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Abstract

Developing active, selective and stable catalysts to drive key reactions is es-
sential for a future sustainable energy landscape. Catalysts in the size range
of single atoms to clusters show interesting possibilities in this regard. In this
thesis, the challenges and opportunities of such small entities, as well as more
general issues in measuring catalytic activity, are discussed. The thesis starts
out by brie
y outlining the climate crisis and motivating the need for catalysts to
drive eletrochemical reactions for energy conversion and storage. Subsequently,
a brief introduction is given to some fundamentals on catalysis, electrochemistry
and the experimental methods used for the work herein. The following chapters
present three studies within the �eld of electrocatalysis:

Oxygen Reduction Reaction (ORR): The two-electron ORR provides a
sustainable way to synthesize H2O2. A study of a single atom palladium cata-
lyst is presented, demonstrating high selectivity (80% faradaic e�eciency) and
activity toward H2O2. Using various characterization techniques and density
functional theory (DFT), the geometric e�ect of the single atom site and the
surrounding coordination environment of nitrogen species was rationalized to
be the cause of this.

Hydrogen Evolution Reaction (HER): Geometric current densities are of-
ten reported for novel HER catalysts, without consideration for the applied
loading of the catalyst. To address this issue as well as other common pit-
falls, a benchmark study of HER was conducted using 3.8 nm mass-selected Pt
nanoparticles and commercial Pt/C. It was demonstrated that platinum has an
intrinsic activity at least three orders of magnitude larger than earth-abundant
catalyst, however, the true activity of platinum is still underestimated.

Developing a Model System for Small Entities: To gain fundamental
insight into small entities, a model system of Pt1�3 on nitrogen-doped highly
oriented pyrolytic graphite (HOPG) was investigated. It was shown that the sys-
tem displays HER activity correlating with the presence of Pt species and that
atomic nitrogen-defects can be created in the HOPG lattice by NH3-sputtering
and subsequent annealing. Furthermore, the possibilities for further developing
the model system and elucidating the active site structure are discussed.
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Resum�e

Udviklingen af aktive, selektive og stabile katalysatorer til at drive en r�kke
vigtige reaktioner er essentielt for et fremtidigt b�redygtig energisystem. Kata-
lysatorer i st�rrelsesordenen fra enkelte atomer til sm�a klynger er s�rligt interes-
sante i denne sammenh�ng. Denne afhandling beskriver, hvilke udfordringer og
muligheder disse sm�a enheder har, samt nogle mere generelle aspekter af at m�ale
katalytisk aktivitet. Afhandling starter med kort at opridse klimakrisen og mo-
tivere behovet for katalysatorer til at drive elektrokemisk konvertering of lagring
af energi. Derefter gives en kort introduktion til nogle grundl�ggende begreber
inden for katalyse, elektrokemi samt de anvendte eksperimentelle metoder. De
efterf�lgende kapitler pr�senterer tre studier inden for omr�adet elektrokatalyse:

Oxygenreduktion (ORR): to-elektron ORR er en b�redygtig m�ade at frem-
stille H2O2 p�a. Her pr�senteres et studie af en enkelt-atom palladium-katalysator,
som demonstrerer h�j selektivitet (80% faradisk e�ektivitet) og aktivitet for
H2O2. Grunden til dette �ndes, ved brug af en r�kke karakteriseringsteknikker
og densitets-funktionale-teori (DFT), at v�re den geometriske e�ekt af enkelt-
atomerne og koordineringen til omkringliggende nitrogen.

Hydrogenudvikling (HER): Geometrisk str�mdensitet rapporteres ofte for
nye HER-katalysatorer, uden hensyntagen til den anvendte m�ngde af katalysator.
For at adressere dette, samt andre almene faldgruber, blev der foretaget et
benchmarkstudie af HER ved brug af 3.8 nm masse-selekterede nanopartikler
samt kommerciel Pt/C. Det blev vist at platins intrinsiske aktivitet er mindst
tre st�rrelsesordener h�jere end mere rigeligt tilg�ngelige katalysatorers, selvom
platins sande aktivitet stadig er underestimeret.

Udviklingen af et modelsystem til sm�a enheder: For at opn�a grundl�g-
gende indsigt i sm�a enheder blev et modelsystem best�aende af Pt1�3 p�a nitrogen-
doteret, ordnet pyrolytisk gra�t (HOPG) unders�gt. Det blev vist, at sys-
temet har HER-aktivitet som er koblet med tilstedev�relsen af Pt enheder,
og at atomare N-defekter af HOPG kan skabes ved beskydning med NH3 og
efterf�lgende varmebehandling. Mulighederne for videreudvikling af modelsys-
temet samt belysning af den aktive struktur bliver diskuteret.
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Di di�usion coe�cient of species i cm2 s�1
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Symbol Description Usual Unit
ki rate constant of i cm1 s�1

m mass ng
n stoichiometric number of electrons
ni number of species i
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Chapter 1

Introduction

In this chapter, a brief summary of the climate crisis is given and put in the con-
text of energy consumption. The challenges of replacing fossil fuels is discussed
and put in relation to the intermittency of renewable energy sources as well
as the challenge regarding applications which cannot directly use these renew-
able energy sources. This motivates the ability to convert and store sustainable
energy by the means of electrochmical processes. Building on this concept, a
future energy landscape is presented as a way to cut the emission of CO2, hence
addressing the crux of the climate crisis. In this context, hydrogen is brought
up as an example of a sustainable fuel and chemical. This motivates the need
for catalysts to drive the reactions producing hydrogen as well as other fuels
and chemicals necessary in the e�ort to combat climate change.

1.1 Stop Burning Dinosaurs!

The evidence of widespread global climate change is overwhelming. Decades of
extensive research, model predictions and a broad varieties of experimental ob-
servation point the same way and the general scienti�c consensus is unequivocal:
the large emission of green house gasses into the atmosphere leads to a cascade
of detrimental e�ects on the global scale including temperature anomalies, ris-
ing sea levels, eroding shoreline, more frequent and intense natural disasters
(droughts, heatwaves, hurricanes etc.), just to name a few. It will have se-
vere consequences for humans, animals and entire eco-systems. The cause of
the problem is the large-scale emission of green house gasses, and in particular
CO2-emission stemming from the burning of fossil fuels.1{12. The atmospheric
CO2 content has since the industrial revolution increased rapidly to a level sig-
ni�cantly higher than it has been in at least 800,000 years!13 In �gure 1.1 the
atmospheric CO2 level is shown, focusing on the past millennium. The current
level of � 420 parts per million (ppm) constitutes a signi�cant increase above
any 
uctuations and natural variations over time and the upward trajectory is
alarming. In a historical perspective carbon based fuels have been predominant,
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Figure 1.1: Atmospheric CO2 levels for the last millennium. Since the industrial revolution
the CO2 content of the atmosphere has rapidly increased above it’s former stable, albeit

uctuating level. Data adapted from [14] and [15].

but within the last century, the consumption of fossil fuels like coal (and later
oil and gas too) has exploded, explaining the drastic increase in CO2 levels.16

Fossil fuels have been essential for the technological boom following the indus-
trial revolution and in turn for our way of life. An increasing standard of living
(measured by the human development index, HDI) generally correlates with
a higher rate of CO2 emission per capita and as HDI generally increases over
time (particularly in developing countries), emissions will too.17 Another driver
for CO2 emissions is the growing population, whose net energy consumption
is unlikely to decrease - on the contrary. The United Nations predict that the
population will grow to 9.7 billion already in 2050 and 10.9 billion by the end
of the century18. By extension the levels of green house gasses will continuously
rise unless viable alternatives to fossil fuels are found.

1.1.1 What is the Alternative?

Currently, the global energy consumption is predominantly based on fossil fuels,
while renewable energy sources account for a relatively small amount, as seen in
�gure 1.2. A substantial part of global energy consumption is directly related
to the generation of electricity.19 While this demand is primarily met by the use
of fossil fuels, hydropower and nuclear technologies are already used to generate
low-emission electricity(grey and purple slivers, respectively, in the �gure). Hy-
dropower is, however, geographically limited in applicability and nuclear power
has the added challenges of nuclear-waste handling, safety of operation etc. On
the other hand, sustainable technologies, such as wind and solar power, are read-
ily available and adaptable on the global scale. These technologies are highly
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Figure 1.2: Global energy consumption by source. The overall energy consumption has drasti-
cally increased in less than a century and is almost exclusively covered by fossil-based sources,
in particular coal, oil and gas. The inset shows the small fraction of renewable energy sources.
Data adapted from [16].

mature and their levelized cost of electricity (LCoE) is competitive with that of
fossil fuels.20 That is to say, considering all relevant costs and subsidies, these
technologies are on par with or cheaper than conventional fossil fuels. This begs
the question why these technologies only account for a minuscule part of our
energy landscape instead of being it’s main constituents. The answer is twofold.
Firstly, solar and wind power are intermittent in nature. Secondly, some appli-
cations are not electri�able. Given the intermittency of solar and wind, these
technologies cannot be relied upon alone to deliver a steady supply of electricity
(or energy). As an example, �gure 1.3 shows the net electrical power demand
of Denmark during January 2021 and the generated wind power for the same
period. While the demand follows a somewhat regular pattern, the generated
wind power 
uctuates signi�cantly. At times the entire demand may be cov-
ered by wind power, other times the wind power falls short and the supply is
balanced by e.g. coal and gas21. The fraction of the demand covered by wind
(or solar for that matter) could naturally be somewhat increased by increasing
the overall capacity. On the other hand, the capacity would have to be highly
over-dimensioned, which presumably would a�ect the LCoE negatively to a sub-
stantial degree. Even so, there are times where e�ectively no wind (or solar)
power can be generated, given the 
uctuating weather conditions. No amount
of capacity scaling can make up for this. If, however, a surplus of energy may
be stored and instead used in a time of de�cit, the intermittent power supply
can be dimensioned accordingly and the need for fossil fuels to balance the tab
can be eliminated. Thereby, the main obstacle lies in converting and storing
energy generated by the renewable resources.

3



Chapter 1. Introduction

0 1 - 0 1 - 2 0 2 1 0 8 - 0 1 - 2 0 2 1 1 5 - 0 1 - 2 0 2 1 2 2 - 0 1 - 2 0 2 1 2 9 - 0 1 - 2 0 2 1

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

P
ow

er
 [M

W
]

T i m e  [ d a y s ]

d e m a n d

w i n d  p o w e r

Figure 1.3: Total electrical power demand (blue) and total wind power available (red, sum
of onshore and o�shore) in Denmark, for January 2021. At peak wind power production the
total demand can be met but in the absence of wind, not even a scale-up of capacity will
cover the demand. Data from [21].

