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Abstract 
Oxygen electrocatalysis will be pivotal in future independent of fossil fuels. 
Renewable energy production will rely heavily on oxygen electrocatalysis as a 
method for storing energy from intermittent energy sources such as the wind 
and sun in the form of chemical bonds and to release the energy stored in these 
bonds in an eco-friendly fashion in fuel cells.   

This thesis explores catalysts for oxygen electrocatalysis and how carefully 
designed local structures on catalysts surfaces termed special active sites can 
influence the activity. Density functional theory has been used as a method 
throughout this thesis to understand these local structure effects and their 
influence on surface reactions.  

The concept of these special active sites is used to explain how oxygen evolution 
reaction (OER) catalysts can have activities beyond the limits of what was 
previously thought possible. The concept is used to explain the increase in 
activity observed for the OER catalyst ruthenium dioxide when it is mixed with 
nickel or cobalt. Manganese and cobalt oxides when in the vicinity of gold also 
display an increase in OER activity which can be explained by locally created 
special active sites. Density functional theory calculation provides an insight into 
the how the activity is increased at these special active sites and proposes a 
modified reaction mechanism for the oxygen evolution reaction on these sites. 

Another type of special active site can explain the production of hydrogen 
peroxide on nickel and cobalt incorporated in ruthenium dioxide at high 
overpotentials during the oxygen reduction reaction (ORR). Density functional 
theory calculations were used to explain this phenomenon.  

The special active sites concepts are used to propose a general unified approach 
to increase the efficiency for oxygen electrocatalysis (ORR and OER) using organic 
functional groups on another class of catalysts. These consist of graphene sheets 
modified to have a local porphyrine site with different transition metals ions as 
model systems. 

  



 
 

Resumé 
Oxygen elektrokatalyse vil blive central i en fremtid uafhængig af fossile 
brændstoffer. Vedvarende energi produktion vil afhænge af oxygen 
elektrokatalyse som en måde at opbevare energi fra energikilder med varierende 
energi output, så som vind eller sol energi, i kemiske bindinger og bæredygtigt 
frigive energien gemt i disse bindinger i en brændselscelle. 

Denne Ph.d. afhandling undersøger katalysatorer til oxygen elektrokatalyse og 
hvordan designede lokale strukturer på katalysatorens overflade her kaldet 
specielle active sites (på dansk særlige aktive steder) kan påvirke katalysatorens 
aktivitet.  Tæthedsfunktionalteori er blevet brugt i denne afhandling til at 
undersøge og forstå deres indflydelse på overfladereaktioner. 

Speciel active site konceptet bliver her brugt til at forklare hvordan 
oxygenudviklingskatalysatorer kan opnå aktiviteter, der er bedre, end den 
aktivitet, der tidligere var troet var den højest opnåelige. Dette koncept kan 
forklare den øgede aktivitet, der er blevet observeret i 
oxygenudviklingskatalysatoren rutheniumdioxid, når det er iblandet nikkel eller 
kobolt. Mangan og koboltoxider i nærheden af guld har også en øget 
oxygenudvikling der kan forklares ved hjælp af lokale specielle active sites. 
Tæthedsfunktionalteoriberegninger har givet en forklaring på hvordan den øget 
oxygenudvikling foregår på disse specielle active sites, og en ændret reaktion 
mekanisme for iltudvikling er blevet foreslået.  

En anden type specielle active sites kan forklare produktionen af 
hydrogenperoxid med nikkel og kobolt inkorporeret i rutheniumdioxid ved høje 
overpotentialer i oxygenreduktion. Tæthedsfunktionalteoriberegninger er blevet 
anvendt som del af denne forklaring 

Konceptet med disse specielle active sites er også brugt til at foreslå en general 
tilgangsvinkel til at øge effektiviteten for oxygenelektrokatalyse (oxygenudvikling 
og reduktion) ved hjælp af organiske funktionelle grupper på en gruppe 
katalysatorer. Denne type katalysatorer består af grafen der er modificeret til at 
have et lokalt område der minder om porfyrin med forskellige overgangsmetal 
ioner og de er brugt som model system.  
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1 Introduction 
Fossil fuels are without doubt the most efficient and easiest way to produce 
energy. The energy demand will only increases the population continues to grow 
and the more people want access to a better life quality. In 2012 the world 
energy consumption reached around 13371 million tonnes of Oil Equivalent or 
roughly 16,3 TW [1] and this is expected to increase in the future. By 2050 the 
consumption will reach somewhere around 30 TW which is a very conservative 
estimate assuming a lower growth rate that we have currently [2].  

The easy access to energy has come at a great price. The increase in CO2 and 
other greenhouse gas emissions are extremely likely to be the cause of global 
warming and observed climate changes such as risen sea-levels and an increase 
in extreme events such as floods, heat waves, cyclones and droughts  [3].  

Even without the risk of more severe climate changes at some point a transition 
away from fossil fuels is required as it is a finite resource even though there is 
still a debate of long the planets reserve of fossil fuels will last. 

It is still urgent to find a clean and more sustainable alternative to fossil fuels. 
Renewable energy sources such wind and solar power has the potential to 
replace fossil fuels. Nevertheless, the scale up will not be without difficulties.  
The sheer amount of energy required to replace fossil fuels put a heavy 
constraint on material selection [2], [4], [5] which has to abundantly available or 
used in tiny amounts. 

The ultimate power source is the sun and the catalysis for sustainable energy 
(CASE) is a research initiative and its goal is to utilise the power of the sun and 
store the energy in the form of chemical bonds using catalysis. The most direct 
approach is to use photo-electrocatalysis to convert the energy of the sun into 
chemicals in step. Alternatively it can be done indirectly by converting biomass 
into chemicals using catalysis or using the electricity generated from wind 
turbines or solar cells to form bonds using electrocatalysis. A visualisation of the 
possibilities for using the sun and catalysis to obtain fuel explored by the CASE 
initiative is shown in Figure 1.1. 
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Figure 1.1: Possible routes to harvest the energy of the sun and store in the form of valuable 
chemicals supported by the CASE initiative. 

