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1. Introduction 
 
 
 
 
1.1 Hydrogen in an energy-sustainable society 

Wind-, solar-, wave-, thermal-, biomass- and hydroelectric power account for renewable and 
CO2 emission-free energy sources that are available to utilize with acceptable efficiency. 
Together they offer a sustainable solution to meet the energy demands of our planet, but a 
critical problem lies in the spatial and temporal availability which is highly variable over the 
Earth.1, 2 In order to utilize the full potential of an energy source, it is also necessary to have 
access to appropriate energy storage. Energy can be stored and re-utilized in several ways, for 
example elevation of water or a solid mass, heat storage, compressed air, reduction of CO2 to 
reduced hydrocarbons and batteries.3, 4 Within the ‘Power-to-Gas’ (PtG) process chain, 
hydrogen has gained significant attention as an energy storage- and carrier medium because of 
its high-energy density and the capability to re-utilize the energy in clean chemical reactions 
fulfilling the demands of sustainable “green energy”.5-9 Despite the capacity of hydrogen to 
fulfill the future energy demands as a sustainable energy carrier, non-fossil based production of 
hydrogen accounts for as little as ~4% of the global production.10 The remaining hydrogen is 
derived from reforming of fossil fuels, mostly steam methane reforming of natural gas, because 
this is by far the most economical way to produce hydrogen from a monetary point of view.11 
As long as political incentives do not financially favor green hydrogen production, it remains a 
challenge to make non–fossil fuel based produced hydrogen feasible and cheap for society to 
invest in.12, 13 A simple and robust way of producing sustainable CO2 emission free hydrogen 
is via electrochemical water splitting; a method that has been used for industrial production 
both previously and today.  

 

1.2 Infrastructure of modern hydrogen production and utilization 

The European countries have increased the number of active wind plants, Denmark is the 
leading country where wind power is the largest single energy source.8 Solar power is 
increasing both in Europe and in other parts of the world where solar power is a better choice 
than wind. Nevertheless, the world is quickly moving towards development of a network of 
multiple energy sources connected so as to allow an electrical output to be controlled and 
balanced in the common grid that supplies the end users.14 An abundant quantity of 
electrolyzers connected with the grid and producing hydrogen can therefore be powered by 
various sources of electrical renewable energy. The number of fuel stations must follow demand 
so that the desired flexibility in production and utilization can be met. As a result, hydrogen can 
be (1) sold directly to end users in industry (2) re-generated to electricity via fuel cells (3) used 
for heat production by combustion or (4) used as fuel in vehicles.8, 12, 15-19 Another way of 
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utilizing hydrogen is in reaction with CO2 or CO for conversion to methane, referred to as 
methanation. The produced methane represents the energy storage media thus used in industry 
as a reactant for making synthetic hydrocarbon fuel or as substitute to natural gas which is 
widely used at present.6 In the case of hydrogen as end product, Japan has in an ongoing societal 
development project that started 2010 and aim to finish in a first stage 2025 already started to 
implement an infrastructure for handling hydrogen gas including electrolyzers connected in a 
power grid, fuel stations adopted to market conditions and pipelines for direct distribution of 
hydrogen gas.17, 18 A similar project, but on a much smaller scale, has been carried out in 
California, USA. Interestingly, the outright sale of hydrogen to industry for direct use in process 
chemistry became larger than the sale of fuel for vehicles, which was not expected.12 In 
Denmark a project involving converting wind power electricity to hydrogen gas via electrolysis 
is pending.8 Fluctuations in the power supply has been reported to cause interruption in 
electrolyzers that should operate as a steady power supply.9 A steady power supply can be 
ascertained via a developed power grid connected to several different power sources.  The grid 
system is the route that has paved the way for practical applications in Japan, California and 
Denmark. In this thesis I will henceforth regard water electrolysis as a free standing electrolyzer 
unit powered by an external power source.  

 

1.3 The use of hydrogen 

The global industrial use of hydrogen is rapidly growing with the main consumption being in 
the petroleum industry where hydrogenation (cracking hydrocarbons) of fuels is the dominating 
process.20 Removing nitrogen and sulphur from petroleum fuel also requires large quantities of 
hydrogen. Production of low weight molecules such as methanol and the saturation of 
petroleum based hydrocarbons to produce industrial reactants further accounts for a large part 
of the consumption of hydrogen. Another large consumer is as an anti-corrosive agent by having 
H2 scavenge on free O2. Hydrogen has good cooling properties and is frequently used in 
electrical generators as a cooling agent that also provides an anti-corrosive function. Plastic 
recycling is a fast growing sector that uses H2 for hydrogenation of old molten plastics allowing 
for reproduction of polymer bulk plastic. Reduction of unsaturated oil and fat to obtain higher 
melting points and improve the protection against oxidation is not only done in petroleum 
industry but also in the food industry. Production of fertilizer consumes large quantities of 
hydrogen and is estimated to nearly half of the world consumption followed by the petroleum 
fuel cracking industry.21 The reduction of metal oxides to metals requires large quantities of 
hydrogen. So far, hydrogen for use in fuel cells for stationary electricity generation is not a 
large source of consumption. However, as this technique is being considered for future use, 
consumption is predicted to increase. Regarding hydrogen as fuel for mobile use, it has been 
utilized for decades in the aerospace industry where liquid hydrogen and liquid oxygen are 
reacted. At a stoichiometric ratio this combustion has been found to release the highest amount 
of energy that is reasonably cheap and easy to handle. Because of the large amounts of hydrogen 
required for rocket engines this represent a significant part of the global use of hydrogen. The 
use of hydrogen as fuel in vehicles is currently under development and is predicted to gradually 
increase with time as the advancement proceeds.19 
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1.4 The history of electrochemical water splitting 

The early history of water splitting has been thoroughly discussed by Trasatti and Levie 
199922-24; the first experiment that with evidence was interpreted as decomposition of water 
into “combustible air” and “life giving air” during electric discharge was made by van 
Troostwijk and Deinman in 1789. By collecting the gases in tubes by displacement of water, a 
volumetrically determined ratio of 2:1 was established. Further, with an electrical spark, the 
generated hydrogen gas denoted as “combustible air” and oxygen gas denoted as “life giving 
air” again formed water. The combustion reaction was a few years earlier in 1784 identified by 
Cavendish by experimentally mixing 2 parts of hydrogen and 1 part of oxygen activated by an 
electric spark that gave rise to water as a product. Therefore Troostwijk and Deinman could 
draw the conclusion that the gaseous decomposition products were such a gas mixture. In 1800, 
Ritter independently of another group Nicholson and Carlisle, was able to set up experiments 
allowing establishing both the hydrogen reduction reaction and the oxygen evolution reaction 
of water at the anode and cathode respectively by applying a voltaic current using Volta’s cell 
stack. Nicholson and Carlisle are today often mentioned as the pioneers although Ritter shared 
the same success. Quantification of electrical action and chemical events was established by 
Faraday in 1834 in his declaration of electrochemical stoichiometry of water splitting and 
introduction of the word ‘electrolysis’, an important stepping stone in development of 
electrolyzers. 22-24 In the year 1902 over 400 industrial electrolyzers were in operation 
worldwide and the record for a plant was set in 1939 having a capacity of producing 10 000 m3 
H2 gas per hour. The hydrogen produced was at this point still done under atmospheric pressure 
in the electrolyzer, but in 1948 the company Zdansky/Lonza constructed the first industrial 
pressurized electrolyzer. The first patent directed as “Electrolytic Cell for Decomposing Water” 
was issued to Mr. Zdansky in 1931, his company was seated in Berlin but the patent was issued 
by the US Patent Office.25, 26 In the following decades 1960’s and 1970’s, the industry of water 
electrolysis expanded rapidly and various types of electrolyzers were built worldwide. Among 
the newly developed techniques, solid polymer electrolyte (SPE) electrolyzers came into 
operation 1966. In 1972 another technique was developed for industrial use namely the solid 
oxide electrolysis (SOE) of water. The SPE and SOE techniques were, however, costly in 
comparison to alkaline water electrolysis which instead was further developed. In 1978 an 
advanced electrolyzer, made by GHW Gesellschaft mbH, encapsulated the cell stacks in a 
pressurized water containing vessel so that distances causing resistance could be minimized. 
Porous electrodes were used and water directly added in the alkaline feeding line. This 
electrolyzer could produce hydrogen at 30 bar at 150°C at a current density of 10 000 A per m2 
and at a cell efficiency of >80%. It was especially noticeable that the electrolyzers were of quite 
enormous sizes. Circular electrode sheets could have a diameter of around Ø = 1-2 m and cell 
stacks could stretch beyond 10 meters in length, weighing well over 50 tons. One of the world 
largest plants was situated near the Aswan dam and produced 35 000 m3 H2 gas per hour during 
the years 1965-70.27 The very early discoveries in the 18th century was made in an acidic 
electrolyte but the large scale industrial production in the 20th century have predominantly been 
in alkaline electrolyte, commonly 25% KOH equal to 6 molar/dm3, to obtain adequate ionic 
conductivity and less corrosion than acidic electrolyte. The produced hydrogen was made with 
overpotential and amount acceptable for that time’s energy consumption, which for alkaline 
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water electrolysis with fresh Ni metal as catalyst typically was a cell potential of 1.67 V at a 
current density of 175 mA cm-2 at 80°C. This should be put in relation to the thermodynamic 
decomposition voltage at 1.19 V and a higher heating voltage at 1.49 V at 80°C and 1 atm 
pressure.27, 28  

 

1.5 Present research in perspective 

Some questions will arise taking into account the well-functioning methods and materials 
previously developed and the research that led to those advancements that have been proven to 
function in heavy industrial use up to present. How low overpotential can one obtain for a 
system that works for industrial scale production? Can the long term stability of new catalytic 
materials compete with the proven robustness of the metal / metal alloys? How much more is 
there to gain from further research considering the significant amount of present efforts devoted 
to obtain better catalysts or methods for water splitting? Even though those questions will only 
be partly answered in this thesis, it is important to bear such perspectives in mind during the 
progress of research undertaken.  

 

1.6 Water splitting in Nature 

Nature performs water splitting using a principle that differs from the artificial method in the 
perspective that the molecular systems are constantly broken down, due largely to the oxidative 
destruction of biomolecules,29 thus plants continuously rebuild the system by new synthesis of 
biomolecules in the same rate as they decompose. The catalytic system in photosystem II (PSII) 
is optimized for water oxidation with the core cluster [CaMn4O5] that is incorporated in the 
oxygen evolving complex. The core cluster has five oxo-bridges connecting the metals to form 
a distorted cubane structure with an additional Mn site.30 H2O molecules as reactants are 
channelled through a protein surrounding to the inorganic core complex at preferred oxygen 
sites. One of the oxygen atoms is slightly weaker bonded and can thus adopt a lower negative 
charge than the valence of –2 and therefore be important in the mechanism of dioxygen 
formation.30 Researchers have tried for many years to understand this system and from 
inspiration of the active crystal structure, oxides with oxygen coordinated in a cubic 
arrangement around the metal centre such as Mn or Co atoms, without or including redox-
inactive metals (commonly Ca, La, and Li) have been thoroughly studied.31-34 A unifying 
conclusion from those systems is that catalytic activity involve alternation of the valence 
electrons of the active metal that reaches a higher state in oxo bridging to –OH2, –OH, –O, and 
–O–O species that takes place in the catalytic cycle.34-39 Artificial bio-inspired systems 
employing molecular structures mimicking biological systems that commonly suffer from 
oxidative damage but do not have the continuous anabolic pathways to rebuild and repair the 
system. Thus these artificial systems have often short lifetime in comparison to a commercial 
electrolyzer for large scale hydrogen production, and in practice the bio-inspired systems are 
not a realistic feasible technique for large scale artificial water splitting. 
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1.7 Major electrolysis techniques  

1.7.1 Alkaline electrolysis (AE) 

By far the most used technique for commercial hydrogen production is alkaline electrolysis 
(AE), a well-developed method that is very stable over long term use. The anode and cathode 
are separated by a membrane and liquid electrolyte of KOH that has a temperature up to 200 °C 
and which produces hydrogen up to 60 bar. Electroplated Ni on stainless steel is the common 
material on both the anode and cathode or alternatively thin sheets of solid Ni foil. The gas and 
electrolyte separator membrane was historically made from asbestos but have in modern time 
been replaced by Zirfon® 40 which consists of 85% ZrO2 as inorganic filler and 15% of 
polysulphone for mechanical properties including withstanding a gas pressure of 200 bar when 
filled with electrolyte.40 Although the porosity of 50 ± 10 % and pore size of 0.15 ± 0.05 μm 40 
is high enough to achieve state of the art ionic conductivity of a commercial membrane, it is 
only 56% of the porosity obtained with the old type asbestos membrane based on 
Mg3Si2O5(OH)4, the mineral named Chrysotile.26 Development of membranes is one important 
way to minimize Ohmic resistance. Decreased distance between the anode and cathode is 
obtained by zero gap between electrode-membrane surfaces.41 Desired properties include better 
resistance to higher concentrations of KOH, higher wettability of the inorganic filler material, 
resistance against degradation from higher temperature and pressure yet even thinner 
membranes. Alternative natural inorganic materials used as filler including natural minerals 
that can be obtained from mining are Wollastonite (CaSiO3), Olivine (Mg,Fe)2SiO4 or Barite 
(BaSO4). Synthetic inorganic fillers that are in scope for development are BaTiO3 in addition 
to the already used ZrO2. Polyphenylensulphide which is relatively durable up to 300°C has 
been investigated as an alternative to polysulfone.26 Within the operating range of up to 
j = 0.4 A cm-2 obtained at an Ecell = 2.15 V the efficiency is reported to be ~80% 25 calculated 
from the Ehh / Ecell.28 Above this range the Ohmic resistance is high originating from the vivid 
bubbling formation and the limitations in the membrane. Agfa reports that the use of the 
Zirfon® membrane will allow up to j = 1 A cm-2 at an Ecell > 2.0 V 26, 40. A laboratory test using 
vacuum plasma sprayed electrodes surface coated with NiAl/Mo on the cathode and 
NiAl/Co3O4 on the anode operated with  j =  800 mA cm-2  at Ecell = 1.68 V for 2800 h trial, 
which is a rather outstanding result.42 Thus clearly there is a lot to gain from improvements 
through research even on the oldest and most mature electrolysis technique available.  
 
Alkaline electrolysis can be made up to 60 bars pressure although the most common is up to 30 
bar, the compressed gas at those pressures meet many of the industrial end user applications 
and further compression is not necessary.25 In contrast, further compression is necessary for the 
purpose of hydrogen as fuel in vehicles and the pressure rise to 350 or 700 bar which is the 
common pressures for this application, needs additional energy to run compressors that usually 
are of piston compression type. Cooling to obtain liquid hydrogen requires significantly more 
energy, as well as losses occur due to evaporation, and this must also be accounted for.  
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The alkaline system allows for the majority of materials to be elements of earth abundant origin 
accounting for the robustness of the electrodes lasting for many years, some times over decades; 
this is the most environmentally sustainable method today. Considering the present engineering 
techniques available, set up process, operational stability and low maintenance, the conclusion 
is that the AE is still the best option for large scale hydrogen production.43 
 
 
1.7.2 Proton exchange membrane (PEM) electrolysis 

A mature technology used in industry at smaller scales is the proton exchange membrane (PEM) 
electrolysis that uses an ion conductive membrane of a solid polymer electrolyte, commonly 
Nafion® type, and operates at 60-100 °C. Water is oxidized at the anode and O2 gas released 
through a gas diffusion layer. Protons are conducted through the solid electrolyte membrane to 
reach the cathode where H+ reduction occurs and H2 is gas released through a gas diffusion 
layer. The benefit of this system is much higher efficiency than alkaline electrolyzers, at a 
maximum Ecell = 2.0 V PEM operates with 2 A cm-2,26 nearly 5 times higher current density 
compared to traditional alkaline electrolyzer and twice as high compared to state-of-the-art 
alkaline electrolysis using the Zirfon® membrane. With those specifications one needs to 
explain why PEM has not become the dominating technique on the market. The downside of 
PEM are mainly, i) the feed water to the PEM electrolyzer needs significantly higher purity 
than for alkaline electrolysis, ii) the catalyst materials are of noble-metals, commonly Pt, Ir or 
Ru, iii) membrane degradation over time iv) high costs are involved due to expensive catalysts, 
membrane and higher maintenance / shorter longevity of the electrolyzer.44 Therefore, the PEM 
electrolyzer has found a market with smaller and lighter units that can be operated in small scale 
industry, research/lab or in the medical sector. Much research is ongoing for PEM development 
as the technology by principle is shared with fuel cells that represent a major route for future 
vehicle industry and re-generation of electricity from fuel such as hydrogen.8, 12 

 

1.7.3 Solid oxide electrolysis (SOE)  

Solid oxide electrolysis (SOE) technology is a technology that is not yet implemented in 
commercial industrial scale but rather for research and demonstration purpose. The SOE 
operate in principle with a dry cell, water being fed in the form of vapor and reduced at the 
cathode at high temperatures, 700 - 1000 °C, so that H2 gas is released and the remaining 
superoxide ion, O2-, diffuses through a solid oxide electrolyte to the anode where the O2- is 
oxidized to molecular oxygen. The solid oxide electrolyte is commonly yttrium stabilized 
zirconium oxides, (Zr,Y)O2- . The cathode may be of various metals and nickel is one of them. 
The anode is functional with perovskite type of compounds containing a few or several of the 
metals Ca, Co, Fe, Ga, La, Mn, Mo, Ni, Pr, Sr and others. The limiting factor in SOE is the 
ionic conductivity of the electrolyte which in turn depends of the operation temperature and 
type of electrolyte material. Much ongoing research aim at lowering the operation temperature 
by using new materials, parallel with the research on solid oxide fuel cells that share the same 
principle technology.25, 26 
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1.8 The media in which reactions takes place 

1.8.1 Solution used in reactions with chemical electron acceptor  

In water oxidation driven by chemical electron acceptors, the media is the solution containing 
reactants, catalysts and products. The method is used in lab-scale for research purposes. The 
solution is commonly a mixed pH buffer based on phosphate, borate or carbonate, alternatively 
solutions of Na2SO4 or NaCl to obtain desired ionic strength. In a specific case using Ce4+ as 
electron acceptor the preferred buffer is triflic acid that can buffer well in pH <1 necessary to 
prevent formation of Ce-oxide. The type of solution and buffer capacity strongly affects the 
reaction mechanism as well as interaction with the catalyst, e.g. phosphate buffer may form 
precipitation products with the catalyst material if containing metals such as Co, Ni, Fe, Mn.  

