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Abstract 

With the current global greenhouse gas emissions, our remaining carbon budget is 
depleted in only 7 years. After that, several biophysical systems are predicted to 
collapse such as the arctic ice, coral reefs and the permafrost, leading to potentially 
irreversible consequences. Our emissions are strongly correlated to access of energy 
and even if we are aware of the planetary emergency today, our emissions still 
continue to grow. Electrical vehicles have the possibility to reduce the emissions in 
the transportation sector significantly. However, these vehicles are still expensive 
and impractical for long-distance or heavy transportation. While political actions 
and technological development are essential to keep prices down, the driving dis-
tance can be increased by replacing the batteries for onboard electricity production.  

In hydrogen fuel cells, electricity is produced by combining hydrogen gas (H2) 
and oxygen with only water as the by-product and if employed in electrical vehicles, 
distances of 500 km are enabled with a refueling time in 5 minutes. For other uses 
than in vehicles, H2 is also promising for large-scale electricity storage and for 
several industrial processes such as manufacturing CO2-free steel, ammonia and 
synthetic fuels. However, today most H2 production methods relies on fossil fuels 
and releases huge amounts of CO2.  

Electrolysis of water is an alternative production method where H2, along with 
oxygen are produced from water. To split the water, electricity has to be added 
and if renewable energy sources are used, the method has zero emissions and is 
considered most promising for a sustainable hydrogen energy economy. The tech-
nique is relatively expensive compared to the fossil fuel-based methods and relies 
on rare noble metals such as platinum as catalysts for decreasing the required 
energy to split water. For large scale productions, these metals need to be replaced 
by more sustainable and abundant catalysts to lower the cost and minimize the 
environmental impacts.  

In this thesis we have investigated such candidates for the water splitting 
reaction but also to some extent for the oxygen reduction reaction in fuel cells. By 
combining theory and experiments we hope to aid in the development and facilitate 
a transition to clean hydrogen energy. We find among other things that i) defects 
in catalytic materials plays a significant role the performance and efficiency, and 
that ii) heterogeneity influence the adsorption energies of reaction intermediates 
and hence the catalytic efficiency and iii) while defects are not often studied for 
electrocatalytic reactions, these may inspire for novel materials in the future. 
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Sammanfattning på svenska 

Med de nuvarande utsläppen av globala växthusgaser, kommer vår kvarvarande 
kolbudget vara förbrukad inom 7 år. Därefter förväntas flera biofysiska system 
kollapsa, som till exempel den arktiska isen, korallreven och permafrosten, vilket 
kan leda till irreversibla konsekvenser. Våra utsläpp är starkt kopplade till tillgång 
av energi och även om vi är medvetna om den planetära krisen idag, så fortsätter 
våra utsläpp att öka. Elfdriva fordon har en betydande möjlighet att reducera 
utsläppen i transportsektorn. Tyvärr är dessa fortfarande dyra och även opraktiska 
för långa körsträckor och tunga transporter. Politiska aktioner och teknologiska 
framsteg är grundläggande för att hålla priserna nere, så kan körsträckan förbättras 
genom att byta ut batterierna mot elproduktion ombord.  

I vätgasbränsleceller så produceras elektriciteten genom att kombinera vätgas 
(H2) och syre med endast vatten som restprodukt och om det används i eldrivna 
fordon, möjliggörs körsträckor på 500 km med en tankningstid på endast 5 minuter. 
För andra användningsområden än i fordon så är även vätgas passande för 
storskalig elektricitetförvaring och för flera industriella processer som till exempel 
tillverkning av CO2-fritt stål, ammoniak och syntetiska bränslen. Dock så förlitar 
sig i princip all produktion av H2 idag på fossila bränslen och släpper ut massvis 
med CO2.  

Elektrolys av vatten är en alternativ produktionsmetod där H2, tillsammans 
med syrgas produceras från vatten. För att spjälka vatten så behövs elektricitet 
och om förnybara källor används så har denna metod noll utsläpp och anses vara 
den mest lovande för en hållbar vätgasekonomi. Tekniken är förhållandevis dyr 
jämförelsevis med fossildrivna metoder och förlitar sig på ädelmetaller såsom 
platina som katalysatorer för att minska energin som krävs för att spjälka vatten. 
För storskaliga produktioner så behöver dessa metaller bytas ut mor mer hållbara 
och tillgängliga katalysatorer för att minska både kostnaderna och klimatpåverkan. 

I den här avhandlingen så har vi tittat på sådana kandidater för vatten-
spjälkning men också till viss del för syrereduktionsreaktionen i bränsleceller. 
Genom att kombinera teori med experiment så hoppas vi att vi har hjälp till i 
utvecklingen och förenklat en övergång till ren vätgasenergi. Vi har sett, bland 
andra fynd att i) defekter i katalytiska material har en betydande roll för pre-
standan och effektiviteten och att ii), heterogena strukturer påverkar adsorptions-
energierna av olika mellansteg i reaktionerna och därför också aktiviteten och iii) 
då defekter sällan studeras för elektrokemiska reaktioner, så kan de inspirera för 
nya material i framtiden. 

 
 



 iv 

 

Contents 
 
Abstract i 
Sammanfattning på svenska iii 
Publications vi 
Introduction 1 
1. A bird’s eye view of electrochemical hydrogen energy 9 

1.1 The electrochemical cell 9 
1.1.1 Electrode potentials 10 

1.2 Electrochemical water splitting 11 
1.2.1 Hydrogen evolution reaction 12 
1.2.2 Oxygen evolution reaction 13 
1.2.3 Electrolyzer devices 14 
1.2.4 PV-electrolysis 15 

1.3 Fuel cells 16 
1.3.1 Oxygen reduction reaction 17 

1.4 Electrochemical methods 18 
1.4.1 Catalytic activity in water splitting 22 

2. How to beat the noble metals in theory 25 
2.1 Activity descriptors 25 
2.2 Microkinetic modelling 28 

2.2.1 Volcano plots 29 
2.2.2 What makes platinum excel? 31 
2.2.3 Further considerations 32 

2.3 Density functional theory 34 
2.3.1 Electron density 35 
2.3.2 Exchange-correlation 36 
2.3.3 Basis sets 36 



 v 

2.3.4 k-point sampling 38 
2.3.5 Pseudopotentials 39 
2.3.6 Real-space grid 39 

2.4 Computational hydrogen electrode 39 
3. Experimental methods 43 

3.1 Fabrication techniques 43 
3.1.1 Chemical and physical vapor deposition 43 
3.1.2 Solvothermal synthesis 44 
3.1.3 Electrochemical techniques 44 

3.2 Characterization methods 45 
3.2.1 Electron microscopy 45 
Scanning electron microscopy 45 
Transmission electron microscopy 46 
Energy-dispersive X-ray analysis 47 
3.2.2 X-ray photoelectron spectroscopy 47 
3.2.3 Raman vibrational spectroscopy 49 
3.2.4 X-ray diffraction 51 
3.2.5 Thermogravimetric analysis 52 
3.2.6 Surface area measurements (BET) 52 

4 Nanomaterials 53 
4.1 Carbon-based support materials 53 
4.2 Electrocatalysts 54 

4.2.1 Structural modifications of MoS2 54 
4.2.2 Heteroatomic doping 57 
4.2.3 Point defects 59 
4.2.4 Interstitial atoms 61 
4.2.5 Top-down approaches 61 

5. Summary and outlook 63 
Contributions 67 
Acknowledgements 71 
Bibliography 74 
  



 vi 

Publications 

This thesis is based on the following publications: 
 

I. Stabilizing Active Edge Sites in Semicrystalline Molybdenum 
Sulfide by Anchorage on Nitrogen‐Doped Carbon Nanotubes for 
Hydrogen Evolution Reaction 
Joakim Ekspong, Tiva Sharifi, Andrey Shchukarev, Alexey Klechikov, Thomas 
Wågberg, Eduardo Gracia‐Espino 
Advanced Functional Materials, 26: 6766-6776 
 
II. Stable Sulfur‐Intercalated 1T′ MoS2 on Graphitic Nanoribbons 
as Hydrogen Evolution Electrocatalyst 
Joakim Ekspong, Robin Sandström, Lakshmy Pulickal Rajukumar, Mauricio 
Terrones, Thomas Wågberg, Eduardo Gracia‐Espino 
Advanced Functional Materials, 2018, 28, 1802744 
 
III. Surface activation of graphene nanoribbons for oxygen reduction 
reaction by nitrogen doping and defect engineering: An ab initio 
study 
Joakim Ekspong, Nicolas Boulanger, Eduardo Gracia-Espino 
Carbon, Volume 137, October 2018, Pages 349-357 
 
IV. Stainless Steel as A Bi-Functional Electrocatalyst—A Top-
Down Approach 
Joakim Ekspong, Thomas Wågberg 
Materials, 2019, 12(13), 2128 
 
V. Theoretical Analysis of Surface Active Sites in Defective 2H and 
1T′ MoS2 Polymorphs for Hydrogen Evolution Reaction: 
Quantifying the Total Activity of Point defects 
Joakim Ekspong, Eduardo Gracia‐Espino 
Advanced Theory and Simulations, 3: 1900213 
 
VI. Hydrogen Evolution Reaction Activity of Heterogeneous 
Materials–a Theoretical Model 
Joakim Ekspong, Eduardo Gracia-Espino, and Thomas Wågberg 
Journal of Physical Chemistry C, 2020, 124, 38, 20911–20921 
 



 vii 

VII. Magnetically collected platinum/nickel alloy nanoparticles – 
insight into low noble metal content catalysts for hydrogen 
evolution reaction 
Sebastian Ekeroth, Joakim Ekspong, Sachin Sharma, Robert Boyd, Nils 
Brenning, Eduardo Gracia-Espino, Ludvig Edman, Ulf Helmersson, Thomas 
Wågberg 

In manuscript 
 
VIII. Solar-driven water splitting at 13.8 % solar-to-hydrogen 
efficiency by an earth-abundant PV-electrolyzer 
Joakim Ekspong, Christian Larsen, Jonas Stenberg, Wai-Ling Kwong, Jia 
Wang, Jinbao Zhang, Erik M. J. Johansson, Johannes Messinger, Ludvig 
Edman, Thomas Wågberg.  
Submitted 

 
 
All papers are reprinted with permissions from the publishers. 
 
 
Additional papers, not included in the thesis: 
 
1. Evaluation of fluorine and sulfonic acid co-functionalized graphene 

oxide membranes under hydrogen proton exchange membrane fuel 
cell conditions 
Robin Sandström, Alagappan Annamalai, Nicolas Boulanger, Joakim 
Ekspong, Alexandr Talyzin, Inge Mühlbacher and Thomas Wågberg  
Sustainable Energy Fuels, 2019,3, 1790-1798 
 

2. Fabrication of microporous layer–free hierarchical gas diffusion 
electrode as a low Pt-loading PEMFC cathode by direct growth of 
helical carbon nanofibers 
Robin Sandstrom, Joakim Ekspong, Alagappan Annamalai, Tiva Sharifi, 
Alexey Klechikov and Thomas Wagberg 
RSC Advances, 2018,8, 41566-41574 

 
3. Oxidatively induced exposure of active surface area during 

microwave assisted formation of Pt 3 Co nanoparticles for oxygen 
reduction reaction 
Robin Sandström, Joakim Ekspong, Eduardo Gracia-Espino and Thomas 
Wågberg 
RSC Advances, 2019,9, 17979-17987 

 



 viii 

4. Solid-state synthesis of few-layer cobalt-doped MoS2 with CoMoS 
phase on nitrogen-doped graphene driven by microwave 
irradiation for hydrogen electrocatalysis 
Junpeng Fan, Joakim Ekspong, Anumol Ashok, Sergey 
Koroidov and Eduardo Gracia-Espino 
RSC Advances, 2020,10, 34323-34332 
 

5. Microwave-Induced Structural Ordering of Resilient 
Nanostructured L10-FePt Catalysts for Oxygen Reduction 
Reaction 
Robin Sandström, Eduardo Gracia-Espino, Alagappan Annamalai, Per O. Å. 
Persson, Ingemar Persson, Joakim Ekspong, Hamid Reza 
Barzegar, and Thomas Wågberg 
ACS Applied Energy Materials, 2020, 3, 10, 9785–9791 
 

6. Catalytic nanotruss structures realized by magnetic self-assembly 
in pulsed plasma 
Sebastian Ekeroth, E. Peter Münger, Robert Boyd, Joakim 
Ekspong, Thomas Wågberg, Ludvig Edman, Nils Brenning, and Ulf 
Helmersson 
Nano Letters, 2018, 18, 5, 3132–3137 
 

 
  



 
 
 
 
 

1 

Introduction 

Today, we consume energy like there is no tomorrow. As a result, our energy-
related CO2 emissions (Figure ia) are so large that the concentration in the 
atmosphere (Figure ib) have reached higher levels than in almost one million years 
[1-4]. The recordings taken from the ice crust, dated back to 800k years ago have 
never during this period been over 300 ppm, even though several ice ages and 
warmer interglacial periods have occurred [5]. Atmospheric CO2 levels are now at 
levels last seen 4 million years ago [6]. Among other consequences from higher 
greenhouse gas (GHG) concentrations, the radiation from earth decreases resulting 
in global warming. According to recent studies, irreversible tipping points for 
several biophysical systems are believed to be exceeded at a global warming of only 
1.5°C compared to pre-industrial levels [6-9]. This could result in the loss of arctic 
ice, loss of Amazon rainforest or melting of the permafrost and when any of these 
biophysical system collapses, it will affect the whole planet. As an example, the 
permafrost stores vast amounts of methane (CH4) and CO2 that releases when it 
melts, which can be up to 100 Gt CO2e [6]. By following the current policies, a 
global warming of 2.9°C is projected by 2100 and if reaching the optimistic net-
zero emissions targets, a warming of 2.1°C [7, 8]. Each day we delay, the emission 
cuts must be steeper and if we keep on the current trends for just another 5 years, 
it looks impossible to stay under 1.5°C [8]. 

Although the global average temperature is expected to increase in the future, 
the effect is much larger in the northern parts of the globe and especially in the 
Arctic [10-13]. Already today, the average temperature in the arctic has increased 
by almost 4°C since 1960, compared to an average global increase of 1.1°C [8, 13].  

 
Figure i (a) Energy-related (agriculture and land-use change omitted) CO2 
emissions from 1750 to 2016. (b) The CO2 concentration in the atmosphere between 
the years 1000-2018. The dashed line is at 300 ppm, which have not been surpassed 
in the past 800k years.  Data from [1, 9]. 
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Along with increasing atmospheric CO2 concentration, carbon in the natural 
land and ocean sinks have also increased with similar amounts compared to pre-
industrial levels [9, 14], which are believed to have deteriorating effects on their 
carbon uptake properties along with the oceans being acidified, harming life and 
biodiversity [12]. So where are all emissions coming from and what can we do about 
it? In this section, we explore what the emission drivers are, and finally how it 
relates to hydrogen and this thesis.  
 
During the last century, the energy-related CO2 emissions have increased from 
basically zero to 37 gigatons per year (Figure ia), which is caused by us consuming 
fossil fuels [1]. Although our annual global CO2 emissions are huge, they are around 
74% of our total GHG emissions, which adds up to 50.6 Gt or 6.78 tons/capita CO2 
equivalents (CO2e) when including CH4 and N2O, coming mainly from agriculture 
and livestock [15-17]. Between 1990-2016, the global GHG emissions increased by 
42% (65% for CO2), which is mainly caused by the increased population (Figure 
iia) but also from a slight increase in average emissions per capita from 6.23 to 6.78 
tons CO2e in these years (Figure iic) [12]. As for now, the total carbon budget that 
we are allowed to emit for having a 50/50 change of staying under a warming of 
1.5° is 350 Gt CO2e [6]. With our current emissions, this will take 7 years. Today, 
we are all aware of the climate-related problems, so why do we even continue to 
emit more every year [18]?  

 
Figure ii (a) Global population increase between 1990-2016. (b) Consumption-
based CO2 emissions per capita versus GDP, compared between countries. Dashed 
lines at 5000 and 20000 USD.  Annual average GHG per capita (c) from all and 
(d) from transportation sectors. Data from [4, 14, 15]. 
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The main reason is that the amount of CO2 emissions is strongly correlated to 
income (Figure iib), which increases people’s access and consumption of electricity, 
heat and transportation, [12] and since the global wealth increases, we emit more. 
As a striking example, the annual GHG emissions are 18.5 tons CO2e/capita for 
United States and if all humans would emit this quantity, the global GHG emissions 
would be 145 Gt CO2e/year. In Figure iib, the dashed lines divide the countries 
into least developed, developing and wealthy, based on their gross domestic product 
per capita (GDP), including inflation and living costs.  

Even though the GHG emission per capita from the wealthiest countries 
decreased during the past 30 years (still 13.4 ton/capita), the developing countries 
emitted 45% more per capita in 2016 compared to 1990 (Figure iic). In 2016, the 
total emissions from the 66 developing countries (4.96 billion people) stands for 
56% of the global emissions with 5.46 ton/capita, which is well below an average 
wealthy country. The 44 least developed countries (1.02 billion people) emit 0.83 
ton/capita if only energy-related CO2 emissions are considered. Consequently, if 
the energy access in these countries increase, it will risk to have huge impacts on 
the climate [19]. 

The presented data only account for territorial GHG emissions, which do not 
consider emissions from the production of imported goods, and for countries with 
a large net import, this naturally adds significant GHG emissions [9, 20]. In Sweden 
for example, the territorial emissions are much lower than the real consumption-
corrected emissions: 5.6 vs. 10 ton/capita CO2e [21, 22]. Even though the 
consumption-based GHG emissions are more accurate, there is not available data 
for all countries and the calculations are complicated, hence the territorial data is 
often used as basis for political decisions and statistical comparisons between 
countries [15, 21, 22].  

 
Figure iii Global greenhouse gas emissions, year 2016. Data from [15]. 
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In Figure iii, it is seen that globally, the two largest emission sectors are 
(electricity and heat) and road transport, corresponding to 29.7% and 15.5% of the 
total emissions, respectively. The energy-related emissions are 74% of the total 
GHG emissions as a result from that 85% of all energy is generated from fossil fuels. 
The sectorial emissions for the wealthy, developing and least developed countries 
are further shown in Figure iv. The largest emissions sectors for an average wealthy 
country is, similar as globally, (electricity and heat) and road transportation 
standing for more than 50% of the total emissions. In USA and Sweden, the 
transportation sectors alone (road and aviation) emit 30% and 49% of the total 
emissions, respectively.  

