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Abstract

Immobilization of laccase from Trametes versicolor (TvLc) on cathode surfaces in an
orientation that enables direct electron transfer (DET) to the active center allows for
exploitation of the enzyme’s potential towards the oxygen reduction reaction (ORR) and
for the study of its bioelectrocatalytic behavior.

In the first part of this work, TvLc is immobilized on mixed self-assembled monolay-
ers (SAMs) on Au(111) consisting of a linker molecule, thiolated veratric acid (tVA)
with a moiety similar to the enzyme’s natural substrates, and a diluent molecule, 3-
Mercaptopropionic acid (MPA). Electrochemical scanning tunneling microscopy (EC-
STM) is used to determine the molecular arrangement of the two species that form the
monolayer in two different SAMs and thus to prove the effect of linker separation on
enzyme activity. Negligible enzymatic activity is found on a monolayer, where a close
packing of tVA linkers is observed. Maximum catalytic currents are measured on a
SAM, where tVA and MPA mix homogeneously. This shows that a certain distance
between neighboring linkers is required for induced-fit binding of TvLc to the linker
moiety, which leads to a proper enzyme orientation and allows for DET to the active
center. Immobilized enzymes are studied with electrochemical atomic force microscopy
(EC-AFM), EC-STM and scanning electrochemical potential microscopy (SECPM), a
scanning probe technique for the detection of the electrical double-layer (EDL) poten-
tial, which previously showed high-resolution imaging capabilities of biomolecules. In
this work, EC-STM and SECPM images show an unexpected degree of similarity. Dif-
ferences between enzymatic activities measured here and literature data are explained
with a model developed in the frame of this thesis that is based on results from EC-SPM,
electrochemistry and electrochemical impedance spectroscopy (EIS).

The second part of this thesis consists of a mechanistic study of the working principle

of the SECPM technique. The OH adsorbate structure formed on a Cu(111) WE in
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alkaline solution is used as a model system and imaged with this method, revealing a
structural parameter of (0.60 = 0.04) nm in excellent agreement with that found with
EC-STM. This is the first evidence of high-resolution imaging with SECPM. The origin
of the potential signal measured with the SECPM probe is discussed taking into account
leakage currents that have to be transported between tip and surface. Two different
approaches are presented to measure these currents, the obtained values are similar to
tunneling currents in EC-STM. At a probe position far away from the electrode surface,
leakage currents are transported via faradaic reactions with the electrolyte. At close
tip-surface distances corresponding to potential set-points typical for SECPM surface
scans, the potential detected with the tip can be explained by tunneling currents. Thus,
the SECPM imaging principle is similar to that of an EC-STM with feedback signal set

to potential instead of current and cannot deliver information on the EDL potential.



Die Immobilisierung von Trametes versicolor Laccase (TvLc) auf Kathodenoberflachen
in einer passenden Orientierung fir direkten Elektronentransfer (DET) zum aktiven
Zentrum ermoglicht es, das hohe Sauerstoff-Reduktionspotential des Enzyms zu nutzen
und den bioelektrokatalytischen Prozess zu studieren.

Im ersten Teil dieser Arbeit wird TvLc auf gemischten selbstorganisierten Mono-
schichten (SAMs) auf Au(111) immobilisiert. Diese bestehen aus einem Linkermolekiil,
thiolierter Veratrinsiure (tVA) mit einer funktionellen Gruppe dhnlich dem natiirlichen
Enzymsubstrat und einem Separatormolekiil, 3-Mercaptopropionsédure (MPA). Mittels
elektrochemischer Rastertunnelmikroskopie (EC-STM) wird die molekulare Anordnung
der beiden Spezies bestimmt, um damit den Effekt der Linker-Separation auf die En-
zymaktivitdt nachzuweisen. Die Aktivitat ist vernachlassigbar auf einer SAM mit einer
dichten Anordnung von tVA-Linkern. Die hochsten katalytischen Stréme werden auf
einer SAM gemessen, in welcher tVA und MPA homogen gemischt vorliegen. Dies zeigt,
dass eine gewisse Distanz zwischen benachbarten Linkern nétig ist, um die Induced-Fit-
Anbindung von TvLc an die funktionelle Gruppe des Linkers zu ermdoglichen, wodurch
das Enzym passend fiir DET zum aktiven Zentrum orientiert wird. Die immobilisierten
Enzyme werden untersucht mittels elektrochemischer Rasterkraftmikroskopie, EC-STM
und rasternder elektrochemischer Potentialmikroskopie (SECPM), einer Rastersonden-
methode fiir die Messung des elektrochemischen Doppelschicht(EDL)-Potentials, mit
welcher bereits Biomolekiile hochaufgelost abgebildet werden konnten. Die in dieser
Arbeit gemessenen EC-STM- und SECPM-Bilder zeigen dabei unerwartet starke Uber-
einstimmungen. Unterschiede zwischen den hier gemessenen Enzymaktivitdten und Lit-
eraturdaten werden mittels eines im Rahmen dieser Dissertation entwickelten Modells
erklart, welches auf EC-SPM-, Elektrochemie- und Elektrochemischer-Impedanzspektro-
skopie-Resultaten basiert.

Der zweite Teil besteht aus einer mechanistischen Studie des SECPM-Funktions-

prinzips. Dafiir wird die auf einer Cu(111)-Arbeitselektrode ausgebildete OH-Adsor-
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batstruktur als Modellsystem studiert und mit dieser Methode abgebildet, wobei sich
ein Strukturparameter von (0.60 4= 0.04) nm ergibt, in exzellenter Ubereinstimmung mit
EC-STM-Messungen. Dies stellt den ersten Nachweis der hochauflésenden Abbildungs-
fahigkeit des SECPM dar. Der Ursprung des von der SECPM-Sonde gemessenen Po-
tentialsignals wird unter Einbeziehung von Leckstromen zwischen Spitze und Oberflache
diskutiert. Die mittels zweier unterschiedlicher Ansétze der Leckstrombestimmung er-
haltenen Werte sind vergleichbar mit den Tunnelstromen im EC-STM. Bei einer Sonden-
position weit weg von der Elektrodenoberfliche werden die Leckstrome tiber faradaische
Reaktionen mit dem Elektrolyten abtransportiert. Bei geringen Entfernungen zwischen
Spitze und Oberfliche, entsprechend den typischen Potential-Sollwerten fiir SECPM-
Oberflaichenmessungen, kann das Potential an der Spitze mittels Tunnelstrémen erklért
werden. Das heifit, das SECPM-Abbildungsprinzip ist vergleichbar mit dem eines EC-
STM mit einem Potential-Feedback anstelle des Stromes. Es kann somit keine Informa-

tionen Uber das EDL-Potential liefern.
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“Don’t keep forever on the public road, going only where others have gone,
and following one after the other like a flock of sheep. Leave the beaten track
occasionally and dive into the woods. Every time you do so you will be certain

to find something that you have never seen before.”

Alexander Graham Bell
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1. Introduction

Probably the main challenge of mankind for the next decades is to deal with the dangers
of climate change induced by anthropogenic greenhouse gas emissions. In order to limit
global warming to 2°C compared to pre-industrial levels,[1] the amount of greenhouse
gases in the atmosphere has to stabilize below a 450 ppm CQOs-equivalent until the year
2100.[2] As a consequence, a drastic reduction of global greenhouse gas emissions of
40-70% until 2050 and close to zero until 2100 is necessary, compared to 2010 levels.
This reduction can only be achieved by a series of measures starting from efficiency
enhancements of present technologies to a full transition to emission-free technologies
using renewable energy sources in all fields of energy conversion.

A promising technique especially in the field of electricity generation and transporta-
tion, and also for some niche applications, are fuel cells (FCs). Compared to internal
combustion engines (ICE) with typical efficiencies of 20-40%, FCs can reach efficiencies
of 40-60% and higher, depending on the size of the plant.[3] While in an ICE the fuel
is mixed with the oxidant and brought to reaction, converting chemical to mechanical
energy and optionally in an additional step to electricity, a FC converts chemical energy
directly to electrical energy by separating the combustion of fuel and oxidant into two
electrochemical reactions. In the following, the working principle shall be explained con-
sidering the example of a proton exchange membrane (PEM) FC, a low-temperature FC
typically used in vehicular and portable applications. The eponymous polymer mem-

brane separates anode and cathode side to avoid mixing of the two reacting species. The



1. Introduction

fuel, in most cases hydrogen (H2), methane, methanol or ethanol, ideally from renewable
sources is oxidized at the three-phase boundary of anode, electrolyte and fuel, creating
protons that permeate through the ion-conducting membrane to the cathode. At the
cathode-electrolyte interface, atmospheric oxygen (Oz) is reduced to water (H2O) by
reacting with the protons that have been transported via the membrane and electrons
that traveled along an external electric circuit. The theoretical maximum voltage obtain-
able from this arrangement is determined by the difference between the electrochemical
potentials of cathode and anode reactions. In praxis, the voltage is reduced by over-
potentials necessary to create finite reaction rates corresponding to a current output.
In general, electrocatalysts like platinum (Pt) or Pt alloys are used to increase reaction
rates and thus improve the non-linear current-voltage characteristics of a FC.

Especially the sluggish kinetics of the ORR at the cathode is a limiting factor for the
efficiency of most low-temperature FCs. At present, high amounts of noble metals like Pt
are required to operate a fuel cell at the necessary currents. This complicates large-scale
production due to high costs and limited availability of raw materials. Current research
is focusing on a reduction of Pt loading below 0.1 mgcm~2 (comparable to the amount
of Pt in a present-day ICE vehicle) without loss of activity and durability,[4,5] either by
increasing the specific activity or by (partial) replacement of the noble metal.

For the development of improved catalysts it is import to gain a better understanding
of the basic processes occurring during the electrochemical reaction. Taking a look at
nature shows that some of the apparent limitations to inorganic catalysts have been
overcome by enzymes. Two of these bio(electro)catalysts’ outstanding properties have
to be mentioned: specificity and activity. During millions of years of evolution some of
them optimized the catalysis of a specific reaction resulting in reaction rates close to
or sometimes overpassing the diffusion limit of reactants and products.[6] The specific
(per reaction site) activity towards the ORR of some enzymes was found to be higher

than for Pt based catalysts.[7-9] The second main advantage of enzymatic biocatalysts,



namely high specificity towards a single reaction pathway, helps to avoid side reactions.
Furthermore, this allows to extend the range of fuels, if an enzyme can be found for
the desired reaction. Examples include the oxidation of glucose[10], fructose[11,12] and
lactate[13]. If the enzyme used for the anode reaction is tolerant to the reactants and
products of the cathode reaction and vice versa, the membrane can be omitted, which
helps in the construction of miniaturized fuel cells.[14-16]

Nevertheless, enzymatic FCs have some drawbacks which limit an industrial applica-
tion. Due to the large size of an enzyme compared to the reaction site of a (nanoparticu-
lar) inorganic catalyst, the density of active sites on a bioelectrode is low, resulting in
lower current and power densities. Current research is trying to overcome this by using
3-dimensional high-surface area electrode structures like (carbon) nanotubes[17-19] or
multilayer enzyme entrapment in redox hydrogels[7]. Issues include the electronic cou-
pling of enzymes to the 3D electrode and mass transport of reactants and products to
and from the bioelectrocatalyst, respectively.

More substantial is the limited range of temperature and pH, where enzymes are
stable. This restricts the field of operation to an environment at or close to physiological
conditions and renders enzymatic FCs less useful for automotive or large-scale energy
conversion applications. Typical fields of application are sensors for glucose levels in the
human body or powering of small implanted electronic devices like pacemakers or even
electronic contact lenses.[20-22]

A different approach tries to make use of the fact that some enzymes can be regarded
as performance benchmark for electrocatalysts. Their electrochemical potential is close
to that of the catalyzed reaction, thus maximizing the efficiency of the reaction. A
better understanding of the biocatalytic processes during the reaction can help in the
development of improved inorganic catalysts that require less or no noble metals.[23,24]
Several Pt-free catalysts found in literature are based on or influenced by metallic active

centers of enzymes.[25, 26]
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Whether the goal is the construction of a high-performance enzymatic bioelectrode
or a fundamental in-situ study of biocatalytic processes, it is necessary to achieve a
stable enzyme immobilization on the electrode surface allowing for an efficient electron
transfer to the enzyme’s active center. During the last decades, there have been several
breakthroughs in the development of enzymatic bioelectrodes.[27] Several approaches,
especially those dealing with the cathode side, are based on an electrode surface modi-
fication with linker molecules exhibiting a moiety similar to the enzyme’s natural sub-
strate.[19,28-30] Increased currents have been explained by free-standing linkers, that
are accessible to the enzyme. If the enzyme can bind to the linker with its active center
oriented towards the surface, electronic communication between electrode and enzymatic
redox center can be established, resulting in enzymatic activity. Although this expla-
nation is intuitively reasonable, a detailed molecular-level analysis of the interaction
between enzyme and linkers on a functionalized electrode surface is still missing.

An instrument for the high-resolution investigation of flat surfaces was developed
in 1982, the STM.[31] This technique uses an electronic tunneling current between an
ultrasharp probe and an electrode to map electron densities on the electrode surface.
Soon after its invention, it was shown that it is capable of atomic-resolution imaging of
metallic and semi-metallic surfaces as well as organic monolayers on conducting surfaces
in vacuum, ambient and liquid environment. Together with its sister technology, the
AFM]32], which is based on the mechanical interaction between probe and sample, both
techniques have been used for the study of enzyme coverages on various surfaces.

A more recent development following up the invention of the STM is the SECPM.[33]
This instrument claims to fulfill the dream of many electrochemists, the direct measure-
ment of the potential in the proximity of an electrode surface, in the EDL. The resulting
possibility of contact-less surface mapping offers many advantages, e.g. in the field of
bioelectrochemistry. It was shown that biomolecules can be imaged with this instrument

with a resolution exceeding that of STM.[34] Submolecular features could be assigned to



enzyme components known from crystallographic data. This makes SECPM a promis-
ing technique for the direct local study of enzymatic properties impossible with previous
technology.

The goal of this thesis is to gain a better understanding of the interaction between en-
zymes and functionalized electrode surfaces. Therefore, the influence of different molecu-
lar arrangements of electrode surfaces functionalized through coverage with mixed SAMs
on the activity of immobilized enzymes is studied using electrochemistry and EC-SPM
techniques. The results give valuable input for the development of improved biocath-
odes. EC-SPM investigations of enzyme covered electrode surfaces show an unexpected
high degree of similarity between EC-STM and SECPM micrographs. This triggers a
more intensive investigation of the SECPM working principle, supposedly detecting the
EDL potential of an electrode. A Cu electrode is used as model surface for SECPM
imaging aiming at a deeper understanding of the physical and electrochemical origin of
the potential measured with this technology.

This thesis is structured into five chapters. After this introduction, chapter 2 explains
the basic theories of interfacial physics, electrochemistry and bioelectrochemistry as well
as the principles of electrochemical and electrochemical scanning probe techniques. In
chapter 3, an overview of the chemicals and materials used in this work is given fol-
lowed by a description of the preparation and realization of experiments. Chapter 4 is
divided into two sections and deals with the obtained results and a critical discussion
thereof. In section 4.1, the molecular arrangement of linkers in two different monolayers
is resolved with EC-STM followed by electrochemical studies of enzymatic activity after
immobilization of the biomolecules on these monolayers. Immobilized enzymes are fur-
ther investigated with EC-STM, EC-AFM and SECPM. The results are used to estimate
the ratio of active enzymes on the surface. Section 4.2 takes a closer look at the SECPM

technique, presenting the first high-resolution images obtained with this instrument and
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an examination of the working principle taking into account leakage currents present in

the system. Finally, a summary and conclusions are given in chapter 5.



2. Fundamentals

This chapter gives an introduction to the theories describing processes at the electrode-
solution interface and to techniques employed for its investigation. After a description
of the EDL (section 2.1), electrochemical reactions in general and the ORR in particular
are treated in section 2.2. Electrochemical methods and surfaces used in this work
are described in sections 2.3 and 2.4, respectively. Section 2.5 introduces enzymatic
bioelectrocatalysis and finally electrochemical scanning probe techniques are described
in section 2.6. If not stated explicitly, the presentation in this chapter follows standard

text books such as references [3,35-37].

2.1. The solid-electrolyte interface

Electrochemical reactions take place at the electrode-electrolyte interface. Before elec-
trode reactions can be studied, it is important to discuss the arrangement of ionic charge
carriers in the solution close to the interface. The resulting parameters like charge and
potential distribution can have a strong influence on the reaction.

At the beginning, it is convenient to define a Cartesian coordinate system that will
be used in this work: the x and y axes describe positions on the electrode surface, the

z axis is used to measure the orthogonal distance from the surface.



2. Fundamentals

2.1.1. The Helmholtz model of the electrical double layer

When an electrode is immersed into an electrolyte, the charge ¢ on its surface A is
counterbalanced by solvated ions in solution carrying the opposite charge. The simplest
model for the arrangement of ions in the EDL has been proposed by Helmholtz in
1879.[38] He suggested that the surface charge o is compensated by one layer of solvated
ions at a close distance zogp from the surface, similar to a parallel plate capacitor. This
compact ion layer is nowadays referred to as outer Helmholtz plane (OHP) and zopp
corresponds to the radius of the ions including their solvation shell. In analogy to a

parallel plate capacitor, o can be calculated via

q eeor
g = — =
A zomp’

(2.1)

where according to electrochemical conventions the electric potential is called FE, g is
the vacuum permittivity and ¢ is the permittivity of the electrolyte in the region between
the electrode surface and the OHP.

An important quantity in electrochemistry is the differential capacitance Cp of the

EDL, defined as

Cp = 42 e (2.2)
For the Helmholtz model, (2.2) yields
d E €EQ
PHET R (660 ZOHP> Z0HP (2:3)

z=0

Thus, a constant Cp y is predicted by this model.

As zopp corresponds to the closest distance the electrode can be approached by the
center of charge of solvated ions, the volume between the electrode surface and the OHP
is considered free of charge. The behavior of the electric potential normal to the surface

E(z) between the potential of the electrode Ewg and the potential of the bulk electrolyte
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FEyuk can be calculated from the one-dimensional Poisson equation:

d2E(2) p
=—— 24
dz2 geg’ (2:4)
where p is the electric charge density. From p = 0 follows that dgiz) = const. Rearrang-

ing and integrating yields

z

B
/ dE’ :/const.dz', (2.5)

EWE 0

which results in
Ewg

-z
ZOHP

E(Z) = EWE - (26)

For the last step, the boundary condition F(0) = Ewg is used and, without loss of
generality, F(zogp) = Epux = 0 is assumed. Hence, a linear potential behavior is
predicted by the Helmholtz model.

This model yields the right order of magnitude for the Cp, but it is not suitable
for explaining some experimental observations like a dependency of the capacitance on
electrolyte concentration, on the potential applied to the electrode and on temperature,

i.e. thermal movement of the ions.

2.1.2. The Gouy-Chapman theory

Gouy[39] and Chapman[40] used a more realistic approach to describe the distribution
of solvated ions ¢ in an electrostatic potential E(x) by Boltzmann statistics:

0 —3iel(x)

n;(x) = n; exp T (2.7)

where n;(x) is the number density and 3; the charge number of ion i at position x, e is

the elementary charge and 7' the thermodynamic or absolute temperature. The charge
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density p(x) corresponding to the distribution of ions described by equation (2.7) is

—3ieE(x
(@) = Y ml@)sie = Y lsicexp ST (28)
i i kpT
To obtain the relation between charge density and electric field perpendicular to a planar
electrode, the one-dimensional Poisson equation (2.4) is used. Inserting (2.8) into (2.4)

results in the Poisson-Boltzmann equation:

d’E(z) e 0 —3ieF(2)
V) © N 05, exp ) 2.9
dz2 ggo ;nlg, P kgT (2.9)

2
Using the identity deb; () _ 14 (dgiz)) and rearranging leads to
2
dE(z) 2e 0 —3ieE(2)
d - )3 "7 dE, 2.1

( dz ) EEN zi:nzz b kZBT ( 0)

which can be integrated to

: t. 2.11
dz €eo t kgT +cons ( )

<dE(z)>2 _ 2kpT S nexp —3ieE(2)

)

The constant term in (2.11) is found using the boundary conditions dgiz) — 0 and

E(z) — 0 for z — oo:

2
(di’iz)) _ 2T (exp —Z’I;E;@ _ 1) , (2.12)

EEN p

For a symmetrical electrolyte like NaOH in aqueous solution, 331 = —32 = 3 and n{ =

dE(z) [8kpTmY 3eFE(z)
= — h . 2.13
dz €eg St 2kgT ( )

ng = n thus

10
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Rearranging and integrating leads to

E z
£ TV
/ #EE/(Z) = il /dz' (2.14)
Slnhw €€o 0

Ewg

The result of the integration is:

2kpT log tanh 325]3(;) _ _ |8keTn0 2 (2.15)
e tanh 3—251;"75 €eg :

or )
3eE(z
tanh T T

eEwg
tanh Tt

= exp(—Kz). (2.16)

In the last step, the characteristic Debye length

1 660/€BT
Ap = — = 2.1
bT |/ 232e2n0 (2.17)

has been introduced, defined by the distance where the potential drops to % of its initial

value. For a monovalent symmetric electrolyte like NaOH at a concentration of 0.1 M at
room temperature (20°C), A\p = 0.96 nm. To further simplify (2.16), the approximation
tanh(z) ~ x is used, which is valid for z < 0.5. At room temperature % =0.1V.

Thus, for F(z) < 50mV, (2.16) can be approximated for a monovalent electrolyte by
E(z) = const.e”"*. (2.18)

Hence, the potential drop in the double layer predicted by this theory is exponential.
In order to obtain the differential capacitance of the EDL in the Gouy-Chapman

model, the surface charge on the electrode is determined using Gauss’s law:

4 :f ¢ds. (2.19)
€€0 A

11



2. Fundamentals

According to (2.19), the charge ¢ contained in an arbitrarily chosen volume is equal to

the integral over the electric field & passing through the enclosing surface S. The volume

can be chosen as a cuboid with its front face A parallel to the electrode surface and in

the interface between electrode and electrolyte and the back face located far enough in
E

the electrolyte, where € = ‘31— 0. The side surfaces of the cuboid are parallel to &,

z

hence €dS # 0 only in the interface, where € || dA. Then, (2.19) simplifies to:

i:/ dE(z)
€€ dz
dE(z)

Inserting =, from (2.13) results in

_q . 3eEwe
o= = f\/MSmh kT’ (2.21)

where E(z = 0) = Ewg is the potential applied to the electrode. From (2.21), the

0 dz

Ly (2.20)

z=

differential capacitance according to the Gouy-Chapman theory can be obtained:

d 232¢2n0 E
Cp,ac = g __, jHemnEeo cosh JCEWE

: 2.22
dByp kpT 2pT (2.22)

The Gouy-Chapman model introduces a dependency of F(z) and Cp on electrolyte con-
centration, temperature and electrode potential and manages to describe the correct
trend when these parameters are changed. Especially a Cp minimum at potentials close
to the potential of zero charge Epyc, which is observed under certain experimental con-
ditions, can be described by the cosh function in (2.22). However, the capacitances and
potentials resulting from the Gouy-Chapman theory are generally higher than experi-
mental values. The main drawback of the Gouy-Chapman theory is its treatment of the
solvated ions as pointlike particles, which allows for their unrestricted approach towards

the electrode surface resulting in a divergent behavior of E(z) and Cp.
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2.1. The solid-electrolyte interface

2.1.3. Stern’s modification

The description of the EDL proposed by Stern in 1924[41] is a combination of the
Helmholtz and the Gouy-Chapman model, which is nowadays referred to as Gouy-
Chapman-Stern (GCS) theory. The arrangement of ions in the electrolyte follows the
Poisson-Boltzmann equation, but their closest approach to the electrode surface is lim-
ited by their ionic radius including the solvation shell. The result is a first compact layer
of ions in the outer Helmholtz plane followed by a diffuse layer between the OHP and
the bulk electrolyte as described by the Gouy-Chapman theory (see Figure 2.1A). The
potential between the electrode and the compact layer is obtained from (2.5) using the
boundary conditions E(0) = Ewg and E(zoup) = Fonp:

E(2) = Ewg — % 2 for 0 < z < zoup. (2.23)

In the diffuse layer, the potential is described by the Gouy-Chapman theory according

to (2.18) using the boundary condition E(zoup) = Eoup

E(z) = Eonp - e~ (z=zomp) for z > zonp. (2.24)

Hence, the potential drops linearly from Ewpg to Foup between z = 0 and zogp, followed
by an exponential decrease to ' = 0 in the bulk electrolyte (see Figure 2.1C).
According to the Stern model, Cp can be treated as a series connection of a Helmholtz

capacitance and a Gouy-Chapman capacitance:

1 1 1

g + R
Cbp Cpu OCbpac

(2.25)

where Cpy and Cp gc are defined via (2.3) and (2.22). This treatment retains the
potential dependency of Cp according to the Gouy-Chapman theory while preventing

any divergent behavior by including the Cp y term.
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Figure 2.1.: Schematic of the electrochemical double layer according to the Gouy-Chapman-
Stern theory in the A) absence and B) presence of specifically adsorbed ions. Diagrams in C)

and D) depict the double layer potentials in A) and B).
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2.2. Electrochemical reactions

2.1.4. Specific adsorption

So far, only solvated ions moving freely in the electrolyte have been considered. In case
of a strong chemical interaction between ions and electrode, they can lose their solvation
shell and form an additional layer between electrode surface and OHP, called inner
Helmbholtz plane (IHP) (see Figure 2.1B).[42] This effect is called specific adsorption.
Considering the charge of the specifically adsorbed ions as being located in the IHP, the
volume between electrode surface and IHP and between the IHP and the OHP is free of
charge. Thus, following the same argument as for the Helmholtz model, the potential

behavior in these two regions is linear:

Ewg — F
B(2) = Bwg — % 2 for 0<z<zmp (2.26)

Emp — Eonp

E(Z) = Bme — ZOHP — ZIHP

. (Z — Z[Hp) for zmgp < z < zoup (2.27)

followed by an exponential decrease between the OHP and the bulk electrolyte according
to (2.24) (see Figure 2.1D).