1.2 Energy Conversion & Storage
Just like fossil fuels, sustainable fuels contain energy in the form of chemical
bonds. Wind and solar power can be used to drive electrochemical reactions in
which the electrical power is used to convert suitable precursors into more en-
ergetic products. Simply put, the idea is that electricity may be converted into
sustainable fuels at times where wind turbines and solar panels produce energy
in excess. At a time when wind and sun fall short, the electricity may then be
regained from the fuels. Returning to the global energy consumption, it was
mentioned that a large part goes into generating electricity - another large part
does not. While, for example, solar and wind power generates sustainable energy
in the form of electricity, some technologies are not readily electri�able, such
as aviation22, and some processes may even require fossil fuels as precursors.19

Renewable energy may also be used to power electrochemical reactions synthe-
sizing these chemicals and materials, given the right precursors. A schematic of
this envisioned energy landscape can be seen in �gure 1.4. From a few essen-
tial building blocks (H2O, CO2 and N2) electricity may drive the production
of fuels, fertilizer, chemicals and more22. The details and inter-dependencies
of such a future energy landscape are intricate, but may be summarized in a
few key points. The capacity for sustainable production of electricity, e.g. solar
and wind, should be ramped up and electri�cation should be applied whenever
possible. The problem of intermittency should be solved by appropriate tech-
nologies for energy conversion and storage, a key element being electrochemical
processes powered by renewable electricity. Applications and syntheses which
cannot be directly electri�ed should be replaced with alternatives using sus-
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1.2. Energy Conversion & Storage

Figure 1.4: Schematic of a sustainable energy landscape: Fuels and chemicals are produced
via electrocatalysis using renewable energy and the essential compounds N2, CO2 and H2O.
From [22]. Reprinted with permission from AAAS.

tainable energy and renewable chemical building blocks - here electrochemical
processes may also come in play. Thereby the emission of green house gasses
may be eliminated all together (or at least drastically decreased). Take the
electrochemical water-splitting reaction as an example. By applying electrical
power, water (H2O) can be split into it’s constituents: hydrogen (H2) and oxy-
gen (O2), in which case the electrical energy is converted and stored in chemical
bonds, a process called electrolysis. The hydrogen may then be consumed again
together with oxygen, releasing energy in the form of electricity and nothing
but pure water as a by-product. For instance, hydrogen may be used as a sus-
tainable fuel in a so called fuel cell, where the electrical energy generated can
power a vehicle in a sustainable way, in contrast to a fossil based internal com-
bustion engine emitting CO2. Note, however, that CO2 may play a useful role
in the energy landscape of the future. The CO2 reduction reaction (CO2RR)
may be used in to synthesize plastics, chemicals and high energy density fuels.
The combustion of carbon based fuels naturally emit the CO2, but provided
that CO2 is e�ciently re-captured, the carbon cycle is sustainable and there
is no net emission. In the following, hydrogen will be used as an example to
further motivate the use of electrochemical processes in general, and highlight
the prerequisite for doing so, namely electrocatalysis. It is essentially electro-
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catalysis that enables the desired reactions of the future energy landscape to
run, and it is therefore instrumental in tackling the climate crisis. The concept
of electrocatalysis will be introduced further in the following chapter and is in
fact the pivotal point for all following chapters.

1.3 Hydrogen as Example

Hydrogen is poised a central role for decarbonizing industry e.g. steel produc-
tion, as a feedstock component and as a sustainable fuel for transport, domestic
purposes etc.22{25. A scalable hydrogen production is a prerequisite for these
advances and the advent of cheap and renewable electricity from solar and wind
power makes the electrolysis of water a promising path for hydrogen produc-
tion26. The water-splitting process is made up of two half-reactions, namely hy-
drogen evolution reaction (HER) and oxygen evolution reaction (OER). These
reactions take place in an electrolysis cell (EC) also called an electrolyzer. Sim-
ilarly, the reverse reaction releasing energy and water, is also constituted by
two half-reactions, which take place in a fuel cell (FC). All of these reactions
require e�cient catalysts to proceed at any rate relevant for industrialization.
The nature of such catalysts as well as the details of the half-reaction will be
introduced later. Only the overall function of FC and EC devices is relevant for
now.

1.3.1 Fuel Cells & Electrolyzers

The polymer electrolyte membrane (PEM) electrolysis cells and fuel cells, work-
ing in acidic conditions, can operate at a higher power density than alkaline wa-
ter electrolyzers as well as a higher pressure and a shorter start-stop time.27{29

Therefore, only the principles of PEMECs and PEMFCs will be discussed here.
Likewise, the rest of this thesis is centered around reactions in acidic conditions.
The overall water splitting reaction proceeds like equation (1.1) and requires 237
kJ per mole of hydrogen produced. In other words 237 kJ is stored in each mole
of H2. This is ideal upper limit value given by thermodynamics.

2 H2O �! 2 H2 + O2 �G0 = 237 kJ/molH2 (1.1)

Actual PEMECs will not have unity power e�ciency when splitting water and
thus the electrical power spent will be larger than the chemical power stored.
Likewise, when consuming H2 in a PEMFC, not all the stored energy will e�ec-
tively translate into electrical power. These losses are among other factors due
to non-ideal catalysts. Finding suitable catalysts to achieve high e�ciency and
power density is thus a key goal in order for the technology to be viable. The
storage of hydrogen also poses limitations on the achievable power density of
the entire system, but this is beyond the scope of this thesis to dive into. The
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1.3. Hydrogen as Example

(a) Electrolysis cell (b) Fuel cell

Figure 1.5: (a) PEM elctrolysis cell running the water-splitting reaction to store energy in
chemical bonds, forming H2 and O2. (b) PEM fuel cell converts H2 and O2 to H2O while
releasing excess energy. The PEM membrane separates the two half reactions but allows
proton transport.

OER and HER half-reactions of eq. (1.1) are shown in eqs.(1.2)

H2O �!
1
2

O2 + 2 H+ + 2e� (OER)

2 H+ + 2e� �! H2 (HER)
(1.2)

The two half-reaction are physically separated and involves the transfer of
charge, i.e. a current. The schematic of a PEMEC is seen in �gure 1.5a.
By applying a su�cient voltage between the two electrodes denoted anode and
cathode and supplying water (H2O) to the system the reaction proceeds: at the
anode H2O is split into O2 via the OER process. Protons (H+) travel through
the PEM membrane while electrons (e�) go through the external circuit. This
enables the HER reaction to proceed at the cathode, thereby producing H2.
Both the cathode and anode are hosts for a catalyst facilitating each reaction.
Under acidic conditions platinum and iridium based catalysts are commonly
used to drive the HER and OER reactions, respectively.22,29 In order to take
hydrogen production to the terawatt scale it is imperative to �nd an OER cat-
alyst to replace the extremely scarce iridium. Although less critical, it is highly
desirable to �nd alternatives to the scarce platinum for catalyzing the HER
reaction.23,30,31 Figure 1.5b shows the schematic of a PEMFC, where H2 and
O2 (e.g. from air) is supplied to the system. The hydrogen oxidation reaction
(HOR) takes place at the anode, splitting H2 into electrons and protons. On the
cathode side the oxygen reduction reaction takes place, producing H2O. The
reaction is spontaneous, and now the device can deliver energy in the form of
an electric current in a load. Also in this case suitable catalyst are needed to
facilitate the reactions. The same is true for many other processes of interest
and thus electrocatalysis is a cornerstone in the energy landscape needed for a
sustainable future.
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Chapter 1. Introduction

1.4 Thesis Outline
I have now given a brief outline of the climate crisis and the relation to burning
of fossil fuels. Replacing fossil fuels requires a new energy landscape, in which
electrochemical energy conversion and storage plays a key role. Developing suit-
able catalyst to drive these reactions is instrumental for the advancements of
these technologies. Accurately measuring catalytic activity, and understanding
the factors a�ecting it, is an essential step in the development.

Thereby, the aim of the work presented in this thesis is to develop a better
understanding of active site structures, mass-transport phenomena and other
e�ects relevant for assessing catalytic activity. As already alluded to, single
atom catalysts (SACs) and other small entities display particularly interesting
catalytic properties. This theme is also re
ected in two of the projects presented
here. While the third study was not directly related to SACs, the �ndings might
be relevant to the �eld nonetheless. The main results are presented in three of
the following chapters. These studies are the product of collaborative e�orts
with several colleagues, both from SurfCat and elsewhere. While emphasis will
be on the experimental work, to which I have contributed, a more complete
picture will be given by drawing on the works of others too.

Chapter 2 gives a brief introduction to electrocatalysis. First, the general
concept of catalysis is introduced. Then, some key points regarding electro-
chemistry is given. These fundamental concepts acts as a frame of reference for
later discussions.

Chapter 3 introduces the standard experimental equipment which has been
used for most of my work, namely the rotating disk electrode (RDE) and the
three-electrode setup. Furthermore, the main types of electrochemical experi-
ments performed are introduced, along with some general experimental proce-
dures.

Chapter 4 revolves around the challenges of catalyzing the oxygen reduction
reaction (ORR), in particular the issue of linear scaling relations and product
selectivity. The two-electron pathway of ORR, producing hydrogen peroxide,
will be the main point of focus. The electrochemical synthesis of hydrogen per-
oxide via ORR is compared to other methods, highlighting it’s technological
advantages. The promising prospect of using single atom catalyst for driving
the reaction is discussed. In connection with this, a study of a palladium single
atom catalyst will be discussed. This chapter is based on paper I.

Chapter 5 is on the hydrogen evolution reaction (HER). While platinum is an
excellent HER catalyst, there is an ongoing e�ort to �nd cheap, earth-abundant
alternatives. In literature, novel catalysts are often reported to be suitable in
this regard, but the experimental procedures are often 
awed. These common
pitfalls are addressed and the impact of mass-transport limitations during HER
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1.4. Thesis Outline

is discussed. These topics also prompted our benchmark study of HER on plat-
inum, which is presented here. This chapter is based on paper II.

Chapter 6 deals with the intriguing possibilities and the signi�cant challenges
of small entities such as single atoms, dimers etc. as catalysts. The main focus
is on the development of a model system for small catalytic entities, speci�cally
platinum single atoms, dimers and trimers anchored by nitrogen defects on
highly oriented pyrolytic graphite (HOPG). A brief motivation for the topic is
given and preliminary results are presented. The work draws on lessons learned
from both the Pd SAC-project and the Pt HER benchmark study (discussed in
chapters 4 and 5, respectively) as well as the e�ort of a number of collaborators.
The project is still at an early stage, however, results of various experiments,
electrochemical and otherwise, have shown interesting results. The chapter is
ended with a brief outlook on the further development of the model system.