Denmark has high ambitions for sustainable energy production. The goal is to 
have fossil fuels phased out and replaced by renewable energy sources  by 2050. 
This includes fossil fuels for transportation as well [6]. As more and more energy 
is produced from intermittent power sources such as wind turbines and solar 
cells energy storage becomes a major concern. Even today Denmark has in some 
periods, a surplus of electricity generated from wind power and the problem will 
be more noticeable in the future.  

Energy storage will play a vital role for a continued increase in electricity 
generation from intermittent sources. Electricity could be stored to provide 
energy for cloudy and windless days. Options of storing electricity include 
batteries and storing it as potential energy by pumping water up into high 
altitude water reservoirs. Battery technology is not yet a viable option as they 
are expensive and has a low energy density compared to fossil fuels. Pumping 
water to high altitude water reservoirs is also expensive and would require help 
from neighbouring countries which have mountain ranges suitable for these 
reservoirs [2].  

Another option is to store the energy from electricity in the form of chemical 
bonds using electrocatalysis in electrolysers. Water electrolysis represents a 
clean and CO2 emission free process for converting the water into hydrogen and 
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oxygen if the electricity used is from renewable energy sources. The hydrogen 
can be stored and used in fuel cells  to get electricity back. Electrocatalysts are 
needed for both hydrogen and oxygen evolution reaction (OER). However, it is 
the OER which limits the overall efficiency in water electrolysers. In fact, the OER 
and its counterpart the oxygen reduction reaction (ORR) collectively known as 
oxygen electrocatalysis is a fundamental bottleneck for widespread use of 
sustainable energy conversion from water electrolysers and fuel cells. Still, water 
electrolysis represents a relatively easy method for obtaining hydrogen. 

Computational studies offer valuable insight into the thermodynamics of 
electrochemical reactions and allow for studies  of catalysts at an atomic level 
which is yet to be achieved by experimental techniques. The computational 
studies enter as the part of the workflow shown on Figure 1.2 for understanding 
the theory behind catalysis. Theory and computational studies are an integral 
part of catalysts design on equal terms with synthesis, characterisation and 
testing.  

 

Figure 1.2: Ideal workflow cycle between synthesis, theory (computational studies), model 
systems and Characterisation. Figure is courtesy of www.cinf.dtu.dk 
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the plane waves is when calculating large systems the finite difference mode 
parallelize better than plane waves which result in faster convergence . However 
the plane-waves are better for smaller systems. 

For both methods it is important to note that the cut-off energy and the grid 
spacing is not the only parameter to converge. There is also the matter of k-point 
sampling in the first Brillouin zone [17]. The wave functions must be evaluated at 
each reciprocal lattice vector and the number of these vectors can be infinite. In 
practice only a limited number of k-points are needed and it is a balance 
between having too few k points which will lead to questionable physical 
properties and too many k-points which will provide no benefit and will require 
excess computational power. 

2.3.2 Pseudopotentials and projector-augmented wave 
method  

The wavefunction of the electrons near the nuclei oscillates rapidly and it would 
require a very fine grid or very high cut-off energy in order to describe these 
oscillations accurately. Fortunately it is mainly the valence electrons which 
describe chemical properties. The approach to dampen these oscillations is to 
replace the real potential with a pseudo-potential which gives the correct wave-
function outside a chosen radius. This reduces the computational time required 
for a given system substantially.  In the Dacapo implementation the core 
electrons are represented by ultrasoft Vanderbilt pseudopotentials [18]. In 
GPAW the projector augmented wave method is used [17] and the 
pseudopotential equivalent is called a setup. Smooth wave-functions so-called 
projector functions replaces the all electron wave-functions when doing DFT 
calculations but in such a way that still provides access to the all-electron wave 
functions, density and potential if needed.  

It is important to note that the total energy of system is not meaningful on its 
own as it will depend on the choice of pseudopotentials or setup. However, the 
energy difference between two systems is still a meaningful quantity as long the 
energies have been calculated with same pseudopotential or setup. 

Another concern when performing DFT calculation is regarding the distinction 
between core and valence electrons. The inclusion of semi-core electrons in 
elements such as Ti and Ru can be important for some properties and irrelevant 
for others but calculations which include semi-core electrons can be difficult to 
converge. The developers of GPAW have solved this by introducing two different 
set of setups with or without semi-core electrons for relevant elements and left 
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2.6 Fuel cells and electrolysers 
Fuel cells and electrolysers share the same relationship as the oxygen reduction 
reaction (ORR) and oxygen evolution reaction (OER). A fuel cell is an 
electrochemical device which resembles the galvanic cell a lot but it is fed the 
fuel and oxidising agent which react at the anode and the cathode respectively 
producing power for utilisation. A sketch of a polymer exchange membrane 
(PEM) which is also sometimes referred to as a solid polymer electrolyte (SPE)  
fuel cell is shown in Figure 2.2.  

 

Figure 2.2: Fuel cell diagram showing the essential components of a fuel cell. Adapted from [23] 

The fuel is oxidised at the anode (in this case, H2 is being oxidised to H2O) while 
the oxidant is reduced at the cathode (here is the reduction of O2 to H2O). The 
reactions take place at the catalyst surface of the respective electrodes. The 
electrons are passed through the external circuit producing electricity as the 
electrolyte membrane allows for the transfer of ions but not electrons between 
the anode and cathode. The PEM fuel cells are particularly interesting as the 
polymer membrane conducts protons and enables a very compact design which 
could replace internal combustion engines. However, there are still issues with 
durability, cost and scarcity of catalyst materials which prevent industrial scale 
applications [24].  

