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PREFACE

In recent years, planar model catalysts have been increasingly employed for de-
tailed mechanistic studies of catalytic and electrocatalytic processes, exploiting the
well-defined structure as well as electronic and chemical properties of these model
systems. Recent developments in Nanotechnology have provided new opportuni-
ties for the fabrication of, e.g., well-defined nanostructured planar Pt/glassy carbon
(GC) model electrodes with essentially monodisperse particle sizes and/or regular
particle separations. Model catalysts have so far mainly been employed in studies
of heterogeneously catalyzed reactions at the solid-gas interface, whereas studies of
electrocatalytic reactions are sparse. Therefore, the aim of this work was to learn
more about the influence of transport processes on overall reaction processes, which
can, via desorption and re-adsorption of volatile reaction intermediates, affect the
product distribution in more complex electrocatalytic reaction processes with dif-
ferent main and side products and can be studied by evaluating the influence of the

particle separation on the product distribution.

Within this thesis the stability and electrocatalytic properties of nanostructured
Pt/GC surfaces, which represent simplified, but well-defined model versions of com-
monly used realistic carbon-supported Pt/C catalysts, e.g., in PEM fuel cells, were

investigated.

The presented work is organized in eight chapters. In chapter 1 the application of
model electrodes and their outstanding possibilities of studying mass transport ef-
fects in electrocatalytic reactions are described and motivated. Chapter 2 addresses
fabrication procedures of nanostructured Pt/GC model electrodes, the in this study
applied physical characterization techniques such as SEM, EDX, TEM, XPS and

AFM and the employed electrochemical instrumentation.

The results presented in chapters 3—7 were already published in various journals.
Each chapter represents a publication with its individual abstract, introduction, re-
sults and discussion part and summary. Whereas chapters 3—5 focus on different
fabrication techniques, physical characterization methods and stability-tests of the
nanostructured Pt/GC model electrodes, the influence of transport effects in elec-
trocatalytic reactions such as oxygen reduction (chapter 6) or methanol oxidation
(chapter 7), in particular their selectivity and hence the resulting product distribu-
tion is presented and discussed.

The preparation of nanostructured Pt/GC electrodes via lithographic techniques
(chapters 3—7) and via deposition of Pt-salt loaded micelles (chapter 5) results from

excellent collaborations with the groups of Prof. Dr. B. Kasemo (Department of



Applied Physics, Chalmers University, Gothenburg, Sweden) and Prof. Dr. P. Zie-
mann (Institute of Solid State Physics, Ulm University), respectively. The physical
characterization was performed in cooperation with the group of Prof. Dr. H.-J.
Fecht (SEM/EDX-Analysis, Institute of Micro- and Nanomaterials) and the group
of Prof. Dr. U. Kaiser (TEM, Central Facility for Electron Microscopy) both located
at Ulm University. XPS studies were operated in the Institute of Surface Chemistry
and Catalysis at Ulm University.

In chapter 3 (J. of Electrochem. Soc. 155(3) K50-K58, 2008) the preparation pro-
cedure of nanostructured Pt/GC electrodes via Colloidal Lithography is described
in detail. The stability of these model catalysts upon exposure to a realistic elec-
trocatalytic reaction environment was studied.

Chapter 4 (J. of Electrochem. Soc. 155(10) K171-K179, 2008) verifies the pres-
ence of a dilute layer of secondary Pt nanoparticles in addition to the intended Pt
nanodisks on Pt/GC electrodes prepared via Colloidal Lithography. It is further
demonstrated that by using the related method of Hole-mask Colloidal Lithogra-
phy nanostructured Pt/GC electrodes can be prepared which are free from these Pt
nanoparticles.

Novel, nanostructured Pt/GC electrodes with homogeneously distributed Pt nano-
particles of uniform and more realistic particle diameters (3-8nm) fabricated by
deposition of Pt-salt loaded micelles and specific after treatment procedure are the
topic of chapter 5 (Langmuir 23(10) 5795-5801, 2007).

The influence of mesoscopic mass transport effects on the activity and selectivity
of the oxygen reduction reaction over nanostructured Pt/GC electrodes prepared by
Hole-mask Colloidal Lithography is presented in chapter 6 (Faraday Discuss. 140
167-184, 2008). Based on these findings the ,desorption-re-adsorption—reaction®
concept is introduced.

In chapter 7 (Langmuir 26(5) 3569-3578, 2010) transport effects on the methanol
oxidation reaction (MOR) product distribution over nanostructured Pt/GC elec-
trodes fabricated by Hole-mask Colloidal Lithography are the main focus. The
measurements reveal a distinct variation in the MOR selectivity, which is explained

in terms of the ,desorption-re-adsorption-reaction” concept and verifies its validity.

The achieved results of the forth going chapters 3—7 are subsumed in English and

additionally in German language in chapter 8.

May 2010 Yvonne E. Seidel
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1 INTRODUCTION



2 CHAPTER 1. Introduction

1.1 Departure to a new ,,Energy Age*

,Das Wasser ist die Kohle der Zukunft.
Die Energie von morgen ist Wasser, das durch elektrischen Strom zerlegt worden ist.
Die so zerlegten Elemente des Wassers, Wasserstoff und Sauerstoff, werden auf

unabsehbare Zeit hinaus die Energieversorqung der Erde sichern.“

Jules Verne aus Die geheimnisvolle Insel (1870)

Nowadays, there are two conflicting trends regarding the energy supply for the
mankind: Whereas the world energy consumption increases continuously, the main
energy providers are fossil fuels such as petroleum, coal and natural gas.

The supply of fossil fuels is finite [6-8]. For the nearest future there is a urgent
need to rethink about energy supplies. Special focus lies on the transition from fossil
fuels to so-called renewable energy sources like solar, wind or biomass [9, 10].

As mentioned by Jules Verne in 1870, the idea of using hydrogen as a primary form
of energy is beginning to move from the pages of science fiction into the speeches of
industry executives and politicans 9] (,Greenery, innovation, and market forces are
shaping the future of our industry and propelling us inexorably toward hydrogen
energy. [11]). Later, Crabtree et al. [12| proposed the so-called ,hydrogen society*:
Hydrogen will be generated from the renewable energy sources and be used as energy
carrier. An ideal system for gaining the stored chemical energy from hydrogen are
fuel cells [12], which allow to directly convert chemical to electrical energy and heat
at a high efficiency and without formation of harmful or poluting species.

The principle of fuel cells is simple and known already for more than one century.
The technical demands on fuel cells however are high: the overall conversion of fuel
and oxidant should be fast and efficient even at low temperatures, the catalyst and
membrane materials should be stable under most caustic conditions and everything
at a customer-friendly, economically, reasonable price.

The major task for academic and applied research today is to strengthen the
activities to meet these challenges in moving towards commercialization of fuel cell
technology to allow the vision of Jules Verne to become true some day! For instance,
one ansatz may be the improvement of fuel cell catalysts/electrodes with respect to
their activity, selectivity and stability.

In this thesis, the stability and electrocatalytic properties of model electrodes as
simplified and well-defined 2D model versions of realistic fuel cell electrodes, which
are rather complex networks, were systematically investigated. The outcome of this
work leads to a deeper understanding of transport processes influencing the activ-
ity and selectivity of electrocatalytic reactions, which is important for the rational

further development of (direct oxidation) fuel cell technology.
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1.2 Fuel Cells — Alternative Energy Sources

Fuel cells are by definition galvanic cells, which directly convert chemical energy
from continuously fed fuels and oxidants into electrical energy. The cell operates as
long as fuel is supplied. It is not possible to store energy in fuel cells, the system

operates as an energy converter.

In general, fuel cells are comprised of two electrodes (anode and cathode), sep-
arated by a semi-permeable membrane, which is conductive for ions such as HT,
OH~, CO3z?, 0> etc. depending on the type of fuel cell . The electrodes are in-
terconnected via an external circuit with an interposed consumer load. A principle
sketch of a so-called polymer-electrolyte-membrane fuel cell (PEMFC) is given in
Fig.1.1.

The predecessor of the todays PEMFC (fuel: H,, oxidant: Og) was already in-
troduced in the 19" century by Sir William Grove (1839), based on the ideas of
Christian Friedrich Schonbein (1838). Both are considered as the ,fathers* of the
fuel cell today. Their experiments consisted of little Pt-rod pairs dowsed into sulfuric
acid, which were flowed with hydrogen and oxygen gas, respectively. However, since
current and voltage were too low, the fuel cell prototype could not compete against
the inventation of the electrical generator/dynamo by Werner von Siemens at that
time. Nearly 100 years later, in 1955, Willard Thomas Grubb, a chemist working for
General Electric (GE), improved the previous fuel cell design by introducing a sul-
fonated polystyrene ion-exchange membrane as electrolyte. Leonard Niedrach, also
chemist at GE, developed a procedure for depositing platinum onto the ion-exchange
membrane, which is required to catalyze the hydrogen oxidation at the anode and
the oxygen reduction at the cathode. This fuel cell set-up became known as the
so-called ,Grubb-Niedrach fuel cell“ [13]. At this step of development, GE went
on to develop this technology together with NASA and McDonnell Aircraft. This
resulted in the first commercial use of a fuel cell within the Gemini Project. About
20 to 30 years ago, during the 1980s and 1990s, the membrane was exchanged by
sulfonated tetrafluoroethylene based on a fluoropolymer-copolymer and Nafion con-
taining PEMFCs were introduced [14]. The fuel cell power density and the lifetime
were significantly increased due to the new membranes. Furthermore, nanoparticles

supported on porous carbon material were introduced as catalysts.

Other possible fuels for a low-temperature PEM fuel cell type are short-chain
alcohols. Using liquid fuels such as diluted methanol (Direct Methanol Fuel Cell
— DMFC) or ethanol solutions instead of high-purity hydrogen gas offers practical
advantages such as size, weight and reduction of costs for the purification of hydrogen

gas. Furthermore, a liquid fuel has a higher energy density and is easier to handle
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Figure 1.1: Schematic representation of a direct methanol fuel cell, representing the PEM
fuel cell type. At the anode, a diluted methanol (CH3OH) solution reaches the catalyst
layer at the electrode surface. The catalyst facilitates the dissociation and oxidation of
methanol and water (HoO) to CO2. (Six electrons and protons (H) are formed by the
complete conversion of one methanol molecule to CO2). While the generated electrons
pass from the anode through an external circuit, where a device is interconnected to the
cathode, the protons formed during several reaction steps are passed via the membrane to

the cathode, where oxygen (Oz2) is reduced to water.

for transport and storage.

Figure 1.1 schematically illustrates how a DMFC is working: The fuel, e.g., diluted
methanol solution, reaches the catalyst layer of the anode. Methanol and water are
adsorbed on the catalyst nanoparticles which are supported on high surface area car-
bon material (see also Fig. 1.2a and b). Due to the (electro-)chemical reaction at the
catalyst, protons and electrons are released until the CH3OH molecule is converted
and completely oxidised to the final product CO,. Protons are transported across
the membrane to the cathode, where oxygen (Oj) is reduced to water. Electrons
are transported through an external circuit from the electron source (anode) to the
electron sink (cathode), providing power to connected devices. Whereas water is

consumed at the anode, it is produced at the cathode side (see Fig.1.1).



1.2. Fuel Cells — Alternative Energy Sources )

The half-cell and total reactions are:

Anode: 2 CH;0H + 2 H,O — 2C0Oy + 12 HT +12 e~
Cathode: 305 +12 H" +12 = — 6 H,O

Total: 2 CH30H + 3 02 — 2 COQ + 4 HQO

Regarding the number of released electrons per CH3OH molecule, it is essential to
note, that the overall efficiency and the power output of a DMFC depends sensi-
tively on the complete conversion of methanol to CO,. The methanol oxidation
reaction (MOR) has been studied extensively since almost 30 years, both due to its
application in DMFCs and from fundamental aspects. Excellent reviews are given,
e.g., in refs. [15-20]. Therefore, it is well known that the MOR results in three
different products, the complete oxidation product COy and the incomplete oxida-
tion products HCHO and HCOOH (see, e.g., refs. [20-24| and references therein),
and that the reaction proceeds via a complex reaction network involving a number
of adsorbed or desorbable reaction intermediates, as described first by Bagotzky et
al. [2]. It was shown for Pt and Pt catalyst electrodes, that the MOR product yields
depend strongly on experimental conditions, e.g., the catalyst loading [25].

At present, standard DMFCs contain relatively high amounts of catalyst leading
to complete oxidation of methanol to COy [26-28], in particular at elevated tem-
peratures |29, 30]. However, this may be different in future applications. With the
further reduction of the amount of anode catalyst for lower costs for costumers, one
may reach a level where this is limited by increasing emission of incomplete (and
toxic) oxidation products at the exhaust of the fuel cell. As it was shown by Jusys
et al. [25] for the methanol oxidation on thin-film carbon-supported Pt (Pt/C) cat-
alyst electrodes under enforced electrolyte flow, the product distribution changes
significantly upon varying the catalyst loading at otherwise constant reaction con-
ditions, from predominantly formaldehyde production at low catalyst loadings to
increasingly higher yields of COy (and hence lower formaldehyde yields) at higher
catalyst loadings [25]. This will become even more relevant in the development of
micro-DMFCs for portable applications, with their low absolute amount of catalyst
and low methanol consumption.

Similar results were obtained for the oxygen reduction reaction (ORR, reaction at
the PEMFCs cathodes). Earlier studies demonstrated that this leads also to HyOq
formation [31-34] in addition to the desired product, namely H,O. This reaction
product, HyOy, maybe further reduced to water [35-38]. On massive Pt and on
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carbon-supported Pt/C catalyst electrodes, the ORR showed essentially no differ-
ence in the selectivity in terms of the resulting product distribution (ratio of HyO
and HyOs) [4, 39-42]. The particle separation in Pt/C catalysts was made respon-
sible for changes in the catalyst activity [43], but selectivity effects were not dis-
cussed. Recently, Inaba et al. reported an increasing hydrogen peroxide production
with decreasing Pt/C catalyst loading (below 10 ugcm™2) in ORR measurements on
thin-film catalyst electrodes on a glassy carbon support [44]. It is of high relevance
to note that these observations also have consequences for practical applications of
a PEMFC cathode. They clearly point out that with decreasing catalyst loading,
which is strived for from economical reasons, there is an increasing risk of HyO,
production on the cathode catalyst even under typical cathode reaction conditions,
which may have disastrous consequences on the lifetime of electrode or membrane
due to corrosion effects [45, 46].

1.3 From Real Catalysts to Model Electrodes

Realistic fuel cell electrodes are considered as three dimensional (3D) networks of Pt
nanoparticles which are deposited on high surface area carbon supports as schemat-
ically presented in Fig. 1.2a. By providing a high surface area material effects, such
as particle agglomeration or sintering, can be diminished. Furthermore, high surface
area materials offer the possibility to reach a high conversion on a realitvely small
projected geometric area. A magnified schematic representation of the crucial phase
boundary, where the electrochemical reaction occurs is shown in Fig. 1.2b.

To study electrocatalytic reactions such as the MOR or ORR, which involve sev-
eral reaction steps, in more detail, including mass transport effects on the activity
and selectivity, elementary mechanism and kinetics of electrocatalytic reactions,
model electrodes are required. Model electrodes with a simplified and well-defined
surface morphology sufficiently replace these rather complex 3D realistic catalysts,
where additional vertical mass transport within the catalyst bed has to be included
and particle separations can only be approximated. The new information obtained
can help to understand and also to improve existing real systems.

A principle sketch of a model electrode used in this work is shown in Fig. 1.2 c. The
presented nanostructured Pt/glassy carbon (GC) electrode consists of electrochem-
ically active Pt nanostructures deposited on a planar, inert glassy carbon substrate.
It can be described as taking a thin slice of a real 3D electrode to form a planar
model electrode in two dimensions (2D) [47] and hence creates new possibilities to
study mass transport effects in electrocatalytic reactions systematically. Because

of their well-defined and rather regular arrangement, these electrodes are ideally
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Figure 1.2: Schematic illustration of a real catalyst and a Pt/glassy carbon model elec-
trode. (a) The catalyst layer of a PEM fuel cell is formed by a layer of carbon-supported
catalyst nanoparticles (1-5nm) deposited on a (Nafion) polymer electrolyte membrane. (b)
Magnification of the so-called three phase boundary (TPB), where the (electro-)chemical
reaction takes place. (c¢) Nanostructured Pt/glassy carbon model electrode representing a
vertical two-dimensional cross-section through a three-dimensional network of Pt nanopar-

ticles in a real catalyst layer.

suited for model studies of lateral transport effects, e.g., by investigating the change
in reaction characteristics upon varying the density and/or size of the nanodisks or
the electrolyte flow rate. From the same structural reasons, they are particularly
attractive as (experimental) model system for quantitative comparison with simula-
tions of the contributing transport and reaction processes. The latter would be very
close to the simulations of diffusion processes to arrays of ultra-microelectrodes in a
flow cell situation reported previously (see, e.g., [48-51]), complemented by lateral

transport processes between the microelectrodes and by the surface reactions.

Model studies of catalytic and electrocatalytic reactions, performed on structurally
and chemically well-defined, but nevertheless more realistic systems than, e.g., poly-
crystalline or single-crystal (electrode) surfaces and under close-to-realistic reac-
tion conditions (e.g., pressure, temperature, particle-support interactions), have at-
tracted increasing interest in recent years [52-55].

The aim of my work was to gain a deeper insight into electrocatalytic reactions
and transport processes, in particular in fuel cell relevant reactions. A special fo-

cus was the correlation between the electrode morphology and the reaction activity
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and selectivity. These aimes were followed by making use of new developments in
the area of surface nanostructuring [56-64], Colloidal Lithography (CL) [47, 60—
63, 65|, Hole-mask Colloidal Lithography (HCL) [64] and the approach of ,micellar
techniques” |66, 67| (see section 2.1 in chapter 2), which were applied for the con-
trolled preparation of planar nanostructured Pt/GC model electrodes with defined
particle sizes and particle distances. In addition to the narrow size distribution,
the nanodisks/nanoparticles are arranged in a rather regular array with a narrow
distribution of interparticle separations, which uniformly covers the entire accessi-
ble electrode area. The fabricated nanostructured Pt/GC model electrodes used in
this work were investigated by surface sensitive characterization techniques such as
SEM, TEM and AFM for physical characterization of the surface morphology and
EDX and XPS for identifying the chemical composition of the electrode (see section
2.2 in chapter 2). The physically characterized nanostructured Pt/GC model elec-
trodes were electrochemically characterized additionally and used for studying fuel

cell relevant electrocatalytic reactions (see section 2.3 in chapter 2).

1.4 Mass Transport and Re-Adsorption Effects in

Electrocatalytic Reactions

Mass transport processes, including the transport of reactants to and of reaction
intermediates or products away from the electrode, can play an important role in
electrocatalytic reactions, in addition to the chemical and electrochemical properties
of the respective catalyst or electrode material. For instance, it is well known that
in many electrocatalytic reactions, the reaction rate is limited by the transport of
reactants to the electrode, resulting in a ,mass transport limited current” [68-72]
(see Fig.1.4 1! panel). Less well known is that transport effects may alter also
the overall behavior of the reaction, in particular its selectivity and hence the prod-
uct distribution in reactions leading to more than one product. In Heterogeneous
Catalysis, it is established that for decreasing space velocity the product distribution
moves towards that expected for thermodynamic equilibrium in such reactions 73],
and similar trends are expected also in FElectrocatalysis.

Catalytic processes in Heterogeneous Catalysis consist of several important steps,
namely (i) transport of the reactant(s) to the surface, (ii) (dissociative) adsorption
on the surface, (i) reaction with neighbouring adsorbed species, (iv) desorption
of the product(s) and (v) off-transport away from the surface (see also Fig.1.4 1
panel). However, the crucial difference between a heterogeneous reaction, e.g., at the

solid-vacuum interface and an electrocatalytic reaction at the solid-liquid interface
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Figure 1.3: Schematic illustration of the motion of reactand molecules towards a sur-
face: (a) Surface Science: reaction at the interface solid-vacuum (ultrahigh vacuum con-
ditions) leads to a single-hit reaction and (b) Electrocatalysis: reaction at the interface
electrode/electrolyte. The motion of a reactant is describable by Brownian motion. Sev-
eral hits of the surface are possible as long as the reactant molecule remains in the diffusion
layer above the electrode surface (the thickness of the diffusion layer depends on the elec-
trolyte flow rate |74, 75]).

is that under high vacuum conditions mainly single-hit reactions occur (Fig.1.3a),
whereas the motion of a reactant in the electrolyte (or respectively at high pressures
in the gas phase at the solid-gas interface in Heterogeneous Catalysis) is describable
by Brownian motion (Fig.1.3b). Several hits of the surface occur as long as the
reactant molecule remains in the diffusion layer above the electrode surface. The
thickness of the diffusion layer and hence the residence time of a reactant in the
near surface reagion, will depend on the electrolyte flow rate |74, 75].

If one wants to study mass transport effects upon electrocatalytic reactions (liquid
phase environment) by changing the electrode morphology in terms of varying parti-
cle sizes, inter-particles distances or the electrolyte flow rate on the reaction kinetics
by means of the catalytic activity or the resulting product distribution (selectivity),
one should at first consider how an (electro-)catalytic reaction proceeds in detail:

As schematically depicted in Fig. 1.4, an electrocatalytic reaction starts with the
transport of a reactant to the electrode surface, where it is adsorbed; after the
surface reaction, the product desorbs and is transported away from the electrode
surface. In the 1% panel of Fig. 1.4, an electrocatalytic reaction with only a single
reaction product, e.g., the oxidation of Hy to 2 HT in an electrolyte, is considered.
Obviously, the kinetics of the total reaction can be affected by mass transport effects,
by limiting the reactant supply or the off-transport of products, leading to purely
,mass transport limited* reaction.

In mixed kinetically and transport limited reactions such as the oxygen reduction

reaction (ORR), the coverage of adsorbed reactants under steady-state conditions is
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Figure 1.4: Schematic description of the proceeding elementary reaction steps involved
in an (electro-)catalytic reaction. 1% panel: Reaction with one possible product, e.g.,
oxidation of Hy to 2 H in an electrolyte. (1) Transport of the reactants (blue) from
the flowing electrolyte via the diffusion layer to the electrode surface, (2) adsorption of the
reactant at the electrode surface, (3) surface reaction of the reactant to the reaction product
(red), (4) desoprtion of the reaction product into the stagnant diffusion layer and (5)
transport of the reaction products away from the electrode, via the diffusion layer into the
flowing electrolyte. 2°¢ panel: Reaction with soluable, reactive reaction intermediate(s),
e.g., reduction of oxygen to water and HyO9 as reaction intermediate. (1-5) as above,
however after (2) adsorption of the reactant at the electrode surface, (2a) surface reaction
of the reactant to a reaction intermediate (purple) occurs, (2b) desorption of the reaction
intermediate, which remains in the diffusion layer above the electrode surface (or leaves
the diffusion layer) and (2c) re-adsorbs at another active side. Subsequently, the sequences

continues in the 7°¢ panel with step (3).

changed by the reduced supply of reactants to the surface. Furthermore, insufficient
removal of products from the surface and/or near surface region, may also affect
the kinetics of the surface reaction. The situation becomes more complicated if
soluable, reactive reaction intermediates, for instance, in the case of the oxygen
reduction reaction HyO, is involved. As presented in the 2°¢ panel of Fig.1.4,
the formed reaction intermediate (Fig.1.4: 2a) not only remains adsorbed on the
catalyst surface and reacts further, but desorbs into the stagnant diffusion layer
above the electrode surface (Fig.1.4: 2b). If so, the reaction intermediate has two
options: (i) either leaving the diffusion layer into the flowing electrolyte and being
off-transported or (7i) a possible re-adsorption and further reaction of the reaction

intermediate to the final reaction product (Fig.1.4: 2c) occurs.

In the general case discussed above, (electro-)catalytic reactions involve several

elementary reaction steps, which may occur sequentially and/or in parallel and thus
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Figure 1.5: Simplified reaction scheme of the oxygen reduction reaction on a continu-
ous Pt electrode as proposed by Damjanovic et al. [1] in a bird"s eye view representa-
tion. The flowing electrolyte and stagnant diffusion layer above the Pt surface are shown,
demonstrating the vertical transport of an incoming reactant O molecule and formed in-
termediate species, e.g., hydrogen peroxide (H2O3), to/away from the electrode surface.
(Note: The arrows parallel to the Pt surface represent the possible reaction paths, they
neither describe the motion nor reflect distances of /between the adsorbed species across

the electrode surface.)

create complicated reaction networks. As examples for such complicated reaction
networks, the reaction schemes of the already introduced half-cell reactions of a
DMFC, the rather ,simple* oxygen reduction (two possible products: HyO and
H505) and the more ,complex* methanol oxidation (three possible products: HCHO,
HCOOH and CO,) will be described in more detail.
Ozygen Reduction Reaction — ORR

Mechanistic proposals about the oxygen reduction reaction is continuously discussed
in literature starting from Frumkin [77| and Damjanovic [1] 50 years ago, coming
to numerous publications in the end of the last century [31-34, 78, 79|, ending up
with very recent results of DFT-calculations [80-82|. A simplified, general reaction
scheme for the ORR over a planar Pt electrode based on Damjanovic et al. [1] and
Wroblowa et al. [78] proposals is given in Fig. 1.5 including arrows where transport
may affect the reaction rate/selectivity. According to their incitations, oxygen is ei-
ther reduced via a parallel mechanism [1]| (Fig. 1.5 reaction branch in the foreground)
or proceeds in a serial process [1| (Fig. 1.5 reaction branch in the background). The
existence of one reaction branch does not rule out that of the other one. (Note:
The arrows parallel to the Pt surface represent the possible reaction paths, they
neither describe the motion nor reflect distances of/between the adsorbed species
across the electrode surface.) Despite the apparent simplicity, the ORR represents
an electrocatalytic network involving several elementary steps. Whereas the direct

mechanism (parallel) is commonly described as ,four-electron pathway“, the term
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Figure 1.6: Reaction scheme describing the oxidation of methanol on a continuous Pt
electrode after Bagotzky et al. [2] or recently Lamy et al. [76] in a bird"s eye view
representation. The flowing electrolyte and stagnant diffusion layer above the Pt surface
are shown, demonstrating the vertical transport of an incoming reactant CH3OH molecule,
of the resulting reaction side products, e.g., formaldehyde (HCHO), formic acid (HCOOH)
and adsorbed CO to/away from the electrode surface. (Note: The arrows parallel to the Pt
surface represent the possible reaction paths, they neither describe the motion nor reflect

distances of /between the adsorbed species across the electrode surface.)

s<two-electron pathway* is used for the two-step process (serial) [31-34, 77, 79].

The HyO, formation [31-34] and furthermore the HyO reduction to water [35-38]
have been detected and quantified on various catalysts. However, there is only little
information available about the ratio of the two possible reaction pathways in terms
of the resulting product distribution (ratio of H,O and Hy0O,) in the process of the
ORR.

Methanol Ozidation Reaction — MOR
A more complex reaction scheme is given in Fig. 1.6, demonstrating schematically
the possible (sequential and parallel) reaction pathways of the methanol oxidation
to COy based on the early work from Bagotzky et al. [2] and a recent review by
Lamy et al. [76]. The scheme denotes where transport may affect the reaction
rate/selectivity. (Note: The arrows parallel to the Pt surface represent the possible
reaction paths, they neither describe the motion nor reflect distances of/between
the adsorbed species across the electrode surface.) For more details about the con-
tributing partial reactions the reader is referred to [20, 83, 84]. As already briefly
mentioned above, the electro-oxidation of methanol results in three different prod-
ucts, namely COs (complete oxidation) as well as HCOOH and HCHO (incomplete
oxidation) products (see, e.g., [20-25, 85-88] and references therein).

It was found that the ratio of the different reaction products, or more precisely the

MOR selectivity, strongly depend on the experimental conditions such as the concen-
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tration of the methanol solution |5, 23, 89|, the flow rate of the fuel [5] or the reaction
temperature [29, 30| as well as on the type of electrode or catalyst, for instance the
catalyst loading [25, 86, 89] or the composition of the catalyst [85, 87, 89-93|, used.
Among the many results it should be noted that increased formation of reaction
side products on smooth Pt electrodes under enhanced mass transport conditions
[5, 23, 89, 94| is observed, whereas complete conversion of methanol to COy was
reported on high-surface-area platinized Pt electrodes [85-87, 95, 96]. Therefore
the question arises, whether the MOR selectivity is affected by the design of the

electrode or enhanced mass transport conditions.

MAss TRANSPORT (DIFFUSION FRONTS) OVER NANOSTRUCTURED Pt/GC
MODEL ELECTRODES

It was already denoted, that transport of reactants to the electrode may affect the
measured reaction rate by putting an upper limit on the rate, which results in the for-
mation of a transport limited current (or ,limiting current”) [68-72]. The transport
of a reactant to the electrode surface is indicated by the vertical arrows in Fig. 1.4.
The arrows represent the motion of an incoming reactant or a leaving reaction prod-
uct from the stagnant diffusion layer into the flowing electrolyte and vice versa in
Fig. 1.4 1" panel. Prominent examples of ,mass transport limited“ reactions are the
hydrogen oxidation or the continuous CO bulk oxidation (at higher potentials). For
these rather ,simple reactions with only one possible product like H /water or COo,
respectively, the diffusion front of reactants to the electrode surface can be described

as follows:

Identical mass transport limited currents for the continuous electro-oxidation of
CO (at higher potentials) are obtained over a planar Pt film electrode and nano-
structured Pt/GC electrodes with Pt coverages down to a critical value (samples
with less than 20 % of the surface covered by Pt nanostructures) [97]. By this obser-
vation, it is indicated that for these electrodes the reactant transport to the array

of Pt nanostructures can essentially be described by ,planar diffusion®.

Similar to a continuous Pt surface (see Fig. 1.7a) the transport of reactants pro-
ceeds by ,vertical diffusion” through the stagnant diffusion layer. This means that,
if the density of the Pt nanostructures is high enough that all arriving molecules
reaching the electrode surface are consumed (see Fig.1.7b). The diffusion of reac-
tant molecules to the electrode surface can still be described by a one dimensional
(1D) diffusion transport to a planar Pt surface, despite the distortion of the diffu-
sion pattern close to the individual nanostructures (see Fig.1.7b). Decreasing Pt
coverages, by means of increasing separation of the individual Pt nanostructures,

result in increasing contributions of ,hemispherical diffusion* (see diffusion pattern



14 CHAPTER 1. Introduction

a) '8 —

b) o et

high-loaded nanostructured Pt/GC model electrode

c) 1

IANAN

low-loaded nanostructured Pt/GC model electrode

Figure 1.7: Schematic description of the diffusion front in a mass transport limited re-
action (e.g., Ho oxidation, continuous CO bulk oxidation at higher potentials) over (a) a
planar continuous Pt electrode (,planar diffusion®), (b) a nanostructured Pt/GC electrode
with high Pt surface coverage, (contributions from ,hemispherical diffusion“ close to the
nanostructures and transformation at the periphery to almost ,planar diffusion®), and (c) a
nanostructured Pt/GC electrode with low Pt surface coverage, (,hemispherical diffusion®).

Dotted lines: lines of constant reactant concentration.

in Fig. 1.7¢). This was indicated by lower mass transport limited currents for elec-

trodes with lower Pt coverage [97].

,DESORPTION — RE-ADSORPTION — REACTION® CONCEPT
It was already noted above that mass transport effects not only influence the overall
reaction rate, but also the selectivity:

As indicated by the arrows representing the motion of a formed reaction inter-
mediate from the stagnant diffusion layer into the flowing electrolyte and vice versa
(see Figs.1.4b,1.5,1.6), additional off-transport of incomplete reaction intermedi-
ates occurs and may change the resulting product distribution.

This latter off-transport is accounted in the recently introduced ,desorption—re-
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Figure 1.8: Schematic description of the desorption, diffusion, re-adsorption and reaction
processes contributing to an electrocatalytic reaction which includes reaction pathways
where volatile, reactive reaction intermediates are formed (desorption-—re-adsorption—
reaction process) on (a) a continuous Pt electrode (,planar diffusion”) and on nanostruc-
tured Pt/GC model electrodes with (b) high Pt surface coverage (contributions from ,hemi-
spherical diffusion” close to the nanostructures and transformation at the periphery to al-
most ,planar diffusion”) and (c¢) low Pt surface coverage (,hemispherical diffusion®). Dotted
lines: lines of constant reactant concentration. R: reactant molecule arriving at the elec-
trode surface, RI: reaction intermediate, P: product. The figure illustrates the multiple
desorption, re-adsorption and further reaction of the reactant R or the reaction intermedi-
ate RI to reaction intermediate RI or product P, respectively, before the final off-transport

of the respective species through the diffusion layer into the flowing electrolyte.



16 CHAPTER 1. Introduction

adsorption —reaction® concept (see chapter 6 and refs. [97-100]), which is schemat-
ically depicted in Fig.1.8a. According to this model, desorbable reaction interme-
diates formed on a catalytically active site can either further react on the surface
to the final product (or another adsorbed reaction intermediate) or desorb into the
stagnant diffusion layer. Subsequently, these desorbed species may either re-adsorb
on the surface or eventually leave the diffusion layer into the flowing electrolyte and
be removed from the reaction cell. If the reaction intermediate adsorbs again, it may
again react or desorb, and this sequence may be repeated, until finally the reaction
intermediate is either removed from the reaction cell or has reacted to another re-
action intermediate or to the final product. In this picture, the chance for reacting
to the final product will depend on the number of reaction attempts, and therefore
on the number of re-adsorption events. The probability for re-adsorption and thus
also for further reaction of the intermediates will depend not only on the number
and distribution of active Pt sites, but also on the thickness of the diffusion layer
and therefore on the electrolyte flow rate |74, 75].

Hence, the introduced nanostructured Pt/GC model electrodes offer an outstand-
ing possibility for systematic studies of transport processes in electrolytic reactions.
Because of their well-defined and rather regular structures, these electrodes are ide-
ally suited for model studies on lateral transport effects, e.g., by investigating the
change in reaction characteristics upon varying the density and/or size of the nan-
odisks or the electrolyte flow rate in electrocatalytic reactions such as the oxygen
reduction reaction (reaction at a PEMFC cathode, chapter 6) or the methanol oxi-

dation reaction (reaction at a DMFC anode,chapter 7).

1.5 Outline of the Thesis

In this thesis, nanostructured Pt/GC model electrodes were fabricated by Colloi-
dal Lithography (CL), Hole-mask Colloidal Lithography (HCL) and ,micellar tech-
niques”. Before the results of the stability and the electrocatalytic properties of
these electrodes are presented and discussed, I will give a short overview about the
different fabrication methods, the applied physical characterization techniques and
the employed electrochemical instrumentation, evaluation methods and experimen-
tal details in chapter 2.

The stability of the nanostructured Pt/GC model electrodes prepared by CL
(as representatives for the lithographic techniques) was investigated under enforced
electrolyte flow and under continuous reaction conditions. For quantitative studies
on the influence of transport and reaction parameters in electrocatalytic reactions,

the electrodes have to be fully stable during the measurement. Therefore, a specific
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plasma pre-treatment procedure was developed and sputter deposition rather than
evaporation of Pt deposition method was employed. The results are presented in
chapter 3.

In order to extend the parameter range in these model studies, the density of Pt
nanodisks prepared by CL was reduced to very low values, with the Pt nanodisks
covering about 1% of the electrode surface. However, it was shown, that the elec-
trochemical active Pt surface area (determined by H,p4-charge and CO,4 monolayer
oxidation) is much higher than expected by comparison with higher coverage samples
or than calculated from the density, size, and shape of the nanostructures derived
from scanning electron microscopy images. In chapter 4, the origin of these devia-
tions in the electrochemical behavior observed for nanostructured Pt/GC electrodes
with very low densities of Pt nanodisks is elucidated, based on detailed electron
microscopy studies and by comparing the electrochemical properties of the very low
density Pt/GC electrodes with those of samples with higher densities of similar
size Pt nanodisks prepared by CL. Furthermore, Hole-mask Colloidal Lithography
(HCL) is introduced as the preferred method for the fabrication of nanostructured
Pt/GC electrodes.

In chapter 5, an approach to prepare 2D model catalysts with smaller particles
by the deposition of Pt-salt loaded reverse micelles on a glassy carbon substrate is
introduced. The technique involves a sequential oxygen plasma and H, annealing
treatment for removal of the polymer shell and reduction of the Pt-salt core. The
potential of Pt-salt loaded micelles for synthesizing well-defined model electrodes
for electrocatalytic studies was investigated by spectroscopic/microscopic and by
electrochemical techniques. The data demonstrate the general viability of the micelle
approach for electrocatalytic studies on these catalysts.

The following chapters present the results of detailed studies of mass transport
processes in fuel cell relevant electrocatalytic reactions such as the ORR (reaction
at a PEMFC cathode) and the MOR (reaction at a DMFC anode):

Chapter 6 illustrates and discusses mass transport effects in model studies of the
ORR on nanostructured Pt/GC model electrodes, focusing on changes in the reac-
tion characteristics (activity, selectivity) due to variations in the Pt nanodisk density
and /or in the electrolyte flow rate. The nanostructured electrodes were prepared by
HCL. Together with a polycrystalline Pt and a Pt-free GC electrode as reference, ef-
fects of varying the Pt nanodisk density and the electrolyte flow on the ORR reaction
characteristics were investigated. Based on the presented findings, the ,desorption —
re-adsorption —reaction” concept is introduced. This reaction model explains the
observations (increasing amount of HyOy as reaction intermediate with decreasing

Pt coverage and increasing electrolyte flow rate) by the re-adsorption probability
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of reactive, incomplete reaction products on neighboured active Pt sides after de-
sorption into the electrolyte, which is determined by the chance of further reaction
towards the stable final reaction products.

Chapter 7 reports about results of combined electrochemical and mass spectro-
metric measurements, following simultaneously the total reaction current and the
CO,, formation rate in potentiodynamic and potentiostatic methanol oxidation mea-
surements on electrodes with various Pt coverages. The MOR was investigated on a
set of nanostructured Pt/GC electrodes and, for comparison, identical experiments
were performed also on a polycrystalline Pt electrode. The influence of varying the
Pt coverage and the electrolyte flow rate on the MOR reaction characteristics in
potentiodynamic and potentiostatic measurements were evaluated, and the result-
ing effects on the activity, CO, current efficiency and turnover frequency (TOF) for

methanol oxidation to COs, are discussed.