 

1.8.2 Electrolyte in electrolysis of water 

Water is both the reactant and the electrolyte in electrolysis of water. In general the electrolyte 
is strongly alkaline or acidic and involves different reaction mechanisms. Such conditions affect 
the stability of the catalyst and cell material during long operation times. Resistance in the 
electrolyte is an important factor to optimize and greatly depend on the concentration. The 
difference in conductivity between concentrated alkaline and acidic electrolytes is 
insignificant.45 To put a value on the conductivity, the alkaline electrolyte containing KOH has 
a conductivity at 2.7 S cm-1 at 35 wt% and 2.8 S cm-1 at 45 wt% at 200°C.46 Historically, 
alkaline electrolyte corrosion has shown to be less and easier to control than acidic electrolyte, 
consequently with cheaper cell materials in the construction and less maintenance. Furthermore, 
gas purity is higher when using alkaline electrolyte.25 In a comparison between KOH and 
NaOH, the latter caused higher corrosion and showed slightly lower ionic conductivity. 
Consequently, less hydrogen evolved in NaOH than in KOH when comparisons were made in 
the same conditions.47 

  



8 
 

1.9 Thermodynamics, ohmic resistance and catalysis 

1.9.1 Thermodynamics 

At standard temperature and pressure, 25°C and 1 atm (STP), the thermodynamic 
decomposition energy for water according to reaction R. 1  = +237.19 kJ mol-1 

H2O(l)  ½O2(g) + H2(g)      (R. 1) 

This corresponds to reversible thermodynamic decomposition potential (Erev) of 1.229 V 
according to Gibbs free energy Eq. 1 

G  (F-1  z-1) = Erev      (Eq. 1) 

where G = Gibbs free energy, F = Faraday’s constant (96485.33 C·mol-1) and z = number of 
electrons transferred.  

Taking into account that reaction R. 1 undergoes a phase change when 1 mol liquid water 
transform to 1.5 mol gas, work is needed to e.g. form gas bubbles.  

T  = 163.29 J K-1 mol-1, thus by using equation Eq. 2 

  - T       (Eq. 2) 

the enthalpy required for water splitting evolving gaseous products at STP according to R. 1 
H = 285.85 kJ mol-1 which in turn gives the thermoneutral potential according 

to Eq. 3  

H  (F-1  z-1) = E      (Eq. 3) 

equal to 1.481 V at STP. The change in entropy is not a faradaic reaction, therefore no electron 
transfer can account for this change and instead this work is driven by heat. Taking this physical 
property into justification, it can be stated that below 1.481 V heat will be absorbed from the 
surrounding and consequently the electrolyzer will act as a refrigerator. Opposite, if the cell 
operates above 1.481V then excess heat will be generated. On an industrial scale the volume of 
water flowing into the electrolyzer is large and hence to illustrate such a condition it is useful 
to include calculations accounting for the variation  with temperature and the energy 
necessary for heating the influx water at a specific temperature, referred to as the higher heating 
potential (Ehh). By plotting Erev and Ehh using equations Eq. 4 and Eq. 5 

Erev = (1.5184 – 1.5421 10-3  T) + (9.523 10-5  T  ln(T) + (9.84 10-8  T2) (Eq. 4)28 

Ehh = (1.415 + -4  T) + -8  T2)   (Eq. 5) 28 

it can be concluded that the difference in potential is rather large and that Ehh changes less with 
temperature than Erev, see Figure 1.  
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Figure 1 The reversible thermodynamic decomposition potential of liquid water, Erev, and 
the higher heating potential, Ehh, plotted against temperature. 

 

Ehh is close to the desired value that is a minimum operation potential in large scale practical 
conditions such as in the case of electrolysis in industry. However, it shall be noted that practical 
cells in large scale industrial electrolyzers always operate at potentials above Ehh due to losses 
in ohmic resistance, consequently excess heat has to be removed. 28 

 

1.9.2 Activation energy  

In an electrochemical cell the potential of an electrode can be described as the surface energy 
of the conductive and active surface of the electrode. The electromotive force drives the 
reactions and consequently also the force required for moving ions by diffusion. A reaction in 
equilibrium reflects the thermodynamic decomposition potential, thus the energy that is 
required to activate the reactions by overcoming the surface tension and the reaction potential 
is referred to as overpotential.43, 48 The role of a catalyst per definition is to lower the activation 
energy without being consumed. The overpotential is directly related to the material properties. 
It is of great importance to search for new materials that can be employed in future water 
splitting devices, particularly catalysts composed by non-toxic and earth-abundant 
elements.49, 50  
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1.9.3 Ohmic resistance 

The ohmic resistance in the cell can be derived from the resistance in the hardware hw) and 
in the electrolyte el). The hardware can be optimized by using highly conductive materials in 
appropriate dimensions and lengths. The electrolyte can as described above have an optimum 
ionic conductivity; in for example alkaline electrolysis the maximum conductivity of 2.8 S cm-1 
is obtained at 45wt% KOH at 200°C in combination with a short distance in between 
electrodes.41  

An experiment was set up to investigate if it was possible to measure the heat evolved through 
ohmic resistance with rising overpotential. The electrochemical cell constructed for the study 
presented in Paper I was foam insulated, see Figure 2.  

The overpotential was calculated using the equation   

 = Ecell - Erev      (Eq. 6) 

cell = recorded cell potential and Erev = thermodynamic 
decomposition potential 

The heat did indeed increase with rising overpotential, see Figure 3. It can be concluded from 
both theory and experiments that the lower the overpotential the less is the evolution of excess 
heat and thus the better is the efficiency in gas yield to energy input.28 This is a motivation to 
search for catalysts that can lower the overpotential further from the perspective that renewable 
energy sources should be utilized in a more efficient manner.  

 

 

Figure 2  An experiment illustrating the change in temperature of the electrolyzer as a 
consequence of increasing overpotential. (a) The electrochemical cell and (b) the cell embedded 
in foam insulation.  



11 
 

 
Figure 3 Rise in temperature in the insulated electrochemical cell upon increasing the 
overpotential. At potential cutoff after 3500 s (dotted line) the temperature immediately falls.  

 

The electromotive force that drives the water splitting (Ecell) includes energy losses in the 
system and is thus commonly related to the higher heating cell potential (Ehh) in aims to 
calculate the cell efficiency. The efficiency can be calculated according to Eq. 7 

Efficiency (%) = (Ehh  Ecell
-1)  100    (Eq. 7) 

that states realistic conditions in large scale industrial electrolyzers. However, in a small 
laboratory scale setup it is not practical to calculate cell efficiency relative to the higher heating 
potential because the cell vessels are so small that the total heat capacity of glassware, 
construction metal, electrolyte, heat conductive copper wires, pipes, sensor probes etc., are 
difficult to insulate and include in heat calculations. Thus, it is more practical to assume that 
the change in temperature is compensated for by the surrounding environment.  

Other ways of specifying the efficiency related to the desired product are 

Efficiency = Vp  P-1     (Eq. 8) 

or 

Efficiency = Vp  (t-1  Ecell
-1)    (Eq. 9) 

where Vp = volume of product, t = time and P = electrical power. In lab scale the volume can 
be replaced with mole gas.  
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The experimental setup in Figure 2b is identical to the one described in Paper I and the only 
difference is the insulation around the cell. The specific heat capacity of the materials of the 
cell, the heat conduction through the wires and pipes leading through the insulation and the 
convection of heat with the carrier gas flow through the cell were unknown and must be known 
in order to quantify the change in enthalpy and thus no such attempt was made. The presentation 
of this experiment is aimed to serve as a base to introduce the practical conditions regarding 
evolution of heat in relation to cell potential and ohmic resistance in this thesis and has not 
previously been published.  

 

1.9.4 Cell potential dependence of pH and cell overpotential 

In order to accurately compare experimental results with literature data it is appropriate to 
account for the pH in each experimental setup; (Eq. 1) is only valid at pH = 0. This can be done 
by calculating the absolute potential versus the reversible hydrogen electrode employing 
Nernst’s equation   

ERHE = Ereference electrode + (R  T  ln10  (z-1  F-1))  pH + Eshift  (Eq. 10) 

where ERHE refers to the potential versus the reduction hydrogen electrode (RHE), 
Ereference electrode  = the potential measured from the reference electrode, R = 8.314 J mol-1 K-1, 
z = 1 for H+, pH = -log[H+] and the Eshift = the potential shift specific for the redox couple on 
the reference electrode.  

The cell potential needed to run the electrolysis of water can be divided into 

Ecell = Erev + a + c + el + hw     (Eq. 11) 

where the Ecell = a = overpotential for the anodic reaction,  c =  overpotential 
for the cathodic el = overpotential to compensate for losses in ohmic resistance in the 
electrolyte and hw = overpotential to compensate for losses of ohmic resistance in the 
hardware. 

el hw. One simple approach to roughly 
estimate el is to perform a method called current interrupt (CI) that is a built-in-function in the 
BioLogic® potentiostat. If desired, the potential can subsequently be compensated for the 

el in the BioLogic® potentiostat software to chosen degree, via Ohm’s law  

      (Eq. 12) 

where E = potential (V), R =  = current (A) 

el hw can be measured with external equipment such as an ohm meter and 
compensated for via (Eq. 11). However, electrolysis always involves resistance that preferably 
are included in the results to reflect the real conditions of the cell.  

Calculating Erev for a specific pH at STP can be made via equation Eq.13, see Figure 4, 
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Figure 4 The reversible thermodynamic decomposition redox potentials of water, Erev, 
plotted against pH at STP. 

 

Erev = E0 – (R  T  ln10  (z-1  F-1))     (Eq. 13) 

where E0 = initial potential 

The overpotential for the reduction reaction can be calculated as  

red = Ered – Erev(red)     (Eq. 14) 

and for the oxidation potential  

ox = Eox – Erev(ox)     (Eq. 15) 

In a comparison between the hydrogen evolution reaction (HER)  

2H+(aq) + 2e-  H2(g)     (R. 2) 

and the oxygen evolution reaction (OER)  

2H2O(l)  O2(g) + 4H+(aq) + 4e-     (R. 3) 

the latter involves removal of 4e- where each step involves intermediate species bound or 
surface adsorbed, whereas the former reaction involves less electron transfer steps and 
intermediate species. Passivation of the anode surface due to thickening oxide layer over time 
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subsequently increases the overpotential.28 Experimentally it is reflected in higher overpotential 
for OER than for HER. As a result the OER is usually referred to as the bottleneck reaction of 
the two.51, 52, 53,54 

At the reversible equilibrium the net current is zero and the intrinsic kinetic activity when the 
reduction and oxidation reactions are pending at the same rates transferring electrons between 
the electrode and the electrolyte is referred to as the exchange current density (j0) which is 
normalized to unit area.55 

From theory, the exchange current density for both the anodic and cathodic reactions can be 
described through the Butler-Volmer equation  

j = j0 {exp(- (R-1 T-1))  – exp((1- )(F (R-1 T-1))   (Eq. 16)55 

where j0 = exchange current density (A·cm-2  = charge transfer coefficient, F = Faraday’s 
constant (96485 C·mol-1), R = ideal gas constant (8.314 J·K-1·mol-1), T = absolute temperature 

 = overpotential (V) 

From the first term in (Eq. 16) t
estimated through the Tafel equation   

 =  R  T  (a-1  F-1))  log (j  j0
-1)   (Eq. 17)55 

The driving force required to begin the reaction, referred to as overpotential, is where the current 
at equilibrium starts an exponential increase referred to as polarization region. The slope of the 

-2) from (Eq. 17) gives the Tafel value 
(mV dec-1) that estimates the overpotential that is required to increase the reaction rate by a 
factor ten. In a multi-electron step, such as in the case of water oxidation, the Tafel slope value 
will be dependent on the kinetic rate-determining electron transfer step. Thus the use of Tafel 
plots are helpful but should be used with an understanding of the complexity in interpretation 
of a multi-electron transfer reaction.55, 56  

 

1.9.5 Mass transport diffusion and electrode morphology 

The initial concentration of adsorbed reactants at the electrode surface before the onset of the 
reaction will decrease upon start of reaction and further decrease with higher current density 
because at a certain point the transport of species via diffusion through the double layer will be 
kinetically limiting. The transport rate is strongly dependent on the concentration in the 
electrolyte, the thickness of the layer that decrease with increasing ionic strength in the solution 
and the potential which drives ionic movement. Optimization of the electrode surface in micro- 
to nanoscale can facilitate the gas release and thus result in a better overall gas evolution 
performance.57 Exfoliation of oxyhydroxides generating layered double hydroxide (LDH) 
nanosheets with a hierarchical structure coating of the electrode constitute a change in 
morphology. This leads to an increased active surface area improving the gas release.58, 59  
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1.9.6 Catalysis: homogeneous- or heterogeneous catalysis, or in 
between? 

The definition of homogeneous catalysis is that the reactants and the catalyst should be in the 
same aggregation state; this has further developed to the criterion that it should have only a 
single active site.60 The other alternative is that the catalyst and the reacting species are in 
different aggregation states e.g. reactions in liquid state that involve solid phase catalyst 
particles with multiple active sites are defined as heterogeneous catalysis.61  

The properties of homogenous and heterogeneous catalysts differ in selectivity, stability in 
reaction, duration over time and ability to be re-activated. The solution, or the electrolyte in the 
case of electrocatalysis, plays a role in the interaction with the catalyst and formation of 
complexes or precipitates depending on the pH, type of chemical species in the electrolyte and 
concentration. There are different ways to approach the analysis of the catalysts depending on 
if catalysis takes place in reducing or oxidizing environment; in a reducing environment such 
as the case for the hydrogen evolution reaction, solid metals are often stable over time whereas 
metal complexes, often based on a transition metal, may be reduced to small solid metal 
particles or films that are the active catalyst. This has shown often to be the case; it is then better 
to see the metal complex as a precursor, or precatalyst, where from the true catalyst forms in 
situ. In an oxidative environment such as in the case for the oxygen evolution reaction, 
organometallic complexes tend to form oxides in the same way as dissolved metal ions follow, 
the metal oxides may also coarsen with time. Thus it may be concluded that nanoclusters, 
nanoparticles or colloids with multiple active sites that are in solution and undergo Brownian 
motion should be referred to as a soluble heterogeneous catalyst (SHC).61  

 

1.9.7 Catalysis in a reducing environment 

In a reducing environment there are a number of tests and characterization methods that have 
been suggested to understand if the first compound is the true catalyst or rather a precatalyst. 
When using catalysts based on molecular complexes for reactions taking place in solution the 
appearance of an initial induction period (also referred to as a lag phase) lead to a sigmoidal 
kinetic curve indicates formation of an active catalytic species. Kinetic studies of the lag time 
can be useful to conclude the nature of the active species. Furthermore, a series of centrifuging 
experiments may separate the precatalyst and active SHC from the solution and serve as an 
indication of the size of the active cluster.61 The true catalyst exist during in operando 
conditions, thus characterization should ideally be done in situ. Metallic precipitates or solid 
particles as well as SOC’s may be characterized in situ by techniques such as dynamic light 
scattering (DLS), UV-VIS-IR spectroscopy, X-ray adsorption fine structure (XAFS) 
spectroscopy or X-ray adsorption near-edge structure (XANES) spectroscopy. Techniques 
where the sample prior to analysis needs to be taken out from its reaction environment and then 
evaporated can be referred to as post-mortem techniques. Even though the techniques are 
precise and sensitive, the species investigated are most likely not the same as in situ, thus post-
mortem techniques can be misleading if not carefully interpreted. Useful post mortem 
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techniques are optical microscopy, scanning electron microscopy (SEM) with energy dispersive 
spectroscopy (EDS), transmission electron microscopy (TEM), atomic force microscopy 
(AFM), X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). In 
addition, the techniques mentioned above suitable for in situ characterization can as well be 
used for post-mortem characterization. In the case of electrocatalysis, the reduction potential is 
on the electrode surface, at which the active catalyst is adhered. In situ characterization of 
electrode surfaces may be more demanding because a possible contribution from the electrode 
bulk that makes interpretation of data too complex. If the data generated from the electrode bulk 
can be clearly distinguished from the thin active layer, the electrode offers a good sample point. 
Even if electrode surfaces are a convenient way of producing a sample, the usefulness of such 
surfaces is conditioned so that the post mortem characterization can be correctly interpreted in 
the lack of applied potential and electrolyte that would affect the essential properties of the 
target species.57, 62   

