Since the substrate is generally much larger

than the tip, and if the tip is sufficiently close to the surface (within a couple of tip

radii), then this tends towards 1 (100 %). However if R reacts in solution whilst

traversing between the tip and substrate, then this efficiency will be decreased. The

collection efficiency can be measured to find the rate constant for the homogeneous

reaction.57,58 TG/SC can be used to screen electrocatalysts,59 generating a species

at the tip (with constant current) and then measuring the change in substrate cur-

rent as the potential of the substrate is controlled.60,61 SG/TC essentially operates

in the opposite fashion to TG/SC where the substrate generates the product and

the tip collects it. As the species (O) diffuses away from the substrate, having been

electrolysed (from R) a fraction of O will be converted back to R at the tip. The

time dependent current response at the tip is sensitive to the diffusion coefficient

ratio of the O/R couple. Additionally, in steady state conditions the tip current

can be combined with the current value for electrolysis of R in bulk to measure

differences in the diffusion coefficient for the reduced and oxidised form of the cou-

ple.62,63 Approaching the tip to the substrate results in a concentration gradient

and scanning across the surface can highlight active regions of the substrate.55,56

Another operational mode very similar to TG/SC is called feedback mode.

This is the most frequently used mode, where only iT is monitored.55,58 Whilst the

tip is sufficiently far from the surface the measured iT is governed by diffusion of

species to the tip (Figure 1.5A). When the probe is approached to a catalytically

active substrate at a suitable potential (Figure 1.5B), the substrate can regener-
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Figure 1.5: (A) Oxidised form of species reduced at the SECM tip when far from
surface. (B) A catalytically active substrate can re-oxidise the reduced form creating
an increase in current. (C) An inert substrate hinders diffusion of species towards
the tip resulting in a reduced current. (D) Approximate expected approach curve
to a catalytically active or inert substrate.

ate the species and therefore an increase in current is observed (positive feedback).

For an inert substrate (Figure 1.5C) the diffusion of electroactive species towards

the probe will be hindered and therefore a diminished current at the probe is ob-

served (negative feedback). Due to these processes, approaching an SECM tip to

different substrates will result in a different approach curve (Figure 1.5D). These

approach curves are typically plotted in normalised quantities as iT/iT,∞ (iT,∞ is

the tip current far from the surface) against L = d/a where d is the tip to substrate

separation and a is the probe radius. Given these are both dimensionless variables,

the approach curve does not contain any information about species concentration

or diffusion coefficients. The approach curves can therefore be used to determine d

from measured iT.51,54 However, the approach curve for an insulator also depends

on the radius of the insulating sheath around the conductive part of the probe, as

this also limits the diffusion of species to the tip.64–67

SECM mostly involves measurements of steady state currents. The advan-

tage being that double-layer charging and adsorption do not effect the measured

current.68,69 Transient mode SECM, however, measures iT as a function of time

and can be used for a system that has a time dependence or for determining diffu-

sion coefficients.64,70 Techniques such as cyclic voltammetry (CV) can also be used

at the tip during SECM operation. Fast scan CV has been used to allow for chemi-

cal imaging without feedback interactions and reaction intermediates have also been

studied using typical slower CV studies during SECM operation.71,72

SECM has been operated in several scanning methodologies, to list the most

12



Figure 1.6: (A) Constant height mode where the probe height is kept constant and
the change in current is measured. (B) Constant current mode, where the current
is kept constant by adjusting and monitoring the height of the tip. (C) Hopping
mode where the probe is approached to a set current at each pixel before retracting
back a set distance and approaching the next, monitoring the final position in each
approach.

utilised; constant height (Figure 1.6A), constant current (Figure 1.6B) and hopping

mode (Figure 1.6C).73,74 Constant height, and current, operate very similarly to

analogous techniques in STM where the height is kept constant and current moni-

tored, or the current is kept constant by varying the height of the probe respectively.

Similar to STM, constant height mode is only useful for flat substrates as otherwise

the tip could make contact with the surface, whereas constant current mode is slower

but can be applied to a greater variety of topographies. Hopping mode scanning

was first introduced in scanning ion conductance microscopy (SICM) where the

probe is approached to the surface at each pixel until the set threshold for current

is reached, the probe is then retracted back a set distance and re-approached at

the next pixel.75,76 The resulting image in hopping mode should closely resemble a

constant current image as the current set point before retracting is constant. Whilst

this method is slower than the other methods it can be applied to any surface to-

pography if an appropriate retract distance is set. Hopping also allows approach

curves to be recorded for every pixel which can elucidate additional information.74

1.4.1.2 Instrumentation

Similarly to STM, fine probe positioning is required for effective experiments. How-

ever, as mentioned previously (Section 1.2.2), the lateral range of traditional STM

piezoelectric tube scanners is on the several micron scale.16,17 Given that originally
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the size of probes used for SECM was also on the several micron scale, this range

is not particularly useful. Hence SECM instruments have typically used positioning

systems that have a much larger scan range with a greatly reduced resolution.51

Several different approaches to this have been taken including, but not limited to,

electric stepper motors and stacked piezoelectric transducers.51,77 Typical stacked

piezoelectric transducers have a range somewhere between 10 − 300 µm with the

best possible resolution being around 0.1 nm. Stacked systems also tend to have

poorer overall stability and rigidity than tube scanners, however, for electrochemi-

cal imaging they allow for a greater range of motion and usually easier mounting of

probes, due to their larger overall size and mounting points.78,79

Other components of SEPM instruments are very similar to STM ones. Gen-

erally instrumentation is housed inside a Faraday cage of some description to limit

electronic noise from equipment and external sources.80 Currents are measured us-

ing electrometers and potentiostats, the specifics of which depend on the absolute

current measured and precision required.80 It should be noted that SEPM currents

can be much lower than tunnelling currents (especially with nanoscale SEPM).80–82

1.4.1.3 Probes

Originally, SECM was carried out using UMEs.51–54 UMEs are widely used in elec-

trochemistry due to having small diffusion layers and overall currents, which allows

for steady state conditions and very high scan rates with minimal distortion.83,84 In

essence a UME is simply an electrode where the electroactive area is on the scale of

a few microns. Typically these are fabricated by taking a wire of electroactive metal

(e.g. Au, Pt etc.) with a diameter between ≈ 1− 30 µm and insulating it in a glass

sheath.85,86 UMEs are then usually characterised by microscopy and voltammetry.86

CVs are used widely in electrochemistry for characterising electrodes. Dur-

ing a potential sweep, the current measured will increase as the electrolysis begins.

However, as the potential is swept further the electrolysis at the electrode surface

reduces the local concentration of the species and the electrolysis rate becomes much

greater than the diffusion rate of new material to the electrode. An example of the

reversible reduction of Ferrocenium (Fc+ + e− −−⇀↽−− Fc) is shown in Figure 1.7A. As

the potential is scanned negatively from A to D, Fc+ is reduced to Fc at the elec-

trode surface, resulting in depletion of Fc+ near the electrode. At the peak cathodic

current (C), diffusion of further Fc+ from the bulk solution to the electrode surface

becomes the limiting process. As the scan continues, the depletion layer of Fc+ at

the electrode surface (diffusion layer) continues to grow, slowing the mass transport

of further Fc+ to the electrode surface and hence reducing the measured current
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(C→D).83,87 When the potential sweep direction is reversed (D→G), the concentra-

tion of Fc+ at the surface is depleted but the concentration of Fc is increased. The

Fc at the surface is oxidised back to Fc+ as the potential is swept anodically.83,87

The Nernst equation describes the relationship between the potential of the

electrode (E) to the relative activities of the oxidised (Ox) and reduced form of a

species (Red) at equilibrium:

E = E0 +
RT

nF
ln

(Ox)

(Red)
(1.5)

where E0 is the standard potential of the species, R is the gas constant,

T is the temperature in Kelvin, n is the number of electrons transferred in the

process and F is the Faraday constant.83,87 Applying this equation to the example

above, E0 is replaced by the formal potential (E0′), which is dependent on specific

experimental conditions, n is set to 1 and the activities of the oxidised and reduced

form are replaced with the concentrations [Fc+] and [Fc] respectively, such that:

E = E0′ +
RT

F
ln

[Fc+]

[Fc]
(1.6)

The formal potential is given by the point at which the surface concentrations

of Fc+ and Fc are equal (Figure 1.7A, B and E). This can also be measured as the

average potential of points C and F.83,87

When carrying out CV experiments with UMEs and NEs, a sigmoidal re-

sponse is observed, compared to macroscale electrodes where the characteristic peak

shaped CV shape is seen (Figure1.7A).83,87 In reality the shape of the CV is due

to effects of both size and scan rate, for instance a UME or NE scanned quickly

enough will also display the peaks. For a UME or NE, however, radial diffusion

to the edges of the electrode becomes important and increases the diffusion rate to

the electrode, meaning that steady state CVs can be obtained at much quicker scan

rates than macro electrodes (see Figure 1.7B).83,87

Two example CVs of a 10 µm diameter Au UME with different scan rates are

shown in Figure 1.7C. It can be seen that at faster scan rates the CV deviates from

the ideal steady state sigmoidal response and tends more towards a peak shaped

CV such as Figure 1.7A. This transition can be described by the dimensionless scan

rate:88

σ =

(
F

RT

)(
νa2

D

)
(1.7)

where F is the Faraday constant, R is the gas constant, T is the temperature

in Kelvin, ν is the scan rate in V s−1, a is the electrode radius and D is the diffusion
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Figure 1.7: (A) Illustrative CV of reversible reduction for Fc+ to Fc. Adapted from
Elgrishi, et al., J. Chem. Educ., 95(2), 2018.87. (B) Diffusion profile of species
to a microelectrode surface for a short time scale/ fast scan rate (red) and for a
longer time scale/ slower scan rate (blue). (C) CVs of a 10 µm diameter Au UME
in 5.5 mM [Ru(NH3)6]

3+ and 0.1 M KNO3 with 10 mV s−1 (blue trace) and 1000
mV s−1 (orange trace) scan rates. Peaks in the CV are observed with faster scan
rates for the same electrode.

coefficient. At σ = 10−3 a sigmoidal response is measured, at σ = 1 peaks start

to form and at σ = 103 a peak shaped response is observed.88 In Figure 1.7C, σ is

given by 0.0124 and 1.238 for 10 mV s−1 and 1000 mV s−1 respectively.

For UMEs with an infinite insulating sheath the steady state current mea-

sured at the UME can be determined from equation 1.8 for a disc shaped electrode

(Figure 1.8A) and equation 1.9 for a hemispherical electrode (Figure 1.8B), where

iss is the steady state limiting current, n is the number of electrons transferred in

the redox process, F is the Faraday constant, D is the diffusion coefficient of the

redox species, c is the concentration of the redox species and a is the radius of the

UME.89,90 However, how large the insulating sheath has to be to be considered in-

finite is not trivial, it has been shown that deviations from the above can be up to

1.2 % for an electrode with an RG = 10, with decreasing deviations for increasing

RG values (where RG is the ratio of insulating sheath radius to electrode radius,

rg/a).67 Etched electrodes typically take the shape of a finite cone (Figure 1.8C)

and follow equation 1.10 for the steady state current, where h is the length of the

electrode exposed from the sheath, q = 0.3661, p = 1.14466 and H = h/a.91 The

effect of an insulating sheath on conical electrodes has also been studied and follows
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Figure 1.8: Example UME geometries with radius a, sheath radius rg, height h and
recession depth L labelled. Disc shaped (A), hemispherical (B), conical (C) and
recessed (D) geometries for UMEs.

Table 1.1: Approximate numerical values for consants A,B,C & D with dependence
on H for use with equation 1.11.91

H = 0 H = 0.5 H = 1 H = 2 H = 3

A 1.0000 1.1270 1.2979 1.6769 2.0585

B 0.1380 0.1972 0.2795 0.5240 0.8910

C 0.6723 0.5667 0.4506 0.1794 -0.1900

D -0.8686 -0.9025 -0.9436 -0.9857 -1.0288

equation 1.11, the values for A,B,C & D are dependent on H for which approxi-

mate analytical solutions give the values in Table 1.1.65 If the electrode is recessed

within the insulating sheath (Figure 1.8D), then the steady state current is reduced

and given by equation 1.12, where L is the recession depth.90

idiscss = 4nFDca (1.8)

ihemisphere
ss = 2πnFDca (1.9)

iconess =
(
1 + qHP

)
4nFDca (1.10)

iconess = idiscss

(
A+B(RG− C)D

)
(1.11)

irecessss =
4πnFDca2

4L+ πa
(1.12)

In more recent years the size of electrodes used has decreased dramatically

(i.e. NEs) in an effort to increase the resolution of electrochemical studies and take

electrochemistry to the nanoscale. Whilst much of UME theory and characterisation

is compatible with NEs, NE fabrication and characterisation is a lot less trivial than
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for UMEs and will be discussed later (Section 1.6).

1.4.1.4 Nanoscale SECM

The ultimate resolution of SECM is limited by two main factors: (i) the size of

electrode used and (ii) diffusion of species to that electrode.49 Hence reducing the

size of the electrode increases the possible resolution of SECM (addressed in Section

1.6). A few reviews have covered recent nanoscale SECM studies and so some

recent articles will be briefly summarised here.80,92,93 In one study the homogeneity

of thiophenol diazonium films on HOPG has been addressed at the 10 s of nm scale,

with 14 nm Pd nanocubes also being studied.94 The hydrogen oxidation reaction on

Pt nanoparticles (NPs) with a few 10s to 100 nm radius, with a focused ion beam

(FIB) milled 90 nm radius PtNE, was also realised by one group.95 10 − 20 nm

radius PtNEs have been used to study single NPs, with radii down to 10 nm being

resolvable.96 The same group has also demonstrated the investigation of HER on

Au NPs with ≈ 6 nm spatial resolution using an ≈ 3 nm radius PtNE.97 Another

recent study also set out a method to create PtNEs without a laser puller and

used a hopping mode approach to SECM as mentioned previously (section 1.4.1.1).

However, whilst the electrodes were on the 100s of nm scale the SECM resolution

was still on the micron scale.74

Due to SECM being a non-contact technique it has also seen application in

biological systems, with nanoscale SECM single biological samples have been inves-

tigated. SECM approach curves and amperometry have been applied to individual

neurons at the 100 s of nm scale to elucidate the cellular permeability and the release

of acetylcholine in response to high concentration K+ stimulation.98 Topographic

images of human breast epithelial cell, have been obtained with a spatial resolution

of ≈ 100 nm, this was achieved using negative feedback with [Ru(NH3)6]
3+ as the

redox mediator.99 A 300 nm PtNE has been used to measure the flux of FcMeOH

across the cell membrane of epithelial cells.100 NEs can also be inserted through the

membrane of biological cells without affecting the activity of the cell. Species such

as reactive oxygen and nitrogen species can then be measured.101,102 SECM has also

been applied to membrane protein distribution on individual cells at the same time

as obtaining topographic information.103,104

In addition to the instrumentation requirements set out in Section 1.4.1.2,

for effective nanoscale SECM imaging, even more attention is required to minimise

vibrational and electronic noise in addition to minimising thermal drift. Minimis-

ing drift is especially important for constant height experiments.80 A recent report

detailed a nanoscale SECM instrument with specific focus on LabVIEW code for
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A B

Figure 1.9: (A) SICM operational illustration, the nanopipette is filled with elec-
trolyte, one electrode is inserted into the nanopipette and another into the bulk so-
lution. A bias is applied between the electrodes to create an ion current, which can
be used with a feedback loop to map topography (B). The nanopipette and/ or sub-
strate is mounted on piezoelectric positioners to control the motion and separation
of both. Posted with permission from the Annual Review of Analytical Chemistry,
Volume 5(1), 2012, c© by Annual Reviews, http://www.annualreviews.org.109

synchronous electrochemical and positional control, an isothermal chamber to min-

imise thermal drift, a bipotentiostat for electrochemical response and the SECM

stage itself. These factors are all extremely important for effective operation of

SECM at the nanoscale.80

1.4.2 SICM

SICM is a form of SEPM that utilises the flow of ions between two quasi-reference

counter electrodes (QRCEs), one inside a micro or nanopipette (tip) and the other

in bulk solution, with a bias between them (Figure 1.9A). A QRCE is a simple

electrode (such as a Ag/AgCl wire) which replaces the use of a standard reference

and counter electrode, this is justifiable if the currents measured are small and the

surface area of the QRCE is large in comparison to the working electrode.105 As

the pipette gets close to the surface (within a tip diameter), the flow of ions into

or out of the pipette is hindered.106,107 Using this phenomena, SICM can be used

to map topography of samples in solution (Figure 1.9B). SICM has been popular

in imaging of soft samples such as biological systems due to its non-contact nature

and the ability to operate in physiological solutions.107,108
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More recently SICM has also been used to gather much more information

than just topography by adjusting the biases and probe motion throughout the

scanning procedure. Functional information such as surface charge has also been ob-

tained simultaneously with topographic information.110–113 This has been achieved

using a hopping mode approach (see Section 1.4.1.1) where the probe is approached

to a desired threshold and retracted at each predefined pixel whilst monitoring the

probe position.75,76 However, a few different operational methods have been used

with this mode. The first involves oscillating the probe with high frequency over a

short range (288 Hz at 10 nm peak-to-peak in this study) during the approach, the

ion alternating current (AC) and direct current (DC) response is measured along

with the phase of the measured ionic current. The AC amplitude is used for the

approach threshold, the last recorded approach location is used to map topography

and the phase change is used to map surface charge.112 Another SICM methodology

involves oscillates the probe bias rather than probe position. The AC component of

the current is sensitive to surface topography even with zero bias difference between

the electrodes in bulk and in the nanopipette, when the potential difference is non-

zero the current becomes sensitive to surface charge.110 In this case, the probe is

approached with zero potential difference until a phase change threshold is reached

(used to map topography). Then a CV is carried out at this position to sense surface

charge, the probe is retracted and another CV is obtained to use for background

correction.110 Increased speed and reduced complexity has been achieved by remov-

ing any AC components and approaching more traditionally with a small bias (+20

mV here) until a threshold change in DC current is obtained, this point is used to

map topography. The significant speed improvement is made by then pulsing the

bias to the most sensitive value for surface charge (−400 mV) rather than running

a whole CV.113

In addition, one study using 30 nm diameter nanopipettes was able to simul-

taneously map topography and electrochemical reactivity with SICM.114 A hopping

mode scanning protocol was employed where the probe is approached using a DC

feedback first to measure topography, before a short retract (typically 20 nm). The

retract step minimises the impact of the tip on mass transport at the substrate and

avoids double layer effects on the current response. The substrate is then pulsed

from a potential where no electrochemical reaction occurs to an active one for a

short period (typically 20 ms). The response during the pulse phase is then used to

map electrochemical reactivity, before the probe is retracted and moved to the next

pixel.114

SICM has proven itself as an extremely effective technique in the SEPM
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Air Contact

Figure 1.10: Illustration of double barrelled SECCM operation, where electrodes and
electrolyte are used in both barrels to approach the probe into meniscus contact with
the substrate. Reprinted from Bentley et al., 6(1), 2017, Copyright (2017), with
permission from Elsevier.120

field. However, the ultimate topographic resolution is limited by the size of the

probe used; the resolution is on the order of three times the pipette radius.115–117

The smallest probes that have been used for SICM have been on the 10 − 20 nm

diameter scale, giving a resolution around 20 nm.118,119 This resolution is impressive

and much greater than typically possible with SECM but still short of STM and

AFM.

1.4.3 SECCM

Scanning electrochemical cell microscopy (SECCM) uses a droplet at the end of a

pipette to make local electrochemical measurements on a surface.121 A nanopipette

is filled with electrolyte and a QRCE is inserted, the electrolyte will form a droplet/

meniscus at the end of the pipette. The probe is approached to the substrate until

contact is made by the meniscus to the surface (the pipette itself does not touch

the surface), this creates a local electrochemical cell with a size similar to that

of the probe diameter. Measurements are then made by applying a potential be-

tween the QRCE and the substrate. With contact made, the probe can then be

scanned across the surface to generate a map of electrochemical activity. SECCM
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can be used in this format with a single barrel pipette on conductive samples.122–124

However, SECCM can also be applied to insulating substrates, using a dual barrel

pipette, by monitoring the current between the two barrels which gives information

about deformation of the meniscus (Figure 1.10).121,123,125 Original studies with

droplets studied corrosion on the surface of macroscopic electrodes on the scale of

1 − 1000 µm.126 SECCM operates on much smaller scales, using a hopping mode

and applying traditional electrochemical measurements (i.e. CV, chronoamperom-

etry) at each approach.123,124,127–129 The highest resolution examples recently used

nanopipettes with a diameter of 30 nm to map homogeneous catalytic activity on

2D Au nanocrystals124 and heterogeneous activity on Au NPs.123

Whilst this resolution may increase slightly further with smaller nanopipettes,

the resolution of SECCM, similarly to SICM, will always be limited by the size of

the pipette used. However, as with SICM, this resolution is better than has been

achieved with SECM but not at the scale of STM and AFM.

1.5 Hybrid SEPM Techniques

Hybrid SEPM techniques involve the combination of other SPM techniques to utilise

the strengths of each technique and overcome some of the limitations of each. Be-

low, some of the most common are described, with a focus on STM-SECM. Recent

advancements have also been covered in several recent reviews.48–50

1.5.1 AFM-SECM

The atomic force microscope - scanning electrochemical microscope (AFM-SECM)

allows for simultaneous mapping of topography (AFM) and electrochemical activ-

ity (SECM).130–134 The key to AFM-SECM, like most hybrid techniques, is the

choice of probe.130,131 The first AFM-SECM study used flattened and etched Pt mi-

crowires insulated with electrophoretic paint, to simultaneously map the topography

and electrochemical activity of etched polycarbonate ultrafiltration membranes, and

performing etching studies of crystals.130 The flattened section serves as the can-

tilever and the insulation means that only the very end of the wire is exposed,

creating a microelectrode. A following study converted a typical AFM cantilever, to

a AFM-SECM probe by sputtering Au onto a silicon nitride AFM cantilever before

insulating with a thin layer of silicon nitride by plasma enhanced chemical vapour

deposition. Finally the Au was re-exposed using FIB. This AFM-SECM system was

then applied to map an Au grating on a GaAs substrate.131

More recently, one study used a conical nanoscale electrode on the end of
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an AFM tip, fabricated similarly to above with sputtering and chemical vapour

deposition. However, Pt/C was then deposited onto the exposed Au using ion-

beam induced deposition and sharpened using FIB. The end result was a probe

with a diameter of ≈ 20 nm. The probes were then used to map topography and

diffusion within arrays of nanopores.135 A second recent study mapped topography

and electrochemical activity of a calibration standard of Pt on SiO2 using AFM-

SECM with a 50 nm radius Pt probe. The probe was fabricated by mounting

a nanoprobe onto a quartz cantilever in a FIB/SEM using adhesive hardened by

the electron beam.136 There is a small trade-off in ultimate SECM resolution here

compared to the highest resolution achieved in purely SECM studies.97 However, one

of the clear advantages of AFM-SECM is that it solves the problem of topography/

activity convolution (mentioned earlier Section 1.4.1). In addition, the AFM allows

for a greater range of topography to be probed than with constant height SECM.44

Now AFM-SECM instrumentation and probes are commercially available.133,137,138

1.5.2 AFM-SICM

Atomic force microscopy - scanning ion conductance microscopy (AFM-SICM) has

not been as widely adopted as AFM-SECM, likely because both AFM and SICM

serve primarily as topographic techniques. A quantitative comparison of AFM and

SICM as topographic techniques, in terms of contact point during approach and

scanning, has been completed. Both techniques were applied to a calibration grid

and a network of neurites on a Petri dish.139 However, more interest has been in

using the AFM component as a force sensor whilst the SICM like fluid channel

can be used to deliver soluble molecules, often referred to as FluidFM (fluidic force

microscopy).140 The first study to do this created a hollow channel through an AFM

cantilever with a hole at the end of the probe with diameter from 1 µm to 100 nm

to dispense solution.140 The AFM feedback was used to position the probe and dyes

were introduced into individual living cells.140 Since then FluidFM has been applied

in molecular and cellular biology in several studies.141

In addition to biological systems, FluidFM has been applied to electrochem-

ical patterning.142 Here the AFM force feedback allowed for a soft approach to the

electrode surface and for maintaining soft contact with the surface during topo-

graphical mapping and lithography processes. Copper was electroplated onto Cu by

reduction of aryldiazonium salts from the fluid channel at the electrode surface.142

High speed charge mapping has also been realised with FluidFM; topography was

mapped using the force feedback from AFM, whilst the ionic current was measured

through the fluid channel to detect surface charge information.143 This methodology
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increases scan speed for charge mapping compared to other current SICM methods

and allows charge mapping of “hard” materials. A recent study used cantilevers

with a < 20 nm diameter opening for the fluid channel, representing the highest

resolution FluidFM study to date (65 nm surface features). However, SICM topog-

raphy was distorted due to effects from the probe opening angle and wall thickness,

specifically local current enhancements at step edges. These distortions should be

considered for future high resolution studies with SICM probes where there are

larger wall thicknesses.144 Similar to AFM-SECM, FluidFM is now commercially

available, including the probes and full instruments.145,146

1.5.3 STM-SECM

The basis of scanning tunnelling microscopy - scanning electrochemical microscopy

(STM-SECM) is to make high resolution topographic maps (STM) simultaneously

with electrochemical maps (SECM). The first attempt at STM-SECM mapped the

topography of PdNPs on an Au(111) surface, retracted the tip away, generated H2

at the surface by pulsing the potential, which was then amperometrically collected

at the tip (SG/TC mode of SECM).147 Another study used a similar approach,

where a topographic map was made of an Au electrode, the tip coordinates were

then traced with a small offset away from the surface (“lift-mode”) with the sub-

strate at a suitable potential to drive reduction of [Ru(NH3)6]
3+ which was collected

as [Ru(NH3)6]
2+ at the tip.148 Both of these approaches acquired electrochemical

information about the surfaces, however, in the first case the tip was much larger

than the PdNPs studied and in the second, the exact NE geometry was difficult to

determine and therefore effective modelling of the SECM data was not possible.

STM-SECM has seen a resurgence in the literature recently, mostly due to

newer, easier methods for fabrication of NEs (see Section. 1.6). 14 nm Pd nanocubes

were studied with a 10 nm Pt SECM tip, the observed resolution was much greater

than would be possible with SECM due to diffusional broadening and further inves-

tigation suggested that the measured response was actually from electron tunnelling

between the particle and a very sharp small point on the tip.149 Subsequent studies

from the same group investigated AuNPs on an insulating surface. Whilst the tip

was ' 4 nm from the AuNP a positive feedback was recorded as FeMeOH oxidised

at the tip was regenerated at the AuNP. Once the probe was brought closer then

a tunnelling regime was reached between the tip and the NP, in this situation the

particle then essentially acts as part of the tip. To show this, CVs were recorded in

the SECM and in the tunnelling regime, showing an increased steady state current

in [Ru(NH3)6]
3+ due to the increased size of the NP compared to the tip. The same
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was done with HClO4, which showed a delayed onset for HER due to the difference

in overpotential for Pt and Au.150,151

NE fabrication is key to nanoscale electrochemistry. One group recently

fabricated Au NEs using a bipolar electroless plating method (described in detail

in Section 1.6). These probes were then approached to a surface using tunnelling

feedback to investigate AuNPs on this surface with SECM in a constant height

mode.152

1.5.4 SICM-SECM

The most common probe for scanning ion conductance microscopy - scanning elec-

trochemical microscopy (SICM-SECM) is a dual barrelled micro or nanopipette.