Finally, the results from chapters 3—7 are summarized in English and additionally

in German language in chapter 8.



2 EXPERIMENTAL
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This chapter is divided in four sections: First, the techniques applied for nano-
structured Pt/glassy carbon (GC) electrode fabrication employed by the collabo-
rating groups of groups of Prof. Dr. B. Kasemo (Department of Applied Physics,
Chalmers University, Gothenburg, Sweden) and Prof. Dr. P. Ziemann (Institute of
Solid State Physics, Ulm University), respectively, are described in detail (see sec-
tion 2.1). Second, surface analysis methods such as Scanning Electron Microscopy
(SEM), Energy Dispersive X-Ray Spectroscopy (EDX), Transmission Electron Mi-
croscopy (TEM), X-Ray Photoelectron Spectroscopy (XPS) and Atomic Force Mi-
croscopy (AFM), which were applied for the physical characterization of the nano-
structured Pt/GC model electrodes used in this work, are briefly depicted (see sec-
tion 2.2). Third, electrochemical principles and the electrochemical instrumentation
employed viz. DEMS and dual thin-layer flow cell configurations are presented (see
section 2.3). Fourth and last, the detailed evaluation procedures for active surface
area determination of the Pt/GC model electrodes, for calibration of the experi-
mental set-ups and for evaluation of the activity and selectivity of the investigated

electrocatalytic reactions are elucidated (see section 2.4).

2.1 Preparation Methods of Nanostructured
Pt /Glassy Carbon Electrodes

Planar nanostructured Pt/GC model electrodes represent simplified and well-defined
versions of real carbon-supported Pt/C catalysts. To fabricate such nanostructured
Pt/GC model electrodes, Nanotechnology offers a number of preparation methods
including lithographic techniques such as Electron Beam Lithography, Photolithog-
raphy, Soft Lithography or Nanoimprint Lithography. (For a detailed overview the
reader is referred to the chapter by Grant et al. in [101].) Furthermore, the formation
of lithographic masks, based on self assemblys, are used in Nanosphere Lithogra-
phy [102, 103], Colloidal Lithography [60-62, 104, 105] or more recently Hole-mask
Colloidal Lithography [64]). Also, ,direct deposition methods, in terms of the pri-
mary deposition of self assembling active material, such as block co-polymers [66],
metal-colloids or micelles techniques [67, 106-108| and subsequent after-treatment
procedures have to be mentioned.

In this work, nanostructured Pt/GC model electrodes were prepared by self assem-
bled lithographic masks using Collodial Lithography and more recently Hole-mask
Colloidal Lithography. These two methods enable the fabrication of well-defined na-
nostructures on large sample areas in (relatively) short times [47]. The interparticle

distances can be varied in a controlled way [61]. A limitation of these techniques is
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that at present the smallest preparable particle is about 20 nm in diameter, which
is limited by the size of polystyrene (PS) beads available (smallest size of commer-
cially PS particles are 20nm). Additionally, as it will be shown in chapter 4, the
CL procedure resulted in secondary Pt nanoparticles in between the Pt nanostruc-
tures. Furthermore, Pt/GC model electrodes were prepared by a micellar approach,
where Pt nanoparticles in the range of 1-15nm in diameter can be fabricated, which
is comparable to the particle sizes between 3 and 6 nm used commonly in electro-
catalysis. These three fabrication procedures are described in detail in the following

subsections.

PRE-TREATMENT OF THE GLASSY CARBON SUBSTRATES

Independent of the employed preparation procedure for the fabrication of well-
defined planar nanostructured Pt/GC model catalysts, the GC substrate was pol-
ished and chemically pre-treated in the following way:

The GC disks (9mm in diameter, Sigradur G from Hochtemperatur Werkstoffe
GmbH) were polished with alumina slurry down to 0.3 um grain size. Subsequently,
the substrate was cleaned by immersion in 5M KOH (1min) and concentrated
H5S0O, solution (1min), followed by extensive rinsing with Millipore MilliQ water
(resistivity > 18 MQ cm) after each step. Finally, the GC disk surfaces were dried

in a Ny stream.

2.1.1 Colloidal Lithography — CL

Prior to the lithographic process and the Pt deposition of the samples used in chapter
3, the polished and chemically cleaned GC surface was further pretreated in either (7)
an Ar plasma (Pt evaporated samples: 50 W, 133 mbar, 30s, PlasmaTherm Batchtop
photoresist /reactive ion etching (PR/RIE), Pt sputter-deposited samples: 50 W,
13 mbar, 2 min, in situ Nordiko 2000 sputter system), (i) an oxygen plasma (50 W,
333 mbar, 2min, PlasmaTherm Batchtop PR/RIE), (ii7) first in an oxygen (50 W,
333 mbar, 2min, PlasmaTherm Batchtop RIE) and then in an Ar plasma (in situ
Nordiko 2000 sputter system, same conditions as above), or (iv) the substrates
were used without further pretreatment. The latter procedure was employed in
ref. [65]. For the samples prepared via Pt sputter deposition, the preceding Ar-
plasma treatment was done in situ in the same apparatus used for subsequent Pt
sputter deposition and without exposing the GC surface to air before Pt deposition.
This was expected to result in a significantly improved adhesion of the Pt film.

For the CL-prepared samples used in chapter 4 and 5, the GC substrate surface
was first treated in oxygen plasma (50 W, 330 mbar, 2min), followed by in situ
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Argon-plasma (50 W, 13 mbar, 2min) before a 20nm thick Pt film was sputter-
deposited.

Pt nanostructures were prepared on the planar glassy carbon substrate by Colloidal
Lithography. The general preparation procedure of Pt nanostructures via CL was
already described in detail in previous publications [47, 60-63, 65| and is schemati-
cally illustrated in Fig. 2.1. For the nanostructured Pt/GC samples used in chapters
3 and 4 a 20nm thick Pt film was deposited either by electron-beam evaporation
using an AVAC HVC 600 electron-beam evaporation system (107% mbar base pres-
sure, ~ 1 s7') or by sputter deposition, employing a Nordiko 2000 sputter system
(50 W, 7mbar, 1.7 s7!). Thereafter, three layers of charged polymer solutions were
adsorbed sequentially on the Pt film by pipetting a droplet of the respective solution
(2% poly(diallyldimethylammonium chloride), 2 % poly(sodium 4-styrenesulfonate)
and 5 % aluminium chlorid hydroxide). This triple layer prevents the PS-beads from
aggregation during the adsorption step by increasing the local hydrophobicity. The
total thickness of the triple layer is around 1nm [105].

Subsequently, a dilute layer of negatively charged polystyrene (PS) colloid par-
ticles (white sulfate latex, IDC, Portland, OR) with an approximate diameter of
110nm was deposited on the resulting positively charged surface by dip-coating
in an aqueous suspension [109] (Fig.2.1c). Due to the electrostatic repulsion be-
tween the charged particles, a well-ordered PS-particle adlayer was formed. This
adlayer was used as sputter-mask in a subsequent Ar-ion sputtering step (500eV
Ar ions, 105s, 0.2mA, Oxford Tonfab 300 ionbeam system), which removed the
unprotected Pt film between the PS particles (Fig.2.1d). Due to slight overetch-
ing by ~ 10nm, which was applied to secure complete removal of the Pt film, the
resulting Pt nanostructures were supported on a GC neck of ~10nm height [63].
The Ar-ions mechanically remove the material between the adsorbed PS particles,
whereas the material beneath the PS-beads is protected by them. The sputtering
time depends on the material and the film thickness. Before the sputtering proce-
dure, the colloid layer was warmed to 118 °C on a hot plate for 2min (the time is
PS-size dependent and the temperature substrate dependent) in order to relax the
spherical PS particles into a hemispherical shape. This procedure was previously
found to avoid the formation of cup-shaped Pt disks, which otherwise occured due
to re-deposition of sputtered Pt material at the perimeter of the Pt nanostructures
[65, 109]. This pre-melting step leads to even Pt nanostructures [109]. Next, the
PS particles were removed by a UV /ozone treatment (75min, 15 mW cm=2, BHK,
Clarmont, USA) (Fig.2.1e). Finally, Pt nanostructures, whose geometrical shape

resembles flat cylinders or disks, have been fabricated on the glassy carbon substrate.

The different Pt loadings (Pt surface coverage) on the samples prepared by Col-
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Figure 2.1: Schematic presentation of the Collodial Lithography procedure for the prepa-
ration of the nanostructured Pt/GC electrodes: CL starts with (a) a polished GC substrate,
followed by (b) Pt film sputter deposition. On top of this, (¢) an adlayer of PS particles is

deposited by dip coating which is relaxed into hemispherical shape. In the next step, (d)
the Pt film between the PS particles is removed by Ar™ sputtering, before finally (e) the
PS particles are removed by a UV/Og treatment, leaving (f) the Pt nanodisks.

lodial Lithography used in chapter 4 (or later on samples prepared by Hole-mask
Colloidal Lithography used in chapters 6 and 7) were achieved by adjusting the salt
concentration in the PS solution [61], which modifies the electrostatic repulsion be-
tween the particles and thus the interparticle distance during the adsorption step.
The higher the salt concentration, the higher is the negative charge on the PS-beads,
which leads to a decreasing separation of the particles [47]. The nonstructured ,Pt-
free* sample (CL-00) used in chapter 4 was fabricated via the same sequence of
substrate pretreatment, Pt deposition, and Ar" sputtering, however without the
lithographic steps for the nanostructuring. In this case, the entire Pt film was re-

moved (30s overetch similar to the preparation of the nanostructured samples).
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2.1.2 Hole-mask Colloidal Lithography — HCL

The nanostructured Pt/GC model electrodes used in chapters 4,6 and 7 were fab-
ricated by Hole-mask Colloidal Lithography, largely following the preparation pro-
cedure as specified by Fredriksson et al. [64].

HCL can be subsumed as a variation of Colloidal Lithography (see section 2.1.1
above) and is composed of fabrication steps which are commonly used in other
nanofabrication techniques such as spin coating of polymer films, self assembly of

colloidal nanospheres, thin film deposition or reactive ion etching [110].

The surfaces of the GC substrates were first polished and chemically cleaned
before treatment by an oxygen plasma (50 W, 330 mbar, 2min) and by an in situ
Ar plasma (50 W, 13 mbar, 2min). The Pt nanostructures were fabricated along the

procedure schematically presented in Fig. 2.2.

A sacrificial polymethyl methacrylate (PMMA) resist layer and, on top of this,
masking PS beads were deposited on the pre-treated GC substrate (Fig.2.2a).
PMMA was deposited by spin coating, followed by subsequent treatment in an
oxygen plasma (5s) to increase the hydrophilicity of the surface. Next, a thin poly-
electrolyte layer was pippeted on the PMMA surface. Finally, the charged PS beads
were deposited. Afterward, a plasma-resistant, 20 nm thick Au film was evaporated
on top (Fig.2.2b), which is referred to as the hole-mask. In the next step, the
PS beads were removed by tape-stripping (Fig.2.2¢), by simply attaching a piece
of tape to the surface. As this tape is removed, the PS spheres are sticking more
strongly to the tape than to the PMMA surface. Alternatively the nanospheres can

be removed by cleaning the sample in an ultrasonic bath and iso-propanol [110].

This results in a masking Au film with well-defined holes (Au hole-mask) on the
PMMA layer, where the PS beads were covering the surface during the film de-
position process. As already mentioned above for the CL-procedure, the diameter
and density of the adsorbed PS beads (or holes respectively) can easily be tuned
by varying the salt concentration or the diameter of the PS beads [61]. A sub-
sequent oxygen-plasma etching step (reactive ion etching step, RIE) removes the
PMMA film in the holes of the hole-mask, while the Au covered area is protected
(Fig.2.2d). One has to take care in setting the plasma conditions, since the RIE
process etches the PMMA layer predominantely in forward direction. Therefore,
etching will continue laterally creating an undercut into the polymer film, once the
PMMA film is completely etched through vertically [110]. (On the other hand, a
slight undercut is often beneficial for subsequent material deposition and mask-liftoff
processing [110].) In the next step, Pt was deposited through the mask onto the
GC surface (Fig.2.2¢e). This method also allows to fabricate, e.g., elongated struc-
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Figure 2.2: Schematic presentation of the Hole-mask Colloidal Lithography procedure
for the preparation of nanostructured Pt/GC electrodes: HCL fabrication starts with a
polished GC substrate. Thereon, (a) a sacrificial resist PMMA layer is deposited by spin-
coating and masked with PS particles. In the next step, (b) a Au layer is evaporated on
top. (¢) The PS particles are removed by tape-stripping, resulting in the Au hole-mask.
Afterward, (d) the PMMA layer is removed underneath the unprotected holes in the Au
mask by an oxygen plasma treatment, followed by (e) Pt evaporation through the holes of
the Au/PMMA mask. In the last step, (f) the Au/PMMA mask is lifted-off in acetone.

tures instead of disks, by simply tilting the sample, with respect to the evaporation
source, during the hole-mask deposition step. For more details how to control size
and shape of the holes (disk- or eliptical-shaped nanostructures, particle pairs or
cones) the reader is referred to refs. [64, 110]. After removal of the PMMA /Au hole-
mask by a lift-off step in acetone, the Pt nanodisks located in the former holes of
the PMMA /Au hole-mask remain on the surface, while the remaining part of the
Pt film is removed together with the PMMA /Au film. This results in an array of
Pt nanodisks with well-defined size and lateral distribution (Fig. 2.2f) similar to CL
preparation, but without the crucial Art sputtering step for removal of the Pt film,

which is characteristic of the latter approach.
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2.1.3 Deposition of Pt-salt loaded Micelles and

After-Treatment Procedure

Third, self-assembled arrays of platinum metal nanostructures were prepared using
a reverse micelle preparation technique. This way the Pt/GC model electrodes used
in chapter 5 were fabricated. The advantage of this technique is the possibility to
prepare Pt nanoparticles of sizes (1-15nm) fairly comparable to particle sizes of

3-6nm in diameter in real carbon-supported Pt/C catalysts.

The general procedure was already described in detail in refs. [66, 67]. As schemat-
ically demonstrated in Fig. 2.3, polystyrene (PS)[1779] and poly(2—vinylpyridine)
(P2VP)[695] diblock copolymers (Polymer Source Inc.) were dispersed in an apolar
solvent such as dry toluene (Sigma-Aldrich) under continuous stirring for one week.
This leads to the formation of spherical reverse micelles, within the hydrophobic
PS-chains forming the outer shell, whereas the hydrophilic P2VP-parts are building
the core (Fig.2.3a). (For more details of this procedure the reader is referred to
ref. [66].) In the next step, a Pt-containing salt (Zeise salt: K[PtCl3(CoHy)| - H5O,
Sigma Aldrich) was introduced into the micellar solution and stirred under ambient
conditions for an additional week (Fig.2.3b). The Pt-ions slowly migrate into the
empty cores of the micelles, where they are ligated by complexation or protonization
to the inner polymer block [66, 67]. At equlibrium, equal amounts of Pt-salt are

present in all micelles.

For deposition of the Pt loaded reverse micelles on the GC substrates, these were
dipped into the solution and then immersed at a constant velocity of 14 mm min~!.
This led to an adlayer with homogeneously distributed Pt-salt loaded micelles on
the GC substrate (Fig.2.3¢). It turned out that, while the substrate is pulled out,
the toluene evaporates more slowly than in the case of spin-coating. Thus, a mono-
layer of micelles is formed, which exhibits a high degree of hexagonal order (on
SiO9/Si wafers), reflecting the packing of the spherical micelles [67]. Since the core
of the micelles is still filled with a metal precursor rather than with metal, addi-
tional steps are neccessary to produce regularly arranged, electrochemically active,
,naked* (polymer-chain-free), metallic Pt nanoparticles. Therefore, the specimens
were exposed to a reactive oxygen plasma at 5Pa for 90s at room temperature,
using a homebuilt plasma etching system at the Institute of Solid State Physics at
Ulm University (Prof. Dr. P. Ziemann). This resulted in the removal of the PS outer
shell of the reverse micelles, without significantly changing the morphology of the
GC substrate surface [111]. Finally, the specimens were treated in a Hy atmosphere
(12h, 600°C, 5 Pa) to reduce the Pt compounds and create metallic Pt nanoparticles
(Fig.2.3d).
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Figure 2.3: Schematic description of the preparation procedure of the model electrodes
by deposition and post-processing of Pt-salt loaded micelles. (a) Preparation of the inverse
micelles, (b) Pt salt loading, (c) deposition on the glassy carbon substrate by dip coating,
and (d) removal of the polymer stabilizer shell and reduction of the Pt-salt core in an

oxygen plasma and subsequent reduction in a Hy atmosphere.

Most importantly, it was observed that despite such a chemically ,agressive*
plasma process, the original ordered arrangement of the micellar self assembly is
conserved and the polymer matrix was removed completely. Also, this method al-

lows to control the particle size and to some extent, the separation |66, 67].

2.2 Physical Characterization Methods

To relate the (electro)catalytic properties of a (nanostructured electrode) surface to
its composition and its morphology [112| (e.g., variation of particle size, separation
and particle density), it is neccessary to characterize the electrode morphology and

its chemical composition in detail.

The nanostructured Pt/GC model electrodes in this work were investigated by
surface sensitive characterization techniques such as SEM, TEM and AFM for phys-
ical characterization of the surface morphology and EDX and XPS for identifying
the chemical composition of the electrode. To gain a complete picture of the na-
nostructured Pt/GC surface morphology and chemical composition several of these
techniques were used accordingly. Furthermore, the obtained results of the physical
characterization were correlated to the results of the electrochemical characterization

(see forthcoming section 2.4) permanently.
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2.2.1 Scanning Electron Microscopy — SEM

Throughout this work, SEM was used for imaging the nanostructured Pt/GC elec-
trode surfaces. Large-scale and high-resolution SEM micrographs of the samples
under investigation are shown in the corresponding chapters (see chapters 3—7).

A principle sketch of the operation principle of a scanning electron microscope
is given in Fig.2.4a. The primary electrons (PE) are accelerated by a voltage
difference between cathode and anode. (10kV accelerating voltage were applied
for all SEM micrographs presented in this work.) A deflection coil system is used
as scan generator in x-y directions. It is located in front of the final lens field and
allows to scan the (primary) electron beam across the speciemen surface [112-114].
Due to the excitation by the PEs, secondary electrons (SE), backscattered electrons
(BSE) and X-rays are produced (see Fig.2.4b). The yields of either SE or BSE or
both of them are detected as a function of the position of the primary beam [112].

Because of distinct differences in their energy one can differentiate between sec-
ondary and backscattered electrons. SE are those electrons which are generated
directly where the incident electron beam hits the surface and have a most probable
energy of 2-5eV (Egg < 50eV). Having only a very short mean free path in the ma-
terial, they originate from surface near region of the specimen. In contrast, the BSE
(Egse > 50eV) result from elastical scattering of the incoming primary electrons
and originate in depths down to 500 nm in the bulk material of the sample.

The intensity of the electrons leaving the sample surface (SE and BSE) is measured
by a detector. The signal is amplified and swept (,wobbled®) to trigger a reproduction
of the electrode surface. In principle, such a micrograph is a locally resolved current
density plot of the outgoing electrons of the electrode surface [47].

Contrast is caused by two effects: (i) heavy elements, e.g., Pt in comparison
to carbon, are more efficient scatterers than lighter elements and thus, they ap-
pear brighter in the micrograph; (7i) parts of the surface facing the detector appear
brighter than parts of the surface with their surface normal pointing away from the
detector [112, 115].

For all micrographs shown in this work a LEO 1550 (Zeiss) instrument was used
at 10kV operating energy and with lateral resolution of ~1.5nm. The measure-
ments were performed in the Institute of Micro- and Nanomaterials, Ulm University
(Prof. Dr. H. J. Fecht).

Latest SEM instruments achieve a lateral resolution down to 1nm or even higher.

The SEM micrographs were evaluated with an image analysis software (,, Q-PEP*),
which was developed and programmed by Dipl. Inf. S. Tiedemann and yielded the



2.2. Physical Characterization Methods 29

b)
W-cathode

Wehnelt-cylinder

Anode

Condenser

Primary Electrons (PE)
Backscattered Electrons (BSE)
Secondary Electrons (SE)
X-Rays (X)

Probe-forming-lense

Scan generator ﬁ
X

Detectors for

Backscattered Electrons (BSE)
Secondary Electrons (SE)
X-Rays (X)

Specimen, e.g., nanostructured
Pt/GC model electrode

Figure 2.4: Schematic description of (a) a scanning electron microscope (SEM) set-up
and (b) the origin of secondary electrons, backscattered electrons and X-ray quanta due

to excitation by primary electrons presented as depth profile.

statistics on particle densities, particle separation / distances, Pt coverage and par-
ticle diameters. Only the images of nanostructured Pt/GC electrodes prepared by
micellar techniques in chapter 5 were evaluated manually.

Furthermore, it is possible to combine SEM with energy dispersive X-ray analysis
to investigate the chemical composition of the electrode surface [116-118|. This type

of characterization method is described in the next subsection.

2.2.2 Energy Dispersive X-Ray Spectroscopy — EDX

Energy Dispersive X-Ray Spectroscopy (EDX) was specifically used for the verifica-
tion of Pt nanoparticles on the glassy carbon substrate in-between Pt nanostructures
prepared by Colloidal Lithography (see section 2.1.1). This topic is discussed in de-
tail in chapter 4.

In Fig.2.4b and c, it was already indicated that secondary and backscattered

electrons are not the only products from excitation by a primary electron beam.
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Figure 2.5: Principle scheme of Energy dispersive X-Ray (EDX) Analysis: A core hole
is filled by an electron from a higher orbital, the gained energy allows to emit an X-ray

photon.

Also X-rays are generated as products by scanning a sample surface in an electron

microscope.

The interaction of an electron with an atom at the sample surface gives rise to
characteristic emission lines. When a PE ejects a bound electron from an atomic
shell, a photon with an element-characteristic energy is emitted from the respective
surface atom. The resulting ion is highly unstable and photon emission occurs when
the initial core-hole (see Fig.2.5, in the K-shell) is filled with an electron from a
higher orbital (see Fig.2.5, from the L-shell). A K, X-ray photon is emitted due
to the energy (Ex-E;) gained in the ,filling process, which is characteristic for the
emitting atom. Thus, the elemental composition of a sample surface can be deter-
mined via X-ray emission in a SEM. The emitted X-rays are analysed with an energy
dispersive X-ray detector. The combination of SEM and EDX offers the possibilty to
obtain the local composition of the sample surface on a scale of about 5-10 nm [112].
However, because of the high penetration depth of the primary electrons (~ 0.3 ym
at 6kV operation energy) the EDX analysis averages over a relatively broad range
below the sample surface and contains also contributions of the elemental composi-
tion of ,bulk material* [115].

EDX measurements were also performed in the LEO 1550 (Zeiss) instrument with

locally resolved elemental analysis (EDX system Oxford Instruments GmbH, 6 kV
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Figure 2.6: Schematic description of (a) a transmission electron microscope (TEM) set-up
and (b) the origin of diffracted and transmitted electrons due to excitation by a primary

electron beam.

operation energy) in the Institute of Micro- and Nanomaterials, Ulm University.
The EDX spectra were analyzed using the INCA 400 Oxford Instruments software.

2.2.3 Transmission Electron Microscopy — TEM

Transmission Electron Microscopy (TEM) was used for structural analysis of the
Pt/GC interface region on nanostructured samples which were prepared by Colloidal
Lithography using different Pt deposition techniques (see chapter 3) and by Hole-
mask Colloidal Lithography.

A schematic illustration of a transmission electron microscope is given in Fig. 2.6.
In general, a TEM closely resembles an optical microscope, if one substitutes the
optical by electromagnetic lenses. A high energy (100-400kV) and high intensity
primary electron beam is focused to parallel trajectories, which impinges on the spec-
imen surface. The specimen thickness and density determine the attenuation of the
primary electron beam while passing through the sample. In the bright-field imaging
mode, which was utilized in this work, only non-diffracted electrons are collected and
amplified by the electron optics. Contrast is generated by absorption of electrons

in the specimen. Thus, heavier elements, e.g., Pt nanoparticles/nanostructures in
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comparison to glassy carbon, or thicker regions appear dark, in contrast to elements
with a low atomic number or thinner sample regions, which will appear bright. In
contrast, ,dark field imaging* uses only the diffracted electron beams [116, 117].
Eventually, the displayed image is a two dimensional projection of the specimen
along the optical axis. [112, 115]

Conventional TEMs obtain resolutions of about 0.2nm. Recently, a resolution
below 0.5 A (50 pm) was achieved for a Transmission Electron Aberration-corrected
Microscope (TEAM) [119].

Detailed structural information on the carbon-Pt interface in chapters 3 and 4 was
obtained from cross-sectional HRTEM images using a CM 20 microscope (Philips,
0.21 nm point-to-point resolution), operated at 200 kV, and a Cs-corrected Titan 80-
300 (FEI Company) operated at 300kV. The measurements were performed in the
Central Facility for Electron Microscopy, Ulm University (Prof. Dr. U. Kaiser). The
cross-sectional samples were prepared by the standard preparation method, cutting
small pieces of the nanostructured samples and glueing them together face to face.
The resulting sandwich was sliced into thin vertical wafers, by mechanical grinding
in a tripod. In a suebsequent step, the slices are continuously thinned by ion milling

until the resulting wedge recieves electron transparency.

2.2.4 X-Ray Photoelectron Spectroscopy — XPS

The elemental composition of the nanostructured Pt/GC model electrode surfaces
was determined by X-ray photoelectron spectroscopy (XPS), which is a commonly
used ex-situ analytical characterization method for qualitative and quantitative sur-
face analysis [120]. This technique was applied for analysing the glassy carbon
support after different pre-treatments used in chapter 3, for evidencing the metallic
character of the Pt nanoparticles prepared by micellar techniques in chapter 5, and
additionally to the EDX analysis of the secondary Pt nanoparticles in chapter 4.
The XPS technique is based on the photoelectric effect, which is schematically
described in Fig.2.7a. An incident X-ray photon with the energy hv is absorbed
by an atom and a photoelectron (formerly a core or a valence electron with bind-
ing energy E,) is ejected with the kinetik energy Ej;,. The element specific core
level binding energy/energies E;, of the sample surface can be calculated from the

measured kinetic energy /energies of the emitted photoelectrons via the relation

where hv is the energy of the incoming photon (routinely used X-ray sources are Mg
K, with hy =1253.6eV and Al K, with hv =1286.3€V) and ¢ is the work function
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Figure 2.7: (a) Photoemission and (b) the Auger process.

(separation of the energy levels between the Fermi and vacuum niveau) of the sample
[112, 121, 122]. Since the binding energy is element specific, it can be applied
for determination of the qualitative and quantitative composition of the sample
surface. Furthermore, the binding energy of an individual surface atom depends
on its chemical environment, which causes chemical shifts in the binding energy
of a respective core level electron in an individual surface atom. Thus, chemical
information in terms of the oxidation state of the detected atom is obtained as well
[112, 115]. (The binding energy decreases with decreasing oxidation state and vice
versa [112, 115].)

After the emission of a photoelectron, an unstable ion with a hole in one of the core
levels is left (see Fig.2.7b). By filling the vacancy at the core with an electron from
a higher shell, the excited ion relaxes. During this transition process, energy releases
which is absorbed by another electron. This electron, the so-called Auger electron,
leaves the atom with an element specific kinetic energy. X-ray photoemission spec-
tra are plots of the intensity of photoelectrons N(E) versus the calculated binding
energy E;, (sometimes versus the measured kinetic energy Ey;,) and contain Auger
electron peaks as well. The latter ones have fixed kinetic energies, are independent
of the X-ray source and are characteristic for the specific elements from which they
are emitted [112, 115, 116]. XPS is highly surface specific (1-10nm depending on
the surface under investigation) because only photo- and Auger electrons generated
close to the sample surface have a reasonable probability to emit from the sample

and to be detected due to the short mean free path of the photoelectrons.

The chemical composition of the glassy carbon substrates in chapter 3 was charac-
terized by XPS (PHI 5000C ESCA system) using monochromatized Mg K, radiation

and an emission angle of 45° (pass energy 5.85¢eV for detail spectra) at Chalmers
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University of Technology in Gothenburg, Sweden. (A binding energy of 284.3 €V for
the C(1s) signal related to graphitic carbon in GC was used as internal standard
[65, 123].)

The surface chemical composition of the resulting electrodes prepared by Pt-salt
loaded micelles and respective after-treatments in chapter 5 were characterized by
XPS (Physical Electronics PHI 5800 MultiESCA system, monochromatized Al K,
radiation) at the Institute of Surface Chemistry and Catalysis (Ulm University).
All spectra were obtained at 45° electron emission and 187, 85, and 11.75¢eV pass
energy for overview (survey) and detail scans, respectively. The electron spectra

were analyzed by PHI MultiPak software.

2.2.5 Atomic Force Microscopy — AFM

Atomic force microscopy was applied in chapter 3 to obtain topographic informa-
tion about the glassy carbon surface roughness after different plasma pre-treatment
procedures. Since this physcial characterization technique was used only once, it
will be described just briefly.

Fig. 2.8 shows the experimental set-up for AFM. The specimen under investigation
is mounted on a piezo electric scanner, which allows positioning of the sample along
the x-, y- and z-axis. A on nm-scale sharp tip is connected to a flexible arm, the
so-called cantilever. The tip at the cantilever is either attracted or repelled by the
sample surface. A feedback control keeps the tip either at a constant interaction
force or at a specific distance from the surface. The deflection of the tip/cantilever
assembly is mostly measured in the following way: A laser beam is adjusted at the
end of the cantilever, where it is reflected to quarter segment photodiode, e.g., two
segments of the photodiode numbered by I and II for a simplified explanation are
shown in Fig.2.8. Segment II of the photodiode receives more light than I, if the
tip/cantilever assembly bends towards the surface, and the other way around, if
the tip/cantilever assembly bends away from the surface. The intensity difference
between the segments I and IT of the photodiode is a direct measure for the deflection
grade of the cantilever and therefore for the interactive force between the tip and
the specimen surface [112, 115|. The system is able to store the vertical position
at each x-y position. The actual image is created by scanning the surface line by
line. In turn, a topographic map of the specim surface is generated. The system
can be operated in different modes, namely contact, tapping and non-contact mode
[112, 115].

The morphology of the glassy carbon substrates after the different procedures for

pretreatment, in particular the surface roughness, as well as the heights of the Pt
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Figure 2.8: Schematic description of an atomic force microscope (AFM).

nanostructures were determined by a Digital Instrumentation Dimension 3000 Scan-
ning Probe Microscope at Chalmers University of Technology in Gothenburg, Swe-

den.

2.3 Electrochemical Principles and Instrumentation

A short overview about the electrochemical background and instrumentation applied
in this work, which allow studys of mass transport effects on the activity and se-
lectivity of electrocatalytic reactions, is given in the following section. However, for
a detailed description of electrochemical fundamentals such as electrode processes,
potentials and thermodynamics of galvanic cells, kinetics of electrode reactions, po-
tential sweep/step methods, mass transport, hydrodynamic methods, double-layer
structures and adsorption isotherms, etc., the reader is referred to textbooks such
as [74, 75, 124-127].

2.3.1 General Electrochemical Principles

,, Electrochemistry is the study of structures and processes at the interface
between an electronic conductor (the electrode) and an ionic conductor

(the electrolyte) |[...].
W. Schmickler in Interfacical Electrochemistry [124]

For the better understanding of occuring processes in electrochemical systems, a
detailed knowledge of the water and ion (electrolyte) structure in the near vicinity
of an electrode is crucial. Generally, the electrode-electrolyte interface is charged
since the electrode provides a charge which depends on the potential applied to
the electrode. Hence, a charge distribution, consisting of two separated, however,
narrow negative and positive charge carriers, is built up at the electrode-electrolyte

interface. This is commonly known as electric double-layer. In the most simple
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picture, this double-layer can be viewed as a capacitor with an extremely small ef-
fective plate separation [124]. A positively charged surface has a layer of basically
negative charge carriers in the electrolyte solution close to the electrode surface and
vice versa. (For details about double-layer models proposed by Helmholtz, Gouy
and Chapman as well as Stern, the reader is referred to original articles such as
[128-131].)

In contrast to Heterogeneous Catalysis, the driving force of an electrochemical
reaction at an electrode surface is not only controlled by parameters like concentra-
tion, pressure and temperature, but also by electrical forces which affect the charge
transfer through the interface [127] described above. These electric forces are char-
acterized by the electrode potential which can be altered in an electrochemical cell

by an external voltage [127].

Both scientific fields, Electrocatalysis and Heterogeneous Catalysis, have in com-
mon that adsorption is a mandatory step. Adsorption occurs at the phase boundary
and leads to an increased concentration of the adsorbed species in the interfacial
region in comparison to the concentration in the bulk electrolyte [75, 125, 127, 132]
or the gas phase above the catalyst surface, respectively. For some molecules, the
interaction with the surface is much stronger and the adsorption energies are in
the same order of magnitude as the energy of a chemical bond. The term used to
describe this kind of adsorption is chemisorption. Chemisorption involves strong
overlap of molecular and substrate orbitals to form new bonding orbitals between
them [127]. The influence of the bond formed with the surface on the rest of the
molecule may lead to strong geometrical deformation of the molecule, which may
evoke the dissociation of the adsorbate [127].

Basically, the reaction processes occuring at electrodes can be splitted into two
types of process branches: (i) Faradaic processes, in which charges are transferred
across the metal-solution interface. Electron transfer causes oxidation or reduction
to occur: Electrons are either delivered from the electrode to an active species sol-
vated in the electrolyte, which is then reduced (reaction at the cathode) or the
electrode gains electrons from the active species, which is oxidised (reaction at the
anode). Under some conditions, a given solid-liquid interface will show a poten-
tial range, in which no charge-transfer reactions occur because they are thermo-
dynamically or kinetically unfavorable. However, (ii) non-Faradaic processes such
as adsorption/desorption processes take place and the structure of the electrode-
electrolyte interface can change. Applying a potential to the electrode, leads to
changes in the charge of the electrode and in the distribution of ions at the electrode-

electrolyte interface where the (electro-)chemical reaction occurs |74, 75]. (Details
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about adsorption in an electrochemical environment and adsorption isotherms after
Langmuir, Temkin and Frumkin can be found in textbooks like |75, 125, 127, 132].)

As already briefly mentioned above, electrochemical processes are not only af-
fected by concentration or temperature, but in particular depend strongly on (i)
the potential of the electrode, which mirrors the energy of the electrons within the
electrode surface and (7i) the current, which reflects the rate of the electrochemical
process at the electrode surface [75]. These two variables are connected via one of
the central equations in electrochemistry, the Butler-Volmer-equation (for details
see, e.g., 74, 75, 124]).

The most prominent technique employed to study reactions in electrochemical sys-
tems is voltammetry by means of measuring the current as a function of the varied
potential. In particular in the area of preliminary mechanistic investigations, sweep
voltammetry-techniques such as linear sweep (LSV) or cyclic voltammetry (CV) are
probably most useful. Whereas for LSV, the linear potential scan starts from an
initial value (E;) to an end point (E), the scan direction is inverted at the selected
reversal point (Eg) in the case of CV. An ,electrochemical spectrum® (I-E-plot) il-
lustrates the current response of the working electrode upon a linear variation of the
potential, which is obtained very fast. The current response indicates the potentials
at which processes occur. While from the sweep rate dependence the involvement
of coupled homogeneous reactions is readily identified, other complications such as
adsorption can be recognised [125]. Generally, currents in the positive-going scan
are denoted as anodic currents and currents measured in the negative-going scan
as cathodic currents [74, 126]. To avoid any adsorbed (blocking) impurities, the
potential range (E;—E5) applied in aqueous solution, lies between the gaseous Hs
and Og evolution. By this, surface site blocking species can be removed either by
reduction or oxidation. In potential step voltammetry (I-t-transient), the applied
potential is directly stepped from the starting point (E;) to the end point (Es) to
induce the conversion of reactive species to the reaction product at the electrode sur-
face, while charging/discharging the double-layer in front of the electrode [124]. The
current is measured as a function of time. The immediate current response to the
potential-step is a current-spike, induced by large contributions of the double-layer
charging. A time-dependent decay follows the intial spike. (For detailed description
about potential sweep techniques and in particular cyclic voltammetry the reader is
referred to textbooks such as [74, 124-126].)

Being more quantitativ about size (and/or shape) of an I-E-plot, one should be
able to determine the rate of the reaction at the electrode surface [75]. In ,simple*

electrode reactions the rates of the corresponding chemical reactions (e.g., disso-
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ciative adsorption) are much higher than those of mass transfer processes, which
may affect the rate at which reactants, intermediates and products are delivered
to/leaving the near surface region in electrochemical systems. Commonly, mass
transport is meant to be the movement of material from one location in solution to

another. The three modes of mass transport are:

Diffusion refers to the random motion of a species along a concentration gra-
dient, i.e., in average, species move from a higher concentrated region to lower
concentrated regions. Assuming a planar electrode with infinite dimension,
one dimensional diffusion is described by Fick s laws (equations 2.2 and 2.3).
Fick “s 1%¢ law is given by

dc;
"dx
it describes the flux of a species 7 through a plane parallel to and at the distance

1 . m2 Sil],

flux; = —D (2.2)

z to the electrode surface. D is the diffusion coefficient [length? time™
and ¢; is the concentration of species i at the distance x from the electrode
surface.
Fick“s 2" law is given by

dci - D, @
ot b 02

it describes the changes of the concentration of species 7 with time ¢ due to

(2.3)

diffusion.

Migration refers to the random movement of charged species along a potential
gradient under the influence of an electric field, which results from the electri-

cal potential drop between the electrode/electrolyte interface |74, 125-127].

Convection refers to the movement of species due to the flow of the solvent,
which is, e.g., enforced by an external mechanical pump, gas bubbling or stir-
ring of the electrolyte solution |75, 125-127|.

