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Abstract 

The experimental section in this thesis was based on the work of Kanan, M.W, et al reported 

in Science in December of 2008. A catalyst containing cobalt and phosphate was 

synthesized and used to decompose water into oxygen and hydrogen. This was done at 

nearly neutral pH. Cyclic voltammetry was performed to analyze the catalyst’s efficiency. 

Some surfaces were analyzed in a scanning electron microscope and the elemental 

composition was determined using energy-dispersive X-ray spectroscopy.  

A catalytic effect was observed at a potential of about 1,3 V. EDX showed Co at some of the 

surfaces. 

Quantum calculations were used to develop a model for the catalyst material. Molecular 

orbitals, interaction energies and vibrational frequencies were calculated for two different 

complexes of Co and phosphate.  

Patrik Larses was responsible for the electrochemical evaluation and synthesis in the 

experimental section of this thesis and Lina Tegesjö for the computational part.  
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1 Introduction 

Energy is a basic human need. Without energy the world would come to a standstill. To 

maintain development and economic growth it is absolutely necessary to have access to 

energy sources that are secure, affordable, reliable, clean and sustainable.  

Today the human kind are challenged with problems like global warming, the waning of 

natural resources, rapid population growth, increasing energy demand, rising energy prices, 

and unequal distribution of energy resources around the globe. This makes it absolutely 

crucial to develop new energy sources and technologies that reduce our dependence on 

fossil fuels and that are more environmentally friendly. Many countries have already started 

this work, both in research and on a political and economic level. Despite this only a small 

portion of the full potential of renewable energy is used. The reasons are technical difficulties 

as well as economic barriers and insufficient awareness of the opportunities in renewable 

energy (1). 

1.1 Energy consumption 

The world’s consumption of primary energy is at present about 500 EJ each year but is 

predicted to be as high as 712 EJ in 2030 and 1000 EJ in 2050. Right now the contributions 

are 81% from fossil fuels, 13% from renewable energy sources, mainly hydropower and 

green plants, and 6% from nuclear energy (2). 

There are a lot of theories about how long our fossil fuels will last. This of course depends on 

the rate of consumption, the price, the size of the reserves, the possibility to extract the fuel 

and whether there are significant new discoveries to be made.  The consumption in 2007 

was 165,5 EJ from oil, 133 EJ from coal and 110,5 EJ from natural gas giving a total of 409 

EJ for fossil fuels (2). Atpresent there is no general agreement as to how long the oil époque 

will last, but it is very likely that the oil consumption will have decreased dramatically in the 

middle of the centuary, and probably long before that. However, if the energy consumption 

doesn´t increase but stays on the levels of 2006 the oil, coal, and gas would last for another 

40, 200 and 70 years, respectively.  Despite the development of renewable energy the 

prediction is that 84 % of the world’s energy in 2030 still will come from fossil fuels (3). 

1.2 Renewable energy 

The sun is the only source of energy that is large enough to satisfy our needs. The sun 

provides more energy to the earth in 1 hour than is used by all humans combined in an entire 

year (4). However, a main difficulty with the solar energy is that it is technologically not easily 

harvested. 

Hydropower 

Waterpower has been used for many hundred years to drive water wheels and water mills 

but nowadays hydropower is mostly used to generate electricity. There are several potential 

forms of hydropower including tidal power, wave power, osmotic power, hydroelectricity is 

produced by using the kinetic energy in watercourses (5). The advantages of waterpower are 

that it is clean, reliable and doesn’t release green house gases. Among the disadvantages 
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are that there are relatively high investment costs, that the eco systems around the plants 

can be disturbed by the construction of long dams and that there are a limited number of 

locations where you can actually build a waterpower plant (6). 

 

Wind power 

Wind power is the form of renewable energy that increases most in the world. Modern wind 

power stations can use about half of the energy in the wind and are most efficient at a wind 

force of about 12-14 m/s. Wind power doesn’t give rise to any pollutions but are noisy if you 

are close to it and affects the scenery of the landscape. They may also havesome negative 

impact on the fauna by killing birds and bats because of this and the fact that it is very 

important to have wind power stations were it is usually windy the placing of the plants are of 

great importance. A lot of plants are therefore built offshore. 

 

Solar cells 

Solar cells can transform the lightenergy of the sun directly into electricity. There are also 

solar heat collectors that can be used to heat up buildings by heating a circling gas or a fluid 

(7). Compared with fossil energy, solar energy is diffuse, and the cells must be made of 

inexpensive materials to be economically viable. Unfortunately solar cells are still both 

expensive and inefficient (4) . 

 

Storage 

The largest problem of all of these methods is the storage of the energy. You cannot have a 

situation where the supply of energy depends on the weather, time of day or season. 

Therefore it is necessary to have an energy carrier – a form by which to store the energy so 

that you are not directly dependant of the intermittent sunshine. It is also important to have 

energy in a form that can be used for transportation.  

