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1 Abstract

Nowadays, the computational or experimental assessment of the activity of catalysts for the
oxygen reduction reaction, the hydrogen evolution reaction and the carbon monoxide
oxidation is a material and time-consuming task. The state-of-the-art electro-catalysts still do
not show the optimal adsorption properties. A simple possibility to influence and evaluate
these properties for various materials is by the targeted introduction of surface defects or
quasi-periodic highly coordinated surface structures like steps or concavities. In this work,
their effect was experimentally investigated using single crystal model systems. As a
theoretical framework, recently developed concept which is based on so-called generalized

coordination number was applied.

It has been shown that on stepped surfaces, hydrogen evolution and oxygen reduction
reaction shows increased activities. Our joint theoretical and experimental study showed
that the highly coordinated concave sites force the adsorption properties closer to the
optimal conditions. However, the introduction of such defects coincides with the formation
of less coordinated convex defects, which adsorb key oxygen intermediates too strong. Their
influence on the adsorbate structure was investigated by “in situ” potentiodynamic
electrochemical impedance spectroscopy and cyclic voltammetry measurements. The results
indicated that already at early potentials (0.06 V vs RHE) hydroxide species adsorb at the
surface and that at the working potential of 0.9 V vs RHE the convex defects are covered by
oxygen adsorbates (*O). The latter influences (weakens) the bonding strength of the sites at
the adjacent terraces and improves the overall activity of the surfaces for the oxygen
reduction reaction. On the other hand, the early adsorption of hydroxide species on the step

edges also accelerates the oxidation of carbon monoxide.

An alternative method to efficiently influence the adsorption properties of active sites
towards the oxygen reduction reaction intermediates is the formation of polycrystalline
alloys with lanthanides. As a suitable descriptor, the atomic diameter of the alloyed metal
which was recently proposed for the polycrystalline surfaces of alloys was used. Its
predictive power was experimentally proven in this work to discover new highly active

towards the oxygen electroreduction alloy, namely PtsPr.

Finally, it is shown that the choice of the cation in alkali metal solutions influences the
adsorption properties of the active sites at the catalyst surface based on their changed
interaction with the first water-layer. Thereby, the nature of the alkali metal cations can

drastically change the activity of electrocatalysts, depending on their surface structure.



2 Acknowledgements

Furst of all, | wowld Uke too thank wmy supervisor Prof Dr. Alaksondsr S.
Bandorenka for guwing me the opportunity to- work ow this unteresting topic, his
guidance and support:

| want to- hank my student Daaio Reuniseh for helping me withv the measurements,
his resudty i alkaline media, proof reading my abstracts and port of my Hresis

| also would Like Jonas H.K. Plisterer for helping me in many aspects of the daily
laboratory Ufe and helping me familiarizing myself withv everyting ot the
university ot the begunning of my PhD.

| also- want to- Hank owr tHheorvetician Dr. Federico- Calle-Vallejo- (University of
Lelden, The Netherlands) for providing the theoretical framework of owr results
oand Wiy frutful collaboration on many popers. In this respect; | also- wandt to- thank
Prof- Dr. Philipp Sauwtet (University of California LA, USA) and David Loffreda
(University of Lion, France) un suecessful efforty too expand this theoretical
framework even furtiver.

I wowld like to- iank Daniel Scieszka and Dr. Faheem Butt for Hhe collaboration,

Special thanks go- to- Stegfried Schwreier and Markuws Hafs for always helping me to-
Umprove Hhe setups and n other technical requivements. n this context; | would
Uke to- thank Manvelo Ritter for her help i dealing witiv the bureancratic
challenges of TUM. Of cowrse, | would Uike to- ihank Maveike Stoller for helping me
withv the obstacles of the IT U the chaiv and for the nice discussions.

Ao, | would like to- thank Dr. Batyr Garlyyev, Yunchang Liang and Dr. Victor
Colic for the successful jount experiments.

Anotiver thanksy go- to- Dr. Jakul Tymoczko, Dr. Quang Huwy Vw, Prof: Dr. Karina
Morgenstern and. Prof: Dr. Wolfgang Schudumann (Rudw-Universitit Bothuim,
Germany) for the productive collaboration on tHie actvity nerease of PH111)
shirfoces ond. their measirements.

| also would like to- thank Philipp Marzak, Sebastian Watzele and Alexander
Wieczorek for their help, support, feedback on my thesis and enjoyable discussions
Funally, | would like to- Hhank the whole chair ECS and all people belonging to- ioF
during Huys tume, which | have not mentioned, for the last Huree yeary and the
enjoyable fimes: Withowt all of yow i would hawve been suciv o great tume.



3 Publications and conference presentations

This thesis is based on the following published and submitted manuscripts as well as
contributions at the international conferences:

3.1 Publications

8. M.D. Pohl, V. Coli¢, D. Scieszka, A. Bandarenka, Elucidation of adsorption processes at the
surface of Pt(331) model electrocatalysts in acidic aqueous media. Physical Chemistry
Chemical Physics (2016) 18, 10792-10799. DOI: 10.1039/C5CP08000B.

7. F. Calle-Vallejo, J. Tymoczko, V. Coli¢, Q.H. Vu, M.D. Pohl, K. Morgenstern, D. Loffreda, P.
Sautet, W. Schuhmann, A.S. Bandarenka, Finding optimal surface sites on heterogeneous
catalysts by counting nearest neighbors. Science (2015) 350, 185-189. DOl
10.1126/science.aab3501.

6. V. Coli¢, M.D. Pohl, D. Scieszka, A. Bandarenka, Influence of the electrolyte composition on
the activity and selectivity of electrocatalytic centers. Catalysis Today (2015) 262, 24-35.
DOI: 10.1016/j.cattod.2015.08.003

5. F. Calle-Vallejo, M.D. Pohl, D. Reinisch, D. Loffreda, P. Sautet and A.S. Bandarenka, Why
conclusions from platinum model surfaces do not necessarily lead to the enhanced
nanoparticle catalysts for the oxygen reduction reaction. Chemical Science (2017) 8, 2283-
2289. DOI: 10.1039/C65C04788B

4. F. Calle-Vallejo, M.D. Pohl and A.S. Bandarenka, Quantitative Coordination-Activity
Relations for the Design of Enhanced Pt catalysts for CO Electro-Oxidation, ACS Catalysis
(2017), 7, 4355-4359, DOI: 10.1021/acscatal.7b01105

3. M.D. Pohl, F. Calle-Vallejo and A.S. Bandarenka, Electrocatalytic active sites for the
hydrogen evolution reaction at Pt electrodes in acidic media, 2017, ACS Omega, revision is
requested

2. M.D. Pohl, B. Garlyyev, V. Coli¢, Y. Liang, F. Butt, A. Holleitner, A.S. Bandarenka, Oxygen
reduction reaction activity of PtsPr in acidic and alkaline media, submitted

1. B. Garlyyev, M.D. Pohl, D. Reinisch and A.S. Bandarenka, The effect of alkali metal ions on
the oxygen reduction reaction on stepped surfaces, 2017, in preparation



http://dx.doi.org/10.1039/C5CP08000B
http://dx.doi.org/10.1016/j.cattod.2015.08.003

3.2 Conference contributions

Oral presentations

ECHEMS 2017, Milano Marittima, 6™ to 9™ June 2017, “Elucidating the relation between surface
structure and electrocatalytic activity of platinum surfaces by the generalized coordination
number”

Poster presentations

6th Colloquium of the Munich School of Engineering, Munich, 7t" July 2016, “Can fuel cell-
catalysts be designed by simply counting nearest neighbors?”

Symposium Electrochemical Energy Conversion and Storage in honor of Prof. Ulrich Stimming’s 70th
Birthday, Munich, 20" October 2016, “Structure-Activity Relations in Electrochemical Oxidation of CO
Molecules at high- and low-index Pt Electrodes”



4 |ntroduction

4.1 Current situation and future challenges

Nature is essentially based on closed material cycles. In these systems, the resources
undergo several chemical transformations and at the end, revert to the starting product, so
that a future supply of the materials is ensured. Several examples of this principle can be
found in nature, for example for oxygen, carbon and nitrogen cycles [1-3]. Unfortunately,
humankind cannot nowadays follow this natural concept in many cases [4, 5]. Especially
since the beginning of industrialization and urbanization, increasing amounts of resources
have been mined without remorse [6, 7]. Figure 4-1 exemplarily illustrates energy-

consuming fuel production of today’s society.
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Figure 4-1: Exemplary human consumption of oil and the connected extensive emission of carbon dioxide (green)
disturbing the natural carbon cycle.

As a result, humankind needs to master several challenges. A major obstacle is that today’s
economy strongly depends on fossil fuels like gas and oil, the supply of which will only last
for a maximum of 50-60 years at the global production of 2016 [8]. Additionally, the
combustion of fossil fuels causes high emission of carbon dioxide, resulting in an imbalance
in the natural carbon cycle (see Figure 4-1) [9]. Moreover, carbon dioxide as a greenhouse
gas most likely contributes to the climate change [10]; although the total impact remains
under discussion [11]. Nevertheless, fossil fuels satisfy a significant amount of today’s energy
demand [12]. Additionally, the energy consumption will increase steadily in the near future
(see Figure 4-2A). From one side, this is caused by the so-called third-world countries’
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steadily growing population. On the other hand, in general, the population in so-called first-
world countries is decreasing; some show however a positive tendency (see Figure 4-2B) [13,
14]. Further countries on the verge of industrialization depend, like their predecessors, on
the consumption of fossil fuels to become developed nations [15]. Especially the transport
sector is challenging, as nearly all transportation in some way depends on the consumption

of oil [16]. This energy cannot be supplied by fossil fuels permanently.
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Figure 4-2: (A) Increasing world energy demand until 2040. It is based on the projections by the American Energy
Information Administration. (B) Increasing world population in total and for the more- and less-developed countries until
2100. Projections are based on data published by the United Nations Population Division Department of Economic and Social
affairs. The black lines are added as a guide for the eye.

Permanently replacing the environmentally unfriendly energy sources worldwide by less
harmful alternatives is mandatory [10, 17]. This is a global effort, which is especially
challenging with the increasing tendency toward protectionism in the developed nations
[18-20]. However, non-developed countries require their assistance to bypass an economy
based on fossil fuels. An additional effect of implementing renewables is an independent
energy economy, which eliminates fossil fuels as a political factor [21, 22]. Preliminary steps
are international political directives like the Paris agreement, which orders the permanent

decrease of carbon dioxide emission by 2% until 2050 and is signed by 194 countries [23].

Unfortunately, the most prominent renewables like solar and wind energy allow no steady
supply of electricity [24-26]. Their performance depends on the hours of sunshine and the
wind velocity, respectively (see Figure 4-3). This results in two opposing scenarios. Under
ideal conditions, an overproduction of electricity occurs, which momentarily can be neither

consumed nor stored. In the opposite situation, the supply is insufficient and the deficiencies
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need to be compensated [26, 27]. The prevalent nuclear power plants are not a suitable
compensation as they face severe issues like high related carbon dioxide emission,
unresolved waste management and limited supply of uranium [28-31]. Unfortunately, the
environmentally friendly “reverse” process, nuclear fusion, is still far from an economical

implementation [32, 33].
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Figure 4-3: Exemplary representation of the energy output for the conventional power plants and renewables wind and
solar energy over several days from 10t to 17th July 2017. The produced energy of the latter strongly depends on the
weather conditions. Taken from [34].

The surplus electricity mentioned above could be stored using an efficient and reversible
storage device like batteries. Unfortunately, their current capacity and efficiency is
insufficient [35, 36]. Already in the transportation sector, as a replacement for combustion
engines, their limited operational range is problematic [37, 38]. Alternatively, the surplus
could be used for the electrochemical production of hydrogen, which would be stored or
used as the fuel [39, 40]. Already in the 1970s, Bockris proposed this concept in the so-called
hydrogen economy [41]. While this was not forgotten for several decades, the interest has

significantly increased recently based on the decreasing availability of fossil fuels [8].

Since its first proposal, the hydrogen economy was significantly refined and updated
towards the so-called hydrogen cycle as shown in Figure 4-4A [28, 42, 43]. According to this
concept, water is electrolyzed with excess electricity from renewable sources to hydrogen
(hydrogen evolution reaction) and oxygen. The former is either stored or distributed to
fueling stations. The distribution remains challenging as the existing gas station network is

not equipped with appropriate gas pumps and gas storage [28, 42]. Appropriate measures
9



were introduced worldwide recently with Germany pioneering by planning to install up to
400 stations until 2023 [44]. Unfortunately, the safe and reversible storage of hydrogen
remains another bottleneck [45, 46]. Currently, the best approach is to store it in pressurized
gas tanks like in the Toyota Mirai fuel cell cars [40]. To regain the stored energy in the fuel
cell, the hydrogen is electrochemically oxidized at the anode side of the fuel cell, while
oxygen from air is simultaneously reduced at the cathode side (oxygen reduction reaction) to

form water as exhaust [47, 48].

(A) (B)
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Energy
Storage & .
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Hzo 2 2 ]
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Production: Combustion: Electrolysis 2 Fuel Cells
Electrolysis Fuel Cells Energy
Energy

Figure 4-4: Visualization of (A) the hydrogen- and (B) Hydrogen/SynthFuel-cycle. Both pictures and concepts are adapted
from [42].

Additionally to the hydrogen cycle, the so-called Hydrogen/SynthFuel-Cycle, as shown in
Figure 4-4B, could be established where alcohol or hydrocarbons replace hydrogen. To
ensure its climate neutrality, all organic reactants need to be prepared from environmental
carbon dioxide by, for example, Fischer-Tropsch synthesis. Additionally, the received long-
chained hydrocarbons can be used for petroleum-based conveyance as climate-neutral fuel.
This allows a slow and economically feasible modernization of the transportation sector over

the impending years [28, 42].

A fundamental aspect of the hydrogen economy is the electrochemical energy conversion in
fuel cells and electrolyzers. For the latter, the increase in efficiency for the hydrogen
evolution reaction (HER) is an important aspect. Nowadays, the current state-of-the-art
catalysts consist of high quantities of expensive platinum or other precious metals to
compensate for their moderate activity [49]. Although the metals show a rather high activity,
their adsorption properties are not optimal. For instance, on Pt(111) hydrogen intermediates

are adsorbed too strongly, namely by ~0.1 eV stronger than the optimum. A binding energy
10



reduction would allow to significantly increase the activity of the catalyst [50]. Similar
problems are observed for the carbon monoxide oxidation (CMO) and oxygen reduction
(ORR) on platinum in fuel cells [51, 52]. The higher amount of catalyst increases the price for
the devices and hinders an economic feasible implementation in the energy storage or
transportation sector. An important angle for this crucial optimization is the identification
and subsequent increase of the amount of sites with optimal adsorption properties. The
importance of catalysis for the modern society notwithstanding, the assessment of these
catalytic centers on materials remains, however, challenging [53]. For instance, the influence
of the surface structure on the activity is shown in Figure 4-5 for the electrochemical
reduction of oxygen on stepped platinum single crystal surfaces. Theoretically, the
introduction of steps should change the activity significantly due to the different adsorption
properties. However, the activity was not easily explainable by the models presented before

in the literature [54].
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Figure 4-5: So-called volcano plot for the oxygen reduction reaction at different platinum and platinum based
electrocatalysts in 0.1 M perchloric acid. The introduction of certain steps into the surface changes the adsorption
properties of the surface towards the optimum and increases the activity. The picture is taken from reference [54].

The development of new catalysts by time and material consuming trial-and-error approach
does not offer any insight into the catalyst structure [55, 56]. An alternative experimental
approach is, prior to the preparation, to investigate model, often single crystal surfaces in
pure electrolytes and derive adequate design principles. The model surfaces offer the

advantage to reveal the structure / activity relations [57]. Although these surfaces are mere
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models, the resulting principles are suitable to derive design concepts for new

nanostructured catalysts.

However, a simple and direct theoretical framework explaining their activity is essential.
Many computational approaches, like density functional theory calculations, are time-
consuming and therefore not always powerful enough for high-throughput screening of a
large array of surfaces for optimal catalysts [53, 58]. Additionally, their predictive power is
limited and, for instance, fails to explain the activity of various nanoparticles [53, 59].
Alternatively, recently developed approach, which is based on the so-called generalized
coordination number (CN), is a simple mathematical geometric descriptor taking into
account the concept of the coordination number in chemistry. It correlates the activity of a
potential catalytic site with its geometry by considering coordination numbers of its
neighboring atoms. The derived structural information can be used for the development of

new catalysts [53].

Another popular catalyst optimization approach is the use of alloyed catalysts, e.g. using
alloys based on platinum. The introduced alloying atoms allow tuning the adsorption
properties depending on their size and electronic structure [52, 60, 61]. Thereby, the
observed changes in properties are influenced by so-called ligand, strain and ensemble
effects; in many cases at the same time [62-64]. A prominent example of this class of
catalysts is Pt3Ni(111) with the highest measured activity for the electrochemical reduction
of oxygen [56]. Nevertheless, such catalysts still face several disadvantageous and require

further optimization.

An additional important factor influencing the activity is the electrolyte composition. In pure
solutions, which are used for electrochemical investigations on single crystals, the nature of
the introduced species is “limited”, i.e. the number of different adsorbates affecting the
activity is low. Still a noteworthy influence of these few kind of ions is observed. Accordingly,
the adsorption properties can be optimized by quantifying the interactions between the
electrolyte components and the electrode surface [65, 66]. On the other hand the activity
can be influenced through the non-covalent interactions when the properties of the first
water layer are influenced by spectator species like alkali metal cations [67, 68]. This might

allow tuning the adsorption properties closer to the optimal value in some cases.
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4.2 Aim of this Thesis

In this dissertation, the activity of single crystal model surfaces is investigated to identify the
active sites for energy relevant reactions such as the hydrogen evolution reaction, the
oxygen reduction reaction and the carbon monoxide oxidation. A fundamental aspect of the
active sites is their optimal adsorption properties for all relevant reactants, intermediates
and, in some cases, the spectator species. In this context, the effect of several factors

influencing the adsorption properties are investigated:

1. Introduction of quasi-periodic defects (all three reactions)

2. Effect of long-lived adsorbates (oxygen reduction reaction and carbon monoxide
oxidation)

3. Targeted introduction of under-coordinated defects and defects with higher
coordination (oxygen reduction reaction and carbon monoxide oxidation)

4. Alloying of Pt with lanthanides (oxygen reduction reaction)

5. Electrolyte composition, i.e. introduction of various spectator species (oxygen

reduction reaction)
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5 Theory

5.1 Heterogeneous Catalysis and electrocatalysis

Heterogeneous catalysis is a fundamental part of the chemical industry [69, 70]. However,
already before the industrial implementation of catalytic processes, first examples are found
in early stages of human development like the fermentation of alcohol. The documentation
and observation of these processes was sporadic and there was no effort to actually explain

these phenomena [71].

In 1835 J. J. Berzelius was one of the first scientist to systematically address this topic and
coined the term “catalysis” [72]. The following years changed the perception of catalysis
significantly. Especially, as it became clear that all reactions can be catalyzed, the interest in
this new field peaked based on the possible savings in energy and, consequently, money
[71]. The assumed working principle of a catalyst at that time was described by Wilhelm
Ostwald. He stated that catalysts just by their presence accelerate the chemical process
without changing the thermodynamic equilibrium [71, 73]. This paved the way for the
establishment of catalysis as an important economical factor and the development of key
catalytic processes. The most important result of those efforts might be the discovery by
Fritz Haber and Carl Bosch, which showed that NH3 can be prepared from two constituents,
hydrogen and nitrogen. Consequently, this allowed the industrial production of fertilizers

and, thus, nowadays, to feed most of humankind [74].

Nowadays, the basic concept of catalysis is understood as follows. A chemical reaction
requires a specific energy barrier to overcome, the so-called activation energy. The catalyst
decreases this energetic demand by taking part in the reaction and forming an energetically
lowered complex. Subsequently, the latter further reacts towards the product, possibly via

several intermediates, while the catalyst in the end is reverted to its initial state [70].

Catalysis can be divided into two basic research fields: In the so called homogenous catalysis
the catalyst and reactant are in the same phase (liquid or gaseous), which requires time and
energy consuming separation of both materials. In contrast, in heterogeneous catalysis, the
reactants and catalysts are in different phases. This simplifies the separation of the catalytic

material and allows to increase of the highly active surface layer [70].
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The catalyst has to fulfill three main requirements: First of all, it needs to be highly active for
the reaction. Its activity is described by the so-called turnover frequency which is derived
from the number catalytic cycles occurring at the active site per time unit under reaction
conditions. Secondly, the catalyst should show a high selectivity towards one product. A
selective catalyst directs the reaction towards a specific product preventing side reactions.
Additionally, the catalyst should be ideally solely active towards the reactant and not react
with other species in the reaction media. The selectivity often remains a bottleneck in
today’s catalyst development. Thirdly the catalyst needs to be highly stable under reaction
conditions for a long period of time. Depending on the catalyzed reaction, the material
needs to be able to withstand harsh conditions like high/low pH’s, temperatures and

strongly oxidizing or reductive environments [58, 75].

