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Abstract 
 

 

Hydrogen production is an interesting way to store solar energy and to diversify the range of applications for 

indirect solar power. A promising production method is to use electric power from solar photovoltaic cells to 

split water in an electrolysis setup. To efficiently run such a setup, one must however have an efficient catalytic 

material on the two electrodes. This work presents a study of a catalytic material for the oxygen evolution 

electrode; nickel hydroxide. 

The study is performed both experimentally and theoretically. In the experimental part, an electrode material was 

synthesized by growing nitrogen doped carbon nanotubes (NCNTs) on a carbon paper (CP) and then decorating 

the NCNTs with the catalytic material. Scanning electron microscopy (SEM) images of the electrode material 

showed that the NCNTs were individually coated with a spiky nickel hydroxide nanostructure, with a very large 

surface area. 

Electrodes with both as-prepared catalytic material and catalytic material first treated in an alkaline solution were 

then tested in a three-electrode electrolysis setup, in alkaline conditions. It was found that the overpotential for 

onset of the oxygen evolution reaction (OER) was roughly 0.27 V, which is in the range of previous reports. In 

contradiction to other reports, the data of this work however indicated that aging the catalytic material decreased 

its activity and hence that the phase often stated as the more active, was in fact the less active phase. The overall 

efficiency of the electrodes was found to be low, most likely due to overloading of active material in the 

electrode structure. 

The theoretical part of the work focused on using Density Functional Theory (DFT) simulations to analyze the 

OER pathway on three different surfaces of the catalytic material. To simulate the effect of an alkaline 

environment these surfaces were also passivated with hydroxyl groups in some of the simulations. The lowest 

overpotential for OER onset found in the calculations was 0.68 V. The calculations further showed that, for the 

pathways with the smallest overpotentials, the limiting reaction step was a step where an adsorbed hydroxyl 

group was deprotonated by a hydroxide ion from the solution and oxidized to an adsorbed oxygen atom. 

In addition, the calculations also indicated that passivation of the surfaces had the important effect of lowering 

the overpotentials for two of the three studied surfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Sammanfattning 
 

 

Vätgasproduktion är en mycket intressant metod för att lagra solenergi och för att diversifiera 

applikationsområdena för indirekt solenergi. En lovande metod är att använda elektrisk energi från solceller för 

att dela vattenmolekyler i en elektrolysuppställning. För att en sådan elektrolys ska bli effektiv, måste man dock 

ha effektiva katalysatorer på de två elektroderna. Denna rapport presenterar en studie av nickelhydroxid, ett 

katalytiskt material för elektroden vid vilken syrgas produceras. 

Studien har utförts både teoretiskt och experimentellt. I den experimentella delen syntetiserades ett 

elektrodmaterial genom att kolpapper kläddes i kvävedopade kolnanorör, som sedan dekorerades med katalytiskt 

material. Avbildningar av elektrodmaterialet med svepelektronmikroskopi visade att kolnanorören var 

individuellt klädda av en taggig nickelhydroxidstruktur, med mycket stor ytarea. 

Elektroder direkt från syntes och elektroder som först behandlas i basisk lösning testades sedan i en tre-

elektrodupppställning, i basisk lösning. Överspänningen för att starta den syrgasproducerande reaktionen 

uppmättes till cirka 0.27 V, vilket ligger i ett intervall av tidigare rapporterade värden. I motsats till andra 

rapporter, indikerade denna studie att det åldrade materialet var mindre aktivt och därmed att den fas som ofta 

antas vara mer aktiv, här var den mindre aktiva fasen. Elektrodernas generella aktivitet var dock låg, förmodligen 

beroende på en för stor mängd katalytiskt material i elektroderna.  

I det teoretiska arbetet användes DFT (Density Functional Theory) för att analysera reaktionsvägen för den 

syrgasproducerande reaktionen. Reaktionsvägen studerades på tre av materialets ytor. För att simulera effekten 

av en basisk omgivning, passiverades dessa ytor också med hydroxylgrupper i vissa simuleringar. Den lägsta 

överspänningen för att starta reaktionen beräknades till 0.68 V. För reaktionsvägarna med de minsta 

överspänningarna, visade beräkningarna vidare att det begränsande reaktionssteget var ett steg där en adsorberad 

hydroxylgrupp deprotonerades av en hydroxidjon från elektrolyten och oxiderades till en adsorberad syreatom. 

Slutligen visade beräkningarna även att passivering av ytorna minskade den nödvändiga överspänningen för två 

av de tre studerade ytorna. 
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1. Introduction 

 

 

1.1 Background 
It is not hard to make the argument that the world needs to produce energy in a more sustainable way and that we 

need to advance out of the fossil fuel era. For the future energy mix, solar power is considered to be key 

technology
[1]

. However, while the installed capacity of solar photovoltaic (PV) cells increases fast in the world
[1]

, 

the problem of storing the solar energy is still partially unresolved. It has long been proposed to use hydrogen 

production as a way to store solar energy and to be able to use it in a more diverse range of applications, such as 

fuel for the transportation sector. However, the methods to produce hydrogen using solar power are still 

developing. 

One interesting method is to use solar PV cells to generate electricity and then use this electricity to produce 

hydrogen by splitting water in an electrolysis setup. The electrolysis is however dependent on good catalysts to 

run efficiently, as the water splitting reaction is a complex reaction that happens in a series of electron transfer 

steps (see the Theory chapter). In an electrolysis setup, one electrode will be the site of the oxygen evolution 

reaction (OER) while the other one will be the site of the hydrogen evolution reaction (HER). The OER is often 

stated as the reaction limiting the overall conversion efficiency between solar power and hydrogen gas
[2,3,4,5,6]

 

and there is an endless field of research aiming to make the reaction more efficient. 

 

An interesting catalyst for the OER is nickel hydroxide. There are many studies investigating the OER on this 

material, both experimental
[2,3,4,7,8,9]

 and theoretical
[5,6,10]

, but despite these numerous studies, there is still some 

controversy regarding key aspects of the OER on this material. There is no clear consensus regarding what phase 

of the material that is most active for OER and there is debate around the OER pathway. 

 

 

1.2 Aims of the present study 
The present study aims to investigate OER on nickel hydroxide by means of both experimental and theoretical 

studies. 

For the experimental part, the aims of the study were the following: 

 

1. Synthesize working electrodes with nickel hydroxides as the electrocatalyst. 

To synthesize a high performance electrode material, the electrodes were planned to be synthesized by growing 

nitrogen doped carbon nanotubes on a carbon paper and by then decorating the nanotubes with the catalytic 

material. 

 

2. Study the OER on the catalytic material by voltammetric experiments. 

The performance of the electrode material was planned to be investigated by performing voltammetric 

experiments using the synthesized working electrodes. The aim was to study the phase transitions and activities 

of the different phases in an alkaline environment. 

 

For the theoretical part, the aims of the study were the following: 

 

3. Analyze the OER pathway on different surfaces of the catalytic material, using an implementation of 

Density Functional Theory. 

The OER pathway was planned to be analyzed by dividing the OER into several elementary steps and 

calculating the changes in Gibbs free energy and electric potentials associated with each of these steps. The 

calculations were planned to be performed on different nickel hydroxide surfaces. As previous studies have 

usually considered the reaction in acidic conditions
[5,6,10]

, the effect of alkaline conditions was here to be studied 

by analyzing the OER pathway on surfaces that had been passivated with hydroxyl groups.  

All calculations were planned to be performed using the density functional theory (DFT) software SIESTA
[11]

. 

 

It should be noted that the study initially also had the aim to investigate the OER with in-situ Raman 

spectroscopy. However, this aim had to be abandoned due to lack of time and inadequate equipment. 
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2. Theory 

 

 

2.1 Density Functional Theory 
The aim of the present chapter is to present the Density Functional Theory (DFT) in a reasonably self-contained 

fashion. A complete review is far out of the scope of the present work, which will focus heavily on derivation 

and implementation of the equations used in the calculations of ground state properties. Many interesting aspects 

of the theory, such as the implications of the full Hohenberg-Kohn theorems, will hence be left out. 

 

2.1.1 The basic concepts of DFT 

The present section will first give a brief description of the quantum mechanics for many-body systems, together 

with a review of some relevant basic concepts. In the latter part of the chapter, a very simplified version of the 

Hohenberg-Kohn theorems will be discussed, to give a foundation for the derivation of the Kohn-Sham 

equations, which concludes the section. The treatment is largely based on Parr & Weitao
[12]

. 

 

2.1.1.1 The many body Schrödinger equation 

For non-relativistic quantum systems (in a first quantization scheme), all information about the particles is 

confined within the wavefunction, denoted Ψ, that is described by Schrödinger equation: 

 

 ˆi H
t


  


  (2.1.1)  

 

Where ħ is the reduced Planck constant and Ĥ is the Hamilton operator. For systems where the Hamilton 

operator is not explicitly time dependent, one can separate the equation and focus on the time-independent 

Schrödinger equation: 

 

 Ĥ E    (2.1.2) 

 

Where E is the total energy of the system. Note that in standard terminology, a solution to eq. 2.1.2 is an 

eigenstate of the Hamiltonian and the energy of the eigenstate is the corresponding eigenvalue. 

The Hamilton operator can further be decomposed into one operator for kinetic energy, T, and one for potential 

energy, V. 

 ˆ ˆT V E   
 

  (2.1.3) 

 

In coordinate space representation, the equation for the wave-function takes the form of a differential equation. 

For a system of only one particle moving in an external potential, ve(r), the equation takes the form: 

 

 
2 ( ) ( ) ( )

2
ev E

m
 

 
   

 
r r r   (2.1.4) 

 

Where m denotes particle mass. Equation 2.1.4 is readily solvable (at least numerically) for any reasonable 

potential.  

However, most real systems consist of many particles interacting with each other. In this case, the kinetic energy 

is the sum of the energies of all particles, as is the case for the potential energy due to an external potential. Now, 

in addition, there will also be another term; the potential energy due to interaction between the particles, Vee. 

Disregarding relativistic effects (such as spin), this interaction is simply the Coulomb interaction. If we restrict 

our treatment to N electrons moving in an external potential, the equation takes the form: 
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  (2.1.5) 

 

As is the case for the corresponding Newtonian equations in classical physics, equation 2.1.5 is not analytically 

solvable for the case of N>2. A further, perhaps more serious problem is that for larger N, it is not even feasible 

to solve eq. 2.1.5 by numerical schemes (at least not at present!). Therefore, it has been (and still is) a very 

important task to develop alternative, approximative, schemes to solve eq. 2.1.5. As will be shown in this chapter, 

DFT offers such an alternative approach. But, in order to discuss it, some basic properties of the wave function 

must first be discussed. 

The properties of the Hamiltonian ensure that a set of solutions, {ψi}, to any Schrödinger equation forms a 

complete orthogonal set, in the sense that any other function (formally, in the corresponding Hilbert space) can 

be described as a superposition of wavefunctions in the set and that: 

 

 0,i j i j      (2.1.6) 

 

Where the Dirac bracket notation is used to denote the inner product. 

Further on, in order to give physical meaning to the solutions of eq. 2.1.5, we will have to impose two external 

conditions on the wave functions: 

 

 1i i     (2.1.7) 

 

    1 2 1 2, ,.., ,.., .., , ,.., ,.., ..,i j N j i N  r r r r r r r r r r   (2.1.8) 

 

Equation 2.1.7 is simply a normalization of the wave functions and the condition of eq. 2.1.8 corresponds to the 

Pauli principle for Fermions. Finally, note that eq. 2.1.6-2.1.7 can be summarized by using the Kronecker delta. 

 

 
i j ij     (2.1.9) 

 

2.1.1.2 The variational principle 

Now, a very important alternative approach to explicitly solving the Schrödinger equation of a system is the 

variational principle. To derive the procedure, start by considering the expectation value of the energy for a 

system described by a (normalized) wavefunction φ. 

 

 ˆE H


    (2.1.10) 

 

Now, the wavefunction does not have to be an eigenstate of the Hamiltonian, but completeness of the solutions 

of the Hamiltonian ensures that we can write it as a superposition of the eigenstates, {ψi}. 

 

 
j j

j

c    (2.1.11) 

So that: 

 

 ˆ ˆ
j j i i

j i

E H c H c          (2.1.12) 

 

Now, by making use of eq. 2.1.2 and eq. 2.1.9, eq. 2.1.12 reduces to: 
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2

j j

j

E c E

   (2.1.13) 

 

Equation 2.1.13 has a very important implication: The expectation value of the energy of a system in an arbitrary 

state can never be smaller than the smallest of the Ej, the ground state energy, from here on denoted E0. 

 

 
0E E


   (2.1.14) 

 

This fact gives us an implicit way of finding the ground state wave function of a system, without having to solve 

the Schrödinger equation explicitly.  

The variational principle scheme is now to start with an initial guess for a ground state wavefunction and then 

calculate the energy expectation value of that state, as one varies its shape. As the energy expectation value can 

never be smaller than the ground state value, one can find the ground state wavefunction as the function that 

minimizes the energy expectation value (the state that corresponds to cj=0 for j>0 in eq. 2.1.11) . 

 

2.1.1.3 Enters the density 

The square magnitude of the wavefunction (in coordinate representation) is conventionally interpreted as the 

probability to find the particles in a particular spatial configuration. For a system of N particles, this 

interpretation leads to the equation for total particle density ρ(r) in a point:  
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  (2.1.15) 

 

Up until eq. 2.1.15 we have not been concerned with spin. However, it is now included explicitly for clarity. In 

eq. 2.1.15 s denotes spin index, while x is used for the combined spin and space coordinates. In eq. 2.1.15, the 

first term is the probability to find the first electron in position r, the second term is the probability to find the 

second electron in r, etc.  

Equation 2.1.15 can be greatly simplified, using eq. 2.1.8. By a simple switching of coordinates and index, all N 

terms in eq. 2.1.15 takes the same form and the equation can be rewritten to: 

 

    
2

1 2 1 2 3

,

, , ,.., ..N N

space spin

N s ds d d d r r x x x x x∬   (2.1.16) 

 

Notice that the integration in eq. 2.1.15 is over all coordinates, except r.  

In going from the full wavefunction to the particle density, one would probably intuitively guess that most of the 

information in the wavefunction is lost in the integrations. The truth, however, turns out to be that the 

information is only lost in an explicit sense. Implicitly, the information is still there, but in a less accessible form. 

The power of DFT lies in realizing how to retrieve some of this information. 

 

The starting point of DFT is the Hohenberg-Kohn theorems. In the full form, they describe the fundamental role 

of the ground state particle density, as a descriptor for all system properties. For our purpose, it is however 

sufficient to formulate a weaker theorem, which is stated as the following: 
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“For a system of N electrons in an external potential, the ground state energy can be found by variationally 

minimizing the energy as a density functional”. 

 

To the statement above, one needs to add a restriction on the particle density in the functional, but this will 

further discussed below. 

To prove the statement above, one can proceed to formulate such a density functional and show that it can be 

variationally minimized to the ground state energy. The procedure is built upon the variational principle and is 

called the “Levy constrained-search”.  

Consider the expectation value of the energy of a system of N electrons in an external potential (in coordinate 

representation).  
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Equation 2.1.17 can now be divided into three different terms (using the operator notation for the T and V 

components): 
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  (2.1.18) 

  

Where Vee denotes the interaction potential operator (the third term in the hard brackets in eq. 2.1.17). To 

proceed to a density functional formulation, we start by reformulating the second term, the potential energy term. 
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  (2.1.19) 

 

Now, using eq. 2.1.8 as when rewriting 2.1.15 to 2.1.16, eq. 2.1.19 reduces to: 

 

    e e

space

V v d  r r r   (2.1.20) 

 

Notice now that the expectation value of the external potential energy is clearly a functional of the particle 

density. 

 

  e e
V V    r   (2.1.21) 
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The question now is if the two other terms in eq. 2.1.18 can be expressed in a similar way. An approach similar 

to that leading to eq. 2.1.20 is unfortunately not possible. However, it turns out that one can formulate a more 

implicit functional. For a given particle density in an external potential, the expectation value for the kinetic 

energy and the interaction energy can be formulated as follows: 

 

       ˆ ˆ
ee eeT V F min T V

 
    


             r r r   (2.1.22) 

 

The formula above should be interpreted as follows. Given a particle density, the density functional of the kinetic 

and interaction potential energy is the expectation value of the wavefunction that both gives the lowest 

expectation value and also reproduces the particle density (as given by eq. 2.1.16). The functional is hence based 

on the variational principle, but the search domain for the wavefunction is constrained to the domain of 

wavefunctions producing a certain particle density. Notice that in this formulation, it is the true ground state 

particle density that minimizes the expression in 2.1.22, because if we choose the true ground state potential, we 

will be able to find the true ground state wavefunction in the search domain. Remember that no other 

wavefunction can give a lower expectation value of the energy and that the expectation value of the external 

potential energy is determined by the particle density alone. To wrap up the discussion, we can now write a 

functional of the particle density, from which we can find the ground state energy by minimization. 

  

          ˆ ˆ
e ee e

space

E r F V min T V v d
 

     


               r r r r r   (2.1.23) 

 

The proof of the theorem stated above is now the conclusion that: 

 

    0E E       r r   (2.1.24) 

 

Where ρ0(r) is the ground state particle density. 

Now, one should note that there is a constraint on the particle densities that we can vary over in eq. 2.1.22-2.1.24. 

There is a demand that the densities must be N-representable, or in other words, that they must be such that there 

is an N-particle antisymmetric wavefunction that reproduces the density. This demand will however not cause 

troubles in what follows. 

 

Before concluding the section, there is another quite remarkable result hidden in 2.1.23. In fact, eq. 2.1.23 does 

not only give the energy as a functional of the particle density. It also provides a way of defining the 

wavefunction as a functional of the particle density. One can define ψ[ρ(r)] as the wavefunction found in the 

variational search in eq. 2.1.23, for the given density. In this case, the functional value for the ground state 

particle density is certainly the ground state wavefunction. The implications of this result are remarkable, as the 

ground state wavefunction contains all the information about a system. What it means is that in proving the quite 

limited theorem stated in this section, we simultaneously proved a much more rigid result, namely that all system 

properties can be seen as functionals of the particle density. As extraordinary as this result is, its usefulness is 

still dependent on our capability of constructing functionals that are explicit and simple enough to use in 

calculations. This task is the topic of coming sections.  

 

2.1.1.4 The Kohn-Sham equations 

In the preceding section, we have proven the existence of a density functional that minimizes to the ground state 

energy. In the Levy constrained-search, the domain in the variational search is certainly much smaller than in a 

full variational approach. One could therefore hope that ground state energy could be easily found from eq. 

2.1.23 by simply vary the density and performing the variational search for a wavefunction for every density 

until a minimum is found. Unfortunately, such an approach is still a very tedious task and it is not 

computationally viable, at least not by methods known today. Fortunately, there exists an approach where the 

results of the preceding section are used implicitly in a different scheme. This scheme is built around the Kohn-

Sham equations. 
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Before starting the actual derivation of the equations, we should start by looking closer on the interaction 

potential term. The classical term for the self interaction potential energy of a charge distribution, J[ρ(r)] is: 

 

      
2

1 2 1 2

1 2

1

2 space

e
J d d     

r r r r r
r r

∬   (2.1.25) 

 

Now, by using eq. 2.1.8 and regrouping terms in the resulting equations, one can actually prove that the 

expectation value of the interaction potential energy can be written as: 
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Where the Ecor term is a complicated term of integrals of the wavefunction. Notice however that this term can 

also be seen as a functional of the density, as was discussed in the previous section.  