There are further theories taking into account additional details like a variation of the
electrolyte permittivity due to molecular orientation in the Helmholtz layers.[43] These

models will not be taken into account explicitly in this work.

2.2. Electrochemical reactions

In this section, the theoretical background of interfacial electrochemistry will be pre-
sented. In order for an electrochemical reaction to proceed, electrons have to be trans-
ported from the inside of the electrode to the interface (or vice versa), where their

reaction with species in the electrolyte solution takes place.
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2. Fundamentals

2.2.1. Thermodynamics and potentials of electrochemical reactions

In the following, a general electrochemical reaction in equilibrium taking place at the
interface between an electronic conductive phase I (e.g. a solid electrode) and an ionic

conductive phase II (e.g. an electrolyte) is considered:

Z vox Ox39x +ne” = Z VRed RedRed (2.28)
Ox Red

i.e. the oxidized forms of species Ox with charge number 30y change to their reduced
forms Red with charge number jreoq by accepting n electrons from the electrode. v; is the
stoichiometric number of species i. Equation (2.28) is called a half-cell reaction, as the
free electrons and ions have to be supplied/consumed by a second electrochemical (half-
cell) reaction connected to the first cell in order to close the electric circuit. Currents
originating from the reduction or oxidation of a substance at an electrode surface are
also known as faradaic currents.

The electrochemical equilibrium between the two states of a species in phase I and II

is described by
fii(1) = i (11), (2.29)

where p; = % is the electrochemical potential of species ¢ in phase I or II,

G is the Gibbs (§7§é§j§g;rgy, n; is the amount of substance ¢ and p the pressure. ; =
i + 3, FEY differs from the chemical potential p; = ,u? + RT loga; by the electric energy
per mole 3; FE°(I/1I), where E°(I/II) is the inner or Galvani potential in phase I or II.
1Y is the standard chemical potential, F' and R are the Faraday and the gas constant

and a; is the activity of species i. For (2.28), one obtains

Z VOxﬂOx + nﬂe = Z VRed/jRed (230)
Ox Red
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2.2. Electrochemical reactions

or

Z VOX:U'OX + RT log H aVOx + Z VOXZ’OXFEO (II)
Ox Ox Ox

4npd — nFE(I) =

> VRedHiea + BT 1og ] ot + > vRedsrea FE°(10). (2.31)
Red Red Red

Solving for the potential and keeping in mind that > o, Y0x30x — D_Red YReddRed = M

results in

AEO _ ZOX VOXHOOX + n,ug — ZRed VRed:u(l){ed + E log HOX ag?(x
nk nk HRed a;{lzéd

RT [Tox alx
= A" + - log BT S T (2.32)
Red %Red

where the equilibrium or redox potential AE? = E°(I) — E°(II) is the difference between
the inner potentials of electrode and electrolyte and constant terms have been collected
in the standard potential AE? of the reaction. Equation (2.32) is the so-called Nernst
equation. The potential of an electrochemical reaction taking place at the solid-liquid
interface is not accessible by experiment as it is not possible to directly determine the
electrolyte potential: such a measurement requires the immersion of a second electrode
in the liquid creating an additional interface with another redox potential that has to
be taken into account. To overcome this limitation, potentials in electrochemistry are
measured against the potential of a reference electrode (RE), where a known reaction

takes place, thus avoiding Felectrolyte:

0 0
AE AERE - Eelectrode - Eelectrolyte - ERE + Eelectrolyte
0
Eelectrode ERE' (233)
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By convention, the standard potential of the hydrogen reaction
2H*(aq) + 2e~ = Hy (2.34)

is defined as E%° = 0V. This potential is experimentally available at the standard
hydrogen electrode (SHE), where reaction (2.34) takes place under standard conditions
(T = 298K, p = 101.3kPa, a; = 1 Vi), hence EY = E°. All potentials F in this work
are given versus SHE, so the Nernst equation (2.32) can be written as

HOX agix

RT
EY = E% 4 —— ]og =29x Ox (2.35)
nk [IRed aﬁ‘iﬁf

2.2.2. Kinetics of electrochemical reactions
So far, electrochemical reactions in dynamic equilibrium have been considered, i.e. a

situation where the rate or current of forward and back reaction are equal. In this

subsection, the effect of non-equilibrium potentials on current will be treated.

2.2.2.1. Transition state theory

In 1889, Arrhenius found an exponential correlation between the temperature and the

rate constant k of a chemical reaction:

— A _
k= A'exp ( k‘BT> , (2.36)

where Up was termed activation energy of the reaction and A’ was called frequency
factor (nowadays pre-exponential factor). Only 46 years later and through the contribu-
tion of several others, Eyring developed the transition state theory (TST), which could
finally explain the meaning of Uy and A’.[44] According to the TST, a chemical reaction
proceeds along the reaction coordinate, an abstract one-dimensional parameter. The re-

action coordinate is usually related to geometrical parameters like e.g. bond lengths that
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2.2. Electrochemical reactions

change during the reaction and can thus be used to continuously describe the process
from reactant to product states. As reactants and products are stable, they both exhibit
a minimum on the potential energy surface. During the reaction from one minimum to
the other, a local maximum in potential energy has to be overcome, which is assigned
to a so-called transition state or activated complex represented by the double-dagger (1)
symbol. This transition state is usually located at or near a saddle point on the poten-
tial energy surface. The difference between the potential energies of transition state and
reactant, i.e. the energy barrier that has to be overcome for the reaction to proceed, is
the activation energy Uy in (2.36).

For a solution phase reaction under laboratory conditions, ApV is negligible. Thus,
differences in internal energy AU can be expressed via changes in enthalpy AH =

AG + TAS, where S is the entropy. With this, (2.36) can be rewritten as

AHY AGH ASH AGH
— ! — — ! _—— _—— — _—
k= A"exp < k:BT> Alexp ( kBT> exp ( = ) Aexp ( " ) . (2.37)

In the last step, all temperature independent terms have been collected in A. As the

internal energies of reactant and product are different in general, also the Gibbs energy
of activation AG* is different for the forward (AG}) and back (AG%)) reaction (see

Figure 2.2).

2.2.2.2. Marcus theory

Electrochemical reactions can be categorized in inner sphere (IS) and outer sphere (OS)
reactions. IS reactions involve a strong, usually specific interaction between the reacting
species and the electrode. This leads to changes in bond lengths of the participating
compounds and their tightly bound solvation shell and/or the breaking and formation
of bonds during the reaction. During an OS reaction, there is only a weak interaction

with the electrode. The main reaction is an electron transfer from the electrode to
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Figure 2.2.: Progress of a chemical reaction along the reaction coordinate according to the
transition state theory. In order for the reactant to proceed to the product state, it has to

overcome an activation barrier AG¥. The Gibbs energy of reaction is indicated as AG.

the reactant, or vice versa, leading to changes in the outer, loosely bound solvation
molecules. According to the Franck-Condon principle, electronic changes occur on a
much faster timescale than nuclear changes. Hence, there is no variation in nuclear
coordinates that could be chosen as reaction coordinate during the electron transfer,
it is assumed to happen instantaneously. Additionally, charge cannot be transferred in
arbitrary amounts, only as whole electrons, i.e. due to its quantized nature it is not
appropriate as a direct measure of the continuous reaction pathway.

Still, the rate constant behavior observed for OS electrochemical reactions shows an
exponential behavior according to the Arrhenius equation (2.37). This implies the exis-
tence of an activation barrier G¥ between the reactant and product states, which has to
be overcome along a reaction pathway in order for the reaction to proceed.

Marcus was the first to discover a parameter that can be used as reaction coordinate
by finding a reversible path to this intermediate state.[45] As the charge distributions of
reactant and product states are different (an electron has been transferred during the

reaction), also the polarization of the solvent is different before and after the reaction.
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2.2. Electrochemical reactions

Due to the different timescales, changes in solvent polarization can be separated in those
originating from the electron transfer and those coming from the atomic reorganization.
Marcus first treated the electron polarization with a macroscopic model, where an arbi-
trary amount of charge Ae can be transferred between two spheres with radius r; and

ro in a solvent. The Gibbs energy of polarization for this system is:

1 1 1 1 1
==+ = -2} [ = - =) (Ae)? 2.
“ (2r1+2r2 R> <€oo 50>( ey (2.38)

where R is the distance between the two spheres and the solvent is described by the
optical (high frequency) and static dielectric constants (permittivity) e~ and 9. For a

microscopic electrode reaction, the expression is

o= (r) (& -5)we 2

where the reactant is treated as a sphere with radius r and R is the distance between
the reactant and its image charge in the electrode.

According to the quadratic dependency of G' on the transferred charge Ae in (2.39),
the Gibbs energy of reactant G,(P) and product Gp(P) in a one-electron reaction can

be described as

G.(Ae) = a(Ae)? (2.40a)

Gp(Ae) = a(Ae —1)* + AGY, (2.40b)

where AGY is the change in Gibbs energy from reactant to product (see Figure 2.3) and
the same coefficient a for both curves (see (2.39)). In this system, the transferred charge
is limited to whole elementary charges, but the solvent polarization is not subject to this
restriction. The position of the point of intersection between the two curves Aef, i.e.

the position of the maximum in Gibbs energy, is found by setting G,(Aet) = Gp,(Aeh).
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Figure 2.3.: A) Gibbs energies of reactant and product state according to Marcus theory. B)
Close up of the intersection point between the two Gibbs functions shown in A). The influence

of the applied potential on the symmetry factor « is depicted.

Inserting Aet in (2.40a) results in

Ao + AGY)?
AGT = Ao —_— 7 2.41
G I ) ( )
where the outer reorganization energy A, is defined as

Ao = Gp(0) — Gp(Ae) = a(Ae)? (2.42)

(see Figure 2.3A). It represents the energy necessary to transform the solvent configura-
tion from the reactant to the product state.

During the reaction, at least one ligand is shared between reactant species and elec-
trode. The ion-ligand vibrations can be approximated as harmonic oscillations, giving
a quadratic dependency of the potential energy on the displacement along a normal co-
ordinate ¢ for reactant and product species. Treating the resulting energy curves in a

way similar to the solvent polarization as outlined above, leads to an inner reorganiza-
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2.2. Electrochemical reactions

tion energy A;. As outer and inner reorganization energies are independent, they can be
summed up to A = A; + Ao.

The probability of charge transfer between reactants and electrode at the intersection
point between the two Gibbs functions is a function of the matrix element H,, coupling
reactant and product states (see Figure 2.3A). The current density for the reaction from
reactant to product is

. . AGH ) (AGO + \)?
Jrp = ]O(Hrp) exp <_M> - JO(Hrp) €xp <_w ) (243)

where the temperature independent terms have been collected in the H,, dependent
exchange current density jo(H,p). For an electrode reaction, AG? = F(E — E°) = Fu,

where the overpotential = E — EY is introduced. The effect on the current density

(2.43) is

. . (A + Fn)?

Jrp = ]O(Hrp) €xp <_4)\RT (2.44)
Taking into account the current density of the back reaction j,, = — jo(Hrp) exp < (’\4;\};’%)2

which is deduced similarly to the forward reaction, the net current density for the reac-

tion becomes

. S _()\+F17)2 B _()\—Fn)2
J = Jrp + Jpr = Jo (exp ( “TORT exp | == rmr | | (2.45)

which is called the Butler-Volmer-Marcus equation. From (2.45) it can be seen that
non-zero net current densities are only obtained for n # 0. Under typical experimental
conditions, the current density is limited by diffusion of reactants to the electrode before
the quadratic term in the exponents in (2.45) shows an effect at higher overpotentials.

Hence, for most cases, the exponent can be linearized assuming 1 < g, which leads to

(A Fn)? = N2 £ 20Fn + (Fn)?* = A2 £ 2\Fu. (2.46)
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Thus, (2.45) simplifies to

. A+ 2Fn A—2Fn
i=17o0 (exp( 1RT ) exp( ART )) (2.47)

This is a variant of the so-called Butler-Volmer equation[46,47]

i=170 (exp <O;§17> — exp ((1—};})1’17)) , (2.48)

where « is the so-called charge transfer coefficient or symmetry factor. A comparison of
(2.47) and (2.48) shows that o = £ + ﬁ. The meaning of o can be seen in Figure 2.3B
at the crossing of G, and Gp,. At E°, AG? = 0, the two curves are symmetric. Applying
a small overpotential n to the electrode changes G, by F'n. This results in a change of

AG* by $Fn, hence, a = 3. If AG® < 0 (G.(0) > Gp(1)), G, proceeds flatter and G,

1
3
runs steeper, thus a < % Similarly, o > % for AG? > 0. In general, the charge transfer
coefficient is limited to 0 < o < 1.

The Butler-Volmer equation (2.48) consists of an overlap of two exponential terms, the
first one corresponding to the anodic and the second one to the cathodic half-reaction.
For low overpotentials, the currents originating from these two reactions overlap, result-
ing in low net currents, at high positive (negative) overpotentials, the anodic (cathodic)
reaction predominates. In a real system, the currents at high absolute overpotentials are
limited by mass transport of reactants to or from the electrode. This can be described

by a more complex modification of the Butler-Volmer equation including Fick’s laws of

diffusion, which will not be treated in this work.
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2.2.2.3. Multistep reactions

So far, reactions consisting only of a single one-electron step have been considered. If a

redox reaction

Ox+ne” = Red (2.49)

consists of a sequence of electron transfer steps, it is in general not possible to describe
it by simple Butler-Volmer characteristics. However, in many cases one of the steps
proceeds at a much slower rate than the others (ideally by at least a factor of 10),
which determines the rate of the overall reaction. This sub-reaction is called the rate-

determining step (RDS):

Ox+vye~ 2 Ox' (2.49a)
v(0x' +re” = Red’) (RDS) (2.49b)
Red' +(n — v —vr)e” 2 Red. (2.49c¢)

Here, ~ is the amount of electrons transferred in all steps prior to the RDS (2.49a), r is
the number of electrons reacting per RDS (2.49b) and v is the stoichiometric number,
i.e. the number of repetitions of the RDS per one complete reaction (2.49). In this case,

a more generalized Butler-Volmer equation can be used:

. a F'n _ _aan
J=Jo (eXp( T > eXP< BT )) : (2.50)

where the apparent anodic and cathodic charge transfer coefficients are defined as

oy = ; Y romps (2.51a)

Qe = % + rarps- (2.51b)

Here, arps is the charge transfer coefficient of the RDS. In general, 0 < a, /. < n.
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There are two limiting cases of the Butler-Volmer equation, which are often considered,
the high and the low overpotential case. For |n| > %, which is typically fulfilled for
|n| = 50mV, the first (second) term in (2.50) prevails and the Butler-Volmer equation

simplifies to

. . a F
j = Joexp (RTn> (2.52)
and
. . aan
= — — 2.
j=—Jo eXp< T ) (2.53)

in the anodic and cathodic regime of the Butler-Volmer equation, respectively. Taking

the logarithm leads to

logig(e) - aaF'

logoj = logyo jo + RT -1, (2.54)
and
. ) logqg(e) - acF
ok 5] = log L] — B0 2T, (2.55)

the so-called Tafel equation for the anodic and cathodic branch of the redox reaction.
According to (2.54) and (2.55), a base-10 logarithmic plot of the absolute value of the
current density j versus overpotential 7, known as Tafel plot, leads to two straight lines

at [p| 2 50mV (see Figure 2.4). Their slopes, also known as anodic and cathodic

~

Tafel coefficients Ba_/i, are equal to B! = logw}(%% and B;! = _logw](%#, The

exchange current density jo can be found by extrapolating the two straight lines to their
intersection point at n = 0.

For small overpotentials < %, the exponential function exp <W> can be

:Em

approximated by the first two terms in the Taylor expansion series expz = > °_o 77 ~

1+ z. Thus, (2.50) yields
nkF
vrT "

J=1Jo (2.56)
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Figure 2.4.: Tafel plot of a redox reaction taking place at an electrode. Dashed red lines are

fits to the current density - potential curves at || > 50 mV.

i.e. the current response on overpotential is linear. In the last step, a, + ac = % (see

(2.51)) has been used.

2.2.2.4. Mixed potentials

In the following, an electrode is considered, where two redox reactions

Redp 2 Oxp +npe” EX (2.57a)

Redp = Oxpg +nge” E} (2.57b)

with two different equilibrium potentials Eg and E% can occur simultaneously. Without
loss of generality, Eg < E]% is assumed. Especially in corrosion science, the electrochem-
ical dissolution/oxidation of a metal Reda (forward reaction in (2.57a)) is accompanied
by the reduction of a species Oxp (back reaction in (2.57b)), if no external current is
supplied. In aqueous electrolyte, reaction (2.57b) is typically either the hydrogen evolu-

tion reaction (2.34) or the ORR (see below in subsection 2.2.3). In equilibrium, the net
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Figure 2.5.: Tafel plot of an electrode where two redox reactions take place. The current density
Jeorr and potential E.o at the equilibrium are found at the intersection point of the two Tafel

lines corresponding to reaction A (red) and B (blue) according to Equations (2.57).

reaction is

ng Reda +na Oxg — ng Oxa +na Redgp Eeorr (2.58)

with a mixed or corrosion potential F.q,; lying between Eg and E]% and corrosion current
density jeorr- A theoretical treatment of this problem has been described for the first
time by Wagner and Traud in 1938.[48] Their basic assumption is that in the absence of
external current sources or sinks the rate of electron generation (oxidation of A) is equal
to the rate of electron consumption (reduction of B). This leads to the conclusion that the
equilibrium condition is found at the intersection point of the Tafel lines corresponding
to the two half reactions (see Figure 2.5). If an external power supply is connected and
a potential F # FE.o is applied, i.e. additional electrons are consumed or supplied,
the current density curve follows the sum of the two individual branches, which can be

calculated by the Butler-Volmer equation as shown in black in Figure 2.5.
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2.2.2.5. Electrocatalysis

Several electrochemical reactions, e.g. those involving the breaking of a C-C or O-O
bond, exhibit at least one sluggish reaction step, i.e. one with a high activation barrier,
which results in low exchange currents. A high overpotential is necessary for the reaction
to proceed at an adequate rate, thus lowering the efficiency of the overall reaction. The
reaction rate can be increased by the use of an electrocatalyst. Just like catalysts in
any chemical reaction, electrocatalysts lower the rate determining activation barrier by
taking part in the reaction without being consumed or modified in the overall process.
In many electrochemical reactions, the electrode acts as electrocatalyst. The activity of
an electrocatalyst is determined by the surface of the electrode facing the electrolyte, i.e.
composition, crystallographic orientation, defects, nanoparticles or biomolecules present
on the surface.

The catalyst changes the reaction rate by interacting with the reactants. This can
lower the activation barrier of the RDS or change the reaction path by creating a new
intermediate with a lower Gibbs energy maximum to be overcome during the reaction.
Plotting the exchange current density as a function of the interaction energy between
reactant and different catalysts results in a so-called volcano plot (see Figure 2.6). This
is explained by the Sabatier principle, which in simplified terms states that there is an
optimum in the strength of reactant-catalyst interaction. If the adsorption is too weak,
too few reactants can bind to the surface and react per time interval, if it is too strong,
the catalyst will get blocked by reactants or products bound to the surface. Maximum
activity is found at an intermediate bond strength.

It is important for the study of an electrocatalytic reaction that the electrolyte and the
electrode are electrochemically stable in the potential range under investigation and do
not interfere with the reaction of interest via auxiliary electrochemical reactions. Typical

examples are C and Au surfaces. In order to suppress undesired side-reactions taking
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Figure 2.6.: Volcano plot for the oxygen reduction reaction at different catalysts. Oxygen

interaction energies and current densities are plotted relative to Pt. From [49].

place at the electrode surface, it can also be covered by a thin layer of non-reactive

material, like a SAM.

2.2.3. The oxygen reduction reaction

Due to the abundance of oxygen in the atmosphere and its high redox potential, the
ORR is used as cathodic reaction in many fuel cells and lithium air batteries. In acidic

media, this reaction can proceed either via the direct 4-electron pathway:
O +4HT +4e” — 2H50 E% =1.23V, (2.59)
or via a 2-step process involving hydrogen peroxide as intermediate:

Oy 4+ 2HT +2¢~ — Hy0, EY =067V (2.60a)

HyO9 4 2HT + 2~ — 2H0 E% =1.77V. (2.60b)
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In general, the 2-step process is less efficient, as the peroxide intermediate can react back
to oxygen via HoOg =05+H20 or desorb from the electrode after the first step (2.60a).
Hence, one requirement for a good ORR electrocatalyst is its selectivity towards (2.59).

Unfortunately, also the kinetics of the direct reaction is rather sluggish. Extensive
efforts have been made to find an optimal catalyst for this reaction. The best inorganic
catalysts, i.e. those located at the top of the volcano curve, are nanoparticles of Pt and
Pt-based alloys like Pt3Ni and Pt3Y (see Figure 2.6). Still, exchange current densities
are rather low and the minimal overpotentials are in the range 0.3 - 0.4 V[50]. The same
is true for the reverse reaction to (2.59), the oxygen evolution reaction. Computational
studies based on density functional theory (DFT) simulations associated the required
high overpotentials with a so-called universal scaling relation.[51,52] Reaction (2.59) can
be modeled as four consecutive steps. During each step a (HT+e™) pair is added to the
intermediate oxygen containing species adsorbed (x) on the electrode surface. Starting

point is molecular oxygen that adsorbs to the surface:

Oz +*+ (HT +e7) — OOHx (2.61a)
OOH * +(H* +e7) — 20Hx* (2.61b)
OH*+(H" +e7) = HoO + x  (-2) (2.61c)

According to multi-electron transfer theory, the energy levels of intermediate adsorbates
(OOHx* and OHx) in reactions (2.61) are not independent of each other, but related
linearly by a scaling factor. This makes it possible to describe the energy levels and the
related activity of a chosen catalyst by the Gibbs energy of one of the oxygen-containing
adsorbates only (see Figure 2.6).

The Gibbs energy of reaction for the 4-electron process (2.59) is

AG = 4eE° = 4.92¢V. (2.62)
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An ideal catalyst should generate the following conditions corresponding to equally sep-

arated energy steps:

GOOHxideal = ¢E® =1.23¢V (2.63a)

GOHxideal = 3eE" = 3.696V. (2.63b)

Energies obtained from DFT calculations on two-dimensional electrodes show a scaling

relation between the energies Gom. and Goon« [53]:

Gounx = Goonx + 3.29eV. (2.64)

Hence, it is not possible to find a two-dimensional material which catalyzes the ORR at

an overpotential below

o= (Gonsx — Goons) — (G20H*,idea1 — GoOHxideal) _ 04V (2.65)
e

It has been suggested that three-dimensional catalyst structures could stabilize OOHx
relative to OHx and thus help to overcome this universal scaling relation.[52] In nature,

this is achieved with enzymes, which will be addressed in section 2.5.

2.3. Electrochemical methods

The main electrochemical methods used in this work are cyclic voltammetry and electro-
chemical impedance spectroscopy (EIS), both carried out in a standard three-electrode
configuration controlled by a potentiostat.

2.3.1. Three-electrode half-cell measurements

In order to study redox reactions at a WE in an electrolyte solution, high control of

current and potential at the electrode-electrolyte interface is required. This is realized
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with a 3-electrode configuration, where the potential at the WE is controlled by a RE
and the current is measured between the WE and a counter electrode (CE). While in
general, one electrode can serve both as RE and CE in the two-electrode configuration,
this complicates potential control due to the current flowing through the same electrode
and is typically used if exact and stable potentials are less important.