For water electrolysers there are three different types based on the nature of the 
electrolyte. These types are the alkaline, PEM and solid oxide electrolysers. The 



15 
 

alkaline electrolysers are the most mature technology and offer the possibility 
for very pure hydrogen and oxygen production and are suitable for large scale 
production facilities.  

For more decentralised production of hydrogen the PEM electrolysers which 
have a solid proton conducting membrane have great potential but the more 
corrosive environment requires more noble catalysts for the anodic oxygen 
evolution reaction. There are PEM electrolysers available on the market but on 
much smaller scale than the alkaline electrolysers [25].  A PEM like membrane 
for alkaline water electrolysis is heavily desired to develop the field of alkaline 
polymer electrolyte electrolysers (APE) but for now liquid KOH is the electrolyte 
used for commercial alkaline water electrolysis . The liquid KOH electrolyte give 
issues with safety and requires large facilities for the electrolysis  [26]. However, 
the catalyst material is cheap and abundant as Ni based catalysts are quite 
effective and stable enough in the alkaline electrolyte [25]. 

While alkaline water electrolysis is the technology used in industry, PEM water 
electrolysis has some advantages. The PEM water electrolysers are much more 
compact due to the polymer electrolyte and it can operate at twice as a high 
current densities compared to alkaline water electrolyser [27]. A very popular 
membrane used in PEM electrolysers is Nafion®. This polymer membrane 
consists of perfluorosulfonic acid and is also used in the chlor-alkali process [28] 
and serves as the acidic electrolyte and the gas separator. This, combined with 
the higher current density, could potentially allow each household to produce its 
own power for consumption using solar cells when sunny and storing the excess 
power in hydrogen using a water electrolyser for use at night or when cloudy.   

However, the advantages mentioned above come at a cost. Currently PEM water 
electrolysers have problems with durability of the polymer electrolyte. PEM 
electrolysers requires very noble catalysts such Pt-Ir for the anode [29] or the 
dimensionally stable anode (DSA®) [30]. The DSA® are made of titanium and are 
coated with mixed oxides usually RuO2, IrO2 as the electrocatalysts when used 
for the OER. TiO2 is added in order to increase the stability. However, the  
catalyst loading is still too high for these materials cannot step up to the terawatt 
challenge [5]. 

The PEM water electrolysers have been investigated as a viable method for 
producing hydrogen in a system where they are connected directly to the power 
grid and a system where they are not. If the full potential of water electrolysis 
and a clean production of H2 is going to be realised either major improvements 
for water electrolysers in terms of efficiency and cost is needed [31]. Without 
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in binding energies. The excess potential, compared to thermodynamic 
equilibrium potential, which is required to force the all the intermediates 
downhill in energy is called the overpotential for the OER. 

 

Figure 2.3: The free energy diagram for the OER on rutile RuO2 at three different potentials to 
illustrate the concept of the overpotential. At no applied potential (black) and the equilibrium 
potential (red) there are still intermediates that are uphill in energy. The overpotential is the 
excess potential required to have a downhill reaction (blue).  

It should be noted that for the ORR the goal is to obtain the smallest potential 
difference between the thermodynamic equilibrium potential and the operating 
potential and still have a downhill reaction. Here, the lowest reaction energy will 
be the potential limiting step. 

Using this approach, no solvent effects are taken into account unless explicitly 
done so in the calculation by adding water molecules which is not done in this 
work. However, to fully model the electrochemical interface between electrolyte 
and catalyst surface is not within the scope of this project and it is far from 
trivial. Therefore, one has to keep in mind that the goal for theoretical design of 
catalysts is not necessarily to match the experimental properties as long as the 
trends in activity is captured and the fundamental properties of the catalysts can 
be determined. In this work, only the thermodynamic part of the overpotential is 
considered and since the intermediates that are studied for the OER and ORR do 
not have a sufficient dipole moment to interact with the electric field or the 
water structure the energies should not vary with pH. Kinetics and reaction 
barriers are a different problem entirely as is still not fully understood how these 
vary with the potential [38] and is not dealt with in this framework.  
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For the ORR the overpotential is then the equilibrium potential (1.23 eV) minus 
the minimum of the individual reaction energies.  

This relatively simple approach correctly observed Pt, Pd and Ir that are good 
catalysts for the ORR which is also observed experimentally. The correlation 
between theoretical and experimental findings verifies the procedure and this 
marked the beginning for the describing oxygen electrocatalysis using DFT [42].   

Even the best catalysts for the ORR have an overpotential associated with them 
limiting the overall activity. The cause of the overpotential was later attributed 
to the a constant offset of 3.2 eV between the binding of *OH and *OOH which is 
universal for metals, alloys [43] and oxides [37] with a single active site as seen in 
Figure 3.1. This universality of the linear scaling relations in electrocatatalysis is 
also present in heterogeneous catalysis and can also limit the activity of 
heterogeneous catalysts in various reactions [44].   

 

Figure 3.1: Scaling relation for the binding of *OH, *O and *OOH as a function of the binding of 
*OH for numerous materials. The squares represent binding energies found on metals and 
alloys [43]  and the circles represent binding energies found on oxides [37] . Here GOOH = GOH + 
3.2eV = and GO = 2GOH relative to H2O and O2. 

