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Abstract  

The growth of the global population, together with an increase in pollution caused by the use of 

fossil fuels for energy production, has led to an environmental and energy crisis.  This crisis 

necessitates the search for alternative sustainable and environmentally accommodating energy 

sources.  One such alternative form of energy is hydrogen gas.  Although hydrogen gas is a highly 

energy-dense and clean energy carrier, it does not occur naturally and needs to be produced.  

One of the cleanest hydrogen production methods is water electrolysis.  However, much research 

is being conducted on the electrocatalysts that drive the two water electrolysis half-reactions, i.e. 

the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).  The OER is more 

energy-intensive and requires an effective electrocatalyst.  The material of these catalysts are 

dictated by the pH environment of the electrolysis.  In an acidic environment, costly rare noble 

metals such as Ir and Ru are used.  However, in an alkaline environment, base metals such as 

Ni, Co and Fe can be used. 

Literature is abundant with studies showing Ni and Ni-based oxides as effective catalytic materials 

for the OER in an alkaline environment.  One Ni-based electrocatalyst of interest to this study is 

Raney nickel.  Raney nickel, a porous nickel structure, is prepared from a bimetallic precursor, 

typically with Al as a secondary metal.  This secondary metal is selectively leached out using an 

alkaline solution leaving a porous structure.  However, the composition and morphology of the 

precursor can influence the final structure and composition of Raney nickel.  Previous studies 

(experimental and computational) of Raney nickel focused mainly on three compositions 

(phases), namely Ni2Al3, NiAl and NiAl3.  To gain a better understanding of the influence of the 

composition and the morphology of the precursor on the final structure of Raney nickel and, 

therefore, the catalytic activity of Raney nickel, there is a need to investigate a wider range of 

phases.  That is what this study attempted to do by studying several Ni1-XAlX bimetallic phase 

surface structures. 

Before the Ni1-XAlX bimetallic surfaces could be constructed and investigated, an inclusive 

computational model needed to be developed.  A Density Functional Theory (DFT) based model 

was developed using pure Ni and Al bulk structures and (111) surfaces.  The model made use of 

the CAmbridge Serial Total Energy Package (CASTEP) included in the BIOVIA Software, 

Materials Studio 2020 (MS2020).  The bulk model was developed using 2×2×2 supercells and 

validated by comparing the structural and electronic properties of these bulk structures with 

literature values.  Surface slabs in the (111)-Miller plane were created for Ni and Al.  Although 

most of the setting in the bulk model was used when surface slabs were optimised, the k-points 

were changed for the surface slab model.  The surface slabs were validated by comparing the 

structural and electronic properties of the Ni (111)- and Al (111)-surface slabs with literature 

values. 
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Next, the Ni1-XAlX bimetallic precursors were constructed using the Site Occupancy Disorder 

(SOD) program, which built all possible configurations with the given ratio of Ni and Al atoms 

(phases) and identified the unique configurations.  The unique configurations were optimised 

using the General Utility Lattice Program (GULP).  Further, SOD also allowed for the calculation 

of thermodynamic properties, such as probability distribution, configurational entropy, and the 

enthalpy of mixing.  These properties were used to identify the most stable Ni1-XAlX bimetallic ratio 

and atomic configurations for further study. 

The bulk structures of the most thermodynamically stable unique configurations were optimised 

using the abovementioned DFT model.  Surfaces slabs were generated by cleaving the optimised 

bulk structures along the (111)-Miller.  These (111)-surface slabs were optimised and used to 

identify configurations for manually simulated leaching.  The surface slabs for the manual leaching 

of Al were selected using calculated properties such as the work function, the surface energy, 

and the Ni and Al content.  The manual leaching was done by removing a set of four Al atoms.  

The initial Al atom was selected by considering the nearest neighbour (NN) atoms on the surface 

and in the sub-surface layers.  The subsequent Al atoms were chosen by considering NN atoms 

in the layers surrounding the cavity created by the previous removal.  The leached surface slabs 

were optimised after each removal.  The final leached surface slabs were those with the smallest 

average removal energy. 

Lastly, the simulated adsorption of the 𝑂𝑂𝑂𝑂− species was studied on the pure Ni (111)-surface slab 

and the final leached bimetallic (111)-surface slabs.  The adsorption data for the Ni (111)-surface 

slab showed that Ni exhibited optimal adsorption energies for an OER catalyst.  Comparatively, 

the adsorption data of five manually selected adsorption positions showed that the bimetallic 

(111)-surface slabs of Ni8Al8, Ni9Al7, and Ni11Al5 could be active catalysts for the OER.  Of these 

Ni1-XAlX bimetallic phases, Ni8Al8 (NiAl) has been studied previously.  However, Ni9Al7 and Ni11Al5 

are newly identified phases that could be used for future studies of precursor composition and 

morphology influences on Raney nickel. 

Keywords: Oxygen Evolution Reaction, Raney nickel precursor, aluminium leaching, hydroxide 

adsorption, Site Occupation Disorder 
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Opsomming 

Die groei van die wêreldbevolking tesame met ’n toename in besoedeling wat veroorsaak word 

deur die gebruik van fossielbrandstowwe vir energieproduksie, dra by tot die huidige globale 

omgewings- en energiekrisis.  Hierdie krisis noodsaak die soeke na alternatiewe volhoubare en 

omgewingsvriendelike energiebronne.  Een só 'n alternatiewe energiebron is waterstofgas.  

Alhoewel waterstofgas ’n hoogsenergie-digte en skoon energiedraer is, kom dit nie natuurlik voor 

nie en moet dit vervaardig word.  ‘n Skoon waterstofvervaardigingsmetode is watersplyting.  Daar 

word egter baie navorsing met betrekking tot die elektrokatalisatore, wat die twee 

watersplytingshalfreaksies, naamlik die waterstofvrystellingsreaksie (HVR) en 

suurstofvrystellingsreaksie (SVR) aandryf, gedoen.  Die SVR is meer energie-intensief en 

benodig 'n effektiewe elektrokatalisator.  Die keuse van elektrokatalisatormateriale word egter 

bepaal deur die pH van die watersplytings omgewing.  In ‘n suur omgewing word duur en skaars 

edelmetale soos Ir en Ru gebruik.  In 'n alkaliese omgewing kan basismetale soos Ni, Co en Fe 

egter gebruik word. 

Literatuur is volop met studies wat Ni- en Ni-gebaseerde oksiede as effektiewe katalitiese 

materiale vir die SVR in 'n alkaliese omgewing aantoon.  Een Ni-gebaseerde elektrokatalisator 

wat vir hierdie studie van belang is, is Raney-nikkel.  Raney-nikkel is ’n poreuse Ni-struktuur wat 

vanaf ‘n bimetaalvoorloper voorberei word, tipies met Al as sekondêre metaal.  Hierdie sekondêre 

metaal word selektief uitgeloog met behulp van 'n alkaliese oplossing wat 'n poreuse struktuur 

laat.  Die samestelling en morfologie van die voorloper kan egter die finale struktuur van die 

Raney-nikkel beïnvloed.  Vorige studies (eksperimenteel en rekenaarmatig) van Raney-nikkel het 

hoofsaaklik op drie samestellings (fases), naamlik Ni2Al3, NiAl en NiAl3 gefokus.  Om 'n beter 

begrip van die invloed van die samestelling en die morfologie van die voorloper op die finale 

struktuur van Raney-nikkel en dus die katalitiese aktiwiteit van Raney-nikkel te kry, is daar 'n 

behoefte om 'n groter verskeidenheid fases te ondersoek.  Dit is wat hierdie studie gepoog het 

om te doen deur verskeie Ni1-XAlX bimetaalfase oppervlakstrukturete besturdeer. 

Voordat die Ni1-XAlX bimetaaloppervlaktes gebou en ondersoek kon word, moes 'n omvattende 

berekeningsmodel ontwikkel word.  'n Digtheidfunksionaalteorie-model (DFT-model) is met 

behulp van suiwer Ni- en Al-strukture ontwikkel.  Die DFT-model het van die “CAmbridge Serial 

Total Energy Package” (CASTEP), wat in die BIOVIA-sagteware, “Materials Studio 2020” 

(MS2020) ingesluit is, gebruik gemaak.  Die uitgebreide-struktuur model, wat ontwikkel is met 

behulp van 2×2×2 superselle, is gevalideer deur die strukturele en elektroniese eienskappe van 

die uitgebreide-strukture met literatuurwaardes te vergelyk.  Oppervlakstrukture in die (111)-

Millervlak is geskep vir Ni en Al.  Die uitgebreide-struktuur model is aangepas en gevalideer vir 

oppervlakstrukture deur die strukturele en elektroniese eienskappe van die Ni (111)- en Al (111)-

oppervlakstrukture met literatuurwaardes te vergelyk. 
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Vervolgens is die Ni1-XAlX-bimetaalvoorlopers met behulp van die “Site Occupancy Disorder”-

program (SOD), wat verskeie samestellings met die gegewe verhouding van Ni- en Al-atome 

(fases) gee, gebou en die unieke samestellings is geïdentifiseer.  Die unieke samestellings is met 

behulp van die “General Utility Lattice Program” (GULP) geoptimiseer.  Verder het die SOD-

program ook vir die berekening van termodinamiese eienskappe, soos 

waarskynlikheidsverspreidings, samestellings-entropie en die entalpie van vermenging 

voorsiening gemaak.  Hierdie eienskappe is gebruik om die mees termodinamies stabiele Ni1-

XAlX-bimetaalverhoudings en atoomsamestellings te ïdentifiseer vir verdere evaluaring. 

Die uitgebreide strukture van die mees termodinamies stabiele samestellings is met die 

bogenoemde DFT-model geoptimiseer.  Hierdie geoptimiseerde uitgebreide strukture is in die 

(111)-Millervlak gesny en geoptimiseer.  Hierdie geoptimiseerde (111)-oppervlakstrukture is 

gebruik om samestellings vir handmatig gesimuleerde loging te identifiseer.  Die 

oppervlakstrukture vir die handmatige loging van Al is met behulp van berekende eienskappe 

soos die werkfunksie, die oppervlakenergie en die Ni- en Al-inhoud gekies.  Die handmatige 

loging is gedoen deur 'n stel van vier Al-atome te verwyder en die geloogde oppervlakstruktuur 

na elke verwydering te optimiseer.  Die finale geloogde oppervlakstrukture was dié met die 

kleinste gemiddelde verwyderingsenergie. 

Laastens, is gesimuleerde adsorpsie van die OH· spesie op die suiwer Ni (111)-

oppervlakstruktuur en die finale geloogde bimetaal-(111)-oppervlakstrukture toegepas.  Die 

adsorpsiedata vir die Ni (111)-opperstruktuur het aangetoon dat Ni optimale adsorpsie-energieë 

vir 'n SVR-katalisator toon.  Soortgelyk het die adsorpsie-data van vyf handmatig gekiesde 

adsorpsie-posisies aangetoon dat die bimetaal-(111)-oppervlakstruktue van Ni8Al8, Ni9Al7 en 

Ni11Al5 aktiewe katalisatore vir die SVR kan wees.  Van hierdie Ni1-XAlX bimetaalfases is Ni8Al8 

(NiAl) voorheen bestudeer.  Ni9Al7 en Ni11Al5 is egter nuut geïdentifiseerde fases wat gebruik kan 

word vir toekomstige studies van voorlopersamestellings- en morfologie-invloede op Raney-

nikkel. 

 

Sleutelwoorde: Suurstofvrystellingreaksie, Raney-nikkelvoorloper, aluminiumloging, hidroksied-

adsorpsie, “site occupation disorder” 
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Preface 

The research and results presented in this dissertation contribute to the larger fields of 

computational chemistry and theoretical electrocatalyst design.  In this dissertation, Raney nickel 

as a potential electrocatalyst for the water splitting process was investigated computationally.  

This investigation included the development of a computational model, the construction of 

precursor bimetallic phases consisting of Ni and Al, the evaluation of the stability of these 

constructed precursors, the subsequent leaching of the Al to form Raney nickel, and an OH· 

adsorption onto the leached surfaces. 

This dissertation is submitted in article format as permitted by the North-West University (NWU), 

following the guidelines set out in the Faculty of Natural and Agricultural Sciences: Quality 

Manual1 and the Manual for Higher Degrees Studies2, and it is written in British English.  Following 

these guidelines, the information presented in the conventional “Experimental/Method” and 

“Results and Discussions” sections are included in the article(s) or manuscript(s), with each article 

or manuscript representing a chapter.  Chapter 4 has been published3 as part of the Conference 

of the South African Advanced Materials Initiative (CoSAAMI) 2021, where an oral presentation 

of this chapter was given.  The work of Chapter 4 was also presented as a poster at the 

Chem4Energy conference in 2023.  Additional requirements for this submission format are that 

an introductory chapter, a literature review, and a concluding chapter be included. 

Overall, due to the format in which this dissertation is submitted, repetition and overlap of figures, 

tables, text, and references may occur, including the content of the article(s) or manuscript(s), 

which follow as output from this dissertation.  The dissertation was also sent for language editing, 

which may lead to chapters that differ from the published work. 

