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1 Introduction

Energy production, conversion and storage due sngbd energy demand are essential
challenges today. All energy related fields havéntprove and rationalize their techniques
and methods. In the case of electrochemical ensi@yage and conversion the electrolysis
and the fuel cell technology play important rolestihe energy flux. Fuel cells convert
chemical energy into electricity which is possibleseparating the oxidation and reduction
reactions when oxidizing a fuel. Electrolyzers ocenmtvelectricity into chemical energy.
Depending on the reaction pathway and the reagi@otners usually a fairly high activation
barrier is given. Catalysts lower these barrierd #merefore promote the reactions. In
general, noble metal catalysts such as platinumlatinum containing alloys are the best
known catalysts especially for low temperature @pgibns, e.g. polymer electrolyte fuel
cells. In this context, the hydrogen evolution/lggen oxidation, oxygen reduction and
methanol oxidation are under detailed investigati®tarting from a fundamental point of
view model nanostructured surfaces were used &stigate their catalytic reactions towards

the above mentioned reactions.

Several parameters determine the activity of thelenmetal catalysts such as particle size
[1-3], particle dispersion [4, 5], density of lowardinated surface atoms [6, 7] and influence
of the substrate material [8-17]. Fast transpo#d ttuspherical diffusion for small, isolated
catalyst particles resulting from a fine particlespérsion might also be an important
parameter [5, 18]. One distinct property of nan@nsized particles is their large specific
surface area and the large number of low coordihsites on the surface, which may have a
direct impact on their reactivity. For example, traiation of platinum nanopatrticle size
results for several reactions in considerable charg the particle reactivity, e.g. specific
activity towards the hydrogen evolution/hydrogeridation [4, 5, 18-21], oxidation of
methanol [22, 23] and formic acid [23] and the mthin of oxygen [24, 25]. But it was also
found that nanoparticles can not be described liysthe sum of the behavior of the
adsorption sites they provide determined by therdination of the atoms. This is for
example evident from infrared stretching frequenfrpm nuclear magnetic resonance
studies of linearly adsorbed CO on Pt nanopartioeslifferent size and from density

functional theory calculations [3, 26-29].



Nanoparticles can also change their electronictira when supported on a foreign support
and differ significantly from bulk material behaxidccording to theoretical calculations of
the group of Narskov [9, 30-36], the group of G[bR, 12, 37] and the group of Schmickler
[38-42] the electronic structure of metals influesdheir reactivity when supported on or
alloyed with other metals. Density Functional The@FT) is the approach to calculate
activation energies and adsorption energies ofisp@nd reaction intermediates on surfaces
[43]. For example the electrocatalytic properti€®ad islands on Au(111) are modified due
to strain in the lattice of Pd by about 4.8% rdsglin a shift of the d-band centre of Pd to
higher energies and thus a change in the interagtith reaction intermediates, e.g. with
atomic hydrogen [21]. Similar conclusions were tak®y Roudgar and Gross [11] who

investigated theoretically the adsorption energfdsydrogen and CO.

It was experimentally shown by various groups [13, 44-48] that the physical and
chemical properties of thin Pd overlayers changé waspect to the Pd bulk material. The
reactivity for hydrogen reactions, oxygen reductgord formic acid oxidation is obviously
dependent on the thickness of the Pd layer, thetallggraphic orientation and also on the
chemical identity of the substrate. Most of the eslbed experimental results can be
explained by a lateral strain of thin Pd films ou(A11) electrodes according to the Ngrskov
model [35]. Pandelov and Stimming [16] more regem#ported an increased specific
reactivity of Pd submonolayers on Au(111) whichtigo orders of magnitude higher
compared to bulk Pd. A spill-over mechanism of #usorbed hydrogen during the HER
from the Pd sites to the Au substrate was ablexf@ae the results for submonolayer
coverage [15]. Local reactivity measurements armdbined DFT calculations of single Pd
nanoparticles on Au electrode surfaces were peddrbyy Meier et al. [19, 21] and show

increasing activity with decreasing particle height

For a closer look to the nano world and to getraatlior indirect access up to the atomic
scale many techniques and instruments were inveoted the past years. Since the
invention of the Scanning Tunneling Microscopy (ST Binnig and Rohrer et al. [49, 50]

atomic resolution of an electron conducting sampkes possible. This milestone was
awarded with the Nobel Prize in the year 1986. Latethe STM was transformed from the
original ultra high vacuum technique to normalramde by Haiss et al. [51] and afterwards
based on the developments of bipotentiostateseiirethemical conditions (see [52, 53]).

Further developments in the scanning probe micmsagere established, Atomic Force



Microscopy (AFM), Magnetic Force Microscopy (MFMha Near Field Scanning Optical
Microscopy (SNOM) are some of the commonly usedhrigpies [54-57]. With all these
concepts a direct acquisition and controlled prafi@m in the nanometer scale at single

particles is possible.

All above mentioned work contributes to a betterdenstanding of the parameters
influencing the electrocatalytic properties of tgdts, which is important for a rational
design of catalysts. Various parameters such as itkerparticle distance, particle
morphology, chemical composition and influence la# support influence the behavior of
the catalyst. In an effort to better separate theous parameters; this thesis follows the
approach of depositing nanoislands of differenttiga materials such as Pd and Pt onto
nonreactive model surfaces, for instance Au(111) &u(0001). The electrocatalytic
behavior of Pt and Pd nanoparticles on Au(11l)esystconcerning the Hydrogen Oxidation
Reaction/Hydrogen Evolution Reaction (HOR)/(HER)e tOxygen Reduction Reaction
(ORR) and the Methanol Oxidation Reaction (MOR) eviervestigated in detail. First results
on Pt/Ru(0001) and Cu-upd on Rh(111) will be sho&tectrochemical methods (e.g.
potentiostatic pulse techniques and cyclic voltatnyjeare used in order to study the
influence of the above mentioned parameters on HBR, ORR and MOR. Witlin-situ
electrochemical STM (EC-STM) morphological and stuwal properties of the model
catalysts were investigated in parallel to reatstivmeasurements. New supports for
electrochemical investigations were characterizeth standard techniques and a new
developed method called scanning electrochemicinpal microscopy (SECPM). Also a
local pH sensor for investigations in the nm rangd be presented. This combined
approach will help to obtain a more detailed pietwf structural and morphological

parameters influencing reactivity.

After the introduction in Chapter 1, Chapter 2 aalnices fundamentals of electrochemistry.
Applied electrochemical as well as scanning prolethods and the different supports are
introduced. A detailed review of the investigat&aations is also given. Especially the
electrochemical double layer will be introducedeiplain later also the working principle of
the SECPM technique. Principles of reactions o@ogirat an electrode in an electrochemical
environment with corresponding treatment of matherah formalism regarding the
relationship of potential and current are giversAthe used measurement techniques such

as cyclic voltammetry and pulse methods are prede&C-STM, SECPM and AFM will be



introduced and the applications in electrochemisirg shown. The Chapter will be
completed by reviews of the hydrogen, oxygen anthaml reaction whereas the hydrogen

reaction will play a major role.

Chapter 3 includes information about chemicals,eeéxpental setups and conditions. The
used electrochemical as well as scanning probepewuit is introduced. Experimental
procedures such local reactivity measurements atahpal behavior of palladium hydrogen
electrodes are described. Electrode preparatiomelisas electrochemical metal deposition

will be specified.

Hydrogen reactions on Pd and Pt decorated Au(libfj)escrystal surfaces will be the first
part of the results in Chapter 4, followed by aadet presentation of results regarding the
oxygen and methanol reaction on the same surf&®S8l and electrochemical studies on
different new single crystalline supports such as, Rh and Ir for electrochemical
investigations are shown. The behavior of a loddl gensitive electrode in form of an

insulated hydrogen loaded Pd tip is also preseorgaurposes in the SECPM.

In the discussion in Chapter 5 effects for suppgbrieble metal particles such Pd and Pt
overlayers on Au(111) will be compared to bare aabktal surfaces. Due to the different
characteristics of hydrogen and oxygen/methancttieas observed on the investigated
model surfaces different models and explanation vd given and applied as far as
possible. Especially for the hydrogen reaction titkel comparison of Pt single particle
measurements with large extended Pt decorated Aufdill be given. Details about the

experimental techniques will help to get a closeklinsight the fundamentals of hydrogen
electrocatalysis. The SECPM as promising new teglmiwill be discussed in terms of

monitoring different support materials for modest®ms and preliminary results on a local
potential shift method will be shown. A short sentiabout the investigated new single
crystalline support materials for fundamental inigggions in electrocatalysis and studies

concerning adsorption processes will complete tbeudsion section.

Chapter 6 summarizes the results and the discusSiome conclusions follow and an
outlook will be given. Basic concepts of the wonkdaachieved results are highlighted.
Statements which can be extracted from the findinghis work are used to depict further

research in the field of fundamental aspects o$tsate effects in electrocatalysis.
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2 Fundamentals

2.1 Solid Liquid Interface and Electrochemical Doule Layer

Electrochemical investigations can be defined ls Study of structures and processes at the
interface between an electronic conductor (thetrdde) and an ionic conductor (the
electrolyte)" [58]. The structure of the interfaard the reactions that occur are of great
interest for e.g. electrochemical energy conversiod energy storage. Electrochemical
methods can determine potentials, currents, chaagdfr capacitances to have access to
fundamental processes. In this section, principfeslectrochemistry, the structure of the
solid/liquid interface and electron transfer praasswill be introduced.

When a metal surface is immersed in a liquid therfacial double layer is formed due to
compensation reactions until the equilibrium betwéleese two phases is achieved. This
equilibrium on the solid/liquid interface is assded to a potential difference between the
electrode and the electrolyte. Excess charge om#tal electrode is then compensated by
ionic charge in the electrolyte. In 1853, Helmh@2] described the solid/liquid interface as
a rigid double layer comparable to a parallel ptatpacitor considering the electrode (metal)
surface as one plate and the electrolyte as ther plte holding the counter-charge. This
simple model of two layers of opposite charge wesdrigin of the term "electrochemical
double layer" (EDL). According to Helmholtz, theulde layer has a differential capacitance

Cu which is given by

C, =—2 2.1)

wheree > 1 is the dielectric constant modulating the permittfivf free space, andd is
the distance between the two virtual plates. Typicdues of G lie between 20 to 40
uF/cnf, which correspond to experimental values. The tammscapacitance in the
Helmholtz Model is an early approximation of thdiddiquid interface which does not
completely describe real systems. Here, the expatah results vary with the applied
potential or the concentration of the electrolyte.

Gouy [60] and Chapman [61] independently developeebries including the thermal
motion of ions in the EDL in the beginning of th®2Ds. A diffuse layer within the
electrolyte was proposed which can be approximbted series of laminae parallel to the
electrode. The electrostatic potential varies wdiktance from the electrode and thus

influences the energy of the ions in different laad. The ion species are treated as point
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particles and thus follow a Boltzmann distributiddombining this assumption with the
Poisson equation yields the Poisson-Boltzmann emuathich is valid when the dielectric
constant of the solvent is independent of distart®ion concentration. For a symmetrical

electrolyte the Poisson-Boltzmann equation [62,&8] be simplified to:

ap(x)
tanh(z4k7_|_)

022
zen?) =exp(kx) with K :(::—kz?l')llz (2. 2)
tanh(-—2 oRp
4kBT)

k is the reciprocal of the characteristic diffusailble layer thickness, called Debye-Hiickel.
(z : charge magnitude, e : charge of an electrpn Boltzmann constant, T : Temperatupe,
. potential, x : distance from electrode, n : caoriation). The electrochemical double layer

can be approximated with equation tagh~(& for smallg by:
0 (X) = ¢, €XPEKX) (2.3)

The electrode surface charge density, the chargeitgein the solution phase at the
interfaces, the concentration profile of each ipecses and the differential capacitance C
can be obtained by calculation of from equation (2.2) or (2.3) and thermodynamic
formalism.

While Gouy and Chapman considered the ions as pbarges Stern improved the model by
taking the finite size of the ions into account, ithe ions can not approach the electrode
surface closer than their added ionic radius. dfytare solvated, the radius of the solvation
shell is limiting their distance. This distancectifsest approach for the centers of the ions is
X, which defines the outer Helmholtz plane (OHP), gl is the potential in the OHP. The
ions closest to the electrode forming the OHP drad being held in position by purely
electrostatic forces are termed "nonspecificallgaaded” ions. These are mainly solvated
cations. At distance x >,xhe considerations of the Gouy-Chapman theory, cisihe the
Poisson-Boltzmann equation remain valid. Sternterfacial model can be treated as an
extension for x< X, where no charge between the electrode surfagedxand the OHP (x

@) is present. Thus, according to the Poisson equuditie potential drops linearly froq to

¢@2. The potential profile in the diffuse layer of gnsmetrical electrolyte is similar to
equation (2.3) whereaskf) is replaced with {(x-x,)).The differential capacitance;€an

be obtained from the thermodynamics formalism detailed information see [53]).

Ca esOKcosh%) Cu Co

B
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This model is known as the Gouy-Chapman-Stern (G@&Jel schematically shown in

Figure 2.1.
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Figure 2. 1 Scheme of the composition and the potiga profile of the electrochemical double
layer according to the GCS model, based on [64] (per part) and [62] (lower part).

As it can be clearly seen in equation (2.4) thebtldayer capacitance consists of two
contributions: G and G. Gy is the contribution of the rigid Helmholtz layehigh does not
depend on the potential whereasi€the contribution of the diffuse layer.

Although being a good approximation for the eled@mical double layer the Gouy -
Chapman - Stern theory only describes electrostdterts while disregarding polarization
effects within the electrolyte, i.e. the dependeoicthe dielectric constant on the distance to
the electrode or the dependence gfo@ the potential. Furthermore, the model neglects
ion interactions or strong nonspecific interactiaifsthe ions with the electrode surface.
Usually the capacitance of the double layer carbeateglected during fast electrochemical
experiments when a charging current of electrocbemdouble layer is flowing and
overlapping the current signal. Hence, the curfentthe charging process has to be
recalculated to separate the Faradaic current whidie to electrochemical reactions from

the double layer current [62, 63].
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2.2 Fundamentals of Electrode Reactions

An electrode reaction is a process that involvestthnsfer of electrons from an electrode to
a chemical species, or vice versa. In the followargelectrode is immersed in an electrolyte
that contains the electroactive species | withvits different oxidation states, oxidized Ox
and reduced Red, where n is the number of thefemgd electrons within the reaction. A

simple electrode reaction that converts Ox to Retlvéce versa can be described by
Ox + ne” « Red (2.5)

and consists of three steps: 1) the reagent Ox massth the electrode surface, 2) the
heterogeneous electron transfer process from dutretle to the species Ox takes place and
3) the reaction product Red must leave the eleetsodface. The overall reaction rate will be
limited by the slowest elementary step either caulmemass transport (step 1 and step 3) or
electron transfer (step 2). Electrode reactions ioanlve multiple electron transfers e.g.
metal deposition, corrosion or coupled chemicattieas.

Any combination of two electrodes connected viaamic conductor is called galvanic cell.
Without any current flowing, the voltage built upttveen these two electrodes is called open
circuit voltage (OCV). The Nernst equation desailbee dependence of the open circuit
voltage on the concentration of the electrolyte @amdherefore of great importance in
electrochemistry. Based on the difference of tkeetebchemical potentigl, = zFA@ between

the electrodes and the electrolyte, the Nernstteyuean be expressed as
RT, — _
U, :UOO+—FIn|_1|[ai]V' (2. 6)
n -

or concentration dependent as

RT, ¢,
UO = UOO +E|n c

(2.7)

red

where U, is the standard potential, R the universal gasteon, T the temperature, n the
number of transferred electrons,the standard activity of speciesvj,the stochiometric
value of species i in the reaction equation angdcg the concentration of the
oxidized/reduced species.

Regarding the pH dependency measurements of tlie dbelétrode in this thesis, the Nernst
equation is one of the basic equations to calculsevoltage variation while changing the

pH value of the solution. The Nernst equation dbserequilibrium states with no current

14



flow. Applying an overpotential causes a disturbance of the equilibrium whichltesn a
current flow.
The correlation between the applied electrode piaded and the current density j, which is

based only on thermodynamics, is described by titeeBVolmer equation

Y ankF _a.nF
J(n)—Jo[exr{ = nj eXp( = nﬂ 2. 8)

Where the overpotentia| is defined as) = U — W, i.e. the deviation of the potential from

the equilibrium potentialp, and o, are the transfer coefficients for the anodic ahd t
cathodic reactions, respectively. The Butler-Volreguation is the fundamental equation of
electrode kinetics and can be reduced for threg tases, whereag is the anodic current
and j is the cathodic current:

» high positive overpotential: ] j>> | | |

: . a,nF
logj=logj, + 2 2.9
gl 9lo 23RT n (2.9)
» high negative overpotential:|[j>> | j |
. . a.nF
log—j=logj, = 2. 10
g9~ 9o 2 3RT n ( )

e very low overpotential) << (RT)/(@.nF) andn << (RT)/(@:nF)
.. nF
=o— 2.11
J=lo g (2.11)
Equations (2.9) and (2.10) are known as Tafel égstand are used to determine the
exchange current density and the transfer coefficientg/o.. The linear approximation in

equation (2.11) will be used to determine the ewrgkacurrent density using small

overpotentials near the equilibrium, so caltedropolarisation curves

2.3 Electrochemical Methods

Potential sweep techniques, such as linear swekgnwoetry (LSV) and especially cyclic

voltammetry (CV), have become very popular techeggtor initial electrochemical studies
of new systems and thus, have been applied to @nieareasing range of systems [62, 65].
With both techniques the cell current | is recordsda function of the applied potential U.
Usually the excitation signal is a potential ramgtvieen different potentials;Ui.e. the

potential is linearly varied with time at known sperates v. While LSV sweeps the

15



electrode potential from potential,;Wo U,, CV inverts the direction when reaching the
potential 4 and the potential sweeps back tg Whe potential sweep can be stopped or
again swept to &J The electrochemical data obtained in such exmerimyields information
about processes occurring at applied potentialsty@ical triangular waveform of the
excitation signal in a CV experiment is shown i2,[®3] as well as the response of an
electrochemical system with an electroactive sge€ie in solution that can be reduced to
Red. Since the mathematical description of thesénigues is well developed, kinetic
parameters for slow reactions can be determinednfechanisms of fairly complicated
electrode reactions. From the sweep rate dependémeeinvolvement of coupled
homogeneous reactions can be identified and presessich as adsorption can be
recognized. The analysis of kinetics for fast remct of electrochemical reactions at the
electrodes requires a separation of the kinetiecesf from the inhibited transportation
elements which can not be easily obtained with QW¥ereby potential step and current step
methods were applied to have access to reactiahsfagt kinetics or special requirements
for deposition and adsorption or absorption praggss

a) b) 7 timet=20
u
f S W /
s n=uU-U, E timet —
5 | E
gt
©
(%)
I
t,=0 time distance from surface
c)
k=
g
5
o
t,=0 time

Figure 2. 2 Schematic potential pulse step; (a) pemtial pulse versus time; (b) growth of
diffusion layer; (c) current transient.

Potential step experiments cause current-time igatss which were recorded and
extrapolated to the initial time t = 0 where ideadl no diffusion effects occur. Double layer
charging in the first few micro seconds can alsedresidered during fitting. At this first step

of electrochemical reaction the concentration peofs very steep and the concentration
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profile is not formed (see Figure 2.2 b). Hencessamce transportation is fast and the
reaction rate is determined by the kinetics. F@s technique rapid measurement and data
acquisition methods are necessary. The basic eqgare given in the following:
A potential pulse at an electrode is schematicgtigwn in Figure 2.2 a). At time t = O the
potential jumps from the initial potential; o the final potential Yand a constant
concentration on the surface is forced. Figurec2.2hows the current transient due to the
potential step. The current is a result of threfedint processes: Double layer charging,
kinetic current and diffusion limitation. If chenailc reactions, adsorption or desorption
processes and multistep reactions are neglectegtikiand diffusion processes can be
precisely investigated. With this basic approaahdhfusion equation (Fick’s law) for both
species (see ref [63]):

ac a°c ac

oX — 0X red — azcred
p =D, PV and p =D, PVE (2.12)

in connection with the concentration dependentditlolmer equation

c, nF ] C; nF
P red o, __ox _G
1=1g S exp{ RT n} S exp{ RT n} (2.13)
()¢ red

and special boundary conditions will give the fallog solution for the current density:
o a,nkF | _a.nkF 2
j—JO{eXp{ RT r]} exy{ RT n}} ex;{)\ ﬂ erfE)\\fﬂ (2.14)

whereas

s = o expa, nFn /R']'+ expa, nf /R| @15
n F C?ed\/Dred c:Oox Dox

The solution can be divided into two parts, oneetimdependent part and one time and
overpotential dependent part. The time indepengemt represents the kinetic current
density p because for +> 0 the time and overpotential dependent part resoilbe zero, lim
erfc(AVt) = 1 for t— 0 (erfc = error function). Hence at the time t or@ only derives the
kinetic current j. For long times the time dependent part can beoappated with 1/
A (nt)*2 The diffusion current is therefore proportional/ £2. In contrast to that, the
kinetic current results from an extrapolation fréime current time curve to the time t = 0.

1/2

With a short time approximationh (t)™* << 1 one gets an estimation for

exp(2\?t) erfc(h ()V?) = 1-21 (t /1) which results in the following expression:
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For an evaluation process the current densityatqu versus/f. For times below 1ms the
analysis gets more difficult because the chargirth@ double layer has to be considered.. A
typical current transient for the kinetic investiga for the HOR is presented in Figure 2.4
(). A potentiostatic pulse with a height of an mp@&ential of +130 mV was applied to a
Pt(111) crystal in 1 M HCIQ In order to extract the kinetic current the cotrgansient is
plotted versus the square root of the time as shiovaigure 2.3 (Il) [62, 63]. Extrapolation
from the first milliseconds after the potentialstet = 0 yields the kinetic current density
(in = 0.066Acnf), which is shown in Figure 2.3 (Il). With this rhed it is possible to
evaluate kinetic current densitigsifi the range less than 50mA/rnThe kinetic currents
obtained are referred to the geometric electrodi@ca but were also related to the surface
of deposited Pd and Pt as specific current dessiti¢he case of Pd/Au(111) and Pt/Au(111)
nanostructured surfaces. Figure 2.3 (1ll) showsctreent density vs. one over square root of
time in order to obtain the diffusion limited cumteas intercept of the transient with the y -
axis. Especially for high current densities therection of the IR drop, i.e. the potential drop
caused by the resistance of the electrolyte carbaateglected [63]. The electrochemical
double layer charging as a fast process occurnimongl the first 10Qs of the measurement

can be separated from the transient during evaluati
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Figure 2. 3 Series of the evaluation of potentiodtia pulse method with current density vs. time
(), current density vs. square root of time (lI) and current density vs. one over square root of
time (Ill) for a Pt(111) single crystals in 1M HCIO,. The applied potential was +130mV vs. the
hydrogen equilibrium.