One channel of the probe is left open to be used as an SICM probe for topographic

mapping and positioning, whilst the other is filled with a solid electrode material

for SECM electrochemical mapping.153 Much like standard SICM, this technique

has been very effective in mapping various biological systems such as Zea mays root

hair cells. In this specific study the SICM channel was used to both map topog-

raphy and deliver [Ru(NH3)6]
3+, uptake of the [Ru(NH3)6]

3+ was simultaneously

monitored by the SECM channel. A key development in this study was updating

both channels in bulk solution at each pixel, this allows any drift or deterioration

during the scan to be monitored.154 Another dual barrelled experiment (probes

between 100 nm to 1 µm total diameter) has been carried out, where the carbon

barrel was sensitised via the electrodeposition of PtNPs. The PtNPs increase the

measured response from the ORR and enabled mapping of the electrocatalytic pro-

cess on Pt nanospheres, where the smallest case measured was spheres with 150 nm

diameter.155 A different approach to SICM-SECM has been demonstrated where a

nanopipette/ nanoring electrode was fabricated.156 This was done by coating a glass

nanopipette with Ti/Pt or Ti/Au via sputtering, followed by electrophoretic paint

insulation. The final fabrication step was to FIB mill the end of the electrode. The

result is a probe which has an empty channel at the centre for SICM, surrounded by

a glass wall, further surrounded by a ring electrode for SECM, finally encapsulated

by electrophoretic paint. The final probes had an SICM channel diameter of 220 nm,

the ring electrode had an inner and outer diameter of 330 nm and 550 nm respec-

tively.156 These probes were then applied to simultaneous mapping of topography

and electrochemistry for enzymes and single live cells.156

SICM-SECM once again overcomes the topography/ activity convolution

that is encountered with traditional SECM. SICM-SECM, however, faces the same

issues as its individual techniques in terms of the achievable resolution; the probe
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size is the limiting factor and making dual barrel pipettes down to sub 100 nm is

even more challenging than for single channel probes.

1.6 Nanoelectrodes

NEs have many uses in electrochemistry,48,50,157–159 specific to this thesis is their

use for nanoscale electrochemical mapping. The first type of nanoelectrodes were

nanobands as they are easier to produce than disc type electrodes,160–162 however

nanobands are not typically suitable for electrochemical mapping162 and hence the

rest of the following will primarily address disc and conical type electrodes. The

main goals of NE fabrication are to make reproducible, cheap and robust probes.

Characterisation of NEs is also non-trivial, various electrochemical and microscopy

techniques have been used to elucidate information such as geometry and overall

electroactive area.55,163,164

1.6.1 Fabrication

As mentioned previously (Section 1.2.3), EC-STM generally limits Faradaic currents

by insulating a Pt/Ir or W wire. However, the size and geometry of these electrodes

are not typically suitable for nanoscale electrochemical mapping, because although

the leakage current for these probes is, by definition, small enough to still observe

the tunnelling current, nanoscale electrochemical currents can be orders of magni-

tude smaller.81,82,165 However, this is not always the case; one study used etched Pt

wire insulated with electrophoretic paint to produce electrodes with radii between

1 µm and 10 nm, and measured electrochemical currents down to 100 pA with their

smallest electrodes.166 Other groups have also used this method for electrochemi-

cal studies, increasing the detection limits possible.167,168 However, in addition to

the overall area, electrode geometry plays a large role in the electrochemical re-

sponse of probes and in general these methods have a poorly defined geometry.

Therefore, different methods are typically used to make NEs for electrochemical

imaging.48,55,163,164

One slightly different approach with electrophoretic paint was reported, where

a glass capillary was laser pulled and then externally coated in AuNPs, the Au tip

was then insulated with electrophoretic paint as mentioned in section 1.2.3.169 This

method improves upon the geometry issue of wires but would still face challenges

with the insulating stage.

PtNEs have been fabricated by laser pulling Pt wire inside a glass capillary.

In short, a Pt wire is inserted inside a glass capillary and a vacuum is applied to each
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end of the capillary prior to the laser pulling process. The laser pulling program

is then split into two phases, the first phase starts the quartz melting and sealing

around the Pt, the second phase then pulls the capillary into two parts as normal.170

Tuning the exact parameters for these NEs proves challenging, plus parameters are

not transferable between different laser pulling instruments, even of the same model.

Another method for fabricating NEs involves the pyrolysis of hydrocarbons

inside a quartz nanopipette to form a carbon nanoelectrode (CNE). Typically this

has been done by laser pulling a quartz capillary to a small diameter (nanopipette),

flowing butane through the back of the nanopipette, flowing Ar over the end using

a larger capillary, before heating the system with a butane torch (or similar).171

Whilst this method is quick, cheap and easy, it often results in electrodes which are

recessed or damaged with misleading voltammetric results.172 Recently one group

has taken a more analytical approach to the same method by strictly controlling the

parameters involved. Butane and Ar flow/ pressure is controlled and the torch is

replaced by an electrically heated coil which also has fine motor control. The whole

fabrication instrument is also kept in a controlled atmosphere.172 This methodology

is discussed thoroughly in Chapter 2.

The carbon burning method has also been used to fabricate dual barrel NEs

for use in SICM-SECM, by plugging one barrel of a theta pipette during the burning,

one channel is left open for SICM measurements while the other is filled with carbon

for SECM measurements.173,174

Another method for CNE fabrication is similar to traditional EC-STM tips

where a carbon fiber is electrochemically etched using a 50 Hz square wave voltage

(4−5.5 V) in 10 mM NaOH solution. The tip is then insulated with electrophoretic

paint (Clearclad HSR, LVH Coating Ltd, U.K.) by applying a 5−7 V bias for 60−90

s, curing (∼ 195 ◦C for ∼ 30 mins) and then depositing again for 20 − 40 s before

another final cure. In contrast to EC-STM tips made with Pt/Ir wire, this method

has produced CNEs with a reported radius of 1 nm.175,176

The same group (Chen & Kucernak)175,176 studied the electrochemical de-

position of Pt on carbon using these carbon fibre NEs. Electrodeposition was per-

formed by submerging the electrode in 1 mM H2PtCl6 with 100 mM H2SO4, 0.8 V

is applied (vs saturated calomel electrode, SCE) before deposition and then the po-

tential was stepped to the deposition potential. A variety of potentials were tested

to gather information about the Pt deposition process.177 Another group carried

out similar experiments to fabricate single Pt nanocrystals on carbon burnt NEs.178

Both reports were primarily concerned with the deposition process itself, however,

the methodologies could suggest a new way to create PtNEs as will be discussed
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later (Chapter 2).

A recently reported method used a bipolar electrodeposition method to fab-

ricate AuNEs of 30 nm diameter. In short a quartz capillary is laser pulled to a

30 nm opening and filled with a Au deposition solution (10 mM HAuCl4 and 10

mM KCl in deionised water) and a Ag/AgCl reference electrode is inserted. The

pipette is then submerged into a solution of 10 mM NaBH4 in ethanol with a 0.3 V

bias applied between the reference in the pipette and one in the NaBH4 solution.

A chemical reduction creates a Au plug at the end of the pipette, this results in

a closed bipolar electrode from which Au is then electrochemically reduced at the

inner face of the Au plug causing further growth of the plug back up the pipette.179

This method is quick (≈ 5−10 minutes) and creates a very reproducible AuNE that

can be operated in a bipolar fashion (see Chapter 4).

Another group (Zhang et. al.)180,181 demonstrated electroplating of laser

pulled capillaries by filling with any of Ag, Au, Cu and Pt deposition solutions and

immersing the capillary in a gallium/indium electrode. FIB milling is then used

to create the final disc shaped electrode with sizes ranging from 30 − 350 nm in

diameter.180 Another report demonstrated a similar approach using Ag, Au and Pt

solutions inside and an organic phase outside the pipette. Electrodes were made

with diameters from 50− 5000 nm.181

The final stages of NE fabrication often includes FIB milling as this can

create a very well controlled final size for electrodes and potentially remove any

damage or inconsistencies at the very end, it also creates a well defined disc shape

ideal for SECM studies. Unfortunately FIB instruments are expensive and not

widely available, also FIB milling electrodes accurately below 100 nm proves very

challenging.173,182 Despite these limitations FIB milling is becoming more widely

used in the literature.48,164

1.6.2 Characterisation

The main two ways of characterising NEs are by microscopy and electrochemistry

techniques. Typically microscopy will be in the form of transmission electron mi-

croscopy (TEM) as this gives the best resolution and, due to the transmission, in

some cases can elucidate information about the internal structure of the NE.163,170

Care must be taken however with high electron energies used in TEM as these can

damage or alter NE structure and geometry.163,170 In addition, often NEs have to

be broken at some point to fit them onto a TEM grid or holder, meaning that TEM

must be carried out after the probe has been used.163,170 Electrochemical methods

generally involve running steady state voltammetry in a redox mediator. Whilst
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this often allows for characterisation in-situ and does not necessarily require expen-

sive equipment, voltammetric results can be very misleading without accompanied

microscopy techniques.172,183,184

Similar to UMEs discussed in section 1.4.1.3, CV is the most common way of

electrochemically characterising NEs. Equations 1.8−1.12 still apply to NEs, how-

ever, determining specific values for geometric dimensions can be more difficult.159

UMEs are often made from a wire of fixed diameter and therefore the radius param-

eter is well defined. In the case of NEs this value may not be trivial to determine, in

addition features such as recession and leakage are more commonly observed in NEs

than with larger scale electrodes.81,170,184 One way to determine if there is leakage

is to compare CVs with different scan rates. With significant leakage, peak like

features can be observed with fast scan rates (' 10 V s−1) due to the electroactive

species being present inside the insulation, these peaks will have an area proportional

to the scan rate.96

Another geometry observed which is less common with larger electrodes is

the “nanosampler” or cavity electrode. This is when a CNE is formed similar to

a recessed geometry but with carbon deposited along the walls and a more conical

geometry inside the electrode (Figure 1.11A).183 In this case, under CV, instead of

a sigmoidal steady state response, a peaked response more similar to a macroscale

electrode CV is observed (Figure 1.11B). This is because the redox material inside

the cavity becomes depleted quickly. However, past the peak a steady state limiting

current is reached which is only dependent on the diameter of the aperture at the

end of the capillary.183 The area under the peak is proportional to the scan rate and

to the volume of the cavity, such that the volume is given by:

V =
Q

cF
(1.13)

where Q is the total charge given by the area under the peak, F is the Faraday

constant and c is the redox species concentration. In addition to these features, if the

area under the peak increases with subsequent sweeps, then this indicates a hollow

electrode as the solution makes its way further and further along the capillary.183

1.7 Aims and Objectives

As mentioned above, electrochemical imaging techniques are limited in their lateral

topographic resolution by both the size of the probe used and the diffusion of re-

dox species to that probe. STM-SECM (Section 1.5.3) is one potential avenue to
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Figure 1.11: (A) Schematic of cavity electrode geometry. Carbon fills partially
up the nanopipette and along the walls to the end. (B) CV of a CNE exhibiting
features expected for a cavity electrode, both peaks and a steady state response
are observed. 5 mM [Ru(NH3)6]

3+ in 0.1 M KCl with a 0.2 Vs−1 scan rate. Data
collected personally.

overcome this limitation. One key challenge to STM-SECM is the methodology of

probe motion and the differing length scales typically studied with STM and SECM.

The goal of Chapter 3 is to assess the suitability of a state of the art electrochem-

ical imaging instrument for tunnelling type studies and C-SECM measurements.

A hopping style approach to C-SECM was carried out with an exemplar system

of Au nanocrystals on a GC support. Lateral topographic resolution much better

than previous SEPM work is demonstrated, but the instrumentation configuration

does have its limitations and will be compared to other recent studies with similar

methodologies.

The second key challenge of STM-SECM is the choice, fabrication and char-

acterisation of NEs. This is a challenge in various areas of nanoscale electrochem-

istry, not only for STM-SECM, and so Chapter 2 aims to fabricate CNEs with a

previously documented method before electrodeposition of Pt onto these electrodes

in order to create ideal NEs for STM-SECM studies. Due to the limitations and

difficulties discussed in Chapter 2, a newer method for fabrication and characteri-

sation is investigated in Chapter 4 with the goal of improving upon the reliability

and reproducibility of electrodes from Chapter 2. Whilst this method shows great

promise in terms of NE geometry studied with electron microscopy, the electrochem-

ical response does present some challenges.

Chapter 5 of this thesis attempts to assess the suitability of the electrodes

fabricated in Chapter 4 for in-situ STM and SECM, which, in future, could lead to

their use in STM-SECM experiments and other nanoscale electrochemical experi-
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ments.

Efforts to understand the mechanism of benzotriazole adsorption on copper

are taken in Chapter 6. Much debate and relatively few studies exist in regards

to the adsorption of benzotriazole on copper at the molecular level. Here the goal

was to make some progress towards a full adsorption model utilising STM in an

ideal system of a Cu(110) surface in UHV, which also demonstrates the information

attainable at the molecular level with STM. High resolution electron energy loss

spectroscopy (HREELS) data was also acquired to aid in STM analysis and the role

of oxygen in the adsorption process was also briefly investigated.
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Chapter 2

Carbon Fiber based Platinum

Nanoelectrodes

Carbon nanoelectrodes (CNEs) and platinum nanoelectrodes (PtNEs) are widely

used in the field of nanoscale electrochemistry for both scanning electrochemical

probe microscopy (SEPM) and other studies such as single molecule or particle de-

tection and analysis. Many fabrication methods have been presented through the

years with varying levels of success and reproducibility. This chapter firstly focusses

on two pyrolytic methods for fabricating CNEs before investigating three different

methods of Pt electrodeposition on CNEs to form PtNEs. The advantages and

disadvantages of these methods are discussed, highlighting the need for proper fab-

rication and characterisation protocols which are often overlooked in the literature.

2.1 Introduction

Nanoelectrodes (NEs) are electrodes that have geometry in the sub 100s of nm

range and are an essential component for carrying out electrochemical experiments

at the nanoscale.1–3 The small scale of the exposed electrode allows for localisation

of electrochemistry and the resolution of the experiment is generally governed by the

size of the NE.4 However, fabrication of NEs provides many challenges; robustness,

ease of fabrication, reproducibility, geometry and cost are just a few factors that

prove technically difficult in this field.3,5

2.1.1 Carbon Nanoelectrodes

CNEs have seen wide application within SEPM due to their low cost, large po-

tential scan window, resistance to biofouling, ease of surface modification and well
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understood surface chemistry.6–8 Several methods for fabricating CNEs have been

reported over the years. The three most commonly seen involve etched carbon

microfibres, carbon pyrolysis and chemical vapor deposition (CVD).1,2,9,10

Conical CNEs can be formed by sealing carbon fibers inside of glass cap-

illaries. Some older methods aspirated a carbon fiber inside of a capillary which

was then pulled down to the size of the fiber using a pipette puller.11,12 A slightly

more recent method starts by attaching a carbon fiber to a Cu wire using conduc-

tive paint, the carbon fiber is then inserted into a glass capillary leaving ≈ 1 cm

of carbon fiber exposed at the end. The fiber is then moved into the inner region

of a gas lamp flame (≈ 350 ◦C) which results in a slow etching of the fiber, this is

then sealed to the capillary using epoxy.13 Whilst these probes had an apex with

radii of 100− 300 nm, the exposed length of carbon was ≈ 200 µm due to the way

that the sealing step is carried out. It would also be extremely difficult to regulate

the amount of carbon fiber exposed using this approach. However one way around

this is to further etch away the carbon fiber using a microforge. This can result in

an exposed carbon fiber that has a base radii of 100 nm and length of less than a

micron. This method also has a reported success rate of over 75 % with an excellent

seal between the glass and fiber.14 These electrodes are a great improvement to

the method and showed good results for their designed purpose (being inserted into

small biological systems). However, for truly nanoscale SEPM the total exposed

area needs to be on the nanoscale not the microscale.

The above studies with etched carbon fibers have developed carbon electrodes

with nanometre sized radii but not overall length. One study has used insulation

of etched carbon fibers to create electrodes with exposed radii down to 1 nm.15 A

carbon fiber (3.5 µm diameter) is attached to a copper wire using colloidal graphite.

The carbon fiber is then etched using an AC voltage in 0.01 M NaOH against a

GC rod. To insulate the etched fiber, cathodic electrophoretic paint is deposited

(similar to that used in traditional EC-STM tips, see Section 1.2.3) before curing

at ≈ 195 ◦C. The deposition and curing steps were repeated to form smaller CNEs.

The copper-carbon assembly is then sealed with epoxy inside a glass capillary, leav-

ing only the insulated carbon fiber exposed.15 One issue with electrophoretic coat-

ings is that if the coating is too thick then no electrode will be exposed upon curing,

if it is too thin then pores and holes in the coating can be formed. To overcome this,

the carbon fiber is moved so that it protrudes vertically from the deposition solu-

tion and remains in contact only by a thin meniscus. Using this method, electrodes

with radii on the 10s of nm scale were achievable and a 1 nm radii electrode was

also presented. However the SEM in this study was not able to distinguish between
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the carbon and the coating at the tip due to the instrument resolution, making

characterisation of exact geometry impossible.15 These electrodes were also further

characterised by voltammetry in a variety of redox mediators with a range of formal

potentials, kinetic rate constants and charge. It was shown that no deviation from

expected CV behaviour is seen until electrodes are smaller than ≈ 20 nm, at which

point the CV becomes “spread out” with the half wave potential shifting to more

negative values.16

Another method for fabricating conical CNEs involves CVD of carbon inside

a quartz nanopipette.17 A quartz capillary is filled with a catalyst solution of ferric

nitrate in isopropyl alcohol, followed by laser pulling of the capillary. Carbon is

then deposited via CVD on the catalyst covered surface using Ar and methane,

the length of CVD time controls the thickness of the carbon layer deposited. Wet

etching (buffered hydrofluoric acid) is used to remove the quartz at the very tip

and expose the remaining carbon, the exposed area is controlled by the temperature

and the length of time for the wet etch. The exposed carbon can also be further

reduced using plasma oxidation which leaves a diameter of 10−100s of nm.17 Similar

to the previously described method, the micron length scale of the exposed carbon

would be the limiting factor for use in SEPM rather than probing biological systems.

Another report reduced the diameter to 10 − 30 nm, however, the length exposed

was still too long for use in nanoscale SEPM applications.18

A common method for fabrication of carbon electrodes has been pyrolysis of

hydrocarbons inside of capillaries.5,19 An older study demonstrated this by pulling

quartz capillaries to an opening of 1 − 4 µm before flowing methane inside and

heating with a Bunsen burner. To avoid damage to the tip the pulled capillary was

inserted into a larger quartz capillary for protection during the burning process. In

this case the carbon filled capillary was then cut by scalpel with the aid of a micro-

scope.20 As time has passed, electrodes fabricated using pyrolysis have decreased in

size. Another study using pyrolysis of acetylene in a nitrogen atmosphere produced

carbon electrodes with diameters between 500 nm to 2 µm.21

The same pyrolysis method has also been applied to dual barrel pipettes

where one barrel is blocked so the gas only fills one channel, resulting in a dual

barrel electrode with one carbon channel and one empty. These electrodes have

been demonstrated down to a total size of 100 nm (i.e. two 50 nm channels) and

are usually used as a multifunctional probe where the carbon channel is used for

SECM and the open channel for SICM.22–24

One recent study has taken the pyrolysis method of CNE fabrication to

new levels, controlling several of the important factors in an attempt to improve
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Figure 2.1: Different CNE geometries, (a) disfigured, (b) recessed, (c) hollow, shown
with TEM images. (d) Corresponding CVs in 5 mM [Ru(NH3)6]

3+/2+ and 0.1 M
KCl, with a 25 mV s−1 scan rate. Very similar CV responses are seen despite the
varied electrode geometry. Figure reproduced from Wilde, et al.5 with permission
from John Wiley and Sons.

the reproducibility.5 The study starts by highlighting the current issues with CNE

fabrication and the limitations of using voltammetry as the sole characterisation

technique. As an example three CNEs with distinct structural geometries are high-

lighted with the use of TEM; disfigured, recessed and hollow (Figure 2.1a,b,c). The

corresponding CVs in 5 mM [Ru(NH3)6]
3+/2+ and 0.1 M KCl show extremely simi-

lar responses (Figure 2.1d). This reinforces the fact that the proper characterisation

of NEs requires both the use of microscopy and voltammetry. The study also inves-

tigated a recessed CNE with another redox mediator (FcdiMeOH) and the effects

of varied scan rates (25− 1000 mV s−1) to see if there was a dependence due to the

electrode geometry. However, it was found that the CV response was again very

similar between the conditions.5

Despite the quick and cheap nature of the handheld torch method of gas

pyrolysis, the major limitation is the lack of control for the flame temperature,

movement and length of time.5 Disfigured electrodes can result from temperatures
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which are too high or with too lengthy exposure times, the resulting electrode ge-

ometry is also very sensitive to the differences in these parameters.5 To attempt

to overcome these limitations the above study took a more technically engineered

setup to control the key parameters: instead of a gas torch an electrically heated coil

was used, for which the temperature was tuned by adjusting the electrical current

flowing through it. Temperature profiles for the fabrication procedure were also

recorded by replacing the nanopipette with a thermocouple. The coil was mounted

on an electric stepper motor which, along with the coil temperature was controlled

via computer. Both the butane capillary and Ar capillary were mounted on mi-

crometers to allow for fine alignment of the pipette in two dimensions, whilst the

Ar was flowed through an Al2O3 capillary and controlled by a needle valve and

pressure regulator. Propane and butane were mixed in a three way valve with both

gases controlled via pressure regulators. One reported issue is the limited lifetime of

the coil itself, which therefore requires adjustment and recalibration of the heating

current, also the exact length of nanopipette inserted into the Ar capillary varies on

the scale of hundreds of micrometres.5

Using this instrument with different parameters allowed for different types

of CNE to be fabricated. The first type presented are CNEs which have a thin layer

of carbon on the inside wall but leave a hollow channel through the centre (Figure

2.1c). This was achieved using a quick heating (35 s) up to 960 ◦C holding and then

cooling over ≈ 2 minutes. Increasing the temperature to 1020 ◦C closes the channel

and leaves a cone shaped recess. To fully fill the recess and leave a disc electrode,

a second heating step up to 700 ◦C is used. Temperature variations in this second

heating stage make a large difference to the final electrode geometry, too low and

carbon overflows, too high and the electrode will be disfigured (Figure 2.1a).5

One widely used way of making sure that CNEs have a well defined geometry

is to use FIB milling to cut the electrode at the end to the desired dimensions. This

method is extremely appealing due to the controllability of the geometry and any

disfigured portions of electrode can simply be removed.8,25 Unfortunately there are

limitations, firstly it requires an instrument capable of doing FIB milling, which may

not be widely available and also adds to the cost of each probe. Producing reliable

electrodes below 100 nm diameter is often not possible due to the resolution of the

instrument and the fact that electron charging of the capillary will often result in

drift during the milling procedure.25
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2.1.2 Platinum Nanoelectrodes

Pt is often used as a material for electrodes in electrochemistry as it is fairly robust,

chemically inert and an extremely active catalyst,26,27 hence here Pt was electrode-

posited onto the CNE for use in nanoscale topographical and electrochemical map-

ping (Chapter 3). The Pt serves to sensitise the electrode to catalytic processes and

ensures that electrode material protrudes from the quartz for tunnelling type mea-

surements. Many methods of fabricating PtNEs have been reported with varying

success, some are covered briefly here before the description of the method that was

used in our studies.

A common method of PtNE fabrication in the literature utilises a laser based

pipette puller to seal Pt wire inside of quartz glass.28–30 Pt microwires are inserted

into a borosilicate capillary, then a vacuum is applied to both ends of the capil-

lary before pulling in a laser puller. With the parameters that were used by these

groups, the result was the Pt being completely covered in the borosilicate. In or-

der to expose the Pt, either etching (with 40 % HF) or mechanical polishing was

carried out. The extremely fine polishing is achieved using a micropipette beveller

equipped with a micromanipulator and microscope.31 This method has been re-

peated in a similar fashion several times since, with varied pulling parameters and

polishing solutions.28–30 Whilst many previous studies relied on the use of a laser

based pipette puller, one study recently showed a method of using much cheaper

coil based heaters to insulate Pt wire with borosilicate before polishing to create

PtNEs.26 The outstanding issues with these methods for PtNE fabrication is that

differing laser pullers require different pulling parameters even with the same mate-

rials and instrument model. In addition varying the Pt or capillary specifics will also

change the parameters needed and, as will be described below (Section 2.2.1), there

are many free parameters to be tuned, making the pulling conditions very hard to

elucidate. In addition, polishing mechanically to the nanoscale presents issues with

reproducibility and accuracy.

A few previous studies have investigated the electrodeposition of Pt onto

CNEs, either to study the electrodeposition process itself or to form PtNEs.19,32,33

In some ways, CNEs act as an ideal substrate for electrodeposition as reducing the

electroactive area reduces the number of possible nucleation sites. An electroactive

area on the few nanometre radii scale will result in just one nucleation site.33 Pt

electrodeposition is typically carried out using a Pt containing acid such as H2PtCl6

or K2PtCl6, proceeding via reduction of Pt4+ to Pt0 from the 4 electron process:

PtCl2−6 + 4e− → Pt + 6Cl−.34–36 Pt electrodeposition in a macroscale system is

shown to result in three reduction phases and has been reported on carbon fiber
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bundles, HOPG and GC.37–39 The first wave is attributed to reduction following

Pt4+ + 2e− → Pt2+, the second is associated with Pt2+ + 2e− → Pt0 and the third

is due to electrodeposition of H on already deposited Pt particles.37 Sweeping to

potentials in the first wave does not result in Pt deposition, whereas sweeping to

the second wave does.33 In the case of microelectrodes, two reduction waves are

observed before the deposition process starts, whereas on NEs only one reduction

wave is observed before the main deposition peak. In the case of NEs it has been

suggested that the observation of only a single reduction peak is because the first

peak becomes very irreversible and overlaps with the second.33

2.2 Methodology

2.2.1 Carbon Nanoelectrodes

CNEs were fabricated in two separate fashions. Both methods start with ≈ 50 nm

nanopipettes fabricated from quartz capillaries (QF100-50-10, Sutter Instrument

Co.) using a P-2000 laser based pipette puller (Sutter Instrument Co.). This method

of nanopipette fabrication is widely used in SEPM as it is extremely reproducible

and also the pulling results in two nearly identical pipettes so that one can be used

for experiments whilst the other is kept as a clean reference which can be analysed

with microscopy (Figure 2.2A).1,2,9,10 A laser puller works by clamping two ends of

a capillary and applying a laser to the centre. The clamps have pulleys attached

which apply a tension to each end. The laser starts to melt the centre and as it does

so, the capillary is then pulled apart to form two nearly identical nanopipettes. The

instrument has several tunable parameters: heat, filament, velocity, delay and pull.

Additionally multiple lines can be added to the program allowing further tuning of

the process. Heat determines the laser power and is scaled 0−999 with values usually

in the range of 700− 900 for quartz. Filament specifies the scanning pattern for the

laser, higher values scan the laser in a wider pattern along the capillary with settings

of 0−6 corresponding to 1− 8 mm pattern width. Velocity gives a way of accurately

measuring the glass temperature and determines the point at which the “hard pull”

starts, the scale used is 10 − 100 with higher values used for micro/nanopipettes.