In Figure iid, the emissions from the transportation sectors are compared 
between 1990-2016. For the wealthiest countries, these emissions increased from 3.1 
to 3.5 tons/capita CO2e and for developing countries from 0.25 to 0.58 tons/capita 
CO2e. For the least developed countries, these emissions are still relatively small 
where more than 70% of the emissions come from agriculture and land use change.  
The main reason for the increase is that we travel more. In Sweden we travel by 
road in average 8300 km/person each year or in total 82 billion km [23]. Out of 
these travels, 50% are shorter than 5 km and could easily be replaced by other 
modes of transportation, such as biking or walking, by most people [24].  

Even if we should use less energy and consume less, this is not happening and 
the emissions have only dropped temporarily at economic crises, or during the 
Covid-19 crisis where the emissions in 2020 dropped between 2-3 Gt [19, 25, 26]. 
This drop is the highest annual reduction trough history and was mainly caused 
by decreased transportation, but also partly from lower energy demands [26]. 
Ignoring this temporarily drop, the transportation sectors continues to emit more 
and alone will use up our remaining carbon budget in shorter than 30 years with 
the current emissions. A transition to low CO2 emission alternatives is therefore 
urgent, which leads up to the main focus of this thesis; hydrogen gas.  

 
Figure iv Annual GHG emissions per capita for each emission sector compared 
between all countries, separated by GDP (PPP), year 2016. Data from [4, 15]. 



 
Introduction 
 
 

 
  5 

Hydrogen is the lightest element there is and on earth it occurs primarily in water 
and in organic compounds. If used in fuel cells, the chemical energy stored in 
hydrogen gas (H2) can be transformed into electricity with zero CO2 emissions. 
Therefore, H2 can be seen as an energy carrier, or fuel, and be used anywhere where 
we need to store and use electricity. The specific energy of H2 is 33.31 kWh/kg [27], 
which is the highest of all existing fuels and can be compared to 12.89 kWh/kg for 
gasoline and 0.1-0.2 kWh/kg for lithium-ion batteries [28]. As a result from the 
high energy density, 5 kg of H2 is enough for a typical passenger car to reach 500 
km that take under 5 minutes to refill [29]. This is the main advantage compared 
to battery electrical vehicles, which have longer refueling times but also needs very 
large and heavy batteries for reaching the same range [30]. However, if hydrogen 
fueled electrical vehicles are going to be sustainable, the emissions in their whole 
life-cycle has to be low. Actually, for electric vehicles using either batteries or fuel 
cells, the electricity mix must consist clean energy sources to even emit less CO2 
than internal combustion engine (ICE) vehicles [23, 31-34]. With the current 
electricity mix, an average electrical vehicle in for example China or United States 
emits more CO2 than the typical ICE vehicle on gasoline. While the most obvious 
and promising use of hydrogen fuel cells are for long-range road electrical vehicles, 
they can also be used for heavy duty-vehicles, aviation, boats or trains [35].  

Today, almost all hydrogen is used for producing ammonia (NH3), the main 
nitrogen source in fertilizers, or to refine crude oil into usable products such as 
gasoline [29]. However, the useful areas and demand of clean hydrogen are expected 
to increase exponentially in the future. For reducing emissions, hydrogen is also 
projected to play a substantial role in synthetic fuel production, manufacturing 
CO2-free iron and steel, electricity storage and in CO2-free NH3 production [19, 35-
37]. However, already now the production of H2 emits around 1 Gt, or 3% of the 
total energy-related CO2 emissions every year [36]. Therefore, for a global hydrogen 
economy to be sustainable, the production methods of H2 must change [36, 38-40]. 

Electrolysis of water is a technique where water is split into H2 with oxygen as 
the only by-product that further can be used in the health-care sector or for 
industrial purposes [36]. Since water splitting has zero emissions, the produced H2 
is commonly seen as “green hydrogen” and is predicted to be the principal 
production method in the future [36]. This electrochemical reaction involves two 
electrodes, one for producing hydrogen and the other for oxygen with a minimum 
required potential of 1.23 V. Yet due to thermodynamic effects the reaction 
typically starts around 1.6 V and is normally operated above 1.8 V to reach high 
production rates leading to efficiencies around 70%  [41]. To keep overpotential 
(the energy above 1.23 V) low and to speed up the reaction, electrocatalysts are 
used at the electrodes. Even though electrolysis of water has been known and used 
for several decades, high cost, fossil-based electricity and the need for noble metals 
as electrocatalysts has restrained the method for commercial production [30].  
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When electrolyzers are operated by low-carbon energy sources such as solar, 
wind or water, hydrogen production is considered sustainable [42]. On the other 
hand, electrolysis driven by renewable energy is still relatively expensive [36, 39, 
40]. The outlook though looks promising and the global capacity of clean hydrogen 
from electrolysis is projected to increase from the current 0.2 GW to 3300 GW in 
2070 according to the international energy agency [37]. This will require around 
14000 TWh, equivalent to half of the global electricity generation today and 
therefore, clean energy sources must be expanded next to this, since today more 
than 60% of the global electricity is generated from fossil fuels. The efficiencies of 
electrolyzers are continuously increasing, partly by the use of more optimized 
electrocatalysts [36]. In the future with large-scale productions, electrocatalysts are 
going to constitute a larger fraction of the total PEM-electrolyzer costs, leading to 
higher demands of cheaper, more abundant and efficient catalysts [43].  
 
As a result, research on nanomaterials have merely exploded in recent years [44-
47] and as an outcome from this, electrolysis of water is becoming, apart from the 
most sustainable hydrogen production method, also economically competitive, even 
when operated by renewable energy sources, such as solar power [27]. 

In this thesis, we have mainly focused on developing electrocatalysts for the 
water splitting reaction, but also partly for the oxygen reduction reaction in fuel 
cells, using nanomaterials made from abundant elements. We have investigated 
how defects and imperfections in otherwise crystalline structures such as graphene 
and transition metal dichalcogenides can improve the catalytic properties towards 
these reactions. We have also used high-conducting carbon-based materials, such 
as defect-rich carbon nanotubes as high-surface current collectors for the catalysts. 
By combining theory and experiments, we have attempted to aid in the transition 
to minimize, or replace noble metals as electrocatalysts for a sustainable hydrogen 
economy.  

Among other findings, we found that disordered basal planes could be 
responsible for the high activity towards HER in molybdenum disulfide (MoS2) 
catalysts, and performed theoretical studies of such structures. We have also shown 
that graphene nanoribbons could be used as near-optimal catalysts for the oxygen 
reduction reaction in fuel cells by introducing structural defects. When studying 
disordered materials, we noticed the difficulty of quantifying the activity and 
therefore developed a theoretical method accounting for some of the involved 
complexity. In our efforts to reduce the amount of noble metals we also used metal 
alloys with minimal ratios of platinum. Finally, we created a lab-scale device based 
on perovskite photovoltaics coupled to an electrolyzer with electrodes purely made 
from abundant materials and studied the performance in terms of efficiency and 
cost. 
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1. A bird’s eye view of electrochemical 
hydrogen energy 

“Energy can neither be created, nor destroyed”. This states the first law of 
thermodynamics and in electrochemistry, we can either use energy to drive non-
spontaneous electrochemical reactions, or by spontaneous electrochemical reactions 
gain energy. In fuel cells and batteries, the stored chemical energy can be converted 
into electricity while in electrolysis of water, electricity can be converted and stored 
as chemical energy. Today, electrochemical reactions are essential for many 
applications and around 25% of the global economy is directly influenced by 
catalysis [48].  
 

1.1 The electrochemical cell 
Electrochemistry deals with the interaction between electrical currents and 
chemical reactions. These currents can be studied by electrodes immersed in electric 
conducting solutions, called electrolytes. Electrochemical reactions are either 
reductive (gaining electrons) occurring on the cathode, or oxidative (loosing 
electrons) occurring on the anode and when the electrodes and solution are 
together, it is called an electrochemical cell (Figure 1.1a). Typical liquid electrolytes 
in water splitting and fuel cells are either highly concentrated acids like H2SO4 and 
HClO4 or alkaline solutions such as KOH and NaOH. If the cell reaction is 
spontaneous and generate electrical currents, the cell is galvanic, such as fuel cells 
or batteries and if energy has to be applied to drive the reactions like in the water 
splitting reaction, the cell is electrolytic.  

By further dividing the cell into two half-cells the individual reactions can be 
studied and in water splitting, these constitute the hydrogen evolution reaction 
(HER) and the oxygen evolution reaction (OER). Typical voltammograms of these 
two reactions are displayed in Figure 1.1b, where the electrical current is shown as 
negative for HER and positive for OER.  

While the minimum number of electrodes in a cell is two, it is common to use 
three electrodes for studying the half-cell reactions individually. In Figure 1.1a, a 
schematic of a three-electrode electrolytic cell is displayed where the reaction of 
interest is at the working electrode (WE) and together with the counter electrode 
(CE) completes a circuit. The CE has to be chemically inert such that it does not 
corrode or affect the WE or the electrolyte in any way during the reaction and 
usually, the CE is made of platinum or graphite. Another important criterion is 
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10 

that the area of the CE must be significantly larger than the area of the WE for 
not limiting the reaction kinetics at the WE. The third electrode is the reference 
electrode (RE), which provides a stable redox potential and therefore, the RE is 
usually kept in a separate solution containing the involved reactants sealed by a 
porous plug, avoiding leakage. A commonly used RE is the Ag/AgCl electrode, 
which is kept in a KCl solution, with the redox species Ag+ + e− ⇌ Ag(s) and 
AgCl(s) + e− ⇌ Ag(s) + Cl−, where (s) means that the component is in solid form. 
If a RE is used, the potential is monitored between the WE/RE while the electrical 
current goes between the WE/CE. Ideally, very small currents should go through 
the RE to keep it non-polarizable, which is achieved by having a large input 
impedance in the circuit. The RE and WE should also be positioned as close as 
possible to each other for reducing the solution resistance (SR) between them and 
if the reaction kinetics are studied, the remaining SR must be measured and 
compensated for in each setup to get accurate results, even for high conducting 
electrolytes and very short electrode distances. 

 
1.1.1 Electrode potentials 
The reduction potential of any half-cell reaction depends on the reactant chemical 
activities according to the Nernst equation, such that 
 

𝐸𝑟𝑒𝑑 = 𝐸𝑟𝑒𝑑
Θ − 𝑅𝑇

𝑧𝐹
𝑙𝑛𝑎𝑟𝑒𝑑

𝑎𝑜𝑥
 

where 𝐸𝑟𝑒𝑑
Θ  is the standard electrode potential, which is the reduction potential for 

a reversible electrode at standard conditions, 𝑅 is the universal gas constant, 𝑇  is 

 

 
Figure 1.1 (a) Schematic of an electrolytic electrochemical cell under HER 
operation with the WE as the cathode. (b) Voltammogram showing typical 
current-voltage characteristics of the water splitting reactions. (c) Pourbaix 
diagram of water showing the reaction potentials at different pH and the potential 
of an Ag/AgCl electrode in 1M KCl. 
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temperature, 𝑧 is the number of electrons transferred, 𝐹  is the Faraday constant 
and 𝑎𝑟𝑒𝑑 𝑎𝑜𝑥⁄  is the quotient of the chemical activities of the reduced and oxidized 
form of the relative species.  

Since it is impossible to measure a single electrode potential, 𝐸𝑟𝑒𝑑
Θ  is given 

relative to the standard hydrogen electrode (SHE) reaction, 𝐻+ + 𝑒− ⇌ 1
2 𝐻2(𝑔), 

which is defined as 0 V. The SHE comprises a platinum electrode in a theoretical 
ideal solution of pH 0 with 1 atm. H2 and where the hydrogen ions behave as an 
ideal gas with no interactions. Another, more practical standard hydrogen 
electrode, is the reversible hydrogen electrode (RHE), which also is a platinum 
electrode in 1 atm. H2 but instead immersed in the same electrolyte as the WE, so 
that the pH is equal for both electrodes [49]. When the pH changes from the 
standard value, the SHE reverts to RHE. Therefore, the potential of the RHE is 
dependent on the pH and is a common and practical electrode to present data 
against, especially from pH dependent reactions such as water splitting [50]. The 
redox potential of the RHE in 25°C is defined as 𝐸RHE = 0 − 0.059𝑝𝐻 according 
to Nernst equation, where the natural logarithm instead has been written as the 
base-10 logarithm. 

However, in practice other reference electrodes such as Ag/AgCl are normally 
used and the measured potential is thereafter converted to the RHE. As an 
example, the pH dependence of the Ag/AgCl redox potential in 25°C against RHE 
is shown in Figure 1.1c and is given by 

𝐸Ag AgCl⁄  vs.RHE = 0.222 − 0.0257𝑙𝑛𝑎𝐶𝑙− + 0.059𝑝𝐻 

where 𝑎𝑜𝑥 is set to unity in Nernst equation for the reactions. Throughout this 
thesis we have used Ag/AgCl electrodes immersed in 1M KCl and therefore the 
second term is zero. The choice of reference electrode is important and do not come 
without issues, for example ionic leaching and potential drifts. For more accurate 
results, the RE should be experimentally calibrated against a physical RHE, that 
is a Pt electrode with continuous H2 bubbling, to avoid any potential miscalculation 
or incorrectly calculated pH values. Even more optimally, an actual RHE (e.g. 
Gaskatel) should be used as RE directly since the risk of ionic leaching or potential 
drift of the RE is then avoided completely.  
 

1.2 Electrochemical water splitting 
The two half-cell reactions in water splitting are  
 

𝐻𝐸𝑅:   2𝐻+ + 2𝑒− → 𝐻2(𝑔) 
𝑂𝐸𝑅:   𝐻2𝑂 → 0.5 𝑂2 + 2𝐻+ +  2𝑒−	 

 
where the standard equilibrium potential for HER is defined as 0 V (SHE), and for 
OER 1.23 V. As seen in Figure 1.1c, the equilibrium potential for each half-reaction 
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shift versus SHE when changing pH according to Nernst equation. However, the 
overall thermodynamic potential for the complete reaction is always 1.23 V at 25 
°C, independently of pH.  

The second law of thermodynamics states that the entropy of a system always 
increases until it is in thermodynamic equilibrium. For chemical reactions this law 
translates so that the Gibbs free energy of the system always decreases for 
spontaneous reactions in a closed system. The change in Gibbs free energy is defined 
as ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 where ∆𝐻 is the change in enthalpy and ∆𝑆 the change in 
entropy for the initial and final states. So, if ∆𝐺 is negative the reaction is 
spontaneous and the system goes closer to equilibrium. If on the other hand ∆𝐺 is 
positive, external energy have to be added for the reaction to proceed. For one 
molar of the water splitting reaction: 𝐻2𝑂 ↔ 𝐻2 + 1/2 𝑂2, the total enthalpy and 
entropy involved are shown in Table 1. 
 
Table 1 Standard enthalpy of formations and total entropies for individual substances and 
the electrolysis of water reaction at 25 °C. Data taken from [51]. 
 H2O(l) H2 0.5 O2 Change 

Enthalpy -2.962 eV 0 0 ∆𝐻 = 2.962 eV 

Entropy 0.7246 meV/K 1.354 meV/K 1.063 meV/K 𝑇∆𝑆 = 0.505 eV 
  

From the values from Table 1, the change in Gibbs free energy for electrolysis 
of water is ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 = 2.458 eV and since two electrons are transferred in 
this reaction, the energy per electron is 1.229 V, which is the minimum voltage 
required in the electrochemical cell. However, at higher temperatures, heat can be 
used to help the reaction and the required voltage decreases. High temperatures 
are normally utilized in electrolyzers, which operates around 80°C and in particular 
devices, water steam can be used at 650-1000°C [52]. Occasionally, the minimum 
required voltage in electrolysis is said to be 1.481 because in reality, it is possible 
that the heat added could be directly traceable to the electric energy from the 
internal resistance.  

Even though each of the half-cell reactions in water splitting seem simple, they 
are both multistep reactions where the HER and OER occurs through two and four 
single electron transfer reactions, respectively. 

 
1.2.1 Hydrogen evolution reaction 
The HER occur through three main elementary reaction steps, shown in Figure 1.2. 
The first step in HER is the discharge reaction, also called Volmer reaction, where 
a hydrogen ion from the electrolyte is adsorbed on the surface of the catalyst while 
simultaneously gaining an electron from it. Hydrogen gas is thereafter produced, 
either from an electrochemical or a pure chemical reaction. In the electrochemical 
desorption, a second hydrogen ion from the electrolyte reacts with the adsorbed 
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hydrogen, gains an electron and immediately desorbs as H2. This reaction is 
sometimes called the Heyrovsky or atom+ion reaction. In pure chemical desorption, 
the adsorbed hydrogen instead combines with a second adsorbed hydrogen atom 
and desorb as H2 without any electron transfer, which is usually called the Tafel, 
or combination reaction. The elementary reactions in HER are given by 

𝑆𝐻+ + 𝑒− → 𝐻𝑎𝑑𝑠 + 𝑆
𝐻𝑎𝑑𝑠 + 𝑆𝐻+ + 𝑒− → 𝐻2 + 𝑆            

𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 → 𝐻2           
 

where Hads are adsorbed hydrogens and 𝑆 is either 𝐻2𝑂 in acidic or 𝑂𝐻− in alkaline 
electrolytes.  

In HER, the hydrogen ions and gas in the solution are considered to be in 
equilibrium meaning that the chemical energies of hydrogen are the same for the 
initial and final states, while the adsorption of the intermediate hydrogen is either 
positive or negative in energy [53]. A catalyst should lower this adsorption energy 
so that it is as close to zero as possible for the reaction to proceed without any 
activation barrier. This can also be concluded by the Sabatier principle, that states 
that a catalyst is considered optimal for HER if the hydrogen not binds too strongly 
nor too weakly, and if the binding energy is just right, the H+ ions are able to 
adsorb, but also easily desorb as H2. This relation is usually visualized in so-called 
Volcano plots, which will be explained more in chapter 2, as well as in paper VI 
[54]. As an example, platinum is considered an optimal catalyst and binds hydrogen 
with a free energy close to 0 eV, while gold and tungsten are poor catalysts that 
bind hydrogen to weak and too strong, respectively. 

 
1.2.2 Oxygen evolution reaction 
The other half-reaction in water electrolysis is OER where in acidic electrolytes, 
the water molecules are oxidized into O2, hydrogen ions and electrons. The OER is 
more complicated than HER and involve four electron-transfer reaction steps where 

 
Figure 1.2 The reaction pathway for hydrogen evolution reaction. R1-R3 
shows the three elementary reaction steps. 
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the forward reaction in acidic media is given by 2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 4𝑒−. However, 
since noble metals are required in acidic electrolyzers, catalytic materials are often 
studied in alkaline electrolytes where the conditions are less harsh. In alkaline 
solutions, the reaction is given by 4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒−. The elementary 
reaction steps for OER in alkaline are  
 
 
 
 
 

Electrocatalysts usually display higher overpotentials for OER compared to 
HER. The main reason for this is that there is no material where the adsorption 
energies for each intermediate species can be tuned individually to optimal values. 
Actually, the adsorption energies for O, OH and OOH species depend linearly on 
each other and no material have yet been found that can have optimal values for 
each intermediate at the same time [55].  
 