The perfect RE would be an ideal nonpolarizable electrode, i.e. one with a defined
potential that stays constant independent of current, equivalent to a very high current
density. In a real system, an electrode with a stable and well-known potential in a
defined environment is used. This RE is connected to a high-impedance input of the
potentiostat reducing currents to a minimum and thus keeping the potential constant.

The purpose of a CE is to allow for current flow to/from the WE by closing the electric
circuit. Therefore, it serves as an anode when the WE is operated as a cathode and vice
versa. The CE potential is floating, thus allowing to adjust the current to the WE
current. CE surface areas are considerably higher than those of the working electrode
which prevents current limitations at the WE. To avoid any electrolyte contamination
from dissolution of the WE, an electrode material has to be chosen that stays inert under

the respective experimental conditions. Typical choices are noble metals like Au or Pt.

2.3.2. Cyclic voltammetry

Cathodic and anodic electrochemical redox reactions at the WE are investigated dy-
namically by recording the current during a triangular potential sweep that is applied to
the WE. The potential starts at an initial potential in positive or negative direction at
constant potential sweep rate (or scan rate) v = %—;E. When a chosen positive or negative
return potential is reached, the scan direction is reversed and the potential is cycled
between these two extreme values. During the scan, the current I is measured and the

data points are plotted in an I — E representation, the so-called cyclic voltammogram
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(CV). To allow for comparison between different electrodes, the current is commonly
referred to the surface area of the electrode A. The current density is defined as j = %.
At potentials where no redox reactions take place, only the charging current of the

EDL is observed. From the definition of the differential capacitance Cp (see Equation

(2.2)) follows

do . dt
Cp = dE ]@, (2.66)
or after rearranging
J = Cbr, (2.67)

i.e. the current density depends linearly on the scan rate v. For simplicity’s sake, a
potential independent Cp has been assumed in this derivation.

If a redox species is adsorbed on the electrode surface and the reaction is not kinetically
hindered (which can be achieved by sufficiently low scan rates), two symmetric peaks for
oxidation and reduction are observed. Both maxima are located at E°, the peak current

density j, can be calculated as
2772
o] = %% (2.68)
where T’y is the surface coverage of the redox species. Hence, (2.68) predicts a linear
dependency of j, on the scan rate v.

In case of redox species in solution, the oxidant (reductant) is consumed during the
reduction (oxidation) reaction and has to be transported from the bulk electrolyte to
the electrode surface via diffusion in order to take part in the redox reaction. This leads
to a depletion of reactants in the proximity of the electrode surface, the diffusion layer.
Hence, also in this case, a pair of peaks is visible, corresponding to the oxidation and

reduction reaction. Mass transport limitation causes a separation between anodic and

cathodic peak potentials in a CV, which, for a reversible system equals

_ 23RT _ 59mV

nF n

Ea - Ec (269)

34



2.3. Electrochemical methods

where F, ) is the potential of the anodic (cathodic) peak. For the last step, a tempera-
ture of 25 °C has been assumed. The deviation of the peak separation in a non-reversible
system may serve as a measure of the irreversibility of the process. The so-called formal
redox potential for a reversible or quasi-reversible system is calculated via

B+ E.
- =2

E° (2.70)
The peak current density in A cm™2 at room temperature is obtained using the Randles-
Sevcik equation

jp = 2.69 x 10°n*2 D}/ Civ, (2.71)

where Dy is the diffusion coefficient in cm? s™%, C{ is the bulk concentration of the redox

species in moldm ™2 and v is in Vs~!.

2.3.3. Electrochemical impedance spectroscopy

While cyclic voltammetry belongs to the quasi-stationary methods, EIS is an alternating
current (AC) technique that allows to gain information on electrical parameters in the
electrochemical cell like electrolyte and charge transfer resistance or capacitance of the
EDL. During an EIS experiment, a sinusoidal potential perturbation £ = Ej;, exp(iwt)
is superimposed on a static potential applied to the WE in an electrochemical cell,
where F,pmp is the potential amplitude, i = y/—1 the imaginary unit and w the angu-
lar frequency. In order to keep the perturbation small and to get a linear response,
Eamp < 10mV is used. The time-dependent current response I = Ioymp(w) exp(i(wt+¢))
of the system is recorded, where I, is the current amplitude and ¢ is the phase shift be-
tween potential input and current output signal. From the frequency dependent complex
impedance
E Eamp exp(iwt)

D= T D) expliwt + ) ool PR, (2.72)
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R, W
R
L T CD

Figure 2.7.: Randles equivalent circuit for a redox reaction at an electrode-electrolyte interface
taking into account diffusion of the redox couple in solution. R and R, represent electrolyte

and charge transfer resistance, W is the Warburg element and the Cp describes the double layer

capacitance.

information on the electrochemical system can be obtained.

In order to understand the generally complex behavior of Z(w), the electrochemi-
cal cell is usually modeled by an electric equivalent circuit (EEC) with simple circuit
components representing different electrochemical processes in the cell. The proposed
EEC has to give a good physical description of the system and guarantee a good fit-
ting of the experimental data. The simplest model describing an electrochemical cell
that includes diffusion, charge transfer and the EDL capacitance is the Randles circuit
(see Figure 2.7). Starting from the electrolyte (left side), the resistor R represents the
ohmic resistance of the electrolyte between WE and RE. At the electrolyte-electrode
interface, the current can take two paths. The first one is charging of the EDL, which
is represented by the capacitor (bottom part of the parallel circuit) with impedance
Zo = ﬁ, where Cp is the EDL capacitance. The second path, electrochemical charge
transfer through the interface, is described by the top part of the parallel circuit. It
consists of a charge transfer resistance R for the actual redox reaction at the sur-
face and the so-called Warburg element W modeling diffusion processes of the redox
species in solution. In general, the charge-transfer current response to an applied po-
tential is described by the Butler-Volmer equation (2.50). Due to the small amplitude

of the perturbation potential Eynp, the current response is locally linear, i.e. R is
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Figure 2.8.: A) Nyquist and B) Bode representations of impedance data that can be modeled
by a Randles circuit according to (2.73) (see Figure 2.7). Parameters used to calculate these

plots: Re =209, Ry = 100092, Cp = 20puF, o = 15005795

modeled as ohmic. The Warburg impedance is Zyw = %, where the Warburg coef-

RT
n2F2A\/2

. . 1 1 . . . .
ficient ow = ( SRV + o \/DRed) is a function of the diffusion constants

Doy (Redy and bulk concentrations Cg (Red) of the oxidant (reductant) species taking

part in the reaction. The resulting expression for the impedance is

1
iwCp + Rt ZL

By fitting an equivalent circuit like Figure 2.7 to the measured impedance Z(w) of an
electrochemical system, values for the above described parameters can be obtained.
There are two important representations for impedance data that will be used in this
work, the Bode and the Nyquist plot. The Bode plot consists of two graphs, |Z(w)|
and ¢(w) in double-logarithmic and semi-logarithmic presentation, respectively. The
Nyquist plot uses the complex plane to depict the real and the imaginary part of Z.
In Figure 2.8, both representations are shown for an electrochemical cell that can be
modeled by Figure 2.7 with typical parameters. Starting at high frequencies, the capac-

itive impedance is negligible, only the ohmic resistance R is measured, as can be seen
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by the plateau in the Bode plot Figure 2.8A. The corresponding phase shift is ¢ = 0.
With decreasing frequencies, the influence of the capacitance increases and ¢ approaches
—90°. At w =~ 1 — 10Hz, a second plateau is visible corresponding to |Z| = Re + Ret
with ¢ approaching 0. Below 0.1 Hz, the Warburg impedance dominates in this example
with a phase shift of ¢ = —45°.

The Nyquist plot consists of a semicircle at high frequencies and a straight line at
lower values of w (see Figure 2.8B). The semicircle (dashed line) corresponds to a Randles
circuit without Warburg element, thus neglecting mass transport effects. The two points
of contact with the abscissa, i.e. values where Z is purely real, correspond to R and
Rq + Ret. The Warburg element in the Randles circuit leads to a linear progression of

the curve according to the dotted line with an angle of ¢ = —45°.

2.4. Electrode surfaces

In this work, mainly single-crystalline electrodes of Au and Cu are used. Due to high
cost and high demands on preparation and handling, single-crystals are seldom used
in practical applications. For basic research, they provide well-defined model surfaces
that allow for a fundamental understanding of electrochemical and structural processes

taking place at their surface.

2.4.1. Au(111) single crystals

The Au(111) surface is widely used in electrochemistry, e.g. as a support material
for catalyst immobilization due to its (electro)chemical inertness towards the reaction of
interest. This includes catalytic inertness and corrosion resistance in the chosen potential
window for the chosen electrolytes. Additionally, Au(111) surfaces are well-suited for

thiol SAM formation.

38



2.4. Electrode surfaces

2.4.1.1. Structure and characteristics

Au does not react with most chemicals and shows a large electrochemical potential
window between hydrogen evolution and Au oxidation, where mainly EDL charging
occurs.[54] Au crystallizes in a face-centered cubic (fcc) phase with a lattice constant
of ag = 4.079 A,[55] leading to a hexagonal symmetry of the unreconstructed topmost
atomic layer in the (111) orientation with a next-neighbor spacing of a = 2.88 A. The
surface ordering can be increased by flame annealing, which creates large atomically flat
terraces. A side effect of this procedure is a reconstruction of the surface driven by a
lowering of the surface energy. The reconstructed topmost atomic layer is compressed
by 4.4%, equal to one additional atom every 22 atoms of the underlying lattice.[56,
57] The unit cell is rectangular with dimensions of 22 x v/3. The arrangement of the
reconstructed atoms relative to the unreconstructed ones results in alternating elevations
and depressions of the top layer. Parallel stripes of constant height change their direction
every 20nm on average at angles of 120°,[57] leading to a zig-zag pattern, which is
the origin of the alternative name for this structure, “Herringbone” reconstruction. In
an electrochemical environment, the reconstruction of the Au(111) surface is lifted by
increasing the potential above a certain value, depending on the electrolyte and on
surface quality (~0.5V for a very low defect surface in HoSO4[54, 58]). By decreasing
the potential below this value, the reconstruction is formed again, however in a less

ordered way.[58-60]

2.4.1.2. Thiol self-assembled monolayers on Au(111)

In this work, Au(111) single crystals are used as support for enzyme immobilization.
A main disadvantage of Au surfaces regarding biocompatibility is their high negative
surface charge and strong interaction with organic material, which often leads to a
denaturation and inactivation of biologic structures. This can be overcome by the for-

mation of a monolayer of organic molecules creating an interlayer to protect the delicate
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biomolecules. A simple method to achieve this is the formation of a SAM, preferentially
by using thiols.[61] The thiol sulfur group has a high affinity for Au,[62] spontaneously
forming a self-organized chemisorbed organic monolayer on the surface. The functional
group, i.e. the second moiety of the thiol molecule usually determines the surface prop-
erties, e.g. the surface charge or its hydrophobicity.

The probably simplest protocol for SAM formation is the immersion of a clean Au
surface in a dilute thiol solution in ethanol.[63] For many thiol species, this leads to
a well-ordered monolayer, that densely covers the surface. The adsorption proceeds in
three phases,[64] the first one being a random low density arrangement where the under-
lying reconstructed Au surface stays intact. During the second phase with medium thiol
density, the Au reconstruction is lifted, and the redundant Au appears as adatoms on
the surface. Finally, the thiols rearrange on the surface, creating a close-packed mono-
layer, phase three. During the rearrangement, the redundant Au adatoms move on the
surface, creating one-monolayer deep pitch holes on the surface via an Ostwald ripening
process.[65] The timescale for the first two steps of SAM formation is seconds to minutes,
the final ordering takes hours to days. The interaction between the sulfur of the thiol
end group and Au is dominated by bonds to a bridging adatom in the medium coverage
phase.[66] In the final, dense arrangement, sulfur binding to threefold hollow sites on
the atomically flat Au(111) exhibits the lowest surface energy and hence, most stable
structure.[67] The tilt angle between the thiol’s molecular axis and the surface normal is
close to 30° for alkanethiols,[68] but can vary over a wide range for other thiols.[61] The
variety of thiol SAMs is not limited to homogeneous single-species layers, but includes
mixed monolayers. Depending on the relative length of the different thiol species and
on the interaction between them, a separation into different domains of homogeneous
phases or a mixing on the molecular level could be observed with STM.[69] For alka-

nethiols, long-chain molecules predominate in a mixed SAM, which can be explained by
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the faster adsorption dynamics of longer molecules compared to short-chain thiols due

to stronger intermolecular forces.[63]

2.4.2. Cu(111)

Monolayers of OH adsorbed on Cu(111) surfaces are used in this work to test the high-
resolution capability of the SECPM technique. Similar to Au, the crystal structure
of Cu is fec, the lattice constant is ag = 3.615A,[70] corresponding to a = 2.56 A in
the Cu(111) plane. Electrochemical properties and surface modifications of Cu(111) in
0.1 M NaOH at different electrochemical potentials have been thoroughly investigated;
an overview is given in the introduction of Ref. [71]. EC-STM studies have revealed the
morphologies and structures of metallic and oxidized Cu(111) in this electrolyte.[71-74]

These investigations show that the formation of anodic layers is preceded by adsorption
of OH species at more negative potentials (—0.70V < E < —0.25V),[71-73] which
is indicated by a redox peak pair in the underpotential range of oxidation. During
adsorption, a reconstruction process of the Cu surface is evidenced by the lateral growth
of the terraces. This is explained by a reordering of the topmost Cu plane from the
close-packed structure of (111)-oriented metallic copper to the hexagonal structure of
the Cu planes in (111) oriented CugO. This reconstruction corresponds to a 30% decrease
in the atomic density of the topmost Cu plane. The excess Cu atoms are transferred to
the step edges of the terraces, which results in lateral growth of the terraces. The ratio
of OH groups to Cu atoms in the reconstructed topmost plane is 1:4, as inferred from
the structure of CuyO. The formation of the phase of adsorbed OH on reconstructed
Cu is, therefore, thought to correspond to a precursor stage in the formation of Cu(I)
oxide (Cu20) at a higher potential. At low overpotential of adsorption, the adsorbed
layer preferentially nucleates at the step edges of the terraces. The adsorbed OH layer
increases the image resolution of the step edges that appear fuzzy in their absence, which

is assigned to a lower mobility of Cu atoms.
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2.5. Bioelectrochemistry

In nature, the role of catalysts is mainly taken over by enzymes.[75] Their turnover rate,
i.e. the number of catalyzed reactions per active site and time can reach values up to the
diffusion limit of 107-108 s™!, which is several orders of magnitude higher than what can
be achieved with inorganic catalysts. Furthermore, they are highly specific towards the
catalyzed reaction, hence avoiding by-products like HoO9 as in reactions (2.60). There
are two ways how the field of electrocatalysis can profit from enzymes: they can be used
directly as biocatalysts on the cathode and/or anode in a biological fuel cell, or if the
origin of their superior characteristics is understood, they can serve as an inspiration for
new synthetic electrocatalysts that combine the advantages of biological and inorganic

catalysts.[23]

2.5.1. Enzyme structure and kinetics

Most enzymes are globular proteins, i.e. they consist of a defined amino acid chain folded
to a three-dimensional almost-spherical structure. Their typical molecular weight lies
between 20 and 200 kDa[75], with 1 Da corresponding to 1 atomic mass unit. This usually
makes them much larger than the reactants, which in enzyme bioelectrochemistry are
termed substrates. Hence, during the reaction, the substrate is in contact with only a
small fraction of the enzyme, the active center. In 1890, Fischer proposed a mechanism
for enzyme-substrate interaction, called lock-and-key model.[76, 77] The specificity of
most enzymes towards one or only very few reactants was explained by a perfect fit
between these two species, i.e. the active center was thought of as a negative of the
substrate. This mechanism was refined by Koshland in 1958 to the induced-fit model,
which takes into account the flexibility of the enzyme.[78] The enzyme was no longer
thought of as a rigid "lock", but as a molecule that deforms during enzyme-substrate

interaction in order to stabilize the transition state of the reaction. Some enzymes need
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additional molecules, called cofactors in order to catalyze a reaction. Cofactors can be
metal ions or organic or inorganic compounds.
The kinetics of enzymatically catalyzed reactions was first described by Michaelis and

Menten in 1913.[79] The basic reaction of an enzyme E with a substrate S is

E+S—=ES"E|p, (2.74)
k_1

where k1,_; are the rate constants for the reversible reaction to the enzyme-substrate
complex ES and ks is the rate constant for the decomposition of ES to E and product P.
Due to the enzyme’s high specificity, the second step is considered irreversible. Accord-
ing to the law of mass action, the changes over time in product and enzyme-substrate

complex concentrations cp and cgg are

vi= G = kacps (2.75)
9 = kieres — k_icms — kacrs. (2.76)

Usually, a steady-state approximation for cgg is used for this process,[80] i.e.

dcgs
dt

= 0. (2.77)

Thus (2.76) yields
(k—1 + k2)cEs

_ 2.78
g s (2.78)
The Michaelis constant Ky is defined as
k_1+k
Koy =B 1tk (2.79)

CES kq
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Rate of product formation v

Ky Substrate concentration Cs

Figure 2.9.: Graph of the rate of product formation v according to the Michaelis-Menten
equation 2.82. The limiting rate vyax and the concentration corresponding to the Michaelis

constant K are indicated by dashed and dotted lines, respectively.

The number of enzymes is constant during the reaction

cesKm

CE,0 = CE + CES = =+ CEs (2.80)

where ¢ is the initial concentration of enzymes and cg has been replaced by (2.78).

Solving (2.80) for cgs and inserting the result in (2.75) yields

_ kacgcs

Ky + cs ( )

the Michaelis-Menten equation.

In Figure 2.9, the reaction rate v is plotted as a function of the substrate concen-
tration cg. At high values of cg, v approaches a limiting value vyax = kacgo. This is
the situation, when every enzyme is continuously interacting with a substrate. Thus,

equation (2.81) can also be written as

UmaxCS
v =

= _max’s 2.82
Tar +cs (2.82)
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Ky corresponds to the substrate concentration, where v(Kyp) = 252,

Some enzymes catalyze a reaction via a so-called ping-pong bi-bi mechanism.[6] This
means that two substrates A and B consecutively react to two products P and Q (bi-bi),
whereby the catalyzing enzyme E changes to a modified form E* (ping) during the first

reaction and reacts back to its initial state in the second step (pong):

E+A—E +P (2.83a)

E*+B—>E+Q (2.83b)

Examples for such a reaction are chemical groups or electrons that have to be transferred

from substrate A to the enzyme before the reaction of B to QQ can be catalyzed.

2.5.2. Oxygen reduction biocatalysis in multicopper oxidases

Multicopper oxidases (MCOs) are a family of enzymes belonging to the group of oxido-
reductases that catalyze the ORR while concomitantly oxidizing a wide variety of sub-
strates. Oxidoreductases are enzymes that catalyze redox reactions by taking electrons
from the oxidation process of a donor molecule and by supplying them to the reduction
of an acceptor. Members of the MCO family are laccases, bilirubin oxidases (BOxs),
ascorbate oxidases and ceruplasmin. The name MCOs originates from the four Cu ions
that serve as cofactors for the biocatalytic process. They are arranged in one single
type 1 (T1) Cu, a single T2 Cu and the T3 site, a pair of Cu’s, that are antiferromag-
netically coupled through a bridging hydroxide ligand in their oxidized state. The T1
site exhibits a strong optical absorption band at ~600nm, which is the reason why this
family of enzymes is also called 'blue’ MCOs. The T2 and T3 Cu’s are arranged in an
almost equilateral triangle, the trinuclear cluster (TNC).

The biocatalytic process follows a ping-pong bi-bi mechanism. In short, a total of four

substrates is subsequently oxidized at the T1 site via a one-electron reaction, the accepted
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Figure 2.10.: Scheme of the molecular reaction mechanism in MCOs, where the oxidation of

four substrate molecules is followed by the reduction of oxygen to water. From [84]

electrons are transferred from the T1 Cu to the TNC, where the four-electron reduction
of oxygen to water takes place.[81] Although some details are still under discussion
and can also differ between different MCOs, Solomon et al. developed a model for the
molecular reaction mechanism based on a combination of spectroscopic techniques and
DFT simulations (see Figure 2.10).[82-84]

Starting at the bottom left, the enzyme is in its resting oxidized configuration, i.e. all
four Cu’s are in the Cu(II) state. In the presence of substrate molecules, four electrons
are received from the subsequent outer sphere oxidation of four substrate molecules at
the T1 Cu. These electrons are transported along a cysteine-histidine (cys-his) pathway
over a distance of ~13 A to the TNC, so that all four coppers are in the Cu(I) state

(fully reduced configuration). This process is the slowest in the whole catalytic cycle.
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The reaction of the fully reduced MCO with an oxygen molecule leads to the peroxy
intermediate (PI) configuration, where Oy is bound in a peroxy state bridging the T2
and T3 coppers of the TNC. Herewith, two electrons have been transferred from the
T2 and one of the T3 Cu’s, which return to their initial Cu(II) state. The cleavage of
the peroxy O-O bond takes place during the decay of the PI to the native intermediate
(NI) configuration, which is accompanied by the uptake of one proton. Hereby, also the
remaining T3 and the T1 copper are oxidized to the Cu(II) state. In the absence of
substrates, the enzyme reacts back to the resting oxidized state in a rather slow process,
releasing one HoO during this step. In the presence of substrates, a fast re-reduction
from the NI directly to the fully reduced state occurs via the oxidation of four substrate
molecules, leading to the release of two water molecules. The enzyme reacts along the
catalytic cycle between fully oxidized - PI - NI as indicated by red arrows in Figure 2.10
as long as substrates are present in solution.

A typical characteristic of MCOs is the electrochemical potential of the T1 site Frq
as studied by redox titration experiments. While the T2 potential E1s =~ 400 mV for all
studied MCOs, it was found that 400mV < Ep; < 800mV.[85,86] MCOs are divided
according to their Ep; in low (< 500mV), medium and high potential (2 700mV)
enzymes. There is an ongoing controversy on how the ligand environment of the T1

copper influences E;.

2.5.3. Laccase from Trametes versicolor

Laccases (benzenediol:oxygen oxidoreductases, EC: 1.10.3.2) are an important member
of the MCO family. The name laccase originates from the Japanese lacquer tree Rhus
vernicifera where this enzyme was discovered in 1883.[87] Nowadays, these oxidoreduc-
tases are widely used in the food and textile industries.[88] For this study, laccase from
the fungus Trametes versicolor (TvLc) was chosen as it exhibits one of the highest redox

potentials of Er; = 780 mV among MCOs. This is only 150 mV lower than the formal
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Figure 2.11.: Ligand environment of A) the T1 copper (Cul) and B) the trinuclear center (Cu2,
Cu3 and Cu4) in the enzyme laccase from Trametes versicolor. C, H, and F stands for cysteine,
histidine, and phenylanaline, respectively. Numbers following single letters indicate the position

in the amino acid chain. Isolated numbers are distances in A. From [90].

ORR redox potential at pH 5. Its amino-acid sequence and crystallographic structure
have been reported in Refs. [89,90].

The T1 center is located ~6.5 A below the surface of TvLc in a hydrophobic pocket-
shaped notch. The ligand environment of the T1 copper is shown in Figure 2.11A. It is
threefold coordinated to the N1 nitrogen of two histidines and the sulfur of a cysteine.
At a closest distance of 12 A from the T1 and connected via a His-Cys-His tripeptide,
the two T3 coppers can be found. The mean distances between the coppers in the TNC
are 3.85 A (see Figure 2.11B). The two T3 Cu are four-fold coordinated via one common
O and the N of six histidines. The T2 copper has three ligands, the N of two histidines
and one O. Between the TNC and the surface, there are two narrow channels, which

provide access for small molecules like Os.
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2.5.4. Multicopper oxidase immobilization on electrode surfaces

In order to use enzymes as bioelectrocatalysts, an electron transfer between the electrode
surface and the enzyme has to be established. There are two main approaches to achieve
this goal: mediator based or indirect electron transfer and DET. Mediators are electro-
chemically active molecules or ions that react readily with the electrode as well as with
the enzyme. In case of a reduction reaction like the ORR, the electrons participating
in the reaction are first transferred to the mediator and subsequently to the enzyme.
Hence, the mediator redox potential has to be lower than the redox potential of the
enzyme’s active center, thus limiting the efficiency of the overall process. Mediators can
be dissolved in the electrolyte and actively shuttle between electrode and enzyme[91] or
be immobilized on the surface, e.g. as part of an organic monolayer[92] or a conductive
polymer layer[93].