Delay controls the time between when the heat is turned off and the “hard pull”

starts. The higher the delay the cooler the glass for the “hard pull”, higher delay

values correspond to shorter tapers and range from 0 − 255. A delay value of 128

corresponds to the “hard pull” starting at the same time as laser deactivation. Pull

ranges from 0 − 250 and controls the force used in the “hard pull”. Higher pull

values result in smaller tip diameter and longer tapers. A schematic summarising
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30 nm

A B

Figure 2.2: STEM image of a 30 nm diameter laser pulled quartz nanopipette. (B)
TEM image of an ideal Pt filled CNE. Adapted with permission from Kang, M., et
al., Langmuir, 32(32), 2016.10 Copyright (2016) American Chemical Society.
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Figure 2.3: Pull cycle of a P2000 laser pipette puller. With delay > 128 (A), “hard
pull” starts following a pause after the velocity trip point and heat is switched off.
When delay < 128 (B) the “hard pull” is started before the heat is turned off.
Figures reproduced from Sutter Instrument Company.40

the laser pulling procedure and parameters is shown in Figure 2.3.40 For the ≈ 50

nm diameter pipettes here a two line program was used for pulling with the following

parameters: 1. Heat = 750, Filament = 4, Velocity = 30, Delay = 150, Pull = 80,

2. Heat = 650, Filament = 3, Velocity = 40, Delay = 135, Pull = 150.

It should be noted that laser pullers can produce extremely reproducible

nanopipettes, however, the parameters are not generally transferable between in-

struments. In addition, physical dimensions of the pulled pipettes can drift slightly

over time, especially as contaminants build up on the mirrors. Hence pulling times

for pipettes should be monitored and mirrors should be cleaned regularly.40

CNEs were then fabricated from these nanopipettes. This is performed using

the pyrolysis of hydrocarbons (Butane and Propane 600 ml, RS PRO) inside the

nanopipette to pyrolytically deposit carbon. The nanopipette is filled with the
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Figure 2.4: Torch heating method of CNE fabrication. (A) Schematic representation
of hydrocarbon pyrolysis. The hydrocarbons inside the nanopipette is pyrolysed
using a handheld torch. The heat is moved slowly along the length until the very
tip shines brightly. The heat is then quickly moved along to form a glossy black
coating. (B) Image of instrumentation used for torch heating. (a) Nanopipette is
filled with the hydrocarbon mixture using Omnifit connectors and pressure gauge
(c). Ar flow is through a larger capillary (b) and controlled with flow gauge (d).
Heating is realised using a handheld torch (e).

hydrocarbon mixture and the pressure Pb is measured using a pressure gauge. The

pulled tip is also surrounded with Ar (≥ 99.998 %, Sigma-Aldrich) creating an

oxygen deficient environment to promote combustion to solid carbon rather than

CO and/or CO2. The inert environment is created by flowing Ar through a larger

diameter capillary (QF120-90-10, Sutter Instrument Co.) with the pulled end of

the nanopipette inserted inside. The Ar flow rate FAr is also recorded using a flow

gauge (Key Instruments).

How the hydrocarbons are heated is where the two CNE fabrication methods

differ. The first uses a simple propane and butane fuelled torch (gas blow torch,

RS PRO) whilst the other uses a modified glass micropipette puller with electronic

control. The torch is set to its hottest setting and held on the Ar capillary away from

the nanopipette. After a few seconds of heating the torch is moved until the flame

is just away from the nanopipette. Once the end of the nanopipette is observed to

glow white, the torch is quickly but smoothly moved along the nanopipette, with a

total heating time in the region of 10− 20 seconds. A glossy black finish should be

observed along the length (Figure 2.4). Nanoelectrodes have been shown to be easily

damaged by electrostatic discharge due to the large potentials that can be generated

and the small area of the nanoelectrode.41 Hence, in an attempt to reduce this an

anti-static ankle bracelet was worn during handling of electrodes.

In an attempt to improve reproducibility of the pyrolysis method, similar
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Figure 2.5: (A) Coil heating method of CNE fabrication. The coil temperature is
set digitally, four positions are set: Start, pA, pB and pC, with 7 mm representing
the top and 0 mm at the bottom. The time taken to reach each of these positions
after the previous is set as tA, tB and tC. (B) Image of system. (a) Hydrocarbon
mixture flowed through tubing with Omniflow connector, (b) Ar flow through larger
diameter capillary, (c) electrically heated coil, (d) electric stepper motor for coil, (e)
electronic control unit.

to a previous study, an electronically controlled system was constructed5 from a

micropipette puller. A glass micropipette puller consists of an electrically heated

coil and the pulling is achieved by a clamp with a weight. As the coil heats up the

glass starts to melt and the weight will pull the two halves apart. Here the puller

(Narishige PB-7) was modified to exclude the pulling weight and electronic control

of the coil was added. The temperature of the coil, Tcoil can be set before heating

and the position of the coil in time can be programmed. The motion of the coil

was programmed such that four coil positions and three propagation times are used.

The total range of motion for the coil is 7 mm with a resolution of 0.1 mm. The

four positions programmed are Start, pA, pB and pC. The time parameters tA, tB

and tC set how long it takes the coil to move from the previous set position with

Hold being the length of time before the coil moves to pA. This is summarised in

Figure 2.5.

2.2.2 Platinum Electrodeposition on Carbon Nanoelectrodes

The final step of the probe fabrication involves electrodeposition of Pt onto the

CNE. This was attempted using three separate electrochemical methods all involving

a CNE in a Pt deposition solution. The first method used a limited number of

potential sweeps, the second used a timed pulse and current threshold, the third

took a galvanostatic deposition approach. The ideal result from these processes

would look similar to the electrode shown in Figure 2.2B, where the Pt is confined
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within the end of the CNE, is in good contact with the carbon, and seals the end so

no carbon is exposed. For our purposes, ideally the Pt would be slightly protruding

from the quartz to allow for Pt to create tunnelling contact before the glass contacts

the surface as these probes were intended for use in STM-SECM type experiments

(Chapter 3).

All approaches here use the same solution for Pt deposition which comprised

of 1 mM H2PtCl6 ·6H2O (37.5 % Pt basis, Sigma-Aldrich) with 0.1 M HClO4 (70 %,

Sigma-Aldrich), with potentials measured against a Ag/AgCl reference electrode

formed by anodising Ag wire (0.125 mm annealed, 99.99 %, Sigma-Aldrich) in a

saturated KCl (> 99 %, Sigma-Aldrich) solution.

The cyclic method works by starting the electrode potential sufficiently pos-

itive (0.3 V) to have no electrochemical activity and then cycling the potential

sufficiently negative (−0.2 V) to reduce the Pt acid to form solid Pt on the CNE.

With each potential sweep an increase in the current response is observed, as more

Pt is deposited there is more area for the next sweep of Pt deposition to occur upon

and therefore a greater current response.

The pulse method also starts with the CNE potential sufficiently positive so

that no electrochemical activity is present. The potential is then instantaneously

switched to a potential to reduce the Pt, the potential is held there until the mea-

sured deposition current reaches a set threshold value, where the potential is then

reverted back to the starting value to avoid further deposition.

The galvanostatic method involves setting a desired deposition current, the

galvanostat will then shift the applied potential to give this value, the length of

time for this process is then controlled to limit the amount of Pt deposition. The

length of time required can also be estimated for a recessed CNE using equation

1.12. Steady state voltammograms were performed and combining the measured

iSS with the expected radius (a), the recession depth (L) could be calculated. It is

assumed that the recess is short and that this essentially forms an empty cylinder

at the end of the pipette, therefore the mass of Pt required to fill this cylinder is

easily calculable. Using the density of Pt (ρ), the volume of the cylinder (πa2L) and

Faraday’s law for total charge (Q):

Q = nFN (2.1)

the time required to fill the recess, t is given by:

t =
nFρπa2L

Mi
(2.2)
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Figure 2.6: (A) Example CV with two cycles of a CNE for the reduction of 1.4 mM
[Ru(NH3)6]

3+ and 0.1 M KCl at a sweep rate of 0.1 V s−1. (B) The first sweep is
isolated and a sigmoidal background is plotted to simulate the steady state response.
(C) Background removed peak with shaded area showing integrated region. Values
calculated for data shown: a = 17 nm, h = 1 µm.

where n is the number of electrons in the deposition process, F is the Faraday

constant, N is the number of moles of Pt, M is the molecular weight of Pt and i is

the set current for the galvanostat.

2.2.3 CV Peak Integration

As mentioned in Chapter 1, the area under peaks in a CV is a useful quantity to

be measured, as in Section 1.6 where the area under a peak is proportional to the

volume of a cavity electrode assuming that the steady state response is subtracted.

The integration method used here is illustrated in Figure 2.6. First the sweep

of interest is selected, second the potential range of the peak is selected, then a

sigmoidal plot is used to fit the steady state response of the electrode, this is then

subtracted from the sweep to allow for the integration of the region.

2.2.4 Instrumentation

All scanning transmission electron microscopy (STEM) images in the results sec-

tion were obtained using a Zeiss Gemini SEM, using 30 kV accelerating voltage in

a STEM mode with electrodes mounted on a multi-TEM sample holder. Electro-

chemical measurements were carried out in a two electrode setup with the CNE or

PtNE used as the working electrode and a Ag/AgCl QRCE formed by anodising a

Ag wire (0.125 mm annealed, 99.99 %, Sigma-Aldrich) in a saturated KCl (≥ 99 %,

Sigma-Aldrich) solution. Potentials were applied and currents measured using in

house constructed electrometers and controlled using an FPGA card (PCIe-7825R,

National Instruments) with home designed LabVIEW software (WEC-SPM).42 The

electrodes, connections and solutions were all held inside a sealed Faraday cage dur-
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Figure 2.7: CVs of three separate CNEs for the reduction of 2 mM [Ru(NH3)6]
3+

in 0.1 M KCl fabricated using the torch method. All electrodes have the same
conditions but differing steady state limiting currents. Sweep rate: 0.1 V s−1. The
largest response is seen in (A), then (B) and finally (C).

ing the experiments to reduce electronic noise.

2.3 Results

2.3.1 Carbon Nanoelectrodes

2.3.1.1 Torch Heating

The torch method of fabricating CNEs has been widely used but not always thor-

oughly investigated in previous research.2,20,21 Parameters such as the Pb value and

FAr are controlled but the temperature and length of time heating is difficult to

control precisely (and have a greater effect on the final electrode). Using the torch

method generally results in one of three different responses when characterised using

CV. One response is the ideal sigmoidal shape expected for a diffusion limited elec-

trode (Figure 2.7). The sigmoidal shape with low charging currents would suggest

an ideal geometry for the electrodes. However, as can be seen comparing Figure

2.7A,B,C the magnitude of the limiting current is vastly different despite the use of

the same redox mediator (2 mM [Ru(NH3)6]
3+), the same initial nanopipettes and

the same pulling program. There are several possible explanations for this discrep-

ancy; one is that the electrode with a larger response has been damaged by the heat

such that more electrode area is accessible to the solution. Another explanation is

the electrode with the smaller response is highly recessed leading to a smaller steady

state current. For an ideal disc shaped electrode with a diameter of 50 nm in a 2 mM

[Ru(NH3)6]
3+ solution, the expected steady state current (given by equation 1.8)

would be 15 pA. So for the electrode in Figure 2.7A with a ≈ 1300 pA response,

it is likely that damage has occurred. For the electrode in Figure 2.7B this value

(≈ 32 pA) is much closer to the expected but there may still be a small amount of
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Figure 2.8: (A) CV of CNE for the reduction of 2 mM [Ru(NH3)6]
3+ in 0.1 M

KCl, fabricated using the torch method. A peak shape similar to what would be
expected for a cavity electrode is observed rather than the ideal sigmoidal steady
state response. Sweep rate: 0.1 V s−1. (B) Same electrode as in (A) showing the
second cycle over the same potential range (orange).

damage or the carbon could have overflowed slightly, for instance if a hemispherical

shape is used (equation 1.9) then the expected steady state current would be 25 pA,

much closer to the observed response. Figure 2.7C displays an electrode where the

observed current is lower than expected (1.5 pA vs 15 pA). In this case the limiting

current is barely noticeable over the background noise and is likely due to a highly

recessed electrode geometry. Using equation 1.12 it can be shown that the expected

recess for this limiting current would be 180 nm.

The second type of response often observed with CNEs fabricated with a

torch is displayed in Figure 2.8A, where instead of seeing a steady state sigmoidal

shape a peaked shape is observed. If the electrode is damaged enough then a

macroscale type of response would make sense. However, these peaked shaped CVs

are often obtained even with low overall measured currents. This pattern is generally

attributed to a cavity electrode (see Section 1.6.2) .43 As mentioned previously (Sec-

tion 1.6), the area under the peak is proportional to the scan rate and the volume of

the cavity. The magnitude of the steady state response can be used with equation

1.8 for a flat geometry to find a value for a, then using equation 1.13 and taking

an idealised geometry as in Figure 1.11A, the estimated depth of recession can be

calculated. In this case the steady state current of ≈ 300 pA gives an approximate

value for the radius a of 440 nm, which leads to a depth of approximately 40 µm.

This obviously a very large value given the expected radius, however, subsequent

sweeps actually showed an increase in peak area (Figure 2.8B). which suggests that

this electrode is actually a hollow cavity with carbon deposited along the walls,
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where the increasing current is due to the solution propagating further down the

pipette.

The final type of response observed is where no observable electrochemical

signal is measured. This could be due to either extremely recessed electrodes such

that the response is lower than the detection limit of the instrument, or there could

be small gaps in the carbon coating which would mean that no electrical connection

is made between the end of the electrode and the copper wire.

2.3.1.2 Coil Heating

The use of an electrically heated and electronically controlled coil for carbon de-

position allows for a much greater degree of control than possible with the torch

method. A large range of parameters were tested with the coil method.

Following fabrication of CNEs using the coil, CVs were carried out using

[Ru(NH3)6]
3+ with KCl, this was followed by microscopy via TEM or STEM. It was

generally found that very small or no change to the heating parameters could make a

significant difference between different CNE geometries. Four electrodes are shown

in Figure 2.9. The heating parameters for these four electrodes are summarised in

Table 2.1. Figure 2.9A is a disfigured electrode which generally was the result of

higher temperatures and/or longer heating times, in this case three heating cycles

were used which caused the damage seen. Even with the damage presented, similar

to Figure 2.1 a sigmoidal CV (Figure 2.9B) is observed and with a current (≈ 15 pA)

which would be expected for a disc electrode with a diameter of ≈ 70 nm. The CNE

shown in Figure 2.9C appears to be a well filled CNE with no gaps in filling. Using

equation 1.8 yields an expected response of 6 pA which we would expect to be just

visible over the background noise but is not observed (Figure 2.9D). It is possible

that the filling was not as complete further along the electrode so no electrical

connection is made with the inserted wire, unfortunately the STEM cannot image

further up the pipette due to the thickness of the glass wall. Reduced noise was

achieved (through improved instrument grounding) for the CNE in Figure 2.9F and

the CV (Figure 2.9G) shows a sigmoidal response. However, there is a great degree

of charging observed (separation between sweeps) and the steady state current of

3.5 pA matches fairly well if a disc shaped geometry is assumed (4.3 pA) but using

the STEM image makes it seem as though the carbon is recessed by a rather large

length (≈ 950 nm) which would lead to an expected response of 0.03 pA. There

are two possibilities considered for this response. The first is that the contrast

in the image is simply showing a greater carbon density further down the pipette

but the tip is still filled to the end, the second is the possibility of damage further
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Figure 2.9: Examples of four CNEs fabricated with the coil method. Bright field
STEM images (A,C,E,G) correspond to CVs (B,D,F,H). CVs for the reduction of
1.4 mM [Ru(NH3)6]

3+ with 0.1 M KCl at 0.2 V s−1.

along the pipette which is not visible in the STEM. The final CNE demonstrated

in Figure 2.9G exhibits another geometry where the end of the electrode is filled

but behind this is only coated down the walls. This, however, should not be an

issue for application unless the very end was damaged, exposing the cavity. The

CV response (Figure 2.9H) gives a steady state current of ≈ 17 pA which is greater

than the expected 6 pA for a 30 nm disc, therefore the carbon plug at the end

of the electrode may not be as perfect as the STEM would suggest. The above

highlights the importance of care being taken with analysing electrodes via STEM

images and voltammetry. STEM can be misleading due to only being a 2D image

and the contrast is tunable and only relative, meaning that even if an area appears

empty there is the possibility that it is just not as densely filled as another visible

area.

Despite the extra degrees of control, the overall process is still quite irre-

producible. One of the issues is that the coil used for heating oxidises and wears

out very quickly, meaning that the exact temperature parameters used have to be

adjusted for each electrode and very quickly the coil has to be replaced to keep tem-

peratures high enough. When changing coils, the position of the two capillaries and

the coil itself have to be realigned and no two coils give exactly the same response.

Even with the use of a thermocouple to measure the temperature, it is difficult to

say that the temperature at the actual end of the pipette is the same each time as

the thermocouple is not located at the tip of the pipette. There could be possible

improvements by integrating a temperature feedback loop, so that the current flow-
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Table 2.1: Summary of coil heating parameters for the electrodes shown in Figure
2.9. Positions are in mm and times are in seconds. CNE A and G had more than
one heating cycle labelled by A-1, A-2, etc.

CNE Start pA pB pC Hold tA tB tC Tcoil (◦C) Pb (bar)

A-1 6.5 4 0 0 30 31 31 0 800 1.5

A-2 6.5 4 0 0 0 31 31 0 800 1.5

A-3 6.5 4 0 0 0 31 31 0 800 1.5

C 6.5 4 2 0 100 20 21 21 750 1.5

E-1 6.5 4 2 0 60 31 31 0 720 0.5

E-2 6.5 4 2 0 0 10 20 20 720 0.5

G 6.5 4 2 0 200 20 21 21 750 0.5

ing through the coil is adjusted using the thermocouple as a guide, unfortunately

this is also quite difficult with the quick nature of wear to the coils and the delay in

temperature change when the heating current is changed.

2.3.2 Platinum Electrodeposition on Carbon Nanoelectrodes

2.3.2.1 Cyclic Voltammetry Deposition

The first method of Pt electrodeposition investigated was the use of a sweeping

voltage in a Pt deposition solution, stopping when the current was above a certain

value on the negative sweep. This method has the advantage of an obvious response

as the current increases to show Pt depositing. In addition the gradual sweep of

potential means there is no sudden drastic change in potential that could potentially

cause issues (Section 2.3.2.2). One obvious disadvantage to this method is that

during a specific sweep the current could greatly exceed the desired threshold leading

to a larger amount of Pt than desired.

Figure 2.10 shows two examples of Pt deposition on CNEs using the cycling

method. Taking Figure 2.10A, the CNE has a steady state current of ≈ 53 pA, if

a disc shaped geometry is assumed then this gives an electrode size of ≈ 172 nm.

If an electrode of this diameter had a hemispherical geometry then the expected

steady state current would be ≈ 83 pA. For this example 86 pA is observed after

deposition which suggests that the Pt has deposited on the end of the CNE in an

almost ideal hemispherical fashion. In contrast the example in Figure 2.10C shows

an electrode which is expected to be ≈ 60 nm in diameter if modelled as a disc

(from the ≈ 18 pA steady state current). For a hemispherical Pt deposition an

expected steady state current of 30 pA would be observed after deposition, in this

case the steady state current is 94 pA suggesting that more Pt than required for
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Figure 2.10: (A,C) CVs of CNEs before (blue trace) and after (orange trace) Pt
deposition shown in (B,D). An increase in the steady state current is observed
after the Pt deposition attributed to the larger area of Pt over carbon. The Pt
depositions over the same potential range show differing traces. (A,C) demonstrate
the reduction of 2 mM [Ru(NH3)6]

3+ and 0.1 M KCl. Pt deposition (B,D) carried
out in 1 mM H2PtCl6·6H2O and 0.1 M HClO4, targeted threshold current was 50
pA, sweep rate for all CVs was 0.2 V s−1.

a hemispherical electrode has been deposited. In this case the Pt deposition only

used one sweep (Figure 2.10D), and in that time too much Pt was deposited despite

the same potential range as Figure 2.10B being used where 6 sweeps were required

to result in a hemispherical response, highlighting one issue with this method of

deposition. This discrepancy is likely due to the initial nucleation, which can vary

dramatically.

To have a more ideal substrate for Pt deposition, some electrodes were cut

using FIB milling to remove any damaged regions of the CNE at the expense of

electrode size. One example of this is shown in Figure 2.11. This electrode started

as a 30 nm diameter CNE with some damage further up the electrode, it was then

FIB milled to a diameter of 400 nm. The CV after FIB milling shows a steady
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Figure 2.11: PtNE fabrication using the coil method for the CNE, followed by
FIB milling and Pt deposition using cycling. (A) CV of the electrode after FIB
milling (blue), after the first Pt deposition (orange) and after the final Pt deposition
(yellow), demonstrating the reduction of 2 mM [Ru(NH3)6]

3+ and 0.1 M KCl. Traces
during first (B) and second (C) Pt deposition in 1 mM H2PtCl6·6H2O and 0.1 M
HClO4. The sweep rate for (A,B,C) is 0.2 V s−1. STEM images after FIB milling (D,
bright field with darkened background), after the first (E, bright field) and second
(F, bright field with darkened background) Pt deposition.

state current of ≈ 80 pA (Figure 2.11A), which is less than the expected ≈ 120 pA

for a disc of this size. The STEM also shows that the CNE does not appear to be

fully filled with carbon (Figure 2.11D), although this is difficult to see due to the

thickness of the glass at this diameter and the electron energy in the STEM is only

30 keV (limiting transmission). The first Pt deposition takes the expected form with

an increase in current observed in each sweep, although the currents observed are

similar to that of the smaller electrodes (Figure 2.10). The STEM (Figure 2.11E)

agrees with this, showing only small deposits of Pt, much less than completely full.

In addition there appears to be several locations where Pt has nucleated which

would be expected due to the larger geometry than previous CNEs.33 The CV after

this first deposition (Figure 2.11A, orange trace) actually shows a reduction in the

steady state current, which could be attributed to some of the Pt blocking solution

flow to some of the carbon further down the electrode, hence reducing the overall

electroactive area. To attempt further Pt deposition, a second sweeping phase was

performed using more negative potential (Figure 2.11C), the resulting deposition

currents are much higher (up to 1600 pA vs 80 pA in the first) and of a different
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Figure 2.12: Two examples of Au deposition with the pulse methodology on CNEs.
CVs of electrodes before (blue) and after (orange) Au deposition (A,D) with cor-
responding deposition traces at 0.4 V (B,E). The threshold current is set at 50 pA
(orange dashed line) before the potential is reset. STEM images of electrodes after
Au deposition (C,F), showing the non ideal geometry, where the Au has deposited
much further up the length of the pipette and protrudes from the sides significantly.
CVs acquired in 1 mM [Ru(NH3)6]

3+ and 0.1 M KCl at 0.2 V s−1. Electrodeposi-
tions carried out in 1 mM AuCl3, 50 mM KCl and 50 mM HClO4.

shape, the STEM (Figure 2.11F) shows that the end of electrode is now filled with

Pt, and the CV (Figure 2.11A, yellow trace) now shows a greatly increased response

of 240 pA which is in approximate agreement with the STEM image if a geometry

between a disc and hemisphere is assumed for the ≈ 630 nm diameter. The different

shape and lack of Pt deposition in the first scan suggests that this scan is mostly

in the first reduction wave as discussed at the end of Section 2.1, hence minimal Pt

is deposited, whereas the second deposition attempt to a more negative potential

enters the second reduction wave and deposits a great deal more Pt on the CNE.

2.3.2.2 Chronoamperometric Deposition

In addition to the Pt studies, the pulse methodology was also used with Au on

CNEs (Figure 2.12). For these experiments the deposition solution consisted of 1

mM AuCl3 (99 %, Sigma-Aldrich), 50 mM KCl and 50 mM HClO4. The potential

was held at 1 V before and after deposition and then switched to 0.4 V until the
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Figure 2.13: (A) TEM image of AuNE formed with the pulse method of electrode-
position the trace for which is shown in (B). Carried out in 1 mM AuCl3, 50 mM
KCl and 50 mM HClO4, with 0.35 V applied to the CNE.

threshold of 50 pA was reached. The depositions in Figure 2.12B,E both show a

similar response of no activity for some time before a very sudden nucleation and

growth. The voltammetry before (blue trace) and after (orange trace) deposition

(Figure 2.12A,D) also show a very promising voltammetric profile in terms of an

increase in steady state current whilst maintaining the typical sigmoidal profile of a

NE. Unfortunately, as can be seen from the STEM images (Figure 2.12C,F), the final

electrode geometries are far from ideal. For these electrodes it appears as though the

initial CNE was damaged and hence the Au has then deposited at several locations

along the tip rather than at the end. This once again highlights the necessity for full

characterisation of NEs with both CV and microscopy before and after deposition.

Similar to the FIB example, for the cyclic method in Figure 2.11, here a

≈ 50 nm diameter CNE with damage at the tip was FIB milled to 400 nm diameter

to remove the damage and give a more ideal deposition surface. The same pulse

methodology was applied as above with a Au deposition solution, however, the

current threshold was increased (to 250 pA) to account for the larger size of the

electrode (Figure 2.13B). In this case the Au deposits in an almost ideal fashion (see

Figure 2.13A), confined to the end of the electrode, almost flush with the FIB milled

surface. Ideally for our studies in Chapter 3 the Au would protrude slightly from the

end of the quartz, but this represents a good disc electrode. As eluded to with the

cyclic method, this result also shows how metal electrodeposition experiments are

more easily performed on larger electrodes. This is a likely reason for much fewer

nanoscale studies with SECM compared with larger scale studies.
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2.3.2.3 Galvanostatic Deposition

Attempts at galvanostatic deposition of Pt were limited. Some attempts, however,

did produce promising results. Figure 2.14A shows the CV before and after Pt

deposition on a CNE. The steady state current of 20 pA for the pure CNE was

used to calculate an approximate recession depth of 18 nm using equation 1.12.

Equation 2.2 was then used to calculate the approximate deposition time required.

The minimum set current possible with our instrument is 0.1 pA, hence this was

used to allow for the best control of time. With these parameters it was estimated

that a time of ≈ 15 seconds would fill the recess with Pt and so the deposition was

carried out for slightly longer than this to attempt to get the Pt to protrude from

the end of the electrode. Figure 2.14B shows how the potential changes during the

deposition to attempt to keep the deposition current constant. It can be seen that

a fairly high overpotential is required at the start, then the potential required drops

very quickly after the deposition process starts. After the deposition process, the

CV steady state current in [Ru(NH3)6]
3+ has risen to ≈ 80 pA which is greater

than the expected 60 pA for a hemisphere; using equation 1.11 for a cone with

an insulating sheath would suggest a protrusion of ≈ 25 nm. Unfortunately this

sort of response was in the minority, generally it was found that far too much Pt

was deposited. There are a few possibilities for this result, one is similar to above

where the CNE was damaged in the pyrolysis process which leads to several possible

nucleation points along the electrodes. Another specific to this method is that, as

mentioned, initially a high overpotential is required to create nucleation of the Pt,

but then further deposition is much quicker and as shown in Figure 2.14B there is a

finite time for the potential to adjust and lots of Pt can be deposited in this period.

Additionally the minimum current useable was 0.1 pA; the noise at this current

makes maintaining this current precisely difficult, however, using higher currents

requires much shorter times, which would then require much finer time control.

2.4 Conclusions

Whilst some advancements have been made towards making CNE fabrication more

reproducible, there are many challenges to CNE production, especially when using

pyrolysis type methods. The heating process is extremely difficult to reproduce

over the course of several electrodes due to the number of parameters involved and

degradation of heating elements which cause these parameters to shift. The torch

based method will always be very irreproducible as the variances in human operation

are inherently large, however, it does have the advantage that it is very quick, so
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Figure 2.14: (A) CV of CNE before and after Pt deposition using the galvanostatic
method. An increase in steady state current is seen after. 5 mM [Ru(NH3)6]

3+ and
0.1 M KCl, 0.2 V s−1. (B) Monitor of potential during galvanostatic deposition.
1 mM H2PtCl6·6H2O and 0.1 M HClO4, current set point: 0.1 pA.

many can be fabricated in a short space of time. However, as shown here, quickly

characterising electrodes with CV is not a reliable method of determining electrode

geometry. Methods which use high heat to form carbon will always have some

chance of damaging the electrodes when very small nanopipettes are used.

Electrodeposition of Pt on CNEs was investigated with mixed results. Pt

deposition is a statistical phenomenon, meaning that it is very hard to predict.

This problem becomes enhanced when the substrates used (CNEs) are not ideal in

geometry and composition. Each of the three methods described here have shown

some merit, with the cyclic method giving the most promising results. This is

possibly because it does not require a high starting overpotential which tends to

create a runaway deposition shortly after.

One crucial factor enforced here is the need for thorough characterisation

of NEs regardless of the fabrication procedure, often in the literature electrodes

are under characterised with just a CV without the accompaniment of microscopy

techniques. It has been shown here and by others that CVs of NEs do give some

useful information about the electroactive surface area but can be very misleading

when it comes to precise geometry and how an electrode will perform when used for

other experiments due to the mass transport differences to the electrode.
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Chapter 3

Synchronous Conductance -

Scanning Electrochemical

Microscopy (C-SECM)

Measurements

Many improvements in recent years have taken electrochemical imaging techniques

to increasingly higher resolution, with greater amounts of functional information.