1.2.3 Electrolyzer devices  
Practically, there are mainly three types of water-electrolyzers, using different ionic 
conductors [56] and they are described in Figure 1.3. The most developed 
electrolyzers are alkaline-based, which use KOH or NaOH solutions to conduct 
OH− anions. 

Other, more recent electrolyzers instead use a solid-state membrane electrolyte, 
which is made of an hydrogen ion-conducting but electricity insulating polymer 
called Nafion [57] and are considered acidic. These devices are called proton-
exchange membrane electrolyzers (PEM-EC) and are safer, can handle higher 
current densities while maintaining high efficiencies, and are more compact than 
alkaline electrolyzers [41, 56]. On the other hand, the environment in PEM-EC is 
more aggressive and therefore, much less alternatives of catalytic materials can be 
used [52].  

A third type is the high temperature (650-1000°C) solid oxide electrolyzer 
(SOEC) that transform steam into H2 and O2, utilizing high temperature and the 
lower heating value of steam to decrease the requirements of the energy input. 
SOEC systems are least developed of the three types and suffer from complex and 
bulky systems, which requires expensive materials and is therefore still relatively 
expensive [41]. 

Today, alkaline electrolyzers are cheaper and operates with slightly higher 
efficiencies than PEM-EC. However, PEM-EC have improved considerably and are 
expected to outperform alkaline electrolyzer in the near future with lower costs and 
higher operating current densities, which are in the order of 3 A/cm2 compared to 
alkaline electrolyzers that operates only around 0.5 A/cm2 [41]. Furthermore, the 

𝑂𝐻− → 𝑂𝐻𝑎𝑑𝑠 + 𝑒− 
𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻− → 𝑂𝑎𝑑𝑠 + 𝐻2𝑂 + 𝑒− 

𝑂𝑎𝑑𝑠 + 𝑂𝐻− → 𝑂𝑂𝐻𝑎𝑑𝑠 + 𝑒− 
𝑂𝑂𝐻𝑎𝑑𝑠 + 𝑂𝐻− → 𝑂2 + 𝐻2𝑂 + 𝑒− 
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construction of PEM electrolyzers are very similar to PEM fuel cells (PEM-FC) 
and can benefit from common research and engineering achievements. Therefore, 
PEM-EC are expected to be more used in near-future, together with renewable 
energy as the primary energy source [41].  
 
1.2.4 PV-electrolysis 
Using low-carbon energy sources to drive electrolyzers is essential for making the 
H2 production sustainable. Solar energy can be utilized in H2 production by 
photocatalytically active catalysts, which are able to absorb some of the solar 
radiation to assist the electrolysis of water. These materials can be used in so-called 
photoelectrochemical cells (PEC) using the sun as energy source. PEC are limited 
by the solar-to-hydrogen (STH) efficiency and stability, and are usually operated 
at low production rates around 10 mA/cm2 and therefore needs large electrodes for 
high production rates [58]. However, these devices offer a simple design without the 
need of external electronics and if the cost and efficiencies improve, they could be 
a viable route for solar-driven electrolysis. 

Another promising route for using solar energy is by connecting external 
photovoltaic cells to generate electricity to otherwise normal electrolyzers in so-
called decoupled PV-electrolyzer cells (PV-EC), as illustrated in Figure 1.4. These 
devices are more mature than PEC and since the efficiencies of PV-cells have 
improved along with reduced prices, this technique is becoming economically viable 
and comparable to using fossil based energy sources [36]. The highest STH efficiency 
reached for decoupled PV-electrolyzers with one electrolyzer cell so far is 22%, 
which was achieved with a triple junction solar cell [58, 59]. Advantages of these 
devices is that low amount of electrocatalysts and high operational current densities 
can be used in the electrolyzer, where the current depends on the area and efficiency 
of the solar cells.  

A recent type of low-cost PV-cells are made from perovskites, which have shown 
promising solar conversion efficiencies and made from abundant materials [58, 60, 
61]. In paper VIII we used two serially-connected perovskites and build such a 
PV-electrolyzer in lab-scale that initially reached a STH of 13.8% but suffer in 

 
Figure 1.3 Three common types of water-electrolyzers. In commercial alkaline 
devices, a separator is used to prevent gas-crossover between the electrodes. 
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long-term operation due to the instability of the perovskites. One of the main causes 
for degradation in perovskite solar cells is temperature [62]. This issue could partly 
be solved by thermally integrating the PV-EC, which could be beneficial for both 
the PV and electrolyzer. In principle, heat could be transferred to the electrolyzer, 
lowering the required electrical potential to split the water while increasing the 
stability of the PV cell.  

To reach practical solar hydrogen production, a STH efficiency of at least 10% 
is considered practical [63]. This means that currently, PV-EC are closest to 
realization among the different photoelectrochemical devices. 
 

1.3 Fuel cells 
So far, we have only discussed the production of H2 and not about how we can 
convert the stored energy to electricity. In fuel cells (PEM-FC), H2 is converted to 
electricity and the principle is illustrated in Figure 1.5 and can be viewed as a 
reversed PEM-EC. Instead of adding energy to split water, H2 and O2 are 
introduced at the separate electrodes and combined into water and energy. On the 
anode, the H2 is oxidized to hydrogen ions that moves to the cathode trough the 
proton conducting membrane while electrons move in the external circuit. When 
the hydrogen ions arrive at the cathode, they combine with O2 and together with 
electrons reduces into H2O. The membranes in PEM-FC are sensitive to the 
humidity, which affects the stability and ionic conductivity and therefore must be 
hydrated. In practice this is done by humidifying the H2 before introducing it to 
the cell. If air is used instead of pure O2, the air must also be humidified [64]. 
Although humidification is important, the cell should not be flooded and the excess 
water must be removed, making construction and optimization of PEM-FC 
challenging. Even though the membrane makes up some of the losses in the fuel 
cell, the overall reaction is slow and still the main reason for the overpotentials and 
efficiency losses. 

 
Figure 1.4 (a) Typical IV-characteristics of a PV and an electrolyzer. The 
operation point (OP) of the device is where the characteristic curves meet. (b) 
Schematic of a simple two-electrode PV-electrolyzer (lab-scale) setup. 
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In PEM-FC, the oxygen reduction reaction (ORR) at the cathode is the most 
sluggish reaction and represents the overall kinetic limitations. The thermodynamic 
potential of water dissociation is as described 1.23 V. The theoretical maximum 
potential we can achieve is however lower since the entropy 𝑇∆𝑆 = 0.505 eV is 
released as heat in PEM-FC, and therefore the maximum useful efficiency for fuel 
cells are ∆𝐺/𝑇∆𝑆 = 2.458/2.962, or 83%, based on the lower heating value of water 
on the values in Table 1. This is still rather high and is much better than for normal 
combustion engines. Practical fuel cells however only reach around 60% efficiencies 
because of several limitations such as catalytic ORR overpotentials, mass transport 
limitations, membrane resistance etc. 
 
1.3.1 Oxygen reduction reaction 
The ORR is a 4-electron process where in acidic environments, O2 is reduced to 
H2O as 
 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 
 
In solid alkaline-based fuel cells, O2 (together with water) instead reduces to OH- 
ions that moves through a solid alkaline membrane. Alkaline ionic conducting 
membranes are not as developed as PEM and is farther from being commercialized. 
However, alkaline fuel cells have the advantage of not requiring noble metals as 
catalysts. The alkaline process is discussed in paper III where we study the 
catalytic activity and the role of structural defects in nitrogen-doped graphene 
nanoribbons towards ORR in alkaline environments [65].  

The elementary steps in ORR is believed to proceed through either the 
associative mechanism where O2 initially adsorbs and reacts with a (𝐻+ + 𝑒−) pair 
to form OOH, or through the dissociative mechanism where the O2 dissociate into 
two separately adsorbed O atoms. The reaction pathways proceed as follows, 
 
 
 

 
Figure 1.5 Schematic of a PEM fuel cell. 
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Associative mechanism: 
𝑂2 + 𝐻+ + 𝑒− ⇄ 𝑂𝑂𝐻𝑎𝑑𝑠 
𝑂𝑂𝐻𝑎𝑑𝑠 + 𝐻+ + 𝑒− ⇄ 𝑂𝑎𝑑𝑠 + 𝐻2𝑂 
𝑂𝑎𝑑𝑠 + 𝐻+ + 𝑒− ⇄ 𝑂𝐻𝑎𝑑𝑠 
𝑂𝐻𝑎𝑑𝑠 + 𝐻+ + 𝑒− ⇄ 𝐻2𝑂 
 

Dissociative mechanism: 
𝑂2 ⇄ 2𝑂𝑎𝑑𝑠 
2𝑂𝑎𝑑𝑠 + 2𝐻+ + 2𝑒− ⇄ 2𝑂𝐻𝑎𝑑𝑠 
2𝑂𝐻𝑎𝑑𝑠 + 2𝐻+ + 2𝑒− ⇄ 2𝐻2𝑂 

 
The ORR can also sometimes occur through a 2-electron pathway where H2O2 is 
instead produced from OOHads during the second reaction in associative mechanism. 
However, here we only focus on the 4-electron pathway where O2 is reduced to H2O 
since it the preferred process in fuel cell operation giving the highest power. It can 
be hard to determine which mechanism is dominant in ORR and it depends on 
many factors such as oxygen coverage, material properties, crystal structure and 
potential. It is also possible that the reaction occurs simultaneously trough both 
mechanism in a material at different atomic sites, which makes this reaction 
complicated to study. For platinum as well as for the graphene nanoribbons studied 
in paper III, the ORR is believed to follow the associative pathway and therefore 
we only studied that [65].  
 

1.4 Electrochemical methods 
Electrochemical reactions can be very sensitive to environment and measurement 
conditions and therefore be quite challenging to study. When conducting 
electrochemical measurements, the common practices differs between for example 
gas evolution and gas reduction reactions and here we go through procedures for 
the studied reactions and what information we can get from the results. 

One of the most common techniques are linear sweep voltammetry (LSV) were 
polarization curves are obtained by varying the potential difference between the 
electrodes and monitoring the electrical currents. Usually, the potential is changed 
in discrete steps but it is also possible to conduct true linear sweeps with analog 
instruments [66]. Analog measurements are more suitable to measure fast reactions 
such as adsorption/desorption of hydrogen because of the rapid current response. 
As illustrated in Figure 1.6(a-b), for digital scans (as used in our studies), we get 
a rapid signal response when we change the potential, coming from fast capacitive 
currents of charging/discharging the double layer and fast redox reactions [67]. The 
current is measured at specific time intervals automatically determined from the 
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scan rate and step-potential, usually after the double layer capacitance (DLC) has 
decayed. The double layer is formed by ions from the solution approaching the 
charged electrode. The charges at the electrode/solution interface are separated, 
which forms the double layer, which is dependent on potential, temperature, ions, 
impurities etc. If we scan the potential very fast, we can also record capacitive 
currents or fast oxidation/reduction reactions like adsorption or desorption of 
hydrogen. Practical scan rates below 5 mV/s are commonly used to minimize these 
signals. It is also a good practice to scan the potential range in both positive and 
negative directions and average the current signals to get rid of any unwanted 
background currents that may come from e.g. double layer charging when studying 
faradaic currents in water splitting [50]. When examining detailed reaction kinetics, 
it is even more important to use lower scan rates (≤ 5 mV/s) for accurate analysis. 
However, in gas evolution reactions, the polarization potentials are usually large so 
that the background currents are negligible compared to the faradaic currents. This 
is in contrast to for example ORR where the capacitive background should be 
considered to get accurate kinetic currents.  

Cyclic voltammetry (CV) is another useful technique that basically comprises 
continuous LSV scans where the potential is scanned in one direction and then 
reversed and often repeated for many cycles. CV is useful in for example stability 
studies or finding material properties such as redox reactions, capacitance or surface 
area. The scan rates in CV are usually must faster (>50 mV/s) compared to LSV 
to capture these currents.  

The potential or electrical current at the WE could also be held constant in 
chronopotentiometry and chronoamperometry measurements, respectively. These 
techniques are mostly used for stability studies.  

Another method that can be used for finding detailed properties of the interfaces 
in the electrochemical circuit is electrochemical impedance spectroscopy (EIS). In 
EIS, a small sinusoidal potential excitation is applied (~10 mV) to a constant DC 
potential and the current response is analyzed. EIS can give information such as 

 
Figure 1.6 (a) Digital step-wise potential increase and (b) the current density 
responses to the potential steps. The current is measured at specific interval times 
corresponding to a small region in the exponential decay. 
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double-layer capacitance or charge transfer resistance. In this thesis we mostly used 
the technique for estimating the solution resistance (Rs) in the electrolytes. To get 
Rs, the real versus the imaginary impedances are plotted in a so-called Nyquist plot 
by alternating the frequency of the input signal, and after fitting the results to a 
suitable circuit (e.g. Randles circuit) the impedance at the high frequency region 
where the impedance intercept the real axis is the Rs [66]. The DLC from a Randles 
circuit can also be calculated with EIS as 𝐶𝑑𝑙 = 1 2𝜋𝑅𝑐𝑡𝜐𝑡𝑜𝑝⁄  where 𝑅𝑐𝑡 is the charge 
transfer resistance and 𝜐𝑡𝑜𝑝 is the frequency at the top of the fitted semi-circle in 
the Nyquist plot [68]. The material has to be in a steady-state during an EIS 
measurement to get reliable results, and can also take up to hours to conduct when 
using long frequency ranges and therefore it is usually conducted at low current 
densities or at open circuit potentials. 

In most of our studies we have worked with stationary carbon paper electrodes. 
Otherwise, it is common to use rotatable ring disk electrodes (RDE) made from 
glassy carbon, which can enable further characterizations that are useful especially 
in gas reduction reactions where rotation is applied to increase gas diffusion to the 
electrode, as well as to separate the kinetic current from diffusion limitations 
according to the Koutecky-Levich equation. However, the catalyst adhesion can be 
an issue and it is often necessary to apply a proton conducting, but electrically 
insulating “binder” of Nafion polymer [57]. Therefore, it can often be beneficial to 
grow the catalyst directly on the electrode for optimal adhesion, stability and 
activity. Additionally, in real electrolyzers, current collectors such as carbon paper, 
metal foams or stainless steel are used and hence a direct comparison of the activity 
can be done. However, the amount of catalyst loading and specific activities are 
more difficult to quantify on these electrodes than for RDE. 

Usually, electrical current densities are normalized per geometrical area, but it 
is also common and useful to present the specific activities per actual 
electrochemical surface area (ECSA). It should be pointed out, however, that the 
determination of ESCA is difficult and often erroneous and overinterpreted [50]. 
Basically, there are three electrochemical methods to determine the ECSA, which 
are based on hydrogen underpotential deposition (HUDP), CO-stripping and non-
faradaic DLC measurements and here we go through some problems with these 
methods and use a Pt catalyst as example. In HUDP, a CV scan is conducted above 
0 V vs. RHE in Ar-saturation and the electric charge is converted to ESCA by 
assuming a specific charge of Pt of (210 𝜇𝐶/cm2), which is a rather arbitrary value 
since different facets shows different specific charges [50]. The value is estimated 
from the charge of an adsorbed monolayer of H-atoms on a crystal surface. 
However, other current signals from e.g. OH conversion, ion adsorption/desorption 
and double layer capacitance can also interfere with the charge collected in the 
HUDP region. This method relies on close to monolayer H-coverages at 0 V vs. RHE 
for pure platinum-based samples and therefore cannot be used for other samples 
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with weak H-adsorption. The ESCA with the HUDP method is often underestimated 
and any disorder in the Pt surface will change the results [69]. The need for a 
analogous flat surface is essential to normalize the charge. Another option, 
considered more accurate for Pt-based materials is CO-stripping, which rely on the 
charge needed for electro-oxidizing a monolayer of CO. The same issues as for HUDP 
applies here since alloys and other metals could have weaker interactions with CO 
or that each CO can adsorb on two metal atoms [69]. The third method is based 
on measuring the DLC in the non-faradaic region where all current response is 
estimated to come from charging the double layer. DLC is probably the most used 
technique for non-Pt based materials but since the results show total capacitance 
we have to normalize the result by a material-specific constant that is the specific 
capacity per area of a flat surface, which often is not accurate enough [50]. Even 
for different surfaces of platinum the specific capacitance varies widely, e.g. 64 
µF/cm2 and 116 µF/cm2 for Pt(533) and Pt(100), respectively [50]. Therefore, when 
comparing the ESCA between different materials the total CDL cannot be 
compared alone, since any structural modification, doping or even surface 
orientation will change the specific capacitance and/or any adsorption and redox 
reactions. The total DLC can however be used for comparing the ECSA between 
similar materials. DLC also rely on a linear relation between the CV scan-rate and 
current response where the slope is the double layer capacitance, which is not 
entirely true for digital measurements (Figure 1.6b) [50, 67]. Furthermore, also here 
the current can come from other than double layer charging such as charge transfer 
redox reactions, which cannot be distinguished by electrochemical methods alone. 

Probably, the most reliable method for surface area estimation of non-Pt based 
materials is not an electrochemical method at all, but instead relies on physical 
adsorption of gases in high vacuum according to the Brunauer-Emmet-Teller 
(BET) theory [50]. However, this method often requires more than 1 g material 
and does not consider any change of chemical state arising from the electrochemical 
conditions or the true electrochemical area on the electrode. From BET measure-
ment we get the result in area per weight and therefore have to know the mass 
loading we have on the electrode to get an approximation of the ESCA. In paper 
I we have used BET measurement to estimate the specific surface area of our 
nanotube/carbon paper electrode (without catalysts) that was around 68 m2/g and 
more than ten times higher than the carbon paper alone [70]. However, we were 
not able to measure the specific ECSA of the catalyst because of the required 
materials needed for accurate results. Furthermore, since we did not know the 
loading of the nanotubes and catalyst we could not use the results to normalize the 
current density. 
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1.4.1 Catalytic activity in water splitting 
Finding and optimizing abundant electrocatalysts for electrolysis is essential to 
enable a sustainable hydrogen economy. An electrocatalyst is defined as a material 
that takes part in, and facilitates an electrochemical reaction without being 
consumed or altered. Today, around 80% of all processes in chemical industries use 
some kind of catalyst [48]. In water splitting, the performance of an electrocatalyst 
is mainly categorized by the amount of gas it can produce using as low overpotential 
as possible. This can be determined from potentiostatic measurements with LSV 
as shown in Figure 1.7a where the current density corresponds to amount of gas 
produced (depending on the Faradaic efficiency). This specific figure shows three 
theoretical catalysts, with different hydrogen adsorption energies that are either 
too strong, weak or optimal for HER. The polarization plots are produced using 
the rate equations described in paper VI [54]. The most common and reliable 
measure of a catalyst is the overpotential needed to produce a certain current 
density, usually at 10 mA/cm2 because it is roughly the magnitude used in photo-
electrochemical devices. In PEM or alkaline electrolyzers however, the operational 
current densities are much higher, but the overpotential at 10 mA/cm2 allows 
suitable comparison of materials at lab scale. The reaction is often described to 
start at the “onset potential”, which is a rather ambiguous measure and is not well 
defined. Usually a straight line is drawn from the voltammogram where the current 

 
Figure 1.7 (a) Theoretical polarization and (b) Tafel plots of three different model 
systems with different free energy of hydrogen adsorption. (c) CV plot of a gold 
electrode with reduction and oxidation peaks denoted. (d) Typical experimental 
LSV plots for OER, here for nickel and iron-based catalysts. 
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seems to start, commonly at around 5mA/cm2, and where it crosses the x-axis is 
said to be the onset potential. This is also dependent on the scale of the y-axis and 
electrochemical surface areas. 