Outline of the dissertation 

This dissertation will include the following as outlined in the University’s Manual for Higher Degree 

Studies:2 

• Title page 

• Declaration 

• Acknowledgements 

• Table of contents 

• A Preface  

• Abstract 

• Opsomming 

• Chapter 1 Introduction 

• Chapter 2 Literature review 
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• Chapter 3 DFT model development using pure metals 

• Chapter 4 Using Site Occupation Disorder to build bulk structures of Ni1-xAlx (published as 

an article) 

• Chapter 5 A DFT study of the Ni1-XAlX bimetallic phase structures 

• Chapter 6 Conclusion and future work 

• Appendix A Additional dissertation data 

• Appendix B Published article(s)/manuscript(s) 

• Appendix C Consent by the journal(s) 

• Appendix D Additional work 

• Appendix E Final fractional coordinates for pure Ni and Al structures 

• Appendix F Final fractional coordinates for Ni1-XAlX bimetallic phase structures 

• Appendix G Final fractional coordinates for Ni1-XAlX bimetallic phase structures after each 

manual leaching step 

• Appendix H Final fractional coordinates for leached Ni1-XAlX bimetallic phase structures 

after the adsorption of OH· 

• Appendix I Final fractional coordinates for leaching behaviour using Ni8Al8 (111) and pure 

Ni (111) adsorption, using OH· 

Contribution to article(s)/manuscript(s) 

This work was conceptualised by Prof CGCE van Sittert (supervisor) and Dr A Falch  

(co-supervisor).  I, Cherise J Thesner, did the research, calculation, conclusion, and compilation 

of the results within the dissertation and article(s) or manuscript(s) with the assistance and 
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CHAPTER 1 Introduction 

The general theme of the dissertation is introduced in this chapter.  This includes a background 

and rationale section explaining the significance of the OER and the necessity of researching 

potential catalyst improvements, particularly Raney nickel.  Furthermore, a problem statement is 

also included that states the importance of investigating a novel range of precursor Ni-Al bimetallic 

phases.  The aim and objectives of this study include a statement of the desired result and the 

approach used to achieve the outcome. 

Please note that as this dissertation is in article format, there may be some overlap between the 

material cited in the following sections of Chapter 1 and the literature cited in the introductions to 

Chapters 2 to 6. 
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1.1 Background and rationale 

The world’s ever-increasing need for energy has led to the development of many alternative forms 

of energy production, with one such route being water electrolysis.1,2  During water electrolysis, 

water is split to produce molecular oxygen (O2) and molecular hydrogen (H2).  The H2, formed 

during water electrolysis, can be used as a high-energy fuel.3 

Water electrolysis mainly occurs in an acidic or alkaline medium.  Each of these media has certain 

advantages and disadvantages.  The greatest advantage that alkaline electrolysis affords over 

acidic electrolysis is the possibility of using base metal catalysts, whereas rare noble metals are 

usually required for acidic electrolysis.4 

In an alkaline medium, water electrolysis consists of the following two half-cell reactions, namely 

the oxygen evolution reaction (OER) (equation 1-1) and the hydrogen evolution reaction (HER) 

(equation 1-2).5  

OER (anode) 4𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)
−  → 𝑂𝑂2(𝑔𝑔) + 2𝐻𝐻2𝑂𝑂(𝑙𝑙) + 4𝑒𝑒− , (+0.40 𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (1-1) 

HER (cathode) 2𝐻𝐻2𝑂𝑂(𝑙𝑙) + 2𝑒𝑒−  → 𝐻𝐻2(𝑔𝑔) + 2𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)
−  , (−0.83 𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (1-2) 

NETT 2𝐻𝐻2𝑂𝑂(𝑙𝑙)  → 2𝐻𝐻2(𝑔𝑔) +  𝑂𝑂2(𝑔𝑔) , (−1.23 𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (1-3) 

The energy barrier, i.e., overpotential required in addition to the minimum required energy  

(- 1.23 V (reaction 1-3)), limits the reaction rate, hence energy efficient water splitting.6 The HER 

and OER have certain limitations contributing to this net overpotential.  The HER overpotential 

originates from the activation energy for water dissociation and hydrogen and hydroxyl binding 

energies.6  Comparing the simplest forms of reactions 1-1 and 1-2, it can be seen that the 

formation of one O2 molecule (OER) involves twice the number of electrons as the formation of 

one H2 molecule (HER).  This four-electron transfer process required for O2 evolution usually 

occurs as multi-step reactions, each requiring its own activation energy.  Hence, the accumulation 

of the energy required for each step is known to result in sluggish kinetics (large overpotential) 

and requires an effective electrocatalyst to improve the reaction kinetics.7,8 

Ni and Ni-based oxides are effective materials as OER electrocatalysts.9  The effectiveness of Ni 

as an electrocatalyst for the OER can typically be increased by (i) adding additional materials 

(typically other transition metals) to alter the chemical composition or (ii) by inducing defects in 

the structure3,10 which can increase the surface area and hence the electrocatalytic efficacy.11,12  

One material incorporating compositional variation and structural defects in Ni is Raney nickel, a 

porous, sponge-like form of Ni.7  The catalytic activity of the catalyst depends on the small 

amounts of Al/Zn content and the porosity of the Ni structure, which is influenced by the structure 

and composition of the precursor bimetal.12 
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Bimetal precursors used for Raney nickel production are usually Ni-M, where M represents Al or 

Zn.  Al is commonly used since it shows better leaching results compared to Zn.3,13–18  The Ni-Al 

bimetal is most often studied in the ratios Ni2Al3, NiAl and NiAl3, both experimentally and 

computationally, because these compositions are frequently observed experimentally.9,12,13,17,19–

22  Al is selectively leached from the bulk structures of the bimetallic phases to produce the 

renowned porous structure of Raney nickel.  The Al in different bimetal compositions will leach 

away at different rates, which leads to different surfaces because the leaching does not 

necessarily give exactly repeatable results.15  The amount of Al that is left unleached in the 

precursor can influence the catalytic activity of the Raney nickel, as well as its structural integrity.  

Bulk properties such as structural integrity can be considered for the overall longevity and stability 

of the Raney nickel catalyst.  However, since the surface is the primary area of the catalyst 

involved in catalytic interactions the surface structure and composition are critical for the catalytic 

performance. 

Studying the surface of a catalyst is of great importance since it can give an idea of important 

catalytic information, such as the activity, selectivity and stability.23  Several catalytic properties 

can be influenced and optimised by manipulating the surface structure.  These properties include 

adsorption energy, catalytic activity and stability.  The catalytic activity is influenced by the 

electronic structure and charge of the surface, while the surface energy determines the 

stability.23,24 

For an electrocatalyst to be scalable for application purposes, it must be active, stable, selective, 

and reproducible.  By applying computational modelling, insight can be gained into the 

mechanism or process of leaching and the most favourable Ni-Al ratio for water splitting (HER or 

OER or both).23,24  In this study, the focus will be placed on the (111)-surface, the most prominent 

surface before and after leaching of varying NiAl bimetal ratios.23,25–28  The crystal structures of 

both Ni and Al are face-centred cubic (fcc);29–31 therefore, the bimetal would also have this crystal 

structure.  The smoothest, most uninterrupted surface to study at the atomic level is achieved by 

cleaving the Ni-Al bulk bimetal along the (111)-Miller plane.24  By studying the surface the 

influence of the composition and structure on the activity, stability, and selectivity, especially with 

water adsorption can be elucidated.  Finally, the activity of the leched bimetal surfaces, specifically 

towards the alkaline OER, will be tested. 

1.2 Problem statement 

For water electrolysis to be commercially viable, sustainable and affordable materials for 

electrocatalysts are needed.  The materials available for use as electrocatalysts depend on the 

pH of the electrolyte.32,33  In an acidic medium, more inert materials like noble metals, such as Ir 

and Ru,34 which are expensive and rare, are used, whereas in an alkaline medium, more 

sustainable and affordable materials can be used.32,33  One such material for the alkaline OER 
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reaction at 30°C is Raney nickel.32  Raney nickel is a porous Ni-Al bimetal formed from Ni-Al 

nanoparticles, where the Al has been leached from the Ni-Al bulk structure.12,17  However, the 

leaching of the Al from the Ni-Al bulk will not always be accurately reproducible15 as the degree 

of segregation of Al within the bulk and toward the surface of the Ni-Al bimetals varies.35–37  In 

addition, the amount of Al that remains after leaching could influence the performance and 

structural stability of the final Raney nickel catalyst.12,38  It is therefore beneficial to develop and 

evaluate a model for Raney nickel formation from precursor to final catalyst, to understand the 

leaching process and the influence of the surrounding factors on the final catalyst structure, 

composition, and activity towards the alkaline OER.  Previous studies on Raney nickel, both 

computational and experimental,  usually focused on the investigation of three bimetallic phases, 

namely Ni2Al3, NiAl, and NiAl3.12,17,21  Thus, a more objective computational approach that includes 

a comprehensive spectrum of Ni-Al bimetallic phases (not just selecting the commonly used 

phases) will result in a more holistic and in-depth understanding of the characteristics of Raney 

nickel and its potential as an OER electrocatalyst. 

1.3 Aim of the study 

The study aims to develop and evaluate a model for the simulation of Raney nickel-type 

electrocatalysts and to investigate the activity towards the OER in alkaline media. 

1.4 Objectives of the study 

The following objectives will be addressed, to achieve the above-mentioned aim, namely: 

 

• Scrutinise the available literature on hydrogen energy, water electrolysis as hydrogen 

production method, oxygen evolution reaction (OER) in alkaline media, and Raney nickel 

catalyst systems (experimental and computational) to assist with the model development. 

• Develop a density functional theory (DFT) model by creating and optimising pure metal bulks 

for Ni and Al and their (111)-surfaces with the CAmbridge Serial Total Energy Package 

(CASTEP).39  Validate the model by comparing the results to existing experimental and 

computational literature values. 

• Construct several Ni1-XAlX bimetal bulk configurations with the Site-Occupancy Disorder 

(SOD)4 program.  Optimise the constructed bimetal configurations using the General Utility 

Lattice Program (GULP)40 and determine the most stable configurations with thermodynamic 

calculations. 

• Optimise the most stable bimetallic bulk configurations with the CASTEP39 model developed 

with pure metals.  Using the most stable optimised bimetallic bulk configurations, create and 

optimise (111)-surfaces with CASTEP.39  Investigate the electronic and magnetic properties of 

the most stable bimetal bulks and the (111)-surfaces.  Identify the most suitable (111)-surface 

slabs using surface energy and surface properties.  Leaching of Al was simulated by manually 
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removing Al from the (111)-surface slabs and the subsequent adsorption of the OER species 

(OH·) onto the leached surfaces. 

• Compare the findings of this study with available experimental and computational results found 

in the literature. 

1.5 Methodology of the study 

A comprehensive literature study will be conducted on the fundamental concepts of this work.  

Some topics that will be addressed are energy crises, water electrolysis (HER and OER), 

electrocatalysts for water electrolysis, Ni, Raney nickel, and solid-state catalysis studies using 

computational modelling.  Additionally, the software and theoretical approaches used in this 

study, namely SOD4, GULP40 and DFT, will be examined. 

The pure metal bulks for Al and Ni will be constructed and optimised using CASTEP39 to create a 

model for the bimetallic configurations.  The (111)-surface slab for each metal will be created and 

optimised using CASTEP.39  The electronic and magnetic properties as well as the surface 

energies will be calculated for these pure metals and their (111)-surface slabs. 

The SOD4 program will be used to build Ni1-XAlX bimetallic bulk configurations, which will be 

optimised using GULP.40  These optimised structures will then be used to determine the most 

thermodynamically stable bimetallic configurations. 

The CASTEP39 model developed with the pure metals will then be used to optimise the most 

thermodynamically stable bimetallic bulk configurations.  The (111)-surfaces of these optimised 

bulk configurations will be created and optimised using the previously mentioned CASTEP39 

model.  Electronic and magnetic properties will be calculated, and the most suitable surface 

compositions will be determined by considering the surface energies, work functions, and the Ni 

and Al content.  The leaching of Al from the most stable Ni1-XAlX bimetallic surfaces will be 

simulated by manual removal of Al atoms, and the activity of the surface towards the first OER 

species (OH·) will be evaluated via adsorption. 

Lastly, the results of this study will be compared with literature findings where possible and be 

published in accredited journals fulfilling the requirements for completing a Master of Science 

degree. 

The software used for the calculations is available on the Lengau cluster at the Centre for High 

Performance Computing (CHPC)41, where I am a registered user under the CHEM0778 program. 
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CHAPTER 2 Literature review 

The world’s energy and environmental crisis has led to the search for alternative energy sources.  

Hydrogen gas, being highly energy-dense, has been identified as a valuable alternative.  There 

are several ways in which hydrogen gas can be produced.  However, water electrolysis has the 

potential to be the cleanest method for hydrogen production, with oxygen as the only by-product.  

The oxygen evolution reaction (OER), a very important reaction occurring during water 

electrolysis, exhibits sluggish performance and requires an electrocatalyst to improve the overall 

efficiency of water electrolysis.  Nickel and nickel-based oxides are good electrocatalysts, but 

they can be enhanced by adding defects within the structure of the catalyst.  A nickel structure 

that incorporates such defects is porous Raney nickel.  The porosity of the Raney nickel structure 

is influenced by the precursor materials used to synthesise the Raney nickel.  Typical precursors 

for Raney nickel synthesis are NiAl, NiAl3 and Ni2Al3. 
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2.1 Energy and environmental crisis 

The world population is growing and so is the global demand for energy.  This leads to an energy 

and environmental crisis, as most of the energy production relies on fossil fuels, which are used 

for up to 65% of global energy production.  Fossil fuels are, however, not only slowly depleting, 

but also polluting the planet with greenhouse gas emissions.1  Therefore, many studies have 

explored alternative forms of energy production that are clean and sustainable. 

Some alternative energy sources that have been identified are solar, wind, hydro, and hydrogen.  

The first three sources have the disadvantage of being very variable in energy production.2  This 

variation in production is due to the variability of nature; the sun does not shine always, and the 

wind does not always blow. Further, hydro energy is limited by location and can also be affected 

by wind.  On the other hand, hydrogen energy is promising as an alternative energy source as it 

is not influenced by seasonal variability or location and has a very high energy density.2  However, 

hydrogen is not readily available in nature in a useful form (namely H2 gas) and it needs to be 

produced. 