But electrochemical imaging techniques are often still limited in their lateral to-

pographical resolution by either diffusion or by the size of the probe being used.

Separating topographical and electrochemical signals is also a long standing limita-

tion in electrochemical imaging and generally forming hybrid scanning techniques

has been a solution. Despite some success, previous studies utilising electron tun-

nelling have been limited and rely on specific instrumentation. Here we demonstrate

the conversion of a high-end scanning electrochemical microscope (SECM) to per-

form conductance - scanning electrochemical microscopy (C-SECM) and tunnelling

measurements, with the challenges and limitations associated. Pt nanoelectrodes

(PtNEs) formed by electrodeposition on carbon nanoelectrodes (CNEs) were used

as the C-SECM tip. An exemplar system of the hydrogen evolution reaction (HER)

on 2D Au nanocrystals was used to demonstrate the technique, making use of con-

ductance topography and SECM to map the electrochemical activity.

70



3.1 Introduction

There has been a surge of SEPM techniques, especially in recent years that aim

to simultaneously acquire highly localised topographical, electrochemical and ac-

tivity based information,1–3 the first of which was SECM.4 SECM makes use of a

probe with a very small electroactive area so that the electrochemical activity can

be measured locally. With the positioning of the probe realised by a nanoposition-

ing system, the activity can be mapped with a resolution similar to the size of the

probe. Originally this was carried out using UMEs4–6 on the scale of microns and

since then many methods have been used to create much smaller electrodes taking

the resolution of SECM into the nanoscale (see Section 1.4.1).1,7–10 Other electro-

chemical scanning probe techniques have also been demonstrated, such as SICM

and SECCM, both of which have made vast improvements to the resolution and

functional information obtainable in recent years.11–15

Whilst these techniques have proven themselves as extremely useful tools,

they do have their limitations. The resolution of SECM is limited by diffusion of the

active species to the electrode surface, and the size of the probe; the signal obtained

is also a convolution of the probe to surface separation and the electrochemical

activity, meaning that often modelling and other techniques are required.16,17 SICM

faces similar issues, with a diffusion limited response, and determining the surface

to probe separation is non-trivial (Section 1.4.2).18 Whilst SECCM can determine

an absolute topography measurement, the resolution is still limited by the probe

size and also leaves “footprints” where the probe lands on the surface and therefore

alters it (Section 1.4.3).13

To try and overcome some of the issues surrounding SEPMs, groups have

turned to creating combined multi-technique SPMs (see Section 1.5).19,20 SICM-

SECM is one such example, where a double barrelled probe is used, one barrel

is used as an SICM probe whilst the other is used as an SECM probe. This al-

lows for SICM to map topography whilst SECM maps electrochemistry (Section

1.5.4).21 Another very successful combined technique is AFM-SECM, so much so

that a commercial instrument has been employed recently.22,23 In this case AFM

is used to map topography and SECM to map electrochemical activity (Section

1.5.1).24–26 Like most SEPM techniques, the major limitation is the choice, fabrica-

tion and characterisation of the probes used. Having two barrels in a probe limits

the minimum size that an SICM-SECM probe can be and for AFM-SECM creating

a probe with a small enough electroactive area and whilst being robust enough to

make repeated contact with the surface presents challenges.27
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One of the first combined SPMs was STM-SECM (see Section 1.5.3) where

insulated Pt/Ir wires were used as probes.28 If the Faradaic leakage current is less

than that of the tunnelling current then these probes can be used for in-situ STM.

This has been achieved in a few different ways previously.29–31 The key for STM-

SECM is that the leakage current also has to be smaller than the currents that are

to be measured electrochemically.4,5,32,33 The key advantages of STM-SECM are

that it is non-contact so the sample and probe should not be damaged and that

the topographic STM resolution is limited by the geometry of the probe and not

the overall electroactive area.34 Combining this fact with the exponential nature

of tunnelling current with tip to sample separation, leads to the ability of STM

to map topography at the atomic scale.35,36 The STM also provides an absolute

sample to probe separation, hence deconvolving topography and electrochemistry

in SECM measurements.29,30 Previous STM-SECM studies have acquired STM (to-

pography) and SECM (electrochemical activity) data asynchronously.28,37 In these

approaches constant current STM scans were used to map the surface topography,

the topographic coordinates are then retraced at a greater sample to tip separation

in an SECM fashion (also known as “lift mode”).37 Another similar study used

the topographic map to then pick specific points to go back to for electrochemical

measurements (NP sites).28 Both of these studies utilised typical STM instrumenta-

tion (tube piezoelectric actuators, see Section 1.2.2), however, the Faradaic leakage

currents were too high for many electrochemically interesting systems, the probe

geometry was hard to elucidate and between acquisition of topographic and electro-

chemical data there is the possibility of sample and tip drift due to thermal effects

and drift of the holders and piezoelectric actuators. These drifts are more concern-

ing with more recent studies which use SEPM instrumentation. Observations of

tunnelling currents during an SECM experiment were presented with an analysis

of approach curves moving from an SECM to tunnelling regime, using piezoelectric

actuators which have an overall travel range of 100 µm and a greatly reduced stabil-

ity (≈ 1 nm) compared to typical STM instrumentation.7,38–40 Tests to prove that

these types of SEPM instrumentation are capable of consistent tunnelling experi-

ments have not been demonstrated and this is addressed throughout the following

chapter.

Here, we demonstrate the conversion of a high end SEPM instrument to a

C-SECM instrument in order to simultaneously map topography and electrochem-

ical activity, overcoming some of the drawbacks of SECM, such as the topographic

resolution and the convolution of activity and tip-sample separation in current mea-

surements. The limitations of such an approach are addressed and compared to
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recent studies involving similar regimes. Pt electrodeposited on CNEs (as in Chap-

ter 2) was used as the probe, with a “hopping pulse” methodology similar to a

previous SICM11 and SECM41 study to carry out the topography and SECM scans

simultaneously, avoiding drift between the two.

The experiment chosen here to demonstrate the C-SECM methodology is

a study of the HER for Au 2D nanocrystals on a glassy carbon (GC) support,

which has recently had topography-activity measurements made at the nanoscale

using SECCM.42 This system was chosen as the sharp well defined shapes of the

crystals make for ideal demonstrations of the resolution achievable. This system also

allows for a stark contrast electrochemically as the GC support requires a very high

overpotential to generate hydrogen, whereas hydrogen is generated more readily

on Au.43,44 In air conductance measurements were also made to investigate key

factors for consideration when attempting to make conductance or tunnelling based

measurements on a SEPM platform.

3.2 Methodology

3.2.1 PtNE Fabrication

Parasitic currents in coated wire tips are a well known issue in previous liquid-phase

STM reports.45,46 Hence, here nanoscale SECM probes consisting of Pt sensitised

CNEs were used as the C-SECM tip. The method of PtNE fabrication is set out in

Chapter 2 and follows the coil heating (Section 2.2.1) and cyclic method of Pt depo-

sition (Section 2.2.2). The specifics for the electrodes in this chapter are as follows:

firstly, quartz capillaries (QF100-50-10, Sutter Instrument Co.) were pulled to a

50 nm aperture using a P-2000 laser based pipette puller (Sutter Instrument Co.). A

two line program was used for pulling: 1. Heat = 750, Filament = 4, Velocity = 30,

Delay = 150, Pull = 80, 2. Heat = 650, Filament = 3, Velocity = 40, Delay = 135,

Pull = 150. Pyrolytic carbon was then deposited on the inner walls of the capillary

in a similar fashion to reported previously.47,48 In short, a hydrocarbon mixture

(butane and propane 600 ml gas torch refill, RS PRO) was flowed into the rear

of the capillary from the non-pulled end (up to a pressure of 1.2 bar), whilst Ar

(≥99.998 %, Sigma-Aldrich) was continuously flowed over the end of the capillary

using a larger diameter capillary (QF120-90-10, Sutter Instrument Co.), with a flow

rate of 0.2 L min−1. Whilst the gasses were flowing, an electrically heated coil

was propagated along the length of the capillaries. The coil temperature was held

steady around 750 ◦C whilst the motion of the coil was realised using an electric

stepper motor controlled by in-house constructed electronics. The program for coil
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propagation was optimised to give a glossy black finish to the probes, an electrical

connection was then made by inserting a copper (or similar) wire into the back of

the capillary so that it makes a physical contact with the carbon.

The final step of fabrication involves potentiodynamic electrodeposition of

Pt onto the CNE, expanding on a previously reported method.19 The electrode-

position of Pt sensitises the tip to electrocatalytic processes and ensures that the

metal protrudes from the end of the quartz pipette, required for conductance and

tunnelling measurements. This was carried out using a two electrode setup with

the CNE as the working electrode and an Ag/AgCl QRCE formed by anodising

0.125 mm annealed Ag wire, (99.99 %, Sigma-Aldrich) in a saturated KCl (> 99 %,

Sigma-Aldrich) solution. An electrometer (built in house) was used to apply the

potential and measure the current simultaneously. The deposition solution con-

sisted of 1 mM H2PtCl6 ·6H2O (≥ 99.9 %, Sigma-Aldrich) and 0.1 M HClO4 (70 %,

Sigma-Aldrich). The deposition was carried out by cycling the potential at the

electrode from 0.3 V to −0.2 V, whilst monitoring the current increase with each

sweep until the current surpassed 50 pA (Figure 3.1a). Figure 3.1b displays CVs

taken before (blue) and after (orange) Pt deposition which display an increase in the

magnitude of the steady state current by a factor of π/2 which would be expected

from a transition from a disc shaped to a hemispherical geometry (see equation

1.8 & 1.9), whilst the sigmoidal shape associated with a diffusion limited reaction

was maintained.49 STEM was used for further characterisation of these electrodes,

an example is shown in Figure 3.2a. As mentioned previously (Section 2.2.1), an

anti-static ankle bracelet was worn whilst handling nanoelectrodes in an attempt to

reduce the risk of electrostatic damage to electrodes.

If it is assumed that the electroactive area of the electrode is hemispher-

ical and the reaction is limited by diffusion, the electroactive area can be esti-

mated using equation 1.9 (iss = 2πnFDca) for the steady state limiting current,

where n is the number of electrons in the redox process, F is the Faraday constant

(96485.33 sAmol−1), a is the radius of the hemi-sphere and D and c are the dif-

fusion coefficient and concentration of the electroactive species respectively.49 For

the example in Figure 3.1b, the value of a is determined to be approximately 30 nm

giving an electrode area of 0.006 µm2 in reasonable agreement with the STEM im-

ages (Figure 3.2a). This does not, however, take into account back diffusion to the

electrode surface which would increase the expected steady state current.

Due to the nature of the Pt deposition, each NE does not have exactly the

same electroactive area, hence each NE is characterised with a CV in [Ru(NH3)6]
3+

(hexaamineruthenium(III) chloride, 98 %, Sigma-Aldrich) and KCl (> 99 %, Sigma-
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Figure 3.1: (a) Voltage sweeps recorded in Pt deposition solution (1 mM H2PtCl6 ·
6H2O and 0.1 M HClO4); the increase in current at negative potentials with each
sweep is monitored. The sweep rate is 0.2 V s−1. (b) CV of CNE before (blue
trace) and after (orange trace) Pt deposition in (a), recorded in 5 mM Ru(NH3)

3+
6

and 0.1 M KCl, with a 0.2 V s−1 sweep rate.

Aldrich) as in Figure 3.1b. The calculated electroactive radius generally ranged from

15 nm to 100 nm. The tip used in C-SECM studies presented here was ≈ 80 nm in

electroactive radius (Figure 3.1b).

As discussed in Chapter 2, this methodology does have limitations. Some

information relating to the quality of NEs can be inferred from CV, however, esti-

mating the total electroactive area entirely from the mass transport limited current

may not be completely accurate. Recent work showed examples of several CNEs that

displayed good sigmoidal voltammograms but when imaged in TEM were shown to

have varying geometries, not all of which were ideal (see Figure 2.1).48 Here we have

also observed similar results, additionally we have found that electrodes may even

be hollow with only a thin lining of carbon down the interior walls of the capillary.

Damage to the pipette during the carbon deposition process is also possible, this

can then cause Pt deposition to occur in other locations than the end of the probe

(Figure 3.2b) whilst still showing the expected sigmoidal voltammetry afterwards

(Figure 3.2c). A combination of high resolution microscopy techniques and voltam-

metric analysis appear to be the only way to ensure proper probe characterisation

(see Chapter 2).2

3.2.2 2D Au Nanocrystals and AuNPs

2D Au nanocrystals were fabricated similarly to previous literature.42,50,51 50 g

lemongrass (Cymbopogon flexuosus) was finely cut and boiled in 250 mL deionised

water for 5 minutes. This was then left to cool to room temperature and 5 mL was
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Figure 3.2: (a) STEM image of Pt deposited on a CNE. It can be seen that the
Pt protrudes from the end of the electrode in a confined area. (b) STEM image
of Pt deposited on a damaged CNE. (c) CVs before (blue) and after (orange) Pt
deposition for NE in (b). 1 mM Ru(NH3)

3+
6 in 0.1 M KCl, 0.2 V s−1. Poor electrode

geometry is observed despite the expected voltammetric response.

added to 45 mL of 1 mM HAuCl4 (99.99 %, Sigma-Aldrich). The solution was then

purified by three centrifuge cycles at 3000 g and resuspended in 50 mL deionised

water. 2 µL of this solution was then drop cast on a GC substrate (glassy carbon

plate, 3 mm thick, type 1, 25 x 25 mm, Alfa Aesar) and washed with deionised

water. The drop cast area was then masked off using tape (3M Polyimide film tape)

to leave an approximately 2 mm diameter exposed area. This allowed for substrate

currents to be monitored as the bipotentiostat used had an upper current limit of

1 µA. A CV of this substrate in 0.1 M HClO4 is shown in Figure 3.3 where a sharp

increase in current to 100 nA is seen at negative potentials which is attributed to

the generation of H2 via the HER. The magnitude of the current change is rela-

tively small compared with the exposed area, this is due to the low coverage of

Au nanocrystals on the GC surface, verified via SEM imaging. In addition to the

nanocrystals, large Au clusters (on the scale of several microns) are also deposited,

these clusters are visible in the optical microscope when approaching the probe. A

coarse scan was done first to locate the same cluster using the topographic mapping,

the higher resolution C-SECM scans were then taken on individual crystals. Due to

knowing the location of a large cluster, this was used as reference point for locating

the same crystals in the SEM.

For ambient experiments AuNPs were deposited onto a GC support. First a

solution of AuNPs (gold nanoparticles, 200 nm diameter, stabilised in citrate buffer,

Sigma-Aldrich) was diluted 20 fold before sonicating for 20 minutes. 1 µL of this

solution was then drop cast onto a GC support (as above). The GC was then washed

with deionised water to remove any salt residue before experiments.
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Figure 3.3: CV of GC substrate with Au nanocrystals drop cast. The substrate was
masked to leave a ≈ 2 mm diameter circle uncovered to limit the overall currents
measured. The potential was measured against a Ag/AgCl reference electrode in
0.1 M HClO4, scan rate 0.2 V s−1.

3.2.3 SPM Instrumentation

All scanning probe experiments were carried out on an in-house constructed SPM

system. Probe control is realised using vertical (P-753.1CD, Physik Instrumente)

and lateral (P-733.2DD, Physik Instrumente) piezoelectric positioners with accom-

panying amplifiers for vertical (E665, Physik Instrumente) and lateral (E505, Physik

Instrumente) positioners. Coarse lateral and vertical motion was carried out using

Picomotor piezo linear actuators (Newport), which have been assessed for stability

previously.52

The tip in ambient (in air) experiments consisted of a mechanically cut Pt/Ir

wire (70/30 %, 0.25 mm diameter, Sigma-Aldrich) which was connected to copper

wire at the non-tip end and the substrate was connected to ground. All C-SECM

experiments in solution were carried out in a three electrode system with the probe

(PtNE), substrate (GC) and an Ag/AgCl reference electrode (Figure 3.5a). The

potential was applied and the current measured on both the probe and substrate

using separate in house built electrometers.

All parameters were then controlled using an FPGA card (PCIe-7825R, Na-

tional Instruments) with home designed LabVIEW software (WEC-SPM).53 Piezo-

electric components, sample, tip and reference are kept inside a sealed Faraday cage

on a vibration isolated table (Newport S-2000 series pneumatic vibration isolators).

The electronics (controllers, amplifiers etc.) are all kept on a separate shelf in order

to isolate the vibrations associated. To test the vibration isolation of the system

a 3W speaker was used to generate noise at set frequencies (70 Hz, 85 Hz and 90
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Figure 3.4: Fast Fourier transforms of measured tip current with a 3W speaker
generating 85 Hz noise next to the instrument but outside the Faraday cage (blue)
and directly next to the stage inside the cage (orange). 85 Hz and multiples thereof
only become visible once the speaker is directly next to the stage. Peaks for multiples
of 50 and 60 Hz are expected electrical noise.

Hz) to see if the associated frequency would show in measured currents. Figure

3.4 shows fast Fourier transforms of measured currents with the speaker inside and

outside the Faraday cage for a 85 Hz generated noise (the results for 70 Hz and 90

Hz are very similar). Vibrations were only observed in the current response once

the speaker was placed directly next to the imaging stage, which gives confidence

that external vibration sources did not affect the instrumentation.

3.2.4 C-SECM Measurements

To the best of our knowledge, no other reports of C-SECM experiments have been

published. However, the C-SECM studies were carried out in a “hopping pulse”

methodology, which is similar to a previously reported method for SICM12 and

SECM41 described in Figure 3.5b,c. The tip potential is kept constant at a value

where no electrochemical reaction is happening, but is appropriate to detect the

hydrogen generated at the surface (0.4 V for HClO4) throughout the scan. At each

pixel (Figure 3.5b,c), the tip is (A) approached until a set current threshold is met

(tunnelling or contact), recording the tip position whilst the substrate potential is

kept at 0 V, the tip is then retracted a set amount (B) followed by a pause in this

position, the substrate potential is switched to generate HER (−0.7 V for HClO4)
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and the hydrogen generated measured at the tip (C). Finally, the substrate potential

is switched back to 0 V and the tip is retracted back to a bulk position (D), before

repeating for each pixel in the scan in a raster type pattern to generate the maps.

This methodology creates a simultaneous topographical and electrochemical map us-

ing the tunnelling/ contact position and electrochemical current respectively. This

method also gives an absolute distance from the surface for electrochemical measure-

ments, so that there is no need to deconvolute electrochemical and topographical

data.

It is important to consider the approach rate during hopping scans; the ap-

proach must be sufficiently slow so that the electronics can “react” quickly enough

to stop the approach before contacting the surface. Each electronic component will

have a delay associated with it. The summation of delays should be small enough

that, with a set approach rate, the probe will not contact the sample. For example,

assuming the onset of tunnelling current happens within ≈ 2 nm and that a total

delay of the electronics is 1 ms, then the approach velocity should be limited to

2 µm s−1. Unfortunately this is not the only factor that influences the system sta-

bility: whilst factors such as vibration were minimised, factors such as piezoelectric

hysteresis and reaction speed are much harder to elucidate and are discussed further

throughout. Here the following electronic components were considered for the delay:

FPGA card (1 µs),54 piezoelectric amplifier (10 µs),55 electrometer filter (200 µs,

instrument constructed in-house), data was acquired every 768 µs and the resonant

frequency of the piezoelectric actuator ≈ 4.8 kHz, ≈ ms scale56. This gives a total

delay of a couple of ms, therefore with an onset for tunnelling current of a couple of

nm the approach rate should be limited to a couple of microns per second.

3.3 Results and Discussion

3.3.1 Piezoelectric Actuators Stability

As described in Section 1.2, electron tunnelling between the tip and substrate occurs

only on a distance scale of a couple of nanometres.35 For this reason, commercial

STM instruments utilise extremely high resolution, stability and low noise piezo-

electric actuators and controllers (Section 1.2.2). The system will then also be

isolated thermally and from vibrations that can cause extra noise and instrument

drift. Positioning systems like these have a very high spatial resolution but often a

very small overall range of motion (< 1 µm vertically and < 5 µm laterally),57,58

limiting the applications to small scan areas, which may limit SECM experiments

due to their typically larger scale. Given the piezoelectric actuators used here are
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Figure 3.5: (a) Schematic representation of electrode configuration for C-SECM
experiments with the tip and substrate potentials controlled relative to a QRCE
at ground. (b,c) Representation of the hopping pulse scheme used for each pixel in
C-SECM images. Va is the substrate potential avoiding electrochemical activity and
Vp is the substrate pulse potential. The tip is approached until a specific current
feedback value is reached (conductance mode, A) where the position is used for
topography, the tip is retracted a short distance (B) before a short pause, followed
by the substrate pulse (C) which is used for electrochemical activity.

normally applied to electrochemical imaging, it is important that their stability and

suitability for very high resolution studies such as C-SECM or STM is addressed. In

addition to the vertical P-753.1CD piezoelectric used in the following experiments,

a P-621.ZCD piezoelectric was also tested, as this model or similar models from the

same range have been used in recent studies that involved tunnelling currents.7,38,39

Both models have a capacitance based sensor built-in that measures the current

extension of the piezoelectric and can also be used to compensate for the drift of the

extension. These piezoelectrics have a drift compensation operating mode known

as “servo mode”. In this mode the desired extension of the piezoelectric is kept

constant by adjusting the output voltage for the amplifier in a closed loop scenario.

The manufacturer states resolution in the closed loop of 0.4 nm and 0.1 nm for

the P-621.ZCD and P-753.1CD respectively.56,59 The open loop resolution for the

P-621.ZCD is stated as 0.2 nm but this value is not stated for the P-753.1CD.
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Figure 3.6: Readings from in-built sensor over 1 s with “servo mode” on (blue) and
off (orange) for the P-621.ZCD (a) and P-753.1CD (b). A noise of ≈ 1 nm is shown
for both piezoelectrics with the servo on or off and without the servo a drift of
≈ 1 nm s−1 is seen, this would make constant height or current imaging impossible
in the tunnelling regime.

Figure 3.6a and Figure 3.6b show the output from the capacitance sensor

(piezoelectric extension) for the P-621.ZCD and P-752.1CD respectively when a non-

zero extension is set on the actuator (this was tested with and without a tip mounted

with the same results). Both models show a discrete response corresponding to a

positional change of at least 1 nm. This data was recorded with varied sample

rates up to a maximum of one data point every 5 µs using a 16-bit FPGA card,

with the same discrete behaviour noted. This would suggest that the sensitivity of

the extension sensor is not high enough to measure the actual piezo extension to a

greater precision than ≈ 1 nm, this makes it difficult to maintain tunnelling currents

using the close loop feedback of the system. However, without the use of “servo

mode” (open loop) drifts on the 1 nm s−1 scale can be observed (Figure 3.6), again

showing that staying within a couple of nm of the surface for a significant length

of time without other positional feedback methods is not possible. One study also

demonstrated that minimal drift can only be achieved with a drift compensation

mode even if the instruments thermal isolation is extremely well constructed.60

Whilst limitations have been described here, the P-753.1CD is stated as higher

resolution and has a much shorter overall extension range (15 µm compared to 100

µm) than the P-621.ZCD. Due to the decreased overall range, the smallest unit of

motion is also greatly reduced. The FPGA card here is a 16-bit card, hence it has

216 possible values to use. The piezoelectric amplifier takes a 0 to 10 V input which

is then converted to a −30 to 160 V output, hence the smallest change the amplifier

can output is 2.9 mV. Given a total piezo range of 15 µm (for the P-753.1CD) then
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a change of 1 V corresponds to 79 nm of extension change. Therefore the smallest

unit that the piezoelectric can theoretically be moved is 0.2 nm, the same calculation

for the P-621.ZCD gives 1.5 nm. The resonant frequency of piezoelectrics also has

an effect on their latency; higher resonant frequency piezoelectrics have been shown

to have less of a tip overshoot in SICM approach measurements, even though no

difference was observed in the piezoelectric monitors.11,61 The P-753.1CD has a

resonant frequency of ≈ 4.8 kHz vs the P-621.ZCD at ≈ 500 Hz,56,59 therefore the

P-753.1CD is the better choice regardless of the other issues stated. Also, when

compared to previous studies, the hopping methodology employed here (see Section

3.2.3) bypasses some issues as the tip is not required to be held steady for longer

than the length of substrate electrochemical pulses (< 0.2 s here), therefore the tip

drift on this timescale is less than a nm. Constant separation methods, however,

would require the tip to be in close proximity to the surface through the entire scan

which would not be possible given the results above.

3.3.2 Ambient Measurements

Given the noise in piezoelectric monitors discussed above, slow approach curves

(.5 nm s−1) were obtained to investigate the capability of the instrumentation to

carry out tunnelling type experiments. The ambient approach curve in Figure 3.7

demonstrates this with an approach rate of 2 nm s−1 and a feedback threshold of 30

pA. There is no significant overshoot above the threshold current and the exponential

profile expected for a tunnelling current is obtained over the last 0.1 nm of the

approach. Additionally the logarithm of the current is plotted in the inset of Figure

3.7 and shows the expected linear response.35 Whilst the tunnelling response can be

detected at these approach rates, carrying out topographical mapping in a hopping

format requires faster rates so that scans can be obtained over a sensible range (>100

nm) without thermal drift or sample and tip contamination becoming a significant

issue in the timescale of the acquisition. Hence faster rates are investigated below

for topographic imaging.

As mentioned above, the stability of the actuators used here was not sufficient

for constant current or height mode STM imaging and hence a hopping protocol was

utilised (Section 3.2.4). To demonstrate the capability of an electrochemical imaging

instrument to carry out topographical experiments, two sample systems were studied

under ambient conditions using a conventional STM probe (mechanically cut Pt/Ir

wire) in a hopping methodology similar to described in Section 3.2.3 but without the

pulse phase and with the substrate held at ground. The tip was approached towards

the surface until the current feedback threshold is met (which should be sensed as
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Figure 3.7: Approach curve with 30 pA current threshold and 2 nm s−1 approach
rate to a clean GC substrate using a Pt/Ir wire tip in ambient conditions. The same
data with the logarithm of the current is displayed in the inset.

a tunnelling current without surface contact), at each point before retracting back

and moving onto the next pixel. In addition the hopping methodology has the

advantage that it can potentially scan substrates with a much larger heterogeneity

in topography than typical constant separation modes of operation. The first sample

studied was 2D Au nanocrystals which have been shown previously using SECCM

and AFM to have a thickness of ≈ 15 nm and lateral dimensions varying from 100s of

nm to a µm.42,62 Distinguishing 15 nm topographical features would typically prove

challenging to electrochemical imaging techniques. The second system studied was

≈ 200 nm diameter AuNPs also supported on GC. Typically operating in a constant

current or height mode STM here would cause the tip to contact the side of the

particle whilst scanning rather than moving over it.

Figure 3.8a shows a topographic scan of a Au nanocrystal along with a to-

pographic line profile in Figure 3.8b. The crystal is easily distinguished from the

GC support, with a height of 10− 20 nm in accordance with the previous measure-

ments.42,62 In addition, a non-uniform topography is observed across the surface of

the crystal, demonstrating the capabilities of the piezoelectric actuators in terms of

high resolution studies if a smart scanning protocol is employed. An SEM image

of the AuNPs is shown in Figure 3.8c and the ambient hopping scans of the same

sample (not the same particles) is shown in Figure 3.8d. Individual particles within
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Figure 3.8: (a) Hopping ambient topographic scan of a Au nanocrystal with a
mechanically cut Pt/Ir wire tip. Approach velocity: 1.1 µm s−1, tip bias: 0.4 V,
pixel separation: 5 nm, current set point: 50 pA, retract distance: 60 nm. (b) Topo-
graphic line profile taken from red region in image (a), with dimensions in agreement
with previous literature.42,62 (c) SEM image of drop cast 200 nm AuNPs on a GC
substrate. (d) Ambient hopping topographic scan of AuNPs, larger topographical
features than would normally be studied with STM are resolved. Approach velocity:
1.8 µm s−1, tip bias: 0.5 V, pixel separation: 10 nm, current set point: 100 pA,
retract distance: 250 nm.

the cluster are distinguished which would not be possible with most electrochemi-

cal imaging techniques (due to diffusional broadening)33 and the particles are not

moved by the tip. The resolution presented here is still not as high as traditional

STM but it is far better than any SEPM and the use of larger range actuators allows

for the scale of this image to be much larger than traditional STM experiments in

both lateral and vertical dimensions.