  

1.9.8 Catalysis in an oxidizing environment 

Water oxidation catalysts (WOC’s) can be divided into three main categories; (1) homogenous 
catalysts often having a metal center being the active site, surrounded by ligands that in most 
cases requires a buffer solution for the reaction stability, (2) heterogeneous catalysts that 
commonly are metal oxide (MOx) particles based on rare-earth metals as well as transition 
metals and (3) metallic surfaces that are either clean or made with an active coating. 
Homogeneous catalysts (1) can be coupled to photosensitizes via controlled coupling of ligands. 
Because the mononuclear (or sometimes dinuclear) metal center is part of the catalyst in 
solution, the mechanism can better be studied in solute for example via nuclear magnetic 
resonance (NMR) or other techniques previously mentioned in 1.9.7 suitable for in situ 
characterization. Small modifications of the ligands can result in important changes in the 
catalytic mechanism so that the catalytic properties are tuned. In highly oxidative environments, 
formation of a metal oxide is an alternative reaction and the fact that such a metal oxide can be 
highly catalytically active raises the question if the most efficient catalyst is the metal oxide or 
the original organometal complex. In recent years research involving catalysts containing metal 
centers of e.g. Ru, Ir, Mn, Fe or Co surrounded by organic ligands in coupled photosensitizer 
systems such as (Ru(bpy)3)2+ coupled with peroxodisulfate S2O8

2- as a terminal electron 
acceptor has gained attention.63, 64 The results may be presented with kinetic results showing 
impressive turnover number (TN) or turnover frequency (TOF) under a relatively short time 
period. The complexes are thus regarded as stable and the formation of MOx may be neglected 
or vaguely investigated and thus the analysis of how large the contribution is from MOx to the 
measured activity is insufficient.62 Small amounts of CO or CO2 released during the oxidation 
reaction, as well as dissolved carbon species, may very well be caused by decomposition of 
such metal-organic catalysts.62 Investigations of the contribution of MOx have shown that the 
heterogeneous catalyst can be present in such small fractions that it is difficult to detect; yet 
abundant enough to account for the observed catalytic activity. Therefore, to fully understand 
the function and efficiency in a new system or a new catalyst, a proper characterization is 
essential. 
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Transition metal oxides have been widely studied in the search for Earth-abundant catalysts. 
The catalysts in category (2) are readily integrated with conductive agents such as carbon and 
a polymer binder and applied with a conductive backbone for use as electrodes. In general first 
row transition metal oxides for instance Fe, Mn, Co, and Ni 39, 65-77 further developed into the 
concept of polyoxymetalates 78-80 and advanced research on hydroxides 81, 82 have gained 
attraction and been identified as active catalysts. These catalysts are much more difficult to tune 
and couple to photosensitizers, but function well as bulk catalysts in solution as well as in 
electrocatalysis. Investigations of MOx catalyst materials propose that in the cases where the 
precatalyst materials are metal oxides it is in fact metal hydroxide in the form of an 
oxyhydroxide that constitute the active site.39, 83-87 Characterization may be difficult because 
the active surface layer is very thin relative to the particle bulk thus data output often reflects 
the bulk rather than the active surface. Nocera and Kanan have drawn attention to their work as 
they have reinvestigated water oxidation electrocatalysis starting with Co2+ as precatalyst in 
neutral phosphate and borate buffer solution.38, 88-93 Upon an applied potential of ~1.3 VNHE 

bubbles form at the anode that may be a conductive surface such as glass coated with fluorine 
tin oxide (FTO), indium tin oxide (ITO) or glassy carbon. The dark deposits on the electrode 
surface have been thoroughly investigated with X-ray diffraction, EXAFS, TEM, SEM, XPS 
and catalytic performance has been tested in absence of Co2+ ions after first having deposited a 
thin film. The investigations led to the conclusion that an amorphous Co-oxide film forms on 
the electrode surface when CoII oxidize to CoIII, that precipitates in the presence of phosphate 
ions. During the oxidation cycle CoIV-oxo species are formed that take part in the catalytic 
reaction with water during the oxidative transfer of four electrons resulting in O2 evolution. The 
conclusion that it is Co-oxide that is the active catalyst and not Co2+ is important as well that 
the active film layer is of amorphous character. Phosphate ions act as proton acceptors, besides 
re-integrating CoII into the film from leached CoIII species as formed during the oxidative 
catalytic cycle. The active Co-oxide catalyst is formed in the pH range 3-14 and Co2+ ions act 
as homogeneous catalyst below pH 3 that split water in a two electron step via H2O2 
intermediates that undergo disproportionation to evolve molecular O2.39 These studies show 
that it is of major importance in each situation to make a systematic and thorough 
characterization of the system to accurately understand if it is homogeneous, heterogeneous or 
SHC’s that are the true catalysts, as well as how the system functions as a whole. Catalysts in 
category (3) (clean metallic surfaces or with an active coating), are used as electrodes directly 
and offer the same types of challenges in characterization of surfaces as described in section 
1.9.1.2. In general the metal surface is oxidized with an oxide-hydroxide layer in the 
catalytically active layer that with time may grow too thick and thus pacify the surface and 
consequently increase the potential due to increased ohmic resistance and reduced mass 
transport.   
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1.10 Compounds investigated for catalysis in this thesis 

In research aimed at developing techniques that can utilize available energy with better 
efficiency, basic research plays a role in primary studies in contrast to research in technical- or 
material improvements that often is conducted by the leading companies in the field. Evaluating 
new materials that bear potential for catalysis of water splitting is interesting in fundamental 
research projects.  

New compounds that have been investigated and included in this thesis are:  

 

Cobalt-nickel-manganese oxofluorides 

Co3Sb4O6F6 

(Co0.75Ni0.25)3Sb4O6F6  

(Co0.50Ni0.50)3Sb4O6F6  

 (Co0.25Ni0.75)3Sb4O6F6  

Ni3Sb4O6F6 

(Co0.86Mn0.14)3Sb4O6F6 

 

Cobalt oxochlorides 

Co3Se4O10Cl2 

Co4Se3O9Cl2 

Co5Se4O12Cl2 

 

Cobalt antimony oxide 

CoSbO4/CoSb2O6 

 

Ruddlesden-Popper phase compounds 

Sr2.8Pr0.2Fe1.25Ni0.75O5.73  

Sr2.8Pr0.2Fe1.25Ni0.75O6.73 
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In addition to new compounds also previously described compounds have been used as 
reference compounds. Some of these compounds are well known catalysts for water splitting 
that serve as reference in efficiency (*) and other contain the same active metal but in a different 
structure with higher solubility than the novel compound thus served as an indicator of 
homogeneous catalysis (**). The reference compounds used are: 

 

Cobalt based compounds 

CoO* 

Co3O4* 

Co3(PO4)2*/** 

CoCl2** 

CoF2** 

Co(NO3)2** 

 

Manganese, nickel and iron based compounds 

La0.1Ca0.9MnO3*perovskite  

Nickel metal* 

Nickel-iron hydroxide* 

Stainless steel 11R51/SS2331/1.43107*  
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1.11 The aim of this thesis 

This thesis aims at contributing to the understanding of water splitting by heterogeneous 
catalysis, with the purpose to benefit sustainable hydrogen production. Water, splitted into 
hydrogen and oxygen, can readily be combusted again forming water leaving the materials in 
balance. Energy is consumed and regained in the water - hydrogen - oxygen cycle, but with 
significant loss of energy as heat. The motivation of this study is to contribute to better energy 
efficiency in electrochemical water splitting with the ultimate goal to utilize renewable energy 
sources.  

The thesis is divided into three main parts.  

The introduction chapter presents a deeper motivation and the work is put in a historical 
perspective. The theory behind water splitting is presented and the catalytic materials studied 
are listed.  

The experimental chapter aims at explaining how the electrodes were prepared and the function 
of the different analytical cells; both electrochemical cells and cells for chemical water 
oxidation.  

The results and discussion chapter present and discuss the results in a broader perspective 
compared to the respective Papers I-V. The goal is to draw further conclusions from the joint 
basis of results offered by the five papers together.   
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2. Experimental 
 
 
 
 
The experimental setups presented below have been beneficial for the publications included in 
this thesis. 

 

2.1 Design and construction of reaction cells for analysis of catalysis 

2.1.1 Electrolyzer cell for real time faradaic efficiency of AE or PEM 
electrolysis 

An appropriate electrochemical cell was built with capability to evaluate catalyst materials in a 
scaled-up device representing an intermediate step between a simple lab scale set up and a 
commercial electrolyzer, as described in sections 1.7.1 and 1.7.2. The cell has capacity for both 
AE and PEM electrolysis.  

The aim with the experimental work using the cell was to be able to analyze and quantify the 
two reactions (R. 2) and (R. 3) simultaneously, powered by electrical force, and including the 
energy losses that take place in alkaline electrolyzers as described in section 1.9.4 (Eq. 11) 
leading to the overvoltage originating from a, c, el hw. This requires a cell that enables 
a cathode and an anode connected in a 3-way set up via a reference electrode, powered by a 
potentiostat, and analysis of gaseous products by mass spectroscopy to accurately detect the 
gases evolved. A problem with gaseous products is accumulation both in the aqueous electrolyte 
and the overlying headspace, which means that only the accumulated amounts of products can 
be correlated with the accumulated current passed. To enable quantification of gases in real 
time, any accumulation in the reaction chamber overhead space must be minimized to the level 
where it can be neglected. This can be done by minimizing the dead volumes and carry out 
purging with a carrier gas at such a high flow rate that the gaseous compounds cannot retain in 
the reaction chamber long enough time to accumulate. Further, the cell should be constructed 
to allow electrodes and membranes to be fitted in a way so that zero gap between electrodes 
and membrane can be achieved if desired. The same principle is necessary when performing 
PEM electrolysis so that the membrane-electrode assembly (MEA) can be pressed and mounted 
correctly. The reaction chamber must be able to space normal sized temperature probe, inlet 
reference electrodes as well as option for auxiliary probes such as pH and conductivity as well 
as holes to allow withdrawal of samples from the electrolyte for further analysis. This resulted 
in two identical 16 mm thick frames of 316 stainless steel with an overhead space of 13 ml that 
squeeze the membrane and electrode at a maximum geometric area of 11.7 cm2 containing 35 
ml of electrolyte, alternatively a 48 ml dry chamber if PEM electrolysis is performed. Gaskets 
were made from EPDM rubber and the outside of the chambers were fitted with a glass window 
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so that the reactions can be monitored visually. A schematic configuration is seen in Figure 5 
and the cell is depicted in Figures 6-10. The cell was used in Paper I for alkaline electrolysis 
where it is further presented. 

 

 

Figure 5 Cross section of the electrolyzer constructed for real time faradaic efficiency 
measurements to analyze electrochemical water splitting in operando. (a) The two half cells 
projected from the front. (b) Gaskets, electrodes and membrane as mounted from side 
projection. WE = working electrode, CE = counter electrode and RE = reference electrode. 
Figure and caption origin: Scheme 1, Paper I. Reproduced by permission of Wiley. 
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Figure 6 The two identical cell chambers made of 316L stainless steel enabling a headspace 
above the electrolyte and membrane when positioned in between the halves. Inlet/outlet holes 
of different sizes allows for probes or tubes to be fitted with an appropriate O-ring or rubber 
plug.  

 

Figure 7 The cell assembly showing (a) flowmeter and (b) temperature probe connected to 
respective data loggers, (c) glass pressure steel frames, glasses and gaskets, (d) insulated bolts, 
(e) cell chamber halves and cell gaskets, (f) inlet pipes, (g) outlet pipes with T-junction to mass 
spectrometer and (h) electrodes of stainless steel cut at maximum size exposing 11.7 cm2 in the 
chamber.  
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Figure 8  (a) Mass spectrometer at the left connected to the exhaust pipe and the 
electrolyzer below. (b) The gas outlet pipes joined to a common exhaust pipe in the foreground. 
The thin inlet carrier gas pipes in the background. Anode and cathode connected at bottom of 
the cell (red and blue clip). 

 

In order to quantify gaseous products a reference standard must be used. There are two main 
ways to produce such a standard; either with known evolution of gases according to an 
established reaction offering small errors, or with an external supply of gases that can be 
quantified into an accurate standard curve. There are pros and cons with the different methods. 
One principle in analysis is that the standard should be treated in the same way as the sample 
so that errors originating from differences between the standard and sample can be neglected. 
With this principle in mind, it would be beneficial to generate gases with known reactions so 

 specific 
purging rate is accounted for. This method was used in Paper I (where more details are given) 
by evolving H2 and O2 products from well-known electrode reactions assuming 100% Faradic 
efficiency. A problem would be if gases aimed for quantification cannot be produced, for 
example if using the method described in Paper 1 to evolve H2 and O2 and in addition one would 
like to quantify CO2 from suspected side reactions originating from carbon containing materials 
in the cell. In such a case, an option would be to instead use gases of known concentration 
injected in the chambers to plot a standard curve. It can be difficult to obtain gases in different 
concentrations with acceptable tolerance that can be used for quantification. It is, however, 
possible to order ready or custom made calibration gases from gas companies, usually at a 
significant cost.  
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Figure 9  (a) Inlet carrier gas pipes (red arrows) and exhaust gas pipes (white arrows) with 
the sampling point of gases for mass spectrometry (blue arrow). (b) The reference electrode 
connected (white clip) at the top of the cell and placed in proximity of the electrode, visualized 
through the inspection glass window during analysis.  
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Figure 10  (a) Electrolysis showing the oxidation reaction chamber with oxygen bubbles 
adhered to the stainless steel electrode. The inlet carrier gas pipe was released 5 mm from the 
bottom, the reference electrode seen in the right corner was 3 mm from the electrode and in the 
upper left corner the outlet gas pipe is visible. (b) Electrolysis showing the reduction reaction 
chamber with hydrogen bubbles adhered to the stainless steel electrode. Identical to the opposite 
chamber, the inlet carrier gas pipe was released 5 mm from the bottom, the temperature probe 
is seen to the left from the electrode and in the upper right corner the outlet gas pipe is visible. 
Note the typically smaller bubbles of hydrogen than oxygen and that the electrolyte in the 
reduction chamber (b) appears less transparent due to the high concentration of small bubbles.  

 

2.1.2 Large size closed quartz glass cell for light reactions and 
electrocatalysis 

A large size cell with multiple connectors in- and outlets was constructed to properly fit 
electrodes made both for electrochemical water splitting and for light biased electrocatalysis, 
thus the cell has two glass beakers; one of borosilicate glass and one of quarts glass, for the 
latter see Figure 11. Gas quantification can be made with the same principle and set up as 
described in section 2.1.1. The cell was used to confirm faradaic efficiency in Paper III. This 
was done by relating accumulated gaseous products with accumulated current passed, see 
Figure 8 in Paper III. The gas quantification was made against a calibration curve using known 
amounts of H2 and O2 gases, see Figure S1 in Paper III. 
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Figure 11  The 440 cm2 reaction cell with 6 mm thick quartz glass for light reactions enabled 
between light vacuum to slight overpressure. The insulated bushings allows for use of 
electrodes, an FTO glass electrode backbone drop casted with hollow sphere TiO2 containing 
noble metal nanoparticles is seen on the red clip. Counter electrode is a Pt-mesh. The cell was 
used for experiments presented in Paper III. 
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2.1.3 Medium size cell for both chemical oxidation and electrocatalysis  

A flexible cell of medium size was constructed to fulfill the purpose of both chemical oxidation 
and electrocatalysis. The top and bottom lids are joined by interchangeable transparent tubes of 
two sizes. The top lid has interchangeable screw connectors of either metal for oxidation 
experiments allowing for pressure change, see Figure 12, or PTFE plastic for insulation of 
electrode leads, see Figure 13. Analysis can be made in a carrier gas flow outlet or pre-purging 
followed by analysis of accumulated gases as described in section 2.1.1  The medium sized 
flexible cell was used in trial experiments preceding the experiments made with the larger cell 
described in section 2.1.2 used for getting results published in Paper III.  

 

 

Figure 12  A medium size pressure tight cell (a) mounted with a short cell tube, metal 
connectors and connected to the vacuum line (b) prior to analysis with a mass spectrometer. In 
the foreground the alternative long cell tube (c) for the cell is shown.  
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Figure 13  The same cell top and bottom plates as in Figure 12 mounted with the long cell 
tube. On the left seen with insulated PTFE fittings (Swagelok) connecting the electrodes. The 
working electrode is mounted with SPS sintered Co2O3. The cell has two chambers as the 
counter electrode is surrounded with a glass and a sintered glass frit (P4) at the bottom. Gas 
connectors at the top enable purging, or flowing, the cell with carrier gas or connecting it to a 
mass spectrometer. To the right the same cell assembly is connected to a potentiostat and a mass 
spectrometer vacuum line with preheating via water flow and insulation. The cell is submerged 
in water to maintain isothermal conditions. The vacuum line and mass spectrometer are 
described in Paper IV.  
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2.1.4 Small volume reaction cells for chemical oxidation 

Catalyst materials are sometimes obtained in small quantities and it is thus necessary to carry 
out experiments by using small amounts of chemicals; especially when elements with high 
toxicity are used. For example the chemical oxidant Ru(bpy)3(PF6)3 is expensive, toxic and 
unstable during longer periods of storage. Reactions with small quantities of chemical oxidant 
or catalyst, alternatively low electrical current, may thus evolve small quantities of gaseous 
products. By decreasing the reaction cell volume the relative concentration raises which enables 
detection. From another perspective, it is desired to make the experimental routine efficient, 
minimizing time spent on cleaning, weighing and analysis. Thus a series of small volume 
reaction vessels (Figure 14-17) was constructed using disposable standardized glass vials, test 
tubes or containers with the standardized GL45 thread. An oxygen probe (FOXY-R and 
FOSPOR, Ocean Optics) were introduced filling the purpose of quick indication of oxygen 
evolution during preliminary oxidation experiments. This setup contributed to the selection of 
experiments that were published with mass spectrometry in Papers I-III. 