There are many methods of producing hydrogen, such as the reforming of natural gas and the 

gasification of coal and heavy oils.3  However, these methods still contribute to pollution, and a 

better method is needed.  One such method is water electrolysis.  Water electrolysis holds the 

promise to be a sustainable and clean method to produce hydrogen.  The only by-product of water 

electrolysis is oxygen gas, which can later react with hydrogen to produce water and energy in a 

fuel cell.2,4–6  Water electrolysis is even more appealing since it can be powered by renewable 

energy sources like solar, wind and hydro energy.2,3,7 

2.2 Water electrolysis 

Water electrolysis is the splitting of water into molecular hydrogen (H2) and oxygen (O2).5,6,8  This 

water splitting occurs via the hydrogen evolution reaction (HER) at the cathode and the oxygen 

evolution reaction (OER) at the anode in an electrolyser.4–6  The reaction equation 2-1 shows the 

net reaction during water electrolysis.3  For this reaction to occur, a minimum potential of -1.23V 

is theoretically required. 

NET 2𝐻𝐻2𝑂𝑂(𝑙𝑙)  → 2𝐻𝐻2(𝑔𝑔) +  𝑂𝑂2(𝑔𝑔) , (−1.23𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (2-1) 

Water electrolysis can occur in an acidic or alkaline environment at 273 K and 1 atm, with each 

environment having distinct half-reactions.9,10 

In an acidic environment, the HER and OER have reactions and standard potentials, as shown in 

equations 2-2 and 2-3.11,12 

HER 2𝐻𝐻(𝑎𝑎𝑎𝑎)
+ + 2𝑒𝑒−  → 𝐻𝐻2(𝑔𝑔) , (0.00𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (2-2) 
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OER 2𝐻𝐻2𝑂𝑂(𝑙𝑙)  → 𝑂𝑂2(𝑔𝑔) + 4𝐻𝐻(𝑎𝑎𝑎𝑎)
+ +  4𝑒𝑒−, (−1.23𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (2-3) 

In an alkaline environment, the HER and OER have reactions and standard potentials, as shown 

in equations 2-4 and 2-5.6,11,12 

HER 2𝐻𝐻2𝑂𝑂(𝑙𝑙) + 2𝑒𝑒−  → 𝐻𝐻2(𝑔𝑔) + 2𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)
−  , (−0.83𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (2-4) 

OER 4𝑂𝑂𝐻𝐻(𝑎𝑎𝑎𝑎)
−  → 𝑂𝑂2(𝑔𝑔) + 2𝐻𝐻2𝑂𝑂(𝑙𝑙) + 4𝑒𝑒− , (−0.40𝑉𝑉 𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆) (2-5) 

The theoretical potential for water electrolysis is -1.23 V.  However, additional potential 

(overpotential) is required to overcome the kinetic limitations of both the HER and OER.8,13  The 

kinetic limitations refer to the intermediate species involved in each electron-transfer step, as well 

as the hydrogen binding energy, hydroxyl binding energy and the activation energy for the 

dissociation of water.14  The environment’s pH influences the mechanistic steps of the adsorption 

of reaction intermediates.15,16  For the HER, the intermediate adsorbate is 𝐻𝐻 ∗ , in both acidic and 

alkaline environments.17,18  For the OER, three intermediate adsorbates, namely 𝑂𝑂 ∗ , 𝑂𝑂 ∗ 𝐻𝐻, and 

𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂, accompany this four-electron transfer process in acidic and alkaline environments.1,15,19,20  

The four-electron transfer reaction for the OER results in sluggish kinetics.7 

In both environments, the formation of one mol of O2 gas involves double the number of electrons 

needed during the formation of one mol of H2 gas.  In reaction equations 2-6 - 2-13 the extended 

forms of the OER reactions for acidic and alkaline environments are shown.  The importance of 

the extended form of the reactions, as given in reaction equations 2-10 - 2-13, is to show that the 

four-electron transfer process consists of four separate reactions, each with its own electron 

transfer.5 

2.2.1 Acidic OER 

In an acidic environment, the water molecules (H2O) are oxidised to produce 𝑂𝑂2(𝑔𝑔),  𝐻𝐻(𝑎𝑎𝑎𝑎)
+  and 𝑒𝑒− 

(see the net reaction in equation 2-3).15  The mechanism involved in the acidic OER is shown in 

equations 2-6 - 2-9.  The H2O is dissociated on the surface of the metal and oxidises the surface 

by binding to it. This dissociation and binding lead to the adsorbed hydroxyl group ( 𝑂𝑂 ∗ 𝐻𝐻), which 

further oxidises to form adsorbed oxygen ( 𝑂𝑂 ∗ ).  The adsorbed oxygen reacts with H2O to form 

𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 species on the surface.  This 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 species is transformed into molecular oxygen. 

𝐻𝐻2𝑂𝑂(𝑙𝑙)  → 𝑂𝑂 ∗ 𝐻𝐻 +  𝐻𝐻+ + 𝑒𝑒− (2-6) 

 ∗𝑂𝑂𝑂𝑂 → 𝑂𝑂 ∗ +  𝐻𝐻+ +  𝑒𝑒− (2-7) 

𝐻𝐻2𝑂𝑂(𝑙𝑙)  + 𝑂𝑂 ∗  → 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 +  𝐻𝐻+ +  𝑒𝑒− (2-8) 

𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 →  𝑂𝑂2(𝑔𝑔)  + 𝐻𝐻+ + 𝑒𝑒− (2-9) 

An advantage afforded by the acidic environment is the faster reaction kinetics.21 

The main disadvantage of the acidic environment is the use of platinum group metals (PGMs), 

such as Pt, Ru, Pd and Ir, in electrocatalyst production, 7,21,22 because base metals tend to 
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dissolve (corrode) under acidic OER conditions.  This corrosion leads to catalyst instability.23  The 

disadvantage comes from the high cost and increased rarity of these materials.21 

2.2.2 Alkaline OER 

In an alkaline environment, hydroxyl groups (OH-) are converted into 𝐻𝐻2𝑂𝑂(𝑙𝑙) and 𝑂𝑂2(𝑔𝑔) (see the 

net reaction in 2-5).15  The mechanism involved in the alkaline OER is shown in equations 2-10 - 

2-13.  An OH- is adsorbed onto the metal surface to form 𝑂𝑂 ∗ 𝐻𝐻, which then reacts with a second 

OH- to form adsorbed oxygen ( 𝑂𝑂 ∗ ) and H2O, by transfer of an electron and a proton.  Finally, a 

third OH- reacts with the adsorbed oxygen to form the adsorbed peroxide ( 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂), which reacts 

with a fourth OH- to form molecular oxygen (O2) and H2O.  The O2 desorbs from the metal surface. 

 𝑂𝑂𝑂𝑂−  → 𝑂𝑂 ∗ 𝐻𝐻 +  𝑒𝑒− (2-10) 

 𝑂𝑂 ∗ 𝐻𝐻 + 𝑂𝑂𝑂𝑂−  → 𝑂𝑂 ∗ +  𝐻𝐻2𝑂𝑂(𝑙𝑙) +  𝑒𝑒− (2-11) 

 𝑂𝑂 ∗ +  𝑂𝑂𝑂𝑂−  → 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 +  𝑒𝑒− (2-12) 

 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂 +  𝑂𝑂𝑂𝑂−  →  𝑂𝑂2(𝑔𝑔)  +  𝐻𝐻2𝑂𝑂(𝑙𝑙)  + 𝑒𝑒− (2-13) 

The oxygen that adsorbs to the electrocatalytic surface changes the oxidation state of the catalyst, 

making any detailed computational study of the energy states difficult.19 

The greatest advantage of alkaline electrolysis over acidic electrolysis is that the catalysts can be 

developed from less expensive materials, such as transition metals and their oxides.7,9,10  

Transition metals studied as materials for OER electrocatalysts include Fe, Co, Mn and Ni.1  Of 

these, Ni is considered the state-of-the-art material for OER catalyst design due to having more 

d-electrons available than the other transition metals.2,5,24  The effectiveness of Ni as an 

electrocatalyst for the OER can be increased by adding secondary materials (typically other 

transition metals) or adding defects in the structure.2,25  These defects can increase the surface 

area, increasing the electrocatalytic efficacy.26,27  Raney nickel, which is a porous Ni structure, is 

a material that incorporates these defects.1 

However, the most important consideration between the acidic and alkaline environments is the 

pH influence on the material used in the electrocatalyst design.15  A more alkaline pH has been 

found to be more favourable in terms of efficiency than an acidic or neutral pH.28,29   

Sustainable and affordable electrocatalysts need to be developed to lower the overpotential and 

improve the reaction kinetics of the OER.  A suitable electrocatalyst for the OER should have an 

ideal adsorption energy of -3.2eV.  This value was determined based on the scaling relation of 

the free energy of 𝑂𝑂 ∗ 𝐻𝐻 to 𝑂𝑂 ∗ 𝑂𝑂𝑂𝑂.30 
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2.3 Raney nickel 

Raney nickel is a porous or "spongy" Ni structure, first introduced by Murray Raney in 1925.31,32  

It is a popular catalyst for industrial processes such as the hydrogenation of various compounds, 

dehalogenation reactions and reduction reactions.  This catalyst has also been employed to 

catalyse hydrogen production in water electrolysis and the decomposition of ammonia.27,33–36  

Raney nickel is usually prepared from a Ni-M alloy precursor, where M is selectively leached 

out.37  The metals (M) that have been used to produce the Ni-M alloy precursors are Zn and Al, 

with Al showing better leaching results than Zn.2,36,38–42 

Raney nickel is mainly prepared from a 50:50 weight percentage (wt%) Ni:Al alloy precursor, 

corresponding to 31.5:68.5 atomic percentage (at%) Ni:Al alloy.27,32,41,43  Within this alloy 

precursor ratio, the following alloy phases are observed, NiAl3, Ni2Al3, NiAl and Ni3Al.  It has been 

seen that those phases within the ~30 wt% and ~60 wt% Ni content range are ideal for Raney 

nickel production.27,33,37  Devred et al.41 did a study with 40:60 at% Ni:Al, 31.5:68.5 at% Ni:Al and 

25:75 at% Ni:Al.  This study found that the first ratio only showed the pure Ni2Al3 alloy phase, 

while the other two ratios both showed NiAl, Ni2Al3 and Al alloy phases.  According to Lee et al.33, 

non-homogeneity is an ideal quality of Raney nickel precursors. 

Studying the surface of Raney nickel is crucial for catalysis because it is where catalytic 

interactions occur.  Experimental XRD data showed that the (111)-surface is the most dominant 

surface before and after Al leaching from the precursor.44,45  A Monte Carlo study of Raney nickel 

also showed that the (111)-surface and possibly the (100)-surface, are the most prevalent after 

leaching.46  In this study the precursor materials will be referred to as bimetals, while the literature 

structures will be referred to as alloys where appropriate, because the properties related to alloy 

formation were not investigated. 

2.3.1 Precursor effect on the morphology of Raney nickel 

The alloy precursor composition is of critical importance since different phases show different 

leaching behaviours.47  The temperature at which the alloy precursor is prepared influences the 

alloy phases that are present, determining the precursor's leachability.41,48  The precursor alloy 

composition determines how easily the Al is leached out and determines the final structure's 

structural integrity and catalytic activity.34  Precursors with higher concentrations of Al could 

potentially be too friable for practical use due to the small amount of Ni to uphold the structure.49  

The alloy precursor shown to offer the highest activity is the NiAl3 phase since Al leaches readily 

from this phase at lower temperatures (274 – 323 K).49  However, other studies have shown that 

NiAl3 is not a good precursor material since it does not have any structural integrity once the Al is 

leached out.37,49  The alloy phase Ni2Al3 is unreactive in the temperature range in which NiAl3 

leaches readily.  Ni2Al3 leaches in the temperature range of 343 – 380 K.49  Kim et al.48 found that 

heat treatment on a Ni-Al alloy precursor containing, NiAl3, Ni2Al3 and NiAl causes the NiAl phase 
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to dissociate, leaving only NiAl3 and Ni2Al3.  This dissociation leads to faster and more complete 

leaching of the precursor since it was found that Al leaches faster from the alloy phases, NiAl3 

and Ni2Al3.48,50  This faster and more complete leaching of Al leads to larger surface areas.  

2.3.2 Preparation of Raney nickel 

For the preparation of the Ni-Al alloy precursors, there are four main experimental methods, 

namely cast-and-crush41,51, gas atomisation41, mechanical alloying with ball-milling36,52 and low-

temperature chemical alloying.34,53–55  The first two methods involve high energies because they 

require melting the elemental materials.  These alloy precursors are exposed to an alkaline 

solution to leach out the Al.  The specific alloy phase, the temperature at which leaching takes 

place, the leaching time, and the leaching liquid concentration all affect the morphology of the 

final Raney nickel structure.2,37,47  The alloy phase dependency comes from the different leaching 

tendencies of different phases.41,47 

Additionally, a computational study of chemical systems, such as the influence of the alloy phase 

on the final Raney nickel structure, could be beneficial for a better understanding of the atomic 

level behaviour.  This study could suggest ways to improve catalytic surfaces experimentally.   

2.3.2.1 Precursor alloy preparation 

Experimental 

The experimental preparation methods can be divided into two types, namely mechanical types 

(cast-and-crush, gas atomisation, and mechanical alloying with ball-milling) and chemical types 

(low-temperature chemical alloying (LTCA)).  The mechanical methods are very energy-intensive 

methods.  However, the mechanical alloying with ball-milling and the chemical method probably 

are the least energy-intensive methods for Ni-Al precursor production. 

Cast-and-crush51 is a method where a mixture of molten metals is cast into ingots and annealed 

at a specific temperature in a hydrogen gas-containing environment to prevent the oxidation of 

the metals.54  The annealed ingots are crushed and ground into powder.  The powder is sifted for 

desired particle sizes, depending on the application.37,41,55  Since this method employs the molten 

form of each of the metals, it is essential to consider the melting temperatures of each.  In the 

case of Ni and Al, the values are 1728.15 K (1455 °C)56,57 and 933.47 K (660.32 °C)53,58, 

respectively.  These high temperatures make this method an expensive process.55  This method 

also produces coarse microstructures that are irreproducible with a poor leachability.51  Bakker et 

al.49 re-melted single-phase alloy precursors, namely NiAl3 and Ni2Al3, and annealed the re-cast 

ingots under flowing hydrogen for 24 hours at temperatures of 1103 K and 1363 K, respectively.  