These scans show an excellent topographic resolution, however, an overshoot

in the approaches in the hopping scan was observed. A typical approach curve

during the scan in Figure 3.8a is displayed in Figure 3.9a, showing that despite a

threshold current of 50 pA the system recorded up to ≈ 3200 pA before stopping

and retracting the tip away. Due to the fast approach rate used here (1.1 µm s−1)

the onset of tunnelling current is only observed for one or two data points. Approach

curves were plotted using the approach velocity (1.1 µm s−1) and the time to avoid
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using the piezoelectric monitors (which were shown in Section 3.3.1 to have a noise

of 1−2 nm). An exponential fit (expected for the onset of tunnelling current)35 was

then plotted and the difference in distance between the last recorded data point and

the expected distance for the threshold current was used to measure the overshoot

(Figure 3.9a). The overshoot values for all approaches in the scan were then collected

in Figure 3.9b showing that the overshoot is in the region of 0− 2.25 nm (similar to

the stated noise in Figure 3.6b), with the majority in the 1 − 1.5 nm range. Once

the approach has overshot by more than 2 nm it is almost certain that the tip has

contacted the sample, in which case the measured tip current can no longer be used

to give a sensible value for tip overshoot as the current becomes limited by the

sample conductance rather than the tunnelling current, additionally at this point

the tip could be overshooting further but no increase in the measured tip current

would be observed.

The value of the current at the final data point in the approach curve was

plotted for each pixel in the scan in Figure 3.9c with the data also summarised in a

histogram in Figure 3.9d. Most of the approaches stop within a couple hundred pA of

the threshold value (50pA), however, there is a large number of current values, that

are much higher. Interestingly, the current values are higher over the Au nanocrystal

compared to the GC support; given the overshoot is often a couple of nm or more

it is suggested that the larger current values are due to the increased conductivity

of Au compared to GC which suggests that this data set is actually more akin to

conductive AFM,63,64 hence the term C-SECM is used for measurements herein.

3.3.3 C-SECM in Electrolyte Solution

The HER at Au 2D nanocrystals was used to investigate the possibilities of C-SECM

with the SEPM instrumentation here. The Au crystals supported on GC (same sub-

strate as for ambient scans) provide an ideal demonstration of the lateral resolution

achievable due to their sharp well defined edges, also they present electrochemical

contrast due to the lower onset potential for HER on Au compared to GC.43,44 The

protocol described in Figure 3.5 was applied to the substrate with 0.1 M HClO4,

Va = 0 V and Vp = −0.7 V. This setup drives HER at the substrate (see Figure 3.3)

and the hydrogen is collected at the tip (by oxidation of protons). The tip current

is monitored throughout all stages of the C-SECM scan and the response during a

single pixel is shown in Figure 3.10. Whilst the tip is in bulk and sufficiently far from

the substrate surface, the tip current is close to zero. Once the tip is approached

sufficiently close, a sharp increase in cathodic current is observed (tunneling and/ or

contact). When this current reaches the threshold value (A) the tip is immediately
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Figure 3.9: (a) Typical approach curve from scan in Figure 3.8a, with distance taken
from approach rate (1.1 µm s−1) and time. Calculated overshoot from exponential fit
labelled as ∆z. Current set point: 50 pA. (b) Histogram summarising all calculated
overshoots for data from scan in Figure 3.8a, the majority being in the 1− 1.5 nm
range. (c) Scan data from Figure 3.8a using the current value of the final data
point in the approach curve, displaying higher currents over the Au nanocrystal,
highlighted within the white borders (transferred from Figure 3.8a). (d) Histogram
summary of data from (c), whilst most pixels have currents within a few 100 pA of
the threshold (50 pA), many are much larger.

withdrawn by a set amount and the current returns to zero (B). The system is held

here for a short pause before the substrate potential is then jumped to drive the

HER, and after a cathodic spike in the tip current, attributed to coupling between

the tip and substrte through the interelectrode capacitance and resistance, REF, an

anodic tip current is observed as expected for detection of H2 from the HER (C).

At the start and end of the substrate pulse a cathodic and anodic spike respectively

are observed in the tip current, indicating an electronic coupling between the tip

and the substrate. Electrochemical images are taken by averaging the last 30 ms of

the tip current during the substrate pulse. After the pulse the current returns to

zero and the tip is translated laterally to the next pixel (D).
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Figure 3.10: Measured tip current during a single pixel of a C-SECM scan. As
in Figure 3.5b,c, the tip is approached towards the surface until tunnelling and/or
contact is sensed (A), a short tip retract is then done (B), a pause is held in this
position, the substrate potential is switched to drive the HER (and the electrochem-
ical maps are made with the last 30 ms of the pulse, C), finally the tip is retracted
and moved laterally to the next pixel (D). Tip potential: 0.4 V, substrate potential:
-0.7 V.

Figure 3.11 displays simultaneous topography (b,c) and SECM scans (d,f)

of a Au nanocrystal, compared with an SEM image (a) of the same crystal using

the “hopping pulse” scanning method previously mentioned (Section 3.2.3). The

crystals on the GC are kept immersed in 0.1 M HClO4 throughout experiments. The

CV of the substrate shown in Figure 3.3 was used to pick an appropriate potential

for substrate pulses to generate hydrogen (−0.7 V). The topographic maps (Figure

3.11b,c) are in good agreement with the SEM image (Figure 3.11a) for the size

of the crystals and the electrochemical maps (Figure 3.11d,e,f) show an increased

activity over the crystal which is not visible over the GC support. In addition,

the electrochemical currents measured here are on the pA scale which is much lower

than the leakage current of most previous in-situ STM studies which are typically on

the 10s to 100s of pA scale,30,65 highlighting an advantage of using a NE tip sealed

in quartz.28,37 There are some key issues demonstrated here. In the SECM images

several pixels with negative values are observed (seen as zero on the displayed scale)

this is especially obvious in Figure 3.11f compared to 3.11d, where the abundance
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Figure 3.11: (a) An SEM image of a Au nanocrystal. Simultaneous topography(b,c)
and unfiltered SECM (d,f) scans of the same crystal in 0.1 M HClO4. Topography
and electrochemical maps were obtained simultaneously, such that, maps b and d
were obtained together and the higher lateral resolution maps c and f were obtained
together. Electrochemical maps were obtained by averaging the tip current for the
last 30 ms of the pulse phase (Figure 3.5b,c, C). Pixels with tip-substrate contact
exhibit large cathodic currents and hence appear as zero in (f). In (d) pixels with
contact have been highlighted in red. (e) same data as presented in (d) where contact
pixels are replaced with an average of the previous and subsequent pixels. White
outline in (f) is taken from topography in (b,c). Approach velocity: 400 nm s−1,
tip bias: 0.4 V, first retract: 16 nm, pause: 0.15 s, substrate potential: pulsed from
0 V to −0.7 V for 0.15 s with final 30 ms of pulse used for electrochemical maps,
second retract: 70 nm, tunnelling set point: 50 pA, pixel separation: 50 nm (b,d,e),
25 nm (c,e).

of these pixels reduces the SECM contrast considerably. These pixels are due to an

intermittent re-entering of the tip into the tunnelling regime or contacting the surface

during the pulse step of the scan and are discussed further below (Figure 3.5b,c, step

C). Figure 3.11e, shows the result of some 1D, line-by-line image interpolation, the

pixels where tip-substrate contact occurred were replaced with an average of the

previous and subsequent pixels. This interpolation is valid as these crystals have

been shown to have a homogeneous electrochemical activity42 with similar methods

being used previously.66

The slower approach and higher data acquisition rate here (compared to the

ambient scans) allows for more data points for approach curves in the C-SECM

scans. Figure 3.12a shows an approach curve from the scan in Figure 3.11c,e with
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Figure 3.12: (a) Approach curve taken from scan in Figure 3.11c. Approach rate
(400 nm s−1) used with time to plot distance, ∆z is the measured overshoot. (b)
Histogram of calculated overshoot values for every approach curve in Figure 3.11c,
the majority of which are now below 0.5 nm. (c) The same scan as Figure 3.11c
but using the final current in the approach curve rather than the final piezoelectric
position. Higher currents observed over nanocrystal. (d) Histogram of data from
(c), the slower approach rate shows much lower final currents than those in Figure
3.9d.

an overshoot much like in Figure 3.9a but with a much smaller magnitude (≈ 90

pA over). The approach curves were plotted using the same method as for Figure

3.9a using the approach rate and time to avoid the uncertainty in the piezoelectric

monitor, the overshoot ∆z, is displayed on the exponential fit in Figure 3.12a. The

summary of overshoots for the scan in Figure 3.11c,e are summarised in Figure 3.12b,

showing that the reduced approach rate means that the majority of the overshoots

are now within 0.5 nm however several pixels are still beyond this and as mentioned

above (for ambient scans) the tip likely contacts the surface in this case and once in

contact, the tip current can no longer be used as an accurate measure of overshoot

and the tip may have a greater overshoot than is observed in the fitting.
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Figure 3.13: (a) Tip current traces during pulse phase over GC (blue), Au crystal
(orange), tunnelling response (red). (b) Shows the GC and Au crystal response in a
smaller scale range. An average over the last 30 ms was used to plot electrochemical
maps.

A combination of the previously mentioned factors; resonant frequency, in-

strument delays and measured overshoot, could explain a greater overshoot than

expected, causing the 16 nm short retract (as used in Figure 3.11 & 3.12) to not be

sufficient to exit contact with the surface. The tip current during several electro-

chemical pixels are show in Figure 3.13, the nature of the current response during

a saturated pixel (red trace, Figure 3.13a) shows that it is a dynamic effect and

not a consistent contact with the surface. The monitor response during the pulses

showed no deviation and was the same as that in Figure 3.6b (servo-on). The traces

for the tip response over the GC (blue trace) compared to the Au crystal (orange

trace, Figure 3.13b) show the difference in current is small and show an impressive

detection limit. It was suggested that the large cathodic currents could be the result

of an electrochemical effect, however, this was dismissed due to the same methodol-

ogy being applied to a clean GC substrate in ambient conditions showing the same

cathodic signals.

The observation of a greater number of contact pixels over the Au nanocrys-

tals is interesting (Figure 3.11d,e): one suggestion is that it could be due to the

difference in work function for the Au and GC. Given the tunnelling current depends

on the average of the work function between the tip and the substrate (equation 1.3)

and that GC has a smaller work function (≈ 4.6 eV)67 than that of Au (≈ 5.4 eV)68,

means that the tunnelling profile would be shallower for the GC hence giving the

system more time to “react” to the current increase.

One significant difference with the ambient topographic scans is the plot

using the final currents in the approach curves (Figure 3.12c, with data summarised
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Figure 3.14: (a) SEM image of a Au nanocrystal. Simultaneous topography (b,c)
and SECM (d,e) scans of the same crystal in 0.1 M HClO4. Approach velocity:
400 nm s−1, tip bias: 0.4 V, first retract: 12 nm (b,d), 10 nm (c,e) pause: 0.15 s,
substrate potential: pulsed from 0 V to −0.7 V for 0.15 s, second retract: 70 nm,
tunnelling set point: 50 pA , pixel separation: 25 nm.

in Figure 3.12d) actually shows decreased currents on the Au plate rather than the

GC support, the opposite of the observation in ambient conditions, even with the

same potentials used (Figure 3.9c). The reason for this is still unknown. However,

the occurrence of saturated pixels is more common over the Au nanocrystal than the

GC support; the approaches preceding saturated pixels are likely ones that make

contact with the sample.

Another example of C-SECM is demonstrated in Figure 3.14 with a different

crystal and even shorter retract distances (10 & 12 nm), where the frequency of

these contact pixels over the plates is greatly increased. Here the absolute value of

the average pulse response was used to plot electrochemical maps, such that contact

pixels show as bright yellow. This highlights more obviously that the contact is more

prevalent over the crystals compared to the GC. SEM images of the crystals before

and after scanning (Figure 3.15) do not show any noticeable damage to the sample

meaning that the contact cannot be too destructive (hence the overshoot cannot

be extreme). The frequency of these contact pixels can be greatly reduced (at the

expense of lateral SECM resolution) by setting the short retract distance (step B in

Figure 3.5b,c) to a larger value. Both the short retract distance and the approach

velocity have a significant impact on the number of these contact pixels. Increasing
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Figure 3.15: Au nanocrystal before (a) and after (b) C-SECM experiments. The
same crystal was located using the method set out in Section 3.2.2. No discernible
structural change is observed suggesting only minimal contact with the crystal.
The resolution here is fairly poor however, due to the plastic bath used for solution
partially blocking the electron detector.

the short retract distance past 20 nm shows a large reduction in the contact pixel

count during a scan and reducing the approach rate below ≈ 40 nm s−1 also brings

the count to a minimum (Figure 3.16), but does not remove the problem entirely.

The issues with reducing the approach rate, however, are that the length of time

taken to complete scans is greatly increased which can lead to issues such as thermal

drift and contamination of the substrate and tip.

The results above highlight how the positioning systems used here do not

possess the necessary stability and precision required to do pure STM experiments

without at least some sample contact. It is important to note that the issues here are

greatly reduced by the application of the hopping protocol and these experiments are

likely impossible with constant distance or current modes of operation. This would

be of great concern for some previously reported constant distance experiments

where it is highly unlikely that the probe and tip separation is kept constant over the

full length of the electrochemical scan (on the scale of minutes).7,38,39 Additionally,

as previously mentioned, the piezoelectrics in these studies had larger overall scan

ranges and reduced stability compared to the ones here, they also had much slower

resonant frequencies (790 Hz without load and 500 Hz with 30 g load)59 which would

also increase the “reaction” time of the system.

3.3.4 Future C-SECM and STM-SECM

To take C-SECM forward and potentially towards STM-SECM, implementation of

purpose built STM instrumentation into an electrochemical imaging system would

be ideal. The trouble here, as previously mentioned, is that STM piezoelectrics

typically have a very small overall range and also mounting tips like NEs proves
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Figure 3.16: Percentage of pixels in a C-SECM scan that exhibit tip-substrate con-
tact during the electrochemical pulse, depending on the short retract distance and
initial approach rate. The percentage drops below 10 % for approach rates slower
than 40 nm s−1 and drops to 0 % for short retract distances greater than ≈ 20 nm.
32 C-SECM scans were taken for this dataset, where scans had the same approach
rate and short retract distance the contact pixel count was averaged.

challenging. It would be of interest to investigate the possibility of combining in-

strumentation to have the best of both. If an STM piezo (described in Section

1.2.2) could be mounted on a piezo used here then the STM piezo could carry out

the extremely high resolution topography before switching to the other to do elec-

trochemical imaging. This would require a form of switching between piezos as

otherwise the instabilities of the larger actuator would simply translate across the

smaller one. Another option is to use a STM actuator for topography and to use the

electric stepper motors (in this case Newport Picomotors) for the electrochemical

mapping. The motors here actually have a stated resolution of 30 nm,69 (although

we have not tested this precisely) and these types of motor typically have backlash

issues when changing directions and do not possess a monitoring sensor. They also

generate a lot of electronic noise whilst moving, this could potentially be overcome

by implementing a hopping style protocol where the motors are paused long enough

to gather the electrochemical information before moving onto the next point, albeit

at the expense of scanning speed. The advantage of this approach is that when the

stepper motors are not moving they are fixed solidly in place and therefore would

not add any issues to the STM piezoelectric. We are currently in the process of

installing such a system, currently the main issues being addressed are the effective
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shielding of the tip electrode from the piezoelectric electrodes, whilst still being able

to mount NEs effectively.

3.4 Conclusions

Here we have shown that piezoelectric actuators used in SEPM can be used for high

resolution C-SECM and tunnelling type experiments if the limitations of the instru-

mentation are understood and accounted for. We have used a hopping scanning

protocol to overcome some of the limitations in stability of SEPM piezoelectrics to

allow for the study of larger topographic features than typically available to STM,

at a much higher resolution than possible with SEPM. The use of large extension

actuators is also much more convenient for mounting of the probe and substrate due

to their larger overall size compared to typical STM piezoelectrics.

There are many applications for this technique, from study of heterogeneous

catalysts to detection of reaction intermediates at the nanoscale. The hopping proto-

col employed here allowed for synchronous topography and electrochemical activity

to be acquired with an absolute tip to substrate separation and drift eliminated,

whereas previous studies have used constant separation operating modes leaving

themselves open to drift and possible sample contact issues. With the advancements

here, using existing instrumentation, C-SECM and STM-SECM will hopefully find

broad applications in the wider SEPM community.
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Chapter 4

Bipolar Nanoelectrodes:

Fabrication and

Characterisation

Typically the fabrication of nanoelectrodes (NEs) can be extremely challenging and

potentially very time consuming and/or expensive. Low reproducibility combined

with the fragility of NEs also creates challenges in their application and longevity.

This chapter will focus on the fabrication and characterisation of Pt and

primarily AuNEs fabricated using a recently developed method utilising a chemical

reduction followed by bipolar electrodeposition at the end of a nanopipette. These

electrodes have been shown to be extremely reproducible, very easy to fabricate and

very low cost (aside from some initial equipment purchases). However, some issues

still arise over their longevity and the same method for Pt electrodes has been less

successful. The application of these electrodes for scanning electrochemical probe

microscopy will be investigated further in Chapter 5.

4.1 Introduction

4.1.1 Fabrication

The methodology most closely followed henceforth for the fabrication of bipolar

nanoelectrodes (BPNEs) was set out by Gao et al. in 2018.1 This study used the

final electrodes for NP collision studies (much like a couple of other recent articles)2,3

rather than SEPM but the method is still potentially effective for SEPM probes.

The method starts with a laser pulled nanopipette with a diameter of 30 nm,

which is then filled with a solution of 10 mM HAuCl4 and 10 mM KCl. The pipette
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D

Figure 4.1: (A) Chemical reduction of HAuCl4 by NaBH4 to form a Au plug. (B)
The Au plug acts as a closed bipolar electrode and electrochemical reduction of
AuCl−4 continues to grow the Au to form a longer plug (C). (D) Current measured
at internal electrode of nanopipette during fabrication. A very fast blocking phase
is observed as the chemical reduction occurs, followed by a steady electrochemical
growth phase.

is then inserted into a solution of 10 mM NaBH4 in ethanol. At the boundary of

the tip opening a spontaneous chemical reaction takes place involving the reduction

of the AuCl−4 by the BH−4 to generate a Au plug at the opening of the nanopipette

(following equation 4.1, Figure 4.1A). Ethanol is used as it slows down the chemical

reduction, in water the process is faster and H2 bubble formation can cause defor-

mation. Once this Au plug is formed no more chemical reaction takes place. Next a

bias is applied between the solution inside and outside the pipette to form a closed

bipolar electrochemical cell. A bias of 300 mV inside the pipette is sufficient to

further reduce AuCl−4 inside the tip and continue the growth of the Au plug (Figure

4.1B). Increasing the length of the plug results in a more stable Au solid for SEPM

and means that the surface at the back of the plug is much larger than the surface

exposed at the end which proves useful as discussed later (Figure 4.1C).1,4

8AuCl−4 + 3BH−4 + 9EtOH→ 8Au(s) + 3B(EtO)3 + 21H+ + 32Cl− (4.1)

Current traces can be recorded during the deposition process to give infor-

mation about the progress of Au formation. No current flows if the nanopipette is

inserted into ethanol (without NaBH4) as there is no electrolyte. On addition of

NaBH4 there is a large negative current resulting from the ionic flow, however, the

magnitude of this current quickly decreases as the Au plug forms and blocks the

nanopipette. After this, a small non zero current is observed which corresponds to

the electrochemical deposition of Au on the inside of the formed plug (Figure 4.1D).
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In the bipolar electrodeposition phase, a reduction at one side of the plug is

coupled with an oxidation at the other side. So the reduction of AuCl−4 is coupled

with oxidation of Ag at the Ag/AgCl electrode inside the pipette, whilst outside,

reduction of AgCl at the Ag/AgCl reference electrode is coupled with oxidation of

BH−4 at the external face of the Au plug.

The Au deposition rate can be calculated by considering Faraday’s law and

the total charge passed (Q) in equation 4.2:

Q = nFN (4.2)

where n is the number of electrons transferred, N is the number of moles

of Au and F is the Faraday constant. Integrating the deposition current with

respect to time yields the total charge (Q), hence N can be calculated.4 For the

BPNEs presented here the average growth rate in length of Au plug corresponds

to deposition on the order of 10s of nm per second. This amount obviously varies

throughout the process, being quicker at the start where the pipette is narrower and

slower as the internal radius of the plug increases.

4.1.2 Characterisation

BPNEs have been characterised by optical microscopy,4 SEM,1,4,5 plasmonic scat-

tering spectra1 and by voltammetry.4–7 One group managed to make a physical

connection to the Au plug so that it can be used like a conventional nanoelectrode.5

However, the length of plug is generally small (. 3 µm) and also the narrow taper

(100s nm) of the nanopipette can make a physical connection impractical. Hence

back filling the pipette with a new electrolyte solution is easier. However, this does

affect the electrochemical behaviour of the electrode.4,6,7

The electrochemical response of BPNEs can be derived from the microelec-

trode response in a two electrode cell (Figure 4.2):

E = E
◦′

+
RT

nF
ln

(
DO

DR

)
− RT

nF
ln

(
iss − i
i

)
(4.3)

where E is the applied potential, E
◦′

is the formal potential for the reaction

Red → Ox + ne−, R is the gas constant, T is the temperature in Kelvin, n is the

number of electrons transferred, F is the Faraday constant, DO and DR are the

diffusion coefficients for Ox and Red respectively, iss is the steady state limiting

current and i is the current measured at potential E.8

If it is assumed that the diffusion constants are approximately equal for Ox
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Figure 4.2: Schematic of a closed bipolar electrochemical cell used for derivation of
voltammetric response of BPNEs.7 Oxidation at one side of the cell is coupled to
reduction at the other.

and Red (DO ≈ DR) then equation 4.3 becomes:

E = E
◦′ − RT

nF
ln

(
iss − i
i

)
(4.4)

In a closed bipolar system the bias across the bipolar electrode is given by

the difference between the bias at the anodic (Ea) and cathodic poles (Ec). So the

potential of the whole system is given by:

E = Ea − Ec = (E
◦′

a − E
◦′

c )− RT

F

(
1

na
ln

(
iass − ia
ia

)
+

1

nc
ln

(
icss − ic
ic

))
(4.5)

where Eo
a and Eo

c are the formal potentials for the anodic and cathodic

processes respectively, na and nc are the number of electrons transferred for the

anodic and cathodic processes respectively, iass and icss are the steady state limited

currents at the anodic and cathodic poles respectively. The current at the anodic

pole (ia) is equal but opposite to the current at the cathodic pole (ic) such that

ia = −ic. In addition, if both anodic and cathodic processes transfer the same

amount of electrons (na = nc = n), then equation 4.5 becomes:

E = (E
◦′

a − E
◦′

c ) +
RT

nF

(
ln

(
i

iass − i

)
+ ln

(
−i

icss + i

))
(4.6)

This equation governs the voltammetric response for a closed bipolar micro-

electrode.7 The measured current will be limited by whichever pole has the smaller

steady state limiting current. In the case of electrodes here, that current is the
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cathodic pole such that the steady state current in a voltammogram will be given

by icss and the current at the half wave potential (E 1
2
) will be given by i = −1

2 i
c
ss,

substituting this into equation 4.6 results in:

E 1
2

= (E
◦′

a − E
◦′

c )− RT

nF
ln

(
−2

(
iass
icss

)
− 1

)
(4.7)

Therefore the electrochemical response of BPNEs in this configuration can

be predicted.4,7

4.2 Methodology

The initial methodology followed closely resembles that from Gao et. al.1 (as dis-

cussed in Section 4.1.1), however we found several factors to also influence the success

rate of fabrication and characterisation so below the details of all the specifics and

why they were carried out is discussed.

Firstly the nanopipettes are pulled from quartz capillaries (QF100-50-10,

Sutter Instrument Co.) using a P-2000 laser pipette puller (Sutter Instrument Co.).

A two line program was used: 1. Heat = 750, Filament = 4, Velocity = 30, Delay

= 150, Pull = 80, 2. Heat = 650, Filament = 3, Velocity = 40, Delay = 135.

This results in nanopipettes with an orifice between 30−50 nm diameter (described

further in Section 2.2.1).

The nanopipette is then filled from the back with a solution of 10 mM KAuCl4

(98 %, Sigma-Aldrich) and 10 mM HCl (37 %, Honeywell Fluka) in deionised water

(Integra HP, Purite) using a MicroFil syringe (MF34G-5, World Precision Instru-

ments). Filling nanopipettes with aqueous solutions using this method often results

in bubbles or incomplete filling. To counter this, nanopipettes were held in Omnifit

standard bore, two-way connectors and centrifuged (Eppendorf AG, 22331 Ham-

burg) at 8 krpm for 5 minutes. These conditions result in complete filling without

bubbles, higher speeds often resulted in pipette breakages.

Ag/AgCl reference electrodes are prepared by anodising 0.125 mm annealed

Ag wire (99.99 %, Goodfellow) in a saturated KCl (> 99 %, Sigma-Aldrich) solution.

One of these references is inserted into the back of the filled nanopipette and another

is submerged into a solution of 10 mM NaBH4 (99.99 %, Sigma-Aldrich) in ethanol

(99 %, Fisher Scientific).

The nanopipette is then submerged into the NaBH4 solution where the chem-

ical deposition of Au at the end of the nanopipette occurs to form a Au plug. Gen-

erally better results were obtained if the Ag/AgCl electrodes were connected prior
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to submerging with a bias of 300 mV applied to the Ag/AgCl reference inside the

pipette. Applying the bias before submerging means that as soon as the circuit is

competed (by submerging) there is ion flow into the nanopipette which stops the

deposition solution leaking out and forming larger poor geometry electrodes. The

references were connected using in house built electrometers allowing the current to

be measured at the same time as manipulating the potential. The measured current

was then collected and bias manipulated using an FPGA card (7852R, National

Instruments) coupled with an in house developed LabVIEW control system.9

The Au plug forms rapidly and from thereon the 300 mV bias serves as a

suitable potential for subsequent electrochemical reduction of Au inside the NE.

Electrodes were left for a minimum of 5 minutes, which was sufficient for a Au plug

length of 1− 2 µm.

After the electrochemical deposition phase, the bias was changed between

100 − 300 mV several times, observing the difference in current response gives an

idea of the quality of the NE. Larger noisier current changes were often caused by

poorly formed electrodes. This was then checked by STEM and voltammetry after

fabrication too. Figure 4.3A,B shows typical responses from a good quality and

poor quality electrode with the corresponding STEM images (Figure 4.3C,D). The

poorer quality electrode shows a noisier current trace.

For characterisation and application it is generally required to refill electrodes

with a new solution to avoid further effects to the Au plug and to allow for other

studies. However, filling with aqueous solutions once again proves difficult however,

centrifuging with the Au plug at the end is not very effective and can also damage

the electrode. To overcome this, in our experiments acetonitrile (ACN, HPLC grade,

Fisher) based electrolytes are used inside the tip. ACN is much less viscous than

water and therefore fills the pipettes more effectively, in addition NEs were left for

at least an hour to ensure that full filling had occurred. Specifically Ferrocene (Fc,

98 %, Sigma-Aldrich) and 0.2 M TBAPF6 (99 %, Merck) were used. As mentioned

previously (Section 2.2.1), an anti-static ankle bracelet was worn whilst handling

nanoelectrodes in an attempt to reduce the risk of electrostatic damage to electrodes.

STEM images were acquired using a ZEISS GeminiSEM 500, using the STEM

mode at 30 kV accelerating voltage with electrodes mounted on a multi-TEM sample

holder. This instrument is also equipped with a large area silicon drift detector

energy-dispersive X-ray spectroscopy (EDX) detector for elemental analysis. All

STEM images in this chapter (unless otherwise stated) are taken using bright field

imaging with the background set to black, in order to make the edges of the capillary

more defined.
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Figure 4.3: (A,B) Current traces with changing potential at the end of BPNE
fabrication with corresponding dark field STEM images of electrodes (C,D). (A,C)
Show a well formed BPNE with a lower noise level than a poorly formed electrode
as in (B,D).