The lines in Figure 3.1 are estimations of the binding energies of *=O and *-OOH 
using the assumptions that GO = 2GOH and GOOH = GOH + 3.2eV.  As all the energies 
are calculated as a function of the binding of GOH for each electrocatalyst a single 
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catalyst is represented by three horizontal data points which ideally should be 
found on the lines. While there are some scatter from the first assumption the 
second assumption is more reasonable. As there are two coupled proton and 
electron transfers between these two intermediates the ideal value would be 
2.46 eV as the thermodynamic equilibrium potential for the water formation 
from hydrogen and oxygen gas is 1.23V.  The linear scaling relations between *-
OH and *-OOH is as observed 3.2 eV which means that an overpotential of 
around 0.4V is seemingly unavoidable for both the ORR and the OER due to the 
linear scaling relations.  For the ORR the offset means that the potential limiting 
step in most cases is either the initial binding of O2 forming *-OOH or the final 
step which is the second release of H2O. The theoretical overpotential is 
determined by taking the equilibrium potential of 1.23 V and subtracting the 
binding energy of the potential limiting step. These linear scaling relations 
between intermediates involved in a catalytic reaction are a fundamental and 
universal property of materials. The implications of the linear scaling relations 
between intermediates should not be undervalued as they are a major source of 
the overpotential which limits the efficiency of oxygen electrocatalysis and its 
use in more sustainable energy production and conversion. The linear scaling 
relations between intermediates are not only relevant for this work but for 
heterogeneous and electro catalyst design in general[44], [45].  

The scaling relations between intermediates give the simple approach of using 
DFT calculations to determine the binding energies of energies predictive power 
in oxygen electrocatalysis without having to consider other effects of the 
electrochemical interface. Recently it has been demonstrated that these linear 
scaling relations are more accurately described by DFT than the individual 
binding energies by utilising the error estimations capability of the BEEF-vdW 
exchange-correlation functional for ammonia synthesis  [46].  

The binding energies of different intermediates on an active site on metal 
surfaces can be correlated to the local electron density using d-band model [47].  

The d-band model can also be used to explain the increase in activity of platinum 
alloy nanoparticles why there is a difference in activity of bulk Au which is noble 
and small Au nanoparticles which are more reactive [48] and why kinks and steps 
sites on metal surfaces binds stronger than the active sites on terraces  [49].  

Pt based alloys with more reactive metals such as Y  [50], Ga [51], Cu [52] Co and 
Ni [53] that dealloy under ORR conditions. This result in either a platinum skin or 
skeleton structure with a compressed lattice [54]. As a result of the compressed 
lattice the d-band centre will be shifted downwards giving a weaker binding of 
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intermediates which is required for a better ORR catalyst [50].  Ligand effects 
(neighbouring atoms being different elements) can also be explained using the d-
band model [55]. However, the ligand effect have not been directly coupled to 
the increase in activity of ORR catalysts but it is an important factor for other 
catalysts for different reactions such as the binding of CO on overlayers of Pd on 
Ru surfaces[56] and Pt on Au [57].  The ligand and stress effects can be difficult 
to decouple unless, as in the case of the Pt skin structure on Pt alloy 
nanoparticels, the overlayers are quite thick which makes the ligand effect much 
less likely to be important for catalytic activity.  

Core-shell nanoparticles are interesting candidates for the ORR. It lessens the 
amount of precious metal required and also induces strain. A Pt-alloy with a 
more reactive metal such as Cu or Ni is dealloyed which form a core-shell 
nanoparticle with a strained Pt shell that covers the remaining bimetallic alloy 
and offer some protection from further dealloying. Using different compositions 
of the initial alloy and different preparation methods the lattice strain of the 
core-shell nanoparticle can be tuned to some extent [52][58]. 

Oxides are also considered as potential candidates for the ORR but currently they 
are less investigated than metals. When studying the oxides for the ORR activity 
the studies are mostly performed in alkaline solution. IrO2[59] and RuO2[60] has 
been investigated and found to a have a similar activity as Pt (onset potential of 
0.8V vs. RHE for IrO2 in acidic conditions in a more recent study[61]) . However, 
they are more expensive than Pt.  

Perovskites have also been investigated as ORR catalysts[62] although the 
primary focus was OER.  LaMnO3 was identified as a near optimal catalyst for the 
ORR using the eg electron filling as a descriptor. Other oxide systems such as 
spinels[63], [64] and pyrochlores[65] have been tested experimentally for their  
ORR activity. However, there have so far been no attempts to determine the 
binding energies of intermediates by DFT of the previously mentioned oxides. 

An alternative to metals and metal oxides are more bioinspired catalysts based 
on porphyrines. Porphyrines are a class of heterocyclic organic compounds which 
can function as a ligand for a metal ion.  The single metal in the porphyrine is 
coordinating to 4 N atoms in the porphyrine. The use of porphyrines and similar 
materials as ORR catalysts could be seen as an attempt to mimic nature. For 
instance the heme group in haemoglobin is a Fe porphyrine which is used to 
transport O2 in the blood. In the ORR some porphyrines with Ir[66] and Co[67] 
are considered as potential candidates to replace Pt but compared to metallic 
nanoparticles they are less investigated. While Ir is more expensive than Pt the 
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single site nature of the porphyrines allow for maximum utilisation of the 
precious metals unlike nanoparticles where only the surface is active thus 
minimising the amount of precious metal required. 

Computational studies using DFT studied porphyrine based molecules[68] and 
have been shown to have similar issues with the scaling between intermediates 
as metal and metal oxides as the binding of *-OH and *-OOH was seen to have a 
constant offset of around 3.  A Co based porphyrine was observed to have an 
almost near the apex of the volcano for the ORR.  

A periodic system with porphyrine like character has also been explored with 
DFT[69]. The study concluded that the best of these systems dubbed 
functionalised graphitic materials are based on Ir, Co and Fe. Porphyrines have 
also been investigated as potential H2O2 producing catalyst[70]. The single site 
nature of these catalysts is proposed as reason for not reducing O2 fully to H2O 
combined with a good binding *-OOH for optimum efficiency[71].  

The problem with the porphyrine based catalysts is synthesis however 
porphyrine like active sites have been on carbon nanotubes and such a structure 
carbon nanotube decorated with a porphyrine active site coordinating with Fe 
have been reported to have a lower overpotential and better stability than Pt/C 
with the only product being H2O [72]. 