Two other parameters that can describe the activity are the exchange current 
density and Tafel slope and can be obtained from Tafel plots such as in Figure 
1.7b. These properties have physical meanings and are good measures. The 
exchange current density (jo) is the current when the net current for the reaction 
is zero, in other words, where the reaction proceeds in the forward and backwards 
direction with the same rate. This value can be derived by extrapolating the Tafel 
slope to 0 V overpotential. A high number of jo means that the reaction kinetics 
are fast and that the catalyst is efficient. However, it can be difficult to get accurate 
experimental values for jo and even for similar metals measured in very pure 
conditions, the values differs quite notably in the literature [71]. The Tafel slope is 
a measure of how much potential is needed for increasing the current by one decade. 
This slope can be used to describe the reaction mechanism and is also an important 
factor for reaching high current densities with minimum amount of overpotential. 
The Tafel slope is obtained in linear sections of Tafel plots, which can be at several 
regions if the reaction mechanism changes with potential. Both of these parameters 
will be described in more detail later.   

CV plots can give information in wide potential ranges about the 
electrode/electrolyte interface. A typical CV plot is shown in Figure 1.7c and in 
this plot, (a-d) is reduction and (e-f) are oxidation reactions of a gold-coated 
electrode in an alkaline 1M KOH (pH=14) electrolyte. The water splitting reactions 
HER and OER are denoted by a and f while small amounts of ORR could possibly 
occur at c from the oxygen evolved. In actual ORR experiments, the electrolyte 
should be purged with O2 prior to the measurement. Moreover, there are two metal 
redox peaks at e and d, which we can see are not reversible since the integrated 
area of e is much larger than the reduction peak d. The peak at b could be assigned 
to metal-reduction or possibly be related to hydrogen adsorption on the metal 
surface. However, the sources of these current responses are just examples and to 
conclude their origin, theoretical models or further experiments are often needed 
such as in-situ spectroscopic methods. 

In Figure 1.7d, experimentally obtained LSV plots for OER are shown for 
several Ni-Fe based catalysts with different atomic ratios of Ni and Fe. In this 
figure, the onset potentials, overpotential at 10 mA/cm2 and current/potential 
slopes can be measured. Note that the thermodynamic potential for OER is 1.23 V 
and therefore the absolute potentials are much higher than for HER even though 
the overpotentials are around 0.25-0.5 V against OER for these catalysts. 
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2. How to beat the noble metals in theory 

By using nanomaterials, lower amounts of material usage and the possibility for 
optimizing the reactivity at atomic scale is possible. Knowledge about material 
properties is crucial for optimizing any electrochemical catalyst. Theoretical 
calculations are also indispensable for saving time and resources by not having to 
fabricate and test each material experimentally. There are many theoretical tools 
for acquiring material information and in this chapter, we introduce the ones used 
in this thesis, which are suitable in the field of nanoscience and especially for 
electrocatalysis. 
 

2.1 Activity descriptors 
In electrochemistry, parameters that alone can estimate a materials catalytic 
activity are called activity descriptors. The ability to chemically bond to 
intermediate species have shown to be highly correlated to experimental activity 
[46, 72, 73]. Since the reaction mechanisms for HER, OER and ORR differs, the 
intermediate species vary for all of these reactions, and consequently also the ideal 
catalysts. The HER is probably the most studied and simplest of these three 
reactions since adsorbed hydrogen atoms are the only intermediate species and 
therefore materials with optimal adsorption energies for hydrogen such as platinum 
excels. The adsorption free energy is calculated as 

∆𝐺 = ∆𝐻 − 𝑇 ∆𝑆 

where ∆𝐻 and ∆𝑆 are the reaction enthalpy and entropy, respectively. 
Theoretically, ∆𝐺 can be calculated with ab-initio simulations such as density 
functional theory (DFT) with high precision [53]. DFT is probably the most used 
theoretical tool for computational chemistry due to the high accuracy and efficiency 
with the ability to include hundreds of atoms in quantum mechanical modeling. 

However, finding new descriptors from the intrinsic properties in materials 
would be beneficial to overcome the need of time-consuming ab initio compu-
tational simulations, especially for large systems with many diverse adsorption sites 
[74]. As an example, the trend in adsorption energies has shown to correlate to the 
energy of the d-band center relative to the Fermi energy, and therefore the 
electronic density of states could be such a descriptor [75-77]. The density of states 
only needs one iteration in DFT calculations compared to numerous molecular 
dynamic optimizations needed for adsorption reactions. However, such descriptors 
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often have problems to predict adsorption energies for disordered materials or when 
for example species bond to more atoms than one. Another descriptor for HER is 
the work function of the metal surface. It is however a macroscopic property and 
cannot predict diverse atomic sites [71]. Next to DFT, an interesting approach is 
by suing machine learning algorithms, which has been proven able to predict the 
d-band center and other intrinsic properties and are much faster than DFT 
calculations [74, 78, 79]. By using machine learning, complicated relations involving 
many parameters could be used to estimate catalytic activities, but needs large 
data sets and the relationships often lacks physical meaning [80]. Furthermore, the 
errors in these models are still relatively large and need DFT calculations for 
training the models [72, 74, 80]. Therefore, ab initio methods such as DFT are still 
considered essential. While the adsorption energies have proven very successful in 
describing the activity, they cannot alone explain the different behavior in varying 
pH or electrolytes and therefore further descriptors may be needed such as water 
or ionic interactions for more complete models. 

For 4-electron multistep reactions like OER and ORR with several inter-
mediates, the adsorption energy for each involved species has to be considered and 
therefore, these reactions are usually harder to describe theoretically than HER. 
The equilibrium potential of the full reaction is determined from the least 
thermodynamically favorable reaction step. Hence, ideal catalyst would have an 
equilibrium potential of 1.23 V for each of the individual electron transfer reaction 
steps involved. The free energy change for the four reaction steps in OER and ORR 
is given by  
 

∆𝐺1 = ∆𝐺(𝑂𝑂𝐻𝑎𝑑𝑠) − ∆𝐺(𝑂2) + 𝑒𝑈 
∆𝐺2 = ∆𝐺(𝑂𝑎𝑑𝑠) − ∆𝐺(𝑂𝑂𝐻𝑎𝑑𝑠) + 𝑒𝑈 
∆𝐺3 = ∆𝐺(𝑂𝐻𝑎𝑑𝑠) − ∆𝐺(𝑂𝑎𝑑𝑠) + 𝑒𝑈 
∆𝐺4 = ∆𝐺(𝐻2𝑂) − ∆𝐺(𝑂𝐻𝑎𝑑𝑠) + 𝑒𝑈 

 
Where the reaction pathway for ORR is ∆𝐺1 → ∆𝐺4 and for OER, ∆𝐺4 → ∆𝐺1 [55, 
65, 81]. According to CHE, the free energy of an (𝐻+ + 𝑒−) pair is equal to -𝑒𝑈 at 
other potential than 0 V vs. SHE and the standard equilibrium potentials are given 
by the conditions where ∆𝐺𝑖 = 0. From these thermodynamic relations, an optimal 
catalyst for either OER or ORR would bind the intermediate species with free 
energies according to ∆𝐺(𝑂𝐻𝑎𝑑𝑠) = 1.23 eV, ∆𝐺(𝑂𝑎𝑑𝑠) = 2.46 eV, ∆𝐺(𝑂𝑂𝐻𝑎𝑑𝑠) = 3.69 
eV and ∆𝐺(𝑂2) = 4.92 eV by taking ∆𝐺(𝐻2𝑂) as the zero level. Since it has been 
shown that these intermediates adsorption energies depend on each other, linear 
relations such as ∆𝐺(𝑂𝑂𝐻𝑎𝑑𝑠) = ∆𝐺(𝑂𝑎𝑑𝑠) + 1.23 eV must be fulfilled for an optimal 
catalyst with zero overpotential. However, such materials have not yet been found. 
As an example, the adsorption energy of OOH for metal-oxides has found to scale 
against the oxygen adsorption energy as ∆𝐺(𝑂𝑂𝐻𝑎𝑑𝑠) ≈ 0.64∆𝐺(𝑂𝑎𝑑𝑠) + 2.40 eV, and 
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for the graphene nanoribbons in paper III, we found the relation ∆𝐺(𝑂𝑎𝑑𝑠) ≈
∆𝐺(𝑂𝐻𝑎𝑑𝑠) + 0.89 eV [55, 81]. 

In Figure 2.1a, the equilibrium potentials are shown for HER/HOR as a function 
of ∆𝐺(𝐻𝑎𝑑𝑠) and in Figure 2.1(b-c) for both ORR/OER as a function of ∆𝐺(𝑂𝐻𝑎𝑑𝑠) 
and ∆𝐺(𝑂𝑎𝑑𝑠), respectively. These equilibrium potentials are calculated without 
activation barriers and purely by thermodynamics, and in paper VI a more 
complete expression of the equilibrium potential for HER is presented with rate 
equations. Note that in Figure 2.1, the volcanoes are turned (∨) for oxidation 
reactions and all potentials below these are spontaneous, while for the reduction 
reactions (HER and ORR), all potentials above the volcano relations (∧) are 
spontaneous. As an example, in Figure 2.1a at ∆𝐺(𝐻𝑎𝑑𝑠) = −1 𝑒𝑉 , the adsorption 
reaction is spontaneous for HER and the total equilibrium potential is restricted 
by the desorption reaction. All volcanoes in Figure 2.1(b-c) have the theoretical 
optimal limits shown with thick solid black lines at the intersections for clarity. 
For HER and HOR, the ideal equilibrium potential is at 0 V for both reactions. 
Optimal catalysts would behave as the dashed lines in Figure 2.1(b-c) where the 
OER/ORR reactions would start at 1.23 V. In Figure 2.1b, the scaling relationships 
are calculated from various adsorption sites in a defective graphene nanoribbon 
studied in paper III and in Figure 2.1c the scaling relations are produced from 
three crystalline Ti, Ru and Ir metal-oxide surfaces [65, 81]. For a more realistic 
ORR volcano plot, the metals should probably be tested at different oxidation 
states than for OER. 

From Figure 2.1c it is clear that if all metal-oxides scales similarly, catalysts 
with zero overpotentials cannot be found among these. As displayed in Figure 2.1b, 
graphene nanoribbons could display more optimal energies for ORR than metal-
oxides. However, because of the linear relations, all atomic sites in the nanoribbons 
will perform poor for OER having higher equilibrium potentials than 2.1 V and 
would be limited by reaction ∆𝐺2 or ∆𝐺4. One should however keep in mind that 

 
Figure 2.1 Equilibrium potential volcano plot of (a) HER (solid) and HOR 
(dashed), (b) ORR/OER with linear relations of adsorption energies from a 
defective N-doped graphene nanoribbon and (c) ORR/OER with linear relations 
of adsorption energies from metal-oxides. Ideal scaling relationships are shown as 
dashed lines in (b-c). Data in (b-c) are from [65] and [81], respectively. 
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materials are oxidized during OER and reduced in ORR so the chemical state of 
the materials will differ in these two reactions and ideally, the graphene structures 
should be covered with different oxygen groups when comparing the reactions. This 
will affect the adsorption energies and a direct comparison is therefore not entirely 
accurate. 
 

2.2 Microkinetic modelling 
Electrochemical reactions can be described by microkinetic analysis, which is a 
powerful tool for examine the rate (activity) of catalytic reactions at atomic level. 
The method relies on both experimental and theoretical observations to predict the 
rate for electrochemical reactions and in general, generates results such as 
concentration or reaction rates as a function of time, but in most cases, we are only 
interested in the steady-state solutions, i.e. 𝑑𝜃 𝑑𝑡⁄  = 0. 

In paper VI we have combined DFT calculations with microkinetic theory 
modelling to better understand the HER for disordered structures that contain 
structural defects or other imperfections [54]. The reaction rates are determined by 
considering the free energy of adsorption on each adsorption site, and letting the 
rate follow an Arrhenius-type of relation such as 𝑘 = 𝐴𝑒−(∆𝐺1

0+𝛼𝜙𝑧) 𝑘𝐵𝑇⁄  where k is the 
rate constant, A is a pre-exponential factor, ∆𝐺1

0 is the standard free energy of 
activation at zero potential, 𝛼 is the charge transfer coefficient, 𝜙 is the electro-
chemical potential, 𝑧 is number of involved electrons, and kB is the Boltzmann 
constant. The activation energies for each elementary reaction can be displayed by 
free energy curves, such as in Figure 2.2, where the reaction R1 and R2 are shown 
at zero and non-zero overpotentials. In this figure, the reactions are catalyzed by 
three different materials with optimal ∆𝐺𝐻 = 0, weak ∆𝐺𝐻 > 0 and strong ∆𝐺𝐻 <
0 hydrogen adsorption energies. At zero overpotential, the reaction R1 is in 
equilibrium, non-spontaneous and spontaneous, respectively for the materials. The 
charge transfer coefficient 𝛼 is the dependency of the free energy curve and 

 
Figure 2.2 Free energy curves of HER through reaction R1 and R2 at (a) zero 
overpotential and at (b) non-zero overpotential. Three different catalyst are 
illustrated with different adsorption energies. 
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activation energy, with respect to a change in potential, and is normally considered 
to be 0.5. This coefficient is theoretically obtained from the slopes of the free energy 
curves at the point of intersection of the initial (x) and final (y) states as 𝛼 = 𝑥/(𝑥 +
𝑦). It is experimentally possible to measure 𝛼 from the Tafel slope when it is not 
dependent on any other variables such as H-coverage [82]. The reaction rate for a 
typical adsorption reaction can further be determined as 𝑟 = 𝑘(1 − 𝜃)𝐶 where 𝜃 is 
the surface H-coverage, which is dimensionless and between [0,1] and C is the 
adsorption site concentration in the catalyst.  

Non-equilibrium conditions can be studied by setting the electrochemical 
potential as 𝜙 = 𝜙∗ + 𝜂 where 𝜙∗ is the equilibrium potential and 𝜂 is the applied 
overpotential. The equilibrium potential can be determined from rate equations by 
setting the reaction rates of the forward and backward directions equal and 𝜂 = 0. 
The equilibrium potential then depends on the equilibrium hydrogen coverage [54], 
which in turn, is found from ∆𝐺(𝐻𝑎𝑑𝑠) using a Langmuir adsorption isotherm. The 
∆𝐺(𝐻𝑎𝑑𝑠) also depend on the macroscopic total hydrogen coverage of the material 
because of lateral interactions according to a Frumkin isotherm ∆𝐺(𝐻𝑎𝑑𝑠, 𝜃𝑡𝑜𝑡) =
∆𝐺(𝐻𝑎𝑑𝑠, 𝜃𝑡𝑜𝑡 = 0) + 𝑟𝜃𝑡𝑜𝑡, and therefore the total H-coverage used in DFT and from 
the Langmuir adsorption must equal at the equilibrium coverage [83, 84].  

Finally, to calculate the complete reaction rate for multistep reactions, a master 
equation is used to calculate the steady state considering the forward and backward 
rates for each of the involved elementary steps. More information is given in paper 
VI [54]. 

 
2.2.1 Volcano plots 
In 2004, Norskov et al. introduced the computational hydrogen electrode (CHE) 
model, which explained how the adsorption free energies could be calculated with 
DFT [53, 85]. They finally derived a volcano-like relation of experimental exchange 
current densities and the calculated ∆𝐺(𝐻𝑎𝑑𝑠) with a simple microkinetic analysis 
[53]. However, the accuracy of this volcano plot has been under debate since it is 
calculated with several simplification such as only considering the Volmer reaction 
and a constant H-coverage of 0.25 monolayer [86, 87]. The rate equations are also 
considered to be poorly defined, using a transfer coefficient of 1 meaning that the 
process has no activation barrier, and that the resulting slope of the volcano plot 
is inconsistent [86]. In paper VI, we have revisited this approach, developing a 
related model but which includes all reaction steps, equilibrium H-coverages and 
potential dependent activation energies. We also included non-equilibrium 
calculations so that polarization plots and Tafel slopes could be obtained [54]. 
Finally, the model combines atomistic microkinetic modelling with macroscopic 
thermodynamic relations to give average values for the full material, which is useful 
for disordered structures with diverse catalytic sites. 
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Nevertheless, rather than using detailed microkinetic models, it is a common 
practice to use the Butler-Volmer equation (BVE) to describe the kinetics of 
electrochemical reactions. However, the BVE is only valid for simple one-step redox 
reactions and cannot accurately describe more complex reactions such as HER. Yet, 
the BVE gives accurate results when deriving kinetic properties such as the 
exchange current density and Tafel slopes.  