Hydrogen 

Hydrogen is a substance with the highest energy content per mass (unfortunately not by 

volume). It is possible to use it directly in fuel cells or to turn into hydrocarbons such as 

methanol – a fluid fuel for which the current infrastructure of gasoline is better adjusted. 

Methanol can be used in our combustion engines or in fuel cells to generate electricity. 

Methanol is also generally a lot safer than hydrogen gas to handle (8). 

 

There is a great diversity in different researchers’ and organizations’ views on how big role 

hydrogen will play in the future energy system. Some say that it will count for about 5 % of 

the energy use in 2050 and some for as much as 75 % (9). Regardless, large technical 

advances in both production and distribution are necessary. Examples of transportation 

possibilities being used are pipelines, liquid tankers (trucks), and gaseous tube trailers (10). 

However, the infrastructure for hydrogen is not very developed and large investments have 

to be made.  

1.3 Production of hydrogen 

Hydrogen can be obtained from water by electrolysis. Of course the energy for the 

electrolysis would have to come from a renewable energy source, for example from one of 

those discussed above, in order to be environmentally sustainable. The lowest theoretical 

value of the tension needed for electrolysis of water is 1.23 V but, unfortunately, the 
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overpotential, i.e. the difference between the theoretical and experimental voltage where the 

reaction occurs, is usually high making the translation from electric energy to chemical 

energy very inefficient. Converting electricity to hydrogen typically results in a 45% loss (2). 

However, an effective catalyst could substantially lower the over potential required, making 

the transformation more favorable energetically.  Such a catalyst has to be affordable, 

environmentally friendly and available on a large scale.  

1.3.1 How does electrolysis work 

The electrolysis produces hydrogen and oxygen through the splitting of water. This is 

achieved by the passage of electric current between two electrodes, typically two metal 

plates of platinum or stainless steel, emerged in a solution (the electrolyte). Solution is 

affected by charge separation, electrons transfers between the electrodes and the 

electrolyte. This eventually leads to reduction of hydrogen ions into gas and oxidation of 

water into oxygen. These reactions can be described by the difference in the half-cell 

potentials derived from Nernst equation. The generated amount of gas is proportional to the 

total electric charge passing through the solution (8) 

  

As explained before, the theoretical cell potential value for the electrolysis cannot be 

achieved, a certain overpotential value always exist. This is due to factors such as resistance 

in the solution, capacitance in the interfaces, and non-ideal reactions. The non-ideal 

reactions involve adsorptions/desorption on surfaces and mass transfer (11). Both reactions 

at and the electrodes themselves contribute to the overpotential value. The sought-after 

reaction that takes place at the anode involves a four-electron transfer. It is an oxidation of 

two water molecules and removal of four protons, converting water into oxygen. Due to this 

the catalyst at the anode must tolerate prolonged exposure in oxidizing conditions. Design of 

effective catalysts or complexes has proven to be challenging (12). Though the main concern 

when designing the oxygen evolving complex (OEC) is to ease the electron transfer from the 

solution to the electrode it also has to provide nucleation sites in order for oxygen to 

effervesce. 

 

1.3.2 Photosynthesis  

 

After million years of evolution Natures’ solution to an OEC is the photosynthesis. The basic 

concept involves providing sufficient energy by absorption of solar energy in the chlorophyll 

to initiate the water splitting process. The solar energy is converted into electrical potential by 

a generation of electron hole pairs. Energy is transferred with a maximum thermodynamic 

efficiency of about 70 % into the reaction centre inside a protein complex (PSII). With the 

help of an OEC consisting of Mn4O4Ca water is oxidized in order to provide electrons for the 

reduction of NADP+ to NADPH in the second protein complex (PSI). With energy provided 

from the transfer from PSII to PSI the PSI then absorbs solar energy a second time having 

sufficiently energy to fulfill the fixation of carbon dioxide. The efficiency of the oxidation can 

be as high as 55% provided that the absorbed light is ideal. Taking into account that the 

absorbed light comes from the whole solar spectra this value is about 1% (13). 
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1.3.3 Other catalysts 

 

Examples of other OECs oxidizing water include perovskite and spinel metal oxides, 

precious metals and metal oxides. Though many of them provide moderate values for over 

potential (<400 mV) disadvantages in their operating conditions, such as highly concentrated 

basic solutions and extreme acidic conditions in the case of precious metals, has made them 

less useful for future use.  Few catalysts can react at a reasonable rate at low over potentials 

near neutral conditions for a reasonable price (12). 

 

1.3.4 Our catalyst 

 

One potential catalyst has been reported involving anodic polarization of an inert electrode 

emerged in solutions containing Co2+ and phosphate (12). This bachelor thesis aims to 

recreate the catalyst in question and repeat similar results. Also, we intend to develop a 

model of the catalyst material on which quantum chemical calculations, of the interaction 

between the catalyst and water, can be performed at a later time.  