During the current step method a current pulsppdied at the electrode und thus inducing a
potential response (see Figure 2.4). This technigueomparable to the potential step
method whereas the driving force is a potentiab@und a current transient is recorded. A
galvanostat is used to control the applied curamtthe system. Diffusion and charge
transfer controlled systems can be investigatedtamg@rocesses can be separated.

The current is changed fromtb I inducing a change of the electrode potential. in a
idealized case the potential jumps to a value wleeneaction occurs at the electrode
consuming the preset current. The potential inggakthe concentration of the reacting

species decreases or if the surfaces reaction reglolsr potential to occur with the same
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applied current, shown in Figure 2.4 with a solitel A real gradient is shown with the
dotted line where the electrochemical double ldas to be charged and thus the potential
increases not as abrupt as in the idealized cése observation is comparable to the one for
the potential pulse where the double layer charbiag also to be considered in the current
transient. All given formula can also be appliedhat technique by replacing the potential
with the current in the different steps. More dstare given in [62, 63].

current
o
b=
1l
I

potential

L ]
L J

-

= time - time
Figure 2. 4 Schematic current pulse step: (A) curnat vs. time; (B) potential vs. time.

2.4 Scanning Probe Microscopy

2.4.1 STM and EC-STM
The invention of the scanning tunneling microsc@@yM) by Binniget al[49, 50] in 1982

paved the way for a variety of scanning probe teghes and the investigation of surfaces on
a nanometer scale [66-72]. Since Hansma and coemoik2, 53] demonstrated that STM
can operate in electrolyte solutions, much proghessbeen made to explore the potential of
the electrochemical STM (EC-STM). Especially, thevelopment of a four electrode
configuration in the STM in order to carry out cdetp In-Situ experiments under
potentiostatic control [73, 74] has enabled newspectives for studying electrochemical
processes at the solid-liquid interface on a natenw even atomic scale.

The tunneling current that serves as feedback kigndie STM setup is attributed to the
guantum mechanical tunneling effect which occuremtine wave functions of a metallic tip
and the substrate atoms overlap,, the STM maps the local density of states (LDOS).
Thereby, electrons are able to tunnel through aergatl barrier consisting of extremely thin,
insulating layers such as vacuum, air or liquidghwai potential barrier height between 1 eV
and 4 eV [75, 76] The tunneling current is strordgypendent on the thickness of this layer =

distance tip — sample. STM images are recordetewiie tip scans in x-y direction over the

20



sample surface and the tunneling current flows gradular to the surface. Depending on
the operation mode a feedback loop controls theemewt of the tip in order to maintain a
constant tunneling current (constant current maddhe tip scans without feedback control,
keeping the distance between tip and substratdargnsnd measuring the tunneling current
(constant height mode). In general STM images sa@anvolution of electronic properties
and the topography of the sample surface.

Figure 2.6 shows the experimental setup of the trelgleemical scanning tunneling
microscope. Following the typical arrangement inedectrochemical cell with a working
electrode (WE), counter electrode (CE) and refererlectrode (RE) are added to measure
the current and adjust the potential. The potetaicallows a defined control of potential
between WE and RE due to high input impedance walsatee current is supplied via the CE.
Due to the limited space in the EC-STM cell botbctlodes are metallic wires typically
made of Pt, Pt/Ir, Pd or Au. In addition to the p#relectrode, the tip in contact with the
electrolyte acts as a fourth electrode which hae & be potential controlled in order to
precisely apply the bias voltage. A bipotentiogaible to adjust the potentials at the tig U
and the sample Undependently versus a reference electrode. Tierelice U, — Us is
defined as l,s[145, 151]. While the bipotentiostat is adjustihg Electrode potentials and
thus for the electrochemical processes in the S&M the control processing unit (CPU) of
the STM controls the movement of the tip, and detdte measured tunneling current. Due
to the fact that both working electrodes, the samgohd the tip are in contact with the
electrolyte Faradaic currents may occur at botfasas. While small Faradaic currents at the
sample surfaces ldo not disturb the measurement, a Faradaic cuatetite tip can easily
overlap the tunneling current and make the STM omessent impossible. Since tunneling
currents are normally adjusted between 0.2 nA antAlthe Faradaic leakage currents
should not exceed 0.1 nA. In order to reduce thrad@c currents to a few pA the metal tip
is insulated with Apiezon wax to minimize the freaface area. Furthermore, STM tips are
usually made of metals that are electrochemica#liiple over a large potential range such as
gold, palladium and platinum. However, the measuguent at the tipg} is always a sum

of the tunneling current and Faradaic currents.
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Figure 2. 5 Principles of an electrochemical STM fsm [77].

2.4.2 AFM
In 1986 Binnig et al. [78] introduced the atomicd® microscope (AFM). The AFM probe is

a cantilever with a sharp tip normally made ofcsiti or silicon nitride. While scanning the
surface, AFM measures interaction forces betweerighand the sample surface. Since the
nature of these forces can be electrostatic, vat\@als, frictional, capillary or magnetic,
AFM is also suitable for the characterization omn+wmnductive surfaces and biological
samples. The repulsive and attractive interactioods, usually in the range between nN and
KN, cause the deflection of the cantilever whichygically measured using a laser [79].
Thereby, the laser beam is focused on top of tintileaer and reflected into an array of
photodiodes resulting in an electrical signal tisated into the feedback circuit. When the
deflection of the cantilever changes the reflejgot moves on the photodiode and changes
the electrical signal.

AFM imaging modes can be divided into static andadgic modes. Being operated in the
static mode, the AFM tip touches the sample andeserepulsive forces (contact mode). In
the dynamic mode, the cantilever oscillates pramgrthe tip from touching the surface and
the AFM tip senses attractive forces (non-contamtie). This mode avoids that the tip or the
surface of the sample are damaged which resulisdecreased lateral resolution compared
to contact mode. The attractive forces result iramaplitude, frequency or phase shift of the

tip oscillation, which can be used as feedbackrobpairameter to map the surface [80-82].

2.4.3 SECPM
In 2004 Woo et al. [83] reported on a modified EOvBwith a miniaturized potential probe

in order to measure the local potential of solglHd interfaces with subnanometer spatial

resolution. In 2007 this technique, now termed goan electrochemical potential
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microscopy (SECPM), was established in the groupliein J. Bard [84], where STM was
also used to a large extent to investigate suppadis as Au [85], HOPG [86] and Cu [87].

In order to determine the electrode surface paikeimtipolar liquids or electrolytes, SECPM
uses the potential gradient present in the eldotmmecal double layer (EDL) formed at the
solid-liquid interface. The hardware is similaraio EC-STM; the only modification consists
of replacing the current pre-amplifier by a highpub impedance potential difference
amplifier. Since both imaging techniques STM andCBE! are implemented in one head
combined EC-STM/SECPM, studies of the same areanotlectrode are possibliee.,
potential maps of the surface obtained at consgameéential SECPM can be directly
compared to the images of the local density ofestét DOS) obtained in constant current
mode of the electrochemical STM.

Recently, it was shown that SECPM can be utilizednvestigate the metal content and
distribution of tungsten modified diamond-like canb (DLC) films [88]. Furthermore,
SECPM is a promising technique for imaging biolagisamples such as enzymes and
proteins immobilized on electrode surfaces progdirresolution higher than EC-STM [89].
Since no electron transfer between the low condedtiomolecule and the electrode is
necessary in the case of SECPM, potential mappingooseradish peroxidase (HRP)
adsorbed on HOPG, allowed identification of the Begroup within the protein pocket.

In addition, SECPM also offers the possibility tapnthe potential distribution of the
interface in x-z direction using the SECPM tip ateptial probe [83, 84]. However, in order
to interpret these potential curves quantitativélyis necessary to understand how the
presence of a probe influences the original EDlthat electrode owice versa Since the
metallic potential probe in contact with the elebtte also forms an EDL it can interact and
overlap with the EDL at the electrode at closeattises. The measured interfacial potential
results from the overlap of both EDLs. Diffuse dlaulbayer interactions between two
parallel plates [90], heterogeneously charged wloparticles [91], or charged particles
near surfaces [92], have already been consideréteipast as a comprehensive theory for
potential profiling. First attempts at an electatist approach, directly aimed at the SECPM
experiments, using finite element method (FEM) $ation to compute the EDL potential,
measured with the metallic probe, were reportecHaynou et al. [93, 94]. Double layer
effects caused by the geometry of the tip apextl@dree area of the tip are included in this
model. It was found that the shape of the metapex affects the ion distribution in the
nanogap resulting in an electroneutral region bebhne apex and electrode. Consequently,

an overall explanation for the SECPM technique oargesily be given here. Further
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experimental, as well as theoretical approaches k@ be done to clarify the feasibilities

and limitations of this new technique includingatove mentioned aspects.
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Figure 2. 6 Scheme of the EDLs present at the tipnd the electrode surface, based on [83]: A)
When tip and electrode surface are far apart the tw EDLs do not influence each other. B)
When the tip approaches the surface suddenly the HI3 starts overlapping [95].

In addition, SECPM also offers the possibility tapnthe potential distribution of the
interface in x-z direction. According to the GCS dab the theoretical potential of an
electrode/electrolyte interface changes with treagice across the electrochemical double
layer (EDL) [62]. Experimentally the SECPM tip sesvas potential probe measuring the
potential profile of an electrode while moving pemgicular to its surface (Figure 2.6).
Thereby, the detected signal is given by the paterifference between the applied
substrate potential {&nd the tip potential 4J. If tip and electrode are in contact the potential
measured at the tip is equal to the applied workilegtrode potential U. Far away from the
surface, the potential of the EDL is equal to tbéeptial of the bulk electrolyte. The decay
of the EDL is characterized by the Debye length

2.5 Single Crystals and Single Crystalline Supports

Single crystal surfaces play an important roledurface science by providing well defined

systems. Especially in the case of electrochemiasage of single crystals has improved the
understanding of surface processes. These can dmptibn and adsorption processes,
oxidation or reduction of different molecules andface changes such as reconstruction

phenomena. Also fundamental reactions such as ggdrand oxygen reactions as well as
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oxidation of small molecules were intensively seatiduring the last decades on
polycrystalline as well as single crystal electsadalthough the quality of single crystals
[96-100] and experimental conditions rapidly inaea in the 90s, fundamental studies
started long before [101-105]. Because of the lugtalytic activity noble metal surfaces
such as Pt, Pd, Ir and Rh are of special intefidst. main part of this section will be on
single crystals, properties of different metals aheé dependency of crystallographic
orientation on electrocatalytic activity. Also ARy and HOPG will be reviewed as possible
support material. Due to the inertness and lowigtiAu, Ru and HOPG surfaces are often
used as support for depositing foreign species asametals, enzymes, etc... For the use in
electrochemistry there are several ways to prepigle crystals ranging from ultra high
vacuum (UHV) preparation, electrochemical treatmergchanical cutting and polishing or
a combination of these [105-108]. Although in l#erre much work was done on single
crystals, the preparation of single crystals ishallenging task. Therefore only Pt and Au
single crystals with (111) orientation was usethis thesis. Pd was deposited onto Au(111)
and therefore available from submonolayers to maykrs with the crystal orientation of the
support. Ru, Rh and Ir surfaces with different mia¢ions were used as epitaxial grown thin
films on Si wafers.

This idea was based on the alternative route fer fébrication of single crystal metal
surfaces by depositing thin, heteroepitaxial filonsforeign substrates such as MgO [109] or
Al,0O; [110]. Recently the used single crystal metal dilaf iridium, rhodium, platinum and
ruthenium were successfully grown on Si(001) od Bi) substrates using yttria-stabilized
zirconia (YSZ) buffer layers [111]. Ir(001) suréxcprovided the base for the first single
crystal diamond films on Si(100) [112]. Another apgch was followed with Au(111) films
deposited on glass supports commercially availfibl® Schroer GmbH. Annealing of the
films results in (111) single crystal grains withtndom azimuthal orientation. Such high
quality single crystalline surfaces were used faride range of investigations with different
SPM and standard electrochemical methods. Results literature describing the behavior
of single crystals will be used to determine andl@ate the quality of the surfaces and the

purposes for use in electrochemical investigations.

2.5.1 Platinum

Due to a high catalytic activity of Pt towards se¥@eactions such as hydrogen evolution,
hydrogen oxidation, oxygen reduction and methandtiaiion, Pt is used as catalyst in

various applications. Studies on Pt started sewwehdes ago on polycrystalline and single
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crystal surfaces. Annealing as preparation metloodf single crystals is widely found in
literature [106, 113]. It was also found that tle®ling procedure after annealing process is
important for a well-defined structure. By applyirige right annealing and cooling
procedures specific peaks in the hydrogen regiocyatic voltammograms [114-117] and
typical surface structures can be observed via $IM8-120]. Pt polycrystalline electrodes
as well as defined single crystals were electrodtaiy investigated regarding orientation
and electrocatalytic activity during the last deza{lL01-105, 119, 121-129].
Voltammograms of Pt(100) and Pt(110) in 0.1 M5By with their specific characteristics
can be found in [105, 119-122, 125-127]. Due toittygortance of the Pt(111) surface some
details will be given. The characteristic currerdak at 0.43 V versus NHE in the
voltammogram of Pt(111) in 0.1 M,HQ, is caused by a rearrangement in the adsorbed
sulfate ion adlayer [128] and can be seen as andea for the quality of the single crystal.
The ordered (3x7) R19.1° adlayer of these sulfats can be observed via STM which was
first demonstrated by Funtikov et al. [123, 129]daBraunschweig and Daum [130].
Comparing Pt(111) in 0.1 M HCICand in 0.1 M HSQO, shows there are no differences in
cyclic voltammograms below 0.34 V versus NHE intlicg a weak influence of anions in
this region.

Pt surfaces were also studied regarding electrdytatactivity on polycrystalline electrodes
or not well defined single crystals [101-104]. Thedrogen reactions were intensively
investigated on polycrystalline as well as singlgstal surfaces. In early measurements no
dependency on crystallographic orientation for tebmatalytic activity was found which was
mainly attributed to poor quality single crystalsdaunfavorable experimental conditions.
These findings were disproved by Markovic et a§,[97] and Barber et al. [98, 100]. They
found that the reactivity of different Pt(hkl) sacks towards hydrogen reactions is strongly
influenced by surface orientation. It was cleadhown that in alkaline as well as acidic
electrolytes the reactivity increases in the follogvorder (111) < (100) < (110). In acidic
solution the exchange current density of Pt(110jases is 3 times higher compared to
Pt(111). These findings are in line with the adiiva energies obtained from Arrhenius plots
[96] showing the largest value of 18 kJ/mol forlRt) and the smallest value of 9.5 kJ/mol
for the Pt(110) single crystal surface.

Arrhenius plots were also used to evaluate the dgeir evolution in frozen aqueous
electrolytes on different polycrystalline metal attedes [131]. Frese et al. [131, 132]
investigated the HER on polycrystalline Pt eleatrod the liquid and in the frozen

electrolyte in the temperature range between 2938K1«6K. In liquid as well as in frozen
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phase the Volmer-Tafel mechanism occurs with thé&lTeeaction as rate determining
reaction. Extracting an Arrhenius plot from [131ljreear behavior is shown before and after
the melting point of the electrolyte at around 227TKe activation energies are in the range
of 15 kJ/mol for the liquid electrolyte and in tfenge of 27 kJ/mol in the frozen electrolyte,
clearly seen in the change of the slope at theimyeftoint. The value obtained in the liquid
electrolyte for the investigated polycrystallineatode is comparable to the average of the
values obtained on single crystals seen in [96].133

Markovic et al. [134] followed an approach by intigating the hydrogen reactions at
temperatures between 274K and 333K to obtain kimates at different reaction conditions
using a rotating disc electrode setup. In this apgh the exchange current density was
determined using micro polarization curves applyimdy small overpotentials in the range
of +/- 10mV versus the equilibrium potential, a ualof j, of approx. 1mA/ci was
obtained. In addition to micro polarization cunassl the extrapolation in the Tafel plot to
overpotentials equal to zero was done and thetsestd in good agreement. The valueg of |
in literature show a large scatter between less fhmA/cnf and several 100mA/cnThis
was obtained with different techniques such astingadisc electrode and scanning
electrochemical microscopy ranging from single talysurfaces to Pt nanostructures in
different surfaces [4, 5, 18, 103, 134-139]. Exirar a reliable value foryjfrom all these

different references is still a challenge.

2.5.2 Gold

As compared to platinum and palladium, gold is ailsbaffected by air and water and hardly
assailable by acids or alkalis. Au thin films on ceisupport are often used in
electrochemistry instead of single crystals witmparable results [51, 140]. A thin Au film
is evaporated on the mica with a very thin chromiatarlayer to achieve a good adhesion.
Flame annealing is the common procedure to prefbémeAu films and Au single crystals
that lead to large (111) oriented terraces.

Cyclic voltammograms for Au(111), Au(100) and AuQ)lsurfaces in 0.1 M 0O, are
shown in [105]. Especially the investigations ifftic acid with the typical current peaks in
the voltammograms are an indicator for the singyestal quality. Surface reconstruction of
Au(111) and Au(100) is lifted at potentials positief 0.58V versus NHE due to adsorption
of sulfate ions [141]. This leads to the unrecangid (1x1) surface. Gold oxide formation
is beginning at potentials higher than 1.24V veldt#E. Due to the importance of Au(111)

in electrochemistry as support material some ingmarproperties will be summarized. Au
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(111) has several advantages such as easy prepgvatcess and large potential window in
the double layer region. The quality of Au(111)gdncrystals can be easily checked by
cyclic voltammetry in sulfuric acid and evaluatitige peaks attached to the lifting of
reconstruction and forming ordered3&v7) R19.1° sulfate layer [105, 142-144]. Defects as
well as small terraces will inhibit the well prommed peaks at 0.58V and 1.02V versus
NHE for the above mentioned procedures. Detailngastigations on other low index Au
single crystal surfaces can be found in [141, 195}1

The investigations on Au single crystals towardsRHdte quite rare [152-154] and show a
weak dependence on crystallographic orientatioeairty studies. Comparable to Pt precise
investigations can only be done with high qualifysimgle crystals and high standards for
clean experimental conditions. Perez et al. [99egtigated the hydrogen evolution in
different Au(hkl) single crystal electrodes. To &la strong influence of adsorbing ions and
to correlate the structure sensitive reactivity th@ different single crystal electrodes,
perchloric acid was used as electrolyte. Usingtatirgg disc setup with hanging meniscus,
concentration gradients of hydrogen at the interfaere avoided. Similar results to the
above mentioned results on Pt crystal surfaces wlgi@ned. Comparable to Pt the different
Au(hkl) surfaces are also structure sensitive. fiyd@rogen evolution is distinctly different
on the three Au(111), Au(100) and Au(110) surfacegarding the HER [99]. The
electrocatalytic activity is dependent on the @alfsgraphic orientation of Au single crystal
surfaces in the following sequence Au(111) > Au(180Au(110). It was suggested that
HER activity increases with the atomic density be tsurface following the trend of
increasing work function for the electron [155]. Mghthe activity for hydrogen evolution is
also dependent on the crystallographic orientaseen in the case of Pt the measured net

current densities are several orders of magnitoge for Au.

2.5.3 Palladium

Palladium, similar to gold and platinum, is easigformable and drawable to nearly any
kind of profile such as gold and platinum. It ig affected by air and water but dissolves in
oxidizing acids and molten alkalis. A unique prdapef Pd is the high hydrogen absorption
ability which may even change the lattice constahhis behavior complicates the
preparation procedure because any kind of hydrahging annealing would negatively
influence the quality. Due to the hydrogen absorptinto the bulk Pd the hydrogen
adsorption current region is superposed with th#rdgen absorption current in the cyclic

voltammogram. In order to avoid this problem, tRid films which were epitaxially grown
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on supports such as Au(hkl) and Pt(hkl) were usestudy the hydrogen adsorption as well
as the hydrogen evolution and several other reze{ib6, 44, 46-48, 156-163]. As shown in
[105] for Pd(111) the potential window of the doeikdyer region is large and typical current
peaks for hydrogen adsorption and oxide formatienpaonounced. As mentioned before Pd
is often used as thin film on different supportent¢e the most experimental findings are
dealing with Pd overlayers. Unexpected resultgtierhydrogen reactions of thin Pd layers

were obtained towards the electrocatalytic actiwibych will be reported in later sections.

2.5.4 Rhodium

Rhodium is used as catalyst material which is wta#fd by acids but attacked by molten
alkalis. Compared to Pt and Au flame annealingtigpecal procedure to obtain well-ordered
Rh surfaces when cooling in g/Mr-mixture [164, 165]. Also cooling down in CO E=sto
well-ordered Rh surfaces whereas an oxidation @G layer without structural changes is
not possible. Cyclic voltammograms for well-ordeflo(111) in can be found in [105, 166,
167]. Typical peaks in the CV in the hydrogen ag8on region at NHE are overlapped with
anion adsorption in sulfuric acid. Whereas in theald double layer region, the sulfate ion
coverage is constant [168]. Wan and Itaya [169) alsserved a ( 3x 7 )R19.1° structure of
sulfate using STM. Due to the strong interactiofRbfsurfaces with anions the reduction of
perchlorate is was described in detail by Rheel.ef1l@0] and investigated in detail on
Rh(111) in perchloric acid by Clavilier et al. [164Up to now there is almost no
electrochemical investigation of Rh(100) and Rh{jltbereas Rh(111) is often used in
STM and compared with Pt(111) [169, 171].