Methods involving convective mass transport of reactants and products are some-
times called hyrodynamic methods |75|. They, for example, involve measurements of
limiting currents or I-E-curves. Convection occurs within a thin-layer flow cell (see
refs. [3, 4]) by forcing the electrolyte flow over the electrode surface. For the mea-
surements in this study, the electrolyte flow rate was controlled via a syringe pump
connected to the outlet of the thin-layer flow cell. The advantage of hydrodynamic
methods is that a steady-state is attained rather quickly and that they remain con-
stant in long-term measurements |75, 126]. For a simultaneous detection of reaction
intermediates or products formed at the electrode surface, the thin-layer flow cell
was combined with quantitative Differential Electrochemical Mass Spectroscopy or

a so-called Double Disk Dual Thin-Layer Flow Cell was employed.
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2.3.2 Differential Electrochemical Mass Spectroscopy —
DEMS

Combining electrochemical measurements and on-line mass spectrometry (MS) for
the analysis of electrochemical reaction products allows to study complex reaction
networks like the electro-oxidation of small organic molecules in more detail. The
electro-oxidation of a number of C;- and Cs-molecules such as methanol, formalde-
hyde, formic acid, ethanol, acetaldehyde or ethylene glycol was studied on different
types of electrodes, e.g., polycrystalline Pt bulk electrodes |5, 22, 89, 133-136],
carbon-supported catalysts [137-140], single crystal electrode [141-143| or Pt film
electrodes [144, 145].

Bruckenstein and Gadde introduced 1971 the idea of connecting an electrochem-
ical cell to a mass spectrometer via a hydrophobic, gas permeable interface, to be
able to detect volatile electrochemical reaction products [146]. However, the time
delay from product formation at the porous Pt electrode used as working electrode
in these studies to the product detection by MS was about 10 to 20s [146]. In
1984, the set-up was improved by Wolter and Heitbaum, and named as electro-
chemical mass spectrometry (EMS). They introduced a porous Teflon membrane as
connection between the elctrochemical cell and the MS and further extended the
pumping system to a differentially pumped system, which includes two pumping
stages [133, 147, 148]. The time delay between product formation and detection of
volatile reaction products was significantly reduced to about 20 ms. Due to the dif-
ferentially pumped vacuum system and furthermore due to the immediate variation
in the measured product formation rate (differential values), when the Faradaic cur-
rent is changed, this upgraded set-up was called ,,on-line Differential Electrochemical
Mass Spectrometry” (DEMS) [148, 149].

A schematic description of a DEMS set-up is given in Fig.2.9. The electrochem-
ical cell (liquid electrolyte phase) is connected to the DEMS (vacuum system) via
a porous Teflon membrane (Scimat , 60 pm thick, 50 % porosity, 0.2 um pore diam-
eter) supported for mechanical stability on a porous stainless steel-frit. Because of
the hydrophobicity of the Teflon material, the liquid phase is retarded in the electro-
chemical cell, whereas due to its porosity volatile and dissolved gaseous species are
able to pass into the vacuum system. The critical pore size of the Teflon membrane
for preventing the MS chamber of the liquid phase was calculated (by taking into
account its dependence of the surface tension of water and the contact angle between
water and the Teflon membrane as well) to be r < 0.8 um [133]|. For DEMS applica-
tion membranes with pore radii between 0.02-0.09 um and thicknesses of about 50

to 150 um are typically used [150].
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Figure 2.9: Schematic description of a standard differential electrochemical mass spec-
trometer (DEMS) set-up. The electrochemical cell can be separated from the vacuum

system by an open/close valve.

After passing the Teflon membrane the volatile species evaporate into the vacuum
system. It consists of two coupled, differently pumped (turbo-molecular pumps)
vacuum chambers. The inlet chamber (pressure of 1072 to 10™* mbar) is connnected
via a small aperture to the analyzer chamber (pressure about 107% mbar) in which
a Balzers QMS 112 quadrupole mass spectrometer is located (see Fig.2.9). The
pressure of these two chambers is controlled by a Baratron and a cold cathode
gauge, respectively. The gaseous molecules are ionized by electrons (electron beam
ionization, electron energy ~ 10€eV). The formed ions, which are focused by electric
optics are guided into the quadrupole analyzer, where they are separated by their
respective mass-to-charge ratio (m/z). Finally, they are detected by an ion collector
(electron multiplier and current measurement). A detailed review about the DEMS
set-up was published by H. Baltruschat [148].

To attain instantaneous detection of volatile reaction products, the time delay
between their electrocatalytical formation and their mass spectrometric detection
has to be minimized. Therefore, the working electrode has to be positioned close to
the Teflone membrane. This also helps to obtain a high collection efficiency (ratio
of the number of molecules reaching the vacuum system and the overall amount of
molecules produced at the electrode). Fast diffusion of gaseous species to the mass
spectrometer was primarily achieved by sputter deposition of a metal film or varnish-
ing a metallic lacquer directly onto the Teflon membrane, which led to a response
of the detected reaction product signal within milliseconds after their formation. A

number of electrode types and cell designs were introduced and described in detail
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in order to obtain both a high collection efficiency and an instantaneous detection of
reaction products (for details see [149]). However, these types of electrodes suffered
from their non-defined mass transport conditions. The first cell design which offered
on-line DEMS measurements with a low time constant (about 1s), a high collection
efficiency and in particular well-defined mass transport conditions, was introduced
by Jusys et al. [3], employing a dual thin-layer compartment flow cell, which is

described in the next section.

2.3.3 Thin-Layer Flow Cells

A thin-layer flow cell was used to investigate mass transport effects in electrocat-
alytic reactions studied on planar, glassy carbon supported model electrodes under
well-defined mass transport conditions. This type of DEMS cell was developed by
Jusys et al. [3] to simultaneously perform DEMS and electrochemical quartz micro-
balance (EQMB) measurements. The biggest advantage of this thin-layer flow cell
type design is the defined mass transport. Furthermore, it allows a fast electrolyte

exchange.

DuAL THIN-LAYER FLOwW CELL FOR DEMS APPLICATION

The dual thin-layer flow cell combines the compartment for electrochemistry with
a second compartment for the detection of volatile reaction products by mass spec-
trometry. It was used for the measurements in chapters 3, 4, 5 and 7. A principle
scheme of this cell is given in Fig. 2.10. The cell body itself consists of a Kel-F plate
with capillaries for the electrolyte inlet and outlet, whose openings are centered on
opposite sides of the body. The connection between the first and the second com-
partment is made by four connecting capillaries. The working electrode is pressed
against a ~ 50 um thick gasket (exposed area of the working electrode 0.283 cm?)
onto the first thin-layer compartment. The electrolyte enters the first thin-layer
compartment in front of the working electrode.

The electrocatalytic reaction proceeds on the electrode, and the reaction product
containing electrolyte flows through four connecting capillaries into the second thin-
layer compartment. Here, the volatile reaction products can pass through the Teflon
membrane and reach the inlet chamber of the vacuum system of the DEMS set-up.
Depending on the electrocatalytic reaction investigated, the formed intermediates or
products can be volatile or soluble, reactive molecules, which can be detected either
by mass spectrometry or, in the case of electrochemically active intermediates, can

be further oxidised or reduced at a second, collector electrode (,Double Disk Dual
Thin-Layer Flow Cell“ [4]).
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DoUBLE Disk DUAL THIN-LAYER FLow CELL

To study mass transport effects on electrocatalytic reactions with non-volatile, but
soluble, reactive intermediates the so-called ,Double Disk Dual Thin-Layer Flow
Cell* was used in chapter 6 within this work. A schematic description of this specific
cell design is given in Fig.2.11.

Similar to the thin-layer flow cell for DEMS application described above (see
Fig.2.10), this cell combines a reasonable time resolution and a high collection ef-
ficiency under well-defined transport conditions. In the second compartment, a
mirror-polished polycrystalline Pt disk (diameter 15 mm, exposed area 1.33 cm?) is
installed working as a collector electrode.

This Double Disk Dual Thin-Layer Flow Cell allows for further reaction of the
electroactive reaction intermediates/products generated at the working electrode
(generator) on the second electrode (collector), and thus to determine the amount
of oxidizable (reducible) product species, similar to a rotating ring disk electrode
(RRDE) set-up, but at a higher collection efficiency [4]. A detailed description of
this type of dual thin-layer flow cell is given in ref. [4].

Recently this thin-layer flow cell type was employed for combining on-line DEMS
and in-situ ATR-FT infrared spectroscopy by Heinen et al. [144].

The resulting electrolyte volume at the working electrode was about 5 uL.. The elec-
trolyte flow rate was controlled and driven by a syringe pump (World Precision
Instruments AL-1000) connected to the outlet of the thin-layer flow cell. The time
delay of this type of flow cells, in terms of the time passed between intermedi-
ate/product formation at the working electrode and detection via MS or collector
electrode, respectively, was about 1-3s, depending on the electrolyte flow rate. This
time delay is corrected for in all graphs and calculations. Two Pt counter electrodes
were connected to the thin-layer flow cell via separate ports at the inlet and outlet of
the cell bodies. A saturated calomel electrode (SCE) was used as reference electrode
(Schott Instruments, GmbH, Model, B2910+) and was connected to the flow cell via
a Teflon capillary at the outlet. All potentials, however, are referred versus that of
the reversible hydrogen electrode (RHE). All experiments were performed at room

temperature.
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a)

Figure 2.10: Schematic description of a dual thin-layer flow cell in (a) side view and (b)
top view, developed by Jusys et al. [3|, which was used for online DEMS measurements.
(1) Kel-F support, (2) Kalrex gasket, (3) working electrode, (4,5) Teflon gaskets, (6) porous
Teflon membrane, (7) stainless steel frit, (8) stainless steel connection to MS, (9) capillaries
for contact wires, (10) inlet-outlet capillaries, (11) connection between first and second

compartment.
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Figure 2.11: Schematic description of a double disk dual thin-layer flow cell developed
by Jusys et al. [4] used for electrochemical measurements and simultaneously detection of
soluble, reactive intermediates. (1) Working or ,,generator* electrode, (2) Teflon gasket, (3)
Kel-F body of the cell with the flow channels, (4) gasket, (5) polycrystalline Pt ,,collector
electrode.
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2.4 Electrochemical / Electrocatalytical

Measurements and their Evaluation

ELECTROCHEMICAL PRE-TREATMENT
Prior to the electrochemical experiments, the nanostructured Pt/GC model elec-
trodes were first pre-cleaned electrochemically by rapid potential cycling in Ar-

Lin the potential range

saturated supporting electrolyte at a scan rate of 100 mV s~
of 0.04V to 1.36 V to remove oxidizable contaminants, until a constant cyclic volta-
mogramm (CV) was achieved. The positive potential limit and the time spent at
high potentials (above ~1.1V |21, 46]) are critical because the GC support can
be oxidized at these potentials. This, in turn would lead to undermining the Pt
nanostructures/nanoparticles, which were prepared by CL, HCL or deposition of
Pt-salt loaded micelles, respectively. If the adherence of ,undermined“ Pt nano-
structures/nanoparticles to the GC substrate dramatically decreases, this results in
a loss of Pt nanostrutures/nanoparticles and therefore in a decrease of the electro-
chemically active Pt surface area. On the other hand, insufficient cleaning of the
sample likewise reduces the active Pt surface on the model electrode. The above po-
tential window was found to represent the optimal compromise. The polycrystalline
Pt electrode was pre-cleaned in the same way, however in the potential range from
0.04V to a slightly higher potential of 1.56 V.

For potentiodynamic measurements, the scan rate and the potential window were
lowered to 10mV st and 0.06 V — 1.16 V, respectively.

To ensure reproducibility, all experiments were repeated at least two times on two

different specimens of the same sample type.

2.4.1 Active Surface Area Determination

The electrochemical properties and the corresponding active surface areas of the na-
nostructured Pt/GC model electrodes in this work were characterized by base cyclic
voltammetry, by evaluating the hydrogen underpotential deposition (H,,q) on Pt,
by Pt oxidation/Pt oxide reduction, and finally by pre-adsorbed CO,4; monolayer
oxidation (,COg4q stripping®).

VIA HYDROGEN UNDER POTENTIAL DEPOSITION — Hupd

It is well known, that the electric charge of adsorbed hydrogen on Pt corresponds
to the real active Pt surface area [151]. Therefore the H,,s adsorption charge de-
rived from the integration of the current signal of the H,,; at potentials between

0.36 V and 0.06 V (negative-going scan), after subtracting the double-layer charg-
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ing contribution, is generally used for determination of the active Pt surface area
of an electrode or catalyst under investigation. The active Pt surface areas were
determined by assuming a monolayer hydrogen charge on polycrystalline Pt equal
to 210 uCem™2 2] and a H,,q coverage of 0.77 ML at the onset of Hy bulk evolution
at 0.06V [152]. (For a detailed description of the integration procedure, including
the determination of the onset potential, see ref. [152].) The active Pt surface area

(Sact) was calculated via the relation

QH,pa
0.77 - 210

where Qp,,, is the integrated charge from potentials between 0.36V and 0.06 V

Sact — (24)

(negative-going scan) for hydrogen underpotential deposition (see above). Since
the amount of Pt on the electrode surface is directly reflected in the occuring cur-
rent signal during potential cycling, the distinct Pt signals for hydrogen adsorp-
tion/desorption in the H,,q range and the signals for Pt oxidation/Pt oxide reduc-
tion become lower with decreasing Pt coverage. Therefore, the active surface areas
of nanostructured Pt/GC model electrodes with very low Pt coverages (e.g., CL-00
and CL-01 samples in chapter 4 or the micelle-based sample in chapter 5) were
determined via pre-adsorbed CO,4; monolayer oxidation, following the mass spec-
trometric signal for COy formation via DEMS. The MS-signal is free of artefacts
such as oxidation and reduction peaks at about 0.6 V on glassy carbon supported
electrodes, which are generally attributed to the oxidative formation and reduction
of quinones and which overlap with the Faradaic current signal for CO,, oxidation
[153]. Furthermore, they are free from contributions from double-layer charging,
since up to 20 % of the total charge during CO,4 stripping in the Faradaic current

signal are attributed to pseudocapacitive contributions [154].

VIA PRE-ADSORBED CO,; MONOLAYER OXIDATION BY DEMS:
,COguq STRIPPING
The pre-adsorbed CO,; monolayer oxidation was performed in a dual thin-layer
flow cell connected to a DEMS set-up [3, 155], which allows for simultaneous el-
ectrochemical and mass spectrometric measurements, e.g., following the m /z =44
signal for CO4 formation, under controlled continuous-flow conditions, according to
the procedure described by Jusys et al. [155]. The CO; production results from the
two-electron oxidation reaction between CO,4 and neighboring OH,4 species, which
are formed by dissociation of water.

For the CO,4 stripping experiments, CO was adsorbed on the electrochemically
pre-cleaned (see electrochemcial pre-treatment procedure above) electrode surface
at a constant electrode potential of 0.06 V for about 10 min, inserting 2 mL of CO-
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saturated 0.5M HySO, solution by an all-glass syringe through a separate port.
Subsequently, the cell was carefully rinsed with CO-free, Ar-saturated supporting
electrolyte (0.5 M HySOy solution) for at least 20 min at the same potential. After-
wards, the CO adlayer was oxidatively stripped in a positive potential scan from the
adsorption potential of 60 mV up to 1.16 V (scan rate of 10mV s™!) recording both
the Faradaic and the mass spectrometric signal for m/z=44. The following base
voltamogram of the CO4-free electrode surface was recorded for comparison.

The integrated CO2 current signal (Qcos ,.py) (mass spectrometric ion current
signal for m/z = 44) during CO,4 stripping on a polycrystalline Pt reference electrode
was calibrated to the active surface area of the same polycrystalline Pt electrode
(Sact, pept) derived from the H,,q charge (see section above). The active surface
area of low loaded nanostructured Pt/GC model electrodes (S, pi/cc) such as CL-
00 and CL-01 samples in chapter 4 or the micelle-based sample in chapter 5 was

calculated by

Qco;, Pt/GC

Sact,Pt/GC’ - Sact, pcPt * (25)

Q(Jo;,pcpt
where Qco;, pi/co 18 the charge of CO, formation during CO,q stripping of a satu-
rated monolayer of CO on the corresponding nanostructured Pt/GC sample.
Furthermore, the pre-adsorbed CO,; monolayer oxidation experiment is com-
monly used for calibration of the mass spectrometric COy current signal of the
DEMS set-up via the constant K*. The K*-value is defined as the ratio between
the mass spectrometric (Qus) and the Faradaic (Qg) charge of the CO,q4 stripping

peak:

2 - Qus
Qr
where 2 corresponds to the number of electrons for the oxidation of an adsorbed
CO4q molecule to COy (see also |25, 148, 155]). This procedure was applied for

calibration of the DEMS set-up in chapters 3, 4 and 5.

K = (2.6)

2.4.2 Quantitative Evaluation of DEMS Measurements

DEMS is the method chosen for detection of volatile reaction products (e.g. COy)
formed during electrocatalytic reactions [133, 148| such as formaldehyde [97], me-
thanol [5, 5, 25|, ethanol [156-159] or ethylene glycol [138, 160, 161] oxidation.

CALIBRATION OF THE EXPERIMENTAL SET-UP:
CALCULATION OF K*
In chapter 7, the mass spectrometric m/z = 44 current signal was followed to quan-

tify the formation rate of the reaction product COs during the electro-oxidation of
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methanol on nanostructured Pt/GC model electrodes and on a polycrystalline Pt
reference electrode. As already mentioned above, the COs signal of the DEMS set-
up has to be calibrated (see eq.2.6). It should be noted that the K* value strongly
depends on the electrolyte flow rate, due to the longer residence time of the elec-
trolyte in the second compartment of the flow cell (see Fig.2.10). The slower the
flow, the more CO,, is able to pass the membrane into the mass spectrometer. Since
the methanol oxidation reaction in chapter 7 was studied at different electrolyte
flow rates, ranging from 1 to 30 uLs™!, the calibration constant K* of the present
DEMS set-up was determined in separate experiments by CO bulk oxidation in CO-
saturated 0.5 M H5SOy4 solution. The calibration experiments were performed on all
electrodes at each electrolyte flow rate separately by following the Faradaic current
and the CO, formation rate upon stepping the potential from E;,;; =60mV (the
initial potential was held for t;,;; =30s) to E;, =1.06 V (holding time t;, =300s).
The respective K* value was then calculated via the relation given in eq. 2.6, using,
however, the corresponding mass spectrometric (I5;5) and the Faradaic (Ir) current

instead of the charges.

COy CURRENT EFFICIENCY — Ao,

A quantitative description of the contribution of volatile reaction products to the
overall reaction is possible by calculating product distributions (yields) or current
efficiencies (see, e.g., ref. [25]). For the present experiment, the current efficiency
for CO, formation, Acp,, is an important value. In chapter 7, the COs current
efficiencies resulting during the oxidation of methanol on nanostructured Pt/GC
model electrodes and on a polycrystalline Pt reference electrode at different elec-
trolyte flow rates were calculated. They are obtained by conversion of the recorded
m/z =44 signal (I,;5) into a partial Faradaic current for CO5 formation (I¢p,) dur-
ing methanol electro-oxidation, assuming 6 electrons per COy molecule formed from
one methanol molecule, and subsequent division of the partial current by the total

(Faradaic) reaction current (Ir) via the relation

6 -1
Aco, = K*—NE (2.7)

corresponding to the procedure described in refs. |25, 133, 148].

TURNOVER FREQUENCY — TOF

Additionally, the partial Faradaic current for CO, formation (Icp,) was used to
determine the turnover frequency (TOFp,) for methanol oxidation to COq (chap-
ter 7). The turnover frequency reflects the number of reactant molecules (methanol)

converted per Pt surface site and per second to product molecules (CO,). It was
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calculated via
Ico, - Ny

6 - ' - > Ptsurfaceatoms

where N, is the Avogadro constant, 6 refers to the number of electrons per full

TOFco, = (2.8)

conversion of a methanol molecule to CO,, and F is the Faraday constant. (For
further details see also ref. [25].)

2.4.3 Measurements with a Double Disk Dual Thin-Layer
Flow Cell

A Double Disk Dual Thin-Layer Flow Cell configuration [4, 39] (see also Fig.2.11),
which is based on the flow cell design described in ref. [3], was applied for studying
mass transport and re-adsorption effects in the oxygen reduction reaction (ORR)
over nanostructured Pt/GC model electrodes and, for comparison over a polycrys-
talline Pt electrode and a bare GC substrate (chapter 6). It allows to further react
electroactive reaction products generated at the working electrode (generator) on
a second electrode (collector), and thus to determine the amount of oxidizable (re-
ducible) product species (here: HyOq during the reduction of Oy). The potentials
of both generator and collector were controlled using a bi-potentiostat from Pine

Instruments.

CALIBRATION OF THE EXPERIMENTAL SET-UP:
CALCULATION OF THE COLLECTION EFFICIENCY — N
Prior to the calibration experiment, the generator (polycrystalline Pt and nano-
structured Pt/GC model electrodes) and the collector electrodes were pre-cleaned
by rapid potential cycling in Ar-saturated supporting electrolyte in the potential
range 0.04 to 1.36 V (scan rate 100mV s™!). The collection efficiency of the present
set-up was determined by hydrogen evolution/oxidation experiments in Ar-saturated
base electrolyte (0.5 M HySOy solution). In these measurements, the nanostructured
Pt/GC samples and a polycrystalline Pt reference electrode were employed as gen-
erator electrodes, using different electrolyte flow rates. Upon stepping the genera-
tor potential from E;,;; =0.31V (the initial potential was held for t;,; =30s) to a
constant potential Ef;,, =30mV (holding time tf;,, =180s), Hy is formed, which is
oxidized subsequently at the collector electrode at 0.3V. The collection efficiency
N, defined as

 Heoul
 Hyenl

where I, and I ., are the currents recorded at the corresponding electrodes (collec-

N

(2.9)

tor and generator electrode), was determined for each sample at the same, precisely
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controlled electrolyte flow rate as used in the oxygen reduction reaction (ORR) ex-

periments.

DETERMINATION OF THE HyOs YIELD — Xp,0,

The hydrogen peroxide production at the generator electrode in Oy-saturated 0.5 M
H>SO, electrolyte was monitored using a polycrystalline Pt collector electrode bi-
ased at 1.2 V. Using the collection efficiency N determined previously (eq.2.9), the
fractional hydrogen peroxide yield, xg,0,, during the ORR, which describes the frac-

tion of HyOy formed relative to the total amount of Oy consumed, was calculated

as
Ico
2 - N”
THy05 = —[cou. <210)
Igen + N

where 2 corresponds to the number of electrons for the reduction of an Os-molecule
to HyOy and I, and I, are the currents recorded at the corresponding electrodes
(collector and generator electrode, respectively). This evaluation procedure follows
that employed in rotating ring disk electrode (RRDE) measurements. For further
details see, e.g., refs. [162-164].

TAFEL PLOTS
In chapter 6, the mass transport-normalized kinetic ORR currents at the working

(generator) electrode were determined as

L - 1
[, = —m  Tgen 211
g Ilim - Igen ( )
with Ij;,, denoting the ORR mass transport limited current at 0.2 V. They are pre-
sented in chapter 6 in Tafel plots as kinetic ORR current densities normalized to (7)
the geometric electrode area and (7i) the active Pt surface area of the corresponding
electrode. The latter was calculated via hydrogen underpotential deposition (H,yq)

charge (see eq.2.4).

MAsS TRANSPORT LIMITED ORR CURRENT

The advantages of the thin-layer flow cell configuration introduced and developed by
Jusys et al. [3, 155, which was used in this work, were already mentioned in subsec-
tion 2.3.3 (see also Fig.2.11). To summarize briefly: A high collection efficiency and
reasonable time resolution under well-defined transport conditions are provided. In
this flow cell configuration, a laminar flow regime is attained, which is proven by the

equation describing the linear correlation between mass transport limited current
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(Liim) and the cubic root of the electrolyte flow rate (v) [74, 165, 166]:
Lim =k n F coY3 (DA/b)*?, (2.12)

where k is the cell constant (k=1.467 for a thin-layer channel-flow cell), n is the
number of electrons, F is the Faraday constant, c is the concentration of the species
involved in the reaction, v is the electrolyte flow rate, D is the diffusion coefficient
of the reacting species, A is the electrode surface area, and b is the thickness of the
thinlayer gap, respectively.

Recently, a numerical calculation of the limiting current for the same cylindrical
thin-layer flow cell as it was used in this study, based on the equation given above,
was presented by Fuhrmann et al. [167].

A plot of the linear dependence of the mass transport limited ORR current (at
0.2V) vs. the cube root of the electrolyte flow rate in the double disk dual thin-
layer flow cell configuration over a polycrystalline Pt and nanostructured Pt/GC

electrodes is presented in chapter 6.

2.5 Chemicals

Throughout this work, 0.5M H,SO, was used as base solution. The supporting
electrolyte was prepared from Millipore MilliQ water (resistivity > 18 M2 cm) and
ultrapure sulphuric acid (Merck, suprapur), and was continuously de-aerated by
high purity Ar gas (MTI Gases, N 6.0).

Chapters 3-5: For CO,q4 stripping and continuous CO bulk oxidation experiments,
CO-saturated (Messer-Griesheim, N 4.7) supporting electrolyte was employed.

Chapter 6: For continuous O, reduction experiments, the base solution was sat-
urated with Oy (MTT Gase, N 5.7).

Chapter 7: The methanol oxidation experiments were performed in 0.5 M HySOy4
solution containing 0.1 M of CH30H (Merck, purity = 99.5%).



3 STABILITY OF NANOSTRUCTURED
Pt /GLASSY CARBON ELECTRODES
PREPARED BY COLLOIDAL
LITHOGRAPHY

Y.E. Seidel’, R. W. Lindstrém?, Z. Jusys', M. Gustavsson?, P. Hanarp?,
B. Kasemo?, A. Minkow?, H. J. Fecht® and R.J. Behm!

! Institute of Surface Chemistry and Catalysis, Ulm University, D-89069 Ulm, Germany
2 Dept. of Applied Physics, Chalmers University of Technology, S-41296 Gothenburg, Sweden
3 Institute of Micro- and Nanomaterials, Ulm University, D-89069 Ulm, Germany

Published in

Journal of the Electrochemical Society 155 (3) (2008) K50-K58



52 CHAPTER 3. Stability of Nanostructured Pt/GC Electrodes

Abstract

The stability of nanostructured Pt/glassy carbon (GC) model electrodes upon expo-
sure to a realistic electrochemical /electrocatalytic reaction environment (continuous
reaction, continuous electrolyte flow) was studied by microscopic techniques, X-ray
photoelectron spectroscopy, and electrochemical measurements.

The model electrodes consist of Pt nanostructures with well-defined sizes and
regular spacing on planar GC substrates, and were fabricated using colloidal litho-
graphy techniques. Additional plasma treatments of the GC substrates prior to Pt
deposition were tested to improve the stability of the resulting Pt/GC model elec-
trodes. Both evaporation and sputter deposition were used for Pt-film fabrication.
The model catalysts prepared by Pt evaporation were found to be rather unstable.
The stability was significantly improved for sputter-deposited Pt films, and Pt sput-
ter deposition on a GC substrate, pretreated first in oxygen plasma and then in Ar
plasma, resulted in stable model electrodes with a fully intact layer of Pt nanostruc-

tures after the electrocatalytic experiments.
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3.1 Introduction

Model catalysts consisting of catalytically active nanoparticles deposited on a pla-
nar support material have been employed extensively for fundamental studies of
catalytic reactions at the solid-gas interface [52-55, 101, 168]. Due to their well-
defined structural properties and their accessibility to electron spectroscopies and
structural characterization, these model systems have provided detailed insight into
the molecular-scale processes contributing to the overall reactions. We recently de-
veloped similar model systems for studies of electrocatalytic reactions [65, 109], using
Colloidal Lithography (2.1.1 CL) [59-63] as a tool for the controlled preparation of
planar, nanostructured model electrodes with catalytically active noble-metal na-
nostructures of well-defined size and interparticle distances. Because of the narrow
size distribution and the regular arrangement of the noble-metal nanostructures, as
well as the possibility of independently varying these two parameters over a sig-
nificant range, while also benefiting from the ability of CL to affordably produce
large areas, these systems are particularly well suited for studies of transport ef-
fects. Such effects, which could significantly affect the reaction process, e.g., via
creation of gradients and/or re-adsorption and further reaction of volatile reaction
intermediates [25], can be studied by investigating the changes in reaction charac-
teristics upon controlled variation of parameters such as electrolyte flow, density,
or size of the active nanostructures [97, 111]. The first results on the morphology
and electrochemical/electrocatalytic properties of a Pt/glassy carbon (GC) model
system consisting of a uniform array of Pt nanostructures (120 & 10 nm in diameter)
on a planar GC substrate, using the oxidation of a preadsorbed CO,4; monolayer as

test reaction, have been reported previously [65, 97, 109].

The application of these model systems for studying transport effects in electro-
catalytic processes requires measurements under enforced electrolyte flow and under
continuous reaction conditions, which in turn may lead to extensive gas evolution.
In contrast to reaction studies at the gas-solid interface, these reaction conditions
are highly demanding on the mechanical stability of the model catalysts. In fact, the
first measurements on Pt/GC model catalysts under continuous reaction/transport
conditions showed that the model catalysts appeared to lose activity with time,
which could indicate a loss of Pt nanostructures from the substrate. For quantita-
tive studies on the influence of transport and reaction parameters in electrocatalytic
reactions, the electrodes have to be fully stable during the reaction. Therefore, with
activity losses below a few percent over longer times, we have investigated in detail
the stability of these nanostructured electrodes under continuous electrocatalytic re-

action and electrolyte flow conditions. Results of this study and systematic attempts
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to improve the stability are reported here.

The stability of the model electrodes was dominated by the adhesion between the
Pt nanostructures and GC substrate and hence by the interaction between Pt and
GC. Therefore, in the first step, we modified the surface chemistry and morphol-
ogy /roughness of the GC substrate prior to Pt deposition by an additional processing
step (,pretreatment®) after mechanical polishing and chemical cleaning of the GC
substrate and before Pt deposition. The polished and cleaned GC substrate was sub-
jected to an Ar plasma or sequentially to an oxygen- and an Ar-plasma treatment
[169]. The influence of varying the Pt deposition procedure was also investigated
using not only Pt evaporation, as done previously [65], but also Pt sputter deposi-
tion. The plasma pretreatment of the GC surface was applied to remove adsorbed
contaminants such as quinone-type adsorbed species [123|, which via saturation of
dangling bonds of the GC substrate may affect the interaction between GC and Pt.
Furthermore, the plasma treatment is also expected to increase the surface rough-
ness, which in turn could also help to improve the adhesion properties [169]. For
similar reasons, sputter deposition of the Pt film was employed as an alternative
to Pt evaporation to fabricate better adhering Pt films, because the higher kinetic
energy and momentum of the Pt atoms/ions in the case of sputtering may cause
penetration of Pt into the carbon substrate and thus a stronger mechanical bind-
ing of the Pt film on the carbon substrate and/or other adhesion-promoting effects.
Finally, the initial electrochemical cleaning of the Pt deposit, which is typically per-
formed by potential cycling [24, 65, 170], has to be optimized for each preparation
procedure with respect to Pt cleaning and electrode stability to keep the oxidation
of the GC support at a tolerable level and to remove organic adsorbates on the

resulting Pt nanostructures (65, 171].

These topics were investigated using CL-prepared Pt/GC model electrodes with
Pt nanostructures ~ 145 nm in diameter as an example. The morphology of the pre-
treated GC substrate and of the resulting nanostructured Pt/GC surfaces was char-
acterized by atomic force microscopy (2.2.5 AFM) and scanning electron microscopy
(2.2.1 SEM). Transmission electron microscopy (2.2.3 TEM) measurements yielded
structural information on the interface between GC substrate and the Pt nano-
structures, and the surface composition was evaluated by X-ray photoelectron spec-
troscopy (2.2.4 XPS). The stability of the Pt/GC model systems under electrocat-
alytic reaction conditions was evaluated by electrochemical measurements, compar-
ing the cyclic voltammograms (CVs) in base electrolyte (base CVs) and the uptake
of underpotential deposited hydrogen (H,,4) before and after the electrochemical ex-
periments (2.4.1 Active Surface Area Determination via H,,q), and by SEM imaging

before and after these experiments. The electrochemical/electrocatalytic measure-
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ments were performed in a dual thin-layer flow cell (see section 2.3.3) connected to
a differential electrochemical mass spectrometry (2.3.2 DEMS) set-up and included
initial electrochemical cleaning by rapid potential cycling, base CVs, and subsequent
CO,q monolayer oxidation (2.4.1,CO,q4 stripping’) as well as CO bulk oxidation (via
CO,q) measurements. The latter reaction is expected to be particularly demand-
ing for the structural integrity of the model electrodes because of considerable gas

evolution during the reaction.

3.2 Results and Discussion

3.2.1 Characterization of the GC Substrate Surface and of
the Pt /GC Model Catalysts

The Pt nanostructures produced in this study have a diameter of ~ 145nm and an
average distance between their centers of 210nm (density ~2 x 10° cm™2), which
means that about 30 % of the geometric surface area of the GC substrate is covered
by Pt nanostructures. Figure 3.1 shows SEM images of the resulting nanostructured
Pt/GC model catalysts. The light grey area in the large-scale image in Fig. 3.1a
represents the Pt-covered electrode surface (6 mm in diameter) on the GC support.
The higher-resolution images in Fig.3.1b, ¢ demonstrate the regular spacing of the
Pt nanostructures. Similar images were obtained for the different types of GC
substrate pretreatment and for both types of Pt deposition, indicating that prior to
the electrochemical measurements the Pt/GC model catalysts are fully covered by
an adlayer of regularly spaced Pt nanostructures.

The chemical composition of the GC substrate before metal deposition and after
polishing and chemical cleaning by base/acid treatment and subsequent Ar or oxy-
gen plasma treatment was examined by XPS. The elemental surface compositions
of a GC sample directly after chemical cleaning and those of samples treated subse-
quently in an oxygen or Ar plasma, as derived from XPS survey spectra, are listed
in Table 3.1.

After chemical cleaning, the sample was contaminated by small amounts of Si,
N, F, and Al. The fluorine most likely originated from the Teflon holders in which
the samples were transported between the laboratories, while Si and Al traces could
result from the base/acid cleaning of the surface after polishing and the base plate of
the plasma system, respectively. Most of the contaminations were removed by the
plasma treatment; only the nitrogen content was slightly increased. Surprisingly,
the oxygen content was increased on both plasma treated surfaces compared to the

polished sample, with a slightly higher value for the oxygen-plasma-treated sample
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Figure 3.1: Representative SEM images of a nanostructured Pt/GC electrode surface
prepared by Colloidal Lithography before electrochemical experiments (Pt evaporation, no
further pretreatment of the GC substrate). (a) Overview (4.1 mm x 5.6 mm), light grey:
Pt covered area, dark grey: GC substrate, (b) Large-scale (13.6 ym x 10.2 um) and (c)
high-resolution (2.8 um x 2.1 um) SEM images.

compared to the Ar-treated sample. Apparently, the dangling bonds created upon
sputtering and removal of the other contaminants are saturated by oxygen, either
during plasma treatment (Os trace impurities in the Ar gas in the low ppm range

may be sufficient for this) or during subsequent exposure to air.

Detail spectra of the C(1s) region and the fits by different components are shown
in Fig. 3.2, and the corresponding data are listed in Table 3.2. For all three samples,
the spectra are dominated by the GC-related C(1s) peak at 284.3eV. A second peak
at ~286.1€V contributes to all samples by about 20 %, which is most likely related
to oxygenated carbon species on the surface such as quinones, carbonyls, or phenolic
species (see ref. [123] and references therein). Finally, a peak at ~ 288.5¢eV, which is
more pronounced on the plasma pretreated samples than on the untreated sample,

is attributed to surface carbonates.

From the similarity in carbonate intensity for the two plasma pretreated samples
we conclude that carbonate formation occurs during subsequent exposure to air
rather than during plasma treatment. A small peak at ~291.7eV on the untreated
sample is related to contamination by fluorinated hydrocarbons. In conclusion,
there are no significant differences between the different GC surface compositions.
Nevertheless, the existing difference in surface termination may still have some effect

on the interaction between the GC substrate and Pt film.
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Table 3.1: Atomic ratio of the surface element found in the XPS survey spectra after

different pretreatments.

surface element only base & acid cleaning oxygen plasma argon plasma

/ atom % / atom % / atom %
C(1s) 86.9 83.5 83.5
O(1s) 9.8 15.5 14.7
F(1s) 2.1 - -
N(1s) 0.6 1.0 1.1
Si(2p) 0.4 - -
Al(2p) - - 0.7

Table 3.2: Atomic ratio of the carbon surface species found in the C(1s) detail spectra

after different pretreatments.

GC sample processing binding energy FWHM area

/ eV / eV /%

284.3 1.4 73.8

only base & acid cleaning 286.1 1.9 20.1
288.5 1.8 6.1

with additional 284.3 1.3 63.6
oxygen-plasma 286.1 2.6 26.2
treatment 288.5 2.0 10.2

with additional 284.3 1.4 70.1
argon-plasma 286.1 2.0 19.7
treatment 288.5 1.9 10.2

X-ray photoelectron spectra of the model catalysts after electrochemical treatment
were published earlier [65].

They showed a broad Pt(4f) peak with a maximum at 71.2eV and a high-energy
component at 72.3eV. These features were related to metallic Pt and oxidized Pt
species, where the latter may result from transport to air. Similar results are also
expected for the present model catalysts.

A second important factor for the contact between deposited film and substrate
is the surface roughness. Based on the AFM images and AFM cross-sections shown
in Fig. 3.3 and other similar data, the surface roughness does not differ significantly
for the different GC surface treatments (Fig. 3.3a: no further treatment, Fig. 3.3b:
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Figure 3.2: C(1s) detail spectra of the GC substrates after different pretreatment proce-
dures on (a) a polished and chemically cleaned GC-substrate, (b) with additional oxygen-

plasma pretreatment and (c) with additional Ar-plasma pretreatment.

oxygen plasma pretreatment, Fig. 3.3c: Ar plasma pretreatment). The surfaces were
about equally rough on a nanoscopic scale, with peak-to-valley height variations of
about 8.0nm for a 1 um? area (see also the line cuts in the middle row in Fig. 3.3).
The corresponding root-meansquare values were ~2nm. The roughness values are
average values from three section analyses not including deep scratches. Hence, the
nanometer roughness detected by these measurements is apparently dominated by
the polishing process preceding the further treatment before Pt deposition rather

than by the subsequent plasma treatment.