To make full use of the redox potential of some MCOs like TvLc, it is necessary to
establish DET to the immobilized enzyme[94], i.e. electrons are directly supplied from
the electrode to the T1 Cu, without intermediate redox molecules being involved in
the process. It has been shown that for internal electron transfer in biomolecules, the
maximum distance between redox centers has to be less than 14 A.[95] This allows for
efficient electron tunneling between the centers. The same principle seems to hold for
DET, in this case for the distance between electrode surface and redox center.[96] The
closest distance between the T1 center, i.e. the site where electrons are accepted in
MCOs and a planar surface is ~ 8 A.[97] Hence, if oriented with the T1 center facing
the electrode, DET to the T1 Cu is possible with MCOs. The concomitant biocatalytic
mechanism is similar to the natural process. Electrons are supplied from the electrode
and transported via the T1 copper to the TNC, where the ORR is catalyzed.

There is a variety of strategies for enzyme immobilization on electrode surfaces: physi-
sorption on bare and monolayer modified surfaces, covalent coupling, cross-linking, en-

trapment, etc. In the following, the first three methods will be treated more extensively
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for MCO immobilization on carbon (C) and Au surfaces. Physisorption of different lac-
cases and BOxs on unmodified C surfaces allows for DET-based ORR bioelectrocatalysis
as has been shown by cathodic currents starting at potentials negative of the T1 redox
potential.[19, 28, 29, 96, 98-100] It was concluded that the interaction between C and
laccase leads to a preferred orientation of the enzyme with the active center facing the
electrode.[96] Currents could be further increased by covering the electrode surface with
monolayers of molecules exhibiting an aromatic moiety.[19,29,98,100] The authors sug-
gested that aromatic end groups protrude from the modified surfaces, which enables a
specific binding to the enzyme’s active center. This leads to a proper laccase orientation
on the surface and consequent DET from the electrode to the T1 center.

The situation is different for MCO immobilization on Au surfaces. Most MCOs do not
show ORR activity at high potentials on unmodified Au.[99-103] This can be partially
explained by enzyme denaturation due to strong interaction between surface and protein.
However, a cathodic wave starting at ~ 400 mV is usually observed in these experiments.
This has been assigned to bioelectrocatalytic reduction of oxygen to hydrogen peroxide.
If immobilized enzymes are oriented in a way that their TNC is in tunneling distance
from the surface, DET to the TNC without involvement of the high-potential T1 center
is expected. This way, Os can only be reduced to HoO9 at potentials lower than the
T2 redox potential (~ 400mV).[86,104] There are few reports about high-potential
DET bioelectrocatalysis on bare Au. Physisorption of laccase from Coprinus cinereus
(CcLc) on Au(111) and BOx from Myrothecium verrucaria (MvBOx) on Au(111) and
polycrystalline Au resulted in ORR currents starting at the T1 redox potentials of the
enzymes.[102,103] In case of these two enzymes, the surface charge of the proteins in
the vicinity of the T1 center is predominantly positive.[102] Hence, an interaction with
the negatively charged Au surface leads to a preferred enzyme orientation with the T1
copper facing the electrode. On nanoporous Au, laccase from Trametes hirsuta (ThLc)

showed bioelectrocatalytic activity at onset potentials in agreement with the T1 redox
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potential.[105] This was explained by enzyme immobilization in nano-cavities which
decreases the average distance between the T1 center and the closest electrode surface.
Denaturation due to strong interaction between enzyme and Au electrode can be
avoided by covering the electrode with a layer of organic molecules, like a thiol SAM
(see subsection 2.4.1.2). Enzyme immobilization can be performed via the formation of
covalent bonds between functional groups on the SAM and on the enzyme surface or
via physisorption. The two most frequently used techniques for covalent immobilization
are the formation of a peptide bond between an amine and a carboxylic acid moiety via
a two-step process and the formation of a so-called Schiff base between a carbohydrate
moiety of a glycoprotein and an amine group on the functionalized electrode surface.
For MCO immobilization on SAM covered Au, both strategies applied individually did
not result in observable current densities at high potentials that could be assigned to
bioelectrocatalytic activity as each of these two techniques usually does not favor an
oriented MCO immobilization with the T1 center close to the surface.[91, 106, 107] A
combination of peptide bond and Schiff base formation on a mixed monolayer on Au was
found to give current densities up to ~ 30 pA ecm~2.[108,109] The authors suggested that
this could be explained in part by the relatively high amount of sugar residues located
close to the T1 center of the enzyme used in this study, ThLc. The reaction of the sugar
molecules with amine moieties of one component of the mixed SAM during the Schiff
base formation leads to an enzyme orientation favorable for DET bioelectrocatalysis.
The authors also assumed that the hydroxyl moiety of the second SAM component
further promotes an enzyme orientation with the T1 Cu close to the surface due to its
similarity to natural substrates, which often contain hydroxyl groups.
Bioelectrocatalytic activity of MCOs physisorbed on SAM covered Au was found to be
low or not detectable at all for most systems.[19,86,91,99,102-104,110] One possibility
to obtain high-potential ORR currents is to tailor the surface properties like charge and

hydrophobicity to the used MCO. The environment of the enzyme surface surrounding
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the T1 center can greatly differ between MCOs depending on the amino acids that are
located there.[102] Depending on the pH of the electrolyte, arginine, histidine and ly-
sine can show a positive charge, aspartic acid and glutamic acid are negatively charged
and the other amino acids found in nature are hydrophobic. An attractive interaction
between the T1 environment and the surface results in proper enzyme orientation for
DET bioelectrocatalysis. Climent et al. used protein surface charge maps obtained from
crystallographic data to explain varying activities of four MCOs on SAMs with differ-
ent surface charges.[102] This effect has also been confirmed by an analysis of Cerrena
unicolor laccase (Culc) orientation on positively and negatively charged surfaces.[110]
The protein orientation was obtained from infrared (IR) measurements and correlated
to ORR activity.

A different strategy for proper enzyme orientation is based on attractive interaction
between the cavity where the T1 center is located and the natural substrates of MCOs.
Thorum et al. compared the activity of TvLc on single-crystalline and roughened Au
surfaces covered with anthracene-2-methanethiol (AMT).[30] While ORR currents on
the flat electrode were below the detection limit, high current densities of ~ 10 pA cm ™2
were measured on the rough surface. The authors explained this by anthracene moieties
protruding from the rough surface that mimic natural substrates and allow for an ori-
ented enzyme immobilization with the T1 center close to the surface, similar to what
has been observed on C surfaces covered with aromatic molecules. Current densities
have been further increased to almost 25 A cm™2 by adding short ethanethiols to the
SAM, which are supposed to bind to the surface in between the AMT molecules and
thus increase the distance between neighboring linker molecules.

Isolated aromatic linker molecules where MCOs can bind to are a reasonable expla-
nation for the current increase on monolayer covered C and Au surfaces. However, the
high surface roughness of electrodes, where this effect has been observed in literature

prevents a direct visualization of this effect, e.g. with scanning probe techniques. Scan-
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ning probe microscopy (SPM) requires monoatomically flat surfaces to obtain molecular
or atomic resolution. This can be used to determine the distance between neighboring
linker molecules on a SAM covered surface and to study the effect of linker separation
on the activity of immobilized enzymes. One of the goals of this thesis is the assembly of
mixed SAMs on Au(111) with different distances between nearest linkers, i.e. different

degrees of isolation and the investigation of the effect on enzymatic activity.

2.6. Electrochemical scanning probe microscopy

In 1982, Binnig and Rohrer reported about a new instrument, the STM, which allows
for direct, real-space observation of surfaces on an atomic scale.[31] This was the first
step towards a series of scanning probe microscopy (SPM) techniques including AFM
and SECPM. In this section, the working principle of these instruments in air/vacuum

and liquid environment will be discussed.

2.6.1. Electrochemical scanning tunneling microscopy

The STM makes use of the quantum mechanical tunneling of electrons between two
electrodes. The probe, an ultra-sharp metal tip, is brought close to a conductive sample.

< nm, the electron wave functions of tip and sample overlap,

~

At gap distances ziip
resulting in a tunneling current between these two electrodes. This current depends on
the applied bias voltage Ejas as well as on the distance zy;, between tip and sample and

serves as feedback signal to control z;p.

2.6.1.1. The tunneling effect

Formally, the space between tip and sample corresponds to a potential barrier that has to
be passed by the electrons. Although forbidden in classical physics, quantum mechanics
as described e.g. by the Schrodinger equation gives a finite probability for this effect by

assigning a wave function to the particles, which yields a probability of presence in the
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classically forbidden region. Theories presented in this subsection only deal with elastic
tunneling, i.e. energy losses during the tunneling process are not taken into account.

If two metals with different electronic energy states € as described by the Fermi func-
tion f(e) are electrically connected, their Fermi levels align. In order to enable tunneling
between them, a bias voltage Ey;,s has to be applied thus shifting the electronic energy
level by eFhias. Tunneling is only possible between the occupied states f(e,) of one
metal and the unoccupied states f(1 — €, + eFhjas) of the second. Tersoff and Hamann
were the first to report about a theory describing tunneling in an STM,[111] based on a
formalism developed by Bardeen in 1961.[112] The tunneling current Ii,, is calculated

via
2me

Lon = 75 3" Fle)lt = flew + eBrias)] [ M| (e — €0), (2.84)
nv

where the sum is over all possible states u and v of tip and surface, respectively, and
M,,,, is the tunneling matrix element. Isoenergetic tunneling is included by (e, — €,).
At the limit of low temperatures and for small bias voltages (Epiqs < 10mV), equation

~

(2.84) yields

27
TIyun = EezEbias Z ’M,ul/’2 5(61/ - 6F)d(e,u - GF)' (285)
uv

From (2.85), one can see that only states with an energy close to the Fermi energy ep

contribute to the tunneling current.

According to Bardeen[112], the tunneling matrix element can be calculated as

K2 * "
My = 5 [ ASWLV Y, — 690, (2.86)

where m is the electron mass and v,y is the wave function of the tip (surface). The
integral is over any surface S lying entirely in the region of the isolator. By describing

1, as spherical waves, i.e. taking into account only s orbitals for the tip, Tersoff and
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Hamann found

B 27 h2

My = =0 2R ey, (1), (2.87)

where () is the tip volume, R is the tip radius, & = h~'y/2m¢ is the minimum inverse
decay length for the wave functions in vacuum and ¢ is the work function of the metal.
For simplicity, two identical metals have been considered as tip and sample material. ¢
is the position of the center of curvature of the tip. Inserting (2.87) into (2.85) results
in

Itun = 327T3ﬁ7162Ebias(252Dt(EF)R2,‘€74 62"{R Z ‘1/)1,(7‘0)|2 (5(6V — GF), (288)

where D, is the density of states per unit volume of the tip. For a spherical tip,

45, r)? o e~ 25(RH20), hence

24/2m

P
Titun X Epigse™ — ® #ip — Ehias e_l'OQSﬁZ“p . (2'89)

The exponential dependency of the tunneling current on the gap distance between tip and
sample surface is the reason for the extraordinary resolution of the STM in z direction.
Furthermore, it simplifies the fabrication of STM probes. It is very challenging to obtain
a tip that continuously tapers off, finally ending in a single atom at the very apex. In
practice, tip apex radii O(10nm) with several sharp minitips are more realistic.[31] Due
to the exponential dependency between Ii,, and zp, only the minitip closest to the
surface is used for tunneling.

Tersoff and Hamann also calculated the lateral resolution of an STM based on their
assumption of s wave functions for the tip. The resulting value of lateral resolution is
able to explain measured larger-scale structures like the reconstruction of Au surfaces,
but fails to explain the observed atomic resolution achieved on many metallic surfaces.
Chen extended the Tersoff-Hamann model by taking into account not only s wave func-

tions, but also d,» states of the tip[113,114]. His theory gives an explanation for the
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atomic resolution data on Ag(111). A more detailed treatment of this and other theories

describing tip-sample interactions can be found e.g. in [115].

2.6.1.2. Operation modes

In order to start an STM experiment, the tip has to be approached to the surface. This
is typically done by applying FEhi.s between tip and surface and reducing the distance
Ztip between them, e.g. with help of a micrometer screw. At close distances, Iiu, rises
according to (2.89) until a chosen setpoint current is reached. The position of the tip
above the surface is then controlled with sub-nanometer precision by a piezoelectric
scanner.

There are two ways how STM can be used for imaging of a sample surface: constant
current and constant height. Constant current means that a feedback loop keeps Iy, at
the setpoint value while the tip is scanned line by line over the surface. At depressions
or protrusions on the surface, the tip’s z position is re-adjusted to keep Iiy, constant.
The image contrast is calculated from the z position data. In general, the data contains
a convolution of topographic features and electric properties, i.e. areas on the surface
with low charge densities may appear lower because a closer tip-sample separation is
necessary for the setpoint current. The maximum measurable roughness of the sample
surface is determined by the piezo’s z limits, the scan rate is limited by the sensitivity
of feedback and scanner on changes in z direction.

The second imaging mode, constant height, avoids the limits of tip reaction by switch-
ing off the tip feedback in z direction. Hence, the tunneling gap changes while the tip
is scanned over the surface. The image contrast is created from the resulting changes in
tunneling current. This allows for a faster scan rate and often a concomitant higher lat-
eral resolution. The disadvantage is that the tip cannot be withdrawn to evade obstacles
on the surface and might crash into the sample if the tip-surface distance is decreased

below the initial tunneling distance. Hence, this method can only be used on atomically
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flat surfaces. Information about height differences is also limited as it is difficult to

obtain this information from changes in tunneling current.

2.6.1.3. Scanning tunneling microscopy in electrochemical environment

In general, STM is not restricted to vacuum or air, but can also be operated in liquid
environment. This mainly changes the tunneling barrier from typical values of ¢vacuum =
3 —4eV[116] to ¢m,0 = 1 —2eV[117,118] in aqueous media. In practice, the immersion
of an electrode in aqueous solutions will generate faradaic currents Ig,, that depend
on the area of the electrode surface. At typical dimensions of an STM tip, Ipy >
Iiyn. The current measured at the tip used for comparison with the setpoint current
is the sum of Ig,, and Iy, hence the approach of the tip is hindered by the faradaic
background current. This issue is typically overcome by covering the tip except for
the very apex with an insulating material like polyethylene (PE), apiezon wax, glass,
etc. If Ip,, is reduced below typical setpoint currents Igt ~ 0.1 — 1 nA, the tip can be
approached to the surface. Only a few years after the invention of the STM, Sonnenfeld
et al. showed the operation of this instrument on samples immersed in water, achieving
atomic resolution on highly oriented pyrolytic graphite (HOPG).[119] The first reports
about an EC-STM, which allows to control the potential of the sample, followed shortly
after.[120,121] The setup consists of an STM in combination with a bipotentiostat in
a four-electrode configuration (see Figure 2.12A). Electrochemical potentials of sample
and tip are individually controlled relative to a reference electrode, i.e. both act as a
WE. By convention, only the sample is referred to as WE. The reference electrode might
be e.g. a miniaturized Ag/AgCl electrode or a pseudo-reference electrode consisting of a
wire of Pt, Ag or oxidized Au, if its potential is stable enough in the chosen electrolyte.
Electrochemical currents are balanced by the counter electrode, typically a Pt or Au wire.
Potential control at the sample allows to adjust the surface to the desired conditions,

e.g. by choosing stable electrochemical conditions or inducing reactions at the surface
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Figure 2.12.: Scheme illustrating the setup of A) an EC-STM and B) an SECPM instrument.

that can be studied by STM. The bias potential in an EC-STM is defined as Fpj.s =
Eiip — Esample, i.e. it results directly from the chosen tip potential.

EC-STM makes it possible to study an electrode surface immersed in electrolyte solu-
tion with unrivaled resolution. This includes the in-situ observation of electrochemical
reactions induced at chosen potentials and the observation of biomolecules immobilized
on electrode surfaces in their native liquid environment. Still, the last point is subject to
some restrictions. At typical STM current setpoints of 0.1—1nA, O(10° electrons/s) flow
through an electrode area O(nm?), resulting in enormous local current densities. For the
imaging of delicate molecules like proteins, a SPM technique involving less interaction

with the surface would be desirable.

2.6.2. Scanning electrochemical potential microscopy

During the last decades, there have been several approaches to study the EDL experi-
mentally. Most of them were based on integral electrochemical techniques like EIS and
cyclic voltammetry. Local techniques were mainly measuring the potentials indirectly
via forces between probe and sample surface like Kelvin probe force microscopy also

known as scanning surface potential microscopy.[122-124]
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A more recent EC-SPM for the direct measurement of the EDL potential at an elec-
trode surface immersed in electrolyte solution is the SECPM.[33] It is based on an
EC-STM instrument, using a nanometer potential probe to scan the sample surface.
This is expected to allow for a current-less measurement, hence reducing the tip-surface

interaction to a minimum.

2.6.2.1. Operation principles

In an SECPM setup, the tunneling current amplifier of an STM is replaced by a potential
difference operational amplifier with an ultrahigh input impedance (~ 10 Q), which
suppresses the current flow through the tip (see Figure 2.12B). The potential of the
sample is controlled in a three-electrode configuration, the tip is left at OCP. This allows
to measure the potential difference between the probe and sample. At Ii;, = 0, the tip
directly reads the potential in the electrolyte, i.e. it is supposed to follow the potential
gradient in the EDL as described in section 2.1. In the system used in this work (Bruker
Multimode 8), both EC-STM and SECPM are integrated in one head. An analog switch

allows to change between these two modes without changing the hardware.

2.6.2.2. Potential distance curves

In 2004, Woo et al. reported about a modified EC-STM that allowed them to record
potential-distance curves of the solid-electrolyte interface at sub-nanometer resolution.[125]
They used Au probes flattened with an ultrashort pulse-etching method. This technique,
now called SECPM was established in the group of Bard, who investigated the vertical
potential profile on metallic and semi-conductive supports.[126] Yoon et al. managed to
eliminate the hysteresis between tip approach and retract curves seen in other studies by
using a gap-distance modulation technique.[127] They could show that their modulated
potential-distance curves coincide mostly with the approach curve of an SECPM, i.e.

the hysteresis mainly influences the retract curve. In all three studies a potential change
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Figure 2.13.: Potential-distance curves obtained with a distance modulation technique at elec-
trolyte concentrations of 1, 10, and 100mM. V. and Vj,u are the distance dependent probe
potential and the probe potential far away from the surface, respectively. Viyg is the working

electrode potential. From [127].

from a bulk potential at tip positions far away from the surface to the potential applied
to the surface at close distances is shown (see Figure 2.13). The distance over which
the EDL potential decays to % in the electrolyte is described by the Debye length Ap
(see (2.17)). The reported curves show the expected trend of decreasing decay length
with increasing electrolyte concentrations. However, the obtained values for Ap do not
coincide well with the theory.

According to the GCS theory, the EDL potential should first drop linearly with in-
creasing distance from the surface and, at the OHP, change to an exponential decrease.
The exponential decrease is shown in all experimentally determined curves found in lit-
erature, but a clear linear regime could not be observed. Usually, the curves exhibit an
inflection point and approach the sample potential in a sigmoidal way. There have been
attempts to explain this behavior by the overlap between tip and sample EDL, which
increases with decreasing gap distance. Deviations from the EDL theory have also been
explained by the finite length of the tip.[34] Only a probe with z dimensions smaller

than the variation of the EDL potential with distance could reproduce the double layer
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potential. Any extended tip would measure an overlap of potentials at different z po-
sitions. This has also been studied by Hamou et al., who simulated SECPM potentials
with the finite element method (FEM).[128] They showed that a flattened probe repro-
duces the EDL potential more precisely than an extended tip. However, in their studies,
the probe potential did not reach the sample potential, even at closest distances. This
can be understood by the tip’s vertical extent. Even at closest approach, only the very
apex of the tip reads the potential applied to the sample. The remaining non-isolated
tip surface measures a different potential farther in the electrolyte. The weighted aver-
age will give a tip potential different from the surface potential. A sigmoidal bending
of the potential towards the sample potential as observed in the experimental reports
could not be seen in the simulations. To understand the experimental observations, it
is necessary to identify the origin of the potentials measured with an SECPM that need

further clarification and will be addressed in this work.

2.6.2.3. Lateral imaging

Comparable to STM, there are two methods to map an electrode surface with SECPM:
constant potential and constant height mode. In both cases, the tip is first approached
until the potential difference between surface and tip potential reaches a predefined
setpoint potential AE. In constant potential mode, the potential gradient recorded
with the probe is used as feedback signal to keep the tip-surface distance constant.
In constant height mode, the z feedback is switched off, different tip-surface distances
result in potential changes, which are used for the image contrast. In order to obtain high
resolution in lateral direction, it is necessary to have a sharp tip contrary to potential-
distance measurements, where a flat probe is preferred.[129] The first report about lateral
imaging with SECPM was a study of the tungsten (W) distribution in diamond-like C
films.[130] A comparative study of SECPM and EC-STM used enzymes attached to

HOPG.[34] It was shown that SECPM could resolve substructures in the biomolecules
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that were not visible with EC-STM. Various metal surfaces were investigated with AFM,
EC-STM and SECPM, all three showing comparable resolution.[131] However, although
SECPM is supposed to have a resolution similar to STM, no examples of atomically

resolved structures have been reported with this method.

2.6.3. Electrochemical atomic force microscopy

Only four years after the invention of the STM, Binnig and Rohrer reported about a
second SPM, the AFM.[32] This instrument measures the deformation of a cantilever in
mechanical contact with a sample and thus can be used to map the surface of conductive

and non-conductive materials.

2.6.3.1. Working principle

The AFM probe consists of a sharp tip attached to a cantilever with a defined force
constant. When the tip is approached to a surface, distance dependent attractive and
repulsive forces act between the apex of the tip and the surface atoms. The simplest
model for the interaction between a tip atom 7 and a sample atom j at a distance r;; is

based on the Lennard-Jones potential:

r 12 ” 6
Vij(ry) = ¢ () —2() , (2.90)

where the r = term represents attractive Van-der-Waals forces and the r~!2 term origi-
nates from short-range repulsion between orbitals of two different atoms due to the Pauli
principle. r, and € are the position and the potential value of the function’s minimum.
The force on the tip is given by summing over the interaction between all tip and sample

atoms

Fop=Y 3 Suli (2.91)
O

drij rij
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Figure 2.14.: Dependency of attractive (Fi;p < 0) and repulsive forces (Fy;p > 0) acting on an

AFM tip on the separation between tip and sample surface according to (2.92).

For a tip shaped like a paraboloid of revolution interacting with a flat surface, (2.91)

yields:[132]
ERtip B éRtip

T180 28, 6 22,

Flip(2) (2.92)

)

where Ry, is the tip radius at its apex, B = WQET}IIQQE;Q;&HPIB, Q;i; and Q;ahlple is the
tip and sample volume, A = 2Br % and 2, is the closest distance between tip apex and
sample. When the tip approaches the sample, it is attracted by relatively long-range
forces until repulsion forces prevail at closest distances (see Figure 2.14).

Tip-surface interaction leads to deflections of the cantilever, which have to be recog-
nized by the system. Binnig and Rohrer used an STM attached to an AFM cantilever
to measure these tiny changes in height.[32] Nowadays, usually the reflection of a laser
beam from the backside of the cantilever is recorded by a photodiode sensor split into
segments. Changes in cantilever deflection change the position of the laser spot on the

photosensor, which is recorded by the control unit.
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2.6.3.2. Surface imaging with Atomic Force Microscopy

There are three main methods for surface imaging with AFM: contact, intermediate-
contact or tapping, and non-contact mode.[133] In contact mode, the tip is approached
to the surface until a pre-set deflection of the cantilever is obtained, typically in the
repulsive regime. While the tip is scanned over the surface, the piezo will vary the z
position of the sample or tip in order to keep the deflection signal constant. This method
applies the strongest force on the surface, which can help achieve high-resolution images.
However, due to the close tip-surface interaction it is usually difficult to measure weakly
adsorbed layers or biomolecules attached to the surface.

In tapping mode, the cantilever is oscillated at frequencies close to its resonance.
When the tip gets close to the surface, tip-sample interaction will decrease the oscillation
amplitude, which can be detected by the photosensor. Using the feedback to keep the
amplitude at an predefined setpoint ensures a constant tip-surface distance. The main
advantage of this method is the reduction of forces acting between probe and sample,
which makes it also applicable to delicate samples.

While the first two methods usually work in the repulsive regime of tip-sample inter-
action, the non-contact mode allows for surface mapping in the attractive region. Here,
the cantilever is oscillated at or close to its resonance frequency at an amplitude lower
than in tapping mode. Long range attractive forces acting on the tip are usually detected
by a change of frequency, but amplitude modulation can also be used to extract infor-
mation about tip-surface interaction. Setting the feedback loop to a certain frequency
or amplitude allows to follow surface features at a constant tip-sample separation.