2.5.5 Iridium

Ir has similar physical and chemical properties nvbempared to Pt. In electrochemistry Ir
single crystals were used for the first time by Moand Furuya [172]. The electrodes were
annealed in a propane-oxygen flame at ca. 200fG tMinutes and cooled down in pure
hydrogen. The results showed that the currentshin ltydrogen adsorption region was
strongly dependent on the crystallographic oriéotaand on the supporting anions in the
electrolyte [173].The low index faces Ir(110) am{iLDO) are reconstructed in UHV. The
(100) facet forms a surface with a (5x1) superstingc[174, 175]. As in the case of Au(110)
and Pt(110) a missing row type in form of a (1Lx@perstructure is observed in the Ir(110)
reconstructed surfaces [176]. The formation of afed /3x V7)R19.1° sulfate adlayer
[169] was also observed as in the case of Pt(11123,[129]. Typical CVs of Ir(111) [177,
178] and Ir (100) [164, 172, 177, 179] are reporteliterature.
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2.5.6 Ruthenium

Ruthenium as a member of so the called platinuougrhas a hexagonal closed packed
(hcp) crystal structure which is in contrast to alher investigated surfaces with face
centered cubic (fcc) crystals structures. Cyclitamamograms of a well prepared Ru(0001)
electrode in perchloric acid are shown in [105]. Ruused as co-catalyst material for
platinum anodes in the low temperature range. 8imgystalline Ru(0001) surfaces are
therefore used in several studies as model sutiace obtain a basic understanding of
catalytic processes [180-185] whereas the preparatias here done in UHV. Clean and
well ordered surfaces were also prepared by El And Kibler [186] using an inductive

heating in an argon stream. Detailed electrochdmtcaies by CO displacement ascribed a
peak in the hydrogen evolution region to OH reductnd hydrogen adsorption [186]. This
peak is dependent on the pH and on the presenspegffically adsorbing anions on the
surface. Cyclic voltammograms of Ru single crystafaces are also given in literature [105,

187-189] with different electrochemical focuses.

2.5.7 Highly Oriented Pyrolytic Graphite (HOPG)
Highly oriented pyrolytic graphite (HOPG) is sp-gbhidized carbon and characterized by

the highest degree of three-dimensional orderifge @lensity, parameters of the crystal
lattice, the (0001) orientation and anisotropy @imgsical properties which are close to those
for natural graphite. HOPG consists of stacked ggacomposed to a lamellar structure.
Interaction of carbon atoms within a single plandased on covalent bonds and therefore
stronger compared to those from adjacent planesingle-atom thick plane is called
graphene. The lattice of graphene consists of tguivalent interpenetrating triangular
carbon sublattices A and B. Within a plane eacbaaatom is surrounded by three nearest
neighbors forming a honeycomb structure. Atomiohesd HOPG with a STM normally
shows a close packed array where each atom isusuled by six nearest neighbors. The
distance between two atoms is 0.246 nm. Howeveteigdeal conditions the true structure
of graphene the hexagonal rings with an atomicade# of 0.1415 nm can be resolved.
HOPG can serve as an ideal atomically flat surfackee used as a substrate or calibration
grid for SPM investigations. The higher the qualitye less the roughness of the surface and
the smaller the number of steps and defect sitegs £an be separated by sevgral As an
electrochemically inert support with high overpdials for hydrogen and oxygen evolution

it is often used as carbon support for model systemties [20, 190-192].
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2.6 Deposition Techniques

Electrochemical as well as local methods for namosiring enable modifications of the
substrate on a defined position by direct impacidéipotential and Overpotential deposition
as well as metal nucleation and growth are stanaeetthods to decorate surfaces. The local
approach of formation of nanostructures which issea by macroscopic techniques is called
top-down technology. With this technique it is pbks to create defects or to deposit
clusters on the surface. The structures are dyréaliricated in contrast to using a mask for

indirect deposition

2.6.1 Underpotential and Overpotential DepositibMetals

For the deposition of a foreign metal Me on a metdistrate S a potential shift towards
positive potentials can occur compared to the eegedeposition potential from the Nernst
equation. This phenomena is called underpotengipbsition (UPD) and is usually limited to
one ML [193]. The bulk metal deposition appearsobethe equilibrium potential and is
called overpotential deposition (OPD). In typicgtlic voltammograms the UPD is shown
by additional adsorption and desorption peaks. &lpesks strongly depend on the quality of
the substrate and the crystallographic orientatizifferent UPD systems at single crystals
are given in the literature [193, 194]. Polycryital substrates often show not so well
pronounced UPD peaks, which is probably causediffigrent crystallographic areas and

more surface imperfections (e.g. steps, kinks, meies) in comparison to single crystals.

2.6.2 Metal Nucleation and Growth

The deposition of a foreign metal Mgon a metal substrate S is determined by two factor
a) the binding energy between MéVie,gs and MegysS and b) the crystallographic misfit
between the foreign metal Mgand the substrate S. This misfit is defined by é&ustli et
al.[193] as:

mf = do,Me - do,s
do,s

dove and @ s are the interatomic distances of the depositedinde,;s and the substrate S.
Depending on these parameters, there are threbz@tbgrowth mechanisms (see Figure
2.7):
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Figure 2. 7 Different growth mechanisms from [193];(a) Volmer-Weber mechanism with 3D
island growth; (b) Frank-van der Merwe mechanism wih one monolayer in the UPD regime
and layer by layer growth in the OPD regime; (c¢) Stnski-Krastanov mechanism with one
monolayer in the UPD regime and 3D island growth omop of the first deposited monolayer.

a) If the binding energy/,,. _v. between Mgiand Me is higher than the binding

energy /. s between Mgsand S there is no effect by the crystallographic

misfit. This growth mode is called Volmer-Weber thagism. This mode is
distinguished by the creation of 3D-bulk islands.
b) If the binding energy// . _y. between Mgisand Me is lower than the binding

energyy,. s between Mgsand S and the misfit is negligible, the deposition

process is called Frank-van der Merwe mechanisntal of the strong
interaction between Mg — S interaction there is a layer by layer growtthie
first and is followed by a continues growth like @mative Me substrate.
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c) If the binding energy//,. _v. between Mg and Me is lower than the binding

energy ¢y, s between Mgs and S and there is significant misfit, the

deposition process is called Stranski-Krastanovhaeism. In this model the
first layer of the adsorbed metal has a differdrais compared to the bulk Me
material. After the first 2D layer growth therea8-D crystallites growth on top

of the deposited layer.

2.6.3 Single Particle Deposition
Different techniques for nanolithography such as3$iM and the EC-STM are discussed in

the following. In electrochemical environment thare a lot of different options to use the
STM tip to create a cluster or induce a defect. fitgt attempt uses the tip and forces a
contact with the substrate, see Figure 2.8 (a).rélhye defect for metal deposition are
created. A more gentle approach is shown in Fi@uBe(b) which is quite sensitive to the
substrate. The tip removes only a tarnishing fitonf the substrate and allows local metal
deposition. Studies at the system Cu on Au withisodlodecylsulphate films are shown in
[195]. The double layer cross talk in Figure 2.8Has to be included if the electrochemical
double layer of the tip and the substrate integfere loss of the potential control of the
substrate underneath the tip can be caused. Diffgreups investigated the CufC(i196]
and the Ag/Ag [197] system where dissolution of bulk metal wadticed by a very close
approach of the tip. Schuster [198] and Kirchneale{f199] used a different way to create
structures, the so called electrochemical machiniffgey applied an ultra short pulse
between tip and substrate in nanosecond regimeetfdring processes. Due to the time
dependence of the double layer charging on theruppkwer part of the tip one can use
this technique to set the pulse in such a waydhbtthe tip apex interacts with the substrate
potential Figure 2.8 (d). So it is possible to dige metal by oxidation in a small area. An
easy way creating tip induced nanostructures idthet like method in Figure 2.8 (e). The
metal on the tip is deposited directly under thpe[H00, 201]. Schindler and co-workers
[202] explain the effect with a high metal ion centration after the deposition process
which shifts the Nernst potential for the surfaceler the tip. Figure 2.8 (f) shows the
scanning electrochemical microscopy (SECM). Nexhtpreviously mentioned techniques
the SECM can be used for the detection of elecamital processes on a micrometer scale.
Especially in the field of electrocatalysis the 3EQs a powerful tool for direct

investigations of particles. More details will beuhd in [203, 204]. Most previous works
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reported in literature deal with the depositiorchifsters on substrates induced by the jump-
to-contact method Figure 2.8 (g). The tip gets ontact with the substrate without
destroying it. This performs a formation of a mdiatige, so called connective neck, which
breaks if the tip is retracted. Different groups tisis technique to create single particles as
well as large arrays from different metals on vasisubstrates [76, 205-208].

In this work massive metal tips will be used withtmading the tip with another metal from
a solution. The tips will consist of platinum, allum and gold for deposition of single

nanoparticles, whereas the jump to contact methoded.
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(a) mechanical impact (b) removal of a (c) double-layer cross-talk  (d) pulsed double-layer
tarnishing film charging
/ \ |
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PP T ISS ox, jm
(e) burst-like dissolution (f) SECM with a nanode (g) jump-to-contact
from the tip

Figure 2. 8 Different methods for nanostructering vith an STM tip from [70].

2.7 Hydrogen Evolution / Hydrogen Oxidation Reactio
(HER)/(HOR)

The hydrogen evolution reaction (HER) is intengivielvestigated by experimental as well
as theoretical research groups due its simplextiogagathway consisting of three
fundamental reactions:

« Discharge reaction of a proton to form an adsorbgdrogen atom, known as

Volmer reaction [209]:
Pt+H"+e - H-Pt (2.17)

» Combination of two adsorbed hydrogen atoms to forokecular hydrogen, known
as Tafel reaction [210]:

2(H - Pt) -~ H, +2Pt (2. 18)
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» Combination of an adsorbed hydrogen atom with @pr@and an electron to form
molecular hydrogen, known as Heyrovsky reactiori]21

H-Pt+H"+e - H,+Pt (2.19)

resulting in the overall reaction:
2H" + 22" - H, (2. 20)

This reaction can occur in two different reactiathpvays, the Tafel-Volmer [209, 210] and
the Heyrovsky-Volmer [209, 211] pathway. Moleculaydrogen is formed by the
recombination of two adsorbed hydrogen atoms in Tradel-Volmer reaction. The
Heyrovsky-Volmer reaction describes the formatioh neolecular hydrogen from one
adsorbed hydrogen atom and one proton from thdrelge which is discharged at the
adsorbed hydrogen atom on the surface. ThereferadBorption of atomic hydrogen is the
important issue. These elementary steps are alsgeqaential for the hydrogen oxidation
reaction (HOR).
The electrocatalytic activity can be described by €xchange current density yhich is
dependent on the electrode material and the caatemt of educts and products. A classical
representation is the plot of log)(jversusthe adsorption energyG,q4 of the hydrogen to the
metal resulting in the so called Volcano plot [21Rpth branches of the plot end in a vertex
where AG,q = 0 [213]. Results from experimental and theoretgaups substantiate the
relationship of logg) andAG,qin the Volcano plot [8, 14, 16] (Figure 2.9) . Tgaly, noble
metal catalysts such as Pd, Pt, etc. or alloyhedd metals are located near the top of the
volcano. They exhibit a neither too strong nor veeak interaction of the respective metal
with hydrogen AG,4 = 0). One theoretical study was done in the grouplafskov [8, 10]
using density functional theory (DFT) calculatiaemonstrated a volcano type behavior of
hydrogen chemisorption energies in respect to ®kohange current density for hydrogen
evolution.
Hydrogen reactions were also experimentally ingaséid on polycrystalline Pt as well as
single crystal surfaces in a wide range. Markoviale[96, 97] and Barber et al. [98, 100]
found that the reactivity of different Pt(hkl) sacks towards hydrogen reactions is strongly
influenced by surface orientation. Another appro&ldecorating supports with foreign
metals, which leads to surprising findings and @éeepnderstanding of catalytic
understanding. This occurs if catalytic active matesuch as Pt and Pd are deposited onto
foreign metal supports. The reactivity towards liydrogen reactions is different compared
to the bulk material due to lattice strain of tieoPPd overlayer. Adsorption and desorption

processes of hydrogen were investigated on diftetecorated single crystal surfaces in the

35



group of Kolb [13, 44, 46]. Various indicators wéoeind which underline the importance of
overlayer thickness and selection of support. Gwerl thickness as well as the supporting
metal influence the adsorption and desorption behand thus electrocatalytic activity. The
experimental finding was supported by theoreticatknfrom the group of Narskov [30, 33,
34], the group of GroR [11, 12, 37] and the grodigSohmickler [38-42]. Experimental
results from Hernandez and Baltruschat [6, 7] iagiche importance of step sites for the
electrocatalytic reactivity of Pd-layers on viciyabktepped gold electrode surfaces. The
hydrogen adsorption and HER were studied on Aulsimgystals with different step
densities modified with Pd. Markovic and Ross [138]died the system Pd on Pt(111).
Here, also an improvement of the catalytic actitityards the HER and HOR compared to
pure Pt(111) was found. A variation of the thicksiess not done, but the positive effect of
Pd as overlayer influenced by the support was éégoonstrated in this case. Meier et al.
[19, 21] investigated the local reactivity at smd?d particles on Au(111) surfaces. It was
shown that with decreasing height of single Pd panocles on Au(11l) the
electrochemical activity towards hydrogen evolutimaction (HER) is increased by
more than two orders of magnitude. This resultamparable to the increased catalytic
activity for HER on Pd nanostructured Au(111) ie thork of Kibler [17] and Pandelov and
Stimming [16]. Also Hernandez and Baltruschat [preported enhanced activity of Pd step
decorated Au(332) surfaces. An enhanced mass ternsp ultra microelectrodes [18, 214]
and highly dispersed particles in carbon suppdrt&] caused also higher activity compared
to standard systems. The experimental results fatlingroups mentioned above were
ascribed to several effects regarding electronid geometric factors such as a strain
effect in the lattice [33, 35], high activity ofwocoordinated atoms [6, 7, 215], a direct
involvement of the gold surface [15] and enhanceassntransport [4, 5, 18, 214].
However, a complete understanding that describegvirall effect is not found until now.
For a good comparison of all mentioned resultsractliaccess to reliable values gffgr
hydrogen related reactions seems to be a gredeobal[17]. Although there are a number
of experimental techniques and theoretical appresctialues ofgjdiffer considerably in
literature [4, 5, 18, 101]. Nevertheless, due ® ligh catalytic activity Pt surfaces are of
special interest as catalysts whereas Au as ah nmaterial regarding hydrogen catalysis
compared to Pt is a suitable support. However,maptete understanding that describes the
overall effect is not found until now.

A suitable value to compare the activity of thefatiént systems is the exchange current

densityjo which describes the electrocatalytic activity of gurface and is dependent on the
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surface structure as well as the concentratiordatts and products. Conway and Bockris
[216] reported a correlation of the exchange curdensity j to the electronic work function

¢ which defines the binding energy between electr@a the Fermi level and the material.
For HER it was also shown that the logarithm gincreases as the d character of the
material increases. The latter was explained byfdle that as the d character increases,
more electrons have paired spins and hence thayireeqnore energy to extract them
resulting in a decrease &H of adsorbed hydrogen atoms.

Parsons [213] studied the relationship between angd current density and the ability of
the electrode to adsorb atomic hydrogen in termshefstandard free energyGy. His
theoretical studies showed that Igggaches a maximum wheiG, ~ 0. Metals such as Pt,

Pd, Rh, and Ir that adsorb moderately hydrogen hagrevalues ofg
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Figure 2. 9 Volcano plot for the HER for various pue metals and metal overlayers from [8].

Trasatti [212] obtained two fairly parallel linesrfthe exchange current densitybeing
plotted versus the work function. As mentioned fesly the rate and mechanism of HER
and HOR depends on the bond strength between mredahydrogen atom (M-H). A pass
through a maximum is suggested and a similar volcsimape curve was reported by
Krishtalik and Delahay [217]. Pt is close to thp tf the volcano curve where the Pt-H bond
is neither too strong nor too weak. A similar stwdys done by Ngrskov et al. [8, 10], see
Figure 2.10. Density functional theory (DFT) caltidns demonstrated a volcano type
behavior of hydrogen chemisorption energies wigpeet to the exchange current density
for hydrogen evolution. Pt was found again to lxetier catalyst than other metals for HER

primarily because hydrogen evolution reaction onsPthermo-neutral at the equilibrium
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potential. The findings of this work can be usedgtedict the behavior of other bimetallic
systems for HER as well as HOR. The analysis wpsrted as a new method to obtain H
adsorption free energies and understand trends dffierent systems that are of

electrochemical interest.

2.8 Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction (ORR) is one of thesthcentral reactions due to its
importance in e.g. fuel cell applications and metial battery systems. A direct reaction

pathway occurs via a four electron process:

O, + 4H + 46 — 2H,0 Up=1.23V (2.21)

An indirect pathway occurs via hydrogen peroxidenno two-electron processes:
O, + 2H 26 — H,0, Uoo=0.682V (2. 22)
H,O, + 2H" + 26 — 2H,0 U =177V  (2.23)

In the latter case hydrogen peroxide is formedheesymediate, which partly diffuses in the
electrolyte phase. During the last decades sewdiffdrent models were developed to
describe the interplay between the two parallettrea pathways (detailed review [218]). A
simplified reaction scheme for the oxygen reducteection is shown in [219], based on the
reaction schemes by Wroblowa et al. [220] and Bsgotet al. [221]. The scheme
distinguishes between the preadsorbed oxygen Wethgced through a direct four electron
reduction resulting in the formation of water oraiigh a series pathway forming®} as an
intermediate which is further reduced to water.atidition hydrogen peroxide can either
chemically decompose to water and @ desorbs into the solution. The different reacti
pathways are interpreted as the consequence a@freatiff adsorption states. The assumed
adsorption possibilities for oxygen are shown imadén [218] whereas possible reaction
pathways are shown in [218, 222]. One-sided adsdorbg/gen prefers the pathway via
H,0,. Adsorption on both sides stretches the O-O-bipdind thus decomposes of the O
molecule. Next to these models the reaction pathalap depends on the pH of the
electrolyte, the presence or absence of adsorlmiiogsand on the catalyst material. A series
reaction pathway is observed on graphite, mostoranmaterials as well as gold and
mercury. Parallel existence of both the direct #Hradseries pathway is found on platinum,
platinum alloys, palladium, Pt-like metals, andveil Heterogeneous decomposition of
peroxide is obtained with platinum, silver, spinedsd perovskites. Generally in alkaline

electrolyte the series pathway is enhanced comptrettie direct pathway. It is worth
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mentioning that in an acidic surrounding, carbortemals do not show satisfactory catalytic
activity for either of the pathways [222, 223].

The oxygen reduction was well investigated on singlystal surfaces of various metals
[133, 224, 225]. Investigations of the electrogatal activity of nanostructured and
bimetallic surfaces are also reported in an ext@nd@nner [47, 48, 226-232], but a
comprehensive understanding is still missing. Tloeee ORR electrocatalysts with defined
parameters are necessary to comprehend the ofiidineocatalytic properties. It is well
described in [133, 224-226] that crystallographiemtation, morphology, and chemical
composition are correlated to the catalytic activibrgur et al. [226] reported an increased
oxygen reduction activity from (111) < (100) < ()1drientation of Pt single crystals in
aqueous sulfuric acid. Compared to pure platinugstats a new possible approach for
effective catalysts is to implement 3d metals itite bulk or on the surface. Bimetallic
systems such as Pt-Fe alloys were reported fdiirdtdime from Toda et al. [230], here the
ORR activity is influenced by a so called Pt skifeet. The activity for ORR was found
under certain circumstances to be twenty-five tirh@ger compared to pure Pt. It was
shown that the surface of such alloys consistsuoé Pt (Pt skin layer) and the reactivity
decreases with increasing thickness of the skiarlayhis effect is explained by a modified
electronic structure of the skin layer comparefdutk Pt.

Stamenkovic et al. [233-235] suggested bimetajisteans such as {Rii, P;Ti, PiFe, PiCo
etc.. Due to a change in the electronic propedfeBt, the metal oxygen binding energy to
bimetallic surfaces can be advantageously modifildese results were explained by
different states of adsorbed oxygen resulting fifedént activation energies. Paulus et al.
[227] reported experimental results which show rasrdase of the catalytic activity per Pt
atom for different Pt alloys. Investigations by Butit et al. [236] showed an enhanced ORR
electrocatalytic activity with Pd modified Au and $ingle crystals. Naohara et al. [47, 48]
found a similar behavior for the ORR for thin Pdedayers on Au single crystals. Pd
monolayer and alloy catalysts were also investiydtg Shao et al. [228, 237]. He found
higher catalytic activity for alloys and Pd monaagupported on Ru, Rh, Pt and Au. The
origin of this effect is described by a d-band cerghift of the deposited overlayer [237,
238]. Greeley et al. [239] combined in a recentdgtuheoretical predictions of the
experimental results by investigating Pt alloyethwiransition metals such as Sc and Y. A
positive effect on the ORR activity, showed by pwsi half wave potential shift of up to
60mV, was found for polycrystalline $c and RlY electrodes which were also calculated to

be a stable binary alloy.
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Besides the field of platinum-based alloys, sevetatinum free materials are known to
show (partly considerable) activity towards oxygeduction. These catalysts were mainly
investigated in the context of methanol crossovediss guided by the desire to find an
ORR catalyst which exhibits a high tolerance towasanultaneously present methanol or
other organic impurities on the cathode side. Owample is rhodium, investigated as part of
a transition-metal sulfide [240], as rhodium-rhadioxide catalyst [241] or rhodium sulfide
catalyst [242]. The latter two catalysts were stddor their application as oxygen reduction
catalysts in industrial HCI electrolyzers where by&rogen-evolving cathode is substituted
by an oxygen-consuming cathode. Other examplesnatal-containing porphyrin and
annulene systems [243-248]. It is, however, noly arflallenging to overcome the high
activation losses of the ORR. Additionally the ORRhighly sensitive to the presence of
every kind of impurity, even of traces of impurgtiérganic, anionic and cationic impurities
or additives). A full discussion of the poisonirgyhardly possible. An overview/review is
given*“ Poisons for the O2 Reduction Reacti@amd the references cited therein [249].
Recent work on batteries, especially metal airesystalso pointed out the importance of the
oxygen side. Recent publications underline the mamze of noble metal electrodes made of

gold or platinum or alloyed particles from gold guidtinum [250, 251].