An important part of heterogeneous catalysis is electrocatalysis, which focuses on the
catalytic effect of electrochemical reactions on an electrode surface in devices such as fuel
cells or electrolyzers [75, 76]. The interest in this field increased recently based on the
efforts to establish a climate and environmentally neutral transportation sector and energy
storage [75]. In electrocatalysis, the reactions are limited to the electrode surface and are
driven by an electron transfer from the electrode towards the reactant inside the
electrolyte. The applied excessive electrical charge, which can be referred to so-called
electrode potential, allows to control the reaction path. It is an additional variable which
influences the reaction in many cases more effectively than the temperature in
“conventional” catalysis [48, 76]. In the following section, the basics and challenges of

electrocatalysis will be discussed in more detail.

5.2 The Sabatier principle and scaling relations

A fundamental process in heterogeneous catalysis as well as electrocatalysis is the
adsorption of reactants to the catalyst active centers. Basically, adsorption can proceed via
two different mechanisms: The first type is the so called physisorption based on van der
Waals forces between the catalyst centers and adsorbates (reactants). These forces are one
of weakest interatomic interactions; but they work over a great distance and can occur in
several layers. The second, stronger type of adsorption and the most relevant in catalysis is
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so-called chemisorption. It includes bond breaking in the adsorbate and the formation of an

intermediate complex with the surface, which reacts further towards the product [77].

For a reactive surface species, the adsorbate and the catalytic center need to bind to each
other neither too strong nor too weak as qualitatively described by Sabatier in 1911. In case
of a too weak interaction between the center and the intermediate, the intermolecular
bonds are insufficiently weakened and the center is too inactive to catalyze the reaction. In
contrast, too strongly bound species simply block the active sites. However, these

observations by Sabatier were only of qualitative nature [78].

Other important consequences become clear from a closer look at the reaction mechanisms.
Most chemical reactions proceed via several intermediates and transition states at the
surface. Therefore, the optimal adsorption properties for all these states need to be realized
on the electrode surface. The resulting computational efforts to assess all new interactions
would be not feasible for each potential catalyst. Fortunately, various intermediates binding
with the same atom to the surface show linearly scalable adsorption properties on distinct
surfaces. Figure 5-1 shows this concept for the conversion of carbon monoxide and
hydrogen towards ethanol limiting the calculation to a few descriptive intermediates. For the
reactions with several different and relevant adsorbates, like the oxidation of carbon

monoxide, the adsorption properties of all species need to be considered [79].
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Figure 5-1: Scaling relations for 26 intermediates and 16 transition states in the conversion of CO and H; to ethanol (left) as a function
of carbon and oxygen adsorption energies on transition-metal (211) surfaces. Taken from reference [79].
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This relation is mathematically expressed as follows:
AE, = yAE, + & 51
with AE;and AE; being the adsorption energies of adsorbate and adsorbents and y and € are

constants given for adsorbates on a specific crystal facet [80, 81].
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Figure 5-2: Schematic illustration of the Sabatier principle by a volcano plot. Taken from reference [79].

The combination of the Sabatier principle with the scaling relations in the so-called volcano
plot allows quantifying the optimal adsorption properties as shown in Figure 5-2 with the
optimum at the top. In this graph, a representation of the activity for a surface is plotted
against a descriptor related to the surface/interface properties. Thereby, it needs to
sufficiently describe in the best case all surface properties like the surface binding energy or
heat of adsorption. The determination of a suitable descriptor will be discussed later in

detail [79].

5.3 The concept of active sites

In the Langmuir’s first approach to explain the catalytic activity of surfaces, he assumed that
the surface consists of identical and non-interacting sites. This way the whole surface would
be equally active for the reaction. This assumption still holds true for the so-called structure

insensitive reaction.

Langmuir’s idea was further elaborated by H.S. Taylor who proposed in 1925 that not the
complete surface would be active for the reaction. Only sites with specific adsorption

properties, the so-called active sites, would support the reaction [82]. These so-called
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structure sensitive reactions require sites with ideal adsorption properties. Additionally, they
should show a specific electronic and/or geometrical structure supportive for the reaction.

Such sites can be easily distinguished on single crystals as defects, kinks, holes or steps [57].

5.4 Activity descriptor

Identification of active sites requires determination of a suitable descriptor representing the
basic properties of specific sites. While the experimental detection of intermediates and
elucidation of reaction mechanisms are essential, they are not enough for the successful
design of efficient catalysts. A suitable descriptor is the adsorption energies for the
reactants. The volcano plot allows quantifying this property by plotting the latter against the
activity for a reaction. Although this descriptor can be assessed experimentally it is
nowadays mainly determined by quantum mechanical calculations or using other, semi-
empirical approaches. This allows to circumvent time and material consuming trail-and-
error-experiments by following computational achieved design principles. However, even

the computational determination of the activity of rather simple surfaces is still demanding
method.

One of the first computational approaches to quantify the interaction between surface
structures and adsorption strength was published by Hammer and Norskov. Their d-band

model used the energetic level of the d-bands to determine the bonding strength towards

the specific surfaces [83].
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Figure 5-3: (A) Schematic illustration of the bonding between two electronic states for two sharp states (left) and bonding
between the state of an adsorbate and metal surface (right). The states have been broadened based on resonance from the
interaction between metal s band and metal d band. (B) Density of one electron state for atomic hydrogen chemisorbed to
the indicated (111)-surfaces (solid lines). The dashed line represents the density of states (DOS) of the clean metal surfaces.

The Fermi energy is set as zero. The antibonding states resulting from the interaction between chemisorbed hydrogen and
surface are indicated by arrows. Taken from reference [83].
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According to this theory, for transition metals the variations in adsorption energy are
determined by coupling of the adsorbate valence states and the narrow metal d-states (see
Figure 5-3A). A key factor is the energetic level of the antibonding states resulting from the
interaction between adsorbates and surface sites. For instance, for gold and copper these
states are below the highest electronically occupied state, the Fermi energy. Therefore, they
are filled and cause a repulsive force towards the adsorbates. For platinum and nickel, the
antibonding states are above the Fermi level and empty, resulting into a stronger bonding. In
this case, the hybridization energy counters the orthogonalization costs and energy can be
gained. The energetically higher the d-states are, the stronger the bonding will be (see Figure

5-3B) [83, 84].

An alternative extremely simple concept to quantify the adsorption on surfaces of metallic
lattices is the coordination number used in chemistry. This concept describes the amount of
direct neighbors of a central atom. The maximum coordination for e.g. metals depends on
the crystal structure with 12 for fcc, 8 for bcc and 12 for bec and is realized inside the bulk of
the metal. On a pristine fcc-surface surface, atoms are typically nine times coordinated with
six surrounding atoms and three in the bulk of the material. The decreased coordination, in
respect to the bulk, can be compensated by the binding towards adsorbates. The lower the
coordination is, the stronger the central atom will bind most of the adsorbates. The resulting
proportional relationship describes the trend between the lack of direct neighbors and the

tendency to form new bonds based on bond-order conversation [85].

A recently introduced first-order extension of conventional coordination numbers are the
generalized coordination numbers (CN) by Calle-Vallejo et al. [53, 59]. In addition to the
direct neighbors, for CN also the neighboring atoms are weighted by their coordination
numbers with the factor nj/cnmax. The generalized coordination numbers are calculated as

follows:

n

CN(i) = 2 Ccnn(]i 5-2

j=1

with c¢n(j) being the conventional coordination number, n; the number of atoms and cnqy

the maximum atom coordination of the crystal structure. The generalized coordination
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number can simply be adapted to a different crystal structure like bcc or hcp by changing

CNypax towards the maximum coordination of the structure in the bulk. Figure 5-4 illustrates

the calculation for a typical site on a fcc Pt(111) single crystal [53].

Pt(111)

surface

— 6%¥9+3x%12
CN=———77——-=7

12

Figure 5-4: lllustration of the calculation of CN exemplary for an “on top” surface adsorption site at Pt(111) surface.

The generalized coordination number can be calculated for other adsorption sites on

metallic and non-metallic surfaces like bridge, three- and fourfold hollow sites with a

maximum coordination of cn,,,, of 18, 22 and 28, respectively.

The proportionality of the adsorption energies for numerous media for different adsorbates

is plotted in Figure 5-5 for various adsorption sites. As can be seen the linear regression

coefficient in the case of the generalized coordination number is higher in comparison to the

alternative descriptors [53].
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Figure 5-5: (A) DFT calculated adsorption energies for OH* as a function of the generalized coordination number (left)
and conventional coordination number (right) for different adsorption sites. Linear fits and regression coefficients are
also given. (B) Adsorption energy trends for reaction intermediates in the case of the electrochemical reduction of oxygen
on Pty (v) and extended surfaces (*) as a function of CN (left) and the d-band center position. Least-square lines and
regression coefficients are also given for each adsorbate. Taken from reference [53].

5.5 The role of single crystal model systems in electrocatalysis

A possibility to determine influence of the surface geometry on the resulting activity
experimentally is the use of well-defined single crystal surfaces with a limited amount of
different adsorption sites. Understanding the basic principles of such systems allows to
better understand more complex systems like polycrystalline materials or nanostructured

systems.
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Figure 5-6: Possible atomic structures of the basal planes for platinum (fcc-configuration). Taken from reference [57].

For fuel cell applications, the most prominent example is platinum, which is a face centered
cubic (fcc) — metal. Its surface configuration is described by the so-called Miller-indices.
Platinum can have three fundamental basal planes (111), (100) and (110) as shown in Figure
5-6. In this context, the simplest surface is the fcc(111)-configuration with only few
adsorption sites aside from random defective sites, which are always present at the surface

of real electrodes[57].

For a long time, cyclic voltammograms of these simple single crystal surfaces were under
discussion. Based on the lack of a suitable cleaning procedure, the measurements by several
groups showed dissimilar and even contradictory results. For polycrystalline samples, the
cleaning of the surface was done by polishing with alumina powders and subsequent
electrochemical activation. Such a technique is not suitable for the well-defined surfaces as
it would introduce disorder and roughening of the surface of the single crystals. A
fundamental step forward was done by the French scientist Jean Clavilier, who introduced
the flame annealing method. This allowed a general reproducibility of the measured
voltammograms for the single crystal surfaces. Prior to the measurement, the electrode is
annealed in a hydrogen flame to remove possible (e.g. organic) contaminations and increase
the surface mobility of the metal atoms to allow a better reordering. Subsequently, it is
cooled in ultrapure water, covered with a water droplet on the surface and introduced into
the electrochemical cell. The droplet protects the surface from contaminations and other
surface damaging. It was later realised, that specifically more complex surface such as (100),
(110), stepped or kinked surfaces require a reducing atmosphere after annealing due to their

increased sensitivity to oxygen and potential surface disordering [57].

22



Figure 5-7: Pt(775) with indicated atoms making up the seven atom wide (111)-terrace and one atomic (111)-step. The
blue lines are added as a guide for the eye to visualize the single rows.

The more complex surfaces permit to introduce well-defined and periodical adsorption sites
into the surface. This allows revealing of the geometric effects on the adsorption properties.
Interestingly, the introduction of periodic steps has a noteworthy influence on the
electrocatalytic activity of e.g. platinum surfaces towards several reactions like the hydrogen

evolution or oxygen reduction reactions.

The stepped single crystals are also designated using the Lang-Joyner-Somorjei (LJS)-
notation, which was developed to allow an easier description of the surface structures. For
instance, a surface denoted as Pt[7(111)x(111)], consists of seven atoms long (111)-terraces
separated by a monoatomic (111)-step as shown in Figure 5-7. Such periodic features
significantly change the adsorption properties of the surfaces by introducing higher and
lower coordinated defects. To analyse the voltammograms of the stepped single crystals, it
needs to be considered that not all adsorption voltammetric features (peaks) necessarily
originate from different absorbing species. They can also stem from the adsorption of the

same species at different surface sites [57].
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5.6 The electrochemical interface

This section is based on references [86, 87] and references therein. Immersing metallic
electrodes into an electrolyte consisting of inert species results in the formation of the so-
called electrolytic double-layer. In 1853, the first model was proposed to illustrate this
behavior. The electrode and electrolyte sides can in principle be approximated by a parallel
plate capacitor model; this capacitor stores charge electrostatically. Charge carriers arrange
at the phase boundary between the electrolyte and electrode: for the external observer, the

behavior of such a system would remind a “normal capacitor”.

According to the simplest assumptions by Helmholtz shown in Figure 5-8A, the first layer is
formed inside the electrode consisting of the “electrons beneath the electrode surface”. In
direct proximity, counter-ions from the electrolyte arrange to compensate for this excess
charge. While this model describes the constant differential capacitance dependent of the
dielectric constant and the thickness of the double layer to some extent, it completely
neglects the effect of diffusion at the electrolyte side and the specific adsorption of ions at

the electrode surface.

L. G. Gouy and D. L. Chapman complemented the above-mentioned Helmholtz model by the
introduction of a diffuse layer, which took into account the Brownian movement of the ions
in the electrolyte. The distribution of the ions is influenced by the applied potential and the
ion concentration. It changes with the distance from the electrode surface. However, their

model completely neglected the Helmholtz plane as shown Figure 5-8B.

The model shown in Figure 5-8C was proposed by Stern who combined both approaches
[88]. Depending on the ion, the distance between the electrode surface and the Helmholtz
plane will vary with their nature. While some ions can lose their solvation shells and get
closer to the electrode, other may remain at some distance due to its hindrance. These
layers were termed as the inner and outer Helmholtz planes. Following the latter are (i) the

diffuse layer and (ii) the electrolyte bulk.
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Figure 5-8: Schematic representing the electric double layer at a positively charged anode: (A) the Helmholtz model, (B)
the Gouy—Chapman model, and (C) the Stern model. Reproduced from reference [89].

Potentially, ions, solvent molecules and any species inside the electrolyte are able to adsorb
at the electrode surface. The ions can either adsorb due to coulombic forces as a result of
the applied potential, van-der-Waals-forces, or chemisorption. While to some extent the
potential influences the adsorption of anions from the electrolyte to the electrode, some
ions adsorb readily on the surface (so-called specific adsorption, Figure 5-9). Hereby, the

adsorption is stronger for weaker solvated ions.
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Figure 5-9: Generally accepted model of the double-layer region under conditions where anions are specifically adsorbed.
Taken from reference [90].
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The capacitance of the double layer can be calculated from the capacitance of the Stern

layer and the diffuse layer by:

al =\ = T~ 53
Cu  Cair
The capacitance of the Helmholtz double layer can be calculated like for a plate capacitor by:

A

H= "4 54

where €, is the relative permittivity, &, the permittivity of the vacuum, A the electrode

surface, and d the thickness of the “dielectric layer”. The capacitance of the diffuse layer is
calculated, for a binary symmetric electrolyte, under the assumption of a constant relative

permittivity, from

4‘Z€NAADC00 i Zell]D
tuetutngs |, (100

YTy, 2k, T
where z is the valence of the electrolyte species, e is the elemental charge, Ny is the
Avagadro number, ¢, concentration in the electrolyte bulk, Y is the electric potential in
the diffuse layer, T is the temperature, kj, is the Boltzmann constant, and A, is the Debye

length [86].

5.7 Fundamental electrochemical equations

Butler-Volmer-Gruz equation

For a simple electrochemical reaction

where kf and kj, are the rate constant of the forward and backward reactions, these rates

can be estimated by the Arrhenius equation:

=t
k=A'e RT

Where R is the universal gas constant, T is the temperature, —AG" is the standard free
energy of activation, and A’ is the constant frequency factor. From this equation, the Butler-
Volmer-Gruz Equation can be derived, which is fundamental for the electrode kinetics. It

describes the influence of a change in the electrode potential on the electrochemical current
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and allows determining the current density (j) as a function of the electrode potential in

many cases:

agnFn ac.nFn 5-6
j=JT+jT=jox (e RT —e RT )

Where j,is the exchange current density, nis the overpotential, R is the universal gas
constant, T is the temperature, n is the number of electrons involved in the reaction, F is
the Faraday constant, and a./a, are the dimensionless cathodic/anodic charge transfer

coefficients [90].

Tafel equation

A fundamental aspect of electrochemical kinetics is the observed overpotential for
electrochemical, in the most cases inner-sphere reactions. It is considered as a kinetic effect;
and it describes the potential difference between the thermodynamic redox-potential of a

half-reaction and the actual potential at which the reaction occurs. It is defined as:

n=E-E, >/
Where E is the electrode potential under reaction conditions, and E, is the electrode
potential at formal equilibrium. For instance, while in an electrolyzer water splitting requires
more energy for the production of the pure gases, in a fuel cell the produced energy is
decreased relative to the thermodynamically predicted one. By taking the exchange current
density into consideration (j,) and reforming the Butler-Volmer equation, the Tafel equation
can be derived, which helps to correlate the reaction rate and the overpotential:
kgT j
n= v In <]_) 5-8
where kg is the Boltzmann constant, T is the temperature, j, is the exchange current
density, j is the current density, e is the electron charge, and a is the charge transfer

coefficient [90].
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Nernst equation

The open circuit-voltage of an electrochemical cell is determined by the electrochemical

potential of two connected half-cells with

E =FEreq—Eox 59
where E,..;/E,, are the potentials of the half cells in which the reduction and the oxidation

occur, respectively. For a simple electrochemical reaction:

Sox ¥ n€” = Sreq >-10
The Nernst equation describes the dependence of the electrode potential of the redox-

couple on the activity of ionic species.

RT a
E=E0+—ln< Ox) 511
nkF Ared

Where E is the electrode potential, E° is the standard electrode potential of the reaction, T
is the temperature, R is the universal gas constant, n is the number of electrons involved in

the reaction, and a,,/a,.4 are the activity of the oxidized and reduced species [90].

5.8 Effect of the electrolyte composition on the activity

The following description of the cation and anion effects will be limited to the relevant
adsorption of reaction intermediates, which can be met in the investigated systems. This

section is based on reference [91] and references therein.

5.8.1 Effect of cations

The most prominent example for the effect of the cations is the alkali metal cation solutions
because of their broad application spectrum in industry and laboratory practice [92]. The
effect of the nature and concentration of these ions was already observed in 1930s for
several reactions [93]. In the following years, the research focus was shifted towards the
electrode surface; the interest in the catalytic effect of these species was almost completely
vanished. It was assumed that they were just mere spectator species, which do not influence
the reactions. Recently, the interest in the cation species increased due to the improved

understanding of the electrochemical systems and better experimental methodologies [91].
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For instance, an important effect of the alkali metal cations is the changes in the activity for
the electrochemical reduction of oxygen on Pt(111) at higher pHs. Hereby, the activity of the
electrodes increases from lithium containing towards cesium containing electrolytes [94]. As
was shown by the activity measurement and cyclic voltammetry, the ions seem to directly
influence the adsorption of hydroxide on the surface and the formation of oxygenated
species [95]. While this interaction is strong for lithium, it significantly decreases in the case
of cesium. This can be attributed to the different interaction strength of the cations with the
first-water layer. As a suitable descriptor, the hydration energy of the ions was proposed by

Katsounaros et al, which decreases from lithium to cesium [96, 97].

The presence of alkali metal cations influences the adsorption of many reaction
intermediates also in acidic solutions. For instance, the activity of Pt(111) electrodes towards
the electrochemical oxygen reduction is changed, but follows no obvious trends.
Interestingly, the cations seem to have a strong influence if e.g. sulfate anions are present in
the solution. A prominent influence is also observed for the hydrogen evolution reaction on

Pt(111); this electrode shows its highest activity in the presence of Rb*[98].

5.8.2 Effect of anions & pH-Effect

Most of the anion-effects can be accounted for them to be specifically adsorbed as poisons
for the surface [99-101]. For instance, sulfates strongly adsorb at various surfaces and block
the active sites. Consequently, the oxygen reduction reaction activity of platinum in sulfuric
acid media is significantly decreased [102-104]. On the other hand, the negatively charged
perchlorate and sulfate do not hinder the cathodic hydrogen evolution reaction on Pt-
electrodes but change the electrode properties related to the oxygen evolution reaction in
acidic media. The strongly adsorbed sulfates suppress the reactions at the electrode, while

for the only weakly adsorbed perchlorate higher activities are observed [105].

However, it remains challenging to explain some pH effects [106, 107]. In general, the
change in the pH can be attributed to the anion effect, as it is limited to the interaction
between the surface and the negatively charged hydroxide [108]. Based on the contribution
of protons and hydroxide as interacting species, the influence of those should be able to be

described by the Nernst equation [109]. This is not observed even for the hydrogen
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oxidation and evolution reactions at different electrodes and is even more complicated for
many other reactions [110-112]. It should be noted that it is rather difficult to separate the
pH-effect and the contributions originating from the alkali metal cations. The latter are
unavoidably used to create highly alkaline environment. The differentiation of these

contributions requires a suitable model which has yet to be found.