The operation of an AFM in liquid environment under potential control, called EC-
AFM is less complex than with an EC-STM.[134] It uses a three-electrode configuration,
i.e. the probe stays passive (see Figure 2.15). The laser beam path has to be adjusted
for refraction in the liquid environment it passes, and in tapping mode the cantilever

resonance frequency is altered due to damping in the liquid medium.
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Figure 2.15.: Working principle of an EC-AFM.

2.6.3.3. Image artifacts

The main image artifact observed with AFM is the tip convolution effect. If the tip
radius r is of the same order or greater than the size of a particle on the surface, the
contour traveled by the tip is greater than the particle size (see Figure 2.16). A formula

for this effect based on geometrical considerations is:[135]

d2
TFWHM :2“7"61—{— Z’ (2.93)

where d is the diameter of a sphere on the surface and x pyy s is the apparent full width

at half maximum diameter of the sphere as observed with AFM.
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Figure 2.16.: Scheme illustrating the tip convolution effect. A tip with radius r scanning a

spherical particle on a surface has to follow a greater contour as indicated by the dashed line.
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3. Materials and experimental setup

In this chapter, the experimental details of the investigations carried out in this work are
presented. An overview on the preparation of substances and electrodes is given as well

as details on the electrochemical and electrochemical scanning probe microscopy setups.

3.1. Chemicals and materials

Chemicals and gases used in this work are listed in Tables 3.1 and 3.2. “Sigma-Aldrich”
refers to Sigma-Aldrich Corp. (St. Louis, MO, USA) and “Merck” to Merck KGaA
(Darmstadt, Germany). “p.a.)” is short for pro analysi. All gases were provided by
Linde AG (Munich, Germany).

Au and Pt wires used as CE and pseudo-RE with a diameter of 0.25 mm and 0.5 mm
and a purity of 99.99% were purchased from Carl Schiafer GmbH & Co. KG (Pforzheim,
Germany). Au wires for bead single crystal preparation (1 mm, 99.999%) were acquired
from Alfa Aesar (Ward Hill, MA, USA). The supplier of tungsten wire (W, 0.25 mm,
>99.95%) was Mateck GmbH (Jiilich, Germany). Ultrapure water (18.2 M cm, 3 ppm
total organic content (TOC)) was obtained from a combined Milli-Q Gradient / Elix 5

water purification system (Merck Millipore, Darmstadt, Germany).
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Table 3.1.: List of commercially obtained chemicals used in this work. In alphabetical order.

Name Formula Supplier Purity
2-Naphthalenethiol C1oHgS Sigma-Aldrich  99%
2,2’-Azino-bis(3-ethylbenzo- C18H24NgO4S4 Sigma-Aldrich  98%
3-Mercaptopropionic acid C3HgO5S Sigma-Aldrich  99%
thiazoline-6-sulphonic acid)

Acetic acid CoH,409 Sigma-Aldrich  99.99%
Citric acid monohydrate CeHgO7-H,O Sigma-Aldrich  99.5%
Ethanol (absolute) CoHgO Merck p.a.
Hydrochloric acid (32%) HCl Merck p.a.
Hydrogen peroxide (30%) Hy09 Merck p.a.
Nitric acid (65%) HNO3 Sigma-Aldrich p.a.
Phosphoric acid (60%) HsPO4 Merck p.a.
Potassium hexacyanoferrate(II)  K4[Fe(CN)g]-3HoO  Merck p.a.
Potassium hexacyanoferrate(III) Kjs[Fe(CN)g] Merck p.a.
Sodium acetate NaCyH309 Sigma-Aldrich  >99%
Sodium citrate Na3CgH5O7 Sigma-Aldrich  99.5%
Sodium hydroxide NaOH Sigma-Aldrich  99.99%
Sodium phosphate dibasic NaoHPOy4 Sigma-Aldrich  99.5%
Sulphuric acid (96%) H2SOy4 Merck p.a.

3.2. Cleaning and preparation procedures

3.2.1. Cleaning procedures

Prior to use, all glass, polytetrafluoroethylene (PTFE) and noble metal parts were im-
mersed in fresh piranha solution, a mixture of HySO4 and HoO5 at a volume ratio of 3:1.
(Caution: Piranha solution is highly corrosive and reacts violently with organic matter!)
Subsequently, the parts were thoroughly rinsed with Milli-Q water and dried in a stream
of Ar. Au and Pt wires were flame annealed to weak red glow in a propane flame for

~1min, again rinsed with Milli-Q water and dried with Ar.
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Table 3.2.: Gases used in this work

Name Formula Purity

Argon Ar 99.998%
Hydrogen Hy 99.999%
Oxygen 0o 99.999%

3.2.2. Preparation of electrolytes

All electrolytes were prepared using Milli-Q water. For 0.1 M citrate buffer pH 5, 0.1 M
sodium citrate monohydrate was added to 0.1 M sodium citrate until the desired pH
was reached. The pH value was monitored using a Voltcraft PH-100 ATC (Conrad
Electronic AG, Wollerau, Switzerland). Prior to each measurement, the pH meter was
calibrated using pH 4.01 and 7.00 buffer solutions (Schott Instruments GmbH, Mainz,
Germany). 10mM acetate buffer pH 5.5 was prepared by adding acetic acid to 10 mM
sodium acetate. Mcllvaine buffer pH 5, which was used for all electrochemical and EC-
SPM measurements involving TvLc, is a mixture of 0.2 M sodium phosphate dibasic and

0.1 M citric acid.

3.2.3. Synthesis of thiolated veratric acid

tVA was synthesized in the group of Prof. Jan Biernat according to a procedure described
in Ref. [19]. In short, veratroyl chloride was prepared as a first step by adding thionyl
chloride and dry pyridine to 3,4-dimethoxybenzoic acid and removing the volatiles. For
the synthesis of tVA, veratroyl chloride was added to a solution of cysteamine hydrochlo-
ride, pyridine and water. After acidification, the product was extracted with ethyl ac-
etate. Removing the solvent, trituration with saturated sodium bicarbonate solution,

filtering and washing with water yielded the solid product.
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3.2.4. Enzyme purification

! was purchased from Sigma-Aldrich. One

TvLc powder with an activity of 13.6 umg™
unit (u) corresponds to the amount of enzyme that oxidizes 1 pmol of 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) per minute. The enzyme was purified
according to a previously published procedure with minor modifications.[30] The powder
was dissolved in 10mM acetate buffer pH 5.5 at a ratio of 2mgmL™!, vortexed and
sonicated for 5min. In order to remove particles, the suspension was passed through a
0.22 nm syringe filter.

The supernatant was loaded into a DEAE gravity flow column (DEAE-Sepharose,
Sigma-Aldrich Corp., St. Louis, MO, USA) and washed with five column volumes of
10mM acetate buffer pH 5.5. These fractions showed negligible ABTS activity. The
enzyme was eluted with five fractions of 10 mM acetate buffer and 0.1 M ammonium
sulfate solution pH 5.5 and the activity was analyzed with ABTS. ~10% loss in activity
was found. After combining the fractions and buffer exchange to 10 mM acetate buffer
pH 5.5, the cleaning procedure was repeated. The buffer of the resulting purified solution

was exchanged to 0.1 M citrate buffer pH 5 and concentrated to an activity of 130 umL~!.

The total activity of the purified TvLc was ~80% of the initial activity.

3.3. Electrode preparation

Electrochemical and EC-SPM experiments in this work were performed mainly on the
(111) surface of single-crystalline Au and Cu electrodes. For CV measurements presented

in section 4.2, W wire electrodes were used.

3.3.1. Au(111) single crystals

Two different kinds of Au(111) electrodes were employed. The first type was a single

crystal purchased from Mateck GmbH, Jiilich, Germany oriented in the (111) direction
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with a precision of 0.4° and a surface roughness of 0.03pm. In addition to the (111)
orientation, it had a flat in the [112] direction, which defines the in-plane orientation
during SPM experiments. The production of the second type of Au(111) electrodes,

bead-like or Clavilier type electrodes is described in the following.

3.3.1.1. Fabrication of Clavilier-type electrodes

In 1979, Clavilier et al. reported about the the low-cost (aside from the material cost)
production of single-crystalline Pt(111) electrodes from Pt wires.[136] A similar method
was used for the fabrication of Au(111) electrodes. The basic material was a Au wire
(I1mm diameter, 99.999% purity) from Alfa Aesar, Lancashire, UK. Au wires with a
lower purity were found to give unsatisfying results. The first step in the production was
cleaning in fresh piranha solution to remove any organic contaminants from the surface
followed by thorough rinsing with Milli-Q water. After drying, one side of the wire
was carefully heated with a burner until the extremity started to melt. Both hydrogen-
oxygen and propane-air flames were found to be adequate for this process. The melting
was continued carefully, until the bead reached a size of 2 — 3mm. During cooling
down, the bead crystallized, ideally as a single crystal. Sometimes brownish spots were
found on the surface, which were identified as impurities, mainly consisting of iron, that
diffuse to the surface during the heating process. These contaminants could be removed
by immersing the bead in fresh aqua regia, a mixture of nitric acid and hydrochloric
acid at a ratio of 1:3. After rinsing with Milli-QQ water, the bead was heated again, until
the lower part melted, which could be seen by a thin line separating the molten from
the crystalline part. Continuous slow heating and cooling down was found to improve
the single-crystallinity of the bead. At the end of the process, one or more facets were
seen on the surface, which are oriented in the (111) direction. The backside of such a

bead facet was then fixed to a Au foil by heating both pieces below the melting point
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and pressing them together. These Au(111) electrodes can be used for (EC-)SPM and
were found to give atomically flat terraces with sizes up to 1 pm.

For electrochemical measurements, the (111) surface had to be increased by oriented
polishing in order to achieve currents detectable by electrochemical instruments. Such
beads (0.25 mm diameter, orientation accuracy <0.5°, surface roughness 0.05 um) were

purchased from icryst, Jiilich, Germany.

3.3.1.2. Annealing of gold single crystals

Prior to each experiment, the Au(111) single crystals were immersed in fresh piranha
solution for at least one minute to remove organic contaminants on the surface. After
thorough rinsing with Milli-Q water, the electrodes were flame annealed with a Bunsen
burner. The crystal was slowly heated to weak red glow and kept at this temperature
for at least one minute. This procedure was done in a dark environment to increase the
contrast of the glowing crystal and thus avoid damage by overheating. After cooling
down in an Ar atmosphere, the crystal was quenched with Milli-Q water. Repeating
this step several times resulted in a surface free from contaminants with atomically flat
terraces. After annealing, the Au(111) surface was reconstructed as confirmed in STM

experiments by the typical herringbone (22 x v/3) pattern.

3.3.1.3. Formation of self-assembled monolayers and enzyme immobilization

SAMs in this work were all formed from EtOH or EtOH/H>O solutions with a total thiol
concentration of 1 mM. The water content in solution was adjusted by the addition of
Milli-Q water. After the annealing procedure, the Au(111) single crystals were immersed
in the thiol solution and kept there overnight. After ~15h, the electrode was taken out
and rinsed with EtOH and Milli-Q water to remove unbound thiols.

The SAM covered electrodes were either used directly for measurements or immersed

in a solution with purified TvLc. After 3h, the enzyme covered electrode was directly
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transferred to the electrochemical cell used for the measurements without allowing it to

dry.

3.3.2. Cu(111) single crystals

Cu(111) single crystals were prepared according to a previously published procedure.[71]
They were oriented using Laue diffraction with a precision of 1°. Prior to each mea-
surement, they were mechanically polished with diamond slurry in several steps with
decreasing grading. The final grain size was 0.25 pm. Subsequently, the crystals were
electropolished for 5min in 60% H3PO,4 at a potential of 1.8V versus a Cu counter
electrode. In order to heal out defects and increase the terrace size, they were annealed
at 800°C in a quartz reactor under a flow of Hs for 16 h. The crystals were stored in
the reactor in Hy atmosphere until used in an experiment. This helped minimizing the
oxidation of the surface. After mounting the crystal in an electrochemical or EC-STM
cell, the Cu(111) surface was exposed to the electrolyte at OCP and the potential was
scanned from —0.25V to —1.20V to reduce the oxide film formed in air during the

transfer.

3.3.3. Tungsten wire

W CVs were recorded in 0.1 M NaOH with a W wire that was also used as STM tip
material. The electrode was freshly cut and cleaned with EtOH and H2O prior to the
experiments. The geometrical surface area exposed to the electrolyte was 0.08 cm?.

3.4. Electrochemical experiments

Electrochemical experiments were carried out in a half cell made of glass in a three-

electrode configuration and controlled by a potentiostat (see Figure 3.1).
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Figure 3.1.: Model of an electrochemical glass half cell. The main compartment (left) contains
WE (red), CE (green), two gas inlets and a gas outlet. The RE (blue) is connected to the main

compartment via a Haber-Luggin capillary.
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Figure 3.2.: Cut through the main electrolyte compartment shown in Figure 3.1. The Au bead
of the WE is connected to the electrolyte via the hanging-meniscus configuration. The CE Au
coil is visible in the background, gas inlet and Luggin capillary are shown at the left and at the

bottom of the cell, respectively.

3.4.1. The electrochemical half cell

The main compartment of the glass half cell contained the CE, a Au coil with a wire
diameter of 0.5 mm and the WE (see Figure 3.2). For measurements involving Au(111), a
bead electrode was used as WE in the so-called hanging-meniscus configuration: the bead
was approached to the electrolyte surface with the Au(111) surface aligned horizontally
and facing downwards. As soon as the electrode got in contact with the liquid, it was
withdrawn from the surface by a few mm. Due to surface tension, a liquid layer was
retained between electrode and electrolyte. This ensured that only the Au(111) surface
was in contact with the electrolyte. The geometric area of the Au(111) surface of the
bead electrode was 0.049 cm?. For experiments with Cu(111), the WE was inserted in a
sample holder made of PTFE and sealed by an o-ring. The geometric area exposed to
the electrolyte was 0.20 cm?.

The RE was kept in a separate compartment connected to the main compartment by
a Luggin capillary. This brought the RE close to the WE, thus minimizing IR drop in

the cell. Experiments in basic solution were carried out using a Hg/HgO RE in 0.1 M
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NaOH with a potential of 0.165V. For measurements in Mcllvaine buffer, the RE was
Hg/HgsSO4 in 0.1 M HySO4 with a potential of 0.66 V. Both REs were purchased from
Schott Instruments GmbH, Mainz, Germany.

To maintain a stable environment, the cell headspace and the electrolyte could be
purged independently with gas through two separate inlets. The electrolyte was either
purged with Os to increase the amount of oxygen from 0.25 mM in air saturated solution
to 1.2mM in Oz saturated solution,[137] or with Ar to remove oxygen from the elec-
trolyte. Purging of the cell was maintained for at least 15 min prior to all experiments.

The gas outlet was a small glass volume filled with water. It served as a bubble counter

for the estimation of the gas flow rate and prevented diffusion of air into the cell.

3.4.2. Potentiostats

For data acquisition and potential control, three different potentiostats were used. For
cyclic voltammetry measurements involving Au(111), a home-built potentiostat (Schramm
Electronics, Diisseldorf, Germany) controlled by LabVIEW software was used. Cyclic
voltammetry experiments with Cu(111) and W wire were carried out with a combined
potentiostat/galvanostat PGSTAT 302N controlled by NOVA software (Metrohm Auto-
lab B.V., Utrecht, The Netherlands). The potentiostat used for EIS experiments was a

Biologic VSP (Biologic SAS, Claix, France).

3.4.3. Electrochemical impedance spectroscopy

EIS was used to determine the charge transfer resistance R across different SAMs (tVA,
MPA and 2-naphthalenethiol (NT)) at the Au(111)-electrolyte interface. The frequency
range was 0.05 to 10° Hz, scanning 10 frequencies per decade, and using a sinusoidal
signal with a voltage amplitude of 5mV. The electrolyte was Mcllvaine buffer pH 5
with each 2.5 mM Kjs[Fe(CN)g] and K4[Fe(CN)g]-3H20, where Fe?t /Fe3t acts as redox

couple. EIS was performed at the stable OCP (0.45V, formal redox potential), which
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was reached after measuring the equilibrium potential of the SAM covered Au(111)

electrodes in the studied electrolyte for 20 min.

3.5. Electrochemical scanning probe microscopy setups

EC-SPM experiments were carried out with a Multimode 8 combined (EC-)STM, SECPM
and (EC-)AFM sample scanning instrument (Bruker Nano GmbH, Berlin, Germany)
and a 5500 AFM combined (EC-)STM and (EC-)AFM tip scanning device (Keysight
Technologies, Santa Rosa, USA).

3.5.1. Electrochemical scanning tunneling microscopy and scanning

electrochemical potential microscopy

The same setup was used for both EC-STM and SECPM experiments with the Multi-
mode 8. This instrument was used for experiments involving TvLc covered electrodes
and Cu(111) surfaces. High-resolution EC-STM imaging on SAM covered Au(111) was
performed with the 5500 AFM.

3.5.1.1. Tip etching and insulation

There are two main techniques for the fabrication of STM tips: cutting and etching.
Cutting is a rather simple method that, if applied properly, produces tips that yield
atomic resolution on HOPG. For EC-STM it is less suited due to the irregularly shaped
tip, which complicates tip insulation. Tips obtained from electrochemical etching are
more regular and thus better suited for insulation. In this work, electrochemically etched
tungsten tips insulated with PE were used.

Prior to etching, the rolled up W wire was straightened with a pair of tweezers and
cut into pieces not longer than ~7cm each. Longer pieces were increasingly prone
to vibration during the etching process thus reducing tip quality. The wire was fixed

into a hypodermic needle for the etching procedure (see Figure 3.3A). A graphite rod
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3. Materials and experimental setup

from a zinc-carbon battery was used as counter electrode in a two-electrode setup. A
beaker filled with electrolyte, a 2M NaOH solution was mounted on a height-adjustable
platform and elevated until the W wire was immersed 1—2 mm into the electrolyte. Both
electrodes were connected to the ac power supply, a continuously adjustable transformer
galvanically isolated from the electric grid. To start the etching process, the voltage
was increased to 10V, which resulted in bubbles generated at the wire. During the
etching, the rate of bubble formation decreased continuously due to the dissolution of
the immersed part of the wire. For a perfectly sharp tip, the etching process should
be stopped a few seconds before it comes to an end on its own. This was done by
lowering the platform with the beaker, thus removing the wire from the electrolyte. The
tip was cut from the wire at a length of ~ 1.5cm. After rinsing with Milli-QQ water,
the tip was inspected with a microscope. Only tips with an etched front tapering off
continuously with no rounding off at the very apex visible in the microscope were used
for the experiments.

For the insulation procedure, a 1.5 mm thick copper plate with a 1 mm wide slit was
attached to a soldering iron (see Figure 3.3B), similar to a setup reported in litera-
ture.[138] After heating the copper plate, a PE hot glue stick was molten until the slit
was filled with PE. For the insulation, the tip was positioned below the molten PE with
the sharp end facing upwards, carefully pushed through the transparent layer in the slit
and moved out sideways. This lead to a tip covered with PE except for the very apex.
The area of the tip protruding from the insulation layer depended on the temperature of
the copper plate with higher temperatures leading to a greater free area. The free area
is directly correlated to leakage currents observed in the EC-STM setup and had to be

optimized by variation of current/temperature at the soldering iron.
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3.5. Electrochemical scanning probe microscopy setups

Figure 3.3.: A) Setup for W STM tip etching showing the W wire (left) and a carbon rod
electrode (right) immersed in NaOH solution. The beaker containing the electrolyte is standing
on a height-adjustable platform. B) Close-up of the modified soldering iron used for tip insulation.

A copper plate containing a thin slit is screwed to the front of the device.

3.5.2. Liquid cells

The design of the liquid cell used for EC-STM experiments with the Multimode 8 was
based on the commercial cell from Bruker Nano (see Figure 3.4). A groove for an o-
ring was added to the top PTFE part of the cell, which was found to improve the
sealing quality. The geometric area exposed to the electrolyte was 0.38 cm?. The bottom
part of the cell consists of ferromagnet steel ensuring a stable attachment and electric
conductivity to the magnetic holder. The liquid cell for the 5500 AFM contains an o-
ring, which gave an adequate sealing. Pt wires with a diameter of 0.5 mm were used as
CE and pseudo-RE. The RE potentials were stable in 0.1 M NaOH and Mecllvaine buffer
pH 5 with potentials of 0.2V and 0.8V, respectively.

Tip potentials in SECPM mode and electrochemical currents in EC-STM mode were

determined by first approaching the tip and then retracting it to a tip—WE distance
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Figure 3.4.: Close-up of the Multimode 8 EC-STM /SECPM setup with a Au(111) single crystal
in a liquid cell. Insulated tip, reference electrode and counter electrode are fixed to the instrument

head.

zip = 20nm. Stable potentials were usually obtained after a waiting time of 10 —
60 min, and stable currents after 5 — 20 min.

For the direct determination of tip leakage currents Isgcpn, resistors with values of
R =1, 10, and 100GQ (AR = +5 — £10%, esr GmbH, Ottobrunn, Germany) were
used. Potential-distance measurements were carried out by first approaching the tip to
a potential set-point of AE = 5mV. The tip was then retracted 10 nm from the surface

and the tip potential was recorded as it was re-approached at a rate of 1nms™!.

3.5.3. Electrochemical atomic force microscopy

EC-AFM experiments were carried out with the Multimode 8 instrument.

3.5.3.1. Cantilevers

Commercially available ScanAsyst-Fluid+ cantilevers from Bruker Nano suitable for the
use in liquid media were used for the experiments. The nominal specifications for this

probe were: tip radius: 2nm, resonant frequency: 150 kHz, spring constant: 0.7 Nm™!.
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3.5.3.2. The liquid atomic force microscopy cell

The EC-AFM cell was a transparent MMTMEC glass fluid cell (Bruker Nano) with an
integrated holder for the cantilever. CE and RE were Pt wires fitted through the entry

holes of the cell.
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4. Results and discussion

In this chapter, the experimental results will be presented and discussed. It is divided
into two main parts. Section 4.1 deals with electrochemical and EC-SPM studies of
thiol SAMs for laccase immobilization and of the enzyme adsorbed on these surfaces.
The goal is to gain further insights in the immobilization processes using EC-STM and
SECPM. In the second part, section 4.2, OH adsorption on Cu(111) is investigated with
SECPM. This surface, well-known from EC-STM studies, deals as a model surface to

gain a deeper understanding of the SECPM working principle.

4.1. Laccase immobilization on Au(111) surfaces

In this study, TvLc is immobilized on mixed thiol SAMs on Au(111) consisting of a
linker, tVA, where the enzyme is supposed to bind specifically and a diluent, MPA to
increase the lateral spacing between the linker molecules. Depending on the assembly
conditions of the monolayer, different molecular arrangements are observed with EC-
STM on two different SAMs as shown in subsection 4.1.2. The electrocatalytic activity
of TvLc on several monolayers is studied with cyclic voltammetry in subsection 4.1.3.
In subsection 4.1.4, enzyme coverages on these two monolayers are determined with

EC-AFM, EC-STM and SECPM.
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4.1.1. Model for TvLc immobilization on mixed thiol monolayers

On several electrodes, bioelectrocatalytic activity of immobilized laccase has been ex-
plained by specific binding between the enzymes’ active center and isolated linker mol-
ecules on the surface which exhibit a moiety similar to the enzyme’s natural substrates
(see subsection 2.5.4). This is intuitively plausible, however, there are no reports in
literature about experiments verifying this theory on a local, molecularly resolved basis.

In this investigation, laccase activity is studied on two different mixed monolayers
consisting of linker and diluent molecules as depicted in Figure 4.1. In case of a dense
arrangement of linkers (see Figure 4.1A), specific binding to the enzyme’s active center
is strongly inhibited, hence oriented immobilization is not favored. Due to the random
orientation of laccase on the surface, DET to the T1 center is possible only for a small
fraction of enzymes, in most cases the T1 copper is too far away from the surface, which
results in little to non-detectable ORR catalytic currents.

The second case, laccase immobilization on a mixed monolayer, where the lateral
distance between linker molecules is increased by the incorporation of diluent molecules
is shown in Figure 4.1B. If enzymes can specifically bind to isolated linkers, this allows
for an oriented attachment with the T1 center close to the surface. DET along the linker
to the T1 copper and subsequently to the trinuclear cluster leads to bioelectrocatalytic
reduction of Og to HoO detectable as currents in electrochemical experiments.