3.2.2 Electrochemical Properties of the Nanostructured
Pt/GC Model Electrodes

The electrochemical /electrocatalytic properties of the model catalysts were investi-
gated by base CVs, oxidation of a preadsorbed CO,4; monolayer (2.4.1,COq strip-
ping“), and CO bulk oxidation. The latter measurements were performed under
continuous electrolyte flow in order to test the stability of the model systems under
conditions relevant for electrocatalytic studies.

Representative results of the electrochemical/electrocatalytic measurements of the
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Figure 3.3: Representative AFM images and line scans of the GC substrate surface prior
to Pt deposition on (a) a polished and chemically cleaned GC, (b) with additional oxygen-
plasma pretreatment and (c) with additional Ar-plasma pretreatment. (Top row) AFM
images in a bird " s eye view representation, (middle row) topview color scale representa-
tion, with brighter colors representing higher areas, and (bottom row) line cuts along the

directions indicated in the AFM images.

nanostructured Pt/GC model catalysts are shown in Fig. 3.4 for samples prepared
via either Pt evaporation (black lines) or sputter deposition (red lines) on Ar-plasma
pretreated GC substrates and subsequently Colloidal Lithography. The resulting,
stable Faradaic CV (upper graphs) and mass spectrometric current densities (lower

! (second scan) after the CO,q stripping

graphs), recorded at a scan rate of 10mV s~
scan (first scan), are normalized versus the electrochemically active surface area of
the respective model systems (see Fig. 3.4a). The CVs of the nanostructured Pt/GC
model electrodes (Fig. 3.4a, upper graph) show H,,, features characteristic for poly-
crystalline Pt [170, 172]. Except for the small difference in signal heights, with a
slightly higher charge for the sample prepared via Pt sputter deposition, there is
virtually no difference in the CVs of the two samples. The larger pseudo-capacitive
currents in the double-layer region compared to pure polycrystalline Pt result from
contributions from the GC support (Fig.3.4a, upper graph) and are typical for Pt
nanoparticle modified GC electrodes [65, 173-175] and carbon-supported catalysts
[21, 155, 176-178]. The charge in the H,,4 adsorption/desorption peaks was used to

determine the electrochemically active surface area of the respective model electrode,
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assuming a H,,q monolayer adsorption charge on polycrystalline Pt of 0.21 mC ¢cm ™2
[2] and a hydrogen coverage at the onset of Hy bulk evolution of 0.77 monolayers
[152]. These values were determined before the electrochemical measurement, after
the initial electrochemical cleaning procedure, and after the electrochemical mea-
surements. The resulting values are collected in Table 3.3. The decrease in active
surface areas is a straightforward, simple measure of the stability of the model elec-
trode, although it does not contain any information about the origin or nature of

the reaction-induced loss in active surface area (section 3.2.3).

The CO,y stripping scans exhibit the characteristic double-peak structure, which
was also reported previously for these nanostructured model electrodes [65], with
peaks at ~0.70 and ~0.765 V. Different from the H,,q signals, these traces reveal
distinct differences between the two sample types (Pt evaporation and Pt sputter
deposition). Similar to previous findings [65], the first oxidation peak is somewhat
higher than the high-potential peak for the evaporated Pt-film-based electrodes,
while samples prepared via Pt sputter deposition are characterized by a dominant
low-potential peak and a much smaller high-potential component. These character-
istics are fully reproduced in the mass-spectrometric scans, following the m/z = 44
signal of COy. The tenfold magnified mass-spectrometric traces (Fig.3.4a, lower
graph, dotted lines) illustrate the existence of the characteristic CO,4 oxidation pre-
wave which is commonly observed on Pt electrodes [133, 179, 180] and catalysts
[155]. The exact ratio of the two peak heights was also found to depend on the Pt
coverage, with the second peak increasing when going to lower Pt coverages (equiva-
lent to smaller densities or sizes of the Pt nanoparticles) [97, 181]. The general trend
of a more pronounced first peak on the Pt sputter-deposited samples compared to
the Pt evaporated samples, however, was observed reproducibly for otherwise similar
Pt/GC samples.

The formation of different CO,4 oxidation peaks on Pt electrodes was attributed
to differently oriented facets on the polycrystalline Pt nanostructures [182-184], and
accordingly the different appearance of the CO,4 stripping peaks on the two differ-
ent sample types could be explained by structural differences of the film surfaces,
such as differences in the preferential orientation or different contents of specific
facets, different defect densities, etc. However, we have recently shown that for a
nonstructured Pt/GC electrode, which was prepared in the same way except for
the structuring step and which is structurally identical to the Pt nanostructures,
CO,q oxidation occurs only in a single low-potential peak at 0.70V [97]. Further-
more, similar high-potential peaks have been reported for carbon-supported Pt/C
catalysts [155, 176-178] and were explained in terms of a pronounced particle-size

sensitivity of the CO,4 oxidation reaction [177, 178|. Therefore, we suggest that the
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Figure 3.4: CO electro-oxidation on nanostructured Pt/GC electrodes pretreated in an Ar
plasma (black line: vapor deposited Pt film, red line: sputter deposited Pt film), showing
the Faradaic current densities (top) and the m/z =44 mass spectrometric current densities
(bottom) corresponding to COg production. The CO,q stripping current was normalized
vs. the electrochemically active Pt surface area, and the currents of continuous CO ox-
idation were normalized vs. the geometric electrode surface area. (a) CO,q stripping of
preadsorbed CO (E,4 = 0.06 V), (b) continuous potentiodynamic CO oxidation, and (c¢) CO
oxidation transients upon stepping the potential from 0.06 to 1.06 V (room temperature,
CO-saturated 0.5 M HySOy4, 10mVs~—t, 10 uLs™! electrolyte flow).

low-potential peak results from CO,4 oxidation on the Pt nanostructures, while the
high-potential peak is caused by CO,4 oxidation on small Pt nanoparticles. Direct
experimental proof for the existence of such nanoparticles on the GC areas is pre-
sented in the following section; a more detailed study on the electrocatalytic role of

these nanoparticles is presented in chapter 4.

The currents for continuous bulk oxidation of CO, presented both as a poten-
tiodynamic measurement (Fig.3.4b) and potentiostatic potential-step transients at
1.06 V (Fig.3.4c), were normalized vs. the geometric electrode surface area. They
closely resemble previous results obtained on massive, polycrystalline Pt electrodes
[183, 185], Pt film electrodes [144], or Pt nanoparticles [155]. During potentiody-
namic CO oxidation (Fig.3.4b) the reaction is fully inhibited at lower potentials
due to complete blocking by CO,q4, followed by a steep increase of the Faradaic cur-

rent and the mass-spectrometric COq signal at the onset of CO,4 oxidation. The
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reaction starts at higher potentials than CO,4 stripping (Fig. 3.4a) because of the
continuous supply of CO to the surface, which maintains a saturated adlayer to
higher potentials and therefore hinders adsorption of OH species and subsequent
CO oxidation. At further increasing potential the current is mass transport limited
and then decreases due to Pt oxide formation. In the reverse, negative-going scan,
the current approaches the mass transport limited value and then decays suddenly
when the CO,4 oxidation rate becomes too small to avoid saturation of the surface
by CO,q (for more details see ref. [97]). The onset potential during CO bulk ox-
idation is virtually identical for both samples, similar to onset potentials observed
during CO,q4 stripping.

Also, the CO oxidation transients generally resemble previous data obtained on
Pt electrodes and supported (model) catalysts [97, 111, 185|. In contrast to similar
experiments on polycrystalline Pt [111] or polycrystalline Pt films [97], the transients
of the nanostructured samples show a slight decay of both the Faradaic current and
the mass spectrometric CO, signal with time, which is considerable for the sample
prepared by Pt evaporation and rather small on the sample prepared by sputter
deposition. In both cases the decay is larger than that observed on samples prepared
by Pt sputter deposition on GC substrates pretreated in oxygen and Ar plasma [97].
Because samples prepared via Pt sputter deposition were significantly more stable
than those fabricated via Pt evaporation, and sputter-deposited samples pretreated
in oxygen and Ar plasma were the most stable (see the next section 3.2.3), we
attribute the slight decay of the activity with time mainly to a decrease in active
surface area due to a loss of Pt nanostructures rather than to a decay of the inherent

Pt surface area normalized activity.

3.2.3 Stability of the Pt/GC Model Electrodes

The stability of the Pt/GC model electrodes in electrochemical and electrocatalytic
measurements was evaluated by comparing the H,,; charge before and after these
measurements and by SEM images recorded before and after the treatment. Because
the morphology of the initial electrode was highly reproducible and independent of
the GC treatment or Pt-deposition procedure, we present only SEM images recorded
after the electrochemical measurements.

Typical SEM images of model electrodes prepared by Pt evaporation and different
GC pretreatments are shown in Fig. 3.5a, b: chemical cleaning only and Fig. 3.5d e:
additional Ar-plasma treatment. The corresponding base CVs before and after el-
ectrochemical treatment are shown in Fig.3.5c,f. The images in the upper row

indicate that after electrochemical measurements both surfaces still exhibit a rather
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Figure 3.5: Representative SEM images of nanostructured Pt/GC model catalysts pre-
pared by Pt evaporation on a GC substrate (a and b) without further treatment and (d
and e) with Ar-plasma pretreatment, recorded after electrochemical cleaning (repetitive
potential cycling to 1.36 V) and CO bulk oxidation in CO saturated 0.5 M H2S0O,. (c and
f) Base CVs recorded before and after the electrochemical measurements described above
(0.5M HSOy, 10mVs~1).

homogeneous adlayer of Pt nanostructures. Apparently, on this scale the electro-
chemical treatment did not affect the Pt nanostructures. Going to a larger scale,
however, the overview images in the insets reveal that on some areas (,black areas®)
of the GC surface the Pt adlayer is completely removed. We speculate that the
removal of the Pt nanostructures on these areas is related to the formation of CO,
bubbles formed at the electrode upon CO oxidation. As seen in the high-resolution
SEM images (Fig.3.5b,d), individual Pt nanostructures can also be removed from
or displaced laterally on the surface during the CO oxidation experiments. This is
evident, e.g., by the dark areas, which we expect to reflect the former locations of
two Pt nanostructures (see white arrows).

In comparing the two samples (not pretreated or plasma pretreated), the Ar
pretreatment improves the stability of the Pt nanostructures to some extent, as

evidenced by the H,,; charge (38% loss of active surface area on the untreated
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sample and 23 % loss on the Ar- plasma pretreated sample; see Table 3.3) and by
the SEM images. Nevertheless, after plasma pretreatment, the model electrodes
are not fully stable against electrochemical/electrocatalytic measurements under
realistic reaction conditions (continuous electrolyte flow and evolution of gaseous

products).
Representative SEM images of the second type of nanostructured Pt/GC elec-

trodes, which were prepared via Pt sputter deposition and subsequent Colloidal
Lithography, are shown in Fig.3.6 (top and middle row). Also, for these samples
the GC substrate was pretreated in Ar and/or oxygen plasma. (Pt deposition on
nontreated GC substrates was not investigated because it was known already that
plasma pretreatment improves the stability of the Pt nanostructures on the sub-
strate.) Similar to the experiments shown in Fig.3.5, SEM images and base CVs
were recorded before (CVs) and after (SEM images, CVs) CO,q4 stripping and con-
tinuous CO oxidation experiments. High-resolution and medium-resolution SEM
images after electrochemical treatment are shown in the top and middle row in
Fig. 3.6, respectively, and the related base CVs recorded are presented in the bottom
row (left column: Ar-plasma pretreatment, right column: oxygen and Ar-plasma

pretreatment).

For the Ar-plasma pretreated model electrode, we find only a few small areas where
the Pt nanostructures were removed completely, e.g., due to CO5 bubble formation
(see inset of Fig.3.6a). The removal/displacement of individual Pt nanostructures
in an otherwise intact adlayer area was not detected in high-resolution SEM images
(Fig. 3.6b) and is insignificant. Accordingly, the CVs recorded in base solution before
and after the CO oxidation experiments revealed a rather small Pt loss (~10%)
after the CO oxidation experiment, significantly less than the ~ 23 % decrease of
the active surface on the samples prepared by Pt evaporation on the Ar-pretreated
substrate (Fig. 3.5f).

Furthermore, we tried a sequential oxygen- and Ar-plasma treatment, with a
short-term (30s) oxygen-plasma treatment followed by an Ar-plasma treatment
(2min). This procedure indeed resulted in further improvement of the stability
of the Pt/GC model catalyst, as evidenced by the SEM images of these samples
after CO oxidation experiments (Fig.3.6d and e) and the H,,4 charges in Table 3.3.
Evaluating a number of high-resolution SEM images, we found no evidence for de-
tachment of individual Pt disks. Also, the complete loss of Pt disks on a larger area
(bubble imprints) was not observed on these surfaces (see inset of Fig. 3.6d).

From the high-resolution SEM images (particularly Fig. 3.6b, e), it is evident that
the internal structure of the Pt nanostructures depends sensitively on the deposi-

tion method. The size of the Pt grains in the nanostructures produced via sputter
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Figure 3.6: Representative SEM images of nanostructured Pt/GC model catalysts pre-
pared by Pt sputter deposition on a GC substrate pretreated in (a and b) Ar-plasma
pretreatment and (d and e) oxygen-plasma pretreatment followed by Ar-plasma pretreat-
ment recorded after electrochemical cleaning (repetitive potential cycling to 1.36 V) and
CO bulk oxidation in CO-saturated 0.5 M HaSO4. (c and f) Base CVs recorded before and
after the electrochemical measurements described above (0.5 M HySOy, 10mVs™1).

deposition (up to 15nm in diameter) is about double that of the grains on the
evaporated sample. A possible reason for this is the higher kinetic energy of the
incident Pt atoms/clusters, which before they are thermalized ,scan“ a larger area,
i.e., that the kinetic energy provides an annealing effect, causing larger grains in the

polycrystalline nanoparticles.

The generally better adhesion of the Pt nanostructures produced via sputter de-
position on GC substrates compared to Pt evaporation based nanostructures agrees
well with recent findings for the adhesion of Al films on GC substrates [169]. Based
on the results of ,tape peel-off* tests, Kuhnke et al. determined a better adhesion of
sputter-deposited metal (Al) films on GC substrates compared to evaporated metal
films [169]. We believe that the improved adhesion of sputter-deposited films is
a combination of several effects: the cleaning action related to higher energy and

momentum of incident Pt atoms, the just-mentioned annealing effect causing larger
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Table 3.3: H,,¢ and resulting active surface areas before and after cycling to higher
potentials and electro-oxidation of CO on samples with different pretreatments and Pt

deposition methods.

BEFORE AFTER
sample GC sample Hypa act. Hpa act. Pt loss
processing surf. area surf. area
/uC Jem®  /uC fom? /%
Pt evaporation  only base & acid cleaning 76 0.47 47 0.29 38.4
with additional Ar-plasma 83 0.51 64 0.39 23.2
Pt sputtering with additional Ar-plasma 74 0.46 66 0.41 10.8
with additional oxygen- &
Ar-plasma 94 0.58 93 0.58 ~1

grains and better adhesion via more high-binding-energy sites, and the roughening,

producing more binding sites per projected (unit) area.

In addition to GC pretreatment and Pt deposition, we also studied the influence
of the positive potential limit during electrochemical cycling on the stability of the
model electrodes (Fig.3.7). For a sample prepared by Pt sputter deposition on
a GC substrate pretreated in oxygen and Ar plasma, H,,; measurements indicate
that there is no loss of active surface area upon cycling to 1.61V, i.e., into the onset
of O evolution (Fig.3.7a). Even after subsequent CO oxidation measurements
(same conditions as for Fig.3.5 and 3.6), subsequent H,,; measurements and SEM
images show no indications for a loss of Pt particles (Fig.3.7a—c). Comparable
results were obtained for a model electrode prepared by Pt evaporation on an Ar-
plasma pretreated sample. In this case, cycling to slightly lower potentials (positive
potential limit 1.56 V), which are nevertheless 200mV higher than the standard
cleaning procedure (positive potential limit 1.36 V), shows negligible losses in surface
area. The sensitivity of the adlayer toward flowing electrolyte is demonstrated by
a subsequent experiment, where the electrolyte flow was enhanced by applying a
slight overpressure to the electrolyte supply bottle. Base CVs and SEM images
recorded subsequently reveal a considerable loss of active surface area (>20%) and

Pt nanostructures on the sample (Fig. 3.7d-f).

Similar to observations after CO oxidation measurements (Fig.3.5b), the Pt na-
nostructures are completely removed from entire areas. The effect of the electrolyte

flow and reaction-induced gas evolution was illustrated in a third experiment per-
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formed on a Pt/GC sample prepared by Pt evaporation on a Ar pretreated GC
substrate and subsequent standard cleaning (cycling up to 1.36 V).

SEM images recorded after cycling (Fig.3.5g,h) show areas where statistically
distribute individual Pt nanostructures are missing (~ 10 % in these areas) but no
areas with completely removed Pt nanostructures. Hence, the complete removal
of Pt nanostructures on these samples is apparently associated with continuous
CO oxidation, while electrochemical cleaning and base CVs in flowing electrolyte
lead to the loss of individual Pt nanostructures only. Platinum dissolution and
subsequent re-deposition, which was reported after keeping the potential at high
values for extended times (up to 24h [186]) [187, 188], is not significant under
present conditions (several cycles to a positive potential limit of 1.36 V at a potential
scan rate of 100mV s™!) because of the short time spent at such high potentials.
Platinum re-deposition is even further reduced by the continuous electrolyte flow in

our experiments.

Finally, additional information on the Pt-GC interface and also on the surface
of the Pt/GC model catalysts is obtained from cross-sectional TEM micrographs
as shown in Fig. 3.8. The figure shows images of different magnifications (see scale
bars on the images) of the sandwiched samples (for sample preparation see section
2.2.3 TEM), measured on a sample fabricated by Pt evaporation (left column) and
on another sample produced by Pt sputter deposition (right column). Both samples
were pretreated by Ar-plasma etching, where Ar sputtering is done in situ before
sputter deposition but ex situ before evaporation. These representative TEM images
provide further support for a lower stability of the Pt/GC electrodes produced by
Pt evaporation. Figure 3.8a shows two Pt nanostructures, one on top of the other
(see arrow), where the upper one was detached from the substrate, most likely the
upper GC substrate, during sample preparation. Also, the neighboring nanostruc-
ture (at the left side) appears to consist of two layered nanoparticles based on its
height, although in this case the two particles cannot be resolved. Such preparation-
induced detachment of particles was not observed on samples prepared by sputter
deposition (see, e.g., Fig.3.8c). Figures 3.8b, d show magnified details with a single
Pt nanostructure. Also, in this case the shape of the nanostructure in Fig.3.8b
indicates that this was detached from the upper GC substrate surface and moved
toward the lower substrate surface, together with the glue layer. The nanostructure
in Fig.3.8d, in contrast, is still on the correct substrate side. These images also
illustrate the rather rough interface between Pt nanostructure and GC substrate,
which is attributed to the initial roughness of the GC substrate (see AFM images
in Fig. 3.3).

There are no distinct differences in interface roughness between evaporated and
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Figure 3.8: TEM cross-sections of the Pt/GC interface region in nanostructured Pt/GC
model electrodes prepared via (a and b) Pt vapor deposition and (c and d) Pt sputter de-
position on GC substrates pretreated in Ar plasma and subsequent Colloidal Lithography.
Scale bars and the assignment of the different areas are given in the images (for sample

preparation see section 2.2.3 TEM).

sputter-deposited Pt nanostructures.

Furthermore, we find a thin layer of high-contrast nanoparticles close to or at the
surface, between the Pt nanostructure, which are attributed to Pt nanoparticles. As
discussed in more detail in chapter 4, we suggest that these high-contrast nanopar-
ticles represent Pt nanoparticles, with an average size of ~5nm. These particles
are also held responsible for the small white structures on the high-resolution SEM

images, which are observed on the GC areas between the Pt nanostructures (see
Fig.3.5 and 3.6).

3.3 Conclusion

We have shown that, depending on the preparation procedure, the activity of nano-
structured Pt/GC model electrodes prepared by Colloidal Lithography can deterio-
rate significantly during electrochemical/electrocatalytic measurements under real-
istic reaction and electrolyte flow conditions and upon formation of volatile gaseous
products. Both base CVs and SEM images recorded before and after electrochemical
cleaning (repetitive potential cycling) and reaction (CO,4 stripping and CO bulk ox-

idation) show a decrease in the electrochemically active surface area and a complete
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loss of Pt nanostructure particles on larger areas. Furthermore, a loss or displace-
ment of individual Pt nanostructures on otherwise intact adlayer areas is observed.
Under present reaction conditions the stability is lowest for model electrodes pre-
pared by Pt-film evaporation on a mechanically polished and chemically cleaned GC
substrate and subsequent Colloidal Lithography (~ 40 % loss in active surface area).
It is slightly improved if the GC substrate is treated in an Ar or oxygen plasma
prior to Pt deposition (loss in active surface area ~ 25 %). Markedly higher stability
is achieved by changing the Pt deposition method, using sputter deposition rather
than evaporation. Samples pretreated in Ar plasma showed a strongly reduced ten-
dency for removing the Pt adlayer in complete areas and no loss of individual Pt
nanostructures (loss in active surface area ~10%). Finally, GC pretreatment in
first oxygen and then Ar plasma leads to model electrodes which are fully stable
under present reaction conditions. These samples are also stable after electrochem-
ical cleaning at more drastic conditions, upon potential cycling up to the onset of
Oy evolution (1.61V). The measurements further indicate that the sample damage
is mainly induced by the flowing electrolyte and product gas formation rather than
by electrochemical cleaning.
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Abstract

Nanostructured, glassy carbon (GC) supported Pt/GC electrodes, with Pt nano-
structures (nanodisks) of controlled size (100-140nm in diameter) and separation
homogeneously distributed on a planar GC substrate, were recently shown to be
interesting model systems for electrocatalytic reaction studies [M. Gustavsson, H.
Fredriksson, B. Kasemo, Z. Jusys, C. Jun, and R.J. Behm, J. Electroanal. Chem.,
568, 371 (2004)].

We present here electron microscopy and electrochemical measurements which
reveal that the fabrication of these nanostructured electrodes via Colloidal Litho-
graphy, in addition to the intended nanodisks, results in a dilute layer of much
smaller Pt nanoparticles (diameter ~5nm) on the GC surface in the areas between
the Pt nanodisks. We further demonstrate that by using the developed, related
method of Hole-mask Colloidal Lithography (HCL) [H. Fredriksson, Y. Alaverdyan,
A. Dmitriev, C. Langhammer, D. S. Sutherland, M. Zach, and B. Kasemo, Adv.
Mater. (Weinheim, Ger.), 19, 4297 (2007)|, similar electrodes can be prepared
which are free from these Pt nanoparticles.

The effect of the additional small Pt nanoparticles on the electrochemical and
electrocatalytic properties of these nanostructured electrodes, which is significant
and can become dominant at low densities of the Pt nanodisks, is illustrated and
discussed. These results leave HCL the preferred method for the fabrication of na-

nostructured Pt/GC electrodes, in particular, of low-density Pt/GC electrodes.
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4.1 Introduction

Model studies of catalytic and electrocatalytic reactions, performed on structurally
and chemically well-defined, but nevertheless more realistic systems than, e.g., poly-
crystalline or single-crystal (electrode) surfaces and under close-to-realistic reac-
tion conditions (e.g., pressure, temperature, particle-support interactions), have at-
tracted increasing interest in recent years [52-55]. Making use of new developments
in the area of surface nanostructuring [56-64|, we recently introduced Colloidal
Lithography (2.1.1 CL) as a tool for the controlled preparation of planar nanostruc-
tured electrodes with defined particle sizes and particle distances [63, 65]. In this
way, we could prepare nanostructured electrodes consisting of a planar glassy car-
bon (GC) substrate with electrochemically active Pt nanostructures (nanodisks) of
adjustable, similar size (@ 80-140nm) deposited on top. In addition to the nar-
row size distribution, the nanodisks are arranged in a rather regular array with a
narrow distribution of interparticle separations, which uniformly covers the entire
accessible electrode area. Both the size of the Pt nanodisks and their separation
can be varied independently and in a controlled way. Hence, this method extends
the possibilities of earlier lithographic approaches (compare ref. [56-58, 189] and
[190]) for the preparation of such array structures, allowing the fabrication of ar-
rays of ultra-microelectrodes with electrode sizes in the 100 nm range. Due to the
well-defined arrangement of the nanodisks, which is much more regular than the
statistical distribution of nanoparticles obtained, e.g., by physical vapor deposition
or electrodeposition of metals, these model systems are ideally suited for studying
transport and diffusion processes. Furthermore, they provide ideal test systems for

simulations of these processes on arrays of microelectrodes [48-51, 191, 192].

These nanostructured planar electrodes were used as model systems for studies of
the role of transport effects in electrocatalytic reactions, investigating the effect of
the nanodisk density on their electrochemical and electrocatalytic properties [97, 99].
The influence of the preparation process on the stability of the active nanodisks
during electrochemical /electrocatalytic measurements was investigated in detail and
optimized to an extent that the resulting nanodisks are fully stable also during
continuous electrolyte flow and continuous reaction conditions [193]. In addition to
these electrocatalytic model studies, CL. was also applied for preparing membrane

electrode assemblies for fuel cell studies [109].

In order to extend the parameter range in these studies, we reduced this density of
Pt nanodisks to very low values, with the Pt nanodisks (& ~ 140 nm) covering about
1% of the electrode surface (Pt surface coverage ~1%). Previous measurements on

these samples had shown, however, that the electrochemical active Pt surface area
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(2.4.1 Active Surface Area Determination) determined by hydrogen underpotential
deposition (H,p,q) and CO,q monolayer oxidation (,COgq stripping”) is much higher
than expected by comparison with higher coverage samples or than calculated from
the density, size, and shape of the nanostructures derived from scanning electron
microscopy (2.2.1 SEM) images.

In the present chapter the origin of this deviating electrochemical behavior ob-
served for nanostructured Pt/GC electrodes with very low densities of Pt nanodisks
by detailed electron microscopy studies and by comparing the electrochemical prop-
erties of the very-low-density Pt/GC electrodes with those of samples with higher
densities of similar size Pt nanodisks (Pt coverage ~20 and ~ 40 %), which were
prepared in the same way, is elucidated. Electron microscopy measurements include
high-resolution SEM and locally resolved elemental analysis by energy-dispersive X-
ray analysis (2.2.2 EDX), as well as conventional and high-resolution transmission
electron microscopy (2.2.3 CTEM and HRTEM) on cross-sectional samples. Fur-
thermore, we introduce the newly developed, related method of Hole-mask Colloidal
Lithography (2.1.2 HCL) [64] for the preparation of similar type nanostructured
electrodes and characterize their structural and electrochemical properties. Mea-
surements of the electrocatalytic properties of CL- and HCL-prepared nanostruc-
tured electrodes (CO bulk oxidation and formaldehyde oxidation) will be published
elsewhere [97].

First the morphology and surface composition of the nanostructured electrodes
is characterized by high-resolution SEM, CTEM, and HRTEM on cross-sectional
samples and by locally resolved elemental analysis by EDX. In the second part, we
concentrate on the electrochemical characterization of the Pt/GC model systems,
by cyclic voltammetry (CV) and preadsorbed CO,4 monolayer oxidation (2.4.1 CO4q
stripping) performed in a dual thin-layer flow cell (see section 2.3.3) connected to
a differential electrochemical mass spectrometry (2.3.2 DEMS) set-up. The results
are discussed with special attention on identifying and understanding the origin of
the substantial difference between the expected and experimentally observed elec-

trochemical behavior of the low-Pt-coverage, CL-prepared Pt/GC electrodes.

4.2 Results and Discussion

We investigated five different types of nanostructured Pt/GC electrodes with Pt
nanodisks of 100-140 nm in diameter and different separations and, correspondingly,
different Pt coverages. These include (i) high-loading samples (CL-40) with ~ 40 %
Pt coverage (& ~140nm), (ii) medium-loading samples (CL-20) with ~22% Pt
coverage (& ~134nm), and (%) ultralow-loading samples (CL-01) with ~1% Pt
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Table 4.1: Geometrical data of the different nanostructured Pt/GC electrodes, as de-
termined by SEM, assuming cylindrical Pt nanodisks and spherical Pt nanoparticles (see
Table4.2). The Pt coverage is defined as the fraction of the GC surface covered by the

projection of the Pt nanodisks and nanoparticles.

sample Pt~ diameter density Pt surface coverage geom. Pt surface area
jom/pm? /% /em?
nanodisks 140 4+ 24 26 40 0.18
CL-40 nanoparticles 3.9+ 26 2510 3 0.034
total - - 43 0.21
nanodisks 134 + 19 16 22 0.10
CL-20 nanoparticles 4.3 £+ 3.2 2760 4 0.045
total - - 26 0.14
nanodisks 147 + 6 0.5 0.8 0.003
CL-01 nanoparticles 6.5+ 4 1810 6 0.068
total - — 6.8 0.071
CL-00 nanoparticles 73+ 4 1670 7 0.079
HCL-20 nanodisks 118 £+ 12 20 22 0.1
HCL-10  nanodisks 94 +9 14 10 0.052

coverage (& ~ 147nm), all of which were prepared by CL. Furthermore, we included
(iv) medium-loading (HCL-20) and (v) low-loading (HCL-10) samples with ~ 22 %
Pt and 10 % Pt coverage, respectively (& ~ 118 and ~94nm), both prepared by
HCL. All experiments were performed on three different samples of each type to
ensure reproducibility. As references, we (vi) also included nonstructured samples,
where the initial Pt film was completely removed by Ar™ sputtering (CL-00), and
a bare GC. The structural characteristics of the nanostructured electrodes used in

the present study are summarized in Table 4.1.

4.2.1 Surface Characterization

Representative large-scale and high-resolution SEM images of the nanostructured
Pt/GC electrodes with different geometric Pt coverage and of the reference sam-

ple (completely removed Pt film) are shown in Fig.4.1. The large-scale images
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Figure 4.1: Representative large-scale (a, c, e, g, 1, k) and high-resolution (b, d, f, h,j,1) SEM images of the nanostructured Pt/GC electrodes.
(a,b) High Pt coverage (~43 %) CL-prepared electrode (CL-40), (c,d) medium Pt coverage (~26 %) CL-prepared electrode (CL-20), (e,f)
ultralow Pt coverage (~7 %) CL-prepared electrode (CL-01), (g, h) medium Pt coverage (~ 22 %) HCL-fabricated electrode (HCL-20), (i,j)
low Pt coverage (~10%) HCL-fabricated electrodes (HCL-10), and (k,1) a nonstructured Ar™ sputtered electrode (CL-00) as reference.
Large-scale images 2.5 um x 3.4 um; high-resolution images 330 nm x 460 nm. The bright circles in (a, e, i and k) denote the areas where the

EDX analysis was performed.
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of the higher Pt coverage samples (Fig.4.1a,c,g and i) confirm the homogeneous
distribution and narrow size distribution of the circular nanodisks expected from
previous studies, both for the CL-prepared samples [60-63] (Fig.4.1a,c) and for
the HCL-fabricated samples [64] (Fig.4.1gi). For these samples, two-dimensional
Fourier transforms yield distinct rings, reflecting the short-range order in the layer
of nanodisks. In agreement with the real-space SEM images, there is no evidence for
long-range order. The situation is different for the ultralow-loading sample (CL-01,
Fig.4.1e), where the nanodisks are irregularly distributed on the surface. Appar-
ently, during CL-fabrication the separation between the PS particles is so large that
the electrostatic interactions between them are no longer strong enough to warrant
a locally ordered distribution of them. Instead, it is dominated by the (random)
spatial distribution of adsorbing PS particles. The images of the nonstructured
,Pt-free’ CL-00 sample (Fig.4.1k1) show a surface similar to the carbon surface
between the Pt nanodisks of the CL-01 sample. The densities and sizes of the nan-
odisks evaluated from these images and the resulting Pt coverages are collected in
Table 4.1.

In the high-resolution SEM images, features between the Pt nanodisks are visible
on the three nanostructured electrodes prepared via CL (Fig.4.1b,d and f). They
are present also on the nonstructured sample (Fig.4.11), in a similar density. In
contrast, no such features were observed in high-resolution images on the HCL-
prepared samples (see Fig.4.1h and j).

At this point, we tentatively associate these features with Pt nanoparticles which
originate from Pt clusters formed during the Ar* sputtering process (see Fig. 2.1d),
which is applied to remove the unprotected Pt film between the adsorbed PS colloids.
This assignment agrees with their presence on the CL-prepared nanostructured elec-
trodes, where the lithographic process includes an Ar™ sputtering step for removal
of Pt film, and their absence on the HCL-prepared samples, where Ar™ sputtering
is not employed.

In order to confirm the presence of Pt nanoparticles on the CL-prepared samples
in between the Pt nanodisks, these areas were analyzed by EDX. In Fig. 4.2 we show
representative overview EDX spectra recorded on a CL-40 (black, full line), CL-01
(blue, dashed line), CL-00 (olive, dotted line), and HCL-10 (lavender, dashed and
dotted line) electrode in areas between the Pt nanodisks. Carbon and oxygen are the
predominant elements in the near-surface region (penetration depth of the primary
electrons 0.3 um), which is clearly demonstrated by the CK, and O K, peaks at
0.27 and 0.52keV, respectively. In addition, Pt was also identified on the CL-40
sample in these areas (see, e.g., bright circle in Fig. 4.1a), despite the absence of Pt
nanodisks, by the Pt M-peak at 2.05keV (see also the inset in Fig.4.2).
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Figure 4.2: EDX spectra of the CL- and HCL-prepared nanostructured Pt/GC electrodes
showing overview spectra of CL-40 (~43 % Pt coverage; solid, black), CL-01 (~7% Pt
coverage; dashed, blue), nonstructured CL-00 (completely sputtered; dotted, olive) and
HCL-10 (~ 10 % Pt coverage short-dashed, violet) electrode surfaces recorded in the areas
marked in the SEM images in Fig.4.1a,e,1, and k, respectively. The inset shows magnified
details of the Pt region.

Because of the close distance to the surrounding Pt nanodisks, however, this signal
may well arise from scattered electrons which reached these nanodisks. Going to an
ultralow-density CL-01 sample or to the CL-00 reference sample, the EDX-analyzed
area (see bright circle in Fig.4.1e and k, respectively) can be much further away
from a Pt nanodisk. In these measurements, the Pt signal is considerably lower
but still clearly detectable (0.08 and 0.06 atom %, respectively). In contrast to the
CL-prepared samples, the amount of Pt detected between the Pt nanodisks on the
HCL-10 electrode is at the detection limit of EDX analysis (~ 0.01 atom %, see bright
circle in Fig.4.1i).

The atomic ratios of the elements found in the EDX spectra, averaged over differ-
ent areas between the Pt nanodisks, are given in Table4.2. An X-ray photoelectron
spectroscopy analysis of the CL-00 sample, which is more surface sensitive than
EDX, confirmed the EDX results and revealed a substantial amount of Pt on the
surface of this sample.

Further information on the Pt nanoparticles is obtained from HRTEM images.
The HRTEM image on the cross-sectional sample in Fig. 4.3a shows the trapezoidally
shaped cross section of an individual Pt nanodisk. Furthermore, it reveals the pres-
ence of a thin layer of high-contrast nanoparticles close to or at the interface between
GC and glue, in between the Pt nanodisks. The HRTEM images in Fig.4.3b,c
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Table 4.2: Atomic ratio of the elements determined from the EDX spectra (6kV) in
areas between the Pt nanodisks denoted by bright circles in Fig.4.1 a,e,i, and k on the
CL-prepared model electrodes CL-40 and CL-01, the HCL-fabricated HCL-10, and on the

nonstructured CL-00 sample, respectively.

sample C (@) Pt
/atom %  /atom %  atom %

CL-40 97.5 1.4 1.1
CL-01 98.5 1.4 0.08
CL-00 98.2 1.7 0.06
HCL-10 97.0 3.0 0.01

show details of the interface between Pt nanodisk and GC substrate. These images
(Fig.4.3b and c) further resolve that the features, which were already observed by
SEM, are spherically shaped and ~ 5 nm in diameter. Information on their structure
can be derived from Fig.4.3c, which resolves a face-centered cubic (fcc) structure
of these spherical nanoparticles. This result further supports the EDX-based as-
signment of the features as Pt nanoparticles. They are also responsible for the
numerous small white spots appearing on the GC substrate in the high-resolution
SEM images (see Fig.4.1b,d, f and 1). Similar type Pt nanoparticles were also seen
on CL-prepared electrodes where the Pt layer was deposited by evaporation rather
than by sputter deposition [193], indicating that the nanoparticles are not formed
during the deposition process, but rather during the final sputter-removal process.
The nanoparticles spread over a layer of 5-10 nm thickness (Fig.4.3a and b).

The vertical distribution of the Pt nanoparticles may result both from the final
sputter process (see above) and from the preparation of the TEM sample (,Ar"
thinning®).

A similar kind of HRTEM image of the cross section of a HCL-fabricated sample
is shown in Fig. 4.3d. It displays a Pt nanodisk and a few surrounding nanoparticles,
which are also located in the glue (Fig.4.3e). The characteristic layer of nanoparti-
cles observed on the CL-prepared samples is clearly absent on the HCL-fabricated
sample. A few nanoparticles are still resolved both at the surface and also dis-
tributed in the glue layer, where the latter seem to be related to the preparation
of the TEM cross-section samples. Their density, however, is distinctly lower than
on the CL-prepared nanostructured Pt/GC electrodes, where they form a homoge-
neous layer on the GC surface. This finding of essentially no Pt nanoparticles on

the HCL-prepared nanostructured Pt/GC electrodes agrees also with the absence of
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a) glue d’. e i glue

Figure 4.3: TEM micrographs of the Pt/GC interface region. (a—c) Nanostructured
Pt/GC electrodes prepared via CL (CL-20) and (d,e) via HCL (HCL-10). Scale bars and
the assignment of the different areas are given in the images. Large-scale images (a,d)
95 x 140 nm, (e) 148 x 225 nm; high-resolution images (b) 20 x 30nm and (c) 12 x 18 nm.
(For sample preparation see section 2.2.3 TEM.)