 

 

Figure 14 The glass tube system composed of the quick holder (a) for disposable standard 
test tubes (b) that can mount to the vacuum line (c). A quartz test tube (b) allows for light 
reaction experiments. The test tube system was used in Paper IV and presented in detail in 
Paper IV pages S5-S10 and in Figures S1-S4. 
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Figure 15  The set-up involving a quartz test tube in Figure 14d evaluated during intense 
illumination using a 300 W Xe lamp (Newport). The tube is seen connected to the vacuum line 
and mass spectrometer during reaction chamber pressure of 10.3 mbar. 
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Figure 16 Two single cells made for water oxidation experiments using a chemical electron 
acceptor, such as Ru(bpy)3

3+ or Ce4+. The smallest cell (left) is a standard vial 2 ml in volume 
and attached to the socket with an air tight septum. The cell is flowed with carrier gas and the 
detection of oxygen is made in the exhaust T-junction sampling point, using an oxygen detector 
or mass spectrometer. The cell to the right has a stainless steel lid constructed with multiple 
inlets/outlets and lathed into a standard GL45 plastic screw lid (blue), thus the reaction chamber 
can be of any size using a standard borosilicate glass bottle that fits the lid. The coned glass cell 
depicted is custom made allowing for a few ml of solution up to 25 ml. This cell can measure 
accumulated products with a mild overpressure or with carrier gas flow as described for the left 
cell. An oxygen probe (FOXY-R, Ocean Optics) for accumulated gas analysis is mounted in 
the picture and seen as the red probe inserted on the right cell. 
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2.1.5 Electrode holder and pump for flowing electrolyte 

To evaluate the influence of rapid gas release and possible gas pocket layer in the needle 
shaped morphology of CoSbO4/CoSb2O6 presented in Paper II a tube with an electrode 
support for the carbon paper based electrode was constructed and mounted on a pump, see 
Figure 18. As a result the electrolyte was allowed to flow with strong force across the fibrous 
and easily permeable carbon paper.  

 

 

Figure 18 Mounting of carbon paper based electrode on a pump to investigate the 
influence of electrolyte flow across the fibrous electrode. The setup is used in Paper II for the 
direct synthesized CoSbO4/CoSb2O6 on carbon paper.  
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2.2 Characterization using microscopy  

Optical microscopy (OM) has been a useful technique to quickly evaluate morphology and 
coloration of samples from 2-1000 times magnification using microscopes from Leitz, Nikon 
and Olympus. Scanning electron microscopy (SEM) have widely been used for characterization 
of morphology and elemental composition by employing energy dispersive spectroscopy 
(EDS). The microscope primarily used was JEOL JSM-7000F and the EDS equipment from 
Oxford Instruments. Sample preparation for SEM included cross section polishing using a 
JEOL SM 09010. Further details in experimental set-up is presented in Paper II-IV. 

 

2.3 Characterization using spectroscopy  

Spectroscopical methods includes EDS which is mentioned in section 2.2 and synchrotron 
EXAFS/XANES, in the latter case the author has prepared samples and in situ setup of samples 
in a electrochemical cell and potentiostat (see Paper III) but the author has not calculated or 
evaluated EXAFS/XANES data, therefore this method will not be further described. 

 

2.4 Characterization using diffraction 

New compounds evaluated as catalysts were characterized by Powder X-ray diffraction 
(PXRD) performed with a Panalytical X’Pert PRO MPD diffractometer and data handling in 
the manufacturer’s software HighScore Plus version 3.0. 

  

2.5 Electrochemical characterization  

Electrocatalysis was evaluated by using a potentiostat from BioLogic® model SP-50 in either 
3-way set up using a working electrode, counter electrode and the potential measured in 
reference to a reference electrode composed by Ag/AgCl, or in a 2-way set-up using a working 
electrode and the cell potential measured in reference to the counter electrode. The Ag/AgCl 
electrode was filled with 3.0 mol dm-3 NaCl resulting in a potential offset of +0.209 V versus 
standard hydrogen electrode (SHE). The manufacture’s software EC-lab version 10.4 was 
subsequently employed for controlling the potentiostat. Techniques used include linear scan 
voltammetry (LSV), cyclic voltammetry (CV), controlled potential chronoamperometry (CA), 
controlled current chronopotentiometry (CP) and ohmic drop in the electrolyte determined via 
current interrupt (CI). Electrolytes have included KOH, H2SO4, Na2SO4, NaCl and phosphate 
buffer in various concentrations. See Paper I-IV for experimental details in the respective 
setups.  
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2.6 Characterization of mechanical properties 

The compound Co3Sb4O6F6 that showed good catalytic properties was noticeable brittle and 
hard to handle thus the mechanical properties were of interest to investigate. A suitable 
characterization method to yield relevant information was the Vickers indentation test. A 
ZwickRoell indenter model ZHV30 that can handle low loads was used on polished crystals 
that were molded in epoxy. A load of HV0.1 kgf was applied with a dwell time of 10 s, see 
Paper IV for further experimental details.    

 

2.7 Characterization of surface area  

Specific surface area of powdered crystals was calculated with the Brunauer-Emmet-Teller 
(BET) method from obtained isotherms using a Micromeritics ASAP 2020 and included 
software. The nitrogen adsorption isotherms were obtained at 77 K after degassing in dynamic 
vacuum at 120-150 °C. For further details see Papers I, IV and V. Another method of estimating 
surface area is to investigate the electrochemically active surface (ECAS) area by plotting the 
potential scan speed against the capacitive current in the non-faradaic region.  Further details 
of the experimental set up using ECAS is presented in Paper I-III. 

 

2.8 Synthesis 

Synthesis of materials was made and based on a previously published recipe for the 
oxofluorides (Co,Ni,Mn)3Sb4O6F6.94 Synthesis was made with two main aims: 1) more material 
was needed in the experiments and 2) exploration of the solid solution system to incorporate 
earth abundant elements with lower toxicity than the original Co and Ni compounds. To obtain 
more materials experiments with up-scaling of materials synthesis were made, see Figure 19. 
The up-scaling was made with proportional increase of ingoing components and resulted in at 
most 9 g ready materials in one batch, to compare with the original 300 mg. The yield of 
materials remained with 80% in both cases. Noticeable was that crystals grew larger in the large 
hydrothermal reaction container. Exploration of the solid solution system resulted in synthesis 
with incorporated Fe and Mn in low concentrations in proportion to the Co and Ni metals, see 
Table 1 and Figure 20. 
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Figure 19 Hydrothermal reaction vessels for upscaling, showing obtained crystals of 
Co3Sb4O6F6 of (a) 300 mg, (b) 3 g and (c) 9 g in relation to (d) 3 g of Ni3Sb4O6F6 used in 
Paper II. 

  



38 
 

Table 1 Metal starting compositions in synthesis of novel compounds within the solid 
solution Me3Sb4O6F6, where Me = metal atom, according to the obtained crystals depicted (a-f) 
in Figure 20. 

Compund Fe (%) Mn (%) Ni (%) Co (%) 
a 5 5 90  
b 10  90  
c  50 50  
d  10 90  
e  25 75  
f  20  80 

 

 

 

Figure 20 Crystalline materials obtained from the starting components listed (a-f) in Table 1. 
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2.9 Preparation of catalyst materials  

Metal sheets, carbon paper based electrodes and membranes were readily cut to precise 
geometric areas as shown in Figure 21. For chemical oxidation experiments the as obtained 
crystals was simply used as obtained or most often ground to a fine powder, see Papers IV 
and V. However for the electrocatalytic experiments the preparation involved several steps; in 
general the as obtained crystals were ground to a fine powder, mixed with polyvinylidene 
difluoride (PVDF) as binder, carbon black particles (C-65) and n-methyl-2-pyrrolidone (NMP) 
to desired viscosity and subsequently applied as a thin film with 180 μm thickness using one of 
the two film applicators shown in Figure 22. This method was used in Paper I and III. A 
qualitative method of electrode preparation intended for a primary test of a compound for 
electrocatalytic performance was used in Paper IV when a carbon cloth was dip-casted in a 
powder-PVDF-C65-NMP dye. As an alternative to an electroconductive backbone made of 
carbon, fluorine doped tin oxide (FTO) and indium tin oxide (ITO) glasses were investigated. 
The catalytic powders used were significantly more difficult to apply in controlled and 
homogeneously distributed quantities on the planar glass ITO or FTO surface. The glasses 
showed better suitability of drop-casting of materials for light induced reactions. To achieve 
better adhesive properties and charge transfer between FTO surface and the catalytic powder, 
direct synthesis of materials onto the FTO glass was desired, thus first investigated at which 
temperature the conductive FTO layer decompose resulting in elevated resistance, see Figure 
23. It was found that the FTO oxidized above 670°C consequently increased the conductive 
layer ohmic resistance. Instead, direct synthesis of the compounds within the solid solution 
Me3Sb4O6F6 and CoSbO4/CoSb2O6 on to the carbon paper worked well, see Figure 23 and Paper 
II. Exploration of new materials as electrocatalysts included backbones made from nano-
cellullose fibers mixed with graphite nanotubes for conductivity and iron and cobalt oxide as 
catalysts, see Figure 24, and was investigated in collaboration with Salazar-Alvarez research 
group, Department of Materials and Environmental Chemistry, Stockholm University, who 
carried out the synthesis. Further exploration of metals involved spark plasma sintering (SPS) 
sintered Co2O3 and Co2O3/MnO2 onto cylindrical electrodes (see Figure 25) that were polished 
after sintering. Both the nano-cellullose fiber electrodes and SPS sintered Co/Mn oxide 
electrodes were found to have too high ohmic resistance in the electrode thus not further 
optimized. The insights gained on the importance of high electron conductivity were thus 
implemented in the Paper I where metal electrodes (see Figure 26) were introduced as a 
benchmark to composite electrodes.   
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Figure 23 Catalyst materials and conductive back bones (a) Hollow sphere TiO2 with low 
loading of noble metal particles mixed with PEDOT and PVDF applied as a thin film on carbon 
paper, (b) carbon cloth dip-casted in a dye of Co3Sb4O6F6 powder mixed with carbon black C-
65 and PVDF, (c) Co3Sb4O6F6 directly synthesized onto carbon paper, (d) Ni3Sb4O6F6 directly 
synthesized onto carbon paper, (e) CoSbO4/CoSb2O6 directly synthesized onto carbon paper, 
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Figure 24  Experimenting with nano sized cellulose as backbone binder mixed with carbon 
nano tubes for conductivity and various contents of Fe-oxide (reddish color) and Co-oxide (dark 
color) particles as electrocatalysts. The electrodes were investigated in cooperation with 
Salazar-Alvarez research group, Department of Materials and Environmental Chemistry, 
Stockholm University, who carried out the synthesis.  

 

 

Figure 25  SPS sintered materials for test as electrodes a) Co2O3 and b) Co2O3/MnO2.  
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Figure 26  Metal based electrodes; (a) solid Pt mesh, (b) stainless steel (AISI 316) mesh with 
thread Ø = 50μm and mesh width 80μm (DSL0230, Tidbecks), (c) stainless steel sheet (AISI 
316), (d) stainless steel sheet (SS 2331, 11R51, Sandvik),  (e) solid Ni sheet (Nilar), (f) Ni foam 
1.3 mm thick, density 0.038 g cm-2 (XINDA), (g) the same as (f) but pressed in the bottom part 
prior to fitting between gaskets in the electrochemical cell constructed for Paper I. 
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3. Results and Discussion 
 
 
 
 
Results from Papers I-V are presented and discussed in the following section. The description 
is made to motivate the conclusions drawn and to highlight the experimental difficulties 
experienced rather than to summarize the results from each paper, therefore this section should 
be read together with Papers I-V. 

 

3.1 Materials studied, preparation techniques and challenges 

3.1.1 Metallic compounds  

The materials studied as catalysts for water splitting can be divided into two main categories; 
(1) metallic compounds with good electrical conductivity and (2) metal oxides with low 
electrical conductivity. In the case of water oxidation using a chemical electron acceptor, 
electric conductivity is not a critical property. For electrocatalysts it is, however, critical that 
sufficient conductivity of electrons can be achieved from the active catalytic reaction site to the 
electrode conductive backbone which circuits the anode and cathode via an electrical network. 
From the aspect of conductivity, category (1) metals are superior to non-metallic compounds 
because the active catalyst shares the same base as the conductive backbone and thus conducts 
electrons from the catalytic reaction site to the electrical network with very little ohmic losses 

hw, as presented in section 1.9. Metals studied without surface modification 
are stainless steel and nickel that typically perform well with low operation potentials, see 
Table 1 in section 3.5.2, at high current densities. They represent the most robust electrodes.  

 

3.1.2 Metal oxides on metal backbones 

A transition between category (1) and (2) is metal electrode backbones that actively have been 
coated to yield a surface compound with catalytic properties. An example of this is the iron-
nickel hydroxide that was formed during electrodeposition in a solution of Ni(NO3)2 and 
Fe(NO3)3 with a molar ratio Ni:Fe of 1:1 (Paper I). The hydroxide layer itself possesses low 
electrical conductivity compared to metals. This can be seen as significantly higher ECAS in 
the Ni metal (44.9 mF cm-2) than the Ni-Fe hydroxide coated Ni metal (1.1 mF cm-2), see Table 
1. Yet the catalytic performance is better than the clean metal surface. By adding thin enough 
layers to gain a decrease in overvoltage via better catalysis, it is possible to compensate for the 
loss in increased ohmic resistance due to the lower conductivity in the hydroxide layer. The 
total benefit is thus achieved as a lower cell potential for the Ni-Fe hydroxide coated electrode 
couple (1.492 V) compared to the clean Ni metal electrode couple (1.550 V), see Table 1. 
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3.1.3 Metal oxides  

Excellent electrical conductivity is of importance for efficient electrocatalysis. Thus the 
compounds in category (2), metal oxides having low conductivity, can be questioned as 
electrocatalysts due to the significantly higher resistance in charge transfer compared to the 
metals in category (1). Indeed, means of improving the charge transfer must be taken with this 
kind of materials. It could be sputtering or electrodeposition of metals on a conductive backbone 
followed by oxidation or embedding a powdered metal oxide in a conducting surrounding of 
for example carbon powder or carbon nanotubes. The method used in Papers I, III and IV was 
to mix carbon black particles with a fine powder of catalyst metal oxide in order to conduct 
electric charges to the backbone made of carbon paper. This method works well for laboratory 
use, but from the perspective of conductivity and longevity one may question how well it works 
in comparison to metal based backbones with thin oxide / hydroxide surfaces.  

The metal oxides based compounds investigated with this preparation method for electrodes 
are Co3Sb4O6F6, (Co0.75Ni0.25)3Sb4O6F6, (Co0.50Ni0.50)3Sb4O6F6, (Co0.25Ni0.75)3Sb4O6F6, 
Ni3Sb4O6F6, (Co0.86Mn0.14)3Sb4O6F6, Sr2.8Pr0.2Fe1.25Ni0.75O5.73, Sr2.8Pr0.2Fe1.25Ni0.75O6.73, 
CoO/Co3O4, La0.1Ca0.9MnO3. The oxofluorides and oxides are merely insulators compared to 
metals, yet they show good electrocatalytic activity. Possibly, the conductivity of the crystal 
surface layer increases due to oxygen- or metal vacancies in the lattice and also redox cycling 
of surface metal atoms during catalysis can transfer charge. Nevertheless, the active catalytic 
sites must conduct electrons to the surrounding carbon and an interface must be passed again 
between carbon particles and finally from particles to the conductive carbon backbone. In the 
electrode matrix it is PVDF, an insulating compound, which bind together particles of carbon 
black and catalysts. An increase in the amount of PVDF will thus decrease the overall electric 
conductivity. During long operation time one can also expect carbon particles to move in the 
electrode matrix due to vivid gas evolution and electrostatic surface charges. The oxidative 
environment can cause C0 (carbon black) to oxidize and form carbon based compounds such as 
surface oxides, carbonates or carbon dioxide.95 A series of images presented in Figure S9-S12 
in Paper III illustrating electrodes with catalyst particles of Co3Sb4O6F6 and Co3O4 embedded 
in C-65 (carbon black) and PVDF matrix before and after electrolysis, clearly shows that 
electric charge must be conducted from catalyst particles across particle interfaces, see 
extracted image for Co3Sb4O6F6 in Figure 27. The Co3Sb4O6F6 compounds was tested as 1) 
powder in a composite electrode giving an overpotential of 340 mV and 2) directly synthesized 
crystals on conductive backbone without binder additives with an overpotential of 300 mV. The 
higher overpotential in the composite electrode may well reflect increased resistance in the 
electrode type of formulation. 