2 Theory 

2.1 Electrolysis 

If a faradaic current (electric current generated by a reduction or oxidation at an electrode) 

flows through an electrochemical cell the latter can either be defined as a galvanic or an 

electrolytic cell. A galvanic cell is a cell in which faradaic reactions occur spontaneously at 

the electrodes giving rise to a potential difference between the electrodes. The electrolytic 

cell is a cell in which faradaic reactions at the electrodes are affected by the current flow 

provided by the applied potential that is greater than the open circuit potential of the cell. The 

electrode at which the reduction occurs is called the cathode and the electrode at which 

oxidation occurs the anode.  

 

Fig 2.1.1  A typical setup for performing electrolysis of water. The negative potential value 

for the total reaction shows that the reaction is not spontaneous. External 

voltage has to be applied in order for the reaction to progress.  
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A current of electrons that crosses the interface from the cathode into species in the 

electrolyte is the cathodic wave while electron currents flowing from the species in the 

electrolyte into the anode is the anodic wave (see Fig 2.1.2). Cells of this type are often used 

to complete desired reactions for commercial processes by electrolytic synthesis involving 

production, metal plating and ore refining (11).  

 
Fig 2.1.2 Typical cyclic voltammogram with Epa as the anodic wave and Epc is the                     

cathodic wave. 

 

2.1.1 Interference with the electrolysis 

 

Electrodes work as capacitors and that ability change with the appliance of a potential (11). 

This affects the faradaic currents and the species in the solution directly. In the solution 

around the electrodes charge dispersion will occur. This creates a double layer on the 

electrode which consists of many different layers see fig 2.1.1.1. The innermost layer called 

the Inner Helmholtz Plane (IHP) contains solvent molecules that interact with the electrode 

through electron dispersive forces or other species such as ions or molecules that are 

specifically adsorbed onto the surface. Solvated species are said to be non specifically 

adsorbed and can only approach the charged electrode through more long range interactions 

in the Outer Helmholtz Plane (OHP).  

 

  
Fig 2.1.1.1 Double layer effect 

 

Due to random movement and mass transfer effects the non specifically adsorbed species 

creates a diffuse layer that extends to the bulk of the solution. The thickness of this diffuse 
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layer range between 1-10 nm and depends on the total ionic strength of the solution and 

mobility of the species.  

 

The composition of these layers affects the electrode reactions. For example if species, such 

as solvent molecules or ions, in the solution are not specifically adsorbed and approach the 

electrode to the OHP instead of the IHP the result will be a potential drop across the diffuse 

layer and the charge densities of the layers will decrease. These effects compete with the 

kinetics for the electrode reactions. When kinetics dominates the reactions the double layer 

effects may be of minor influence and can be ignored. 
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Fig 2.1.1.2 Showing a general electrodereaction. 

 

2.2 Overpotential 

 

Often in real cases the applied potential exceeds the expected potential required in order to 

complete the faradaic reactions. This is a non desireable effect and the difference is defined 

as overpotential. The main contributor is the electrolyte that will give rise to a resistance 

hindering the flow of ionic current in the solution and increasing the potential. Mass transfer 

and electron transfer are dependent of the applied potential, and sometimes chemical 

reactions preceding or other surface reactions, such as adsorption and desorption, may also 

affect the potential to a lesser extent (Fig 2.1.1.2).  

2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a method useful to characterize materials. An 

electron beam is transmitted from an electron gun with a tungsten filament cathode.  The 

beam is focused by magnetic lenses and interacts with the electrons of the sample. The 

image is created by detection of different signals like secondary electrons and backscattering 

electrons by different kind of detectors.  

One big advantage of the SEM micrographs is its depth of field that yields 3-dimensional-like 

images of the specimen and thereby gives information of its topography. Most SEMs are also 
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equipped with elemental analysis capabilities, which enable the use of analytical techniques 

like Energy-dispersive X-ray spectroscopy (EDS). EDS uses X-rays emitted from the sample, 

being bombarded with electrons in the SEM, to deduce the chemical composition. This is 

possible since the energy of the emitted X-rays is characteristic for each element (14).  

2.4 Computational theory 

Quantum chemistry originates from the Schrödinger equation. As this equation can only be 

solved analytically for very small systems, several approximations must be made for more 

complex systems. When choosing a quantum chemical calculation method it is always a 

balance between computational time and required accuracy.  

2.4.1 Ab initio 

Ab initio methods derive solutions to the Schrödinger equation without any adjustment to 

experimental data. The simplest form of such a method is the Hartree-Fock (HF). All 

electrons in an atom or molecule are affected by other electrons due to the Coulombic 

electron-electron repulsion. In the HF method this is approximated by assuming that every 

electron is affected equally by the average interaction of all other electrons. The result is that 

the calculated energies are equal to or higher than the actual ones (15). There are several 

methods which can be used to correct for the electron correlation of the HF, for instance 

Møller-Plesset (MP2) (16). 