Pt nanoparticles in the high-resolution SEM images of these samples (see Fig. 4.1j).

For determining the Pt coverage, i.e., the fraction of the GC area covered by
Pt nanodisks and nanoparticles, we describe both of them by circular features.
Considering only the Pt nanodisks, this results in Pt coverages of ~40% (CL-40),
~22% (CL-20 and HCL-20), ~10% (HCL-10), and less than 1% (CL-01) for the
different samples. Including also the Pt nanoparticles between the Pt nanodisks,
the amount of the Pt-covered surface is slightly increased, by ~4 %, for the CL-40
and CL-20 electrodes. For the CL-01 samples, the difference is, on a relative scale,
much bigger, leading to a Pt coverage of ~7% (see Table 4.1). The influence of the
shape of the Pt nanodisks and nanoparticles on the accessible geometric Pt surface

is discussed in the following section, together the roughness factor of these features.

In total, the electron microscopy analysis provided clear proof for the presence of

small Pt nanoparticles on the CL-prepared nanostructured electrodes in the areas
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between the Pt nanodisks. These nanoparticles are about 5nm in diameter and
consist of high-contrast, fcc-structured material, which from the EDX results was
identified as Pt. From the fact that they are present on the CL-prepared surfaces
but negligible on the HCL-prepared electrodes, we conclude that their formation
is related to the Art sputtering step for Pt film removal, which is part of the CL

processing but does not appear in HCL-fabrication.

4.2.2 Electrochemical Characteristics

The electrochemical characteristics of the nanostructured Pt/GC electrodes were
characterized by CV in base electrolyte and by the electrochemical (potentiody-
namic) oxidation of a preadsorbed CO monolayer (,CO,q stripping”). The latter
was used also for determining the active surface area (see section 2.4.1) of the elec-
trode, which gave results similar to the H,,; determined surface areas, and area of
the electrode, which gave results similar to the H,,s determined surface areas, and
for calibrating the DEMS setup [155] (see section 2.3.2). Electrocatalytic measure-
ments on these and other nanostructured samples, focusing on the effects of density
and size of the Pt nanodisks on the reaction mechanism, will be reported in chap-
ters 6 and 7 or separately in refs. [97-99).

ELECTROCHEMICAL CHARACTERIZATION
Figure 4.4 shows the resulting stable Faradaic signals recorded during cyclic base
! on the different electrodes. The

characteristic H,,q features observed for the nanostructured CL- or HCL-prepared

voltammograms at a sweep rate of 100mV s~

electrodes and that for the CL-00 sample clearly indicate that the surfaces contain
different amounts of polycrystalline metallic Pt [170, 172].

Due to contributions of the GC support, these samples generate higher pseu-
docapacitive features in the double-layer region compared to a polycrystalline Pt
electrode [65, 173, 175|. For completeness, we also include a cyclic voltammogram
recorded on a bare, unprocessed GC substrate (here the current signal is multiplied
by a factor of 10). As expected, the characteristic H,,q features are missing on
this sample, and the CV is dominated by oxidation and reduction peaks at about
0.6V, which are generally attributed to the oxidative formation and reduction of
quinones [153|. Comparing this CV with that recorded on the nonstructured CL-00
sample allows us to identify the contribution of the polished and acid/base-treated
GC substrate to the CV of the latter sample.

The total active Pt surface area on the CL- or HCL-prepared samples and on the

nonstructured CL-00 samples was calculated by assuming a H,,q; monolayer charge
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Figure 4.4: Base voltammograms (scan rate 100mVs~!) which were recorded on the
different samples prepared via CL or HCL, respectively: CL-40 (~ 43 % total Pt coverage,
black), CL-20 (~ 26 % total Pt coverage, red), CL-01 (~ 7% total Pt coverage, blue),
nonstructured, Art sputtered sample CL-00 (olive), HCL-20 (~ 22 % Pt surface coverage,
orange), and HCL-10 (~ 10% Pt coverage, lavender). A blank GC substrate (grey) is
included as reference. Note that the signal for the GC sample is multiplied by a factor of
10.

on polycrystalline Pt of 210 uCcm™2 [2] and a hydrogen coverage at the onset of
bulk evolution of 0.77 monolayer. (For a detailed description of the integration
procedure, including the determination of the onset potential, see ref. [152].) Inte-
grating the H,,4 current in the cathodic-going scan and subtracting the double-layer
contribution yields the active Pt surface areas given in Table 4.3.

Relating the active Pt surface area to the exposed geometric Pt area of the elec-
trode, the formal roughness factor (RF) for Pt was obtained. Gustavsson et al.
reported an RF value of 2.6 for nanostructured electrodes prepared by CL [65].
(Note that in that study Pt was deposited by evaporation rather than by sput-
ter deposition, as in the present study [193].) In the present study similar values
are obtained for the CL-40 and CL-20 samples (compare Table 4.3, 3" column),

considering only the Pt nanodisks on the electrode surface.
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Table 4.3: Compilation of the active Pt surface areas determined by H,,q, the geometric
Pt surface areas resulting from the SEM-based densities and sizes of the respective features
(Pt nanodisks and Pt nanoparticles) and assuming different shapes of the Pt nanoparticles,
and the resulting roughness factors of the different Pt/GC nanostructured electrodes. For

the electrodes prepared by CL the Pt nanoparticles are included.

sample Pt~ act. Pt surf. area geom. Pt surf. area / cm?
/ cm? / cm?
disks hemispheres spheres
nanodisks 0.178
nanoparticles 0.008 0.017 0.034
CL-40 total 0.52 0.19 0.20 0.21
R-factor 2.9 2.8 2.7 2.4
nanodisks 0.099
nanoparticles 0.011 0.023 0.045
CL-20 total 0.34 0.11 0.12 0.14
R-factor 3.4 3.1 2.8 2.4
nanodisks 0.003
nanoparticles 0.017 0.034 0.068
CL-01 total 0.20 0.020 0.037 0.071
R-factor 56 9.6 5.2 2.7
CL-00 total 0.17 0.020 0.040 0.079
R-factor 8.5 4.3 2.1
HCL-20 total 0.23 0.104
R-factor 2.2
HCL-10 total 0.11 0.052
R-factor 2.1

Using the same approach for the CL-01 sample, however, results in an estimated
roughness factor of 56. In a second calculation, we also considered the Pt nanoparti-
cles on the electrode surface. Their geometrical shape was described by (i) circular
flat disks, (i) hemispheres, and (i) spheres. For the calculations, we used the di-
ameters and the densities derived from high-resolution SEM images (see Table 4.1).
The corresponding values for the geometric Pt surface area of the Pt nanoparticles
are given in Table 4.3.

Relating the sum of the geometric Pt surface areas of the Pt nanodisks and the
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Pt nanoparticles to the electrochemically measured active Pt surface area leads to
a decrease of the RF values of the CL-prepared electrodes. This decrease is a clear
effect for the CL-40 and CL-20 samples and is dramatic for the CL-01 electrode.
Assuming spherical Pt nanoparticles, the RF values of the CL-40 (2.4) and CL-20
(2.4) electrodes closely resemble those of the HCL-fabricated samples (2.2) and that
of a pristine Pt film (2.5) electrode. For the CL-01 sample, the resulting RF value
of 2.7 is still slightly higher than on the other nanostructured electrodes but in the
same range of values. This is particularly true when considering that uncertainties
in the approximation of the Pt nanoparticles size and shape will have the highest
impact on this sample.

In total, the H,,q measurements fully support our previous conclusion of the pres-
ence of approximately spherical Pt nanoparticles on the GC surface in the areas
between the Pt nanodisks of the CL-prepared nanostructured electrodes, while on
the HCL-prepared electrodes they are essentially absent. In addition, they clearly
demonstrate that the surface of these nanoparticles is electrochemically accessible
and that they are not covered by a carbon layer as expected, e.g., if they were em-

bedded in the GC surface near region rather than being deposited on the GC surface.

PRE-ADSORBED CQO,q MONOLAYER OXIDATION
Representative CO,4 stripping traces are shown in Fig. 4.5. The m/z=44 mass
spectrometric signals are normalized to the respective K* value for direct compari-
son of the different samples. As shown in Fig. 4.5a, the characteristic H,,q features
are suppressed on the CO,g4-blocked Pt surface of the Pt/GC electrodes. The char-
acteristic feature of the CL-prepared nanostructured electrodes, the formation of a
double peak for CO,4 stripping with two maxima at ~0.70 and at ~0.75V, respec-
tively [65, 97|, is also observed in the present study on the high loading (CL-40)
and the medium-loading (CL-20) electrodes. In contrast, on the ultralow-loading
CL-01 and the nonstructured sputtered CL-00 samples, we only find a single CO,q4
stripping peak at the high-potential position (~0.76 V). The active Pt surface areas
calculated from the CO,4 charge and assuming a CO,4 saturation coverage of 0.75
monolayer [154] are almost identical to those determined from the H,,q charge.
The time-delay-corrected m/z =44 ion current signals (see Fig. 4.5b) directly re-
flect the rate of CO,q oxidation to COy. In the prewave region (0.4-0.6V), the
increasing mass spectrometric signal at m/z =44 (see x 10 magnified spectrometric
traces) for CL-40, CL-20, HCL-20, and HCL-10 electrodes indicates the formation
of small amounts of CO, by CO,4 oxidation in this potential range [97, 155]. In
contrast, we find no such prewave signal on the CL-01 or on the CL-00 electrode.

Similar findings (no measurable prewave CO, formation) were reported also for a
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Figure 4.5: Potentiodynamic CO,q4 stripping and subsequent CV images in 0.5 M sulfuric
acid (scan rate scan rate 10mV s~!, flow rate 5 uLs~!) recorded on nanostructured Pt/GC
model electrodes prepared via CL or HCL: CL-40 (~ 43 % total Pt coverage, black), CL-20
(~ 26 % total Pt coverage, red), CL-01 (~ 7% total Pt coverage, blue), a nonstructured
Ar™ sputtered CL-00 sample (olive), HCL-20 (~ 22% Pt coverage, orange), and HCL-10
(~ 10% Pt coverage, lavender). Prior to CO,4 monolayer oxidation, the model electrodes
were saturated with CO at 0.06 V for 5 min and afterward rinsed with CO-free base solution
for around 20 min. (a) Faradaic currents as measured and (b) mass spectrometric currents

at m/z =44 normalized to the respective K* values.

micelle-based Pt/GC nanostructured electrode [111], indicating that the prewave is
associated with results from CO,4 stripping from the polycrystalline Pt nanodisks.
This agrees well with previous observations of prewave CO,4 oxidation on polycrys-
talline Pt 133, 179].

Double-peak features were repeatedly reported for CO,q4 stripping, e.g., on sputter-
cleaned polycrystalline Pt surfaces [194], on preferentially oriented Pt nanoparticles
[184, 195], or on single-crystal surfaces, including different facets of low-index planes

[182, 184, 194]. They were generally attributed to the presence of differently ori-
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Figure 4.6: Deconvolution of the m/z =44 mass spectrometric current signals recorded
on CL-prepared, nanostructured Pt/GC electrodes during CO,4 monolayer oxidation into
two peaks related to CO,q oxidation on Pt nanostructures low-potential peak, 0.70 V and
Pt nanoparticles (high-potential peak, 0.76 V): (a) CL-40, (b) CL-20, and (c¢) CL-01. The
signals are normalized to the active Pt surface area of the respective electrodes for com-
parison. Solid, black - mass spectrometric current density; dotted, light grey - background;
dashed, red - intensity of the fit of the two peaks; squares, blue - low potential peak (re-
lated to the Pt nanodisks), and circles, green - high potential peak (related to the Pt

nanoparticles).

ented surface facets with differing CO,4 oxidation characteristics. For the present
situation, this explanation appears unlikely. Instead, we favor an explanation which
is based on reports of a shift of the CO,4 oxidation peak to higher potentials on
smaller Pt nanoparticles [153, 155, 178] and of the formation of doublets due to
agglomerate formation [153, 178], which the authors of the latter studies attributed
to a particle size effect for CO,4 oxidation on Pt nanoparticles. Making use of this
assignment, we propose that the low-potential CO,4 stripping peak is related to
CO,q oxidation on the polycrystalline Pt nanodisks, while the high-potential peak

reflects CO,y oxidation on the Pt nanoparticles.

The contributions of the respective peaks to the total CO,q4 stripping signal of the
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Table 4.4: Peak positions and peak intensity ratios determined by deconvolution of the
m/z = 44 mass spectrometric current densities, and the geometric Pt surface areas related
to Pt nanodisks and Pt nanoparticles on the different nanostructured Pt/GC electrodes
described in Table4.1.

sample peak position Pt~ fraction of the geom. fraction of respective peak
Pt surf. area of the total
CO,q4 stripping signal
/V /% /%
CL-40 0.70 nanodisks 84 70 £ 2
0.75 nanoparticles 16 30 F 2
CL-20 0.70 nanodisks 69 55 £5
0.76 nanoparticles 31 45 F 5
CL-01 - nanodisks 5 5+3
0.76 nanoparticles 95 95 F 3
CL-01 0.76 nanoparticles 100
HCL-20 0.71 nanodisks 100
HCL-10 0.72 nanodisks 100

different CL-prepared nanostructured electrodes was determined by deconvolution of
the mass spectrometric current signals of these samples, as illustrated in Fig. 4.6a—c.
The resulting contributions from the two peaks are given in Table 4.4.

The numbers given in Table 4.4 are mean values averaged over fits with slightly
different parameters. For the CL-40 sample (Fig.4.6a), the low-potential peak at
0.70V contains ~70% of the total CO,y charge, indicating that the Pt surface
of this nanostructured electrode is dominated by the Pt nanodisks. This result
fits well to the determination of the respective geometric surface areas based on
the SEM images, which yielded ~84% on Pt nanodisks and about 16 % on Pt
nanoparticles. For the CL-20 structure (Fig.4.6b), the corresponding values are 55
+ 5% for the Pt nanodisks and 45 + 5% for the Pt nanoparticle surface. In this case,
the possible error is larger because of the worse separation of the two CO,4 stripping
peaks. For comparison, the SEM-based geometrical surface area evaluation resulted

in a contribution of ~ 31 % of the surface area from the Pt nanoparticles, assuming
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spherical nanoparticles. The low-potential peak is narrow and high, whereas the
high-potential peak is broader and lower. Finally, for the CL-01 sample, there
is only one dominant CO,4 oxidation peak at 0.75V. The Pt nanodisks on this
electrode are reflected by a small increase of the signal in the range from 0.66 to
0.72V, which includes ~5% of the total CO,4 charge, while the remaining 95 %
come from the Pt nanoparticles. Also, this result agrees well with the results from
the SEM-based evaluation, where the Pt nanodisks contributed ~5 % to the total
geometric Pt surface area. For the HCL-fabricated HCL-20 and HCL-10 samples,
which only showed a single CO,q4 stripping peak, the contribution of this peak was
100 %.

In total, the clear correlation between the absence /presence of Pt nanoparticles on
the nanostructured Pt/GC electrodes and the appearance of the high-potential CO,q4
stripping peak, together with the qualitative agreement between the SEM-based Pt
surface area and the charge in this peak, provide convincing proof that this peak
arises from CQO,4 oxidation on the Pt nanoparticles, in agreement with previous
proposals of a particle-size-related upshift in CO,4 stripping peak [153, 178, 196].
Hence, this peak can be used for the unambiguous detection of Pt nanoparticles on
these surfaces and for the quantitative evaluation of their surface area. CO,4 strip-
ping demonstrated that nanostructuring via HCL does not cause Pt nanoparticle
formation, whereas for CL fabrication Pt nanoparticles are abundant on the areas
between the Pt nanodisks. On the ultralow-loading CL-prepared samples, the con-
tribution from the Pt nanoparticles is dominant, but even on the medium-loading

CL-prepared nanostructured electrodes it cannot be neglected.

4.3 Conclusion

In order to clarify the discrepancy between the experimentally determined electro-
chemical properties of nanostructured Pt/GC electrodes with very low densities of
Pt nanostructures 100-140 nm and those expected on the basis of their structural
characterization, we have investigated these electrodes by electron microscopy, in-
cluding high-resolution SEM imaging, HRTEM imaging, and locally resolved EDX
analysis, and by electrochemical measurements, including base voltammetry and
COyyq stripping. The results clearly demonstrate that on nanostructured electrodes
prepared by colloidal lithography, the areas between the Pt nanodisks are covered
by a dilute layer of Pt nanoparticles of 5nm diameter. These were resolved in
high-resolution SEM images and in HRTEM images, and were chemically identified
by local EDX analysis. Using the particle sizes and densities determined by TEM

and SEM, respectively, the contribution of the Pt nanoparticles to the geometric
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Pt surface area was calculated. It was found to result in a measurable increase of
the Pt coverage on medium- and high-loading nanostructured electrodes, and in a
dramatic increase on Pt/GC electrodes with very low densities of the Pt nanodisks,
e.g., on a surface with 1% Pt coverage. Comparison with the active Pt surface areas
determined by H,,; and the geometrical surface calculated for cylindrical Pt nan-
odisks and spherical Pt nanoparticles reveals a close correlation between these two
parameters, which is reflected by an almost constant roughness factor of 2.2-2.8.
In contrast, without considering the Pt nanoparticles, the roughness factors would
vary between 2 and 50.

Furthermore, we found that the Pt nanoparticles can be identified electrochemi-
cally by their characteristic CO,4 stripping signal, which is upshifted from 0.70 to
0.76 V compared to CO,4 oxidation on the polycrystalline Pt nanodisks. The ratio
between the charges in the two peaks agrees well with the trends expected from
electron microscopy imaging, with a dominant high-potential peak for the ultralow
loading CL-01 sample, comparable intensities for the higher Pt loading CL-prepared
samples, and a dominant low-potential peak for the HCL-prepared samples. This
assignment for the two CO,q4 stripping peaks agrees well with previous proposals of
a particle-size-induced upshift of the CO,q4 stripping peak on Pt nanoparticles.

Finally, a developed lithographic technique, HCL, was introduced as an alterna-
tive method for preparing similar type nanostructured Pt/GC electrodes, and we
could clearly demonstrate that the electrodes prepared via this method are essen-
tially free from Pt nanoparticles. HCL is proposed as the preferred method for
the fabrication of nanostructured Pt/GC electrodes, and in particular, of electrodes

with a low density of nanodisks.
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Abstract

Novel, nanostructured, carbon-supported Pt model electrodes with homogeneously
distributed Pt nanoparticles of uniform size were fabricated and analyzed with re-
spect to their electrochemical properties. For this purpose, Pt-salt-loaded micelles
were deposited on a glassy carbon substrate and subsequently exposed to an oxy-
gen plasma and a Hy atmosphere for removal of the polymer carriers and reduction
of the Pt salt. The morphology of the resulting nanoparticles and their electro-
chemical /electrocatalytic properties were characterized by high-resolution scanning
electron microscopy, X-ray photoelectron spectroscopy, cyclic voltammetry, and dif-
ferential electrochemical mass spectrometry for CO electro-oxidation. The data
demonstrate that this method is generally suited to the production of nanostruc-
tured model electrodes with well-defined and independently adjustable particle size
and interparticle distance distributions, which are specifically suited for quantitative

studies of transport processes in electrocatalytic reactions.
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5.1 Introduction

In recent years, planar model catalysts have been increasingly employed for detailed
mechanistic studies of catalytic and electrocatalytic processes, exploiting the well-
defined structure and electronic and chemical properties of these model systems
[52, 54, 55]. In most previous studies, the planar model catalysts were prepared
either by the evaporation or electrochemical deposition of the catalytically active
metal on the respective supporting substrates [52, 54, 55|. These methods result
in a distribution of particle sizes and particle separations. Recent developments in
nanotechnology have provided new opportunities for the fabrication of well-defined
nanostructured planar model catalysts with essentially monodisperse particle sizes
and/or regular particle separations. Lithographic techniques (e.g., E-beam Litho-
graphy [56-58] or, more recently, Colloidal Lithography [60, 61, 65, 109, 197]) have
been employed to produce regular arrays of metal nanostructures with sizes in the 50
to 150 nm range. Planar model systems with smaller particles were prepared by the
deposition of pre-formed metal particles on planar substrates, where the particle
were synthesized using a water-in-oil method (see refs. [184, 198, 199] and refer-
ences therein), ligand-stabilized colloid particles [106-108|, or metal-salt-containing
micelles on planar substrates |66, 67, 200, 201].

These model catalysts have mainly been employed in studies of heterogeneously
catalyzed reactions at the solid-gas interface, whereas studies of electrocatalytic
reactions are sparse |65, 184]. In recent investigations, we have utilized such nano-
structured model catalysts prepared by Colloidal Lithography (see forgoing chap-
ters 3 and 4) for the study of electrochemical and electrocatalytic processes |65, 97],
and similar measurements were also reported for electrocatalytic studies on metal-
decorated electrode membrane assemblies [109, 197]. In these studies, we were par-
ticularly interested in learning more about the influence of transport processes on
the overall reaction process, which can, via desorption and re-adsorption of volatile
reaction intermediates [25], affect the product distribution in more complex reaction
processes with different main and side products and can be studied by evaluating

the influence of the particle separation on the product distribution [25, 202].

In this chapter an approach to prepare quasi-2 D model catalysts with smaller
particles by the deposition of Pt-salt loaded reverse micelles on a glassy carbon sub-
strate and subsequent removal of the polymer/Pt reduction by a sequential oxygen
plasma and H, annealing treatment is reported. Furthermore, the fabrication of
self-assembled metal nanoparticle arrays by micellar techniques has the advantage
of fast, inexpensive preparation [66, 201]. It is possible to synthesize a large number

of samples with controlled particle size, composition, and separation. This scheme
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had been utilized previously for the preparation of oxide-supported dispersed [203]
and model catalysts [200], including a very recent study on the electrocatalytic Oy
reduction on indium tin oxide-supported model catalysts [201|. For electrochem-
ical applications, however, substrates with higher conductivity would be favorable
to prominent electrochemical artifacts related to the low conductivity of oxide sub-
strates. In this case, specifically for carbon substrates, the selective removal of the
polymer and the reduction of the Pt salt, without attacking the carbon substrate
surface to an extent that the adhesion of the nanoparticle is severely reduced, pose
a major problem.

The potential of metal-salt loaded micelles for synthesizing well-defined model
electrodes for electrocatalytic studies was investigated by spectroscopic/microsco-
pic and by electrochemical techniques. The resulting particle size and distribution
on the model catalysts were characterized by scanning electron microscopy (2.2.1
SEM), and X-ray photoelectron spectroscopy (2.2.4 XPS) provided detailed informa-
tion on the surface chemical composition. The electrochemical and electrocatalytic
properties were characterized by cyclic voltammetry, pre-adsorbed CO,4; monolayer
oxidation (2.4.1 CO,q4 stripping), and bulk CO oxidation, employing electrochemical
and on-line mass spectrometry measurements (2.3.2 DEMS) by use of a dual thin-
layer flow cell (see section 2.3.3). The data demonstrate the general viability of the

micelle approach for electrocatalytic studies on well-defined model catalysts.

5.2 Results and Discussion

5.2.1 Surface Characterization

Two types of samples were prepared from the same micelle solution. For type 1, the
sample processing was conducted as described in section 2.1.3, whereas for type 2
samples, the post-treatment was stopped after oxygen plasma processing. The SEM
images (Fig.5.1) of the nanostructured model electrodes indicate a homogeneous
distribution of more or less circular nanostructures with an average separation of
40 F10nm. Their density is around 610 nanostructures pm~—2, which corresponds
to a coverage of ~30%. The average diameter of these objects is about 25 F 5nm.
The large-scale SEM images (Fig. 5.1a, ¢) show that the size, shape, and distribution
of the nanostructures do not differ for the two post-treatment procedures, whereas
after the electrochemical measurements there is a clear difference between type 1
and type 2 samples (Fig.5.1b,d). In the latter case, for the oxygen plasma pre-
treated sample, the nanostructures seem to be removed after the electrochemical

measurements (Fig. 5.1b). In combination with the absence of stable Pt features in
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the electrochemical characterization, we conclude that the Pt compound is largely
dissolved in the electrochemical environment. For the reduced samples, the electro-
chemical treatment causes slight changes in the appearance of the nanostructures in
the SEM images, but they clearly survived the electrochemical treatment (Fig. 5.1d).
Furthermore, from the high-resolution images (Fig.5.1g,h), it is obvious that the
Hy-annealed particles (type 1) exhibit small, bright dots mostly in the central re-
gion of the nanostructures, whereas for type 2 samples these bright dots are absent.
These bright dots show up even more clearly after the electrochemical treatment
(i.e., they are stable against electrochemical treatment, Fig.5.1h), whereas part of
the surrounding material appears to be removed by the electrolyte. Because heavy
elements produce brighter contrasts in SEM images, it is tempting to conclude that
the dots are Pt-rich and that the Pt content in the other regions of the nanostruc-
tures is significantly lower. Most likely, these parts still contain partially decomposed

polymer material as a result of incomplete polymer removal.

Associating the bright dots with Pt nanoparticles is also supported by the elec-
trochemical measurements (see below). To obtain more detailed information on the
(metallic) Pt distribution in the nanoparticles, their shape, and the interface with
the GC substrate, high-resolution transmission electron microscopy measurements

are planned.

XP spectra were recorded from both sample types before and after the electro-
chemical measurements. The overview spectrum (Fig. 5.2a), which was largely iden-
tical (see below) for the two samples and also before and after the electrochemical
measurements, is characterized by dominant C(1s), O(1s), and Pt(4f) peaks resulting
from the glassy carbon support, oxygen (containing) adsorbates, and Pt nanoparti-
cles, respectively. The high O(1s) intensity, which is lower after Hy annealing than
after oxygen plasma treatment and significantly higher after the electrochemical
measurements, is mostly attributed to oxygen uptake during oxygen plasma treat-
ment, ex-situ sample transport, and the electrochemical experiments. Weak signals
of Si (Si(2s) and Si(2p)) and S (S(2s) and S(2p)) are also present for all samples.
The Si contamination is due to the polishing procedure of the GC substrates, and
the S contamination, which appears only after the electrochemical measurements,

results from the sulfuric acid electrolyte (Fig.5.2a).

A detailed scan of the Pt(4f) region resolves characteristic differences between the
two sample types. After oxygen plasma treatment (type 2 sample, Fig.5.2b), the
Pt(4f) peaks show a characteristic shift to higher binding energies (BEs), to about
72.5 and 75.8 eV, respectively, indicating that the surface of the Pt nanoparticles is
completely transformed into an oxidized state, which is most likely Pt(OH),, and
that no metallic Pt (characteristic BEs of 71.2 and 74.5eV for the 4f;/, and 4f5
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Figure 5.1: (a—d) Large-scale and (e-h) high-resolution SEM images of the micelle-based
nanostructured Pt/GC model electrodes after different treatments: (a,e) after oxygen
plasma treatment; (b, f) after electrochemical measurements of the oxygen plasma-treated
sample; (c,g) after oxygen plasma and Hs atmosphere treatment, and (d,h) after elec-
trochemical treatment of the Ho-processed sample. Large-scale images 1.8 yum x 1.2 pm;

high-resolution images 760 nm x 500 nm.
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Figure 5.2: XP spectra of the Pt/GC electrodes showing (a) an overview spectrum of both
sample types and (b, c) detailed spectra of the Pt(4f) signal of the oxygen plasma-treated
sample (type 2) (b) and of the oxygen plasma- and hydrogen-treated sample (type 1) (c).

peaks, respectively [204]) is present on the surface. The asymmetric shape of the
Pt(4f) peak points to a small contribution of Pt oxide, appearing as a small shoulder
at 77.7¢eV [204]. After subsequent Hy treatment and electrochemical measurements,
the Pt(4f) spectrum reveals a significant amount of metallic Pt (Fig.5.2c). The
main Pt(4f) intensities are down-shifted to the metallic Pt positions [204], and in-
tegration of the entire Pt(4f) peak shows that 70 % of the Pt surface species are
metallic (BEs of 70.5 and 73.8¢eV). The low BEs point to a particle size effect (i.e.,
very small Pt particles [205]). By comparison with the high-resolution SEM im-
ages discussed above, these small Pt particles are associated with the bright dots in
the 25 nm nanoparticle, supporting our previous proposal that the larger composite
nanostructures include very small Pt nanoparticles. The asymmetric shape of the
peaks can be fitted with a second set of peaks at 71.6 and 75eV, which comprise
about 30 % of the total Pt intensity and reflect the presence of slightly positively
charged Pt species. We expect these positively charged Pt species to result from
the electrochemical experiments and, to some extent, from the exposure to air dur-
ing storage. Therefore, these measurements give no indication of the presence of
ionic Pt compounds at the surface of the nanoparticles during the electrochemical

measurements.
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5.2.2 Electrochemical Characterization

For the characterization of the electrochemical and electrocatalytic properties of the
Pt/GC model electrodes, we performed the following types of experiments: (i) cyclic
voltammetry in basic solution, (ii) electrochemical oxidation of a pre-adsorbed COq
monolayer (CO,q4 stripping) during a potential sweep, and (%ii) potentiodynamic and

potentiostatic continuous electrochemical CO bulk oxidation.

Following previous reports [24, 65|, the Pt/GC electrodes were cleaned by repeti-
tive rapid cycling (100 mV s™!) within a preset potential window (between 0.06 and
1.16 V) in order to remove organic contamination that had either survived the oxy-
gen plasma treatment or was picked up during sample transfer after that treatment
and to reduce oxide surface species on the nanoparticles. This treatment was con-
tinued until reaching a stable CV trace. To avoid ,electrochemical annealing” [171]
and oxidative corrosion of the GC substrate, the positive potential limit was set
to 1.16 V, which turned out to be a reasonable compromise between the improved
electro-oxidation of contaminants and the increasing loss of particles. (See also
ref. [65].)

Figure 5.3 shows cyclic base voltammograms recorded for the two sample types.
The resulting stable Faradaic signals before (solid line) and after (dotted line) a
series of electrochemical CO oxidation experiments (ii and iii) were recorded at a

sweep rate of 100 mV s™!

. The characteristic H,,q features observed for the type I
sample (Fig. 5.3a) indicates that the surface largely consist of polycrystalline metallic
Pt [170, 172]. However, this sample exhibits higher pseudocapacitive features in the
double-layer region compared to pure polycrystalline Pt (pc Pt), and these are due to
contributions of the glassy carbon support [65, 175, 206]. The cyclic voltamogramms
also clearly demonstrate the stability of the Pt nanostructures/particles against
the electrochemical treatment, in good agreement with the SEM observations (as
mentioned above). The situation is completely different for the type 2 sample. Here
the CV is dominated by oxidation and reduction peaks at about 0.6V, which are
generally attributed to the oxidative formation and reduction of quinones adsorbed
on the glassy carbon surfaces [153]. The absence of the characteristic H,,q features
reflects the absence of metallic Pt surface species, in good agreement with the XPS
results and the SEM observations on the unreduced samples (Fig.5.1a,b,e and f).
Note that the voltammogram shows 10 times higher currents, in particular, much
higher double-layer charging currents, than obtained on the type I sample because
of the high roughness of the type 2 samples. Nevertheless, the characteristic Hypq
features should also be clearly visible on this scale for a similarly sized Pt surface as

in the type 1 sample.
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Figure 5.3: Base cyclic voltammograms (100mV s~!) before (solid line) and after (dashed
line) the electrochemical oxidation experiments on (a) sample type 1 and (b) sample type
2. Before these voltammograms were recorded, the surfaces were cleaned electrochemically

by several potential sweeps to 1.16 V to remove oxidizable contamination.

Because of the lack of metallic Pt species on type 2 samples, we did not investigate
these samples further.

In the next step, we compared the active surface area of the Pt nanoparticles
determined from SEM imaging with that derived from the electrochemical measure-
ments. The real, active surface area of the nanostructures was calculated from the
H.,pa charge, assuming a H,,,q monolayer charge on polycrystalline Pt of 210 4C cm ™2
[2], and a hydrogen coverage at the onset of bulk evolution of 0.77 monolayer (ML)
[152]. Integrating the H,,s current in the negative-going potential scan and sub-
tracting the double-layer contribution lead to a H,,4 charge of 0.013 mC, equivalent
to an active surface area of S,.q = 0.080cm?. Dividing this by the number of na-
nostructures on the GC substrate area accessible to the electrolyte (G = 0.385 cm?),
which is obtained from the density of 610 nanostructures per um=2, we calculate
an active surface area of around 342 nm? per nanostructure for the Pt nanoparticles
within a single nanostructure.

The ,theoretical surface area of the nanostructures determined from SEM imag-

ing is calculated from the geometric area, a nanostructure density of 6.1 x 101 cm =2,
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and the surface area per nanostructure. Using the mean diameter of 25nm (see
above), one obtains surface areas of Agppere = 1964 nm? and Apemisphere = 982 nm? per
nanostructure for an ideal sphere or hemisphere, respectively, which results in total

2 _ 2
and Ahemispheres on ¢ — 0.231 cm*.

exposed surface areas of Agyperes on ¢ = 0.462 cm
Comparison with the active surface area leads to formal roughness factors of the

nanostructures of RFgppere = 0.17 and RFjemisphere = 0.35.

The fact that the formal roughness factors of the nanostructures are less than 1
means that only parts of their surfaces are electrochemically active. This is caused
by the presence of either nonreduced precursor species or surface contaminants that
were not fully removed, or it could be explained by smaller Pt nanoparticles in the
nanostructures. In a first-order approximation and neglecting the effect of surface
contaminants, one can use the active surface area to determine the size of the Pt
nanoparticles, assuming that these particles have a smooth outer surface and are
not porous. For (fully accessible) spherical particles and a single particle per nanos-
tructure, this leads to a diameter of dgppere = 10nm. Taking hemispherical particles,
where only the upper spherical part is accessible, one would obtain a particle diam-
cter of about dpemisphere = 14 nm. This is significantly lower than the value of 25 nm
derived from the SEM measurements for the nanostructure in total. Although we
cannot rule out significant contributions of surface blocking by contaminants, the
latter result would fit well with the interpretation of the SEM images that the plat-
inum is concentrated in the bright dots in the high-resolution images. For several
Pt particles per larger particle, equivalent to the bright dots in the particles, this
would yield even smaller Pt particles, reaching a size of a few nanometers where

final state effects are beginning to become effective.

In parallel studies of the same particles deposited on SiOs / Si substrates, detailed
SEM and atomic force microscopy measurements revealed Pt nanoparticles with a
diameter of d,.y = 8.5+ 1.4nm after 30 min of oxygen plasma treatment, followed
by hydrogen reduction. These Pt nanoparticles represent the complete Pt content
of the micelle cores, after full reduction of the Pt salt and complete removal of the
polymer stabilizer. Accordingly, the larger Pt nanoparticles on the glassy carbon
substrates still contain other materials. Most likely, this is polymer material, which
has not been fully removed because of the much shorter oxygen plasma treatment
required to avoid severe surface etching of the carbon substrate used in the present

study.
The electrocatalytic behavior of Pt/GC model electrodes was characterized by

potentiodynamic CO,4 stripping experiments (Fig.5.4). For comparison, we also
included data measured on a pc Pt electrode and on a nanostructured Pt/GC elec-
trode prepared by Colloidal Lithography (CL). (For further details, see ref.[65].)
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Figure 5.4: Potentiodynamic CO,q4 stripping and subsequent base cyclic voltammograms
in 0.5M sulfuric acid (sweep rate 10mV s~!, flow rate 5 uLs~!) on a micelle-based Pt/GC
model catalyst (dotted line), a CL-prepared nanostructured Pt/GC model catalyst (dashed
line) (ref. [65]), and a polycrystalline Pt electrode (solid line). Prior to COg4q4 stripping, the
samples were saturated with CO at 0.06 V for around 10 min and subsequently rinsed with
CO-free base electrolyte for about 15min. (a) Faradaic current densities and (b) mass

spectrometric current densities at m/z = 44.

The experiments were performed in the following way: First, CO was adsorbed
from a CO-saturated base electrolyte at 0.06 V for about 10 min, followed by rins-
ing with a CO-free basic solution. Finally, the adsorbed CO was oxidized in the
positive-going potential scan. The recorded mass spectrometric currents were nor-
malized versus the electrochemically active surface area of the respective electrodes.
As shown in Fig. 5.4, the typical H,,; features are completely suppressed on the Pt
electrodes in the first positive-going scan, which is attributed to CO,4 blocking. The
characteristic feature of the three CO,, stripping scans is the main CO,4 oxidation
peak. For the micelle-based electrode, this peak is centered around 0.77V (dotted
line), whereas on the pc Pt electrode this appears at lower potentials, with a peak
at 0.7V (solid line). The appearance of a single CO,4 stripping peak and the re-
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spective energies are typical for CO,q4 stripping on pc Pt [185] and from small Pt
nanoparticles [155, 184] (e.g., in carbon-supported Pt catalysts [155]). On the CL-
prepared nanostructured Pt/GC electrode, we find a distinct double peak (dashed
line), in good agreement with previous measurements on these samples [65]. Such
kind of double peaks had been explained by CO oxidation on different facets [182],
but other possibilities such as oxidation on differently sized grains/particles [184]
or facets and grain boundaries [207] are possible as well. (For a detailed discussion
about a shift in the peak potential due to particle size effects, see also the preceding
chapter 4.) After the potential reverse, the following potential scan is similar to the
cyclic voltammograms of the base. Assuming a CO,4 saturation coverage of 0.75—
0.8 ML [154], one obtains values for the active Pt surface area that coincide rather

closely with those calculated from the H,,q formation charge.

The rate of CO,4 oxidation to COs is directly reflected by the m/z =44 ion current
signal (cf. Fig.5.4b). For all three electrodes, the mass spectrometric traces closely
follow the Faradaic current density with a shift of about 20 mV to higher potentials
due to the time delay between CO, formation and detection [155]. In the pre-wave
region, around 0.4-0.6 V, the m/z=44 ion current density on the nanostructured
electrodes increases (see x 10 magnified mass spectrometric traces), which indicates
the formation of small amounts of COy by CO,4 oxidation in this potential range

[133, 208] and is not observed on the micelle-based sample.