Now, note that the expectation value of the kinetic energy is also a functional of the density (as is any other 

system property!). Hence, we can write the total energy expectation value as: 
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At this stage, the external potential term and the classical interaction potential term are both constructed 

explicitly in eq.  2.1.20 and eq. 2.1.25. The two remaining terms are however still undetermined. 

There are different schemes to give these terms approximative explicit expressions, like the Thomas-Fermi 

model. In the Kohn-Sham approach, one does however not need to explicitly construct a functional for the 

kinetic energy, which greatly improves calculational results. 

To derive the Kohn-Sham equations, we will now introduce a functional for the kinetic energy of a non-

interacting system of N particles, a system where the only potential term is an external potential. For such a 

system, the wavefunction can be described as a product of many independent particle states (one can easily show 

that the Schrödinger equation separates). 

 

        1 2 1 1 2 2, ,.., ..noninteracting N N N   x x x x x x   (2.1.28) 

 

To ensure that the wavefunction fulfills eq. 2.1.8 one should rather formulate the combination in single particle 

wavefunctions in terms of a Slater determinant, but the formulas derived below are not affected by such a change, 

so for simplicity, the wavefunction is kept in the form of eq. 2.1.28 (essentially one of the terms in the 

determinant). Notice however that we will still demand that these one particle wavefunctions should be solutions 

to the set of separated Schrödinger equations. Together with the demands from the Pauli principle, this means 

that they are certainly orthogonal to each other. In addition, they can be set as individually normalized, for 

simplicity. 

Now, the expectation value of the kinetic energy for this system is: 
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Using the normalization properties of the wavefunctions, the eq. 2.1.29 reduces to: 
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Now, we can define a kinetic energy functional, similar to the one in eq. 2.1.23, but for a noninteracting system. 
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The functional of eq. 2.1.31 should be interpreted in a way similar to that of 2.1.23. For a given particle density, 

the kinetic energy is the kinetic energy of the noninteracting wavefunction (on the form of eq. 2.1.28) that both 

minimizes the kinetic energy and reproduces the particle density. The conditions discussed under eq. 2.1.28 will 

also be imposed on the single particle wavefunctions. 

The kinetic energy functional of eq. 2.1.31 certainly seems a bit artificial when remembering that the system we 

finally need to consider is one where the electrons are certainly interacting. However, its usefulness will soon be 

clear. 

 

Now, the total energy functional of the interacting system, given in eq. 2.1.27, can now be rewritten in a 

suggestive manner: 
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Continuing to group the terms, we can define the exchange-correlation functional: 

 

           xc S corE T T E                   r r r r   (2.1.33) 

 

And the total energy functional can now be written as: 

 

          S e xcE T V J E                         r r r r r   (2.1.34) 

 

Now, to derive the Kohn-Sham equations, we will start by looking at the equation that formally determines the 

particle density that minimizes the functional of eq. 2.1.34. To find a function that minimizes a functional, one 

proceeds by finding the Euler equation corresponding to the functional. To derive the equation, one starts by 

demanding that for the minimizing density: 

 

   0E    r   (2.1.35) 

 

Using the rules of variational calculus, eq. 2.1.35 implies that: 
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Considering that the variation δρ(r) is arbitrary, the expression inside the parenthesis of eq. 2.1.36 must be zero 

in all space. This gives the Euler equation for the minimizing density: 
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To group the terms in eq. 2.1.38 in a more suggestive way, we will define an effective potential as: 
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Inserting this definition in eq. 2.1.37 yields: 
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Together with eq. 2.1.40 we also need to impose the requirement that the particle density should integrate to the 

particle number. 

 

  
space

d N  r r   (2.1.40) 

 

Equation 2.1.39 and eq. 2.1.40 now together completely determines the ground state particle density for a system 

of N (interacting) electrons in an external potential. The power of these equations lies in realizing that they also 

determine the density in another system, one that we can treat more easily. 

 

Consider now a system of N noninteracting particles, moving in the external potential veff. The separated 

Schrödinger equations for this system take the form (in coordinate space): 
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And the complete solution to the complete Schrödinger equation is (the Slater determinant of): 

 

        1 1 1 2 2, ,.., ..complete N N N   x x x x x x   (2.1.42) 

 

Now, we will apply density functional theory to this system. The density functional for the total energy 

expectation value (denoted with an index S for this system) is now given by: 

 

            S eff eff

space

E T V T v d                      r r r r r r r   (2.1.43) 

 

Similar to what was done for the Levy constrained-search (see section 2.1.1.3), we can construct an exact 

functional for the kinetic energy: 

 

   ˆT min T
 

  


  r   (2.1.44) 

 

For the present case, one knows that the ground state solution to the Schrödinger equation takes the form of eq. 

2.1.42. Therefore, the functional in eq. 2.1.44 reduces to exactly the functional defined in eq. 2.1.31 (notice that 

the same constraints apply on the domain of the search). Hence, we can write eq. 2.1.43 as: 

  

              S eff S eff

space space

E T v d T v d                  r r r r r r r r r   (2.1.45) 

 

Now, we can again derive the Euler equation that formally determines the density that minimizes the functional 

of eq. 2.1.43. The procedure is the same as that leading up to eq. 2.1.37 and the details are omitted. The Euler 

equation takes the form: 
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And we again set the external demand that: 

 

  
space
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Now, the result is obvious. Equations 2.1.44-2.1.45 are the same as eq. 2.1.39-2.140. What this means is that the 

ground state density of our artificial noninteracting system described by eq. 2.1.41 is the same as the ground state 

density of the real interacting system. The ingenuity of this approach lies in the fact that the ground state density 

of the noninteracting system can easily be found by solving for the orbitals in eq. 2.1.41, constructing the full 

ground state wavefunction (eq. 2.1.42) and then integrate for the particle density, by means of eq. 2.1.16 (which 

further simplifies for this noninteracting case). 

The ground state wavefunction is constructed from the orbitals as usual, by filling up the orbitals in a way 

consistent with the Pauli principle. 

 

The Kohn-Sham equations have now in fact already been derived. They are simply the set of equations given as 

eq. 2.1.41. By solving these, the ground state density for the interacting system is found as described above. 

After finding the density, the ground state energy can be calculated from eq. 2.1.34. 

Notice that eq. 2.1.41 needs to be solved iteratively, as the density appears in the potential term. One hence 

needs to start with a guess of the density, solve the equations, calculate a new density and compare it to the guess. 

Until the guess and the calculated density are the same, one has to continue to modify the guess (as will be 

discussed in the next sections). 

 



11 

 

The results of this section now provide us with a straightforward method to calculating the ground state energy 

of a system of N interacting electrons. Before concluding the section, however, we should perhaps address the 

elephant in the room. While the treatment so far has been exact, without any approximations, there is a big 

problem. We still do not know an explicit expression for the density functional of the exchange-correlation 

energy. However, the strength of DFT lies in the fact that the contribution to the total energy from this term is 

relatively small, combined with the fact that there are in fact quite good approximations for this term, as will be 

discussed in the next chapter. 

 

2.1.1.5 Spin polarized DFT 

Up until know, it has been implicitly assumed that there are no spin dependent terms in the Hamiltonian of our 

systems. However, spin effects are essential to incorporate the effects of, e.g. spin-orbit coupling and external 

magnetic fields.  

In fact, DFT can be extended to a case with a magnetic field potential in the Hamiltonian. The treatment of such 

a case is a bit intricate, but the general procedure is similar to the derivations of section 2.1.1.3 and 2.1.14. In this 

text, only the main results will be presented. 

 

In the presence of a magnetic field, the density of DFT splits into two components, one for each spin projection 

orientation (here denoted as α and β). In a similar manner, the Kohn-Sham equations splits into two sets of 

equations, one describing orbitals with α spin component and one describing orbitals with β spin component. 
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Where the effective potential now also includes a spin term. For a simple magnetic field, b(r) along one axis, this 

term takes form: 

 

  , ( )eff spin ev b r r   (2.1.50) 

 

 , ( )) (eff spin ev b  r r   (2.1.51) 

 

Where βe is the Bohr magneton. 

Each set of orbitals is individually integrated to a density, one for α orbitals and one for β orbitals. The sum of 

these densities should, as usual, integrate to the total particle number. 

The density functional for the expectation value of the total energy will also include spin dependent terms. In 

practice, this translates to terms that take asymmetric contributions from the two different densities. The exact 

form of the density functional of course depends on the magnetic field and what kinds of interactions are 

considered. 

 

2.1.2 Implementing the Kohn-Sham equations 

In the previous sections, the Kohn-Sham equations were derived. The next step is to implement these equations, 

to be able to use them in solving for properties of electronic systems.  

When implementing the equations, there are several aspects to consider. Not only must the problem be 

discretized in order to be numerically solvable, but there are also several tricks to decrease the size of the 

calculational problem. A complete review of any of these topics is out of the scope of this text, which will 

instead aim to more briefly discuss the most important aspects. All treatment in this section is largely based on 

Lee
[13]

. 
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2.1.2.1 Born-Oppenheimer approximation 

For a complete quantum system, the atomic nuclei and the electrons should be treated on an equal footing, with 

both kinds of particle included in the complete wavefunction. Luckily, one can achieve very accurate results by 

instead considering the system within the Born-Oppenheimer approximation. In this approximation one makes 

use of the fact that the mass of the atomic nuclei is many orders larger than the mass of an electron. Therefore, in 

the frame of the atomic nuclei, the electronic reconfiguration due to nuclei reconfiguration can be seen as 

virtually instant. 

When solving for the electronic properties within this approach, one assumes that the nuclei are stationary and 

include the interaction energy as an external potential. To find the most stable nuclei configuration, one varies 

the positions of the nuclei, solve for the electronic energy and search for the nuclei positions where the total 

electronic energy is minimized.  

 

2.1.2.2 Exchange-correlation functional 

As was noted in a previous section, the usefulness of DFT is totally dependent on the possibility to find 

acceptable approximations for the explicit expression of the exchange-correlation (XC) density functional. 

Fortunately, such approximations have been developed over the years since DFT was invented as a method and 

now there exist several kinds of functionals. 

A first family of exchange-correlation functionals is the Local density approximation (LDA) functionals. The 

idea of these functionals is to first look at the case of a homogeneous electron gas. In such a system, one 

considerers electrons moving in a uniform external potential. In this system, the electrons are uniformly 

distributed and explicit contributions to the XC functional can be either derived theoretically or approximated to 

high precision using quantum Monte-Carlo simulations. Given the expressions for how the XC energy depends 

on the particle density in the homogeneous system, one proceeds to generalize the results to a non-homogeneous 

system by making the conceptual approximation that every volume element of the non-homogeneous system is a 

small homogeneous region. The total XC functional then becomes: 

 

    hom( ) ( ) ( )LDA

XC XC

space

E d    r r r r   (2.1.52) 

 

Where εXC
hom

 is the XC energy per electron for the homogeneous electron gas. 

The LDA approximations have been proven to yield good results for many kinds of systems, despite several 

drawbacks and problems with the approximation. However, they are notorious for yielding results where the 

binding energies between atoms are calculated too high, yielding results where the lattice parameters of solids 

are underestimated and the adsorption energies of molecules on surfaces are overestimated. As expected, the 

more the electron density deviates from the homogeneous case, the more severe these problems become. 

 

Another set of XC functionals are the Generalized gradient approximation (GGA) functionals. The idea behind 

these functionals was to improve the approximation of LDA by considering not only the electron density, but 

also the local gradient of the density. When considering the also the gradient of the density, it is possible to 

incorporate some effects that are due to a density that is not uniform in space. A general GGA functional can be 

written as: 

 

    ( ) ( ) ( ), ( )GGA GGA

XC XC

space

E d     r r r r r    (2.1.53) 

 

Where the XC energy per electron is now also dependent on the local gradient of the electron density. 

Over the years, several different GGA functionals have been developed, both by using theoretical considerations 

and by fitting calculational results to empirical data. 

In general, the GGA functionals yields calculational results where the overbinding problems of the LDA 

functionals are corrected, sometimes to the extent that binding energies are calculated as too small.  

 

2.1.2.3 Pseudopotentials 

When considering solids, or molecules in general, it is a standard assumption that the only the "outmost" 

electrons of each atom will be affected by the presence of other atomic nuclei (c.f. e.g. Lewis structures). From a 



13 

 

computational point of view, this approximation is extremely powerful. For heavier elements, less than a tenth of 

the actual electrons need to be considered in the calculations, greatly reducing the required computational effort. 

To implement this approximation, one considers only the problem of finding the electron density and energy of 

the valence electrons of a system. The effects of the other electrons are instead included in the potential term, 

where the Coulomb interaction energy is now the interaction energy of the valence electrons and the 

combination of core electrons and the nuclei. 

 

In fact, there is one further simplification to be done, in addition to treating core electrons as an effective 

potential. As will be discussed in the next sections, basis sets and Fourier transforms are essential parts of the 

practical implementation of the Kohn-Sham equations. For this reason, it is of interest to smoothen the atomic 

valence orbitals, in order to simplify the Fourier transform procedure (as a waveshape with more nodes would 

require more terms in a corresponding Fourier transform). For the valence electron orbitals, the wavefunction is 

much less smooth near the core that further away. Note however that the probability of finding a valence electron 

close to the core is quite small and that the core is anyway treated as an effective potential, rather than a complex 

wavefunction (with e.g. requirements from the Pauli principle). This provides motivation for finding simpler 

valence orbitals that mimics all relevant behavior of the real valence electrons.  

In practice, this means is that during the process of finding an effective potential to represent the core electrons, 

one simultaneously finds atomic valence orbitals that have the same long range behavior as the real orbitals, but 

where the behavior closer to the core is much smoother. The effective potentials are fitted together with the 

pseudo-valence orbitals to meet the requirements that the pseudo-orbitals should be smoother close to the core, 

that the long range behavior should be exactly mimicked and that the eigenenergies of the pseudo-orbitals in the 

effective potential should be the same as the eigenenergies for the valence orbitals in the full electron case. In 

this manner, one can construct a simplified treatment of the atoms, without loss of important system 

characteristics. 

 

For practical calculations, there are several kinds of readymade pseudopotentials. In general, one can say that the 

error associated with using these pseudopotentials is in the order of a few percent, which should be considered a 

fair trade when considering the huge reduction in computational effort. 

 

2.1.2.4 Basis sets 

For practical DFT calculations, one solves the Kohn-Sham equations by expanding the Kohn-Sham orbitals in 

terms of some basis set and then solving the associated linear system. To see how a basis set linearizes the 

problem, consider again the (spin independent) Kohn-Sham equations: 
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Now, we will expand the orbitals as a linear combination of N basis functions {χ(x)}. Note that this set is not, in 

general, a set of solutions to the equations. 
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Within this expansion, eq. 2.1.54 can be written as: 
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To now make the linearization, we take the inner product of the terms in eq. 2.1.56 and one of the basis functions 

and simplify the resulting equation: 
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Notice now how the terms in the square brackets on both sides of eq. 2.1.57 have a double index structure. 

Suggestively, we will now define two sets of terms: 
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The elements of S are commonly called overlap integrals, as they are only nonzero in regions where both of 

integrand basis functions are nonzero. With these definitions, eq. 2.1.57 now reduces to: 

 

 

1 1

N N

j ij j ij

j j

c H c S
 

    (2.1.60) 

 

Notice now that eq. 2.1.60 is the i:th line of a linear matrix equation, from which all coefficients {c j} can be 

determined. 
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  (2.1.61) 

 

When choosing basis set for the orbitals, there are two widely used choices. Either one chooses atomic orbitals 

or one chooses plane waves. 

The choice of atomic orbitals is based upon the realization that the Kohn-Sham equations are quite similar to the 

original Schrödinger equation and hence that the resulting orbitals should be quite similar. For the Schrödinger 

equation, localized atomic orbitals are often used to investigate the properties of molecules and solids (LMO-

theory). This basis set has the advantage that relatively few basis functions are needed, hence decreasing the 

calculation size. They however have the disadvantage that electrons might be too localized and that long range 

interactions are poorly described. 

The other commonly used basis set is plane waves. The big advantage of this set is that the orbitals are in 

principal already decomposed into a Fourier series, making the Fourier transforms (see next section) much less 

tedious. Also, they do not suffer from the problem associated with the localization of the atomic orbitals. The 

downside is however that the basis set must be very large in order to describe the orbitals sufficiently well.  

In this context, it should also be noted that, in the general case of a basis expansion, the solution is not exact, 

unless the basis set is a complete set in the orbital space. The error associated with the approximation can 

however be kept quite small as long as a sufficiently large basis set is used. 
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2.1.2.5 Periodicity and k-space evaluations 

When treating solids, one needs to consider very large systems in order to capture true bulk properties. Another 

way to tackle this problem is to study smaller cells in the solid (unit cells or supercells, consisting of several unit 

cells) and then impose periodic boundary conditions. 

When treating periodic systems, one can make use of the periodicity of the system to reduce the calculational 

effort. The main idea is to treat the quantities of interest, the orbitals and the charge density, in both real space 

and in the reciprocal space (the k-space). To change between these representations, one uses ordinary Fourier 

transforms (or in actual implementation, a discretized algorithm). When considering the orbitals in the Fourier 

space, one can make use of the periodicity of the solid (more formally, of the Hamiltonian), to restrict the 

expansion to waves in the irreducible Brillouin zone, IBZ (the smallest domain in k-space that spans the first 

Brillouin zone by symmetry operations). In this way, integrals taken in the reciprocal space are taken over a very 

small domain. Together with the fact that some quantities are much more easily evaluated in reciprocal space, 

this motivates the extra effort in calculating Fourier transforms. Consider also that the Brillouin zone size 

decreases for large unit cells, making the difference in calculational effort bigger for more demanding systems. 

If one further considers that plane waves can be taken as a basis set for the Kohn-Sham orbitals, the added effort 

is further decreased. As a comment in this context, note that eq. 2.1.61 can be seen as a discretized Kohn-Sham 

equation in k-space, if we let the basis set {χ(x)} be plane waves. 

 

As an example on the simplification in different spaces, consider the classical self-interaction energy term, 

J[ρ(r)]. In real space, it is given as: 
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In reciprocal space, however, the same energy term is calculated as: 
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Where the C terms are constants.  

 

In actual implementations, the IBZ is sampled on a grid, to discretize the integrations. One can find standard 

algorithms to create the grid, but one needs to make sure that the number of grid points should be high enough so 

that the different quantities are calculated to a sufficient degree of accuracy. 

 

2.1.2.6 Smearing 

When sampling quantities in the IBZ, one makes an implicit assumption that the quantities are not varying to fast 

between sample points. However, for the ground state, there is a huge difference in occupancy at the Fermi level. 

This is due to that, in ground state, the occupancy of different eigenstates (and their Fourier transforms) is one 

for the N lowest energy states, but zero for any state with higher energy. When evaluating discretized integrals, 

this sharp drop induces errors as the algorithm interpolates the quantities between the grid points. 

To overcome this problem, one makes use of a technique called smearing. The idea is to artificially change the 

occupancy curve to one corresponding (approximately) to an occupancy at an elevated temperature, where the 

occupancy decreases less sharply around the Fermi level (c.f. the Fermi-Dirac distribution at a nonzero 

temperature). When the integrals have been evaluated, they are subsequently corrected with the energy 

difference between the zero temperature and the elevated temperature case.  

As for the k-point grid, there are several standard algorithms to smear the occupancy and correct for the energy 

difference. 