Finite element method (FEM) models were created using COMSOL Multi-

physics software. The external geometry of electrodes was taken from STEM images

(Figure 4.4), with the values for the electrode radius a, insulating sheath radius rg,

protruding height of electrode h and the angle of the sheath θ. This was then con-

verted to a two dimensional format for the calculation of the expected steady state

limiting current accounting for mass transport limited diffusion to the electrode.

The resulting current was then integrated through 360◦ to give the expected steady

state limited current for the three dimensional electrode. The internal redox process

of the BPNE was not accounted for, so the half wave potential is not accurately pre-

dicted and the simulated CV was then shifted on the potential scale using equation

4.7 to calculate the expected half wave potential.

4.3 Results

A typical current trace during Au deposition is shown in Figure 4.5A along with

a STEM image of the resulting BPNE (Figure 4.5B). After the initial blocking

of the pipette a nearly constant non-zero current is observed. Using equation 4.2

the approximate Au deposition rate can be determined. Integrating the current
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Figure 4.4: Geometry is taken from STEM images including the values for a, rg,
h and θ, this is then converted to a two dimensional representation for simulating
mass transport limited diffusion to the electrode surface in COMSOL Multiphysics
software.

(≈ 4 pA) over a region of 10 s gives a value of Q which in turn gives a value of N as

4.1× 10−17 moles s−1. This deposition rate can be converted to the rate at which

the plug grows in length. The value does, however, change as the plug grows along

the pipette as the diameter of the pipette increases. If it is assumed that the inside

of the pipette is a cylinder, at the start the radius is ≈ 45 nm which corresponds

to a deposition rate of ≈ 60 nm s−1 whereas at the final state shown in Figure 4.5B

where the radius is ≈ 130 nm then the rate is ≈ 10 nm s−1. This means that there

is a diminishing rate of deposition in terms of the Au plug length. Given the total

length of deposition here (≈ 300 s) and the total length of plug (≈ 1.8 µm) would

suggest an average of ≈ 6 nm s−1. This diminishing rate of growth for the Au plug

length means depositing for longer timescales at this potential would not result in

a significant increase in Au plug length.

To confirm the BPNE composition, EDX mapping was used to show the

contrast between the Au of the plug and the Si of the pipette (Figure 4.6A). In

addition EDX spectra were taken in a region of empty nanopipette and in a region

filled with a Au plug (Figure 4.6B). There is a clear distinction in both the mapping

and spectra between the empty nanopipette which is mostly Si and O compared to

the plug where Au is obvious.

Values for formal potentials required to use equations 4.6 & 4.7 have some

variability in the literature and can be difficult to match with different reference

electrodes. Therefore, here a CV was taken using a 10 µm Au UME for both the

cathodic (5 mM [Ru(NH3)6]
3+ (hexaamineruthenium(III) chloride, 98 %, Sigma-

Aldrich), 0.1 M KNO3 (≥ 99.0 %, Sigma-Aldrich) in water against Ag/AgCl) and

anodic (50 mM Fc, 0.2 M TBAPF6 in ACN against Ag wire) processes used in

BPNEs so that the conditions are exactly matched. These CVs are shown in Figure

4.7, the half wave potentials from these curves were used as the formal potentials

such that E
◦′
c = −0.28 V and E

◦′
a = 0.54 V. STEM images were used to simulate the
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A B

Figure 4.5: (A) Current trace recorded during BPNE formation, after initial blocking
event, current drops to a steady value for the duration (≈ 300 s), time axis cropped
to show initial blocking more clearly. (B) Corresponding STEM image of final
BPNE.

CV response of BPNEs by measuring the dimensions of the Au plug and choosing

the appropriate formula for iss at each pole from equations 1.8−1.11. This then

gives the values for iass and icss which in turn can be used to plot the expected i vs

E using equation 4.6.

Studying the AuNEs using STEM shows that several different geometries

can be formed at the tip of the pipette. The observed geometries include (in order

of prevalence) conical, hemispherical, disc and a sharp point (Figure 4.8A,C,E,G).

It is also observed that in most cases the size of the glass opening is larger than that

of the nanopipette before Au deposition (≈ 30 nm). This would lead us to believe

that the process of Au deposition is quite aggressive and can damage the glass,

resulting in a larger exposed area of electrode that protrudes from the glass sheath.

This process in some cases could cause leakage of the internal solution around the

Au. Potential issues with the electrochemical response of BPNEs will be discussed

further through this chapter.

The measured CVs are shown in Figure 4.8B,D,F,H along with a theoretical

CV calculated from equation 4.6 and a simulated CV using COMSOL (finite element

model). The CVs calculated from equation 4.6 are done so by taking measurements

of geometry from the STEM images and then picking the most relevant equations

from equations 1.8−1.11 for both the external and internal face of the BPNE. All

values for iass were calculated using hemispherical electrodes as in equation 1.9. All
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Figure 4.6: (A) Dark field STEM image a of NE with EDX map displayed offset
to the right. Red and green correspond to Si and Au respectively. (B) Elemental
spectra over an empty region of pipette (blue) and a Au filled region (orange).

icss for external faces of BPNEs were calculated using equation 1.11 for an insulated

conical electrode. It can be seen that for the cases displayed here the value of

E 1
2

is a good match with the measured values. However, as expected, these fully

analytical solutions are less reliable when predicting the steady state current. For

BPNEs in Figure 4.8F,H the CV is a good match whereas in Figure 4.8B,D the

current is much less correlated. Equations 1.8−1.12 are analytical solutions and do

not take account of the exact geometry and therefore should only be a guideline and

COMSOL simulated responses are much more accurate.

COMSOL simulated CVs take the best approximation of true geometry that

can be obtained from the STEM images to simulate the steady state current, whilst

the half wave potential is picked from the experimental data. These show a much

better match to experimental data. In the COMSOL modelled CVs, deviations in

steady state current values are expected to arise firstly from difficulty in determining

exactly which sections of the BPNE are coated in the insulating sheath and secondly

STEM images are only a 2D cross section which means that the full 3D geometry

is not fully accounted for.

The effect of internal and external concentrations on the electrochemical re-

sponse of BPNEs was investigated further using three concentrations for the cathodic

process ([Ru(NH3)6]
3+ reduction) and the anodic process (Fc oxidation). This was

carried out with several different electrodes, washing internally and externally with

deionised water between experiments. The measured CVs were then compared to
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Figure 4.7: CVs with a 10 µm Au UME for the cathodic (blue) and anodic (orange)
processes with a BPNE. The half wave potential (E 1

2
) is measured as −0.28 V and

0.54 V for the cathodic and anodic processes respectively. Cathodic CV: reduction
of 5 mM [Ru(NH3)6]

3+, 0.1 M KNO3 in water against Ag/AgCl, 50 mV s−1 scan
rate. Anodic CV: oxidation of 50 mM Fc, 0.2 M TBAPF6 in ACN against Ag wire,
20 mV s−1 scan rate.

the expected half wave potential calculated from the STEM and equation 4.7. The

steady state current was also predicted using the STEM and is given by the mag-

nitude of whichever is smaller between the cathodic and anodic processes. Figure

4.9A displays an example electrode when the internal concentration is kept the same

(100 mM Fc, 0.2 M TBAPF6, ACN) and the external concentrations are altered (1.3

mM, 4.9 mM, 19.8 mM, [Ru(NH3)6]
3+ in 0.1 M KNO3). As expected the steady

state limiting current increases proportionally with the concentration of the exter-

nal species as the internal concentration is high enough that it can be assumed it

does not limit the overall current flow in any way. Figure 4.9B shows an example

of three differing internal concentrations (4.6 mM, 25.4 mM, 50.4 mM, Fc, 0.2 M

TBAPF6 in ACN) with the same external concentration (24.5 mM [Ru(NH3)6]
3+ in

0.1 KNO3). Here, due to the higher external concentration, it can be seen that the

anodic process becomes the limiting factor at a certain internal concentration, as

expected. However, these are two selected data sets. To summarise the electrodes

and concentrations studied, the expected half wave potential (from STEM images

and equation 4.7) was plotted against the measured half wave potential (Figure
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E F G H

Figure 4.8: (A,C,E,G) Show STEM images of various Au BPNEs. (B,D,F,H) Give
corresponding measured (orange), simulated with equation 4.6 and STEM dimen-
sions (blue) and simulated using a COMSOL model (yellow). All CVs show the
reduction of 5.2 mM [Ru(NH3)6]

3+ with 0.1 M KNO3 in water against an Ag/AgCl
reference, with a scan rate of 50 mV s−1.

4.9C); here if predictions were accurate then the gradient should be 1. As it can be

seen, there is a trend but it is not close to 1 (−0.3± 0.1) and the spread of data is

rather large with a large error in the fit. The same can be said for the expected and

measured steady state currents calculated from equation 4.6, where the prediction

is very poor (Figure 4.9D). One trend that is noticed is that none of the measured

steady state responses go above 250 pA despite there being expected values of up

to 1100 pA.

The analytical solutions proposed assume that the internal electrode acts

as a disc shaped or a hemispherical electrode, whereas diffusion of species to the

electrode is actually occurring down a narrow channel and therefore diffusion is

not radial and may actually become limited, like in the case of a highly recessed

electrode (see Section 1.4.1.3). This could then limit the overall current measured

and help explain why many of the expected values for steady state current are much

larger than that observed. This would also affect the prediction of the half wave

potential in that the value for iass would be lower than previously expected. For

use in electrochemical studies (as discussed further in Chapter 5), if the internal

concentration is kept much higher than the concentration used externally and the

currents of interest are small then this should not be an issue.

A potential explanation for the irreproducibility is to do with the backfilling
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C D

Figure 4.9: (A) CV of a BPNE with varied external concentrations of [Ru(NH3)6]
3+

with 0.1 M KNO3 and the same internal concentration of 100 mM Fc, 0.2 M
TBAPF6, ACN. (B) CV of a BPNE with differing internal concentrations of Fc
with 0.2 M TBAPF6 in ACN. (C) Summary of expected vs measured half wave po-
tential (E 1

2
) for several electrodes with varied internal and external concentrations.

(D) Expected vs measured steady state limiting current for the same data as (C).
All CVs used a scan rate of 50 mV s−1.

of the electrodes. It is very difficult to remove all of the solution from inside of a

capillary, this means that in the case of changing internal solutions there is likely

some mixing of the solution that was used previously, especially in close proximity

to the Au plug. In addition there is some likelihood that there may still be some of

the initial Au deposition solution left inside the pipette after filling. Even if using a

vacuum (as is done here) to evacuate the capillaries, some solid residue can remain

that will redissolve upon backfilling the capillaries. Despite the drawbacks in fitting

of the expected and measured data, it does at least give a reasonable “ball park”

estimation for the half wave potential, as most of the measured and predicted data

lie within 0.1 V of −0.7 V in this case and as shown in Figure 4.7 a standard Au

electrode would see a half wave potential around −0.3 V. The issue in prediction
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Figure 4.10: Bright field STEM image of a BPNE formed using Pt instead of Au.
The capillary remains intact, however, the electrode is more recessed.

comes from distinguishing between different BPNEs with similar overall sizes and

geometries with changing concentrations.

Pt BPNEs were also fabricated using the same method as for Au except for

the use of 10 mM H2PtCl6 (≥ 37.50 % Chloroplatinic acid hexahydrate, Sigma-

Aldrich) with 0.1 M HClO4 (70 %, Sigma-Aldrich) as the deposition solution inside

the nanopipette. Generally this process is much less reproducible and the success

rate was much lower than BPNEs formed using Au. As the STEM image shows

(Figure 4.10), in the case of Pt the glass at the end of the capillary remains intact

(unlike most of the Au electrodes) but the Pt plug is recessed inside the capillary

(≈ 40 nm). In most cases under STEM investigation pipettes were found to be

empty or very poorly filled with Pt. In an attempt to avoid H2 gas formation, the

deposition solution was adjusted to pH 10 (using NaOH dropwise). However, similar

results of empty pipettes were observed. The exact reason for Pt being much more

difficult to fabricate is unknown and further study is necessary. One possibility is

that the generation of hydrogen gas during the formation of the Pt disrupts the

deposition stability in the capillary, this gas formation is much less prevalent with

Au formation, which could explain this discrepancy.10

Due to some of the issues presented with refilling electrodes, an attempt

was made to electrodeposit a conductive polymer inside the electrode. A previous

study was followed that electrodeposited a conductive polymer (polyaniline) from a

meniscus in a SECCM style format. The study held 20 mM aniline hydrochloride

in 75 µM HCl inside a nanopipette and used a potential on the substrate relative

to a QRCE inside the nanopipette to carry out electropolymerisation, creating a
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Figure 4.11: (A) CV of aniline electropolymerisation on a Au substrate taken from
the previous study.11 Scan rate of 200 mV s−1 in 20 mM aniline hydrochloride and
75 µM HCl with a 1 µm diameter SECCM probe. Reproduced from McKelvey, et
al., Chem. Commum., 49(29), 2013.11 with permission from The Royal Society of
Chemistry. (B) CV taken with aniline solution inside the BPNE, with each sweep
(1− 6) the observed current decreases. CVs were averaged every 10 data points to
make overlaid differences obvious. Scan rate: 200 mV s−1, data collected at one
point every 1.29 ms.

conductive polymer on the substrate.11 Attempts here using the 20 mM aniline

hydrochloride (≥ 99 % aniline hydrochloride, Sigma-Aldrich) and 75 µM HCl (37 %

hydrochloric acid, Honeywell Fluka) did not show any results, so the concentration

was increased to 0.1 M and was used to backfill the BPNE, which was then inserted

into a bath of 5 mM [Ru(NH3)6]
3+ with 0.1 M KNO3. The potential was applied

to a Ag/AgCl QRCE in the bath relative to another inside the BPNE. A CV was

then carried out in the same potential range as the previous study and found a very

similar response (Figure 4.11A,B), albeit with a lower current magnitude as expected

for the reduced area of the internal face of the BPNE compared to the 1 µm SECCM

probe used in the previous study. However, this response was only observed for the

first cycle, after this the response quickly dropped in intensity, after 6 cycles no

response was seen at all (Figure 4.11B). Attempting to do any further voltammetry

after this point results in no electrochemical response. If the electropolymerisation

had continued throughout the internal solution then this would have created a direct

electrical connection to the Au plug, however, the lack of response suggests that this

is not the case. There is the possibility that as deposition can only proceed on the

back of the Au plug and not the glass walls, that layer of polymer is formed on the

back of the Au plug which then stops any further electrodeposition.
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4.4 Conclusions

Au BPNEs have been fabricated and it is shown that electrodes with a good voltam-

metric response and decent geometry are commonplace. Care should be taken when

applying analytical solutions for the voltammetric response of any NE. Here the half

wave potential can be predicted within a small region but determining differences

between electrodes using the same configuration is not as reliable. Additionally pre-

diction of steady state currents is also poor when comparing several BPNEs. Com-

bining the experimental and COMSOL simulated CVs with STEM images gives a

much better representation of the system as a whole and will be required for further

studies of BPNEs in SEPM applications (Chapter 5). The fabrication of Pt BPNEs

was also investigated with much less reproducible results and requires further study.
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Chapter 5

Bipolar Nanoelectrodes:

Applications in Scanning

Electrochemical Probe

Microscopy

The use of nanoelectrodes (NEs) for scanning electrochemical probe microscopy

(SEPM) is an extremely challenging field. Many different methods for the fabrica-

tion, characterisation and application of NEs have been demonstrated with varied

reproducibility and success. Here the electrodes fabricated and characterised in

the previous chapter (Chapter 4) will be accessed for their application in SEPM,

specifically in the use of in-situ scanning tunnelling microscopy (STM) and nanoscale

scanning electrochemical microscopy (SECM) with the ultimate goal of STM-SECM

studies. It is demonstrated that these electrodes show some early promise, however,

issues regarding longevity and robustness will limit their application in the near fu-

ture. But there could be opportunity for improvements to the method which would

allow for further applications on a longer timescale.

5.1 Introduction

Nanoscale SECM studies have been summarised in a few review articles,1–6 and the

most recent studies have been summarised in Section 1.4.1.4, in light of this the

introduction below will focus on BPNE publications rather than general nanoscale

SECM. The method of BPNE fabrication detailed in Chapter 4 is relatively new and

has not yet seen much application in SEPM, but has been used in a couple of studies
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and a few nanoscale electrochemical applications outside of mapping techniques.

The methodology followed to fabricate BPNEs here closely follows a recent

publication7 and the full details are discussed in Section 4.2. The same study also

used the BPNEs to study NP collisions. It was possible to distinguish between

collision events for two different sizes (13 nm and 60 nm) of AuNPs at the tip of the

30 nm BPNE by the magnitude of the current spike observed, upon NPs impacting

the Au plug.7

Another group used a similar method to fabricate a Pt plug at the end of a

nanopipette and the Pt face inside the nanopipette was used as the NE.8 Opposed

to the work in Chapter 4, the external external face of the Pt was purposefully

much larger than the internal face such that the processes inside the nanopipette

would limit the Faradaic response. This “nanocell” then confines the motion of NPs

inside the cell to effectively one dimension and reduces the background noise in the

fluorescence signal. Individual AgNPs were studied by both the current response of

the electrode and by fluorescence microscopy as they collided and were oxidised at

the Pt electrode.8 The same group also created a BPNE using Pt to fill a FIB milled

nanopore on a sealed glass capillary, a double barrel pipette and a thin membrane

of silicon nitride.9

Specific to SEPM, one study previously conducted a form of STM-SECM

using BPNEs as the tip. The study fabricated Au BPNEs in a similar fashion to

results presented here (Chapter 4), however, Fe(CN)2−6 was used instead of NaBH4

and a larger voltage of 3− 5 V was used for electrodeposition. This was then left to

deposit until the Au plug reached a length where an etched Ag wire could be inserted

into the pipette to make a physical connection. In this fashion the result is a more

traditional NE without the need for further backfilling. The NE used for STM-

SECM experiments was ≈ 110 nm in diameter with an RG = 1.3. The substrate

used for scanning experiments was a Si surface with a AuNP array enclosed in an

Au band. The tip was approached into tunnelling distance of the Au band before

using this point to scan in a constant height SECM mode 200 nm above the AuNP

array. The SECM was carried out with FcCH2OH beging oxidised at the AuNE

and regenerated a the AuNP.10

To date only one study has been published on the use of BPNEs in SEPM.10

This chapter focusses on the application of Au BPNEs for use with in-situ STM

and nanoscale SECM, making use of a commercial STM instrument and a high end

SEPM setup respectively.
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5.2 Methodology

Two separate instruments were used for SPM measurements here. A home con-

structed SEPM system (as in Chapter 3) and a commercial ambient STM system.

The SEPM system consists of the following: vertical (P-753.1CD, PhysikInstru-

mente) and lateral (P-733.2DD, PhysikInstrumente) piezoelectric positioners with

accompanying amplifiers for vertical (E665, PhysikInstrumente) and lateral (E505,

PhysikInstrumente) positioners. Picomotor piezo linear actuators (Newport) were

used for coarse vertical and lateral motion. SEPM experiments used a three elec-

trode system with the probe (BPNE), substrate and an Ag/AgCl QRCE (see Figure

3.5). The potential was applied and the current measured on both the probe and

substrate using separate in house built electrometers. All parameters were then

controlled using an FPGA card (PCIe-7825R, National Instruments) with home de-

signed LabVIEW software.11 Piezoelectric components, sample, tip and reference

were kept inside a sealed Faraday cage on a vibration isolated table (Newport S-

2000 series pneumatic vibration isolators). The electronics (controllers, amplifiers

etc.) were all kept on a separate shelf in order to isolate the vibrations associated.

The commercial STM consists of a Veeco STM with Nanoscope E controller and an

A-type scanner. The scanner and sample are held inside a Faraday cage on bungee

cords to isolate the system from electrical noise and vibrations respectively. The

potentials are applied to the substrate with the tip held at ground. Typically the

instrument would use a 0.25 mm Pt/Ir wire which is mechanically cut to a sharp

point and inserted by the other end directly into the STM head.

In experiments using BPNEs in a commercial STM, mounting the electrode

becomes challenging, as usually capillaries are several cm long, filled with solution

and fairly fragile. The STM instrument in question normally uses a 0.25 mm Pt/Ir

wire that can simply be inserted into the STM head. BPNEs were fabricated as in

Section 4.2 using 10 mM KAuCl4 (98 %, Sigma-Aldrich) and 10 mM HCl (37 %, Hon-

eywell Fluka) inside a nanopipette (30 nm aperture, laser pulled from quartz capillar-

ies, QF100-50-10, Sutter Instrument Co.) and submerged in 10 mM NaBH4 (99.99

%, Sigma-Aldrich) in ethanol (99 %, Fisher Scientific). BPNEs were then back-

filled with Ferrocene (Fc, 98 %, Sigma-Aldrich) and 0.2 M TBAPF6 (99 %, Merck)

in acetonitrile (ACN, HPLC grade, Fisher) for characterisation with [Ru(NH3)6]
3+

(hexaamineruthenium(III) chloride, 98 %, Sigma-Aldrich) and 0.1 M KNO3 (≥ 99.0

%, Sigma-Aldrich) in deionised water. The length of pipettes used is normally on

the scale of 10 cm. However, to fit these electrodes into the commercial STM in-

strument the total length of pipette has to be ≈ 1 cm, with another cm of wire
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Figure 5.1: CVs taken before (blue) and after (orange) breaking to fit in STM
system. The change in half wave potential is due to the Pt/Ir opposed to Ag
wire used internally. Outside BPNE: 4.5 mM [Ru(NH3)6]

3+, 0.1 M KNO3 in water
against Ag/AgCl. Inside BPNE: 50 mM Fc, 0.2 M TBAPF6 in ACN with Ag wire
(blue) and Pt/Ir wire (orange). 200 mV s−1 scan rate.

for connection. To do this, the fabricated BPNE was cut using a glass pen before

inserting a 2 cm length of Pt/Ir wire (70/30 &, 0.25 mm, Sigma-Aldrich). Epoxy

(Super Glue, Loctite) was then used to seal the wire and ACN electrolyte in the back

of the pipette. The use of Pt/Ir wire internally does shift the half wave potential

of the BPNE as discussed previously (Section 4.1.2). Figure 5.1 shows the CV of

an electrode before and after the breaking and sealing process. This shift can be

accounted for using equations 4.6 and 4.7 using the new formal potential (E
◦′
a ) for

a Pt/Ir wire as a reference instead of a Ag wire. The new E
◦′
a is given by 0.44 V

opposed to 0.55 V which gives an expected half wave potential of −0.57 V opposed

to −0.68 V before the cutting, which is in good agreement with the CVs measured.

HOPG substrates were prepared by exfoliation of graphite using scotch tape

to remove a thin layer which was then placed onto the STM stage. Glass substrates

were simply microscope slides (Super Premium Microscope Slides, VWR) with a

solution bath attached (Araldite Rapid, RS PRO). Au substrates were prepared by

sputtering Au onto Ti on glass, the sample was then insulated, bar a small area

(≈ 100 µm), using tape (3M Polyimide film tape) and a small solution bath was

secured using araldite (Araldite Rapid, RS PRO).

STEM images were obtained using a Zeiss Gemini SEM, using 30 kV accel-
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erating voltage in a STEM mode, with electrodes mounted on a multi-TEM sample

holder. FIB milling was realised using a Jeol 4500 FIB/SEM: This system has two

columns, the first is a 30 kV with a LaB6 electron gun used for SEM imaging and

the second is a 30kV ion column with a Ga+ ion source for FIB milling.

COMSOL Multiphysics software was used to create FEM models for SECM

type approach curves. This model does not take into account the internal solution

of the BPNE and only takes the geometry of the external face of the electrode

into account, including the insulating sheath (Figure 4.4). The model works by

taking the geometry and making it into a two dimensional problem, then simulating

the expected steady state current assuming mass transport limited diffusion to the

electrode surface. The same steady state current calculation is then carried out with

varied distances for the electrode from the surface to generate an approach curve.

The range of values calculated is from 0 distance (electrode touching surface) to five

tip radii over 50 steps.

In addition to COMSOL models, SECM approach curves were also calcu-

lated using analytical solutions from the literature. One useful feature of SECM

approach curves is that they are independent of redox species concentration and are

only related to the geometry of the probe and the kinetic constant (k) of the sub-

strate. If the substrate is an insulator then k can be set to 0 and the approach then

only depends on electrode geometry allowing for another level of electrode charac-

terisation. The expected response of an insulated microdisc electrode approached

to an insulating surface (negative feedback) is given by:

NiinsT (L,RG) =
2.08

RG0.358

(
L− 0.145

RG

)
+ 1.585

2.08
RG0.358 (L+ 0.0023RG) + 1.57 + ln(RG)

L + 2
πRG ln

(
1 + πRG

2L

) (5.1)

where NiinsT is the normalised tip current (iT /i∞), L is the normalised surface

to tip separation (d/a) and RG is the dimensionless constant rg/a.12 The expected

response to a conducting substrate (positive feedback) is governed by:

NicondT (L,RG) = α(RG) +
π

4β(RG) arctan(L)

+

(
1− α(RG)− 1

2β(RG)

)
2

π
arctan(L)

(5.2)

where α and β are functions of RG and are given by equation 5.3 and 5.4

respectively.12
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α(RG) = ln(2) + ln(2)

(
1− 2

π
arccos

(
1

RG

))
− ln(2)

(
1−

(
2

π
arccos

(
1

RG

))2
) (5.3)

β(RG) = 1 + 0.639

(
1− 2

π
arccos

(
1

RG

))
− 0.186

(
1−

(
2

π
arccos

(
1

RG

))2
) (5.4)

The full response of an electrode approaching a substrate can then be written

as a combination of the insulating and conducting terms such that:

NiT (L,Λ, RG) = NicondT

(
L+

1

Λ
, RG

)
+

NiinsT (L,RG)− 1

(1 + 2.47RG0.31LΛ)(1 + L0.006RG+0.113Λ−0.0236RG+0.91)

(5.5)

which is a function of L,Λ and RG, where Λ = ka/D and hence also depends

on the kinetic constant.12

5.3 Results

5.3.1 In-situ STM

STM was attempted using BPNEs as the STM tip in order to assess the robustness

and longevity of BPNEs for STM imaging. The radius of curvature for typical STM

tips can be quite poor (Figure 1.1) and hence these BPNEs could actually be a good

improvement in that regard. Conventionally electrons will tunnel directly from the

sample to tip or vice versa depending on the bias. However, the situation is different

when using a BPNE. In the setup used here, no redox process is happening outside

of the BPNE and the oxidation of Fc at the internal face of the Au plug is used to

complete the circuit. The STM instrument used applies the bias to the sample and

the current is measured at the internal Pt/Ir electrode. So once the tip comes within

tunnelling distance of the sample, the bias of the plug should then be the same as

the sample, this will then drive the oxidation of the Fc inside the tip, resulting in

a measured current at the Pt/Ir electrode (Figure 5.2). This setup will also limit

the potentials available, as the potential has to be sufficient to drive the oxidation.

Negative sample potentials, for instance, would not oxidise the Fc and hence no
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Figure 5.2: (A) With the tip far from the surface no electrochemical reaction is hap-
pening inside the electrode and no tunnelling is occurring. (B) Once the electrode
is within tunnelling distance, the bias at the substrate can drive the oxidation of Fc
inside the tip resulting in a measured current at the electrode inside the BPNE.

current would be measured.

Figure 5.3A displays a constant current STM scan of HOPG using a commer-

cial STM instrument with a BPNE as the tip. Step edges of the HOPG are easily

visible and a linescan over several steps is shown in Figure 5.3B. The step features

have an easily discernible height of ≈ 0.3 nm in agreement with the literature.13

Difficulties in this specific setup arise when attempting to achieve atomic resolu-

tion; normally the conditions required involve a low bias (.100 mV) with a high

tunnelling current (&800 pA). However, with BPNEs in this format, a low bias does

not provide a sufficient current for shuttling of the redox species, plus the overall

current is limited by the redox process at the internal face of the plug, hence the tip

crashes into the surface before reaching the desired current.