2.9 Methanol Oxidation Reaction (MOR)

The electrooxidation of methanol on platinum suwefacin acidic media has been
experimentally and theoretically studied in grestiad in the last decades [133, 252-266] and
can be written in the overall reaction as:

CH30H + H,O — CO, + 6H" + 6€ (2. 24)

The adsorbed methanol is stepwise dehydrogenadatling in the formation of adsorbed

CO,4s Besides adsorbed CO also the existence of themediate COKlsis assumed.

CH3;OH — CH30OHygs (2. 25)
CHsOHags— COus+ 4H' + 4€ (2. 26)
The adsorbed CO is oxidized via gdkiwhich is formed by the dissociative adsorption of
water.
H,O — OHg+H +¢€ (2. 27)
COy+ OHy— CO, +H + € (2.28)

In parallel to these main reaction pathways sidetrens like the build up of formic acid

[258, 267] are also possible. But until now theredatary steps are still under investigation
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although a lot of studies for methanol oxidationwell defined Pt and Pt alloy surfaces
discussing the overall pathways and reaction meshenwere performed [133, 257, 260,
268-274]. The oxidation of methanol is followinglaal reaction pathway via an indirect or
a direct reaction to form GOThe indirect pathway is determined by the foromtbf
adsorbed CO which is then oxidized to £Oepending on the potential the adsorbed CO
can block the water activation at low applied pttds. Higher potentials lead to an
oxidation of CO to C@ The direct pathway proceeds via the formatiotioofhaldehyde
and formic acid which are soluble in the electr@lgihd can be oxidized to form gOBoth
intermediates can subsequently be oxidized to. O3 already mentioned above, the
electrocatalysis of methanol has challenging tasksolve. CO is a strong adsorbate and a
stable intermediate during the methanol decompusitEspecially the strong poisoning of
the common used platinum containing electrodesiéh dells leads to an decreasing activity
[275]. The anode overpotential in a direct methdnel cell (DMFC) with state of the art
technology is higher compared to the overpoteirtia hydrogen fuel cell (PEM-FC). This
results in reduced overall cell efficiency althouglk thermodynamic standard potentials of
the hydrogen oxidation and the methanol oxidatiom similar. However, the methanol
oxidation is by several orders of magnitude slog@npared to the hydrogen oxidation.
Solving these tasks implies modifying the catatystwhich the methanol oxidation occurs.
Although platinum is the catalyst with the highesactivity towards MOR the overpotential
for adequate activity is until now very high forpdipations with high power output. For the
well known Pt-Ru alloy [276, 277] and its derivaf@g8-280] a lower overpotential and an
increased reactivity was found, explained by ligé2®ll] or bifunctional [282, 283] effects.
However, there are a lot of improvements to do. d¢tévity is not as high as demanded and
the compositions which are under current investigaare consisting of expensive and rare

metals.
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3 Materials and Methods

3.1 Chemicals

Chemicals Formula
Perchloric Acid HCIQ
Sulfuric Acid HSO,
Sulfuric Acid HSO,
Hydrochloric Acid HCI
Hydrogenperoxide b0,

Sodium Perchlorate Monohyd. NaGIO
Potassium tetrachloroplatinate ,/¢Cl,

Potassium hexachloroplatinate,F{Clk

Palladium(ll) nitrate Pd(NE),
Palladium sulfate PdSO
Copper(ll) sulfate hydrate CuQ0
Copper(ll) perchlorate CuClOo
Acetone GHsO
Isopropanol ¢HsOH
Sodium thiocyanate NaSCN
Potassium hydroxide KOH
Argon Ar
Hydrogen H
Oxygen Q
Carbonmonoxid CO
Milli-Q water H,O

Provider
Merck

Merck

Merck

Merck

Merck

Merck
Aldrich
AlfaAesar
MaTeck
AlfaAesar
AlfaAesar
AlfaAesar
Sigma Aldrich
Sigma Aldrich

BDH Prolabo
BDH Prolabo

Linde

Linde

Linde

Linde

18MQcm, 3ppm TOC

Purity
suprapur
suprapur
p.a.

p.a.
p.a.

p.a.
99.995%

99.9%
p.a.
99.95%
99.999%
99.999%

p.a.
p.a.
p.a.

p.a.
4.8

5.0
5.0
3.7

Nobel metal wires such as gold (Au) with a diameted.25 mm and a diameter of 0.5 mm,

palladium (Pd, diameter 0.25 mm), platinum (Ptptiter 0.25 mm) and platinum/iridium
(PtIr with a ratio Pt:Ir of 80:20, diameter 0.25mnwere purchased from Carl Schafer
GmbH Co.KG (Germany). The Au, Pd and Pt wires hadrity of 99.9%. The metal wires

were cleaned in Caro’s acid and were flame annemledl Bunsen burner before each

experiment.
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3.2 Electrochemical Setup

3.2.1 Electrochemical Glass Cell

All electrochemical measurements were preformeglass cells in a standard three electrode
arrangement consisting of the working electrode JVAEwhich the electrochemical process
of interest occurs, the reference electrode (RB)the counter electrode (CE). The glass cell
consists of two compartments where the refereneetrede is separated from the working
electrode and the counter electrode. In order tomike the potential drop in the electrolyte,
the reference electrode is placed very close towibeking electrode through a Luggin
capillary. The upper part of the cell and the atdgte can be purged with inert gas through
two gas inlets made of glass tubes in order to wentbe oxygen from the electrolyte. The
outgoing gases passes through a small glass rasgited with water (the bubble counter),
in order to prevent the diffusion of air back irttee cell. Commercial mercury/mercury
sulfate electrodes (Hg|H8O,, in 0.1M HSO, B 3610, Schott, Germany) were used as
reference electrodes (RE) in all experiments witoastant potential of 660 mV vs. NHE.
For all experiments the counter electrode (CE) isted of a gold mash or sheet which was

connected to a gold wire and melted in a glasdgrn

3.2.2 Potentiostats

Cyclic voltammetry experiments and galvanostatis@ueasurements were performed with
a software controlled potentiostat/galvanostateeitHEKA PG 310 (HEKA Elektronik Dr.
Schulze GmbH) with the data acquisition softwar&PBtse v. 8.77 or an Autolab PGSTAT
30 (Metrohm Autolab B. V., Netherlands) with thetalacquisition software GPES. A
potentiostat maintains the applied potential to weking electrode in an electrochemical
cell with respect to the reference electrode. Chang the electrochemical conditions cause
a current flow between the working electrode areddbunter electrode in order to keep the
potential constant. Vice versa a galvanostat kéepsurrent between working electrode and

counter electrode constant by adjusting the nepepsdential of the working electrode.
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3.3 Electrochemical and SPM Techniques

3.3.1 Setup EC-SPMs, (STM, AFM, SECPM)

In this thesis two different electrochemical scagnprobe microscopes (SPM) were used.
One EC-STM was a homebuilt setup consisting of addeope IlIA controller (Veeco
Instruments Inc., USA) and a PicoSPM STM base @ilTechnologies former Molecular
Imaging) together with an EC-Tec bipotentiostat/gabstat BP600 and an EC-Tec bi-
scangenerator SG600. The STM data were recordédtimétcomputer software Nanoscope
v 4.43r6 whereas electrochemical data were recondgda labview program BP600 or a
digital phosphor oscilloscope Tektronix TDS5034BKironix, USA). In this setup the tip is
attached to the scanner (so called tip-scannersaas the fixed sample [284] The sample
is mounted on a ferromagnetic sample holder wheclmagnetically connected via three
micrometer screws with the STM base below the smanthe EC cell consists of a Teflon
ring with a diameter of 5 mm and an electrolyteunoé of 10@u and is pressed on the
sample. Two screws serve for a first manual appradche STM tip to the sample surface.
The third screw is computer controlled by a steppetor and is therefore responsible for
the fine adjustment and the final approach of iheAfter each step the measured tunneling
current is compared to the setpoint value. As lasighe measured current is lower than the
chosen setpoint value the z-piezo continues extgnaitil the tunneling conditions selected
in the software are established. The scanner h@sxanum scan range ofifh X Sum in xy-
direction and @m in z-direction. The used current/voltage convelni@s a sensitivity of 10
nNA/V.

The other SPM was a commercial combined in situUMEGA/EC-STM/SECPM instrument
consisting of an electrochemical Veeco Multimodestesgn with the Veeco universal
bipotentiostat, optional a combined STM/SECPM headn AFM head, a Nanoscope 11l D
Controller and Nanoscope 5.31r2 or 6.12 softwarechviprovides SPM and EC data
acquisition. In this setup the tip is fixed in gasi. It is placed above the sample which sits
on top of the scanner, i.e. the sample scans irdigztion, so called sample-scanner. The
working electrode is positioned between a ferromséigrplate and a Teflon cell (diameter 5
mm, electrolyte volume 1Q0). Throughout the experiments a scanner type B witange

of (10um x 1Qum x 2.5um) in xyz-direction was utilized.

The SECPM head amplifies the measured potentiderdiice between the potential

controlled substrate electrode and a tip which isp@n-circuit with four gain values (1, 10,
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50, 100) and a leakage current of only a few fASIAM mode the tunneling current is
converted by 10nA/V.

3.3.2 Tip Preparation

STM tips from various metals were produced to eéatal nanostructures. Tips from gold,

palladium and platinum wires were etched with dédfé etching solutions and different

etching parameters. All wires have a diameter &5®m. The setup used for the

electrochemical etching process is shown in Figue The wires are passed through a
platinum ring (10mm in diameter and 0.5mm thickvie) and adjusted in the centre of the
ring to achieve a symmetrical apex form. Gold aalliagium tips were etched with +1.65V

dc voltage between the wire and the etching eldetio a hydrogen chloride lamella.

N

¢ '“etchj.ng electrode

gold/palladium/platinum wire

_4

cleaing electrode |

Figure 3. 1: Electrochemical etching set up from [&5].

Freshly etched tips were immediately stored in Mdti-Q water to remove the rests of

oxides from the tip. After the process the etchiiige was cleaned by switching the voltage
to -5V between etching electrode and cleaning mddet and put in hydrogen chloride
solution to remove the oxides. Typical times fag #iching process were 2min for the gold
wire and 5min for the palladium wire to achieve gaesults. For the etching procedure of
platinum an ac voltage with a dc offset has to $edu Simply dc voltages would not be able
to do electrochemical etching with platinum. Theref 6.5\, ac voltage with a 1.6V dc

offset is applied between the platinum wire anddtahing ring and uses 5M KOH + 3.5M
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NaSCN electrolyte. Electrochemical polishing of Btetips was used to smooth the surfaces
and sharpen the tips. The best parameters fouredwere cycling between -4V and +4V vs.
NHE in 1M HSO, + 1M HNG; + 1M HPO, with a sweep rate of 1V/s for ten times.

soldering iron

4 4 T=190°C
<
j P: Apiezon - wax
L
Ll o
tunneling-tip

Figure 3. 2: Schematic draw of EC-STM tip insulatimm with hot Apiezon wax from [285]; the
arrows indicate the direction of the movement of th tip.

EC-STM tips require a chemical resistant insulatmminimize the Faradaic currents at the
tip. These currents, caused by electrochemicatioze; would overlap the tunneling current
if the tip would not be insulated. A lot of differe insulation techniques such as
electrophoretical paint, Apiezon wax, nail poliglkass coating, etc., were used. In this work
the tips were insulated with Apiezon wax. Usingoédering iron at about 200°C the wax
was melted and the tip was passed through the &wtby using micrometer screws. After
the whole tip was dipped into the wax a small faeea at the apex broke open (see Figure
3.2).
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Spitze 4_A 5; x 100000 ————300 nm ——— Spitze4 A5; x100000

Pt, Tip Rg_1, 500Hz, 12Vppac+1 0 F———300 nm —— Tip 7_4 with EP; x100000

Figure 3. 3: scale bar = 300nm; a) Au tip, b) Pd pi, c) Pt tip after etching, d) Pt tip after
electrochemical polishing.

In Figure 3.3 different STM/SECPM tips are showmld>as well as Palladium tips have a
high reproducibility and easy etching procedureldGips with diameters smaller than 40nm
and Palladium tips with diameter of smaller tha®rif@ were prepared. An easy etching
procedure with simple dc voltage and hydrogenctorsolution allows a reproducible
method to create high quality nanoelectrodes. Ests with an optical microscope to check
the apex form if it is sharp and conical allow atfaetermination for further use or
elimination. Long and thin tips as well as mechahitamaged tips were eliminated after the
optical check. Random samplings were imaged irStE®! to obtain a higher resolution and
to control the etching parameters. If too many spew a bad performance, the set up was

upgraded (cleaning, change of etching wire, dianadtetching wire, etc.).

3.3.3Reference Electrodes for EC-SPM

Due to the limited space available in the SPM setwipe electrodes are required. For all EC
SPM measurements gold/gold oxide or platinum/plettiroxide wire electrodes were used
as reference electrodes. Before and after eachrimyqre the potential of the electrodes was
measured versus a mercury/mercury sulfate elecstmted in 0.1 M B50O,. The gold/gold

oxide and the platinum/platinum oxide referencecteteles showed a stable equilibrium
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potential behavior However, one has to keep in ntirat the potential behavior of these
reference electrodes is pH sensitive. Therefore,eiuilibrium potential of the electrodes
was measured versus a commercial mercury/mercutfatesuelectrode in different
concentrations of HCIQusing a salt bridge which minimizes diffusion putals. A slope of
58 mV per change of one pH and an equilibrium piaet)y, = 1.32 V vs. NHE for the
gold/gold oxide electrode was measured. The platiplatinum oxide electrode had a slope
of 57mV per change of one pH and an equilibriuneptéal of Uy, = 0.93 V vs. NHE. Both
results are in good agreement with the Nernst @muand the literature data of the

equilibrium potential [286].

3.3.4 Local Reactivity Measurements

The basic idea of local reactivity measurements isse the EC-STM tip as a local sensor to
measure currents. The reaction products of anesiecies on the working electrode are
reversibly converted at the tip into a Faradaicgentr Here the hydrogen evolution reaction
(HER):

2H+ 26 > H,
at the particle is investigated whereas the reveaetion hydrogen oxidation (HOR)

Ho 2H" + 26

is detected with the STM tip, schematically showirigure 3.4.

Insulation

H, = 2H*+2e

2H*+2e —» H- T

Au(111) crystal

Figure 3. 4: Schematics of the used method. Evolvégydrogen at the catalyst particle isoxidized
and thus detected with the STM tip.
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A sequence of steps has to be done in order torpettbcal reactivity measurements:
1st: The tip is directly placed over the bare galdface or a created particle to perform the
reactivity measurement. Therefore, the STM feedbstlirned off and the tip is retracted 25

nm. The tip current now only consists of the Fai@adairrent, no tunneling current or
overlapping double layers can interfere.

2nd: The potential of the working electrode is gdrito evolve hydrogen at the particle,
which is then recorded as hydrogen oxidation caratthe tip. A one second long negative
potential pulse is applied to the working electrottee tip potential is kept constant at
350mV vs. NHE and the tip current is recorded.

3rd: After the potential pulse, the tip stays retied for another 35 seconds to record the
complete hydrogen oxidation current.

4th: Again the tip is approached towards the serfaed another morphology image of the
cluster is recorded. Then the tip is set once rabreve the cluster, the procedure starts again
at 1 with a different overpotential for hydrogerokition reaction.

During the whole measurement procedure the tipnpiedeis kept constant at 350mV vs.
NHE. A typical graph of the resulting current treemés is shown in Figure 3.5, all recorded
with an oscilloscope. The black curve indicatesrtigasurements on a bare gold surfage |
whereas the red curve was recorded on top of &ecligs,, Ay that was created. The blue
curve shows the difference of the red and blackveuwhich indicates the hydrogen

oxidation current arising from the particle |

U mf
asat Uy Pulse measurements to -250mV v, NHE
600 - .
i — Au
o Uye [ —— Clugter
‘ mN —— Cluster - Auj
-250

300

® o 6 @

Figure 3. 5: Left: Scheme of the potential distribtion at the tip (black) and the working

electrode (red) together with the tip distance / nm(green); right: Typical current transient of

local reactivity measurements, showing reactivity obare gold (black), after creation of a cluster
(red) and the corrected current evolved by the paitle (blue).
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The hydrogen oxidation current is in first ordeoportional to the concentration of hydrogen
in solution and therefore a rate for the activifyttee platinum particle on the gold surface.
The evaluation procedure of the recorded curremistents is as follows: The current from
the single Pt particlesd (sum current minus background, d, au - Ias) and the area that is
integrated to gain the charge that got transposetiydrogen oxidation at the tip. This
charge, typically values of several 100pAs, therdiidded by the pulse time, here one
second, to get an average current through thecfgariThe current density j is derived
dividing the integrated corrected current valuegh®y surface of the cluster, which were in
the range between 20 and 200%nwbtained from STM images. With this value and the
Butler-Volmer equation with a transfer coefficieot 0.5 [16] for HER and HOR and
standard values for the gas constant R, T andeg~etbbhange current densitygf a single

particle can be calculated.

3.3.5 Potential Behavior of Pd/H Electrodes — phh&walency

The primary standard for pH measurements is therséde hydrogen electrode (RHE),
Pt/H,, H'yq [287, 288]. According to the Nernst equation (dium5.1) its potential is given
by
RT RT
U,=U,, +—Inf, ——pH 5.1
0 00 oF H, F p (5.1)

where the pH represents the proton concentratiaq, i4) the standard potential, by

convention 0 mV at all temperatures afid is the fugacity of hydrogen. However, for
2

analytical applications of the RHE the electrolgtast contain hydrogen of defined partial
pressure. Whereas, in contrast to platinum palfadaiso being a member of the platinum
group metals, possesses the ability to store hydregthin its crystal lattice and is therefore
able to function as a pH sensitive palladium hyar{Bd/H) [95, 289, 290] and can be also
used in hydrogen free solutions [291]. The pH gmiyi of palladium hydride can be
understood by the palladium/hydrogen phase diag286]. At room temperature three
different phases can exist depending on the atoatiw of H/Pd [288, 292]:

1) H/Pd< 0.025: low hydrogen containing phase where thavigct(or chemical

potential) of  hydrogen varies depending on theowmh of hydrogen in the

phase. When the hydrogen content is increasedet@dge of the miscibility gap,
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the system is said to have only one degree ofifr@e(at T = const), which fixes
the hydrogen content and therefore, the hydrogévwity of the phase.

2) 0.025 H/Pd< 0.6: intermediate miscibility gap consisting ofotwhasesg andp
phase. According to equilibrium the activity ofdnogen in thex phase must be
equal to the activity in th@ phase, i.e. within this region of hydrogen contbet
activity of hydrogen  remains constant providing wade-ranging and stable
hydrogen activity against which the hydrogenaativity in solution can be
reliably measured. The potential of 50 mV vs. RWks attributed to a mixed
potential due to the presence of the two-phasdéomegvith the a phase
predominating [293].

3) H/Pd > 0.6: high hydrogen-containfhghase, the potential drops to zero volt.

The potential of a Pd/H electrode is dependent@nposition in the pure andp phases,
but is independent of composition in the mixedl B phase region. This means using a Pd/H
tip electrode in the miscibility gap, a change I tproton concentration changes the

equilibrium potential of the Pd/H electrode.

3.4 Electrodes and Electrode Preparation

3.4.1 Au(111) Single Crystal and Au(111) Films orc

Au(111) electrodes were prepared from two diffeddntls of material, sputtered Au(111)
substrates (Metallhandel Schroer GmbH) and Au(sitigle crystals (MaTecK GmbH). The
substrates consist of borosilicate glass supparttesfed with 2.5nm chromium layer and
250nm gold layer, whereas the chromium is needdtht® a better adhesion of the gold.
After cleaning for at most one minute in Caro’sdaitie sputtered substrate was rinsed with
Milli-Q water and afterwards flame annealed wittBansen burner. Typically the gold
(substrates as well as single crystals) was heatedl a red glow was visible. This
temperature was kept for some minutes and a codbmg process followed. The procedure
was repeated several times and results in largeieady flat terraces and the typical gold
60° triangle structure. The crystal was cleane@uiyxidation process in 1M,80, or 1M
HCIO,. Afterwards the crystal was stored 5 minutes idrbgen chloride to remove the gold
oxides and contaminations. Flame annealing witlBtinesen burner and cooling down in H
atmosphere for several times reorganized the Ay(ldttucture and results in a

homogeneous and atomically flat surface
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3.4.2 HOPG

Prior to each experiment the surface of the HORGtelde (ZYB, Mikromash) was cleaved
with an adhesive tape. All experiments were peréatmat the basal plane of the HOPG
surface. In order to have a well-defined surfacsand to avoid the involvement of the
edge plane in electrochemical experiments, thdrelde was partly covered with Teflon tape
(CMC Klebetechnik, Germany) exposing a geometricfase area of 0.2 c¢mto the

electrolyte.

3.4.3 Ru(0001), Rh(111), Ir(111) and Ir(100) SinGlystalline Films

All single crystalline surfaces were used as remifrom the UHV preparation chamber
from the group of M. Schreck, Uni Augsburg. Impstdue to transport and storage were
cleaned in an ultra sonic bath. Therefore, thetldes were put in acetone, isopropanol and
Milli-Q water, according to this sequence, eachFaninutes and afterwards they were again
carefully rinsed with Milli-Q water. Storage anduisportation afterwards was done with a
droplet of ultrapure water to protect the surfaEer electrochemical experiments the
electrode was partly covered with Teflon tape (CMIEbetechnik, Germany) exposing a

geometric surface area of 0.2 the electrolyte.

3.5 Deposition Techniques

3.5.1 Single Particles with an STM

As described in Chapter 2, different methods f@almanostructures are possible. In this
thesis the jump to contact technique using STM wgesl to create nanoparticles on Au(111).
For different deposited metals (palladium, platinugold) different pure metal tips
consisting of Pd, Pt, Au and Pt loaded Au tips wesed. This former technique allows a
direct use of the etched metal wires in the EC-SSiyidtem and saves a predeposition with
foreign metals on the tip by electrochemical methasl shown in Chapter 2. After insulation
of the different metals with Apiezon wax, they wesed in the EC-STM setup.