 

3.2 Oxygen evolution reaction 
The OER or water oxidation is in principle the ORR run in reverse. However, 
catalysts which are excellent for the ORR are not great OER catalysts. It should 
also be noted that the potential required for OER is higher than ORR so many 
ORR catalysts are not stable in the potential region in which oxygen evolution 
occurs.  

While metals have been investigated for the oxygen evolution reaction[73][74] 
and found that Ir and Ru are amongst the best catalysts it is generally accepted 
that they will form thin surface oxides [75][76] due to the large potential 
required for OER which are responsible for the catalytic activity. Theoretical 
studies have shown that even the most noble metal, Au, is oxidised under 
oxygen evolution reaction conditions and it is a surface oxide of Au which 
decomposes to form O2 [77]. 

DFT studies [37] have shown that the 110 surface of rutile oxides, the noble 
oxides RuO2 and IrO2 are amongst the most active OER catalysts and located near 
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scattered around volcano plots since the binding energies of some catalysts does 
not obey the linear scaling relations between intermediates as seen in Figure 3.1. 
However, the trends in activity amongst oxides is well predicted and the 
theoretical overpotential is linearly correlation with the actual observed 
overpotential [37].  

Oxides, unlike metals which follow the trend that GO = 2GOH, have a larger degree 
of uncertainty associated with the binding of O to the surface. This can be 
explained in terms of oxidation states. In DFT, an unlikely or unstable oxidation 
state will result in a higher than expected binding energies and very stable 
oxidation state will result in lower binding energy. Two examples are NiO and 
CrO2 which are displayed in Figure 3.3. These two compounds are highlighted as 
an examples of compounds that deviate considerably from the GO = 2GOH 
assumption.   

 

Figure 3.3: Scaling relations for GOH, GO and GOOH for two select oxides, NiO and CrO2 to 
highlight two examples of the uncertainty in the binding of O to the surface. 

For NiO the binding of O is weak compared to the scaling relation while the 
binding of OH and OOH follow the linear scaling relations. However, the binding 
of O to NiO result in an unstable oxidation state which result in a higher than 
expected binding energy.  

Ni based catalysts are great catalysts for the oxygen evolution in alkaline 
solution. High activity of amorphous Ni, Co and Fe oxides has been reported[79] 
and of their hydr(oxy)oxides [80].  
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hematite, a crustal structure of Fe2O3, can be improved slightly by Ni and Co 
doping [87]. Cobalt oxides has also been investigated in greater detail using a 
CoOOH structure based on a calculated Pourbaix diagram and it was found that 
the activity was overestimated using standard DFT with the RPBE exchange-
correlation functional [88],[89].  

The three studies mentioned above all used DFT+U [90] which is a method that 
introduces a parameter Ueff to explicitly localise electrons to avoid the self-
interaction error. The U correction is usually applied to systems with for unfilled 
d and f orbitals as valence d and f electrons are notoriously difficult to treat with 
standard DFT.  However, care must be taken when selecting the Ueff parameter. 
Usually the Ueff parameter is selected to match a bulk property such as  formation 
energies of varies relevant oxides as suggested by Ceder and others[91] or it can 
be determined from linear response theory[92] but there is no real consensus on 
how to select Ueff. In principle the Ueff will depend on the oxidation state and the 
local environment which makes adsorption energies particularly tricky to 
calculate with DFT+U and interpret. Using different Ueff for different oxides 
means that you also are using a different functional for each oxide system and in 
that case DFT loses it predictive power. 

Theoretical design of catalysts makes no sense without predictive power and 
there is even reason to doubt the experiments as well. First of all there has been 
a lack of proper benchmarking which makes comparison of different catalysts 
problematic until the community decides to use a proper benchmarking 
procedure which is cumbersome [93].  What further complicates activity studies 
is the lack of focus on stability and although these two properties are certainly 
entangled and difficult to decouple. It has been proposed that the dissolution 
from the initial sweep from 1.23V to a potential where a current density of 5 
mA/cm2 is reached should be used as a stability descriptor [53]. With such a 
procedure OsO2 was proposed as the best catalysts for the OER in terms of 
activity alone, however OsO2 lacks the stability and RuO2 and IrO2 was identified 
as the best compromise between activity and stability. 

Another and possible better descriptor for the stability could be to monitor the 
mass loss during the OER using a electrochemical quartz crystal microbalance to 
monitor the mass loss of the catalysts with inductively coupled plasma mass 
spectrometry which measured the content of the electrolyte. It is concluded that 
stability tests based on electrochemical measurements are insufficient [94].   

The stability-activity-cost relation is key for designing any potential new OER 
catalyst. To reduce cost, one tactic could be to reduce the loading of the 
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expensive OER materials while retaining activity. Very recent studies suggest that 
nanoparticles of RuO2 can be stabilised using a proper pre-treatment such as 
thermal oxidation. This enables smaller particles to be effective catalysts. 
Interestingly, not only were the nanoparticles stabilised but gained a 45-fold 
increase in activity [95].  

IrO2 is more stable than RuO2 but also more expensive however core-shell 
nanoparticles or other high surface area structures could lessen the amount of 
iridium needed for making a sufficiently stable and active oxygen evolution 
catalyst. This approach is not as developed as the Pt core-shell nanoparticles for 
the ORR but core-shell nanoparticles of IrOx have been synthesised recently [96]. 
Ir and Ru based catalysts are hardly cost-efficient no matter how active they are. 
In this respect core-shell nanoparticles with a shell of Co3O4 encasing Au seem 
promising [97]. 

Another approach could be to increase the active site density as observed on 
rutile RuO2 and IrO2 when comparing the 100 and 110 surface. The 100 surface 
has a higher density of active sites but is not the thermodynamically stable 
surface. It is sufficiently stable to be synthesised and to work as an oxygen 
evolution catalysts in alkaline medium [98]. 