 

2.1.2.7 Mixing in the iterative approach 

As mentioned in previous sections, the Kohn-Sham equations must be solved iteratively. One starts by making a 

guess for the shape of the particle density. Then, one solves the Kohn-Sham equations and integrates the orbitals 
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to get a new density. As long as the initial and calculated densities are not equal (within some defined tolerance), 

one needs to make a new guess for the density and solve the equations again. 

In this iterative approach, an important question is how to generate a new guess for the density. A naive 

approach would be to simply use the previously calculated density as a guess for the next step in the process. 

However, it turns out that such an iterative approach does not have good convergence characteristics and might 

be unstable. 

A more rigid approach is to mix the calculated density with densities from previous calculations. A general 

linear mixing can be written as: 
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Where ρin
n  

is the input density of the n:th run, ρres
n-i

 is the density calculated in the "n-i":th run and ci are 

constants used as weights for the different densities in the linear combination. There are several standard 

algorithms for mixing the densities, using different proportions of the weight constants and different numbers of 

included densities.  

 

 

2.2 Structures and transformations of nickel hydroxides 
This chapter aims to describe some fundamental characteristics for nickel hydroxide, focusing on phases and 

transformations under OER experiments. The knowledge about this material is still building up and therefore this 

chapter should be seen as a review of what is believed today, rather than a review of solidly proved facts. 

 

A simple model for characterizing different states of nickel hydroxide, Ni(OH)2, was developed by Bode et al. in 

a paper published in 1966
[14]

. The model is still widely used as a way of understanding the phases and transitions 

of Ni(OH)2
[2,4,15,16]

 and is summarized in figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

A description of the four different states of the material will be topic of the next section, while the 

transformations between the states is the topic of section 2.2.2 

 

2.2.1 The β- and α-states 

The four states of the material can in principle be divided into two categories, the α/γ-states and the β/β-states. 

These categories will be discussed below. 

 

2.2.1.1 The β-states 

The β-Ni(OH)2 is a layered crystalline material, with an ABAB stacking of the oxygen layers
[15]

. The unit cell 

(after geometrical relaxation) is shown in figure 2, together with a view of a supercell, where the layered 

structure of the material is clear. 

 

Figure 1. The Bode cycle of nickel hydroxide 
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The β-NiOOH, the oxyhydroxide β-state, is a state where the hydrogen content of the material has been reduced 

by a half. The exact structure of the material is not well known. Theoretical studies performed with DFT 

calculations has indicated that as the removal of hydrogen atoms opens up the possibility for O-H-O bonding 

between the layers of the material, so that the oxygen layers becomes stacked in an AABBCC order
[16]

. However, 

recent diffraction studies indicate that the oxygen layers might rather be stacked in an ABCA order
[17]

.  

The structure of the β-NiOOH will be further investigated in this work and it is further discussed in the Results 

chapter. 

 

2.2.1.2 The α -states 

Contrary to the β-Ni(OH)2, the α-Ni(OH)2 has a less organized structure
[15]

. The α-Ni(OH)2 structure is layered 

in the same way as the β-Ni(OH)2, but the interlayer distance is larger and the interlayer space also hosts water 

molecules, whose positions are poorly defined
[15]

. Notice hence that the structure, although often abbreviated as 

α-Ni(OH)2, should in fact be stoichiometrically labeled as α-Ni(OH)2*n(H2O). In this text, however, the more 

commonly used form is adopted. 

The large interlayer distance and the possibility that the interlayer space can host other ions and molecules as 

well, makes the characterization of the γ-NiOOH a very difficult task. Assuming that the layers of the material 

are not much changed (except for the loss of hydrogen) when transforming from α-Ni(OH)2, the structure of the 

γ-NiOOH is still dependent on what conditions one has for the interlayer space. Recent DFT studies have for 

example studied the structure of a γ-NiOOH phase with intercalated potassium ion
[16]

. 

 

2.2.1.3 Structural disorder 

In addition to the more or less well defined states described above, the hydroxide material can also be found in 

states with increased structural disorder. For example, there can be ions intercalated between the layers, one can 

find stacking order faults and stratification of zones in β- and α-phase
[15]

. These complications further increase 

the difficulty of properly describing the material and one must pay care to examine the possibility of e.g. foreign 

ions in the structures. 

 

2.2.2 Transformation properties 

This section aims to shed some light on the transformations between the phases described in the previous section. 

The terminology introduced in fig. 1 is due to that these materials were considered as materials for battery 

electrodes, but in this section, the transformations will be discussed in the context of OER experiments, with 

nickel hydroxide as an electrode material. The discussion will be confined to the case in alkaline solutions. 

 

Figure 2. The structure of β-Ni(OH)2. Left: the unit cell. Right: a supercell, showing the layered structure. 

The unit cell is depicted after geometrical relaxation (see calculational section). Green balls represent 

nickel atoms, red balls represents oxygen atoms and white balls represents hydrogen atoms. 
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At elevated potentials in alkaline solution, the β-Ni(OH)2 is transformed into β-NiOOH and α-Ni(OH)2 is 

transformed into γ-NiOOH
[2,9,15]

. In the oxyhydroxide phases, the oxidation number of the nickel atoms is higher 

than in the hydroxide phases and the transformation runs with charge transfer from the nickel hydroxide 

electrode. In nickel hydroxide, the oxidation number of the nickel atoms is usually stated as +2 (in the absence of 

any severe structural disorder), but for the oxyhydroxide phase, this oxidation number differs between the β- and 

γ-phases. In the β-phase, the oxidation number is usually stated as being around +3
[2,4,16]

, while the oxidation 

number in the γ-phase is usually stated as being higher, around 3.66
[2,4,16]

. 

Another important difference is that the potential at which hydroxides oxidizes to the oxyhydroxide phases, is 

slightly lower for α-Ni(OH)2 than for β-Ni(OH)2
[2,3,8,9]

. 

 

To convert the material from the α- to the β-phase, the material can be aged in a variety of conditions
[15]

. For 

example, the material can be soaked in an alkaline solution of very high pH for extended periods of time
[3,8,15]

. 

To quicken the process, it can also be performed at an elevated temperature
[15,18]

. The material can also be aged 

by electrochemical cycling in alkaline solutions, for extended periods of time
[2,15]

. 

 

To convert the material back from the β/β cycle to the α/γ cycle, one needs to overcharge the material. In the 

context of OER experiments this translates to keeping the electrode at a very high potential (higher than the 

onset potential of OER
[2]

). 

 

 

2.3 Electrochemistry 
This chapter aims to introduce some of the electrochemical principles that are most relevant for the present work. 

The concept of Gibbs free energy and half reactions will be briefly introduced, while a heavier focus will lie on 

the OER part of the water splitting reaction. The treatment on basic concepts is largely based on Atkins
[19]

 and 

the reader is directed there for a much more complete review. 

 

2.3.1 Basic concepts 

In this work, the chemical reactions will be analyzed in the framework of Gibbs free energies and corresponding 

potential differences. In this section, these concepts are briefly introduced. 

 

2.3.1.1 The Gibbs free energy 

In thermochemistry, one of the most important concepts is the Gibbs free energy, denoted as G. For a given 

system, it is formally defined as follows: 

 

 G H TS    (2.3.1) 

 

Where H is the enthalpy, T is the absolute temperature and S is the entropy. Note that both H and S are state 

functions and hence that G is also a state function. This is a crucial property of the Gibbs energy, as it means that 

its value is not path dependent; a fully defined system state always has the same value of G, regardless of how it 

was brought to the state. 

 

The full power of the Gibbs free energy becomes apparent when one studies a system that is at constant pressure, 

P, constant temperature and in thermal equilibrium with its surroundings. By making use of the Clausius 

inequality, one can derive that the criterion for spontaneous change in the system is that: 

 

 0systemdG    (2.3.2) 

 

Where the system index is used to denote the Gibbs energy of the system (and not of the surroundings).  

Another very important property of the Gibbs energy is that for a system at constant T and P, the change in 

Gibbs free energy between two states is the limiting amount of non-expansion work (e.g. electrical work) that 

can be done by the system. 
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The Gibbs energy is especially important for thermochemistry, as we can define our system as the products and 

reactants of a chemical reaction (as long as they are at constant T and P). Consider a chemical reaction, generally 

written as: 

 

 A B C D    (2.3.3) 

 

To see if this reaction is spontaneous in the right direction, we can simply look at the difference in Gibbs energy 

between the products and the reactants: 

 

    ( ) ( ) ( ) ( )reactionG G C G D G A G B       (2.3.4) 

 

It can seem like a tedious task to calculate the Gibbs energies of the compounds, but in fact there exists a 

standardized method of doing so. A full derivation of this method is available in any standard chemistry text and 

will not be covered here. It is however built around the Hess law of additive properties and considerations for the 

Gibbs energy of mixed compounds. The result is that, when calculating differences in Gibbs energies as in eq. 

2.3.4, one can use the following expression for the Gibbs energy of a compound: 

 

  ( ) ( ) lnf AG A G A kT a    (2.3.5) 

 

Where Gf is the standard formation Gibbs energy of a compound, the Gibbs energy associated with the process 

of assembling of the compound from some standard compounds and bringing it to well defined standard 

conditions. The second term gives the correction when the compound is not in standard conditions. The aA term, 

the activity, is closely related to concentration for dissolved compounds and to the partial pressure for 

compounds in gas phase. The standard formation Gibbs energies can easily be looked up in standard 

thermochemical tables. 

 

2.3.1.2 Half reactions and reference electrodes 

For electrochemistry, where reactions are usually divided into reactions at two different electrodes, with electron 

transfer through cables between them, the concept of half reactions provides a very useful tool. Consider a 

general redox reaction: 

 

 A B A B     (2.3.6) 

 

Where A is oxidized at one electrode and B is reduced on the other. These reactions can now be conceptually be 

divided into two half reactions: 

 

 

A e A

B e B

 

 

 

 

  (2.3.7) 

  

By convention, they are always written in the reduction direction. 

Notice however that for these two half reactions, there is no convenient way of calculating Gibbs energies, 

because of the electron in the formulas.  

The way to work around this problem is to take the Gibbs energy change for the total reaction and then 

systematically ascribe it in different portions to the different electrode half reactions. Before discussing the 

formalism, there is one more concept that must be introduced, that of considering potentials instead of Gibbs 

energies. 

Note that the Gibbs energy corresponds to the maximum electrical work that can be performed by a system. 

Consider then that for electrochemical reactions, the two electrodes are separated but connected with cables. If 

one applies a potential between the electrodes, there will be an electrical work associated with transferring an 

electron from one electrode to the other. The change in Gibbs energy associated with a reaction is hence directly 
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correlated to the potential difference for which the reaction still can run. For a reaction where n electrons are 

transferred, the maximum potential for which the reaction can still run is given by: 

 

 

 reactionneV G      

 

 reactionG
V

ne


   (2.3.8) 

 

As one can realize by considering eq. 2.3.8, considering potential instead of Gibbs energy has the advantage that 

the voltage is independent of multiplicative factors in the reaction formulas. For example, if a reaction like the 

one in eq. 2.3.6 runs twice, the total change in Gibbs energy doubles. The voltage over which the reaction can 

run is however unchanged, as the amount of electrons transferred is also doubled (c.f. eq. 2.3.8). 

 

In a similar manner, one can also argue about the Gibbs energy and voltages in the other direction. If a two 

electrode reaction is not spontaneous, it can still run given that one applies a forward potential, at least the size of 

the voltage given in eq. 2.3.8. 

 

Now, we will consider the way of systematically handle half reactions. To be able to ascribe Gibbs energies (or 

voltages) to the half reactions, we will introduce the standard hydrogen electrode (SHE), with a half reaction as 

given below: 

 

 22 ( , 0) 2 ( , 1 )H aq pH e H g p bar       (2.3.9) 

 

The system of ascribing voltages to individual half reactions is now as follows. Consider the first half reaction of 

eq. 2.3.7 When this electrode runs in oxidizing direction in a system with the SHE as reducing electrode, the 

total reaction is: 

 

 22 ( , 0) 2 ( ) ( , 1 ) 2 ( )A A
H aq pH A a H g p bar A a 

        (2.3.10) 

 

Where the actual activities a of the A compounds are clearly stated. The corresponding Gibbs energy difference 

of: 

 

 
, / 2( ( ( , 1 )) 2 ( ( )))

(2 ( ( , 0)) 2 ( ( )))

reaction SHE A A

A

G G H g p bar G A a

G H aq pH G A a







   

  
  (2.3.11) 

 

Now, when we again divide this reaction into half reactions, we will simply ascribe the entire Gibbs energy to 

the A compound reaction, so that: 

 

 
2

.

, /

2 ( , 0) 2 ( , 1 ), 0

2 ( ) 2 2 ( ),

SHE

vs SHE

A A reaction SHE AA

H aq pH e H g p bar G

A a e A a G G

 

 

     

    
  (2.3.12) 

 

Note that the sign of the energy is shifted for the A compound half reaction, the reason being it is convention to 

change the sign as the reaction is now written in the opposite direction compared to in eq. 2.3.7. Now, reverting 

to potentials, we can write: 

 

 

2

, /.

2 ( , 0) 2 ( , 1 ), 0

2 ( ) 2 2 ( ),
2

SHE

reaction SHE Avs SHE

A AA

H aq pH e H g p bar V

G
A a e A a V

e


 

 

    


  

  (2.3.13) 
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Or, considering that the voltage is independent of multiplicative factors: 

  

 
, /

( ) ( ),
2

reaction SHE A

A AA

G
A a e A a V

e


 


     (2.3.14) 

 

Going through the same process for the B half reaction of eq. 2.3.7, one would find the corresponding term for 

the B reaction by again ascribing all the Gibbs energy to the B half reaction. Potentials (or Gibbs energies) given 

in this way are said to be given “vs. SHE”, or given with SHE as reference electrode. 

 

The power of these voltages lies in the fact that we can use them to find also the potentials of reactions that does 

not include the SHE. Take the reaction of eq. 2.3.6 as an example. The potential for this reaction (in the right 

direction) can be written as: 

 

/

( ( ( )) ( ( ))) ( ( ( )) ( ( )))

(2 ( ( )) 2 ( ( ))) (2 ( ( )) 2 ( ( )))

2

(2 ( ( )) 2 ( ( ))) (2 ( ( )) 2 ( ( )))

2

B AB A
B A

B AB A

B AB A

G B a G A a G B a G A a
V

e

G B a G A a G B a G A a

e

G B a G B a G A a G A a

e

 

 

 

 

 

 

  


  


  


   

2

2

2

(2 ( ( )) 2 ( ( ))) (2 ( ( )) 2 ( ( )))

2

( ( ( , 1 )) (2 ( ( , 0))

2

( ( ( , 1 )) (2 ( ( , 0))

2

(( ( ( , 1 )) 2 ( ( ))) (2 ( ( , 0)) 2 ( ( ))))

2

((

B AB A

AA

G B a G B a G A a G A a

e

G H g p bar G H aq pH

e

G H g p bar G H aq pH

e

G H g p bar G A a G H aq pH G A a

e

G

 



 





 

  


   
 
 

   
 
 

    



2

. .
, / , /

( ( , 1 )) 2 ( ( ))) (2 ( ( , 0)) 2 ( ( ))))

2

2 2 2

B B

vs SHE vs SHE
reaction SHE A reaction SHE B A B

H g p bar G B a G H aq pH G B a

e

G G G G

e e e



     

   
  

 
 

Leading to the conclusion that: 

 

 
. .

/

vs SHE vs SHE

B A B AV V V    (2.3.15) 

 

Hence, for a reaction conceptually consisting of two half reactions, one takes the potential vs. SHE of the half 

reaction of the reduced specie and subtract the potential vs. SHE for the half reaction of the oxidized specie to 

find the potential of the total reaction. 
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This example has shown us the power of reference electrodes, while using the example of the most common 

electrode to refer half reaction potentials to, the SHE. In this work, however, a more tailored reference will be 

used when the half reaction potentials are reported, as will be discussed in section 2.3.2.3. 

For this purpose, this section will be concluded with a discussion on how to relate the half reaction potential 

versus one reference electrode to the half reaction potential versus another reference electrode.  

 

Let’s assume that we have the potential the A half reaction of eq. 2.3.7 vs. some reference electrode, X. We now 

want to give it instead vs. some reference electrode Y, with half reaction: 

 

 Y e Y     (2.3.16) 

 

Assume also that the half reaction potential of eq. 2.3.16 vs. X is given. Consider now the total reaction: 

 

 Y A Y A      (2.3.17) 

 

When comparing to the derivation of eq. 2.3.13, we know that to calculate the potential of the A half reaction vs. 

Y, we want to calculate the total potential for the reaction of eq. 2.3.17 and then assign it all to the A half 

reaction (with reversed sign, as in eq. 2.3.13). 

Now, the total potential of the total reaction in eq. 2.3.17 can be easily found in terms of the half reaction 

potentials vs. X by using eq. 2.3.15: 

 

 
. .

/

vs X vs X

Y A Y AV V V    (2.3.18) 

 

Now, to get the potential vs. Y of the A half reaction, we want to assign all of the potential to this half reaction, 

but with reversed sign. The result is that: 

 

  . . . . .

/

vs Y vs X vs X vs X vs X

A Y A Y A A YV V V V V V         (2.3.19) 

 

Notice finally that using these definitions, the potential of a half reaction vs. the same half reaction must be zero 

(as can be easily confirmed). Using this realization, we can make a final remark that, using eq. 2.3.19: 

 

 
. . . .vs Y vs X vs X vs X

X X Y YV V V V      (2.3.20) 

 

 

2.3.2 The Water Splitting reaction 

The main focus of this thesis is to look at the oxygen evolution part of the water splitting reaction. In this section, 

the water splitting reaction will be discussed; both in general terms and for the specific case of OER on a nickel 

oxyhydroxide surface. The section is ended with a discussion on a pH balanced reference hydrogen electrode, 

which later results will be reported against. 

 

2.3.2.1 The basic water splitting reaction 

The basic water splitting reaction is given below. 

 

 2 2 22 ( ) 2 ( ) ( )H O l H g O g    (2.3.21) 

 

The standard potential for the reaction is 1.23 V
[19]

. This potential is valid for pure water and a gas pressure of 1 

bar for each of the gas species. These conditions are usually (approximately) fulfilled in a real experiment. To 

realize this, note that an experiment is usually performed in aqueous electrolyte with a relatively low 

concentration of any solutes and that the gases will form bubbles in an environment where the ambient pressure 

is essentially atmospheric, around 1 bar (as long as the electrodes are not immersed far below the water surface, 

the pressure from the electrolyte is negligible). 
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One can quickly confirm that for the reaction in eq. 2.3.21, four electrons are transferred. This means that the 

total Gibbs energy for the reaction is four times the potential, 4.92 eV. 

 

In an electrolysis application, the two gases evolve at different electrodes. In alkaline, where there is a scarcity of 

hydrogen ions, but an abundance of hydroxide ions, the reaction in eq. 2.3.21 can be divided into the following 

half reactions: 

 

 2 24 4 2 4H O e H OH      (2.3.22) 

 

 2 22 4 4H O O e OH      (2.3.23) 

 

Note that eqs. 2.3.22-23 are both written in the reduction direction, as dictated by convention. For water splitting 

by electrolysis, the OER reaction of eq. 2.3.23 is usually stated as being the limiting reactions, demanding a 

rather excessive potential, an overpotential, to run
[2,3,4,5,6]

. The origin of this overpotential is that the OER runs in 

a series of four complex, one electron transfer, steps and that some of these steps might require a large Gibbs 

energy. Note that the total change in Gibbs energy for the reaction in eq. 2.3.21 is fixed for any electrodes, 

meaning that if one divides the total reaction into four one electron transfer steps, the sum of the Gibbs energy of 

each of the step must still be 4.92 eV. However, if the Gibbs energy is not equally divided between the steps, the 

step requiring the largest Gibbs energy will set the restriction on the minimum potential that must be applied to 

run the reaction. In more formal terms, the potential to run the reaction will be given by: 

 

 , 1 , 2 , 3 , 4

1
max , , ,WaterSplitting reaction step reaction step reaction step reaction stepV G G G G

e
         (2.3.24) 

 

Where the Gibbs energies for the individual steps are restricted by: 

 

 , 1 , 2 , 3 , 4 4.92reaction step reaction step reaction step reaction step reactionG G G G G eV            (2.3.25) 

 

The reaction step corresponding to the largest reaction Gibbs energy is called the rate determining step (RDS), as 

it is the step where the largest Gibbs energy difference must be overcome to run the complete reaction. 