A real system used for such a study must fulfill several prerequisites. In order to assign
enzymatic activity to DET along an isolated linker specifically bound to the enzyme,
the biomolecule should not show catalytic activity neither on a monolayer consisting
only of linker molecules nor on a pure diluent SAM. To exclude alternate reasons for
enzymatic activity or the absence thereof, the same species should be used for the inactive
and the active configuration. In this case, parameters have to be found to change the
mixed monolayer from an inactive configuration where the linkers are densely arranged

to an active configuration with an increased lateral distance between neighboring linker
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Figure 4.1.: (A) Laccase molecules immobilized on a mixed monolayer with densely arranged
tVA linker molecules are expected to be randomly oriented. This prevents DET to the active
center resulting in negligible bioelectrocatalytic activity. (B) Isolated linker molecules on the
surface are supposed to bind specifically to the enzyme’s active center resulting in DET to the

T1 center and subsequent ORR catalytic activity.
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molecules. The molecular arrangement has to be observed in the same environment
used for experiments with immobilized enzymes, e.g. with EC-STM and finally a clear
difference in current signal must be measured.

For this study, tVA is chosen as linker molecule. Carbon surfaces modified with
veratric acid residues similar to tVA showed clear bioelectrocatalytic activities.[19] The
negligible activity of laccase immobilized on a mixed monolayer of tVA and buthanethiol
reported in literature[19] can probably be explained by the weak interaction between the
two thiol species leading to a phase-separation into tVA and buthanethiol domains. In
the present study, mixed monolayers of tVA and MPA as diluent are studied. The
similarity in chemical structure between these two molecules is expected to facilitate
mixing on the molecular level, e.g. via hydrogen bonds (see Figure 4.1B). In case of
a molecularly mixed monolayer, the dimethoxybenzene moiety is supposed to protrude

from the surface allowing for a specific laccase immobilization.

4.1.2. Molecular arrangements of linkers and diluents in mixed thiol

monolayers

EC-STM studies are performed on two different enzyme-free mixed SAMs consisting of
tVA and MPA in order to determine the arrangement of molecules in the monolayer. In
this work, an important parameter is found to influence the SAM structure: the water
content in thiol solution used for monolayer formation. Here below, high resolution EC-
STM investigations of SAMs formed in thiol solutions with a tVA:MPA molar ratio of
1:99 are presented. The HyO content in solution is 0% and 4%. All EC-STM studies

presented in this section are carried out in Mcllvaine buffer pH 5.

4.1.2.1. Monolayers assembled from a thiol solution containing 0% water

In Figure 4.2, an EC-STM image of the mixed monolayer assembled in a thiol solution

containing 0% H-O is shown. A phase separation is clearly visible on the surface, re-

86



4.1. Laccase immobilization on Au(111) surfaces

Figure 4.2.: EC-STM image of the mixed tVA/MPA monolayer assembled in a water-free
solution. A phase-separation between stripe-like domains (phase 1) and domains consisting of
triangular features (phase 2) is observed. In-plane orientations as known from the flat in the
single-crystal are indicated in the top right corner. Imaging conditions: E = 0.60V, Ey, =

0.20V, Iy = 0.65nA, image size: (50 x 50) nm?.
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Figure 4.3.: Close-up showing the molecular arrangement of phase 1 in Figure 4.2. Dimensions
of the rectangular unit cell are indicated by arrows. Imaging conditions: £ = 0.60V, Ey;, =

0.20V, Iy = 2.0nA, image size: (5 x 5) nm?.

vealing stripe-like structures (phase 1) and triangular features (phase 2). The surface

coverage of phase 1 and phase 2 is N% and ~ %, respectively. Three different stripe ori-
entations are found in phase 1, which can be related to the 120° symmetry of Au(111).
Dark spots on the surface are due to one gold atomic layer deep holes typical for Au(111)
surfaces covered with thiol SAMs.[61,65]

A close-up of phase 1 is depicted in Figure 4.3. The molecules arrange in a rectangular
pattern with an additional sub-structure visible between the bright rows. The dimensions
of the unit cell are (1.7 x 0.5) nm?, which corresponds to a (6 x v/3) (6a = 1.73nm,
V3a = 0.50nm) adlayer, with the lattice constant of Au(111) being a = 0.288 nm. Such
(p x v/3) unit cells, with p being an integer, have been reported for MPA SAMs.[139]
Hence, phase 1 is identified as homogeneous MPA phase.

Figure 4.4A shows an image with molecular resolution of phase 2. It reveals a highly-

ordered honeycomb-like pattern with clearly resolved substructure. The latter is formed

by triangular features consisting of three bright spots at opposing angles. The distances
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Figure 4.4.: A) High-resolution image of phase 2 in Figure 4.2. The red circle highlights one
of the triangular features. Arrows indicate the distances between the nearest and next nearest
neighboring spots. Imaging conditions: £ = 0.60V, E, = 0.20V, Iy, = 0.65nA, image size:
(4 x 4) nm?. (B) Molecular model of the structure observed in A. Three methyl groups forming
the marked triangle in A are highlighted in yellow. (C) Molecular model overlaid on the STM
image. The unit cell is marked with white arrows. Green spots represent positions of sulfur
atoms in tVA molecules. (D) Model illustrating the location of sulfur atoms with respect to the

Au(111) lattice. Unit vectors are marked in white.
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between nearest neighbors in the triangle are in the range of 0.3 - 0.4 nm. Such distances
are much smaller than the dimensions of a single tVA molecule, thus it can be concluded
that the individual spots originate from densely packed exposed functional groups in the
external part of the monolayer. The proposed arrangement of the molecules is presented
in Figure 4.4B. It is assumed that the tVA adsorbs in upright configuration, with the
molecular axis slightly tilted. This allows for a very close arrangement of the terminal
methyl groups in the methoxy moieties of neighboring molecules at a distance comparable
to their doubled van der Waals radius. As a result, each spot in one triangular feature
corresponds to the methyl group of a different tVA molecule as shown in Figure 4.4B.
The distances separating next nearest neighbors are ~0.6 nm, which corresponds to the
distance between the methyl groups in one tVA molecule. Thus, the structural model
reproduces the STM contrast very well. Figure 4.4C shows the same model overlaid
on the STM image, and the unit cell of the two-dimensional lattice is displayed. Due
to symmetry reasons, its dimensions can be measured between corresponding bright
features in the EC-STM image. The lengths of the two unit vectors are 2.5 nm and 1.4 nm
with a 90° angle between them. The green circles in Figure 4.4C mark the position of the
thiolate groups which are clearly also arranged in triangles. The specific location of the
thiolate moieties with respect to the Au(111) lattice is shown in Figure 4.4D. The model
shows the sulfur atoms bound at threefold hollow sites, which are energetically favored
binding sites.[67] White arrows indicate the (9 x 3v/3) unit cell. The corresponding
distances (9a = 2.59nm, 3v/3a = 1.50nm) are in good agreement with the measured
distances. The considerations outlined above lead to the conclusion that phase 2 is a
homogeneous tVA phase. There are 6 tVA molecules per unit cell, which results in a
coverage of 1.7 molecules/nm?.

Figure 4.2 shows that tVA molecules form domains, which means that under specific
monolayer assembly conditions tVA — tVA and MPA - MPA interactions are more favor-

able than tVA - MPA interactions. Within such a domain (Figure 4.4), the molecules
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Figure 4.5.: EC-STM image of a tVA/MPA SAM on Au(111) assembled in a thiol solution
with a water content of 4%. Only one homogeneous phase with hexagonal structure is visible.

Imaging conditions: E = 0.60V, Ey, = 0.40V, Ly, = 0.65nA, image size: (30 x 30) nm?.

are organized in interconnected clusters consisting of three interacting tVA molecules,
where all molecules that form one cluster belong to at least one neighboring cluster. Ac-
cording to the model shown in Figure 4.1, immobilized laccase molecules must be able
to bind to a single isolated tVA linker protruding from the surface in order to achieve
oriented immobilization resulting in DET to the enzymes’ T1 copper center and subse-
quent ORR activity. The close linker arrangement in clusters shown here with a cluster
size exceeding the dimension of the hydrophobic pocket of laccase is expected to result

in low enzymatic activity.

4.1.2.2. Monolayers assembled from a thiol solution containing 4% water

An EC-STM image of the mixed SAM assembled from a thiol solution containing 4%
H50 is shown in Figure 4.5. An ordered hexagonal adlayer covers most of the surface.

No phase separation has been found in all studies of this monolayer.
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A high-resolution EC-STM image of the area marked by a blue square in Figure 4.5 re-
veals the structural details of the mixed thiol monolayer, which consists of a hexagonally
arranged adlayer with high contrast and an additional substructure of lower contrast
(see Figure 4.6A). The lattice parameter of the main high contrast structure is 0.9 nm.
One high contrast feature together with the two closest low contrast features form a
triangle. The distance between the single spots of the triangle is ~ 0.3 nm, which is too
close to identify them as individual molecules. A model for this arrangement is proposed
in Figure 4.6B, where the three triangularly ordered features are assumed to belong to
one tVA molecule. An upright orientation of the molecule with a slight tilt angle exposes
the two methoxy groups and the carbonyl oxygen, where the highest electron densities
have been calculated. In the high-resolution STM image, the methoxy group positioned
at the longest distance from the surface appears as the brightest spot, while the sec-
ond methoxy group and the carbonyl oxygen are imaged with a lower contrast. In the
structure proposed here, each tVA molecule is surrounded by three MPA molecules that
cause additional darker contrasts visible in the STM image. An overlay of the proposed
thiol arrangement with the STM image shows that the positions agree very well (see
Figure 4.6C). Differences in contrast between individual MPA features can be explained
by the varying strength of hydrogen bonds between the carboxy group of MPA and the
amide groups of tVA leading to different charge densities on the surface. The proposed
arrangement of thiolate moieties on the Au(111) surface is depicted in Figure 4.6D. tVA
sulfurs (green) are arranged in a hexagonal (2v/3 x 24/3) unit cell with surrounding
sulfurs from MPA molecules (purple) located at a distance of v/3a = 0.50nm. Simi-
lar to Figure 4.4, the resulting distances between nearest tVA molecules of 1.0nm can
be directly compared to the measured distances of 0.9 nm between the bright features
and show an acceptable agreement. According to the proposed model, tVA molecules
are oriented upright with a distance between nearest tVA molecules of 1.0nm. Thus,

the tVA linkers are widely separated in the structure as shown in Figures 4.5 and 4.6
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Figure 4.6.: (A) High resolution EC-STM image of the area marked by the blue square in
Figure 4.5. The bright spots span a hexagonal pattern with dimensions of (0.9 x 0.9) nm?.
Imaging conditions: E = 0.60V, Ey, = 0.40V, Iy, = 0.65nA, image size: (3 x 3) nm?. (B)
Model for the molecular arrangement of tVA and MPA molecules generating the contrast in A.
(C) Molecular model overlayed on the STM image. (D) Arrangement of tVA (green) and MPA
(violet) thiolates on Au(111).
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when compared to their close packing in the structure of the pure tVA phase shown in
Figure 4.4. This wide arrangement of the tVA linker molecules, which are more isolated
and surrounded by shorter MPA diluent molecules, is supposed to allow for an immobi-
lization of TvLc with the T1 copper center facing the tVA linker molecule. Thus, higher
enzymatic activity is expected on this homogeneously mixed thiol monolayer compared
to the phase separated monolayer.

In the following, the monolayers obtained from a tVA/MPA solution at a ratio of 1:99
and a HoO content of 0% (Figures 4.2-4.4) and 4% (Figures 4.5,4.6) will be referred to

as phase-separated and homogeneously mixed SAM, respectively.

4.1.3. Electrochemical activity measurements

According to the EC-STM investigations, monolayers assembled in thiol solutions of tVA
and MPA at a ratio of 1:99 containing 0% (4%) water show phase separation (homoge-
neous mixing) of linker and diluent molecules. The catalytic activity of TvLc immobilized
on the two SAMs towards ORR is examined with cyclic voltammetry. In case of DET to
the T1 copper center of the enzyme and subsequent reduction of Os to HyO, a cathodic

current is expected at potentials negative of 0.8 V.

4.1.3.1. Enzymatic activity on the phase-separated and the homogeneously

mixed monolayer

CVs of the enzyme-free electrodes show no cathodic currents between 0.3V and 0.8V in
oxygen saturated electrolyte, only the charging current of the double layer is detected (see
Figure 4.7A, black curve for the homogeneously mixed SAM, not shown for the phase-
separated SAM). Hence, the monolayer itself does not show any catalytic background
activity in the relevant potential window. With laccase immobilized on the homoge-
neously mixed SAM, negative currents are detected in oxygen—saturated electrolyte at

potentials < 0.8V, while no currents are detected in an oxygen-free environment (see
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Figure 4.7.: (A) CVs of TvLc immobilized on the homogeneously mixed SAM on Au(111) in
oxygen saturated (blue) and in Ar saturated Mcllvaine buffer (red). The black curve shows the
activity of the SAM without laccase in oxygen atmosphere. (B) CVs of TvLc immobilized on the
homogeneously mixed SAM (blue) and the phase-separated SAM (red) on Au(111) in oxygen

saturated solution. Scan rate: 1mVs~1.

Figure 4.7A, blue and red curve). Thus, the currents can be assigned to enzymatic ORR
activity. The second slight current increase at potentials negative of 0.40V relates to
electrocatalytic activity of enzymes that are immobilized with their trinuclear cluster
close to the electrode surface.[104] At these potentials DET to the T2/T3 center leads
to a conversion of Oy to HoO4 instead of HyO. This shows that not all enzymes immobi-
lized on the surface are oriented with the T1 center facing the surface. Anodic currents
at 2 0.70V are due to oxidative desorption processes of the thiol monolayer from the
surface.[140] Thus, ORR activity has to be evaluated at potentials between 0.4V and
0.7V. In partially deaerated solutions, a redox peak couple is found at E = 0.37V (see
Figure 4.8). Similar findings at potentials of ~0.4 V have been reported previously and
were assigned to oxidation and reduction of the T2 copper of laccase.[101,104, 141]

A comparison of the electrocatalytic activities of TvLc immobilized on the homoge-
neously mixed and the phase-separated SAMs is depicted in Figure 4.7B. The molecularly

mixed SAM shows a clear cathodic wave starting at ~ 0.8V that is assigned to enzy-

95



4. Results and discussion

0.6 T T T T T T

04f 1

0.2 R

Current density / pA cm™

-04 1 1 L 1 L L
02 03 04 05 06 07 08 09

Potential vs. SHE / V

Figure 4.8.: CV of TvLc immobilized on homogeneously mixed tVA/MPA SAM on Au(111) in

a partially deaerated electrolyte. A redox peak couple is visible at 0.37 V. Scan rate: 1mVs~!.

2ata

matic ORR activity (blue curve). Current densities reach a value of —0.58 pA cm™
potential of 0.40 V. In case of the phase-separated monolayer, a cathodic wave is hardly
visible (red curve). Current densities stay as low as —0.06 pA cm™2 at 0.4V, which is
almost one order of magnitude lower than on the homogeneously mixed SAM. A current
increase is only observed at potentials < 0.4V, related to HyOo formation, which occurs
if the enzymes are immobilized with their trinuclear cluster close to the electrode as it
is possible also for the phase-separated SAM. EC-STM images of the phase-separated
SAM show that a considerable fraction of the surface consists of close-packed domains
of tVA molecules (3) as well as of MPA domains (2). From the negligible enzymatic
activity on this monolayer it is concluded that TvLc immobilization on domains of pure
tVA or MPA does not result in an enzyme orientation suitable for DET to the T1 center.
The observed differences in catalytic current do not originate from chemical modifica-
tions of the surface, but have to be related to differences in the molecular arrangement
between the two SAMs. EC-STM data show that in the phase-separated SAM, tVA
linkers are arranged in dense clusters with distances between individual molecules that
are smaller than the size of the notch where the TvLc active center is located. Hence, an

induced-fit binding between laccase and linkers is hindered, resulting in low enzymatic
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Figure 4.9.: (A) CVs of TvLc immobilized on SAMs assembled in thiol solutions with a water
content between 0% and 10% and a fixed tVA:MPA ratio of 1:99. Measurements in oxygen
saturated electrolyte at a scan rate of 1 mV s~!. (B) Current densities of the CVs in (A) at 0.4V

plotted versus the HoO content in thiol solution.

activity. The homogeneous mixing of tVA and MPA in one phase results in an increased
distance between neighboring tVA linker molecules of 1nm. This is expected to allow
for an enzyme immobilization via induced-fit binding in a proper orientation for DET
to the T1 center and subsequent ORR bioelectrocatalysis as shown by electrochemical

measurements.

4.1.3.2. Parameters for maximum enzymatic activity

Maximum activity on mixed tVA/MPA monolayers is determined by a parameter study
of the ratio between tVA and MPA and of the HoO content in solution during SAM
formation. Figure 4.9A shows CVs of TvLc immobilized on monolayers formed from
thiol solutions with different HoO contents and a constant ratio of tVA:MPA of 1:99.
Measurements are performed in oxygen saturated electrolyte at a scan rate of 1 mVs™!.
For increased distinguishability, current densities at a potential of 0.4V are plotted
versus the water content in thiol solution in Figure 4.9B. The SAM assembled in a thiol

solution with a water content of 4% exhibits the highest activity with a current density
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Figure 4.10.: CVs of Laccase immobilized on three different monolayers on Au(111) assembled
in thiol solutions with tVA:MPA ratios of 1:49 (blue), 1:99 (black) and 1:149 (red) and a water

content of 4%. All CVs have been measured in oxygen saturated electrolyte at a scan rate of

1mVs— L

2 and

of —0.58 pA cm™—2. Current density values decrease continuously to —0.06 pA cm™
—0.12pA cm~2 for a water content of 0% and 10%, respectively.

The influence of the ratio between tVA and MPA is studied for three different mono-
layers assembled in thiol solutions with tVA:MPA ratios of 1:49, 1:99 and 1:149. The
water content is kept constant at 4%. Figure 4.10 depicts a series of CVs of ORR at
TvLc immobilized on these three monolayers. A dependency of electrocatalytic current
on tVA:MPA ratios is clearly observed. The maximum activity of —0.58 pA cm ™2 for
the SAM assembled from a solution with a ratio of 1:99 decreases to —0.08 pA cm ™2
for both ratios of 1:49 and 1:149. Hence, the parameter study shows highest enzy-
matic ORR current densities for the homogeneously mixed monolayer assembled in a
thiol solution with a tVA:MPA ratio of 1:99 and a HsO content of 4%. The maxi-
mum activity of —0.58 pA cm™2 is lower than highest DET based ORR activities of
high potential laccases on Au surfaces reported in literature, which are in the range of
25 — 40 pA em~2.[30, 102, 108] The origin of this difference is analyzed in the following

section.
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Figure 4.11.: CVs of MPA, NT and tVA SAMs on Au(111) and bare Au(111) in oxygen-free

Mecllvaine buffer pH 5 containing a hexacyanoferrate redox couple. Scan rate: 50 mVs—!.

4.1.3.3. Comparison of enzymatic activity to literature data

A possible explanation for the two orders of magnitude difference between the herein
obtained ORR current density compared to literature values is the different conductivity
of the linkers used here (tVA) and in literature (anthracene-2-methanethiol [30], MPA
[102] or an aryldiazonium derivative [108]). Electrochemical and EIS studies are per-
formed on SAMs of tVA, MPA and an aromatic thiol, 2-naphthalenethiol (NT) without
enzymes present in the solution to compare the conductivities of these species. 5mM
hexacyanoferrate(II/III) at a ratio of 1:1 is used as a redox probe to simulate the outer
sphere electron transfer from the electrode to the enzyme under the assumption that the
electron transfer process from the linker to the iron in the hexacyanoferrate is comparable
to the one to the T1 Cu in the enzyme.

CVs of the three SAMs and bare Au(111) for comparison are shown in Figure 4.11. The
only electrochemical activity visible in the graphs originates from the hexacyanoferrate
redox couple with a formal redox potential of E® = 0.45V. Peak current densities and
peak separations for the different surfaces are collected in Table 4.1. tVA exhibits the

lowest peak currents and highest peak separation of the three SAMs indicating that it is
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Table 4.1.: Peak current densities j, and peak separations AE,, for different thiol monolayers

on Au(111) obtained from CVs shown in Figure 4.11.

Thiol tVA  NT MPA Au(111)
jp/mAcm™2 024 0.32 0.36 0.51
AE,/mV 320 220 200 95
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Figure 4.12.: Nyquist plot showing typical electrochemical impedance spectra of MPA, NT and
tVA SAMs on Au(111) and bare Au(111).

the least active surface for the redox reaction and the reaction is less reversible than on
the other surfaces. As expected, the activity and reversibility is highest on bare Au(111).
In all cases, the peak separation is higher than the 59 mV expected from Equation (2.69)
for a reversible one-electron reaction. This shows that for all the systems studied here
the reaction is quasi-reversible or irreversible.

The charge transfer resistance R of the different SAMs is studied by EIS in the same
electrolyte. A static potential of E = 0.45V is applied corresponding to the formal redox
potential, where the redox reaction is in equilibrium. The amplitude of the AC potential
is 5mV. The resulting spectra together with fits according to a Randles equivalent
circuit are shown in Figure 4.12 in the Nyquist representation. The extracted values for

Rt are summarized in Table 4.2. tVA clearly exhibits the highest Rt of the three thiol
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Table 4.2.: Charge transfer resistances R, for different thiol monolayers on Au(111) obtained

from the fit to electrochemical impedance spectra.

Thiol tVA NT MPA Au(111)
Re/Qcm? 520 186 92 21

linkers, which is in agreement with the CV results. This high resistance is considered
one reason for the lower current densities observed in the present studies compared to
literature data.

Another reason for the low current values obtained here is that not all enzymes are
immobilized on the surface in an optimum way, which inhibits DET. As mentioned
before, this can be explained by the maximum lateral distance between neighboring
linker molecules of 1nm, which is lower than the radius of TvLc. Hence, induced-fit
enzyme immobilization on tVA is expected to be improved, but not optimal. This can
be seen by the current density increase in the CVs of Figure 4.7 at potentials < 0.4V,
which is attributed to enzymes that are immobilized on the surface in an orientation
not suitable for DET to the T1 copper. Increasing the linker-linker distance could prove

beneficial for oriented enzyme immobilization and enhanced biocatalytic currents.

4.1.4. Enzyme coverages on mixed monolayers

Apart from the previously discussed poor conductivity of the employed linker, also vari-
ations in enzyme coverage on the different SAMs might explain the obtained low current
densities. Investigation of enzyme immobilization on the two SAM covered Au(111)
surfaces studied with EC-STM in subsection 4.1.2 is carried out by means of EC-AFM,
EC-STM and SECPM. The real enzyme coverage can be accessed with EC-AFM, since
it images all enzymes, independent of their electrical contact to the SAM. EC-STM on
the other hand, is sensitive to these enzymes only which have sufficient electrical contact

to the surface/SAM to allow for efficient electron tunneling. As will be shown, only
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the active enzymes can be imaged with EC-STM. Due to its expected importance in
destruction free and sensitive imaging of biomolecules, particular attention will be de-
voted to SECPM, whose image contrast and resolution will be critically compared to
EC-STM. Any features resolved in the enzyme structure could give an information on

the orientation of TvLc molecules on the surface.

4.1.4.1. Electrochemical atomic force microscopy

Topographic EC-AFM images of enzyme coverages on the phase-separated and the ho-
mogeneously mixed SAM are shown in Figures 4.13A and B, respectively. In both images,
a random distribution of spheres is observed that densely cover the surface and which
are not visible before enzyme immobilization. From the particles’ size distributions, an
average lateral size of 8.2nm and 9.4 nm is determined (see Figures 4.13C and D), which
is wider than the average diameter d = 5.5nm of TvLc known from crystallographic
data.[90]

This discrepancy can be explained by the tip convolution effect (see subsection 2.6.3.3).

/ 2
TrwHM = 2\/rd + R (2.93 rev.)

the FWHM values of 8.2nm and 9.4 nm obtained with EC-AFM can stem from globular

According to Equation 2.93

enzymes with a diameter of d = 5.5nm if the surface is scanned with AFM tips with
radii of r = 1.7nm and 2.6 nm, respectively. These tip radii are close to the nominal tip
radius r = 2 nm of the two different probes used to obtain topographic images in Figures
4.13A and B. This implies that the observed spheres can be identified as TvLc molecules
and differences between the two images are in the range of deviations explicable by tip
effects. In conclusion, both surfaces are densely covered with enzymes, differences in

enzymatic activity due to different coverages can be excluded.
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Figure 4.13.: Topographic EC-AFM images of laccase coverages on a (A) phase-separated
and (B) homogeneously mixed SAM. Image sizes: (500 x 500) nm?, E = 0.7V. (C) and (D):

Histograms of particle sizes obtained from the images in (A) and (B).