2.4.2 Density Functional Theory 

Density Functional Theory (DFT) solves the Schrödinger equation using the approximation 

that the electron density can be described by functionals. This method requires shorter 

calculation times than the MP2 but can in some cases be just as accurate. 

2.4.3 Hybrid functionals 

Even better results are often achieved using hybrid functionals. These are approximations to 

the exchange-correlation energy functional in DFT that incorporate a portion of the exact 

energy from Hartree-Fock theory. This improves the accuracy of many calculated molecular 

properties such as atomization energies, bond lengths and vibration frequencies (17).  Along 

with the component exchange and correlation funсtionals, three parameters define the hybrid 

functional, specifying how much of the exact exchange is mixed in (18). One of the most 

widely used hybrid functionals is the B3LYP and this is also the one used in this thesis.  

2.4.4 Basis sets 

Molecular orbitals can be described by a linear combination of a set of functions. The 

functions are called basis functions and are usually functions centered at the atomic nuclei. 

The minimal basis set is the smallest basis set that can represent an orbital. The most 

common additions to the minimal basis set are polarization functions and diffuse functions. A 

small basis set gives short calculation time but including more basis functions gives a better 

description of the molecular orbital (16).  
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2.4.5 Calculation programs 

The programs used in this work were Cerius2 (21) for building of the molecules and 

complexes, Gaussian03 (22) for calculating the optimized geometries, molecular orbitals and 

vibrational frequencies and Molekel (23) to visualize the molecular orbitals and vibrational 

frequencies.   

2.4.6 Approximations 

As mentioned above several approximations must be introduced to perform calculations on 

large systems. In the case of this catalyst material the first of this has to be that it is a 

crystalline material, although it has been reported as amorphous.   

Different complexes were constructed based on the crystalline structure of CoPO4  (19) and 

two of them were selected for calculations.  

2.4.7 Interaction energies  

The interaction energy is defined as the difference between the energy of the entire system 

and the energy of the isolated parts of the system. That is 

                                         

3 Experimental section 

3.1 Synthesis of OEC 

 

Bulk electrolysis and formation of the OEC was performed using a solution of Co(NO3)2  

(0,5 mM) and KH2PO4 (1,0 mM) as electrolyte and an Indium-Tin-Oxide (ITO) surface as 

working electrode in a single compartment cell. The cobalt solution was prepared by 

dissolving Co(NO3)2 (0,1462g, 5mM) in deionized water creating a Co-stem. Appropriate 

amount of stem solution was then mixed with KH2PO4 (3,4g, 0,1 M) while diluting with 

deionized water. 

All electrochemical measurements were carried out with a Gill AC potentiometer from ACM 

Instruments with an Ag/AgCl reference electrode, a Pt-wire as auxiliary electrode and a 

glassy carbon electrode as working electrode. As figure 4.1.1.1 shows the ITO surface was 

mounted with a few millimeters from the reference and auxiliary electrode in the cell. After 

that 50 mL of the electrolyte was poured into the cell compartment covering both the ITO 

surface and the electrodes. Reported potentials were converted into the NHE reference scale 

using E(NHE)=E(Ag/AgCl)+0,192 V  

3.2 Handling of surface 

 

ITO surfaces were provided from a research group lead by Ole Inganäs, Professor in 

Bioorganic Electronics at IFM department Linköpings University. All ITO surfaces were 
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visually inspected and rinsed with acetone and deionized water prior to use. After that they 

were mounted into the single compartment cell. 

3.3 Potentiostatic run 

 

Electrolysis was carried out at 1,3 V without stirring. A current profile for the system was 

registered meanwhile and then recalculated into a current density profile by dividing with the 

active surface area. Two different tests were performed, one with Co(NO3)2 (0,5 mM) and 

KH2PO4 (1,0 mM) as electrolyte and one with only KH2PO4 (1,0 mM). The potential of 1,3 V 

was chosen based on earlier tests made by Kanan MW, et al. 

 

3.4 Cyclic voltammetry 

 

After synthesis the ITO surface is remounted and analyzed by cyclic voltammetry. The 

sweep ranges from 0 V to +1.3 V and the potentiostat registers the current flow for the 

system. These values are then represented in a graph with current density against applied 

potential.  Analyses with a deposited surface were conducted in a Co(NO3)2 (0,5 mM) and 

KH2PO4 (1,0 mM) solution. 

After that a rinsed non deposited ITO surface was analyzed as a reference in the same 

manner with a KH2PO4 (1,0 mM) solution.  

3.5 Scanning electron microscopy  

Finally the surfaces were analyzed by SEM.   

4 Results and discussion 

4.1 Experimental 

4.1.1 Synthesis of catalyst 

 

When a constant potential is applied to the ITO surface emerged in a near neutral phosphate 

solution containing Co2+ a dark substance is formed. The surface forms onto the anode and 

has a dark greenish color. Moments after the substance has formed some effervesce can be 

observed. Water is oxidized into oxygen at the anode. Based on this fact, that a reaction can 

be observed at 1,3 V potential we can estimate the overpotential to 70 mV (theoretical value 

for the potential being 1,23 V).  This is a rough estimation because resistance in the solution 

has not been taken into account. 