These annealing temperatures were chosen to be slightly below the peritectic decomposition 

points for each phase. 
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Gas atomisation41 is a method where a stream of molten metal is injected into an atomisation 

chamber.  Mullis et al.59 used a 2 mm diameter nozzle to inject the molten metal into the chamber 

and applied a pressure of 40 kPa to ensure a smooth flow.  The introduced molten metal stream 

is disrupted by an inert gas (atomisation gas) to produce liquid droplets.  Argon gas can be used 

as the atomisation gas to prevent oxidation of the molten metal.59  The produced droplets are then 

propelled away from the region in which atomisation takes place.  This causes the droplets to 

rapidly solidify to give a very fine powder with a wide range of particles from 1 – 250 µm.41,59,60  

This rapid solidification produces useful metastable phases.  Gas atomisation produces almost 

perfectly spherical particle grains.61 

The methods mentioned above require very high energies to melt the alloying elements or alloyed 

powders due to Ni having a high melting temperature of 1728.15 K (1455 °C).56,57  However, the 

gas atomisation method produces a finer powder than the cast-and-crush method. 

Mechanical alloying with ball-milling36,52 is a method that employs elemental powders (in the 

desired wt% ratios) or master alloy powders and mills them using high-energy ball-milling 

equipment.  The employment of master alloys reduces the oxidations of reactive alloy species 

such as Al.  The milling occurs under continuous argon or hydrogen gas flow to create a protective 

atmosphere that averts contamination.  The milling is done with steel balls, with a carefully 

selected ball-to-powder weight ratio.  Due to the continuous collisions of the steel ball with the 

powders, the powders are alloyed.  The finished product must be carefully removed from the ball 

mill to prevent combustion.  The most significant advantage of mechanical alloying is that it 

produces smaller particles leading to larger surface areas.36  In the case of the Ni-Al system, the 

steel balls have a diameter of 3.2 mm, and a ball-to-powder weight ratio of 30:1 is used.36  This 

method can be energy-intensive, although the milling is done at room temperature. 

Low-temperature chemical alloying (LTCA)34,53–55 is a method specifically designed to reduce 

the cost of Ni-Al alloy preparation by reducing the temperature at which these alloys are 

prepared.34,55  This method uses AlCl3 as an activator to lower the reaction temperature to below 

the melting temperature of Al (933.47 K = 660.32 °C).53,58  Lee et al.55 applied this synthesis 

method to Ni1-xAlx (x = 5, 15, 30 and 50 wt%).  The authors mixed the Ni1-xAlx powder with AlCl3 

and placed it into a sealed quartz reactor under a vacuum of 10 Pa pressure.  The reactor was 

then heated to 773 K (500 °C) and maintained for 20h before cooling it to room temperature. 

Computational 

Some computational studies have investigated the effect of the precursor structure on the Ni-Al 

alloy synthesis.  Schweizer et al.47 used the MAPS software platform to generate Ni-Al precursors 

with different Ni content.  The authors started with a 2×2×2 supercell of a NiAl3 and randomly 

replaced Ni and Al atoms to obtain compositions with wt%’s of Ni of 40%, 50%, 60% and 70 %.  

These structures were then quenched to 300K from an unspecified annealing temperature and 
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subjected to molecular dynamics before further calculations.  Another paper used kinetic Monte 

Carlo and Metropolis Monte Carlo algorithms to study the structure of Raney nickel catalyst 

materials based on the NiAl3 alloy phase.  This Ni-Al alloy phase was constructed by assuming a 

1:3 atomic ratio of Ni:Al and modelled using an AuCu3 structure as an approximation.46 

2.3.2.2 Leaching of the active metal 

Experimental 

The Al is leached out of the Ni-Al precursor using alkaline solutions such as NaOH and 

KOH.32,34,41,51,55  Parameters such as leaching time, temperature, and concentration affect how Al 

is leached and determines the properties of the final Raney nickel structure.33,34,62,63  During the 

leaching process, hydrogen gas is produced.62  Al is also known to undergo pitting corrosion.64 

The leaching process commonly involves adding the Ni-Al alloy precursor to the leaching solution 

(20 wt% NaOH, 40 wt% NaOH, 30 wt% KOH, all aqueous solutions).32,34,63,65  The reaction is 

maintained at a constant temperature and allowed to run to completion (when no more hydrogen 

gas is released).  This process takes approximately three hours with a leaching solution of 20 wt% 

NaOH.41  In other cases, the leaching is only done for a certain amount of time and removed to 

avoid over-leaching.34  Over-leaching occurs when all or too much of the Al is removed, leading 

to structural weakness.  The final product is washed with distilled or deionised water to remove 

the alkaline leaching solution and then dried.32,41,55 

The parameters mentioned earlier have a variety of effects.  Higher wt% concentrations of NaOH 

are typically used to prevent the formation of Al2O3.H2O, which blocks the pores formed during Al 

leaching.41  The leaching time determines the amount of Al leached.62  It has been found that 

leaving a small percentage of Al in the final Raney nickel structure ensures structural integrity.27  

The amount of Al left after leaching also strongly influences the catalytic activity.  In the case of 

the hydrogen evolution reaction studied by Divisek et al.66, the overvoltage increased significantly 

with a residual Al content below 0.5 at%.  The leaching temperatures influence the pore sizes and 

structures, influencing the final properties.24,63  Leaching at higher temperatures leads to lower 

surface areas (smaller pore size), and lower leaching temperatures lead to higher surface areas 

(larger pore size) in the final Raney nickel catalyst.24,63,67  The lower surface areas at higher 

temperature leaching are due to structural rearrangements.  However, compromise is usually 

made on the surface area since Al leaches slowly at a lower temperature.24 

Computational 

Schweizer et al.47 leached Al from the prepared Ni-Al alloy phases and considered three cases: 

100% Al leached, 95% Al leached, and 90% Al leached.  However, the authors did not specify 

the method of Al removal.  Barnard et al.46 used kinetic Monte Carlo and Metropolis Monte Carlo 

algorithms to simulate the leaching of the Al from the bulk alloy structures.  The authors did not 
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provide a clear mechanism for this process.  It was assumed that mechanisms involved the 

dissolution of Al and the simultaneous diffusion of the atoms Ni or Al atoms. 

2.3.3 Summary of previous findings 

Raney nickel-type catalysts, introduced by Murray Raney in 1925,31,32 have been widely used for 

many reactions, such as hydrogenation reactions of organic compounds, the decomposition of 

ammonia, and fuel cell reactions.33,67  Several experimental and computational studies have been 

done on the influence of the precursor on the morphology of the final Raney nickel product.47  It 

has been found (computationally and experimentally) that the difference in leachability of different 

phases within the Ni-Al system can lead to different pore sizes.47  The leaching temperature can 

also influence the morphology of the final Raney nickel catalyst.  Higher temperatures give lower 

surface areas, whereas low temperatures give higher surface areas.24,63,67  A larger surface area 

benefits the adsorption of active species in electrocatalysts.  Raney nickel has been applied to 

alkaline water electrolysis68 and shown to be a good catalyst and a cathode for the HER.2,69.  

Raney nickel and porous nickel structures have also received increasing attention as possible 

anode catalysts for the OER.2,26,38,70.  However, most studies have focused on NiAl3, Ni2Al3, NiAl 

and Ni3Al precursors, leaving other potential ideal phases unstudied.  

2.4 Computational background 

This study utilises the density functional theory (DFT)71, site occupation disorder (SOD)72, and 

general utility lattice program (GULP)73 to construct and study the bimetallic precursors and 

Raney nickel structure.   

2.4.1 The density functional theory (DFT) 

Density Functional Theory (DFT)68 is a simplified quantum-mechanical approach that uses 

electron density instead of a many-electron wave function.71  The total energy of a system is 

expressed as a unique functional of the electron density.  The generalised-gradient approximation 

(GGA), an extension of the local density approximation (LDA), is used since it offers 

improvements to the atomisation energies, cohesive energies, total energies and energy barriers 

of solids and molecules.71,74  The PBE (Perdew, Burke and Ernzerhof) functional75,76 within the 

GGA, where all the parameters are fundamental constants, is widely used and validated for 

various systems.22,77–79  However, the GGA tends to underestimate very weak, long-range forces 

related to van der Waals (vdW) interactions and the bandgap.71,74  Considering noncovalent 

forces, such as the vdW interactions and, in some cases, hydrogen bonds, is essential for 

evaluating the formation and stability of molecules and solids and understanding their function.80,81  

These shortcomings of the GGA can be corrected by taking dispersion into account, using 

methods such as the Tkatchenko-Scheffler (TS)80 or Grimme81 correction scheme.  Spin 

polarisation can also be considered in the model development. 
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The k-points of a system are points that are used in the calculations for sampling the Brillouin 

zone.  The Brillouin zone of a given crystal is the unit cell constructed within the reciprocal crystal 

lattice that determines the symmetry of the system.82  In some cases, the Brillouin zone can be 

reduced to the irreducible Brillouin zone.  This irreducible volume is the smallest possible cell 

constructed within the reciprocal space, representing the symmetry of the whole crystal structure.  

The k-points differ depending on whether a bulk or surface slab is considered.  For a bulk, the  

k-points are typically given as a coordinate value of (x×y×z), while for a surface slab, the k-points 

are given as a coordinate value of (x×y×1).  The higher the number of k-points, the more densely 

packed the points are, and the higher the accuracy is that is achieved for the overall cell 

symmetry.83 

A computational model needs to be comparable with the available literature to be valid.  A 

comprehensive DFT based model for the study of pure Ni and Al metals (bulks and low-index 

surfaces) has been developed and subsequently applied to a Ni-Al system. 

2.4.1.1 Electronic property calculation 

Electronic properties of surfaces can be obtained through the measurement of the surface 

energies (ɣ), work function (Φ), and d-band centre (Ɛd). 

A system’s surface energy (ɣ) is the energy required to cleave a new surface.  This energy is 

calculated using equation 2-1484, where ɣ is the surface energy of the unconstrained surface slab.  

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the total energy of the surface slab, 𝑁𝑁 is the ratio of the number of atoms in the 

surface slab to the number of atoms in the bulk structure (𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : 𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠), 

𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the energy of the bulk system, and A is the area of the surface slab. 

 ɣ =  
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑁𝑁𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2𝐴𝐴
 (2-14) 

Surfaces with lower surface energies are more stable, while surfaces with higher surface energies 

are less stable.  It can be thought of as a measurement of the additional energy that surface 

atoms possess due to a variety of factors, such as broken bonds that result in lower coordination 

numbers.85  Unstable surfaces have been shown to undergo surface reconstruction in order to 

gain stability.86 

The work function (Φ), which is related to the surface energy, is defined as the energy required 

to remove an electron from the bulk interior.  Work functions have also been shown to give an 

indication of the ease of surface atomic species removal.87  The work function is calculated using 

equation 2-1584, where e is the electron charge, φ is the electrostatic potential close to the surface 

in a vacuum, and EF is the Fermi energy level within the surface. 

 Φ =  −eφ−𝐸𝐸𝐹𝐹 (2-15) 
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When using the CAmbridge Serial Total Energy Package (CASTEP)88 , the work function is 

automatically calculated within the calculations of the potentials.  These potentials are the 

averaged electrostatic potentials of the planes oriented perpendicular to the surface slabs normal. 

The ability of a transition metal surface to form a bond with a species depends on the valence d-

electrons of the metal on the slab’s surface; the orbitals can be observed from the partial density 

of states (PDOS), specifically the d-states.  The d-band centre has therefore been identified as a 

descriptor of the activity of catalyst surfaces.89  By comparing the d-band centre of the metal 

surface before and after the adsorption of the species, the reactivity of a metal surface can be 

assessed.90  An upward shift of the d-band centre towards the Fermi level corresponds to stronger 

surface-adsorbate binding, whereas a downward shift in the d-band centre (Figure 2-1) 

corresponds to a weaker surface-adsorbate binding.89,91 The d-band centre can be calculated 

from the d-bandwidth using the partial Density of States (PDOS) graph, as illustrated in Figure 

2-2.  This graph can be obtained by calculating the PDOS during geometric optimisations with 

DFT. 

The calculation of the d-band centre is illustrated in Figure 2-2.  The d-band centre is calculated 

from the d-bandwidth, and the area under the d-band curve is calculated by integrating over the 

xy-plane region bounded by this curve.  The integral (I) value is then divided by 2 to find the mid-

point of the d-band (I/2), which is the y-value, and the corresponding x-value is the d-band centre 

(Ɛd). 

 

Figure 2-1 Representation of a positive (downward) d-band shift 
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Figure 2-2 The d-band centre (Ɛd) can be determined using integration and a simple representation of the  
d-band width. 

2.4.1.2 Atomic removal energy 

In this work, the manual leaching of atom X from the desired surface is done by selecting and 

deleting the chosen atoms.  The energy required to remove atom X from the surface can be 

related to the bond dissociation energy (BDE). 

For a molecule 𝐾𝐾𝐾𝐾 which dissociates to 𝐾𝐾 · and 𝐿𝐿 · the dissociation energy is given by 

equation 2-16:92 

 𝐷𝐷𝐾𝐾𝐾𝐾 =  ∆𝐸𝐸𝑎𝑎∗(KL) −  ∆𝐸𝐸𝑎𝑎∗(𝐾𝐾 ·) −  ∆𝐸𝐸𝑎𝑎∗(𝐿𝐿 ·) (2-16) 

where 𝐷𝐷𝐾𝐾𝐾𝐾 is the dissociation energy of molecule KL, ∆𝐸𝐸𝑎𝑎∗(KL) the atomisation energy of the 

ground-state molecule KL, ∆𝐸𝐸𝑎𝑎∗(𝐾𝐾 ·) the atomisation energy of the ground-state free radical 𝐾𝐾 ·, 

and ∆𝐸𝐸𝑎𝑎∗(𝐿𝐿 ·) the atomisation energy of the ground-state free radical 𝐿𝐿 ·. 