Normally in ambient STM the system is left scanning for a period of at

least 15 minutes before acquiring data to allow for thermal drift within the system

to minimise. In this case we found that drift in the z-piezo required to maintain

tunnelling current was more significant than with a conventional Pt/Ir wire tip. This

meant that the time available for scanning was reduced as the vertical piezoelectric

runs out of extension over the course of approximately 5 minutes whilst trying to

keep the tunnelling current constant. The exact cause of this drift is not obvious,

however, one possibility is that there is a depletion of redox species at the internal

face of the Au plug due to the narrow channel for the internal solution, this would

cause a reduction in current and hence a further extension of the z-piezo. However,
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Figure 5.3: (A) STM scan of HOPG immersed in water, using a BPNE as the STM
tip. Step edges are observed. Line 1 is a linescan displayed in (B) showing step
feature height of ≈ 0.3 nm. (C,D) STM images of a HOPG surface immediately
after the BPNE was approached to the surface, showing an increased drift. Sample
bias: 0.5 V, current set point: 50 pA, scan rate: 4 nm s−1. Internal BPNE solution:
50 mM Fc, 0.2 M TBAPF6 in ACN. (E) STEM image of a BPNE after use in the
STM, showing the deformation of the Au plug without fully breaking the electrode.

due to the high concentration of Fc and the fairly large area of the internal face, it

is highly unlikely that depletion is the cause. Another possibility is that there is a

leakage of the ACN past the Au plug which could cause the formation of insulating

debris as the internal solution reacts with the atmosphere potentially blocking the

electrode (see Section 5.3.2).

Some other examples of STM images are shown in Figure 5.3C,D. These

scans were obtained very soon (≈ 10 s) after approaching the surface which is the

reason for the large amount of drift. In this case the tunnelling current was fairly

stable for a short while (≈ 1 minute), before dropping extremely rapidly, resulting

in the tip impacting the surface (Figure 5.3E). As the full range of the piezo on this

system is fairly low (≈ 1 µm) the damage to the electrode is limited, meaning that

the subsequent STEM images can actually show the physical deformation of the Au

plug without breaking the glass fully.

Scans shown here were done inside a water droplet which was more successful

than attempts without water. This improvement was attributed to water stopping

the formation of salt crystals on the end of the tip and possibly reducing any issues
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from leakage of the electrode.

5.3.2 Nanoscale SECM

Using the SEPM system, both negative and positive feedback approach curves were

obtained using a BPNE on insulating and conducting substrates respectively.

Negative feedback approach curves were created by approaching a BPNE to

an insulating glass substrate. Figure 5.4A displays a STEM image of the BPNE

taken after the SECM scans were complete. This was used to check for damage and

to map the geometry for COMSOL simulations. CVs were recorded before (Figure

5.4B), during and after SECM use to check for major differences indicating damage

or degradation. The COMSOL simulated CV is in reasonable agreement with the

measured CV, the fully analytical simulation (using equation 4.6 for an insulated

conical electrode) is not as close but that is to be expected given the assumptions

made; it is unlikely for fully idealised geometries to produce results as good as FEM

simulations. The raw data for a negative feedback approach curve are shown in

Figure 5.4C which shows a 5 % decrease in the current over the last ≈ 2 tip radii

of the approach. Given the small radius (r = 25 nm), the relatively small change

in current is expected. Figure 5.4D shows the same data with the addition of the

analytically calculated from equation 5.5 (orange) and COMSOL simulated (yellow)

approach curves. Both the analytical and COMSOL solutions suggest the approach

was stopped ≈ 2.5 tip radii away from the surface. This feedback set point was used

initially as a precaution not to contact the surface, however, further attempts with

similar sized electrodes and larger feedback thresholds often resulted in damage to

the electrode over longer timescales as will be further discussed later. The COMSOL

simulated approach appears to be a better fit to the experimental data, which is

expected as it takes into account the geometric factors from the STEM imaging

which the analytical approximation does not. It can also be seen that the analytical

approximation will result in zero current at zero distance which is definitely not

the case for an electrode with a protruding geometry. So, whilst the analytical

approximation can give a reasonable estimate of the tip to surface separation, the

COMSOL model will always be a more effective method.

In order to enhance the response measured during approach curves, a larger

BPNE was used to obtain positive feedback data. This was done by taking a BPNE

with a radius of ≈ 50 nm and FIB milling to a flat geometry with an approximate

electrode radius of 340 nm (Figure 5.5A). A positive feedback approach curve ob-

tained with this electrode is shown in Figure 5.5B, where an increase in tip current

of 5 % over 0.5 tip radii is observed. One notable issue found with FIB milling
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Figure 5.4: (A) STEM of BPNE used after scanning showing a radius r = 25 nm. (B)
Measured CV (blue) of BPNE with simulated CV using equation 4.6 (orange) and
simulated with COMSOL (yellow). 200 mV s−1 scan rate used for measured CV. (C)
SECM negative feedback approach curve to current set point (5 pA) with approach
velocity of 40 nm s−1 and tip bias of −0.9 V. (D) COMSOL simulated (yellow)
and analytical solution from equation 5.5 (orange) negative feedback approach curve
with measured approach from (C). The same tip, simulated COMSOL geometry and
solution is used for all data in this figure. Solution bath: 4.9 mM [Ru(NH3)6]

3+, 0.1
M KNO3 in water against Ag/AgCl. Inside BPNE: 50 mM Fc, 0.2 M TBAPF6 in
ACN with Ag wire.

BPNEs is that whilst the Au formed at the end of the electrode forms a good seal

with the glass, the seal is not necessarily as effective further along the pipette,

therefore FIB milling can expose these flaws at the surface of the newly FIB milled

electrode. Sometimes this becomes evident in the CV response of these electrodes

(Figure 5.5C). A slightly strange response is observed in the steady state region

of the voltammogram before use (blue trace), the half wave potential is also less

negative than expected, although the steady state response is well matched. In

addition after several approach curves (10 repetitions) were measured the CV was
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Figure 5.5: (A) STEM image of FIB milled BPNE. (B) Positive feedback approach
curve to a Au surface, 100 nm s−1 approach rate, −0.9 V tip bias and 260 pA
feedback threshold. (C) Theoretical CV (orange), BPNE CV before (blue) and
after (purple) use for SECM approach curves, with scan rate of 200 mV s−1. (B,C)
solution bath: 4.84 mM [Ru(NH3)6]

3+, 0.1 M KNO3 in water against Ag/AgCl.
Inside BPNE: 50 mM Fc, 0.2 M TBAPF6 in ACN with Ag wire.

taken again (purple trace) where the steady state current, half wave potential and

shape of the CV have changed significantly. This is likely due to a conformational

change after contact with the surface caused by a reduction in steady state current

due to leakage forming features on the tip and blocking the electrode surface (as

discussed at the end of this section).

After the positive and negative feedback approach curves were obtained,

hopping type SECM scans were attempted on several substrates. As the process

inside the BPNE is oxidation of Fc (as in Section 4.2), the processes studied outside

are limited to reductions. For these scans a CV is taken in the bulk solution to show

the steady state reduction of the species ([Ru(NH3)6]
3+), then the probe is left

biased at a suitable potential to continue to reduce the species (−0.9 V). The probe

is then approached towards the surface (approach rate: 80 nms−1) until the current

changes (positively or negatively) by a set threshold (6 pA), once the threshold

is reached the probe is retracted (500 nm), moved laterally (200 nm) and then

re-approached at the next pixel. Repeating this process then generates a map of

the surface. What was generally found is that reproducible approach curves are

obtained for a certain period of time before a large change in the current response

is observed (Figure 5.6B). It is likely that some cases where a very large increase in

the current is observed is due to the tip contacting the surface and damaging the

electrode in some way. However, the reason for this contact is unknown. As shown

in the approach curves previously (Figure 5.4C and Figure 5.5B) the tip position at

the current threshold is generally a couple of tip radii away from the surface and,

with the sizes of electrode used here, this is well within the range of precision of the
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positioning instrumentation used (see Chapter 3). In addition, the CV response of

the electrode is checked in between each scan attempt. In some cases the response

stays fairly consistent over some time before the rapid change, in other cases the

CV response can change fairly dramatically between each check even if the scan

completes without any drastic changes.

STEM images were also taken before and after scanning attempts to check

the electrode for damage and geometrical changes. It can be seen that in some

cases a build up of small features is observed around the tip (Figure 5.6A). The

formation and possibly detachment of these may be the cause of the change in

CV response, as the formations block the electrode this will cause a reduction in

the measured current, subsequent detachment would then cause a relative increase.

The blocking would then also cause the tip to approach closer to the surface and

potentially contact it (depending on the severity of the blocking). Upon contact with

a conductor a large sharp spike in the current is seen and the tip will retract and

approach again, contacting an insulator will likely continue until enough damage is

caused that new electrode material is exposed, increasing the current response again

(Figure 5.6C). These formations are most likely due to the internal solution leaking

out of the electrode and reacting with the external solution, which could be a result

of poor sealing of the the Au to the glass.

5.3.3 Future Possibilities

Whilst some issues have been presented above, it would be a shame to completely

abandon BPNEs for SEPM as the reproducibility of the geometry in a very simple

and cheap method is a very attractive feature.

The main issues appear to relate to the composition of the internal solution

and leakage around the Au plug. It has been suggested that the electrodes could

be filled with a conductive polymer solution which would then allow for a “direct”

connection to the Au plug and hence the half wave potential would not be changed

and as it is more viscous than ACN it should not have the same issues with leakage.

A previous study has shown the fabrication of nanostructures with one such polymer

in an SECCM format.14 However, as mentioned in Section 4.2, filling with ACN is

carried out due to its reduced viscosity (0.39 mPa·s vs 0.89 mPa·s for dynamic

viscosity compared to water)15 and hence the same problems arise with refilling

pipettes with solutions as the solution often does not reach down to the Au plug.

In addition, full polymerisation of the alinine to polyalinine may also prove difficult

as only the plug or inserted electrode can be polarised and not the glass walls. This

is still an avenue that may be worth exploring (see end of Section 4.3).
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Figure 5.6: (A) STEM image of BPNE after SECM scans, showing small formations
along the sides and end of the electrode. (B) CVs of the same electrode, before
scanning in bulk (1,2), after the first SECM scan (3), after the second SECM scan
(4) and after the third and final SECM scan (5). (C) Current response measured
at the BPNE during an SECM scan. Several expected negative approach curves
(an example is enlarged in i) are observed but with a decrease in response after
each approach. At ii a sharp increase in current is seen and subsequent approaches
result in enhanced current responses. 5.7 mM [Ru(NH3)6]

3+, 0.1 M KNO3 in water
against Ag/AgCl. The scan rate for CVs was 200 mV s−1. SECM parameters: 1
µm s−1 lateral scan rate, 80 nm s−1 approach velocity, −0.9 V approach tip bias,
6 pA feedback set point, 0.5 µm retract distance, 1 µm s−1 retract rate and 200 nm
pixel separation.

As mentioned in Chapter 4 in many cases the very end of the glass sheath

breaks away leaving the Au exposed. It is possible that this breaking process leads to

a poorer seal around the Au. More time could be spent in attempting to optimise

the initial Au deposition parameters. It is likely that this damage occurs very

early in the deposition process, therefore it is unlikely that the bias applied has a
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great effect. The initial concentrations of NaBH4 and KAuCl4 may have an effect

on the vigorousness of the deposition, in addition it is possible that reducing the

temperature of the ethanol solution could slow the deposition process down and

cause less disruption to the glass. Another method of slowing down the reaction

could be to experiment with the temperature of the NaBH4 solution: at lower

temperatures the reaction rate will be slower and potentially less vigorous.

5.4 Conclusions

The suitability of BPNEs fabricated in Chapter 4 for use in SEPM studies has been

investigated. BPNEs were applied to a HOPG surface under water in a commercial

STM instrument with impressive resolution achieved. BPNEs have also been ap-

plied to SECM style approach curves for both conductive and insulating substrates

also showing good detection limits and positioning at nanoscale separations. Un-

fortunately BPNEs in this format have issues with longevity and performing STM

or SECM experiments for a long enough time to be effective does not appear to be

possible. The reasons for this are likely due to issues with plug stability and the

back filling of capillaries: if the solution is too viscous then proper filling does not

occur, in the opposite case, electrode leakage appears to be much more of an issue.

BPNEs have presented a method for easy and reproducible fabrication of NEs with

ideal geometries, with further study and modifications to the fabrication and char-

acterisation process it is possible that these electrodes could become a very popular

alternative to the current methods used.
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Chapter 6

Characterisation of

Benzotriazole Adsorption on the

Cu(110) Surface

Molecular assembly on ideal substrates is one of the most fundamental studies pos-

sible in materials characterisation. Understanding how the first layer or two of indi-

vidual molecules arrange and deposit on a substrate can lead to a new understanding

of the system of interest. This level of information can be routinely obtained using

an ultra-high vacuum (UHV) scanning tunnelling microscopy (STM). This chapter

illustrates the capability of STM to characterise materials at the nanoscale and show

what can be achieved in ideal conditions.

Benzotriazole (BTAH) is a molecule that has been used as a corrosion in-

hibitor for copper surfaces since the mid 1900s.1 The mechanism of how BTAH

interacts with the copper surface is actually quite poorly understood despite its

fairly wide industrial application.2–4 Some previous research has studied BTAH ad-

sorption on the Cu(111) surface in vacuum,5,6 and the Cu(100) surface in-situ,7 but

very little has been reported about the Cu(110) surface and the role of oxygen in

the process, hence the study here looks at the adsorption of BTAH onto a Cu(110)

single crystal in UHV conditions using STM and high resolution electron energy loss

spectroscopy (HREELS). The role of oxygen in the adsorption process is also briefly

investigated.
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Figure 6.1: (A) Structure of BTAH with approximate dimensions.5,6 (B) Suggested
structure for Cu(BTA)2 dimers formed with Cu adatoms.5,6 The grey, blue, white
and gold colours represent carbon, nitrogen, hydrogen and copper respectively.

6.1 Introduction

Industrial companies have used BTAH as a corrosion inhibitor for copper (Cu) since

the 1950s.1 Despite the wide application in corrosion, debate still exists in regards

to its molecular adsorption and orientation on the Cu surface.2–4 There has been

some more recent literature which attempts to resolve this debate,5,6 however, there

are still many gaps in this understanding when it comes to specific crystallographic

orientations and the role of oxygen.

6.1.1 Benzotriazole (BTAH)

BTAH is a colourless, polar, heterocyclic compound with the structure described in

Figure 6.1A. Ultraviolet, infra-red and nuclear magnetic resonance (NMR) studies

have confirmed that this is the predominant tautomeric configuration at room tem-

perature.8–11 BTAH also has applications in photographic emulsions and as a drug

precursor but is most commonly used as a corrosion inhibitor for Cu due to a long

history in Cu protection and its high solubility in several basic solutions.12

It has been shown that the protective function of BTAH is related to the

formation of a layer at the surface which is a complex between the BTAH and Cu.13

The industry typically forms this layer via either simple immersion of the Cu into

aqueous BTAH or via vapour transport from impregnated paper, the difference this

makes at the molecular level is still debated.13 The bond between Cu and BTAH is

thought to occur through the lone pairs on the N molecules but upright (from an

ultraviolet photoelectron spectroscopy, UPS in UHV study14), flat (from NMR stud-

ies15) and tilted (from studies with x-ray photoelectron spectroscopy, XPS, UPS and

infrared reflectance spectra in UHV16) adsorption geometries have been reported.13

The upright configuration (Figure 6.2A) has the molecule sit perpendicular to the
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Figure 6.2: Deprotonated BTAH adsorption adsorption geometries determined from
DFT.21 (A) Upright configuration seen on all crystallographic orientations in the
DFT study. Flat adsorption geometry observed on the Cu(100) surface (B) and on
the Cu(110) (C). Figure adapted from Kokalj., Faraday Discuss., 180(0), 415-438,
2003.21 with permission from The Royal Society of Chemistry.

surface, bonding by only the N lone pairs. The flat (parallel to the surface, Figure

6.2B,C) configuration uses both the N lone pairs and π orbitals.17

There is still debate on the role of oxygen too, some have even suggested

that BTAH does not readily bond to clean Cu and have suggested that oxygen must

be present to form Cu-BTA.14,18,19 Other reports have stated that oxygen is not

needed for the initial stages of adsorption, suggesting [Cu(I)-BTA] films can form

on clean Cu.14,20 This discrepancy alone highlights the debate that currently exists

in the adsorption mechanism.

6.1.2 BTAH on Cu(111)

More recent STM work on Cu(111) observed several structures for BTAH adsorbed

onto the Cu surface.5,6 One is the physisorbed flat lying case where the molecule

remains neutral, parallel to the surface and highly mobile. In addition, upright

chemisorbed BTAH commonly form via the deprotonation of BTAH to BTA be-

fore combining with free Cu atoms at surface defects and step edges. The struc-

tures observed were also attributed to Cu(BTA)2 dimers at step edges and CuBTA

monomers at defects surrounded by the dimers. The suggested dimer structure is

displayed in Figure 6.1B, where the exact orientation of the BTA molecules can

vary.22 Lastly this work reported Cu(BTA)2 arranging parallel to each other on de-

fective terraces which are weakly chemisorbed, determined by a high mobility under

the STM tip.6

An adsorption mechanism has been suggested for the low coverage situation:
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BTAH deprotonates to BTA forming both Cu(BTA)2 dimers and CuBTA monomers.

The dimers then undergo a substrate mediated interaction to form chains of 3 − 5

dimer units in length. This contradicts some older work which proposed a continuous

organometallic polymer stabilised by hydrogen bonds.23 Further stabilisation is then

through the induced extended (2× 1) surface reconstruction.5

At a higher coverage (multilayered), STM data showed a regular but incom-

mensurate pseudohexagonal pattern which is also observed in the monolayer regime.

Many structures are present in the multilayers with a coverage dependence, however,

multilayers are only physisorbed compared to the first chemisorbed layer.6

The effect of annealing the system has also been investigated. When a mul-

tilayer system is annealed a metastable structure of dimers and flat lying polymeric

species is observed, with the pseudohexagonal phase still present. Between 350−
375 K desorption of the weakly bound species occurs, above 550 K the chemisorbed

layer also desorbs. An increase in ordering is also observed at approximately 420 K

and complete desorption is reported above 600 K.6

To support the experimental data, density functional theory (DFT) calcula-

tions have been carried out for BTAH on Cu(111).24 It has been shown that BTAH

adsorbs intact under acidic conditions, but in alkaline solutions or UHV, BTAH de-

protonates during adsorption.24 The DFT calculations conclude that the two lowest

energy configurations are stacked Cu(BTA)2 dimers or organometallic chains formed

with the Cu adatoms, which species depends on whether the energy of formation

for Cu adatoms is taken into account.24 This agrees well with the UHV experiments

reporting a nearly upright configuration.6 The stacked dimers were also observed for

the reconstructed Cu(111) surface where the adatoms require a lot of energy to form,

there was also suggestion of both BTAH and BTA forming in close packed layers to

create a physical barrier to corrosive molecules or elements.24 Another study also

corroborated the experimental observation of Cu(BTA)2 using DFT, showing that

the Cu(BTA)−2 configuration is most stable on Cu(111) as all the N atoms can bond

to the Cu surface.22 There has, however, been a contradictory DFT study where it

was suggested that the [BTA-Cu]n complex is the most favourable configuration due

to the formation of three bonds, two of which are with low-coordinated adatoms.25

It was also shown that in the case of single BTA units, an upright geometry was

most favourable compared to more tilted or flat adsorption.25

A recent study worth discussing, investigated the effect of pH in the growth

of BTAH using STM and XPS. The study took a Au(111)/mica substrate and

deposited Cu(111) monolayers by underpotential deposition, resulting in a (5×5) Cl

terminated Cu layer on the Au(111)/mica substrate. XPS results showed Cu(I)BTA
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formation upon immersion of the sample in BTAH solutions (Cu(I) being the +1

oxidation state of Cu), with the interaction being more favourable at lower pH.26

The STM measurements concluded that BTAH adsorbs upright in a parallel packing,

with a π − π interaction being the suggested mechanism. Metalorganic compounds

are formed upon adsorption of BTAH, however, they are formed in discrete units

not an extended polymer. This was independent of immersion time and pH.26 This

study was in-situ and therefore cannot be directly compared with the UHV results

in this chapter, but remains a very interesting investigation which has started to

describe the BTAH adsorption process on Cu in more realistic conditions.

6.1.3 BTAH on Cu(100)

Less information has been published for the Cu(100) surface, one study using in-situ

STM and Fourier transform infra-red spectroscopy reported the molecular plane

being parallel to the surface (flat configuration).7 Another used near edge x-ray

absorption fine structure and found that the molecular plane was within 15◦ of

the surface normal (upright configuration), this study went on to show that with

multilayered coverages the molecular plane was tilted by 40◦ from the substrate

(flat/tilted configuration).27 One DFT study on the Cu(100) surface showed either

a flat or upright configuration having the most energetically favourable geometry

depending on which functional was used for calculation and whether a semiempirical

correction is used to describe the van der Waals dispersion.25

6.1.4 BTAH on Cu(110)

This chapter will focus on the Cu(110) surface, as this crystal surface has much

less information available than for the Cu(111). There has been one study which

showed that BTAH on clean Cu(110) presents a rectangular c(4× 2) structure, the

same study looked at oxygen reconstructed Cu(110)-(2×1)O and found a completely

disordered adsorption structure, a flat adsorption orientation was suggested for both

the clean and oxygen reconstructed surface.13 DFT calculations (similarly to the

Cu(100) case) found that either flat or upright geometries could be the lowest energy

state depending on whether a semiempirical correction for van der Waals dispersion

is included in the functional.25

One in-situ study in acidic conditions also exists where flat lying fully proto-

nated BTAH molecules were seen. However, it is already known the BTAH does not

deprotonate in acidic conditions compared to the case in vacuum and hence would

be expected to behave differently.28
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6.1.5 High Resolution Electron Energy Loss Spectroscopy

Whilst STM shows incredible lateral resolution, the “height” in STM images is

actually a convolution of topography and the local density of states and hence

can also be influenced by the bias applied (Section 1.2). Therefore for accurate

information on the exact orientation of molecules on a surface, other analytical

techniques are required, such as HREELS.

High resolution electron energy loss spectroscopy (HREELS) is a surface

sensitive analytical technique utilising inelastic scattering of electrons to study vi-

brational modes of a surface or molecules adsorbed on a surface. EELS in general

relies on the electronic structure of a surface being excited by the scattering of inci-

dent electrons, in this case the scattered electron loses a specific amount of energy,

from measuring this energy a spectrum of intensity vs energy loss can be created

(often plotted in eV or cm−1).29 HREELS spectra specifically deal with only small

energy losses and the peaks are very close to the elastic scattering peak, hence a

high energy resolution is needed and the term HREELS is used. To attain this

high resolution, incident electrons must have a very well defined energy (achieved

with an electron monochromator) and a high quality analyser is required (Figure

6.3A). In addition, the energy of the incident electrons cannot be significantly larger

than the losses which are trying to be measured, in HREELS electron energies are

significantly smaller than 100 eV. The mean free path of electrons at this energy

corresponds to ≈ 1 nm, hence HREELS is a surface specific technique. This is

also the reason that HREELS can only be operated in UHV conditions (to avoid

electrons colliding with ambient gas particles) compared to other EELS techniques

which can be found in TEM instruments.29

There are two mechanisms of energy loss in HREELS experiments, dipole

and impact scattering. With dipole scattering the incident electron interacts at

long range with oscillating dipoles created from vibrations of surface species, this

leads to selection rules which are key to interpreting HREELS spectra. The first is

that only fundamental transitions are allowed, second, vibrations are only observed

if they also have a change in dipole moment. For metal surfaces (like Cu used

here) there are also another two selection rules: firstly, and most crucially to our

work, is that only vibrations perpendicular to the surface are observed. Secondly,

oscillators vibrating parallel to the surface will have their dipole moment cancelled

out by their image dipole, resulting in a net zero dipole moment. Perpendicular to

the surface dipoles will actually have a reinforcement from the image dipole (Figure

6.3B). Impact scattering peaks are only observed if detection is carried out away

from the direction of specular reflection (off centre collection).29 As all the HREELS
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Figure 6.3: (A) Schematic of HREELS experiment for a first generation spectrome-
ter.29 Incident beam angle (θi) is at 45◦ to the surface and the off specular angle of
detection (θs) in experiments here is zero. (B) Schematic representation of dipole
effects in adsorbed molecules. The dipole parallel to the surface has its moment
cancelled out by the image dipole, whereas the perpendicular dipole has a reinforce-
ment.29

data presented here is in the specular direction the impact scattering effects can be

essentially ignored (Figure 6.3A).

6.2 Methodology

BTAH (99 %, Sigma Aldrich) STM measurements were carried out using an in

house constructed variable temperature UHV STM in constant current mode with

an electrochemically etched tungsten tip. The majority of the instrument is within

two chambers which we refer to as the STM and preparation chambers. The STM

chamber houses the STM scanner itself and is separated by a gate valve from the

preparation chamber where annealing, sputtering, molecular deposition and some

other functions are carried out. For more information on the operational principles

of STM, see Section 1.2.

BTAH has a relatively low mass (119.13 g mol−1) and starts to sublime im-

mediately upon entering vacuum, this means that generally it coats the inside of

the preparation chamber extremely quickly if the deposition is not controlled effec-

tively. Advice was taken from Dr. Federico Grillo (School of Chemistry, University

of St. Andrews) in order to create a new system for a more reproducible deposition

method for BTAH in vacuum. A setup as shown in Figure 6.4 was constructed.

This consists of a cross piece which is attached to the preparation chamber by an

angle valve (Figure 6.4B), a crucible containing the BTAH powder is on the bottom

of the cross (Figure 6.4D) and an individual vacuum pump is used to pump just

the cross (Figure 6.4A). The crucible sits in a water bath (Figure 6.4C) to allow
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Figure 6.4: Experimental setup attached to preparation chamber of vacuum system.
System consists of a cross piece with (A) a vacuum pump, (B) an angle valve to
control deposition, (C) a water bath for temperature control and (D) a crucible to
house the BTAH powder.

for temperature control of the BTAH powder and the amount at which the angle

valve is opened controls the quantity of BTAH deposited. The pump used also has

a pressure gauge built-in which was used as a reference point for the pressure in the

cross (Pc). After being left for several hours Pc drops to 4.3 × 10−7 mbar at room

temperature. However, using an ice and CaCl bath at 268 K resulted in Pc dropping

to 3.8× 10−8 mbar, allowing for better control of deposition.

Unfortunately opening the angle valve did not see the pressure in the prepara-

tion chamber (Pp) increase as much as would be expected for the pressure differential,

we attribute this to the gauge reading Pc not being entirely accurate. Therefore for

consistent deposition, the increase in Pp was used as the reference point for BTAH

quantity. To give a quantitative value for deposition the unit of Langmuir (L) was

used, which is defined as the surface being exposed to 10−6 torr for one second. In

theory (assuming every molecule that hits the surface sticks) then 1 L is enough

to have one monolayer on the surface. For our system using this method with the

Pp difference it was found that 0.038 L deposited much greater than a monolayer,

0.012 L was less than a monolayer and 0.024 L was just over one monolayer. Whilst

these values do not agree with the expected quantities (as 1 L or more is expected

for a monolayer) it did give us a relative measure and some control within our own
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system of the amount of BTAH deposited.

All STM measurements were taken with an STM chamber pressure in the

range of (7 − 10) × 10−11 mbar and Pp was in the range of (6 − 10) × 10−10 mbar

before carrying out cleaning or deposition processes.

Keeping a Cu surface clean can be extremely difficult, even a small amount

of oxygen will have a large effect on a Cu surface, hence the need for operating in

UHV. Even in UHV the Cu surface needs cleaning regularly and between subsequent

depositions of molecules. Here, this was done with a series of annealing and sput-

tering cycles: the single Cu(110) crystal was annealed at 500 ◦C for 5 minutes and

then sputtered with Ar at a sample current measured of 6 µA for 30 minutes, this

was repeated 3 times before the sample was transferred to the STM where imaging

was used to check for any contaminants or unexpected surface reconstructions. In

order to calibrate the STM measurements, a clean single Cu(110) crystal was imaged

with atomic resolution (Figure 6.5A) to show the atomic rows in the [11̄0] direction.