To examine the mass-transport-related current limitation on the Pt/GC model
electrodes in more detail, continuous CO bulk electro-oxidation experiments were
performed and compared to similar measurements on polycrystalline Pt electrodes.
Potentiodynamic CO bulk oxidation DEMS measurements, performed by sweeping
the potential within a defined potential window, here between 0.06 and 1.16V, in
CO-saturated basic solution, are shown in Fig.5.5. Prior to the first positive-going
scan, the electrodes were CO,q4 saturated by CO pre-adsorption at 0.06 V for about
5min. Similar to the CO,4 stripping experiments, the Faradaic currents show none of
the characteristic H,,q features observed on the CO,4-blocked Pt surfaces, indicative
of a saturated CO adlayer (Fig.5.5a). At more positive potentials, the Faradaic
current signal starts at about 0.92V and transforming into the steep main current
increase at 1.02'V. On the micelle-based sample (dotted line), the current increases
steeply at 0.95V, passes through a maximum at 1.01 V, and then decays again up
to the positive potential limit. In the reverse, negative-going scan it remains nearly
constant down to ca. 0.94V, where it rapidly decreases. The pronounced hysteresis
is characteristic of CO bulk oxidation on Pt electrodes and is generally explained by
CO,q blocking of the surface during the positive-going scan, which is not present in

the negative-going scan [209, 210|.
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Figure 5.5: Potentiodynamic CO bulk oxidation (scan speed 10 mV s~!, flow rate 5 uLs™1)
on a micelle-based Pt/GC model catalyst (dotted line), a CL-prepared nanostructured
Pt/GC model catalyst (dashed line, see ref. [65]), and a polycrystalline Pt electrode (solid
line). Prior to the experiments, CO had been adsorbed at 0.06 V for about 5 min, followed
by multiple scans between 0.06 and 1.16 V in CO-saturated base electrolyte. (a) Faradaic

currents and (b) mass spectrometric currents at m/z = 44.

The sharp spike in the positive-going scan is attributed to the oxidation of the
pre-adsorbed CO adlayer, and the subsequent current results from the rate-limiting,
slower provision of CO (transport limitation). These results also demonstrate that
CO,q oxidation is possible in the Pt oxide range (i.e., on a largely OH- and oxide-
covered surface; reactive oxide [210]). On the polycrystalline Pt (solid line) and on
the CL-prepared nanostructured Pt/GC electrode (dashed line), the entire signal
is shifted to lower potentials, in good agreement with the CO,4 stripping results
presented above. Furthermore, the maximum in the positive-going scan is much
more pronounced, appearing now as a sharp spike in the Faradaic current signal
with nearly no difference between pc Pt (0.94 V) and nanostructured CL-prepared
Pt sample (0.93V). After passing through this spike, the Faradaic current quickly
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decays to almost constant values of 0.13-0.135mA for pc Pt, whereas on the CL-
prepared nanostructured Pt/GC sample the current first drops to 0.16 mA and then
slowly decays to 0.12mA up to the positive potential limit. Hence, for CO bulk
oxidation the behavior of the CL-prepared nanostructured Pt/GC sample is largely
identical to that of the pc Pt electrode, with some modification toward the behavior
of micelle-based Pt/GC electrodes. The m/z =44 ion current signal again largely
follows the Faradaic current with a small shift of about 20 mV due to the time delay
mentioned above (Fig.5.4b).

Because this leads to opposite shifts in the positive- and negative-going scan, the
hysteresis is more pronounced in the mass spectrometric current. In this case, the
characteristic spike in the positive-going scan is basically absent, which is explained
by the slow transport of CO4 into the second compartment and then into the mass
spectrometer as a result of the low flow rates. Also the mass spectrometric data
clearly demonstrate that CO bulk oxidation is transport-limited for the pc Pt and
the CL prepared nanostructured Pt/GC electrodes at about 1.24nA, whereas on the
micelle-based electrode a constant current is not achieved for CO bulk oxidation.
Instead, the CO oxidation current decreases steadily from 0.7nA at 1.04V to about
0.54nA at the positive potential limit of 1.16 V. The lower currents on the micelle-
based electrode indicate that part of the CO arriving on the substrate surface is
not accessible for oxidation, which is most likely due to the lower Pt coverage. The
current decay at E > 1.0V is explained by the surface oxidation of the Pt particles,
which reduces their CO oxidation activity. This effect becomes apparent, however,

only under conditions where the current is kinetically controlled.

In a second set of experiments, we followed the CO bulk oxidation on the same
three electrodes in potentiostatic potential step transients in CO-saturated elec-
trolyte to avoid effects related to the changing potential in the potentiodynamic
measurements. These measurements were performed by stepping the potential from
0.06 to 1.06 V, the onset of mass transport limited currents in CO bulk oxidation on
these electrodes, holding it there for 5min, and then returning to 0.06 V (Fig.5.6).
Prior to the potential step, the electrodes were held at 0.06 V for 30s to ensure CO .4
saturation. The general shape of the current transients of both Faradaic and mass
spectrometric ion currents is about the same for the three different Pt specimens.
In all three cases, the current increases at the potential step and then decays very
slowly with time (see below). Also in this case, the initial spikes in the Faradaic
current transients (Fig.5.6a) are not equally reproduced in the mass spectrometric
ion currents, which is partially due to the contribution from double-layer charging
in Faradaic current spikes and partially results from the lower time resolution of the

mass spectrometric measurements as discussed above.
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Figure 5.6: Potentiostatic electro-oxidation of CO (flow rate 5uLs™!, E;u =0.06V,
tinit = 308, Epig=1.06V, t;;,0=300s) on a micelle-based Pt/GC model catalyst (dot-
ted line), a CL-prepared nanostructured Pt/GC model catalyst (dashed line; ref. [65]), and
a polycrystalline Pt electrode (solid line). Before the potential step to 1.06 V, CO had been
pre-adsorbed at 0.06 V for 30s. (a) Faradaic currents and (b) mass spectrometric currents
at m/z=44.

As expected from the potentiodynamic CO oxidation experiments, the resulting
steady-state currents on the micelle-based Pt/GC electrode (dotted line)
(Ip =0.03mA, Iy;s =0.25nA) are significantly lower than those on the pc Pt (solid
line) and CL-prepared nanostructured Pt electrodes (dashed line)
(Ir =0.125mA, I/ = 1.2nA). However, both the micelle-based electrode and the
CL-prepared nanostructured Pt/GC electrode exhibit a slow but continuous current
decay with time (Faradaic current as well as mass spectrometric current), whereas
on the pc Pt electrode the current signals are essentially constant. Additional exper-
iments not shown here revealed that on the micelle-based sample the current decays
for at least 500s. Apparently, the nanostructured samples loose some activity with
time. This may be related to insufficient CO5 removal on the nanostructured sam-

ples, but again, other effects cannot be excluded.
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Overall, the CO bulk oxidation experiments have shown that a mass transport
limited current is not achieved on the micelle-based Pt catalysts because of the small
amount of active metallic Pt. However, the CL-prepared nanostructured Pt/GC
electrodes apparently completely consume the CO delivered to the substrate surface,
although only about 23 % of the surface is covered with Pt nanoparticles. This is
most likely related to the different CO transport on the two nanostructured model
electrodes, with much larger structures on the CL-prepared electrodes than on the
micelle-based electrode. Furthermore, diffusion to the Pt particle agglomerates (the
bright dots in the SEM images) in the larger mixed nanoparticles resulting from
micelle processing may effect the transport characteristics. Further work to improve
the nucleation and accessibility of the active Pt particles is ongoing. Finally, the
electrochemical /electrocatalytic data also underline the necessity of using highly
conducting, inert substrates as well as continuous electrolyte flow to avoid artifacts
introduced by ohmic drops in the substrate, by electrochemical activity introduced
by the substrate [184, 199 or interaction with the substrate [201], or by diffusion
limitations [201]. The last parameter requires the stable anchoring of particles on
the substrate.

5.3 Conclusion

We have shown that the so-called micellar technique, involving the deposition of re-
verse micelles on a planar glassy carbon support and subsequent oxygen plasma/Hs
annealing treatment, is a viable method for producing nanostructured electrochem-
ical model electrodes with similarly sized particles and defined particle separations.
The model electrodes are stable in electrochemical measurements, as evidenced by
subsequent SEM imaging, with no detectable particle losses during these measure-
ments. Base CVs as well as potentiodynamic and potentiostatic CO electro-oxidation
measurements indicate that the electrochemical and electrocatalytic properties of
these model electrodes closely resemble those of Pt nanoparticles. These model
electrodes with controlled particle sizes and/or particle separations give access to

detailed studies on transport phenomena in electrocatalytic reactions.
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Abstract

The role of mesoscopic mass transport and re-adsorption effects in electrocatalytic
reactions was investigated using the oxygen reduction reaction (ORR) as an example.
The electrochemical measurements were performed on structurally well-defined na-
nostructured model electrodes under controlled transport conditions in a thin-layer
flow cell. The electrodes consist of arrays of Pt ultra-microelectrodes (nanodisks)
of defined size (diameter ~ 100 nm) separated on a planar glassy carbon (GC) sub-
strate, which were fabricated employing Hole-mask Colloidal Lithography (HCL).
The measurements reveal a distinct variation in the ORR selectivity with Pt nan-
odisk density and with increasing electrolyte flow, showing a pronounced increase
of the H,O, yield, by up to 65 %, when increasing the flow rate from 1 to 30 uL s~
These results are compared with previous findings and discussed in terms of a re-
action model proposed recently (A. Schneider et al., Phys. Chem. Chem. Phys.,
2008, 10, 1931), which includes () direct reduction to HyO on the Pt surface and
(11) additional HyO4 formation and desorption on both Pt and carbon surfaces and
subsequent partial re-adsorption and further reduction of the HyO5 molecules on the
Pt surface. The potential of model studies on structurally defined catalyst surfaces
and under well-defined mass transport conditions in combination with simulations

for the description of electrocatalytic reactions is discussed.

The figure shows transport processes in an electrocatalytic reaction on an electrode surface with
active metal structures (grey) on an inert substrate (black): with arriving reactants (blue), reactive
intermediates (purple) desorbing into the diffusion layer, which can re-adsorb and react further,

and final products (red) leaving into the bulk electrolyte.
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6.1 Introduction

Electrocatalytic reactions have been investigated in much detail over many decades
[211, 212]. In recent years, the interest in various electrocatalytic reactions has
suddenly increased because of their potential applications in Fuel Cell Technology
[15, 16, 18, 33, 127, 202, 213-218]. The kinetics and mechanism of these reaction
were investigated by numerous techniques including purely electrochemical methods
as well as combined electrochemical and in-situ spectroscopic techniques (,hyphen-
ated techniques®) such as various forms of in-situ IR spectroscopy [15, 144, 219-226],
mass spectrometric techniques such as on-line differential electrochemical mass spec-
trometry (2.3.2 DEMS) [15, 84, 133, 140, 144, 148, 202, 222 or, most recently, X-ray
absorption spectroscopy [227-232] and X-ray diffraction [180, 233-235]. These mea-
surements, together with increasingly sophisticated theoretical studies [236-242],
resulted in a wealth of mechanistic information on the individual reaction steps and
in an increasingly better understanding of the molecular processes contributing to
them [223].

Despite of this insight and the increasingly better agreement between theory and
experiment, these model studies mostly miss one important point essential for a
realistic description of the ongoing reaction, namely the transport steps required for
transport of reactants to the electrodes, or of products away from the electrodes.
In experimental model studies, electrolyte transport is enforced, e.g., in different
types of flow cells, such as channel flow cells or other types of flow cells [70-72],
which are employed for electrochemical measurements [4, 68, 243-249| or for in-
situ spectroscopic studies (DEMS [3], IR [250]), or in measurements using other
hydrodynamic methods. The latter include, e.g., measurements using the rotating
(ring) disk electrode [33, 77, 176, 217| or wall-jet measurements [163, 251-254].

It is well accepted that transport of reactants to the electrode may affect the
measured reaction rate by putting an upper limit on the rate, which results in the
formation of a transport limited current (or ,limiting current”) [68-72]. It is less
realized, however, that transport effects may affect also the reaction pathways and
their contributions to the total reaction, i.e., the selectivity of the reaction. First of
all, a limited removal of reaction products may result in an accumulation of product
species in front of the electrode surface and subsequently in back-reactions of the
products or in blocking of the surface by adsorbed product species. Second, in re-
actions producing soluble, reactive reaction intermediates or reaction side products,
the removal of these species from surface near regions may affect the reaction and in
particular the product distribution by reducing the probability for re-adsorption and

further reaction of these species (re-adsorption effects). Simple examples for such
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cases are the oxidation of methanol or formaldehyde, which may result in the incom-
plete oxidation products formaldehyde and formic acid or in the complete oxidation
product CO, for methanol oxidation, or in formic acid and CO, for formaldehyde
oxidation (see ref. [140] and references therein). Recently, we have shown that
for methanol oxidation on a thin-film carbon-supported Pt catalyst electrode and
under enforced electrolyte flow, the product distribution changes significantly upon
varying the catalyst loading, at otherwise constant reaction conditions, from pre-
dominantly formaldehyde production at low catalyst loadings to increasingly higher
yields of COs (and hence lower formaldehyde yields) at higher catalyst loadings [25].
The highest formaldehyde yield was obtained for a massive Pt electrode [5]. This
was explained by a concept involving desorption of the incomplete oxidation prod-
ucts formaldehyde and formic acid and their subsequent re-adsorption and further
oxidation to formic acid (formaldehyde) and COy (formaldehyde and formic acid)
(,desorption—re-adsorption—reaction” concept). With increasing surface roughness or
with increasing thickness of the catalyst layer, the probability for re-adsorption and
hence for further oxidation of these reactive intermediates increases, and therefore
we expect also the fraction of complete oxidation products to increase, as observed
experimentally. Similar trends were observed later also for formaldehyde oxidation
[97, 140] for acetaldehyde oxidation [137], and for ethanol oxidation [156], where the
yield of incomplete oxidation products formic acid or acetaldehyde/acetic acid was
higher on massive Pt electrodes than on thin-film Pt/C catalyst electrodes under

otherwise similar reaction conditions.

Following the above ,desorption-re-adsorption-reaction” concept, one would ex-
pect a decrease of the complete oxidation product yield also for an increasing elec-
trolyte flow rate, because of the increasingly thinner diffusion layer, which makes
it increasingly more probable that a desorbing reaction intermediate will leave the
diffusion layer (or ,boundary layer) and is transported away rather than being re-
adsorbed again. Such trend was indeed also observed experimentally for ethanol
oxidation on a thin-film Pt/C electrode [156].

Furthermore, these studies revealed that also the reactant concentration may af-
fect the product distribution [5, 156]. In this case, the explanation is less straight-
forward, since the probability for re-adsorption and further reaction of reaction
intermediates is not altered. An increasing reactant concentration, however, will
increase the reactant arrival rate at the electrode surface. If the reaction rate of
adsorbed reactants or intermediates is not too high, an increasing adsorption rate
will most simply result in an increasing steady-state coverage of these (re-)adsorbed
reaction intermediates, which in turn may have consequences on the reaction charac-

teristics and therefore also on the product distribution. For instance, the increasing
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LA

nanostructured Pt/GC model electrode

Figure 6.1: Schematic description of the desorption, diffusion, re-adsorption and reac-
tion processes contributing to an electrocatalytic reaction which includes reaction path-
ways where volatile, reactive reaction intermediates are formed (,;desorption—re-adsorption—
reaction” process) (a) on a pc Pt electrode and (b) on a nanostructured Pt/GC model
electrode. R: reactant molecule arriving at the electrode surface, right sequence: multiple
desorption, re-adsorption and further reaction of the reaction intermediate RI to product
P before its final off-transport through the diffusion layer into the flowing electrolyte; left
sequence: desorption, multiple re-adsorption and further reaction of reactant R to reaction
intermediate RI before its final off-transport through the diffusion layer into the flowing

electrolyte.

COy yield in potentiodynamic measurements of the ethanol oxidation reaction on
a thin-film Pt/C electrode [156] was explained by an almost constant contribution
of CO, formation via formation (at low potentials) and oxidation (at higher poten-
tials) of CO,q, while the formation of incomplete oxidation products acetaldehyde
and acetic acid decreased significantly with decreasing ethanol concentration [156].
Effects induced by an adsorption induced change in steady-state adlayer composition
and coverage have to be considered of course also when varying the electrolyte flow
rate, which in addition to the modified re-adsorption probabilities will also change

the reactant adsorption rate.

While we can understand these trends on a qualitative scale, a more quantita-
tive understanding is still missing. It requires new experimental and theoretical
approaches, which include not only the transport from the (flowing) bulk elec-
trolyte to the electrode and vice versa, but also the desorption of incomplete oxi-
dation/reduction products, their lateral diffusion in the diffusion layer, and the re-

adsorption processes discussed above. This is illustrated schematically in Fig.6.1a.
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Recently, we have introduced nanostructured, glassy carbon (GC) supported Pt
model electrodes (Pt/GC) [65, 97, 99, 193] for studies of transport processes in elec-
trolytic reactions. These nanostructured electrodes, which consist of Pt nanodisks
of fixed, defined diameter between 70 and 150 nm (height ~20nm) assembled in
adlayers with a rather narrow distribution of separations between the Pt nanodisks,
are produced via Colloidal Lithography (CL) [60-63, 65, 193] or, more recently, via
Hole-mask Colloidal Lithography (HCL) [64, 181]. Because of their well-defined and
rather regular structures, these electrodes are ideally suited for model studies on
lateral transport effects, e.g., by investigating the change in reaction characteristics
upon varying the density and/or size of the nanodisks (compare Fig.6.1b) or the
electrolyte flow rate. From the same structural reasons, they are particularly attrac-
tive as (experimental) model system for quantitative comparison with simulations of
the contributing transport and reaction processes. The latter would be very close to
the simulations of diffusion processes to arrays of ultra-microelectrodes in a flow cell
situation reported previously (see e.g., [48-51]), complemented by lateral transport

processes between the microelectrodes and by the surface reactions.

In the present chapter, mass transport effects in model studies of the oxygen re-
duction reaction (ORR) on nanostructured Pt/GC model electrodes, focusing on
changes in the reaction characteristics (activity, selectivity) due to variations in the
Pt nanodisk density and/or in the electrolyte flow rate are illustrated and discussed.
The nanostructured electrodes were prepared by Hole-mask Colloid Lithography
(2.1.2 HCL) rather than by Colloidal Lithography (2.1.1 CL) in order to avoid the
formation and presence of additional undesired Pt nanoparticles of 3-5 nm diame-
ter on the GC substrate in the areas between the Pt nanodisks, which were shown
to be formed during CL processing and which may have significant impact on the
reaction characteristics (see chapter 4) [181]. First measurements of the ORR per-
formed on CL-prepared electrodes have shown that on these model electrodes sig-
nificant amounts of HyO,y are formed at potentials where the carbon substrate is
non-reactive, up to 0.8 Vryg, and that the HyOy yield is affected by the density
of the nanodisks [99]. These findings were explained by the formation of HyOs on
the Pt nanodisks, its desorption, re-adsorption and further reduction of HoO, on
the other Pt nanodisks, which leads to a lower HyO5 yield with increasing density
of Pt nanodisks [99]. Clear trends, however, were hard to evaluate, most likely due
to effects introduced by the (undesired) Pt nanoparticles. In this chapter, the sys-
tematic expansion and continuation of these preliminary measurements, employing
improved, HCL-prepared nanostructured electrodes, together with a polycrystalline
Pt and a Pt-free GC electrode as reference, to investigate effects of varying the Pt

nanodisk density and the electrolyte flow on the ORR reaction characteristics by
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application of a double disk dual thin-layer flow cell (see sections 2.3.3 and 2.4.3) is
reported. The results will be discussed in comparison with previous results of cata-
lyst loading effects and the earlier results on the CL-prepared nanostructured Pt/GC
electrodes. In a final outlook, the potential of these nanostructured electrodes for
systematic, combined experimental and theoretical studies of mass transport effects

in electrocatalytic reactions will be dicussed.

6.2 Results and Discussion

The nanostructured Pt/GC model electrodes with Pt nanostructures of ~ 100 nm
in diameter deposited on a planar glassy carbon (GC) substrate were prepared via
Hole-mask Colloidal Lithography (2.1.2 HCL), following a recently developed pro-
cedure described in detail in ref. [64] and [181] (see Fig.2.2). These include (3)
a medium-loading sample (HCL-20) with ~20% Pt coverage (& ~ 118nm), (i)
a low-loading sample (HCL-10) with ~10% Pt coverage (& ~95nm), and (%ii)
an ultra-low loading sample (HCL-01) with ~ 1% Pt coverage (& ~95nm). All
experiments were performed on three different samples of each type to ensure repro-
ducibility. As references, we also included a polycrystalline Pt sample (pc Pt) and
a polished GC substrate.

The morphology of the resulting model electrodes is illustrated by the SEM im-
ages in Fig. 6.2. The large scale images (Fig. 6.2a,b) demonstrate the homogeneous
distribution of the Pt nanodisks over the GC substrate surface for the model elec-
trodes with higher surface coverage. Only for the ultra-low loaded sample depicted
in Fig.6.2c, the Pt nanodisks are essentially randomly distributed. High resolution
images (Figs. 6.2d—f) show the morphology of the Pt nanodisks and the glassy car-
bon substrate. They clearly demonstrate the absence of Pt nanoparticles in between
the Pt nanostructures.

The electrochemical properties of these electrodes were characterized by base
voltammetry and by pre-adsorbed CO,4 oxidation (,CO,q4 stripping”). The cyclic
voltammograms obtained in 0.5 M HySOy solution (Fig.6.3) are characteristic for
polycrystalline Pt, with distinct signals for hydrogen adsorption/desorption in the
H,,q range between 0 and 0.35V, a double-layer region up to ~ 0.8V, and the sig-
nals for Pt oxidation/Pt oxide reduction at potentials anodic of 0.8 /0.6 V. The H,q
and the Pt oxidation/reduction signals decrease with decreasing Pt coverage. These
results closely resemble previous findings for similar type nanostructured electrodes
[97, 181].

From the H,,, charges, the active Pt surface areas were determined to 0.45 cm? (pc
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Figure 6.2: Representative large-scale (a—c) and high-resolution (d—f) SEM images of the
HCL-prepared Pt/GC model-catalysts. (a,d) Medium Pt coverage (~22% Pt, HCL-20),
(b,e) low Pt coverage (~10% Pt, HCL-10) and (c,f) ultra low Pt coverage (~1% Pt,
HCL-01). Large scale images 2.6 um x 3.6 um; high resolution images 420 nm x 580 nm.

Pt), 0.23cm? (HCL-20), 0.11 cm? (HCL-10) and 0.006 cm? (HCL-01), respectively,
assuming a monolayer hydrogen charge of 0.21 mC cm™? [2] and a H,,q coverage of
0.77 ML at the onset of Hy evolution [152]. The active surface areas follow exactly
the SEM determined geometric surface area of the Pt nanodisks, underlining the
identical morphology of the Pt nanodisks and the absence of additional, undesired
Pt nanoparticles on the GC areas in between the Pt nanodisks. The latter would
lead to a pronounced increase of the active Pt surface area compared to the Pt
coverage at low Pt coverages, as was observed in an earlier study on CL-prepared
nanostructured Pt/GC model electrodes [181].

These findings are qualitatively and quantitatively supported by previous CO 4
stripping measurements, which equally showed signals characteristic for polycrys-
talline Pt and yielded active Pt surface areas comparable to those determined by
the H,,q uptake (see also ref. [181]). Furthermore, these data and also energy dis-
persive X-ray emission measurements confirmed that (undesired) Pt nanoparticles
between the (desired) Pt nanodisks are essentially absent [181].

The ORR activity (a,d, g, k) and selectivity (b,e, h,1 and ¢, f,i,m) of the poly-
crystalline Pt electrode (a—c), the nanostructured Pt/GC samples (d-m), and the
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Figure 6.3: Base voltammograms (scan rate 100mV s~!) recorded on a pc Pt electrode
(top line), on the nanostructured HCL-20 (~ 22 % Pt surface coverage), HCL-10 (~ 10 % Pt
surface coverage) and the HCL-01 (~ 1% Pt coverage, bottom line; note, that the currents

for that sample were multiplied by a factor of 5) sample.

Pt-free glassy carbon substrate (k—m) in the positive-going potential scan, measured
as the Faradaic current for O reduction (generator current) and as the HyOy oxi-
dation current on the collector (collector current), respectively by use of a double
disk dual thin-layer flow cell (see section 2.3.3), are plotted in Fig.6.4. To more
specifically address mass transport effects, a wide range of electrolyte flow rates was
employed, ranging to very low values (1 uLs™!). The ORR Faradaic currents on the
pc Pt and on the nanostructured Pt/GC electrodes (Fig.6.4a,d, g and k) display
the general features characteristic for the ORR on Pt under enforced mass trans-
port, namely, a mass transport limited region at lower potential and a mixed mass
transport /kinetically limited region at more anodic potentials, where the Faradaic
current decays to zero on the PtO blocked surface at potentials positive of 0.9V.
These findings agree well with earlier data for the ORR on massive Pt electrodes
[170], on carbon-supported Pt/C catalyst electrodes [162], and with the data ob-
tained on the CL-prepared nanostructured Pt/GC electrodes [99]. Comparing the
Faradaic currents on the different samples, two important trends can be distin-
guished. First, on the nanostructured Pt/GC electrodes the mass transport limited

current gradually decreases with the decrease in Pt coverage, while those of the pc
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Figure 6.4: Oxygen reduction reaction activity (a,d, g, k), hydrogen peroxide oxidation at the smooth polycrystalline Pt collector electrode
(geometric area 1.33 cm?, biased at 1.2 V) (b, e, h,1), and the corresponding hydrogen peroxide yields (c,f,i, m) simultaneously monitored in
the double-disk thin-layer flow-cell over a smooth polycrystalline Pt electrode (a—c), on nanostructured Pt/GC model electrodes: (HCL-20
(d-f); HCL-10 (g-i) and HCL-01), and on a blank GC substrate (k-m) at different electrolyte flow rates (1, 10, and 30 uLs~!, for assignments

see figure). Solution: 0.5 M H2SOy4 (Og-saturated), exposed electrode area 0.3 cm?, potential scan rate 10mV s~! (positive-going scan), room

temperature.
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Figure 6.5: Dependence of the mass transport limited ORR current (at 0.2V) vs. the
cube root of the electrolyte flow rate in a dual thin-layer flow cell configuration over pc
Pt electrode and over a nanostructured Pt catalysts supported on planar glassy carbon

substrate (see figure). Solution: Og-saturated 0.5 M HOs2, room temperature.

Pt sample and of the HCL-20 sample are approximately identical. Furthermore, the
potential for transition from the purely mass transport limited regime to the mixed
kinetically /mass transport limited regime depends sensitively on the Pt loading and
on the electrolyte flow rate, shifting to lower potentials with decreasing Pt coverage

and with increasing electrolyte flow.

The clear decrease of the mass transport limited ORR current with decreasing Pt
coverage differs distinctly from the observation of a constant mass transport limited
current on CL-prepared nanostructured Pt/GC electrodes [99]. The decay of the
limiting ORR current can be understood by comparison with the results of previous
simulations of the diffusion controlled current on arrays of ultra-microelectrodes on
an inert substrate [48]. These simulations clearly identified two limiting situations,
one where the individual microelectrodes are far apart and where the transport to
each electrode can be described by hemispherical diffusion spheres, and a second
one where the electrodes are close enough for an effective overlap of the diffusion
spheres. In the first case, the total diffusion limited current is identical to the sum
of the currents to separated individual microelectrodes, in the latter case it can be
described by the diffusion limited current to a planar electrode [48]. Hence, the
mass transport limited current starts to decrease only below a critical density of
the microelectrodes. On the CL-prepared nanostructured Pt/GC electrodes, the
additional Pt nanoparticles present on the GC surface between the Pt nanodisks

were apparently sufficient to keep the Pt coverage/density above that critical value,
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and the mass transport limited current remained constant despite a significant de-
crease in Pt nanodisk density [99]. On the present, HCL-fabricated nanostructured
electrodes, where these Pt nanoparticles are absent, the critical density of Pt nan-
odisks is passed already for the HCL-10 sample at higher electrolyte flow rates. The
decrease of the transport limited current at potentials cathodic of 0.2V, which is
particularly obvious at the higher flow rates on the nanostructured electrodes, is
attributed to HyO5 under these conditions, which reduces the Faradaic current ac-
cordingly (2-electron pathway for HyO, instead of the 4-electron pathway for HyO)
[99]. ORR measurements on a Pt-free glassy carbon substrate, which are included
for comparison, show a small ORR activity at potentials negative of 0.2V (Fig. 6.4k,
blank symbols).

For flow cell measurements on a non-structured electrode, it is well known that the
mass transport to the electrode, and thus the mass transport limited current (I;;,),
decay with the cube root of the electrolyte flow rate v ([, o< /v) [74, 165, 166].
Therefore, we plotted the mass transport limited current at 0.2V, i.e., above the
onset of the ORR current decrease due to HyOy formation, as a function of the
cube root of the electrolyte flow rate (Fig. 6.5, note that each data point is averaged
over several measurements). The data clearly lie on straight lines, underlining that
this relation is valid also for the nanostructured electrodes, and also for those with
Pt densities below the critical density discussed above. The data for the pc Pt
sample and the HCL-20 sample, where the Pt nanodisk density is above that limit
under present transport conditions, are essentially identical. The slopes of the lines
for the HCL-10 and the HCL-01 lines, however, are significantly lower than those
of the pc Pt and the HCL-20 sample. This can be explained by inspecting the
equation describing the correlation between mass transport limited current (Ij;,)
and electrolyte flow rate (v) [74, 165, 166]:

Lim =k n F co3 (DA/b)*?, (6.1)

where k is the cell constant (k= 1.467 for a channel-flow thin-layer cell), n is the
number of electrons, F' is the Faraday constant, ¢ is the concentration of the species
involved in the reaction, v is the electrolyte flow rate, D is the diffusion coefficient
of the reacting species, A is the electrode surface area, and b is the thickness of
the thinlayer gap, respectively. Since the other factors are not changed in these
measurements, it is obviously a change in the (effective) surface area A below the
critical Pt nanodisk density which is responsible for the decreasing slope with lower
Pt coverage.

The shift of the transition potential between the two reaction regimes and the

related broadening of the mixed mass transport/kinetically limited region to lower



6.2. Results and Discussion 121

a) L Flow rate 30 uL s
09 L \_"‘O\\ —D—pC—Pt i
oL —o— HCL-20
\'\“\"x —&— HCL-10
~. —o— HOL-01
w 0.8} s
T
4
>
L
0.7 -
0.6
10* 10" 10° 10’
. 2
log i, / mA CMgeom
T T
b) - Flow rate 30 L s™
09} = < —D—pC-Pt .
e —0— HCL-20
w 0.8
T
Y
>
L
0.7 |
06 ) e

10* 10" 10° 10

. -2
log i / mA cm_

Figure 6.6: Tafel plots for geometric (a) and active (b) surface area normalized kinetic
oxygen reduction current over smooth polycrystalline Pt (squares), and nanostructured
Pt/GC model electrodes: HCL-20 (circles), HCL-10 (triangles) and HCL-01 (diamonds).
The data are extracted from Fig. 5a,d, g, k. The limiting currents were taken at 0.2V.

potentials with decreasing Pt coverage can be explained by increasing kinetic limi-
tations related to the lower Pt surface area available for the reaction. This can be
simply demonstrated by removing mass transport effects and normalizing the result-
ing kinetic currents to the active Pt surface areas. Tafel plots (see section 2.4.3) of
the kinetic current densities normalized to the geometric surface area, iy geom, Which
is identical for all samples (geometric surface area 0.283 cm?), and the active Pt
surface area normalized kinetic ORR currents densities, ij 4, which decrease with
Pt coverage, are presented in Fig. 6.6a, b, respectively, for an electrolyte flow rate of
30 uLs™t. As expected, the slope of the lines is around 60mV dec™! in the high po-
tential region (low overpotential, 0.9-0.86 V), while it is around 120 mV dec™! in the
lower potential region (0.8-0.7 V), in agreement with a one- or two-electron transfer
in the rate limiting step, respectively [162, 255]. The almost identical Tafel curves
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obtained for the active Pt surface area normalized kinetic ORR currents densities
on the different samples clearly confirm that the wider range of the mixed transport
limited /kinetically limited region is simply a consequence of the competition being
kinetic control and mass transport control, where the former depends on the active
Pt surface are, while the latter depends mainly on the geometric surface area and,
at low Pt nanodisk densities, also on the active surface area A. Similar trends were

observed for the lower flow rates.

The HyO4 peroxide production (see section 2.4.3) during the ORR over the pc
Pt electrode decreases considerably with decreasing flow rate down to 1pLs™!
(Fig.6.4b). Correcting, however, for the simultaneous decrease in Faradaic current,
the resulting HyOs yields do not change significantly with flow rate. The HyO4 pro-
duction on pc Pt electrode was attributed to surface blocking effects, reducing the
probability for finding neighboring empty Pt sites for Oy dissociation. This favors
the pathway for HyO, formation, where only one adsorption site is assumed to be
required [255]. Surface blocking starts by (bi)sulfate adsorption in the double-layer
potential region, and increases rapidly at potentials < 0.3V by H,,q adsorption. It is
important to note that at potentials relevant for fuel cell cathode operation (0.7-0.8
V), HyO, formation on the pc Pt electrode is negligible (Fig. 6.4c), and also in the
double-layer range the HyO, oxidation current and the HyOq yields are very low
on this electrode (see the expanded scales in Fig.6.4b, c). For the nanostructured
Pt/GC electrodes, the HyOq production increases significantly with decreasing Pt
coverage (Fig. 6.4e, h and 1), resulting in a corresponding increase in HyO, yields even
at potentials relevant to cathode operation. A similar trend, though much less pro-
nounced, was observed recently on CL-prepared nanostructured Pt/GC electrodes
and explained by a reaction mechanism where (i) O2 can be reduced to both HyO
and to HyOs on the Pt surface, and where (7i) the resulting HoOs intermediate
can re-adsorb on other Pt sites and be further reduced to HoO (,desorption—re-
adsorption-reaction concept) [99]. This is illustrated in Fig.6.1, with HyOy as
reaction intermediate RI. At potentials below 0.2V, HyO5 can be formed also on the
carbon areas of the nanostructured Pt/GC electrodes, as evidenced by the onset of
H,0, formation on the Pt-free GC electrode (see Fig.6.41,m). Because of the low
absolute currents, the contribution to the total HoO5 yield on the nanostructured
Pt/GC electrodes, however, will be small. In the above reaction mechanism, the in-
crease of the HyOs yield with decreasing Pt coverage is simply due to the decreasing
probability for desorbed (dissolved) HoOy molecules to re-adsorb and further react
on Pt sites. Correspondingly, the probability for HoOs to escape into the bulk elec-
trolyte and be removed from the reaction cell increases with decreasing probability

for re-adsorption and hence lower Pt coverage.
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Although the probability for HoOy formation on Pt in a single reaction event
can not be extracted from these data without extensive modeling (see section 6.3
Outlook), it must be quite high, as evidenced by the rather high HyOs formation
on the nanostructured Pt/GC samples with low Pt coverage (Fig.6.4i,m). Cor-
respondingly, the negligible amount of HyO, formation on massive Pt electrodes
[255] and on realistic carbon-supported Pt/C catalysts [162], in particular at poten-
tials > 0.3V, points to a high probability for re-adsorption and further reduction of
desorbable (dissolved) HoOq intermediates on these electrodes/catalyst layers. Our
results agree fully with previous findings of catalyst loading effects on thin-layer
Pt/C catalyst electrodes by Inaba et al. [44]. Very recently, Bonakdarpour et al.
reported a pronounced increase of HyO, formation at low catalyst loadings for the
ORR on RuSex/C catalyst electrodes and attributed this to the formation of HyO,
reaction intermediates [256]. While for the latter catalyst, significant HoOq forma-
tion may appear as ,expected”, considering the amount of HyO4 formation already
on ,normal loading” thin-layer catalyst electrodes [163, 257], the observation of a
high HyO, yield in the ORR on Pt, even at potentials around 0.5-0.6 V, seems to
be in complete contrast to the previous mechanistic understanding of the ORR on
Pt 79, 258]. Furthermore, it is important to note that in a very different experi-
ment, an increasing amount of HyOy formation in the ORR on Pt with increasing
electrolyte transport was reported and discussed also by S. Chen and A. Kucernak
[259]. This clearly demonstrates the important role of re-adsorption effects (re-
adsorption and further reaction of desorbable, reaction intermediates as described
by the ,, desorption—re-adsorption-reaction concept and illustrated in Fig.6.1) for

the mechanistic understanding of electrocatalytic reactions.

The much more pronounced effects on the HCL-prepared nanostructured Pt/GC
electrodes compared to the CL-prepared ones can be simply explained by the pres-
ence of significant amounts of additional Pt nanoparticles on the GC surface, which
are distributed in the surface areas between the Pt nanodisks on the latter samples.
These nanoparticles, which are likely to be produced during sputtering step in the
nanostructuring process [181], limit the decrease in re-adsorption probability when

reducing the density of the Pt nanodisks.

This mechanism is fully supported by the trend for HyO, formation upon varying
the electrolyte flow rate. In contrast to the ORR on CL-prepared Pt/GC electrodes,
not only the HyO5 formation but also the HoO, yield increases clearly for the nano-
structured HCL-20 and HCL-10 Pt/GC electrodes with increasing electrolyte flow
(Fig.6.4f,1). For the HCL-01 sample (Fig.6.4m) we expect a similar general trend,
but in this case the situation is more complicated because of the significant relative

contributions from the (partly kinetically limited) ORR on the carbon substrate
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areas at £ <0.25V and the fact that, due to the very low Pt loading, the mixed
transport and kinetically limited region ranges down to a potential of ~0.25V.
Within the mechanism discussed above, that can be easily explained by the increas-
ing probability for re-adsorption at lower electrolyte flow. Due to the increasing
concentration gradient/thinner diffusion layer at higher electrolyte flow the proba-
bility for HoO, formed at the electrode has a higher chance for escaping into the
bulk electrolyte and be transported out of the reaction cell with increasing elec-
trolyte flow. The probability for re-adsorption on Pt areas and further reduction
to HoO decreases accordingly. This effect is clearly visible on all nanostructured
samples. At high Pt coverages, either due to high Pt loading (pc Pt, on realistic
Pt/C catalysts or on nanostructured Pt/GC electrodes with additional Pt nanopar-
ticles on the surface), where also the HyO yield is rather small, these electrolyte
flow effects are essentially not detectable. On the present HCL-prepared Pt/GC
electrodes, in contrast, they are clearly visible. Considering also that there is no
H50, formation on the GC area at potentials > 0.2 V, these findings convincingly
support the ,desorption—re-adsorption—reaction” concept introduced for the ORR
on Pt recently [99]. On massive Pt electrodes and at commonly used electrolyte
flow rates, the probability for re-adsorption of HyO5 and further reduction to HyO
is so high that HyO, formation is hardly observed, despite the obviously rather high
probability for HyO, formation in a single adsorption/reaction step. Based on the
data for the HCL-01 electrode, this probability must be higher than 30 % at 0.5 V!