Chapter 7 summarizes the main results of the studies presented in the previous
chapters. Furthermore, an outlook is given.
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Chapter 2

Electrocatalysis

This chapter serves as a very general introduction to electrocatalysis. I will
start out with the "catalysis" part by, in broad strokes, describing what a cat-
alyst is and what constitutes a good catalyst. The brief introduction of these
main points serve as a primer for the later, more in depth, discussions in the
following chapters. Turning to the "electro" part, I outline some fundamentals
of electrochemistry. The Butler-Volmer model is then introduced, providing
a simplistic framework for understanding electrochemical measurements in the
context of catalytic processes. The e�ects of mass-transport limitations are also
included, provinding the foundation for later discussions.

2.1 Catalysis

A catalyst is a facilitator of a reaction. A catalyst drives the transformation of
reactants into products, while the catalyst itself is preserved. By lowering the
energy barriers associated with the reaction, the catalysts enables a higher re-
action rate. Essentially, a catalyst provides the location for the involved species
to adsorb, react and desorb. A schematic of a generic reaction is shown in �gure
2.1, where reactants a and b undergo a catalyzed process to form a product p.
Reaction barriers may still have to be overcome in this case, but the energy re-
quired is substantially less than for the un-catalyzed pathway (stipulated line).
Ideally, the energy pro�le of the catalyzed pathway (full line) would go monoton-
ically between the initial and �nal states, i.e. no intermediate energy barriers.
This is generally not the case. Note that the catalyst does not change the ini-
tial nor �nal state - the overall thermodynamics of the reaction is the same, the
catalyst merely promotes a more favorable path. A catalyst facilitates a reac-
tion by binding the intermediates, and the strength of this bond is determining
for how favorable the reaction step becomes. If a reaction intermediate binds
too weak, the ability to get said intermediate onto the catalyst will limit the
reaction. If, on the other hand, the intermediate binds too strong, the further
reaction to form the product will be impeded. Thus, the highest activity, i.e. re-
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2.1. Catalysis
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Figure 2.2: Volcano plots: (a) HER activity trend with free energy of H-adsorption as de-
scriptor. Adapted with permission from [34]. Copyright 2010 American Chemical Society
(b) Trend in ORR activity: The binding energy of oxygen acts as a descriptor for the over-
all activity of the reaction. Adapted with permission from [33]. Copyright 2004 American
Chemical Society.

activity of a catalyst, but extrinsic factors also contribute to the net activity:
Since catalysis occurs at the surface, the overall reaction rate is proportional to
the area on which the reaction may occur (neglecting intrinsic e�ects for now),
hence it is desirable to maximize the available surface area of the catalyst, i.e.
the umber of active sites. For this reason, catalysts generally have the form
of nanoparticles (i.e. particles with a typical size scale of 1-10 nanometers) or
structures on the similar size scale, which are then dispersed over larger struc-
tures35. Decreasing particle size increases the surface-to-bulk ratio and thereby
the e�ective material utilization. This is important as many catalysts are based
on scarce and expensive materials, e.g. platinum (Pt) or iridum (Ir). The use
of such catalyst material may present a bottleneck in scaling technologies to
the desired terawatt level.23,30 In addition to material utilization, the size of
the particle may also a�ect the intrinsic electronic and geometric properties,
e.g. the binding strength of reaction intermediates, the exposed facets and the
available sites. Figure 2.3 shows an example of a nanoparticle exposing the low
index facets. The kinks and edges are more under-coordinated than the ener-
getically favorable low index planes, that is, they have fewer nearest neighbors.
The interaction with reaction intermediates may thus be radically di�erent for
these sites compared to e.g. the low index planes, which can lead to signi�cant
particle-size e�ects. For example, particle-size e�ects have been observed for
ORR on PtxY36, OER on RuO2

37, CO-oxidation on Au38,39 and CO2RR on
Cu40. For particles less than � 2 nm, often called clusters, quantum mechani-
cal e�ects may arise, signi�cantly altering catalytic properties.41,42 Clusters of
a few atoms (from one to some tens of atoms) have shown signi�cant size ef-
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2.2. Electrochemistry

metric number of electrons.
O + ne� 
 R (2.1)

Such a reaction is associated with an equillibrium potential, denoted the stan-
dard potential (E0), at which the net reaction rate is zero. The tendency for
either the reduction or oxidation to be favored is directly related to the po-
tential of the electrode with respect to this formal potential. An electrode at
which a net reduction takes place is called a cathode, whereas an electrode at
which a net oxidation takes place is called an anode. This comes about by driv-
ing the potential away from the equilibrium. By decreasing the potential of an
electrode (in negative or cathodic direction), the energy level of the electrons
increase. This thermodynamically favors transferring electrons into the lower
energy state of the reduced species, hence favoring reduction. Conversely, in-
creasing the potential (toward positive or anodic direction) lowers the energy of
electrons, making electron transfer away from R favorable, i.e. oxidation. Note,
that the redox couple is in a dynamic equillibrium, so at a zero net reaction
rate, the reaction proceeds at equal rates in opposing directions. The potential
(E) of an electrode at equilibrium is given by E0 and the activities ai of the
involved species O and R, via the Nernst equation (2.2)

E = E0 +
RT
nF

ln
aO

aR
(2.2)

where R, T and F are the universal gas constant, temperature and Faradays
constant, respectively. However, activities are rarely known, so eq. (2.2) may be
reformulated more practically as equation (2.3), by introducing the formal po-
tential E00 , which incorporate the standard potential and activity coe�cients.47

Eeq = E00 +
RT
F

ln
C�

O
C�

R
(2.3)

Now the potential is given in terms of the bulk concentrations C�
O; C�

R of the
species, which may be controlled in experiments. On the other hand the stan-
dard potentials of redox couples are the ones most often referred to, and not the
formal potentials. The discrepancy is, however, not essential for the points dis-
cussed in the following so the distinction will not be made. Importantly, either
formulations indicate that the equilibrium potential of a redox pair is dependent
on the presence of the partaking species. For instance, if the concentration (or
activity) of the reduced compound (R) is decreased, the equilibrium potential
will become more positive (anodic), making the reduction more favorable with
respect to a reference potential. By applying a potential E to an electrode the
reaction may be driven away from equilibrium, thus favoring one direction rela-
tive to the other. The driving force is the overpotential (�), de�ned by equation
(2.4).

� = E � Eeq (2.4)

Consequently � < 0 favors reduction while � > 0 favors oxidation. So far
the actual potential scale, to which these values refer, has not been discussed.
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Chapter 2. Electrocatalysis

The di�erence between potentials, is what drives reactions and is therefore more
important for present discussion. Nevertheless, potential scales will be discussed
in section 3.4.4.

2.2.2 Thermodynamics
The points discussed above lay the foundation for understanding redox reactions
at an electrode, though these are only half-reactions. As already suggested,
the overall reaction taking place in an actual electrochemical cell is made up
of two half-reactions, each taking place at separate electrodes, according to the
potential of and chemical environment around each electrode. One is commonly
concerned with studying one half-reaction at a time, but understanding an
overall reaction is crucial in the context of real applications. Generally, two
electrodes in an electrochemical cell may be at di�erent potentials, one acting
as cathode, the other as anode in the overall reaction. The potential di�erence
between the cathode and the anode is then the potential of the cell reaction
Erxn. This is associated with the net work available from the cell reaction, i.e.
the di�erence in Gibbs free energy (�G), via equation. (2.5)

�G = �nFErxn (2.5)

or in the case of unit activity of all substances the standard potential of the cell
reaction E0

rxn gives the standard Gibbs free energy:

�G0 = �nFE0
rxn (2.6)

Convention thus dictates that a positive Erxn is associated with a spontaneous
reaction (�G < 0). For the overall reaction of X,Y,Z with the corresponding
stoichiometric coe�cients x; y; z, seen in eq. (2.7)

xX + yY 
 zZ (2.7)

thermodynamics states that the free energy is given via eq. (2.8)

�G = �G0 +RT ln
azZ
axXa

y
Y

(2.8)

Combining this with equations (2.5) and (2.6), the potential of the cell reaction
(2.7) is then given by (2.9).

Erxn = E0
rxn �

RT
nF

ln
azZ
axXa

y
Y

(2.9)

It is worth returning to the water-splitting reaction introduced in eq. (1.1) and
rewriting the appropriate half-reactions and their standard potentials:

2H2O
OER���*)���
ORR

O2 + 4 H+ + 4e� E0 = 1.23 V (2.10)
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2.3. Kinetic Model System

2 H+ + 2e� HER���*)���
HOR

H2 E0 = 0 V (2.11)

The overall water-splitting reaction is made up of the two half reactions (left
to right direction) in equations (2.10) and (2.11). It is now apparent that
Erxn = �1:23 V for water-splitting under standard conditions, meaning that
1.23 V (or more) must be applied for driving the HER and OER half-reactions,
producing H2 and O2. The reverse reactions (right to left direction), ORR
and HOR, are the ones driving a hydrogen fuel cell. Note that the anode and
cathode are now "switched", so that Erxn = +1:23 V under standard conditions.
Therefore, the fuel cell will (ideally) deliver 1.23 V at equilibrium. Be that as
it may, an overpotential (�) is needed to drive the cell at any rate beyond
equilibrium. This means that the actual obtainable voltage output Ecell of a
fuel cell is less while the potential that must be applied to drive an electrolyzer
jEcellj is higher, as seen in eq. (2.12). In both cases this constitutes a loss of
e�ciency.

Ecell = Erxn � (� + �
 + �MT) (2.12)

Driving the highest possible reaction rate for the lowest possible � is essentially
the role of an e�cient catalyst. The relation between reaction rate and over-
potential will be explored in the following section. Furthermore, the Ohmic
resistance of a cell causes a potential drop (�
), which can in some cases be
signi�cant. Slow rates of mass transport of reactants and products may also
limit the overall reaction rate. This can also be regarded as an overpotential
or potential drop, �MT. Although dealing with these e�ects to some extent
is an engineering challenge, they also in
uence the investigations of half-cell
reactions, including those presented throughout this thesis.

2.3 Kinetic Model System
The reaction rate of an electrochemical reaction is characterized by a current i
or current density j (current per area) given the charge transfer associated with
the reaction. The current and overpotential are essentially the two primary
performance descriptors of an electrochemical system, be it an experimental
cell, or a commercial electrolyzer or fuel cell. A simple understanding of their
interdependence is therefore necessary. The Butler-Volmer (BV) model o�ers
a simple kinetic description, based on the more general current-overpotential
equation. The BV model assumes a one-step, one-electron (n = 1) reaction
with no consideration for coverage e�ects of reaction intermediates or reaction
mechanics. Moreover, the model pertains to a purely kinetically limited system
i.e. in�nitely fast mass transport. In practice this means that the mass trans-
port should be much faster than the reaction kinetics, i.e. the mass transport
rate constants of all species (i) are much faster than the heterogeneous reaction
rate constant (kMT;i o k). At the end of this section, the BV model will be
expanded to include �nite mass transport rates. The model can also be general-
ized to multi-step reactions for some cases, but this will not be discussed. This
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highly idealized model is for most cases not an accurate description of the reac-
tions investigated, but it does give a framework for qualitatively understanding
reaction kinetics.