To make correction with respect to the reversible hydrogen electrode in alkaline media, the
hydrogen evolution/oxidation reaction mechanism at the electrode surface must be taken

into consideration. As the first approximation, it proceeds as follows:
2H*+ e~ = H, 5-12
This gives for the redox-potential according to the Nernst equation:
RT [(a’
E=E°+—ln< H+> 513

nkF PH,
Where E is the potential of the half-cell, E® is the standard electrode potential of the

reaction, T is the temperature, R is the universal gas constant, n is the number of electrons
involved in the reaction, ay+ is the activity of the protons in the solution, and py, is the

partial pressure of the produced hydrogen gas. The equation can be rewritten as follows:

RT
E=E°+ n—F(ln(aIZ,+) —In(py,)) 5-14
For this equation, several simplifications can be made:

e py,becomes 1 as hydrogen is bubbled over the platinum at atmospheric pressure

> ln(pHZ) =0
e EO as the standard potential is by definition zero

RT

E = ﬁln(aiﬁ) 5-15

Converting In towards log;, and taking into account all constants gives the pH-dependence

of the potential with pH = logqay+ [90]:

E =—-0.059V = pH >-16
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5.9 Electrocatalytic reactions
5.9.1 Hydrogen evolution reaction (HER)

This chapter is based on reference [113] and references therein. Nowadays hydrogen,
although it is most likely an important future green energy carrier, is mostly produced as a
rather impure waste product of steam cracking under high carbon dioxide emissions [114].
An alternative production method is the electrochemical splitting of water, giving highly

pure hydrogen. The reaction can be simplified as follows:

2Ht*+2e” - H, >-17
An important factor is the reaction mechanism with its intermediates. This reaction can be
described by the following steps (* denotes a surface site or a species adsorbed to the

surface) [113]:

Volmer step: *+H" +e” > H* 5-18
Tafel step: 2H* > H, + 2 * 5-19
Heyrovsky step: H*+H"+e” > H, + * 5-20

While the proton adsorption from the electrolyte to the surface proceeds via a single step,
the so-called Volmer step, the subsequent reaction step can proceed through two
independent ways. In the Tafel reaction two adsorbed hydrogen react with each other and
form hydrogen. In contrast, in the Heyrovsky step the adsorbed hydrogen reacts under the
addition of an electron and a proton from the electrolyte towards molecular hydrogen [113].
The Tafel slope can give valuable insight into the underlying reaction mechanism. In contrast
to more complex reactions such as the oxygen reduction reaction, this reaction seems to
proceed only through one intermediate, which simplifies the assessment of the optimal

adsorption properties.

Noble metal based catalysts

The high price and scarcity of platinum, the typical commercial catalyst for many reactions in

the field of renewable energy, there is a demand for the optimization of Pt-based catalysts.
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For it, the amount of catalyst can be decreased using either nanostructured and/or porous
materials. Based on their advantageous surface to volume ratio the quantity of catalyst can
be decreased in the case of nanoparticles. An alternative approach along the same road is
replacing platinum by less costly alternatives. For instance, a thin layer of the precious
metals (e.g. Pd, Au, Pt) on tungsten carbide or molybdenum carbide shows similar bulk
electronic properties and activities to the pure metal and keeps the stability under reaction
conditions [115-118]. On the other hand, highly active catalytic alloys based on precious

metals can be designed with optimized adsorption properties for the intermediates [119].

Non-precious metals and their alloys

An alternative to precious metals are catalysts based on nickel, which show a high activity
and stability in alkaline media [120]. Such catalysts however undergo reversible hydride
formation, which deactivates the electrode surface and decreases their activity [121, 122].
This problem can be overcome by alloying of the nickel catalysts. The most prominent
example of this class is the Raney®-Nickel, based on an alloy of nickel and Al. Varying the
concentration of the elements allows to tune the catalytic properties of the surface [123,
124]. Similar effects were also observed for alloys with molybdenum, zinc, cobalt, iron or

chromium [125].

A limiting factor for these catalysts in alkaline media is that they do not facilitate optimal
water dissociation [126, 127]. Moreover, in acidic media this class of catalysts corrodes
readily. This can be overcome by encapsulating the materials with e.g. graphene. This
increases their stability in acidic media significantly, while keeping the high activity. This

allows the catalysts to meet the performance of platinum in 0.05 M sulfuric acid [128, 129].

Transition metal chalcogenides

The interest in transition metal chalcogenides increased significantly since 2011 [130-134].
The most prominent example of such materials is molybdenum sulfide with a layered
structure analogous to graphite [135]. Therefore, it will be taken as an example for this class
of catalysts. While the bulk material is catalytically inactive for the hydrogen evolution

reaction, the sulfur-reached edges are highly active [136, 137]. However, most molybdenum
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sulfide structures tend to form close shell fullerene-like structures which eliminate the active
sites at the edges [138, 139]. To prevent this, significant efforts were spent in order to
prepare the thin films and to introduce specific defects [140-143]. The activity of these
catalysts can be further increased by the implementation of metal cations, Ni or Co, as
promoters. These ions decrease the free energy of hydrogen adsorption at the catalyst

edges [144, 145].

While molybdenum sulfide is the most prominent example, catalytic activity was also
observed for tungsten sulfide, molybdenum selenide and tungsten selenide. These materials
showed similar characteristics as molybdenum sulfide [146]. Additionally, non-layered
chalcogenides such as cobalt sulfide, cobalt selenide, nickel sulfide and nickel selenide show

activity for the hydrogen evolution reaction [147-151].

Transition metal carbides

Another relatively cheap alternative to Pt are transition metal carbides with tungsten and
molybdenum carbide as the most prominent examples [152]. According to density functional
theory calculations, the hybridization between the carbides and transition metal results into
a higher electronic density of states at the Fermi-level and a broad unoccupied d-band. This

allows comparable electronic properties as observed for platinum [153, 154].

Based on their different characteristics, the materials show a lower tendency towards
poisoning and deactivation [155, 156]. However, the preparation of tungsten carbide is quite

challenging if considering up-scaling of this technology [157, 158].

Transition metal nitrides

Transition metal nitrides such as molybdenum nitrides are considered to be promising as the
d-band of the parental metal is “modified towards the right side” for the hydrogen evolution
reaction and oxygen reduction reaction. Therefore, it appears similar to VIll-group precious
metals [152, 154]. Like the chalcogenides, their activity can be increased by the introduction

of late transition metals such as Co and Ni [152].
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Transition metal borides

Transition metal borides, such as zirconia boride (ZrB;), are known as hydrogen evolution
catalysts for more than forty years [159]. A more recent example of this type of catalyst is
amorphous nickel boride with good activity in alkaline and acidic media. Their activity is

comparable towards Raney®-Nickel with an improved corrosion resistance [160-163].

Transition metal phosphides

Transition metal phosphides were mostly used for hydrogenation or hydrodesulphurization
and only recently became interesting as catalysts for the hydrogen evolution reaction [164,
165]. Nowadays, they belong to the most active catalysts. However, their preparation

methods still require serious optimizations [113].

Metal-free catalysts

Recently, carbon-based catalysts were established as electrocatalysts for the hydrogen
evolution reaction. However, pristine carbon materials are inert as the catalysts [166]. They
require modifications by chemical methods, such as heteroatom doping, to become
catalytically active [167, 168]. Although, electrocatalytic activity was reported for undoped
carbon nanotubes, it can be assumed that their rather moderate activity originates from the
metal contamination due to the preparation method [113, 169-171]. In general, the activity
of carbon based catalysts can be increased by doping with heteroatoms such as nitrogen,
boron, oxygen, sulfur and fluorine which was demonstrated for graphene nanosheets [167,

168].

Additionally, carbon nitride, as two-dimensional crystal structure, is a recently reported
electrocatalyst for the hydrogen evolution reaction. Although, nanorod arrays showed good
catalytic activities, their specific current density is rather low [172]. It can be improved by
hybridizing it with nitrogen-doped graphene nanosheets. The resulting high activity is
explained by the separated reaction steps on the components provided (according to density
functional theory calculations). Hydrogen adsorbs on the highly active adsorption sites

provided by the nitride component and is subsequently reduced on the nanosheet [173].
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5.9.2 Oxygen reduction reaction (ORR)

In contrast to the hydrogen evolution reaction, the electrochemical reduction of oxygen is
significantly more complex in sense of the involved intermediates process. In general, the

reaction in acidic media can be summarized as follows:

0,+4H* +4e” - 2H,0 521
The reaction mechanism proceeds via either the dissociative or associative pathways, which
are determined by the oxygen coverage. The dissociative mechanism was used for the

modelling of the oxygen reduction reaction on platinum in this thesis [174]:

*+ 0, > 05" 522
0,"+H*+e” > O0OH* 5-23
OOH*+H" +e” -» 0"+ H,0 5-24
0O*+H*+e” - OH* 5-25
OH* +H* 4+ e~ -» %+ H,0 5-26

Hereby it has been determined that the two potential-determining steps are [174, 175]:

e Chemisorption of oxygen from the electrolyte and its subsequent protonation

towards OOH* (combination of step 5-21 and 5-22)

e Protonation of the hydroxide towards water (step 5-26)
A general problem of the oxygen reduction reaction on platinum surfaces is the too strong
binding of all oxygen-intermediates: OOH*, OH* and O*. In this thesis, for the assessment of
the generalized coordination number, OH* is considered as the archetypical intermediate for
this reaction. Due to the scaling relations shown in Figure 5-10, its adsorption properties can
be used as a general descriptor for all the investigated surfaces. As Eon and Eoon are
separated by 3.2 eV, the binding properties of the surface must be balanced out for all
activation energies. Based on this non-ideal scaling, a catalyst with optimal AE, will have a

non-zero overpotential [174, 176, 177].
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Figure 5-10: Binding energies of the oxygen-reduction reaction intermediates plotted against Eon demonstrating their
linear dependency. Taken from reference [52].

In alkaline media the reaction mechanism is not well understood due to the influence of pH,
solvation and polarity of water [110, 178]. Already in 1987 Anastasijevic et al. postulated a
rather complex model for the reaction mechanism on platinum based catalysts (see Figure

5-11) which is discussed elsewhere in detail [179, 180].
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Figure 5-11: Reaction mechanism scheme for the electrochemical reduction of oxygen on Pt-based catalyst surface in
alkaline media. k represents the rate constant of the i-th reaction step. The subscripts denote sa = strongly adsorbed, a =
weakly adsorbed, b = bulk, and * = vincity of disk electrode. Taken from reference [180].

The following section is based on reference [181] and references therein. For the activity of

platinum towards the oxygen reduction reaction, the different low-index single crystal facets
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rank in perchloric acid as follows: (110) > (111) > (100) [182]. In sulfuric acid, the activity of
the (100)-facet is higher than the (111)-facet due to the adsorption of sulfate from the
electrolyte [65]. This observed behaviour inspired the implementation of several complex
nanoparticulate platinum based structures with specific main facets to increase the catalytic

activity [183-185].

The following section is based on reference [61] and references therein. Alternative to the
pure platinum, recently a new type of electrocatalyst became popular which consisted of

platinum alloyed with 3d-transition metals and lanthanides.

The low-index surfaces show a high activity and are relatively stable under electrochemical
conditions. The most prominent example is PtsNi(111) with approximately ten times high
oxygen reduction reaction activity compared to the pristine Pt(111) and a nearly optimal
binding of the reaction intermediates [56, 186, 187]. See the relative activity of various Pt

alloy fcc(111) single crystals for the oxygen reduction reaction shown in Figure 5-12.
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Figure 5-12: Relative activity of platinum alloys fcc(111) single crystals towards the electrochemical reduction of oxygen
in 0.1 M perchloric acid at the working potential (0.9 V) of fuel cells against the hydroxide binding energies. Taken from
reference [61].

The variations in composition introduce an additional degree of freedom to tune the

adsorption properties by three main factors mostly at the same time:

37



Strain-effect

Alloying of platinum with either transition metals or lanthanide results in the
introduction of compressive strain inside the surface layer due to their different
lattice parameter. This strain directly influences the adsorption properties of the
intermediates by changing the electronic configuration of the sites. Interestingly,
alloying Pt with either smaller or bigger atoms results in only compressive strain. The
difference in size of the alloyed materials and the host lattice determines the extent
of the introduced strain. While the effect is negligible for similar sized atoms, it
becomes more prominent in more drastic cases [61, 62, 188].

Ligand-effect

Independent to the introduction of strain, the different electronic characteristics of
the alloyed elements influences the neighboring atoms. Hereby, the introduction of
foreign atoms can significantly influence the electronic structure and change the
adsorption properties of the neighboring atoms. In contrast to the strain effect, the
influence of the ligand effect is limited towards one to maximum five atomic layers
(63, 64].

Ensemble-effect

An additional effect results from the arrangement of the atoms on the surface which
can allow the specific adsorption of an intermediate from the electrolyte. The
configuration of the elements on the surface can result into its activation. For
instance, a bimolecular adsorbate can adsorb in two independent energetically
preferential adsorption sites, like hollow sites, which allows them to be dissociated

[64].

An alternative approach to modify the catalytic properties is the usage of more complex
structural features like steps, which introduce periodic defects [54, 189]. While the limited
adsorption sites on an fcc(111) surface allows estimating the binding energies of the reaction
intermediates from both theoretical calculations and experimental data via a volcano plot,
the influence of steps is not easy to differentiate as strain, ligand effect and steps influence
the electronic properties of the surface at the same time. Hence, the theoretical
identification of their active sites is challenging and the evaluation of the activity is mostly
based on experimental activities. Based on their lower coordination, steps should bind the

intermediates too strongly and deviate more from the optimal conditions. However, alloyed
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stepped surfaces do not follow such trends (see Figure 5-13); most likely active sites are

located at the concavities [61].
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Figure 5-13: Relative activity of various stepped surfaces platinum alloys towards the electrochemical reduction of oxygen
measured in 0.1 M HCIO,4 at the potential (0.9 V, vs RHE) as a function of the estimated hydroxide binding energies. Taken
from reference [61].

For practical catalytic applications, however, polycrystalline alloys (nanostructured thin
films) or nanoparticles are used. However, their broad variety of sites, like various crystal
facets, kinks, steps and defects hinders identification of active sites. Optimizations are
normally done with an insufficient approximation that solely the fcc(111)-facets determine
the activity. Additionally, these catalysts are less stable under electrochemical experimental
conditions. In the case of alloys of platinum, the less noble materials are leached from the
surface area or the near surface layers, especially at defect sites, resulting in the formation
of an unaltered core and a platinum rich outer shell. The unaltered core causes different
interatomic distance between the outer shell atoms which decreases the bond strength
towards oxygen intermediates [188]. This can introduce a high amount of new catalytically
active sites into the surface. The occurrence and complete effect of deploying of such a

methodology will be discussed later in more detail.
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Polycrystalline Alloys or Alloy Nanoparticles
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Figure 5-14: Activity increase for the electrochemical reduction of oxygen for nanostructured (indicated by *) and

polycrystalline Pt-alloy materials relative to pure platinum at 0.9V vs RHE in 0.1 M perchloric acid plotted versus the
atomic radii of the solute elements. Taken from reference [61].

Elucidation of the origin of the activity of these types of catalysts is challenging and requires
another suitable descriptor which is statistically connected to the binding energies of the key
intermediates. Colic et al. proposed a so-called double volcano plot in which the maximal
activity of an alloy catalytic system relative to polycrystalline platinum is plotted against the
atomic radius of the alloyed metal as shown in Figure 5-14. For this approximation, the
investigated polycrystalline alloys need to be put in respect to polycrystalline platinum and
alloyed nanoparticles to platinum nanoparticles of the same size and shape (to account for
the size effect). Additionally, the measurements are limited to 0.1 M perchloric acid to
eliminate electrolyte effects and “conventional” nanoparticles of a convex shape. Hereby,
the activity of the polycrystalline alloy and “their” nanoparticles can differ due to the

potential partial delocalisation of d-electrons on the alloy nanoparticle [61].
The following section is based on reference [190] and the references therein.

Palladium based catalysts

Based on the high price and scarcity of platinum, the research is also focused on palladium
as more abundant and cheaper alternative. However, palladium is significantly less active for
the electrochemical reduction of oxygen [191]. The highest activity was measured for (100)

followed by a significantly less active (111)- and (110)-facet in perchloric acid [192]. The
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activity of palladium can be increased by the generation of nanostructured palladium like

nanocubes and octahedra [193]. However, their stability in perchloric acid is limited [194].

Like platinum, palladium alloys based on transition metals show higher activities but consist
of palladium rich shells and alloyed cores [190, 195, 196]. Alternatively, more sophisticated
structures such as complex nanoparticles and porous structures are also more active [197,

198].
Metal oxides

A different class of catalysts are metal oxides based on group IV and V metals for acidic
media. While they show limited activity for the electrochemical reduction of oxygen, they
are mostly used as a catalyst support. However, another issue is their low electronic
conductivity and lack of the adsorption sites for oxygen species. However, surface
modifications, doping, alloying or highly dispersed nanoparticles allow an increase of their

activity [199-202].

Metal nitrides and oxynitrides

The negligible activity and electronic conductivity of nanoparticulate nitrides can be
increased by doping with oxygen. Based on the “hybridization” of nitrogen with oxygen the
adsorption properties of the formed oxynitrides are optimized [203, 204]. Additionally,
tantalum, niobium and zirconium based oxynitrides are active for the oxygen reduction

reaction [205].

Metal carbonitrides

These catalysts are mostly based on transition metal carbonitrides which show the highest
activities [206-209]. Interestingly, their onset potential for the oxygen reduction reaction can
easily be influenced by the nitrogen content [200]. However, their activity is far behind the

actually required values.

Metal chalcogenides

The important metal chalcogenide catalysts consist of ruthenium selenides and sulphides,
which demonstrated similar activities to platinum in sulphuric acid [210-213]. Through the
coordination of bulk selenium with ruthenium, the semiconductor starts demonstrating

metallic properties due to the electron transfer from the introduced metals [214]. The
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introduced metals act as the active sites for the oxygen reduction reaction [215, 216].
However, problematic for the application of selenium as catalyst, is its toxicity [190]. In
addition, for rhodium and iridium chalcogenides activities for the oxygen reduction reaction

could be demonstrated [217, 218].

Chalcogenides with non-noble metals such as cobalt, nickel and iron are studied for more
than a decade as potential catalysts for the oxygen reduction reaction [219-221]. Based on
their low cost and high abundance, they are suitable candidates to replace platinum. Their

activity ranks from sulphides, selenides towards tellurides [222].

Carbon-based catalysts

Interesting options as replacement of Pt could be iron catalysts based on carbon. The low
price of such a material and its high abundance could make it a suitable alternative [223].
Based on the production method by pyrolysis it is assumed to be of the Fe/N/C type [224,
225]. This class of catalyst still faces several challenges such as low performance, durability
and fast activity loss. This increases the price of fuel cells above platinum based ones. Main
targets for their economical implementation are the improvements of the performance,

durability (at least comparable to platinum) and a decrease in the production costs [190].

5.9.3 Carbon monoxide oxidation (CMO)

The oxidation of carbon monoxide is an important anodic reaction in low-temperature fuel
cells which use at the anode side mild oxidation of small organic molecules. However,
carbon monoxide is a strong poison for platinum based catalysts and needs to be efficiently

oxidized towards carbon dioxide. The reaction can be summarized as follows:

CO + H,0(l) » CO, +2(H* +e7) 5-27
In contrast to the previously discussed mechanism for the electrochemical reduction of
oxygen and the hydrogen evolution, this reaction proceeds via two entirely intermediates
hydroxide and carbon monoxide. Hence, the reaction progress is limited by the adsorption of
both species. For the underlying reaction mechanism, the so-called Langmuir-Hinshelwood

model is assumed [226, 227]:

*+C0(g) - CO* 528
CO* 4+ +x+ H,0(1) > CO*+OH*+H* + e~ 5-29
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CO*+O0H" - 2"+ COy(g)+H  +e~ 5-30
For the conducted experiments carbon monoxide was pre-adsorbed to the surface, so that
the reaction is only limited by the adsorption of hydroxide from the electrolyte.
Consequently, the adsorbates react readily with each other after the adsorption of

hydroxide towards carbon dioxide.

The adsorption of carbon monoxide on the surface can be weakened with nanoparticulated
platinum alloys with other elements like ruthenium, tungsten and iron. On ruthenium,
oxygenated species are formed at lower potentials than on platinum. The formed hydroxide
species then react with carbon monoxide via a bifunctional mechanism. The additional
introduction of transition metals, like Mo, Ru or Sn, influences the electronic structure of the
nanoparticles by electron transfer between platinum and alloyed element which weakens
the bond towards the CO. Theses introduced metals further support the bifunctional

mechanism by their oxyphilic groups [228].

While the use of the support is often limited to the increase of the catalyst dispersion or to
increase mechanical and chemical stability of the material, it can also be used to influence
the electronic properties of the deposited nanoparticles. The metallic support can change
the electronic structure of the deposited electrocatalyst by introducing compressive strain
and the ligand effect. The additional usage of metal oxides based on titanium, tungsten,

cerium and iron allows to further increase the activity of platinum [228].
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5.10 Electrochemical techniques
5.10.1 Three-electrode setup
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Figure 5-15: Schematic visualization of the three-electrode setup used in this thesis with a bead electrode as the working
electrode (WE), a platinum wire as a counter electrode (CE) and the reference electrode (RE) connected to the cell via a
Luggin capillary separated by a ceramic inlet. Taken from reference [229].