Similarly, the energy required to remove atom X from a surface slab can then be calculated using 

the following general equation: 

 𝐸𝐸𝑋𝑋 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑏𝑏) −  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎) −  𝐸𝐸𝑋𝑋 (2-17) 

where 𝐸𝐸𝑋𝑋 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the energy required to remove atom X from the surface slab, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑏𝑏) is 

the energy of the optimised surface slab before the removal of atom X, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎) is the 

energy of the optimised surface slab after the removal of atom X, and 𝐸𝐸𝑋𝑋 is the energy of atom X. 

2.4.1.3 Adsorption energy 

The activity of the catalyst surface is determined with the d-band centre shift after the adsorption 

of a species (see section 2.4.1.1), along with the adsorption energy (𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎) of a species onto the 

catalytic surface, calculated using the following equation:93 
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 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/surface 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)  − 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 −  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (2-18) 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 is the adsorption energy, 𝐸𝐸(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) is the energy of the optimised 

adsorbate/surface slab system, 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the energy of the optimised adsorbate species and 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the energy of the optimised surface slab before adsorption. 

2.4.2 Site occupation disorder program (SOD) 

The Site Occupation Disorder (SOD)72 program utilises the site occupancy disorder phenomenon 

in solid-state chemistry.72  This phenomenon is seen in the structures of solid mineral solutions, 

synthetic non-stoichiometric compounds, and metallic alloys.  In the SOD program, a primary bulk 

structure is set up, and secondary elements are substituted into the available lattice positions to 

build new bulk structures.  The size of the bulk structure determines the number of possible 

configurations. 

First, a unit cell is set up using the primary element's lattice parameters (lattice length and angles) 

and the space-group data.  The primary unit cell is then expanded to the desired supercell size.  

When expanding the cell, the computational cost must be considered since the larger the 

supercell, the higher the number of configurations built by SOD and the more costly the 

calculation.  A set of geometric operators (translation, rotation, and reflection) are considered to 

reduce the number of configurations obtained.  The space-group data helps to define the 

symmetry of the primary structure since it provides a reference point for these symmetry 

operators.94  These operators work in conjunction with the symmetry of the crystal structure of the 

primary metal and allow for the identification of unique configurations.  Symmetry-bound 

configurations tend to have similar atomic arrangements within the larger bulk structure; this leads 

to similar bulk energies.  These similar energies are the reason that these configurations can be 

reduced to unique configurations, with a single configuration representing many.  Each unique 

configuration is accompanied by a degeneracy value, Ωm, which is the number of symmetry-bound 

configurations identified in the larger bulk structure. 

The SOD program includes the calculations of thermodynamical properties for the configurations, 

such as the degeneracy entropy (𝑆𝑆𝑚𝑚), the reduced energy (𝐸𝐸𝑚𝑚� ) (similar to Gibbs-free energy) and 

the probability of existence (𝑃𝑃𝑚𝑚) via Boltzmann probability distributions by taking a temperature 

into account for the calculations.72  These properties can be calculated using the following 

equations:72 

 𝑆𝑆𝑚𝑚  =  𝑘𝑘𝐵𝐵𝑇𝑇 ln𝛺𝛺𝑚𝑚   (2-19) 

 𝐸𝐸𝑚𝑚� =  𝐸𝐸𝑚𝑚 − 𝑇𝑇𝑆𝑆𝑚𝑚 (2-20) 

 𝑃𝑃𝑚𝑚  =
1
𝑍𝑍

 𝛺𝛺𝑚𝑚𝑒𝑒(−𝐸𝐸𝑚𝑚/𝑘𝑘𝐵𝐵𝑇𝑇) (2-21) 
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where m is the specific configuration, kB is Boltzmann’s constant (8.6173×10-5 eV·K-1), T is the 

temperature, Ωm the configuration degeneracy, 𝐸𝐸𝑚𝑚�  and Em is the reduced and configuration 

energy, respectively. Pm is the Boltzmann probability distribution, and the partition function is 

given by Z in the following equation: 

 𝑍𝑍 =  � 𝑒𝑒(−𝐸𝐸𝑚𝑚/𝑘𝑘𝐵𝐵𝑇𝑇) 
𝑁𝑁

𝑚𝑚=1

 (2-22) 

These thermodynamic considerations require an energy input, which can be calculated using a 

program such as the General Utility Lattice Program (GULP). 

2.4.3 The general utility lattice program (GULP) 

The General Utility Lattice Program (GULP)73 is used to do approximated geometrical 

optimisations and provide the bulk energies of the optimised structures.  GULP calculations use 

interatomic potentials (force fields) from the Sutton-Chen95 library of potentials.  These force-field 

methods for many-body systems lead to accurate descriptions of the metals and their bimetals.73 
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CHAPTER 3 DFT model development using pure metals 

In this chapter, pure nickel (Ni) and aluminium (Al) metals were used to develop a Density 

Functional Theory (DFT) model for bulk optimisation, surface cleaving and optimisation, and 

calculation of the surface electronic and magnetic properties.  The DFT model developed in this 

chapter was used to optimise Ni-Al bulk bimetallic phases identified in Chapter 4, the  

(111)-surface slabs of these bimetallic phases, and the leached forms of these (111)-surface 

slabs in Chapter 5.  The model used the CAmbridge Serial Total Energy Package (CASTEP) 

within the Materials Studio 2020 software developed by the BIOVIA software company.  The 

model also employed the generalised gradient approximation (GGA) by Perdew, Burke, and 

Ernzerhof (PBE), the Koelling-Harmon relativistic treatment, and the Two-Point Steepest Descent 

(TPSD) algorithm for geometric optimisation.  Varied pseudopotentials were used to describe the 

interaction between the core and valence electrons, with a cut-off energy of 570 eV.  For the 

optimisation of bulk structures, the Monkhorst-Pack k-point grid was varied for both the bulks and 

surfaces.  The dispersion correction for the atomic system was also considered and varied. 
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3.1 Introduction 

This study aimed to develop a valid computational model for the study of Raney-Nickel that 

accurately calculates the electronic properties and obtains parameters comparable with 

experimental or previously calculated parameters.  To achieve this, computational studies for 

nickel (Ni) and aluminium (Al) with similar computational parameters and calculated electronic 

properties were identified as a starting point for developing the computational model. 

Four studies were identified that modelled the Al bulk metal and its low-index surfaces ; namely, 

Liu et al.1, Zhou et al.2, Singh-Miller et al.3 and Wei et al.4  These studies used different software 

packages, such as the CAmbridge Serial Total Energy Package (CASTEP)5, Quantum-espresso 

and MedeA-VASP 5.4 to perform DFT calculations.1–4  Liu et al.1, Singh-Miller et al.3 and  

Wei et al.4 applied GGA PBE functionals, while Zhou et al.2 applied the GGA PW91 functional.  

Liu et al.1 and Zhou et al.2 selected ultrasoft pseudopotentials, Singh-Miller et al.3 used norm-

conserving pseudopotentials, and Wei et al.4 did not specify which pseudopotential scheme was 

used.  Liu et al.1 and Zhou et al.2 used a k-point grid of 11×11×11 with an energy cut-off of 350 eV, 

and a 5×5×2 k-point grid with 410 eV for modelling Al bulks, respectively. However,  

Singh-Miller et al.3 and Wei et al.4 did not specify which k-point grids were used for the bulk 

determinations but they utilised energy cut-offs of 32 Ry (~435 eV) and 520 eV, respectively.  For 

surface slab calculations, Liu et al.1 calculated the Al (100)-surface with a 5-layer atomic 

thickness, a vacuum gap of 12 Å, and surface slab k-point grids of 3×3×1 and 4×4×1 with (2×2) 

and (3×3) supercells.  For further optimisation, Liu et al.1 used a 400 eV energy cut-off and a self-

consistent field tolerance (SCF) of 1.0 × 10-5 eV/atom.  They selected thresholds for the total 

energy (1.0 × 10-5 eV/atom), the maximum force (0.3 eV/nm), the maximum stress (0.05 GPa) 

and the maximum displacement (1.0 × 10-4 nm).  While Zhou et al.2 used SCF tolerance of 

2.0 × 10-6 eV/atom.  Further, they considered thresholds for the total energy change  

(2.0 × 10-5eV/atom), the maximum force (0.05 eV/nm), the maximum stress (0.1 GPa) and the 

maximum displacement (0.002 Å).  Singh-Miller et al.3 calculated the (111)-, (100)- and (110)-

surface(s) each with a vacuum gap of 16 Å.  Lastly, Wei et al.4 calculated the 4×4×1 k-point grid 

of the Al (111)-surface with six atomic layers and a vacuum gap of 12 Å. 

Three studies were identified for the Ni bulk and its surfaces; namely, the studies of Botha et al.,6 

Watson et al.7, and Zhang et al.8.  These studies used different software packages, such as 

CASTEP,5 the Vienna Ab initio Simulation Program (VASP) and DMol3 to perform DFT 

calculations.6–8  Botha et al.6 and Watson et al.7 applied ultrasoft pseudopotentials and GGA PBE 

functionals.  Watson et al.7 used a cut-off energy of 300eV.  Zhang et al.8 used the GGA PBE 

functional with a double numerical plus polarisation (DNP) basis set.  For surface slab calculation, 

all three authors considered the (111)-surface.6–8  Zhang et al.8 used a (2×2) unit cell with a 4×4×1 

k-point grid.  Botha et al.6 and Watson et al.7 chose a 5×5×1 k-point grid, while they calculated 

slabs of four atomic layers and five atomic layers, respectively.  Additionally, Botha et al.6 utilised 
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a vacuum gap of 12 Å and Watson et al.7 utilised a vacuum gap equivalent to the thickness of 3 

atomic layers.  

In this study, DFT calculations were done using CASTEP5 with GGA PBE as functional.  The 

pseudopotentials were varied to find the best fit for the selected metals, with a cut-off energy of 

570 eV.  The k-point grids for both the bulks and surfaces were sampled over a range that 

included the settings of previous studies.  To investigate the systems where these two metals are 

combined later in this study, a universal model must be developed for the pure components and 

the mixed structures to ensure consistency and comparability of the results. 

Surface properties are crucial for catalyst study and development, as these properties determine 

the catalytic interactions.  The (111)-surface, the most prominent surface for Raney nickel, was 

chosen for this study.9,10 

3.2 Computational Method 

The CASTEP5 module within the Materials Studio 2020 (MS2020)11 software developed by the 

BIOVIA software company was used to perform Density Functional Theory calculations.  The 

dispersion correction (DFT-D) was selected for optimising the bulk structures to enable follow up 

surface interaction calculations for identified low-energy structures. 

The computational model was applied to pure metal bulks and (111) Ni and Al surface slabs.  The 

Computational Method section is divided into three subsections dealing with bulks (3.2.1) and 

surface slabs (3.2.2 - 3.2.3). 

3.2.1 Model development for bulk structures 

Face-centred cubic (fcc) pure Ni and Al crystal structures within the Fm-3m space group were 

used for the model development.  A unit cell imported from the MS202011 structures library was 

expanded into a 2×2×2 supercell through the build function within MS2020.11  The geometric 

optimisation used the GGA PBE functional and the various dispersion correction schemes 

(section 3.2.1.2).  Due to the magnetic nature of nickel, spin polarisation was selected and set to 

collinear, and the formal spin was used as the initial value.  The cell optimisation was set to full, 

with a fixed basis quality for the basis set for variable cell and medium compressibility.  The 

optimisation was done with the TPSD algorithm.  For the electronic property settings, the basis 

cut-off energy was 570.0 eV with a standard density, and the finite basis correction was set to 

smart.  The SCF tolerance was left at the default value of 2.0 x 10-6 eV/atom, the electronic 

minimiser was set to density mixing, and no dipole correction was applied.  The k-points were 

varied (see section 3.2.1.1).  The pseudopotentials scheme was varied between OTFG ultrasoft 

and ultrasoft with a reciprocal space representation and a Koelling-Harmon relativistic treatment.  

The property of population analysis was selected, which analyses the electron population of the 

structure being optimised to gain spin properties. 
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3.2.1.1 k-point sampling 

To obtain more accurate geometric optimisation results for the bulk structures within the 2×2×2 

supercell, the optimisations were done at various k-point settings.  The rest of the settings were 

left constant, as mentioned in section 3.2.1.  The k-point grid ranged from 1×1×1 to 11×11×11.  

This range of k-point grids was chosen to ensure that a high enough density of symmetry points 

for accurate energy calculations. 

3.2.1.2 Dispersion correction scheme sampling 

The two most used schemes for metals, TS and Grimme, were evaluated to ensure that the best 

dispersion correction scheme for the study was used.  The pure metal bulk of Ni and Al were 

optimised with the settings as in section 3.2.1, at the same k-point grid with the addition of the 

DFT-D setting set to either TS or Grimme.  The lowest optimised electronic energy was used to 

identify the best correction scheme for the metals. 

3.2.1.3 Pseudopotentials scheme sampling 

The pseudopotential scheme was considered because it is how the plane waves are calculated; 

it is an approximation method for the core electrons of an atom.12  The pseudopotential was varied 

between the OTFG Ultrasoft and the Ultrasoft pseudopotentials to determine the most suitable 

pseudopotential for this study by comparing the outcome to literature values. 

3.2.2 Sampling and optimisation of (111) surfaces  

The cleave surface tool within the MS202011 software was used to create the (111)-surface slabs 

from the 2×2×2 supercell.  Within the cleave surface dialogue box, the cleave plane was set to 

the (111)-Miller plane.  Furthermore, the Top setting determines the depth at which the surface is 

cleaved, while the thickness setting determines the thickness of the slab, i.e., how many layers 

of atoms are present in the slab.  In this study, a four-layer slab was selected.  The cleave rule 

was set to atomic, and the ‘cap bonds on’ was set to neither since there were no bonds dangling 

after the surface have been cleaved.  The surface mesh settings and options were left at the 

default values.  Once the bulk was cleaved at the desired surface, a vacuum slab with a thickness 

of 15 Å was built on top of the surface slab along the c-axis direction.  This thickness was chosen 

to ensure enough space to prevent interaction of individual surfaces and to run simulations on the 

surface. 