Noting that the theoretical minimum potential for the reaction is the standard potential given above, 1.23 V, the 

overpotential, η, of the four step reaction is: 

 

 , 1 , 2 , 3 , 4

1
max , , , 1.23WaterSplitting reaction step reaction step reaction step reaction stepV G G G G eV

e
           (2.3.26) 

 

Finally, a very important implicit assumption has been done in the considerations leading up eq.2.3.36. We are 

assuming that we can calculate the overpotential by only considering the initial and final states of each of the 

reaction steps. In fact, there might also be kinetic barriers for the reaction steps, so that the overpotential must be 

increased above the one given in eq. 2.3.26 for the reaction to actually run. To be able to proceed we will 

however assume that the effect of such kinetic barriers is negligible in the analysis. 

 

2.3.2.2 OER on NiOOH 

To go further into the discussion of the steps that were only generally discussed in the last section, there are two 

sides of the problem that needs to be properly addressed. The first issue is to identify the steps as half reactions 

on the OER electrode. This will be the topic of the present section. The second issue is to discuss a proper 

reference electrode to relate the OER half reactions to. 

 

There is some debate about the actual reaction steps of OER on NiOOH in alkaline conditions
[4,5,6,7,10]

. However, 

a plausible set of reactions has been developed by Norskov et al
[5,20]

. The idea behind this set is that reaction 

steps including recombination of two individually adsorbed oxygen atoms are implausible due to large kinetic 
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barriers. Instead, the steps are given as follows. Note that they all take place on a single reactive site on the 

NiOOH surface. 

In the first step, a hydroxide ion is adsorbed onto the reactive site and oxidized. In the next step, a hydroxide ion 

from the solution pick up a hydrogen ion from the adsorbed hydroxide and the leftover oxygen ion is oxidized to 

an oxygen atom. In the third step, a new hydroxide ion is adsorbed onto the already adsorbed oxygen atom and 

the resulting compound is oxidized. In the last step, a hydroxide ion from the solution picks up a hydrogen ion 

from the adsorbed compound and the leftover dioxygen is oxidized and released to gas phase, leaving a clean 

reactive site. 

More formally, the four steps can be written as ("unconventionally" written in the oxidation direction): 

 

 * *OH OH e      (2.3.27) 

 

 2* *OH OH O H O e       (2.3.28) 

 

 * *OH O OOH e      (2.3.29) 

 

 2 2* *OH OOH O H O e        (2.3.30) 

 

Where * denotes the clean reactive site and *X denotes an adsorbed X specie. Note that these four half reactions 

add up to the complete half reaction of eq. 2.3.23.  

It should again be noted that these reaction steps are contested by other authors. However, together with the 

approximations discussed in the Calculational chapter, they provide a very rigid and accessible way of 

calculating the overpotential of the reaction. 

Now, to actually calculate Gibbs energies of these steps, they must be related to some reference electrode, 

towards which we can calculate the total reaction Gibbs energies (as described in section 2.3.1.2). This is the 

topic of the next chapter. 

 

2.3.2.3 The pH balanced Reference hydrogen electrode 

When calculating the Gibbs energies of the half reactions of eqs. 2.3.27-2.3.30, one must relate them to some 

reference electrode. A very suitable reference electrode for this purpose is the pH balanced Reference hydrogen 

electrode (RHE). Using this electrode amounts to assuming that the reference electrode for the OER is an 

electrode at which hydrogen is  produced, in an environment with the same pH as on the OER electrode. If the 

total half reaction of the OER electrode is given by: 

 

 2 22 ( ) ( 1 ) 4 4 ( )OERH O l O p bar e OH pH pH        (2.3.31) 

 

We will define the half reaction of the RHE as: 

 

 2 2

1
( ) ( 1 ) ( )

2
OERH O l e H p bar OH pH pH        (2.3.32) 

 

Now, the activity of the hydroxide ions are directly related to the activity of the hydrogen ions and hence the pH, 

by the relation: 

 log( ) 14
OH

a pOH pH      (2.3.33) 

 

As can be confirmed by analyzing the dissociation reaction of water. The implication of eq. 2.3.33 is that the 

activities of the hydroxide ions are the same in eq. 2.3.31 and in 2.3.32, as we defined them at the same pH. 

If we clearly state the pH of the hydroxide ions in the half reactions of eqs. 2.3.27-2.3.30 we can write them as: 

 

 ( ) * *OEROH pH pH OH e       (2.3.34) 
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 2( ) * *OEROH pH pH OH O H O e        (2.3.35) 

 ( ) * *OEROH pH pH O OOH e       (2.3.36) 

 2 2( ) * * ( 1 )OEROH pH pH OOH O p bar H O e         (2.3.37) 

 

Now, if we take the total reactions of these together with the RHE, we get the four total reactions: 

 

 2 2

1
( ) * * ( 1 )

2
H O l OH H p bar      (2.3.38) 

 2

1
* * ( 1 )

2
OH O H p bar     (2.3.39) 

 2 2

1
( ) * * ( 1 )

2
H O l O OOH H p bar      (2.3.40) 

 2 2

1
* * ( 1 ) ( 1 )

2
OOH O p bar H p bar       (2.3.41) 

 

Where all hydroxide ions have cancelled from the total reactions. This cancellation is only valid in the case 

where they have been defined at the same pH for both electrodes, as it is only then they have the same Gibbs 

energy, as can be understood by considering eq. 2.3.5. 

By adding up the four reactions of eqs. 2.3.38-2.3.41 the usefulness of this specific choice of reference electrode 

becomes clear. The reactions add up to exactly the total water splitting reaction of eq. 2.3.21. Hence, we can see 

these reactions as the four steps discussed in section 2.3.2.1 and the step with the highest Gibbs energy will limit 

the lowest potential for which the total reaction will run. Before proceeding, there is however one very important 

comment to be made. In interpreting eqs. 2.3.38-2.3.41 as the actual reaction steps, we are making the 

assumption that the hydrogen evolution proceeds without any overpotential, as we have implicitly assumed only 

one reaction step (without kinetic barriers) and therefore do not allow it to run in steps, effectively removing the 

possibility for overpotentials. What we do is therefore to isolate the overpotential only due to OER. 

 

As was discussed in previous sections, the Gibbs energy can arbitrarily be assigned to one of the half reactions 

and reported vs. a reference electrode. This is very useful for comparing calculational results against 

experimental data of the potentials of the half reactions, which are of course also reported towards some defined 

reference electrode. 

Therefore, before concluding this section, we should address the issue of converting potentials vs. some other 

predefined reference electrode, to potentials vs. RHE. The issue of converting between references has been 

discussed in a previous section, where eq. 2.3.19 was derived. Some extra care must however be paid to the 

problem of converting to the RHE. The reason for the extra ordeal is that when looking up standard potentials in 

tables, they are given for standard conditions, at a defined pH. Therefore, one needs to take care to treat the pH 

differences properly. 

 

For suggestive reasons, we will choose specifically to derive the formula for converting from potentials vs. the 

Ag-AgCl electrode to potentials vs. an RHE at some specified pH. The half reaction for the Ag-AgCl electrode is: 

 

 ( ) ( ) ( )AgCl s e Ag s Cl aq      (2.3.42) 

 

In order to convert from potential vs. this electrode to potentials vs. the RHE, we need to find the potential of the 

RHE vs. the Ag-AgCl electrode (c.f. eq. 2.3.19). We will do this in a series of two steps. First we will convert to 

potentials vs. an RHE with a fixed pH of 14. Then we will convert it to a potential vs. the RHE at an arbitrary pH. 

 

Now, in standard tables, one can find that the potential of the reaction in eq. 2.3.42  vs. SHE is 0.22 V
[19]

.  One 

can also find the potential vs. SHE for the RHE with an OH
-
 activity of 1. Referring to eq. 2.3.33, one finds that 

the corresponding pH is 14. Hence, the half reaction for this RHE electrode can be written as: 
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 2 2

1
( ) ( 1 ) ( 14)

2
H O l e H p bar OH pH        (2.3.43) 

 

The tabulated potential vs. SHE for this half reaction is -0.83 V. Now, making use of eq. 2.3.15, we can find that 

the potential for the total reaction of eq. 2.3.42 and 2.3.43 (run in the opposite direction) is: 

 

 
. .

/ ( 14) ( 14) 0.22 ( 0.83 ) 1.05vs SHE vs SHE

Ag AgCl RHE pH Ag AgCl RHE pHV V V V V V           (2.3.44) 

 

Now, conceptually ascribing this whole potential to the RHE(pH=14) reaction (reversing the sign, as usual), we 

find that: 

 

 
.

( 14) / ( 14) 1.05vs Ag AgCl

RHE pH Ag AgCl RHE pHV V V

        (2.3.45) 

 

Hence, using eq. 2.3.19 we find a formula for a general half reaction A: 

 

 
. ( 14) . . .

( 14) 1.05vs RHE pH vs Ag AgCl vs Ag AgCl vs Ag AgCl

A A RHE pH AV V V V V   

      (2.3.46) 

 

Now, we would instead like to convert this potential into the potential vs. a RHE at some arbitrary pH. To do this, 

we will consider the total reaction, consisting of the RHE(pH=14) reaction of eq. 2.3.43 and a RHE half reaction 

at some other pH (here denoted as RHE(pH=ξ)): 

 

 2 2

1
( ) ( 1 ) ( )

2
H O l e H p bar OH pH         (2.3.47) 

 

Now, the total reaction of the two half reactions is (letting eq. 2.3.43 run in the forward direction): 

 

 

2 2 2 2

1 1
( ) ( 1 ) ( ) ( 1 ) ( 14) ( )

2 2
H O l e H p bar OH pH H p bar OH pH H O l e             

   

 

 ( ) ( 14)OH pH OH pH      (2.3.48) 

 

Now, the find the potential of this reaction, we will start by finding the Gibbs energy of the reaction. Using eq. 

2.3.4 we find that: 

 

 , ( 14)/ ( ) ( ( 14)) ( ( ))reaction RHE pH RHE pHG G OH pH G OH pH  

        (2.3.49) 

 

Now, using eq. 2.3.5, we find that this is: 

 

   

         

, ( 14)/ ( ) ( 14) ( )

( 14) ( ) ( ) ( )

( ) ln ( ) ln

ln ln ln 1 ln 0 ln

reaction RHE pH RHE pH f fOH pH OH pH

OH pH OH pH OH pH OH pH

G G OH kT a G OH kT a

kT a kT a kT kT a kT a

 

  

 

   

 

   

   

       
   

     

  

  

  , ( 14)/ ( ) ( )
lnreaction RHE pH RHE pH OH pH

G kT a   
     (2.3.50) 
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Now, using eq. 2.3.33 we can also write this as: 

 

  14

, ( 14)/ ( ) ln 10 ln(10) 14 ln(10)reaction RHE pH RHE pHG kT kT kT

 

        (2.3.51) 

 

Now, we can convert this to a potential for the reaction and ascribe it all to the RHE(pH=ξ) reaction (see eq. 

2.3.45) to find: 

 

 
. ( 14)

( ) ( 14)/ ( ) 14 ln(10) ln(10)vs RHE pH

RHE pH RHE pH RHE pH

kT kT
V V

e e
  

        (2.3.52) 

 

Now, we can use the expression of eq. 2.3.19 to convert a potential vs. RHE(pH=14) to a potential vs. 

RHE(pH=ξ). In this case, we would like to convert the potential that we first converted from the Ag-AgCl 

reference electrode, to obtain a formula for the conversion from potential vs. this electrode to potential vs. 

RHE(pH=ξ). Inserting the expressions from eq. 2.3.52 and eq. 2.3.46 into eq. 2.3.19 we obtain: 

 

 
. ( ) . ( 14) . . ( 14) . ( 14)

( ) 14 ln(10) ln(10)vs RHE pH vs RHE pH vs vs RHE pH vs RHE pH

A A RHE pH A

kT kT
V V V V

e e



    



 
     

 
  

 

 
. ( ) . 1.05 14 ln(10) ln(10)vs RHE pH vs Ag AgCl

A A

kT kT
V V V

e e

    
       

 
  (2.3.53) 

 

Finally it can be interesting to insert numerical values
[19]

 (at room temperature T=298.15 K) into eq. 2.3.53. The 

resulting equation is: 

 

 
. ( ) . 0.2218 0.0592vs RHE pH vs Ag AgCl

A AV V V V       (2.3.54) 

 

Equation 2.3.54 now concludes the theory section of this thesis. More practical details on how to implement the 

concepts discussed in this chapter will be further treated in the following chapters, on calculational and 

experimental details. 
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3. Calculational details 

 

 

3.1 A calculational recipe 
The observant reader will have noticed that the previous theory chapter has not addressed a vital inconsistency. 

To be able to quantify overpotential, we need to calculate Gibbs energies for the species in our different reaction 

steps. However, in the DFT theory, only the internal electronic energy at T=0 K is discussed. The inconsistency 

is, unfortunately, fundamental in its nature. DFT calculations (in the more standard implementation), only 

provides us with the ground state total electronic energy of a system (the energy of the electrons and atomic 

nuclei), not with the Gibbs energy of the same. 

Therefore, we need some procedure to calculate Gibbs energies from the electronic energies from DFT. Such a 

method has been developed by Norskov et al.
[5,10,20]

. The method builds upon a series of approximations, but it 

has been proven to correctly describe trends when implemented in calculations of electrochemical reactions on 

different materials
[5,20]

.  

To understand the approximations, consider the definition of the Gibbs energy, given in eq. 2.3.1. The first 

approximation is to approximate the enthalpy of a system as follows: 

 

 0( ) ( 0)H T E T ZPE E ZPE       (3.1.1) 

 

Where E(T=0) denotes electronic energy (of both electrons and nuclei) at temperature 0 K and ZPE denotes the 

zero point vibrational energy, the energy of the lowest vibrational state. Note that what this means is that we 

approximate the enthalpy of the system by an approximation of the internal energy at zero Kelvin. To motivate 

this approximation, one can note that for systems at room temperature, the occupancy of vibrational and 

electronic states are certainly highest for the ground states (c.f. the Boltzmann distribution). The ZPE can be 

approximately calculated from DFT data, by mapping out the potential curves of atomic nuclei, for positions 

around the equilibrium positions. Luckily, such tedious calculations have already been performed and reported in 

the literature. 

The second term in the Gibbs energy of eq. 2.3.1 is the TS term. To treat this term, the approximation is to use 

tabulated entropy values (at room temperature) for gas phased molecules, like hydrogen and oxygen, while 

making the approximation that the entropy of adsorbed species is zero, as their movements are very restricted by 

bonds to the surface. To treat the water molecule, one uses the entropy value of the gas phase molecule at room 

temperature and at the vapor pressure of pure liquid water at room temperature. At this pressure, the Gibbs 

energy of a liquid molecule and a gas phase molecules are the same.  

To treat the correction terms of the bulk material, onto which molecules are adsorbed, the approximation is to 

separate the ZPE and TS term for bulk and adsorbed species. In this way, the correction terms of the bulk are 

cancelled, as one can see by considering e.g. the Gibbs energy of the first reaction step in eq. 2.3.38 (where * 

denotes the bulk material): 
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 (3.1.2) 

 

Invoking the rest of the approximations discussed above, this reduces to: 

 

 

   

   

   

 

0 0 2 2 2

0 0 2 2 2

0 0 2 2 2

0 0 2 2 2

1
(* ) ( ( )) ( ( )) ( ) ( ) ( )

2

(*) ( ( )) ( ( )) ( ( ))

1
(* ) ( ( )) 0 ( ) ( ) ( )

2

(*) ( ( )) ( ( )) ( ( , .

reactionG E OH ZPE OH ads TS OH ads E H ZPE H TS H

E E H O l ZPE H O l TS H O l

E OH ZPE OH ads E H ZPE H TS H

E E H O g ZPE H O g TS H O g p vap P

      

   

     

     ))

   

 

   

 

0 0 2 0 0 2

2 2

2 2

1
(* ) ( ) (*) ( ( ))

2

1
( ( )) ( ) ( ( , 1 ))

2

( ( )) ( ( , . ))

reactionG E OH E H E E H O g

ZPE OH ads ZPE H TS H g p bar

ZPE H O g TS H O g p vap P

    

   

   

 (3.1.3) 

 

For practical calculations in this report, the correction terms on the two last lines of eq. 2.3.57 will not be 

explicitly calculated. Instead, precalculated correction terms will be collected from calculations on OER on 

NiOOH
[10]

. 

Notice that in the procedure described above, only the Gibbs energies of the final and initial states of each 

reaction is considered. As was discussed in the theory section, we are not considering any kinetic barriers for the 

reaction pathway, assuming that they are small enough to be negligible. 
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3.2 The simulated systems 
From the discussion above, we see that in order to calculate overpotentials for the OER reactions, we need to 

calculate the electronic energies of many different systems. We need to calculate the electronic energies of gas 

phase molecules, of bulk material and of bulk material with adsorbents. The section will give a brief review of 

these systems. 

 

A first choice that needed to be done was to decide on which surfaces to study the OER reactions, or, more 

precisely, what material to use in the simulations and on which surfaces of that material one should define a 

reactive site onto which the adsorbent can be placed. 

In this work the decision was to study the OER reaction on β-NiOOH. There are essentially three reasons for this 

choice. The first is that in the alkaline solutions used in the experimental part of this work, Ni(OH)2 transform 

into NiOOH before the onset of OER. Hence, one should choose an oxyhydroxide as the active material. The 

second is that the β-NiOOH is a crystalline phase. Hence, it should be possible to find a good representable unit 

cell for it. The third reason is that the β-phase of NiOOH is usually stated as the more active between the γ- and 

β-phase, even if this assumption is contested
[2,3,4,6,7,10]

.  

 

3.2.1 The β-NiOOH unit cell 

The first step in the calculations was to find the unit cell of the β-NiOOH. The starting point for this work was 

unit cells reported by Li and Selloni
[6]

 and Casas-Cabanas et al.
[17]

. However, these unit cells were not consistent 

with the data reported in the corresponding articles. Therefore, the unit cell for this work was found from new 

DFT calculations. Starting from the unit cell reported by Li and Selloni, a unit cell for this work was calculated 

in four steps. 

First, the unit cell vectors were fixed and the atomic positions were relaxed. In the next step, the unit cell vectors 

were relaxed together with the atomic positions (starting from the output positions of the previous step). In these 

two steps, no spin-polarization was used. In the next step, the output unit cell was taken and the atomic positions 

were again relaxed with the unit cell vectors fixed. This time spin polarization was however implemented. The 

last step was to again take the output cell and relax both atomic positions and unit cell vectors, using spin 

polarized DFT. 