The voltage-current characteristics of two electrodes cannot be measured independently for
each other. For instance, it is not possible to monitor the overpotential of the working
electrode without the influence of the counter electrode. Therefore, it is necessary to
implement a third electrode, the so-called reference electrode. The resulting setup used in
this work is shown in Figure 5-15. This allows to measure the potential of the working
electrode reproducibly. As the reversible hydrogen electrode was established as a common
reference electrode in electrocatalysis all electrode potentials are reported versus this
electrode in this thesis. In general, for hydrogen electrodes the following reaction is used on

a platinum electrode:

2H;0%(aq) + 2e~ = H,(g) + 2H,0(1) 5-31
For simplicity in experimental procedures, the reversible hydrogen electrode can be replaced
by a commercial mercury-mercurous sulfate electrode with a determined conversion factor.
This electrode consists of a platinum wire in a mixture of liquid mercury and nearly insoluble
mercury sulfate with potassium sulfate as electrolyte and is separated by a ceramic inlet.

The according reaction is:

Hg,S0,(s) +2e~ = 2Hg(l) + S02™ (aq) 5-32
To minimize the overpotentials at the reference electrode the current density should be kept

at a minimum. Hereby the potential difference between working and reference electrode is
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fixed by a potentiostat with the counter electrode adjusted so that the current is minimized

at the reference.

5.10.2 Cyclic voltammetry
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Figure 5-16: (A) Triangular waveform of the applied potential for the measurement of the cyclic voltammogram and (B) the
resulting voltammogram for Pt(111) with the adsorption and desorption of species from the pure electrolyte. Taken from
reference [230] and [59] supplementary, respectively.

Time

This section is based on reference [90] and references therein. Cyclic voltammetry is a simple
standard method to investigate the adsorption/desorption processes at an electrode
surface. During the measurement, the potential at the working electrode is applied in a
triangular waveform as shown in Figure 5-16A, while at the same time the current is
monitored. With the potentials, also the dependent equilibrium state of the reaction is
shifted linearly. This measurement is usually performed in the potential range from
hydrogen and oxygen evolution reaction on platinum single crystal surfaces. In a pure
aqueous electrolyte like perchloric acid (Suprapur), without any other electroactive species,
only the adsorption/desorption of hydrogen and oxygen layers from the electrolyte is
observed. The measurement is performed from anodic (positive going / lower vertex
potential) to cathodic (negative going / higher vertex potential) currents whereby the
potential is controlled by a potentiostat. Hereby the characteristics of the voltammogram

are influenced by the

e Composition of the electrolyte
e Electrode material
e Potential region

e Scan rate (e.g. 50 mV/s)
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e Scanning direction (anodic to cathodic or cathodic to anodic)

e For single crystals: surface facet

The simplest electrode surface is a single crystal surface. In this case, the surface facets play
a key role in the adsorption of species from the electrolyte. Figure 5-16B shows a typical
cyclic voltammogram for a Pt(111) electrode and its potential dependent adsorption of

hydrogen and hydroxide from the electrolyte.

5.10.3 Rotating-disk electrodes and hanging meniscus — rotating disc electrode measurements

(A) I (B)

Figure 5-17: (A) Setup used in this work with installed rotating disk electrode. Taken from reference [231]. (B) Electrolyte
flow towards a rotating electrode steadily supplying reactant-saturated electrolyte. Taken from reference [232].

The concentration of reactants changes during the investigation of, for instance, the
electrochemical reduction of oxygen at the electrode interface. In this case, the oxygen has
to diffuse from the surrounding electrolyte to the electrode surface. Therefore, the
measured activity would be limited by the diffusion of oxygen. In general, there are three

modes of mass transport in the electrolyte [47]:

1. Diffusion.
Diffusion is plainly based on Brownian movement along a gradient in the absence of
an electric field. The resulting flux (J;;) of a species i can be described by the first
Fick’s law:
Jij = —D d¢;/0x; 5-33

46



with D being the diffusion coefficient for the ions in aqueous electrolytes, c; being
their concentration and x; being their direction.
The resulting variations in concentration, due to e.g. consumption of a reactant, are

taken into account by Fick’s second law:

aCi
Frin D;Ac; 5-34

with t being the time and the difference in concentration. Due to the steady
consumption of reactants at the electrode a concentration gradient is formed in this
direction [47].

Migration.

Migration is cased by a potential gradient applied between two electrodes. This can

be described by the Nernst-Planck-equation, an extension of the Fick’s law:

dc; F

Jij = —D; (a_x,- + ziciﬁEj) 535
with F being the Faradaic constant, z; - the valence of the ionic species, R - the
universal gas constant, T - the temperature and E; - the applied electric field [47].
Convection.

Convection is forced movement based on natural or forced movement of the
electrolyte species like small temperature differences and stirring (e.g. rotating disc
electrode), respectively. It is described by:

]ij = Civj 5-36

with v; being the linear velocity in a specific direction [47].

Especially convection is often used to overcome the diffusion limitations. The steady rotation

of the electrode moves its so-called hydrodynamic boundary. Additionally, it causes the

electrolyte to be removed from the electrode surface by centrifugal forces. With increasing

rotation, this force increases and the flux of saturated electrolyte towards the center of the

electrode is increased. This ensures a steady supply of fresh electrolyte and ensures that the

steady state current is controlled by the flow of the solution and not the diffusion towards

the electrode [233].

A major problem of rotating disc electrodes is the encasing of the cylindrical samples in a

polymer especially in case of single crystals. For the measurement, the encased sample is

dipped a few millimeters into the electrolyte. In case of a not one hundred percent fitting
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encasement, the electrode will experience lateral wetting, which can be seen in the
voltammogram. Additionally, the installation requires taking the electrode out of the inert
gas atmosphere. Thereby the surface of the electrode is easily oxidized and /or
contaminated. An alternative approach is to use so-called hanging meniscus configuration.
Thereby, the single crystal electrode is dipped into the electrolyte and pulled out to establish
meniscus between the electrode surface and the electrolyte. This allows a higher rotation
rate of up to ten thousand rotations per minute and keeping the freshly annealed electrode
under “safe” conditions. Special emphasize needs to be put on the parallel alignment of the
electrode surface to prevent destruction of the electrode and lateral wetting. The
hydrodynamic behavior of the rotating disc electrodes in hanging meniscus-configuration are
extensively discussed by Villulas et al. [232, 234-236]. Accordingly, the limiting current

density (j;;m) can be determined by this modified Levich equation:

1% _
jlim = 0.62 HFD2/3V_1/6Cb(1)1/2 [1 _ ZKR—I (Z)]I/Z 5-37

with F being the Faradaic constant, D the diffusion coefficient, v the kinematic viscosity, cP
the bulk concentration of oxygen, w the rotation rate, R the geometric radius of the
electrode and K the constant for the hanging meniscus. In this work, the influence of K can
be neglected as only negligible values are achieved. Therefore, the kinetic current without
mass transport limitation can be calculated by the Koutecky-Levich equation for first-order-

reactions:

1 1 1

J o Jk * 0.62 nFD2/3y=1/6Cby1/2 5-38

Considering the definition of the limiting current density the equation becomes:

1 _ 1 4 1
J ke Jum 539
Accordingly, the kinetic current density can be calculated by [237]:
PR
2 — 5-40
_Jy.
1 /]lim
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5.10.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a technique which gives information about the
kinetic parameters of a system and can help in forming deeper understanding of the
electrochemical interface. An impedance is a total opposition of the system to ac-current. If

one considers a simple reaction like:

Sox + € = Sreq 5-41

The ac-probing reveals the situation that the interface responds like a “black box” with
capacitors, resistors and other passive elements. The goal of the impedance analysis is to
elucidate the physical model of such a black box and estimate its parameters.
Electrochemical systems in general cannot be described by only linear differential equations.
This limitation can be overcome by applying ac-probing signals of small amplitudes; the
systems in this case behave quasi-linearly. According to the Butler-Volmer equation this
range is limited to values below the thermal voltage defined by kzT/e. An additional
requirement is the “steady-state” during the measurement. This means the system needs to
be stable during the acquisition of the data at stable pressure, temperature etc. Another
important requirement is the causality. The observed response by the system should be
solely caused by the excitation of the system.

In order to simplify the discussion of the models, instead of explicit equations related to the
physical models, so-called equivalent electric circuits (EEC) are used. EEC is a compact
representation of the physico-chemical equations describing the electrochemical systems.
EEC normally consists of a certain number of relevant elements are resistors (R), capacitors
(C), constant phase elements (CPE), diffusional Warburg elements (W), inductances (L) and
some other specific elements. To derive a physical model, the elements can only be
connected according to only few rules originating from the so-called Randles-Dolin-Erschler
approximation: there should be no arbitrary connections. An exemplary equivalent electric
circuit for a single crystal platinum electrode in contact with perchloric acid is shown in
Figure 5-18. The theoretical background of the assessment of the surface coverage will be

discussed in detail later on. The discussion is based on references [238-241].
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Figure 5-18: Equivalent electric circuit revealed for the surface adsorption on Pt(331) and utilized in this work. Taken

from reference [229].

50



6 Experimental

6.1 The electrochemical cell
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Figure 6-1: (A) Schematic and (B) photograph of the electrochemical cell used in this work (1 = electrolyte compartment; 2
= preconditioning compartment; WE = working electrode; DE = dummy electrode; RE = reference electrode; CE = counter
electrode). Depending on the desired measurement the RDE could be disconnected. Pictures were taken from [231].

LN

Figure 6-1 shows a schematic of the setup used in this work. It consists of a preconditioning
cell (2) in which the electrolyte can be saturated with the necessary gases (with separate and
independent gas in- and outlet), a Luggin capillary for the reference electrode (RE) and an
electrolyte compartment for the measurements (1). The setup was protected from
electromagnetic interferences from the rotator controller by a grounded metal shielding.
The electrolyte compartment possesses two independent gas inlets to set up the necessary
atmosphere in the compartment suited for the reactions and to continuously saturate the
electrolyte. To prevent bubble formation at the electrode during continuous saturation of
the electrolyte, the outlet inside the solution is separated by a glass wall. The gas flow was

regulated with water locks at all outlets.

Prior to the measurements all glassware was cleaned regularly with a 3:1 mixture of sulfuric
acid and hydrogen peroxide (both Suprapur, Merck, Germany). Subsequently the
components were boiled out / rinsed multiple times using ultrapure water from an Evoqua

Ultra Clear 10 TWF UV (Evoqua, Germany).

As the reference electrode (RE), a mercury-mercury sulfate (MMS) (SI Analytics, Germany)
electrode was used. The reference electrode was separated by an ion conducting ceramic
inlet or glass frit to minimize the ion exchange and kept in an extra compartment (Luggin
capillary) filled with electrolyte solution. As counter electrode (CE), a platinum wire in direct
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contact with the electrolyte was used. Before introduction of the electrode, the working
electrode was kept at the potential control to prevent damage of the surface by potential
spikes using a dummy electrode (DE). For this, a platinum wire connected in parallel to the
working electrode in contact with the electrolyte was used. All measurements were

performed using a VSP-300 potentiostat (Bio-Logic, France).

All potentials in this work were converted to the RHE scale by a factor determined with a

self-made reversible hydrogen electrode (RHE).

6.1.1 Preparations before electrochemical measurements

As electrolytes, typically 0.1 M perchloric acid and 0.1 M alkali metal solutions were used.
The purity of the chemicals is given at the end of this section. The acid solutions were
prepared by diluting concentrated perchloric acid with ultrapure water. For the 0.1 M alkali
metal solution, the according amount of lithium hydroxide monohydrate, sodium hydroxide
and potassium hydroxide were dissolved in ultrapure water. For the measurement related to
the effect of perchlorate, the electrolyte was prepared by mixing 0.2 M ultrapure perchloric

acid and 0.4 M potassium hydroxide solution.

Before the measurements, the electrolytes were saturated for a minimum of 10 minutes
with the necessary gases in the pretreatment compartment. During the experiment, the

electrolyte compartment was continuously flooded with the same gas.

(A | R (B)

Figure 6-2: (A) Photograph of the setup used in this work and (B) the bead electrode in hanging meniscus configuration.
Picture (A) is taken from reference [231].
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Pretreatment of the electrodes

As working electrodes, three different bead electrodes and three cylindrical electrodes were
used. The specifications for all electrodes can be found in Table 1. For the experiments, the
electrode surface was arranged in parallel to the electrolyte surface in the so-called hanging
meniscus configuration (Figure 6-2B). Prior to each measurement, the platinum electrodes
were annealed three times with an isobutane flame and let cool down for a minimum of 5
minutes in a reductive Ar/CO-atmosphere (1000 ppm CO (4.7) in Ar, 5.0, Air Liquide,

Germany).

The quality of the surface was ensured by measuring the cyclic voltammogram of the freshly
annealed electrode in 0.1M perchloric acid. For the measurements, the electrodes were
introduced into the electrolyte under potential control at a potential of ~0.05 V and
measured in the electrochemically stable range from 0.05 to 0.9 V with a scan rate of 50
mV/s. To determine the quality of the surface, the measured voltammograms were

compared with the state-of-the-art literature data.

Table 1: Measured electrode with their material, surface orientation and form.

Electrode material  Surface orientation Form Literature CV
platinum 331 £ 3[(111)x(111)] Bead-type [242]
platinum 221 2 4[(111)x(111)] Bead-type [242]
platinum 775 £ 7[(111)x(111)] Bead-type [242]
platinum 110 £ 2[(111)x(111)] Cylindrical [242]
platinum polycristalline Cylindrical [243]
PtsPr polycrystalline Cylindrical -

6.1.2 Evaluation of the hydrogen evolution — activity

After the quality assessment, the electrode was introduced under potential control into Ar-
saturated 0.1 M perchloric acid electrolyte and arranged in hanging meniscus configuration.
Subsequently the electrode was cycled in the potential range from -0.044V, -0.036 and —
0.086 V to 0.814 V with a scanning rate of 20 mV/s.
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6.1.3 Evaluation of the oxygen reduction — activity

Prior to this measurement, the electrode was installed into a self-made RDE sample holder,
and the surface was prepared like described above. Subsequently, the cyclic voltammogram
of the electrode in the Ar-saturated alkali metal solutions was recorded. For the activity
measurements, the main compartment and electrolyte were saturated with oxygen (4.6, Air
Liquide, Germany) and the sample holder was installed in the rotator (Pine Eletronics, Grove
City, PA, USA). Subsequently, the working electrode was introduced into the electrolyte
under potential control at ~0.05 V and arranged in hanging meniscus configuration. During
the experiment, the electrode was rotated at different rotation speeds of 400, 625, 900,
1225 and 1600 rpm and cycled in the potential range from 0.05 to ~1.1 V with a scan rate of
50 mV/s. After the activity measurements, the uncompensated resistance of the setup was

determined under experimental conditions (see section 6.3.3).

6.1.4 Evaluation of the carbon monoxide — oxidation activity

After the pre-treatment, the electrode was introduced under potential control into Ar/CO-
saturated (1000 ppm CO (4.7) in Ar, 5.0, Air Liquide, Germany) electrolytes. The electrode
was installed using the hanging meniscus configuration and kept at a potential of ~0.1 V for
40 minutes. During this time, the electrolyte and the compartment were steadily flushed
with the Ar/CO-mixture. After forty minutes, the electrode was dipped into the electrolyte
and the electrolyte was flushed for up to 15 minutes with argon to remove residual carbon
monoxide. Subsequently, the CO stripping voltammogram was measured in a potential

range of from 0.1 to ~0.9 V with a scan rate of 50 mV/s.

6.1.5 Evaluation of the role of the spectator species on the performance of active sites

The pre-treated electrode was introduced into an Ar-saturated 0.1 M solutions under

potential control and measured in the potential range from 0.1 to 1.1 V with a scan rate of
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50 mV/s. Subsequently the activity was measured in the oxygen saturated solution at a

rotation speed of 400, 625, 900, 1225 and 1600 rpm.

6.2 Modification of single crystal electrodes

Based on their defined surface structure single crystal electrodes allow reproducible

introduction of defects onto the surface or other very controllable modifications.

6.2.1 Copper underpotential deposition (Cu UPD) and stripping

On the pre-treated electrode surface, a pseudomorphic overlayer of copper ions can be
deposited from a 0.1 M perchloric acid containing 0.004 M Cu?* ions. The electrode was

introduced under potential control at 0.33 V and kept at this potential for three minutes.

For the measurement, the electrode potential was scanned to a potential of 1.0 V with a
scan rate of 20 and 50 mV/s. The Cu?* containing solution was prepared by dissolving CuO
(99.99 %, Sigma Aldrich, Germany) in ultrapure perchloric acid solution and adding 1 ml of

this solution to Ar-saturated perchloric acid.

6.2.2 Dealloying of Pt(111)/Cu surface alloys

These experiments were performed in Ruhr-Universitat Bochum by Dr. J. Tymoczko. Briefly,
on the Pt(111)-electrode copper was underpotentially deposited as described-above.
Subsequently the monolayer was annealed for ~2 minutes at 400 °C in Ar-atmosphere
containing 5% hydrogen (6.0, AirLiquide, Germany). Then the electrode was annealed twice
in Ar/CO-atmosphere (0.1% CO in Ar) for two minutes at 400 °C. Afterwards it is cycled up to

1.0 V to remove the copper from the surface.
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6.2.3 Galvanic displacement experiments

These experiments were performed in Ruhr-Universitdt Bochum by Dr. J. Tymoczko. A
pseudomorphic overlayer of copper was deposited like mentioned above. The spontaneous
displacement of copper by platinum was achieved by keeping the pretreated electrode at
open-circuit potential in a 0.1 M perchloric acid solution containing 1 mM potassium
tetrachloroplatinate(ll) (99.99 %, Sigma Aldrich, Germany) at room temperature for ten

minutes.

6.2.4 Electrochemical destruction procedures

The pre-treated electrode was cycled 10 times up to 1.72 V in Ar-saturated 0.1 M perchloric

acid solutions.

6.2.5 Experimental assessment of *OH adsorption energies

Cyclic voltammograms characterising certain adsorbate coverages can help to derive the
adsorption isotherms for certain reaction intermediates (illustrated in Figure 6-3) [54, 244].
Cyclic voltammograms are integrated and the derived charge is correlated to the quantity of
the adsorbed species. This requires a well-defined electrode surface and rather separated

voltammetric features.

The difference in binding energy can be derived from the isotherms at the fractional surface
coverage of ©=0.50max. To ensure the validity of this approach several things need to be

neglected:

1. Changing adsorbate-adsorbate interactions
2. Heterogeneity of adsorption sites

3. Changes in the real surface area with the steps density
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Experimental assessment of the OH-binding
energy
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Figure 6-3: Schematics of the estimation of the relative change in *OH energy from the integrated anodic parts of
experimental voltammograms. AUy stands for the change in the OH-binding energy of the surface under investigation
relative to Pt(111)

6.3 EIS-measurements
6.3.1 Assessment of the adsorbate surface coverage

EIS measurements were conducted in the frequency range between 30 kHz and 10 Hz using
a 10 mV amplitude of the probing signals in O;-free and O;-saturated (5.0, Air Liquide,
Germany) 0.1 M perchloric acid. Aspects related to modeling and fitting of large
experimental EIS datasets are reported in detail elsewhere [245] and briefly described
below. To ensure the quality of the measured impedance spectra, the “linear” [246] and
“logarithmic” [247] Kramers—Kronig check procedures were used. The legitimacy of the
model and the accuracy of the fitting were assessed by the root-mean-square deviations and
estimated individual parameter errors using the “EIS Data Analysis 1.0” software (described

in references [248, 249]).

6.3.2 Equivalent electric circuit for the surface limited reversible adsorption

According to Dolin, Ershler [250] and Randles [251], a general model of the
electrode/electrolyte interface is comprised of:

1. Impedance of the electrolyte (Za), which is often approximated by a

(uncompensated) resistance (Ry) [252].
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2. The impedance based on the interfacial charge transfer (Z¢) influenced by mechanism
and kinetics of the electrochemical reactions or mass transport modes [252].

3. The capacitive nature of the impedance of the interface itself (Zi), which is in many
cases described by Zi = C'p. “}(jw)™® with C'o. being proportional to the double layer
capacitance, Cp, and ¢ < 1. When ¢ = 1 C'p. becomes true double layer capacitance

Cot.

Furthermore, they assume for the total impedance, Ziot: Ztot = Zet + (Zi 1 + Z¢ 1) * as illustrated
in the general equivalent circuit shown in Figure 6-4. Z¢ and Z; in parallel account for the
current due to electrochemical processes considered as a “leakage” of the interfacial

“capacitor”.

Figure 6-4: Dolin-Ershler-Randles generalized physical model relating the electrode/electrolyte interface.