The BVE can be related to the above-mentioned microkinetic rate equations 
such that 𝑘 = 𝐴𝑒−(∆𝐺1

0+𝛼𝜙𝑧) 𝑘𝐵𝑇⁄ ∝ 𝑖0𝑒−𝛼𝜂𝑧 𝑘𝐵𝑇⁄  where 𝑖0 contain all except the 
remaining exponential. The full rate in units of current density for a single step 
reaction (forward-backward) can then be written as 𝑖 = 𝑖0(𝑒−𝛼𝜂𝑧 𝑘𝐵𝑇⁄ − 𝑒(1−𝛼)𝜂𝑧 𝑘𝐵𝑇⁄ ), 
which is the BV equation. Evaluating the BVE at high overpotentials where one of 
the directions dominates, the Tafel slope dE/dlog10|I] can be derived from the Tafel 
equation 𝜂 = 𝐴𝑙𝑜𝑔10(𝑖/𝑖0) and as mentioned before, 𝑖0 can be determined by 
extrapolating the equation to 𝜂 = 0 V. Note that the Tafel slope, which is 
2.303𝑘𝐵𝑇 𝛼𝑧⁄  only depend on the charge transfer coefficient, 𝛼 or the number of 
electrons involved for constant temperature. This often leads to misinterpretations 
since 𝛼 is considered to be 0.5 for most reactions and that the number of electrons 
in a single reaction rarely is more than one [82, 88]. In reality, the Tafel slope also 
depend on coverage, and therefore the Tafel equation could only give accurate 
values of 𝛼 if the coverage has stabilized. The need for selectively fitting 𝛼 and z to 
explain the experimentally obtained Tafel slopes without any physical motivation 
shows one of the issues of using the simplified BVE expression when studying multi-
step reactions. When using the microkinetic model in paper VI all theoretical 
Tafel slopes can be explained while keeping 𝛼 = 0.5, consistent with other reports 
[89]. Furthermore, the Tafel slopes can change with overpotential, matching 
experimental results.  

 
Figure 2.3 (a) Volcano relation of the exchange current densities and adsorption 
free energy of hydrogen for the three elementary (green=R1, blue=R2, red=R3) 
and the overall reaction of HER (black). (b) The evolution of the volcano plots 
(𝐽  𝑣𝑠.𝜂) for HER. The black circle shows the results from Pt. [54] 
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In Figure 2.3a, the equilibrium volcano plot for each reaction in HER from our 
model is shown, and in Figure 2.3b at non-equilibrium conditions with varying 
overpotential. Compared to the volcano plot in Figure 2.1a, the y-axis instead 
shows the current density and there are three dashed lines, one for each of the 
elementary reaction, together with the overall volcano relation (solid black line). 
The H-coverage goes towards zero at positive ∆𝐺𝐻 and towards fully covered at 
negative ∆𝐺𝐻 and vary according to the Langmuir isotherm as explained in paper 
VI [54]. If the volcano plot was independent of H-coverage (always full coverage), 
the current of reaction R2 (blue line) would continue as a straight line following 
the relation on the left side of the volcano. This reaction is now limited by low 
coverages on the right side and therefore forming the volcano-like plot. Similarly, 
the rate of reaction R1 is reduced by high H-coverage at negative ∆𝐺𝐻 .  

Following the evolution of the current density with overpotential in Figure 2.3b, 
polarization plots and thereby Tafel slopes can be obtained. According to our 
results, any material that have negative ∆𝐺𝐻 can only display Tafel slopes of 118 
mV/dec since the H-coverage is basically constant at these energies.  For materials 
with positive ∆𝐺𝐻, the Tafel slopes depend on the rate-determining step. If the 
Heyrovsky reaction (R2) is rate-determining, the Tafel slope is 40 mV/dec and for 
the Tafel reaction (R3), 30 mV/dec. For the Volmer reaction (R1), 118 mV/dec is 
also obtained for positive values of ∆𝐺𝐻 because the H-coverage either increases or 
is constant since R1 is fastest. These Tafel slopes agrees with experimental and 
other theoretical values [89-91]. Combination of different sites in a material can 
result in mixed values of these slopes. The advantage of using our model, except 
more detailed analysis, is that all adsorption sites are included to show average 
characteristics of the material, which is beneficial for defective structures with 
various sites where quantification can be difficult [92]. Finding ∆𝐺𝐻 at the 
equilibrium H-coverage is also important. As an example, the exchange current 
density in Pt111 change by one order of magnitude considering zero and equilibrium 
H-coverages. Another example is that ∆𝐺𝐻 on 1T-MoS2 is weakened by around 1 
eV (depending on the system size) upon the second adsorbed H-atom because the 
first H-atom will trigger a phase transition from 1T to 1T’.  

 
2.2.2 What makes platinum excel? 
By following the current density in Figure 2.3b for Pt, the Tafel plot is non-linear 
but later converge to 120 mV/dec. This does not agree with experimental Tafel 
slopes of Pt, which at low current densities is 30 mV/dec and at higher 
overpotentials increases to 120 mV/dec [54, 93]. The reason is that ∆𝐺𝐻 is close to 
0 eV for Pt. However, the obtained equilibrium H-coverage of 0.8 monolayer 
matches with experimental results and therefore an alternative mechanism can 
probably explain the low Tafel slopes [94]. To match the experimental Tafel slope 
of 30 mV/dec at low current densities for Pt, ∆𝐺𝐻 has to be slightly to the right 
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of the top of the volcano ~(0.05<∆𝐺𝐻<0.2 eV). At these energies, the combination 
reaction (R3) become rate-determining together with an increase of hydrogen 
coverage with overpotential.  

Since the active mechanism of Pt-based materials is not yet fully understood, it 
is difficult to compare the results to experiments [91, 95]. It has been suggested by 
several reports that H-atoms preferers the fcc sites in Pt111 at equilibrium 
conditions, but at higher overpotentials the ontop sites are activated with positive 
∆𝐺𝐻 and are responsible for the HER [91, 96, 97]. It has experimentally been shown 
that the H-coverage on Pt111 single crystals is close to unity (3/4 or more) at 0 V, 
thus almost a monolayer is covering the fcc sites [94, 98]. We tested the adsorption 
of additional hydrogens on a fully covered surface and found the ∆𝐺𝐻 for ontop 
sites too positive (>0.3 eV) when the fcc sites was covered [54]. It is however also 
possible that other mechanisms affect the energies such as water interaction, anion 
adsorption or subsurface hydrogen. We also tested subsurface hydrogen and showed 
that the presence of these will strengthen the ∆𝐺𝐻 (more negative) for all 
adsorption sites [54, 99]. This may lead to the ontop sites having more optimal 
energies and could be the active sites for HER and that the model is correct.  

Still, more detailed studies for materials with free energies near the top of the 
volcano is needed to understand the exact reaction process [91, 100]. Actually, even 
after 30 years of platinum metal single crystal studies, basic electrochemical 
reactions on these are not yet fully understood [94]. Next to Pt, there are also other 
noble materials with similar activities such as Rh, Ir and Pd. The reason why Pt 
is often used is because the low Tafel slope, high reproductivity and inertness 
against the harsh conditions. 

 
2.2.3 Further considerations 
Any explicit calculations of the standard reaction activation barriers are left out in 
our model and are considered constant, independent of ∆𝐺𝐻 and material. These 
are instead, for each elementary reaction, determined by fitting the volcano plot to 
experimental data of the exchange current densities. This is justified by the 
experimental and theoretical agreement of the volcano plots, but also that the 
activation barrier has been shown to be linearly dependent on the reaction free 
energy according to the Brønsted–Evans–Polanyi (BEP) relationship [101]. 
Additionally, we always consider the adsorption pathways (e.g. ontop→bridge 
→fcc). For catalysts with weak adsorption for ontop sites, any adsorption sites 
further in the pathway such as fcc, hcp, bridge or 4-fold sites will be discarded in 
the evaluation, since the rate of desorption on the ontop site is considered faster 
than adsorption for these sites. Weak adsorbing ontop sites then acts like a surface 
diffusion barrier for other sites.  

The model may be improved by explicit calculations of activation barriers, 
which can be done for example by using transition state theory in DFT [102-106]. 
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Solvent effects are also left out of our model because of the induced complexity and 
computational efforts by implementing this [92]. Solvent have in other studies been 
applied by either implicit methods or by explicitly adding solvent molecules, 
however neither of these methods are fully developed or believed to be accurate 
enough yet [92]. The role of pH is also not fully understood but has experimentally 
been shown to strengthen the hydrogen binding energy at higher pH by ~0.15 V 
for pH=14 compared to pH=0, meaning that ∆𝐺𝐻 would be more negative for Pt 
in alkaline solutions [107, 108]. This would result in larger Tafel slopes in alkaline 
electrolytes, which has also been observed in polycrystalline Pt electrodes in 1M 
KOH that are between 80-120 mV/dec [108, 109]. However, other studies claim 
that alkaline HER is impeded by H2O dissociation on the surface along with OH 
adsorption [108]. The OH adsorption is however very weak on Pt and the surface 
would not be covered at HER potentials [110]. Implementing explicit pH 
dependency in the simulations would benefit from a full description of the double 
layer with water and ion (Na+, K+, OH-) interactions with the surface.  

The obtained Tafel slopes could also be altered by changing the charge transfer 
coefficients for each reaction. This is however rather complex and as an example, 
changing 𝛼 from 0.5 to 0.3 for the discharge reaction (R1) will change the Tafel 
slope for materials with positive ∆𝐺𝐻 to above 200 mV/dec at higher current 
densities while at low current densities, the reaction can have a Tafel slope of 40 
mV/dec (following R1) for prolonged periods since R1 is less dependent on weak 
∆𝐺𝐻 and thus faster initially. For negative ∆𝐺𝐻, the Tafel slope would remain 
unchanged at 118 mV/dec as a result from that the reaction is always rate 
determined by R2 at negative ∆𝐺𝐻 and that the coverage is constant here. Two 
examples of exchange current volcano plots where the charge transfer coefficients 
of both R1 and R2 are varied is shown in Figure 2.4. The coefficient is constant for 
R3 since this reaction does not depend explicitly on overpotential and that 
experimental Tafel slopes of 30 mV/dec is related to this being 0.5. The total 

 
Figure 2.4 Volcano-relations for exchange current densities of reactions R1-R3 
in HER when changing charge transfer coefficient of R1 and R2 to (a) 0.3 and 
(b) 0.7. The transfer coefficient for the combination reaction (R3) is fixed at 0.5. 
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exchange current density (black lines) are chosen depending on if the total 
adsorption or desorption reactions are rate-determining, hence the changing slope 
of the black line. The value of 𝛼 also affects how the H-coverage will change with 
overpotential. To keep the simplicity of the model we have kept all transfer 
coefficients at 0.5 in paper VI [54].  
 

2.3 Density functional theory 
We have discussed a lot on Gibbs free energy, but how do we actually calculate it? 
The problem faced when studying nanomaterials is that we are dealing with a very 
large number of interacting electrons and nuclei. The most accurate and efficient 
method for finding the ground state energy for such systems is DFT and here only 
a brief introduction is given while more comprehensive theory can be read elsewhere 
[111-113]. The theory relies on the Hohenberg-Khon theorems, which states that 
the quantum properties of any system can be found from functionals of the electron 
charge density and the ground-state energy is given only by the true ground state 
charge density [114]. There exists numerous software with slightly different 
implementations of DFT, and in our studies we have used the implemented 
SIESTA method that can be further read about in the original paper by Soler et 
al. [115]. SIESTA is an acronym for (Spanish Initiative for Electronic Simulations 
with Thousands of Atoms) and is especially suitable for large systems. We exclude 
any spin-polarization in this section, even though it can be included in SIESTA. In 
first principle methods such as DFT, the properties of the system are determined 
without any empirical data and therefore DFT is usually called an ab initio method, 
which means from the beginning. This make the method accurate but also time-
consuming. 

The ground-state energy 𝐸𝑡𝑜𝑡 of a many-body system moving in an electric field 
can be described by the time-independent non-relativistic Schrödinger equation  
 

𝐻𝜓 = [𝑇 + 𝑉 ] 𝜓 = 𝐸𝑡𝑜𝑡𝜓 
 
where 𝑇 + 𝑉  are the kinetic and potential energy operators, which together forms 
the Hamiltonian operator (𝐻). However, the exact solution is very complex and 
can only be found for the hydrogen atom and since we want to study nanomaterials 
and catalytic reactions, we usually work with at least ten, up to several hundred 
atoms and therefore need several approximations.  

Instead of treating many-body systems, non-interacting one-particle systems are 
solved in DFT expressed by Kohn-Sham orbitals 𝜙𝑖(𝒓𝑖) [116]. According to the 
Hohenberg-Khon theorems, the ground-state charge density for the non-interacting 
fictitious system should correspond to the true charge density of the real interacting 
system [114]. In DFT, the ions are treated as fixed bodies with infinite mass 
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according to the Born-Oppenheimer approximation, and thus the equation can be 
separated into electronic and ion parts. The one-electronic Schrödinger-like 
equation for an electron i moving in an effective potential, produced by all other 
electrons and ions can be written as 
 

[− ∇2

2
− 𝑉𝑒𝑁(𝒓) + 𝑉𝑒𝑒(𝒓)] 𝜙𝑖 = 𝜀𝑖𝜙𝑖 

 
where ∇2 2⁄  is the kinetic energy operator, 𝑉𝑒𝑁(𝒓) contains the electron-nuclei 
interactions, 𝑉𝑒𝑒(𝒓) is the electron-electron interaction of electron i w.r.t. all other 
electrons and 𝜀𝑖 is the ground-state energy of the orbital.  
 
2.3.1 Electron density 
The electron density is the key ingredient in DFT and is calculated by the sum of 
the square of all Kohn-Sham orbitals such as  
 

𝑛(𝒓) = ∑ 𝑓𝑖𝜙𝑖(𝒓)2

𝑖
 

where 𝑓𝑖 is the occupation of state 𝜙𝑖 and the total number of electrons is the 
integrated electron charge density over all space [116]. This is a huge computational 
simplification compared to the many body problem since the electron charge 
density 𝑛(𝒓) always depend on only three spatial variables, independent on how 
many electrons are studied. The total energy is calculated by the Kohn-Sham 
method where the ground state energy functional is a functional of the electron 
density as 
 

𝐸0[𝑛(𝒓)] = 𝑇 [𝑛(𝒓)] + ∫ 𝑉𝑒𝑁(𝒓)𝑛(𝒓)𝑑𝒓 + 𝐸𝑒𝑒[𝑛(𝒓)] + 𝐸𝑁𝑁  

 
where 𝑇  is the kinetic energy, 𝐸𝑒𝑒 is the electron-electron interaction energy and 
𝐸𝑁𝑁 is the nuclei-nuclei repulsion energy. 

All energies in the Kohn-Sham functional can be calculated exactly except the 
real T and 𝐸𝑒𝑒, which are treated approximately by so-called exchange-correlation 
functionals. The energy of these is given as 𝑇 [𝑛(𝒓)]+𝐸𝑒𝑒[𝑛(𝒓)] = 𝑇𝐾𝑆 [𝑛(𝒓)] +
𝐸𝐻[𝑛(𝒓)] + 𝐸𝑋𝐶 [𝑛(𝒓)] where 𝑇𝐾𝑆 is the Kohn-Sham non-interacting kinetic energy, 
𝐸𝐻[𝑛(𝒓)] is the energy from classical Coulomb interaction, or Hartree energy, and 
𝐸𝑋𝐶 is the exchange-correlation energy, which basically contains all energies we 
cannot calculate. The way of dealing with complicated electron-electron 
interactions is what makes DFT powerful, but also makes the solutions only at the 
best, good approximations of the real solution. If we would know the exact 𝐸𝑋𝐶 , 
the total energy would also be exact. 



 
2. How to beat the noble metals in theory 

 
 

 
36 

Since the Kohn-Sham potentials depend on the charge density, which depends 
on the orbitals, which in turn depends on the potentials, the equation must be 
solved self-consistently. This means that the problem is solved iteratively until the 
calculated charge density produce the same potential that was initially used to 
construct the Hamiltonian in the self-consistent field (SCF) iteration. The 
convergence of the SCF is in principal controlled by the charge density. 
 
2.3.2 Exchange-correlation 
The complete electron-electron interactions are very complicated. While the 
classical coulomb interaction between electrons and non-interacting kinetic energies 
can be calculated exactly, the exchange and correlation interactions are 
approximated. In DFT it is done by the exchange-correlation functional, which 
depends on 𝑛(𝒓). The final one-electronic equation in DFT is 

[− 1
2

∇2 − 𝑉𝑒𝑁(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶 (𝒓)] 𝜙𝑖 = 𝜀𝑖𝜙𝑖 

where − 1
2 ∇2 is the non-interacting kinetic energy operator, 𝑉𝐻(𝒓) is the Hartree 

potential, 𝑉𝑋𝐶 is the exchange-correlation potential and 𝜀𝑖 is the orbital energy.  
There are many ways of approximating 𝑉𝑋𝐶 involving different complexity and 

accuracy that basically going from simple local to non-local interactions. These 
functionals are normally classified by the Jacobs ladder proposed by Perdew where 
at the top, in heaven, the true functional is [117]. However, it has not been reached 
yet. The two most common functionals are based on the local density appro-
ximation (LDA) and the general gradient approximation (GGA). In LDA, the 
functional only depends on the electron density at the certain points in space, where 
the charge density is regarded as a homogeneous ideal gas. In GGA, the gradient 
of the density is also used and consider the inhomogeneity of real densities. Several 
different types of functionals for each of the LDA and GGA exists that use slightly 
different formalisms and give different results and should be chosen with care. In 
this thesis, we have mostly used the revised Perdew-Burke-Ernzerhof (RPBE) GGA 
functional that has been optimized for adsorption reactions [118]. There are also 
functionals that includes the exact exchange energy from Hartree-Fock theory using 
a mix between the two methods, but is more demanding.  
 
2.3.3 Basis sets 
In DFT, the electrons are represented by so-called basis-sets, which are functions 
that approximate the real wavefunctions of electrons and are algebraically suitable 
for solving the involved equations. Basically, any function can be used such as 
exponential, Gaussian, polynomial or slater-type functions to express the 
wavefunctions. Two of the most common basis functions are based on plane-waves 
(PW) and linear combination of atomic orbitals (LCAO). In the SIESTA code, 
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atomic orbitals are used where radial and spherical functions represent atomic 
orbitals such as 1s, 2s, 2p, 3d etc. One of the main advantages of these is that the 
basis sets are localized and defined as zero beyond a certain cutoff, resulting in that 
vacuum is treated freely with good scaling for large systems and optimal for slab 
calculations [115]. In LCAO, the orbitals 𝜙𝑖 are expanded as 

𝜙𝑖(𝒓) = ∑ 𝑐𝜇𝑖
𝜇

𝜑𝜇(𝒓) 

where 𝜇 extends to all orbitals in space, 𝜑𝜇(𝒓) are the atomic basis orbitals and 𝑐𝜇𝑖 
are the expansion coefficients of the atomic orbitals, which are the weights of each 
atomic orbital. The coefficients 𝑐𝜇𝑖 are obtained by solving the eigenvalue problem 
∑ (𝐻𝜇𝑣 − 𝜀𝑖𝑆𝜇𝑣)𝑐𝜇𝑖 = 0𝜇  where 𝐻𝜇𝑣 = ⟨𝜑𝜇∣𝐻∣𝜑𝑣⟩ and 𝑆𝜇𝑣 = ⟨𝜑𝜇∣𝜑𝑣⟩, which are 
(𝑁 𝑥 𝑁) matrices where 𝑁  is the number of orbitals. After solving these equations, 
𝑐𝜇𝑖 can be used to calculate the density matrix 𝜌𝜇𝑣,  

𝜌𝜇𝑣 = ∑ 𝑓𝑖𝑐𝜇𝑖
∗

𝑖
𝑐𝑖𝑣 

which is an important parameter in SIESTA that also controls convergence of each 
SCF iteration and is used when restarting simulations. The electron charge density 
is then expressed using the density matrix as 

𝑛(𝒓) = ∑ 𝜌𝜇𝑣𝜇𝑣 𝜑𝜇(𝒓)𝜑𝑣
∗(𝒓)      

When using a minimal basis, one single radial function is used per angular 
momentum. As an example, for a 1s orbital only one radial function is used and 
three for 2p (one radial function for each angular momentum of p). More 
complicated basis sets can also be used by adding radial functions with different 
sizes (Z). Often, orbitals with different polarization (P) are also added to improve 

 
Figure 2.5 Basis set convergence in SIESTA with respect to total energy and 
the lattice parameter of bulk silicon. Reprinted with permission from [115].  
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the results. Generally, the more orbitals per atom the higher accuracy and in Figure 
2.5 the accuracy of different basis sets used in SIESTA are compared to a PW 
calculation where the lowest energy are closer to the real ground state energy.  