For the spin polarization, an important note should be made. The nickel atoms are taken to be initially polarized, 

while the oxygen and hydrogen are taken as initially unpolarized. For nickel hydroxide, it is reported that within 

the layers, the nickel atoms have the same polarization
[15]

. It is assumed here that oxyhydroxide has the same 

property. In Ni(OH)2 the polarization is so that the layers are oppositely polarized, making the material 

antiferromagnetic. To reproduce this property in the calculations, the unit cell would have to consist of an even 

number of layers. The problem is now that to produce the expected stacking order of the oxygen layers, 

AABBCC, the unit cell must consist of multiples of three layers. The smallest unit cell that complies with both 

of these requirements is hence six layers thick. As this was deemed to be too big to make practical subsequent 

surface calculations, calculations were done on both a six layer unit cell and a three layer unit cell, were the latter 

is no longer antiferromagnetic as there are two layers of one polarization and only one of the other. The 

simulations were then compared for any vital differences. 

 

3.2.2 The surfaces for OER 

For the OER calculations, three different surfaces were chosen. The unit cells containing bulk material and the 

wanted surface were constructed using Virtual NanoLab 2015 (Quantum Wise). Common for the construction of 

these cells is that on top of the surface, several Ångström of vacuum are inserted, so that there should be no 

interaction between the surface and the lower side of the bulk (remember that calculations are performed using 

periodic imaging of the cells). The surfaces were also "cleaned" of oxygen and hydrogen so that there were 

available nickel atoms on the surface. The absorption energies were calculated both on these clean surfaces, as 

well on surfaces that had been partially passivated with hydrogen ions. Below follows a short description of the 

three surface cells and the calculational procedure used to find energies associated with them. They will all be 

denoted with a hexagonal four number Miller-index. 

 

3.2.2.1 The (0115) surface 

The starting unit cell for the (0115) surface is shown in figure 3. 
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Figure 3. The starting unit cell of the (0115) Surface. Atoms below the red line are always fixed. The blue ring shows 

the position of the reactive site. 

Before calculating the energies of any adsorbents, the surface needs to be relaxed, as it is now exposed to 

vacuum (as opposed to bulk) on one side. The relaxation procedure was to fix the atomic positions of the lower 

part of the unit cell, to make sure that bulk properties are reproduced below the surface, while the upper atoms 

were relaxed. Referring to fig. 3, all atoms under the red line were fixed, while the atoms above the red line were 

relaxed. 

When this surface (from here on denoted as the vacuum surface) was relaxed, another similar surface cell was 

constructed by adding hydroxyl groups to the surface. This surface cell was used to simulate a passivated surface 

in an alkaline solution. To passivate the surface in a consistent way, the following observation was made: In the 

bulk material, each nickel atom binds to six oxygen atoms. If one hydroxyl group is placed on each nickel atom 

on the (0115) surface, each surface nickel atoms is bonded to six oxygen atoms, which is a situation comparable 

to that in the bulk material. The passivated surface was hence constructed by adding one hydroxyl group to each 

nickel atom, except for the nickel atom of the reactive site. 

The passivated surface was relaxed in two steps. First, all bulk and surface atoms were fixed, except for the 

added hydroxyl groups, which were relaxed. Then, starting with the output unit cell of the previous step, the 

whole surface was relaxed as described for the vacuum surface. 

 

After relaxation of the vacuum- and passivated surfaces, three more types of calculations were done for each 

surface, one for each adsorbent of the four reactions steps of eqs. 2.3.38-2.3.41 (OH, O and OOH). 

These calculations were all performed in the same two steps. First, the adsorbent was placed on the reactive site 

and its atomic positions were relaxed while keeping the rest of the atoms fixed. Then, starting with the output 

cell, all surface atoms (the ones above the red line in fig. 3) were relaxed. 
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For all calculations, spin-polarized DFT was used and the nickel atoms were initially polarized, with the same 

polarization within each layer (as there are three layers in the unit cell, the polarization of the layers was chosen 

so that two layers had one polarization while only one layer had the other polarization). 

 

3.2.2.2 The (0112) surface 

The starting cell for the (0112) surface is shown in figure 4. 

 

 
Figure 4. The starting unit cell of the (0112) Surface. Atoms below the red line are always fixed. The blue ring shows 

the position of the reactive site. 

Note that the surface is very similar to the (0115), with the significant difference being the angle of the layers. 

This surface was treated very similar to the (0115) surface. A vacuum cell and a passivated cell were constructed 

using the same procedure and the adsorbent were added and simulated, also using the same procedure as for the 

(0115) surface. 

 

3.2.2.3 The (1010) surface 

The starting cell for the (1010) surface is shown in figure 5. 
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Figure 5. The starting unit cell of the (1010) Surface. Atoms below the red line are always fixed. The blue ring shows 

the position of the reactive site. 

The treatment of this cell is in principle the same as for the other two surfaces, but now with one important 

difference. For this surface, not one but three different passivations were chosen. To see the reason for this, not 

that at the reactive site, the nickel atoms are severely undercoordinated. Therefore, one can choose to add more 

than one hydrogen group per nickel atom, before the bulk structure with six oxygen atoms per nickel is produced. 

Note that in bulk, the nickel atoms are bonded to six oxygens each. However, these oxygen atoms are shared 

between many nickel atoms, in a way so that each nickel atom binds to an effective number of two oxygen atoms 

each (each oxygen is bound by three nickels). Starting in this observation, three passivations were chosen; one 

naive passivation where one hydroxyl group was added to each surface nickel atom (except the reactive site), a 

second passivation were hydroxyl groups were added so that each surface nickel atom (including the reactive site) 

is bonded to an effective amount of two oxygen atoms and finally, a third passivation that were done by adding 

one more hydroxyl group to each surface nickel atom, so that each nickel bonded to six oxygen atoms (except at 

the reactive site).  

These three surfaces and the vacuum surface were then all treated as described for the (0115) and (0112) 

surfaces. 

 

3.2.2.4 Solvent effects 

Until now, there has been no discussion on the explicit effect of a solvent. In all cells, there is vacuum on top of 

the surface, where there is actually water (and some base) in a typical experiment. Nørskov et al.
[5,10,20]

 proposes 

a method for dealing with the effects of a solvent. The proposition is to add a monolayer of water in the vacuum 

of the surface cell and let the water interact with the surface and the adsorbents. The method greatly increases the 

number of atoms to be simulated and demands simulations in a very complex system. Therefore, a simpler 

approach is used here for incorporating solvent effects. 

The idea is to approximate the effects of the solvent with an electric field, applied over surface cell
[22]

. As 

adsorption energies have been found to vary quite linearly with the electric field strength
[21]

, two electric fields 
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were used for calculations in this work. One is a large positive field (0.4 V/Å) and one is a large negative field (-

0.4 V/Å). Both are applied in the z direction of the cell (from the bottom to the top in fig. 3-5.). 

 

To calculate energies in the presence of an electric field, the same kind of calculation was performed for all three 

surfaces. First, the surface passivation variant with the lowest associated overpotential was chosen from previous 

calculations. Then, for the four surface cases (free surface, *O, *OH, *OOH) the output of the surface relaxation 

was chosen as a starting point. In these cells, the electric field was then applied and the surface and adsorbents 

were relaxed in one single step. 

 

3.2.3 The gas phase molecules 

For hydrogen gas and gas phased water molecules, a unit cell was constructed by making a large vacuum cell 

and then adding a single molecule in the middle of the cell. The relaxation of the atomic coordinates was 

performed in one single step. 

 

As it turns out, dioxygen gas is not well described by DFT, since the oxygen atoms interact through very 

complex molecular orbitals. The way to solve this problem is to not calculate any properties for oxygen, but 

instead collect the Gibbs energy from the reaction formula of water splitting (eq. 2.3.21 and its associated Gibbs 

energy). The Gibbs energy of the oxygen gas then becomes: 

 

 2 2 24.92 2 ( ( , )) ( ( , 1 )) 2 ( ( ))reactionG eV G H g p bar G O g p bar G H O l         

 

 2 2 2( ( , 1 )) 2 ( ( )) 2 ( ( , )) 4.92G O g p bar G H O l G H g p bar eV       (3.1.4) 

 

Equation 3.1.4 can now be used to calculate the Gibbs energy of the oxygen gas from the values calculated for 

the water and hydrogen gas. 

 

 

3.3 DFT details 
This chapter aims to give some insight into the detailed calculational settings used in the DFT simulations. 

Common for all simulations is that they were performed using the SIESTA software
[11]

. All larger calculations 

were sent to the HPC2N Abisko cluster. Manipulations of the unit cells (except for the construction of the 

surface cells) were performed using the GDIS software. For more details on the implementation details, the 

reader is directed to the Siesta manual. The exact form of the input files can be seen in the appendix, where some 

relevant examples are provided. 

 

For all calculations, most of the parameters are the same. These common parameters will be briefly covered 

below. 

First, the same kind of basis set was used. SIESTA implements local basis sets and in this case, a DZP set was 

used, meaning that the local valence orbitals are split up into smaller parts and that polarization orbitals from 

perturbation theory are added. 

Further on, the  RPBE
[23]

 GGA functional was used as exchange-correlation functional. These GGA functionals 

include empirical corrections to better reproduce adsorption energies and are hence suitable for the present work. 

The iterations over the Kohn-Sham equations were always performed for 100 times or until the density error 

(between input and output) was below a tolerance level of 0.001 in each grid point. For all simulations, the 

densities were mixed using a Pulay algorithm where the results of 7 iterations were used to calculate the new 

density. The weight of the last output density was however changed between the simulations. 

The upper cutoff for the expansion into plane waves (see the Fourier transform section in the theory chapter) was 

set to 300 Ry. 

The electronic smearing was performed using the method of Methfessel and Paxton at an electronic temperature 

of 0.1 eV. 

Finally, the type of run was set to CG, meaning that a conjugate gradient method was used to change the 

positions of the atomic nuclei between the runs. A maximum limit on the movement of each atomic nucleus was 

set to 0.05 Å per iteration, to stabilize the iteration. 
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Some details are also specific to different sets of calculations. They will be briefly described below. 

 

3.3.1 Details for the β-NiOOH unit cell 

A very important set of parameters that are not fixed for all simulations is the k-grid. For all simulations it is 

generated using the Monkhorst-Pack method. To further specify the k-grid, a diagonal matrix is written in the 

input file. In this matrix, increasing the 1,1 element increases the sampling in the x direction, etcetera. For the 

spin-polarized β-NiOOH unit cell, a k-grid was specified as: 

 

 

5 0 0

0 5 0

0 0 5

  

 

While it was bigger for the two first simulations: 

 

10 0 0

0 10 0

0 0 10

 

 

Further on, the weight of the last density in the Pulay mixing was set to 0.1, a quite high value. 

 

3.3.2 Details for the surface cells 

For the much larger surface cells, the reciprocal unit cell is much smaller. Due to this fact, the k-grid was 

reduced to the unity matrix.  

In order to achieve convergence of the densities, the mixing coefficient of the last output density was decreased 

to 0.01. 

 

3.3.3 Details for gas phase molecules 

For the gas phase molecules, the k-grid was set to: 

 

 

5 0 0

0 5 0

0 0 5

  

 

The mixing coefficient of the last output density was set to 0.1. 

For the simulation of the hydrogen molecule, the basis set was also modified in order to yield a more exact 

ground state energy. The modification block can be found in the input file in the appendix. 
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4. Experimental 
 

 

4.1 Synthesis 
The electrode material for electrochemical testing under OER conditions were built up using a bottom-up 

approach, in two steps. The electrode support was chosen as a carbon paper (CP) (SIGRACET GDL 10AA) and 

in a first step, NCNTs were grown on the CP. In a second step, the NCNT structure was loaded with nano-sized 

Ni(OH)2 particles.  

The final material was subsequently used to build working electrodes, which were tested in linear sweep 

voltammetric (LSV)  experiments. 

In this section, the synthesis methods used to build up the electrodes described in detail. The next section will 

then describe the testing and characterization procedures. 

 

4.1.1 NCNT synthesis 

The NCNTs were grown using a chemical vapor deposition (CVD) technique, following a reported recipe
[24]

. 

When using CVD techniques, one must first produce some kind of catalytic particles, where a dissociation-

diffusion-precipitation process leads to the growth of carbon nanotubes
[25]

. In this work, iron was used as catalyst 

material. The iron was deposited onto the CP by vapor deposition, using a thermal evaporator (Kurt J. Lesker 

PVD 75). To avoid diffusion of iron into the carbon structures, a layer of titanium was deposited prior to the iron, 

using the same equipment. The deposited Ti buffer layer was 10 nm thick, while the iron layer was 5 nm thick. 

The CVD was performed in a quartz tube inside a CVD oven (nabertherm RSR120/500/11). A strip 2x10 cm 

strip of Ti/Fe coated CP substrate was placed in the middle of the oven. The system was heated to 800 
o
C while 

purged with Argon (120 ml/min). The heating time was 20 minutes. The substrate was then pretreated with a mix 

of Varigon (a H2/Ar mixture) (110 ml/min) and Ammonia (25 ml/min) for 15 minutes. After this, the system was 

purged with Varigon (120 ml/min) while the NCNT precursor, Pyridine, was fed to the system using a syringe 

pump (NEMESYS) at a rate of 8 μl/min. The growth was allowed to run for 60 min, after which the system was 

cooled while flushed with Argon (120 ml/min). The cooling time was about 4 hours. After synthesis, the 

produced NCNT/CP substrate was stored in a sealed plastic bag. 

 

4.1.2 Ni(OH)2 synthesis 

There are numerous reported methods to synthesize Ni(OH)2 nanoparticles
[7,15,18,26,27,28,29,30]

. In this work, three 

different principal methods are used. Two of them are based on hydrothermal (HT) processes while one is based 

on a dip coating procedure. The procedures are described in detail in the subsections below.  

 

4.1.2.1 Hydrothermal synthesis with aqueous solvent 

The first procedure was to use a HT process with water as the solvent. The procedure was designed following a 

reported recipe
[27]

. 

First, a mixture of 10 ml deionized water and 10 ml ethanol (analytic grade) was prepared. To this solution, 

NiCl2*6H2O (Sigma Aldrich) was added in different amounts, so to produce solutions with NiCl2 concentrations 

of 0.1, 0.2 and 0.4 M. 

To this solution, 5 M NaOH(aq) was then added slowly under rigorous stirring, until the pH reached 11. 

A 1x3 cm piece of NCNT/CP substrate was then put vertically in a 45 ml Teflon vial and 20 ml of the prepared 

solution was transferred to the vial. The vial was then sealed in a steel autoclave and put in an oven (nüve EV018) 

at 200 
o
C for 15 h.  After synthesis, the substrate was rinsed with water and ethanol and dried on a 60 

o
C hotplate. 

After drying, the sample was stored under atmospheric conditions.  

 

4.1.2.2 Dip-coating synthesis 

A second procedure was based on a dip-coating procedure where the substrate was dipped in two different 

liquids, following a reported method
[30]

. 

Two different liquids were first prepared. One was a 5 mM Ni(NO3)2 aqueous solution and the other was a 1M 

KOH aqueous solution. A 3x1 cm NCNT/CP substrate was first dipped into the nickel salt solution for 30 s, after 

which it was dried with compressed air. After this, it was dipped into the KOH solution for 30 s and again dried 
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with compressed air. This cycle was repeated for 5 times after which the substrate was rinsed with water and 

ethanol and dried on a 60 
o
C hotplate overnight. 

 

4.1.2.3 Hydrothermal synthesis in Ethylene glycol 

The third procedure was again a hydrothermal procedure, but with an organic solvent. Following a modified 

reported procedure
[18]

, ethylene glycol (EG) was used as a solvent. 

In this procedure, 2 mmol NiCl2*6H2O was first dissolved in 3 ml of EG. Then, 10 ml of 2 M sodium acetate EG 

solution was added to the salt solution. After this, a 1x3 cm piece of NCNT/CP substrate was put vertically in a 

45 ml Teflon vial and 20 ml of the prepared solution was transferred to the vial. The Teflon vial was 

hydrothermally treated at 180 
o
C for 10 h. After synthesis, the substrate was rinsed with water and ethanol and 

dried on a 60 
o
C hotplate overnight. 

 

4.1.3 Aging 

As the β-phase of the NiOOH was expected to be the most active phase for OER, some substrates (see section 

5.2.4) containing nickel particles were aged after synthesis, to increase the amount of β-phase Ni(OH)2. The 

aging was performed in alkaline solution and was similar to a reported aging procedure
[3]

. 

In this procedure, 8 ml of a 10 M KOH aqueous solution was transferred to a small sealable glass vial. Then, a 

2x1 cm piece of the nickel containing substrate was put in the vial and immersed in the liquid. The substrate was 

kept in the sealed vial for 24 h, after which it was rinsed with water and ethanol and dried on a 60 
o
C hotplate 

overnight. 

 

4.1.4 Electrode construction 

Working electrodes were built up on a 7x20 mm glass piece in the following steps. 

First, a circular piece (6 mm in diameter) of carbon tape (SPI Doubled sided Adhesive Carbon Tape from SPI 

supplies) was attached to the glass piece. On top of this carbon tape, a thin silver wire was placed. A circular 

piece (5mm in diameter) of CP electrode material (see above) was then cut out using a hole puncher and attached 

on top of the carbon tape and the wire. After this, all parts of the electrode, except the CP electrode material, was 

covered in epoxy glue (LOCTITE POWER EPOXY). Figure 6 shows a prepared electrode. 

 

 
 

Figure 6. A prepared electrode. 

 

4.2 Characterization 
The electrode material was characterized with electron microscopy, X-ray photoelectron spectroscopy (XPS) and 

with electrochemical testing in a three electrode system. 

The electron microscopy was performed on the electrode material, before electrode construction and was 

performed with a scanning electron microscopy (SEM) instrument (Zeiss Merlin FEG-SEM). The XPS 

measurements were performed using a Kratos axis ultra delay-line detector electron spectrometer, using a 

monochromatic Al anode operated at 120 W. 
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The electrochemical testing was performed in a three electrode system using a potentiostat equipment (Metrohm 

autolab). All electrodes were tested with linear sweep voltammetry (LSV). The LSV experiments are further 

described below. 

 

4.2.1 LSV experiments 

The LSV experiments were carried out in a three electrode system, using a 1 mm platinum wire as counter 

electrode and an Ag-AgCl (CHl111 from CH Instruments) reference electrode. The three electrodes were all 

immersed in a small plastic vial, in 1.4 ml 0.1 M KOH solution (pH=13). The electrodes were all manually 

placed closely to each in the vial. 

The sweeps were carried out between 0 and 1 V vs. Ag-AgCl. Sweeps were carried out with a sweep rate of 2 

mV/s until the LSV curves were stable (3-6 sweeps) and then the LSV curves were collected for two sweeps at 1 

mV/s. 

The potentials vs. the Ag-AgCl electrode where converted to potentials vs. RHE(pH=13) using a version of eq. 

2.3.54, provided by the manufacturer of the reference electrode: 

 

 
. ( ) . 0.222 0.059vs RHE pH vs Ag AgCl

A AV V V V       

 

 
. ( 13) . 0.989vs RHE pH vs Ag AgCl

A AV V V     (3.1.5) 
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5. Results and Discussion 
 

 

5.1 Calculational results 
This section will cover the results of the DFT simulations performed in this work. The starting point is the unit 

cell of the β-NiOOH, which will be the topic of the first section. Then, the results of the simulation of the OER 

pathway on two different surfaces will be carefully analyzed. After this discussion, the results for the other 

surfaces will be treated more briefly, focusing on similarities, differences and trends between the different 

surfaces. In the latter discussion, the results will also be compared to other calculational and experimental values. 