Different methods allow achieving a contact betwdsn tip and the substrate to form a
connective neck and deposit tip metal on the satesf205, 208]. Meier et al. [284] applied
a potential pulse to the z-piezo to achieve a digghent. Jung [294] used a similar

technique and added Visual Basic scripts to geagraiticle arrays. In this work a software
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controlled techniqgue was used to operate the moneroé the tip. This nanoscript
lithography software controls of the x, y and zdtion of the tip, time delays, geometrical
forms, analogue outputs controls etc. Hence difitepeograms were developed to generate
single particles and particle arrays. The only esfjfor a single particle is to stop the
imaging process of the EC-STM, switch off the femtdband move the tip towards the
substrate. Particle arrays were generated in dasimiay. The imaging was stopped, the
feedback was switched off and the program for ritiegraphy was started.

The potential of the working electrode was alwagptkbelow the equilibrium potential of

the deposited metal to avoid desorption.

3.5.2 Electrochemical Metal Deposition from Solatio

The pulse deposition procedure starts at an imgtédntial of 860m\Ws. NHE. The potential
is then switched to the final deposition potentitb60mVvs NHE for different periods of
time, in order to vary the amount of noble metglatgted. 0.1M HCIQ solution containing
0.5mM Pd(NQ), for all Pd deposition experiments was used. Funtheasurements were
also performed in 0.1M/1M HCIQPIlatinum deposition took place in the same waywitin

a 1M HCIQ, containing 0.5mM KPtCl, or 0.5mM KPtCk. Further measurements were also
performed in 1M HCIQ After the noble metal deposition the substrate viased several
times with Milli-Q water to avoid spontaneous Pd Rir deposition on the substrate. By
integrating the current transient during the depmsithe Faradaic charge of the deposited
metal can be calculated taking into account theblolayer charging. The two electron
reduction process from Pdto Pd results in 420 uCénfor one monolayer of Pd which is
the same for Bt. For the couple Ptto Pt the reduction processes via four electrons a
results in a charge of 840 puCérfor a full monolayer of Pt. For an additional detiation

of the amount of noble metal hydrogen adsorptiors waed. The hydrogen adsorption
method deals with a typical charge value of abd@uZcn¥ for an upd layer of adsorbed
hydrogen. The evaluation was done by integratiorcwfent transients in the hydrogen
adsorption region. The amount of deposited Pt wdditianally investigated with CO
stripping experiments, whereas a value of 280 €fonthe oxidation of one monolayer of
CO was used. STM images, evaluated with WSxM 4.@n@tec Electronica S.L.) [295],
showed the morphology of the particles size anttildigion and allow a determination of
the deposited metal. The deposition of Pd was awdgne using a single potentiostatic
pulse method. Pt was deposited via single and dopbtentiostatic pulses. As mentioned

above a variation of time leads to a variationhaf amount of deposited noble metal.
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4 Results

4.1 EC-SPM on Au(111), HOPG, Ru(0001), Rh(111), i@ 1), Ir(100)

In order to study substrate effects in electrogataldifferent supports were investigated. As
well known surfaces HOPG and Au(111) were usedalibate the SPMs and to supply
reference electrodes which were already accuratelestigated for electrochemical
purposes. HOPG and Au(111) were also used as &ienk for the new SECPM technique
to compare to well established methods such as &1dMAFM. Ru, Rh and Ir as new single
crystalline surfaces were investigated to checkr tlggality and their suitability for
electrochemical investigations and especially fmvyging new supports which may lead to

new experimental findings.

4.1.1 HOPG and Au(111)
HOPG (0001) has been the support of choice for m@amiyl experiments as it

provides atomically flat areas, good mechanicdlibta and electronic conductivity.
Figure 4.1 Al and Figure 4.1 A2 show a combined®A and SECPM study of a
freshly cleaved HOPG surface. Due to the posgybibt switch between EC-STM
and SECPM during scanning one and the same (500500 nm) surface area was
first scanned in constant current mode EC-STM (fegtil Al) and afterwards in
constant potential mode SECPM (Figure 4.1 A2). B@&STM image shows the
characteristic atomically flat and large terracethwa typical well pronounced step
edge across the section. On well prepared sampidssteps are observed every few
micrometers. According to literature the nominah@pg between single graphene
layers is 3.35 A [296] therefore, a monoatomic HOR€p has a height of 3.35 A
and multiples of this value for multilayered steg$ie height of the step edge
observed in Figure 4.14 Al is evaluated to be 1rM9wvhich is equal to a spacing
of three graphene layers. The atomic topographyHGPG usually shows a
hexagonal close-packed (hcp) lattice with a lattoastant of 0.246 nm [297]. The
inset in Figure 4.1 Al represents atomically resdltHOPG with a lattice constant of

0.248 nm which is in line with literature valuesowkever, the measured nearest
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neighbor distance is 0.124 nm indicating that nolty dhe top layer, but also the
second layer of the graphite crystal is resolvetading the second graphene layer
requires a sharp STM tip geometry and is usualtyacbieved in SPM experiments.
Due to its high conductivity all HOPG surface featican be sharply resolved by
STM.

While the STM technique is based on the tunneliiigce SECPM, which is also a tool to
image surfaces under electrochemical conditions tise potential difference between tip
and electrode as feedback signal to control thesgimple distance. As it can be seen in
Figure 4.1 A2 the SECPM is able to image all fesgwith a similar resolution compared to
the STM. SECPM maps a smooth graphite surface albwg terraces indicating a
homogenous potential distribution. However, theg stéelge shows a much higher image
contrast and appears broader than monitored by $Tkhermore, damped oscillations can
be observed in direct vicinity of the step edgdsTservation suggests a significant change
in the electrochemical properties, probably in éhectrochemical surface potential at the
step edge. Therefore, this phenomenon is unddrdiuimvestigation due to the possibility to
investigate irregularities at the HOPG steps pdgsiesulting from changed binding
conditions compared to surface atoms. Neglectirgd$cillations SECPM reveals a step
height of 1.084 nm which is still in good agreemwith a step over three monolayers.

In the past, intensive studies have shown thatctiefiées on basal plane HOPG play an
important role especially in influencing and cofling the electrochemical behavior of the
basal plane [298, 299]. The anisotropy of HOPG ddadseveral problems when examining
parameters such as adsorption, capacitance antoaléansfer kinetics which often vary
with the proportions of edge and basal plane oretpwsed surface. Based on Fe(Ei\)
studies, Rice and McCreery [300] found a 1000 tinaeger electron transfer rate for the
basal plane when only 0.1 % of edge defects, withrasfer rate of 0.1 cilsare present on
the basal plane, with a transfer rate of tfhs’. Furthermore, defect sites such as steps and
edges have dangling bonds, giving rise for chafgedtional groups and reactive sites. Such
disordered structures have a locally increasedityeofsstates due to the variety of energy
levels created by defects, functional groups amdlldipoles [301]. Whereas macroscopic
techniques such as differential capacitance meamuns only yield a spatially averaged
response over the whole surface, SECPM is ableap the local potential distribution.
Therefore, SECPM provides to image structural logiemeities of the basal plane with high
spatial resolution and is a promising tool for figrt investigations of the electrochemical
properties and the surface chemistry of HOPG dedges. Figure 4.1 A3 shows a contact
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AFM image of 2 um x 2 um obtained in air with atoally resolved HOPG in the inset
(0.243 nm). The flat HOPG surface is imaged withesolution comparable to STM and
SECPM under electrochemical conditions. The stepsitieis very low which emphasizes
the homogeneity of the (0001) graphite surface avarge area showing only one step edge
per micrometer.

Due to the fact that the atomic resolution canlgds obtained by STM (Figure 4.1 Al
Inset) and AFM (Figure 4.1 A3 Inset) HOPG is usedaalibration grid for the piezos in x-
y direction in SPM. However, atomic resolution has yet been achieved by SECPM.

In order to test the resolution of the SECPM onainetirfaces a Au(111) single crystal was
examined. Figure 4.1 shows a typical in situ EC-Siidge of an Au(111) single crystal in
0.1 M HCIQ, taken at a potential of 0.5V vs. NHE. The imagesvebtained in constant
current mode applying a bias voltage of +100 mV antlinneling current of 1 nA. The
scanned area of the gold surface shows atomiclaty(f11) terraces separated by well-
defined monoatomically high gold steps. A line saeaalysis of the EC-STM image reveals
a step height of approximately 2.4 A which is irodagreement with the theoretical value
of 2.35 A. Furthermore, the angle of the Au(111)aee edge in the middle of the picture is
58.6 °; 120/60 ° step edges are characteristib®fAu(111) orientation. These results were
directly compared with scanning electrochemicakpbal microscopy (SECPM). The same
area was scanned in constant potential mode applgirpotential difference of 5 mV
between the tip and the Au(111) single crystaltebele. As can be seen in Figure 4.1 B2 no
significant differences between the STM and the BEGmage are observed. The angle of
the gold terrace in SECPM is 62.9 ° and the lirsanalysis reveals an average step height
between 2.4 and 2.5 A showing the high quality iimggvith this SPM technique.

Figure 4.14 B3 shows a 2 umx 2 um overview imafeAw(111) sputtered on glass
obtained in contact mode AFM showing grain bouretanf the (111) fibre textured gold
film. The image shows the deflection of the camtlesignal. These defect sites were not
obtained using a massive Au(1l1ll) single crystaltie case of STM and SECPM
investigations.

It was possible to resolve the atomic structurthefelectrode surface applying STM (Figure
4.1 B1 Inset) and AFM (Figure 4.1 B3 Inset). Thearved nearest neighbor atomic spacing
is about 0.286 nm in STM and 0.276 nm in AFM. Tgkihe inaccuracy of the techniques
into account both values are in good agreement thghliterature value of the fcc lattice
constant of 0.289 nm of the Au(111) surface [302].
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Figure 4. 1. EC-STM, SECPM and AFM of HOPG (A) and Au(111) (B) single crystalline
electrode: (A1) EC-STM (500 nm x 500 nm, h.x = 3.68 nm, Inset: 5 nm x 5 nm), Y= 700mV vs.
NHE (A2) SECPM (500 nm x 500 nm, fax= 3.89 nm) image of HOPG in 0.1 M HCIQ at Ug =
700 mV vs. NHE, (A3) Contact mode AFM in air (2 pnx 2 um, hpax= 3.3nm), (B1) EC-STM
(150 nm x 150 nm, Rhax=1.5nm, Inset: 5nmx5nm) Y = 500mV vs. NHE, (B2) SECPM
(150 nm x 150 nm, hax = 1.5 nm) image of Au(111) single crystal electredn 0.1 M HCIO,, Us =
500 mV vs. NHE; (B3) Contact Mode AFM in air of a {11) fibre textured gold film
(2 pm x 2 um, Uax= 0.1V, Inset: 5 nm x 5 nm). Imaging conditions: BM: | 1 = 1 nA, Ugigs =
+100 mV, SECPM:AU =5 mV. The insets show atomic resolution.

4.1.2 Ru(0001)

Figure 4.2 shows the new Ru(0001) single crystlBorface in EC-STM (Figure 4.2 A),
SECPM (Figure 4.2 B) and AFM (Figure 4.2 C) dowratomic resolution (Inset Figure 4.2
C). The Ru(0001) structure is characterized bydatpmically flat terraces with an average
width of up to 100 nm. The terraces were resolvea isimilar quality by all three SPM
techniques independent of the environmental canditii.e. whether recorded in air or in
electrolyte. The EC-STM and SECPM images were obthin 0.1 M HCIQ applying an
electrode potential of 500 mV vs. NHE. While the-ETM image shown in Figure 4.2
monitors sharp edges of the single crystalline BO{) structure these edges appear fringed
in the SECPM image (Figure 4.2 B). These resulligcate that the electronic properties of
the step edges, i.e. conductivity mapped by STM thadpotential distribution mapped by

SECPM may be different from the electronic progsrtdf the smooth terraces. Similar
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phenomena were already observed for the HOPG(08rface where the defect site rich
steps lead to an inhomogeneous potential distdbuand therefore, the steps have a much
higher image contrast in SECPM than in EC-STM (&Segere 4.1 Al and Figure 4.1 A2).

— 1M H2S04, 100mV/s
— 0.IMHCIO4, 200mV/s

-02 00 O

2 04 06 08 10 12
U/Vvs.NHE

Figure 4. 2: EC-STM, SECPM, AFM and CV of Ru(0001):(A) EC-STM (500 nm x 500 nm,
Nmax = 12.17 nm), Y = 500mV vs. NHE, (B) SECPM (500 nm x 500 nm,.h, = 17.22 nm) image
of Ru(0001) in 0.1 M HCIQ; at Us = 500 mV vs. NHE, (C) Contact mode AFM in air
(5 pm x 5 pum, h,ax =40 nm, Inset: atomic resolution, 12 nm x 12 nmind (D) CVs obtained in
1M H,SO, (black curve) and 0.1 M HCIQ, (red curve) with a scan rate of 100 mV5 and
200 mvs?, respectively. Imaging conditions: STM: + = 1nA, Uy, = 100 mV, SECPM:
AU =5mV.

Ruthenium crystallizes in a hexagonal close-packatice with a lattice constant of
0.271 nm [303, 304]. Applying contact mode AFM iasvpossible to resolve the atomic
structure shown in the inset in Figure 4.2 C witlmaasured next neighbor distance of
0.27 nm. This value is in good agreement with ttegdture data reported above. However,
AFM was performed in air at room temperature. Untleese conditions oxygen is
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chemisorbed on the ruthenium surface. LEED expetisn@nd DFT calculations have
shown that the O adlayers on Ru(0001) can vary dmtwiow coverage up to a full
monolayer @ = 1) occurring at high gas partial pressure [3886]. Depending on the
coverage the structure of the O adlayer forms & 22 or (2 x 1) phase, for high surface
coverage, i.e®@ = 1 the O adatoms sit at the hcp-hollow sites witfil x 1) periodicity
adopting the lattice constant of the underlying0@D0facet. Assuming that the Ru(0001)
single crystalline support is completely coveredkygen under ambient conditions it is not
clear whether the atomic resolution seen in Figu2eC shows oxygen or ruthenium atoms.
However, the observed hcp structure represent®@isl) facet of the ruthenium support.
Electrochemical characterization on Ru(0001) wasedda cyclic voltammetry in sulfuric
and perchloric acid of different concentrationse Vs of Ru(0001) obtained in 1 MEO,
(black curve, Figure 4.2 D) and 0.1 M HGI@ed curve, Figure 4.2 D) were recorded with a
scan rate of 100 mV’sand 200 mV3$, respectively, show well pronounced peaks. The
formation of ruthenium hydroxide starts at diffeér@otentials depending on the electrolyte
and is clearly seen in the anodic peaks at arou¥ &s. NHE. The formation of RyCat
potentials higher than around 1 V vs. NHE was aaoif807]. The two sharp cathodic peaks
at 400mV vs. NHE are at similar potential the moegative ones differ by 100 mV. Both
cathodic peaks were ascribed to represent the @ttien and the hydrogen adsorption. A
specific adsorption of anions is also discusseldoatjh perchlorate ions are known to be
weakly adsorbing ions compared to sulfate ionsfaBelions are accountable to protect
Ru(0001) surfaces from oxidation at lower potestiahile supporting a faster reduction
process of ruthenium hydroxide [189]. A strong defence of the perchlorate concentration
on the hydrogen adsorption was found in our ingesitbons according to[186]. All observed
features are also reported on Ru single crystafacas in literature [105, 187-189] showing

the high quality of the single crystalline surfa@selectrochemical investigations.

4.1.3 Rh(111)

Figure 4.3 shows the EC-SPM and the cyclic voltatmynstudy of Rh(111). The EC-STM
(Figure 4.3 A) and SECPM (Figure 4.3 B) images wartained in 0.1 M HCIQapplying

an electrode potential of 500 mV vs. NHE. Both iemghow a closed rhodium layer with a
regular pattern of the typical (111) triangularfage structure. The (111) terraces have an
average width of 80 nm. Step heights are evaluseda detailed line scan analysis;
0.210 nm for EC-STM (Figure 4.3 A) and 0.222 nm ECPM (Figure 4.3 B). These
values are in good agreement with the Rh(111) ntonua step height which can be

59



calculated by the lattice constant a of bulk rhodiaccording to h =%?a. Taking the

theoretical (a = 0.383 nm) [308] and experimensat (0.380 nm) [309] fcc lattice constant
of rhodium into account the step height is 0.221amd 0.219 nm, respectively. While the
EC-STM image reveals the typical 120/60 ° step sdgkthe (111) structure with an
accuracy of £ 1 °, the SECPM monitors the Rh(11d)csure slightly distorted. The angles
are different than 60 °, e.g.has a value of 62.8 °, whergasccounts only 53.8 °. These

results probably arise from scan artifacts dueht riecessary slow scan rate in SECPM

mode due to a stronger influence of thermal ddfpared to the higher scan rate in STM.
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Figure 4. 3: EC-STM, SECPM and CV of Rh(111): (A) h situ EC-STM (500 nm x 500 nm,
Nmax = 10 nm) U = 500mV vs. NHE, (B) SECPM (200 nm x 200 nm,f, = 4 nm) and image of
Rh(111) in 0.1 M HCIO, at Us = 500 mV vs. NHE (C) CVs obtained in 0.1 M HCIQ (black
curve) and 1 M H,SO;, (red curve) with a scan rate of 100 mV& Imaging conditions: STM: It =
1 nA, Upes = 100 mV, SECPM:AU =5 mV.

Rh(111) single crystalline surfaces were inveséidan sulfuric and perchloric acid solutions
of different concentrations. For direct comparigba CVs in 1 M HSO, (red curve) and
0.1 M HCIGQ, (black curve) are shown in Figure 4.3 C. Due ® difficulties in Rh single
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crystal preparation [310] there are only few repont literature compared to work on for
example Pt and Au single crystals. The CV in sutfacid (red curve in Figure 4.3 C) has
three characteristic regions. The hydrogen adsmrpiind desorption is well pronounced
indicated by the sharp pair of peaks which are mesebefore the hydrogen evolution. At
more positive potentials the surface is coveredh witV3 x \7) (hydrogen-) sulfate adlayer
[165, 166] which was resolved by in situ electraoiwl STM by Wan et al.[169] is similar
to the work of Funtikov et al. on Pt(111) [123, 128t potentials more positive than 0.6 V
vs. NHE a formation of surface oxides on terracas lbe observed represented by broad
peaks. All specific peaks are comparable to the&kwbiSung et al. [166] and Xu et al. [311].
A CV of Rh(111) in perchloric acid is also showinaFigure 4.3 C (black curve) which is
slightly different from that obtained in sulfuricid (red curve) and peak sharpness is not as
clear as on massive single crystals [164, 169]. Mbst important difference is the second
peak in the hydrogen region. According to Clavikral.[164] the reduction of perchlorate
ions and the adsorption of reduction products falkee at potentials slightly positive from

the hydrogen adsorption/desorption or even overlaps

4.1.4 1r(111) and Ir(100)

Ir behaves similar to Pt resulting in related pbgksand chemical properties. Here we show
SPM and electrochemical studies of single crystllir surfaces with (111) and (100)
orientation. As it can be seen in Figure 4.4 Al ARdtypical (111) oriented surfaces were
imaged with SECPM and AFM. In a scan area of 500600 nm Ir(111) shows well
defined triangle structures with extended surfadése typical angle of 60 ° was only
observed at an imaging scan rate larger than hidzan areas smaller than 50 nm x 50 nm.
Due to the necessary scan rate smaller than 0i@ He SECPM mode in images such as
Figure 4.4 Al the 60° was not achieved. This caadmibed to scan artifacts due to thermal
drifts causing piezo movements which are more abtecat slower scan rates. Contact mode
AFM images with a higher scan rate are resulting inigher precision regarding thermal
effects as can be seen in Figure 4.4 B1. The ltksated by the dark brown color in both
images show defect sites from the growth procegalugting the average step height leads
to a value between 0.24 and 0.25 nm for SECPM mneasnts. STM images reveal a step
height of 0.23 nm. The observed value is in linghwiterature of 0.221 nm which was
calculated from the fcc lattice constant of 0.388 [309]). These results indicate the high
precision of the different SPM systems. Also SECRMable to resolve this in vertical

direction as accurately as the STM.
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Ir(100) was also investigated with electrochemiaai SPM methods. A typical image,
obtained by STM in air, is shown in Figure 4.4 RBlis clearly seen that the structure is
completely different compared to the (111) orientedie. For an overview a

500 nm x 500 nm picture is shown. The defect densihot as large as for Ir(111) resulting
in a smooth surface with a RMS value of 1 nm. Vgetinounced 90° angles are visible with

terrace widths of up to 50 nm.
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Figure 4. 4: SECPM, AFM and CV of Ir(111) and Ir(10): (A1) SECPM image of Ir(111)
(500 nm x 500 nm, hax=5.5nm) in 0.1M HCIQ, at Us = 500 mV vs. NHE and (A2) Contact
mode AFM image of Ir(111) obtained in air (1000 nnx 1000 nm, K. =5 nm) image of Ir(111)
(B1) STM image of Ir(100) in air (500 nm x 500 nmh,,.x = nm) and (B2) CVs of Ir(111) and
Ir(100) in 1 M HCIO, and 0.01 M HCIO, obtained with a scan rate of 100 mv5and 50 mvs' .

Imaging conditions: STM: I+ =1 nA, U,as = 100 mV, SECPM:AU =5 mV.

Both surfaces were electrochemically investigated H,SO, as well as HCIQ in
concentrations ranging from 0.01 M to 1 M. The @WFigure 4.4 B2 shows Ir(111) in 1 M
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HCIO, in black and Ir(100) in 0.01 M HCIOn red recorded with a scan rate of 100 Vs
and 50 mVvs. The hydrogen and the hydroxide adsorption regimesclearly visible for
Ir(111) at typical potentials reported also in rhteeire [177, 178]. Ir(100) shows a
pronounced CV with all typical peaks reported 641172, 177, 179]. The large peaks
around 200 mV vs. NHE indicate the adsorption aeslodption of hydrogen whereas the
small peaks around 650 mV vs. NHE represent therptisn and desorption of Olgroups.
Comparing this to the CV in [179] the very smalépeaks in the OHegime could not be
observed in the present study. All peaks are nahasp as they have been observed for
perfect single crystals. The broadening of the péslan indicator for a smaller terrace width
and a higher defect density compared to singletalsisNevertheless, the electrochemical
data are very sensitive to structural propertied atill clearly show the characteristic

properties of the Ir(111) and Ir(100) surfaces.