Finally, it should be noted that although the measurements described in the
present communication were performed on model surfaces to elucidate the effects of
mass transport on the ORR activity and selectivity under defined reaction condi-
tions, the results also have consequences for practical applications, e.g., in polymer
electrolyte fuel cell (PEFC) cathodes. They clearly point out that with decreasing
catalyst loading, which is strived for from economical reasons, there is an increasing
risk of HyO5 production on the cathode catalyst even under typical cathode reaction
conditions, which may have disastrous consequences on the lifetime of electrode or
membrane due to corrosion effects [45, 46]. It is important to note that for a correct
assessment of the HoO, related corrosion effects, the macroscopic HyOq yield mea-
sured at the exhaust of the catalyst is not decisive, but rather the local steady-state
concentration in the electrode, which due to the re-adsorption effects may be much

higher than the former.
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6.3 Outlook

As mentioned in the Introduction, measurements on well-defined nanostructured
samples under controlled transport conditions similar to those presented here pro-
vide an ideal basis for further simulations. Simulations of vertical transport to
a non-structured sample in a similar flow cell geometry [260] or in a rectangu-
lar cell geometry [249] were published recently, further simulations coupling these
transport/diffusion processes with a subsequent catalytic surface reaction (CO ox-
idation) are currently in progress [261]. On the other hand, (vertical) diffusion to
arrays of regularly arranged ultra-microelectrodes of different shapes was calculated
in a number of studies, starting from a fixed concentration at a defined plane above
the electrode surface [48-51] (see Fig.6.7a). This is identical to the situation in a
flow cell, where above the diffusion layer the reactant concentration can be assumed
to be constant and identical to the bulk concentration in the flowing electrolyte.
A logical next step will be to combine these approaches and to include (i) lat-
eral transport and re-adsorption processes according to Fig.6.1 and 6.7b, and (i)
the specific geometry of the nanostructured model electrode surface in the simula-
tion. Obviously, this requires a highly complex fully three-dimensional description
of the ongoing transport processes. In order to avoid further complications, such
calculations could first be applied to simulate the processes in a transport limited
single-step reaction such as Hy oxidation with negligible steady-state coverages of re-
actants and reaction intermediates, similar to the approach used in ref. [249]|. These
simulations should map out the macroscopic and mesoscopic (vertical) diffusion to
a nanostructured surface in a realistic cell geometry and identify the influence of
lateral transport processes and surface reaction of the reactants under conditions
where effects related to changes in the composition and coverage of the adlayer can
be neglected (see Fig. 6.7a). In a next step, one would include the formation, desorp-
tion, lateral transport and re-adsorption/further reaction of reaction intermediates
(RI), as illustrated in Fig.6.1 and 6.7b, but would still neglect possible changes in
the composition/coverage of the adlayer under different steady-state conditions. For
this level of simulation, where details of the surface processes can still be neglected,
the ORR on nanostructured Pt/GC electrodes (in the transport-limited potential
range), as described in the present contribution, would be a suitable experimental

system.

Finally, in the last step, also details of the ongoing surface processes need to be
included, at least to an extent that variations in the adlayer composition/coverage
and the related changes in the catalytic properties of the active electrode areas can

be accessed (see Fig.6.7c). Suitable experimental examples would be the ORR in
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Figure 6.7: Hierarchy of model studies and simulations on transport effects in electro-
catalytic reactions on structurally well-defined nanostructured model electrodes (arrays
of ultramicroelectrodes) under defined transport conditions in a realistic cell geometry.
(a) Vertical transport of reactants (R) to the model electrode without reaction inter-
mediate formation or product re-adsorption and the surface (experimental example: Ho
oxidation); (b) as (a), but in addition also formation, desorption, lateral transport and re-
adsorption/reaction of volatile reaction intermediates on the non-modified active surface of
the model electrode (experimental example: Os reduction oxidation in the mass transport
limited potential regime); (c) as (b) but in addition consideration of the surface processes,
e.g., by density functional calculations, and the build-up of an adlayer formed by adsorbed
reactants, reaction intermediates, and reaction side products (experimental examples with
increasing complexity: CO oxidation (no RI), O2 reduction in the mass transport limited
potential regime (RI: HyO3), oxidation of methanol or formaldehyde (RI: formaldehyde

(methanol oxidation only), formic acid).
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the kinetically limited potential region on nanostructured Pt/GC samples or, even
more complex, the oxidation of methanol or formaldehyde on the same electrodes.
This requires a complex multi-scale approach for the combination of molecular scale
surface processes and mesoscopic transport processes. The final goal of these kinds of
combined experimental /theoretical approach would be a quantitative description of
the experimental reaction characteristics (overall activity and product distribution
under different reaction conditions) on these structurally simple and well-defined
nanostructured model electrodes under controlled transport conditions, including
a three dimensional (3D) description of the macroscopic and mesoscopic transport
processes in the electrolyte above the electrode and of the molecular scale surface
processes.

In total, this would be an enormous step towards a molecular understanding of
electrocatalytic reactions, similar to the recent progress in heterogeneous catalysis
reached by efforts to bridge the materials and pressure gap between surface science
model studies under ultrahigh vacuum conditions on single-crystal model catalysts
and catalytic studies on realistic supported catalysts and under realistic reaction
conditions (see ref.[262] and subsequent articles in that special issue). One impor-
tant difference between the two areas of heterogeneous catalysis and electrocatalysis
highly relevant for the present considerations is that in the latter case even the proper
description of electrocatalytic reactions under model conditions and on model elec-
trodes requires inclusion of transport processes, which is not the case in surface
science model studies performed under UHV conditions.

Finally, it should not be forgotten that despite the experimental and theoretical
complexity of the tasks described above, we have so far obtained a proper description
of an electrocatalytic reaction on a two dimensional (2D) electrode with regularly
distributed active centers. The extension of this approach to the description of a 3D
electrode with active centers, either in a regular structure or even in a disordered
arrangement, as experienced experimentally in a thin film catalyst layer or in a

porous fuel cell electrode, would again represent a major task.

6.4 Conclusion

We have investigated the role of mesoscopic transport effects in the oxygen reduction
reaction on Pt by measuring the activity and selectivity (HoOo formation) of the Oy
reduction reaction on nanostructured Pt/GC model electrodes in a dual thin-layer
flow cell under controlled and varied electrolyte flow conditions and at different Pt
coverages. The Pt/GC electrodes were fabricated by Hole-mask Colloidal Lithogra-

phy and consist of Pt nanodisks of defined diameter supported on a glassy carbon
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substrate, which are arranged in a rather regular array with a narrow distribution
of separations.

In addition to the expected increase of the transport limited current with increas-
ing Pt coverage in the low to medium Pt coverage regime and, for all Pt coverages,
with increasing electrolyte flow rate v, the data show a quantitative agreement with
the I, o< /v predicted for non-structured electrodes in a channel flow, with the
slope depending on the Pt coverage on the nanostructured electrodes. This is ex-
plained by the geometric factor in the dependence of the limiting current on the
electrolyte flow v [165]. Furthermore, they show a clear trend to lower HyO yields
with decreasing electrolyte flow. The same is observed for increasing Pt coverages,
in agreement with previous findings. The results are explained in terms of a reac-
tion model proposed recently, which includes (i) direct reduction to H,O on the Pt
surface, and (%) significant formation and desorption of HyOy on the Pt surface, at
potentials <0.3V also on the carbon surface, its subsequent partial re-adsorption
and further reduction to HoO on the Pt surface (,,desorption—re-adsorption-reaction*
concept). Because of the high probability for re-adsorption and further reduction
of the volatile HyO, reaction intermediates, the experimentally observed HyO5 for-
mation is negligible on extended massive Pt electrodes or on carbon-supported Pt
catalysts, although it is clearly formed on Pt at potentials < 0.8 V Pt. These findings
are compared to recent observations of an increased formation of complete oxidation
products compared to incomplete oxidation products in the oxidation of different
small organic molecules with increasing catalyst loading or decreasing electrolyte
flow, which can be explained in similar terms, i.e., by an increasing probability for
re-adsorption and further oxidation of volatile reaction intermediates to the complete
oxidation product CO, with increasing catalyst loading or decreasing electrolyte
flow.

In an outlook, the potential and further development of combined experimen-
tal and theoretical model studies on these nanostructured model electrodes for the
understanding and description of electrocatalytic processes on model systems was
mapped out. In the end, the description should, in a multi-scale approach, include
(1) macroscopic and mesoscopic transport of the reactant in a realistic reaction
cell and under defined electrolyte conditions, (ii) desorption, lateral transport, re-
adsorption and further reaction of volatile reaction intermediates according to the
,desorption-re-adsorption-reaction” concept, and (i) a molecular scale description

of the ongoing surface processes and the adlayer resulting under reaction conditions.
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Abstract

Transport effects in the methanol oxidation reaction (MOR) were investigated using
nanostructured Pt/glassy carbon (GC) electrodes and, for comparison, a polycrys-
talline Pt electrode. The nanostructured Pt/GC electrodes, consisting of regular
arrays of catalytically active cylindrical Pt nanostructures with 55 + 10nm in di-
ameter and different densities supported on a planar glassy carbon (GC) substrate,
were fabricated employing Hole-mask Colloidal Lithography (HCL). The MOR mea-
surements were performed under controlled transport conditions in a thin-layer flow
cell interfaced to a DEMS (differential electrochemical mass spectrometry) set-up.
The measurements reveal a distinct variation in the MOR activity and selectivity
(product distribution) with Pt nanostructure density and with electrolyte flow rate,
showing an increasing overall activity, reflected by a higher Faradaic reaction current,
as well as a pronounced increase of the turnover frequency for CO, formation and
of the CO, current efficiency with decreasing flow rate and increasing Pt coverage.
These findings are discussed in terms of the ,desorption-re-adsorption-reaction‘
model introduced recently [Y.E. Seidel et al., Faraday Discuss. 140, 167 (2008)].

Finally, consequences for applications in Direct Methanol Fuel Cells are outlined.
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7.1 Introduction

Mass transport processes, including the transport of reactants to and of reaction
intermediates or products away from the electrode, can play an important role in
electrocatalytic reactions, in addition to the chemical and electrochemical properties
of the respective catalyst or electrode material. For instance, it is well known that
in many electrocatalytic reactions, the reaction rate is limited by the transport
of reactants to the electrode, resulting in a ,mass transport limited current” [68—
72]. Less known is that transport effects may alter also the overall behavior of the
reaction, in particular its selectivity and hence the product distribution in reactions
leading to more than one product. In Heterogeneous Catalysis, it is well known
that in such reactions the product distribution moves towards that expected for
thermodynamic equilibrium for decreasing space velocity [73], and similar trends
are expected also in Electrocatalysis. Individual results fitting into that scheme can
be found for a number of electrocatalytic reactions, e.g. oxygen reduction [259], or
oxidation of methanol [5, 23, 25, 89|, ethanol [156] or ethylene glycol [139], but more

systematic studies of these aspects were missing.

A few years ago, we reported that for methanol oxidation on carbon-supported
Pt catalyst electrodes the relative CO, yield increases systematically with increas-
ing catalyst loading, and attributed that to increasing re-adsorption and subsequent
further oxidation of the reactive intermediates formaldehyde and formic acid [25].
Comparable results were reported also in a number of other studies, involving, e.g.,
IR spectroscopy [29, 263] or UV-VIS spectroscopy [23, 93]. Following these results,
we started a systematic study on mass transport effects in electrocatalytic reactions,
using nanostructured Pt/GC electrodes and reactions under well-defined transport
conditions [97-99|. These nanostructured electrodes, which are fabricated by Col-
loidal Lithography techniques [60-64], consist of regular arrays of electrochemically
active Pt nanostructures, which are homogeneously distributed on a smooth in-
ert glassy carbon electrode. The size and density of the nanostructures are well
controlled and can be varied independently over a wide range [65]. Due to their
well-defined and homogeneous geometry, these samples not only allow studies under
well controlled reaction and transport conditions, but also represent ideal templates
for the theoretical description, e.g., for combined modeling of reaction kinetics and
transport aspects. Using these nanostructured electrodes, we studied a number of
reactions which are either strongly mass transport limited, such as Oy reduction
[98, 99] or CO bulk oxidation [97, 264|, or which result in two different products
(Oq reduction or formaldehyde oxidation) [97-99]. Based on these studies, recently

the ,desorption—re-adsorption-reaction” model was introduced (see chapter 6) [98|.
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In addition to the direct formation of the reaction products, this includes indirect
pathways, involving desorption of reactive intermediates, which can subsequently
either adsorb again or leave the diffusion layer and be transported away with the
flowing electrolyte. Upon re-adsorption on an electrocatalytically active material,
the reaction intermediates may either react further or desorb again, which would
start a new sequence. Re-adsorption on inert substrate material, in contrast, would
result in immediate desorption. Hence, in that mechanism transport effects play a

decisive role.

In this chapter, these model catalysts were used for a systematic investigation
of transport effects in the electrocatalytic oxidation of methanol (methanol oxida-
tion reaction — MOR). Both from fundamental aspects and due to its potential
application in Direct Methanol Fuel Cells (DMFCs), this reaction has been studied
extensively; excellent reviews are given, e.g., in refs. [15-20]. A better understanding
of the methanol oxidation mechanism, including the transport effects investigated
in this study, is therefore of considerable value not only from fundamental reasons,

but also for further improvements in the DMFC technology.

The main previous results relevant for the present study can be summarized as
follows: It is well known that the MOR results in three different products, the com-
plete oxidation product COs and the incomplete oxidation products HCHO and
HCOOH (see, e.g., refs. [20-24] and references therein), and that the reaction pro-
ceeds via a complex reaction network involving a number of adsorbed or desorbable
reaction intermediates, as described first by Bagotzky et al.|2]. It was shown for
Pt and Pt catalyst electrodes, that the MOR product yields depend strongly on
experimental conditions such as the concentration of methanol [5, 23, 89|, Pt sur-
face area /roughness [86, 89, 95|, the electrolyte flow rate [5], the catalyst loading
[25], the reaction temperature [29, 30|, electrode potential [5, 30, 93, 263|, struc-
tural effects (e.g., for single crystal electrode surfaces [5, 84|, and nanoparticle size
effects [265]). Furthermore, the composition of the catalyst is of importance as well
[85, 87, 89-93.

In this chapter, results of combined electrochemical and mass spectrometric mea-
surements (differential electrochemical mass spectrometry — 2.3.2 DEMS), following
simultaneously the total reaction current (Faradaic current) and the CO4 formation
rate in potentiodynamic and potentiostatic measurements on electrodes with various
Pt coverages are reported. The measurements were performed under well-defined
transport conditions in a dual thin-layer flow cell (section 2.3.3). The resulting COx
current efficiency was evaluated. The MOR was investigated on a set of nano-
structured Pt/GC electrodes with arrays of nanostructures of ~55nm in diameter

2

and densities of ~20 and ~ 70 nanostructures per um®. For comparison with the
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nanostructured Pt/GC electrodes and with previous studies, identical experiments
were performed also on a polycrystalline Pt electrode. First results on the struc-
tural characterization (size and density of the Pt nanostructures, Pt coverage) and
electrochemical characterization (active surface area) of the different electrodes by
hydrogen underpotential deposition (H,,q) are presented. Next, we evaluate the in-
fluence of varying the Pt coverage and the electrolyte flow rate on the MOR reaction
characteristics in potentiodynamic and potentiostatic (at 0.66 and 0.76 V) measure-
ments, and discuss the resulting effects on the activity, COy current efficiency and
turnover frequency (TOF) for methanol oxidation to COs (see section 2.4.2). Finally,
we will compare the present results with earlier findings on massive Pt electrodes or
Pt/C catalyst film electrodes and briefly discuss the consequences for the MOR in
Direct Methanol Fuel Cells.

7.2 Results and Discussion

7.2.1 Characterization of the Nanostructured Electrodes

PHYsicAL CHARACTERIZATION

Representative SEM images of the nanostructured electrodes with different Pt cov-
erages are presented in Fig.7.1. The large-scale images (Fig.7.1a,c¢) demonstrate
the homogeneous distribution and narrow size distribution of the circular nanodisks
(bright circular spots) which agrees well with findings in previous studies using
HCL-fabricated samples [64, 97, 98|. Two-dimensional Fourier transforms yield dis-
tinct rings, reflecting the short-range order in the layer of nanodisks [181]. The
SEM images were used to determine the mean particle size and densities, as well
as the Pt coverage. These structural characteristics are listed in Table 7.1. This
way, we obtained Pt coverages of ~17% and ~4% (HCL-17 and HCL-04). The
high-resolution images (Fig. 7.1b,d) clearly demonstrate the absence of Pt nanopar-
ticles between the Pt nanodisks, which were recently observed for nanostructured
Pt/GC electrodes prepared by Colloidal Lithography [181]. The images support the
assumption of vertical, flat Pt nanodisks of cylindrical shape, which was used for

the calculation of the geometric Pt surface area (values compare Table 7.1).

ELECTROCHEMICAL CHARACTERIZATION

The base cyclic voltammograms recorded on the corresponding sample types are
shown in Fig.7.2. For all samples, the CVs exhibit the H,,; features characteristic
for polycrystalline Pt [170, 172], indicating that also on the nanostructured Pt/GC

electrodes the Pt nanodisks are large enough to assume the electrochemical behavior
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Figure 7.1: Large-scale (a,c) and high-resolution (b,d) SEM images of the nanostruc-
tured Pt/GC model electrodes fabricated by Hole-mask Colloidal Lithography. High-
density nanostructured Pt/GC electrode HCL-17 (a,b) and low-density nanostructured
Pt/GC electrode HCL-04 (c,d). Large-scale images 2.9 um X 2.1 pm; high-resolution im-
ages 360 nm x 260 nm.
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Figure 7.2: Stationary BCVs (scan rate 100mV s~!) recorded on polycrystalline Pt and
on the two different nanostructured electrodes: pc Pt (100 % Pt coverage, black squares),
HCL-17 (~ 17 % Pt coverage, red circles) and HCL-04 (~ 4 % Pt coverage, blue triangles).

of polycrystalline Pt (see Fig. 7.2 and assignments therein).

The active surface area of the polycrystalline Pt bulk electrode and the nanostruc-
tured Pt/GC electrodes was calculated from the H,, charge in the cathodic scan,
assuming a H,,q monolayer charge on polycrystalline Pt of 210 uCem™2 [2] and a
hydrogen coverage at the onset of bulk evolution of 0.77 monolayers (ML) [152].
The resulting values for the active surface areas of the different samples are given
in Table 7.1. The last column of Table 7.1 shows the formal Pt roughness factor,
obtained as the ratio of the active Pt surface and the geometric Pt surface area,
which is usually around 2 for this kind of samples [97, 99, 181].
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Table 7.1: SEM and electrochemical characterization of the pc Pt electrode and the
nanostructured Pt/GC electrodes prepared by Hole-mask Colloidal Lithography (geometric

surface area calculated assuming cylindrical shape for the Pt nanostructures).

sample coverage particle particle geom. Pt act. Pt Pt roughness
diameter density surf. area surf. area factor
/% /nm / pm—2 / cm? / cm?
pc Pt 100 - - - - 0.283 0.501 1.8
HCL-17 173 £0.3 55 £ 9 72 0.118 0.272 2.3
HCL-04 4.0 £ 0.1 52 + 8 17 0.029 0.045 1.6

7.2.2 Electrocatalytic Measurements

The reaction characteristics of methanol oxidation and possible transport effects
were investigated first in potentiodynamic CH3OH bulk oxidation (cyclic voltam-
metry) measurements and then in potentiostatic potential-step measurements, step-
ping the potential from E;y;; =0.06 V to E;, =0.66 V and 0.76 V, respectively. The
latter measurements allow us to better separate potential and time effects, and to
characterize the reaction under (close to) steady-state conditions. During the exper-
iments, both the electrochemical current and the CO, mass spectrometric current
were recorded. All measurements were performed in flowing electrolyte, using three
different flow rates of 1, 10 and 30 uLs™!.

PoTeENTIODYNAMIC CH30H BULK OXIDATION

Representative oxidation current traces recorded on the different samples during con-
tinuous potentiodynamic methanol oxidation are plotted in Fig.7.3. They largely
reproduce the well-known bell-shaped CV traces known for the MOR on polycrys-
talline Pt electrodes [5, 15, 22, 89, 266] or on carbon-supported Pt/C catalysts
[20, 25, 155, 266]. In the plots, the currents are magnified by a factor of 2 for
the HCL-17 and by a factor of 10 for the HCL-04 sample. Independent of the elec-
trolyte flow rate, we observed the following characteristics: The typical H,,q features
(E<0.4V) of Pt are suppressed in the positive-going scan in the Faradaic current
trace. Hydrogen adsorption and methanol oxidation are inhibited by CO,q4, block-

ing the electrochemically active Pt surface at potentials lower than 0.4 V. Going to
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higher potentials, the current starts to rise at about 0.5V, leading to a distinct peak
with its maximum located at 0.79V on the polycrystalline Pt sample (Fig. 7.3, col-
umn a) and at around 0.78 V on the nanostructured Pt/GC samples (Fig. 7.3, column
b and c). Following the current decline in that peak, the current starts to increase
again at potentials positive of 1.08 V, up to the positive potential limit of 1.16 V.
The currents in the peaks differ significantly for the different Pt coverages, with the
highest maximum current for pc Pt and lower peak currents on the nanostructured
Pt/GC electrodes: As expected for a kinetically limited reaction, the peak currents
decrease with decreasing Pt coverage. The negative-going scan exhibits character-
istics very similar to those of the positive-going scan, but the main peak is shifted
to slightly lower potentials (for discussion see [20]). Its maximum is now located at
0.72V on the pc Pt sample and at slightly lower potentials (0.70 V) on the nano-
structured Pt/GC electrodes. The variation in the ratio of peak currents with Pt
coverage, with higher peak current in the positive-going scan compared to that in
the negative-going scan agrees with that reported in earlier studies. For polycrys-
talline Pt [5] or on Pt(553) [84], the peak height in the positive-going scan was found
to be lower than in the negative going scan (Lyositive—going scan < lnegative—going scan)-
(Note: We are referring to stationary CVs in these data.) About equal peak heights
(Lpositive—going scan = Inegative—going scan ), Similar to observations on the nanostructured
electrodes were reported for Pt nanoparticles supported on SBA-15 [267], or on car-
bon (Vulcan XC72, for low Pt loadings) [25] or on a porous Pt electrode, in 1M
HCIO, solution [22]. We attribute these differences to mass transport effects, which

in turn influence the composition and coverage of the adlayer.

This tentative interpretation is supported also by the observation of distinct elec-
trolyte flow rate effects. For both scan directions and for all samples investigated,
the variation of the flow rate influenced the current peaks in the way that the peak
current increased with decreasing flow rate. Similar effects of the mass transfer on
the MOR rate were reported in RDE [268] or DEMS measurements [5] for methanol
oxidation on smooth polycrystalline Pt electrode. In contrast, on a Pt/C catalyst
electrode, enforced convection was reported to have no influence on the methanol

oxidation rate [268] and comparable results were obtained also by Chojak et al. [30].

The Faradaic current densities, obtained by dividing the Faradaic currents (1
row of panels in Fig.7.3) by the corresponding active Pt surface area (Table 7.1),
are plotted in the 2"¢ row of panels in Fig.7.3. The current densities for the high
loaded samples pc Pt and HCL-17 are almost identical for the same flow conditions,
and also on the HCL-04 sample the deviations are small. In total, this illustrates
that kinetic limitations are dominant in the MOR under present reaction conditions.

However, transport effects are still responsible for the subtle differences between the
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Figure 7.3: Potentiodynamic CH3OH bulk oxidation (scan speed 100mVs~1!) in 0.1 M
CH3OH containing 0.5 M HySOy at different flow rates (1 uLis™! — blue, triangles; 10 uLis™1
~ red, circles; 30 uLs~! — black, squares) on a pc Pt electrode (column a) and on HCL-
prepared nanostructured Pt/GC electrodes (HCL-17 column b, HCL-04 column c). 1%
row of panels: Faradaic currents; 2" row of panels: Faradaic currents (as presented in 15¢
row) normalized to the respective active surface area (see Table 7.1) of the corresponding
electrode, 3" row of panels: mass spectrometric currents at m/z =44. (d) COy current
efficiencies calculated from the integrated Faradaic and mass spectrometric charges of the
oxidation peaks (data from Figs. 7.3a—c) as a function of the electrolyte flow rate v for the

positive-going (filled symbols) and negative-going (blank symbols) potential scan.
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three flow rates.

Both for the pc Pt electrode and the nanostructured Pt/GC electrodes, the sig-
nal shapes in the mass spectrometric CVs (MSCVs) at m/z =44 (Fig. 7.3, 3" row
of panels) deviate only slightly from the Faradaic current CVs, independent of the
flow rate. After passing through the maximum, the signal decays continuously, to
essentially zero, until reaching the reverse potential. This contrasts the behavior
of the Faradaic CVs, where the current increased slightly at potentials higher than
~1.08V (see above). Hence, the increase in Faradaic current in the high poten-
tial range must be entirely due to formation of the incomplete oxidation products
HCOOH and HCHO (see also ref. |20] and references therein). The m/z = 60 signal
of methylformate, which results from reaction of formic acid with methanol and thus
can be used to identify HCOOH formation [5, 20, 22, 25, 89, 155, was featureless for
the nanostructured Pt/GC electrodes, indicating that the amounts of methylformate

were below the detection limit.

The CO, formation rate decreases significantly from the pc Pt sample with 100%
Pt coverage to the nanostructured HCL-0/ sample with ~4% Pt coverage, as it
was already reported for carbon-supported Pt/C catalysts with decreasing loading
[25]. Independent of the Pt coverage, we find an increasing CO, formation rate with
decreasing flow rate. These trends, which were observed over a rather wide range
of flow rates (1-30 uLs™!), resemble the findings by Wang et al. on pc Pt over a

somewhat smaller range of flow rates (1-10 uLs™') [5].

From the Faradaic currents and the partial currents for CO5 formation, which can
be calculated from the mass spectrometric currents, one can derive potential depen-
dent current efficiencies for CO, formation during methanol oxidation. Because
of the considerable effects arising from the fact that adsorption/decomposition of
methanol and therefore the formation of adsorbed species may occur at different
potentials than their oxidation to CO,, which contradicts the assumption of a 6
electron process for CO, formation at the potential where CO, formation occurs,
we will not focus on the potential dependent CO, current efficiencies. Instead, we
will rather use the charge obtained by integration over the positive-going scan or
the negative-going scan, respectively.

The integrated CO5 current efficiencies obtained for the different electrodes and
the various flow rates, as calculated from the integrated Faradaic and mass spec-
trometric currents in the positive- and negative-going scans, respectively, are sum-
marized in Fig.7.3d. The resulting CO, current efficiencies are below 30% in all
measurements. This underlines the prevailing formation of the incomplete oxidation
products formaldehyde and formic acid during methanol oxidation under present re-

action conditions and for all electrodes, making this the majority reaction pathway.



7.2. Results and Discussion 141

Furthermore, for all samples and electrolyte flow rates, the COq current efficiency
calculated for the positive-going scan (filled symbols) are higher than those cal-
culated for the negative-going scan (blank symbols) under similar reaction condi-
tions. Hence, the trend towards incomplete oxidation product formation is more
pronounced in the negative-going than in the positive-going scan.

As a general trend, the COy current efficiency decreases with decreasing Pt cov-
erage and with increasing flow rate. This observation agrees well with results of
previous studies on the MOR on carbon-supported Pt/C catalysts with different Pt
loadings [25] or on Pt electrodes using different electrolyte transport characteristics.
These were obtained either by varying the electrolyte flow rate or the methanol
concentration [5]. (The latter also influences the transport of reactant molecules to

the catalytically active surface.)

CONTINUOUS POTENTIOSTATIC CH30H OXIDATION AT 0.66 V

Potential step transients, recording the Faradaic and the mass spectrometric current
(at m /z=44) upon stepping the potential from 0.06 V to 0.66 V and back to the
initial potential after 5 min reaction, are depicted in the 1** and 3" row, respectively,
in Fig. 7.4.

There are two clearly different time domains in these transients: The first domain
is represented by the initial spike in the Faradaic current transients, which can
arise from double-layer charging as well as from rapid oxidation of pre-adsorbed CO
formed by interaction with CH3OH prior to the potential step. This spike is not
observed in the m /z= 44 ion currents, which can be explained in two ways: (i) by
the actual absence of an initial current maximum in the CO, formation rate, or
(1) by a lower time resolution of the mass spectrometry (MS) measurement due to
the smear out of the COy concentration on the way from the working electrode to
the membrane. From previous experiments following the oxidation of pre-adsorbed
methanol adsorbate on Pt/C catalyst film electrode it is clear that stepping to 0.6 V
will cause an initial spike also in the COq formation rate |20, 25|, and therefore we
attribute the complete absence of such spike in the present measurements mainly
to the smear out effects described above. (Note that double layer charging will
nevertheless contribute significantly to the initial spike in the Faradaic current.)

The second time domain is given by the approximately exponential current de-
cay. This current decay during the MOR is due to the build-up of the adsorbate
layer during methanol adsorption and oxidation [269-272]. The decay is less pro-
nounced on the HCL-04 sample than on the other samples. (Note that the plotted
current transients for the nanostructured Pt/GC samples are multiplied by a fac-
tor of 2 for the HCL-17 and by a factor of 10 for the HCL-04 electrode.) The
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Figure 7.4: Continuous potentiostatic electro-oxidation of methanol in 0.1 M CH30H
containing 0.5 M H2SOy solution at different flow rates (1 uLis™! — blue, triangles; 10 uLs™1
— red, circles; 30 uLs~! — black, squares) on a pc Pt electrode (column a) and on HCL-
prepared nanostructured Pt/GC electrodes (HCL-17 column b, HCL-04 column c). 1%
row of panels: Faradaic currents; 2"¢ row of panels: Faradaic currents (as presented in 15¢
row) normalized to the respective active surface area (see Table 7.1) of the corresponding
clectrode, 3" row of panels: mass spectrometric currents at m/z =44 and 4" row of
panels: COg current efficiencies. The potential was stepped from 0.06 V (t;ni =30s) to
0.66 V (t i, =300s).
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Faradaic current transients closely follow those reported earlier for measurements in
an analogous thin-layer flow-cell DEMS set-up on a pc Pt electrode under defined
reactant transport conditions [5, 89|, or in measurements on single-crystal Pt elec-
trodes [269, 273-277|, and on carbon-supported Pt/C catalysts [20, 25, 266, 268|.
(The chronoamperometric measurements discussed in [266, 268| were performed in
an RDE set-up, whereas in refs. [20, 25|, the same dual thin-layer flow cell set-
up was used. For the single-crystal measurements, standard two- [275] or three-
compartment [276, 278, 279| hanging meniscus configurations were used.) Similar
to the potentiodynamic current traces, the MOR current decreases with decreasing
Pt coverage, in agreement with expectations for a largely kinetically rather than
mass transport controlled reaction process. Similar conclusions may be drawn also
from the little differences between the steady-state Faradaic currents at different
flow rates on the pc Pt electrode. On the nanostructured electrodes, in contrast,

the Faradaic currents increase with faster flow rates.

The Faradaic current densities (see above) are shown in the 2"¢ row of panels in
Fig.7.4. Interestingly, the steady-state current densities decrease with decreasing
Pt coverage, from about 0.1 mA cm~2 on pc Pt via below 0.08 mA cm~2 on HCL-17
to 0.05mA cm~2 on HCL-04. The latter two values refer to the highest flow rate;
at lower flow rates the current densities are even smaller. These trends are even
opposite to what would be expected for a reaction where transport of reactants is
rate limiting. In that case the current density should increase with decreasing Pt

coverage. This will be discussed further together with the CO4 current efficiency.

The mass spectrometric signals of CO, formation are depicted in the 3" row
of panels in Fig.7.4. They largely reproduce the shape of the Faradaic current
transients, except for the initial current spike (see above). The CO, formation rate
decreases strongly with decreasing Pt coverage, analogous to the Faradaic current.
The effect of the electrolyte flow rate depends on the Pt coverage. There is almost
no effect on the nanostructured Pt/GC samples, although there are clear differences
in the Faradaic currents and current densities on these electrodes. On the pc-Pt
sample, the CO, formation rate increases with decreasing electrolyte flow, while the
Faradaic currents are almost identical. Also this will be discussed further together

with the CO, current efficiency.

The current efficiencies for CO, formation are displayed in the bottom row of
panels in Fig. 7.4. For the nanostructured Pt/GC electrodes, especially for the low
loading HCL-04 sample, the quantitative evaluation of the current efficiency for
CO, formation suffers from the very low MS signal and the resulting poor signal-to-
noise ratio. The general trends of the CO4 current efficiencies upon varying the Pt

coverage or the electrolyte flow rate, however, are clearly resolved and follow those
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obtained and discussed for the potentiodynamic MOR: The COy current efficiency
increases with increasing Pt coverage and decreasing electrolyte flow rate. For the
present reaction and transport conditions, HCHO and HCOOH formation contribute
by about 70 % on pc Pt to the Faradaic MOR, current (1, 10 uLis™1), slightly more
for the HCL-17 and significantly more (>80 %) for the HCL-0/4 sample. Hence, the
decreasing Pt coverage causes significant variations not only in the MOR activity,

but also in the selectivity.

CONTINUOUS POTENTIOSTATIC CH3OH OXIDATION AT 0.76 V

Analogous potentiostatic methanol oxidation experiments were performed on these
electrodes upon stepping the potential from 0.06 V to a more anodic potential of
0.76 V for 5min and then back to 0.06 V, where according to the potentiodynamic
data in Fig. 7.3 the kinetic limitations should be less pronounced. Faradaic (top row
of panels) currents and current densities as well as well as mass spectrometric cur-
rents (at m /z=44) and CO, current efficiencies are presented in Fig. 7.5, analogous
to the presentation in Fig.7.4. Note that in the transients for the nanostructured
Pt/GC samples the currents are multiplied by a factor of 5 for the HCL-17 and by
a factor of 20 for the HCL-0/ electrode.

The Faradaic current transients qualitatively resemble those obtained at 0.66 V
in their characteristics. The absolute currents, however, are much higher than at
0.66 V. Furthermore, the decay with time is much more pronounced than at 0.66 V,
in particular during the first 100s of reaction. This is attributed to an increasing
coverage of OH,,/oxide species. Next, as already observed and discussed above, the
Faradaic current decreases with Pt coverage, in the order pc Pt > HCL-17 > HCL-
04. There is, however, a subtle but nevertheless important difference. Opposite to
the behavior at 0.66 V (see Fig.7.4), for all samples the Faradaic current decreases
with increasing flow rate (1% row of panels in Fig.7.5). A similar observation was
reported for methanol oxidation on a pc Pt electrode under enforced mass transport
in a RDE configuration [268]. The authors of that study tentatively explained the
decrease in methanol oxidation current by an increasingly efficient removal of the
incomplete oxidation products HCHO and HCOOH from the electrode, which in
that case can not be oxidized further.

The Faradaic current densities also increase with increasing Pt coverage, similar
to the trend at 0.66V, but in this case the difference between the two nanostruc-
tured samples can hardly be resolved. As described for the Faradaic current, the
effects caused by the electrolyte flow rate are opposite to those at 0.66 V on the
nanostructured samples.

This tentative explanation can be checked and verified in the mass spectrometric
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Figure 7.5: Continuous potentiostatic electro-oxidation of methanol in 0.1M CH30H
containing 0.5 M H2SOy solution at different flow rates (1 uLis~! — blue, triangles; 10 uLs™?
— red, circles; 30 uLs~! — black, squares) on a pc Pt electrode (column a) and on HCL-
prepared nanostructured Pt/GC electrodes (HCL-17 column b, HCL-04 column ¢). 1%¢ row
of panels: Faradaic currents; 2" row of panels: Faradaic currents (as presented in 1% row)
normalized to the respective active surface area (see 7.1) of the corresponding electrode, 3"
row of panels: mass spectrometric currents at m/z = 44 and 4*" row of panels: COy current

efficiencies. The potential was stepped from 0.06 V (tini = 30s) to 0.76 V (t s, = 3005s).
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Figure 7.6: CO;y current efficiencies after 180s of continuous potentiostatic CH30H
electro-oxidation at two different potentials (0.66V — filled symbols and 0.76 V — blank
symbols) on a pc Pt electrode (black squares) and on HCL-prepared nanostructured Pt/GC
electrodes (HCL-17 red circles, HCL-04 blue triangles) as a function of the flow rate v.
The data are taken from Figs. 7.4 and 7.5.

measurements at m /z=44 (Fig. 7.5, 3" row of panels). First of all, similar to the
Faradaic currents the CO, signals are significantly higher for methanol oxidation
at 0.76 V than at 0.66 V. Furthermore, the CO, formation rates directly follow the
behavior of the Faradaic currents; with decreasing CO, formation for lower Pt cov-
erage (pc Pt > HCL-17 > HCL-04) and decreasing electrolyte flow. Similar to the
Faradaic currents, the CO4 formation currents decay much more rapidly during the
initial 100 s after the potential step than during the reaction at 0.66 V.