This allows for the crystallographic orientation to be obtained and as the spacing

between rows is known (3.6 Å, Figure 6.5B)30, can therefore be compared to the

measured value of (3.77±0.02) Å to find the error in the instrumental measurement

and hence correct further measurements. Here the correction factors were found to

be 0.96 and 1 for the [001] and [11̄0] directions respectively at room temperature,

while for 125 K these were found to be 0.88 and 0.87 for the [001] and [11̄0] direc-

tions respectively. All biases stated here are applied to the sample with respect to

the tip (which is held at ground). All STM images are plane corrected using a third

order polynomial. Unless otherwise stated measurements taken from STM images

are averaged over at least 30 measurements and the error is given by the standard

error of the mean.

When Cu interacts with oxygen it is well known that the oxygen reconstructs

the Cu(110) surface to form a Cu(110)-(2 × 1)O reconstruction. It is also known

that when the quantity of oxygen is not sufficient to fully cover the Cu surface then

it forms in stripes that follow the [001] surface direction (see Figure 6.5C).13,31–33 A

partially oxygen reconstructed Cu(110) surface was fabricated using controlled de-

position of oxygen; the Cu(110) was cleaned using the previously described method,

a leak valve with an oxygen cylinder was then used to deposit 20 L of oxygen by

controlling the pressure rise in the preparation chamber. 20 L allowed for a mixture

of both clean and oxygen reconstructed regions. The sample was then annealed at

600 K, as suggested by previous literature, to form the (2×1) reconstruction.32 The

reconstruction with atomic resolution is shown in Figure 6.5D with the correspond-

ing model of the atomic structure shown in Figure 6.5E. It should also be noted that
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Figure 6.5: (A) STM image of clean Cu(110) surface, used for calibration of future
measurements and alignment of crystallographic orientation. Scan size: 5× 5 nm2,
sample bias: 0.5 V, tunnelling current threshold: 800 pA. (B) Model of the Cu(110)
surface with atomic separations and crystallographic orientations labelled.31 (C)
STM image of a partially oxygen reconstructed Cu(110) surface. The darker stripes
are the clean regions of the Cu surface. 100× 100 nm2, 1.4 V, 700 pA. (D) Higher
resolution image of the (2× 1) oxygen reconstructed Cu(110) surface. 10× 10 nm2,
1.4 V, 500 pA. (E) Structural model of the Cu(110)-(2×1)O surface reconstruction,
alongside the clean Cu(110) surface. White shows Cu atoms, grey are the Cu atoms
involved in the reconstruction and black are the oxygen atoms.31

all STM scans on the oxygen reconstructed surface had the scan direction rotated

by 90◦, as otherwise the quick scan direction aligned with the oxygen reconstruction

in the [001] direction for our crystal and made imaging oxygen much more difficult.

This also means that the calibration carried out for the left to right direction on

clean Cu corresponds to the top to bottom in these images.

In some cases (as will be stated) the STM instrument was cooled to ≈ 125 K

by flowing liquid nitrogen through the STM body, cooling the sample and STM

mount. Operating at 125 K decreases the surface diffusion of adsorbed species and

allows for easier imaging (less noise) and imaging in circumstances where it would

not be possible at room temperature (highly mobile adsorbed species).

HREELS data were obtained by a collaborator (Federico Grillo, Depart-

ment of Chemistry, University of St Andrews), using a VSW HIB 1000 double pass

spectrometer. Measurements were done in the specular direction (45◦) with 8 eV
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incident beam energy and a ≈ 50 cm−1 resolution at the elastic peak (6.2 meV

at full width half maximum, FWHM). Spectra were recovered from instrumental

broadening using a maximum likelihood based resolution enhancement,34,35 which

gives an improved resolution of ≈ 40 cm−1 FWHM. All spectra are normalised to

the intensity of the elastic peak.

6.3 Results

6.3.1 Low Coverage

The first regime considered is that of much less than a monolayer of BTAH de-

posited on clean Cu(110). Initially it is very obvious that imaging BTAH at room

temperature is extremely difficult due to its high mobility and is only possible at

higher surface coverages (around 0.038 L in our measurements). This has been pre-

viously reported.6 A reconstruction of the Cu step edges is observed but no BTAH

molecules are visible, hence for the lower coverage here (0.012 L), imaging was carried

out at 125 K. Figure 6.6 displays these images of the lowest coverage regime stud-

ied. The Cu step edges have been reconstructed to follow two specific orientations,

(45.5± 0.3)◦ and (65± 4)◦, whilst these angles are separated by ≈ 110◦ as expected

for opposite diagonals of the Cu(110) surface, the orientations do not appear to

align with the underlying Cu atoms. It is also observed that the BTAH molecules

congregate along these reconstructed step edges. Between the steps, small clusters

of BTAH molecules are observed with no particular ordering visible. The previ-

ous Cu(111) study that observed high mobility at low coverage also showed BTAH

to form chains aligned with the Cu(111) crystallographic orientations, whereas the

only structure observed here is at the step edges, the previous Cu(111) study also

observed a large reconstruction of step edges via the deprotonation and coordina-

tion with Cu atoms at the steps.6 One key difference here is the lack of Cu(BTA)2

dimers observed, the previous study observed dimers which have a width of ≈ 18 Å,

which was not observed here.

6.3.2 Monolayer Coverage

A larger surface coverage of slightly more than a monolayer was obtained using a

0.024 L deposition (Figure 6.7A). At this coverage, species were still quite mobile and

hence in all images in this section the system was cooled to 125 K. In the monolayer

regime a centered rectangular cell with dimensions of ((10.2± 0.1)× (7.2± 0.1)) Å2

was observed (Figure 6.7B), the short side of the rectangle aligns with the [001]
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Figure 6.6: (A) Less than a monolayer of BTAH deposited on Cu(110). Disordered
clusters of BTAH are shown on the terraces, highly restructured step edges are also
observed. 100× 100 nm2, 1 V, 50 pA, 125 K. (B) Higher resolution STM image
where small clusters are seen on terraces and BTAH molecules are observed along
the reconstructed step edges. 25× 25 nm2, −1 V, 30 pA, 125 K.

crystallographic orientation of the Cu(110) surface and the long edge aligns with

the [11̄0]. These dimensions correspond with the expected c(4× 2) cell dimensions

of 10.2×7.2 Å2 which is in agreement with the only previous UHV STM study on the

Cu(110) surface.13 Figure 6.7C shows a suggested structure for the c(4×2) arranged

BTAH on the Cu(110) surface. Although this STM data does not tell us anything

about whether the molecules are flat or upright on the surface, this is discussed later

with HREELS data (Section 6.3.4). Lying on top of the monolayer are chains that

tend to form in either quite a long straight pattern or in shorter zigzag patterns

(Figure 6.7A). It is observed that the monolayer c(4× 2) structure exists in regions

which are separated by lines which appear lower than the rest of the monolayer.

This is shown more clearly in Figure 6.7D which is the result of annealing to 373 K

and cooling back down to 125 K. A representative line scan is shown in Figure 6.7E

displaying the molecular spacing and height difference of the lower regions. The

average trough depth between molecules is (19±2) pm whereas at the lower regions

the trough is (41 ± 1) pm deep, also the distance between the molecules on each

side of the lower region is (1.36± 0.03) nm, which corresponds to approximately

two molecules (the spacing of molecules in the monolayer perpendicular to the low

regions is (0.81± 0.01) nm). The lower lines are also consistent in their orientation,

preferentially following the diagonal through the c(4 × 2), (53.7 ± 0.5)◦ from the

[001] surface direction and less commonly follow the opposite diagonal with the

same angle (within error) of (54.2±0.5)◦. The height difference suggests less than a

BTAH molecule’s length in difference and hence these deviations from the monolayer
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Figure 6.7: (A) Slightly greater than a monolayer coverage (0.024 L) of BTAH
deposited, short more disordered chains are observed with longer straight chains
also visible. 100 × 100 nm2, 1 V, 30 pA, 125 K. (B) High resolution image of
monolayer structure with c(4× 2) labelled (white rectangle). 10× 10 nm2, 1 V, 30
pA, 125 K. (C) Model schematic of BTAH on Cu(110) with the c(4× 2) highlighted
in red, the exact orientation of which is discussed later (Section 6.3.4). (D) BTAH
monolayer on Cu(110) after annealing to 373 K, the c(4 × 2) rectangular cell is
clearly visible with dislocations separating regions of the monolayer. 25 × 25 nm2,
1V, 100 pA, 125 K. (E) Line profile taken from blue region in (D) with the base of
the dislocation taken to be zero.

structure are likely the result of dislocations in the formation of the monolayer rather

than Cu adatoms. It is also found that post annealing in this case, most of the chains

on top of the monolayer have desorbed.

6.3.3 Multilayer Coverage

Once a high enough coverage is reached (0.038 L deposition in our case) then imaging

of BTAH on Cu(110) at room temperature becomes possible. We suggest that once

enough BTAH is deposited the formation of a full monolayer has a stabilising effect so

that surface diffusion of the BTAH molecules is not so prevalent. When investigated

as deposited, the same c(4 × 2) rectangular structure is observed ((10.2 ± 0.1) ×
(7.2± 0.1)Å2) in the monolayer with dislocations between regions much like in the

monolayer coverage results. On top of the monolayer occasionally ordered chains

are observed similar to before but the more disordered, shorter zigzag type chains
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Figure 6.8: (A) Highest coverage studied (0.038 L) as deposited, the c(4× 2) mono-
layer structure is still present, with small disordered clusters and some longer straight
chains observed on top of the monolayer. 30×30 nm2, 1 V, 20 pA. (B) After anneal-
ing to 373 K, disordered structures are no longer observed instead large ridges are
formed, with the small chains and monolayer structure preserved. 100× 100 nm2,
1 V, 15 pA.

are much more prevalent (Figure 6.8A).

Upon annealing this deposition, two new structures are observed above the

monolayer and the absence of the disordered chains from before is also noted (Figure

6.8B). The first structure consists of large ridges and the second of smaller chains.

Figure 6.9A shows a high resolution image of one of these ridges, molecules can be

seen to be adsorbed along these ridges with a spacing of (4.4±0.1) Å. Along the top

of the ridge the molecules appear to be in pairs with a width of (15 ± 1) Å. These

dimensions are not exactly consistent with expected values for Cu(BTA)2 dimers

(≈ 18 Å)5,6 created with Cu adatoms but are larger than the normal spacing in the

c(4×2), so may still be dimers in a slightly different configuration. BTAH molecules

also appear to be bonded down the sides of these ridges. The line profile displayed in

Figure 6.9B shows the height of the ridges that corresponds to the Cu adatom height

of 1.8 Å with the “bumps” down the side due to extra BTAH molecules bonded.

The ridges have an angle of (35.0±0.3)◦ relative to the [001] direction and therefore

combining this with the measurements of spacing would suggest a structure like the

one displayed in Figure 6.9C where each Cu adatom in the dimer is one atom along

the [001] direction and one atom along the [11̄0] direction. The expected spacing

and angle for this suggested model would be 4.4 Å and 35.3◦ respectively which

is in good agreement with the measured values. Once again whether the BTAH is

upright or flat cannot be determined precisely from the data here, however, there

does not appear to be enough space for the molecules to lie completely flat between

the Cu adatoms.
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Figure 6.9: (A) High resolution image of large ridge structure, suggesting dimers
along the top with molecules adsorbed down the side. 25× 25 nm2, −0.5 V, 80 pA.
(B) Line profile taken from blue region in (A), Cu adatom height of 1.8 Å labelled.
(C) Suggested structure with Cu(BTA)2 dimers adsorbed on each atom along the
diagonal of the Cu(110) surface. (D) STM image of smaller chain structure observed
in higher coverages after annealing (and also in some lower coverage examples).
25× 25 nm2, −1 V, 30 pA. (E) Suggested structure with each Cu(BTA)2 dimer
centred on every atom in the [001] and every other atom in the [11̄0] direction.

The second smaller chain structure (Figure 6.9D) is less common but is sim-

ilar in dimensions to the top of the large ridges with a width of (17.7± 0.1) Å.

However, the orientation is different and the apparent height much lower. The ori-

entation here is (55.3± 0.3)◦ to the [001], also the spacing between molecules is larger

at (6.3± 0.1) Å. These dimensions are once again consistent with the Cu(BTA)2

dimer structure but without such a significant reconstruction of the Cu surface, the

model in Figure 6.9E shows that having the centre of the dimer placed on every Cu

atom in the [001] direction and every other Cu atom in the [11̄0] direction matches

well, where the expected spacing and angle to the [001] would be 6.2 Å and 54.8◦

respectively. The larger spacing and much lower apparent height (28± 1) pm com-

pared to the large ridge suggests that these molecules may have much less of an

angle away from the surface and exist in a flatter structure than the dimers on top

of the large ridges.

For both the large ridges and smaller chains the dimers are stacked along
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their short axis, whereas previous literature on the Cu(111) showed dimers joining

end to end.5,6
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Figure 6.10: (A) Experimentally obtained HREELS spectra for multilayer coverage
of BTAH on Cu(110) with several annealing temperatures. Peaks at 2900 cm−1

and 3100 cm−1 are the main features of interest. Simulated HREELS spectra for
protonated (B) and deprotonated (C) BTAH on Cu, the main difference being the
presence of the 3500 cm−1 for the protonated case. (D) Previous experimental
HREELS spectra for BTAH on Cu(111) (red) and Au(111) (blue) where BTAH is
known to be upright and flat respectively.5,6,36 Au(111) data previously published.36

(E) Simulated HREELS spectrum for Cu(BTA)2 dimers on Cu, with a peak at 2900
cm−1.
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6.3.4 HREELS

Several simulated HREELS spectra were used to compare to experimentally ob-

tained spectra in order to gain information about the orientation of BTAH with

regards to annealing temperature in the highest coverage regime. As mentioned

earlier (Section 6.1.5) the key here to analysis is that only vibrations which are not

parallel to the surface will be observed. The experimentally obtained spectra for a

multilayer coverage of BTAH on Cu(110) is shown in Figure 6.10A, with different

annealing temperatures. The main features of interest are the peaks at 2900 cm−1

and 3100 cm−1, as the annealing temperature increases, the 2900 cm−1 peak inten-

sity decreases while the 3100 cm−1 intensity increases. However, both peaks have a

relatively low intensity compared to the rest of the spectra.

The first simulated spectra to consider are Figures 6.10B,C. These demon-

strate the comparison between the protonated and deprotonated spectra for BTAH

on Cu. The experimentally observed peak at 3100 cm−1 is shown in both cases,

but a peak at 3500 cm−1 is also seen in the protonated case which is definitely

not observed experimentally. This is a good confirmation that BTAH does indeed

deprotonate in UHV conditions when adsorbing on Cu, as shown previously.5,6,23,24

Two previous experimental spectra were also used for comparison (Figure

6.10D), in this case the two spectra represent BTAH adsorbed on Cu(111) and

Au(111) where much more is known about the BTAH adsorption geometry. For

Au(111) BTAH in this regime is essentially flat lying36 whereas on the Cu(111) it

is upright and dimeric.5,6 The obvious difference in these spectra is the presence

of the peak at 3100 cm−1 which is only present significantly in the upright case.

The experimental spectra for the Cu(110) does indeed show a peak at 3100 cm−1,

however, its intensity is much smaller compared to the rest of the spectra which

would suggest a mostly flat adsorption geometry or with a slight tilt away from the

surface. It can also be seen that as the annealing temperature increases the intensity

of this peak also increases which means that more of the BTAH becomes upright at

higher annealing temperatures.

Finally the simulated spectrum for Cu(BTA)2 dimers on Cu (Figure 6.10E)

show a distinct peak at 2900 cm−1 which is also observed in the experimental spectra.

However, once again the intensity of this peak is much less than the rest of the

spectrum suggesting that only a minority of species are in this form.

To conclude the HREELS observations, it appears that in the high coverage

case that most of the BTAH on the surface is flat lying or with only a small angle

away from the surface, with a minor contribution from upright and dimeric species.

As the sample is annealed more of the BTAH transfers to upright but non-dimeric
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Figure 6.11: (A) BTAH deposited on the oxygen reconstructed Cu(110) surface,
darker regions are the clean Cu. At this scale disordered clusters of BTAH are
present on the oxygen reconstructed surface, with much less visible in the clean
regions. 150× 150 nm2, 1.4 V, 400 pA. (B) A higher resolution image of an oxygen
reconstructed region. Between disordered clusters a pattern with pairs of molecules
is seen that corresponds to a (1×2) structure on the Cu(110)-(2×1)O reconstruction.
(C) Suggested model of BTAH adsorption on the Cu(110)-(2× 1)O reconstruction,
as before the STM alone cannot tell us about the precise orientation of the molecules
in this case.

species. This would agree with the formation of the large ridges observed in the

STM data (Section 6.3.3) as BTAH is seen to bond along the sides of these large

ridges with only the molecules running along the top being dimeric in nature.

6.3.5 Oxygen Reconstructed Cu(110)

In order to bring the studies here more towards a realistic system, oxygen was

deposited onto the Cu surface in a quantity which led to both clean and oxygen

reconstructed regions of the Cu(110) surface being visible (Figure 6.5C). After ob-

servation of the partially reconstructed surface, 0.014 L of BTAH was deposited.

The first observation was that BTAH bonds preferentially to the oxygen covered

regions as opposed to the clean Cu surface (Figure 6.11A). This is contrary to what

might be expected due to the reactivity of clean Cu, but is in agreement with some

previous studies.14,18,19 However, it was also stated that oxygen was required for the

bonding of BTAH which has been shown here and elsewhere not to be the case.5,6

In most cases the BTAH forms disordered clusters on the oxygen reconstructed sur-

face much like previously observed.13 In the measurements here, however, between

the disordered clusters, chains are formed where BTAH sits in pairs that lie along

the [001] direction like the oxygen reconstruction (Figure 6.11B). The spacing along

the [001] is given by (7.3± 0.3) Å and (5.1± 0.1) Å in the [11̄0] direction, which

corresponds to double (7.2 Å) in the [001] and equal to (5.1 Å) in the [11̄0] Cu

atom spacing respectively, hence a (1 × 2) structure on the Cu(110)-(2 × 1)O re-
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construction. Figure 6.11C shows a suggested (1× 2) pattern, the apparent height

of the BTAH is (94 ± 3) pm which would suggest a fairly flat adsorption but the

STM data cannot give us any information about the orientation laterally and the

measured vertical dimension should not be taken as a confirmation of orientation

without other analytical techniques. It is possible that this structure is only ob-

served at lower coverages which would explain why it is not seen universally on the

surface and why previous studies did not observe this pattern.

6.4 Conclusions

This chapter demonstrates some of the capabilities of STM in a UHV system for

materials characterisation at the molecular level. BTAH was deposited on a clean

and partially oxygen reconstructed single crystal Cu(110) surface to highlight the

adsorption structure with varying coverage and annealing regimes, HREELS was

also used to assist in the analysis of STM data.

In the low coverage regime on clean Cu(110), BTAH is observed in disordered

clusters with a likely flat lying geometry, in addition, BTAH molecules are seen to

congregate along reconstructed Cu step edges.

The monolayer of BTAH forms in a c(4 × 2) structure. Combination of

STM and HREELS data suggests that the majority of BTAH sits with a small

angle to the surface with a minority sitting upright. When only a small amount

more than a monolayer is deposited, on top of the monolayer elongated chains are

observed, annealing this regime to 373 K sees either the desorption of these chains

or the formation of long straight Cu(BTA)2 chains. These Cu(BTA)2 dimers likely

account for the minority of the total molecules.

At higher coverages the monolayer retains its c(4×2) structure but the chains

on top become more clustered and disordered. Upon annealing to 373 K these

disordered chains are no longer visible, but large ridge structures of Cu adatoms

topped with Cu(BTA)2 dimers are observed. Single layer Cu(BTA)2 dimer chains

are also seen here but in much smaller quantities and with a different orientation to

the large ridges.

When BTAH is deposited on a partially (2 × 1)O reconstructed Cu(110)

surface, BTAH preferentially bonds to the oxide regions over the clean Cu(110).

Generally, disordered clusters of BTAH are observed (which agrees with previous

literature), but in many cases a previously unobserved (1 × 2) structure is seen on

top of the oxygen reconstruction.

Combining the work here with more recent previous literature on the Cu(111)
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surface starts to fill in the gaps in the adsorption process of BTAH on the Cu

surface. Some further study on the Cu(100) would then go some way to a complete

adsorption model, at least for the three main crystallographic orientations. Here we

have also started to consider the role that oxygen plays in the adsorption process

but this area requires further study with multiple crystallographic orientations of

Cu, varying coverages of oxygen and several annealing temperatures.
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[22] Chen, X. & Häkkinen, H. J. Phys. Chem. C, 116(42), 22346–22349, 2012.

[23] Jiang, Y. & Adams, J. B. Surf. Sci., 529(3), 428–442, 2003.

[24] Gattinoni, C. & Michaelides, A. Faraday Discuss., 180, 439–458, 2015.

[25] Peljhan, S., Koller, J. & Kokalj, A. J. Phys. Chem. C, 118(2), 933–943, 2014.

[26] Mirarco, A., Francis, S. M., Baddeley, C. J., Glisenti, A. & Grillo, F. Corros.

Sci., 143, 107–115, 2018.

[27] Walsh, J., Dhariwal, H., Gutiérrez-Sosa, A., Finetti, P., Muryn, C., Brookes,

N., Oldman, R. & Thornton, G. Surf. Sci., 415(3), 423–432, 1998.

[28] Sugimasa, M., Wan, L.-J., Inukai, J. & Itaya, K. J. Electrochem. Soc., 149(10),

E367–E373, 2002.

[29] Soriaga, M. P., Chen, X., Li, D. & Stickney, J. L. High Resolution Electron

Energy-Loss Spectroscopy, 2005.

[30] Davey, W. P. Phys. Rev., 25(6), 753–761, 1925.

[31] Novák, J., Oehzelt, M., Berkebile, S., Koini, M., Ules, T., Koller, G., Haber, T.,

Resel, R. & Ramsey, M. G. Phys. Chem. Chem. Phys., 13(32), 14675–14684,

2011.

[32] Eren, B., Liu, Z., Stacchiola, D., Somorjai, G. A. & Salmeron, M. J. Phys.

Chem. C, 120(15), 8227–8231, 2016.

[33] Guo, X. C. & Madix, R. J. Surf. Sci., 367(3), L95–L101, 1996.

[34] Frederick, B. G., Nyberg, G. L. & Richardson, N. V. J. Electron Spectrosc.

Relat. Phenom., 64-65, 825–834, 1993.

[35] Frederick, B. G. & Richardson, N. V. Phys. Rev. Lett., 73(5), 772, 1994.

153



[36] Grillo, F., Garrido Torres, J. A., Treanor, M.-J., Larrea, C. R., Götze, J. P.,
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Chapter 7

Summary and Outlook

Throughout this thesis nanoelectrode (NE) fabrication and characterisation has been

emphasised with a focus towards applications in scanning electrochemical probe

microscopy (SEPM). Electrode characterisation with multiple techniques is of great

importance and is often overlooked in the literature. Here two classifications of NEs

have been investigated and their application to nanoscale electrochemical mapping

has been demonstrated. Additionally a study using ultra-high vacuum scanning

tunnelling microscopy (STM) has found new information about the adsorption of

a specific molecule (benzotriazole) on a copper (Cu(110)) surface, highlighting the

ability of STM to characterise materials at the molecular level.

Chapter 2 addresses a long used method of NE fabrication, involving the py-

rolysis of hydrocarbons inside a quartz nanopipette to form a carbon nanoelectrode

(CNE). Despite the methods historic use, CNEs are often quite poorly characterised.

Recently more thoroughly engineered approaches to CNE fabrication have been at-

tempted. Chapter 2 undertakes an investigation on the historically used method,

and our own take on a newer method, to show the issues relating to the repro-

ducibility of CNE fabrication and the dangers of characterising with voltammetry

alone. The chapter then goes on to study the electrodeposition of Pt onto these

CNEs for use as PtNEs using three different methods of deposition. The advantages

and disadvantages of each method are highlighted, but the key factor is the need

for perfect CNEs as a base support, otherwise it is unlikely that the formed PtNE

will have the desired geometry.

Whilst Chapter 2 highlights the issues with CNEs, due to their cheap and

quick nature of fabrication, statistically, good quality CNEs can be fabricated in a

reasonable time frame and electrodeposition of Pt on these CNEs can be carried

out to form PtNEs. These PtNEs were then applied in Chapter 3 to a technique
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termed conductance - scanning electrochemical microscopy (C-SECM), capable to

mapping topography and electrochemistry simultaneously. The combination of these

NEs with modern SEPM instrumentation and a novel scanning protocol allowed for

nanoscale electrochemical mapping with a topographic resolution impossible with

traditional SECM and with substrates that would typically have too much surface

heterogeneity to be imaged in traditional STM. Limitations of using typical SEPM

instrumentation for tunnelling type experiments are detailed in reference to previous

studies with similar regimes. The advances made here could allow for more research

groups to pick up C-SECM as a technique due to the use of more widely available

instrumentation and the obtainable topographic resolution.

A newer method of NE fabrication involving chemical and bipolar electro-

chemical deposition of Au in a nanopipette, labelled bipolar nanoelectrodes (BPNEs)

has been investigated in Chapter 4. BPNEs fabricated with the methodology used

here represent a very quick, cheap and easy way of fabricating NEs with ideal ge-

ometries. Due to the size of the Au plug, however, refilling the pipette with another

solution is often utilised and hence bipolar electrochemistry has to be considered

when characterising or using these electrodes. Previously formulated relationships,

in combination with COMSOL models, go some way to predicting the electrochemi-

cal response of BPNEs. Whilst different solution and electrode combinations can be

predicted, accurately predicting the difference in response between similar electrodes

with multiple solutions is much less reliable. Nevertheless this method represents

a potential future standard for NE fabrication due to the ease, low cost and short

timescale of fabrication.

The BPNEs fabricated in Chapter 4 are applied to SEPM techniques in

Chapter 5. The first application is to in-situ STM measurements and the second is

to SECM style approach curves. SECM was carried out on previously used SEPM

instrumentation (Chapter 3) whereas the STM data was acquired using a commercial

STM instrument. Both applications showed early promise with both positive and

negative feedback observed in SECM and individual graphite step edges observed

in the STM. Unfortunately BPNEs (at least in our configuration) appear to have

issues regarding longevity when applied to SEPM, with drops in measured current

and an inconsistent electrochemical response being commonplace after a short while.

Hopefully these issues can be addressed in the future by adaptations to the current

configuration as methods that can generate ideal NE geometries with this simplicity

are few and far between.

The ability of STM to study surfaces with atomic resolution has been demon-

strated repeatedly for some time, especially when considering systems in ultra-high
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vacuum (UHV). The adsorption of the molecule benzotriazole (BTAH) onto the cop-

per surface is widely used in industry but quite poorly understood at the molecular

level. In Chapter 6 BTAH is deposited onto a single crystal Cu(110) surface, in

order to address this puzzle piece of the complete adsorption mechanism. Several

different adsorption structures are seen depending on the coverage, annealing tem-

perature and if the role of oxygen is considered. With the addition of data from high

resolution electron energy loss spectroscopy (HREELS), this chapter goes some way

to completing the model for the adsorption mechanism of BTAH on the Cu(110)

surface, with most findings being consistent with previous literature, but with some

(especially with the role of oxygen) being contradictory to previous studies.

In summary, this thesis has demonstrated and investigated the fabrication

and characterisation of two types of nanoelectrode with several methodological ap-

proaches for each, emphasising the limitations of individual characterisation tech-

niques. Additionally the application of these electrodes to nanoscale electrochemi-

cal mapping has been approached utilising modern instrumentation with novel ap-

proaches to scanning. Finally a study of a well known industrial corrosion inhibitor

has been carried out using UHV-STM to elucidate several features of the adsorption

mechanism on a copper surface.
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