In order to follow the reaction when a constant potential is applied the charge density is 

measured under the synthesis. Results can be seen in diagram 4.1.1.1 Two experiments 

were conducted under the same conditions, one with Co2+ present in the electrolyte and as a 

reference another with absence of cobalt. The diagram clearly shows that the charge density 

is higher when cobalt is present in the electrolyte and charge density increases during the 

course of the experiment. The current density reaches a peak value and stabilizes more or 

less after 6 h of constant applied potential. More material is deposited onto the ITO surface 

as the experiment proceeds. 
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Figure 4.1.1.1  Potentiostatic run at 1,3 V over a time of 53000 s  with ITO-

surface as electrode in 1.0 mM KPi electrolyte at pH 5.5 in the presence of Co2+ 

 

The integral of the function in diagram 4.1.1.1 corresponds to the total charge passed 

through the surface, in accordance with Faraday`s law. In an ideal case this current is only 

involved in the formation of the catalyst. However, this is not the case. The total charge 

passed through the electrode is used firstly to form the catalyst and secondly to form oxygen 

by oxidation of water. After calculation the theoretically calculated charge has been found to 

exceed the charge needed in order to transfer cobalt to a higher oxidation state, as has been 

suggested for a model in formation of the catalyst by Kanan MW, et al. This supports the 

theory that water has been oxidized into oxygen at the anode. The charge passed in addition 

to formation of the catalyst is proportional to the rate of the oxidation reaction, taking into 

accordance current drops for impedance and non-faradaic interactions.  

 

 

Diagram 4.1.1.1  Potentiostatic run at 1,3 V over a time of 53000 s  with ITO-

surface as in 1.0 mM KPi electrolyte at pH 5.5 in the presence of Co2+ (red line) and in the 

absence of Co2+ (black line).   
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After a experiment with constant applied voltage of 1,3 V an additional experiment with the 

same surface, similar conditions and an reverse potential of -1,3 V was conducted. This was 

to establish if the deposition of the material was somewhat reversible. Results can be seen in 

Fig 4.1.1.3 a and b. The figures show that the material flakes of the ITO surface if a reverse 

potential is applied. We can establish that to some degree the deposition of material is 

reversible, but not what extent because no quantification has been made. 

A  B 

  

Figure 4.1.1.3  Shows potentiometric analysis at +1,3 V (a) and an additional at –

1,3 V (b) 

 

4.1.2 Analysis of surface efficiency 

 

In order to more in detail study the anode reaction a cyclic sweep analysis were made. The 

analysis sweeps between a higher and a lower voltage while the current density is 

monitored. Through this technique the anodic and cathodic wave can be registered. The 

anodic wave can be seen in the lower half (positive potentials) of the diagram 4.1.2.1. 

A peak value of the anodic wave can be observed at approximately 1.3 V in diagram 4.1.2.1. 

(red line). Also, the onset of a strong wave is situated at 1.23 V. In contrast none of this can 

be noticed in the same diagram when Co2+ is absent (black line). The anodic wave is larger 

and the surface is more efficient in passing through current when cobalt is present in the 

solution. This is a clear proof that the deposited material has catalytically effect. 

Same conditions were used also in a second cyclic sweep analysis. Instead only the 

electrode material was changed. A Pt-electrode was used for comparison and results can be 

seen in diagram 4.1.2.2. 
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Diagram 4.1.2.1 Cyclic sweep with ITO-surface as electrode in 1.0 mM KPi 

electrolyte at pH 5.5 in the presence of Co2+ (red line) and in the absence of Co2+ (black 

line).  

 

A strong anodic wave can still be observed for the Pt electrode at approximately 1.23 V 

(black line). Though lower peak value for the anodic potential is achieved for the Pt electrode 

and the charge density are lower. This suggests that our deposited material render a larger 

charge transfer possible and thereby being more effective in its catalytic step. However, 

during analysis a larger effervesce was observed at the Pt-electrode. This may be a non-

objective observation taking in to concern that effervesce were not quantified. Most likely a 

difference in the area of the surfaces in use gives rise to this phenomenon. Our deposited 

material may have a larger area than expected due to porosity. The electrolyte gives rise to a 

resistance lowering the current density and may be larger in the usage of the Pt electrode. A 

Pt-oxide is formed at approximately 0.8 V. After formation this may react at a different rate 

due to the electrolyte composition and pH value. For these specific conditions the deposited 

surface material shows a more effective catalysis. 
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Diagram 4.1.2.2 Cyclic sweep with ITO-surface as electrode in 1.0 mM KPi 

electrolyte at pH 5.5 in the presence of Co2+ (red line) and Pt electrode in 1.0 mM KPi 

electrolyte (black line). 