The section is concluded with a discussion on the effects of the solvent, here approximated as an electric field. 

 

5.1.1 The β-NiOOH unit cell 

As described in the calculational details section, the unit cell of the β-NiOOH was relaxed in four steps. For the 

two last steps, where spin-polarized DFT was used, the relaxations were performed on both a three layer and a 

six layer cell. Table 1 shows the total energy of the unit cell, after the different relaxation steps. 

 

Table 1. The total electronic energy of the β-NiOOH unit cells after each relaxation step. Notice that for the six 

layer cell, the energy is halved to give a more clear comparison between the cells. 

   Three layer cell Six layer cell 

Relaxed nuclei Fixed cell  Etot= -5659.370 eV  

Relaxed nuclei Relaxed cell  Etot= -5659.405 eV  

Relaxed nuclei Fixed cell Spin pol. Etot= -5660.543 eV Etot/2= -5660.571 eV 

Relaxed nuclei Relaxed cell Spin pol. Etot= -5660.620 eV Etot/2= -5660.657 eV 

 

There are two important observations to be made from table 1; first, the energy is decreasing with each 

relaxation, confirming that the chosen relaxation order was reasonable (the unit cell is more and more 

energetically relaxed in each step). Secondly, the energies of the three layer unit cell and the six layer unit cell 

are very similar, differing only on the second decimal. This is a clear indication that the difference between the 

ferromagnetic three layer cell and the antiferromagnetic six layer cell is negligible (in terms of energy, not 

magnetic properties!). The unit cells sizes of the two unit cells also showed negligible differences. The interested 

reader can find the unit cell vectors in the appendix. The conclusion is that it is a reasonable approximation to 

use the three layer unit cell instead of the full six layer unit cell in the following calculations. 

The final structure of the material of the three layer unit cell is shown in figure 7. The unit cell structure is given, 

together with a supercell, showing the layered structure. 
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Figure 7. The relaxed structure of β-NiOOH. Left: The unit cell. Right: A supercell, showing the layered structure. 

As is shown in fig. 7, the oxygen layers of the structure has the AABBCC stacking sequence that is also reported 

from the DFT study of Van der Ven et al.
[16]

. A possible conceptual explanation for this stacking could be that 

with this stacking sequence, the oxygen and hydrogen atoms can form quite symmetric and stable O-H-O bonds 

in the interlayer spaces.  

Notice also that there is an unsymmetrical distribution of hydrogen atoms between the layers. One would expect 

each layer to have the same amount of hydrogen atoms, but for the relaxed structure, the hydrogen atom of the 

lowest layer has moved to the middle layer. This should probably be interpreted as an artifact of the CG 

relaxation of the atomic nuclei. This hydrogen configuration represents a local minimum in the relaxation, rather 

than a position corresponding to total energy minimization. It should be noted that this problem occurred for all 

of the simulations of the β-NiOOH systems. The effect on the total energy is however expected to be very small, 

as the repositioning of the hydrogens has no significant visible effect on the positions of the other atoms. 

 

5.1.2 OER on the (0115) surface 

The OER on the (not passivated) (0115) surface was assumed to proceed in four steps (as discussed in section 

2.3.2): 

 

 2 2

1
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2
H O l OH H p bar      
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OH O H p bar    
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2
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To be able to calculate potentials vs. a properly defined RHE, all reactions above are assumed to run at 25
o
C (as 

discussed in chapter  2).  

Following the procedure described in section 3.1, the total electronic energy of the reactants and products were 

calculated and these energies were then corrected to yield approximate Gibbs energies. Figure 8 shows the final 

relaxed structures of the (0115) surface with the four different adsorbents. 
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Figure 8. (0115) surface with the four adsorbents of the OER reaction steps. 1: Surface and free reaction site. 2: 

Surface and adsorbed OH. 3: Surface and adsorbed O. 4: Surface and adsorbed OOH.  

In fig. 8, the numbers denote what reaction step the structure is the starting point of. Note however that the free 

surface (structure 1 in fig. 8) is both starting point of the first reaction, as well as the final structure of the last 

reaction step. 

It is interesting to note that the surfaces change very little to accommodate the adsorbent species. Even if small, 

the change is largest for the adsorbed oxygen atom, where the reactive site nickel atom has moved closer to the 

adsorbent. A conceptual explanation could be that this free oxygen has more free electrons to form bonds with 

the nickel atom, compared to an oxygen atom that is also bonded to another atom, such as the oxygens of OH 

and OOH. 
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To visualize the Gibbs energies corresponding to the four reaction steps, it is very helpful to draw stairplots, 

showing the accumulated Gibbs energies of the reactions. Figure 9 shows the stairplot corresponding to the OER 

on the (0115) surface. 

 

 
Figure 9. The Stairplot showing the accumulated reaction Gibbs energies of the OER on the (0115) surface. 

The blue curve in fig. 9 should be interpreted as follows; the four vertical steps shows the reaction Gibbs 

energies of the four reaction steps. For each step the product adsorbent is written out for clarification. The red 

curve is the same plot, but plotted for an applied potential of U=1.23 V. In this case, each electron transfer 

corresponds to an additional decrease in the internal energy of reactants and products by 1.23 eV. Hence, the 

reaction Gibbs energy of each reaction step is lowered by 1.23 eV (see eq. 2.3.1), as all reaction steps are one 

electron transfer reactions. 

In the ideal case of zero overpotential, all steps in the blue stairplot should be of equal height (1.23 eV) and the 

red stairplot should be a straight line, as in this case there would be no Gibbs energy barriers to overcome when 

applying a potential of 1.23 V. As expected, the stairplot of fig. 9 does not display this ideal behavior. Instead, 

the heights of the steps are unevenly distributed. 

The largest step is the step associated with the second reaction step, going from an adsorbed OH specie to an 

adsorbed O specie. This reaction is hence the RDS of this OER pathway. The overpotential associated with this 

reaction step (see eq. 2.3.26) was found to be 0.74 V. Note from the red line in fig. 9 that for this case, the RDS 

is the only step that does not run spontaneously at the applied potential. 

An interpretation of this result is that on this specific reaction site, the oxygen atom is too loosely bound. There 

is hence a very large energy difference in going from the bound OH specie to the loosely bound O atom. On a 

more active reaction site, the oxygen atom must hence form a stronger bond to the surface. Note that the Gibbs 

energy of the first reaction is closer to the ideal value, as the red line is almost straight for this step. 

 

Another observation is that despite the uneven distribution and possible calculational errors of the DFT 

simulations, the accumulated Gibbs energy of the last reaction step is exactly 4.92 eV (or 0 eV at applied 

potential). This is more than a lucky coincident. One can easily verify that our way of calculating the Gibbs 

energy of the oxygen automatically sets the total reaction Gibbs energy to 4.92 eV (as all calculated Gibbs 

energies will cancel when adding all reaction step energies). This nice feature will hence be consistent for all the 

stairplots of this work. 

 

5.1.3 OER on the first passivated (1010) surface 

To continue the discussion of the OER pathways, we will here study the calculated OER pathway on the (1010) 

surface that has been passivated with one hydroxyl group on each nickel atom. This pathway will show several 
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significant differences from the (0115) surface pathway. Figure 10 shows the relaxed structures of the surfaces 

with different adsorbents. 

 

 

 
Figure 10. (1010) surface with four adsorbents of the OER reaction steps. 1: Surface and free reaction site. 2: Surface 

and adsorbed OH. 3: Surface and adsorbed O. 4: Surface and two new species, adsorbed OO and adsorbed H2O.  

The numbers of fig. 10 should again be interpreted as those in fig. 8. 

There are several interesting features of the structures in fig. 10. First, positions of some of the lower nickel 

atoms seem to have changed, even if the positions of these atoms have been held fixed through the calculations. 

These atoms are however placed very close to the unit cell edge and repositioning should be due to some small 

rounding errors in the different softwares and it should not affect the results. 
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A second feature is that the positions of the oxygen atoms in close vicinity to the adsorbents are clearly changed 

for different adsorbents. A way to explain this behavior is that the nickel atoms on this surface are still quite 

undercoordinated. This means that there are not very many atoms that compete for the space and binding 

electrons around these surface nickel atoms. When a new species is introduced on the surface, the oxygen atoms 

can hence move quite large distances before they encounter interactions with other atoms or before they severely 

disturb the bonds of other oxygen atoms.  

A third feature of the structure of fig. 10 is perhaps the most interesting. Looking closer on structure 4, we see 

that the OOH group has been split up and instead of an OOH group on the reactive site, there is an OO group on 

the reactive site and an adsorbed water molecule on the adjacent nickel atom. Hence, the reaction pathway has 

changed substantially for this surface. Instead of the reactions of eqs. 2.3.38-2.3.41, we have found an OER 

pathway given by the following reactions: 
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The impact on the stairplot is also severe, as can be seen in figure 11. 

 

 
Figure 11. The Stairplot showing the accumulated reaction Gibbs energies of the OER on the first passivated (1010) 

surface. 

The formation of the *OO specie has stabilized the surface adsorbents to the extent where this reaction step runs 

spontaneously even at zero applied potential. As a consequence, the RDS is now the last gas formation step and 

the predicted overpotential is as large as 1.98 V. 

One could however discuss if these new adsorbents are plausible in a real reaction (assuming that the structure of 

the OER pathway is correctly assumed initially). The assumption is that in this reaction path, after the free 

adsorbed oxygen is formed, an OH
-
 ion attaches to the adsorbed oxygen. Hence, a first structure formed is 

certainly the OOH
-
 group. The question is now what reaction will run fastest after this attachment. One 

alternative is that the specie is oxidized and that it decomposes to the very stable *OO *H2O species. Another 



45 

 

alternative is that after the formation and oxidation of the OOH
-
 specie, it is deprotonated by an OH

-
 ion from the 

solution (as in eq. 2.3.41), before it decomposes on the surface (as in eq. 5.1.4). If the second case is the more 

plausible, then the overpotential as described in fig. 11 is severely overestimated. A careful kinetic analysis 

should be performed to further investigate the actual pathway. In this work it will however consistently be 

assumed that the most stable compounds are the ones forming on the surface. Hence, we will assume that fig. 11 

is a reasonable description of the OER pathway. 

Note that even without the formation of the *OO specie, this surface site is far from the ideal active site, as the 

*OH group is too stable, leading to a situation where not one but two steps are not spontaneous at 1.23 V of 

applied potential. A conceptual reason could be, again, that the reactive site nickel atom is undercoordinated. In 

bulk it binds to many more oxygen atoms (or hydroxyl groups) than it does on this surface. Hence, there are 

many excessive electrons that can participate in the bond formation to the adsorbent. Notice however that the 

oxygen atom is still too loosely bound, indicating that there is some mechanism that prevents strong bonding to 

the free oxygen atom. 

 

5.1.4 Trends for the OER pathways 

To make the review of the calculational results more manageable, this section will present the condensed 

calculational results for all the considered surfaces, together with some interesting trends and some comparison 

to experimental data and other calculational studies. 

 

As a starting point, figure 12 shows all of the (relaxed) surfaces and reactive sites on which the OER pathways 

were studied. Some surfaces have been passivated, as described in calculational details chapter. These surfaces 

are now denoted as follows; surfaces passivated with one hydroxyl on each nickel atom are denoted with an OH 

suffix, the (1010) surface passivated to 2 effective oxygen atoms per nickel atom is denoted with the suffix 

OHx2 and the (1010) surface passivated to 6 oxygen atoms per nickel atom is denoted with the suffix OHx6. The 

nonpassivated surfaces are denoted by their hexagonal Miller indices. 
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Figure 12. The 8 surfaces on which the OER pathways have been studied. The blue rings indicate the position of the 

chosen reactive sites. 

To continue the discussion on the OER pathways, figure 13 shows the calculated overpotentials of the different 

surfaces, grouped after their miller indices. The figure also indicates what step in the pathway that is found to be 

the RDS. 

 

 
Figure 13. The calculated overpotential and RDS on the eight surfaces. 

There are several interesting features of fig 13. As expected from the discussion in section 5.1.3, the pathways 

where the *OO to * step is the RDS tends to have large overpotentials (see e.g. (0115)OH in fig. 13a), as this 
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specie is often very stable on the surfaces. Notice also that passivation seems to have the effect of decreasing the 

overpotentials, at least for pathways where the *OH to *O step is the RDS (as can be seen in fig. 13b and 13c). 

The largest overpotential is found on the (1010) surface, without any passivation. The reason for this high 

overpotential is that on this surface, the oxygen atom was found to form a bond not only to the reactive site atom, 

but also to an adjacent nickel atom. This bond formation greatly stabilized the adsorbed oxygen atom, making 

the *O to*OOH step the RDS. When the surface is passivated, the coordination of the nickel atoms increases and 

the tendency to form multiple nickel bonds vanished. Hence, the OER efficiency is certainly increasing with 

passivation for the (1010) surface, due to the severe undercoordination of the nonpassivated surface. 

The smallest overpotential found in this work is the overpotential for the highly passivated (1010)OHx6 surface. 

The overpotential here is found to be 0.68 V. 

 

Considering the structures of fig 12 one can realize that there are two groups of surfaces that have essentially the 

same structure, differing only in the angular orientation. The first group consists of the (0115), (0112) and 

(1010)OHx2 surfaces and the second group consists of the (0115)OH, (0112)OH and (1010)OHx6 group. Figure 

14 shows a comparison of the overpotentials of these two groups. 

 

 
Figure 14. The overpotentials and RDS for two groups of similar surfaces. 

From fig. 14 we can now note that the overpotentials are very similar within the similar surface groups, with the 

exception of the (0115)OH surface, where the *OO formation severely increases the overpotential. The angular 

orientation hence seems to have a very small effect on the overpotential, compared to the effect of *OO 

formation, or compared to effect of varying passivation. Another interesting aspect of these results is that the 

results for the highly passivated (1010) surfaces are very similar to the results for the similarly passivated 

surfaces, even though the reactive site of the (1010) surface is much more confined by neighboring layers (see 

fig. 12). The effects of this confinement seem, however, to be quite limited. This indicates that the interactions of 

the adsorbents and the neighboring surface atoms are of similar nature, regardless if the surface atoms are placed 

below (as for (0112) and (0115) surface, see fig. 12) or on the side (as for (1010) surfaces, see fig. 12) of the 

adsorbents. The nature of the long range bonding is so similar that it does not significantly change the overall 

results. 

 

The results found here should of course be compared to previous reports. The smallest overpotential found here 

is, as noted above, 0.68 V, which is significantly higher than those found in other work. Li and Selloni
[6]

 reported 

a calculated overpotential of 0.46 V on a β-NiOOH (0115) surface and Friebel et al.
[10]

 reported a calculated 

overpotential of 0.56 V on a γ-NiOOH surface. There are several possible reasons for the difference. First, the 

unit cell used is different for the different studies. Li and Selloni also considered a different reaction path and 

hence reported a different RDS. Another reason could be the choice of reaction site. Friebel et al. reported that 

the lowest overpotential is found for a reaction site in the middle of two 5-fold coordinated nickel atoms. 

Another very important source of error in these simulations is that, until now, the effect of the solvent on the 

adsorbents has not been considered. These effects will be the topic of the next section. 

 

It is of importance to also compare the calculated overpotentials with experimental values. In experiments, it is 

hard to exactly specify the onset potential for OER, as the current at the onset is very low. However, 

approximative values can be found in reports of OER on NiOOH. In experiments reported by Louie and Bell
[3]
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and  Trotochaud et al.
[8]

 the overpotential for the onset of OER on aged films can be approximated to 0.25 V.  In 

experiments with nanoparticles, Sadiek et al.
[7]

 found an onset overpotential that can be approximated to 0.4 V. 

Hence, the calculated values of the overpotential are consistently higher than the experimentally reported 

overpotentials. There can be several reasons for this discrepancy. Some of them are the same as the ones 

discussed above; the difficulties in choosing active surfaces and reaction sites. Further on, one needs to consider 

a proper reaction pathway, which is a very difficult task. Continuing, there are always errors due to the 

approximations of the calculations. Some are due to the conversion from electronic energies to Gibbs energies, 

but there are also fundamental errors in any implementation of the DFT scheme. As the considered energy 

differences are very small for this kind of adsorption processes, one needs to pay great attention to the choice of 

calculational parameters to get a high accuracy of the results. For example, the choice of basis set is certainly 

important. DFT is known to not properly describe the complex bonding in transition metal oxides
[13]

 and in 

dioxygen. One can therefore speculate that an important source of error of many of the calculations is the 

difficulty to properly describe the Ni-O bonds.  

However, the importance of the errors in the DFT calculations and the importance of exactly calculating the 

experimentally observed overpotentials should maybe not be too exaggerated. There is still very valuable 

information in the simulation results, as they reproduce trends between materials
[5]

 and are very helpful in 

fundamentally understanding e.g. how doping influences the overpotentials
[6,10]

.   

 

5.1.5 Solvent effects 

As described in chapter 3, the influence of the solvent on the adsorbents is simulated with an electric field. For 

all three surfaces, the passivation with the lowest calculated overpotential for OER was chosen and the 

calculations for that surface were remade, under two different applied electric fields, 0.4 V/Å and -0.4 V/Å. The 

resulting overpotentials are shown in figure 15. 

 

 
Figure 15. The overpotentials on three surfaces with applied electric fields. 

In contrary to the results of Hu et al.
[22]

, the overpotentials does note decrease for the positive electric field. 

Instead, the overpotentials on all surfaces increase in the positive electric field. Only one field manages to lower 

the overpotential; the negative electric field on the (0112)OH surface. It is also noteworthy that one of the 

overpotentials, for the positive electric field on the (0112) surface, is significantly changed due to an appearance 

of the *OO pathway.  
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To analyze the effects of the electric field in some more detail, one can look at the difference in adsorption 

energy of the adsorbents in the three different field cases. Figure 16 shows the adsorption energies for the (0115) 

surface. 

 

 
Figure 16. The difference in adsorption energies of the three species, in different electric fields. The values are 

normalized to the values at no electric field. Note that the lines are only guides to the eye.  

The values plotted in fig. 16 are the difference in energy between the free surface and surfaces together with the 

adsorbent. They are normalized so that the adsorption energy of each species is zero for the case of no electric 

field. 

From fig. 16 we can see why the total overpotential has increased for both fields. The reason is that the oxygen is 

destabilized in comparison to the hydroxyl group. Hence, the total energy changes between these two species 

have increased, rather than decreased. This behavior is consistent with the effects found by Hu et al.
[22]

, but in 

this case it leads to an increase in overpotential. 

To conceptually understand these results, one can notice that the OH and the OOH are polar species and hence 

that they should be able to interact with the electric field by partially aligning their electric dipole moments. The 

free and single oxygen atom does not have this possibility to the same extent and is therefore less stabilized. 

However, in addition to this effect, there might also be more complex effects of changed surface structure and 

resulting changes in interatomic long-range interactions. In this way, situations could appear where the oxygen 

atom is more stabilized than the hydroxyl group.  

It should certainly be noted that only considering two large electric fields does not yield enough data to draw any 

clear conclusions, but this data is still an indication that for surfaces where the *OH to *O step is the RDS, an 

electric field will not substantially lower the overpotential. One can therefore discuss if it is a better approach to 

add a monolayer of water to better simulate the effect of a solvent. The complexity of such a system is however 

substantially increased. 

Finally, the detailed results for the other surfaces are similar to the (0115) case and will not be discussed in detail. 

It is, however, interesting to notice that the overpotential is slightly decreased for the (0112)OH surface, 

motivating further investigations. 