 
2.3.4 Brilllouin zone sampling 
In DFT, the calculations rely on periodic boundary conditions between the 
simulation cells. This means that we only have to deal with a single simulation cell 
for infinite solids. By applying Bloch’s theorem to periodic crystals [119], the 
wavefunctions can be represented by plane waves 𝑒𝑖𝑘𝑟 multiplied by periodic 
functions [113]. Using Bloch’s theorem make it sufficient to only sample the 
electrons in the first primitive unit cell in reciprocal space, i.e. the first Brillouin 
zone (BZ) along infinite number of k-points, instead of an infinite number of 
electron wavefunctions [113]. In practice, the integral over the BZ can be solved on 
a finite uniform grid in the BZ with small numbers of k-points since the 
wavefunctions  are very similar for closely related k-points [113].  

Generally, the finesse of this k-grid is reversely proportional to the simulations 
cell in real space such that for small unit cells, larger numbers of k-points are 
needed while for large supercells, smaller numbers are sufficient and for very large 
supercells only one point (gamma point) is enough. For non-periodic systems, only 
one k-point is needed. In SIESTA any multiplications with complex phase factors 
are skipped when sampling the gamma point only [115]. Additionally, more k-point 
are needed for analyzing metals since they have many bands near the Fermi level 
and the choice of k-points can alter the occupation of these bands. This problem is 
also handled by using non-integer occupation functions (𝑓𝑖) such as Fermi-Dirac 
distributions. In practice, if more k-points are used, the results are more accurate 
but take longer time. If properties beyond total energy, such as band structures or 
electron transport are analyzed, very dense k-grids are required for example to 
accurately characterize unoccupied conduction bands, which fortunately do not 
contribute to the total energy [113, 120]. SIESTA is optimized for large systems 
where low numbers of k-points are needed, while it is still possible to do dense k-
point sampling and use small unit cells, but the speed and accuracy is worse 
compared to PW methods [115]. 

There are several methods for keeping the k-points to a minimum to save 
computational time but still preserving the accuracy [121-124]. In all our studies 
we used the Monkhorst-Planck method to generate the k-points, which are then 
automatically distributed homogenously in the BZ along the reciprocal lattice 
vectors [124].  
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2.3.5 Pseudopotentials 
When dealing with heavy elements containing many electrons the computations 
become unpractical, but since the core-electrons usually do not participate in 
chemical reactions and need a large number of basis sets to describe, they are 
treated differently. It is common to treat the ionic and core electron potentials with 
so-called pseudopotentials (PPs), which accurately captures the behavior of the 
potential beyond a certain cutoff radius from the nucleus. This is computationally 
effective but can also introduce errors and it is important to generate PPs with 
caution. Non-local norm-conservative Troullier Martins type pseudopotentials are 
used in SIESTA, which can be read about elsewhere [125]. Usually the PPs are 
generated outside of DFT for isolated elements by comparing the results to all-
electron potentials and minimize variables like energy or lattice parameters by 
testing the PPs in DFT. However, the optimization process is not straightforward, 
can be time-consuming and for having comparable and transferrable PPs, we 
always used those that were rigorously tested and optimized in previous studies 
[126]. 
 
2.3.6 Real-space grid 
Most matrix elements in H, along with S are solved in Fourier space by efficient 
two-center integrals in SIESTA [115]. Other elements, such as the exchange-
correlation potential, Hartree potential and electron charge density are solved on a 
finite discretized 3D real-space grid. The quality of the real-space grid is controlled 
in SIESTA by selecting an energy cutoff, such that all plane-waves within the 
chosen energy can be represented correctly without aliasing [115]. By increasing 
this energy, the finesse of the grid increases but the calculations are more time-
consuming. 
 

2.4 Computational hydrogen electrode  
For calculating adsorption free energies, we followed the CHE method [85]. 
According to this, the energy of each (𝐻+ + 𝑒−) pair is considered to be in 
equilibrium and equal to half the energy of a H2 molecule by setting the reference 
potential at 0 V vs. SHE [53, 85]. Any bias on the electrode, U, can be included for 
electron-involving states by shifting the energy by -eU. Any water molecule or 
electrochemical double layer interactions are considered small and omitted, while 
pH can be included by shifting the potential with 0.059pH, at T=25°C. The 
adsorption energy of a hydrogen atom is then described as  

∆𝐸𝐻 = 𝐸𝑐𝑎𝑡+𝐻 − [𝐸𝑐𝑎𝑡 + 1/2𝐸(𝐻2)] 
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where the energies correspond to the catalyst with the adsorbed H-atom (𝐸𝑐𝑎𝑡+𝐻), 
the isolated catalyst material (𝐸𝑐𝑎𝑡) and a hydrogen molecule 𝐸(𝐻2). The Gibbs free 
energy is further calculated by 

∆𝐺𝐻 = ∆𝐸𝐻 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆𝐻 

where ∆𝐸𝑍𝑃𝐸 and ∆𝑆𝐻 are the change in zero-point energy and entropy between 
the gas and adsorbed phases. The zero-point energy is a correction term to the total 
energy from DFT and can be viewed as the lowest possible quantum energy of the 
system at absolute zero temperature, which are due to atomic vibrations for 
adsorbed molecules. The 𝐸𝑍𝑃𝐸 of H2(g) is taken from tables as 0.27 eV/mol [127] 
and the total entropic energy of H2(g) is 0.40 eV/mol at 297.15 K, solely from 
rotational and translational entropies [127, 128]. Even though the 𝐸𝑍𝑃𝐸 has been 
shown to vary between adsorption sites [99], it is a common practice to use a 
constant zero-point energy of 0.17 eV for any adsorbed hydrogen atom, independent 
of coverage for any material [53, 129]. Furthermore, the vibrational entropy is 
neglected in the CHE model because it is considered small [53].  

The 𝐸𝑍𝑃𝐸 and entropy of the adsorbed hydrogen can both be calculated from 
vibrational normal mode analysis using DFT, where the 𝐸𝑍𝑃𝐸 is calculated as 

𝐸𝑍𝑃𝐸 = 1/2 ∑ ℎ𝑣𝑖
𝑖

 

where ℎ𝑣𝑖 is the energy of each vibrational mode (i) with the harmonic frequency 𝑣  
[130, 131]. The entropy in the adsorbed hydrogens only comes from atomic 
vibrations and is calculated as  

𝑆𝑣𝑖𝑏 = 𝑘𝐵 [ 𝛽𝜀
𝑒𝛽𝜀 − 1

− 𝑙𝑛(1 − 𝑒−𝛽𝜀)] 

that is done for each normal mode where 𝛽 = 1/𝑘𝐵𝑇 , 𝜀 is the phonon vibrational 
energy (ℎ𝑣𝑖) and 𝑘𝐵 is Boltzmann’s constant [128, 131]. The entropy of each 

 
Figure 2.6 (a) Adsorption free energies, zero-point energies and entropic energies 
for adsorbed H-atoms on a Pt111 surface containing 16 surface atoms. Ontop (OT) 
and face-centered cubic (fcc) adsorption sites were tested up to 0.75 monolayer. 
(b) Calculated harmonic vibrational frequencies of the adsorbed H-atoms (1-12 out 
of 16). There are three vibrational modes for each H-atom. 
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vibrational mode (3 for adsorbed hydrogen) is then summed to get the total 
entropy. In Figure 2.6a, examples of these energies are shown for adsorbed hydrogen 
on a Pt111 surface at varying H-coverage.  

From the energies in Figure 2.6a, the vibrational entropy is sometimes 
significant, especially at low H-coverages (0.03 eV) and is caused by that the 
vibration frequencies changes with H-coverage (Figure 2.6b). Especially, different 
adsorption sites like fcc, ontop, hcp display significantly different vibration 
frequencies [99]. As an example, (∆𝐸𝑍𝑃𝐸 − 𝑇 ∆𝑆𝐻) varies between 0.23 eV for OT 
sites at H-coverage of 0.75 ML, to 0.19 eV for fcc sites at 0.1 ML coverage for a 
Pt111 surface according to our calculations. These variations have been proven 
before but is often neglected [99]. In low coordinated atomic sites near vacancies, 
or for energies near the top of the volcano, it could be important to calculate these 
vibrations for more accurate analysis. In our studies we have followed the common 
practice of using constant values for (∆𝐸𝑍𝑃𝐸 − 𝑇 ∆𝑆𝐻). 

When dealing with defective materials, the optimized structures can be rela-
tively unstable and change upon adsorption. The lower energy of the stabilized 
structure then contributes to the calculated adsorption energy. Following the 
methodology in paper VI, these errors could partly be avoided by sequentially 
mapping all the adsorption sites two times. 
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3. Experimental methods 

3.1 Fabrication techniques  
Synthesizing nanomaterials can be done with numerous experimental methods, 
usually involving high temperature or pressure where precursors are reduced into 
the desired material. In our studies, we often synthesized the catalysts by 
solvothermal methods, and the carbon nanotubes were grown on substrates by 
vapor deposition techniques.  
 
3.1.1 Chemical and physical vapor deposition 
In physical vapor deposition (PVD), thin metals films in the order of angstrom to 
around 1 µm can be produced. Metallic pellets are placed inside a high vacuum 
chamber (~10-8 Torr) and heated upon evaporation. A substrate is placed above 
the metal for controlled deposition. The film thickness is measured during 
evaporation by monitoring the frequency change on quartz crystal sensors. 

In chemical vapor deposition (CVD), a high-temperature resistant quartz tube 
is sealed and connected to external gases. The substrate is placed inside the tube 
and when different reactive gas precursors containing e.g. carbon or evaporated 
metals passes though at high temperatures, thin films of nanostructures can be 
deposited on the substrate. This is a common technique to produce for example 
graphene, carbon nanotubes or thin 2D films of materials such as MoS2 that needs 
controlled environments. 

In paper I, and paper VIII we have grown nitrogen doped carbon nanotubes 
(NCNTs) by firstly evaporating thin films of Ti (10 nm) and Fe (5 nm) by PVD 
on a carbon paper substrate and thereafter the nanotubes are grown with CVD by 
using pyridine both as the nitrogen and carbon source. Since the substrate is very 
rough and the NCNTs are highly defective, the NCNTs grow with large variation 
in both length and width. In the NCNTs, the nitrogen atoms have several different 
configurations such as pyridinic, pyrrolic and graphitic-like atoms that is difficult 
to control, but can in some extent be adjusted by annealing in different 
temperatures [132]. We have further noticed that by using Fe as catalyst, the 
nitrogen content is the highest and by instead using Co or an alloy of FeCo, the 
nitrogen content is lower but longer, narrower and more homogeneous NCNTs are 
grown. For the catalytic applications, we premier high adhesion to catalysts and 
for this, the highly defective nitrogen doped nanotubes were ideal. 
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3.1.2 Solvothermal synthesis 
The most common synthesis method for producing nanoparticles is probably 
solvothermal synthesis, by using precursors dissolved in solvent mixtures treated 
at elevated temperatures in high-pressurized sealed vessels. In DMF solvents, 
cations in the precursor are solvated by the oxygen and anions are exposed and can 
form nanoparticles at high temperatures. For the MoS2 synthesis, we have used the 
precursor (NH4)2MoS4 in DMF, where [MoS4]2- anions are reduced into amorphous 
MoSx<4 or crystalline MoS2 in the synthesis, depending for example on reaction 
temperature [133, 134]. In paper I and paper II, the MoS2 catalysts were not fully 
crystallized to the most stable MoS2 phase but found in semi-crystalline and 
disordered structures [70, 135]. It was further reduced if annealed above ~250°C in 
inert atmospheres.  After solvothermal synthesis, nano powders can be collected for 
example by centrifugation or filtration and dried in room temperatures, in vacuum 
or by freeze-drying.  

In most of our studies we grow the nanomaterial directly on carbon-based 
substrates, placed in the vessel following the mentioned procedure. Since the 
material is directly adhered to the substrate during the synthesis, we do not have 
to collect the powder itself but only have to rinse the substrate to remove any 
residuals. This technique is very powerful and results in homogenously covered 
surfaces that are strongly chemically anchored, ensuring high electrical conductivity 
and stability [70, 136, 137]. One disadvantage is that the amount of catalysts 
cannot easily be controlled and therefore the loading on the final electrodes is hard 
to estimate, which can be important if using expensive and rare noble-metals or 
when studying specific activities. 
 
3.1.3 Electrochemical techniques  
Anodization is an electrochemical technique occurring on the anode in a two-
electrode electrochemical cell at high potentials. While oxygen is building up at the 
anode, the material oxidizes and at higher voltage O2 evolves. If high voltages and 
harsh environments are used, materials can even dissolve, depending on the 
corrosive resistance of the elements. In paper IV we used anodization at elevated 
temperature in highly alkaline media (7M NaOH) to dissolve the unstable surface 
on stainless steel to create a more stable and active surface of the underlaying Ni 
and Fe elements [138]. We found that the surface was covered in nanosized flakes 
after the anodization and cleaning, similar structures as the MoS2 structures, later 
to be characterized as NiFe layered double hydroxides. 

Other electrochemical techniques involve metallic deposition on the cathode or 
reduction/oxidation of the material. As an example, Ni-based materials oxidize to 
the active phase at potentials just before OER and are thereby activated. We have 
also noticed that the catalytic activity for OER, especially for NiFe oxides catalysts 
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can be partly restored (or activated) by cycling at low potentials (E<0 vs. RHE). 
Similar reactivation procedures are commonly used for Pt catalysts prior to ORR 
by conducting CV to remove e.g. surface carbon and clean the surface. 
 

3.2 Characterization methods 
Here we briefly go through characterization methods that was used in this thesis, 
methods that are frequently used and highly informative in both catalysis and 
nanoscience. 
“What looks large from a distance, close-up ain't never that big.”[139] 
  
3.2.1 Electron microscopy 
To view nanosized species we need to use other sources than optical microscopes 
since the resolution is limited by the wavelength, 𝜆 of visible light. The resolving 
power in typical microscopes, expressed as the smallest resolvable distance between 
two objects can be approximated by the Rayleigh criterion as 

𝛿 ∝ 𝜆
𝑁𝐴

 

where 𝜆 is the wavelength and 𝑁𝐴 is a measure of the microscope numerical 
aperture. In optical microscopes, the resolving power is around 300 nm and is 
limited by the wavelength of light (~500 nm). Since electrons can have much 
smaller wavelength (~0.001nm) than optical light if accelerated by an electrical 
field, the resolving power in electron microscopes can be below 0.1 nm. 

As the electrons are charged particles with mass, several interactions can happen 
when the electrons hit the sample, as illustrated in Figure 3.1. Both scattering and 
diffraction events occurs because of the wave-particle nature of electrons. There are 
in principle two types of electron microscopes: scanning electron microscopes that 
collect electrons above the surface, and transmission electron microscopes that 
collect electrons that are transmitted through the sample. 
 
Scanning electron microscopy  
In scanning electron microscopy (SEM), the samples are placed in a high vacuum 
chamber and bombarded with a focused beam of electrons with typical energies of 
2-20 keV and as indicated by the name, the beam is scanned over the sample. After 
the electrons are fired from the electron gun (usually a very narrow tungsten tip), 
they are focused and aligned by several electromagnetic lenses and apertures and 
finally scanned over the sample by electromagnetic deflection coils. Due to the very 
narrow beam in SEM, the depth of field is large so that images have a three-
dimensional appearance, which is very useful for characterizing the morphology of 
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nanostructures. Magnification in SEM is achieved by adjusting the raster scan area 
while the beam always is kept in focus. The wavelength of the electrons in SEM is 
on the order of picometers (10-3 nm) compared to visible light of 400 nm, but the 
final resolving power in electron microscopes is however limited by the accelerating 
voltage, beam spot size, apertures and the sample itself. The “optics” in SEM is 
worse than in optical microscopes and therefore practical resolutions are much 
lower than theoretical. The largest limiting factor in SEM comes from spherical 
aberration that is caused by electrons being deflected differently depending on how 
far from the electromagnetic lenses they are, resulting in an increased circular beam 
spot. 

In SEM, the most common imaging mode is by collecting the low energy 
secondary electrons (SE) that are emitted near the surface of the material. The 
energies of the primary electrons are high enough to inelastically scatter and eject 
these SE from the sample, which only can escape if they are a few nanometers 
below the surface, depending on the specimen. Since the impact is at the focus of 
the electron beam, the highest resolution can be achieved from this imaging mode.  

Another imaging mode collects the backscattered primary electrons, which are 
elastically scattered and can escape from deeper in the sample than the SE. The 
number of backscattered electrons depend on the atomic weight of the atoms and 
therefore the image contrast contains elemental information. 
 
Transmission electron microscopy 
In transmission electron microscopy (TEM) the primary electrons are usually 
parallel when hitting the sample. The electron beam in TEM typically have much 

Figure 3.1 Typical electron-specimen interactions in electron microscopy.  
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higher energies (>100 keV) compared to SEM and are therefore able to transmit 
trough the sample, which have to be very thin (under 100 nm), and then recorded 
by a detector underneath. Due to the high energy, the wavelengths of the electrons 
are much smaller than the interatomic distance in the sample leading to possible 
atomic resolutions below 1 angstrom and useful magnifications up to 10 million 
times. However, in TEM we only get 2D information in a very narrow focal plane 
and one have to be careful to not over interpret structural information since the 
image is only a “shadow” of the real 3D object. 