The Butler-Volmer equation (2.13) is given here in terms of current density (j,
j0) rather than reaction rate constants (k, k0), since the former is more easily
comparable with experimental measurements.

j = j0
�

exp
�
�F
RT

(E � Eeq)
�
� exp

�
�

(1� �)F
RT

(E � Eeq)
��

(2.13)

By once again using � = E � Eeq and introducing the shorthand notation
f = F=RT the equation can be rewritten in a more compact form (2.14). The
transfer coe�cient � 2 [0 : 1] is a dimensionless parameters describing the
symmetry of the energy barrier of the charge transfer. The prefactor j0 is
known as the exchange current density.

j = j0
h
e�f� � e�(1��)f�

i
= ja + jc (2.14)

In essence, the BV equation consists of two terms of exponential dependence on
the applied overpotential. This indicates that the total current density j is the
sum of two contributions, an anodic and cathodic part, ja and jc respectively,
re
ecting that the electrochemical reaction is in a dynamic equilibrium where
both the oxidation and reduction takes place simultaneously and the overpo-
tential determines which one is dominating. In the case of equilibrium at � = 0
then j = 0, however, ja and jc are equal in magnitude and of opposite in sign.
While an overpotential is needed to drive the reaction in either direction, j0
determines the intrinsic rate of the reaction. A facile reaction is therefore char-
acterized by a high j0, yielding a high reaction rate, j(�), when perturbed. This
is where electro meets catalysis: A catalyst that readily facilitates a reaction
is characterized by a high intrinsic activity (e.g. j0). Finding materials that
have high j0 for the desired reactions is at the heart of electrocatalysis. Current
density has only been vaguely de�ned here as i=A. While i is a measurable
current, the area (A) used for normalization depends on the context. Several
de�nitions (and other activity metrics) are used throughout this thesis as well
as in literature, and will be introduced when appropriate (note the exception
of mass activity (jmass) where catalyst loading (mass) rather than area is used
for normalization). In �gure 2.4 a Butler-Volmer curve is plotted. In �gure (a)
the anodic and cathodic contributions are shown as green and blue stipulated
lines and the net current density is denoted by the black line. At � = 0 the
net current density is zero as ja and jc are equal in magnitude and opposite
in sign. Increasing � (positive direction) shifts the reaction favoring oxidation
and the ja becomes the dominating term. Conversely, the reduction is favored
when � becomes negative and thus the magnitude of jc dominates. Note that
j0, the parameter of interest, is not directly measurable. The right �gure, a so
called Tafel plot, shows the current on a logarithmic scale. At large overpoten-
tials, where either ja or jc dominate j completely, the Tafel plot becomes linear.
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2.3. Kinetic Model System

limited both by jl;a and jl;c, hence the plateau in both the anodic and cathodic
region. The right plot shows the extra overpotential encountered as a conse-
quence of the slow mass-transport compared to the purely kinetic case, even
way before the limiting current densities are reached.
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Chapter 3

Experimental Methods

In this chapter I give an overview of the experimental methods and setups used
for the projects presented in the following chapters. I will limit the discussion
here to electrochemical techniques, which is what I primarily have been working
with. Several other experimental techniques have been essential for the projects
presented in the following chapters, so I will include the main results of these
throughout, without diving into the details of the methods. The one exception
is the cluster source system, which deserves a brief introduction - this will be
given in chapter 6 where the small-entity project, for which the cluster source
is the prerequisite, is discussed. First the experimental equipment will be de-
scribed, in particular the three-electrode setup. Following this, some common
experimental preparations will be discussed, such as cleaning procedures and
sample preparation. Finally the experimental procedures, data acquisition and
treatment will be discussed in brief.

3.1 The Three-Electrode Setup

The three-electrode setup is constituted by a working electrode (WE), counter
electrode (CE) and a reference electrode (REF). This allows studying half-
reactions taking place at the working electrode. The WE potential is measured
with respect to the REF, whereas the current runs between WE and CE. The
electrodes are connected to a potentiostat which is controlled using a computer.
Describing a potentiostat in any detail is beyond the scope of this thesis but the
main parameters and settings will be discussed when relevant. With this basic
setup a large variety of experiments may be conducted. The standard setup pri-
marily used for the work presented in this thesis is based on the three-electrode
con�guration, and is depicted in �gure 3.1. A glass cell, which is closed except
for �ve openings with tapered slots contains the electrolyte. Through the center
opening the tip of a rotating disk electrode (RDE) may be submerged into the
electrolyte and function as WE. The purpose and function of the RDE will be
discussed in the following section. Via another opening the CE is inserted into
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3.3. General Experimental Preparations

current density (jl) via. (3.1).

1
j

=
1
jk

+
1
jl

(3.2)

3.2.1 The Rotating Ring-Disk Electrode (RRDE)
The rotating ring-disk electrode (RRDE) is a modi�cation of the RDE with
a separate ring electrode encircling the disk as seen in �gure 3.3. Using a bi-
potentiostat, the ring potential (or ring current) can be controlled independently
of the disk, giving extra experimental possibilities. In particular, the ring may
be used for product detection of electrochemically active species. For example
a reduction reaction may take place at the disk, after which a fraction of the
product (R) passes over the ring due to the di�usive/convective 
ow. If the ring
is at an appropriate potential, the reverse reaction may proceed, as in equation
(3.3).

O + ne
disk���*)���
ring

R (3.3)

This is particularly useful if multiple reactions take place simultaneously at
the disk but only of these reactions take place (in reverse) at the ring. If the
collection e�ciency (N) of the ring is known, the partial current density toward
one of the disk reactions may be then found. This is a valuable tool in studying
the selectivity of the oxygen reduction reaction, as discussed in chapter 4. The
collection e�ciency N is given by the fraction of moles produced at the disk
which reach the ring - or in terms of currents by eq. (3.4).

N =
�iR
iD

(3.4)

Ideally N is independent of experimental parameters such as !, �, CO;R etc.
and can be analytically derived solely from the disk radius (r1), inner (r2) and
outer (r3) radii of the ring47. Alternatively N can be measured experimentally
as discussed in section 3.4.1.

3.3 General Experimental Preparations
Primarily a VMP-2 potentiostat (BioLogic) was used with channel boards sup-
porting electrochemical impedance spectroscopy (EIS). For RRDE-measurements
a bi-potentiostat cable box was used in conjunction with two channels on the
VMP-2. The shortest possible (� 1 m) potentiostat cables were used (in partic-
ular when performing EIS) to minimize inductance. Since the projects were to
some degree overlapping, di�erent glass cells, RDE-tips etc. were used for each
project to limit cross contamination from di�ering electrolytes and samples.
A Hg/Hg2SO4 reference electrode (ScienceLine, Schott Instruments) has been
used for all projects reported here. The REF was rinsed in H2O-mQ before and
after every use and calibrated versus the reversible hydrogen electrode (RHE).
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Chapter 3. Experimental Methods

RDE-tips with PTFE shrouds (E6R1 ChangeDisk, Pine Research) have been
used for the RDE and RRDE experiments reported here. An Ir wire (�=0.5
mm, 99.9%, Goodfellow) was used as CE in both the HER benchmark project
(chapter 5) and the Pt small entities-project (chapter 6). A graphite rod (grade
1, Ted Pella) was used as CE for the ORR project with Pd single atoms (chapter
4) and also initially on the small entities-project. All dummy electrodes used
were Pt wire (�=0.5 mm, 99.995%, Mateck).

3.3.1 Cleaning of Glassware
The procedure for cleaning glassware and miscellaneous items (Te
on tweezers,
U-cups etc.) generally follows three steps: Cleaning in piranha, cleaning in aqua
regia and �nally heat assisted desorption.

The items were submerged in or �lled with piranha solution, which is a 3:1 vol-
umetric ratio of H2SO4 (98% Emsure, Merck) and H2O2 (30% Emsure, Merck),
typically for � 24 hours. The piranha solution is highly oxidizing and primar-
ily used for removing organic residues. After this, the items were rinsed at
least three times with Milli-Q ultra pure water (H2O-mQ, 18.2 M
 cm, Merck
Millipore) and then cleaned with aqua regia (if applicable) or heat assisted des-
orption.

A similar procedure was used for cleaning items in aqua regia, consisting of a
3:1 volumetric ratio of HCl (69%, Supelco) and HNO3 (69% Emsure, Merck).
Aqua regia has the ability to dissolve noble metals such as Au and Pt, and was
therefore typically used to clean glassware and Te
on parts from trace metal
contaminants.

Heat assisted desorption was used subsequent to the chemical cleaning proce-
dures to remove residual adsorbates from the used solutions, e.g. sulfur con-
taining compounds stemming from piranha. In essence, items were rinsed and
then �lled with ultra pure H2O-mQ, which was boiled or heated close to the
boiling point for at least 20 minutes before emptying out the water, rinsing
and restarting the process. This was repeated at least 3 times. Small items
were heated using clean beakers on a hot-plate. For electrochemical glass cells
a combined heater-and-pump system was used (TC-120, Grant): De-ionized
water heated to 90 �C was continuously circulated into the cavity surrounding
the cell (the "jacket") via the inlet (seen in �g. 3.1) and via the outlet back to
the heater-pump water reservoir. All items were cleaned periodically following
this procedure and also before �rst usage (i.e. new items). Glass cells etc. were
rinsed and �lled with H2O-mQ and capped before storage.

3.3.2 Preparation of Samples & Substrates
Glassy carbon electrode (GCE) disks (� = 5:0 mm, Sigradur G, HTW) have
been used as the primary substrate in two of the projects reported in this
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thesis. For the ORR project the GCEs were cleaned in the following way prior
to dropcasting of catalyst ink:

(i) polishing with using suspension of 0.3 �m alumina particles

(ii) rinsed and then sonicated in isopropanol and subsequently H2O-mQ

(iii) polishing with using suspension of 0.05 �m alumina particles

(iv) three repetitions of step (ii)

For the HER benchmark study some samples were deposited with very low
catalyst loadings and generally a clean, well-de�ned system was desired, thus
new GCE’s were used for every sample. The GCEs were cleaned in the following
way prior to dropcasting of catalyst ink or deposition of mass-selected nano-
particles.

(i) 10 minutes sonication is isopropanol

(ii) 3 times rinse, then 10 minutes sonication, then 3 times rinse in H2O-mQ

(iii) immersion in HNO3 (65%, Suprapur, Merck) for one hour

(iv) one repetition of step (ii)

For the small entities-project (chapter 6), highly oriented pyrolytic graphite
(HOPG) was used as substrate after failed attempts with other approaches. The
HOPG was cleaved several times immediately before deposition of small entities
with the cluster source or dropcasting of catalyst ink (for reference samples with
Pt nanoparticles). Catalyst inks for dropcasting were prepared as outlined in
refs. [48] and [49] and dropcasted on cleaned substrates. Dropcasting on GCE
disks mounted in a rotating RDE-tip (turned upside down) was attempted in
order to obtain a more homogeneous catalyst distribution by applying rotation.
No signi�cant improvement could be observed and hence this approach was not
pursued any further.