 

 

5.2 Synthesis results 
This section will present the results of the NCNT- and nickel hydroxide synthesis experiments. Focus here will 

lie on the last nanoparticle synthesis method, which was found to be the most suitable for the current project. 

 

5.2.1 NCNT 

The results of the NCNT synthesis, where NCNTs were grown on CP, were characterized by SEM. Figure 17 

shows SEM images of the synthesized CP/NCNT substrate. 
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Figure 17. SEM images of the CP/NCNT substrate. Fig. 17a shows a CP fibers covered in NCNTs. Fig. 17b-c show the 

NCNTs in higher resolution.  

The large tube structures seen in fig.17a are fibers of the CP. The small discernible structures on the fibers are 

the NCNTs and as can be seen, they completely cover the fibers. These NCNTs are shown in higher resolution in 

fig. 17b-c and as can be seen from these images, the NCNT diameters are in the nanometer range (about 30-120 

nm), while the length can reach several microns. The NCNTs  are heterogeneous in shape, with both spiral 

shaped- and straighter variants occurring. As can be understood from fig. 17, the NCNTs greatly increase the 

total surface area of the carbon support. Due to the very good electron transport properties of the NCNTs, the 

charge transfer to this surface should also be very efficient. The charge transfer properties combined with the 

large surface area together makes this material very suitable as a catalyst substrate, to be decorated with catalytic 

material. 

 

5.2.2 Hydrothermal synthesis with aqueous solvent 

The results of the first synthesis method are shown in the SEM images of figure 18. 
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Figure 18. SEM images of the nanoparticles produced in a Hydrothermal synthesis route with 0.2 M NiCl2 in aqueous 

solvent. As a guide to the eye, some of the nanostructures are circles with red circles. Fig. 18a shows the distribution of 

nanostructures in the NCNT structure, while fig. 18b-c show higher resolution images of the nanostructures. 

As can be seen in fig 18, there are now nanostructures incorporated in the NCNT/CP structure. The 

nanostructures are thin flakes with a width of about 100-200 nm.  As can be seen in fig. 18a,  the loading level is 

however low, with a low number of flakes sporadically spread out over the CP/NCNT structure. The same types 

of SEM images with low loading levels were observed for all tested NiCl2 concentrations in the Hydrothermal 

process solution. 

The process in which these flakes are produced is believed to be a dissolvation-precipitation process. When the 

solution for the HT process is prepared, it becomes misty upon the addition of the Sodium hydroxide, indicating 

formation of Ni(OH)2 already during this synthesis step. During the subsequent HT process, a probable process 

is that some of this hydroxide is dissolved and precipitated on the NCNT surface
[15]

. The NCNTs are believed to 

provide good precipitation spots for such a process
[24]

, but the formation of Ni(OH)2 already during mixing of the 

solution is an indication that the availability of dissolved Ni(OH)2 might be low, even during the HT process.  

The low loading level is also confirmed by LSV experiments performed with the material as working electrode 

material. 
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Figure 19. LSV curve taken with the CP/NCNT/nanoparticle substrate as working electrode material. 

Curves of the type shown in fig. 19 will be further discussed in the LSV results section below, but here it can be 

noted that a prominent feature of the curves in fig. 19 is that they are completely missing the oxidation peak at 

around 1.5 V, that is expected for Ni(OH)2. However, the onset potential for OER corresponds quite well to 

other reported values for NiOOH
[3,7,8]

. The overpotential for onset in fig. 19 can be approximated to 0.32 V, 

which lies in the range of reported values discussed in section 5.1.4. We interpret this result as a clear indication 

that the observed nanoflakes are indeed Ni(OH)2 flakes, but that the loading level is so small that no observable 

oxidation current is drawn at phase conversion (Ni(OH)2 to NiOOH). 

Finally, XPS measurements on the electrode material surface also confirm the presence of Ni(OH)2, predicting a 

ratio of 1.9:1 for OH and Ni. Complete XPS curves can be found in the appendix. 

 

The low loading level of products in this synthesis route and the inability to affect this loading level means that 

this is not an appropriate synthesis process for the purpose of this work and the properties of this electrode 

material were not further investigated.  

 

5.2.3 Dip-coating synthesis 

The dip-coating synthesis was quickly discarded as an appropriate synthesis route, due a number of problems. 

One of the important problems was that the synthesis process was not very replicable. During immersion in the 

two liquids, air bubbles formed on the substrate surface and during drying, it was clear that the liquid was drawn 

to the sides of the substrate, while the middle part was left much dryer. Both these effects should be due to 

somewhat hydrophobic properties of the substrate. The consequence was inhomogeneous loading of the two 

liquid components on the substrate, which is very unwanted property. 

A second important problem was the formation of large sheets of Ni(OH)2, covering whole CP fibers, instead of 

covering the surfaces of individual NCNTs. In addition to the waste of available surface area, the charge transfer 

properties of this material were also expected to be poor. 

 

5.2.4 Hydrothermal synthesis in Ethylene glycol 

To overcome the problem of low availability of dissolved precursor, believed to be the main problem of the 

aqueous HT route, another HT route was tested, using Ethylene glycol (EG) as a solvent. During preparation of 

the precursor, no aggregation was now apparent, confirming the excellent solvent properties of EG. The resulting 

product is shown in the SEM images in figure 20. 
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Figure 20. SEM images of the nanostructures produced in a Hydrothermal synthesis route with EG. Fig. 20a shows 

the structure on the CP fibers. Fig. 20b-c shows the NCNTs with a nanostructure discernible on the NCNT surfaces. 

Fig. 20d clearly shows the spiky nanostructure on the NCNT surface. 

Figure 20 now shows a completely different kind of material, compared to fig. 18. As can be seen in fig. 20a, 

there is no large nickel structures visible in the larger scale NCNT/CP structure (c.f. fig 18a). However, as shown 

in fig. 20b-d, the NCNTs are now individually covered with a spiky, flake-like, nanostructure. The sizes of the 

flakes are in the range of a few hundred nanometers and the same distribution was visible on different depths in 

the sample. 

Notice that the spiky structure means that the surface area of the active material is further increased. However, 

there is also a risk that the charge transfer is impeded if the structures grow out too far from the NCNT supports. 

The large surface area and the homogeneity of this electrode material make it a very interesting material to 

investigate and the next section presents results for LSV experiments using this material as working electrode 

material. The material for LSV testing was produced in three different batches and before LSV testing, part of 

each batch was aged, as described in the experimental section. 

Finally, XPS measurements showed that this material contained nickel, but that it was distributed between an 

Oxide-phase and a hydroxide-phase. In the non-aged samples, the ratio between the Oxide and hydroxide ranged 

from 1:3.4 to 2.7:1, while for the aged samples, the ratio ranged from 1:2.0 to 1:2.5. A reason for the appearance 

of an Oxide phase could be dehydration in the ultra high vacuum of the XPS spectrometer. However, the LSV 

curves of the material were not stable for the first 2-5 runs, indicating some phase transitions in the nickel 

material, before stabilizing in the hydroxide phase. One can speculate that these phase transitions are partially 

due to conversions from an oxide phase to a hydroxide phase, but further investigation is needed in this area. 

The XPS study also indicated presence of a potassium impurity in two of the aged samples. Considering the 

description of the material given in the theory, these impurities could be residues of intercalated K
+
 ions, or still 

intercalated K+ ions in parts of the structure where the material is not completely converted into the crystalline 

β-phase . Complete XPS curves can be found in the appendix. 

  

 

5.3 LSV results 

As described above, LSV curves were collected for working electrodes made from the electrocatalyst material 

synthesized in the EG HT route. The procedures for collecting curves and producing electrodes are described in 
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chapter 4. For each of the three batches of the synthesized material, two electrodes were made from the first as-

synthesized material, while two electrodes were made from the aged material. 

Figure 21 shows the collected LSV curves from these twelve electrodes.  

 

 

 
Figure 21. LSV curves for the twelve electrodes. Two sweeps are collected for each electrode. Fig. 21a shows the 

curves of the as-prepared electrode material, while fig. 21b shows the curves of the aged material. 

There are some common interesting characteristics of the curves in fig. 21a and fig. 21b. First, there is an 

oxidation peak in all curves, with a peak position in a range at about 1.4-1.5 V. This peak shows the oxidation 

current when the hydroxide phase is oxidized into the oxyhydroxide phase
[2,34,9]

 and is hence a clear evidence of 

the expected phase change. However, this oxidation peak is quite broad, even at this very low sweep rate (1 

mV/s). This means that there is a large amount of current being drawn during phase transition, which indicates 

that a big amount of material is being transformed.  

At potentials above the oxidation peak potentials, there is a region in all curves of fig. 21 where the current 

increases with increasing applied potential. This region of the curve is the OER region, where the water splitting 

reaction leads to charge transfer between the electrodes in the setup (see section 2.3.2). An important feature of 

these curves is that the slope of the curves in the OER region is quite small, in comparison to curves found in 

other studies
[2,3,4,8]

. The reason for low slope angle is again believed to be a high loading level of active material, 

which might impede the charge transfer in the electrodes. A third problem due to the loading level is that the 

oxidation peaks overlaps the OER onset current, making it hard to estimate the onset potential. All of these 

problems are believed to be resolved by looking at electrodes with a lower loading level. 
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A further comment should be made on the slope in the OER region. For an ideal setup, the curve in the OER 

region is expected to be an exponential curve (as dictated by basic chemical reaction kinetics), but the curves in 

fig. 21. rather displays a linear behavior. The reason is believed to be, as stated above, that poor charge transfer 

dominates the behavior in the OER region (giving a curve more resembling a linear Ohm's law behavior). When 

this effect is dominating in this region, it is unfortunately not very meaningful to perform further quantitative 

analysis on the OER region of the curves (like calculating Tafel slopes or reaction orders). 

 

Continuing the analysis of the curves in fig. 21, one can make a rough estimation of the OER onset to 

somewhere 1.5 V, corresponding to an overpotential of 0.27 V. This overpotential is in the range of other reports 

on this material
[3,8,7]

, but it is noteworthy that this is among the best reported values for any catalyst in 0.1 M 

KOH
[8,31]

. 

Secondly, one can find very interesting patterns when comparing the curves of the aged and as-synthesized 

electrodes. Figure 22 below shows the curves for 3 of the aged electrodes and 3 of the as-synthesized electrodes.  

 

 
Figure 22. A comparison of LSV curves for aged and as-synthesized electrodes. 

As expected, fig. 22 shows that the oxidation peaks of the aged material are shifted to slightly higher potentials 

(see the theory chapter). This is a clear indication that the as-prepared material is mostly in the α-phase, while 

the aged material has, at least partially, been transformed into the β-phase.  

A next step in the analysis is to find some indications on which of the two active phases (the β-NiOOH and the 

γ-NiOOH) is the more active. A way to get such an indication is to compare the position of the oxidation peaks, 

to the overpotential at some defined current density. The oxidation peak can be seen as an indicator of the degree 

of transformation into β-phase and the overpotential at some current density is an indicator of how active the 

material is, with lower overpotentials of course indicating a more active material.  

Figure 23 displays such a comparison for both the aged and the as-synthesized electrodes. 
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Figure 23. Plots showing the relation between the overpotential at i=5 mA/cm2 and the potential at the oxidation peak. 

Values are collected at the second stable sweep for all 12 electrodes. Fig. 23a shows the comparison for the as-

synthesized electrodes, while fig. 23b shows the comparison for the aged electrodes. 

A current density of 5 mA/cm2 was chosen as the current for which the overpotentials are compared, as the 

curves are noisy above this value (due to extensive bubble formation, see the concluding discussion of this 

section). 

In fig. 23a, showing the values for the as-synthesized electrodes, there is no apparent trend in the plot. For the 

aged electrodes shown in fig. 23b however, there is a clear trend; when the oxidation peak is moved to higher 

potentials, the overpotential increases. If we assume that we can use the oxidation peak potential as an indicator 

of the extent of transformation from the α- to the β-phase, this pattern seems to indicate that conversion into the 

β-phase should lower the activity of the material, rather than increasing it. Before continuing the analysis, it 

should, however, be noted that the pattern for the aged electrodes can also be explained if one assumes that the 

charge transfer properties varies between the electrodes, rather than the phase. When the resistance in the 

material and in the electrolyte increases, one effect is that the overpotentials increases and that the oxidation 

peaks are shifted to the right. A graph showing this behavior can be found in the appendix. However, if charge 

transfer properties were the explanation for the trend between the aged samples, one would expect the same 

trend among the as-synthesized electrodes. As the trend is not visible for those electrodes, a more plausible 

explanation is that the results are actually due to a (partial) phase change. 

Further support for this hypothesis is that the overpotentials are generally lower for the as-prepared electrodes, 

then for the aged electrodes.  
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The conclusion to be drawn from this data is hence that the α/γ-phase material seems to be the more active for 

OER. This result contradicts the results of e.g. Yeo and Bell
[2]

 and Louie and Bell
[3]

, but as noted in the theory 

chapter, there is some debate on which phase is the more active. One can also speculate that the support for the 

NiOOH (the NCNT/CP in this work) and the synthesis methods can also have an influence on the activity of the 

different phases. The synthesis route might be important e.g. in cases where foreign species are intercalated 

between the hydroxide layers.  

 

It is of importance to also discuss different sources of errors in the data of fig.21-23. For the curves of fig.21, 

there is a quite large spread in the data, as the curves vary significantly between different electrodes and 

sometimes between the two sweeps with the same electrode. There are several sources of error that could be 

sources of this spread. First, the electrodes are both made by hand and placed manually in the setup. Hence, the 

electrode area can vary slightly between electrodes and the positioning during LSV testing can also influence the 

results as the orientations and distances between electrodes in the setup is not perfectly constant. The varying 

electrode area is directly proportional to the amount of active material on the electrode and it will hence 

influence the size of the oxidation peaks and the amount of current drawn during OER. The positioning during 

LSV testing affects the charge transfer in the electrolyte and hence also the overall charge transfer in the setup. 

However, the most important source of error is believed to be formation of bubbles during OER. Larger bubbles 

inactivate large parts of the electrode during OER, as parts of the electrode loose contact with the electrolyte. 

Some bubbles can also stay on the electrode until the next sweep, influencing not only the OER part of the curve 

but also the oxidation peak of the next sweep. To further complicate the problem, the electrode positioning 

influences the bubble transport properties, as bubbles can get stuck between electrodes for lengthy periods of 

time. 

 

A concluding note is that even if the α-phase should be proven as the more active, it is not stable in alkaline 

solutions, as is discussed in the theory section. Hence, it is still a very important task to investigate the OER 

pathway on the stable β-phased material. 
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6. Conclusions and Outlook 

 

 

In this work, the OER pathway was studied computationally on several different surfaces. The *OH to *O step in 

the pathways was generally found to be the RDS for the pathways with smallest overpotentials, as the adsorbed 

free oxygen atom was found to be too loosely bound to the reactive sites. The results also indicate that the 

passivation of surfaces in alkaline condition is an important effect that should be considered when studying the 

OER pathway. Passivation was found to lower the overpotential on several chosen surfaces and it also caused 

some intermediates to become unstable on some surfaces, effectively changing the OER pathway. 

The lowest calculated overpotential, 0.68 V, is still higher than the experimental values, but there are several 

ways to continue to improve the simulations. One example is that the effect of the solvent should be studied 

more closely and as a start, the effect of an electric field should be investigated in some more detail. One needs 

to consider more electric field cases to be able to see reliable trends in the adsorption energies and overpotentials. 

Another way of continuing the simulation work is to consider a reactive site between nickel atoms instead of on 

top of a nickel atom. It could also be interesting to review the choice of basis set in the calculations. 

 

Experimentally, two kinds of electrode materials were studied as active materials for OER; as-prepared nickel 

hydroxide and aged nickel hydroxide. It was found that the oxidation peaks of the aged samples were shifted to 

higher potentials, indicating at least partial conversion from α- to β-phase in the aged electrode material. In 

contrary to some earlier reports, the data indicated that the α-phased material was more active than the β-phased 

material, but more comprehensive studies must be performed to confirm this trend.  

There are several ways to continue the work on these electrodes. To improve the quality of the data, one would 

ideally like to produce the electrodes in a more reproducible way than making them by hand, as described in the 

Experimental chapter. One would further prefer a more reproducible setup for the LSV testing. Most importantly 

however, it would also be very interesting to study electrodes with a lower loading of nickel hydroxide. Noticing 

that the estimated potential at OER onset is quite low for the material, it would certainly be interesting to study 

the performance of an electrode with a more optimized loading level. For a material with a lower loading level, it 

should also be possible to properly calculate some Tafel slopes and reaction orders by studying the curve in the 

OER region.  

 

Finally, it would certainly be interesting to pursue an original goal of this work; to study the reaction with in-situ 

Raman spectrometry. Such a study could provide very useful information about the phase transitions of the 

material and hence provide more data to the search for the most active phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

7. References 
 

 

[1] International Energy Agency, Technology Roadmap: Solar Photovoltaic Energy, 2014 

[2] B. S. Yeo, A. T. Bell. The Journal of Physical Chemistry C, 2012, Vol.116(15), pp.8394-8400 

[3] M. W. Louie, Bell, Alexis T. Journal of the American Chemical Society, 2013, Vol.135(33),  

pp.12329-37 

[4] M. E. G. Lyons, M.P. Brandon. Journal of Electroanalytical Chemistry, 2010, Vol.641(1), pp.119-130 

[5] J. Rossmeisl, A. Logadottir, J. K. Nørskov. Chemical Physics, 2005, Vol.319(1), pp.178-184 

[6] Y. F. Li, A. Selloni. ACS Catalysis, 2014, Vol.4(4), pp.1148-1153 

[7] I. M. Sadiek, A. M. Mohammad, M.E. El-Shakre, M. S. El-Deab. International Journal of hydrogen 

Energy, 2012, Vol.37, pp.68-77 

[8] L. Trotochaud, J. K. Ranney, K. N. Williams, S. W. Boettcher. Journal of the American Chemical 

Society, 2012, Vol.134(41), pp.17253-61 

[9] Y. L. Lo, B. J. Hwang. Langmuir, 1998, Vol.14(4), pp.944-950 

[10] D. Friebel, M. W. Louie, M. Bajdich, K. E. Sanwald, Y. Cai, A. M. Wise, M. J. Cheng, D. Sokaras, T. 

C. Weng, R. Alonso-Mori, R. C. Davis, J. R. Bargar, J. K. Norskov, A. Nilsson, A. T. Bell. Journal of 

the American Chemical Society, 2015, Vol.137(3), pp.1305–1313 

[11] J. M. Soler, E. Artacho, J. D. Gale, A. García, J. Junquera, P. Ordejon, D. Sanchez-Portal. Journal of 

Physics: Condensed Matter, 2002, Vol.14, pp.2745−2779. 