Important adsorption/desorption processes in the investigated electrode potential region
are *H, *OH and *O adsorption/desorption. These species originate from water. At high
concentrations of perchloric acid, the diffusional mass transport can be neglected. The
application of small ac-probing signals to a system with reversible single-stage surface
limited adsorption causes the adsorption current, i, and the fractional coverage of the
adsorbate, 6, to oscillate around quasi-steady-state values. The linear dependency of the
response connected to the adsorption process is described by [253-256]:

Ai = (&)AE+ <6i)A9
"= \oE 50 61

A corresponds to oscillating parameters during AC probing. Under the assumption that the
adsorption currents and the current double layer charging are additive, equation 6-1

describes the interfacial impedance (Z) as following:
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-1
Rads + (j(‘)Cads)_1>

where w is the angular frequency; Ra¢s = -1/(0i/3E) is the adsorption resistance; Cads

6-2

Z(jw) =Ry + ((iw)(pCL’)L +

= -Qads(00/0E) is the adsorption capacitance; qags is the charge for the formation of an
adsorbate layer, and j is the imaginary unit (see equivalent circuit in Figure 6-5A). At w > 0
the adsorption model derived from equation 6-2 does not show any continuous pathways for
the direct current. This agrees with the circumstance that at the steady state the direct
current of the surface limited adsorption (*H or *OH adsorption) becomes zero. The model
however allows a direct current flow at non-steady state conditions in a potentiodynamic
scan, enabling the adsorption capacitance to charge. For classical impedance experiments,
Rads determines the ability to distinguish between contributions of the double layer and the
adsorption capacitance Cags. Very fast adsorption causes small Radgs; and Cags is basically

incorporated into the double layer response (Figure 6-5B).

If two adsorption processes with significantly different time constants occur, this allows to

distinguish them with the interfacial impedance given below:

-1
1 1
Z(jw) =Ry + ((fw)(pcz'u + : =t ) _1) 6-3
Rads,l + (]wCads,l) Rads,z + (]wCads,Z)

with Rads,1 and Cags,i and Rags2 and Cags2 describing two adsorption processes (equivalent

circuit is shown in Figure 6-5C).
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Double layer response
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R >> Zy
T ”
R ads Cads Specific adsorption
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J
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Figure 6-5: Revealed physical models of the electrode/electrolyte interface for Pt(331) electrodes in contact with 0.1M
perchloric acid electrolyte. Ry — electrolyte resistance, Zq — impedance of the double layer, Ca4si — adsorption
capacitances, Rqds,i— adsorption resistances.
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6.3.3 Assessment of the uncompensated resistance

The uncompensated resistance for each measurement was determined by measuring the EIS
spectra at high frequencies. The measurements were conducted in the high frequency range
and a 10 mV amplitude of the probing signals. The method is described by Colic et al. in

detail elsewhere [257].

6.4 List of equipment, materials and chemicals

A list of all the equipment materials, and chemicals used in this work is given below.

6.4.1 Equipment

Device Specifications

Potentiostat VSP-300 Bio-logic, France

Rotating disc electrode Pine RDE 710 RDE with Pine Research Instruments,
self-made electrode holder USA

Reference electrode Mercury — Mercury Sulphate SI Analytics, Germany

Water purification systems  Evoqua Ultra Clear 10 TWF30 UV Evoqua, Germany

6.4.2 Materials

Electrodes  Purity (%) Parameter Supplier

Pt(pc) 99.99 diameter: 5mm Mateck, Julich,
roughness: 30nm Germany

Pt(111) 99.99 diameter: 5mm Mateck, Jilich,

oriented better than 0.1° Germany
roughness: 30nm

Pt(110) 99.99 diameter: 5mm Mateck, Jilich,
oriented better than 0.1°  Germany
roughness: 30nm

Pt(331) 99.99 diameter: 2.5mm icryst, Julich, Germany
oriented better than 0.5°
roughness: 50nm

Pt(221) 99.99 diameter: 2.5mm Prof. Feliu, Alicante,
oriented better than Spain
0.05° roughness: 50nm

Pt(775) 99.99 diameter: 2.5mm Prof. Feliu, Alicante,
oriented better than Spain
0.05° roughness: 50nm

PtsPr(pc) diameter: 5mm Mateck, Jilich,
roughness: 50nm Germany

Pt-wire 99.99 diameter: 0.3mm GoodFellow, Germany

(pc)
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Gas Purity Supplier

Argon 5.0 Air Liquide, Germany
Argon/CO-mixture (1000 ppm CO in Argon) Ar:5.0/CO: 4.7 Air Liquide, Germany
Oxygen 4.5 Air Liquide, Germany

6.4.3 Chemicals

Chemical Purity Supplier

CuO 99.99% Sigma Aldrich, Germany
HCIO4(70%) Suprapur Merck, Germany
H.0,(30%) Suprapur Merck, Germany
H,S04(96%) Suprapur Merck, Germany
LiOH*H,0 99.998%, trace select Sigma Aldrich, Germany
NaOH® 99.99%, semiconductor grade  Sigma Aldrich, Germany
KOH* 99.99%, trace metal basis Sigma Aldrich, Germany
RbOH (50%wt solution) 99.9% Sigma Aldrich, Germany
CsOH (50%wt solution) 99.9% Sigma Aldrich, Germany
NaOH* analytic reagent grade Fisher chemical, USA
KOH* Reag. Ph. Eur. VWR Prolabo Chemicals, USA

* Chemicals were used for single crystal measurements.

# Chemicals were used for measurement of the PtsPr alloy activity.

6.4.4 Software

Software Area of application

EC-LAB V 10.44 control and data acquisition from the potentiostats
EIS Data Analysis 1.0 fitting of electrochemical impedance spectra
GetData digitalization of graphs from the literature
OriginPro 2015G - 2017G  data analysis, graphing, and processing
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7 Results and discussion

The activity of state-of-the-art catalysts is limited by their, in general not optimal, adsorption
properties of the intermediates for reactions of this study, namely the carbon monoxide
oxidation, oxygen reduction and hydrogen evolution reaction. To enhance their activity, the
density and quality of active sites need to be increased and improved, respectively. For this,
realizing the optimal adsorption properties on surfaces is necessary by the following

methods:

e the formation of random or periodical defects on pure surfaces

e the change of adsorbate structure at distinct sites by long-lived surface adsorbates in
their vicinity

e the introduction of strains at the surface, which significantly changes the adsorption
properties of the catalytic centers

e the electrolyte composition, which can be designed in order to tune the adsorption
of the intermediates, since even spectator species interact either directly with the

surface or with the first water-layer

In the following sections, these alternatives will be discussed in more detail.
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7.1 The generalized coordination number as an activity descriptor

The assessment of trends in the adsorption energies is a fundamental aspect in
heterogeneous catalysis. Nowadays, they are determined by rather time-consuming density
functional theory-calculations with a significant error-margin of +0.2 eV in comparison to
adsorption energies of only up to 1 eV [258]. A first model based on such calculations, which
is still used today, is the d-band model, as discussed above. Nevertheless, because those
calculations demand a high amount of computational power and time, their application in
high-throughput screening is limited. Additionally, the predictive power of the d-band model
is restricted since sites of completely different nature and structure on the surface show
similar adsorption trends (see table in Figure 7-1). Additionally, the pDOS, cornerstone of the
d-band model, is not able to differentiate key sites at the nanoscale [59, 259-261]. An
alternative rather simple approach are coordination numbers used in chemistry, as discussed
above [85]. Although the coordination numbers perform relatively well for extended
surfaces they do not explain the activity of small nanoparticles adequately due to the finite
size effect. A major problem for both descriptors is that they do not take into account the

geometry of the surface sites.

The so-called generalized coordination number is an extension of the coordination number.
It is a quick and mathematically straightforward method to estimate the activity of a specific
surface site. In contrast to the coordination number, the generalized coordination takes not
only the direct neighbors of the central atoms into account but also their neighbors.
Therefore, the geometry of a potential active sites is considered. Nevertheless, it requires
basic density functional theory-calculations for a single crystal model surfaces as reference

point to determine its optimal adsorption properties [53].
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Facet / site cn CN  &4(VASP)
Bulk (green) 12 12.00 -3.16
111T / terrace center (white) 9 7.50 -2.52
111T / terrace middle (orange) 9 6.92 -2.55
100T / terrace (black) 8 6.33 -2.34
100E (yellow) 7 5.17 -2.33
111E (red) 7 5.00 -2.47
Kink (blue) 6 4.25 -2.36
2AD@100T (hollow) 5 3.25 -2.11
1AD@100T (hollow) 4 2.67 -2.04
2AD@111T(FCC middle-111E) 4 2.50 -2.01
16.42 A 1AD@111T(FCC middle-111E) 3 208 -1.77

Figure 7-1: Generalized coordination number (CN), coordination number (cn) and d-band center (si(VASP)) for several

surface sites on platinum nanoparticle (Pt / right). Taken from supplementary data in [53].

However, for the calculations the detailed knowledge of the crystal structure is essential to

prevent miscounting. Especially in case of more complex surfaces, the counting can become

challenging and in any case double counting of the neighbors needs to be prevented. Figure

7-1 shows the three mentioned descriptors relative to each other. While the d-band model

and coordination number give similar values for different surface sites, the generalized

coordination number takes all geometric characteristics into consideration [53].

Consequently, to determine the actual active sites the generalized coordination is the most

suitable alternative. Based on its simple assessment, it will be used in the following

discussion as sole descriptor to evaluate the contribution of specific sites to the overall

activity of a catalyst.
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7.2 The Hydrogen evolution reaction on model stepped platinum surfaces

Highly efficient catalysts for the hydrogen evolution reaction are an essential part for the
economically feasible implementation of hydrogen for future energy storage. Nowadays
state-of-the-art catalysts consist of high amount of expensive precious metals to
compensate for their moderate activity [49]. Hence, the optimization of the catalyst must
aim at increasing the quantity and activity of the active sites to allow a decrease of the

catalytic materials.

For the analysis, it was assumed that solely the hydrogen intermediates adsorbed on the
surface are important for the activity assessment. Additionally, no predominant reaction
mechanism was considered, following to the approach by Norskov et al. [262, 263]; and the
binding energy of the H-intermediate is considered as the activity descriptor. Surface
diffusion of adsorbed hydrogen is also neglected, which is, however, important for the Tafel
step. Following these concepts, the volcano plot in Figure 7-2 gives the first approximation
on the optimal binding properties [263]. It links the activity trends of pure metals for the
hydrogen evolution reaction with the binding energy of hydrogen to the surface. The binding
energy is derived from density functional theory calculations. While the exact value for the
binding energy also depends on the surface coverage of hydrogen [264], active sites should
have an optimum electronic structure, binding hydrogen slightly weaker (~0.1 eV) than

Pt(111) [50]. Unfortunately, this volcano plot does not provide any further design principles.
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Figure 7-2: Theoretical volcano plot showing the relation between the experimentally measured HER-activities and
calculated binding energies of the H-reaction intermediates. Taken from [263].

Figure 7-3 shows the coordination-activity plot for this reaction. Following its geometric

considerations, one can reveal that the optimal active sites for the hydrogen evolution
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reaction should have higher coordination with a value of the generalized coordination
number of ~7.7. Based on the density functional theory calculations, it can be assumed that
at low or moderate coverages hydrogen does not occupy “on-top” adsorption sites [264].
Therefore, only the bridge and hollow sites are taken into consideration as active sites for

the electrochemical evolution of hydrogen.
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Figure 7-3: (A) Coordination-activity-plot for the hydrogen evolution reaction linking the activity of specific surface sites
and their geometry (SE: step edge / SB: step bottom / AD: adatom on Pt(111)). In the Inset, the correlation between
differential adsorption energies in respect to Pt(111) and the generalized coordination numbers is given. The optimal value
of the generalized coordination number for the hydrogen evolution reaction on platinum is ~7.7. (B) Designated sites from
the coordination-activity plot on single crystals.

Figure 7-4 shows the generalized coordination number of these sites on a Pt(111) surface
with the top site for comparison. While at the bridge sites adsorption of hydrogen is close to
the optimum (CN = 7.33), the threefold hollow sites deviate strongly from the optimum
(CN = 6.95). Optimization is possible by the introduction of foreign metals, which however
potentially decrease the stability of the catalyst. On the other hand, the introduction of
platinum adatoms on the surface has no beneficial effect on the activity of the catalyst. At
these sites, the adsorbates are bond too strongly as illustrated by the generalized
coordination number of these sites with 2.83 and 3.17 for two and three atomic adatomes,
respectively. Alternatively, the activity can be increased by the introduction of periodical
highly coordinated sites without the need of alloying. While such defects are only

sporadically found on pristine Pt(111), they can be formed periodically by the introduction of
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steps into the surface. These beneficial so-called concave defects are found below the step
edges and increase the coordination of the adjacent terrace sites. An example for such
surfaces are Pt(331), Pt(221) and Pt(775) consisting of three-, four- and seven-atomic (111)-
terraces with (111)-steps. In comparison to Pt(111) CN = 6.95, their concave sites get closer
to the optimum with CN = 7.33 for Pt(331). However, the introduction of these defects also
causes the formation of significantly less coordinated three-fold hollow sites at the step
edges with CN = 5.44. These sites bind hydrogen too strongly and are not further considered
as potential active sites. Beyond a terrace length of four atoms, the extension does not
influence the generalized coordination number further with the maximum being CN = 8.05
for the concave and CN = 5.44 for the convex sites. Therefore, Pt(553) was chosen to
represent Pt(221) and Pt(775). However, the concave bridge sites on these surfaces are
closer to the optimal value, giving higher activities. Pt(110), also denoted as
Pt[2(111)x(111)], was not considered due to its reconstruction under reaction conditions and

the resulting formation of longer terraces [265-267].

(A) Top site (B) Bridge site
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(C) Threefold hollow site (fcc)

C_N_9*9+6*12_695
B 22 e

Figure 7-4: Generalized coordination number of the typical adsorption sites on Pt(111) surfaces: (A) top, (B) bridge, and
(C) threefold hollow site for the fcc crystal structure.

Figure 7-5A shows the cyclic voltammograms of the surfaces in argon-saturated 0.1 M
perchloric acid within their area of electrochemical stability. In the relevant potential range
of the cathodic scan from 0.4 to 0.1 V the underpotential deposition of hydrogen on the
terraces is observed. The introduction of steps manifests itself in the additional adsorption
features at ~0.13 V which are attributed to the adsorption/desorption of hydroxide and
replacement of underpotential deposited hydrogen on the step edges. Above 0.5 V, the
hydroxide adsorption on terraces is also observed. The characteristic features of cyclic

voltammograms were taken as a criterion to ensure the quality of the surface [242].
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Figure 7-5: (A) Cyclic voltammograms of Pt(111) and the measured stepped surfaces. (B) Integrated cathodic charge of
the cyclic voltammograms in the UPD-region.

The actvity measurements were performed in argon-saturated perchloric acid in hanging
meniscus configuration to ensure minimal influence of undesired experimental factors [257].
This allows to compare the results to literature values which are performed in hydrogen free
electrolytes [119, 137, 268]. Moreover, the results are not corrected for the IR-drop to avoid
introduction of additional errors and compare the model surfaces under the same conditions
[257]. Because of the difficult assessment of the real exchange current densities, the
experiments were performed under the same conditions and in the same cell geomtery
[137]. Figure 7-6A shows the activity for the hydrogen evolution reaction of Pt(111) and the
stepped platinum surfaces. Indeed, as theoretically discussed, the introduction of steps
increases the activity for the hydrogen evolution reaction. It even allows to achieve similar
activities as the benchmark copper-based near surface alloy catalyst. Figure 7-6B shows a bar
chart associating the activity at a potential of -0.036 V normalized to the surface area of the
electrode. As can be seen the activity, for those stepped surfaces the activity increases
twofold relative to Pt(111) with Pt(775) showing the highest activity. However, the increase

in potential adsorption sites for hydrogen demands a corresponding correction.
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The indicated cathodic charge retrieved by integration (Figure 7-5B) shows a rise in the
available H-adsorption sites for the stepped surfaces compared to Pt(111) in the H-UPD
region. The increase is caused by the different adsorption sites resulting from the steps and
increases for Pt(221) by ~14%, for Pt(331) by ~28% and for Pt(775) by ~45% relative to
Pt(111). Additionally, their isotherms are shifted towards more negative potentials. At the
reference point, at half of the maximal of the adsorbate coverage for Pt(111), the shifts
represent the average differences in the adsorbate binding energies [54, 61, 269]. The shift is
maximal for Pt(221) with ~0.06 V for Pt(221) followed by Pt(331) with ~0.04 V and Pt(775)
with ~0.02V. Taking these results into account the corrected increase in activity is shown in

Figure 7-6C. With the activity ranking as follows:

Pt(221) > Pt(331) > Pt(775) > Pt(pc) > Pt(111)
The assumption that concave sites offer superior adsorption properties compared to plane
Pt(111) agrees well with the observed activity trend. On Pt(221) a high ratio of preferential
sites with CN = 7.33 are found, with increasing terrace length more sites with a lower
generalized coordination number are formed. Consequently, Pt(775) shows a lower activity
than Pt(221). In case of Pt(331) the high activity is caused by the threefold hollow sites at the
step bottoms which are closer to the otpimum with an increase of towards CN = 7.33. Here,
Pt(221) shows an 1.8-fold and 1.5-fold increase in activity relative to Pt(111) and

polycrystalline platinum, respectively.
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Figure 7-6: (A) Activity comparison of the hydrogen evolution reaction for all measured electrodes in argon-saturated 0.1
M perchloric acid in comparison to Pt(111) and a copper based platinum near surface alloy. (B) The activity of the
surfaces in comparison to pristine Pt(111) and polycrystalline platinum at -0.036 V. (C) Activity of the surfaces corrected
for the number of hydrogen adsorption sites. The reference data for the near surface alloy was taken from [269].

In contrast to the statements elsewhere [270], these results indicate that the hydrogen

evolution reaction is indeed structure sensitive. Interestingly, on Pt[n(111)x(100)] only

a

twenty percent improvement is observed which only differs from the investigated surface by

(100)-steps instead of (111) (compare Figure 7-7) [270]. While surface coordination is

a

primary factor to enhance the activity, also step symmetry is important to define water

solvation [87, 271].
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Figure 7-7: Relative “apparent” exchange current densities for Pt[n(111)x(100)] surfaces. Data taken from [269].
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To conclude the introduction of steps causes an increase in the activity for the hydrogen
evolution. This indicates that this reaction is indeed structure sensitive. The most active sites
are the bridge and hollow sites with the generalized coordination number ~7.7. From the
experimental results one can conclude that the activity increase is limited towards concave
defects with (111)-terraces and (111)-steps. The optimal step density is achieved by Pt(221)
also denoted as Pt[4(111)x(111)]; the latter demonstarate the highest hydrogen evolution

activity for the pure Pt surfaces ever reported in the literature.
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7.3 Oxygen reduction reaction at Pt surfaces elucidation of the nature of active sites

The electrochemical reduction of oxygen is an additional integral part of the hydrogen
economy [272]. The reaction occurs in the fuel cells and limits their efficiency due to its
sluggish kinetics [75, 273-277]. Nowadays, electrocatalysts for fuel cells mostly consist of
expensive precious metals. The metal of choice is Pt and its alloys due to their nearly optimal
binding energy, (as illustrated by the volcano plot in Figure 7-8) and stability in strongly

alkaline and acidic environment [52, 278-280].

0.0
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Figure 7-8: Oxygen reduction reaction activity volcano plot for different transition metals with (111)-surface
arrangement. The theoretically assessed activity is plotted versus the oxygen binding energy. Taken from reference [281].

The identification and the subsequent optimization of active sites for this reaction would
help to decrease the overpotential [90]. Nowadays, the moderate activity of most state-of-
the-art catalysts is compensated by uneconomic amounts of catalytic material which limits
the prevalence of fuel cells in the transportation and energy sector [282-285]. Therefore,

identifying the active sites for these reactions is an important task.
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7.3.1 Oxygen reduction reaction on Pt(111)

While pristine Pt(111) offers beneficial adsorption energy of hydroxide, its adsorption

properties are still not optimal.

The active sites for the oxygen reduction reaction are found on “top” sites [286]. The bond
strength toward the adsorbate is proportional to the coordination of the surface atoms

resulting into a weaker bonding at higher coordinated sites [53, 59, 287-290].