3.4 Measurement Techniques
The main electrochemical measurement techniques used will brie
y be discussed
in the following section. In general the experimental procedures may combine
several of such techniques in sequence if desired. In particular experiments based
on cyclic voltammetry using RDEs have been used to study catalyst activity for
the projects described throughout this thesis, hence a few general points will be
made on this technique. A so called CO-stripping techniques has been used to
estimate the number of active sites on some of the studied catalysts. The general
procedure for this will be described. Measurements of impedance spectra and
open-circuit voltages have furthermore been used for ohmic drop compensation
and potential scale calibration, respectively, of cyclic voltammograms, and will
be discussed too.
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Figure 3.4: Cyclic voltammogram of ferricyanide-ferrocyanide redox couple. The right axis
(i) applies for both �gures. The CVs were recorded with a GCE disk as WE in Ar-saturated
electrolyte consisting of 10 mM K3[Fe(CN)6] in 1 M KNO3 using � = 200 mV/s and !=0.

3.4.1 Cyclic Voltammetry (CV)
In cyclic voltammetry (CV) the potential on the working electrode E is swept
over a range of interest while the current is measured. Upon reaching a vertex
potential, the direction of the potential scan reverses, continuing like this in
cycles. The data is usually plotted as i or j vs. E, called a cyclic voltammogram
(also CV). The scan speed of the potential (�), i.e. dE/dt and the vertex
potentials, that is the cathodic and anodic limits of the scan (Ec, Ea), are
controlled and may be altered dynamically. As an example, the ferricyanide-
ferrocyanide redox couple seen in equation (3.5) is investigated. Figure 3.4 (left)
shows the linear potential sweep during three cycle and the current measured
simultaneously. The corresponding CV is shown in �g. 3.4 (right).

[Fe(CN)6]3� + e� � [Fe(CN)6]4� (3.5)

When the potential is swept in the anodic direction, a postive current kicks in
near E0 due to the oxidation reaction. The current peaks when the maximum
gradient of the reactant concentration occurs, after which the current decreases
due depletion of reactants. When the current has nearly 
attened out, the po-
tential is reversed at Ea. Now the opposite reaction (reduction) occurs, since
the oxidized species is in vicinity of the electrode, giving a similar peak before

attening out. Under these di�usion-limited conditions a set of redox peaks
may occur as seen in �gure 3.4, rather than an exponential behavior of i vs. E
as in the case of kinetically dominated Butler-Volmer behavior. Such a redox
reaction may indeed be reversible (Nernstian), but under these conditions a
steady state response is not obtained. By using an RDE-setup to enhance the
mass transport, a steady state CV may be obtained. As seen in �gure 3.5 an
increase in rotation rate (!) makes the redox peak transition into a S-shaped
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Figure 3.5: Limiting current density of ferricyanide-ferrocyanide redox couple at varying ro-
tation speed. The redox peaks gradually turn into S-shaped waves with plateaus at gradually
higher jl;c as ! increases. The inset shows that jl;c scales linearly with !1=2, in agreement
with the Levich equation. The CVs were recorded with a GCE disk as WE in an Ar-saturated
electrolyte consisting of 10 mM K3[Fe(CN)6] in 1 M KNO3 using � = 50 mV/s and !=100,
400, 900, 1600, 2500 rpm.

curve characteristic of a steady state. A higher ! e�ectively shortens the di�u-
sion layer thickness (and the hydrodynamic boundary layer), allowing a higher
concentration gradient between the bulk and the electrode surface, hence the
current response increases. Nevertheless, the current reaches a plateau, indi-
cating a complete mass-transport limitation. By plotting the limiting current
density or simply the limiting current (il;c) versus !1=2 a linear trend is ob-
served, as predicted by the Levich equation (3.1). An important observation
to note is that i varies with ! well before il;c is reached, indicating a partial
limitation already here.

General Procedure

The procedure for conducting CV experiments varies depending on the pur-
pose and samples studied, but mostly follow the same overall pattern: Prior
to starting experiment, the reference electrode is calibrated and the electrolyte
is purged with the desired gas for su�ciently long time to achieve saturation.
When studying HER/HOR the electrolyte is saturated with H2 while O2 is
used for ORR experiments, to ensure standard conditions. When performing

31
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CO-stripping (further explanation in the following) or measuring base CVs, Ar-
saturation is used. For HER/HOR 0.5 M H2SO4 electrolyte is used, whereas
0.1 M HClO4 is used for ORR to avoid sulfur compounds from adsorbing in the
potential range of interest studied in this reaction. Typically != 1600 rpm is
used for activity measurements, consistent with literature. The sample is in-
serted under potential control to avoid possible degradation. This is achieved by
holding the dummy electrode at the desired potential, essentially a chronoam-
perometry (CA) step (which may be integrated in a CV technique). The real
WE is then electrically shorted to the dummy and subsequently immersed in
the electrolyte. The dummy is then disconnected and the experiment may com-
mence. Since the non-faradaic charging current scales linearly with scan speed
(inf = ACd�), typically � is kept to 50 mV/s or 10 mV/s, depending on sample
roughness (which correlates with the double layer capacitance, Cd). Depending
on the stability range of the sample and the reaction studied, Ea and Ec are
chosen appropriately. In general, several experiments with various parameters
are conducted in a row, while keeping potential control in between. This is
often combined with a CO-stripping experiments, as described in the following.
Typically EIS measurements are conducted to evaluate the ohmic resistance,
and compensate for it during data treatment.

RRDE Procedure

For experiments using the RRDE capability, the general procedure and param-
eters are quite similar to the ones described above. A key di�erence is that a
bi-potentiostat is used to control the ring-electrode and disk-electrode - in prac-
tice two synchronized channels connecting to a bi-potentiostat cable box. The
experimental technique used is a simultaneous CV-CA measurement, in that
the disk performs CVs while the ring runs CA. To get a useful measurement,
Ering is set su�ciently high so that there is no kinetic limitation for the ring
reaction, so that all reactants reaching the ring react promptly.

For RRDE-experiments, the ring electrodes collection e�ciency N is important
for an accurate determination of selectivity. It is dependent on the disk and
ring dimensions, and may be determined experimentally: by choosing a system
with only one redox couple the only possible faradaic process is oxidation or
reduction of these species. Figure 3.6 shows a disk CV and ring CA experiment
plotted versus Edisk for the ferrocyanide-ferricyanide redox couple. It is found
from the idisk/iring ratio that only around 20% of the ferricyanide reduced to
ferrocyanide at the disk is captured and oxidized back to ferricyanide at the
ring. Thereby the collection e�ciency of the RRDE-tip used is N � 20%.

3.4.2 CO-stripping
Platinum and platinum-like metals bind CO strongly, leading to a surface cov-
erage of a CO ad-layer, which e�ectively blocks surface sites. For instance, HER
on Pt may be virtually blocked by adsorbed CO, known as CO-poisoning. At
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Figure 3.6: CV of the ferrocyanide/ferricyanide redox couple obtained by a GCE disk and
Pt ring in an RRDE. The ratio between disk current (red) and ring current (black) gives the
collection e�ciency N � 20%. The CV was recorded in an Ar-saturated electrolyte consisting
of 10 mM K3[Fe(CN)6] in 1 M KNO3 using � = 50 mV/s, ! = 1600 rpm and Ering=0.58 V
vs. REF.

more anodic potentials, however, the CO can be electrochemically oxidized to
CO2, leaving the surface. Many parameters in
uence the process such as CO-
adsorption potential, electrolyte, material composition, surface morphology etc.
and also the details of reaction mechanism has given rise to some debate.50{56

The electrochemical oxidation of CO is generally believed to take place in two
steps, as seen in equation (3.6): Adsorption of OH from the oxidation of water
(1) and the reaction of adsorbed CO with adsorbed OH (2)

H2O+� �! �OH + H+ + e� (1)
�CO + �OH �! CO2 + H+ + e�+2� (2)

(3.6)

The net process is hence a 2-electron transfer per CO-molecule. This knowledge
can be employed when performing a so-called CO-stripping experiment, where
the electrochemical oxidation of CO can be measured as a current. By appro-
priate integration a net CO-strip charge (QCO;tot:) may be found. This charge
is directly proportional to the number of active sites on the surface. Such a
measurement may be used to estimate the intrinsic activity of a catalyst. A
typical CO-strip experiment is shown in �gure 3.7 and proceeds as follows: The
electrolyte is saturated with Ar and a few CV’s are performed in the potential-
range of interest (typically from +50 mV to 1.0 V vs. RHE). After a stable
CV is veri�ed, a potential-hold period is applied (e.g. +50 mV for 15 minutes)
during which CO is purged in stead of Ar for the �rst 2 minutes. This allows
CO to adsorb on the working electrode. After dosing CO, the Ar purging is
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Chapter 3. Experimental Methods

few key points are called for. In CA experiments the potential is set at con-
stant value (and perhaps changed in steps or pulses) and the system response is
recorded. Upon changing the potential, non-faradaic currents are signi�cant on
a short time scale, but decay exponentially, unlike in potential-sweep methods
such as cyclic voltammetry. This means that after just a very short time (e.g.
ms timescale) the current becomes completely dominated by faradaic processes.
For a steady state measurement the current should then be constant in time,
and therefore CA is a relatively simple approach for gauging catalyst stabil-
ity under reaction conditions. A deviation from constant current may indicate
catalyst degradation but not the underlying cause. A deviation may also be
due to other experimental artifacts, and thus CA should not solely be relied
on for accurately assessing stability. Anyhow, some CA measurements will be
discussed in chapter 4. Lastly, CA procedures may implicitly be incorporated
in other measurement for practical reasons, e.g. as a potential control step.