Measuring ohmic resistance using a multimeter with 1 cm distance directly on the carbon paper 
used in Paper I – IV results in 1.4 easuring on top of a composite electrode with C-65 
and PVDF without catalyst results in 2.1 -foil used in Paper I had a resistance of 
<0.1 
carbon based composite electrodes from the perspective that electrodes in practice should be 
used for many years and with high current density before replacement. However, from the  
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Figure 27 SEM of a Co3Sb4O6F6 electrode before electrolysis in SE mode (left) and COMPO 
mode (right). Figure and caption origin: Figure S9 in Paper III. Reproduced by permission of 
Royal Society of Chemistry. 

 

perspective of evaluating new materials for their catalytic capability the technique using carbon 
based electrodes that can be produced with good repeatability is suitable for relative 
comparisons and electrochemical characterization. 

 

3.1.4 Metal oxides directly synthesized on conductive backbone 
without additives 

Direct synthesis of metal oxides on a conductive backbone was made in an attempt to improve 
the contact between the catalyst compound and the backbone to decrease the ohmic resistance 
by decreasing the number of interfaces for the charge to pass and to make the electrode to have 
fewer components with overall better robustness. This resulted in that crystals of Co3Sb4O6F6 
and crystals of the newly found compound CoSbO4/CoSb2O6 were grown directly attached to 
the fibers of the carbon paper without use of any binder or carbon particle additives, see Figures 
28 and 29.  From polarization and chronopotentiometry plots it can be concluded that good 
electrical conductivity occurs between the catalytic crystals and the  
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Figure 28 Electrode made by direct synthesis of Co3Sb4O6F6 on carbon paper as conductive 
backbone seen before electrolysis. (a) Cross section showing Co3Sb4O6F6 crystals on a carbon 
fibre sheet. The larger crystals face upwards and the smaller face downwards after hydrothermal 
synthesis and in between are fibres of CoSbO4/CoSb2O6 present. (b) The downward surface 
with Co3Sb4O6F6 crystals growing directly on the carbon fibre and small amounts of 
CoSbO4/CoSb2O6 fibers. Figure and caption origin: Figure 1 in Paper II. Reproduced by 
permission of Wiley. 
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Figure 29 Electrode made by direct synthesis of CoSbO4/CoSb2O6 on carbon paper as 
conductive backbone, showing carbon fibres (a) covered with CoSbO4/CoSb2O6, (b) in higher 
magnification revealing the CoSbO4/CoSb2O6 needle shape. (c) Cross section of the electrode 
showing CoSbO4/CoSb2O6 growing all around the carbon fibres. (d) Cross section of a carbon 
fibre showing that the needles form a dense bulk close to the direct growth on the carbon fibre. 
(e) An individual needle with its crystal planes and (f) the corresponding Fourier transform 
pattern. Electrode B shows no morphological change after electrolysis. Figure and caption 
origin: Figure 2 in Paper II. Reproduced by permission of Royal Society of Chemistry. 
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conductive carbon fiber, see Figure 30; if not there would be a significant potential shift towards 
higher potential vs. current. The Co3Sb4O6F6 electrode was employed for 60 hours in operando 
conditions at j = 10 mA cm-2 and showed good electrical conductivity over the whole time 
period, see Figure 30. 

 

 

Figure 30 Polarization curves obtained with linear scan voltammetry at 2 mVs-1 showing 1st 
scan (a, b) and 20th scan (A, B) of electrode A and B, respectively (internal resistance 
compensated). Note the redox wave inferred for CoII  CoIII in (a) but not in (b). Insert shows 
ESCA for electrode A and B, where A exhibits a factor 8 larger Cdl (mF cm-2) than B. Figure 
and caption origin: Figure 4 in Paper II. Reproduced by permission of Wiley. 

 

3.2 Catalyst bulk material properties  

The material properties for new catalyst compounds are fundamental to determine, e.g. bulk 
properties such as crystal structure, hardness, corrosion resistance or interaction with electrolyte 
as well as the capability to catalyze the desired reactions. The structure of crystalline 
compounds can be readily investigated with diffraction techniques, methods that were practiced 
to establish the structure for CoSbO4/CoSb2O6 in Paper II by using PXRD and TEM-RED 
supported by the spectroscopic techniques EXAFS and SEM-EDS (Figure S2-S6, S15-S17, 
S22-S23, Table S1-S2 and S4-S5 in Paper II). Thermogravimetrical (TG) analysis of the 
CoSbO4/CoSb2O6 compound was conducted and the results show insignificant amount of water, 
see Figure 31.  
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Figure 31 TG data of an electrode with directly synthesized CoSbO4/CoSb2O6 on carbon 
paper showing loss of H2O at lower temperatures and loss of CO2 at higher temperatures. The 
carbon fiber sheet lost 0.2wt% H2O and electrode with CoSbO4/CoSb2O6 lost 1.2% H2O. It is 
likely that the compound covering the fibers can (i) delay heat transfer, (ii) hinder gas diffusion 
thus delaying oxidation of carbon and (iii) retain a larger amount of water than the clean and 
exposed carbon fibers. The carbon fiber sheet was hydrothermally treated in the same 
hydrological conditions as the electrode with CoSbO4/CoSb2O6. The initial weight of the carbon 
fiber sheet was 2.364 mg and the weight of electrode with CoSbO4/CoSb2O6 was 1.798 mg. 
Mass spectroscopy was used to analyze released gases. Figure and caption origin: Figure S1 in 
Paper II. Reproduced by permission of Wiley. 

 

A sample was taken from the TG after heating to 330°C and then analyzed with PXRD which 
confirms a preserved crystal structure (Figure S6 in Paper II). Mechanical bulk properties are 
interesting for practical handling of the compound when incorporating in composite electrodes 
and therefore the hardness was investigated on single crystals of Co3Sb4O6F6 (Table S2 in 
Paper IV). This resulted in conformation of brittleness and a hardness of 270 V0.2 that is 
comparable to the mineral fluorite. Further in analogy with fluorite, the Co3Sb4O6F6 was clearly 
having a fatty surface property (hydrophobic) discovered when handling the material during 
experiments. This is an interesting observation from the perspective that the material shows 
good catalysis in water oxidation. 
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3.2.1 Solubility and leaching of elements 

Leached elements from the bulk crystal into the electrolyte, even in a small fraction, may form 
catalytically active sites. In the case of chemical water oxidation, leached Co2+ can act as 
homogeneous catalysts or as SHC species. In electrocatalysis, metal ions may form an active 
film on the electrode or catalyst surface (see section 1.9.6-1.9.8). Interaction with- and effect of 
the solution, or electrolyte, can be investigated through comparative studies with related 
compounds having different solubility. The method was practiced in Papers IV and V using 
Ru(bpy)3

3+ as chemical oxidant. This resulted in that the compounds were ranked in order 
highest to lowest catalytic performance in phosphate buffer: CoO, Co-Se-oxochlorides and 
CoCl2 see Figure 32. In additional experiments the compounds Co3Sb4O6F6 and CoO/Co3O4 

were carefully compared and the performance was found to be best for Co3Sb4O6F6, see 
Figure 33.  

 

 

Figure 32 Evolution of oxygen from water oxidation using Ru(bpy)3
3+ as oxidant and the 

three cobalt oxohalides in comparison with CoO and CoCl2. The molar ratios were kept 
comparable: ~2.0 μmol oxidant and ~11.7 μmol Co per catalyst. Figure and caption origin: 
Figure 3 in Paper V. Reproduced by permission of Royal Society of Chemistry. 
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Figure 33 Evolution of oxygen from water oxidation using Ru(bpy)3
3+ as oxidant. 

Comparison of catalytic activity in between powders of Co3Sb4O6F6 and CoO.  TN values given 
in μmol O2 -1 Co[bulk] and TOF values given in μmol O2 -1 Co[bulk]  s-1. Figure and 
caption origin: Figure 7 in Paper IV. Reproduced by permission of Wiley. 

 

Supplementary experiments resulted in the performance ranking of the compounds 
Co3Sb4O6F6, Co3(PO4)2, CoF2 and Co(NO3)2 seen in Figures 34-35. From these studies it was 
possible to conclude that high solubility, such as for CoCl2, Co3(PO4)2, CoF2 and Co(NO3)2, 
leading to release of Co2+ was negative for catalysis whilst low solubility, such as for CoO, 
favored catalysis. It was also concluded that Co3Sb4O6F6 perform very well and were ranked as 
the best performer. Furthermore, the results showed that phosphate ions in the buffer improved 
catalysis compared to borate buffer. 
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Figure 34 Evolution of oxygen from water oxidation using Ru(bpy)3
3+ as oxidant in 

phosphate buffer respectively borate buffer after addition of oxidant using Co3Sb4O6F6 powder 
as catalyst. Co3Sb4O6F6 performs significantly better than Co3(PO4)2 powder. Phosphate buffer 
positively mediates catalysis. Figure and caption origin: Figure S6 in Paper IV. Reproduced by 
permission of Wiley. 

 

Another way of estimating the effect of the electrolyte is to let the catalyst material be in contact 
with a solution for a period of time followed by elemental analysis of the solution. This was 
done in Paper IV to determine leached elements. A contact time of 1 h between the Co3Sb4O6F6 
and 0.1 mol dm-3 pH = 6.1 phosphate buffer used in the chemical oxidation experiments 
followed by ICP analysis resulted in 0.033 at% Co and 0.036 at% Sb relative to the total amount 
of catalyst. A similar method was used in Paper II and III where the leached elements into the 
1 mol dm-3 KOH electrolyte were analyzed with ICP-MS. In Paper III the composite electrode 
containing powdered Co3Sb4O6F6 was analyzed after 64.5 h electrocatalysis resulting in 0.02 
at% Co. In Paper II Co3Sb4O6F6 and CoSbO4/CoSb2O6 directly synthesized onto carbon fibers 
were engaged in 60 h of electrocatalysis followed by analysis of leached elements resulting in 
<0.001 at% Co and ~0.02 at% Sb, respectively <0.001 at% for both Co and Sb. A concluding 
remark is that the Co3Sb4O6F6 have higher solubility in 0.1 mol dm-3 phosphate buffer than in 
1 mol dm3 KOH electrolyte, possibly because the low solubility product of Co3(PO4)2.  
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Figure 35 Evolution of oxygen from water oxidation using Ru(bpy)3
3+ as oxidant in 

phosphate buffer after addition of oxidant using CoF2 and Co(NO3)2 powder as catalyst, 
respectively. Co(NO3)2 is easily dissociated into free Co2+ ions and may form amorphous or 
crystalline Co3(PO4)2 precipitates (SHC’s) in the phosphate buffer. Both CoF2, Co(NO3)2 and 
its precipitates perform poorly in water oxidation catalysis. Figure and caption origin: Figure 
S7 in Paper IV. Reproduced by permission of Wiley. 

 

3.2.2 Morphology and phase changes 

Yet another method to investigate the effect of the electrolyte to catalyst material is by studying 
morphology changes of the catalyst surface using SEM, conveniently combined with elemental 
composition using EDS. In Paper II, morphology and elemental composition of Co3Sb4O6F6 
was investigated after placing in a series of electrolytes during 60h without applied potential; 
KOH in concentrations of 0.0001, 0.001, 0.01, 0.1, 1, 2 and 6 mol dm-3, phosphate buffer of 0.1 
mol dm-3 and pH = 6.1 and deionized H2O (Table S6 and Figure S24 in Paper II). Results from 
EDS showed that depletion of Co and Sb was evident in H2O and low concentrations of KOH 
in concordance with morphology changes such as formation of Sb2O3 fibers, and that F was 
depleted in high KOH concentrations with morphology changes such as formation of a dense 
crust. Least changes in elemental composition judged on the best resemblance of the original 
morphology was seen in the mid concentration range 0.01 to 1 mol dm-3 KOH and in phosphate 
buffer. An interesting reflection is that the change in morphology seen in SEM could also be 
investigated together with optical microscopy for visualization of color changes. Thus 
concluding that visual and elemental investigations of the interaction between the catalyst 
material and the solution, or electrolyte, before or after catalysis is important.  
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After extended contact time with the electrolyte the catalyst can also be investigated for phase 
changes. In Paper III Co3Sb4O6F6 crystals placed in 1 mol dm-3 KOH for 20 h were investigated 
by single crystal X-ray diffraction, showing no phase transition (Figure S4 in Paper III).  

 

3.3 The active surface layer of the catalytic material 

Whereas bulk properties are less of a secret as discussed in section 3.1, the properties of and 
how to characterize the active surface layer for a heterogeneous catalyst including SHC’s is 
widely debated and highly desired to understand (Paper III Appendix). Given that a crystalline 
compound has fixed atomic positions, a redox cycling in valence of e.g. a metal ion is hindered 
because of prohibited coordination changes. In addition, the interface between the solid-liquid 
phases involves a phase boundary which often is present as a thin oxide layer or hydroxide layer 
that often is amorphous. Thus the catalytically active phase that is present on the outermost 
surface is often referred to as the ‘true catalyst’ and it may be different from the bulk phase and 
herein lies the difficulties; (1) the active layer is very thin resulting in relatively few atoms that 
characterization can be based on, (2) the thickness- or volume ratio between the surface layer 
and the underlying bulk is very low and thus the bulk may dominate the obtained data, (3) the 
active layer is amorphous and thus not suitable for so many characterization methods and (4) 
the catalytically active phase is induced in operando and must also be characterized during in 
operando conditions in order to draw correct conclusions. Post mortem characterization allows 
only indirect conclusions.  

  

3.3.1 Local order and coordination in the active surface layer 

An attempt to characterize the local order of composition in the active surface layer during in 
operando conditions was made in Paper III; a composite electrode containing fine grained 
powder of Co1.5Ni1.5Sb4O6F6, carbon black spheres and PVDF on carbon paper was mounted in 
1 mm thin electrochemical cell with thin transparent Kapton plastic film containing the 
electrolyte and set up in the beam path for synchrotron X-ray analysis. Thus the only crystalline 
phase in the assembly was represented by bulk Co1.5Ni1.5Sb4O6F6 whilst the only amorphous 
phase containing Co and Ni was represented by the active catalytic layer surrounding each 
Co1.5Ni1.5Sb4O6F6 particle. EXAFS and EXANES of Co and Ni were conducted to evaluate the 
local coordination and valence with applied potential during in operando catalysis in 
comparison without applied potential. The results confirmed the previously known structural 
properties of the bulk crystal (Table S2-S3 in Paper III) and the persistence of the bulk structure 
throughout applied potential, but no data indicated to originate from the catalytically active 
layer because no change in valence or local coordination was seen when the potential was 
applied (Figure 11 and S2 in Paper III). Thus the attempt was in accordance with difficulty (2). 
If the volume ratio of active surface layer to bulk volume can be increased by e.g. finer particle 
size and induction of a thickening process in the active surface layer by long time pre-
electrolysis of the electrode, the possibility to obtain data from the active layer increase 
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considerably (Paper III Appendix). An interesting thought would be if it was possible to 
synthesize the active catalyst composition directly, without first using the pre-catalyst crystal 
bulk compound. A solution containing stoichiometric composition of the dissolved ions for the 
Co3Sb4O6F6 and an applied potential on carbon fiber backbone could perhaps form a similar 
active layer as without using the pre-catalyst compound, as discussed in Paper III Appendix. 
Such a layer would be easier to characterize since the bulk crystal would be absent.  

 

3.3.2 Characterization of the active surface using potentiometry 

Potentiometry is an in operando method to be used for characterization of surface redox 
chemistry and was used in Paper I-IV. The method records electron transfers of redox events at 
specific potentials taking place in the active catalyst amorphous layer. Polarization curves 
showing the first redox transitions when pushed away from equilibrium in a pristine electrode 
are presented in Figure 30 and in the insert of Figure 36 that shows redox waves deduced for 
CoII  CoIII. Having concluded that CoIII exist in the active surface of the Co3Sb4O6F6 crystal 
also means that the crystallinity must be spoilt from the original structure at the position where 
the redox active Co originates from. The same principle can be applied to the electrode 
containing La0.1Ca0.9MnO3 where a redox wave is proposed for oxidation of Mn, see Figure 37. 
Assuming that 1) the amorphous layer would grow thicker with time and 2) the layer becomes 
conductive due to metal- and oxygen vacancies and metal redox cycling; the ECAS which is 
investigated in the non-faradaic region would consequently increase over time because of 
greater exposure to the electrolyte with greater capacitance of the double layer charging. This 
is an investigation that has not yet been carried out. Such a relative measure could in theory 
also be investigated with electric impedance spectroscopy (EIS), however the practice of the 
EIS method was beyond the scope of the study of the amorphous layer due to complexity in 
interpretation of the obtained EIS data.  

Other methods that are sensitive to thin surfaces that would allow for characterization to be 
setup during in operando conditions are IR, Raman, UV or XPS spectroscopy, but in 
resemblance with EIS those techniques would require a relevant set up of the experiment by 
using a good reference relating the obtained data to. 