[12] R.G. Parr, Y Weitao. Density-Functional Theory ofAtoms and Molecules, 1994, Oxford University press 

[13] J. G. Lee, Computational Materials Science: An Introduction, 2011, CRC Press 

[14] H. Bode, K. Dehmelt, J. Witte. Electrochimica Acta, 1966, Vol.11, pp.1079–1087 

[15] D. S. Hall, D. J. Lockwood, C. Bock, B. R. Macdougall. Proceedings of the Royal Society A: 

Mathematical, Physical and Engineering Sciences, 2015, Vol.471(2174), pp.20140792-20140792 

[16] A. Van Der Ven, D. Morgan, Y. S. Meng, G. Ceder. Journal of The Electrochemical Society, 2006, 

Vol.153(2), p.A210 

[17] M. Casas-Cabanas, J. Canales-Vazquez, J. Rodríguez-Carvajal, M. R. Palacín. Journal of the American 

Chemical Society, 2007, Vol.129(18), pp.5840-2 

[18] X. W. Ma , J. W. Liu, C. Y. Liang, X. W. Gong, R. C. Che. Journal of Materials Chemistry A, 2014, 

Vol.2(32), p.12692 

[19] P. Atkins. Atkins' Physical Chemistry, 9:th edition, 2009, Oxford University Press 

[20] J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J. R. Kitchin, T. Bligaard, H. Jónsson. The 

Journal of Physical Chemistry B, 2004, Vol.108(46), pp.17886-17892 

[21] G. S. Karlberg, J. Rossmeisl, J. K. Nørskov. Physical Chemistry Chemical Physics, 2007, Vol.9, 

pp.5158–5161 

[22] G. Hu, F. Nitze, E. Gracia-Espino, J. Y. Ma, H. R. Barzegar, T. Sharifi, X. Jia, A. Shchukarev, L. Lu,  

C. S. Ma, G. Yang, T. Wågberg. Nature Communication, 2014, Vol.5:5253 

[23] B. Hammer, L. B. Hansen, J. K. Nørskov. Physical Review B, 1999, Vol.59(11), pp.7413-7421 

[24] T. Sharifi, M. Valvo, E. Gracia-Espino, R. Sandström, K. Edström, T. Wågberg. Journal of Power 

Sources, 2015, Vol.279, pp.581-592 

[25] M. J. Height, J. B. Howard, J. W. Tester, J. B. Van der Sande. The Journal of Physical Chemistry B, 

2005, Vol.109(25), pp.12337-46 

[26] L. A. Saghatforoush, M. Hasanzadeh, S. Sanati, R. Mehdizadeh. Bulletin of the Korean Chemical 

Society, 2012, Vol.33(8), pp.2613-2618 

[27] D. V. Ahire, G. E. Patil, G. H. Jain, V. B. Gaikwad. 2012, Sixth International Conference on Sensing 

Technology, 2012, pp.136-141 

[28] Y. B. Mollamahaleh, Materials Sciences and Applications, 2011, Vol.02(05), pp.444-452 

[29] M. Gong, W. Zhou, M. C. Tsai, J. G. Zhou, M. Y. Guan, M. C. Lin, B. Zhang, Y. F. Hu, D. Y. Wang,  

J. Yang, S. J. Pennycook, B. J. Hwang, H. J. Dai. Nature Communications, 2014, Vol.5:4695 

[30] K. J. Feng, W. Li, S. L. Xie, X. H. Lu. Electrochimica Acta, 2014, Vol.137, pp.108-113 

[31] Y. Lee, J. Suntivich, K. J. May, E. E. Perry, Y. Shao-Horn, The Journal of Physical Chemisty 

Letters,2012, Vol.3, pp. 399-404 

 

 

 





 

 

8. Appendix 
 

 

8.1 Unit cell vectors and energies for relaxation of the β-NiOOH unit cells 

Number 

Variable/

Fixed 

unit cell 

Single/

Double 

unit cell 

Spin 

Polarized 

Total 

energy (eV)   Lattice vectors after relaxation 

1 Fixed Single No -5659,3702   

2.989000   0.000000   0.000000 

1.494500   2.588550   0.000000 

0.000000   0.000000   13.249000 

2 Variable Single No -5659,4047   

3.026927   0.000278   -0.000716 

1.513704   2.619490   0.000494 

-0.003175   0.004364   13.110995 

3a Fixed Single Yes -5660,5432   

3.026927   0.000278   -0.000716 

1.513704   2.619490   0.000494 

-0.003175   0.004364   13.110995 

4a.II Variable Single Yes -5660,6196 Etot/2 

3.027895   -0.021725   -0.017836 

1.495143   2.610769   -0.008706 

-0.077251   0.001043   13.584091 

3b Fixed Double Yes -11321,141 -5660,5709 

3.026927   0.000278   -0.000716 

1.513704   2.619490   0.000494 

-0.006350   0.008728   26.221990 

4b.II Variable Double Yes -11321,313 -5660,6567 

3.042216   -0.021494   -0.017372 

1.502507   2.600872   -0.000128 

-0.150546   0.085639   27.047697 

 

 

8.2 Stairplots for all studied surface 

 

 



 

 



 

 



 

 



 

 



 

 

 
 

 

8.3 XPS spectra 
The XPS spectra for the material described in section 5.2.2 is given below. 



 

 

 
 

The XPS spectra for the three as-prepared (denoted by A) materials and three aged materials (denoted by B) 

described in section 5.2.4 are given below. 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 



 

 

 
 

 

8.4 Effect on charge transfer on the LSV curves 
An sketched response to change in total resistivity in the LSV setup can be seen in the graph below. The graph is 

constructed by adding and subtracting a small iR-correction to a collected LSV curve. 

 

 



 

 

8.5 Examples of SIESTA input files 
Two siesta input files for simulations are given below; the input file for the relaxation of the hydrogen molecule 

and the input file for the second relaxation of the (0112)OH surface. 

 

---------------------------------------------------------------   
SystemName          Hydrogen Molecule 

SystemLabel         H2 

NumberOfAtoms       2 

NumberOfSpecies     1 

 

 

%block ChemicalSpeciesLabel 

1  1 H      # Species index, atomic number, species label 

%endblock ChemicalSpeciesLabel 

 

 

AtomicCoordinatesFormat  Ang 

%block AtomicCoordinatesAndAtomicSpecies 

11.630  12.000   12.000    1 

12.370  12.000   12.000    1 

%endblock AtomicCoordinatesAndAtomicSpecies 

 

 

LatticeConstant 1.0 Ang 

%block LatticeVectors 

24.00    0.000   0.000 

0.000    24.00   0.000 

0.000    0.000   24.00 

%endblock LatticeVectors 

 

 

PAO.BasisSize DZP 

WriteCoorXmol  true 

WriteCoorCerius  true 

 

%block kgrid_Monkhorst_Pack 

5 0 0 0.0 

0 5 0 0.0 

0 0 5 0.0 

%endblock kgrid_Monkhorst_Pack 

 

 

%block PAO.Basis 

H    2      0.0000 

0    2   E     10.7650      0.2758 

7.55136062955343        2.26061980776196 

1.00000000000000        1.00000000000000 

1    1   E     35.3767      0.0000 

2.93963825352929 

1.00000000000000 

%endblock PAO.Basis 

 

 

XC.functional   GGA 

XC.authors      RPBE 

DM.MixingWeight   0.1 

DM.NumberPulay    7 

 

DM.UseSaveDM     false 

DM.Tolerance      0.001  # Default Value 10-4 

MeshCutoff        300  Ry 

OccupationFunction   MP 

ElectronicTemperature 0.1 eV 

WriteMullikenPop     1 

WriteVoronoiPop      false 

WriteHirshfeldPop    false 

MD.TypeOfRun         CG 

MD.VariableCell      false 

 

MD.NumCGsteps        1000 

MD.MaxCGDispl        .05 Ang 

MaxSCFIterations     100 

 

MD.UseSaveCG         false 

MD.UseSaveXV         false 

 

 

SpinPolarized   true 

 

%block DM.InitSpin 

%endblock DM.InitSpin 

 

 

 

%block ProjectedDensityOfStates 

-20.00  10.00  0.1  1000  eV 

%endblock ProjectedDensityOfStates 

 

 

%block ExternalElectricField 

0.000  0.000  0.000  V/Ang 

%endblock ExternalElectricField 

 

 

# %block GeometryConstraints 

# position  from -1 to -100 

# %endblock GeometryConstraints 

---------------------------------------------------------------    

 

 



 

 

---------------------------------------------------------------   
SystemName          Surface cell (0112) NiOOH 

SystemLabel         NiOOH_S(0112)OH 

NumberOfSpecies        3 

NumberOfAtoms        140 

 

%block ChemicalSpeciesLabel 

  1   1  H 

  2   8  O 

  3  28  Ni 

%endblock ChemicalSpeciesLabel 

 

 

AtomicCoordinatesFormat  Ang 

%block AtomicCoordinatesAndAtomicSpecies 

    3.06000270    4.20408530    3.58453960   3       1  Ni 

    6.12361270    4.20408530    3.58453960   3       2  Ni 

    1.51903160    6.43986830    3.67743830   1       3  H 

    4.58264160    6.43986830    3.67743830   1       4  H 

    1.55769570    0.49152330    4.00887220   2       5  O 

    4.62130570    0.49152330    4.00887220   2       6  O 

    1.53848510   10.33940230    4.01091320   2       7  O 

    4.60209510   10.33940230    4.01091320   2       8  O 

    1.51855370    5.48169610    4.03767980   2       9  O 

    4.58216370    5.48169610    4.03767980   2      10  O 

    0.00895090   13.73662540    5.55178240   2      11  O 

    3.07256090   13.73662540    5.55178240   2      12  O 

    3.06228050    8.91738780    5.57954580   2      13  O 

    6.12589050    8.91738780    5.57954580   2      14  O 

    0.00885340    3.89298260    5.60514240   2      15  O 

    3.07246340    3.89298260    5.60514240   2      16  O 

    0.00836790   12.76866010    5.91547440   1      17  H 

    3.07197790   12.76866010    5.91547440   1      18  H 

    0.01348690    2.91332500    5.96309340   1      19  H 

    3.07709690    2.91332500    5.96309340   1      20  H 

    1.5484(1010)    0.23131460    6.00812220   3      21  Ni 

    4.61202010    0.23131460    6.00812220   3      22  Ni 

    1.53313450   10.10188960    6.03440350   3      23  Ni 

    4.59674450   10.10188960    6.03440350   3      24  Ni 

    1.52819770    5.15679560    6.06075100   3      25  Ni 

    4.59180770    5.15679560    6.06075100   3      26  Ni 

    3.05083660    7.39257860    6.15364970   1      27  H 

    6.11444660    7.39257860    6.15364970   1      28  H 

    0.02589070    1.44423360    6.48508360   2      29  O 

    3.08950070    1.44423360    6.48508360   2      30  O 

    0.00668010   11.29211260    6.48712460   2      31  O 

    3.07029010   11.29211260    6.48712460   2      32  O 

    3.05035870    6.43440640    6.51389110   2      33  O 

    6.11396870    6.43440640    6.51389110   2      34  O 

    1.54075590   14.68933570    8.02799380   2      35  O 

    4.60436590   14.68933570    8.02799380   2      36  O 

    1.53047550    9.87009820    8.05575720   2      37  O 

    4.59408550    9.87009820    8.05575720   2      38  O 

    1.54065840    4.84569290    8.08135380   2      39  O 

    4.60426840    4.84569290    8.08135380   2      40  O 

    1.54017290   13.72137050    8.39168580   1      41  H 

    4.60378290   13.72137050    8.39168580   1      42  H 

    1.54529190    3.86603540    8.43930480   1      43  H 

    4.60890190    3.86603540    8.43930480   1      44  H 

    0.01660510    1.18402490    8.48433360   3      45  Ni 

    3.08021510    1.18402490    8.48433360   3      46  Ni 

    0.00132950   11.05459990    8.51061490   3      47  Ni 

    3.06493950   11.05459990    8.51061490   3      48  Ni 

    3.06000270    6.10950590    8.53696240   3      49  Ni 

    6.12361270    6.10950590    8.53696240   3      50  Ni 

    1.51903160    8.34528890    8.62986110   1      51  H 

    4.58264160    8.34528890    8.62986110   1      52  H 

    1.55769570    2.39694400    8.96129490   2      53  O 

    4.62130570    2.39694400    8.96129490   2      54  O 

    1.53848510   12.24482290    8.96333590   2      55  O 

    4.60209510   12.24482290    8.96333590   2      56  O 

    1.51855370    7.38711680    8.99010250   2      57  O 

    4.58216370    7.38711680    8.99010250   2      58  O 

    0.00895090    0.86466920   10.50420510   2      59  O 

    3.07256090    0.86466920   10.50420510   2      60  O 

    3.06228050   10.82280850   10.53196850   2      61  O 

    6.12589050   10.82280850   10.53196850   2      62  O 

    0.00885340    5.79840320   10.55756510   2      63  O 

    3.07246340    5.79840320   10.55756510   2      64  O 

    0.00836790   14.67408080   10.86789710   1      65  H 

    3.07197790   14.67408080   10.86789710   1      66  H 

    0.01348690    4.81874570   10.91551620   1      67  H 

    3.07709690    4.81874570   10.91551620   1      68  H 

    1.55743113    2.11635977   10.94842138   3      69  Ni 

    4.62104113    2.11635977   10.94842138   3      70  Ni 

    1.55354879   11.98265844   10.93445848   3      71  Ni 

    4.61715879   11.98265844   10.93445848   3      72  Ni 

    1.51803119    7.03559710   11.04103625   3      73  Ni 

    4.58164119    7.03559710   11.04103625   3      74  Ni 

    3.03416376    9.21628652   11.11214991   1      75  H 

    6.09777376    9.21628652   11.11214991   1      76  H 

    0.03914334    3.28758578   11.41187395   2      77  O 

    3.10275334    3.28758578   11.41187395   2      78  O 

    0.04020828   13.15504426   11.34588052   2      79  O 

    3.10381828   13.15504426   11.34588052   2      80  O 

    3.03210324    8.26824553   11.47344782   2      81  O 

    6.09571324    8.26824553   11.47344782   2      82  O 

    1.57437412    1.87835781   12.99819770   2      83  O 

    4.63798412    1.87835781   12.99819770   2      84  O 

    1.57272187   11.77459068   12.94137519   2      85  O 

    4.63633187   11.77459068   12.94137519   2      86  O 

    1.49147489    6.81011859   13.15022022   2      87  O 

    4.55508489    6.81011859   13.15022022   2      88  O 

    1.57550572    0.86932229   13.26897305   1      89  H 

    4.63911572    0.86932229   13.26897305   1      90  H 

    1.51578344    5.79943610   13.39135472   1      91  H 



 

 

    4.57939344    5.79943610   13.39135472   1      92  H 

    0.04065763    3.12612639   13.36586347   3      93  Ni 

    3.10426763    3.12612639   13.36586347   3      94  Ni 

    0.04276969   12.96058096   13.28495729   3      95  Ni 

    3.10637969   12.96058096   13.28495729   3      96  Ni 

    3.02193771    8.02456316   13.56273563   3      97  Ni 

    6.08554771    8.02456316   13.56273563   3      98  Ni 

    1.50987258   10.22091348   13.59075678   1      99  H 

    4.57348258   10.22091348   13.59075678   1     100  H 

    1.57266307    4.30208674   13.63967941   2     101  O 

    4.63627307    4.30208674   13.63967941   2     102  O 

    1.57591962   14.15211933   13.54939734   2     103  O 

    4.63952962   14.15211933   13.54939734   2     104  O 

    1.49051017    9.27023059   13.94953235   2     105  O 

    4.55412017    9.27023059   13.94953235   2     106  O 

    0.04278071    2.97872614   15.32077118   2     107  O 

    3.10639071    2.97872614   15.32077118   2     108  O 

    3.10921756   12.77033187   15.22472826   2     109  O 

    6.17282756   12.77033187   15.22472826   2     110  O 

   -0.04111269    7.80757248   15.70922021   2     111  O 

    3.02249731    7.80757248   15.70922021   2     112  O 

    0.04615083    1.28349369   15.82602253   1     113  H 

    3.10976083    1.28349369   15.82602253   1     114  H 

   -0.01671470    6.78499974   15.95501040   1     115  H 

    3.04689530    6.78499974   15.95501040   1     116  H 

    1.57145264    4.18191343   15.68834858   3     117  Ni 

    4.63506264    4.18191343   15.68834858   3     118  Ni 

    1.57912280   13.98974350   15.58822047   3     119  Ni 

    4.64273280   13.98974350   15.58822047   3     120  Ni 

    1.48908867    9.07154410   16.00977793   3     121  Ni 

    4.55269867    9.07154410   16.00977793   3     122  Ni 

    3.03568378   11.11505688   16.01048086   1     123  H 

    6.09929378   11.11505688   16.01048086   1     124  H 

    0.03977144    5.24185797   16.13754367   2     125  O 

    3.10338144    5.24185797   16.13754367   2     126  O 

    0.04697957    0.31050005   16.08405214   2     127  O 

    3.11058957    0.31050005   16.08405214   2     128  O 

    3.02049230   10.20619916   16.44032044   2     129  O 

    6.08410230   10.20619916   16.44032044   2     130  O 

    2.47509107    3.81792143   17.75885786   1     131  H #Abs 

    1.57549997    3.57665272   17.44091887   2     132  O 

    4.63898942    3.57735143   17.44095771   2     133  O 

    5.53948293    3.81939167   17.75758467   1     134  H 

    5.50942953   13.60343293   17.69216125   1     135  H 

    4.63605290   13.34368656   17.32211483   2     136  O 

    1.57266017   13.34051701   17.32094931   2     137  O 

    2.44207122   13.60656311   17.69493283   1     138  H 

    4.52874337    8.62038015   17.80354962   2     139  O 

    5.26527351    7.98154801   17.90545139   1     140  H 

%endblock AtomicCoordinatesAndAtomicSpecies 

 

 

LatticeConstant 1.0 Ang 

%block LatticeVectors 

     6.127220      0.000000      0.000000 

     0.000000     14.777400      0.000000 

     0.000000      0.000000     30.000000 

%endblock LatticeVectors 

 

 

 

%block GeometryConstraints 

position from 1 to 68 

%endblock GeometryConstraints 

 

 

PAO.BasisSize DZP 

WriteCoorXmol  true 

WriteCoorCerius  true 

 

%block kgrid_Monkhorst_Pack 

1 0 0 0.0 

0 1 0 0.0 

0 0 1 0.0 

%endblock kgrid_Monkhorst_Pack 

 

XC.functional   GGA 

XC.authors      RPBE 

DM.MixingWeight   0.01 

DM.NumberPulay    7 

 

DM.UseSaveDM     false 

DM.Tolerance      0.001  # Default Value 10-4 

MeshCutoff        300  Ry 

OccupationFunction   MP 

ElectronicTemperature 0.1 eV 

WriteMullikenPop     1 

WriteVoronoiPop      false 

WriteHirshfeldPop    false 

MD.TypeOfRun         CG 

MD.VariableCell      false 

 

MD.NumCGsteps        1000 

MD.MaxCGDispl        .05 Ang 

MaxSCFIterations     100 

 

MD.UseSaveCG         false 

MD.UseSaveXV         false 

 

 

SpinPolarized   true 

 

%block DM.InitSpin 

    1     + 

    2     + 

    21    - 

    22    - 



 

 

    23    - 

    24    - 

    25    + 

    26    + 

    45    - 

    46    - 

    47    - 

    48    - 

    49    + 

    50    + 

    69    - 

    70    - 

    71    - 

    72    - 

    73    + 

    74    + 

    93    - 

    94    - 

    95    - 

    96    - 

    97    + 

    98    + 

    117   - 

    118   - 

    119   - 

    120   - 

    121   + 

    122   + 

%endblock DM.InitSpin 

 

 

 

%block ProjectedDensityOfStates 

-20.00  10.00  0.1  1000  eV 

%endblock ProjectedDensityOfStates 

 

 

%block ExternalElectricField 

0.000  0.000  0.000  V/Ang 

%endblock ExternalElectricField 

 

 

# %block GeometryConstraints 

# position  from -1 to -100 

# %endblock GeometryConstraints 

---------------------------------------------------------------   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