While stability is important for designing proper oxygen evolution catalysts it is 
beyond the scope of this thesis to understand corrosion processes under OER 
conditions. 

The ideal OER catalysts would not consists of IrO2 and RuO2 and would be stable 
and active in acid solution using only abundant materials. Plants and other 
organisms convert sunlight into energy and use it to reduce CO2 to hydrocarbons. 
In this process water oxidation is the other half reaction and as plants are limited 
to abundant materials it is of particular interest that the active site of 
photosystem II the so-called, oxygen evolution center (OEC), contains a cluster of 
four manganese and a calcium atom [99].  A striking feature compared to most 
catalysts is its ability to oxidise water in neutral pH.  However, millions of years of 
evolution has not been able bypass the overpotential limit set by the universal 
scaling relation as the overpotential for photosystem II is reported to be around 
0.3-0.4V towards OER [100][101].   

Mimicking plants may not be a viable option for industrial water electrolysers 
due to stability issues. While the water oxidation occurs at the OEC the 
surrounding protein ligands which hold the Mn4Ca cluster in place get 
photodamaged and have to be replaced as frequently as every 30 min for some 
organisms meaning that the plants have to reinvest a lot of energy to repair 
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Figure 3.4: The theoretical linear scaling relations between GOH, GO and GOOH for selected 
catalysts. Here Pt and RuO2 is compared to the hypothetically optimal ORR and OER catalysts 
which still obeys the linear scaling relations. The ideal catalyst is shown for comparison which 
for an active site which obeys the scaling relations is not possible. 

The linear scaling relations between intermediates are responsible for the fact 
that the same active site cannot be optimal for both ORR and OER. However 
many oxides systems have the possibility of having different adsorption sites for 
intermediates and/or different surface compositions at different potentials . As 
an example the spinels have been investigated as bifunctional catalysts  [63]. 
These catalysts are reported to have defects and the number of defects and 
oxygen vacancies probably varies with the potential. And these defects have 
different O2 binding energies calculated with DFT so in principle different defect 
sites could be responsible for OER and ORR. This could also be the case for other 
complicated oxide systems such as the double perovskites[83]. However the 
catalysts investigated so far as bifunctional have not reported significantly better 
activities than Pt for the ORR and RuO2 or IrO2 for the OER and usually the 
bifunctional catalysts have a superior activity towards  either ORR or OER 
[63][112][113].  
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the two oxides. A proposed structure based on Extended X-Ray Absorption Fine 
Structure (EXAFS) studies is shown in Figure 4.1.  

 

Figure 4.1: A model of the mixed Ru Ni oxide which shows the non-mixing of RuO2 and NiO 
Figure is obtained from[114]. 

The activity towards OER on the modified RuO2 is increased compared to the 
bare RuO2 [115][116][114]  which contradicts the volcano analysis based on the 
universal scaling relations in the oxygen evolution reaction which places RuO2 at 
the very top with little to no possibility for improvement in terms of 
overpotential [37].   

To model the influence on Ni insertion into the matrix of RuO2 using density 
functional theory a model system of sufficient simplicity was created. The 110 
surface of rutile RuO2 was selected as it is the most stable surface of rutile 
structure and has been used in previous studies [37]. The surface consists of two 
distinctly different types of surface sites. The coordinatively unsaturated sites 
(cus) which are the active sites as they only coordinate to five O atoms instead of 
the six in bulk RuO2. The bridge sites are called so due to the bridging O atoms 
which are exposed on the surface which only coordinate to two Ru atoms instead 
of three which is what is found in the bulk. A slab was created from a 1x3 
supercell which were 4 atomic trilayers thick. To understand the influence of the 
Ni and Co insertion in RuO2 two atoms of Ru on the surface was replaced with Ni 
or Co.  One Ni/Co was placed in the cus position and one Ni/Co just below a 
bridging O creating the modified RuO2 model system. Vacuum was added to this 
slab to avoid interactions between periodic images.  
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This doped system is used as a model system for the experimentally prepared Ni 
and Co modified RuO2 catalysts. A model of the system is shown in Figure 4.2. At 
potentials relevant to oxygen evolution the RuO2 will be covered by O and the Ni 
in the cus position is assumed to be inert. The binding energies from the 
conventional RuO2 are obtained from literature [37]. The structure of 
conventional RuO2 has identical thickness and surface orientation as the model 
system of Ni and Co modified RuO2 however the supercell is only 1x2. For the 
modified RuO2 the calculations were spinpolarised by providing an initial 
magnetic moment for Ni or Co and allowing the magnetic moments to relax 
during optimisation. 

 
 

Figure 4.2: Model system of the Ni modified RuO2. An identical model system for Co modified 
RuO2 was used. Color code: Blue - Ru, Green - Ni, O - red.  

In order to break the constant scaling of 3.2eV between the two key 
intermediates OH and OOH in the mononuclear mechanism the binding of one 
intermediate must be drastically different than the other. The two bridging O 
near the Ni in the bridge position are highly active and reducible and in 
combination with the cus Ru creates a local structure with high activity due to a 
change in mechanism. The cus Ru atom is the usual active site for rutile oxides. In 
Ni and Co modified RuO2 the cus Ru adsorbs O containing species and the 
bridging O next to the transition metal (either Ni or Co) adsorbs H. In this case 
*OH and *OOH never form on the surface and instead O and O2 form on the Ru 
cus site and H adsorbs on the bridging O and this is cause for the increas e in 
activity compared to conventional RuO2 as the scaling between *-OH and *-OOH 
is bypassed by never forming these species on the surface. The one site 
mechanism with the * denoting the Ru cus site (associative mechanism) is shown 
below and is compared the new mechanism based on two active site the Ru cus 
site for O containing species *, and bridging O for H containing species denoted 
x. 
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case it is not, as the binding energies of the states, S3 and S3a plus the free energy 
of an O2 molecule are very similar as seen in Table 4-1 (3.59 eV vs. 3.69eV). 