Single crystalline surfaces were investigated whtiee SPM techniques: STM, SECPM and
AFM. In addition, cyclic voltammetry was used twéstigate the quality and suitability of
these surfaces for investigations in electrochemishu(111l) and HOPG were used as
standard supports for calibration and well invedtd surfaces in electrochemical
environment. It was shown that the SECPM techninased on the potential difference
between two electrodes in electrolytes has a résplwhich is comparable to STM in air
and under electrochemical conditions on the ingastd surfaces. All presented
heteroepitaxially grown Ru, Rh and Ir single crilsta surfaces show high quality obtained
from the SPM and electrochemical investigationschhis similar to bulk single crystals.
Although some defects due to preparation were famthe surfaces, the quality represents
a high standard and they are suitable for a widegeaaof investigations under
electrochemical conditions.

4.2 Nanostructured Model Surfaces

4.2.1 Pulse Deposition Techniques

As described in Chapter 3, the deposition of Pdval as Pt on Au(111l) was mainly
preformed using potentiostatic pulses. An advantieeldnique was used in later experiments
creating Pt nanostructures applying a short nuoclegtulse to create nucleation centers and
afterwards a growth pulse to vary the amount ofodiéed metal. The duration of the
nucleation pulse was 108 and the final potential was 410mV vs. NHE. Durihg short

pulse length a high time resolution of abous vas applied to obtain data with high time
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resolution. Figure 4.5 shows a current time trariséad the charge time transient. From this

follows that the resulting charge was|22for each experiment and varied only in the range
of +/- 0.2uC.
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Figure 4. 5 Nucleation pulse for Pt deposition: léf current vs. time, right: charge vs. time.

For a further growing of particles on the suppartsmall overpotential between 10 and
120mV vs. equilibrium potential was applied. Thanstard potentials for the different
complexes are listed in [312] An example is giverFigure 4.6 where the upper part the
current time transient and on lower part the chairge transient is shown. The deposition
current is constant after the first negative pealctvindicates a diffusion controlled growth
which is also seen in the linear behavior of thargh vs. time.

Several samples were produced by applying only rglesi potential pulse which is
comparable to only applying a growth pulse witHeté#nt overpotentials and different times.

current vs. time and charge vs. time for growth pulse
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Figure 4. 6 Growth pulse for Pt deposition, top: ctrent vs. time, bottom: charge vs. time.
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4.2.2 Pd on Au(111)

In order to investigate nanostructured bimetallicfaces a potential pulse deposition
approach was used as described above. The curamsient curve was used in order to
determine the deposited amount of Pd by integratten current versus time. A full
monolayer of Pd a charge is equal to 420u€ch second approach to determine the
amount of Pd is based on the charge transfer daehtmrogen underpotential deposition in
a 0.1M HCIQ solution on the Pd-sites which is applicable fatbreonolayers and
monolayers where no absorption into the Pd latim®irs. The hydrogen adsorption method
becomes less precise for small submonolayers, iefipdess than about 0.1 ML due to the
very small hydrogen adsorption peaks in CVs. Irajarin situ EC-STM experiments were
performed to image submonolayers of Pd which wamsieed by potential pulse methods
under the same conditions as in the standard gklfs Here, the first monolayer Pd on
Au(111) was completed before the second ML grow@mntinuous Pd deposition in the
multilayer deposition leads to three dimensionalgh mechanism on Au(111).

Figure 4.7 shows different Pd/Au(111) surfaces wiibnitored wit STM under air. Pd was
deposited from 0.1M HCIO+ K,PdCl,. This characterization was performed in air after
electrochemical characterization in perchloric amiculfuric acid. The amount of deposited
Pd on the surface was determined by software antpawed to the results obtained by
electrochemical methods such as hydrogen adsorptidndeposition charge for less than

one monolayer which is in good agreement. Otheraidg the deposition charge was used

to determine the amount of Pd.

Figure 4. 7: Pd/Au(111) samples with different amont of deposited Pd and different
resolutions; Uyias = 100mV, Ly, = 1nA, (a) 0.04ML , (b) 0.55ML, (c) 0.83ML of Pdn Au(111).

In addition,in-situ EC-STM experiments were performed to investigategtowth of Pd on
Au(111) in 0.1M HSQ@ + 0.1mM PdSQ@ A small overpotential of 30mV for the palladium
growth was applied and the increase of the amolideposited Pd was recorded with the
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EC-STM (see Figure 4.8). A two dimensional growghthe first monolayer is visible if the

potential of the WE is set to 700mx& NHE. Each picture was recorded in about 5min. It
turns out that the growing behavior is accordin@t@nski-Krastanov mechanism explained
in Chapter 2.

[

Figure 4. 8 In-situ Pd growth on Au(111) in 0.1M H®, + 0.1mM PdSQ; Uy = 700mV vs.
NHE; Uy, = 900mVvs. NHE, ly,n = 1nA, timescale from image (a) to (b) and imageb) to (c)
about 5min.

4.2.3 Pt on Au(111)
Pt was deposited on Au(111) as described in Chaptand 4. Pt was deposited from

different electrolytes containing Ptand Pt" ions. After depositing Pt on Au(111) the Pt
coverage was investigated with STM for determinihg amount of noble metal and the

morphology of the particle size and distribution.

Figure 4. 9 STM image of different Au(111) electrod surfaces nanostructured with Pt; Different
STM images recorded in air with U = 100mV and | = 1nA. The amount of Pt on Au(111)
corresponds to (a) 0.025ML, (b) 0.067ML, (e) 0.76Mbf Pt.

In Figure 4.9 typical EC-STM images with differerhounts of Pt deposited on the Au(111)
surface are shown. The deposited amount of Pt dergtified with WSxM software and

recalculated to corresponding coverage.
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Figure 4. 10 Comparison of different methods whichwere applied in order to determine the
amount of deposited Pt from 1M HCIQ, + 0.5mM K,PtCle. The monolayer equivalent was
calculated by electrochemical deposition (squaresTM images (open squares with cross),
hydrogen adsorption (circles with line) and CO strpping experiments (triangles). The data is
plotted versus the pulse length of the depositionutses used for the nanostructuring of the
Au(111) surfaces.

Different methods were used in this thesis to deitee the amount of deposited Pt.
Electrochemical deposition charge, hydrogen adsmpC€O stripping as well as STM was
utilized in order to determine the coverage witl{dee Figure 4.10). For very low coverages
the amount of Pt was only derived from the Faradeh@rge occurring within the
electrochemical deposition processes.

As described in Chapter 3 the monolayer equivaleset® derived by integration of current
transients for all electrochemical experiments. Fare than 10% of a monolayer the
electrochemical results of the different methodsiargood agreement. Also STM pictures
were taken in order to evaluate the monolayer edgiv of the deposited Pt for less than
0.1ML. For all experiments the charge derived frahe electrochemical deposition
procedure has the lowest value evaluated. Bothdahes of the hydrogen adsorption charge
and the coverage derived from EC-STM measuremethibiehigher values for the amount
of Pt on the surfaces. This is most likely due gpantaneous deposition of Pt after the pulse
deposition process. At this time, the substraténsed with water and for a few seconds in
contact with the Pt-solution without potential aaht In order to create single platinum

nanoclusters, gold tips were loaded with platindrherefore a solution containing 1M
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HCIO, + 0.5mM KPtCk was used. Under potential control at 900mV vs. NRé&tip was
dipped into the electrolyte and Pt was depositedoseconds. The SEM images in Figure
4.11 show a bare Au tip and an Au tip was Pt dépoSine platinum loading is clearly
visible in the SEM micrograph with islands of ardlsOnm in diameter

300nm i 300nm

Figure 4. 11 a) Au tip, b) Pt deposited on a Au tip

Figure 4.12 shows a Pt particle on Au(111) withfeddnt heights, where the difference
between one and two monolayers can be seen. Thenonelayer part as well as a two
monolayer high part is marked and illustrated ia pinofile plot. The reconstruction of the
Au(111) support is also clearly visible. Varioustjide heights were fabricated by different

displacements of the STM tip in z-direction.

I 1ML

E

Figure 4. 12 Particle created in 0.1M HCIQ, the difference between two monolayers is visible,
Uwe = OmV vs. NHE, U, = 350mV vs. NHE, |,, = 1nA, Right; cross section of deposited

particle.

4.2.4 Pt on Ru(0001)
First experiments on Pt deposition on Ru(0001) wereducted to investigate the suitability

of the single crystalline substrates for electrogital purposes. Therefore Pt deposition was
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performed in 1M HCIQand 0.5mM KPtClk using cycling voltammetry. The quality of the
surfaces was checked before in perchloric acidvearslas good as the results in Chapter 4.
Starting at the initial potential of 860mV vs. NHEd sweeping with 100mV/s to 460mV vs.
NHE leads to a deposited charge ofi@5which is equal to 0.15ML on the exposed 0.2cm
area of Ru(0001) shown in Figure 4.13. Accordingydrogen adsorption on the Pt surface
a charge from the CV of £ was determined after correcting the Ru backgrdondhe
Pt/Ru(0001) sample. The deposition was continuett wyclic voltammgrams to further
grow Pt to multilayers. A constant initial potehtd 860mV vs. NHE was used with a final
potential of OmV vs. NHE with scan rates of 100m#/&l 10mV/s. In both cases the cycles
were repeated ten times and a diffusion controtlegosition was observed. The total
amount of Pt could not be determined by integrabbthe deposition cycles due to large

overlapping with Ru features and hydrogen adsanpiioalready deposited Pt.
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Figure 4. 13 CV on Ru(0001) in 1M HCIQ with and without Pt.

Figure 4.14 shows three different Pt/Ru(0001) si$a The black line is without Pt, the red
line with 0.15ML Pt on Ru(0001) and the green limgh multilayers of Pt on Ru. The
surfaces for the multilayer determination via atledr hydrogen lead to a charge of.80
which can be calculated to an area of 0.38assuming a charge of 210 per cm. This
also shows a surface roughness of about 1.9 cothpatbe smooth Ru(0001) support with
a geometrical area of 0.26mAt a given current density the overpotential Fydrogen
evolution differs of more than 200mV comparing b&8@0001) with mulitlayers of Pt on
Ru(0001).
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Figure 4. 14 CV of Ru(0001) and Pt decorated Ru(0Q) between hydrogen and oxide formation

of the surface in 1M HCIQO,.

In order to investigate the multilayer depositiamdao obtain morphology of the surface

STM was performed on these Pt/Ru(0001) sampleshgidtbgen adsorption to determine

the Pt surface. The multilayer structure of Pt enisRshown with STM in Figure 4.15 on the

left side and compared to the bare Ru(0001) omigiie side. As it can be clearly seen the Pt

deposits are on the Ru and roughened the wholacguvia a three-dimensional growth.

Figure 4. 15 a) Pt decorated Ru(0001), scan aregrh?, image surface area 1.41m? b) Ru(0001)
scan area fim?, image surface area 4.Q4m’.

Calculating the image surface area with evaluasioftware (Nanoscope 7.30) the smooth
Ru shows an area of 4j0&° for 2um x 2um scan resulting in a surface area difference of

0.9%. The Pt decorated Ru surfaces shows an imafges area of 1.4im? for lum x Ium
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scan resulting in a 47% surface area differencepeoed to a flat undecorated surface.
Although there is a difference in STM and hydrogeisorption evaluation the results show

the same tendency.

4.2.5 Cu-upd in Perchloric and Sulfuric Acid on RhY)

The quality of the Rh single crystalline surfaceaswhecked by cyclic voltammetry, as
shown in Chapter 4. Noticeable differences betwsetic voltammetric profiles for Rh in
HCIO, and HSO, electrolytes were found and already described. ISindiifferences were
also found on Au(111) and Au(100) already indiagtine strong effect of adsorbing anions
[313-315]. Hydrogen ad/desorption charge for Rh{l1is1256.C/cnt [316] for one full
monolayer and was used to determine the surfacevdrieh was in good agreement with the
geometric surface area.

The influence of anion coadsorption during the @ul wn the Rh(111) electrode can be
elucidated by comparing the data of Figure 4.16 Eigdre 4.17 obtained in perchloric and
sulfuric acid, respectively. Figure 4.16 showsRig111) surface in pure perchloric acid and
Cu ion containing perchloric acid where the upd #r@Cu bulk deposition and dissolution
is shown. It is well pronounced that Cu depositammd Cu dissolution occur in the dotted
lines with well pronounced dissolution peaks at rBY490mV vs. NHE and
400mV/370mV vs. NHE for scan rates of 10mV/s and&/&nn 0.1M HCIQ. This results in

a underpotential peak separation of 110mV and 12@rhi¢h is in line with recent literature
[317] although the absolute values of the peakrgiatis differ due to the reference to RHE.
In order to estimate the coverage of the underpialedeposited Cu on Rh(111) the upd
peaks in the CV where evaluated. First resultscetdi that the Cu monolayer is not
completely closed with a coverage of 0.5ML in pérdb acid assuming for a two electron
process 512C/cnf according to hydrogen adsorption as one electnmtess. Below
340mV vs. NHE a continuous Cu deposition occurglapped by typical Rh(111) features
and obviously diffusion controlled as indicated time constant negative current until
hydrogen evolution. The dissolution of Cu is fastl ¢herefore independent of the sweep rate
which is indicated with the sharp dissolution pedth roughly the same area. Prepeaks
indicating a deposition on defects or differeneated surfaces where not determined which

approves a homogenous Rh(111) electrode.
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Figure 4. 16 Cu-upd on Rh(111), 0.1M HCIQ+ 1mM CuClO,, scan rates 2mV/s and 10mV/s.

Figure 4.17 shows CVs in sulfuric acid with andhwitt C§"* ions at different sweep rates.
Although 100mV/s is quite fast to investigate thepasition of Cu as slow process all
features are well pronounced. All details were &smd at sweep rates of 10mV/s. The upd
peaks are at 530mV/520mV vs. NHE for the Cu upddligion in 1M HSO,. The Cu upd
deposition can be roughly determined for 10mV/sejweate to 300mV vs. NHE which
leads to aAU of 220mV. A comparison with [317] shows that theak potentials for
dissolution are equal but the potential differentkis 30mV larger compared to the value in
the reference. An evaluation of the charge whidnaissferred during the Cu upd monolayer
deposition and dissolution shows that the upd layeot completely closed and calculated
to approx. 0.8ML. This result is compared to 0.9fL an upd layer in [317] smaller which
may be due to the faster sweep rates comparease ih the reference. At potentials lower
than 340mV Cu is continuously deposited onto th€LRh) leading to a diffusion controlled

deposition with overlapping Rh features (seen guFé 4.17).
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Figure 4. 17 Cu-upd on Rh(111), 1M KSO, + 5mM CuSQ,, scan rates 10mV/s and 100mV/s.

Comparing the Cu deposition on Rh(111) in differeletctrolytes leads to the statement that
the anion effect is more pronounced on Rh(111kfdfuric acid as compared to perchloric
acid. Adsorption of (bi)sulfate [166] shows a clé@ffuence on the position of the UPD
peaks which can be clearly seen in the shiftedolliien peak in perchloric electrolyte to
more positive potentials when referring to RHE bigiag 60mV regarding the 0.1M HCJO
and 1M HSQ, electrolytes. The equationU = aA@ [318] where AU denotes the
experimentally observed upd shiftp the differences in work function between depositd
supports and the constant 0.5V(eV)" can be used to compare the experimentally obtained
values with literature ones. The work function di(RL1) is 5.4eV and given in [319]
Cu(111) has a work function 4.98eV which is giverjd20]. For the Rh(111)/Cu system this
results in a value of 210mV for the upd shift whislvery close to the experimental value of
220mV in sulfuric acid and only slightly differeftom that obtained in perchloric acid.
Various deposition techniques were applied in orercreate nanostructures on single
crystal supports, ranging from single particleshvitie EC-STM to multilayer structures via
electrochemical deposition. Pd and Pt depositioliofi1ll) was the major task for further
reactivity measurements. Pt deposition on Ru(0@dit) Cu deposition on Rh(111) provide

the utilization of the new support materials.
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4.3 HER/HOR, ORR and MOR on Pd/Au(111) and Pt/Au(11)

4.3.1 HER/HOR on Pd/Au(111)

On Pd modified Au(111) surfaces reactivity measumets regarding hydrogen reactions
were carried out in Hsaturated 0.1M HCIQsolution using potentiostatic pulses at various

overpotentials. The current transients for the H@&e evaluated usingys. t?

plots in
order to separate the kinetic current from the ntessssport current. The obtained kinetic
currents were used to construct Tafel plots. Talfetls for different amounts of Pd deposited
on Au(111) electrode surfaces were evaluated vafipect to the geometrical area of the
substrate and with respect to the Pd area. Ther laisumes that only Pd is active in the
reaction. The current with respect to the geometrea of the Au(111) surface increases
with decreasing amount of Pd from 0.74ML to 0.1 MLabout one order of magnitude with
a maximum value of 1mA/chior an overpotential of 350mV. The Tafel plot bétspecific
current density, where the current is normalizetheosurface of deposited Pd, is shown in
Figure 4.18. The data indicates that the specdactivity of Pd increases by about two
orders of magnitude with decreasing amount of Bthfd.74ML to 0.1ML. Hence, current

densities of up to 10mA/chper Pd area are observed.
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Figure 4. 18 Tafel plot of HOR, specific current dasity is plotted vs. potential for Pd
submonolayers and monolayers.
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4.3.2 HER/HOR on Pt/Au(111)

The Pt/Au(111) nanostructured surfaces were prépasedescribed above and coverages
were varied in the range of 0.0005ML to 7.8ML PtAun(111). Potential step experiments
as well as micropolarization curves in the range/efLOmV near the equilibrium potential
were used to investigate the reactivity reflectedhie exchange current density. In Figure
4.19 the exchange current density is plotted vetlsascoverage of Pt on Au(111). Both
measurement techniques, namely potential pulse austlfcircles in Figure 4.19) and
micropolarization curves (squares in Figure 4. 1@wsthe same exchange current dengity |
versus coverage of platinum on Au(111). The xd te y-axes are in logarithmic scale to
deal with the large range variations in coveragd an exchange current density. As
reference a Pt(111) single crystal was investigatatl showed a behavior which is in line
with literature [96-98, 100, 133]. For Pt monola/@n Au(111) the reactivity is already
larger as compared to Pt(111). A slight increasexithange current density with decreasing
monolayer thickness from 7.8ML to 0.1ML of noble taleis shown. The increase in
exchange current density rapidly increases, howeweoverages lower than about 10% of a
monolayer. An increase of more than two orders agmitude for the hydrogen reactions
was found in this region of the low coverages. E&ly the values for coverages below
10% were measured with two different techniquesmeaig potentiostatic pulse and

micropolarization curves and shows good agreement.
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Figure 4. 19 Exchange current density for hydrogemeactionsvs. Pt coverage on Au(111); values
were obtained from potentiostatic pulses (circlesand micropolarization curves (squares).
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Results with single Pt particles show a similaretefence of the exchange current density
when plotting versus the particle height, giveraiomic layers (AL) shown in Figure 4.20
[321]. Particles with a height between one atondgeft and five atomic layers were
investigated and the reactivity measurements iteli@a strong increase with decreasing

thickness of the particle from five AL down to ordye AL height.

Exchange current density of single particles vs. particle height
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Figure 4. 20 Exchange current density vs. particlbeight of single Pt particles on Au(111).

The exchange current densities were determinedessrided above and values between
3A/cnt? and more than 40A/chwere found. The linear behavior in a logarithmiot ps
indicating an exponential correlation between phtheight and exchange current density
(see Figure 4.20). according to the Pd/Au(111)espqdB22].

4.3.3 ORR on Pd/Au(111)

The deposition and characterization of Pd mono- sutgmonolayers were carried out as
described before. After purging the electrolytehwitxygen the initial potential was set to
820mV vs. NHE and potential pulses with varying rpegential for the Pd/Au(111) system.
For the Pd/Au(111) system the current densitiesevarived from potentiostatic pulse
studies and the extrapolated kinetic current diessire summarized in a Tafel plot (see
Figure 4.21). Au(111) as support shows a very lotivdy towards the ORR, nevertheless
the currents for the coverages smaller than 0.33Wte corrected for the gold offset. An
increasing activity with increasing amount of Pah dee observed starting from 0.11ML to
2.1ML. Furthermore, the onset of the ORR is shitizanore negative potentials for lower

amounts of noble metal.
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Figure 4. 21 Tafel plot of ORR; specific current desity is plotted vs. potential for Pd
submonolayers and monolayers.

Relating the current densities to the active serfaca (shown in Figure 4.22) the specific

activity is constant or is slightly increased farder amounts of palladium for 410mV and

510mV vs. NHE. Diffusion effects during the ORR maffuence the results in the potential

range smaller than 310mV vs. NHE.
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Figure 4. 22: Specific current density vs. palladim coverage for Pd/Au(111) surfaces for ORR.
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4.3.4 ORR on Pt/Au(111)

The deposition and characterization experimentBtofubmonolayers were carried out as
described before. After purging the electrolytehwaixygen, the initial potential was set to
820mV vs NHE and cyclic voltammograms for the Pt/Au(11ystem were performed
between 820mWs. NHE and 250mWs. NHE. The obtained results for the Pt/Au(111)
system were summarized in a Tafel plot. For a bettemparison with results for the
hydrogen und methanol reaction the current deifisitya given potential was plotted versus
the coverage of Pt on Au(111), shown in Figure 44Bcurrent densities are referred to the
amount of platinum to compare specific current dmssof the active Pt catalyst. Results
obtained on a Pt(111) single crystal surface adeddor comparison. It can be seen that the
reactivity of the Pt(111) surface is similar to tfeactivity of 7.8ML Pt on Au(111) and

shows the highest activity in all cases.
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Figure 4. 23 Specific current density of Pt for oxgen reduction versus platinum coverage on
Au(111) for different potentials. The values were lotained from CVs in O, saturated 1M HCIO,.