In Figure 7-9A, the coordination-activity plot for the electrochemical reduction on oxygen is
shown. It correlates the geometry of a surface site, through CN as a descriptor, with the
activity of the site. While adsorption energies derive with optimal adsorption properties [52,
174, 291], structural parameters (like CN) identify the optimal geometry of an active site. If
CN is used as descriptor, the intersection between both potential determining steps gives
the optimal value for the generalized coordination number for the active site. In case of the
oxygen reduction reaction this value is 8.3, agreeing with energetic volcano plots, indicating
that the optimal catalyst requires a ~0.13-0.15 eV weaker binding of the adsorbate relative
to pristine Pt(111) with CN = 7.5 [51, 52].
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Figure 7-9: (A) Coordination-activity plot correlating the activity for the electrochemical reduction of oxygen with the
geometry of sites on pristine Pt(111), defective Pt(111) with cavities and nanoparticles. The potential determining steps
are indicated on the too strong (left) and weak (right) binding side of the volcano. Resulting (B) six and (C) five atomic
cavities after treatment of the pristine Pt(111) with different methods with indicated coordination numbers. The resulting
generalized coordination number is indicated below each picture. Taken from reference [59].
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On pristine Pt(111), such higher coordinated sites are only randomly encountered at defects
like steps or cavities. Therefore, the intermediates for the oxygen reduction reaction are
generally bound too strongly to the surface. However, based on these theoretical
assumptions highly active catalyst can be prepared without alloying. Hence, the optimal
material should possess sites with an increased coordination of the surface atoms.
Therefore, the controlled introduction of higher coordinated cavities into the surface should
increase the activity of Pt(111) for the oxygen reduction reaction. Figure 7-9B and C show
these “optimal” surface defects as six- and five-atomic cavities with CN = 8.00 and CN =
8.17 at the center, respectively. These sites are closer to the optimal value of CN = 8.3 for
the electrochemical reduction of oxygen on platinum and should increase the activity of the
surface. Such highly active catalysts can be engineered by treating Pt(111) with different

methods (illustrated in Figure 7-10):

(A) The selective electrochemical stripping of copper atoms from a Cu/Pt (111) top layer
[227].

(B) The ionic exchange of copper atoms from an electrochemically generated overlayer
[292].

(C) The reduction of subsurface generated platinum oxide by a cathodic potential sweep

causing the desorption of platinum from the surface [293, 294].

These surface treatments form desired six-atomic and undesired five-atomic cavities

increasing the activity of pristine Pt(111).
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Figure 7-10: Schematic representation of the surface treatment to introduce defects into pristine Pt(111) by (A) de-
alloying, (B) galvanic displacement and (C) electrochemical destruction. Adapted from reference [59].

After the surface treatment, the samples showed increased activity for the electrochemical

reduction of oxygen by up to 3.5 times at the reference potential 0.9V (see Figure 7-11).
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Figure 7-11: Kinetic current of the treated surfaces in comparison to pristine Pt(111) (black) and polycrystalline platinum

(dotted). ED and SA stand for the electrochemically destroyed surface and the treated surface alloy. 1GD and 5GD
indicated the one- and five-time galvanic displaced sample, respectively. Taken from reference [59].
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The surface treatment, as shown in Figure 7-12, influences the adsorption properties of
pristine Pt(111) significantly by the formation of new sites. On pristine Pt(111) in the region
from 0.06 up to 0.4 V solely the reversible adsorption of hydrogen is observed. After the
surface treatments, a peak at the potential of ~0.06 V is formed. This feature is also
observed on stepped platinum surfaces and attributed to the replacement of
underpotentially deposited hydrogen by hydroxide at step edges. Accordingly, the formation
of cavities on the surface results into similar low coordinated sites on Pt(111); these so-

called convex defects are found at the border of the cavities and are responsible for the
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adsorption feature. The convex defects, as their coordination is decreased in respect to
pristine Pt(111), bind oxygen too strongly and are not responsible for the high activity of the

surfaces.
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Figure 7-12: Cyclic voltammograms (left) of pristine (dotted line) and treated (solid line) Pt(111) measured in argon-
saturated 0.1 M perchloric acid with a scan rate of 50 mV/s. Their integrated anodic charges is shown on the right. The
different treatments results in the formation of new adsorption sites on the electrodes with a weaker binding of *H and
*OH. Taken from reference [59].

Between the potential of 0.4 and 0.6 V, the contribution of the double layer charge is
observed for treated and untreated Pt(111). Above a potential of 0.6 V the adsorption of
hydroxide on the (111)-terraces is observed with the so-called “butterfly”-peak at 0.8 V on
pristine Pt(111). The latter is attributed to the order and disorder phase-transition in the
hydroxide adsorbate-layer [295]. The *OH adsorption potentials theoretically derived from
volcano plots are in good agreement with their experimental onset potentials [52, 60]. On

the treated surfaces, the hydroxide adsorption on the terraces is moved to more positive
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potentials. This emphasizes a weaker interaction between the hydroxide and the surface.
The peak caused by the order/disorder phase transition is significantly diminished in
magnitude for all samples. Therefore, it can be assumed that the treatment introduces a

broad variety of new sites into the surface.

In the following, the introduced defects were characterized by different methods separated
by their method of preparation. Figure 7-13A shows a typical AFM picture of the Pt(111)-
surface after galvanic displacement. The surface is covered by platinum islands with an
uniform defect density of roughly 25 defects per um?. Due to the tip geometry, the defects
appear quasi rhombic, emphasizing, that the defects are too small for this imaging method.
From Figure 7-13B and C the height and area distribution can be estimated. The islands show
the most frequent height of 1.1 nm with the mean value of 1.3 + 0.4 nm and exceptional
values like 2.5 nm. In lateral dimension, the values are highly uniform with 34.9 + 5.6 nm

with the median at 35.1 nm.
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Figure 7-13: (A) Typical AFM image of the Pt(111) surface treated by one galvanic displacement procedure and (B)
distributions of the defect dimensions. Taken from reference [59].

The desired highly coordinated defects with a decreased bonding towards hydroxide are
found in between the protruding islands. The islands increase the coordination of the
neighboring atoms and a weaker binding towards adsorbates is achieved. Figure 7-14 shows

the positive shift of the integrated anodic parts of the voltammogram for pristine Pt(111),
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after one and five cycles of galvanic displacement. As can be seen, one cycle only introduces
a limited amount of new adsorption sites. The amount can be significantly increased with
additional cycles. The resulting increase in activity by 3.5 times (compare Figure 7-11) cannot
be explained by the 15% more adsorption sites on the surface derived from the volumetric
data. Accordingly, the concave defects introduced by this method decrease the surface

bonding compared to untreated Pt(111).
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Figure 7-14: Positive shift of the integrated anodic parts of the voltammogram resulting from the galvanic displacement
after one and five cycles. Taken from reference [59].

In comparison, the electrochemical destruction of the surface results into the formation of
large concave defects on the surface. Hereby the number of cycles determines their
dimensions. Hence, especially after ten cycles to a vertex potential of 1.72 V, the surface is

covered by relatively big cavities with a broad distribution of cavity sizes.

In contrast to the former methods, the electrochemical destruction introduces a broad
variety of cavities. Figure 7-15A shows a typical AFM image of the electrochemically
modified surface. The surface is covered by a significantly lower number of defects with 0.08
per um? in comparison to the galvanic treatment. Nonetheless, the bigger diameter of the
defects allows determining their exact dimension by AFM measurements. The formed
cavities are round and elliptical, and an order of magnitude deeper, in the range from 10 to
70 nm, in comparison to the galvanic displaced surfaces (compare Figure 7-15B). The 1.06 *

0.41 um wide cavities are separated by 20 nm and coalesce with other defects.
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Figure 7-15: (A) Typical AFM picture of the electrochemically destroyed Pt(111) surface. The surface was cycled ten times up

to 1.72 V. (B) Line scan of the specific path shown in (A). (C) Corresponding AFM-statistics of the magnitudes of the
introduced defects. Taken from reference [59].

Of primary interest are the small cavities most likely found on the terraces resulting in the
increase in activity. Figure 7-16A shows a fragment of the treated surface with a large and
shallow cavity and a terrace with three line-scans (compare Figure 7-16B). The scan gives an
overview over the cavities relative to the untreated terraces. The differences indicate that
the amount and depth of defects are larger for both surfaces with the desired adsorption

sites found below the step edges.
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Figure 7-16: Fragment of the electrochemically destroyed Pt(111) surface after ten cycles (A) and the corresponding line
scans (B). Taken from reference [59].

Figure 7-17A shows the cyclic voltammogram of the treated Pt(111) after one and ten cycles
to the vertex potential of 1.72 V. As can be seen after ten cycles the peak at 0.12 V
attributed to the hydroxide adsorption increases. Hence, it can be assumed that the longer
cycling introduces a higher number of adsorption sites with increased coordination.
Additionally, the peak resulting from the adsorption of hydroxide on the terraces is moved
to more positive potentials indicating a weaker binding towards the adsorbates after ten
cycles. This is further supported, by the movement of the integrated anodic charge towards
more cathodic potentials by ~ 35 mV. This indicates, in agreement with the atomic force
microscopy data, a significant degree of site heterogeneity on the surface which additionally

hinders the completion of the OH*-H,0* adlayer.
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Figure 7-17: (A) Cyclic voltammograms of the electrochemically destroyed Pt(111) surface after one (red) and ten (blue)
cycles. (B) Integration of the anodic parts of the voltammograms in the electrode potential range of *OH adsorption
measured with a scan rate = 50 mV/s in argon-saturated 0.1 M perchloric acid. Taken from reference [59].

To shed further light on the quantifiable effect of the electrochemical destruction, the
measurements were performed in 0.1 M perchloric and 0.05 M sulfuric acid. Although, the
inertia of perchlorate anions in the electrolyte was questioned recently [267, 296], perchloric
acid is still used in these kind of measurements as a standard medium due to its assumed
minimal anion adsorption on the electrode or influence on the surface adsorbates [297]. In
comparison, sulfuric acid is used to simulate similar conditions as in PEM fuel cells. Anyhow,
sulfate ions influence activity of the surface more than the sulfonate groups usually found in

the NAFION polymer [298, 299].

Figure 7-18 shows the effect of the electrochemical destruction in dependence of different
vertex potentials in the above-mentioned electrolytes. As descriptor for the activity the
halfwave potential is plotted against the number of cycles. In both electrolytes, the highest

activity is achieved after several cycles to the vertex potential of 1.72 V. Interestingly, the
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half-wave potential is increased three times in sulfuric acid with 89 mV in comparison to
perchloric acid with 30 mV. This enhancement is attributed to the effect of the surface
structure on the bi(sulfate)-layer. For once the higher coordinated sites show a significantly
weaker binding towards the sulfate. On the other hand, a stable bi(sulfate)-layer is formed
on the plane electrode which competes with oxygen for the adsorption sites on the surface
[300]. It seems the introduced defects and cavities hinder the formation of such a layer.
Consequently, the concave sites responsible for the high activity of the surface become

available for the adsorption of oxygen from the electrolyte.
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Figure 7-18: Effect of the electrochemical modification with respect to different vertex anodic potentials which were 1.32
V (blue), 1.52 V (red) and 1.72 V (olive) in oxygen-saturated 0.1 M perchloric and 0.05 M sulfuric acid as an electrolyte on
the activity (dotted lines are a guide to the eye). As a suitable descriptor, the change in the half-wave potential (AE1/) is
plotted against the number of cycles. The measurement was performed with a scan rate = 50 mV/s at 1600 rpm. Taken
from reference [59].

To ensure that the increase in activity is caused by the coordination of the new sites and not
by the increase in surface area, polycrystalline platinum was cycled in 0.1 M perchloric acid
under the same conditions. Figure 7-19 shows the half-wave potential of the electrochemical
reduction of oxygen on this electrochemically destroyed surfaces. The activity increase on
the polycrystalline platinum is negligible with 5 mV in comparison to Pt(111). This increase
can be attributed to the different corrosion mechanisms on both surfaces. Accordingly, it can
be assumed that the increase of activity for Pt(111) is not caused by the increased amount of

adsorption sites but the improved adsorption properties of the targeted defects.
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Figure 7-19: Half-wave potential of the oxygen reduction reaction in the pre-treated electrolyte as function of the
oxidizing cycles up to a vertex potential of 1.72 V with the scan rate = 50 mV/s. The dotted line is a guide to the eye.
Taken from reference [59].

As structure-sensitive reaction the analysis of the electro-oxidation of carbon monoxide can
shed further light on the surface structure after the electrochemical oxidation [301]. Due to
the adsorption of carbon monoxide on platinum prior to the experiment, the potential-
determining step for this reaction is the formation of hydroxide species on the surface.
Hydroxide adsorbs early at undercoordinated sites on platinum [302]. Accordingly, it can be
assumed that convex defects, adatoms and kinks are the active sites and starting point for
the oxidation. This topic will be discussed in detail later. The hydroxide formed reacts readily

with carbon monoxide close to the undercoordinated sites to form carbon dioxide.

Figure 7-20 shows the stripping voltammogram for the stepped surface Pt(331), pristine
Pt(111) and electrochemically destroyed Pt(111) (1 and 10 cycles). The peaks for the

oxidation are in the following order:
Pt(331) = Pt(111) = Pt(111)1p0 > Pt(111)100

This agrees with the formation of hydroxide in the different surface structures. On a stepped
surface, like Pt(331), it is known that the oxidation of carbon monoxide is observed at low
potentials, between 0.55 and 0.75 V, due to the early adsorption of hydroxide [302]. Both
species readily react on the same short three-atomic terrace. In comparison, on pristine
Pt(111) such defects are only randomly found. Accordingly, the reaction on this surface
starts at more positive potentials, between 0.7 and 0.78 V, with the formation of hydroxide
on the terraces. On the treated surfaces, the oxidation of carbon monoxide should occur in
two steps. The first step should start at similar potentials as for pristine Pt(111) with the

formation of hydroxide on the terraces at 0.7 V. Followed by the hydroxide formation in the
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highly-coordinated cavities and the subsequent reaction with the adsorbed carbon
monoxide. As the diffusion of hydroxide from one terrace to another is kinetically hindered,
it can be assumed that the reaction in the cavities starts at significantly higher potentials.
This can be seen as strong shoulder at 0.76 V resulting from the oxidation of carbon
monoxide on the remaining terraces. This shoulder peak becomes even smaller after ten
destructive cycles indicating the destruction of further terraces. Additionally, the long tail of
the shoulder peak for both treated surfaces demonstrates a wide variety of new sites.
Hence, it can be assumed, that the electrochemical cycling introduces a broad diversity of

cavities.
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Figure 7-20: Carbon monoxide stripping voltammograms of the differently treated Pt(111) surfaces. Taken from reference

[59].

To conclude this chapter all three methods increase the activity of Pt(111) by introducing
highly coordinated defects into the surface. The galvanic displacement results into the
formation of protruding adatoms with the active sites in-between these islands. In contrast,
the selective stripping of copper atoms from the surface alloy results into the formation of
highly coordinated cavities on the surface. The electrochemical destruction introduces

similar cavities with abroad variety of adsorption sites.
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7.3.2 Adsorbate surface coverage of stepped single crystals

The binding properties of active sites are strongly influenced by the adsorbate structure on a
platinum surface. While the influence of short-lived or highly mobile species such as
hydroxide can be neglected as they are part of the first water-layer, permanently bound
species like bi(sulfate) must be taken into consideration [65, 297, 303, 304]. Such adsorbates
bind towards the surface at energetically different sites and potentially limit the adsorption
of a specific reactant from the electrolyte or change the adsorption properties of the
adjacent surface sites. At 0.9 V, the working potential of fuel cells, it is assumed that the
steps are most likely irreversible covered by adsorbed oxygen [54, 305]. Already at early
potentials this blockage is observed, after the desorption of underpotential deposited
hydrogen in argon-saturated acidic electrolytes [52, 54, 305]. This hypothesis and additional
experimental data can explain the observed trends in activities of Pt[n(111) x (111)] and
Pt[n(111) x (100)] within the existing theoretical framework [54]. They are further supported
by the assumption that the active sites for the electrochemical reduction of oxygen are
found on the terraces with optimal binding properties for short terraces [54, 306]. Anyhow,
the differences between Pt(111) and stepped surfaces remain unclear. Especially the in situ
assessment of the adsorbate structure remains challenging as the intermediates such as
hydroxide are highly mobile and are most likely part of the first water-layer [297, 303, 304,
307-309]. Nevertheless, the adsorbate structure and its effect on the electrocatalysis of the
oxygen reduction reaction maybe assessed based on reference points from quantum
chemistry calculations and experimental results. A simplified model at various potentials can
be proposed based on voltammetric and potentiodynamic electrochemical impedance

spectroscopy in oxygen-saturated and oxygen-free electrolyte.
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Figure 7-21: (A) Cyclic voltammogram of Pt(331) and Pt(111) in 0.1 M perchloric acid measured with a scan rate of 50
mV/s. (B) Total integrated charge of the voltammogram (corrected for the double layer capacitive current / scan rate: 50
mV/s). The difference of ~30 uC/cm? results from the adsorption of OH on the steps on Pt(331). Each point can be
correlated to a specific surface coverage.

The adsorbate coverage of an electrode is amongst other things determined by the working
potential, the ions in the electrolyte, the surface structure and the electrode material [51,
54, 67]. For a well-defined platinum electrode in highly clean (Suprapur®) 0.1 M perchloric
acid the influence of the last two parameter is negligible. In such a pure electrolyte only
hydroxonium- and perchlorate-ions are present. A direct influence of the latter can be
neglected as it is assumed that perchlorate does not adsorb onto the surface [297]. A simple
characterization method of the potential influence on the surface coverage is the cyclic
voltammogram. Figure 7-21A shows this characteristic measurement of Pt(111) and Pt(331)
in 0.1 M perchloric acid. Both electrodes show specific adsorption features resulting from

their unique surface structures. For instance, on Pt(111) in the potential range from 0.05
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towards 0.4 V the measured current is attributed to the reversible hydrogen
adsorption/desorption. At 0.13 V a small peak caused by the OH adsorption at defects on the
extended Pt(111)-surface is visible [310]. These surface structures are sporadic on the total
surface and contribute only marginally. In the potential range from 0.4 to 0.55 V
contribution of the double layer is observed and followed by the hydroxide-adsorption on
terraces between 0.55 and 0.9 V, with the so-called “butterfly-peak” at 0.8 V due to the
order/disorder-transition of the OH-surface layer on the (111)-terraces [310]. On Pt(331) the
intensity of the peak at ~0.13 V increases which is commonly attributed to the reversible
adsorption of hydrogen on the steps [311, 312]. Integration of the anodic currents reveals a
significant difference in the total integrated charge. It origins from the different surface
coverage of both investigated surfaces as function of the applied potentials. In case of
Pt(331) the charge is increased by a value of ~30 uC/cm? in the region of the anodic
processes (Pt(111) = ~160 uC/cm? / Pt(331) = ~190 uC/cm?). At the working potential of ~0.9

V the integrated charge for both surfaces are close to ~280 uC/cm?.

To determine the origin of this difference, potentiodynamic electrochemical impedance
spectroscopy can be used on platinum model surfaces. While on Pt(111) the differentiation
of the Faradaic processes from the double layer capacitance charge in the potential region
from 0.05 to 0.4 V is not possible, on Pt(331) several Faradaic processes in this region are
identifiable based on the equivalent electric circuit (EEC) for the reversible surface limited
adsorption as illustrated in Figure 7-22A. See experimental section and reference [313] for
discussion of the applied model. Hereby, R, accounts for the uncompensated resistance of
the system. The first branch represents the impedance of the so-called constant phase

element (CPE) with

1

Zai = =
Car

()™

where Cj; is proportional to the double layer capacitance (Cy4;), and ¢ is the exponent
accounting for the frequency dispersion of the double layer (detailed information related to
this parameter are found in reference [297]). The remaining two branches consist of the
resistance (R; and R,) and capacitance (C; and C,) of faradaic adsorption processes with
slower time constants. In the oxygen-saturated electrolytes an additional resistance in

parallel to the double layer impedance was added (not shown in the Figure 7-22A) to

account for the electrochemical reduction of oxygen. As shown in Figure 7-22 B and C, the
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EEC fit agrees well with the potentiodynamic impedance spectra shown for oxygen- and

argon-saturated perchloric acid.
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Figure 7-22: (A) Equivalent electric circuit (EEC) describing the adsorption processes at the surface of Pt(331). To account
for the electrochemical reduction of oxygen, a charge transfer resistance is added in oxygen saturated electrolytes. (B and
C) Exemplary impedance spectra of the electrolyte in contact with the differently saturated electrolyte (symbols / spectra
corrected for uncompensated resistance) and the corresponding fits (line).