All the layers of the surface slabs were allowed to relax during optimisation using the settings in 

section 3.2.1 with the cell optimisation set to none, the dispersion correction scheme from the 

results of section 3.2.1.2 and the identified pseudopotentials algorithm from section 3.2.1.3, 

respectively.  The k-points for the slab were varied from 1×1×1 to 9×9×1 to identify the best  

k-point density for accurate geometric calculations. 
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3.2.3 Surface and electronic properties of Ni (111) and Al (111) surfaces 

The surface and electronic properties of Ni (111) and Al (111), including the surface energies, 

work functions, and d-band centres, were calculated using the settings mentioned in  

section 3.2.1.  The optimised energies and calculated surface areas of the metals were used to 

calculate the surface energies using equation 3-1 (equation 2-14):13 

 ɣ =  
𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑁𝑁𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

2𝐴𝐴
 (3-1) 

where ɣ is the surface energy of the unconstrained surface slab.  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the total energy of the 

surface slab, 𝑁𝑁 is the ratio of the number of atoms in the surface slab to the number of atoms in 

the bulk structure (𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : 𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑒𝑒), 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the energy of the bulk system, and A is 

the area of the surface slab.  The work function, the minimum energy needed to remove an 

electron from the surface of the metal3, was obtained from potential files, which CASTEP5 

automatically calculates during the optimisation of the surfaces. 

The valence electrons are responsible for the bonding ability of metals and the orbitals can be 

observed from the density of states (DOS) graph.  For Ni, these are the d-orbitals, while for Al, 

these are the p-orbitals.  The centre of the d-band can be calculated from the d-bandwidth using 

the partial DOS (PDOS) graph.  This calculation is done by first integrating across the area in the 

xy-plane bounded by the graph after loading PDOS data into a numerical data plotting tool.  The 

d-bandwidth is then calculated by dividing the resulting integral by two, giving a y-value.  Finally, 

the centre of the d-band is calculated by finding the corresponding x-value to the previously 

calculated y-value.  This calculation can be done in software freely available such as QtGrace.14 

3.3 Results and discussion 

3.3.1 Model development for bulk structures 

3.3.1.1 k-point sampling 

To identify the optimal k-point grid for the optimisations of the pure metals (Ni and Al), the  

k-point grid ranged from 1×1×1 to 11×11×11.  Figure 3-1 shows how the relative free energy 

varies as a function of the number of k-points for Ni (blue) and Al (magenta). 

The 1×1×1 k-point grid (1 k-point or Γ point) for both Ni and Al is not an optimal choice.  The 

relative energies for both were significantly lower at all other considered k-point grids.  In the case 

of the Al bulk, the 3×3×3 k-point grid (27 k-points) had the lowest energy, but it was not yet 

converged since the energies increased again after that point.  While the opposite was true in the 

case of Ni, the energies still decreased after that point.  The 5×5×5 k-point grid (125 k-points) was 

also not converged since the energies increased for Ni and decreased for Al.  However, for the 

7×7×7 k-point grid (343 k-points) and beyond, convergence was observed. 
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Figure 3-1 The free energy (relative to 1×1×1 energy), shown in eV for Ni (blue) and Al (magenta) as a function 
of the number of k-points in the chosen grid. 

To determine the best k-point grid for further optimisations of the bulk structures, the difference 

between the relative energies was calculated between the 7×7×7 and 9×9×9 k-point grids (343 

vs 729 k-points), and the 9×9×9 and 11×11×11 k-point grids (729 vs 1331 k-points) for Ni and Al 

individually.  These values are listed in Table 3-1. 

Table 3-1 k-point data for Ni and Al, including the k-point grid and the corresponding k-points, the relative free 
energy for each k-point grid and the difference between the relative energies between different k-point grids. 

k-point grid 
(n×n×n) 

Number of 
points 

(n3) 

Relative free 
energy 

(eV) 

Difference in 
relative free 

energy 
(|n – (n+2)|) 

(eV) 
k-point data for Ni 

1 1 0.00000 0.02916 
3 27 -0.02916 0.00099 
5 125 -0.03015 0.00054 
7 343 -0.02960 0.00010 
9 729 -0.02950 0.00003 

11 1331 -0.02953 - 
k-point data for Al 

1 1 0.00000 0.54430 
3 27 -0.54430 0.02483 
5 125 -0.51947 0.00544 
7 343 -0.52491 0.00110 
9 729 -0.52381 0.00015 

11 1331 -0.52396 - 
 

In the case of Ni, the relative free energy difference, between the 7×7×7 and 9×9×9 k-point grids, 

was an acceptable 0.0001 eV.  Whereas, in the case of Al, the relative free energy difference was 

only 0.0011 eV between these k-points.  However, the acceptable difference of 0.00015 eV was 
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observed between the 9×9×9 and 11×11×11 k-point grids.  Since the model had to be applied to 

a mixture of Ni and Al later in this study, the 9×9×9 k-point grid was chosen for all further bulk 

calculations. 

3.3.1.2 Dispersion correction scheme sampling 

To identify the optimal dispersion correction scheme for the optimisations of Ni and Al, the scheme 

was varied between the Grimme and TS correction schemes.  The corrected energies for Ni (blue) 

and Al (magenta) are shown in Figure 3-2.  The uncorrected energy shows how the dispersion 

scheme inclusion changed the energies. 

 
Figure 3-2 Bulk energy results from the dispersion scheme identification with Al (magenta) on the left-hand y-
axis and Ni (blue) on the right-hand y-axis. 

The Grimme correction scheme gave better results for the Ni than the Al.  However, the TS 

correction scheme gave significantly lower optimised energy for Ni and Al.  Since the model must 

be applied to a mixture of Ni and Al, the TS correction scheme was selected for all further 

optimisations. 

3.3.1.3 Pseudopotentials scheme sampling 

To identify the best pseudopotential for the optimisations of Ni and Al, the pseudopotential was 

varied between the OTFG Ultrasoft and Ultrasoft pseudopotentials.  The calculated lattice 

parameters and bulk energies for Ni and Al, listed in Table 3-2, were compared to literature 

values. 

The ultrasoft pseudopotential values for Ni and Al were the most accurate when compared to the 

literature values. In the case of the lattice parameter, the values obtained with the ultrasoft 

pseudopotential were closer to the literature values of 4.05 Å15 and 3.526 Å16,17 for Al and Ni, 
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respectively.  While in the case of the bulk energies, the ultrasoft pseudopotential gave more 

stable energies than the OTFG ultrasoft pseudopotential.  For Ni, the spin moment per atom 

compared well with the literature values of 0.62 ± 0.01 µB (calculated with PBE).17,18  Therefore 

the ultrasoft pseudopotential was selected for al further optimisations. 

Table 3-2 OTFG Ultrasoft and Ultrasoft pseudopotential results for Al and Ni compared to computational 
literature values. 

Element Al Ni 
Pseudo 
potentials 

OTFG 
Ultrasoft Ultrasoft Literature OTFG 

Ultrasoft Ultrasoft Literature 

a-lattice (Å) 3.920 3.927 4.0515 3.427 3.444 3.52616,17 
ΔG-dispersion 
corrected atom 
(eV/atom) 

-111.454 -57.047 - -1376.859 -1355.317 -1355.49019 

Spin moment 
(µB/atom) - - - 0.61 0.62 0.62 ± 0.0117,18 

 

For bulk structures, the closest values to the literature were produced using the 9×9×9 k-point 

grid, the TS dispersion scheme and the ultrasoft pseudopotential.  For the final bulk structure 

fractional coordinates, refer to Appendix E. 

3.3.2 Sampling and optimisation of (111) surfaces 

The optimised bulk structures of Ni and Al were cleaved at the (111)-Miller plane with a fractional 

thickness value of 2.0 (equivalent to 8.138 Å).  This thickness value led to a four-atomic layer 

surface slab.  A fractional top value of 2.0 (equivalent to 8.138 Å) was also chosen for the pure 

metal surface structures.  Figure 3-3 (a) shows the top and side views of these surface slabs for 

the Ni, and Figure 3-3 (b) for the Al without the vacuum gap before optimisation.  The cell length 

vectors for these surface slabs (including the vacuum layer) are a, b= 9.740 Å and c = 20.965 Å 

for the Ni surface slab and a, b= 11.108 Å and c = 21.802 Å for the Al surface slab. 
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(a) (b) 

Figure 3-3 Fractional thickness and fractional top settings of 2.0 for (a) the Ni surface slab top and side view, 
(b) the Al surface slab top and side view. 

For the identification of the optimal k-point grid for the optimisations of Ni and Al surface slabs, 

the k-point grid ranged from 1×1×1 to 9×9×1. 

 
Figure 3-4 (111)-surface k-point sampling results with the relative free energy in eV shown for Ni (blue) and Al 
(magenta) as a function of the number of k-points in the chosen grid. 

The 1×1×1 k-point grid (1 k-point or Γ point) for both Ni (111) and Al (111) was not an optimal 

choice. The relative energies for Ni and Al were significantly lower at all other considered k-point 

grids.  With the 3×3×1 k-point grid (9 k-points) the energy was not yet converged for Al (111) since 

the energies decreased again after that point.  While the opposite was true in the case of Ni (111); 

namely, the energies increased after that point.  The 5×5×1 k-point grid (25 k-points) did not yield 



38 | P a g e  
 

convergence since the energies slightly increased for Ni (111) and slightly decreased for Al (111).  

Considering the 7×7×1 k-point grid (49 k-points) and beyond, convergence was achieved for both 

Ni (111) and Al (111).  To determine the best k-point grid for further optimisations of the surface 

slabs, the difference between the relative energies was calculated between the 5×5×1 and 7×7×1 

k-point grids and 7×7×1 and 9×9×1 k-point grids.  These values are listed in Table 3-3. 

For both Ni (111) and Al (111), an acceptable difference of < 0.0001 eV was obtained between 

the relative free energies of the 5×5×1 and 7×7×1 k-point grids.  While an even smaller difference 

in the relative free energy of the 7×7×1 and 9×9×1 k-point grids was obtained.  Since the 

developed model had to be consistent, the 9×9×1 k-point grid was selected for all further 

calculations to keep the same calculation level as in the bulk structures. 

Table 3-3 k-point data for Ni (111) and Al (111), including the k-point grid and the corresponding k-points, the 
relative free energy for each k-point grid and the difference between the relative energies between different k-
point grids. 

k-point grid 
(n×n×1) 

Number of 
points 

(n2) 

Relative free 
energy 

(eV) 

Difference in 
relative free 

energy 
(|n – (n+2)|) 

(eV) 
k-point data for Ni (111) 

1 1 0.00000 0.06770 
3 9 -0.06773 0.00150 
5 25 -0.06623 0.00070 
7 49 -0.06553 0.00004 
9 81 -0.06549 - 

k-point data for Al (111) 
1 1 0.00000 0.13660 
3 9 -0.13664 0.00470 
5 25 -0.14130 0.00010 
7 49 -0.14125 0.00039 
9 81 -0.14164 - 

 

3.3.3 Surface and electronic properties of Ni (111) and Al (111) surfaces 

The calculated surface and electronic properties of Ni (111) and Al (111), namely, surface 

energies (ɣ), work functions (Φ) and the d-band (Ɛd) centres, are listed in Tables 3-4 and 3-5. 

The work function of 5.144 eV calculated for the 9×9×1 k-point grid is comparable to the literature 

values for Ni (111), which were found to be 5.11 eV20 and 5.35 eV.21  The measured interatomic 

spacing (dNi - dNi) value of 2.435 Å is comparable to literature values of 2.490 Å22 and 2.509 Å.6 

  



39 | P a g e  
 

Table 3-4 Surface and electronic properties for Ni (111) 

k-point 
grid 

(n×n×1) 

Number of 
points 

(n2) 
E 

(eV/atom) 
∆E 

(eV) 
Φ 

(eV) 
Ɛd 

(eV) 
ms 

(µB/atom) 

1 1 -1354.769 0.000 4.890 -1.631 0.705 
3 9 -1354.714 -0.055 5.152 -1.599 0.655 
5 25 -1354.715 -0.054 4.949 -1.617 0.650 
7 49 -1354.717 -0.052 4.774 -1.598 0.660 
9 81 -1354.717 -0.052 5.144 -1.597 0.655 

 

The d-band centre values calculated within this study are comparable to the theoretical values of 

-1.477 eV6 and -1.56 eV23, with the closest value reflected at the 9×9×1 k-point grid, for Ni (111).  

The spin moment, calculated using the Hirshfeld population analysis data, shows that the value 

of the 5×5×1 k-point grid (0.650 µB) was found to be the closest to that of Ni (111) (0.631 µB) 

(calculated using PBE, averaged).18  The 9×9×1 k-point grid value was acceptable, with a 

deviation of only 3.8%.  Finally, according to the literature, the experimental surface energy for Ni 

(111) is between 2.370 J/m2 and 2.450 J/m2, and the theoretical values are between 1.633 J/m2 

and 2.600 J/m2.6,24,25  Thus, the calculated value of 3.247 J/m2 is 0.647 J/m2 larger than the largest 

literature value25 with a deviation of 24.88%.  The surface energy was calculated for the 9×9×1  

k-point grid to keep the calculation level consistent with the 9×9×9 k-point grid for bulks. 