Lower coverages show an increasing current dengitly increasing Pt coverage for a
potential of 700mV vs. NHE. At lower potentials imgar behavior for coverages larger
than 30% is shown. A slightly different behavior tbe reduction of oxygen was found for
coverages smaller than 30% for the potentials 5% vs. NHE. The current densities are
somewhat higher compared to larger coverages. bhavior was not investigated in detail
but diffusion effects may play a key role when lowg the coverage and thus providing
island catalysts with a changed transport mechawniseducts and products in contrast to

extended catalyst surfaces. Summarized, the PtlA)(¢hows an activity increasing with
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increasing amount of deposited Pt regarding ORR law overpotentials. Higher
overpotentials result in two different behaviors tbe activity. For coverages larger than
approx. 30% the activity is increasing with inciegsamount of Pt. Coverages smaller than
approx. 30% show an increasing behavior but witbretsing amount of Pt for high

overpotentials. This results in a current densiityimum at about one ML.

4.3.5 MOR on Pd/Au(111) and Pt/Au(111)

Deposition and characterization Pt submonolayeis @wonolayers were carried out as
described before. The methanol oxidation reactias wneasured in 1M HCIO+ 1M
CH;OH Ar purged electrolyte using cyclic voltammogramwith a scan speed of 100mV/s. A
typical double peak structure was obtained. Theimamx current and the potentials of the
forward and the reverse peak were determined. @hdts of the evaluation of the maximum
current are summarized in Figure 4.24 top, showirsrong dependence of the Pt coverage

on the activity towards methanol oxidation.
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Figure 4. 24: top: Specific peak current density oft for methanol oxidation versus platinum
coverage on Au(111); down: Peak potential of methah oxidation for forward and reverse cycle
versus platinum coverage on Au(111). The values wepbtained from CVs in Ar saturated 1M
For very low coverages in the range smaller thab thonolayers no reliable currents could
be determined from the CVs. It was found that aréase of the maximum current with

increasing Pt coverage on Au(111) up to approx. 3turs. Increasing the Pt coverage
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results in a constant maximum current, which idime with single crystal surfaces. For
comparison a Pt(111) well oriented and a roughl1R{ kingle crystal is shown, indicating
that the Pt(111) is less reactive compared to mofgcrystalline surface of the roughened
Pt(111). The measured maximum current density o&/8m’ is in line with literature [133,
255].

For comparison of the peak potentials the forward the reverse peak potential of the
methanol oxidation was evaluated and plotted vettsi$t coverage on Au(111) (see Figure
4.24 down). Due to the high scan velocity of 100mYHe forward and the reverse peak
potentials are separated whereas the forward paitéiat the higher value. The separation of
the peak potentials depends on the Pt coverages atdeast 100mV. The rough Pt(111) has
the lowest onset potential slightly lower compatedhe well prepared Pt(111). Between
7.8ML and 1ML of Pt on Au(111) the peak potentiarieases with decreasing in a moderate
way. A strong increase of the peak potential iseoled below one ML of Pt on Au(111)
resulting in a total shift of at least 150mV congzhto the submonolayers regime with the
roughed Pt(111).

The methanol oxidation was also investigated on rtieglel surface Pd/Au(111). Even
monolayers and multilayers were inactive towards riethanol oxidation at the standard
experimental conditions. The investigation of Pavdods the MOR was therefore not

investigated in detail.

4.4 Local pH Sensor, Pd/H Electrode

It was shown in the past, that the EC-STM tip carubed as a local sensor to measure the
reactivity of single Pd [19, 21] or Pt nanoparticiga the tip. That method detects at the tip
the reaction products of a catalytic active pagtimh a surface. In the cited cases a Pd or Pt
particle deposited on Au(111) evolves hydrogen Wwigcthen oxidized at the tip and induces
a current flow.

This idea was transferred to locally determine #figoproton concentration which varies for
several reactions generating or consuming profbims. SECPM offers this possibility due to
the potentiometric measurement technique usindiphas a local potential sensor which is
held at open circuit potential (OCP) since a changwoton concentration changes the local
pH a proton sensitive tip senses a potential &89 mV per pH value. Thus, hydrogen
evolution or oxidation can be directly detectedttee SECPM tip by a shift of its OCP.

Therefore pH sensitive tips such as Pt and Pd winezd to determine their behavior on the
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required nanometer length scale. Due to theirtglith store hydrogen, Pd tips were favored
and investigated in detail.

Polycrystalline palladium was loaded with hydrogby galvanostatic pulses to form
palladium hydride electrodes in an electrochenutads cell according to [178]. A hydrogen
ab/adsorption and desorption process is showngar€&i4.25. The applied current is shown
in black with the axis on the right side and theam&ed potential is shown in red with the
axis on the left side. Applying a negative currienthe neutral 1M NaCl@Qelectrolyte leads
to a genitive potential at -1.3V vs. NHE where loghn evolution and hydrogen absorption
occur in parallel. At 1100s the OCP of the tip isasured for about 400s. The OCP is not
stable and increasing with time. The short positiveent pulse for duration of 100s causes
a high OCP which stabilizes after several ten s#soiRepeating the procedure with a
negative current pulse leads again to unstable GE#h in the time range between 2150s
and 2350s. The last positive current pulse which aplied with two different current steps

shows the same beginning of the transient as cadgarthe first positive current pulse.
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Figure 4. 25: Galvanostatic pulses on Pd electrod®otential response due to the galvanostatic
hydrogen ad- and absorption, hydrogen desorption ahOCP measurements.

A closer look into the steps forming a stable Pdléttrode can be seen in Figure 4.26. The

initial potential drop includes double layer chagi hydrogen adsorption and Pd hydride
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formation. The completion of the hydride phasetishe end of the first potential plateau.
The further potential decay and thus the increassvérpotential are attributed to hydrogen
evolution and further hydrogen absorption into plaladium. These results are comparable
to potential step experiments for form Pd/H andeditg current transients in [323]. The
OCP measurement after the hydrogen loading staatirGilOs already shows the very high

stability of the produced electrode.
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Figure 4. 26: Formation of Pd/H electrode and subsgpient OCP measurement. The applied
negative current for hydrogen loading was -500@A for 500s.

As already shown in Figure 4.25 also positive gabgtatic pulses were applied to obtain
stable OCP values of the Pd/H electrode. Baseténwork of Flanagan and Lewis [289,
324] the electrochemically loading of palladiumattedes can lead to a higher concentration
of surface hydrogen than hydrogen in the bulk toe hydrogen/palladium ratio larger
compared to 0.4. Therefore, a positive pulse &iyerogen loading was applied to the Pd/H
electrode in order to remove excess surface hydrege relieve concentration gradients
[291].

Titration experiments in order to investigate thé gensitivity of the Pd/H electrodes were
performed in standard glass cells. The Pd/H eldetwas prepared in 1M HCJ@r purged
electrolyte as described above. Starting at a ghlevaf approximately 5.8 in 1 M NaCJjO
(80 ml) electrolyte the proton concentration wasréased by adding stepwise HGID
different concentrations ranging from 0.1M to camcated HCIQ. During the whole
experiment the OCP of the Pd/H electrode was recbrihe potential transient of the Pd/H

electrode versus time is shown in Figure 4.27. futhe strong dependence of the OCP to
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the proton concentration und the low concentratibprotons in a pH 5.8 electrolyte only
10ul of 0.1M HCIO, was added in the first step. This already leada ftential step of
about 100mV. Continuous adding of perchloric anidiifferent amounts and concentrations
is shown of Figure 4.27. The OCP shifts to moreitpas values. At the end of the
experiment the pH of the electrolyte was 0.36 daeiteed with a pH meter. From the amount
and concentration of added HGl@he pH value of the electrolyte can be calculaftdr

each step.
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Figure 4. 27: Titration curve of Pd/H electrode. O® vs. time

This experiment was also done adding alkaline NaBddtrolyte in different amounts and
different concentrations. A shift of the OCP towsardore negative potentials was recorded
and is in line with the results found in acidic Baament.

In order to apply all the results of the Pd/H aledé the surface of the Pd has to be
minimized for use in an EC-STM or SECPM. This wekiaved by insolating the etched Pd
electrodes with Apiezon wax as described in Chaptefhe surface of the Pd tips was
determined with different techniques such as dolayler charging method, Fée’* redox
couple method and hydrogen adsorption. All mettardsused in a limit range of their field
of application. Nevertheless the results of theeweined surface areas are for each
experiment in the same order or magnitude whicHie@aghat the radii of the free tip apex
only varies of a factor three assuming a hemisphakshape.

The relation between the OCP of an insulated Pigfldrid the pH value is shown in Figure

4.28. The black curve is a guide for an eye wislop of 59mV/decade as theoretical value
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[62, 323]. Although the measured data are not paréect line the slope of 60mV/decade is

very close to the theoretical value. The intersectioint with the y-axis is at 60mV vs. NHE
which is also very close to the literature valu&0mV vs. NHE [291, 293].
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Figure 4. 28: pH sensitivity of the Pd/H electrod®©CP.

The stability of the OCP for the nano pH sensitiectrode was a challenge to investigate.

As shown above large Pd/H electrodes show goodistand behave as already described

in literature. Figure 4.29 pointed out that alsdresulated with hydrogen loaded Pd STM tip

is comparable to a large electrode towards its OCP.
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Figure 4. 29 OCP vs. time for a hydrogen loaded Ptip.
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The potential starts with a positive value whichuiglefined. A negative current of {18
leads to potential drop due to forming a Pd hydgbase, hydrogen evolution and hydrogen
absorption. A subsequent measurement of the OCRsshéier a short relaxation time a
stable value for about 4 hours. After this timdighs increase in potential is seen which then
requires a new loading with hydrogen showing alstabtential behavior and thus suitable

to investigate pH changes over a long time period.

In order to expand the local technique using tlpedi an STM as current sensor in
electrochemical environment, a local potentiometificwas developed. Hydrogen loaded
palladium serves as a stable and precise pH metetadthe fixed potential of the electrode
determined by the absorbed hydrogen and the camatent of the protons in the surrounding
solution. Galvanostatic pulse loading was succégsiused to prepare these kinds of
nanoelectrodes and titration experiments showeglthe potential dependence as described
in literature for larger hydrogen palladium systestential stability is shown for more than

four hours.
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5 Discussion

The discussion is subdivided into three parts: &mental electrochemical studies on a new
kind of model surfaces for electrochemistry; lowadhniques based on EC-SPM in order to
investigate the activity of single particles inatechemical environment and the main part:

support effects for hydrogen reactions, oxygen cédao and methanol oxidation.

5.1 New Supports in Electrochemical Environment

Single crystalline surfaces were investigated viittee different SPM techniques; STM,
SECPM and AFM, which are based on very differenisptal phenoma such as the quantum
tunneling effect in STM, a measurement of the pidénifference in SECPM and using
force as governing factor in AFM. In addition, Ggcvoltammetry was used in order to
investigate the quality and suitability of theséfaces for investigations in electrochemistry.
The new SPM technique SECPM which is based on thenpal difference between two
electrodes in electrolytes was used for in-situratt@rization of single crystal electrodes
with a resolution which is comparable to STM andvAFSurfaces such as Ru and HOPG
imaged with SECPM show a higher image contrast@psscompared to Au, Rh and Ir. This
irregularity at the step edges may arise due tderdiit surfaces states. Potential
spectroscopy as well as high resolution scanniniy $CPM can provide new insights into
surface science phenomena under electrochemicditiwors in future.

All presented heteroepitaxially grown Ru, Rh andgiigle crystalline surfaces show large
single crystalline regions almost as bulk singlgstals. The preparation of these metal
surfaces on 4 inch Si wafers [325] yield a largenber of identical samples for single-use
electrodes which is of special interest when ddoagavith foreign metals providing a high
through put screening. All results were confirme¢g BPM and electrochemical
investigations and discussed with bulk single alysturfaces results from literature.
Although there are defects due to preparation titeases quality has very high standard
which makes it suitable for a wide range of invgetions under electrochemical conditions.
Especially, if the support material is decoratedhwibreign metal in order to clarify the
influence of the support. The nanostructred sudagéll provide new insights in
fundamental understanding of electrocatalysis asthim case of the Pd/Au(11l1) and
Pt/Au(111) investigated in detail in this thesis.
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Rh(111) was chosen as support for principal elebgmical studies for potential induced
metal deposition due to very recent results [3Egarding Ag and Cu deposition on Rh
single crystal surfaces. The underpotential dejoosdf copper is one of the most prominent
phenomena in electrochemical metal overlayers @ugood control of deposition and
dissolution of Cu. Cu-upd can be used to deterrtieeelectrochemical active surface are
and the difference in work function between depoaitd support [318, 326, 327].

As a model catalyst system Pt was deposited oruRaces. The bare Ru shows an inactive
electrochemical behavior with a high overpotenfial the hydrogen evolution reaction
compared to Pt/Ru surfaces. An amount of 0.15Mtdets not show the well pronounced Pt
features such as hydrogen adsorption and desorpfiolitiayers of Pt on Ru show typical
polycrystalline Pt CVs with well defined peaks inethydrogen region. In contrast to
Au(111) as support material the STM images andetbetrochemical results do not indicate
a layer by layer growth for the first monolayerstire case of Ru as support material.
Support effects which are strongly dependent oraper thickness and on an equal growth
mechanism are a challenging task for Ru as substratterial. Nevertheless, the bare
Ru(0001) shows single crystal behavior demonstratett STM and electrochemical
methods; a deposition of foreign metals was egmlysible. Basic CVs were obtained und
compared to results obtained by STM which fits wethether. For the first results with
respect to the hydrogen evolution one can statelénger amounts of Pt causes higher
activity. A detailed investigation of different cemages and different growth procedures

would clarify the impact of Ru as support in detall

5.2 Local Approaches for Reactivity Measurements

5.2.1 Local Current Technique

The basic idea of local reactivity measurements isse the EC-STM tip as a local sensor to
measure currents. The reaction products of anesipecies on the working electrode are
reconverted at the tip into a faradaic current.eHbe hydrogen evolution reaction at a single
particle was investigated by measuring the revayskogen oxidation reaction at the STM
tip. The collection efficiency of the STM tip is @pximately 1. A sequence of steps has to
be done in order to perform local reactivity measugnts and a detailed analysis of the data
iS hecessary.

Former results from Meier et al. [19, 21] alreadyowed a strong dependency of the

particles height on the catalytic activity for thestem Pd/Au(111). Here, smaller Pt particles
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were generated and investigated ranging betweerunddive atomic layers in height. An
increasing activity of almost one order of magn&udith decreasing particle height was
found. The technique was able to monitor the ebeetialytic activity for these small
particles on the nanometer scale and comparelarge nanostructured surfaces. As seen in
Figure 5.4 single particles exhibit exchange curdamsities of more than 6A/éwhich are

purely kinetic since hemispherical diffusion.

5.2.2 Local Potential Technique

Performing spatially resolved pH measurementseahtnoscale using electrochemical SPM
techniques is of great interest in the researdd fi¢ electrocatalysis [328] and corrosion

[292]. Similar to the approach shown above wher HC-STM tip was used as a local

current sensor first attempts towards a potentiomm8ECPM tip as a local pH sensor were
performed. Whereas the potentiometric propertiesnat thought to be size dependent, at
least as long as the response of the surface seipdisat of the edges, i.e. with smaller
electrodes imperfections will probably become caitiand seriously affect the electrode
potential [323]. Most potentiometric pH microserss@re covered with glass, liquid and

polymeric membranes, or metal oxide films [329] wdwer, these materials are not suitable
for the application as electrochemical SECPM tiperEfore, a pH sensitive tip material such

as platinum (Pt) or palladium (Pd) is required hasg in first steps towards a suitable

Sensor.
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Figure 5. 1 Potential shift method: Schematics ohte proton concentration measurement with a
hydrogen loaded palladium SECPM tip (Pd/H tip) as alocal pH sensor. A) lllustration of
increasing proton concentration; B) lllustration of decreasing proton concentration.

The potential of a Pd/H electrode is dependentercomposition in the pureandp phases

as described in Chapter 2, but is independent ofpogition in the mixedr + B phase
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region. Therefore using a Pd/H SECPM tip electrodiéne miscibility gap, a change in the
proton concentration changes the equilibrium paérdf the Pd/H electrode. The high
impedance amplifier of the SECPM setup allows theasarement of the open circuit
potential (OCP) at the SECPM tip. Therefore, theeptal shift of the OCP caused by an
increase or decrease in proton concentration wighiratalytic reaction can be examined
(schematically illustrated in Figure 5.1).

According to the Nernst equation, a change of tiséop concentration by a decade results in
a change of the measured OCP of the tip by 59 nhis &ffect can be used to set up a
method to directly determine the proton concerdratit the SECPM tip.

All above mentioned phenomena were observed orcpdtalline Pd electrodes as well as
on electrochemically etched and insulated Pd tipgShapter 4. The hydrogen loading under
galvanostatic control was successfully used to laad stabilize the potential of the
electrodes. Also a change of the OCP using a hgardgaded Pd tip in the SECPM was
observed varying the concentration of the electeoly

The basic principles of the local measurement dugréton concentration were elaborated
with large as well as small Pd electrodes. Hydrogglladium is a suitable system to apply
in SECPM and very sensitive towards pH changesimgnffom the acidic to alkaline
solution. A combination with the above discussethl@urrent measurements in future can

provide a powerful tool for local investigationstire nanometer scale.

5.3 Support Effects

Support effects are the key topics of this thesid will be separately discussed for the
reactions but with the main focus on hydrogen ieast Local as well as large

nanostructured electrodes and their specific citadygtivity for hydrogen reactions is shown
and discussed in detail. Pd and Pt depositied qdJ4) show increasing specific catalytic
activity for decreasing amount of noble metal. bnicast to that, the geometric current
densities show different behavior for Pd and Podépd on Au(111).

5.3.1 Hydrogen Reactions — Specific Reactivity

The hydrogen oxidation reaction and the hydrogesiugn reaction were investigated on
Pd and Pt decorated Au(111) surfaces in hydrogemragdad electrolyte. Different

electrochemical methods such as cyclic voltammatigy potential pulses were used in order
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to determine the catalytic activity which is retied by the measured current. The reactivity

of Au(111) surfaces covered with a large numbePafand Pt particles, multilayers of Pd

and Pt as well as single Pt particles depositefluffi11) show an effect in that:

The exchange current density of single Pt partidesAu(111) increases with

decreasing particle height from five to one atotaiger by almost one order of

magnitude;

The absolute values for exchange current densitsirgfle Pt particles are in the
range between 6 A/cmand 50 A/crfidepending on particle height;

Decreasing Pt coverage from 7.8 multilayers dowle$s than 1%. of a monolayer
on Au(111) leads to an increase of the exchangemrudensity by more than three
orders of magnitude;

An increase of a factor of three in specific exawrcurrent density is found

comparing Pt(111) and one monolayer of Pt on Au(111

The specific exchange current density for Pt onlAaj increases for coverages of
less than 10% of Pt on Au(111) by more than twemsdf magnitude;

For coverages below 0.005ML Pt on Au(111) an exgbhaturrent density of up to

1 Alent can be observed;

With decreasing coverage of Pd on Au(111) in tHarsanolayers regime even the
geometric current density for Pd increases;

The specific current density for Pd on Au(111) @ases by two orders of magnitude

in the submonolayers regime.

This strong increase in specific reactivity of Rad &Pt nanoislands on Au(111) will be

discussed in the following:

1) The lattice of the Pd and Pt nanoislands expergeacgrain due to the larger lattice

2)
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constant of the Au(111) support, strain decreasethe layer thickness. Thus, the
binding energy to the adsorbed hydrogen [16, 19383322] is changed. A higher
activity of a monolayer of Pt and Pd compared tdtilayers on Au(111) is the
result, because the strain of the adlayer disappsih increasing layer thickness.
The same explanation can be applied for decregsirigle height for single Pt and
Pd particles. In addition, also a modified bindimmergy to hydrogen for
submonolayers and small clusters is reported [@8d]investigated in collaboration
with theoretical groups.

A spill over concept can be taken into account igEmgg the binding of atomic
hydrogen on Pt and Pd as well as on the Au suppslt



3) A high number of reactive steps and defects magean increased specific activity
[6, 7] for large Pt and Pd nanostructured surfasasell as single Pt and Pd patrticles
on Au(111). The ratio of terrace atoms to edge ataiecreases with decreasing
coverage of Pt and Pd on Au(111)

4) An enhanced mass transport for small particles PI8}] due to hemispherical
diffusion as compared to planar diffusion on exshdurfaces may lead to higher
current densities for very small coverages andsfogle Pt and Pd particles on an
extended single crystal.

ad 1) Assuming a pseudomorphic overlayer on Au(111)akiece of the Pd and Pt ad-layer
on Au(111) is strained by approx. 4.8% (Pd) and(#¥. According to the Ngrskov model
[30, 33, 35]a shift of the center of the d-band to higher eiesrgesults. This leads to a
higher H-adsorption energy on Pd/Au(111) and PtlAd4j as compared to bulk Pd and Pt.
Even a changed binding energy of hydrogen to diffemetals for submonolayers was
reported [330] and can be applied for coveragedlentaan a complete monolayer. Binding
energies and reaction barriers of clusters wittvadtoms and monoatomic rows of Pd were
obtained in cooperation with theoretical groupsvass found that supported low coordinated
Pd atoms embedded in the surfaces in different wey® an enhanced the activity as

compared to bulk material which is shown in Fighr2 for the HOR.