 

3.3.3 A wider discussion about the properties of the active surface layer 

After having carefully studied the Co3Sb4O6F6 and concluded that the compound exhibit good 
catalytic properties relative to CoO/Co3O4 (Figures 33, 36 and 38) and to the more easily 
dissolved Co compounds Co3(PO4)2, CoF2 and Co(NO3)2 (Figures 32, 34 and 35) a hypothesis 
that dissolved ions of Co2+ from the Co3Sb4O6F6, even in very low quantities, could enhance 
catalysis and alone explain the good performance can be discarded relying on the fact that 
Co3Sb4O6F6 perform better than both the CoO/Co3O4 having low solubility and the more easily 
dissolved Co compounds.  
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Figure 36 Polarization curves from preconditioned electrodes that have reached a stable 
state at a linear scan rate of 2 mV s-1. The upper inset shows the Tafel plots for the two most 
active phases. The lower inset shows redox waves deduced for CoII / CoIII, seen only at the 
very first scan on a pristine electrode. Compound legend: (CoxNi1-x)3Sb4O6F6 (x = 1, 0.75, 0.5, 
0.25, 0) and (CoyMn1-y)3Sb4O6F6 (y = 0.86). The electrolyte was 1 mol dm-3 KOH. Potentials 
were compensated for internal resistance. Figure and caption origin: Figure 2 in Paper III. 
Reproduced by permission of Royal Society of Chemistry. 

 

The question if Sb can play a role in catalysis was therefore raised and the following text is a 
quotation from the section “Mechanism” in Paper III:  

“When CoII oxidizes to CoIII or CoIV, it forms a stronger bond to oxygen in the bridge over to 
SbIII. This Sb–O bond may then weaken, allowing the coordination around SbIII to change. SbIII 
is flexible and can adopt both trigonal pyramidal coordination (three bonds), like in the present 
oxofluoride compounds, and see-saw coordination (four bonds). If a forth weak bond is formed 
from Sb to –OH2, it will lead to further weakening of the –Co–O–Sb–O– oxo-bridge, resulting 
in longer Sb–O bond distances. The weaker Sb–O bonds may be important for the dioxygen 
formation process, and hydroxide and intermediate oxygen species can thus be stabilized.” 
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Figure 37 The real time faradaic efficiency method applied on the perovskite 
La0.1Ca0.9MnO3 during oxidation and (WE) against Ni-foam (CE) for evaluation of water 
oxidation faradaic efficiency and possible side reactions. Figure and caption origin: Figure 3 in 
Paper I. Reproduced by permission of Wiley. 

 

This hypothesis motivate the use of EXAFS/XANES discussed in section 3.3.1 so that changes 
in the local coordination for both Co, Ni and Sb can be detected during in operando conditions, 
conditioned that an active layer could be investigated without interference from bulk crystals. 
Provided such a sample, schemes establishing the short range order and electronic properties of 
amorphous transition metal oxides have been developed.96 

The CoSbO4/CoSb2O6 compound investigated in Paper II contain SbV ions in the structure. The 
polarization curves presented in Figure 30 shows an overpotential at equilibrium that is 
significantly lower for Co3Sb4O6F6 than for CoSbO4/CoSb2O6, which could be an indirect 
indication that catalysis is better with presence of SbIII than with SbV. The coordination 
possibility of SbIII in three- or four coordination with oxygen is presented in Figure 39 and a 
hypothetical structure drawing of Co3Sb4O6F6 where Sb fits without any obvious structural 
hinder with surrounding atoms as seen in Figure 40. The crystal structure of Co3Sb4O6F6 is 
presented in Figure 41 showing the oxygen bridges [CoO2F4] octahedra and [Sb4O6] cages. 

In a relevant and interesting study made by Bergmann et al. (2015)97 in situ characterization of 
the active surface layer was made possible by the synthesis method. Thin films of spinel Co3O4  
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Figure 38  required at the current density j = 10 mA cm-2. Compound 
legend: (CoxNi1-x)3Sb4O6F6 (x = 1, 0.75, 0.5, 0.25, 0) and (CoyMn1-y)3Sb4O6F6 (y = 0.86). The 
electrolyte was 1 mol dm-3 KOH respectively 0.1 mol dm-3 phosphate buffer (P-buffer). Figure 
and caption origin: Figure 3 in Paper III. Reproduced by permission of Royal Society of 
Chemistry. 

 

was deposited on the electrode via spin coating of CoII2,4-pentanedionate-, acetic acid-, 
ethanol-, and water solution followed by calcination. The spinel Co3O4 thin film was then 
studied during in operando water oxidation with grazing incident X-ray diffraction, investigated 
during quasi in situ conditions with EXAFS after freeze quenching of samples at selected 
potentials and post mortem investigation with XPS and XANES of samples before and after 
electrolysis. It could be concluded that the onset of water oxidation occurs on the initial spinel 
surface which is a mix of tetrahedrally coordinated CoII and octahedrally coordinated CoIII, but 
with increased reaction potential crystallites in the near surface zone undergo Co oxidation to a 
higher proportion of octahedrally coordinated CoIII. Upon further oxidation to CoIV a sub-
nanometer shell is formed in the outermost surface composed of a 3D network of amorphous 
CoOx(OH)y, which represent the oxygen evolution reaction zone. CoIII/CoIV can be 
isostructually incorporated in CoOx(OH)y via deprotonation of –OH bridges. The formation of 
vacancies allows for structural relaxation which facilitates amorphization, this structural 
flexibility enhances the OER mechanism. The amorphous lattice involves higher occurrence of 
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O vacancies by temporary filling these vacancies, O bind in to the structure thus participation 
of lattice oxygen in the OER. Upon decrease in potential the crystalline spinel structure was re-
formed and thus it was established that the structural changes occurring during oxidation is a 
reversible process. 

 

 

Figure 39  Possibilies of SbIII in three- or four coordination with oxygen. Binding a fourth 
oxygen would consequently involve slightly longer and weaker bonds. Color code: O (red), 
additional 4th O (lilac), Sb (yellow) and lone pair (grey).  

 

 

Figure 40 A hypothetical structure drawing of Co3Sb4O6F6 where Sb is drawn in four 
coordination. The lone pair and extra oxygen fits without any obvious structural hindrance from 
surrounding atoms. Hypothesizing that the structure may undergo amorphization in the 
outermost surface layer during OER, relaxation of the structure would benefit such a see-saw 
conformation.  
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Figure 41 The crystal structure of Co3Sb4O6F6 is made up of slightly distorted [CoO2F4] 
octahedra that are corner sharing via fluorine atoms. The O atoms connect further to [Sb4O6] 
cages, highlighting that there are only two possible locations for oxo-bridging for each cobalt 
atom. Color coding: (1) Co (blue), (2) O (red), (3) Sb (yellow) atom with (4) its lone pair (grey) 
and (5) F (green). Figure and caption origin: Figure 2 in Paper IV. Reproduced by permission 
of Wiley. 

 

The results from that well-made study do, however, not provide any supporting results to the 
theory presented in Paper III of possible mediation of the SbIII see-saw conformation in the 
OER, neither does it provide direct conflicting results to contradict the theory presented. The 
most active surface layer for Co3Sb4O6F6 must most likely undergo amorphization where 
vacancies and Co octahedra may network via O bridges. Weakened bonding and flexible 
coordination appears as an enhancement of OER, thus the theory described in Paper III could 
well fit into such an active lattice. 

 

3.3.4 Post mortem SEM and SEM-EDS characterization of the catalytic 
surface 

To indirectly seek evidence of amorphization of the surface, post mortem characterization of 
the crystal surface after electrolysis was made with SEM. This showed morphological changes 
of the surfaces seen as cracks, irregular morphology, spherical outgrowths and surface 
mesoporosity (Figure 3 in Paper II; Figures 9 and S9-S12 in Paper III). One possibility is 
formation of hydroxide residues on the surface originating from the 1 mol dm-3 electrolyte that 
has evaporated, another reason could be the result of an amorphous surface induced by 
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electrocatalysis which did not reverse to the initial structure. Further characterization with 
SEM-EDS shows the elemental composition in a thin edge of the morphologically chanced 
material, see Figure 42. The fact that no electromotive force drives the catalytic species in 
formation of active catalytic redox states, and the fact that the surface dries out forcing  

 

 

Figure 42 SEM-EDS analysis of a Co3Sb4O6F6 crystallite on the electrode surface after 64.5 
hours of use with an applied current density of j = 10 mA cm-2. The morphological change of 
surface is seen in the picture (compared to a pristine surface seen in e.g. Figure 27). The EDS 
linear scan spectra shows that all the elements are present in the thin surface. The result was 
also observed (Table 1 in Paper III) with the point spectrum analysis in the areas 1-5 marked 
with a cross in the image. Figure and caption origin: Figure 10 in Paper III. Reproduced by 
permission of Royal Society of Chemistry. 

 

compounds to arrange thermodynamically stable solids, strongly limits the interpretation from 
post mortem characterization. Thus the conclusion drawn from Figure 42 was that all the 
elements of Co3Sb4O6F6 were found in comparable ratio both in the thin tip of the particle and 
in the center with underlying bulk crystal and consequently no leakage was observed. However, 
a reflecting remark would be that if the surface is amorphous in an active state and do not 
reverse to the original structure the presence of ions in roughly the same ratio as in the bulk 
does not necessarily mean that it has the same structure. In such a case, an amorphous outermost 
surface layer may have a different composition during OER compared to the original 
Co3Sb4O6F6 structure. If this was a pure oxide or phosphate in case of water oxidation, the 
activity should accordingly be comparable as discussed above. However, as the activity of 
Co3Sb4O6F6 is better than for those phases one explanation could be that the active structure 
resembles the original structure. 
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3.3.5 Bulk crystal structure influence on the active catalytic species  

Further support to the hypothesis that the amorphous structure should resemble the original 
structure can be extracted from the experiments investigating the effect of the different redox 
states of the active metal atoms in compounds with similar structure. These experiments include 
three setups; 1) the redox couple FeIV/FeIII was investigated with electrocatalysis in Paper I and 
2) with chemical oxidation in Paper I and 3) the redox couple CoII/CoIII investigated with 
chemical oxidation. 

The Ruddlesden-Popper (RP) compound Sr2.8Pr0.2Fe1.25Ni0.75O7-  with respective formulas 
Sr2.8Pr0.2Fe1.25Ni0.75O5.73 (RP-5.73) and Sr2.8Pr0.2Fe1.25Ni0.75O6.73 (RP-6.73) differ in oxidation 
state of Fe and Ni; RP-6.73 has a higher ratio of (FeIV, NiIII) / (FeIII, NiII) than the RP-5.73. The 
different oxidation states are compensated by oxygen vacancies to the extent that the 
crystallographic structure is preserved, thus it offers interesting properties for investigation 
regarding difference in catalysis. The results from both electrocatalysis and chemical water 
oxidation show clearly that the RP-6.73 enhance oxygen evolution, see Figure 43 and Figure 44. 
In the La1.9CoII-IIINb2/3Mg1/3O6 perovskite, the nominal mean oxidation state of Co in the as 
obtained phase was +2.3, it decreased to +2.2 as oxide ion vacancies were created upon heating 
in N2 at 1200°C for 2h.98 Hence, the as-obtained compound had higher ratio CoIII/CoII than the 
N2 annealed compound and the two isostructural compounds were subsequently tested for 
difference in catalytic performance. The experimental conditions were similar as for the 
oxidation experiments of the Sr2.8Pr0.2Fe1.25Ni0.75O7-  (see the caption in Figure S11 in Paper I 
for experimental details). In similarity with the results for Sr2.8Pr0.2Fe1.25Ni0.75O7- , the 
compound La1.9CoII-IIINb2/3Mg1/3O6 showed higher evolution of oxygen for the compound with 
higher ratio CoIII/CoII, see Figure 45. If it was only a matter of oxidizing the amorphous layer 
to a state where the original bulk composition was completely ineffective; why does the original 
structural composition then influence so much? The conclusion from these experiments, 
conducted with isostructural compounds having different oxidation states of the active metals 
(Figure 43-45), is that the original structure is reflected in the slightly amorphous and 
catalytically active surface layer. 
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Figure 43 Combination of parameters important for water splitting recorded using the RTFE 
method; H2 production efficiency, faradaic efficiency and redox potentials. The (a) RP-6.73 
and (b) RP-5.73 were employed on the working electrode against Ni-foam on the CE. The 
manually inserted tangents serve as guidelines illustrating two points (i and ii) where the 
efficiency ratio of H2 output to power input are at optimum. Figure and caption origin: Figure 
10 in Paper III. Reproduced by permission of Wiley. 
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Figure 44 The effect of different Fe oxidation states in water oxidation catalysis by using 
(a) RP-6.73 and (b) RP-5.73 as catalysts and Ru(bpy)3

3+ as chemical oxidant. Figure and caption 
origin: Figure S11 in Paper I. Reproduced by permission of Wiley. 

 

3.3.6 Wider perspective of the hydrophilic – hydrophobic surface 
properties 

The Co3Sb4O6F6 compound provides an interesting study object, not only because of the 
presence of the metalloid Sb with possibility for a flexible coordination, but also the presence 
of F where none of the two elements appear to significantly leak out from the structure after 
electrolysis as discussed above and as shown in Figure 42. Hydrophobic properties associated 
by fluorine surfaces in aqueous solution, should not be beneficial to the catalysis in the OER, 
and most likely it isn’t. However, accounting for the unexpectedly god catalytic properties 
offered by the Co3Sb4O6F6 compared to cobalt based compounds with higher and lower 
solubility tested as discussed, it may still be interesting to widen the discussion about the role 
of F and include a speculative perspective. In the Co3Sb4O6F6 compound F is a strongly bound 
terminal atom and accordingly not likely to participate in catalysis. The fact that evolved 
molecular oxygen must be pushed to the right in the O2(aq)  O2(g) equilibrium, micro bubbles 
of O2(g) should with least possible adsorption forces leave the reaction site, the quicker and 
smaller bubbles, the better. On a surface with various degree of hydrophilic-hydrophobic 
contact angle properties (wettability) the hydrophobic spots may serve as O2(g) release points 
because of the lower adsorption of molecular oxygen. In turn, the redox cycling metal adjacent 
to oxygen vacancy sites, presumed to exist in the active amorphous surface layer, would 
represent the initial reaction spots binding in oxygen from e.g. reactant H2O. Thus a reactive  
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Figure 45 Oxygen evolution from water oxidation using Ru(bpy)3
3+ as chemical oxidant and 

the La1.9CoII-IIINb2/3Mg1/3O6 perovskite as catalyst (a) as obtained from synthesis in air and (b) 
the phase reduced in 1200°C N2 during 2 h, as a result the ratio CoIII/CoII was higher for former 
than for the latter.  

 

layer with mixed hydrophobicity and directed reaction sites and gas release points could be 
beneficial for the overall oxygen evolution. Concluding that the Co3Sb4O6F6 compound has 
offered interesting properties to be investigated, a question to raise is whether scouting for new 
heterogeneous catalyst materials can be done by designing new catalysts through a theoretical 
calculative approach, or, if trial and error is the better way? Accounting for that the true catalyst 
structure exist during in operando conditions, prediction of such a structures is very unlikely. 
Designing a catalyst would merely end up with designing an expected pre-catalyst, but with the 
consideration that the original crystal structure may well be reflected in the active amorphous 
layer. Combined empirical and theoretical knowledge can significantly shorten the time to 
develop a functional catalyst that in the end must undergo the final method of trial and error. 
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3.4 Side reactions in the system 

Defining the water splitting reaction as R. 2 and R. 3 in a non-corrosive environment, the two 
redox reactions do not have any competitive side reactions. Yet, a system in operando show 
loss in efficiency in terms of elevated overpotential or degradation of materials over time, 
particularly in environments such as in aqueous electrolytes of alkaline KOH, acidic H2SO4 or 
neutral phosphate buffer. Allowing for a wider interpretation, it may then be stated that 
reactions within a system that contribute to lower efficiency or degradation of materials are 
denoted side reactions.  

 

3.4.1 Reactive oxygen species 

Oxidation of water involves removal of four electrons where each step involves intermediate 
oxygen species. Which species and how they are bound depend on the ingoing dissolved species 
that are found in the reaction solution (or electrolyte), the type of catalyst and which 
electrochemical potentials that are present.  

Simplified, the removal of electrons involve a series of reactive oxygen species (ROS) such as 
hydroxyl ion OH-

2O2 2
2-, superoxide 

2
- which in biological system cause oxidative damage to the chemical environment.29 The 

destructive oxidation caused by ROS must consequently be counterbalanced by anabolic 
processes that constantly proceed during photosynthesis in biological systems.  

The ROS species also exist in artificial water oxidation causing oxidative reactions of cell 
materials such as rubber gaskets and O-rings, plastics and polymer binder materials such as in 
membrane components or tubing. Other important components that can suffer from degradation 
are carbon based materials such as electrode backbone or other conductive agents.95 In the case 
of systems with chemical oxidants, photosensitizers or charge carriers in integrated molecular 
dyes, the organic compounds are targets for ROS. A common intermediate in artificial systems 
is H2O2 which stability is pH dependent so that it is unstable in alkaline environment and stable 
in acidic environment, predominantly in pH < 3.5.39 Thus H2O2 may accumulate and become 
the rate limiting step in the OER. But an intermediate can also be useful: H2O2 was exploited 
in Paper IV to establish a standard curve against which oxygen was measured during closed 
vacuum system mass spectrometry. Sodium carbonate with crystal hydrogen peroxide 
molecules in the formula Na2CO3·1.5H2O2 was decomposed in different amounts according to 
2H2O2 2O + O2 and plotted to a linear standard curve (Figure S3 in Paper IV).  
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3.4.2 Oxidation of cell materials 

Oxidation of metals in the active surface layer that is negative for catalysis is commonly referred 
to as passivation layer. It is the most significant destructive process for metal electrodes over 
long time periods in oxidative environments.28 In metals as well as in metal oxides, the active 
redox metals in the catalyst may also oxidize to a high degree and form oxides with low 
reversibility such as in the case when a Fe based catalyst reach magnetite/hematite.99 In Paper I 
the electrode with La0.1Ca0.9MnO3 was oxidized during elevated potential so that redox waves 
deduced for oxidation of Mn formed, see Figure 37. Simultaneously the electrolyte turned 
brownish in color which indicates formation of Mn-oxides which can be seen as an irreversible 
oxidation reaction in this system.  