The effect of the potential on the adsorption capacitance (C; and C,) and the double layer
capacitance (Cg =~ Cq;; based on the assumption that ¢ = 1) is illustrated in Figure 7-23 for
Pt(331) in oxygen- and argon-saturated perchloric acid. Based on the direct correlation
between resistance and capacitance the focus will be limited to the latter. Integration of the
investigated parametersin the potential region from 0.07 to 0.4 V gives a charge 60 uC/cm?
for C1, 30 uC/cm? for C; and 110 uC/cm? for Cy4;. The unusually high value of the latter results
from the fast hydrogen adsorption which cannot be differentiated from the double layer
capacitance. Summing up the results gives a value of 200 uC/cm? which is relative close to
the integrated charge of the cyclic voltammogram. The small deviations can be attributed to
the necessary background corrections. While it is well known that the maximal charge

associated with adsorption of hydrogen atoms for Pt(111) terraces is 160 puC/cm?, a 30
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uC/cm? higher value is observed on the stepped surface. To determine the origin of this
difference, the impedance measurements were repeated in oxygen-saturated perchloric acid
(compare Figure 7-23 D-F). While all spectra are depressed, for C, an additional shift to more
negative potentials is observed. This influence on the capacitance agrees with the fact that
hydroxide-adsorption is sensitive to dissolved oxygen in the electrolyte as it is an
intermediate of the electrochemical reduction of oxygen [297, 314, 315]. Accordingly, C, can
be attributed to the adsorption capacitance of hydroxide on the electrode surface and
explains the higher surface charge of Pt(331). Additionally, this agrees with hydroxide
adsorption being observed already at 0.01 V for stepped surfaces due to their different
geometric structure and the resultant electronic configuration. The additional adsorption
capacitance, C;, can be assigned to the slow adsorption of hydrogen as it is unaffected by
the molecular oxygen and based on the limited availability of other species. A contribution of
the adsorption of chlorine onto steps can be ruled out as its content in the solution is

negligible.
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Figure 7-23: Different adsorption processes on Pt(331) in contact with 0.1 M perchloric acid as derived from the EEC-
analysis (A-C) Adsorption capacitances C1& C,in argon- and (D-F) oxygen-saturated electrolyte. With the addition of
oxygen, C,shifts to a more negative potential. (C and F)) Approximated double layer capacitance with the inseparable
contribution of fast hydrogen adsorption. The solid lines correspond to the integrated charges of the capacitance.

Based on the impedance and voltammetry data, the possible surface adsorbate coverage can
be elucidated. For the pure electrolyte on the electrode, only H*, OH*, H,O* and O* are
assumed as surface species (* denotes the species is adsorbed to the surface) [52, 54, 278].
As starting point, a density functional theory-supported superstructure for Pt(111) of H* and
H,0* is considered [264]. Although, Pt(331) shows different adsorption sites this structure is
suitable as first approximation (see Figure 7-24B). With increasing potential, it can be

assumed that the surface hydrogen is oxidized to water. This corresponds to the total
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surface charge of 161 uC/cm? with water molecules distributed on the surface (compare
Figure 7-24C). At a potential of 0.4 V the surface charge of ~190 uC/cm? is derived from the
integration of the voltammogram. This agrees with the oxidation of adsorbed water on the
steps towards hydroxide resulting in a surface charge of 187 uC/cm? (see Figure 7-24D) and
is equivalent to the adsorption of hydroxide from the electrolyte. The adsorbed water at

step sites is most likely to undergo this oxidation.
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Figure 7-24: (A) Total integrated charge of Pt(331). (B-F) Different proposed adsorbate structures on the surface of Pt(331)
at different potentials based on the oxidative sweep: (B and C) in the potential region from 0.05 to 0.4 V without a
concurrent *OH adsorption. The oxidation of hydrogen corresponds to an anodic charge of ~161 uC/cm? (D) In the potential

region from 0.05 to 0.4 V with a concurrent *OH adsorption. The oxidation of the adsorbed hydrogen and OH—adsorption
should correspond to an anodic charge of ~187 uC/cm? (E and F) in the potential region from 0.8 to 0.9 V.

Further oxidation at higher potentials would include the second-row hydroxide on the
platinum atoms and at every third platinum step atom. Accordingly, OH* is oxidized towards
O* and an OH*-layer is formed on the one atomic terrace. This agrees with a surface charge
of 241 uC/cm? at the potential of 0.8 V derived from the voltammogram (compare Figure
7-24E). At the working potential of 0.9 V a surface charge of 281 uC/cm? is reached. At this
potential, the additional oxidation of surface species can be assumed and results in the

increased coverage of the terraces by OH* and steps by O* like illustrated in Figure 7-24F.

While these structures are largely hypothetical, they explain the measured data with high
accuracy. Unfortunately, the visualization of the adsorbate structure in situ is not possible

nowadays for Pt-surfaces.

To conclude, the most important finding of these investigations is that hydroxide adsorption
on stepped surfaces starts as early as 0.1 V and that the steps at the working potential are
covered by long-lived oxygen species blocking these sites. Especially the latter has a strong
influence on the electronic structure of the neighboring surface atoms and their binding

strength towards intermediates.
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7.3.3 The role of Introduction of steps in the electrochemical reduction of oxygen

Alternatively, to the targeted introduction of defects by electrochemical methods, the
adsorption strength can be decreased by ~0.1 eV with the introduction of quasi-periodic
surface structures. According to Bandarenka et al., the electrochemical reduction should
show a higher activity on stepped platinum surfaces [54]. Figure 7-25A illustrates the
increased activity for structurally different single crystals with (111)-terraces and
(100)/(111)-steps. Hereby, the introduced steps form additional adsorption sites for the
intermediate species in relation to Pt(111). According to the volcano plot, the optimal
platinum based catalyst should have a terrace length of three atoms. Introducing steps into
platinum surfaces result in the formation of low coordinated convex and highly coordinated

concave defects as illustrated in Figure 7-25B and discussed before.
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Figure 7-25: Activity “volcano” plot for pristine Pt(111) (circle), stepped Pt[n(111) x (111)] (square), Pt[n(111) x (100)]
(diamond) and alloy surfaces (empty circle). Taken from reference [54] and references for surfaces found therein. The
atomic length of the 111-terraces (n) is provided in each case.

According to the generalized coordination number, the concave sites show values above 7.5
and should increase the activity. Figure 7-26 shows the different adsorption sites on the
stepped surfaces Pt(331), Pt(221) and Pt(775) with three-, four- and seven-atomic terraces

and their generalized coordination number.
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Figure 7-26: Generalized coordination number for the different top adsorption sites of the investigated surfaces. The
different surfaces are based on the (111)-facet and only differ in terrace length. The different atomics layer are slightly
different colored as a guide for the eye.

While Pt(111) has only one type of adsorption site with CN = 7.5, Pt(331) has three
additional adsorption sites. As active sites for the electrochemical reduction only “on-top”
sites are considered [286, 316]. At the step edge a low coordinated site with CN = 5.5 is
formed. Based on its lower coordination with seven direct neighbours in comparison to
pristine Pt(111) with nine, these convex defect with CN = 5.5 compensate their lack of
coordination by a too strong bonding towards adsorbates and consequent deactivation of
the reactant. An additional “on-top” site is below the step edge with CN = 9.5. This site has
higher amount of direct neighbours (eleven) similar to the bulk material. Accordingly, this
site binds weaker towards adsorbates. Anyhow, the steric hindrance by the step edge shields
this site from the reactant. The third “on-top” site is found on the terraces with CN = 7.5,

due to its short three-atomic terraces the coordination at this site is similar to Pt(111). The
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highly coordinated neighbours at the step edge are countered by the lower coordinated step
edge. Increasing the terrace length by already one atom, towards Pt(221) with four-atomic
terraces, changes the coordination of these atoms significantly. The additional atom
increases the generalized coordination number for this concave defect towards CN = 7.83.
The same increase is observed for Pt(775). Controversly, following the theoretical

assumptions the activity of Pt(331) should not be increased relative to Pt(111).
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Figure 7-27: (A) Coordination-activity plot for the electrochemical reduction on platinum. The optimal active site would
have a generalized coordination number of 8.3. (B) Activity measurement of the surfaces in oxygen-saturated 0.1 M
perchloric acid measured with a scan rate of 50 mV/s and a rotation of 1600 rpm. The inset shows the activity of the
stepped surfaces relative to several state-of-the-art platinum based alloyed catalysts from literature.

However, the coordination-plot shown in Figure 7-27A predicts that the activity of this
surface should be significantly increased. This is further supported by the experimental
results shown in Figure 7-27B with a significant increase of the activity for Pt(331) even
surpassing several alloys. To explain this discrepancy, the surface adsorbates on the stepped
surfaces must be taken into consideration. As discussed in the previous chapter, oxygen is
bound towards the step edges at the working potential of the fuel cell [317]. The oxygen
adsorbs at a three-fold hollow sites formed by two edge- and a terrace-atom (compare
Figure 7-26) [318, 319]. Its negligible mobility origins from the substantial adsorption
energies and its high diffusion barrier [320]. Based on its long-lived character, its effect on
the adsorption properties of the adjacent terrace sites needs to be considered for the

assessment of the generalized coordination number.
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As a first approximation for the generalized coordination number it can be assumed that the
oxygen is accounted for by adding the factor “k” to the coordination number resulting into

the following equation for one atom:

cn(j) =cng + k 7-1
where cng represents the coordination number of the uncovered surface atom and k is a
factor considering the ratio between the energetics of the metal-metal bonds or the
adsorbate-metal bonds. Momentarily, the exact impact of an adsorbate needs to be
evaluated for every surface species. As reference point the irreversible adsorbed oxygen on
platinum is accounted for as an additional surface atom with k = 1. Hence, depending on
the degree of oxygen coverage, the coordination of a central atom can be, significantly
increased. The effect for the Pt[n(111)x(111)]-surfaces is illustrated in Figure 7-28 for all

sites.

Pt(331) Pt(221)

Pt(775)

Figure 7-28: Effect on the generalized coordination number on all surfaces investigated for the electrochemical reduction
of oxygen with surface oxygen above a potential of 0.9 V.

On Pt(331), the oxygen increases the generalized coordination number towards of the “on-

top” active sites to 7.83 at the potential of 0.9V. However, at lower potentials, the oxygen
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becomes less stable and is removed from the surface and decreases CN from 7.83 to 7.5
[174]. Hence, it can be assumed, that the activity of Pt(331) is strongly dependent on the
applied potential, as shown in Figure 7-27. In contrast to Pt(221) and Pt(775) with longer
terraces, Pt(331) deviates from their nearly exponential growth. On Pt(221) the oxygen
coverage increases the generalized coordination number further from 7.83 towards 8.0.
Hence, making it theoretically the most active site on the investigated stepped surfaces. This
agrees with the experimental results for Pt(221) with the highest measured activity. On
Pt(775), the adsorbed oxygen has no influence on the concave sites and only increases the
coordination of an adjacent terrace site with CN = 7.5 towards 7.67 and making it

marginally more active for the electrochemical reduction of oxygen.
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Figure 7-29: Integrated anodic parts of the voltammograms showing of the investigated stepped surfaces relative to
Pt(111).

This weakening in binding towards hydroxide species is also observed by the integration of
the anodic charges as displayed in Figure 7-29. While on Pt(111) the intermediates are
bound too strongly, the binding decreases with the terrace length and reaches its lowest
value for four-atomic terraces at the working potential. Based on the similar integrated
anodic charge for Pt(331) and Pt(221), it can be assumed that the surface coverage for both
surfaces is similar. In case of Pt(775), the shift is less pronounced which can be attributed to

the significantly longer seven-atomic terraces.

According to the coordination-activity plot, pristine Pt(110) (p-Pt(110)), or Pt[2(111)x(111)],

should not be active towards the electrochemical reduction of oxygen. Anyhow, under
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electrochemical working conditions the surface reconstructs into the so-called missing row

configuration (r-Pt(110)) as illustrated by Figure 7-30A and B [265-267, 321].
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Figure 7-30: Schematic illustration of (A) pristine and (B) reconstructed Pt(110). (C) Visualization of Pt(110) with co-adsorbed
*O0 and *OH in the missing-row reconstruction. For the adsorption site of hydroxide (marked with *) the generalized
coordination number is provided. Taken from reference [189].

The reconstructed Pt(110) possess wider terraces with CN = 8.0 which are responsible for
the 20% increase of activity in respect to pristine Pt(111). This agrees with the

measurements by Attard and Brew with the activity ranking [322]:
p-Pt(110) < Pt(111) < r-Pt(110)

To conclude, the introduction of steps results in the formation of convex and concave
defects. While the convex defects bind hydroxide too strongly for the reaction to proceed,
the concave defects decrease the binding energy closer to the optimal value. Anyhow, the
effect of the steps alone is not strong enough to explain the activity increase of the surface.
Hence, the potential dependent adsorbate coverage needs to be considered. The oxygen
formed at the step edges increases the generalized coordination number of the adjacent
sites closer towards the optimum. Hence, the highest activity is measured on Pt(221) with

highly coordinated sites followed by Pt(331) and Pt(775) with less coordinated sites.
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7.3.4 Nanoparticles and complex structures for the electrochemical reduction of oxygen

Most state-of-the-art catalysts in heterogeneous electrocatalysis are nanoparticle based on
their optimal surface-volume-ratio. Nanoparticles allow to decrease the quantity of material
while enabling high surface area [323]. Anyhow, convex nanoparticle for the electrochemical
reduction of oxygen are significantly less active (in terms of the specific activity) than the
bulk material with well-defined surfaces like Pt(111) [324, 325]. Nevertheless, the size of the

particle plays a key role on the activity of the particles.

Ptsg Pt Ptyo4

CN =6.00
AGg, = 0.25 eV
CN =6.67
AGgy, =0.42 eV
CN =750
AGgy =0.73 eV
Ptsgs Pt(111)

CN =750
AGg, =0.72 eV

CN =750

Figure 7-31: Size effect of convex nanoparticles on the generalized coordination. With increasing particle size the activity
approach the one of a plane (111)-surface with the maximum of CN = 7.5. Taken from reference [59].

For convex nanoparticles, the activity is solely determined by the size of the (111)-facet as

the additionally (100)-facet is significantly less active [326, 327]. On small nanoparticles, the
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intermediates would adsorb too strong to the surface at the undercoordinated surface sites.
At the minimum size of 201 platinum atoms for the nanoparticle, the adsorption properties
become similar to a pristine (111)-surface with CN = 7.5, as illustrated in Figure 7-31. With
the growth of the facet, the activity of the nanoparticle increases with the maximum being

close to pristine Pt(111).

(A) Convex nanoparticle (Pt201) (B) Frame nanoparticle (Ptaia)

CNpur = 7.5 CN,0x = 7.83

(C) Coalescent nanoparticle (Ptsss) (D) Cross nanoparticle (Ptszs)

CN,,,. = 7.83 CN,,., = 7.83
Figure 7-32: Generalized coordination number for the most active sites for the electrochemical reduction of oxygen on a
convex nanoparticle (A), calescent nanoparticle (B) and more complex structures (Frame and Cross nanoparticle / C and D).
The geometry of the structures from B-D results into a higher coordination of the sites and increases
CN towards the optimum of 8.3. Taken from reference [189].
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The reported high activity of some convex nanoparticles can be explained by particle
coalescence, without aggregation of the particles. In this case even the overlap of their
double layer is sufficient for an activity increase [328]. Nonetheless, it is important to
prevent agglomeration, as it would decrease the available surface area. At such, high particle
loadings, the nanoparticle connect to each other like shown in Figure 7-32B. At the area
close to the contact region concave sites with higher coordinated surface atoms are formed
with CN >7.5. This phenomenon is observed for highly loaded nanoparticulate

electrocatalysts and in ordered arrays of nanoparticles in 1D and 2D [329].

Alternatively, highly active nanoparticles can be realized through sophisticated structures
with an increased amount of concave sites like shown in Figure 7-32C and D as frame [330-
332] and cross-shaped [333] nanoparticles with experimentally measured high activities. At
the indicated sites concave sites with CN > 7.5 are observed which increase their activity.

Naturally, the design of such particles is only limited by the applicable template methods.

(A) (B)

Figure 7-33: (A) lllustration of a porous platinum based electrocatalyst. (B) Magnification of some part of the structure
with indicated (red arrow) higher coordinated sites causing the higher activity of the structure. Taken from reference
[59].

An alternative class of highly active catalysts are mesoporous structures. Those structures
are mostly prepared by template methods which allow the periodically introduction concave

sites (red arrow) as shown in Figure 7-33 [334].

To conclude the activity of nanoparticles is increased by the formation of concave defects
either by the coalescence of convex nanoparticles or more complex nanoparticulate or

mesoporous structures.
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7.4 Carbon monoxide oxidation on model stepped platinum surfaces: the nature of
active catalytic centers

The oxidation of carbon monoxide is an important reaction for carbon-based fuel cells. It is a
fundamental reaction step which can be found in all such fuel cells [335-337]. Based on the
structure sensitivity of this reaction, it can be further used to evaluate the effect of surface
treatments [226, 302, 338, 339]. Interestingly, again the activity increases with the
introduction of steps into the surface [335-337]. The underlying energy-structure

relationships can be explained by the generalized coordination number.

(A) (B) Pt(331)

221
2AD@111 4AD@100 110 331
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Figure 7-34: (A) Coordination-activity plot for platinum. At the step edges of Pt(331) (A), Pt(221) (B) and Pt(775) (C) sites
are found with CN = 5.5 (indicated in blue) close to CN,, =5.4. The overpotential is calculated as 1 =
max(AGz,AG3,AG4) — EO.

Figure 7-34 shows the volcano-shaped coordination-activity plot in which the density
functional theory-calculated overpotentials of the active sites for different reactions are
linked to CN. The limiting steps can be derived from the underlying reaction mechanism
[226, 227]. On the too strong-binding side (left) of the volcano curve is the recombination of

surface hydroxide and carbon monoxide as shown in Equation 7-2. The reaction on the weak-
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binding side (right) is the adsorption of water and subsequent oxidation towards hydroxide

(Equation 7-3).

CO*+O0H" > 2"+ CO,+H* +e” 7-2
CO* +*+H,0 -» CO*+ OH* + H + e~ 7-3
An optimal catalyst would show the adsorption energies of AGoP" = —1.1 eV and AGSE" =

—0.4 eV for carbon monoxide and hydroxide, respectively.

Combining these findings in the coordination-activity plot shows that the optimal active sites
would have C_Nopt = 5.4. Such low coordinated sites are found on the step edges of stepped
surfaces like Pt(331), Pt(221) and Pt(775). At these sites the coordination is relatively low
and a strong bonding towards the adsorbates is observed compared to Pt(111) as illustrated
in Figure 7-34. Most importantly, at the convex defects the adsorption of hydroxide — which
is an important intermediate for the carbon monoxide oxidation — is observed already at low

potentials like described before.

As shown in Figure 7-35 the higher the step density, the “sooner” the oxidation occurs in
terms of overpotential. Accordingly, the oxidation occurs in the following order for the

measured surfaces:

Pt(331) © Pt(221) > Pt(110) = Pt(775) > Pt(111) > defective Pt(111)

Pt(110), pristine and defective Pt(111) are used as a reference point to further shed light on
the influence of the defect type. Based on the bimolecular mechanism of the carbon
monoxide oxidation normally the adsorption of two intermediates must be considered for
the elucidation of active sites [226, 227]. Since the surfaces where saturated prior to the
experiments with carbon monoxide, its adsorption is neglected for the following
considerations. The remaining carbon monoxide in the solution was removed by flushing the
electrolyte with argon. Accordingly, the activity of the surfaces solely depends on the
potential dependent adsorption of hydroxides onto the surface as potential-determining

step.
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Figure 7-35: Anodic parts of the carbon monoxide stripping voltammogram in 0.1 M perchloric acid for Pt(111), Pt(775),
Pt(331), Pt(221), Pt(110), and Pt(111) with concave surface defects [340] and CuPt(111) surface alloy [227] measured
with a scan rate of 50 mV/s.

As mentioned the introduced convex defects allow the adsorption of hydroxide as early as
0.06 V. In argon-saturated solutions the CO adlayer changes, so that part of the adsorbed
carbon monoxide is weaker adsorbed and reacts readily with the early adsorbed hydroxide
on the surface [341]. Consequently, the reaction proceeds primarily in the proximity of the
convex defects. This causes the oxidation current prior to the main peak. Consequently, the
stepped surfaces can be ranked according to the terrace length and their number of
preferential sites for hydroxide adsorption. Accordingly, the activity increases with the
decreasing terrace length from Pt(331) to Pt(221) to Pt(110) to Pt(775). Thereby, the
maximum is reached at a step length of three atoms. Based on the too strong adsorption of
carbon monoxide on Pt(110), which can also be denoted as Pt[2(111)x(111)], it prevents the
desorption of the formed carbon dioxide. Additionally, this surface undergoes permanent
reconstruction under experimental conditions and thereby changes its adsorption properties

as discussed before [265-267].
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Figure 7-36: Cyclic voltammograms of Pt(111), Pt(775), (331), (221) and (110), Pt(111) with concave surface defects [340]
and PtCu(111) surface alloy [227] in argon-saturated 0.1 M perchloric acid measured with a scan rate of 50 mV/s. To
emphasis the importance of the hydroxide adsorption on the onset of the carbon monoxide oxidation its early adsorption
on steps is indicated.