3.4.4 Potential Scales
The standard potential scale widely accepted is the standard hydrogen electrode
(SHE) de�ned by the equilibrium of 2H++2e� � H2 on a Pt electrode and
unit activities, aH+=1, aH2=1. By de�nition E0= 0 V at all temperatures. The
reversible hydrogen electrode (RHE) furnishes a potential scale which depends
on pH with respect to SHE. This has the practical advantage that the RHE
scale can be used for di�erent electrolytes and that reactions involving proton-
electron transfers will not be pH-dependent on the RHE scale and are thus
more easily compared between measurements. First the Nernst relation for the
HER/HOR is given on the SHE scale in equation (3.8):

ESHE = E0
SHE +

RT
2F

ln
a2

H+

aH2

(3.8)

Given the de�nition of the pH-scale and that aH2 = 1, E0
SHE=0 V and n=2,

this may at room temperature be written as:

ESHE = �59[mV] pH (3.9)

The RHE scale is also de�ned with aH2=1 but with Eeq;RHE=0 for all aH+

(equivalently all pH values), meaning that:

ERHE = ESHE + 59[mV] pH (3.10)

The activity of a gas is given by the partial pressure of the gas with regards
to the standard pressure (1 bar). Thus the RHE scale is de�ned by a 1 bar
H2 partial pressure. An actual RHE may be used as a reference electrode,
but for experiments it is often more practical to use another REF electrode,
which is then calibrated against RHE. Given a di�erence in equilibrium potential
between the REF and SHE of �EREF, then, E vs. RHE is given by eq. (3.11).

ERHE = EREF + �EREF + 59[mV] pH (3.11)
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Figure 3.9: REF calibration and characteristic gas saturation time. (left) OCV of Pt dummy
in H2-saturated 0.5 M H2SO4 used for calibrate potential scale. Noise level is within �1 mV
and dE/dt � 0 indicating a stable equilibrium. (right) Chronoamperometry at E = 50 mV
vs. RHE where the purging gas is changed from H2 to Ar at t = 50 s. WE: Pt nanoparticles
on a GCE disk (5000 ng cm�1), electrolyte: 0.5 M H2SO4, !=200 rpm.

The reference electrode may be calibrated versus RHE using a Pt electrode while
saturating the electrolyte with 1 bar H2. For this purpose a dummy electrode
(a Pt wire) is used as WE. By letting the WE go to the open circuit voltage
(OCV), i.e. where i=0, the equilibrium potential of HER/HOR (which is 0 V
vs. RHE) is measured versus the REF and hence eq. (3.11) is solved. Figure
3.9(left) shows a typical OCV measurement used for calibration, showing 
uctu-
ations no larger than �1 mV and dE/dt practically zero. A similar calibration
could also be obtained via cyclic voltammetry under the same conditions. Here
the CV should intersect (ERHE, i)=(0,0), with a minimal spread of the anodic
and cathodic scan (hence a su�ciently slow scan speed is required to minimize
inf). Throughout this thesis, all potentials are referring to the RHE scale unless
noted otherwise.

Ensuring complete saturation of the electrolyte is not only important for REF
calibration but for experiments in general. Since the gas used may sometimes
be changed during a sequence of experiments, e.g. when going from a base CV
to HER activity tests or during a CO-strip procedure, it is worth knowing the
typical time it takes for the system to equilibrate with a new gas. Figure 3.9
(right) shows a simple CA experiment investigating this. Initially a working
electrode consisting of Pt nanoparticles dispersed on a GCE is held at +50 mV
vs. RHE while being purged with H2 and hence a steady HOR current is sus-
tained. At t � 50 s the H2 purge is exchanged with Ar. As H2 is oxidized
at the WE or otherwise leaves the electrolyte and is not replenished, the HOR
current drops. Within �5 minutes the current has stabillized to a new equi-
librium: A slight cathodic current attributable to HER due to the Nernst shift
of the HER/HOR equilibrium potential. This characteristic time scale is not
necessarily expected to hold for other gasses, electrolytes and cells, but similar
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Figure 3.10: Randles equivalent circuit.

experiments tend to yield roughly the same time scale. Hence at least 5 min-
utes saturation, and most often longer, has been used when changing gas for
the experiments presented throughout this thesis.

3.4.5 Impedance Spectroscopy

Several processes can take place simulateneously at the working electrode stud-
ied, both faradaic and non-faradaic. Furthermore, uncompensated resistance
may in
uence the potential measured. It is therefore desirable to deconvolute
the various e�ects to aid the analysis. One method for doing so is electrochem-
ical impedance spectroscopy (EIS). The electrode processes may be modeled
by circuit elements with some characteristic impedance (Z), i.e. a generalized
(complex) resistance, which is frequency dependent. The EIS technique is used
to probe the response of such systems by using pertubations of varying fre-
quencies in order to analyze the constituents of the circuit. This is done by
setting E at a point of interest and then varying this potential with a small
sinusoidal pertubation, ��E, at series of frequencies (fEIS) starting from high
to low. A range of interesting properties may in principle be examined using
this technique, for instance kinetic information such as i0 could be extracted.
This does, however, require a well-de�ned and well-known system which can be
represented by a meaningful circuit model. For the present work the technique
has only been used to estimate R
, although the more generalized use of EIS is
interesting. The diagram in �gure 3.10 shows the Randles equivalent circuit, de-
scribing a simple model electrode where both faradaic and no-faradaic currents
are contributing. The uncompensated ohmic resistance (R
) is an ideal resis-
tor, through which the total current (i) runs. The faradaic and non-faradaic
processes are running in parallel, and hence the diagram shows two partial cur-
rents, the faradaic (if) and the non-faradaic (inf , charging current), which run
in parallel. Ideally, the double layer charging behaves as a capacitor (Cd) being
charged/discharged. The charge-transfer resistance (Rct) models the kinetic
barrier associated with the charge transfer process and can be related to the ex-
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Figure 3.11: Nyquist plots of a blocking electrode, Randles equivalent circuit model and
experimental data: (left) The blue line denotes a blocking electrode, the red lines denote the
ideal behavior of an electrode described by a Randles equivalent circuit, where the semi circle
is valid for high frequencies and the linear region is the solution for low frequencies. (right)
Experimental spectra of Pt nanoparticles on a GCE disk (5000 ng cm�1) at ! = 1600 rpm
in 0.5 M H2SO4. Blue curve behaves like a blocking electrode and was obtained at E=0.2
V vs. RHE, �E=10 mV with a range of fEIS=[200 kHz; 10 Hz] in Ar-saturated electrolyte.
The red curve is slightly skewed and more compressed than an ideal high-frequency response
(semi-circle) expected from a Randles circuit. The measurement does not extend all the way
to the linear, low-frequency response. The red curve was obtained at E=0 V vs. RHE, �E=5
mV with a range of fEIS=[200 kHz; 0.2 Hz] in H2-saturated electrolyte.

change current (i0). The Warburg impedance (Zw) represents the "resistance" of
mass-transport. The data obtained from EIS measurements are often presented
in Nyquist plots, where the imaginary vs. real components of Z are plotted.
The frequency response of a Randles circuit may be derived analytically either
in the range of very high or very low frequencies. As seen in �gure 3.11(left),
the high-frequency response of a Randles circuit gives rise to a semi-circle of
radius Rct/2 which goes to -Im(Z)=0 at the points R
 and R
+Rct. The low
frequency range has a linear solution, where the intersection with the real axis
depends on the magnitude of the Warburg impedance (not shown here). If E
is set in a region where no faradaic processes occur, only double layer charging
contributes to the EIS spectrum, equivalent of only having the part of the cir-
cuit where inf runs, a so-called blocking electrode. This results in a vertical line
going up form R
. In case of a less ideal behavior, the response of a blocking
electrode is slightly slanted, like that of a constant phase element. An example
of this can be seen as the blue line in �gure 3.11(right). Here EIS was performed
on a GCE disk with Pt nanoparticles at E= 0.2 V vs. RHE in an Ar-saturated
electrolyte, where double layer charging is expected to dominate. It should be
noted that the Ar-saturation gives a Nernst-shift of the HER/HOR equilibrium
potential and that underpotential deposition of hydrogen also may occur at
this potential, which may contribute to charge transfer. That being said, the
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curve is almost like that of an ideal double layer capacitance. The �gure also
shows a plot of the same sample but at E= 0 V vs. RHE in H2-saturated elec-
trolyte, i.e. at the (dynamic) equilibrium of HER/HOR. This gives a spectrum
somewhat similar to a Randles circuit, however, the high frequency region is
more linear than circular (perhaps another semi-circle is overlapping), showing
a more complex behavior. Given the rotation and the potential the linear region
is not seen within the frequency window of the experiment. Nonetheless both
measurements approach the -Im(Z) at nearly identical points, namely R
=5 
.
This underlines that the ohmic drop may be estimated from EIS data at the
high frequency limit regardless of complexities of the equivalent circuit model.

E = Emeasured � i R
 (3.12)

The uncompensated resistance (R
) gives a potential drop of the measured
potential (Emeasured). This may then simply be post-corrected using eq. (3.12),
giving E.
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Chapter 4

Oxygen Reduction Reaction
(ORR)

The electrochemical oxygen reduction reaction (ORR) can follow two overall
pathways, involving a total transfer of either four or two electrons per O2 re-
duced. The four-electron reaction (4e�-ORR) reduces oxygen to water, as seen
in eq. (4.1), whereas the two-electron reaction (2e�-ORR) reduces oxygen to
hydrogen peroxide, seen in eq. (4.2).

O2 + 4 H+ + 4 e� �! 2 H2O E0 = 1.23 V (4.1)

O2 + 2 H+ + 2 e� �! H2O2 E0 = 0.7 V (4.2)

The two reactions are closely linked and may happen in parallel on a catalyst.
In fact, the issue of selectivity, meaning preferentially catalyzing one and not
the other, is of great interest in the studies of these reactions. The challenges
of catalyzing these reactions and their applications will be discussed in the
following two sections: Firstly, the 4e�-ORR will brie
y be discussed alluding
to it’s relevance in fuel cells and the challenges posed by scaling relations, which
also sets the stage for later discussions. In the second section, the 2e�-ORR will
be in focus. The applications of hydrogen peroxide and alternative synthesis
methods will be touched upon, leading up to a discussion of the electrochemical
synthesis via 2e�-ORR, and in particular the catalysis of this reaction. The
main focus here will be on the interesting prospects of single atom catalysts and
especially the interplay between geometric and electronic e�ects. This section is
largely based on the paper48 titled Highly active, selective, and stable Pd single-
atom catalyst anchored on N-doped hollow carbon sphere for electrochemical
H2O2 synthesis under acidic conditions, which was recently published in Journal
of Catalysis. This was the product of an international collaboration, where
the electrochemical tests took place at SurfCat, DTU. I worked together with
Sungeun Yang and Jens-Peter B. Haraldsted on these experiments. I mainly
focused on RRDE-measurements, and contributed to revision of the manuscript.
The full manuscript is included in appendix A.
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Chapter 4. Oxygen Reduction Reaction (ORR)

4.1 ORR in Fuel Cells
Several factors determine the overall performance of fuel cells, a key factor being
the catalysis of the reactions. The reduction of oxygen to water is the cathodic
half-reaction of an operating fuel cell, whereas the hydrogen oxidation reaction
(HOR) is the anodic half-reaction. Due to the more complex reaction pathways
and the scaling relations of the involved intermediates, the ORR is much less
facile than HOR. Consequently, the catalysis of the overall reaction is limited
by the ORR. The 4e�-ORR reaction may proceed via a dissociative (seen in
eqs. (4.3)) or an associative mechanism (seen in eqs. (4.4)). In the former, the
O-O bond is split (O2-dissociation) initially, whereas in the latter, the proton-
electron transfer proceeds �rst. The dominating mechanism is dependent on
oxygen coverage, applied potential and naturally the catalyst, and both mech-
anisms may proceed in parallel33.