Table 3-5 Surface and electronic properties for Al (111) 

k-point 
grid 

(n×n×1) 

Number of 
points 

(n2) 
E 

(eV/atom) 
∆E 

(eV) 
Φ 

(eV) 
Ɛp 

(eV) 

1 1 -56.541 0.000 3.116 1.091 
3 9 -56.677 -0.136 3.961 1.123 
5 25 -56.681 -0.140 3.903 1.137 
7 49 -56.680 -0.139 3.906 1.118 
9 81 -56.680 -0.139 3.893 1.118 

 

The calculated work function values of the surface slabs for Al (111) over the k-point grid range 

from 3×3×1 to 9×9×1 are comparable with literature values, 4.02 eV3, 4.12eV4, and 4.24 eV21. In 

contrast, an interatomic spacing (dAl – dAl) of 2.777 Å was measured in this study, which is 

comparable to the literature, 2.864 Å.15  Since Al is a diamagnetic metal, it has an average spin 

moment of 0 µB.  Lastly, an experimental value of 1.14 J/m2 was obtained for the surface energy 

of Al, while other studies calculated the surface energy to be 1.02 J/m2 and 0.67 J/m2.3,4,24  The 

surface energy value of 1.524 J/m2 calculated in this study is 0.384 J/m2 larger than the largest 

literature value24 with a deviation of 33.68%. 

Thus, the most accurate surface slab structures were produced using the 9×9×1 k-point grid.  

Refer to Appendix E for the fractional coordinates of the final surface slab structure. 
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3.4 Conclusion 

In this chapter, pure Ni and Al metals were optimised to develop a model for Ni1-xAlx bimetallic 

phase precursors to Raney nickel, which will be identified in Chapter 4.  To build the optimisation 

model for bulk structures, the k-point grid, dispersion scheme and pseudopotential were varied, 

and the results were validated against literature values.  For the bulk optimisations, a 9×9×9  

k-point grid was found sufficient, as shown through comparison of free energy differences.  The 

TS dispersion correction scheme gave more stable bulk energies compared to the Grimme 

dispersion scheme.  Additionally, the Ultrasoft pseudopotential gave the most stable bulk energies 

which was validated using Ni and Al lattice parameters.  For surface slabs, k-point grids greater 

than 7×7×1 were found to be sufficient for surface optimisations but, electronic property 

calculation favoured the 9×9×1 k-point grid the most.  The work function calculated for the 9×9×1 

k-point grid of Ni is the most comparable with 5.15 eV21, whereas the work function of Al that was 

calculated for most of the k-point grid range is comparable with 4.02 eV3.  For surface slabs, a 

9×9×1 k-point grid was selected to keep the same computational level as for the bulks.  In 

conclusion, the computational method developed in this chapter is suitable for optimising the 

Raney nickel precursor, Ni1-xAlx bimetallic phase, bulks and surface slabs to be identified in 

Chapter 4. 
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CHAPTER 4 Using Site Occupation Disorder to build bulk structures of 
Ni1-xAlx* 

* This chapter was adapted and published as a manuscript and an oral presentation at the CoSAAMI 
2021 

* Thesner, C.; Falch, A.; Van Sittert, C. G. C. E. Using Site Occupation Disorder to Build Bulk Structures 
of Ni1-XAlX. Suid-Afrikaanse Tydskrif vir Natuurwetenskap en Tegnologie / South African Journal of 
Science and Technology 2022, 40 (1), 174–179. https://doi.org/10.36303/SATNT.2021cosaami.33. 

Potential exists for Raney nickel as an oxygen evolution reaction (OER) electrocatalyst.  Raney 

nickel's catalytic activity, however, varies depending on its characteristics.  These properties are 

related to the composition of the initial bimetallic precursor used to synthesise Raney nickel.  The 

bimetallic precursor consists of a combination of bimetallic phases.  Various studies have been 

done on the well-known bimetallic phases, namely, Ni2Al3, NiAl, and NiAl3.  However, a larger 

spectrum of bimetallic phases needs to be evaluated to understand the influence of the bimetallic 

precursor on the properties of Raney nickel.  The Site Occupation Disorder (SOD) program was 

used in this study to build solid-state structures (bimetallic phases) with various Ni1-xAlx bimetallic 

ratios.  These Ni1-xAlx bimetallic phases were evaluated, and unique configurations for each  

Ni1-xAlx bimetallic ratio were obtained.  The unique configurations were geometrically optimised 

using the General Utility Lattice Program (GULP) at 0K.  These optimised unique configurations 

were thermodynamically evaluated over a range of 0.1K – 1200K, and the most stable 

configurations, with a probability higher than 10%, were identified.  This study found that the stable 

non-homogeneous configurations fall within 20% - 80% Ni content.  A weight average combination 

of these configurations of the bimetallic phases will produce a non-homogeneous precursor with 

an average Ni content of 20% - 80%, which is in close agreement with experimental results.  The 

approach in this study enables researchers to obtain a larger, computationally repeatable 

spectrum of bimetallic phases for the investigation of Raney nickel precursors. 
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4.1 Introduction 

The world is facing an energy and environmental crisis, which has led to a need to develop various 

alternative forms of energy production.1–3  Hydrogen gas (H2) has been identified as a clean, 

sustainable, and highly energy-dense energy source.  However, H2 is not found naturally.4  There 

are several methods to produce H2.  The most prominent methods include reforming natural gas, 

coal gasification, and water electrolysis.5,6  Water electrolysis is a highly sustainable and clean 

way to produce H2 of high purity with only oxygen gas (O2) as a by-product.5–8 

Water electrolysis consists of two half-cell reactions: the OER and the hydrogen evolution reaction 

(HER)8,9.  The OER is the rate-determining reaction of these two reactions and therefore requires 

an efficient electrocatalyst7.  Studies have shown that Raney nickel, a porous Ni structure, is a 

possible electrocatalyst for the OER in an alkaline environment.9 

However, the activity and selectivity of Raney nickel towards OER vary with the morphological 

properties of the final synthesised Raney nickel.  The morphological properties of Raney nickel 

depend on the synthesis method,10–13, which is influenced by the composition of the bimetallic 

precursor and the final porous structure.13–15  During the synthesis of Raney nickel, the primary 

metal (Ni) is combined with a secondary metal (usually zinc (Zn) or aluminium (Al)) to form a 

bimetallic precursor containing various bimetallic phases followed by a leaching step.16,17  The 

secondary metal in the bimetallic precursor is more active towards the leaching step than the Ni.  

Of the two secondary metals mentioned above, Al produced the best results for leachability 

without influencing Ni's integrity.17,18 

The most studied Ni1-xAlx bimetallic phases which form during the synthesis of Raney nickel, both 

experimentally and computationally, are Ni2Al3, NiAl, and NiAl3.  These studies usually started 

with a specific bimetallic phase within an alloy or a bimetallic precursor.11,14,17,19,20  However, to 

get a more comprehensive understanding of the influence of the bimetallic precursor on the 

morphological properties of Raney nickel, a larger spectrum of possible bimetallic phases needs 

to be evaluated.  The bimetallic phases could be evaluated separately or combined in one 

bimetallic precursor structure. 

The Site Occupation Disorder (SOD)21 program can be used for a more systematic approach to 

building and modelling a spectrum of Ni1-xAlx bimetallic phases.  This program utilises the site 

occupancy disorder phenomenon seen in solid-state chemistry.21  In the SOD21 program, the 

secondary metal (Al) atoms are systematically substituted into each of the available lattice spaces 

of the bulk structure of the pure primary metal (Ni), according to a pre-defined Ni1-xAlx bimetallic 

ratio at 0K.  This substitution leads to several configurations directly proportional to the size of the 

bulk structure.  To reduce the number of configurations obtained, only the unique configurations 

are identified by applying a set of geometric operators (translation, rotation, and reflection) that 

work in conjunction with the symmetry of the crystal structure of the primary metal. 
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Each unique configuration is accompanied by a degeneracy value, Ωm, which is the number of 

symmetry-bound configurations identified in the larger bulk structure. These symmetry-bound 

configurations have the same energy due to similar atomic arrangements within the larger bulk 

structure.  Only one of these symmetry-bound configurations is listed as output for the SOD21 

program, namely the unique configuration. 

The unique configurations were geometrically optimised at 0 K, using the General Utility Lattice 

Program (GULP), to find the most stable geometric orientation for the configurations.22,23  These 

optimised structures were submitted to thermodynamic calculations with a statistical SOD.21  

These calculations require an input file with the temperatures at which the data should be 

calculated.  The thermodynamic calculations include the Boltzmann probability distributions, the 

configurational entropy, and the enthalpy of mixing. 

In this study, a larger spectrum of potential Ni1-xAlx bimetallic phases that may influence the 

morphology and, thus, the synthesis and activity properties of Raney nickel were investigated 

using the SOD21 program. 

4.2 Computational method 

4.2.1 Configurations built with SOD 

The face-centred cubic (fcc) unit cell for Ni, within the space group Fm-3m, was constructed using 

the following lattice parameters: a, b, and c of 3.524 Å; and cell angles of 90.0°.24  The unit cell 

was expanded into a 2×2×1 supercell.  The 2×2×1 cell contains 16 atoms, where each atom 

represents 6.25% of the cell.  Using the SOD21 program at 0K resulted in numerous symmetry-

bound configurations for a specific Ni1-xAlx bimetallic phase. Symmetry operations reduced these 

symmetry-bound configures to unique configurations, geometrically optimised using GULP23 with 

the interatomic many-body potentials from the Sutton-Chen library.22  The Boltzmann probability 

distributions, the configurational entropy, and enthalpy of mixing were calculated for a 

temperature range of 0.1 K – 1200 K, in steps of 100 K. 

4.2.2 Boltzmann probability distributions 

The Boltzmann probability distribution was calculated using the following equation:21 

 𝑃𝑃𝑚𝑚  =
1
𝑍𝑍

 𝛺𝛺𝑚𝑚𝑒𝑒(−𝐸𝐸𝑚𝑚/𝑘𝑘𝐵𝐵𝑇𝑇) (4-1) 

where m is the specific configuration, Em is the configuration energy, Ωm the configuration 

degeneracy showing the number of times the unique configuration is observed, kB is Boltzmann's 

constant (8.6173 × 10-5 eV·K-1), and Z is the partition function in the following equation: 

 
𝑍𝑍 =  � 𝑒𝑒(−𝐸𝐸𝑚𝑚/𝑘𝑘𝐵𝐵𝑇𝑇) .

𝑁𝑁

𝑚𝑚=1

 (4-2) 
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4.2.3 Stability of configurations 

The stability of the configurations was determined by studying the entropy, which is calculated 

using the following equation:21 

 𝑆𝑆𝑚𝑚  =  𝑘𝑘𝐵𝐵𝑇𝑇 ln𝛺𝛺𝑚𝑚  , (4-3) 

where T is temperature, and the rest of the terms are as defined earlier. 

The morphology of the various bimetallic phases could be explained with reference to the enthalpy 

of mixing.25 

 ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐸𝐸[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥]−  (1 − 𝑥𝑥)𝐸𝐸[𝑁𝑁𝑁𝑁] −  𝑥𝑥𝑥𝑥[𝐴𝐴𝐴𝐴]  , (4-4) 

where 𝐸𝐸[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥] is the total energy of a specific Ni1-xAlx bimetallic phase bulk, and 𝐸𝐸[𝑁𝑁𝑁𝑁]  and  
𝐸𝐸[𝐴𝐴𝐴𝐴]  are the energies of the pure metals.  The 𝐸𝐸[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥] can be calculated as a weight 

average from the configuration energy:21 

 
𝐸𝐸[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥]  =  � 𝑃𝑃𝑚𝑚𝐸𝐸𝑚𝑚

𝑁𝑁

𝑚𝑚=1

[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥], (4-5) 

 

where 𝐸𝐸𝑚𝑚[𝑁𝑁𝑁𝑁1−𝑥𝑥𝐴𝐴𝐴𝐴𝑥𝑥] is the configuration energy, and the rest of the terms are as defined earlier. 

4.3 Results and Discussion 

4.3.1 Configurations built with SOD 

The total number of symmetry-bound configurations and the unique configurations for various  

Ni1-xAlx bimetallic phases are listed in Table 4-1.  For example, in the case of the 1:1 atomic ratio 

(bimetallic phase Ni8Al8), the total number of symmetry-bound configurations was 12870, of which 

only 153 configurations were unique.  The number of configurations for all the bimetallic phases 

investigated was distributed symmetrically around the Ni8Al8 bimetallic phase.  This distribution 

was observed since there was little or no influence outside the bulk structure (periodic supercell). 

Initially, the various symmetry-bound configurations were built at 0 K.  However, Raney nickel is 

prepared at higher temperatures.  Therefore, the temperature influence on the probability 

distribution was considered, and it was observed that the number of unique configurations 

increased as the temperature increased. 
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Table 4-1 The configurations for various Ni1-xAlx bimetallic phases 

Bimetallic phase Total number of 
symmetry-bound 

configurations 

Unique 
configurations 

Unique 
configurations 
probable at 0K 

Ni15Al1 16 1 1 

Ni14Al2 120 5 1 

Ni13Al3 560 10 1 

Ni12Al4 1820 33 1 

Ni11Al5 4368 53 1 

Ni10Al6 8008 101 1 

Ni9Al7 11440 122 1 

Ni8Al8 12870 153 2 

Ni7Al9 11440 122 1 

Ni6Al10 8008 101 1 

Ni5Al11 4368 53 1 

Ni4Al12 1820 33 1 

Ni3Al13 560 10 1 

Ni2Al14 120 5 1 

Ni1Al15 16 1 1 

 

4.3.2 Boltzmann probability distributions 

Figure 4-1 shows the number of unique configurations for the various Ni1-xAlx bimetallic phases 

over a temperature range of 0.1 K – 1200 K.  Figure 4-1 (a) shows the number of unique 

configurations with a probability of existence higher than 0%.  The number of unique 

configurations increased in a sigmoidal trend as the temperature increased and reached a plateau 

when the maximum number of unique configurations was above a 0% existence range.  The first 

range is from 0K – 200K.  In this temperature range, there was a gradual increase in the number 

of configurations for most Ni1-xAlx bimetallic phases.  At 200 K, the bimetallic phases outside the 

Ni12Al4 to Ni4Al12 (with a Ni content of 81.25% to 18.75%) range reached their maximum number 

of unique configurations.  The second temperature range is from 200 K – 900 K; there was a 

linear increase in the number of unique configurations in this temperature range.  The final 

temperature range is from 900 K – 1200 K.  In this temperature range, all the bimetallic phases 

in the Ni12Al4 to Ni4Al12 range reached a plateau for the unique configurations.  The plateaus 

indicate that at 900 K, the maximum number of unique configurations was no longer influenced 

by temperature.  It should also be noted that a high percentage of the unique configurations above 

200 K had a probability of existence of less than 1%. 



48 | P a g e  
 

 

(a) 

 

(b) 

Figure 4-1 The number of configurations for the Ni1-xAlx bimetallic phases over a temperature range of 0.1K – 
1200K for (a) existence probabilities > 0% and (b) existence probabilities ≥ 1%.  (Circle markers represent ratios 
where the Ni content is the highest, and triangle markers represent ratios where Al content is the highest.) 