103



4. Results and discussion

Figure 4.14.: Series of EC-STM images of a homogeneously mixed tVA /MPA monolayer covered
with TvLc taken at potentials of (A) 0.75V, (B) 0.70V, and (C) 0.65V. Imaging conditions:
Eiip = 0.20V, Ly, = 0.1nA, image size: (50 x 50) nm?.

4.1.4.2. Electrochemical scanning tunneling microscopy

EC-STM images of the homogeneously mixed monolayer covered with TvLc at potentials
close to the OCP (~0.8 V) show only pitch holes typical for thiol SAMs. No difference to
an enzyme-free electrode, i.e. no evidence of enzyme presence on the surface is observed.
When the electrode potential is decreased to values where bioelectrocatalytic activity is
visible in the CV, single bright spots start to appear at E ~ 0.75V (see Figure 4.14A). By
further decreasing the potential, the amount of bright spots increases (see Figures 4.14B
and C) until the surface is covered almost uniformly (see Figure 4.15A) at £ = 0.60 V.
On parts of the surface not covered with bright spots, step edges and pitch holes from
the underlying surface are visible. On the same monolayer in the absence of enzymes (see
Figures 4.5 and 4.6) and on the catalytically inactive phase-separated SAM covered with

TvLc, no bright spots are observed in the potential range 0.60 - 0.80 V (see Figure 4.16).

A similar potential dependent EC-STM image contrast has been reported for a differ-
ent laccase on buthanethiol modified Au(111).[102] It was further shown that purging
the electrolyte with Og increased the image contrast while removing O by purging with

Ar resulted in a complete disappearance of the bright spots. The authors related this
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Figure 4.15.: (A) EC-STM images of TvLc immobilized on a homogeneously mixed tVA/MPA
SAM. Imaging conditions: E = 0.60V, Egp, = 0.20V, Iy, = 0.1nA, image size: (60 x 60) nm?.

(B) Histogram showing the particle size distribution in (A).

Figure 4.16.: EC-STM image of TvLc immobilized on a phase-separated tVA/MPA SAM.
Imaging conditions: E = 0.60V, E, = 0.20V, Ly, = 0.1nA, image size: (150 x 150) nm?.
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phenomenon to the enzyme’s redox activity. A catalytically active enzyme exhibits a fast
internal electron transfer pathway via an oxygen bridge between the T1 center and the
trinuclear cluster in the peroxy and the native intermediate state (see subsection 2.5.2).
In the absence of Oy or at potentials where no enzymatic activity is observed, this
internal electron transfer is hampered. Hence, electron tunneling via laccase molecules
resulting in a visible image contrast from the enzymes is only possible if the biomolecules
are catalytically active.

The average size of bright spots of 2.0 nm observed on the surface (see Figure 4.15B)
is smaller than the diameter of TvLc, d = 5.5nm. This can also be explained by the
tunneling process described above. If electron tunneling proceeds only via the electro-
catalytically active part of the enzyme, the outer protein shell not directly involved in
the redox processes stays invisible to STM imaging. Thus, only a part of the enzyme is
effectively observed. The size and intensity of the bright spots might give an information
on the activity of the corresponding enzyme.

The enzyme coverage on the homogeneously mixed SAM at 0.6V is found to be
~ 3-1072nm~2. For laccase immobilization on a mixed tVA/buthanethiol SAM, a
coverage of 286 ngcm™2 has been reported using surface plasmon resonance.[19] Using
an enzyme weight of 57.6 kDa[142], the same enzyme number density of 3.0 - 1072 nm 2
is obtained. This corresponds to 79% of the maximum coverage, a hexagonal packing of

circles[143] with a diameter of 5.5 nm.

4.1.4.3. Scanning electrochemical potential microscopy

While the image contrast in EC-STM is found to be strongly dependent on electron
transfer pathways through an enzyme and thus on enzyme activity on the surface, this
limitation should not be present for SECPM. The feedback signal for SECPM imaging is
the EDL potential of the surface, which, compared to the enzyme-free surface should be

disturbed by the sheer presence of biomolecules on the surface, displacing ions from the
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=

Figure 4.17.: SECPM image of a homogeneously mixed tVA/MPA monolayer covered with
TvLc in the bioelectrocatalytically inactive potential range. Imaging conditions: E = 0.80V,

AE = 25mV, image size: (75 x 75) nm?.

surface and changing the local permittivity. Baier et al. not only showed that imaging of
biomolecules with SECPM is possible, but also achieved higher resolution when imaging
these molecules with SECPM compared to EC-STM.[34]

In Figure 4.17, an SECPM image is shown of a homogeneously mixed tVA/MPA SAM
with TvLc immobilized on the surface at a potential of £ = 0.80 V, where no enzymatic
activity is measured. Similar to EC-STM imaging, only dark pitch holes related to the
thiol monolayer are observed, no features are visible that could be assigned to enzymes.
By decreasing the potential applied to the electrode, an increasing number of bright
spots becomes visible. At E'= 0.60V, the surface is densely covered (see Figure 4.18A)
with a number density of ~2.5- 1072 nm ™2, similar to the EC-STM value. The average
spot size observed with SECPM (~4nm) is higher than the value measured with EC-
STM (~2nm). A closeup of TvLc molecules observed with EC-STM is compared to
an image obtained with SECPM in Figure 4.19. The main difference between the two
methods concerning imaging of laccase is the size of the observed biomolecules. Besides

this size difference, the resolution achieved with SECPM is comparable to EC-STM, no
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Figure 4.18.: (A) SECPM image of a homogeneously mixed tVA/MPA SAM covered with
TvLc at a potential where enzymatic activity is observed. Imaging conditions: E = 0.60V,

AE = 25mV, image size: (100 x 100) nm?. (B) Histogram showing the particle size distribution

in (A).

3

Figure 4.19.: 3D representation of (A) EC-STM and (B) SECPM closeups of TvLc molecules
immobilized on a homogeneously mixed SAM in the potential range where enzyme activity

is detected. Imaging conditions: E = 0.60V, (A) Eu, = 0.20V, Iy, = 0.1nA, image size:

(6 x 6) nm?, (B) AE = 25mV, image size: (19 x 19) nm?.
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substructures in the biomolecule could be seen in all the measurements. The observations
presented in this section indicate that there are common features in SECPM and EC-
STM imaging which are difficult to explain by the current understanding of the SECPM
technique. In order to gain a deeper understanding of the SECPM working principle,
a more simplified system than the immobilized biomolecules imaged in this section is
required. In the following section, SECPM studies are carried out on a model Cu(111)

surface.

4.1.5. The ratio of active enzymes on the surface

The results presented in this section show a clear influence of the linker-linker separation
on the activity of immobilized TvLc with current densities staying below values reported
in literature. Lower enzyme coverages can be excluded as reason for reduced activities
according to the EC-SPM investigations in subsection 4.1.4 that show fully covered
surfaces. The lower current densities are partially explained by the higher charge transfer
resistance of tVA compared to linkers used in previous studies (see subsection 4.1.3.3)
and by the limited access of the enzymes’ active centers to isolated tVA molecules, which
causes that the enzymes are partially active only. This conclusion provokes the question
on the ratio of active enzymes r,ctive in the immobilized layer. To determine 7active, it is
necessary to compare the measured current density - voltage response jrylcmeas(E) to
the (only theoretically available) response of a fully active layer of TvLc jryic theo(£) On
the same surface:

_ M (4.1)

Tactive = —
JTvLc,theo

In the following, the jrvic theo(£) response of a fully active monolayer of TvLc during

ORR is calculated assuming a Butler-Volmer behavior according to

_ E° _ 0
Jj=1Jjo | exp (OW) — exp (—W) . (2.50 rev.)
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Three variables define the j(E) behavior of an arbitrary reaction: the redox potential
EP, the exchange current density jo and the anodic/cathodic charge transfer coefficient
Qa/c- The model described here aims at obtaining values for these three parameters for
a layer of active TvLc on the heterogeneous tVA/MPA SAM and at calculating the CV
curve using (2.50).

The redox potential of TvLc is known as E° = 780mV|[144], which is in good agree-
ment with the starting potential of the ORR reaction measured in the present study
(see Figure 4.7). Electrochemical investigations of TvLc immobilized on roughened Au
via anthracene-2-methanethiol show that an activation controlled current range with a
cathodic charge transfer coefficient of o, = 0.41 exists.[30] This value shows that the
one-electron transfer from the electrode surface to the enzyme’s T1 center is the rate-
determining step (RDS) for the TvLc ORR. As tVA is less conductive than anthracene-
2-methanethiol, the same RDS is assumed here.

To obtain jy, the enzyme’s redox reaction is mimicked by using a redox couple. For
this it is crucial to study a redox reaction with the same exchange current density jo redox

as a fully active enzyme jo 1vi,c or at least to know the ratio between these two values

_ jO,redox

Cratio = 7 - Ideally, the reaction path would go along the same energy levels in both

cases.
If such a species is found, jo can be obtained by EIS at the redox potential E°. The

sinusoidal potential perturbation is then
E — E° = Eqapp exp(iwt), (4.2)

where the left hand side is equal to the overpotential » = E — E°. The low ampli-
tude Eamp = 5mV used in EIS sets an upper limit for 7, therefore the low-overvoltage

approximation for the Butler-Volmer equation can be used:

(2.56 rev.)
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4.1. Laccase immobilization on Au(111) surfaces

The electron transfer reaction at the T1 center is repeated four times to complete one

enzyme catalyzed ORR reaction, hence n = v = 4, and

Fn
= gt 4.
J=Jo g (4.3)

By performing the EIS experiment at E°, stationary currents can be eliminated, thus

the following equality for the charge transfer resistance is valid:

Ry = g (4.4)

Combining (4.4) and (2.56) and rearranging yields:

RT

. 45
FRy (45)

j[),redox =

It is difficult to find a redox couple that mimics the redox reaction at the T1 center
of laccase. There have been several attempts to synthesize a molecule complexing the
T1 Cu with a structure similar to that of the enzyme,[145-147] but none of them was
successful in reproducing key properties such as the high redox potential.

EIS showed that R for a redox reaction on tVA is substantially larger than on the
other linker covered surfaces studied in subsection 4.1.3.3. Under the assumption that
Rt mainly consists of the sum of the resistance for the electron transfer along the tVA
molecule Riya and the redox reaction itself Ry.qox, it can be concluded from Table 4.2,
that Ry is dominated by Riyva. In this case, the redox reaction and thus the redox
species plays an inferior role for R¢. According to (4.5), this is also true for jo redox-
Following the same argument in a similar way for the enzyme reaction means that jo rvi.c

is also dominated by Ryya. Therefore, the parameter cpatio becomes less important the
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higher the influence of Ryya is:

c o jO,redox _ Riedox + Ryva
ratio — . ~
JovLe  Brvpe + Reva

— 1 for Riva > Rredoxs R1vic. (4.6)

Another important factor in the calculation of jo tyrc from jo redox is the ratio between
the amount of redox couples and of enzymes reacting with the electrode surface. These
values are available from the EC-SPM studies in subsection 4.1.4 and from the literature.
EC-STM and SECPM images shown in subsection 4.1.4.2 and 4.1.4.3 reveal a consistent

~2,in good agreement with surface plasmon

enzyme coverage of I'mie = 3-1072nm
resonance data.[19] According to the model presented in subsection 4.1.1, TvLc can
exchange electrons with the surface via tVA molecules only, hence the redox couple
reaction is investigated on a surface of pure tVA. In this case, the amount of reacting
species is limited by the amount of tVA on the surface, i.e. it is independent of the
surface coverage with redox couples I'ieqox and of their lateral size d if their coverage
Credox 2 Tiva and dredox S diyva. Phase 2 of the heterogeneous tVA/MPA monolayer

2

studied in subsection 4.1.2; which consists of a pure tVA layer, yields ['tya = 1.7nm™"°.

Hence, jo obtained from the redox couple reaction according to (4.5) has to be rescaled

by Ccoverage = I“F;ch in order to obtain the exchange current density of TvLc on a tVA
surface jo TvLc-

Altogether, the enzyme exchange current density can be obtained from the redox

couple jO,redcouple via

. . I'iva RT
J0,TvLc = CratioCcoverage.J0,redcouple = Cratio . (47)
FTVLC FRct

Inserting o, EY and Jo,TvLc into (2.50) yields the theoretical ORR Butler-Volmer curve
for a fully active monolayer of TvLc on the mixed tVA/MPA SAM:

, Tyva RT a.F(E — EY)
= —Cratios—— exp|—————"1,
JTvLc,theo atio 5 Lo FRot p RT

112



4.1. Laccase immobilization on Au(111) surfaces

10°

10°F
10
10°
10"
107

Current density j / pA cm?

10°

0.5 -0.4 -0.3 -0.2 -0.1 0.0

1 0-4 1

Overpotential n/V

Figure 4.20.: Tafel plot of TvLc activity on the heterogeneously mixed tVA/MPA monolayer
(solid black) and the theoretically obtained ORR curve of a fully active TvLc layer according to
the model described in subsection 4.1.5 using ¢patic = 1 in (4.8) (red). Dashed black line: fit to

the measured curve with a slope of 144 mV /dec.

where for simplicity only the negative branch is considered. To obtain the ratio of
active enzymes ractive according to (4.1), it is necessary to choose a potential range for
JTvLe,meas, Where the assumptions for the theoretical model are fulfilled at best, i.e. where
the reaction is activation controlled. At higher potentials, the measured current density
is influenced by anodic dissolution of the thiol monolayer and at lower potentials, the
current is limited by mass transport effects (see subsection 4.1.3.1). A clear activation
controlled potential range as indicated by a straight line in the Tafel plot is not observed
for the TvLc measurements in this study (see Figure 4.20, black line). The jryi.c meas
curve presented here is the average of the anodic and the cathodic scans of the blue curve
shown in Figure 4.7. According to Ref. [30], a. = 0.41, corresponding to a Tafel slope
of 144mV /dec. This slope (see Figure 4.20, dashed black line) is observed for jryr,c meas
at n = —0.17V. Assuming that jryrcmeas €xhibits an activation controlled area, the
corresponding potential range is just too limited to be observable in the Tafel plot,
the adequate value for the measured curve is jryrcmeas(—0.17V) = 0.12 pA cm~2. The

theoretical curve for a fully active TvLc layer is determined from the hexacyanoferrate
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redox couple studies in subsection 4.1.3.3 according to Equation 4.8 (see Figure 4.20,
red line). The according current density value is jrylc theo(—0.17V) = 13.5pA cm 2.

Hence, the ratio of active enzymes is

jT\/Lcmeas(—O.17V) 0.9%
ive = T = : 4.9
Factive ]T\/Lc,theo(_O.l'?V) Cratio ( )

Taking the limit ¢ati0 — 1 as described in (4.6) yields ractive = 0.9%. This value allows to
explain the two orders of magnitude difference in enzyme activity observed in the studies
presented here in comparison to other studies [30,102, 108] as discussed in subsection
4.1.3.3.

During the derivation of this model, it was assumed that R is dominated by Riva,
which allows to mimic the enzyme reaction by a redox couple like hexacyanoferrate.
The fact that the value for 7active Obtained from Equation 4.9 lies in the expected range
indicates that the assumptions discussed here are, at least to a certain extent, fulfilled

in the present system.
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4.2. SECPM studies on Cu(111) surfaces

4.2. SECPM studies on Cu(111) surfaces

Several details of the SECPM working principle are still not understood as outlined
in subsection 2.6.2 and subsection 4.1.4. Furthermore, although atomic resolution is
expected to be achievable with this technique, no reports about atomically or molec-
ularly resolved structures with dimensions lower than the size of an enzyme are found
in literature. In this section, OH adsorbate layers on Cu(111), a surface well-studied
with EC-STM, is chosen as a model substrate for SECPM imaging for two main rea-
sons. First, the negative charge of the specifically adsorbed ions is expected to locally
influence the EDL stronger than single atoms on an atomically flat surface. Second, the
increased distance between next neighbors in an OH adsorbate layer should additionally
facilitate imaging of individual ions with SECPM.

In subsection 4.2.1, high-resolution images of OH adsorption on Cu(111) surfaces ob-
tained with SECPM are presented. In subsection 4.2.2, the origin of SECPM potentials
is analyzed with a focus on leakage currents and electron tunneling. Two methods to

determine leakage currents in this system are presented.

4.2.1. High-resolution imaging of the initial stages of Cu(111)
oxidation with SECPM

Metallic Cu(111) is imaged with SECPM prior to anodic potential scans in the underpo-
tential range of oxidation, where hydroxide adsorption takes place. Figure 4.21 depicts
SECPM micrographs of metallic Cu(111) surfaces after reduction of the native oxide.
Depending on the amount of native oxide, the surfaces show terraces with widths of
several 100nm or terraces of approximately 40 nm in width (see Figure 4.21A and B,
respectively). The image quality of the metallic Cu surface is the same as that ob-
tainable with EC-STM under the same conditions.[71, 72, 74] Figure 4.21B shows the
typical hexagonal form of metallic Cu(111) terraces separated by monoatomic steps of

(0.20 + 0.04) nm in height. The measured terrace height is in agreement with the theo-
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Figure 4.21.: Topographic SECPM images obtained on metallic Cu(111): A)E = —0.89V, scan
size: (400x400) nm?, 2 range: 1.5nm, AE = 25mV; B) E = —0.94V, scan size: (400x400) nm?,
z range: 2nm, AE = 25mV.

retical value of 0.209 nm[71] and is even more accurate than the value of (0.26 £ 0.03) nm
obtained from EC-STM studies.[74]

To probe the hydroxide adsorbate in the underpotential range of oxidation, the po-
tential is gradually increased to E = —0.65V (see Figure 4.22). It is possible to follow
the dynamics of OH layer formation with SECPM, even though the image quality is
lower than that obtained in EC-STM experiments during the potential steps.[71-74] A
OH desorption charge of 56 1C cm ™2 is calculated from a CV measured after 19min at
a potential of —0.65V (see Figure 4.23). This corresponds to approximately 0.2 mono-
layers (ML) (0.2 OH,q per Cu atom) of adsorbed hydroxide and is consistent with the
literature.[72]

Figure 4.24 shows the OH adsorbate layer detected with SECPM, in high resolution,
after a potential scan to £ = —0.68 V. Its structure shows a hexagonal arrangement
in different domains (see unit cells marked in Figure 4.24A). The structural parame-

ter of (0.60 £ 0.04) nm is in excellent agreement with the previously reported value of
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-0.65V

Figure 4.22.: Topographic SECPM images obtained on metallic Cu(111) A) prior to, B) during,

and C) after the anodic potential sweep from -1.0 to —0.65 V; scan size: (100 x 100) nm?, z range:

1nm, AE = 25mV, potential ramp rate: 20mV s~!; scan directions are indicated by arrows.
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Figure 4.23.: Cyclic voltammogram showing the cathodic wave corresponding to the desorption

of the OH monolayer adsorbed during the potential step in Figure 4.22B. Potential ramp rate:

20mVs~1.
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:‘

Figure 4.24.: Topographic SECPM images obtained on Cu(111) after a potential sweep from
-1.0 to —0.68V; A) scan size: (35 x 35) nm?, z range: 0.6nm, AFE = 25mV; B) scan size:
(6 x 6) nm?, z range: 0.2nm, AE = 25mV.

(0.60 = 0.05) nm obtained with EC-STM.[72, 73] Dark vacancy islands are observed in-
side the OH adlayer, which are (0.09 £ 0.02) nm in depth and have a width of > 0.6 nm.

These images demonstrate that SECPM can compete with the resolution achievable
with EC-STM. On the other hand, the obvious similarity between images obtained with
EC-STM and SECPM as shown here and in section 4.1 raises the question if there are
similarities in the working principle of these two techniques. In the next section the

origin of potentials measured with SECPM will be discussed in detail.

4.2.2. The origin of SECPM potentials

To analyze the origin of the potential value that is used as a feedback signal for imaging in
constant-potential mode and its variation with surface topography, a potential-distance
curve is recorded during approach of a sharp, insulated SECPM tip to the WE surface
(see Figure 4.25A). It differs from the theoretical potential-distance curve in several
points. At distances far away from the sample surface (2t > 1nm), the tip potential

converges to a constant value of Esgocpy = —0.26 V. This value is different from the OCP
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Figure 4.25.: (A) Potential distance curve of a sharp W SECPM tip in 0.1 M NaOH with
an OCP of Esgcpm = —0.26V and a WE potential of E = —0.65V. The bulk OCP (Epux)
of a non-insulated W wire (gray dashed line) is shown for comparison. The tip position for a
SECPM potential set-point of AE = 25mV used for imaging (Figures 4.21-4.24) is indicated by
the dashed rectangle. B) Plot of the potential curve shown in A) (black) and exponential fit to

the data for distances zy, > 0.65nm.

of a W wire with a macroscopic surface area, Eocp = —0.32V, the latter value being in
agreement with literature data.[148] For different tips, Fspcpym values between -0.27 and
—0.1V are found. The reason for this deviation is discussed below. At closer distances
to the WE surface, the tip potential starts to bend towards the applied sample potential
of E = —0.65V. According to the GCS theory of the EDL, the potential behavior in
this range should be exponential. At tip-WE distances 2, > 0.65nm, the curve can be
fitted with an exponential function (see Figure 4.25B). However, the characteristic Debye
length obtained from this fit, Ap exp = 0.10nm deviates from the theoretical value for
0.1 M NaOH, Ap theo = 0.96 nm (see subsection 2.1.2) by almost one order of magnitude.
When the tip approaches the surface further, the potential does not decrease linearly,
but, after an inflection point, it bends towards an offset value of AE = 5mV. This value
is set as a minimum by the software to avoid direct contact between the tip and the
sample surface. Similar sigmoidal SECPM profiles have been reported for flattened tip

geometries.[126,127] In the present case of an extended tip with its non-insulated volume
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extending completely through the double layer region in the z direction, the potential
is measured at different positions between the tip apex and the boundary between the
insulated and non-insulated area,[34] which should lead to the detection of an integral
potential over the non-insulated area of the tip. In the EDL region, where the potential
is z dependent, this integral signal is different from that at the tip apex; hence, even
at closest tip-sample distances, it is not possible to measure the potential applied to
the WE. This intuitive idea is supported by simulations by Hamou et al., which show
that potential curves of extended tip geometries run more gradual compared to flattened
probes and do not reach the WE potential at close gap distances.[128] Therefore, the
profile measured with an extended tip as depicted in Figure 4.25A is unlikely to originate
only from the double-layer potential of the working electrode, and must be influenced
by additional processes. With a series of experiments, it is tried to gain insight in the
processes determining the potential profile measured with SECPM (Figure 4.25A) to

better understand the meaning of the topographic images shown in Figures 4.21-4.24.

4.2.2.1. Leakage current transport mechanisms and direct determination of

leakage currents

The potential set-point used for SECPM imaging in the present work (AE = 25mV)
is indicated by the dashed red rectangle in Figure 4.25A. The tip-WE distance at this
set-point, according to the graph, is z;p, = 0.18 nm. To understand the image contrast in
the x — y SECPM micrographs, processes that influence the measured potential profile
at the position of the tip during imaging have to be identified. An important parameter
that is studied in the context of this section is the leakage current, Isgcpn, present in
the SECPM setup. Leakage currents originate from the input current of the operational
amplifier, imperfect insulations, and leakages on the printed circuit board. To close the
electrical circuit, these currents need to be transported between the tip and the WE

during SECPM experiments. Isgcpm is measured with the help of a resistor R that is
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clamped between the tip holder and the WE sample holder, which is connected to the
ground potential in the SECPM setup. For this experiment, the tip is not in contact with
the electrolyte and positioned far away from the surface; therefore, leakage currents can
exclusively be transported by the resistor. In SECPM mode, the operational amplifier
reads the potential drop ER across the resistor, which can be converted to the leakage
current by using Isgcpym = %. Typical values are 0.5 — 30 pA. For the timescale of
the potential-distance measurements and the surface scans presented herein (~hours),
the leakage currents are found to be constant. The flux of electrons is directed from
the WE to the tip holder. In the SECPM system, leakage currents Isgcpy have to
be transported by processes taking place in the electrochemical cell of the microscope,

according to:

ISECPM = IFaraday + Itunnel + Imisca (410)

where Iraraday is the electrochemical current caused by faradaic processes, Iiynnel is the
tunneling current, and Iy represents non-faradaic currents occurring in the electro-
chemical cell. The predominant process is determined by its resistivity at the correspond-
ing tip position relative to the WE surface. Owing to the exponential distance depen-
dency of the tunneling resistance, electronic tunneling prevails at lower gap distances up
to a few nanometers.[149] At large tip distances from the WE surface (2, > 1 — 2nm),
the leakage current is transported by faradaic processes in the electrolyte (Iparaday)-
Processes occurring in the intermediate region of z;, are difficult to determine as they
might not only be a combination of tunneling processes and faradaic currents, but also

include effects such as overlapping of the two double layers and capacitive charging.