 

4.1.3 Surface analysis 

 

The deposited surface was analyzed with EDX in order to confirm its composition. In contrast 

to what to be expected cobalt and phosphor content could not be confirmed for all surfaces. 

For most surfaces only Si, In, Sn and O content could be established.  

Though, tests made on surfaces that have undergone a reversed electrolysis shows traces of 

Co and P. The inside of the deposited surface could be analyzed and showed higher values 

for Co, see table 4.1. These results support the theory that Co is specifically adsorbed on the 

electrode surface after polarization.  

One possible explanation to the absence of cobalt and phosphor can be found in the 

analysis. All surfaces that has undergone cyclic sweep analysis (ranging from -1,3 V to +1,3) 

prior to EDX analysis show absence of Co and P. Their for a slightly different approach were 

used for the analysis of other surfaces with cyclic sweeps from 0 to +1,3 V instead. These 

show a slightly different color for the deposited material and we suspect that these also have 

another composition. Although these surfaces have not yet been analyzed with EDX, cyclic 

sweep analysis gave more convincing results after correction. 

 

  Co  P  

Outside 7,22 2,32 

Inside 35,42 1,67 

 

Table 4.1.3.1  Showing EDX analysis results for weight% of substance in 

catalytic surface undergone a reverse electrolysis. 
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4.2 Calculations 

4.2.1 CoH15P6O24 
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Fig 4.2.1.1a Structure Fig 4.2.1.1b Ball- and stick model 

 

4.2.1.1 Optimizing energy 

The energy of the optimized complex is -574,2167 Hartree  = - 15,63 keV.  

4.2.1.2 Molecular orbitals 

4.2.1.2.1 Energy diagram 

 

Fig 4.2.1.2.1.1 Diagram of the energies of a selection of molecular orbitals 
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4.2.1.2.2 Orbital shapes 

  

Fig 4.2.1.2.2.1 Highest Occupied Molecular 

Orbital (HOMO) 

Energy:  -8,179 eV 

Fig 4.2.1.2.2.2 Lowest Unoccupied Molecular 

Orbital (LUMO) 

Energy:  -4,979 eV 

  

Fig 4.2.1.2.2.3 HOMO -1 

Energy:  -8,237 eV 

Fig 4.2.1.2.2.4 LUMO +1 

Energy:  -4,763 eV 
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4.2.1.3 Vibrational frequencies 

 

Fig 4.2.1.3.1 Calculated IR-spectrum  

 

Group Band 

H-bonded OH 2560-2700 

P=O streching 1180-1240 

Phosphate ions 1000-1100 

Table 4.2.1.3.1 Frequencies of IR where phosphorus compounds absorb 

 

4.2.1.4 Interaction energies 

The interaction energy of the complex is -3477,19kj/mol. This corresponds to -701,42 kJ/mol 

per H3PO4/H2PO4
- unit. 
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4.2.2 [CoH18P6O24]
3+ 
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Fig 4.2.2.1a Structure Fig 4.2.2.1b Ball- and stick model 

 

4.2.2.1 Optimizing energy 

The energy of the optimized complex is -575,4844 Hartree  = -15,66 keV.  

4.2.2.2 Molecular orbitals 

4.2.2.2.1 Energy diagram 

 

Fig 4.2.2.2.1.1 Diagram of the energies of a selection of molecular orbitals 
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4.2.2.2.2 Orbital shapes 

  

Fig 4.2.2.2.2.1 Highest Occupied Molecular 

Orbital (HOMO) 

Energy:  -17,074 eV 

Fig 4.2.2.2.2.2 Lowest Unoccupied 

Molecular Orbital (LUMO) 

Energy:  -13,494 eV 

  

Fig 4.2.2.2.2.3 HOMO -1 

Energy:  -17,235 eV 

Fig 4.2.2.2.2.4 LUMO +1 

Energy:  -13,379 eV 
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4.2.2.3 Vibrational frequencies 

 

Fig 4.2.2.3.1 Calculated IR-spectrum 

 

For spectroscopic data to compare with see table 4.2.1.3.1 

4.2.2.4 Interaction energies  

The interaction energy of the complex is -4384,52 kJ/mol. This corresponds to -730,75 

kJ/mol per H3PO4 unit. 
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4.2.3 Bond lengths and angles of both complexes 

 

 H3PO4 H2PO4
- CoH15P6O24 [CoH18P6O24]

3+ 

Co-O - - 198,7/194,7 195,7 

CoO-P - - -/155,1 - 

CoO=P - - 154,6/- 152,5 

P-OH 160,2 167,9 156,9/161,1 157,1 

P=O 148,7 150,9 -/151,5 - 

O-H 97,3 97,7 101,2/98,9 98,4 

Table 4.2.3.1 Average bond lengths in pm. In CoH15P6O24 the bond lengths that originate 

from the H3PO4 group are reported first followed with those from the H2PO4
- group 

 

 H3PO4 H2PO4
- CoH15P6O24 [CoH18P6O24]