The electrolyte interaction with the catalyst has been discussed in section 3.1, however the 
electrolyte may also interact with cell materials. As an example, it was noted that the EPDM 
rubber gaskets used in Paper I that was left in the alkali electrolyte of 1 mol dm-3 for more than 
a month caused darkening of the solution, a clear indication of that the rubber decomposed. The 
black color was lightened to dark brown upon removing the rubbers from the solution for 
drying. The carbon based species that caused the coloration of the electrolyte may well interact 
in redox reactions on the electrode and thus cause poisoning of the catalyst and the desired 
reaction.  

 

3.4.3 Competitive reactions from species originating from leached 
elements 

The catalyst solubility is dependent on the solution or electrolyte used. Leaching of catalyst 
elements is a dissolution reaction and is a degrading reaction to the efficiency in OER as the 
catalyst phase decreases in amount. The leached elements may or may not take part in redox 
reactions excluded from the catalytic route, or form inactive precipitates via acid-base reactions 
that may cause clogging.  

An experiment with the Sr0.7Y0.3CoO2.62 perovskite 100 having presumably low solubility 
showed that leaching in phosphate buffer of 0.1 mol dm-3 pH = 6.1 exists after 20 hours 
followed by centrifuging for 30 min yielded a supernatant that was catalytically active, see 
Figure 46. This concludes either Co2+ ions in solution acting as a homogenous catalyst, or small 
enough SHC’s that did not settle by the centrifugation, possibly formed by combining with 
phosphate ions.  
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Figure 46 Oxygen evolution from water oxidation using Ru(bpy)3
3+ as chemical oxidant and 

the catalyst Sr0.7Y0.3CoO2.62. (a) As obtained powder. The powder was left in 75 ml buffer for 
investigation of leached active elements. No powder but only 0.75 ml decant solution was 
removed and used in oxidation experiments. The solution was removed after (b) one hour and 
(c) 18 hours contact time with the powder. The last sample (d) was removed after 20 hours and 
centrifuged resulting in use of the supernatant. Experimental details as described in Paper IV. 

 

3.4.4 Catalyzed oxidation of carbon in the water oxidation system 

Interestingly, water oxidation using the chemical electron acceptor Ru(bpy)3
3+ usually have a 

yield of 20-30%, as in the experiments conducted in Papers IV and V. Clearly this system 
suffers from electron scavenging side reactions and a relevant question is where the other 
70-80% of the electrons were consumed. The color change from dark green Ru3+ to bright 
orange Ru2+ was very distinct, thus 100% of the Ru3+ was reduced. One pathway is oxidation 
of the bipyridine ligands in Ru(bpy)3

3+. If the carbon is fully oxidized, then CO2 is a byproduct 
that can be detected with the MS. Such an example is presented in Figure 47, and if not all 
carbon is oxidized, then soluble carbon species may be present in the solution after all Ru3+ has 
been reduced. Which is the better catalyst for bipyridine oxidation? One approach would be to 
state that the catalyst that have least oxygen yield is the better catalyst for pyridine oxidation. 
Such an example can be seen in Figure 48 where it is concluded that a doubling of the amount 
of Co4Se3O9Cl2 catalyst yields less oxygen, 20% and 32%, respectively, and thus the catalyst 
shows better efficiency for scavenging side reactions than oxidizing water.   



71 
 

With such a complex and instable system as water oxidation using a chemical electron acceptor 
it is wise to confirm that the oxygen evolved actually originated from the water and not from 
for example the catalyst metal oxide. An experiment with H2

18O confirmed water being the 
original reactant (Figure S5 in Paper IV). However, the experiment was unable to reveal the 
mechanistic pathway; whether water had been part of bipyridine oxidation to e.g. an alcohol 
which in turn acted as a reactant to produce molecular oxygen. Another possible side reaction 
of Ru(bpy)3

3+ is the direct reduction of Ru3+ with catalyst metal oxidation according to Co2+ + 
Ru3+ 3+ + Ru2+ discussed in Paper V. In turn, products of Ru2+ or Ru3+, either in form of 
dissolved species or as e.g. oxides, are known to be very good catalysts themselves in many 
types of reactions and are likely to be responsible for many undiscovered side reactions as well 
as being water oxidation catalysts consuming electrons in the tested system in Paper IV and V. 
Water oxidation experiments are therefore probably best evaluated when used in comparative 
studies with isostructural compounds, because it is likely that similar reaction pathways occur 
within an isostructural series of catalysts.  

Important for excluding destructive reactions in a system and to test the stability is to perform 
long term experiments. Long term is a relative scale, some of the experiments using Ru(bpy)3

3+ 
are over in a few minutes while some electrocatalytic experiment last for 10 h.88 In Paper II 
electrolysis was performed during 60 h (Figure 5 and 6 in Paper II) which is a long time period 
when comparing with different studies in the literature presenting similar experimental work. 
However in an industrial application a system should normally last 5-10 years before opened 
up and maintained.28  
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Figure 47 Evolution of CO2 as evidence of side reactions of carbon originating from the 
bipyridine ligands in the Ru(bpy)3

3+ used as oxidant, which is the only carbon source in the 
closed system. Catalysts were (a) CoO and (b) CoF2. Clearly the borate buffer (B-buffer) favors 
the carbon oxidation whereas phosphate buffer (P-buffer) does not, showing that different 
catalytic pathways occur in different chemical solutions. Reaction conditions including pH = 6 
are kept constant between the two experiments except the species of the buffer. Experimental 
details as described in Paper IV.  
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Figure 48 Same addition of oxidant (5.6 μmol) to two different additions of the catalyst. The 
smaller amount added of the catalyst yields more oxygen than the larger addition. This can be 
explained by that the catalyst also catalyze decomposition of the oxidant in a way that does not 
yield oxygen. Figure and caption origin: Figure 5 in Paper V. Reproduced by permission of 
Royal Society of Chemistry. 

 

3.5 Challenges in comparing results with literature 

3.5.1 Comparing results obtained from water oxidation using chemical 
electron acceptor 

In water oxidation using a chemical electron acceptor the challenge in comparing results with 
literature depends on several factors: the amount of catalyst used in the experiment, the amount 
and type of oxidant used, on what basis the calculation of turnover number (TN) or turnover 
frequency (TOF) was calculated, the pH of the solution and the concentration, species of the 
solution or buffer used and the analytical instrumental setup with detection level and response 
time collecting the raw data that provides the basis for the kinetic calculations. 

The amount of catalyst would in the case of absent side reactions and zero order kinetics be no 
difficulty to account for and normalize. However the experiment shown in Figure 48 shows that 
doubling the amount of catalyst yields approximately half the oxygen. This is thought to depend 
on the ability for the catalyst to participate in sidereactions as discussed in section 3.3 and 
consequently deviate from zero order kinetics. Conclusion to be drawn: less catalyst is better 
for evolving oxygen. The next relevant example is shown in Figure 49 where the TN increases 
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with constant amount of catalyst but with added amount of oxidant; if the reaction was of zero 
order kinetics an extra addition of oxidant would not increase the oxygen evolution rate, only 
the accumulated content of oxygen. Here we can see that if low amounts of catalyst are mixed 
with high amounts of oxidant the TN or TOF will dramatically increase, thus comparison with 
literature on these efficiency parameters must be done with careful respect to the amounts used. 
Ideally these amounts should be explicitly stated in the publications making it easy to follow 
the driving forces behind these efficiency parameters. In addition, by introducing more 
molecular components in a system will most likely also change the ratio of how prevalent the 
side reactions are, thus various degrees of consumption of electrons from the final electron 
acceptor leads to different TN or TOF numbers. 

The active sites participating in catalysis is the true factor to be used in TN or TOF calculations, 
however this is a value that is not possible to determine with accuracy and therefore not used 
in heterogeneous water splitting catalysis. It is important to normalize the content of catalyst or 
active element in a consistent way and to keep track of this when comparing results with 
literature. Most commonly it is the bulk content of the active metal that is used, with the 
specification of the particle size, this factor is used in Papers IV and V. At times the BET area 
is useful to relate to, and this was also used in Paper IV. The mechanism, consequently the 
kinetics, and the stability of oxidant is strongly pH dependent, thus pH is a critical factor to 
account for when comparing results. The same principle is valid for the types of species that 
are present in the reaction solution, especially when a buffer is used. The effects of different 
buffers such as phosphate and borate buffers in the same pH are clearly demonstrated in Figure 
30.  

The instrumental setup for gas analysis is also a source that can affect the obtained results and 
make basis for different TOF numbers. The system used in Papers IV and V involves small 
volumes of the solution (~0.75 ml) and is performed during a pressure of 10 mbar with very 
rapid detection in the mass spectrometer. The low pressure in the reaction vessel helps to drive 
away the oxygen produced and thus assists to push reaction (R. 1) to the right. Consequently 
this system will most likely be better in recording a fast reaction event than for example a system 
that measures the reaction in an initial atmospheric pressure in a closed system where the 
pressure is rising; a closed system where the solution is purged only prior to the reaction thus 
the product of dissolved oxygen is accumulating; or if measured volumetrically with a force 
resistance in pushing space for the displacement volume. It is highly likely that the TOF will 
differ between these exemplified setups.  
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Figure 49 Turnover number (TN) for a fixed amount of catalyst Co4Se3O9Cl2 (1.45 μmol 
bulk [Co]) plotted against the amount of Ru3+(bpy)3(PF6)3 added. The magnitude of the turnover 
number follows a linear trend with increasing amount of Ru3+(bpy)3(PF6)3. Figure and caption 
origin: Figure S3 in Paper V. Reproduced by permission of Royal Society of Chemistry. 

 

3.5.2 Comparing results obtained from electrochemical water splitting  

Comparing the performances of electrocatalysts involves challenges to normalize efficiency 
parameters. The simplest electrodes to compare are clean metal electrodes with planar surfaces 
such as stainless steel or nickel sheets as used in Paper I. Nevertheless, there are several factors 
that may produce different efficiency parameters. The electrolyte used must have the same ionic 
strength and the same chemical species and concentration to be comparable. The ionic strength 
affects the thickness of the double layer and thus the limitation in diffusion across the layer. 
The type and concentration of chemical species such as reactants, products or pH mediators e.g. 
OH- or H+ and corresponding buffer ions affect the mechanism involved for the catalyst and 
thus the kinetics of the reaction. Another important measure is the distances between the 
WE – RE – CE that affects the ohmic resistance in the solution, in turn increasing the 
overvoltage. A metal catalyst electrode with a perfectly clean surface will perform better with 
lower resistance than an electrode with a significant oxide passivation layer. An oxide layer 
generally grows thicker over time during operation which passivates and insulates the active 
metal surface area, in turn increasing overvoltage. If employing a composite electrode, further 
factors should be accounted for e.g. both particle size and the amount and type of binder additive 
may affect the performance. Small particles with high amount of binder may be embedded in  
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Figure 50 Stability for an electrode with directly synthesized CoSbO4/CoSb2O6 on carbon 
paper at an applied current density of j = 5 mA cm-2. The stability was determined to an increase 
of +0.14 mV h-1  = 452 mV after 25 h and +0.69 mV h-1 at an overpotential 

maintain a non-increasing potential at j = 10 mA cm-2 a perpendicular flow of electrolyte across 
the permeable electrode had to be applied, see insert. Figure and caption origin: Figure 6 in 
Paper II. Reproduced by permission of Wiley.  

 

the insulating plastic environment and the ability to release gas bubbles can be negatively 
affected. The inability to release gas bubbles will consequently lead to dry pockets that decrease 
the exposed catalytic area. A relevant experiment evaluating the role of morphology that may 
affect gas release is presented in the insert in Figure 50 where a forced flow of electrolyte over 
the needle-like catalyst compound supposedly decreased the dry pockets that were formed. The 
increased exposure of the catalyst resulted in lower overvoltage.  Further, the type of conductive 

-1), FTO-  cm-1) or ITO- -1) as 
well as the type and amount of conductive additives such as carbon nanotubes or carbon black 
spheres will affect the overall conductivity of the electrode and in turn affect the ohmic 
resistance in the hardware. To account for the broad difference in electrode formulation it is 
convenient to include a compound with well-known catalytic properties to be able to present a 
relative comparison with the compounds investigated under identical conditions. Such a study 
was presented in Paper III and discussed in Paper III Appendix, where Co-oxide was used as a 
comparison to the tested oxofluorides with similar molar content of Co in the electrode, see 
Figures 36 and 38. Comparing the current density is another challenge. In a thin sheet of metal 
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the geometrical area is easy to normalize with the current density, however in a three 
dimensional porous electrode with or without presence of active particles the geometrical area 
is not reflecting the active surface area. This is difficult to establish because BET analysis will 
have large errors if the surface area is relatively low for the catalyst powder. Furthermore, if 
the BET method is used on a prepared electrode it includes all surfaces of e.g. carbon particles, 
conductive backbone and binder additive, and not only the active catalyst particles. One way to 
determine the active surface is by measuring the ECAS, however this is made in the non-
faradaic window, consequently the results can be misleading. An example of this is the 
experiments presented in Table 1 where the Fe-Ni hydroxide coating possess low electrical 
conductivity in comparison to a clean metal surface evident as considerably higher ECAS in 
the Ni metal (44.9 mF cm-2) than the Ni-Fe hydroxide coated Ni metal (1.1 mF cm-2). These 
ECAS values reflecting the electrical conductivity are contradicting to the catalytic properties 
since the catalytic performance is better for the hydroxide containing compound than the bare 
metal surface. Using these results for normalization would generate wrong conclusions, 
therefore, the definition of the units used to determine the current density is important to account 
for while comparing results in the literature.  

Rotating disc electrodes offer controlled hydrodynamics by well-defined diffusion boundary 
layers limiting the mass transport thus producing results that are close to ideal conditions. This 
can be seen as a downside of using RDE because its conditions do not reflect realistic conditions 
where the catalyst is intended to be used, which is of particular importance for practical 
applications. Another obstacle is that a relatively small amount of material is used on the 
electrode surface and during high speed rotation the active layer may be mechanically damaged 
so that the mass decrease affects the results, thus mechanical wear should be carefully 
monitored and verified after a measurement.  
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Table 1 Parameters relevant for evaluation of electrode material appropriate for water 
splitting acquired from coupled potentiometry and mass spectrometry in real time. The potential 
scan speed was 0.2 mV s-1 in an electrolyte of 1 mol dm-3 KOH using an Ag/AgCl reference 
electrode. Table and caption origin: Table 1 in Paper I. Reproduced by permission of Wiley. 

 

Parameter Electrode category A 
Planar metal electrodes 

Electrode category B 
Three-dimensional 

metal electrodes 

Electrode category C 
Powdered catalysts in porous electrodes with 

carbon additive 
 SS-foil Ni-foil Ni foam NiFe-OH 

foam 
RP-5.73 RP-6.73 La0.1Ca0.9MnO3 

Electrode geo. surface area (cm2) 0.25 0.25 0.25 0.25 2.0 2.0 2.0 
Surface area of catalyst (cm2) 0.50 0.50 102[a] 102[a] 20.2[b] 20.2[b] 2024[b] 
H2 production at 1.8 V cell 
potential (μmol geo. cm-2) 

<d.l. <d.l. 0.85 1.3 n.e n.e n.e. 

H2 production to power input 
(μmol geo. cm-2)  

0.57 at 
0.1 W 

0.62 at 0.1 
W 

12 at 1 W 12 at 1 W 
60 at 10 W 

n.e. n.e. n.e. 

Faradaic efficiency 
investigated interval 
(VRHE) 

red. 
ox. 

Std. 
Std. 

-0.41 
 

-0.63 

1.83 

-2.00 

3.18 

 n.e. 

2.10 

n.e. 

2.10 

n.e. 
 

Deviation from faradaic 
water splitting (VRHE) 

red. 
ox. 

Std. 
Std. 

no 
no 

no 
no 

no 
no 

no 
no 

no 
no 

 
 

Overpotential* , red. (mV) 115 105 65 35 n.e. n.e. n.e. 
Overpotential* , ox. (mV) 272 271 255 227 285 265 265 
Cellpotential [c] (V) 1.617 1.606 1.550 1.492 n.e. n.e. n.e. 
Tafel**, red. (mV dec-1 geo. cm-2) -119.7 -90.0 -96.2 -106.5 n.e. n.e. n.e. 
Tafel**, ox. (mV dec-1 geo. cm-2) 36.4 39.5 36.5 37.8 49.7 48.8 121.6 
Exchange current i0 (mA 
geo. cm-2) 

red. 
ox. 

0.032 
0.019 

0.221 
0.024 

5.96 
0.388 

8.8 
0.88 

n.e. 
0.033 

n.e. 
0.07 

n.e. 
0.16 

ECAS (mF geo. cm-2) 0.06 0.11 44.9 1.1 0.2 10.9 21.2 

 
geo. cm-2 = geometrical surface area.  