Next to ordinary TEM there are additional imaging techniques such as phase 
contrast high-resolution TEM (HRTEM) and focused scanning beam modes 
(STEM). The resolving power in HRTEM is higher than in ordinary TEM and 
relies on the interaction between the deflected and transmitted electrons. STEM is 
a combination between TEM and SEM where transmitted electrons from a focused, 
scanned beam is collected. Scattered electrons can also be collected at high angles 
that can show elemental contrast by the high-angular annular dark field (HAADF)-
STEM. The spatial resolution in HAADF-STEM is also very high since the electron 
beam is focused and the scattered electrons are incoherent with low interference.  

Additionally, patterns from diffraction spots appearing on the viewing screen 
from electrons interacting with the sample can be analyzed in TEM in the selected 
area diffraction (SAD) mode, because of the wave-nature of electrons. Typical areas 
of SAD are around 100 nm. Very small compared to X-ray diffraction, which are 
in the order of centimeters. Diffraction contrast is however not possible at high 
angles because these electrons are incoherent with weak interactions.  
 
Energy-dispersive X-ray analysis 
Additional detectors can be used in electron-microscopes such as X-ray detectors, 
which record characteristic X-rays from the sample. Energy-dispersive X-ray 
analysis, or EDX for short, is a method where the characteristic X-rays ejected 
from the specimen are studied. When primary electrons scatter inelastically and 
eject electrons in the sample, electron-holes are created and shortly after, electrons 
from outer shells will fill the electron-holes and emit X-rays with energies 
corresponding to the difference of these energy levels. The emitted X-rays can 
escape from deep in the sample leading to lower resolution compared to imaging 
modes and “bulk” information. Since X-rays has a specific energy that depend on 
the energy levels, they carry qualitative information about the atoms, but are also 
semi-quantitative when counting the number of X-ray photons emitted. 
 
3.2.2 X-ray photoelectron spectroscopy 
Compared to EDX, X-ray photoelectron spectroscopy (XPS) is relatively similar, 
but instead photoemitted electrons are recorded. In XPS, the X-rays with known 
energy are produced by the instrument and when they struck the sample in high 
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vacuum, electrons can be ejected from the samples as illustrated in Figure 3.2. The 
ejected electrons are then recorded by a detector and shown as peaks in a spectrum 
w.r.t. the binding energies (BE) of the electrons.  

The ejected photoelectrons do not only hold information about the type of atom, 
but also its environment and chemical state because the BE of the electrons depend 
on the chemical bonding to surrounding atoms. In XPS, the kinetic energy of each 
electron is recorded and if we know the exact energy of the incoming X-rays, we 
can calculate the BE of these electrons as 
 

𝐸𝐵𝐸 = ℎ𝑣 − 𝐸𝑘 − 𝑊  
 
where ℎ𝑣 is the energy of the incoming photons, 𝐸𝑘 is the kinetic energy of the 
ejected electron and 𝑊  is the workfunction of the spectrometer, which are all 
measurable or known [140]. The attained spectrum will reproduce the complete 
electronic structure of the elements quite well since all BE with lower energy than 
the incoming photons will show up. However, the cross-sections of valence band 
electrons are weak so the intensity in their spectral region at very low BE (up to 
30 eV) is much less intense than for the core-electrons, which are usually studied 
[140]. 

The electrons can only escape from close to the surface and hence only hold 
information from the upper-most (in the order of nanometers) surface composition. 
Some of the escaped electrons will be inelastically scattered on their way out and 
will show up on the spectrum as a background. The interaction of the photoemitted 
electrons is also dependent on the conductive nature of the sample and the electrons 
are able to escape from further down in a metallic sample compared to from an 
organic sample, which also can shift the BE slightly for similar states. 

In XPS we can also observe spin-orbit splitting from energy states with higher 
angular momentum quantum numbers (l) than 1 (i.e., p,d…), resulting in two peaks 
from one level with sligthly different BE. The states L2 and L3 (from 2p1/2 and 2p3/2) 
will also have relative intensities of 1:2 since the degeneracy of any state is 2J+1, 

 
Figure 3.2 Illustration of the photoelectric emission in XPS. Here, the principal 
quantum numbers are given in X-ray notation where K=1s1/2, L1=2s1/2, 
L2=2p1/2 and L3=2p3/2.  
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where J is the total angular momentum quantum number using the atomic notation 
(nlJ) [140]. 

Examples of high-resolution Mo3d and S2p XPS spectra from the MoS2-based 
catalyst in paper I are shown in Figure 3.3. The green colored peaks correspond 
to the most crystalline regions (MoS2) while blue and red colored peaks are showing 
more amorphous and oxidized states, respectively. The spin-orbit splitting is 
noticeable (peaks displayed by the same color) in each spectrum. The small shift 
in BE between the as-synthesized and annealed samples shows different crystalline 
phases of MoS2, which is believed due to the annealed phase is semiconducting 
while the as-synthesized crystal phase is more conducting.  

 
3.2.3 Raman vibrational spectroscopy 
Raman spectroscopy is a method where vibrations of the specimen are studied. The 
vibrational energy shifts in Raman spectroscopy are illustrated in Figure 3.4. When 
the material is hit by monochromatic light with sufficient energy, the material gets 
excited to a virtual energy state. The virtual states have lower energies than real 
excited electronic states and does not emit any photons as in fluorescence when 
relaxed. Shortly after excitation, the material will relax back to a characteristic 
vibrational state. Most commonly, the material relaxes to the ground state, which 

 
Figure 3.3 XPS spectra of a MoS2 catalyst before (a-b) and after (c-d) 
annealing in Ar atmosphere at 200°C. The Mo3d and S2p spectra are shown 
in (a,c) and (b,d), respectively. 
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cause the incoming light to be elastically scattered and is known as Rayleigh 
scattering. In Raman spectroscopy, the Rayleigh energy is filtered out and only 
inelastically scattered photons contribute to the spectrum. In inelastic scattering 
events, the final vibrational state either has higher energy than the initial state 
(Stokes scattering), or a lower energy than the initial state (anti-Stokes scattering) 
and the energy of the scattered photons will be shifted by this energy difference. 
Raman spectroscopy is considered a non-destructive technique where the incoming 
energy should be relatively low so that the sample does not oxidize or alters in any 
way, but also to avoid background signals from luminescence or fluorescence. 

However, not all vibrational modes show up in the Raman spectrum and for a 
vibrational mode to be “Raman active”, the polarizability of the molecule has to 
change (distorted electron cloud) during the scattering event. That is, the 
molecule’s ability to induce a dipole moment when subjected to an electric field 
from the photons has to change. In simpler words, the materials ability to take 
some of the photon energy, when interacting with the photon has to change between 
the vibrational modes. As an example, water molecules already have intrinsic large 
dipoles with low polarizability, so it is a weak Raman scatterer and therefore this 
technique can be very useful when studying for example biological samples. Usually, 
molecules and crystal structures with defined vibrational modes are studied with 
Raman spectroscopy. Examples of common studies are the crystal phase determi-
nation of MoS2, since the phases show different vibrational modes, the crystallinity 
of graphene or the type of single-walled carbon nanotubes. 

The strongest scattering events in Raman spectroscopy are usually of first order, 
meaning that the photon only interacts with one phonon. These scattering events 
can only occur at the gamma point, i.e. when the wavevector 𝑞 ≈ 0 under the 
restriction of momentum conservation [141]. However, second-order scattering 
events, involving two phonons can occur at other wavevectors. These events are 
usually very weak compared to first order events, but if the energy of the incoming 
light matches the bandgap in semiconductors like 2H-MoS2, they are resonantly 
enhanced. At other than 𝑞 = 0, acoustic modes also have non-zero frequencies and 

Figure 3.4 The light scattering mechanisms in Raman spectroscopy. 



 
3.2 Characterization methods 
 
 

 
  51 

can show up in the spectrum. In paper I, we can see more intense longitudal 
acoustic modes at the M point, LA(M), and combinations involving these when 
using a laser with excitation energy of 633 nm compared to 512 nm [70]. This is 
caused by matching the bandgap of 2H-MoS2 of ~1.8 eV. Even Raman inactive 
modes can appear at 𝑞 = 0 when using resonant Raman scattering. Additionally, 
because phonons are dispersive at other wavevectors than 𝑞 = 0, any uncertainty 
in q can cause the Raman peaks to be broadened and asymmetric. The phonon 
uncertainty, from Heisenberg’s uncertainty principle, follows ∆𝑞 ≈ 1/𝑑 where d is 
the size of the crystal domain [141]. This effect can be seen in the semi-crystalline 
MoS2 structures in paper I and paper II, supporting that they are of low 
crystallinity [70, 135]. The Raman spectra of MoS2, will be discussed more later. 

 
3.2.4 X-ray diffraction 
In X-ray diffraction (XRD), X-rays with known wavelength 𝜆 are fired at the 
sample to get crystallographic information. When the X-rays hit the sample, they 
are deflected and recorded by a detector. The incoming X-rays are usually held at 
a constant angle with respect of the sample while the detector is rotated to get 
signals at different diffraction angles. As shown in Figure 3.5, constructive interfer-
ence occurs at specific angles 𝜃 for distance 𝑑 between the atom planes according 
to Bragg’s law, 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 where 𝑛 is a positive integer. Not all atomic planes 
will show up in the spectrum because of destructive interference between the 
deflected beams. The notation of the diffraction pattern is given by the miller 
indices (hkl) of the crystal surface. 

The diffraction angle 2𝜃 and the intensity recorded by the detector gives 
information about the distance 𝑑 between crystal planes and the crystal structure. 
Since we record the data against the diffracted angle, the crystal planes must be 
aligned correctly to hit the detector, but if we have randomly aligned crystal planes 
such as in polycrystalline powder samples, we will always get signals for the 
interplanar distance that gives constructive interference at the diffraction angle 2𝜃. 

 

Figure 3.5 Illustration of Bragg’s law. Monochromatic light beams are 
diffracted at two atomic planes producing constructive interference of the 
beams. 
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3.2.5 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) is a useful technique where the weight of the 
sample is monitored while the temperature is varied from room temperature up to 
several hundred degrees Celsius. The measurements are usually conducted in inert 
atmospheres such as N2 but can also be done in ambient conditions. With TGA, 
information about e.g. the total weight of metals in a sample can be gained by 
burning away materials such as carbon, which is less temperature stable. Phase 
transitions could also be observed if the heat flow is measured at the same time 
such as in thermal decomposition of (NH4)2MoS4 to MoS2 [134]. 
 
3.2.6 Surface area measurements (BET) 
The specific surface area of a catalyst is as mentioned difficult to determine with 
electrochemical techniques and for non-platinum samples, the best method is 
probably by the Brunauer-Emmet-Teller (BET) theory [50]. The theory relies on 
gas adsorption/desorption and is based on the Langmuir adsorption isotherm for 
monolayer adsorption, but adapted for multilayer adsorption [142]. During the 
measurement, the samples are first degassed in high vacuum and by alternating 
the pressure, physical gas sorption can be measured. One of the drawbacks of BET 
is that plentiful material is needed, which for high surface materials are around 1 
g. Perhaps 1 g does not sound much, but for nanosized materials, it is often much 
more than typical lab-scale production. In paper I, we have used this technique 
to estimate the specific surface area of the nitrogen doped carbon nanotubes and 
found it to be 68 m2/g, 10 times higher than the carbon fiber paper they were 
grown on. 
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4 Nanomaterials 

Nanoscience truly accelerated in the 1980’s, when pioneering work was done in the 
field, assisted by the invention of microscopes able to view nano-sized materials 
[143, 144] and the first experimentally verified nanoclusters [145]. The main 
advantage of using nanomaterials as electrocatalysts is the huge surface area in 
relation to volume. This results in large activities per weight in the electrode since 
it is mostly the top atomic layers that participate in electrochemical reactions. 
 

4.1 Carbon-based support materials 
At the electrode, the catalysts are usually combined with electrically conducting 
and high-surface area support materials for increasing the electrical contact, surface 
area and also for constructing a rigorous and stable electrode. Commonly used 
nanostructures are graphitic-like materials such as graphene and carbon nanotubes 
(CNTs). While the strength of these materials is gained by the polarized sp2-bonds, 
the delocalized electrons (above and under plane) in the pi-bonds makes them 
highly electrical conducting.  

Ideal graphene has a unique electron density and is viewed as a metal with a 
zero bandgap while single-walled CNTs can either be semi-conducting or metallic 
depending on the chirality. On the other hand, multi-walled CNTs are generally 
always metallic [146]. Structurally ordered and ideal graphitic materials are 
chemically inert and stable in electrolytes [147] and as a result from this, are useful 
as electrical support materials. A downside with the chemical inertness is that the 
adhesion to the catalyst material or electrode surface can be poor, leading to low 
electrical charge transfer at the interfaces. Inducing disorder or imperfections in the 
graphene lattice alters the chemical properties and is essential for many 
applications where graphene is used [147]. This is similar for pristine CNTs that 
are chemically inert with low solubility and therefore functionalization of the 
surface is needed for catalyst adhesion [148]. 

Inspired by semi-crystalline, high surface carbon materials like carbon black and 
reduced graphene oxide that are widely used in electrochemistry, we synthesized 
and applied nitrogen-doped multiwalled carbon nanotubes as a conducting, and 
chemically active support material (paper I and paper VIII), following a previous 
procedure [70, 136]. By introducing nitrogen atoms in the carbon lattice, the 
structure is discorded and defect-rich, so that the nanotubes contain “hot spots” 
which are excellent for chemical bonding and have been shown to retain the high 
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electrical conductivity of pristine carbon nanotubes [70, 149]. Some of these 
nitrogen-defects were also shown to be electrocatalytically active towards ORR in 
alkaline environments [132].  

Next to carbon nanotubes we have also used defective graphene nanoribbons, 
which compared to 2D-graphene sheets, have improved chemical reactivity from 
having a 1D-like structure [150]. In paper VI, these were used as electrically 
conducting supports for MoS2 electrocatalysts towards HER [135]. 

 

4.2 Electrocatalysts  
Introducing defects in nanomaterials have been a promising route for tuning the 
activity in nano-scale for otherwise inert materials [151]. Defects can come in many 
variations such as vacancies, edge-defects, grain boundaries, substitutions, bond 
rotations, adatoms, interstitial atoms in layered 2D materials, among many others. 
Any perturbation in otherwise crystalline materials are considered defects and will 
shift the adsorption energies of intermediates. There are several techniques to 
introduce defects in materials, such as plasma treatment, ball milling, doping, 
etching, annealing etc. [151]. However, producing specific defects are difficult and 
even to determine what defects are present can be challenging. In this section we 
go through some defective structures that were studied in this thesis and how they 
can be used for optimizing and finding new catalytic materials.   
 
4.2.1 Structural modifications of MoS2 
Transition metals such as Mo, Ni, Fe and Co has been extensively studied as 
electrocatalysts, either by themselves, as oxides, or by adding reactive elements 
such as S, Se or P [44, 47, 99, 152-155]. In recent years, 2D layered transition metal 
dichalcogenides and especially MoS2 has gained considerable interest as electrocat-
alysts and even as a photocatalysts [156-159]. MoS2 exists in several crystalline 
phases. The most stable phase is the trigonal 2H phase, while both the octahedral 
1T and disordered 1T’ (Figure 4.1) are metastable phases that transforms to 2H at 
slightly elevated temperatures [160-162]. In its most stable phase, MoS2 is a semi-
conductor with an electronic band-gap that change significantly between bulk and 
monolayer structures and is studied far beyond the field of electrocatalysis such as 
in photonics and electronics [163, 164]. In contrast to 2H-MoS2 the 1T phases are 
highly conducting and therefore more useful for electrocatalysis [164]. 

Ever since the edge-atoms in MoS2 was found highly active towards HER in 
theory, a lot of effort has been done to synthesize MoS2 with high ratio of exposed 
edge-atoms, resulting in several inspiring reports [129, 155, 157, 165-167]. In paper 
I and paper II, we synthesized nano-sized sheets of MoS2, attached on carbon 
nanotubes and graphene nanoribbons displaying high efficiencies for HER [70, 135]. 
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In paper I, we assigned the high activities to high exposure of edges, but also to 
some extent to the semi-crystalline, or defective regions [70]. In paper II, we did 
further studies on similar structures and found that it partly consists of a distorted 
1T’ phase that probably is highly defective and that the structure was intercalated 
showing large interlayer distances compared to pristine MoS2 [135]. 

Although the edge-atoms in MoS2 are considered active, the basal plane in the 
most stable crystal phase is inert with very weak H-adsorption energies of almost 
2 eV [160]. In paper II and paper V we show that it is likely a distorted 1T’ 
phase (not the 1T) that is present during electrolysis since any H-adsorption or 
defects will induce a phase-transition from 1T to 1T’ (Figure 4.1a). Furthermore, 
we found that the formation energies are lower for defects in 1T’ than 2H, 
promoting the 1T’ phase for highly defective structures [160]. The distorted 1T’-
phase has two kinds of surface S-atoms that display positive ∆𝐺𝐻 of 0.8 eV and 
0.2 eV, respectively, meaning that half of the basal plane atoms have close to 
optimal adsorption energies [135]. This is also supported by the loss of activity for 
the annealed sample in paper I that was crystallized to 2H-MoS2, with no evident 
change in the morphology according to SEM, still containing large number of 
exposed edges [70]. 

In Figure 4.2, Raman spectra of the catalyst in paper I, without background 
correction, taken at different laser wavelengths for both the as-synthesized and the 
annealed samples are shown. Firstly, we must declare that the peak centered at 
222-228 cm-1 may be wrongly assigned to the LA(M) mode in paper I. This should 
not be possible since this acoustic branch can only appear as second order Raman 
scattering because of the close to zero frequency at q=0 [141]. However, the feature 
seems to be related to second order events because of the increased intensity when 
excited by the 633 nm laser line since it does not match any first order vibrational 
mode of 2H-MoS2. It might also be related to the 1T’ phase, more specific the peak 
matches the J2 vibrational mode at 225 cm-1 of 1T’ monolayers [168]. However, 
since the intensity increases after annealing, as well as when excited by the 633 nm 

 
Figure 4.1 Illustration of (a) the 1T→1T’ phase transition in MoS2 upon H-
adsorption (reprinted from [135]) and (b) two 2D-layers of such 1T’-MoS2 
sheets. 



 
4 Nanomaterials 

 
 

 
56 

light, it may also be related to long-range second-order scattering. We can further 
see that the as-synthesized samples do not display the characteristic E2g mode for 
2H-MoS2 at ~380 cm-1 and therefore have low 2H crystallinity. The peak observed 
at 315 cm-1 also matches the J3 vibrational mode of 1T’-MoS2 at 333 cm-1. Overall, 
the peak around 222-228 cm-1 is likely related to the 1T'-phase but may hide some 
unknown correlation to long-range order crystallinity.     