Dissociative Mechanism

O2 + 2� �! 2O� (4.3a)

2O� + 2H+ + 2e� �! 2OH� (4.3b)

2OH� + 2H+ + 2e� �! 2H2O+� (4.3c)

Associative Mechanism

O2+� �! O�
2 (4.4a)

O�
2 + H+ + e� �! OOH� (4.4b)

OOH� + H+ + e� �! O� + H2O (4.4c)

O� + H+ + e� �! OH� (4.4d)

OH� + H+ + e� �! H2O + � (4.4e)

For catalysts that bind oxygen too weak, the limiting factor is splitting the
O-O bond in case of the dissociative mechanism (4.3a) or the proton-electron
transfer to O2* (4.4b). For catalysts binding oxygen too strong, the proton-
electron transfer to O* or OH* is the rate limiting step (4.3b, 4.3c)33. In line
with Sabatier’s principle, which was introduced earlier, this leads to a volcano-
relationship of the catalytic activity with e.g. the oxygen binding strength as
the descriptor - as was shown in �gure 2.2. Platinum (Pt) has a near-optimal
binding energy and therefore sits near the top of the activity volcano. This
is a major reason why Pt-based materials are the best-performing 4e�-ORR
catalysts. Nevertheless, even the best Pt-based catalyst require substantial
overpotenials to catalyze the reaction. The reaction has multiple intermediates,
whose binding energies are correlated through the linear scaling relations32,33

and for this reason the binding energies cannot be optimized individually. The
free energy diagram in �gure 4.1 illustrates the issue: at equilibrium (1.23 V
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4.2. Hydrogen Peroxide Synthesis via ORR

remove impurities61. The anthraquinone process has a high yield, but requires
a centralized, large-scale plant to be viable62 and comes with the additional dis-
advantages of needing to regenerate the working solution, the catalyst as well as
the puri�cation steps. The centralized production also necessitates transporta-
tion, stabilizers to prevent H2O2 from decomposing and in some cases dilution
at the end-user.59,61

An alternative synthesis method is via the direct reaction of H2 and O2, but to
stay below the explosive limit of this gas mixture, an inert gas must be used to
dilute H2 and O2. The method might be suitable for production at the point of
use, eliminating the need for transportation and unnecessary up-concentration
and dilution steps63. Since the decomposition of H2O2 (or combustion of H2 and
O2) into H2O and O2, as well as the further hydrogenation of H2O2 into H2O,
are also thermodynamically downhill processes, a key challenge is the selective
formation and preservation of H2O2

59,64. Pd-based catalyst have shown good
performance in this regard and have been studied at length - for instance Pd-Au
catalyst have proven active, both with core-shell structure62 and alloyed65. The
addition of Sn to Pd has also been shown to increase selectivity by suppressing
the decomposition and hydrogenation reactions66. Similar observations have
been made for the addition of Pt to Pd-Au67. In general, it has been found that
the activity can be promoted both by additives to catalyst but also to the sup-
port material63{65,68. Operating under safe conditions with a high H2O2 yield
are essential to the feasibility of this direct method, which has not yet matured
to a commercial technology64. Although the direct reaction of H2 and O2 has
been proven on the scale of a demonstration plant69 the safety of operation and
e�ciency are still barriers in preventing a wider adoption of this method.64,70,71

Another route for producing H2O2 is the electrochemical synthesis, which is the
method of the present work. Electrochemical synthesis of H2O2 can take place
both by the oxidation of H2O at an anode or reduction of O2 at a cathode71.
Only the oxygen reduction reaction (ORR) will be discussed here. The electro-
chemical synthesis route enables a decentralized production of dilute aqueous
solutions of H2O2, thereby eliminating the need for transportation, puri�cation,
or handling of hazardous, concentrated solutions. In the following, the main fo-
cus will be on ORR in acidic media, as the alkaline ORR is easily catalyzed by
glassy carbon, but the product is unstable72. Thereby, the alkaline conditions
are best suited for purposes where the peroxide is used immediately. Further-
more, the alkaline conditions bring additional challenges, such as: The need to
neutralize the solution for some applications, high Ohmic resistance due to the
diaphragm used as separator, the carbonate formation in presence of CO2 and
the corrosive nature of the alkaline environment. Nevertheless, the Huron-Dow
process based on this approach has been commercialized for bleaching pulp and
paper59. Under acidic conditions, pure aqueous H2O2 can be produced using
a proton exchange (PEM) membrane, potentially with a wider applicability.
A key point for the development of electrochemical H2O2 synthesis is thereby
�nding an active and selective catalyst which is stable under acidic operating
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Chapter 4. Oxygen Reduction Reaction (ORR)

conditions, preferably a cheap and earth-abundant material48,59. The process
may be run as a PEM fuel cell (PEMFC) by oxidizing H2 at the anode (HOR),
so that electricity is generated simultaneously with the production of H2O2

73,
but this requires supplying and separately handling H2. On the other hand,
the process can be run as an PEM electrolyzer requiring only water, electricity,
O2 (or simply air). In this case the oxidation of H2O takes place at the anode,
ensuring the supply of protons via the PEM as seen in the schematic in �gure
4.3.

2H2O �! O2 + 4H+ + 4e� (4.5a)

O2 + 2H+ + 2e� �! H2O2 (4.5b)

Figure 4.3: Schematic of PEM electrolyzer producing an aqueous solution of H2O2 from O2,
H2O and electricity and the two half reactions. Figure adapted with permission from [59].
Copyright 2018, American Chemical Society.

4.2.2 Catalyzing the 2e�- ORR
The two-electron pathway of ORR seen in eq. (4.5b) proceeds via the OOH*-
intermediate in the following steps (4.6) and (4.7)

O2 + �+ H+ + e� �! OOH� (4.6)

OOH �+H+ + e� �! H2O2 + � (4.7)

Yet the 4-electron ORR is still thermodynamically downhill, so the OOH may
also be further reduced, for instance via the associative mechanism (4.4c). In
fact, the competing 4e�-ORR reaction, having a more anodic equilibrium po-
tential, is the main challenge for selectively catalyzing the 2e�-ORR. The pro-
duced H2O2 may also be chemically dissociated or further reduced by a pro-
ton/electron transfer. Like the direct synthesis method, the electrochemical
methods also contends with the issue of selectivity, due to unwanted alternative
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Figure 4.4: Volcano trend of theoretical limiting potential for 2e�-ORR (green line) and 4e�-
ORR (black line). Red points indicated DFT calculations for M-N/C catalyst and blue points
are for pure metals. Figure adapted with permission from [59]. Copyright 2018, American
Chemical Society.

reaction pathways. In particular, the catalysts proclivity for breaking the O-O
bond is determining for whether H2O2 or H2O is produced, and is the result of
two major factors at play, namely electronic e�ects and geometric e�ects.48,59

Regarding the electronic e�ect the OOH� is the intermediate of relevance for
describing the 2e�-ORR mechanism. The optimal value of �GOOH� leads to a
theoretical limiting potential which coincides with the standard potential (E0)
of the reaction at the apex of the volcano in �gure 4.4. This means that for the
optimal catalyst, the intermediate step is thermodynamically favorable from
the onset, i.e. no extra overpotential must be applied to get the reaction going
other than a slight pertubation of E. In contrast, the more complex scaling
relation of the 4e�-ORR is less ideal. Not until E � 0:9 V are all the interme-
diate steps thermodynamically favorable, even at the optimal binding energy
of OOH, so even the optimal catalyst imaginable within these scaling relations
still requires an extra �300 mV overpotential. The simple scaling relation for
the 2e�-ORR is favorable but in practice complicated by the coexistence of the
4e�-ORR pathway which has a somewhat overlapping volcano trend as seen in
�gure 4.4. On the strong binding side of the 2e�-ORR volcano (left leg) the
further reduction of OOH is limiting, whereas on the weak binding side (right)
the reduction of O2 to OOH is limiting. In absence of the 4-electron pathway,
the optimal 2e�-ORR catalyst would be at the apex of the green curve, but
from this point and to the left of it, the 4e�-ORR has a more anodic limiting
potential. Thereby, the driving force toward 4e�-ORR is greater in this region.
The right leg of the 2e�-ORR volcano coincides with that for 4e�-ORR and
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the two reactions thus have an equal driving force, making the H2O2 formation
feasible although not necessarily preferential. Figure 4.4 shows that most pure
metals considered (blue points) lie on the strong binding side (left) and thereby
catalyze the formation of H2O. On the other hand, Hg, Au and a handful of
metal single atoms (red points) in porphyrin-like structures (M-N/C) fall on
the weak binding side of the volcano, catalyzing the formation H2O2 to some
extent. Given that 4e�-ORR involves breaking an O-O bond, the stability of
the O* intermediate is of relevance for this pathway. If the O* intermediate is
su�ciently destabilized, OOH* will not be dissociated further and the selectiv-
ity toward H2O2 will increase. Usually O* binds in hollow sites whereas OOH*
binds on atop sites. In the absence of hollow sites, O* is destabilized compared
to OOH*, which constitutes the geometrical e�ect - essentially a single catalytic
site cannot split the O-O bond. For instance, porphyrin-like structures have no
hollow sites an may thereby exhibit this geometric e�ect74. Figure 4.5 exem-
pli�es the geometric e�ect by showing the shift in scaling lines of �GO� versus
�GOOH� between pure metals (blue) and metal single atoms in porphyrin-like
structures (red). For �GO� above the horizontal stipulated line, the O* is less
stable than H2O2 and H2O2 is thus thermodynamically more favorable. Several
of the porphyrin-like catalyst inhabit this area of interest, namely M: Cu, Ni,
Pt, Pd.59 Generally speaking, the O* is destabilized when moving further to
the right of the 2e�-volcano (�gure 4.4), increasing selectivity but at the cost
of activity. Perhaps the geometric e�ect might enable the design of a catalyst
closer to the top of the volcano that still destabilizes O* thus achieving a high
selectivity and activity. These considerations are based on a thermodynamic
analyses and do not include kinetic barriers, electrolyte e�ects, catalyst stability
etc. As such, the electronic and geometric e�ects act as guiding principles but
not absolute predictors. Several classes of materials have been studied for the
2e�-ORR reaction, such as carbon-based catalysts with various dopants, metal-
porphyrin-like structures (e.g. Co-N/C) and extended surfaces and nanoparti-
cles of various alloys59,71. For instance, the selectivity and activity of Au-Pd
nanoparticles has been reported for di�erent compositions, showing structural
sensitivity75,76. Among the porphyrin-based catalysts e.g. cobalt-porphyrin
structure77 has shown reasonable selectivity, however, porphyrin-like structures
generally have low stability78. Using a DFT-screening to predict stable, selec-
tive and active alloys, Pt-Hg was found and experimentally tested, showing good
performance74. The high activity and selectivity was rationalized by the near
optimal �GOOH� and the geometric e�ect stemming from the PtHg4 structure
in which single Pt-atoms are surrounded by Hg. Other transition metal alloys
with Hg have also been tested, and in particular Pd-Hg displays state-of-the-art
speci�c activity and high (> 90%) selectivity toward H2O2

79.