[a] = Determined by the relative difference in ECAS between the known active surface area for Ni-foil and 
unknown active surface area for Ni foam.  

[b] = The BET surface area presented is likely larger than the electrochemically active surface area exposed to 
electrolyte, thus the value should be taken as an indication. See Supplementary information in Paper I.  

d.l. = detection limit.  

n.e. = not evaluated, electrode material not suitable / not intended for this application.  

* Overpotentials were determined at the onset of polarization where the current density starts to deviate from zero. 

** Tafel values are presented for interest in demonstrating the experimental routine, despite the complexity in 
applying and interpreting in multi-step, multi-electron transfer mechanism such as the OER.56, 101 

[c] = Determined as WE – CE for redox couples of identical compounds at both WE and CE.  

Std. = Stainless steel was used as standard electrode for gas quantification and not evaluated as sample for faradaic 
efficiency. 
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The search for new catalytic materials for real-life applications in efficient and sustainable 
water splitting chemistry must comprise an electrode placed in an upscale unit that allows 
study of the ability to release gas bubbles, physical distances between the WE – CE, hardware 
and electrolyte ohmic resistance and limitations of diffusion in the double layer. In this way 
the efficiency values presented give a better estimate of Ecell = Erev + a + c + el + hw so that 
it has applicable meaning for later industrial use, see Figure 51.  

 

 

 

Figure 51 Efficiency in H2 production for redox couples of identical materials on both WE 
and CE; clean Ni foam (grey) and NiFe-OH electrodeposited on Ni foam (red), the insert 
shows a larger power span for the latter. The geometric surface area was 0.25 cm2 for the 
electrodes. Figure and caption origin: Figure 2 in Paper I. Reproduced by permission of 
Wiley. 
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4. Conclusions 
 
 
 
 
This thesis presents water splitting by heterogeneous catalysis, conducted in the scope of 
sustainable hydrogen production. The study involves methods of both electrochemical water 
splitting and chemical water oxidation. Evaluation of catalytic properties was conducted for 
materials with interesting catalytic properties, such as compounds containing elements such as 
Co, Ni, Mn and Fe that all have the capability of redox cycling that is important for enhanced 
catalysis. Several metal oxides are known for overall good catalysis, which has been used for 
comparison with the novel materials. The oxohalides possess metalloid ions, redox-active 
metals and redox-inactive fluorine or chlorine; such compounds have not been investigated as 
water splitting catalysts before in the literature. Other groups of compounds investigated are 
Ruddlesden-Popper and perovskite phases, a hydroxide, metal salts and metals.  

The metals and metal oxides investigated as electrocatalytic materials have different conductive 
properties and were prepared accordingly; A) planar electrodes of Ni and stainless steel as well 
as B) three-dimensional metal based electrodes of Ni foam and Ni-Fe-OH on Ni foam as 
backbone were used as-prepared, whereas C) metal oxides and oxofluorides e.g. 
(CoxNi1-x)3Sb4O6F6, La0.1Ca0.9MnO3,  Sr2.8Pr0.2Fe1.25Ni0.75O7-  and CoO/Co3O4 were mixed with 
conductive carbon particles and PVDF binder applied as a film on conductive carbon paper. 
Electrodes were also made by D) hydrothermal synthesis of crystalline Co3Sb4O6F6 and 
CoSbO4/CoSb2O6 directly grown on carbon fibers without additives.  

An electrochemical cell was constructed to simulate upscale towards applications including the 
ability to release gas bubbles, vary the physical distance between the electrodes, investigate 
resistance in hardware and electrolyte and mass transport limitations for better estimation of the 
Ecell = Erev + a + c + el + hw. The cell allows for efficient evaluation of relevant parameters 
in one experimental setting, such as real time faradaic efficiency, H2 production versus power 
input or at specific cell- and overpotentials, Tafel slopes, exchange current density and 
electrochemical active surface area. Real time faradaic efficiency analysis was made possible 
by simultaneous operation of a potentiostat and a mass spectrometer. The cell half chambers 
were constantly purged with a carrier gas allowing the gaseous products produced in the cell to 
be directly detected by mass spectrometry. The metal electrodes of type A) and B) were 
evaluated using this method and the superior material tested was found to be Ni-Fe-OH 

a = 227 mV, a cathodic 
c = 35 mV at an overall cell potential of Ecell = 1.492 V. The electrode 

exhibited a decreasing, non-linear H2 output to power input so that 1 W produce 12 μmol H2 
while 10 W produced 60 μmol H2, which reveals limitations in mass transport and possible 
decrease in electrode contact area with the electrolyte due to intense bubble formation. This 
shows that electrolysis of water exhibits loss in efficiency with increasing power input which 
is important to account for in application of the green chemistry of sustainable hydrogen 
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production. Among the non-metallic C) materials decomposition was observed during 
oxidation using the upscale cell for the La0.1Ca0.9MnO3 perovskite as a deviation in faradaic 
efficiency ascribed to oxidation of Mn. Upon reduction of the same compound, before the onset 
of H2 evolution, a redox wave with simultaneous release of O2 occurred, likely due to reduction 
of Mn leading to structural rearrangement with excess O2 released. A comparative evaluation 
of the two isostructural Ruddlesden-Popper phases yielded that the phase containing the redox 
FeIV/NiIII pair was a better catalyst than the compound containing FeIII/NiII. The measurements 
also indicate an optimum input power range to H2 output. It was concluded that these results 
could not have been established with potentiometry and mass spectrometry independently and 
therefore point on the importance of evaluating catalysts using combined methods. 

For the directly synthesised metal oxides on conductive backbone type D) electrodes, the 
overpotential for the CoSbO4/CoSb2O6 a = 360 mV and for Co3Sb4O6F6 to 

a = 300 mV. When instead using powder of the Co3Sb4O6F6 prepared as a type C) composite 
a = 340 mV which may be due to an increas in 

resistance imposed by the composite electrode formulation. Evaluation of the stability during 
60 h operation time at j = 10 mA cm-2 revealed that the CoSbO4/CoSb2O6 electrode is covered 
by densely grown oxide needles and appears to suffer significantly from decrease in contact 
area of the catalyst to the electrolyte due to formation of dry gas pockets within the fine needle 
like morphology upon oxygen evolution. It is thus concluded that the morphology of a catalyst 
and electrode plays an important role in terms of overall efficiency. The solid solution 
(CoxNi1-x)3Sb4O6F6 showed decreasing  efficiency with decreasing amount of cobalt both when 
evaluated as electrocatalyst and when using a chemical oxidant; Co3Sb4O6F6 was found to be a 
better catalyst than CoO/Co3O4. The unexpectedly high efficiency of Co3Sb4O6F6 has been 
further discussed with the possible involvement of SbIII in the catalytic mechanism. It was 
concluded that heterogeneous catalysts of metal oxides commonly have a degree of solubility 
depending on the electrolyte and that corrosion may give rise to homogeneously dispersed metal 
ions or presence of small soluble heterogeneous catalysts. Results showed that such products 
exists in various degrees and are active in both the desired reaction as well as in side reactions. 
Such a perspective was applied to explain the poor catalytic properties of the oxohalide 
compounds, evident from comparative studies with a range of cobalt compounds having 
different solubility. The effect of different electrolytes was evident as significantly better 
catalysis using 1 mol dm-3 KOH than 0.1 mol dm-3 pH = 6.1 phosphate buffer while a borate 
buffer did not provide good catalytic performance at all.  

It was concluded that during electrocatalysis of metal oxides, an amorphous outermost layer 
that represent the catalytically active surface is most likely reflected by the original bulk 
structure. Such an amorphous layer is also suggested to be able to conduct electrons during in 
operando conditions. A summary of the conclusion to be drawn from the work is that none of 
the metal oxide compounds have proven to be realistic candidate materials for scale-up 
applications in comparison to the metal based materials for heterogeneous water splitting 
catalysis.  



82 
 

5. Outlook 
 
 
 
 
At present, the development of techniques for sustainable energy utilization is proceeding 
rapidly. Non-fossil based production of hydrogen, mostly from electrolysis, account for as little 
as ~4% of the global production, leaving a great potential to expand. Electrolysis powered by 
utilizing wind-, solar-, wave-, thermal-, biomass- and hydroelectrical power ensures renewable 
and CO2 emission free hydrogen production.  

Lowering the overpotential required is an efficient way to decrease the energy used to split 
water, whereof development of efficient catalysts as well as efficient electrode assemblies offer 
major advancements yet to overcome. Metal based electrode assemblies with absence of carbon 
may have a brighter future because carbon redox reactions is one great path towards 
decomposition of a system if operated for years. Further, the development of electrodes that 
offer facile recycling of used catalyst elements will most likely be competitive because it will 
enable rare earth metals that have excellent catalyst properties to be used. As an alternative to 
this is the use of earth abundant metals as catalyst, although the synthesis methods must also be 
efficient to motivate a slightly lower efficiency compared to rare earth metals. One way would 
be direct synthesis onto a conductive backbone in order to minimize components and possible 
side reactions.  

From a broader perspective, in the power-to-gas process chain, hydrogen driven vehicles 
utilizing fuel cell techniques are still absent on the market in Sweden. In contrast, Japan has 
started to develop an infrastructure for fueling hydrogen driven cars with 350 and 700 bar 
compressed hydrogen gas that is used by cars made by Japanese manufacturers. Several car 
models are available as a part of a national strategic plan for implementing hydrogen as a fuel 
in the society. This strategy also includes stationary fuel cells for on-site electrical generation.  

Countries like e.g. USA, China, Germany and France are starting up projects that follow leading 
countries like Japan to show that hydrogen as fuel is becoming a commercial alternative. 
Alternative energy storage media is dominated by batteries that in many cases are incorporated 
with a fuel cell for flexibility of direct power and long range utilization of fuel. Other methods 
of storing and re-utilizing energy that is still in the research state as well as in commercially use 
are e.g. hydroelectric power, heat storage, compressed air and reduction of CO2 to reduced 
hydrocarbons.  

Despite that hydrogen possess outstanding high energy density per mass, the energy density per 
volume constitute the obstacle when it is handled practically. Cooling hydrogen to liquid phase 
results in excellent energy density per volume that decrease if hydrogen change to gaseous 
phase. Significant amount of energy is required to cool H2 into liquid phase and then maintain 
it. In the same way energy is also required to compress hydrogen into gas of high pressure. 
Alkaline electrolysis can in conventional commercial conditions produce gas with a pressure 
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up to 60 bar, which is an energy efficient route to utilize, however further pressurizing need 
work and this is commonly made via piston compression driven by electricity. Nevertheless, 
technical improvements are made to realize the handling routines with hydrogen predominantly 
as gas, whereof lightweight composite gas pressure containers are one of the advancements. 
The pronounced strength for hydrogen as fuel is that once the technical advancements are 
achieved to an acceptable level, the cycle of water-fuel-water is a clean system that allows for 
green chemistry in practice. 

The initiative in development of hydrogen infrastructure and accelerated progress of fuel cell 
development made in Japan has political enforcement. This is an important driving force to 
move away from fossil fuel dependence and favour development of green energy economy. If 
only the market is determining the way forward, the least expensive route will dominate which 
currently is the continuous use of fossilized hydrocarbon.  

Thus as a summary of the future outlook, we have on one hand available techniques for using 
and storing energy with sustainable methods whereof hydrogen as energy storage- and carrier 
is currently accelerating in development and on the other hand we have the market and political 
incitements that may postpone the development due to short term financial benefits. Thus in the 
long term perspective, eventually the green alternatives must dominate the market as the 
environmental consequences on the Earth will have too negative impact. From this aspect 
hydrogen is an excellent as energy storage and carrier due to its high energy density compared 
to other alternatives.  
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6. Populärvetenskaplig sammanfattning 
 
 
 
 
En långsiktig och hållbar lösning för att kunna uppfylla människans energibehov är att utnyttja 
vind-, sol-, våg- och vattenkraft, jordvärmeenegi samt energi från biomassa. Dessa förnybara 
energikällor som är fria från utsläpp av fossilt lagrad koldioxid är inte jämnt fördelade över 
jorden och de varierar dessutom i intensitet beroende på årstid och tid på dygnet. Därför behövs 
en effektiv form av energilagring för senare utnjyttjande av energin när den behövs, dessutom 
bör den lagrade energin kunna transporteras. Väte (H2) i gasform eller i nedkyld flytande form, 
har fått mycket uppmärksamhet som en energilagringsmöjlighet därför att väte har ett högt 
energivärde (energidensitet) och kan transporteras som komprimerad gas i tuber, eller i kylda 
isolerade behållare som flytande vätgas. Att använda elekrisk kraft generad från förnybara 
energikällor och framställa vätgas för tillfällig lagring av energin kallas ’kraft-till-gas’ process.  
En robust och välbeprövad teknik för att framställa vätgas från elkraft är via elektrolys av vatten 
(H2O) där likström (+ och -) kopplas till två elektroder varpå vätgas (H2) och syrgas (O2) 
utvecklas vid varsin elektrod då spänningen (Volt) är tillräckligt hög. Vätgasen samlas upp och 
tillvaratas för energilagring för senare förbränning med syre då den lagrade energin frigörs. I 
traditionella elektrolysatorer används ofta elektroder av nickelmetall, rostfritt stål eller 
pläterade ädelmetaller på ett metallunderlag därför att de använder mindre spänning än andra 
material och därmed agerar som en katalysator. De nämnda elektroderna är mycket hållbara 
men det är önskvärt att sänka spänningen ytterligare så att den överspänning som föreligger inte 
går till spillo som värme, vilket är ett problem idag och gör att förnyelsebara energikällor inte 
utnyttjas till fullo.  

I det här avhandlingsarbetet inom tillämpad grundforskning har det undersökts hur en rad nya 
material och fungerar som katalyatorer för att splittra vatten enligt reaktionen 
2H2O  2H2 + O2. Kraften för att föra reaktionen åt höger har varit elektrokemisk, driven av 
en potentiostat, men även kemisk drivkraft i form av en elektronacceptor, Ru(bpy)3

3+, har 
använts. 21 kemiska föreningar har utvärderats varav 12 är nya material som ej tidigare har 
testats som katalysatorer för vattensplittring. Dessa material återfinns inom grupperna metaller, 
metalloxider, metalloxohalider och metallhydroxider. Metaller har använts som elektroder 
direkt, medan de icke-metalliska föreingarna har blandats med elektriskt ledande kolpulver och 
ett bindemedel vilket sedan strykits ut som tunn film på kolfiberpapper vilket kallas 
kompositelektrod. Två föreningar syntetiserades direkt på kolfiberpapper med hydrotermal 
metod för att få fram en enkelt sammansatt elektrod med mindre resistans och ökad kontakt 
med den ledande vattenbaserade vätskan, elektrolyten.  För att så bra som möjligt utvärdera 
föreningarna som katalysatorer har specialbyggda celler tillverkats avsedda för olika typer av 
mätinstrument såsom masspektrometer eller syre probe. En av cellerna utvecklades för att 
simulera en uppskalning från en normal labuppställning till en mer industriell elektrolyscell där 
ström, potential, temperatur, gasflöde kan övervakas och de producerade gaserna uppmätts och 
kvantifierats med masspektromteri. På så sätt har parametrar som effektivitet av producerad 
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vätgas i förhållande till använd elektrisk energi kunnat beräknas. Vidare har avvikelse från 
100% utnyttjande av den faradiska strömmen kunnat upptäckas vilket vittnar om en katalysators 
sönderfall eller annan oönskad bireaktion. Metoden mäter den faradiska strömmen i realtid, och 
metoden går att använda för att effektivt utvärdera ett nytt materials egenskap som katalysator. 
Övriga elektrokemiska parametrar som registreras är överspänning, Tafel värden, 
utbytesströmtäthet och elektrokemisk aktiv ytarea. Vid kemisk oxidation beräknas 
omsättningsvärde eller omsättningsfrekvens som jämförelseparametrar. I arbetet rankas de 
undersökta materialen efter jämförelseparametrar och vidare studier diskuteras om 
föreningarnas löslighet, möjliga bireaktioner eller korrosion, rollen av katalytiskt aktiva 
metallers redoxtal samt egenskaperna av det yttersta ytlagret på katalysatorn där reaktionerna 
äger rum.  

I avhandlingen kunde slutsatserna dras att de icke-metalliska material som i stort refereras till 
som metalloxider inte var lika effektiva som metalliska elektroder, varken som energibesparing 
i egenskap av katalysatorer eller i den typ av elektrodtillverkningsmetod som behövs göras till 
kompositelektroder ifall elektroderna skall använda i åratal i industriellt bruk. Direktsyntes av 
metalloxid på kolpapper var fördelaktigt i jämförelse med kompositelektroder. Det mest 
effektiva katalysatormaterialet var nickel-järnhydroxid som elektrodeponerats på 
nickelmetallskum med hög ytarea. Av de andra undersökta materialen utmärkte sig Co3Sb4O6F6 
som som var särskilt intressant att studera därför att den inehåller en metalloid, antimon (Sb), 
samt den redoxinerta fluorid (F) men ändå visade föreningen på goda katalystiska egenskaper.  

De undersökta materialens egenskaper har även diskuterats utifrån samlade resultat från andra 
tekniker för karaktärisering såsom elektronmikroskopi, löslighetsexperiment och 
röntgenkristallografiska resultat. 
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