A free energy diagram displaying the binding energies of the four intermediate 
steps for the oxygen evolution for conventional RuO2, Ni and Co modified RuO2 is 
shown in Figure 4.4. This diagram clearly shows the cause of the reduction of the 
overpotential and the violation of the scaling relations between *-OH and *-OOH 
as the *-OOH intermediate on conventional RuO2 is stabilised by around 0.8 eV 
due to the H-transfer on the Ni and Co modified RuO2 but the *-OH intermediate 
is almost unchanged. 

 

 

 

 

 

S0               S1              S2               S3             S3a             S4 
Figure 4.3: A visualisation of the 110 surface of modified RuO2 and the OER reaction mechanism on this system.  
Each st ate S0, S1, S2 and (S3 and S3a) and S4 represents a coupled proton and electron transfer in the OER mechanism. 
S0 is the initial binding. S1 is the binding of *-OH however it splits into *=O and x-H due to the activated bridging O. 
S2 is displays the *=O. S3 corresponds to the *-OOH which splits into *-O2 and x-H. S3a is S3 with desorped O2 which is 
considered as the DFT energy of O2 is associated with large  deviation from experimental values. S4 is the same as S0 
completing the catalytic cycle. 
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The correction parameter y accounts for different cluster orientations with 
respect to the 110 surface for Ni and Co modified RuO2.  For the Co modified 
RuO2, the correction factor is 1/3 for all concentrations. For Ni modified RuO2 the 
correction factor varies with the concentration of Ni which equals 1/3 for the low 
stoichiometry of 0.05 and 3/5 for the higher stoichiometry of 0.1 based on EXAFS 
studies. The need for the correction factor can be seen in Figure 4.8 where the 
current per site with and without the correction factor. Co modified RuO2 (red 
and green symbols) are indeed independent of the concentration X whereas the 
Ni modified RuO2 is not before the cluster shape correction factor. This analysis 
agrees with the DFT results and shows the superior activity of Co modified RuO2 
per site however the total current density is greater for the Ni modified RuO2 due 
to the creation of more active sites. 

 

Figure 4.8: Comparison between the site normalised oxygen evolution activity of Ni and Co 
modified RuO2 as a function of the Ni and Co content, X, without site cluster shape correction 
(blue and green squares) and with cluster shape correction (red and black squares. 

Ni and Co modified RuO2 demonstrates that the scaling relations between 
intermediates can be bypassed by introducing a special active site. In this 
particular case a hydrogen acceptor functionality is added to surface in the form 
of an activated bridging O next to either Ni or Co. The theoretical overpotential 
of the Ni and Co modified RuO2 is lower than what previously thought possible.  
These catalysts are not suitable for large scale industrial applications due to 
scarcity of Ru and the instability of RuO2 at OER potentials. The modification with 























































































































Oxygen reduction on nanocrystalline ruthenia –
local structure e � ects†

Daniel F. Abbott,ab Sanjeev Mukerjee,b Valery Petrykin,a Zdenÿek Bastl,a

Niels Bendtsen Halck,c Jan Rossmeislc and Petr Krtil*a

Nanocrystalline ruthenium dioxide and doped ruthenia of the composition Ru 1� xMxO2 (M ¼ Co, Ni, Zn) with

0 # x # 0.2 were prepared by the spray-freezing freeze-drying technique. The oxygen reduction activity

and selectivity of the prepared materials were evaluated in alkaline media using the RRDE methodology.

All ruthenium based oxides show a strong preference for a 2-electron oxygen reduction pathway at low

overpotentials. The catalysts' selectivity shifts towards the 4-electron reduction pathway at high

overpotentials ( i.e. at potentials below 0.4 V vs. RHE). This trend is particularly noticeable on non-doped

and Zn-doped catalysts; the materials containing Ni and Co produce a signi � cant fraction of hydrogen

peroxide even at high overpotentials. The suppression of the 4-electron reduction pathway on Ni and

Co-doped catalysts can be accounted for by the presence of the Ni and Co cations in the cus binding

sites as shown by the DFT-based analyses on non-doped and doped catalysts.

Introduction
The fuel cell related electrocatalytic processes based on
controlled hydrogen oxidation and oxygen reduction have
recently gained importance mainly in connection with the
increasing utilization of renewable energy sources. Despite
e� orts devoted to the optimization of existing systems, the
performance of real fuel cells still lags behind the expectations
and the cathodic oxygen reduction is seen as the performance
limiting process. The electrochemical fuel cell reactions can
also be generally employed in the energy storage mode using
the excess electricity or solar energy to generate energetically
useful hydrogen (produced along with the oxygen), leading to
the introduction of the regenerative fuel cell concept. 1,2 It also
needs to be stressed that the regenerative fuel cell applications
have sparked extensive catalyst development primarily for the
oxygen evolution/reduction processes.

Oxygen electrochemistry, including oxygen evolution as well
as reduction, represents the simplest example of multiple
electron charge transfer processes which have been extensively
studied both experimentally as well as theoretically. 3,4 In
contrast to the development of suitable catalysts for

independent oxygen evolution (OER) or oxygen reduction
(ORR), the catalysts' application in regenerative fuel cells faces
signi � cant restrictions in terms of minimizing the energetic
barriers of both kinetically irreversible processes. The fact that
the oxygen evolution reaction proceeds solely on oxide covered
surfaces disfavors the use of metal catalysts which are reported
to be of superior activity in oxygen reduction. The oxide activity
in the oxygen evolution was investigated in both acidic as well as
alkaline media on various systems based on oxides of ruthe-
nium, 5–8 iridium, 5,7–9 cobalt5,10 or manganese.5 Oxygen reduction
studies on oxides are less frequent and are generally restricted
to alkaline media. Oxygen reduction has been studied on
rutile, 11,12 spinel,13,14 perovskite15 and pyrochlore16,17 structural
types based on ruthenium, manganese, nickel, cobalt and
iridium oxides. The investigated oxide catalysts were the subject
of electrochemical characterization which was phenomenolog-
ically analyzed in order to explain the possible reaction path-
ways leading to both 4-electron and 2-electron oxygen reduction
processes. In contrast to the studies of oxygen evolution, no
detailed investigations aiming at the role of the catalyst struc-
ture, including the local structure of the oxygen reduction active
site, have been reported so far.