4.2.2.2. Electron tunneling at close distances

To study the effect of leakage-current transport via electron tunneling on the tip potential
at small tip-WE distances, the working principle of SECPM with presence of leakage

currents is compared to that of an EC-STM. In an EC-STM experiment, a constant
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Figure 4.26.: A) Semi-logarithmic plot of the potential data shown in Figure 4.25 (black) and
exponential fit to the data between 0 and 0.29nm (red). B) Semi-logarithmic plot of a current-
distance curve measured with a sharp insulated W tip in 0.1 M NaOH in EC-STM mode (black)

and exponential fit to the data between 0 and 0.7 nm (red).

bias voltage is applied between the tip and the WE, Eyi.s = Eiip — Ewg. As has been

deduced in subsection 2.6.1, the resulting tunneling current is:
Itunnel X Ebias : 671'025 d).ztip, (289 rev.)

where ¢ is the tunneling barrier height in eV and z;, is the tip-WE distance in A In
SECPM mode at short distances, the tunneling current is equal to the constant leakage
current present in the system, Iiynnel = Isgcpm. Equation (2.89) can thus be rewritten
as:

Ehias < Ttunnel - 81.025 ¢-ztip . (411)

In Figure 4.26, a semi-logarithmic plot of (Eyi, — Ewg) as a function of the tip-WE gap
distance zp is shown. Between 0 and 0.29 nm, the curve can be fitted with a linear
function, which means that there is an exponential dependence of Fij, — Ewg on the
gap between the tip and the surface, as predicted by equation (4.11). This finding is
consistent with the literature, where an exponential relationship between bias voltage

and gap distance at constant tunneling currents has been reported previously.[118] From
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the regression curve, according to equation (4.11), a tunnel barrier height ¢ = 0.90eV
is found for the data shown here. For comparison, a current-distance curve is recorded
in EC-STM mode with the same tip (see Figure 4.26B). An exponential fit according
to (2.89) in the range 0 to 0.9nm yields a tunnel barrier of ¢ = 0.89¢V, in excellent
agreement with the value obtained from the potential-distance curve. Tunnel barriers
obtained for other, identically prepared, W tips are in the range of 0.80 to 1.23eV.
These values are well in the range of parameters reported in the literature (see, e.g. Ref.
[118,150] and references therein). On close examination, one can see that the current-
distance curve does not exactly follow the exponential fit, but shows a weak oscillating
behavior around the red curve (see Figure 4.26B). Such a phenomenon has been reported
in literature and was assigned to different layers of HoO molecules in the EDL that are
passed by the tip while approaching the surface.[150] An oscillating behavior similar to
the current-distance curve in Figure 4.26B, which shows one single approach curve is not
visible in Figure 4.26A. The potential-distance curve depicted there is an average of 52
approach curves, hence oscillations are lost on averaging. In addition, potential-distance
curves were by far more perturbed by noise than current-distance curves, which makes

the averaging necessary. Any oscillating features are mostly hidden in the noise.

4.2.2.3. Faradaic processes at longer distances and indirect determination

of leakage currents

At increasing distances, where the tunneling impedance becomes similar to the faradaic
impedance, the curve shape deviates from an exponential tunneling behavior as the leak-
age current is expected to flow partially through tunneling and electrochemical processes.
With increasing distance, and hence increasing ratio of faradaic to tunneling currents,
this leads to a convergence of the tip potential towards EsgcpwM-

Electrochemical processes on the W tip surface at tip distances far away from the WE

surface, where faradaic processes are prevailing, are determined by the current-voltage
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Figure 4.27.: CV of a W wire in 0.1 M NaOH. The OCP is indicated by a dashed line. The

anodic potential range, where stable tip potentials Fsgpcpar have been measured, is highlighted

-1

in gray. Ramp rate: 50 uV s™", potential step size: 10 mV.

interdependence of W in 0.1 M NaOH, as depicted in approximation by the CV shown in
Figure 4.27. The OCP is reached after 30 — 40 min stabilization, resulting in a value of
Fruk = —0.32V, as indicated by the dashed line. This OCP corresponds to a corrosion
or mixed potential where the cathodic currents are caused by oxygen reduction to water,
and anodic currents originate from W oxidation and dissolution through multistep reac-
tions.[148,151-154] The potential region between -0.27 and —0.10 V, where stable values
of SECPM tip potential Esgcpm are found (see Figure 4.25A), is highlighted in gray.
All Esgcpum values are located in the anodic current region, that is, oxidative processes
prevail at the tip surface, and thus the electron flux is directed from the electrochemical
interface between electrolyte and tip to the STM microscope head. This observation
is in accordance with the direct leakage-current measurements mentioned above. The
origin of these faradaic processes at the tip is, therefore, assumed to be the constant
leakage current Isgcpm in the system. The non-insulated area A of a coated SECPM
tip exposed to the electrolyte is different for every tip, and current densities j should

therefore vary according to:

. Isgcpm

< (4.12)
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The tip-dependent current densities can be related to overpotentials by the W CV shown
in Figure 4.27. The reason for variations in Esgcpm is the constant Ispcpy flowing
through the non-insulated surface area of the tips, which differs for different tips. The
larger the non-insulated surface area of the tip, the lower the leakage current density
and the smaller the overpotential.

The Multimode instrument used for the present experiments allows for changes be-
tween potential measurement in SECPM mode and current measurements at an applied
bias voltage in EC-STM mode, using an analog switch, which connects the tip with the
potentiometer and potentiostat, respectively, thus without changing the electrochem-
ical setup. This possibility is used to estimate the leakage currents in the SECPM
setup that are considered responsible for imaging in SECPM mode. In EC-STM mode,
the electrochemical tip current measured far away from the WE surface is proportional
to the free-tip area A by Ispm = j - A. To determine A, the electrochemical cur-
rents IgTy are measured for different tips in STM mode at an applied tip potential of
F = —0.20V, and thus, at a constant current density j_g.o0v. From Figure 4.27, a value
of j_g20v = 0.62mA cm ™2 is obtained. It has to be mentioned that the anodic regime
of the W CV is influenced by diffusion at potentials £ > —0.17 V. Diffusion limitation
is different at extended surfaces such as the W wire used for the CV measurement in
Figure 4.27 and the STM tips, because on smaller electrodes, mass transport normalized
to the unit area of the electrode is faster. Electrochemical reactions that take place at
—0.20V are mainly kinetically controlled (for detailed analysis of the errors introduced

by this method, see below); therefore, the assumption of constant current density at

E = —0.20V, regardless electrode size, is reasonable. Hence:
I
A=_5M (4.13)
J-0.20v
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Surface areas determined with this method are in the range of 0.82 to 2.1 - 103 pm?
for IsTy values, detected in the studies presented here, between 5.1 pA and 12.8nA.
Combining equations (4.12) and (4.13) leads to:

I J
Istm  IsecPMm - j—0.20V

(4.14)

The relation between electrochemical current density j and electrode potential E for
the oxidation and dissolution of W in basic media has been reported to follow a Tafel-like

behavior between -0.30 and —0.05 V:[148]
J = Jeorr * e(EiEbulk)//Bv (4'15)

where jeorr is the corrosion current density at the OCP and 8 = oi% is the anodic Tafel
coefficient.

Inserting equation (4.15) into (4.14) results in:

U eEE)/s (4.16)
Iyt

with a constant a = ;—2°*——_ In the nanoscopic system, the working electrode is
SECPM'J]—-0.20V

the tungsten tip, thus £ = Esgcpy. The leakage current can be determined from a:

Ispcpm = —————— jcogzov : (4.17)

The parameter a is determined from a semi-logarithmic plot of IS_%M versus Esgcpm
according to equation (4.16) for four different sets of tips, where each data point cor-
responds to a different tip. For each data point in Figure 4.28, the electrochemical
current IgTy for a single tip, determined in STM mode at an applied tip potential of
E = —0.20V, is plotted versus the tip potential Esgcpym of the same tip obtained in

SECPM mode far away from the electrode. Variation of Igfy, for each set of tips (1-4)
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Figure 4.28.: Semi-logarithmic plot of I, S_%M versus tip potential for four different sets of W tips

(data points) and linear fits to each set. The dashed line indicates Eyy = —0.32V of W.

corresponds to a variation in active surface area A, according to equation (4.13). Each
set was measured on a different day; therefore, the leakage currents are expected to dif-
fer between each set. Straight lines are fitted to the data according to equation (4.16).
Each set of data points can be approximated by a linear curve, which means that the
electrochemical reaction is activation controlled by one rate-determining step over the
whole range of potentials. Values for the Tafel coefficient 8 obtained by the fits are in
the 0.015 - 0.053 V range, as shown in Table 4.3, with a mean value of 5 = 0.033V. The
reason for this variation could be the different oxidation states of the individual tip sets
caused by aging before they are immersed into the electrolyte. If different oxide-layer
thicknesses, compositions, or structures influence the rate-determining reaction taking
place at the interface, the Tafel coefficient can also change. The constant a is found by
extrapolating the regression curve to Fhyx = —0.32V according to equation (4.16), and
the resulting values are between 7.9 - 10~* and 0.18 nA~!.

To obtain the current density jeorr at the OCP, the electrochemical behavior of W is
depicted in the Tafel plot in Figure 4.29. The black curve shows the data of Figure 4.27,
where a linear activation-controlled behavior is hardly achieved. This is in contrast to

studies by Heumann et al.,[148] where linearity is reported over a potential range of
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4. Results and discussion

Table 4.3.: Tafel coefficients § and leakage currents Isgcpm obtained from the four data sets

of Figure 4.28, according to Equations (4.16) and (4.17).

Dataset [/ V Isgcpm / nA

1 0.015 32
2 0.024 3.6
3 0.041 047
4 0.053 0.18

-
o
T

-
T

0.1F

Current density / mA cm?

o
o
=

-

03 02 01
Potential / V
Figure 4.29.: Tafel plots of W in 0.1 M NaOH without (black squares, from Figure 4.27) and
with stirring (blue circles) of the solution. The solid blue line represents a linear fit to the blue
data points in the potential range between -0.28 and —0.22' V. The bulk OCP is indicated by a

dashed line. Ramp rate: 50 pVs~!, potential step size: 10 mV.
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100mV. According to the present data, the curve quickly approaches a plateau, indicat-
ing a process limited by diffusion of reactants to, or from, the interface. The situation
resembles the etching process of W STM tips through anodic dissolution,[155] where the
electrochemical current is mainly limited by two processes, which are the transport of
hydroxide to the wire and a shielding of the wire caused by dissolved tungstates. In
the case of a W wire vertically dipped into solution, as is also the case in the experi-
ments shown here, the electrode is partially blocked by the flow of tungstate ions down
the wire. Similar processes are considered responsible for the current limitation into a
diffusion-controlled regime at relatively low potentials.

To improve access of reactants to the electrode, the electrolyte solution is stirred
during the experiment. The resulting current densities (see Figure 4.29, blue circles) are
generally higher than in the non-stirred case, and the current decay towards a plateau
is slower and occurs at higher potentials. Between -0.28 and —0.22V, a linear trend
is visible, and a linear regression gives a Tafel coefficient of 5 = 0.033V, which is in
good agreement with the literature value of 5 = 0.035V.[148] The current density at
Fyuk = —0.32V obtained from a linear fit is jeorr = 21 pAcm™2, and at £ = —0.20'V,

2 is measured. These current density

a current density value of j_go0v = 0.62mA cm™
values are higher than those reported in the literature, which is most likely because
of the unknown roughness of the W wire used in the experiments presented here, as
current densities are calculated by using the geometric surface area. For the calculation
of Isgcpm, the ratio of jeorr and j_gogv is taken, which is independent of the area.
Thus errors attributed to the roughness are negligible. Figure 4.29 shows that j_g.20v
is below the Tafel line, indicating that diffusion processes limit the reaction rate at this
potential. A comparison with the current density obtained from the Tafel equation shows
that the measured value of j_gogv is 18% below the expected value without diffusion

limitation, j_g.20v, Tafel = 0.76 MA cm 2. Values for Isgcpm are calculated according to

equation (4.17) assuming the same value for j_g2oy for microscopic and macroscopic
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systems. Unlike the macroscopic system, the microscopic system is not diffusion limited
(see Figure 4.28), thus the error of 18% is directly taken over. This error is acceptable
for the goal of this work, which is to estimate leakage currents present in the SECPM
system. The resulting values are listed in Table 4.3.

The Isgcpm values obtained from data sets 2-4 are in the typical range of tunneling
currents used in EC-STM. Data set 1 yields Isgcpm = 32nA, which is unusually high.
The reason is most likely the divergence of the Tafel coefficient, § = 0.015V, obtained
for this data set from the one from the CV, f = 0.035V, thus indicating different
electrochemical processes at the microscopic tip surface and the macroscopic wire surface.
[ is inversely proportional to the slope of the Tafel function. Hence, the extrapolation
of the steep Tafel function of data set 1 leads to a lower value of a and, according
to equation (4.17), to an overestimation of the leakage current. A similar argument
should hold in the opposite way for data set 4, with a high value of 5 = 0.053V,
leading to an underestimation of the leakage current obtained from this measurement.
Tafel coefficients obtained from data sets 2 and 3 are close to the values from the CV;
therefore, reactions at the microscopic and macroscopic surface are considered equal and
the two current values are assumed to be in the correct range.

The results presented here show that it is possible to determine leakage currents
flowing in the SECPM system Isgcpm from the electrochemical behavior of the W tips
in the Faraday regime of the potential-distance curve. Leakage current values determined
in situ with electrochemical methods (ca. 1nA) are 2-3 orders of magnitude higher than
those measured ex situ by using a resistor (< 1 —30pA). A possible explanation for this
could be thin fluid films moistening the tip and tip holder while the tip is in contact with
electrolyte, thus increasing leakage currents to the tip. In conclusion, the magnitude of
the leakage current is considered independent of the transport mechanism between the
tip and the surface; hence, the same current is responsible for the potential drop at the

tip in the tunneling regime according to Equation (4.11).
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Another important factor to discuss is tip dissolution owing to electrochemical pro-
cesses occurring at the tip surface at anodic potentials and the resulting size reduction.
It has already been discussed that the tunneling impedance is negligible compared to
electrochemical impedances at tip-WE distances typically used for imaging in SECPM
mode. Hence, leakage currents are only transported by electron tunneling if the tip is
approached to the WE without inducing electrochemical modifications at the tip surface.

For the electrochemical measurements used to determine leakage currents, tip po-
tentials between —0.27 and —0.1V are measured, corresponding to current densities
between 0.10 and 12.9 mA cm~2. Higher current densities are obtained for smaller free
tip surface areas and vice versa. The percentage error in the measurement, owing to
anodic dissolution, corresponds to a relative change in tip surface and, the smaller the
tip surface and the higher the faradaic current density, the higher the percentage error
is expected to be. Hence, if the anodic tip dissolution changes the free tip surface, a
deviation from the ideal Tafel behavior is expected in the plot of Figure 4.28 for higher
values of I}y, (corresponding to smaller tip surfaces according to equation (4.13)) and
higher values of Esgcpm (corresponding to higher current densities according to equa-
tion (4.15)). As no deviation from the linear behavior is observed at these data points,
it is concluded that the tip surface is not significantly modified.

SECPM imaging is usually performed at small potential set-points.[34,131] All SECPM
images presented in this work are recorded at potential set-points of AE = 25mV, that
is, with the tip potential very close to the WE potential. To estimate the real tip-WE
distance, the origin of the zero point on the z, axis of Figure 4.25 has to be studied
further. As mentioned above, it is determined by the minimum possible set-point of
AFE = 5mV in the SECPM system. The real voltage E. between tip and WE at the
contact point is determined by the contact conductance G, = IWT“C“E‘ For the tunneling
contact between a W tip and a Cu(111) surface G, = % = 77.51S is assumed, where

e is the elementary charge and h is Planck’s constant. This value corresponds to one
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Figure 4.30.: Extrapolation of the exponential fit (red) to the potential distance curve shown
in Figure 4.25 (black) to 'negative’ tip-WE distances. The setpoint distance zgp corresponding
to AE = 25mV and the 'real’ tip-WE contact point calculated for a leakage current of 1 nA are

indicated by dotted and dashed red lines, respectively.

conductance quantum number and is in good agreement with the literature.[156] As-
suming lyunnel = 1nA yields E. = 13pV. Extrapolating the linear fit in Figure 4.25B
to E. = 131V results in a ‘real’ zero-point at zp = —0.60 nm (see Figure 4.30). Hence,
the estimated distance between the tip and the WE for the images shown in this study
is approximately zijp, = 0.78 nm. For a leakage current of 1 pA, the extrapolation yields

29 = —1.31nm, and the corresponding tip-WE distance is approximately z;, = 1.49 nm.
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5. Summary and conclusions

In this work, the influence of linker separation on catalytic activity of the oxygen reduc-
ing enzyme TvLc immobilized on mixed monolayers on Au(111) has been studied with
electrochemical and EC-SPM techniques. This was followed by a methodical analysis of
the working principle of the most recent of these EC-SPM techniques, the SECPM.

In the first part, TvLc immobilization on Au(111) covered with a mixed monolayer of
tVA linker and MPA diluent molecules was investigated. The molecular arrangement of
linkers and diluents was determined with high-resolution EC-STM. The spacing between
neighboring linker molecules could be changed from close-packing in a phase-separated
SAM to a distance of 1 nm in a homogeneously mixed SAM by variation of the water
content in thiol solution used for monolayer formation from 0% to 4%. Enzymatic ac-
tivity based on DET was determined with cyclic voltammetry and showed maximum
current densities of —0.58 pA cm ™2 for the homogeneously mixed SAM, whereas current
densities were at least one order of magnitude lower on the phase-separated monolayer.
This finding was explained by the accessibility of linker molecules for TvLc immobiliza-
tion via induced-fit binding. In case of the phase-separated monolayer, tVA molecules
are densely packed with cluster sizes exceeding the size of the hydrophobic pocket, where
the active center is located. This prevents induced-fit binding and proper orientation
of the enzyme. Hence, no activity is observed. On the homogeneously mixed SAM,
tVA molecules are more isolated, allowing for enzymatic induced-fit binding. This facil-

itates DET from the electrode through the linker molecule to the T1 center of laccase,
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resulting in the observed electrocatalytic activity. EC-AFM studies after enzyme immo-
bilization showed that both surfaces were densely covered with TvLc, hence differences
in bioelectrocatalytic activity related to enzyme coverages could be excluded. This is
the first direct proof of the effect of linker separation on enzymatic activity. EC-STM
and SECPM studies of the enzyme-covered monolayers revealed a potential-dependent
image contrast, where laccase molecules could only be observed in potential ranges where
enzymatic activity was measured. For EC-STM, such an effect has previously been re-
ported, but was not expected for SECPM imaging. The enzyme coverage was found to
be in agreement with literature values. In order to explain the lower enzyme activities
found here compared to literature studies, a model is developed taking into account elec-
trochemical, EIS and EC-SPM studies presented in the previous sections. According to
this model, only a fraction of the enzymes is catalytically active and contributes to the
measured current densities. Activity levels similar to literature values can most likely be
achieved by tailoring the linker separation to the enzyme’s dimensions and thus maxi-
mizing the ratio of active enzymes. Including the effect of linker separation to improve
induced-fit binding in the design of new functionalized electrode surfaces for enzyme
immobilization might lead to further improvements of the biocatalytic activity.

The surprising similarity between EC-STM and SECPM imaging found in the first
part of the thesis triggered the subsequent systematic study of the SECPM working
principle, which at that time was not fully understood. Hydroxide adsorbate layers
on Cu(111) were chosen as a model system to investigate the expected, but unproven
atomic or molecular resolution capability of this technique. It was possible to follow
the adsorption process of hydroxide on Cu(111) with a spatial resolution similar to that
of EC-STM. For the first time, high-resolution imaging with this instrument could be
demonstrated by probing the molecular arrangement of OH on Cu(111). Potential-
distance curves of SECPM tips at the Cu(111) surface were recorded and analyzed to

determine the processes responsible for the potential used as a feedback signal in SECPM

134



imaging. Leakage currents have been found to be present in the instrument, which are
considered to be crucial for the interpretation of the SECPM data. At distances far
away from the surface, leakage currents are transported between the tip and the surface
through electrochemical processes, hence potentials in this region can be interpreted as
electrochemical overpotentials. At close tip-surface distances, typically used for imag-
ing, the current-transport mechanism is identified as electron tunneling, resulting in a
potential drop across the tunneling impedance. In other words, the leakage currents
are responsible for the measured tip potential through the whole range of tip-to-sample
distances. The tip is never at the OCP, but polarized by the leakage current. In this
case, the x —y imaging process is similar to an EC-STM measurement at a constant, but
random tunneling current caused by the leakage currents occurring in the electronics
of the SECPM setup. This explains, why no differences in enzyme imaging behavior
could be found between the SECPM and EC-STM techniques. Differences in SECPM
and EC-STM image contrasts reported in literature can be explained by the different
feedback mechanisms (potential instead of current), low effective tunneling bias AE, and

possibly tunneling currents that are unusually high or low compared to EC-STM.
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A.1. Abbreviations and symbols

!
a

ao

a;

ABTS

AC
(EC-)AFM
AMT

Au

BOx

C

Cp

Ci

C(ys)

CE

ct

Cu

CVvV

DET
DFT

Symmetry factor or charge transfer coefficient
2D lattice constant (next-neighbor spacing) in the (111) plane
3D lattice constant

Activity of species 4
2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
Alternating current

(Electrochemical) Atomic force microscopy
Anthracene-2-methanethiol

Gold

Bilirubin oxidase

Carbon

Differential capacitance

Bulk concentration

Cysteine

Counter electrode

Charge transfer

Copper

Cyclic voltammetry

Density of states

Diffusion coefficient

Dalton corresponding to one atomic mass unit u
Direct current

Direct electron transfer

Density functional theory
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€u Energy of state u

€0 Vacuum permittivity (8.854 1072 Fm™1)
€ Permittivity

E Electric potential

e Elementary charge (1.602 - 10719 C)
E% Standard (redox) potential

E° (Non-standard) redox potential

FEeorr Corrosion potential

¢ Electric field

EDL Electric double layer

EIS Electrochemical impedance spectroscopy
n Overpotential

F Faraday constant (9.649 - 10* C mol™!)
F Phenylanaline

f(e) Fermi function

FWHM Full width at half maximum

Iy Surface coverage

G Gibbs (free) energy

GCS Gouy-Chapman-Stern

H Enthalpy

h= % Reduced Planck constant

H(is) Histidine
HOPG  Highly oriented pyrolitic graphite

I Current

IHP Inner Helmholtz plane

IS Inner sphere

j Current density

Jeorr Corrosion current density

Jo Exchange current density

k Rate constant

kg Boltzmann constant (8.617-107°eVK™1)
Kum Michaelis constant

A Reorganization energy

AD Debye length

i Electrochemical potential of species i

7% Chemical potential of species i

M, Tunneling matrix element between state p and v
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MCO
MPA

n;
NI
NT

OCP
OHP

ORR
OS

¢

¥

PI

(G

Pt
PTFE

q

R

R

RDS
RE

P

S

SAM
SECPM
SHE

o
(EC-)SPM
(EC-)STM
T

ThLc
TNC
tVA

A.1. Abbreviations and symbols

Multicopper oxidase

3-Mercaptopropionic acid

Number density of species @

Total number of electrons transferred in an electrochemical reaction
Amount of substance 4

Native intermediate

2-Naphthalenethiol

Potential scan rate

Open circuit potential

Outer Helmholtz plane

Angular frequency

Oxygen reduction reaction

Outer sphere

Work function

Phase angle

Peroxy intermediate

Quantum mechanical wave function
Platinum

Polytetrafluoroethylene

Electric charge

Gas constant (8.314 JK~!mol™1)

Resistance

Rate determining step

Reference electrode

Electric charge density

Entropy

Self-assembled monolayer

Scanning electrochemical potential microscopy
Standard hydrogen electrode

Surface charge

(Electrochemical) Scanning probe microscopy
(Electrochemical) Scanning tunneling microscopy
Thermodynamic (absolute) temperature
Laccase from Trametes hirsuta

Trinuclear cluster

Thiolated veratric acid
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TvLc Laccase from Trametes versicolor
U Internal energy
U Unit of TvLc activity corresponding to the amount of enzyme

that oxidizes 1 pmol ABTS per minute

W Tungsten

W Warburg element

WE Working electrode

Z Impedance

3i Charge number of species i
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In the following a selection of conferences is given where part of this work has been

presented as a talk or poster.

Talks
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09/2013 International Society of Electrochemistry, Querétaro, Mexico
02/2014 Electrical Characterization at the Nanoscale, Technische Universitat

Miinchen, Garching, Germany
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