3+ 

O-Co-O - - 90,05˚ and 

175,02˚ 

90,01˚ and 

176,77˚ 

Co-O=P - - 134,1˚/- 135,9˚ 

Co-O-P - - -/131,1˚ - 

CoO-P=O - - -/116,3˚ - 

CoO-P-OH - - -/107,01˚ - 

CoO=P-OH - - 111,3˚/- 111,7˚ 

HO-P=O 116,3˚ 107,1˚ -/111,9˚ - 

HO-P-OH 101,8˚ 100,3˚ 107,4˚/101,1˚ 106,9˚ 

P-O-H 120,8˚ 110,1˚ 123,2˚/120,3˚ 130,4˚ 

O=P=O - 125,5˚ - - 

Table 4.2.3.2 Average bond angle. In CoH15P6O24 the bond angles that originate from the 

H3PO4 group are reported first followed with those from the H2PO4
- group 
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4.3 Discussion of calculations 

 

Since the aim of the calculations was to develop a model system for the catalyst it is 

essential to perform experiments so that these results can be compared with the calculated 

ones. Without this it is hard to have a discussion of the accuracy of either of the models. 

The interaction energy of the [CoH18P6O24]
3+ are larger than for the CoH15P6O24. The total 

interaction energy of the complex is thus lower when it contains H2PO4
- groups compared to 

only H3PO4. It would probably be even lower if more H3PO4 groups were replaced by H2PO4
-.  

The coordination number of the two complexes is six and their geometry is an octahedral. 

The bond angles of the O-Co-O are supposed to be 180˚ for those atoms in the same plane 

and 90˚ for those that are not in the same plane. The average bond angles calculated for the 

complexes (see Table 4.2.3.2) are in pretty good agreement with these, especially the 90˚ 

angles. The complex that corresponds best is [CoH18P6O24]
3+ and in this complex the variety 

of the angles was also smaller, from 86,6˚ to 92,0˚, compared with the CoH15P6O24 where the 

values span between 83,5˚ and 97,4˚. The angles for the O-Co-O in the same plane were a 

bit smaller in both of the complexes.  

The shorter bond length between Co3+ and H2PO4
- in CoH15P6O24 compared with the bond 

length between Co3+ and H3PO4 in the same complex indicate that this bond is stronger 

which is logical since H2PO4
- is negatively charged. The P-OH bonds are shorter in both 

complexes than in the free molecules while the P=O and O-H bonds are slightly longer.  

The bond angles are larger in both complexes than in the free molecules. When the bond 

angles are compared between the two complexes most angles are very similar with the 

exception of the P-O-H angle which is larger in [CoH18P6O24]
3+ than in CoH15P6O24. 

The HOMO on the two complexes are similar in shape even though it seems like the 

contribution from the oxygen in the [CoH18P6O24]
3+ comes from several different groups than 

in the CoH15P6O24. The LUMO are also similar in shape and have a larger contribution from 

the Co-ion than the HOMO in both complexes. The LUMO and LUMO+1 seem to have a 

large contribution from a d-orbital each of Co. The p-orbitals of oxygen appear to be close in 

energy of these d-orbitals of Co. The remaining three d-orbitals of Co are spread out in many 

of the molecular orbitals of lower energy.   

It is likely that a water molecule would bind to the LUMO using one of the lone pairs on 

oxygen and reducing Co3+ to Co2+. To see what happens next further calculations has to be 

performed. 

The orbital energy diagrams of the two complexes are quite similar but at different energy 

levels. The gap between HOMO and LUMO are 3,58 eV for [CoH18P6O24]
3+ and 3,2 eV for 

CoH15P6O24 which is pretty similar.  

5 Conclusion 
 

After studies of the deposited surface after polarization of an inert electrode emerged in a 

cobalt phosphate solution we report that this surface has catalytic effect on the electrolysis of 
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water. Effervesce can be observed as the surface catalyze the oxidation of water. This is 

consistent with earlier results reported from Kanan, M.W, et al. We can also conclude that 

cobalt and phosphor are present in the surface, suggesting that cobalt has been specifically 

adsorbed to the electrode surface. The OEC in question is even more effective in the 

electron transfer than some precious metals. Values for the over potential are also relatively 

low but not as low as for some precious metals. The deposition of the catalytic material has 

been found to be reversible and may interact with the ITO substrate if too low potentials are 

in use. 

Regarding calculations the question is if any of the models is a good representative of the 

real catalyst and if so which model is the best one. Unfortunately these are questions that 

can’t be answered in this thesis. A lot more calculations and experiments have to be 

performed.  

 

5.1 Continuation 

 

To verify the experimental results the analyses has to be repeated many more times. Other 

substrates than ITO should be used to see what effect, if any, this has on the catalyst. There 

are also several things that could potentially increase conduction to the electrode. Examples 

are a conductive polymer and a silver- or cupper paste.  The experimental set-up can 

probably also be improved, especially when it comes to reproducibility.  