The theoretical approach allowing for the generalization of
oxygen electrochemistry on oxides based on DFT calculations
was recently reported.4,18,19 The DFT calculations identify the
active sites for oxygen activation and the charge transfer to so-
called coordination unsaturated sites ( cus), the surface pop-
ulation of which is a function of the surface orientation. The cus
surface sites feature (n � 1) oxygen bonding partners, wheren is
equal to number of metal –oxygen bonds present in the oxide
bulk. It is believed that only cussites can form the atop reaction
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Such a dual volcano plot has been used with great success
in literature. 42,43 The volcano curves presented in Fig. 12
clearly show a quantitative prediction of the thermodynamic
preference of the 4-electron reduction pathway over the 2-
electron reduction on strongly adsorbing cussites. As follows
from Fig. 11, oxygen reduction on Ni-doped ruthenia should
proceed at slightly more positive potentials compared with
the non-doped ruthenia as long as the cussites are occupied
with Ru cations. The reduction process on Ru occupied cus
sites should show a pronounced preference for 4-electron
reduction and the formation of hydrogen peroxide should be
excluded for potentials positive of 0.14 V or 0.43 V (vs. RHE)
for non-doped ruthenia and the Ni-doped material, respec-
tively (see Fig. 11). The easier formation of hydrogen peroxide
on the Ni-doped material should be compensated by an
earlier onset of the oxygen reduction process as predicted for
Ni-doped material. In the case of weakly adsorbing sites, e.g.,
in the case of Ni cus sites – there is no apparent thermody-
namic preference for either the 4- or 2-electron reduction
pathway. The DFT model predicts the onset of the oxygen
reduction process to occur at potentials comparable with the
ORR on non-doped ruthenia. The formation of hydrogen
peroxide is possible at signi� cantly more positive potentials
(see Fig. 11).

Analyzing the experimental behavior of the ruthenium
dioxide based catalysts for the oxygen reduction process in
the light of the DFT results one can qualify the existence of
two classes of catalysts– one favoring the 4-electron reduction
(non-doped RuO2 and Zn-doped RuO2) and another showing
signi � cant activity in hydrogen peroxide production (Ni- and
Co-doped ruthenia). Realizing that the Zn present in the Zn-
doped ruthenia is itself redox inactive one can assume that
the catalysts in the � rst group have all active cus sites occu-
pied by Ru regardless of the actual chemical composition. The
con� nement of the catalytic activity to Ru itself justi � es the
selectivity towards 4-electron reduction pathway as it is shown
in Fig. 4 and 8. In the case of the Co- and Ni-doped ruthenia
the signi � cant amount of hydrogen peroxide formed in the
process can be attributed primarily to the Ni/Co cus sites
although the Ru cus sites also contribute to the hydrogen
peroxide formation at lower potentials. In contrast to the
complementary oxygen evolution process, the Ni (or Co) ions
located in the bridge sites, which play crucial role in the
complementary anodic process,33 apparently have no e� ect on
the oxygen reduction activity of these materials. A di� erent
role of the catalysts local structure in oxygen reduction is not
entirely surprising given the irreversibility of oxygen evolu-
tion/reduction.

The DFT calculations, however, fail to explain pronounced
formation of the hydrogen peroxide on all ruthenium based
catalysts at low overpotentials (0.55–0.40 V) when the hydrogen
peroxide on Ru cus sites should be thermodynamically
excluded. Given the relatively short timescale of the RRDE
experiments one may therefore suggest that the system fails to
reach the thermodynamically stable surface structure on the
experimental timescale and the hydrogen peroxide is released

from meta-stable intermediates not re � ected in the DFT
calculations.

Conclusions
Nanocrystalline ruthenia based electrocatalysts o� er a conve-
nient model for investigating the role of the local structure in
the oxygen reduction on oxide electrodes. The oxygen reduction
related activity of RuO2 is comparable with that of the doped
ruthenia. The selectivity of doped ruthenia catalysts di � ers from
that of the RuO2 in which the non-doped as well as Zn-doped
catalysts prefer 4-electron oxygen reduction while the Ni- and
Co-doped ruthenia produce signi � cant amount of hydrogen
peroxide. The observed selectivity trends can be rationalized
using a thermodynamic analysis of the oxygen reduction
process based on DFT calculations.

The DFT based analysis con� nes the oxygen reduction
activity to cussites the occupancy of which controls the selec-
tivity of the oxygen reduction process. Oxygen reduction on non-
doped ruthenium dioxide is controlled by the fourth electron
transfer. Doping the ruthenium dioxide shi � s the potential
control to the � rst electron transfer. This trend can be attrib-
uted to decreasing occupancy of the cussites with ruthenium.
The strong adsorption of the *OOH intermediate on the Ru cus
site steers the reaction mechanism towards 4-electron reduc-
tion pathway. Incorporation of reactive transition metal cations
into bridge sites has negligible e� ect on the ORR activity. A
con� nement of the reactive transition metal into cus sites
weakens the adsorption of the reaction intermediates and
opens the 2-electron reaction pathway at relatively low
overpotentials.
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