The most active not stepped surface is pristine Pt(111). In theory, the surface should be free
of any kind of defects and thus offer no preferential sites for the adsorption. Hence, the
reaction should start with the adsorption of hydroxide on the terraces. As mentioned before
a completely defect-free Pt(111)-surface cannot be realized under experimental conditions.
On all surfaces, a small number of defects is found which allows the adsorption of hydroxide
already at low potentials. Accordingly, a low oxidation current prior to the main peak is
observed at which hydroxide adsorbs to the defects and reacts with the surrounding carbon
monoxide. At the start of the main peak of around 0.7 V the adsorption of hydroxide also on
the (111)-facet is sufficient to allow the complete oxidation of the remaining CO - surface
layer. The start of the carbon monoxide oxidation at potentials at which hydroxides are
mostly adsorbed at steps or defects indicates that the active sites are at the low-coordinated

step edges (compare Figure 7-35 and Figure 7-36).
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Figure 7-37: Schematic representation of the carbon monoxide oxidation at a) convex and b) concave sites on platinum
(red = oxygen, light green = hydrogen, dark green = carbon & grey = platinum). On step edges surface hydroxide is
formed and reacts with surface carbon monoxide. On the contrary, in cavities hydroxide formation proceeds at larger
potentials. Additionally, the diffusion into the cavity is kinetically hindered by an energetic barrier for adsorbed hydroxide
of roughly 0.52 eV on Pt(221) (c / red = oxygen, white = hydrogen & grey = platinum).

Although on defective Pt(111) hydroxide adsorbs readily at already low potentials the
oxidation occurs at higher potentials than on Pt(111). The introduction of cavities coincides
with the formation of beneficial convex defects like described earlier. Nevertheless, the
adsorption of carbon monoxides occurs inside of the cavities while hydroxide is found on the
edges outside of the defects [305]. This prevents the direct contact between carbon
monoxide and hydroxide important for the reaction to proceed as the diffusion of hydroxide
over the step edge to the lower terrace is kinetically hindered by 0.52 eV like illustrated for

Pt(221) in Figure 7-37 according to DFT calculations. Consequently, the adsorption of

hydroxides in the cavities is required. Hence, it can be assumed that reaction proceeds

directly at and in the surrounding of the convex defects.

To conclude carbon monoxide oxidation occurs at the convex defects found on stepped

surfaces and starts already at low potentials in their direct surrounding. With increasing
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potential, the adsorption of hydroxide is sufficient to oxidize the complete carbon monoxide

layer.
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7.5 Oxygen reduction reaction on polycrystalline Pt-based alloys

An alternative to pure precious metals catalysts for the electrochemical reduction of oxygen
are platinum alloys with transition metals or lanthanides of the type PtnX [51, 62, 274, 342-
349]. The different diameter of the alloyed elements in respect to the host metal causes
strain inside the material which influences the electronic structure of the surface and
decrease its binding towards the intermediates. Colic et al. proposed a so-called double
volcano plot to quantify the activity of such catalysts [61]. Therefore, the activity of
polycrystalline and nanostructured platinum based alloys is plotted against the atomic radius
of the alloyed element in 0.1 M perchloric acid as shown in Figure 7-38. This plot results into
a volcano shaped curve with two maxima for the activity at small and big atomic diameter
for copper and yttrium, respectively. While the alloyed elements in between the maxima

would bind the intermediates too strong, the binding of the alloys on the outside is too

weak.
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Figure 7-38: “Double volcano” plot of platinum based alloys for the electrochemical reduction of oxygen. The investigated
alloy PtsPr is indicated with a blue dot. Adapted from reference [61].

To experimentally prove the validity of the formulated volcano plot, PtsPr alloy was chosen
because of its stability and location in the weaker binding area of the double volcano plot.

Based on its atomic diameter of ~1.85 A for praseodymium, its activity should be slightly
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increased compared to polycrystalline platinum with decreased adsorption strength of the
intermediates. This would allow to increase the binding of the intermediates by decreasing
the particle size of nanoparticles [61]. Prior to the electrochemical measurements, to
guarantee the quality of the alloy, X-ray diffractogram and AFM pictures were recorded. The
X-ray diffraction peaks for the untreated PtsPr alloy, as shown in Figure 7-39A, agree with
the standard PDF-65-8059 with a hexagonal symmetry and space group P6/mmm (191). The
lattice parameters were calculated to be a = b = 5.353 and ¢ = 4.386 A in agreement with the
standard values. A typical AFM-image of the surface is shown in Figure 7-39B with a

roughness around 50 nm.
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Figure 7-39: (A) X-ray diffractogram of the untreated electrode with the indicated peaks for polycrystalline PtsPr. (B)
Typical AFM image of its rough surface.
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In contrast, to the so far investigated well-defined stepped surface with specific adsorption
sites, the determination of active sites for this surface is extremely difficult. The

polycrystalline surface and the introduced strain cause a broad variety of adsorption sites.

Additionally, polycrystalline alloys consisting of platinum and a less noble lanthanide are not
stable under conditions for electrochemical cycling [52, 61, 62, 188]. The lesser noble metal
is leached from the first three to five atomic layers of the alloy resulting into a stable
platinum rich shell with an alloyed core. The formed platinum shell eliminates the influence
of the ligand effect which is limited to only a few atomic layers. This leaching is most
prominent at defective sites which are common on polycrystalline surface. Notably, the Pt-
shells are not epitaxial grown around the alloy cores. The shell does not simply expand
around the core, but forms a distinct structure with the atoms being closer to each other
than in normal unstrained fcc-structures which increases the surface roughness further
[350]. While this minimizes the resulting surface energy, it additionally causes compressive
strain. The latter significantly changes the electronic structure of the surface, so that the
resulting surface shell in this case binds the intermediates statistically weaker [52, 61, 62,

188].

Figure 7-40 shows the stable and reproducible cyclic voltammograms of polycrystalline
platinum in comparison to the investigated PtsPr alloy after several cycles up to an upper
vertex potential of 1.2 V. For polycrystalline platinum, which comprises of several different
surface facets and structures to an unknown degree, the typical voltammogram consists of
their define adsorption features superimposed onto each other [351]. Accordingly, the
determination of contributing sites for this electrode requires the comparison of measured

features with the characteristic adsorption features of well-defined single crystal surfaces.
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Figure 7-40: Cyclic voltammogram of polycrystalline platinum (black) and polycrystalline PtsPr-alloy measured in 0.1M
perchloric acid with a scan rate of 50 mV/s.

For the PtsPr alloy in the potential region from 0.06 to 0.4 V, no characteristic peaks are
observed. Seemingly the introduced strain results in several newly formed adsorption sites
without preferential formation of one adsorption site over the whole potential region from
0.25 V to 1.0 V. Interestingly, above 0.4 V the adsorption to the surface becomes even
stronger than for polycrystalline platinum. This agrees with the copper UPD-monolayer
stripping which indicates in situ a broad variety of energetically different adsorption sites for
both surfaces. The integrated charge gives a value of ~440 puC cm for both crystals and
confirms that no additional sites are generated by the de-alloying. This charge is typical for a
smooth polycrystalline platinum surface and supports the assumed core/shell structure for

the alloy.
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Figure 7-41: Copper UPD-monolayer stripping of polycrystalline platinum (black) and PtsPr alloy (blue) in 0.1 M perchloric
acid with 0.001 M of Cu?*.
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The nearly identical surface area of the both electrodes allows to directly compare the
electrochemical results. The rotating disc measurements of the surfaces in Figure 7-42A

demonstrates a significant increase of the activity for the alloy.
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Figure 7-42: (A) Activity measurement of polycrystalline platinum (black) and PtsPr alloy (blue) in 0.1 M perchloric acid. (B)
Kinetic current for polycrystalline platinum (black solid line) and PtsPr alloy (blue solid line) in 0.1 M perchloric acid. For
comparison, polycrystalline platinum in 0.1 M potassium hydroxide solution (black dotted line) is added.

Figure 7-42B shows the kinetic current of the investigated alloy in 0.1 M potassium
hydroxide solution and perchloric acid relative to polycrystalline platinum in perchloric
media. Hereby, the nature of the present alkali metal ions significantly influences the activity
in alkaline media. In general, it can be assumed that potassium ions destabilize the surface
bound hydroxide to some degree [67, 68, 95]. As the investigated alloy binds the
intermediates too weakly, the influence of the ions should additionally weaken the
interaction between the surface and the intermediates and make PtsPr less active. Indeed,
the activity of the alloy in potassium hydroxide is relative low, while the activity of
polycrystalline platinum increases. This further supports the assumption that the resulting
surface is too noble as catalyst for the electrochemical reduction of oxygen. The effect of the

alkali metal cations will be discussed in more detail in the next chapter.

To conclude, the adsorption properties of the platinum surfaces can be changed through the

introduction of strain by alloying with other metals and subsequent leaching of the element.
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7.6 Therole of the electrolyte composition on the performance of active sites

An additional degree of freedom is the influence of the electrolyte components (in many
cases so-called spectator species, e.g. alkali metal cations) on the adsorption of the reaction
intermediates. Hereby, these species can interact directly with either the intermediates or
the sites at the metallic electrode [66-68, 95, 352]. For instance, in sulfuric acid a (di)sulfate
layer is formed on the platinum surface, which moves the adsorption of reactants from the
electrolyte to higher potentials [65, 66]. As mentioned before nowadays most
electrochemical experiments are performed in perchloric acid. It is mostly assumed that
perchlorates do not adsorb on the electrode surface and do not interact with the reactants
[297]. Anyhow, recently this assumption was questioned by Huang et al [296]. They
observed an one-to-one interaction between perchlorate-ions and adsorbed hydroxide. The
possible decrease in mobility of the surface species could cause an increase in overpotential
for the oxygen reduction reaction in perchloric acid. However, the total effect still requires
some evaluation. Figure 7-43 shows the activity for Pt(221) in potassium hydroxide with and
without added potassium perchlorate. As can be seen, the addition of the latter significantly
decreases the activity relative to the potassium hydroxide. This agrees with Huang and
indicates, that perchlorates may not be the optimal electrolyte for the investigation of

electrochemical reactions in aqueous electrolytes [296].
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Figure 7-43: Activity for the electrochemical reduction of oxygen on Pt(221) in 0.1 M argon-saturated potassium

hydroxide and the solution with added potassium perchlorate. The activity with perchlorates decreases significantly.

114



An alternative are the alkali metal solutions with mostly hydroxide adsorbed on the
electrode surface like in perchloric acid in the relevant potential range [353]. This should
indicate a similar activity for the electrochemical reduction of oxygen in alkaline media.
Controversially, several investigations showed a significant decrease of the activity in these
solutions. For instance, the stepped surface Pt(331) with high activities in perchloric acid,
shows a lower activity than Pt(111) in sodium hydroxide [237]. While the electrochemical
reduction of oxygen on platinum has been investigated extensively in acidic media, the
studies in alkaline media are limited especially for the influence of the alkali metal cations on
stepped platinum surfaces [286, 353, 354]. It is commonly accepted, that the alkali cations
interact with the intermediates of the oxygen reduction reaction on Pt(111) [67, 68, 95].
Anyhow, based on their different surface geometry and different adsorption sites it cannot

be assumed that the effect on the stepped surfaces is identical to pristine Pt(111).
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Figure 7-44: Cyclic voltammograms of the stepped surfaces Pt(331), Pt(221) and Pt(775) in the alkali-metal solutions
(lithium, sodium and potassium).
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Figure 7-44 shows the cyclic voltammograms of the stepped platinum surfaces for the
oxygen reduction reaction in pure 0.1 M solutions of the alkali metal hydroxide solutions for
lithium, sodium and potassium corrected for the pH. Based on experimental difficulties, the
measurements in cesium and rubidium hydroxide are not included as no typical cyclic
voltammograms were observed. Interestingly, the adsorption profile of the surfaces shows
only a single strongly pronounced peak at a potential of ~0.26 V for all surfaces. The origin of
this adsorption feature is still under discussion. Rizo et al. proposed that this peak is caused
by hydrogen adsorption/desorption or the competitive adsorption of hydroxide and oxygen
from the electrolyte like in acidic media [237]. This is in agreement with the high purity of
the electrolyte solutions which are mostly limited to their cations and hydroxides. In the
potential range from ~0.35 towards 0.7 V the contribution of the double layer capacitance is

visible. Above a potential of 0.7 V the formation of hydroxide and oxygen surface is

observed.
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Figure 7-45: Cyclic voltammograms of the stepped surface Pt(221) in 0.1M potassium hydroxide compared to 0.1M
lithium hydroxide. The adsorption of oxygen species is moved towards higher potentials in the weaker interacting
potassium hydroxide relative to the lithium solution.

To determine the influence of the cations on the adsorption from the electrolyte the cyclic
voltammogram of Pt(221) is shown up to a vertex potential of 1.2 V in 0.1 M lithium and
potassium hydroxide in Figure 7-45. In the latter, the peak attributed to the adsorption and
the formation of hydroxide and oxides on the surface are moved to more positive potentials
in comparison to lithium hydroxide. Apparently, the stronger interaction by lithium hinders

the formation of those species.

To further shed light on this influence, the activity for the electrochemical reduction of

oxygen on stepped platinum surface in different alkali metal solution and in perchloric acid
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were measured as shown in Figure 7-46. With the activity in the different alkali metal

hydroxides ranking as follows: Li*>Na*> K*>Cs*>Rb*. The deviations for the last two ions will

be discussed later.
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Figure 7-46: (A-C) Kinetic currents of the stepped surfaces in different alkali metal solutions and perchloric acid. (D)
Kinetic current of the surfaces at the working potential of 0.95 V in 0.1 M alkali-metal solutions versus the hydration
energy of their cations. The black line is added as a guide for the eye. The activity increases with the declining hydration

energy for lithium to potassium and decreases afterwards. This agrees with the measurements done by Strmcnik for
Pt(111) [67].

These observations are mostly in agreement with the model proposed by Strmcnik et al.
which discusses the influence of the alkali cations on Pt(111) [67]. According to them, the
solvated alkali metal cations interact with two hydroxide ions on the surface via hydrogen
bonds and hold them on the surface. Accordingly, their mobility is significantly decreased

and the on-set potential for the oxygen reduction reaction is moved to higher potentials.
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This influence decreases with the hydration energy of the cations which gives the following
ranking: Li*> Na*>K*>Cs*. The same trend is observed for the stepped platinum surfaces with
the highest activity for potassium. Interestingly, an exception is observed for cesium and

rubidium which show a decrease in activity in comparison to Pt(111).

4
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Figure 7-47: Schematic visualization of the stabilized first water-layer by the solvated alkali-metal cations over the
terraces on Pt(775). The degree of stabilization is influenced by the type of ion. The introduction of steps causes the
formation of concave (dark green) and convex (dark blue) defects with weaker and stronger adsorption of hydroxide to
the surface, respectively. The atom directly below the step edge (black cross) cannot partake in the reaction due to steric
hindrance by the step edge. Additionally, the step edge shields the concave sites from the voluminous cations. Adapted
from the model of Strmcnik [67].

For these two ions, the structural features introduced with the steps seem to influence the
ion. While on a plane Pt(111) surface the cation can interact with the whole first water-layer
unhindered, on a stepped surface the step edges seem to shield the terrace from these
voluminous cations as shown in Figure 7-47. The measurements indicate, that the
interaction of the electrolyte is too weak for subsequent activation of the intermediates on
the surface. Consequently, the weaker interaction results into insufficiently activated

intermediates and an decrease in the activity.

Interestingly, in alkaline media an increase in terrace length does not influence the activity
like in acidic media. This indicates that in alkaline media the electrochemical reduction of
oxygen may not be structure sensitive. To further evaluate this observation and the effect of

the cations, additional experiments would be required.
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Figure 7-48: Kinetic currents of the alloy sample measured in oxygen-saturated 0.1 M lithium hydroxide, sodium
hydroxide and potassium hydroxide. The samples were measured with a scan rate of 50 mV/s and a rotation rate of 1600
rom.

The described effect can be utilized to tune the activity of platinum and its alloys. Figure 7-48
shows the kinetic currents for the oxygen reduction reaction on PtsPr. This alloy is too noble
for the reaction intermediates and adsorbs them too weakly as discussed before. If the
electrolyte “forces” the intermediates to be bound stronger to the surface, the conditions
are moved closer to the optimum and higher activities should be achieved. Indeed, the

highest activity is measured in lithium hydroxide and decreases towards potassium.

To conclude, the electrolyte composition has a major influence on the activity of surfaces.
Especially, alkali metal cations can be utilized to change the adsorption and formation of
intermediates for the oxygen reduction reaction. With the progress in experimental methods

the important role of the cations needs to be further determined.
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8 Conclusion and outlook

The focus of this thesis was the identification of active sites for energy relevant reactions
such as the hydrogen evolution reaction, oxygen reduction reaction and the carbon
monoxide oxidation on platinum model electrocatalysts. In this context, the effect of surface
structure, adsorbate structure, alloying and electrolyte components on the adsorption
properties of platinum model systems was investigated. The conducted experiments were
theoretically explained using density functional theory calculations and the generalized
coordination number approach, which considers the neighboring atoms of the direct

neighbors.

It has been shown that the most active sites for the hydrogen evolution reaction on Pt in
acidic media are the hollow sites with generalized coordination number being ~7.7. These
kind of sites can be for instance found at quasi-periodic steps, where the sites with e.g. the
generalized coordination number 7.33 for Pt(221) can be found. These sites are closer to the
optimum and result into an increased measured activity for the hydrogen evolution reaction.
The measurements indicate, that the hydrogen evolution reaction is structure sensitive on
surfaces of the Pt[n(111)x(111)]-type. The highest reported in the literature for the pure
platinum surfaces activity has been found for Pt(221), where the density of active sites with

optimal coordination is maximal.

For the oxygen reduction reaction, it has been shown that for pure platinum surfaces the
optimal generalized coordination number for the catalytically sites in acidic media is ~8.3.
These sites can be found as the “on top” adsorption sites at step-like defects and concavities
on pristine Pt(111) terraces. Based on this finding, for the first time the increased oxygen
reduction activity of Pt[n(111)x(111)] surfaces, concave nanoparticles and arrays of
nanoparticles was explained. Accordingly, design principles for the optimal platinum oxygen

reduction electrocatalysts are formulated.

At defects strongly binding adsorbates, namely *O, significantly influence the adsorption of
the reactants for the oxygen reduction reaction. Based on “in situ” potentiodynamic
electrochemical impedance spectroscopy experiments, the increased activity for the

electrochemical reduction of oxygen on Pt(331) has been explained and the nature of active
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sites at its surface was elucidated. The optimal adsorption properties are found on high-

index surfaces at the step bottom.

The nature of active sites for the carbon monoxide oxidation in acidic media has been
revealed for various Pt surfaces. The coordination-activity plot for the carbon monoxide
oxidation gives the optimal generalized coordination number being 5.4 for the most active
“on-top” sites. These sites can also be found at surface defects like steps at the lower
coordinated atoms at the step edges, according to the examples given in the thesis. Carbon
monoxide oxidation activity trends for Pt[n(111)x(111)] samples and concave samples were
explained based on experimental and theoretical data with the highest activity for the

stepped surfaces.

The predictive power of the recently suggested “double volcano”-descriptor, the radii of the
solute atoms in Pt-alloys, has been experimentally confirmed. Based on this approach the
new highly active alloyed catalysts PtsPr for the oxygen electroreduction has been identified.
Its activity in acidic media appeared to be ~4 times higher at 0.9 V compared to pure
polycrystalline Pt. It is assumed that only strain effects affect the performance of active

catalytic centers.

The influence of the non-covalent interactions on the performance of active catalytic centers
has been revealed for a series of new platinum systems. The electrolyte components
(spectator species, namely alkali metal cations) can influence the adsorption strength of the
oxygen reduction reaction intermediates. The alkali metal cations interact with the first
water-layer on stepped Pt surfaces and stabilize the adsorbate structures. The degree of
stabilization decreases from lithium towards potassium. For rubidium and cesium, the steps
seem to shield the ions resulting into a too weak adsorption of the intermediate species.
Based on this model, the activity trends on Pt[n(111)x(111)] samples in different alkaline
media have been explained. In the case of PtsPr, the oxygen reduction intermediates are
adsorbed too weakly. Introduction of alkali metal cations can only decrease its activity

towards oxygen electroreduction, which was confirmed experimentally in this work.
Outlook

The generalized coordination number can be used to derive design principles for several

reactions such as the oxygen reduction reaction, the hydrogen evolution reaction and the
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carbon monoxide oxidation. However, it is at the moment used to elucidate the activity
trends only for few reactions and few metals in acidic media. Additionally, preliminary STM
results in alkaline media indicate that the concept cannot be directly applied to alkaline
media due to poorly predictable non-covalent interactions. Hence, it is necessary to further
experimentally and theoretically elaborate the effect of the different electrolytes. Another
factor is the evaluation of different adsorbates and their influence on the adsorption
strength. For instance, for the oxygen reduction reaction the influence of sulfates needs to
be considered based on their similarity to sulfonic groups found in commercial polymer
electrolyte membrane fuel cells with Nafion® as electrolyte. For the identification of active
sites, the generalized coordination number needs to be further extended towards these
species to become a more robust descriptor. It should be considered to extend this concept

also to non-noble metals and oxide surfaces.

Finally, the effect of cation species is only basically understood and not sufficiently
elaborated. Further experiments are required to evaluate their total effect on the first
water-layer and reaction intermediates in alkaline and acidic media. In this respect, also
their effect on different reactions such as the hydrogen evolution reaction or carbon

monoxide oxidation in both electrolytes should be of importance.
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