When it comes to the computational parts the most important thing is to verify with 

experiments that the developed model agrees with reality. It would also be desirable if 

calculations could be performed on larger clusters with active sites where the water 

molecules could react. Then of course different calculations with water molecules would have 

to be performed to establish a possible reaction path for the decomposition of water.  

It would also be interesting to test the catalyst with ocean water and such analyses have 

been started by Kanan, M.W, et al. If this is proven successful it could be an easy way to 

obtain energy and clean water in the parts of the world where there’s a large shortage of this 

(20).  

6 Acknowledgements  
 

We would like to thank our supervisors Professor Per-Olov Käll, Professor Lars Ojamäe and 

Associate Professor Fredrik Björefors for their guidance and patience. Special thanks go to 

Postdoctor Fredrik Söderlind for his help with the SEM analyses and to Postdoctor Mathias 

Kula for modifying the basis set for the cobalt calculations and for being of assistance in Lars 

Ojamäe’s absence. We would also like to thank Postdoctor Maria Lundqvist for being such a 

great discussion partner regarding calculations.  

 

  



28 
 

7 References 

(1) About the Agency. Available at: 
http://www.irena.org/index.php?option=com_content&view=article&id=54&Itemid=90.  

(2) Moriarty P, Honnery D. What energy levels can the Earth sustain? Energy Policy 2009 
7;37(7):2469-2474.  

(3) Shafiee S, Topal E. When will fossil fuel reserves be diminished? Energy Policy 2009 
1;37(1):181-189.  

(4) Powering the planet: Chemical challenges in solar energy utilization — PNAS. Available 
at: http://www.pnas.org/content/103/43/15729.  

(5) Wikipedia contributors. Hydropower , 2009.  

(6) Water use: Hydroelectric power. Available at: http://ga.water.usgs.gov/edu/wuhy.html.  

(7) Energimyndigheten. Fakta om solceller. Available at: 
http://www.energimyndigheten.se/sv/energifakta/Energikallor/Sol--/Fakta-om-solceller/.  

(8) George A Olah, Alain Goeppert, G K Surya Prakash. Bortom gas och olja. Lidingö: 
Industrilitteratur Mentor Communications AB; 2007.  

(9) Moriarty P, Honnery D. Hydrogen's role in an uncertain energy future. Int J Hydrogen 
Energy 2009 1;34(1):31-39.  

(10) Simbeck DR. CO2 capture and storage—the essential bridge to the hydrogen economy. 
Energy 2004 0;29(9-10):1633-1641.  

(11) Allen J. Bard, Larry R. Faulkner. Eletrochemical Methods: Fundamentals and 
application. . 2nd Ed. United States of America: John Wiley & Sons, Inc.; 2001. p. 1-132.  

(12) Kanan MW, Nocera DG. In situ formation of an oxygen-evolving catalyst in neutral water 
containing phosphate and Co2+. Science; Science 2008;321(5892):1072-1075.  

(13) Barber J. Photosynthetic energy conversion: Natural and artificial. Chem.Soc.Rev.; 
Chem.Soc.Rev. 2009;38(1):185-196.  

(14) Joseph Goldstein ea. Scanning electron microscopy and X-ray micro analysis. 3 Ed. 
New York: Kluwer academic flash plenum; 2003.  

(15) Cramer CJ. Essentials of Computational Chemistry Chichester: John Wiley & Sons; 
2002. p. 153-189.  

(16) Jensen F. Introduction to Computational Chemistry. Chichester: John Wiley & Sons; 
1999.  

(17) John P. Perdew, Matthias Ernzerhof, Kieron Burke. Rationale for mixing exact exchange 
with density functional approximations. 1996 1996-12-06;105(22).  

(18) Wikipedia contributors. Density functional theory , 2009.  

http://www.irena.org/index.php?option=com_content&view=article&id=54&Itemid=90
http://www.pnas.org/content/103/43/15729
http://ga.water.usgs.gov/edu/wuhy.html
http://www.energimyndigheten.se/sv/energifakta/Energikallor/Sol--/Fakta-om-solceller/


29 
 

(19) J. M. Osorio-Guillén, B. Holm, R. Ahuja, B. Johansson. A theoretical study of olivine 
LiMO4 cathodes. Solid State Ionics, Volume 167, Issues 3-4, 27 February 2004, Pages 

221-227 

(20) Bullis, K. Sun + Water = Fuel. Technology Review. November/December 2008. 
Available at www.technologyreview.com 

(21) Cerius2, version 4.2.1, Accelrys Inc, 2001 

(22) B.Delley, J Chem.Phys. 92, 508-517 (1990) 

(23) MOLEKEL P. Flükiger, H.P Lüthi, S. Portmann, J. Weber, Swiss Center for Scientific 
Computing, Manno, Switzerland (2000-2002). S. Portmann, H.P –lüthi, Chimia 54, 766 
(2000). 

http://www.technologyreview.com/