1,5x1 I:Iz 9 ---m--- homogenous embedded Pd
] " Pd{111)
+  embedded row of Pd
embeded three aloms cluster of Pd

10%

”lpd 111}

5x10"

1011
104 _

0,0 0,2 0.4 0,6 0.8 1,0

Pd

Figure 5. 2 Theoretical values of the exchange cwent for the HOR normalized to thesurface of
Pd(111) for different composition of palladium embdded in a surface ofAu(111) calculated
with the electrocatalysis theory For comparison, the values obtained with a embeddew and

a embeddedthree Pd atoms clusters in the Au(111) are includedrhe dotted red line indicates
the value of 1 for the Pd(111) surface.
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Santos and Schmickler [42, 331, 332] calculate@miail energy surfaces of the bond length
between two hydrogen atoms and determined the espddtt of the reaction pathway. These
findings lead to the assumption that desorptioatomic hydrogen is also an important step.
Especially a recent publication from Santos ef3d] predicted the enhanced reactivity of a
monolayer of Pt on Au(111) and Pt nanoparticle®\a(iL11) for hydrogen evolution which
is in line with results reported here. Kinetic didaa comparable coverage of Pt on HOPG
yield specific current densities lower by ordersragnitude, emphasizing the importance of
the substrate [20]. This is also supported by measents of Pd particles on Cu(111) [333]
and Pt nanostructures on Cu(hkl) [334] where n@robment of reactivity rather a decrease
of reactivity was found. Copper has a smallerdattonstant than Pd and therefore lattice a
compression effect lowers the energy of the cesftére d-band.

ad 2) A model based on a spill-over effect can be careid, first described by Eikerling et
al. [15]. Here, also the Au(111) support can dlyebe involved in the reaction pathway of
the HER and does not act as inert support. Althahghbinding energy from hydrogen to
Au(111) is weak compared to Pd or Pt, under cedmoumstances a spill over of adsorbed
hydrogen atoms to the Au(111) seems possible. Tiding energy to Pd and Pt strongly
decreases when the coverages of adsorbed hydrogerases to almost a full monolayer
which was supported by theoretical calculations][33pill over can also be considered for
HOR,; calculations investigating this effect are enday.

ad 3) It was suggested from experiments on steppedrRieas by Loffler et al. [336] that a
high electrocatalytic reactivity is caused by stepes. Results of Pd mono- and
submonolayers on different vicinally stepped galgstals investigated by Hernandez and
Baltruschat [6, 7] underline the importance of stegmd defect sites for HER activity.
However, such dependence on the number of stepvg#te not directly found by Meier et al.
[322] and Pandelov and Stimming [16]. Several naprects highlight the extraordinary
behavior of low coordinated atoms for the hydrogeactions which were found in
collaboration with theoretical groups during thiggis and partly describedad 1).

ad 4) An enhanced mass transport based on sphericabkidiff in case of nanopatrticles as
compared to planar diffusion on extended surfacag Ine considered as an explanation, too.
Such enhanced mass transport was reported by GlieKucernak using microelectrodes
[18] and analyzed by Quaino et al. [214]. Also @ar et al. [4] and Neyerlin et al. [5]
discussed enhanced diffusion in case of high pardispersions and small particle sizes.
Although this effect may play a role, it can notthe only reason since Pt sub-monolayers

on HOPG vyield considerably lower specific curresgscompared to Au(111) as a substrate
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[20]. An explanation of the observed enhancemeny b® caused by any of the above
factors or a combination of them; further experitsenvill clarify their respective
importance.

The Volcano curve for hydrogen evolution correlateshydrogen-metal bond strength with
the exchange current density [212] and its maxintiesh close to the value for HER on Pt
electrodes which is approx. 1 mA/&nGreeley et al. [337] and Narskov et al. [335]
complemented this Volcano curve using computatisoedening with metal overlayers and
derived current densities which are about one coflenagnitude higher as compared to the
pure metal. Other reports have stated that theasgehcurrent density for HER and HOR
exceeds 25 mA/chrfor Pt/C [4] or is even in the range of 200-600/a [5]. Previously
reported values gf=0.45-0.98 mA/crh[226] or 1.7-3.0 mA/cri[101] thus seem too low.
High exchange current densities of up to sever@l @®\/cnf at Pt nanostructures on
Au(111) and of up to several 10A/Emt single Pt particles on an Au(111) surface for
hydrogen reactions show a value in specific eleetiaytic activity of platinum that is more
than two orders of magnitude higher as comparea Ri(111) single crystal. The results
show that the exchange current follows the sanmltas reported in [4, 5] with values larger
than 1 A/cri. Comparing this with the volcano, e.g. in ref. JR3indicates that either the
volcano approach may need some modification foosiaactured surfaces or other, possibly

experimental, effects yielded too low current deesiin the past.

5.3.2 Geometric Current Density of HOR/HER of Pd &b on Au(111)
After a detailed discussion of the specific currdetsity of Pd/Au(111) and Pt/Au(111)

surfaces for hydrogen reactions, the geometriceotirdensity which represents the current
through the whole electrode will be discussed. éugih the determination of the geometric
current density is done before calculating the #igecurrent density the discussion
afterwards will provide a closer look into the beiloa of Pd and Pt catalysts. Additional
results were taken from [16] and added to provid®maplete overview in Figures 5.3 and
5.4.

In Figure 5.3 the hydrogen evolution for variougpotentials is plotted vs. the coverage of
Pd or Pt on Au(111). The currents for the Pd/Aujltiben symbols) systems were taken
from [16] whereas the currents for the Pt/Au(11fille@l symbols) were obtained in this
thesis. The overpotentials are between 50mV ancth¥5® be sure that the reverse reaction
does not interfere with the measured one. It iarbleseen that Pt/Au(111) electrodes are

much more active as compared to Pd/Au(111). Thierdifice is larger than one order of
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magnitude for high coverages and up to a factdinrele for low coverages. It is also obvious
that the geometric current density increases welrehsing Pd coverage whereas the
geometric current density decreases with decredingpverage. This result shows a clear
difference between Pd and Pt nanostructured Au(diaces. Although a strain effect can
be applied to both systems it can not be the oxiyamation due to the different behavior.
Maybe diffusion effects play an important role siribe activity of Pd is in each case lower
and diffusion limitation of neither educts nor puotk is possibly not as crucial as it maybe
in the platinum case. This means, the activity ob® Au(111) is in fact still higher, but
measured currents can be limited by diffusion effelevertheless, it is remarkable that the
geometric current density for partly covered Pdered Au(111) increases with a decrease

of the active Pd surface area.
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Figure 5. 3 Comparison of geometric current densityfor Pt/Au(111) and Pd/Au(111) for
Fflg]fogen evolution reaction for different overpotenials. Data for Pd/Au(111) are taken from

A similar behavior is found for hydrogen oxidatimaction on Pd/Au(111) and Pt/Au(111)
surfaces. The geometric current density was deteunby potentiostatic pulses as described
in Chapter 3. Although there are less data poihestrend is clearly visible in Figure 5.4 and
shows as already seen for the HER a differencePtbrand Pt nanostructured Au(111)
surfaces. Whereas Pt/Au(111) shows a decreasingeggoal current density for decreasing

coverage, the Pd/Au(111) behave in the opposite ®earting with a difference in absolute
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current densities of more than two orders of magigtthis difference is decreased to less
than one order of magnitude for low coverages. @lss leads to the conclusion that for low
coverages the geometric current density for thiemdint surfaces converges, as mentioned
above it is not sufficient to only apply substrattects. Diffusion effects are also one aspect
which should be taken into account. But Pt on HOQR®@s not show increased reactivity
although the very low Pt coverages were achieveddiectly compared to the Pt/Au(111)

system [20] indicating a minor influence due tdufifon in the investigated systems.
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Figure 5. 4 Comparison of geometric current densityfor Pt/Au(111) and Pd/Au(111) for
hydrogen oxidation reaction at different overpotentals.

Up to now it is under discussion which model iseatol explain the different behavior of the
increasing geometric current denity for Pd/Au(144) decreasing geometric current density
for Pt/Au(111) for hydrogen reactions. First resdfom cooperation with theoretical groups
maintain the idea that the change of the bindingrggnbetween atomic hydrogen and Pd
when deposited on Au(111) is shifted by more thad®eV compared to bulk Pd. According
to the Vulcano plot in Figure 2.9 where Pd is Idedaon the left side, Pd is shifted more to
the top in the direction to Pt. Given that Pt immthe top of the Vulcano and thus offers

almost perfect bindung conditions, the Au(111) supdoes affect the properties of Pt less.
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5.3.3 Single Particles vs. Large Nanostructuredtiddes —Pt/Au(111)

In Chapter 4 large Pt nanostructured Au(111) edelets and single Pt particles on Au(111)
were shown in Figure 4.9 and Figure 4.12. It isuasxd that the tip of the EC-STM above
one insulated Pt particle on Au(111) probes a sarfirea of onam?. Then, coverage can
be calculated and compared to the large nanostagtsystems in the same plot. This was
done in Figure 5.4 where the local approach tordetes the activity of Pt is plotted together
with the results obtained on large decorated eldes. It can be seen that the insolated
particles have an activity which is about four esdef magnitude higher as compared to
bulk Pt(111) surfaces and at least one order ofnihadp higher as compared to Pt
nanostructured Au(111) although the coverage sthesn one per mill (see Figure 5.5).

100 — -
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|
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platinum coverage ® /ML

Figure 5. 5 Comparison of single particle measurenms with large Pt nanostructured Au(111)
electrodes.

It is also important to mention the enhancemendpafcific current density when lowering
the coverage to less than 10% of a monolayer oiMith the assumption of a free area of
onepm?® Au(111) for one single Pt nanoparticle and theiglararea a coverage in order to
directly compare the results with large Pt nanastmed Au(111) surfaces was calculated.
The results for single particles are plotted togethith them of large structred Pt/Au(111)

surfaces and continue the linear trend when lowethe amount of Pt.
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This indicates a strong enhancement over a cogeragation of four orders of magnitudes.
Due to the different morphologies of the partidies height is not proportional to the surface
area of the particles. But, it is very importantnb@ntion that particles with one or three
atomic layer height are more active compared taoighes with four or five atomic layer
height, which directly shows a strong influencdhaf support with a decreasing strain effect
for increasing atomic layer heights (see Figure).5tere, also the comparison to Pd
nanoparticles on Au(111) is shown. The reactiotssrfor Pt nanoparticles were calculated
with the exchange current densities from Figureahd the density of Pt atoms of'46n?.
Values for the reaction rate for Pd nanoparticlesanaken from [21]. Although the absolute
values for the reaction rate are different the éase in activity with deacresing particle
height is obvious. A similar slope indicates ttia effect beyond the increase in activity is
caused by the same reason which can also be tnatste behavior obtained on Pd and Pt
mulitlayers which show also an increasing activiiyh decreasing thickness. The influence
of diffusion in case of single particle measurersetibes not play a major role due to
hemispherical diffusion to the nanoparticles. Cagping diffusion effects which may arise

from surrounding active catalyst particles are alssent.
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Figure 5. 6 Reaction rates for Pt and Pd single naparticles on Au(111).

The results show that both techniques, single glartmeasurements as well as large
nanostructured electrodes based on the Pt/Au(Iid Pa/Au(111) system, show the same

behavior. The important effects which describe #hectrocatalytic behavior Pd and Pt
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overlayers on Au(111) were already discussed inpheb and can be obtained on single

particles as well as large nanostrucutred surfaces.

5.3.4 Oxygen Reduction Reaction

Compared to the hydrogen reactions, the ORR do¢ssihhow comparable effects on
Pd/Au(111) and Pt/Au(111) electrodes; the speciiiaent for this reaction is increasing for
increasing Pd and Pt coverage on Au(111) in theatager regime and slightly increasing
for decreasing amount of Pd and Pt in the submgapleegime. An explanation of this
effect can be caused by several factors includimgnfiuence of the support. Shao et al.
[237] and Zhang et al. [338] showed an influencéhefsupport when Pd and Pt monolayers
were deposited on different metals. A strong dexreeas found when depositing Pd and Pt
on a support such as Ir(111), Au(111) and Rh(11i¢reas a too strong or a too weak
interaction to oxygen exists. This result was thdoally supported by Greeley et al. [43]
showing that the position of the d-band center tdwahe Fermi level determines the
interaction with the adsorbates. According to Sebaprinciple a neither too strong nor too
weak binding is necessary to have a good cataMste, it was shown that the
electrocatalytic activity decreases in the follogviarder: Pt(111) > multilayers of Pt on
Au(111) > monolayer/submonolayers of Pt on Au(1The effect of the support increases
with decreasing layer thickness leading to charajeding energy to the adsorbates and thus
decreased reactivity. Reducing the amount of Ae$s than a monolayer shows a small
decrease in activity. Applying the calculations@feeley and Ngrskov [339] towards the
oxygen binding energy to Pt for 1/3, 2/3 and a fabbnolayer of Pt on Au result in a
consistent manner. Theoretical results show thdh wecreasing coverage the binding
energy to oxygen is shifted to values which diffem the optimum binding energy and thus
unbalance the Sabatier principle. This effectss ahown for the submonlayer regime below
one full monolayer [339]. For high overpotentialdaav coverages the results differ slightly
from all other curves shown in Figure 4.23. Hererdluence of different mass transport due
to coverages smaller than 30% has to be considdnath was also found from Watanabe et
al. [340]. A detailed verification of this obsex effect with mass transport correcting
methods such as rotating disc electrode and fldivcee help to clarify the results in this
boundary regime. Patrticle size effects for the GRiRch may play role for small coverages

do not play an important role which was recentlplf@ned from Yano et al. [341].
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5.3.5 Methanol Oxidation Reaction

The methanol oxidation was investigated using cyaloltammograms and evaluated
towards their maximum specific current density ameir oxidation potential. Both results
shown above in Figure 4.24 indicate that the P{(I&ference shows the highest activity.
The activity of the Pt mono- and submonolayers e&ses with decreasing coverage. The
maximum current density can be achieved if the &tatayer covers the whole surface. In
the presented studies the current becomes corfstantore than three monolayers. This
indicates that a minimum thickness is necessambtain the current density compared to
Pt(111). This was also found by Kim et al. [342]siudies of spontaneously deposited Pt
islands on Au(111) whereas small and thin Pt dépasie disadvantageous for methanol
oxidation. Also Tang et al. [343] found a simil&sult when investigating Au-Pt clusters.
Increasing the content of Pt leads to an increaaatiyity towards the MOR. A shift of the
peak potentials was also discussed and a valudJof 200mV was found comparing bare
Au and fully covered Pt samples. These data atiménwith the results given in Chapter 4
which showAU = 150mV comparing 0.15ML of Pt on Au(111) and1Rf). According to
the discussion of HER/HOR and ORR the binding endéogmethanol and the different
reaction intermediates is an important factor fatatytic activity. Recent theoretical work
from Ferrin and Mavrikakis [261] shows the depermyenf the orientation on the onset
potential for the MOR on different metal suppo/scording to their work the (100) facet
has a lower onset potential for the methanol oieddfor the direct mechanism compared to
the (111) facet for the most metals such as PtAQuand Au. This result is in line with the
data shown in Figure 4.24, whereas the roughendd Btsingle crystal has a higher peak
current density and a lower peak potential compé#oeithe well prepared Pt(111) where a
lower density of (100) sites is assumed. For varglscoverages the peak potential is hardly
measurable and a peak potential can not be achumétermined. Thus, Pt/Au(111)
surfaces with coverages smaller than 0.15ML aretalagn into account for investigating
methanol oxidation. Investigations on Pd decoradedll11l) surfaces did not show any
activity towards methanol oxidation, even at Pdtitaylers no activity was measurable in
contrast to the Pt/Au(111) system.
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5.3.6 Summary of Support Effects

100

The specific activity for HER/HOR increases wittcdeasing amount of noble metal
for Pd/Au(111) and Pt/Au(111) nanostructred eleses

Single Pt and Pd particles deposited on Au(11ljesme their activity when the
height of the particles is decreased.

The geometric current density for HER/HOR increasits decreasing amount for
Pd/Au(111) surfaces

The geometric current density for the PYAu(11Xreases with increasing amount
of noble metal.

The specific activity for ORR increases with in@ieg amount of noble metal for
Pd/Au(111) and Pt/Au(111) nanostructured electrodes

The specific activity for MOR increases with incsgry amount of noble metal for
Pt/Au(111) nanostructured electrodes. The peaknpateof the MOR is shifted to
more negative potentials for higher coverages. &lveas no measurable activity
found for Pd/Au(111) electrodes for MOR.

The results for ORR and MOR are in contrast to tésults obtained for the
HER/HOR whereas the specific activity for hydrogesactions increases with
decreasing amount of noble metal on Pd/Au(111) Rtidu(111) nanostructured

electrodes.



6 Summary and Conclusions

Substrate effects in electrocatalysis ranging flange nanostructured surfaces down to
single particles deposited on single crystals fmious reactions were the main topic of this
thesis. An increased activity with decreasing anadPd and Pt deposited on Au(111) was
found for hydrogen reactions; hydrogen evolutiomadl as hydrogen oxidation. In contrast
to that result, the oxygen reduction and the matharidation show an increasing activity
with increasing amount of Pd and Pt. These findingse discussed in terms of low
coordinated atoms, support effects, mass trangffatts and a direct involvement of the
support. It became clear, that the Au support pkaysajor role in catalytic behavior by
causing a strain of the Pd and Pt overlayers.

In the discussion it was shown that several mooletained from different theoretical groups
agree well with the experimental findings in thiggis. Density Functional Theory provides
a theoretical insight into binding energies andpps®d reaction pathways. Studies on bare
single crystals, alloys of different metals and th8luence of the support on foreign
overlayers theoretically show a strong impact anlikhavior of the catalysts deposited on
various supports as compared to bare catalystcagfaAlso a direct involvement of the
support material as storage of intermediate reastigroducts seems possible. Reviewed
systems from literature ranging from model surfatweapplied systems from experimental
groups also show similar trends for the investigatyydrogen, oxygen and methanol
reactions. Detailed studies on further model systehranging the support material such as
the investigated ones will thus lead to a furtmsight into substrate effects and modifying

catalytic activity specified on individual reactsn

A new kind of single crystalline surfaces were shgated with STM, SECPM, AFM and
cyclic voltammetry in order to evaluate the quabtyd practicability of these surfaces for
electrochemistry. All presented heteroepitaxiallpvgn Ru, Rh and Ir single crystalline
surfaces show single crystal quality. Thereforeeytlare suitable for a wide range of
investigations under electrochemical conditionge€esally, the use as support material in
electrocatalysis where foreign metals are deposietd the substrates will clarify the
influence of the support in more detail. Basic stadf Pt deposition on Ru(0001) and Cu-
upd on Rh(111) in different electrolytes in thisests have already underlined the
applicability of these supports. During these stadihe SECPM technique based on the
potential difference between two electrodes intedbgtes was used. A resolution which is

comparable to AFM and STM in air and under eledtemgical conditions on the
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investigated surfaces was elaborated although tlysigal background is quite different.
Potential distance spectroscopy with SECPM willoalsffer an insight into basic
understanding of the electrochemical double laykickvis of fundamental interest for the

solid liquid interface.

A new local pH sensor in order to measure changegroton concentration in the
nanometerscale was developed. The successful ugeSitM tip as a current sensor to
locally measure single particle reactivity was ithigal point to explore also a local potential
technique. Based on the possibility to measureQfa® of the tip in the SECPM setup a
potential sensitive tip was developed. Etched Psl With insulation to the very end of the
apex and galvanostatically loaded with hydrogerdets nanoelectrodes. These minimized
electrodes are sensitive to proton concentratiahtbns change their OCP according to the

pH of the solution surrounding the tip with nanoenatsolution.

Summarized, the electrocatalytic activity on Pd d&tdnanostructured Au(111) surfaces
towards hydrogen, oxygen and methanol reactionssuadied. A strong influence of the
support was found enhancing the hydrogen reactanms$ restraining the oxygen and
methanol reactions. Also single Pt particles onlAdj were generated and investigated
towards their activity for hydrogen evolution shagiian increase in activity with decreasing
particle height. New single crystal supports weoaind to be excellent supports for
electrochemical investigations. Principle studiegarding resolution and practicability of
the SECPM were performed and a local potentiometgicsor for measurements of pH

changes with a nanometer tip was developed.
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A1l Abbreviations and Symbols
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a

00oO°

EC-SPM
EC-STM
EDL

Lattice Constant [m]

Activity of ion species i in liquid phase |
Electrochemically active surface area ftm
Atomic Force Microscope

Gold

Concentration [M1]

Differential Capacitance [Fcfh
Capacitance of Diffuse Layer [F&n
Capacitance of Helmholtz Layer [Fém
Counter Electrode

Cyclic Voltammetry

Copper

Diffusion Coefficient [mfs’]
Density of States [(eV )]

Electron Charge (e = 1.602*Q)

Fermi Level [eV]

Electrochemical / Electrochemistry
Electrochemical Scanning Probe Microscope
Electrochemical Scanning Tunnelling Micrage
Electrochemical Double Layer

Faraday Constant (F = 96485 C ol
Fugacity of Hydrogen

Standard Gibbs Free Energy Change [KIM

Planck Constant (h = 4.136*1eV s)
Reduced Planck Constaht=£ 6.582*10'%V s)
Step Height [m]

Hydrogen

Highly Oriented Pyrolytic Graphite

Current [A]

Tunnelling Current [A]
Tip Current [A]

Inner Helmholtz Plane

Current Densitry [Acif]
Rate Constant$

Boltzmann Constant k= 8.617*10° eV K™
Local Density of States [(eVE]



<3

NHE

OCP
OHP

Pd

Pt
PzC

RE
SECPM
SEM

SPM
ST™M

z(1)

Oa
Olc

€o

Mole Number
Mole
Monolayer

Number of transferred electrons
Normal Hydrogen Electrode

Open Circuit Potential
Outer Helmholtz Plane

Palladium
Platinum
Point of Zero Charge [V]

Charge [C]

Gas Constant (R = 8.314 J(mol'K)
Reference Electrode

Scanning Electrochemical Potential Microscop
Scanning Electron Microscope

Scanning Probe Microscope

Scanning Tunnelling Microscope

Time [s]
Temperature [K]

Potential [V]

Bias Voltage [V]

Potential of the sample in EC-SPM
Potential of the sip in EC-STM
Redox Potential

Standard Potential

Working Electrode

Charge of ion species i in liquid phase |
Transfer coefficient

Anodic transfer coefficient

Cathodic transfer coefficient

Dielectric constant [As(Vrii]
Permittivity of free space(= 8.854*10" As(Vm)™)

Overpotential [V]

Debye Hickel Length [m]
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(0} Electrostatic potential of electrode [V]

0o Potential of the electrode [V]
¢s Work Function of sample [eV]
] coverage [ML]

v Sweep Rate [V§
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