4.2.3 Study of a Pd1/N-C Catalyst
Inspired by the principles discussed in the precious sections of this chapter, a
catalyst consisting of Pd single atoms anchored in a porphyrin-like structure
(Pd1/N-C) was synthesized, tested for the 2e�-ORR reaction, characterized
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Figure 4.5: Shifted scaling relations of ORR-intermediates showing the geometric e�ect of
isolated sites. Figure adapted with permission from [59]. Copyright 2018, American Chemical
Society.

and theoretically modeled. The Pd1/N-C catalyst proved active, selective and
stable which was attributed to the single Pd atom anchored by the coordinating
N-species. Highlights of the study will brie
y be presented with a focus on the
Pd1/N-C catalyst. For more details see [48] in appendix A.

Synthesis

The synthesis of the Pd1/N-C catalyst as well as the control samples follow a
wet chemical-thermochemical process as shown in �gure 4.6. Brie
y, a template
structure consisting of SiO2-nanospheres was prepared80 and subsequently cov-
ered with graphene oxide (GO)81. Next, the spheres were covered in either
polydopamine (PDA, source of nitrogen) or amorphous carbon (AC) depend-
ing on the sample (but none for the Pd nanoparticle sample). Subsequently
all samples were pyrolyzed and the silica spheres were etched away. Lastly, Pd
was deposited except for the blank nitrogen doped carbon nanospheres (N-C).
In summary, four di�erent sample types were made, all supported on reduced
graphene oxide (RGO). Two of these had nitrogen incorporated stemming from
PDA, (N-C and Pd1/N-C), the latter containing Pd. Third type (Pd1/C) had
Pd on amorphous carbon. The last type (PdNP/C) had Pd nanoparticles di-
rectly on the RGO.

Chracterization of Pd1/N-C

Based on the measured X-ray absorption near edge structure (XANES), the
valence of the Pd species is positive compared to a metallic Pd reference and

49



Chapter 4. Oxygen Reduction Reaction (ORR)

Figure 4.6: Synthesis procedures for Pd1/N-C and the three control samples: N-C, Pd1/C
and PdNP/C. Adapted from [48].

Figure 4.7: HAADF-STEM images of the Pd1/N-C SAC showing the supporting carbon
spheres (two left images) and bright dots ascribed to Pd single atoms (right image). Reprinted
from [48].

the extended X-ray absorption �ne structure (EXAFS) indicated that the Pd
species was coordinated by N-atoms. The �tting of the EXAFS-data yielded a
coordination number of � 6 N with an average distance of � 2:1 �A. Thereby,
the structure of Pd1/N-C was hypothesized to consist of Pd-single atoms co-
ordinated by N-defects (e.g. pyridinic) in the carbon lattice. The existence of
such N-sites is also consistent with the X-ray photoelectron spectroscopy (XPS)
spectrum of N, showing signi�cant ratios of pyridinic and pyrrolic N (� 21%
each) although graphitic N (� 54%) is prevalent while pyridinic-oxide is negli-
gible (a visual overview of N-defects is given in �gure 6.3 in chapter 6). The
single atom dispersion of Pd is also seen as bright dots in the STEM image in
�gure 4.7 (right). The produced catalyst powders were suspended in a solution
consisting of ethanol, Milli-Q H2O and Na�on per
uorinated resin solution and
then sonicated. The resulting inks were dropcasted on polished and cleaned
glassy carbon electrodes used for RRDE-experiments as well as on gas di�usion
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electrodes (GDEs) consiting of carbon cloth material, used for accumulation
tests in a three-compartment cell.

Electrochemical Performance

The electrochemical performance of Pd1/N-C and the reference samples was
probed using RRDE-experiments to measure activity and selectivity. The se-
lectivity here is given in terms of faradaic e�ciency (FE), which is the percentage
of the total measured current going toward producing H2O2. The three panels
in �gure 4.8(a) show (from top to bottom) the Faradaic e�ciency, ring current
and disk current density, all versus the disk potential. Evidently, all catalysts
facilitate the 2e�-ORR to some degree, however, the selectivity and activity
varies. The presence of Pd species in all cases enhance both selectivity and ac-
tivity compared to the carbon based N-C catalyst (grey traces). The Pd1/N-C
(red traces) has the highest activity and selectivity, but interestingly the sec-
ond best is not the other Pd SAC catalyst (Pd1/C) but the Pd nanoparticles
(PdNP/C). In general, the faradaic e�ciencies also seem to vary somewhat with
the applied potential and the Pd1/N-C has a peak FE� 80% at E � 0:3V.
Regarding the activity, an intrinsic metric such as turnover frequency (TOF) is
desirable but not always obtainable as it requires knowledge of the amount of
active sites on the catalyst. If the electrochemically active surface area (ECSA)
may be estimated, the current density normalized to ECSA may be used in-
stead. This metric also requires the catalyst to be well-de�ned, and is not
overly common in literature. Yet, in the case of extended crystalline surfaces,
the analysis is straightforward, since AECSA � Ageo. By this metric of intrinsic
activity, Pd1/N-C is still surpassed by state-of-the-art Pt-Hg74 and Pd-Hg79

(see the manuscript in appendix A for comparison). On the other hand, the
single atom dispersion of Pd1/N-C allows for a high material utilization and
consequently a high mass activity as seen in �gure 4.8(b). While the mass ac-
tivity is strictly speaking not an intrinsic measure, it may be a proxy in lieu of
better alternatives, and furthermore it may have a techno-economic relevance.
Here Pd1/N-C performs on par with carbon supported Pd-Hg nanoparticles79

and cobalt porphyrins77,82{84, although there is some spread in the reported
activities of the latter. Figure 4.8(c) shows that the selectivity of Pd1/N-C
compares reasonably well with other catalysts reported in literature, although
it is not among the highest. For H2O2-generation in a PEM-electrolyzer running
on water, the argument could be made, that a decreased selectivity essentially
yields the same result as a lower activity, since the peroxide is e�ectively diluted
in water. Therefore neither selectivity or activity alone, but their convolution
is of importance. Additionally, the catalyst stability is of great signi�cance of
the viability on any such device. The stability of Pd1/N-C was also evaluated
using an accelerated degradation test, showing a somewhat reduced activity but
with relatively stable selectivity48. However, more rigorous test are needed to
evaluate the extent and origin of the degradation.
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Figure 4.8: (a) RRDE measurements showing higher activity and selectivity of Pd1/N-C
(red curves) compared to reference samples. (b) mass activity of Pd1/N-C compared to
state-of-the-art catalysts (i.e. partial current density towards 2e�-ORR, corrected for mass-
transport-limitations via Kouteck�y-Levich relation). (c) Faradaic e�ciencies of various cat-
alysts. RRDE-measurements performed in O2-saturated 0.1 M HClO4 with �=50 mV/s,
!=1600 rpm and Ering=1.4 V vs. RHE. Background scans in Ar-satruated electrolyte has
been subtracted to minimize non-Faradaic currents. Figure adapted from [48].

To test the catalyst under more realistic conditions for H2O2-synthesis, GDEs
were tested in a three-compartment cell for an extended time (until a to-
tal charge of 15 C was passed during chronoanperometry). In the three{
compartment cell, the working electrode and counter electrode are located in
two di�erent compartments which are separated by a proton conducting mem-
brane (Na�on 117). The separation ideally prevents H2O2 from reaching the
anode and being oxidized, instead allowing it to accumulate in the working
electrode compartment. The third compartment contains the reference elec-
trode, which is connected via a ceramic frit to the working electrode chamber.
The H2O2 yield versus passed charge can be seen in �gure 4.9(a) for Pd1/N-
C and the reference measurements, while �g. 4.9(b) shows the corresponding
partial current densities toward the H2O2 and H2O products. Importantly, the
trend in activity and selectivity di�ers from what was observed using RRDE-
experiments. Particularly, the di�erence for Pd nanoparticles (PdNP/C) is sig-
ni�cant: it now shows the lowest selectivity while the total current density is the
highest. One might speculate that the Pd nanoparticles facilitate the further re-
duction and/or chemical dissociation of H2O2, but that the e�cient transport
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Figure 4.9: (a) Produced H2O2 quanti�ed via titration with KMnO4 versus the net passage
of charge. (b) Partial current densities toward each reaction determined via the total current
and the H2O2 yeild. Measured via chronoamperomerty at 0.2 V vs. RHE in O2-saturated
0.1 M HClO4. Adapted from [48].

of generated H2O2 away from the catalyst and the generally low concentra-
tion in RRDE-experiments suppresses this. In the test of GDEs, on the other
hand, no forced convection carries products away and the accumulated H2O2
concentration may be signi�cant. At any rate, the di�erence in performance
between techniques underlines the necessity of also testing catalyst under con-
ditions more relevant for scale-up. Nonetheless, the Pd1/N-C catalyst is able
to maintain the highest selectivity (FE � 80%), and the highest partial current
density toward H2O2.

Modelling the Impact of N-coordination with DFT

The M-N/C structure of Pd (where M: Pd, coordinated by 4 N) has previously
been modeled by DFT, and was predicted to be selective, but not particularly
active, given it’s relatively week binding of OOH59 (see red dot for Pd on the
volcano plot in �g. 4.4). To rationalize the relatively high activity of Pd1/N-C
observed experimentally, DFT calculations were performed using more general-
ized M-N/C structures where Pd can be coordinated by up to 6 N and additional
N may incorporated in the lattice in close proximity. This is in accordance with
the coordination number found from EXAFS-�tting and the XPS spectrum
showing a substantial fraction of graphitic N, as discussed above. Based on the
DFT calculations for various coordination environments of Pd1/N-C a volcano
plot was constructed as seen in �gure 4.10(a). The structures seen in �g.4.10(b)
give signi�cantly di�erent values of �GOOH� and by extension signi�cant vari-
ations in activity and selectivity are predicted. For example, the 4 N structure
sits furthest to the right on the weak-binding leg, whereas the (6+3) N and
(6+2) N sit near the apex of the 4e�-ORR volcano. The green shaded area
of the volcano plot indicates the region where O* is destabilized, which favors
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