The COy current efficiencies show the same trends as already described for po-
tentiodynamic measurements and for the potentiostatic measurements at 0.66 V. At
least for the higher Pt coverages (pc Pt and HCL-17), the COy current efficiency
decreases with time, similar to observations at 0.66 V. Different from the lower poten-
tial reaction, however, this decrease continues even at the end of the measurement.
(For the HCL-04 electrode, a possible decay would be below the detection level
given by the signal-to-noise ratio.) Furthermore, the decay increases with increasing
Pt loading and decreasing electrolyte flow rate, in particular in the initial stage of
the reaction.

The values for the COy current efficiencies obtained in the potential step mea-
surements (potential step to 0.66 V and 0.76 V) on the different electrodes and for
the different electrolyte flow rates are summarized in Fig. 7.6. For direct comparison

with previous data in ref. [5|, we used the values obtained 180s after the potential
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step. These data lead to the following findings: First of all, at identical reaction
conditions (on the same sample, at the same electrolyte flow rate), the COq current
efficiency is slightly higher at the higher reaction potential of 0.76 V than at 0.66 V.
This ,high potential effect” is more pronounced on the higher coverage pc Pt and
HCL-17 samples than on the HCL-04 sample. Most pronounced is the effect of
the Pt coverage on the CO, current efficiency. At identical experimental conditions
(e.g., 1uLs™!, 0.76V), the CO;, current efficiency decreases from 34% on pc Pt
down to almost half of that value, ~ 18 %, on the HCL-04 electrode. The effect of
the electrolyte flow rate on the COs current efficiency is less pronounced, but still
significant. On pc Pt and at 0.66 V, the CO, current efficiency decreases from 32 %
for 1 uLs™! to 24 % at 30 uLs™!. On the nanostructured electrodes, the changes are

smaller, but still clearly obvious.

The higher turnover frequencies at the higher oxidation potential were already
mentioned above. For a quantitative comparison, we calculated the TOF for metha-
nol oxidation (number of methanol molecules converted per Pt surface site and
per second) to CO,. The resulting TOF values for potentiostatic oxidation at
0.66 V and 0.76 V measured 180s after the potential-step are shown in Fig.7.7
as a function of the active Pt surface area, and for different flow rates and po-
tentials. For reaction at 0.66V (methanol oxidation region; filled symbols), the

~1s7! for the pc Pt sample and even below

TOF values are below 0.05 molecules site
0.025 molecules site *s™! for the nanostructured Pt/GC samples. They are signifi-
cantly higher for the higher potential of 0.76 V, which corresponds approximately
to the potential of the peak maximum in the potentiodynamic measurements. At
0.76 V, they range from 0.15 on pc Pt to 0.02moleculessite 's™' on HCL-04 at
1 uLs™!. (Note that the faster turnover rate at high potential is at least partly due
to lower steady-state coverage of poisoning CO,4, which is efficiently oxidized by
OH,q4, and faster OH,4 formation [16, 20].) For the highest Pt coverage of 100 % (pc
Pt), the TOF values are twice as high as at 0.66V for 10 and 30 uLs™!, and even
three times higher for the lowest flow rate of 1 uLs™ (~ 0.15moleculessite 's™!).
The latter value agrees well with the data reported by Jusys et al. [25] for a carbon-
supported Pt/C catalysts at low catalyst loadings (7-14 ug per cm?). In that study,
the measurements were performed at a somewhat higher flow rate (5uLs™"). On
the other hand, the number of Pt surface atoms on the low loaded Pt/C catalyst
films used in that study is about 2 times higher than on the present pc Pt electrode
[25].

Hence, the resulting space velocities, which are often decisive for the reaction be-
havior [73], are comparable in both cases. Similar to the previous observations [25],

we also find a definite correlation between the TOF values for CO4 formation and the
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Figure 7.7: Turnover frequencies (TOF) for methanol molecule oxidation to COsq after
180s of continuous potentiostatic CH3OH electro-oxidation on a pc Pt electrode and on
HCL-prepared nanostructured Pt/GC electrodes (HCL-17, HCL-04) at two different po-
tentials (0.66V — filled symbols and 0.76 V — blank symbols) and at various electrolyte
flow rates (1 uLs~! — blue, triangles; 10 uLs™! — red, circles; 30 uLs~! — black, squares)
as a function of the active Pt surface area. The data are taken from Figs. 7.4 and 7.5, for

reaction potential and electrolyte flow rate see figure.

Pt coverage, with the turnover frequency increasing from 0.025 molecules site™!s™1

on the low Pt coverage electrode (HCL-04) to 0.15moleculessite™'s™! on pc Pt.
Furthermore, for all samples the turnover frequency for CO, formation increases

with decreasing electrolyte flow rate.

It is interesting to note that increasing the Pt coverage and hence the active
surface area has a significant effect on the TOFs for CO, formation, which increase
by factors of ~ 3 (at 0.66 V and an electrolyte flow rate of 1 uLs™*) or ~ 10 (at 0.76 V
and an electrolyte flow rate of 30 uLs™') (Fig.7.7), is correlated with a somewhat
lower, but nevertheless clearly visible increase in the COy current efficiency, by a
factor of ~1.9 (for 0.66 V and 0.76 V) (Fig. 7.6). The lower increase in CO5 current
efficiency compared to the increase in TOF for COy formation results from the

increase in Faradaic current density occurring at the same time.

First, an increase in Pt surface area normalized CO, formation rate (or in the total
Faradaic current density) with increasing active Pt surface area (Pt coverage) seems
to be in contrast with expectations based on the assumption of a kinetically limited
reaction. We tentatively explain these trends by a change in surface coverage of
reaction inhibiting adsorbates (CO,q) with higher Pt surface area: With decreasing

coverage of the Pt nanodisks (and thus with decreasing active Pt surface area),
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the transport of methanol to the individual Pt nanodisks increases, due to the
transition from planar to hemispherical diffusion. This in turn will increase the
steady-state coverage of reaction inhibiting adsorbates at lower Pt surface areas,
and thus lower the methanol oxidation rate. Second, a more pronounced increase of
the TOF for CO, formation compared to that of the COy current efficiency reflects
a decreasing tendency for incomplete oxidation product formation, as expected from
the ,desorption—re-adsorption-reaction model (see below), in combination with a

sizable increase in Faradaic current density and hence in the total reaction rate.

The differences in the MOR behavior between the nanostructured Pt/GC elec-
trodes (HCL-17 and HCL-04 samples) and the pc Pt electrode, and the effects
induced by varying the electrolyte flow agree very well with expectations based
on the ,desorption—re-adsorption-reaction model introduced recently [98]. In that
model, indirect pathways, involving desorption of reactive intermediates, which can
subsequently either adsorb again or leave the diffusion layer and be transported away
with the flowing electrolyte, are included in addition to the direct formation of the
reaction products. Upon re-adsorption on an electrocatalytically active material,
the reaction intermediates may either react further or desorb again, which would
start a new sequence. Re-adsorption on inert substrate material, in contrast, would

result in immediate desorption.

Under slow-flow conditions, the chances for re-adsorption of HCHO and
HCOOH and hence for further reaction CO, are higher than for faster flow con-
ditions, since the chance of desorbing HCHO and HCOOH molecules (reactive in-
complete oxidation products) to reach the Pt surface again for a further adsorption
and reaction attempt increases the longer they remain in the diffusion layer. This
again depends on the thickness of the diffusion layer, and hence on the electrolyte
flow rate (decreasing thickness of the diffusion layer with higher flow rate [75]). A
higher chance for re-adsorption and further reaction is expected also for the pc Pt
sample, when comparing with the nanostructured samples. On pc Pt, re-adsorption
will always occur on an active Pt surface, while on the nanostructured samples re-
adsorption occurs with increasing probability on the inert GC substrate, which will
not lead to further oxidation. This means, that it is more likely for incomplete
oxidation products such as formic acid or formaldehyde to leave the diffusion layer

without undergoing further reaction to the final (stable) product COs.

The above results closely follow a more general principle, which is known from
Heterogeneous Catalysis [73] and which predicts that the product distribution in
a catalytic reaction shifts towards its thermodynamic equilibrium with decreasing
space velocity, i.e., with decreasing reactant flow or increasing amount of catalyst.

This principle is likely to be valid also in Electrocatalysis. The results of the present
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study on the structurally well-defined nanostructured electrodes, which were per-
formed under well-defined mass transport and flow conditions, support this state-
ment. In this case, the amount of catalyst is defined by the number of active Pt
sites. Comparable results were reported recently also in studies of other electro-
catalytic reactions allowing for different reaction pathways and reaction products,
the reduction of oxygen [98, 99] (incomplete reduction product: HyOs, fully reduced
product: HyO) and the oxidation of formaldehyde [97] (incomplete oxidation prod-
uct: HCOOH, complete oxidation product: CO,), which were performed on similar
type nanostructured Pt/GC electrodes (Pt nanostructures of about 100 nm in di-
ameter). In all cases, the yield of the completely reacted product increases with

increasing Pt coverage and with decreasing electrolyte flow.

Similar trends were recently reported by Jusys et al. [25], when studying the influ-
ence of the catalyst loading on the product distribution during methanol oxidation
on Pt/C fuel cell catalysts, and in a DEMS study by Wang et al. [5] on the effect of
the CH30H concentration and of the electrolyte flow rate on the MOR characteris-
tics on pe Pt electrodes. In the first study [25], these authors revealed a pronounced
influence of the Pt/C catalyst loading on the CO5 current efficiency from a quanti-
tative determination of the contributions from the different reaction pathways and
products (formaldehyde, formic acid, CO,) for different Pt/C catalyst loadings, with
the COq current efficiency increasing with higher catalyst loading. In the second
DEMS study by Wang et al. [5], which was performed in a similar thin-layer flow
cell and DEMS set-up as used here, these authors obtained lower values for the CO,
current efficiency than obtained in the present study on pc Pt. The trend of a slight
decrease with increasing electrolyte flow rate, however, agrees fully with our present
findings, and also the lower absolute values can be fully explained by the slightly
lower electrode potential in their study (see Table 7.2).

The trends agree also in the potential dependence, with an increase in the CO,
current efficiency at higher applied constant potentials. Comparable mass trans-
port effects were reported also in previous studies on Og reduction [259], ethanol
oxidation [156] or ethylene glycol oxidation [139] on Pt particles or Pt/C catalyst
electrodes under controlled electrolyte flow conditions, giving further credibility for
the ,desorption-re-adsorption—reaction” model.

In total, the trends mapped out quantitatively in this study on nanostructured
Pt/GC electrodes and indicated also in a number of previous studies using smooth
Pt electrodes or Pt/C catalyst film electrodes [5, 25, 89, 266|, make clear that the
MOR, although commonly considered as kinetically controlled reaction, is in fact
influenced also by transport effects, and that these transport effects play a consider-

able role, in particular for the product distribution, but also for the overall activity.
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Table 7.2: CO;y current efficiencies on polycrystalline Pt bulk electrodes (geom. surface
area 0.283cm?) after one minute after the potential was stepped from E;,i; to E fin- €
concentration of CH3OH in 0.5 M HsSOy; v electrolyte flow rate.

Einit Efin c v Aco,
/V /V  /molL=' /uLs™! /%

0.05 0.65 0.001 10 55*
0.05 0.75 0.01 1.1 49*
0.05 0.60 0.1 1.9 18*
0.05 0.60 0.1 8.3 16*
0.06 0.66 0.1 1 32
0.06 0.66 0.1 10 30
0.06 0.76 0.1 1 35
0.06 0.76 0.1 10 32

* These values are taken from H. Wang et al., J. Appl. Electrochem. 31, 759 (2001).

The latter effects are mainly induced by the variations in the coverage and com-
position of the adlayer under steady-state conditions, which will result in more or
less pronounced blocking of the active surface. Considering also the similar mass
transport effects obtained for other electrocatalytic reaction, both on nanostruc-
tured Pt/GC electrodes [97-99] and on Pt nanoparticles or Pt/C catalyst electrodes
[139, 156, 259], we propose that (i) the ,desorption-re-adsorption-reaction” model
is of general validity for electrocatalytic reactions involving the formation of des-
orbable reaction intermediates and that (7i) the inclusion of transport effects and
the use of well-defined transport conditions are essential for the mechanistic under-
standing of many electrocatalytic reactions even in model studies. Because of their
simple and well-defined geometry, nanostructured Pt/GC electrodes represent ideal
test systems for quantitative studies of mass transport effects in electrocatalytic
reactions, and provide an excellent basis for modeling the underlying reaction and

transport processes.

Finally we would like to mention that the transport effects in the MOR verified
and discussed in the present paper are of relevance also for technical applications,
for methanol oxidation in a DMFC. While in a standard fuel cell, the high amount
of catalyst will lead to complete oxidation of methanol to CO, [26-28], in particu-
lar at elevated temperatures [29, 30|, this may be different in future applications.
With the further reduction of the amount of anode catalyst, one may reach a level

where this is limited by increasing emission of incomplete (and toxic) oxidation
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products at the exhaust of the fuel cell. This will become even more relevant in
the development of micro-DMFCs for portable applications, with their low absolute
amount of catalyst and low methanol consumption. Here particular care has to be
taken to avoid transport induced emission of incomplete oxidation products such as
formaldehyde. Similar aspects of course apply also for the Direct Ethanol Oxidation
Fuel Cell (DEFC) (incomplete oxidation product: acetaldehyde) or other fuel cells
based on organic molecule oxidation. Hence, the understanding and consideration
of transport processes is also important for the directed further development of di-
rect oxidation fuel cells, for optimizing the distribution of catalyst with respect to
maximum activity and for avoiding emission of incomplete oxidation products under

conditions of low catalyst loading.

7.3 Summary and Conclusions

The role of transport effects in the methanol oxidation characteristics and in par-
ticular their influence on the product distribution (HCHO, HCOOH, CO;) during
continuous methanol oxidation were investigated using nanostructured Pt/GC elec-
trodes of different Pt coverage and, for comparison, a non-structured pc Pt electrode.
The nanostructured Pt/GC electrodes, which were fabricated by Hole-mask Colloi-
dal Lithography, consist of Pt nanostructures with defined diameter forming rather
regular arrays with a narrow particle distribution supported on a planar, smooth
glassy carbon substrate. The overall reaction kinetics and the product distribution,
specifically the CO, formation rates, were determined by combined electrochemical
and DEMS measurements, which were performed in a dual thin-layer flow cell con-
nected to a DEMS set-up under well-defined, controlled electrolyte flow conditions
and using different, widely varying electrolyte flow rates.

Bulk oxidation of methanol, performed in potentiodynamic and in potentiostatic
potential-step measurements at potentials of 0.66 and 0.76 V, respectively, revealed
reaction characteristics which are comparable to those of massive Pt electrodes. As
expected for a kinetically controlled reaction, the Faradaic reaction current increased
severely with increasing Pt coverage, whereas the current densities normalized versus
active Pt surface area are of comparable order of magnitude, though not identical.
On the other hand, distinct transport effects were observed as well, as evidenced by
the increase of the Pt surface area normalized reactivity (overall reaction current
density) with increasing Pt coverage.

Furthermore, both the CO,y formation rate and the COy product yield depend
strongly on the Pt coverage and on the electrolyte flow rate and hence on the thick-

ness of the diffusion layer above the electrode surface, with an increasing Pt coverage
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and decreasing electrolyte flow rate resulting in an increasing CO, yield and metha-
nol turnover to CO,. This in turn results in an increased current efficiency for CO,
formation.

These findings fully agree with expectations based on the ,desorption—re-adsorption—
reaction” model introduced recently, according to which reactive incomplete reaction
products can re-adsorb after desorption into the electrolyte and further react towards
the stable final reaction products [98]. For the MOR, increasing re-adsorption and
hence decreasing off-transport of the reactive intermediates HCHO and HCOOH out
of the reaction cell leads to an increasing CO, current efficiency or decreasing con-
tents of the incomplete oxidation products formaldehyde and formic acid, if i) the
Pt coverage is increased and therefore the distance between the Pt nanostructures is
decreased or if ii) the thickness of the diffusion layer is increased by slower electrolyte
flow and therefore the residence time of partially oxidized dissolved molecules in the
near surface region is extended.

Because of the good agreement of our data also with results of previous studies
on electrocatalytic reactions, which were performed both on nanostructured Pt/GC
electrodes as well as on smooth Pt or Pt/C catalyst film electrodes, we propose that
(1) the ,desorption-re-adsorption-reaction” model is of general validity for electro-
catalytic reactions involving the formation of desorbable reaction intermediates and
that (i1) the inclusion of transport effects and the use of well-defined transport
conditions are essential for the mechanistic understanding of many electrocatalytic
reactions even in model studies. Because of their simple and well-defined geometry,
nanostructured Pt/GC electrodes represent ideal test systems for quantitative stud-
ies of mass transport effects in electrocatalytic reactions, and provide an excellent
basis for modeling the underlying reaction and transport processes.

Besides these fundamental aspects, the understanding and consideration of trans-
port processes is also important for the directed further development of direct oxida-
tion fuel cells, for optimizing the distribution of catalyst with respect to maximum
activity and for avoiding emission of incomplete oxidation products under conditions

of low catalyst loading.
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8.1 Summary

The aim of this work was to study the stability and the electrocatalytic properties of
nanostructured Pt/glassy carbon surfaces, which represent simplified, well-defined
and reliable two dimensional model systems of the commonly used real carbon-
supported Pt/C catalysts. These model electrodes consist of well-defined arrays of
electrocatalytically active Pt nanodisks/nanoparticles supported on a planar, inert
glassy carbon (GC) substrate. It was demonstrated that these model systems are
ideally suited for studying mass transport processes and their effect on the kinetics

of electrocatalytic reactions.

First in chapter 3, the stability of nanostructured Pt/GC electrodes prepared by
Colloidal Lithography (CL) was demonstrated comparing the active surface area via
H,pq charge and SEM micrographs recorded before and after a defined experimen-
tal protocol, simulating realistic reaction conditions including continuous electrolyte
flow and evolution of gaseous products. The highest stability with essentially no evi-
dence for loss of Pt nanostructures was obtained for samples where the GC substrate
was pre-treated first in oxygen and then in Ar plasma, and where sputter deposition

rather than evaporation was used as Pt deposition method.

In order to clarify the discrepancy between the experimentally determined elec-
trochemical properties of nanostructured Pt/GC electrodes with very low densities
of Pt nanostructures, e.g., ~ 1% Pt coverage, and those expected on the basis of
their structural characterization, these electrodes were investigated in more detail in
chapter 4. Systematic electron microscopy measurements, including high-resolution
SEM and TEM imaging, and locally resolved EDX analysis were correlated to the re-
sults of electrochemical measurements, including base cyclic voltammetry and CO 4
stripping. The results clearly demonstrated that on nanostructured Pt/GC elec-
trodes prepared by CL, the areas between the Pt nanodisks are covered by a dilute
layer of Pt nanoparticles of about 5nm in diameter. An advanced lithographic
technique, so-called Hole-mask Colloidal Lithography (HCL), was introduced as an
alternative method for preparing similar type nanostructured Pt/GC electrodes. It
was demonstrated that the electrodes prepared via this method are essentially free

from the residual Pt nanoparticles.

Aiming for more realistic model systems with respect to the particle size (diam-
eter of Pt nanostructures prepared by CL or HCL used in this work: 50-140 nm) a
,micellar approach” for the Pt/GC electrode preparation was employed in chapter 5.
This technique involves the deposition of reverse, Pt salt filled micelles on a planar

GC support and subsequent oxygen plasma/H, annealing treatment. It represents a
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viable method for producing nanostructured Pt/GC electrodes with similarly sized
particles (Pt nanoparticle diameter: 3-8 nm) and defined particle separations. The
electrodes were stable during a defined experimental protocol, as revealed by H,,q
charge determination and subsequent SEM imaging, with no detectable particle
losses during these measurements. CO electro-oxidation measurements including
pre-adsorbed CO,q4 stripping and CO bulk oxidation indicate that the electrocat-

alytic properties of these model electrodes closely resemble those of Pt nanoparticles.

In the following chapters the focus turned to the detailed study of mass transport
processes in electrocatalytic reactions, including the transport of reactants to and of
reaction intermediates or products away from the electrode. Transport of reactants
to the electrode not only affects the reaction rate, e.g., resulting in a ,mass transport
limited current”, but may also alter the overal behaviour of the reaction, in particular
its selectivity and hence the product distribution in reactions leading to more than

one product.

Therefore, the influence of mesoscopic transport effects on a rather ,simple* reac-
tion, namely the oxygen reduction reaction (ORR, two possible reaction products:
Hy05 and H50) was studied in chapter 6. The activity and selectivity (HyOq for-
mation) of the ORR was systematically investigated under controlled and varied
electrolyte flow conditions on nanostructured Pt/GC electrodes (at different Pt cov-
erages), a polycrystalline Pt (pc Pt) and a GC substrate as reference electrodes.
Besides the expected increase of the mass transport limited current with increasing
Pt coverage and with increasing electrolyte flow rate, the measurements revealed
a clear trend to an increasing amount of the reactive intermediate HoOy with (7)
increasing separation of the Pt nanostructures and therefore active Pt sides and
(#1) with increasing electrolyte flow rate. Based on these findings, the ,desorption—
re-adsorption —reaction” concept was introduced. This reaction model explains the
observations by the re-adsorption probability of reactive incomplete reaction prod-
ucts on neighbouring active Pt sites after desorption into the electrolyte and there-
fore the chance of further reaction towards the stable final reaction products. The
re-adsorption probability strongly depends on (i) the separation of the Pt nano-
structures and (iz) the electrolyte flow rate and hence the thickness of the stagnant
diffusion layer above the electrode surface. Hence, the re-adsorption probability
decreases with increasing interparticle distances or with increasing electrolyte flow
rate resulting in a thinner diffusion layer.

Finally, the role of transport effects in a more ,,complex“ reaction network, the

methanol oxidation reaction (MOR), and in particular their influence on the re-
sulting product distribution (HCHO, HCOOH, CO;) was systematically studied in
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chapter 7. The measurements were performed on nanostructured Pt/GC electrodes
with different Pt coverages and a pc Pt electrode under widely varied electrolyte
flow rates. It was found that the CO, formation rate depends strongly on the Pt
coverage and on the electrolyte flow rate, with an increasing Pt coverage and de-
creasing electrolyte flow rate resulting in an increasing current efficiency for COq
formation and methanol turnover to CO,. These findings fully agree with expecta-
tions based on the ,desorption —re-adsorption —reaction“ concept (see above). For
the MOR, increasing re-adsorption and hence decreasing off-transport of the reac-
tive intermediates HCHO and HCOOH out of the reaction cell leads to an increasing
CO; current efficiency or decreasing contents of the incomplete oxidation products
HCHO and HCOOH. This occurs if (i) the Pt coverage is increased and therefore
the distance between the Pt nanostructures is decreased or if (i) the thickness of
the diffusion layer is increased by slower electrolyte flow and therefore the residence

time of partially oxidized dissolved molecules in the near surface region is extended.

To conclude, the results presented in this work mediate mesoscopic transport
effects induced by the electrode morphology and reaction characteristics such as
activity and selectivity in electrocatalytic reactions. The application of the 2D na-
nostructured Pt/GC model electrodes offered the possibility to vary the transport
conditions arbitrarily and to correlate the results, respectively. It is important to
note that these results basically agree with results of previous studies on electrocat-
alytic reactions, which were performed on smooth Pt, Pt single crystales or Pt/C
catalyst film electrodes, on which the correlation between electrode morphology and

resulting product distribution was hardly possible.

It is therefore proposed that (i) the ,desorption-re-adsorption—reaction model is
of general validity for electrocatalytic reactions involving the formation of desorbable
reaction intermediates and that (i) the inclusion of transport effects and the use of
well-defined transport conditions are essential for the mechanistic understanding of
many electrocatalytic reactions even in model studies. Because of their simple and
well-defined geometry, the introduced nanostructured Pt/GC electrodes represent
ideal test systems for quantitative studies of mass transport effects in electrocatalytic
reactions, and provide an excellent basis for further modeling the underlying reaction

and transport processes.

In addition to this fundamental point of view, the understanding and consideration
of transport processes is also of relevance for technical applications for, e.g., ORR
or MOR in Direct Methanol Fuel Cells (DMFC). Considering the trends of further
reduced amounts of catalyst, one may reach catalyst loadings where an increasing

emission of incomplete reaction products due to the lack of active sites can occur.
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This may have an impact on the long-term performance due to carbon support
corrosion and damages of the membrane by increasing amounts of HyOs (ORR), or
generate toxic products such as HCHO at the exhaust of the DMFC in the MOR.
Hence, the understanding and consideration of transport processes is also impor-
tant for the rational further development of (direct oxidation) fuel cells, for op-
timizing the distribution of catalyst at low catalyst loadings such that maximum
activity is obtained, while the formation of reactive intermediates/side products,
e.g., corrosive HyOy (longer electrode lifetime) or toxic HCHO are kept at tolerable

levels.
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8.2 Zusammenfassung

Das Ziel der vorliegenden Arbeit war es, zum einen die Stabilitdt und zum anderen
elektrokatalytische Eigenschaften, insbesondere Transportprozesse in Brennstoffzel-
len relevanten Reaktionen, auf nanostrukturierten Oberflaichen zu untersuchen. Zu
diesem Zweck wurden elektrokatalytisch aktive Pt-Nanostrukturen (Scheibchen oder
Partikel) gleicher Grofe, regelméfig auf planaren, elektrochemisch inerten Glas-
kohlenstofftragern (GC) angeordnet. Diese Elektroden stellen aufgrund ihrer wohl
definierten Oberflachenmorphologie vereinfachte 2-dimensionale Modellsysteme, der
herkémmlichen kohlenstoffgetragerten Pt/C Realkatalysatoren dar. Im Rahmen
dieser Dissertation wurde gezeigt, dass derartige nanostrukturierten Pt/GC Mod-
ellsysteme ideal geeignet sind, um durch Massentransport limitierte Prozesse, sowie

deren Einfluss auf die Kinetik elektrokatalytischer Reaktionen, zu untersuchen.

In Kapitel 3 wurde zunéchst systematisch die Stabilitdt von nanostrukturierten
Pt/GC Modellelektroden, welche mittels Colloidal Lithography (CL, dt. Kolloid-
Lithographie) hergestellt wurden, untersucht. Die ,Stabilitdt® der Proben wurde
durch einen ,yvorher /nachher Vergleich der aktiven Platinoberflache (H,,q) und elek-
tronenmikroskopischer Aufnahmen, bestimmt. Die Modellelektroden durchliefen ein
experimentelles Protokoll, welches reale, in einer Brennstoffzelle auftretende Reak-
tionsbedingungen, wie z.B. kontinuierlichen Elektrolytfluss und stetige Entwicklung
von gasformigen Reaktionsprodukten, simulierte. Maximale Stabilitat, in Form von
vernachlassigbar geringem Verlust an Pt-Nanoscheibchen auf der GC-Oberflache,
zeigten Proben (i) deren GC-Tréger zundchst mit Sauerstoff- und anschliefend mit
Argon-Plasma behandelt wurde und (7i) deren Pt-Nanostrukturen durch Aufsput-

tern anstelle von Pt-Verdampfung hergestellt wurden.

Um die Diskrepanz zwischen den experimentell bestimmten Charakteristika nano-
strukturierter Pt/GC Modellelektroden mit sehr geringem Oberflichenbedeckungs-
grad durch Pt-Nanoscheibchen, z.B. nur 1% Pt Bedeckung, und den Daten, welche
aufgrund der physikalischen Charakterisierung zu erwarten waren, aufzuklaren, wur-
den diese Proben in Kapitel 4 eingehend untersucht. Systematisch durchgefiihrte
elektronenmikroskopische Untersuchungen, einschliefslich hochauflésender REM- und
TEM-Abbildungsverfahren, sowie lokal auflésende EDX-Analysen, wurden mit den
Ergebnissen elektrochemischer Charakterisierungsmethoden wie Basiszyklovoltam-
metrie und CO,q stripping (dt. Oxidation einer voradsorbierten CO,4-Monolage) ko-
rreliert. Die Befunde bewiesen eindeutig die Prasenz feinverteilter Pt-Nanopartikel
(~5nm im Durchmesser), welche sich auf dem GC-Tréger in den Bereichen zwischen

den Pt-Inseln befanden, die durch CL hergestellt worden waren. Ein weiterentwick-
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eltes lithographisches Verfahren, die so gennante Hole-mask Colloidal Lithography
(HCL, dt. ,Lochmasken“ Kolloid-Lithographie), wurde in diesem Zusammenhang
als alternative Herstellungsmethode nanostrukturierter Pt/GC Modellelektroden
vorgestellt. Die Ergebnisse der physikalischen und elektrochemischen Charakter-
isierung zeigten eindeutig, dass durch HCL hergestellte Proben keine ,sekundéren®

Pt-Nanopartikel aufweisen.

Um die vorliegenden Pt/GC Modellsysteme hinsichtlich ihrer Pt-Partikelgrofe
realistischer zu gestalten, wurde in Kapitel 5 ein auf Mizellen basierender Herstel-
lungsansatz vorgestellt. Diese Methode beinhaltet die Abscheidung inverser, mit
Pt-Salz gefiillten Mizellen auf einem planaren Glaskohlenstofftréager und anschliefsen-
der Nachbehandlung mit Sauerstoffplasma und Tempern in einer Ho-Atmosphére.
Dieses Verfahren stellt eine geeignete Methode zur Herstellung nanostrukturierter
Pt/GC Modellelektroden mit Pt-Nanopartikeln homogener Grofe (3-8nm) und
definierten Partikelabstdnden dar. Die Stabilitat der resultierenden Proben, wihrend
der Durchfiihrung eines festgelegten experimentellen Protokolls, wurde anhand von
einem ,vorher /nachher Vergleich der H,,4-Ladungen und REM-Aufnahmen unter-
sucht, mit dem Ergebnis, dass es keinerlei Anzeichen fiir einen signifikanten Par-
tikelverlust gibt. Untersuchungen zur Elektrooxidation von CO, einschlieflich CO,q4
stripping und CO ,bulk” Oxidation zeigten, dass die elektrokatalytischen Eigen-
schaften dieser anhand des Mizellen-Verfahrens hergestellten Modellsysteme denen

von ,herkdmmlichen Pt-Nanopartikeln entsprechen.

In den letzten Kapiteln dieser Arbeit wurden Massentransporteffekte, in Form
von Antransport von Edukten zur Elektrode hin und Abtransport von Zwischen-
/Endprodukten von der Elektrode weg, in elektrokatalytischen Reaktionen system-
atisch untersucht. Transport von Edukten an die Elektrodenoberfliche beeinflusst
nicht nur die Reaktionsrate, z.B. in Form eines durch Massentransport limitierter
Grenzstromes. Massentransporteffekte konnen auch das allgemeine Reaktionsver-
halten, insbesondere die Selektivitdt und somit die Produktverteilung in Reaktionen

mit mehr als einem Endprodukt, verdandern.

Aus diesem Grund, wurde in Kapitel 6 der Einfluss von mesoskopischen Trans-
porteffekten, auf die relativ ,einfache* Sauerstoffreduktionsreaktion (engl. Oxygen
Reduction Reaction, ORR), bei der nur zwei Reaktionsprodukte, H,Oy und H,O,
auftreten, untersucht. Die Aktivitdt und Selektivitiat (Bildung von HoO5) der ORR
wurde systematisch auf nanostrukturierten Pt/GC Modellelektroden bei verschiede-
nen Flussraten, sowie auf einer planaren, polykristallinen Pt-Elektrode und einem
GC-Substrat als Referenzelektroden, untersucht. Die Messungen zeigten, dass neben

dem zu erwartenden Anstieg des durch Massentransport limitierten Grenzstromes
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mit zunehmender Pt-Bedeckung und schnellerer Elektrolytflussrate, auch eine ver-
mehrte Bildung des reaktiven Zwischenproduktes HoOs (i) mit zunehmender Sep-
aration der Pt-Nanostrukturen /der aktiven Plétze) und (7i) mit schnellerer Elek-
trolytflussrate, zu verzeichnen ist.

Aufgrund der préasentierten Ergebnisse wurde das ,Desorption—Re-Adsorp-tion—
Reaktion Konzept eingefiihrt. Dieses Reaktionsmodell ermoglicht die Erklarung
der experimentellen Befunde durch die Re-Adsorptionswahrscheinlichkeit reaktiver
Zwischenprodukte auf benachbarten aktiven Pt Plétzen nach der Desorption in
den fliekenden Elektrolyten und somit der Moglichkeit der Weiterreaktion zum sta-
bilen Endprodukt. Die Re-Adsorptionswahrscheinlichkeit héngt insbesondere (i)
von der Separation der Pt Nanostrukturen und (7i) von der Elektrolytflussrate, was
gleichbedeutend mit der Dicke der stagnierenden Diffusionsschicht iiber der Elek-
trodenoberfliche ist, ab. Infolgedessen, sinkt die Re-Adsorptionswahrscheinlichkeit
mit zunehmendem Abstand zwischen den Pt-Nanostrukturen (Separation) oder mit
zunehmender Elektrolytflussrate, was in einer diinneren starren Diffusionsschicht
resultiert.

Zuletzt wurde die Rolle von Transporteffekten in einem ,komplexeren Reaktion-
snetzwerk, der Elektrooxidation von Methanol (engl. Methanol Oxidation Reaction,
MOR) in Kapitel 7 untersucht. Die Untersuchungen wurden auf nanostrukturi-
erten Pt/GC Modellelektroden mit unterschiedlichem Pt-Bedeckungsgrad, sowie
einer polykristalline Pt-Elektrode mit variierenden Elektrolytflussraten durchge-
fithrt. Im Mittelpunkt der Studie stand der Einfluss der induzierten Transportbe-
dingungen auf die resultierende Produktverteilung, also das Verhéltnis von HCHO,
HCOOH und CO,. Es wurde gezeigt, dass die CO, Bildungsrate insbesondere
von der Pt-Bedeckung (Partikeldichte) und der Elektrolytflussrate abhéngt. Mit
zunehmender Partikeldichte und langsamerer Elektrolytflussrate wurden eine héhere
COq-Stromausbeute und ein hoherer Umsatz von Methanol zu CO4 verzeichnet.
Diese Befunde stimmen sehr gut mit den Erwartungen geméaf des ,Desorption—
Re-Adsorption—Reaktion* Konzeptes (siehe oben) iiberein. Fiir die MOR fiihrt
die héufigere Re-Adsorption und somit der seltenere Abtransport eines reaktiven
Zwischenproduktes, wie HCHO und HCOOH, aus dem Reaktionsraum zu einer
ansteigenden COs-Stromausbeute bzw. zu geringeren Anteilen der unvollstdndi-
gen (teiloxidierten) Reaktionsprodukte HCHO und HCOOH, wenn (i) der Grad der
Pt-Bedeckung hoch ist und somit die Abstéinde zwischen den Pt-Nanostrukturen
entsprechend gering sind oder wenn (i) die Dicke der Diffusionsschicht durch eine
langsame Elektrolytflussrate erhoht und somit die Aufenthaltszeit der nicht voll-
standig oxidierten, gelosten Molekiile in der Nahe der Elektrodenoberfliche ver-

langert wird.
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Zusammenfassend kann man sagen, dass im Rahmen dieser Arbeit zum ersten
Mal der Einflufs mesoskopischer Transporteffekte, herbeigefiithrt durch entsprechende
Elektrodenmorphologie, im Zusammenhang mit elektrokatalytischen Reaktionseigen-
schaften, wie Aktivitdt und Selektivitdt, auf molekularer Skala beschrieben und
diskutiert wird.

Die préasentierten Ergebnisse stimmen im allgemeinen sehr gut mit Befunden vo-
rangegangener Studien elektrokatalytischer Reaktionen (Oxidation von CO, ORR,
MOR) auf polykristallinen Pt-Elektroden, Pt-Einkristallen oder kohlenstoft-
getrigerten Pt/C Elektroden tiberein. Aus diesem Grund kann man annehmen, dass
(1) das ,Desorption—Re-Adsorption—Reaktion* Konzept allgemein hin fiir elektrokat-
alytische Reaktionen, welche iiber die Bildung von reaktiven, loslichen Zwischen-
produkten verlaufen, giiltig ist und dass (7i) die Beriicksichtigung von Transportef-
fekten, sowie festgelegte Transportbedingungen fiir das mechanistische Versténdnis
vieler elektrokatalytischer Reaktionen, sogar in Modellstudien, essentiell sind. Auf-
grund ihrer einfachen und wohl definierten Geometrie, stellen die im Rahmen dieser
Arbeit eingefiihrten nanostrukturierten Pt/GC Modellelektroden ideale Testsysteme
fiir quantitative Studien von Massentransporteffekten in elektrokatalytischen Reak-
tionen dar und liefern eine exzellente Basis fiir weitere Arbeiten zur Modellierung
und Simulation der zugrunde liegenden Reaktionen und Transportprozesse.

Zusatzlich zu diesen fundamentalen Gesichtspunkten, ist das Verstédndnis und
die Beriicksichtigung von Transportprozessen hochst relevant fiir technische An-
wendungen, wie z.B. die Sauerstoffreduktions- und Methanoloxidationsreaktion in
Direkt-Methanol-Brennstoffzellen (engl. Direct Methanol Fuel Cells, DMFC'). In An-
betracht der auf Kostengriinden basierenden Tendenz zur weiteren Reduktion der
Katalysatormenge in Brennstoffzellen, konnten grenzwertige Katalysatorbeladungen
unterschritten werden, bei denen eine zunehmende Produktion an unvollstandigen
Reaktionsprodukten, aufgrund des Mangels an aktiven Platzen, auftreten kénnte.
Dieses Szenario konnte die Langzeitbelastung der DMFC aufgrund der Korrosion
der Kohlenstofftrager und Membranschéden (zunehmende Bildung von Hy05) erhe-
blich beeinflussen. Des Weiteren kénnten toxische Produkte wie HCHO, gebildet
wéahrend der MOR, am Auslass der DMFC entstehen.

Demzufolge, ist das Verstandnis und die Beriicksichtigung von Transportprozessen
insbesondere wichtig fiir die rationale Entwicklung von (Direkt-Oxidations-) Brenn-
stoffzellen, fiir die Optimierung der Katalysatorpartikelverteilung hinsichtlich einer
maximalen Aktivitat, die dennoch eine ldngere Lebenszeit garantiert und zusétzlich
den Ausstofl unvollstdndiger Reaktionsprodukte, wie oxidativem HyOs oder toxis-

chem HCHO, bei geringen Katalysatorbeladungen vermeidet.
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