Further, inspired by the twisted and bent morphology of the experimental 
samples we investigated how strains would alter the ∆𝐺𝐻 on these basal plane 
atoms. For positive strains, we found that the H-adsorption energies will be 
strengthened (going to the left in the Volcano plot) so that half of the 1T’ basal 
plane (low S atoms) show optimal ∆𝐺𝐻 of 0 eV at a uniaxial strain of only 3% 
[135]. For 2H-MoS2, the strain was not able to shift the energies enough, but 
together with point defects such as S-vacancies it has been shown to perform near 
optimal by hydrogen adsorbing on the exposed Mo-atoms underneath the top S-
atom layer [169]. However, as we shown in paper V, the S-atoms surrounding the 
defects are still performing very poor. Hence, it can be argued whether the H-atoms 
really adsorbs on the shallow Mo-atoms instead of on the more accessible S-atoms, 
since experimentally S-vacancy rich 2H-MoS2 catalysts only have shown a slight 
improvement compared to the pristine samples [160, 170, 171]. Additionally, it is 
hard to conclude if the increase in activity only come from vacancies, edges or phase 
transitions in such samples since defects increase the probability of the 1T’ phase. 

 
Figure 4.2 Raman spectra of MoS2+x/NCNTs from paper I for as-
synthesized (a-b) and annealed (c-d) samples measured with 514 nm and 
633 nm wavelengths.  
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4.2.2 Heteroatomic doping 
Another successful technique for replacing noble metals as catalysts, is by 
substituting some of the rare metal atoms with abundant elements. In paper VII 
we investigated nickel/platinum alloys with Pt ranging from 0-25 atomic 
percentage (Figure 4.3a). The structures were manufactured by a novel technique 
resulting in interlinked chains of nanoparticles that was labeled nanotrusses [172]. 
We found that the homogenously dispersed PtxNi1-x alloy of x=0.05 was optimal 
regarding catalytic activity displaying both high activity and stability compared to 
the other samples. All alloys displayed Tafel slopes of 30 mV/dec verifying that 
the reaction mechanisms were similar. According to the theoretical calculations, 
the surface of the nanoparticles needs to be Pt-rich (above 25% at.) for the material 
to display the high obtained experimental activity. Actually, even for the system 

 
Figure 4.3 (a) Top view of different PtNi alloys (111 surfaces) used in the 
theoretical modelling. (b) Theoretical and (c) experimental polarization curves 
of the corresponding structures. (d) Theoretical adsorption free energies and 
final H-atom positions (colored circles). 
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with 25 % at. Pt, the theoretical activity was slightly worse than all experimental 
samples (Figure 4.3b-c). Since the first LSV sweep for HER needs additional 
overpotential compared to the subsequent potential sweep, it is possible that the 
samples are activated here. This improvement was largest for the highest nickel 
containing catalysts and therefore it seems possible that some nickel atoms residing 
at the surface are leached during the first LSV. Further experiments are needed to 
conclude this.  

As seen in Figure 4.3d, each Pt atom activates the three surrounding adsorption 
sites and hence a Pt concentration of 33% at. would be enough to activate the 
whole surface if they are homogeneously dispersed. Since the simulation could not 
explain the activity of the experimental samples, it is also possible that ontop sites 
are activated at high H-coverages, similar as suggested for Pt catalysts, or that the 
experimental structures have higher Pt surface concentrations than 25%, even for 
the Pt0.03Ni0.97 sample. We disclosed in paper VI, that for pure Ni metals, the 
ontop sites are not active at a full monolayer H-coverage alone [54]. The stability 
of the alloys was further correlated to nickel content, where the pure Pt sample 
were least stable and the Pt0.03Ni0.97 were the most stable alloy. This is likely 
rationalized by that Ni atoms mitigate sulfur poisoning of the Pt atoms since the 
Pt wire (99.999 %) was orange tinted after the stability test.  

If we instead focus on the OER, it is the noble metal oxides, Ir and Ru that 
show the best performance and stability [47, 173]. In acidic electrolytes no abundant 
material is yet found that is stable enough for this reaction [47]. However, in 
alkaline electrolytes, especially nickel and iron alloys have shown as good, or even 
better performance in comparison to the noble metals [47, 173, 174]. In paper VIII 
we synthesized a tri-metallic alloy of NiFeMo transition metals that were supported 
on N-doped CNTs. The final material (Figure 4.4) was shown to have a similar 
structure as NiFe layered double hydroxides (LDH) according to our 
characterizations. By reducing the NiFeMo catalyst in ArH2 atmosphere at elevated 
temperatures, we could achieve nanoparticles that were further activated for HER. 

 
Figure 4.4 (a) A SEM micrograph of a carbon fiber from the carbon fiber paper 
with the NiFeMo/NCNTs and in (b) a magnified image of a single covered 
NCNT. (c) Electrochemical results for the catalysts with IrO2 as reference.  
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We connected these two electrodes to serially-connected perovskite PV cells and 
achieved a peak STH efficiency of 13.8% utilizing the high thermodynamic 
efficiency of 73% (HHV) for the catalyst operating at 10 mA/cm2. The active 
chemical state of the catalyst was not concluded, but may be similar to NiFe-LDH 
catalysts where 𝛾-NiOOH is believed to be the active state since it has been shown 
to form just before OER by in-operando spectroscopic studies [175]. This is 
indicated by the oxidation peak at 1.4 V vs. RHE in Figure 4.4b. In-operando 
studies of the catalyst during OER and HER together with extensive DFT studies 
could reveal more insights to the role of Mo. 
 
4.2.3 Point defects 
Point defects are local and one-dimensional defects such as vacancies, substitutions, 
bond rotations etc. without periodicity. In paper III, we studied how point-defects 
in nitrogen doped graphene nanoribbons influence the catalytic activity towards 
ORR  in terms of both electron transport and adsorption energies [65]. While 2D 
graphene has low activity against ORR with very weak OOH adsorption, the 
corresponding 1D nanoribbons display more optimal energies near the edges 
compared to the bulk [65]. Furthermore, the effect of substitutional nitrogen atoms 
on the non-defective nanoribbon was shown local and strengthen the adsorption 
energies (more negative) for OH of its closest neighboring carbon atoms, while the 
OH adsorption on the nitrogen was weaker than the corresponding carbon atom.  

A linear relationship was found between the intermediate free energies for 41 
adsorption sites on one of the defective structures. This made it possible to only 

 
Figure 4.5 Activity maps indicating the hydroxyl group adsorption free energy 
on defective N-doped graphene nanoribbons (#1-10) with FM spin 
configuration. A value of ∆𝐺(𝑂𝐻)𝑎𝑑𝑠 = 0.9 𝑒𝑉  represent an optimal 
adsorption energy for ORR. The circle indicate the position of the N atom. [65] 
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test one of the intermediates, which save computational time. After constructing 
the equilibrium volcano plot, an optimal equilibrium potential between 0.70-0.92 V 
vs. RHE was found for the nanoribbons at ∆𝐺(𝑂𝐻)𝑎𝑑𝑠=0.90 eV. This can be 
compared to the theoretical equilibrium potential found on Pt111 of 0.78 V vs. RHE 
[85]. After mapping the energies of all 10 defective structures we observed near 
optimal energies in several adsorption sites (Figure 4.5). Thus, according to our 
results, introducing defects in the graphene nanoribbons could potentially activate 
such structures where they could catalyze the ORR at potentials similar to Pt-
based catalyst. Although, it is evident that there are large variations between the 
atomic sites in each defect and the total activity will be a combination of these. 

Considering the electron transport, we tested both semiconducting anti-
ferromagnetic (AFM) and metallic ferro-magnetic (FM) spin orientations at the 
edges [65]. For the FM-states, the pristine non-defective nanoribbons had slightly 
increased conductivity than the corresponding nitrogen-doped structure. However, 
for the semi-conducting AFM state, the nitrogen was beneficial for electron-
transport. Since the metallic FM states are ideal for electrocatalysts, we continued 
with these states and showed that including defects and nitrogen favored the FM 
spin-states and therefore more often generating metallic systems. For all defects 
studied, the electrical conductivity decreased compared to the non-defective 
nanoribbons. However, in the nitrogen-doped nanoribbons, all defects maintained 
a relatively large portion of the initial conductivity of the non-defective nanoribbon. 
Overall, nitrogen was beneficial for conductivity, favoring metallic states and the 
loss was lower for the defective structures, compared to the loss for defects in the 
nanoribbons without nitrogen. 

In paper V, we also investigated how different structural defects in the MoS2 
basal plane would affect the activity for 2H, 1T and 1T’ crystal phases [160]. 
Considering the adsorption energies of hydrogen, we found in fact that all 
investigated point defects are beneficial for the 1T’ basal plane. We further showed 
that the 1T phase will deform into 1T’-like structures upon H-adsorption, or by 
introducing any defects [160]. Additionally, we also observed an improvement of 
the 2H basal plane in defective basal planes, but the effect was not large enough 
for being practically useful and hence the 1T’ phase should be pursued in synthesis. 
By studying the formation energies of the defects, we found that in S-rich 
environments such as in the solvothermal synthesis, defects such as substitutions 
of Mo to S atoms are preferred while in Mo-rich environments like in reducing H2 
atmospheres, S- or MoS3-vacancies are favored. From these results we can expect 
that S- and Mo-vacancies along with S-substitutions are present in the MoS2 
catalysts in paper I and paper II. 
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4.2.4 Interstitial atoms 
Our synthesized MoS2 catalyst on graphene nanoribbons were recognized to be 
defect-rich and shown to have large interlayer distances of ~10 Å compared to 6.5 
Å of bulk MoS2 [135]. Upon annealing, all samples were crystallized with a 
decreased interlayer distance of 6.5 Å [70, 135]. These result are consistent with 
other studies where lower solvothermal temperatures (140-200°C) were shown to 
form similar defective structures while higher temperatures produced more 
crystalline MoS2 with interlayer spacings of 6.5 Å [176]. Therefore, we studied the 
possibility for interstitial, or intercalated structures between each layer and the 
possible influence on catalytic activity. We showed that the experimental interlayer 
distance could be reproduced theoretically by having interstitial MoSx(x=3-4) 
moieties between bulk 1T’-MoS2 while single S and Mo atoms resulted in smaller 
distances. Regarding the activity, the surface atoms closest to the interstitials were 
further improved for HER by having a stronger H-adsorption energy. Interstitial S 
and Mo atoms in bulk MoS2 have also been studied elsewhere and was found to 
form stable configurations, supporting our theory [177].  

There are also several studies considering the intercalation of MX2 (M=metal, 
X=dichalcogenide) where Li+ ions and NH4 are the most common species [178], but 
even intercalated metals such as copper have also been shown possible [179]. Even 
though the exact interstitial species was not proven in our study, we have ruled 
out NH4 molecules by XPS and EDX experiments. More importantly, we expect 
that any interstitial atoms will favor 1T and 2H to 1T’-phase transitions, which 
will benefit the catalytic activity for HER. 
 
4.2.5 Top-down approaches  
Instead of bottom-up approaches, nanostructures can be synthesized for example 
by etching methods [151]. In paper IV we activated the surface of stainless steel 
for water splitting reactions [138]. Stainless steel is frequently used as the current 
collector in electrolyzers because of the high electrical conductivity along with the 
high corrosion resistance [180]. Therefore, we anodized a 316L stainless steel mesh 
(SSM) to expose active Ni and Fe atoms to combining the catalyst/current collector 

 
Figure 4.6 (a) SEM of untreated pristine stainless-steel mesh (SSM) and in (b) 
after anodization. In (c) the electrochemical results are shown for the materials 
and as an inset, a magnified SEM image of the surface of SSM-A.  
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in a single material. By acidic-etching and hard anodization, mainly the surface 
chromium oxide and iron were dissolved in the electrolyte leaving a nickel and iron 
rich surface with a stoichiometric ratio of 2:1.  

After the activation process, the otherwise plain surface was covered with 
nanostructures later to be observed as NiFe-LDH sheets, shown in Figure 4.6. In 
Figure 4.6c, the increased activity for OER compared to the pristine SSM is 
evident, an activity that was even comparable to IrO2. Since the electrode is 
activated by performing OER at high potentials, it would be possible to reactivate 
it in the electrolyzer, which could be beneficial cost-wise. We further activated the 
electrode to work as a catalyst for HER by reducing the surface nanostructures by 
annealing in an Ar/H2 atmosphere. Even if we successfully improved the activity, 
an optimal synthesis process would also activate the counter electrode for HER 
during the anodization. This could possibly be realized by electrodeposition of other 
metals, together with the already deposited Fe. Several abundant metals have 
theoretically been shown to form active alloys with Fe for HER, such as Cu and 
Co [181]. 
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5. Summary and outlook 

“Crystals are like people, it is the defects in them which tend to make them 
interesting.” – Colin Humphreys. 

 
Even for noble-metal platinum nanoparticles, it is believed that imperfections such 
as steps, edges, defects or phase boundaries could be responsible for the high 
activity [95, 102, 182]. By studying disordered nanomaterials, we have attempted 
to increase the efficiency of catalytic reactions relevant for hydrogen production or 
utilization, always having sustainability in mind. Out of these hydrogen involving 
reactions, we have mainly focused on the water splitting reactions and especially 
HER. In most of our studies, the materials are heterogeneous having defects, crystal 
imperfections or consist of hierarchical structures.  

In paper I the goal was to achieve a highly active MoS2-based catalyst by using 
high-surface carbon-based electrodes consisting of N-CNTs that was grown directly 
on carbon fiber paper. From the results of characterization methods such as XPS 
and Raman we concluded that the MoS2 catalyst were semi-crystalline and 
displayed a stoichiometric ratio of S:Mo above 2:1. After annealing the material, 
the activity was significantly lowered but with no apparent decrease in number of 
edges or morphology changes, meaning that the basal plane could possibly be active 
in the initial material. We also found that the N-CNTs was beneficial in terms of 
electrical conductivity. Further analysis could be done to see how the curvature of 
carbon nanotubes affect the formation of the MoS2 sheets in terms of strain, defects, 
number of layers etc.  

In paper II we followed a similar synthesis procedure as in paper I but used 
graphene nanoribbons as support material. We performed an extended analysis 
compared to paper I, which showed that the MoS2 probably is in the 1T’ crystal 
phase, and likely as a mixture with the 2H phase. We noticed that the material 
seems to be intercalated having large interplanar distances and found that the 
intercalated species could be partly reduced MoS4 moieties from the synthesis. In a 
future study, it would be interesting to do a more detailed analysis of the complex 
structure of the semi-crystalline material containing mixed phases and to study 
how amorphous regions contribute to the catalytic activity. This will however 
require large simulation cells but could be aided by molecular dynamic simulations. 

Turning to more scalable synthetic methods and materials, in paper IV we 
took advantage of the low cost and high production rates of stainless steel. Since 
stainless steel already consist of the most active materials nickel and iron, in 
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principle it could work as a catalyst itself. Commonly, stainless steel is used as 
current collector in alkaline electrolyzers or as support material for other catalysts. 
We found that after hard anodization, the surface was reconstructed into nanosized 
sheets resembling NiFe-LDH. The final material had very high performance, similar 
as other nanostructured NiFe catalysts for OER. By reducing the catalyst, it was 
further improved for HER, realizing a highly efficient bi-functional catalysts. This 
process could be a simple method for producing cheap catalysts, without having to 
consider catalyst adhesion or stability issues since the material can be reactivated 
by following the same procedure. Moreover, if the overpotential could be slightly 
reduced, the catalysts could be combined with perovskite solar cells in a cheap but 
effective PV-electrolyzer system. 

In paper VII, we tried to minimize the amount of Pt by using an alloy of Pt 
and Ni. We achieved the highest activity with 5 at.% Pt. Further analysis of the 
nanoparticle composition by high-resolution STEM collected at high angles 
together with EDX may give more detailed information about the surface 
composition and thereby the reaction mechanisms. It would also be interesting to 
quantity if some material is dissolved in the electrolyte during electrochemical 
measurements to see if any nickel vacancies are formed, exposing Pt atoms. This 
could be done by spectroscopic and imaging methods before and after the activation 
process. In-operando spectroscopic techniques could also be used to identify if the 
nanoparticles chemical states during HER. 

Since it is essential to use renewable energy for making H2 energy sustainable, 
in paper VIII we built and studied a lab-scale device consisting of two 
manufactured electrodes of NiFeMo/NCNTs connected to perovskite solar cells in 
a PV-EC system. The initial solar to hydrogen efficiency reached benchmarking 
performance compared to similar PV cells with a STH efficiency of 13.8%. However, 
the stability is the main problem for perovskite solar cells and the STH dropped 
below 10% after 3 hours. Furthermore, since perovskite solar cells can achieve high 
potentials, the requirements for the catalysts could be lower making it possible to 
use cheaper and less performing materials such as the stainless steel-based catalyst. 
By adjusting the area of the catalyst and further choosing the materials regarding 
abundance, optimal devices could further be manufactured in terms of cost and 
sustainability. 

In paper III and paper V we investigated how defects affect the catalytic 
activities of graphene and MoS2 for ORR and HER, respectively. The main 
conclusion from these studies is that all defects were beneficial compared to non-
defective structures, in line with paper I and paper II. Extended experimental 
studies of defective structures are further needed to correlate them to the 
theoretical results. 

Finally, in paper VI we developed an extended method based on microkinetic 
analysis for characterize complex materials with disordered structures. By using 
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this method, a total average activity of the material is described for a more reliable 
picture of the real experimental catalyst. By including non-equilibrium conditions, 
we were also able to get polarization curves and Tafel plots for such materials. The 
result of the model agreed with all studied metals and also gave some insight on 
how edge-sites in 2H-MoS2 influence experimental polarization plots. 
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Final words 
 
The time to act and decrease our CO2 emissions is urgent and with the existing 
trend, in only 5 years from now the possibility for avoiding a global warming of 
1.5°C appears impossible. We often rely on new technologies to solve all problems 
but techniques like hydrogen fuel vehicles are several years away to be available 
in most countries. Furthermore, for any electric vehicle, the electricity mix must 
contain a large share renewable energy to even be more sustainable than internal 
combustion engine vehicles. Today, more than 60% of the electricity is still 
generated from fossil fuels. Therefore, renewable and sustainable energies must 
expand next to a higher electricity demand. Large investments are needed to 
assist in a fast development and application of these technologies. “The stability 
and resilience of our planet is in peril. International action – not just words - 
must reflect this” - (2020) [6]. 

Electric cars are expected to dominate the market after 2030 but since 
affording new cars are not realistic for most people, any positive effect on the 
climate change will be delayed even further. The transportation sector is therefore 
seen as one of the hardest sectors to reduce the emissions for in short-terms and 
to do this, we need to be willing to change our habits and our way of thinking.  
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