Figure 4-1(b) shows the number of unique configurations with probabilities of existence ≥ 1% as 

the temperature increased. The bimetallic phases outside the Ni12Al4 to Ni4Al12 range reached 

their maximum number of unique configurations at much lower temperatures than the bimetallic 

phases in the Ni12Al4 to Ni4Al12 range, as seen in Figure 4-1(a).  None of the bimetallic phases in 

the Ni12Al4 to Ni4Al12 range reached their maximum number of unique configurations in  

Figure 4-1(b).  However, the bimetallic phases in the Ni12Al4 to Ni4Al12 range had more unique 
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configurations over the 600 K – 1200 K temperature range than the bimetallic phases outside of 

this range.  Since there were fewer unique configurations for all the Ni1-xAlx bimetallic phases, the 

influence of temperature on the number of unique configurations could be seen more clearly.  

Additionally, the influence of temperature on the existence probability of the two inverse-ratio  

Ni1-xAlx bimetallic phases, namely, Ni2Al14 and Ni14Al2, or Ni3Al13 and Ni13Al3, is seen in  

Figure 4-1(b). 

The number of unique configurations could be further reduced by increasing the probability of 

existence cut-off.  Therefore, unique configurations with probabilities ≥ 10% were considered in 

the rest of the chapter. 

4.3.3 Stability of configurations 

Studies on high entropy alloys show that the larger the entropy of the substance, the greater the 

stability thereof.26  This observation follows from the fact that higher entropies lead to lower Gibbs-

free energies.  Figure 4-2 shows the entropy for the unique configurations with a probability of 

existence cut-off of ≥ 10% relative to the Ni content at 700 K.  The unique configuration data 

shows a parabolic trend across the Ni content range, centred around the 1:1 atomic ratio.  The 

entropy for the unique configurations over this range of temperatures shows the same parabolic 

relationship with Ni content in the unique configurations as in Figure 4-2.  The unique 

configurations with the highest entropy are in the 18.75% to 81.25% Ni content range for 700 K.  

The ten configurations showing the highest entropies at 700 K in Figure 4-2 are also seen at  

800 K.  Additionally, 80% of these highest entropy configurations at 700 K were also observed in 

the 600 K – 1100 K range.  Entropy graphs for other temperatures over the entire 0.1 K – 1200 K 

range are available in Appendix A. 

The unique configurations of the bimetallic phases observed at 700 K had an average Ni content 

of 20% - 80%.  This range agreed with experimental studies showing the effective Raney nickel 

precursors to contain bimetallic phases in the 40% to 60% Ni range.16,27 

Although ten unique configurations with the highest entropy were identified in Figure 4-2, the 

atomic arrangement of only eight of these configurations are shown in Figure 4-3.  Only eight are 

shown because the atomic arrangement in configurations 88 and 89 under Ni9Al7, and in 

configurations 25 and 26 under Ni11Al5, are very similar for each respective Ni1-xAlx bimetallic 

phase.  It is observed in Figure 4-3 (a) – (h) that there was a tendency of like-atoms to form 

clusters, which indicate the preference of the pure metals to separate.  This clustering tendency 

led to patterns of non-homogeneous mixtures within the unique configurations. 
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Figure 4-2 The entropy of the different configurations (with the identifying number shown above the bar), with 
probabilities ≥ 10% relative to Ni content at 700K. 

 

    
(a) Ni3Al13 
 – config 7 

(b) Ni4Al12  
– config 11 

(c) Ni5Al11  
– config 40 

(d) Ni8Al8  
-config 79 

    

(e) Ni9Al7  
– config 88 

(f) Ni11Al5  
-config 25 

(g) Ni12Al4  
– config 8 

(h) Ni13Al3  
– config 9 

Figure 4-3 (a) - (h) The atomic structures of the most stable unique configurations identified from the entropy.  
(Al = magenta atoms and Ni = blue atoms.) 

The expectation was that the combination of non-homogeneous bimetallic phases will form a non-

homogeneous bimetallic precursor.  This expectation was found to be true, which agreed with 

previous observations in literature.28  The non-homogeneity of the bimetallic phases was further 

investigated by calculating the enthalpy of mixing of the bimetallic phases, as shown in 

equation 4-4.  The enthalpy of mixing for the bimetallic phases was positive, as shown in  

Figure 4-4. 
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Figure 4-4 The enthalpy of mixing for Ni1-xAlx bimetallic phases.  The most stable configuration images of 
Ni5Al11, Ni8Al8, and Ni11Al5 are included. 

A positive enthalpy of mixing indicates that the bimetallic phases are chemically unmixed.27,29  

Chemical unmixing refers to the segregation of Ni and Al.  This segregation leads to the formation 

of short-to-medium range chemical and topological ordering or clustering.30  This observation 

supports the clustering observed in Figure 4-3.  However, in the case of the 1:1 atomic ratio 

(bimetallic phase Ni8Al8), a slight decrease in the enthalpy of mixing was observed.  While all the 

configurations of the ratios surrounding the 1:1 atomic ratio showed non-homogeneity, the 

configuration corresponding to the 1:1 ratio showed a slightly more homogenous atomic 

arrangement (see inclusions in Figure 4-4), leading to a lower enthalpy of mixing. 

4.4 Conclusion 

In this chapter, a full spectrum of Ni1-xAlx bimetallic phases was built using the SOD program.  

From the results, it can be concluded that using SOD to build the Ni1-xAlx bimetallic phases led to 

the identification of configurations that included the Ni content (40% - 60%) and agreed with the 

non-homogeneity of Raney nickel precursors that have been used successfully in previous 

experimental and computational studies of OER.14,19,28,29  Therefore, the SOD program provided 

a reliable spectrum of configurations that can be used for a more in-depth study of the influence 

of the precursor (containing various Ni1-xAlx bimetallic phases) on the properties of Raney nickel.  

The next step in the study of Raney nickel will be to investigate the leaching of Al from the 

separate Ni1-xAlx bimetallic phases or from a bimetallic precursor structure constructed by 

combining these Ni1-xAlx bimetallic phases.  These Ni1-xAlx bimetallic phases will be studied further 

in Chapter 5 using the DFT model developed in Chapter 3. 
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4.5 Supplementary Information 

Supplementary Information to this chapter can be found in Appendix A.  
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CHAPTER 5 A DFT study of the Ni1-XAlX bimetallic phase structures  

In this chapter, several configurations of Ni1-xAlx bimetallic phase structures were geometrically 

optimised with the DFT model developed in Chapter 3.  These bimetallic phase configurations 

include the eight configurations identified from configurational SOD data in Chapter 4, as well as 

two additional configurations identified from the statistical SOD data.  These configurations' bulks 

and (111)-surface slabs were optimised.  Various properties of the (111)-surface slabs were 

calculated using an energy calculation with the same settings as the optimisation.  Adsorption of 

the OH· radical on a pure Ni (111)-surface slab was studied at three adsorption sites for 

comparison to literature and leached surfaces.  Surfaces for leaching were identified using 

calculated properties, such as the work function, surface energy, and Ni and Al content.  The 

leaching of Al from these surfaces was investigated using a manual approach.  After the leaching, 

five adsorption positions on the newly leached surface slabs were selected.  Adsorption at these 

positions was investigated using a manual approach.  Finally, evaluating these results led to 

recommendations on whether the identified precursors were suitable for synthesising high-activity 

Raney nickel catalysts. 
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5.1 Introduction 

The properties of Raney nickel depend on the leachability of the precursor bimetal used in its 

preparation.1  Thermodynamic binary phase diagrams, such as Figure 5-12, show stable phases 

within a bimetallic system.  This diagram shows the binary Ni-Al system for a temperature range 

of ~300°C to ~1700°C (~573.15K to ~1973.15K).  It contains the two pure metals and several 

bimetallic phases, namely NiAl3, Ni2Al3, Ni2Al4, NiAl, Ni5Al3 and Ni3Al.  Of these phases, Ni2Al3, 

NiAl, Ni5Al3 and Ni3Al are the most stable bimetallic phases, indicated by larger areas on the 

phase diagram.  However, depending on the preparation temperature, a wider range of bimetallic 

phases with different atomic % (at%) Ni than those shown in the phase diagram is possible. 

 
Figure 5-1 Thermodynamic binary phase diagram of a Ni-Al system.  The yellow areas show the stable phases 
and the dashed red lines represent the NixAly bimetallic phases used in the study by Luong et al.2  Reused with 
permission (Appendix C). 

Thus, a wider range of potential bimetallic phases needs to be evaluated to gain a more 

comprehensive understanding of the influence of the bimetallic precursor on the morphological 

properties of Raney nickel.  As a result, in the previous chapter (Chapter 4), a full spectrum of 

Ni1-xAlx bimetallic phases were constructed using the Site Occupation Disorder (SOD) program.3  

From the results in Chapter 4, the ten most stable unique Ni1-xAlx bimetallic configurations 

included in the bimetallic phases within the 40%–60% Ni content range were identified.  These 

agreed with the non-homogeneity of Raney nickel precursors that have been used successfully 

in earlier experimental and computational studies of the Oxygen Evolution Reaction (OER).1,4–6  

Two of the ten unique Ni1-xAlx bimetallic configurations could be eliminated based on the 

observation that these configurations have very similar atomic arrangements to two other 

configurations under the same Ni1-xAlx bimetallic phase, with the only difference being the position 

of one or two atoms (See Figure A-2 in Appendix A).  The remaining eight unique  

Ni1-xAlx bimetallic configurations are reiterated in Figure 5-2. 
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(a) Ni3Al13 
– config 7 

(at% Ni ~ 19%) 

(b) Ni4Al12 (NiAl3) 
– config 11 

(at% Ni = 25%) 

(c) Ni5Al11 
– config 40 

(at% Ni ~31%) 

(d) Ni8Al8 (NiAl) 
- config 79  

(at% Ni = 50%) 

    

(e) Ni9Al7 
– config 88 

(at% Ni ~ 56%) 

(f) Ni11Al5 
- config 25 

(at% Ni ~ 69%) 

(g) Ni12Al4 (Ni3Al) 
– config 8 

(at% Ni = 75%) 

(h) Ni13Al3 
– config 9 

(at% Ni ~ 81%) 

Figure 5-2 (a) - (h) The atomic structure of the eight most stable unique Ni1-xAlx bimetallic configurations 
identified from entropy in Chapter 4.  (Al = magenta atoms and Ni = blue atoms.)7  Additional to the Chapter 4 
results, the Ni at% is shown for each Ni1-XAlX bimetallic phase. 

Additionally, from the statistical SOD data (Figure 5-3), Ni7Al9 (black dashed line) was identified 

as the bimetallic phase with the highest entropy across most temperature ranges.  By comparing 

the entropy of all the unique configurations of Ni7Al9, built with SOD, the two most stable unique 

Ni1-xAlx bimetallic configurations were identified (Figure 5-4).  These bimetallic configurations will 

be included in the rest of this study.  Furthermore, the locations of the bimetallic phases (grey 

dashed lines), which are present in the phase diagram (Figure 5-1), and the bimetallic phases 

identified in Chapter 4 (sea green dashed lines), are indicated in Figure 5-3. 

In this study, the bulk structures of the ten identified unique Ni1-xAlx bimetallic configurations were 

geometrically optimised and cleaved at the (111)-surface.  These surface slabs were 

geometrically optimised, and the properties of the surface slabs were calculated.  By comparative 

use of the calculated properties, bimetallic phase surface slab structures were identified, from 

which the leaching of Al was simulated.  Subsequently, the OH· species, the most widely accepted 

first adsorbate for alkaline OER,8,9 was adsorbed onto the leached surface slab.  The 

electrocatalytic activity toward the OH· species was evaluated for each identified surface slab.  

For this evaluation, the d-band centres of the leached surface slabs were compared before and 

after OH· adsorption.  For comparison, the OH· adsorption and evaluation was also done on the 

pure Ni (111)-surface slab. 
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Figure 5-3 Statistical entropy data from SOD calculations in Chapter 4, over a temperature range of 0.1K to 
1200K, for the Ni1-xAlx bimetallic phases. 

  
(a) Ni7Al9 

- config 65 
(at% Ni ~ 44%) 

(b) Ni7Al9 
- config 61 

(at% Ni ~ 44%) 

Figure 5-4 (a) – (b) The atomic structure for the most stable unique Ni1-xAlx bimetallic configurations, namely 
(a) 65 and (b) 61, of Ni7Al9.  (Al = magenta atoms and Ni = blue atoms.) 

 

5.2 Computational method 

Density Functional Theory (DFT) calculations were performed using the CAmbridge Serial Total 

Energy Package (CASTEP)10 in the Materials Studio 2020 (MS2020)11 program developed by the 

BIOVIA software company.  Dispersion correction (DFT-D) calculations were considered when 

optimising the bulk Ni1-xAlx bimetallic structures because the identified surface slab structures will 

be used later for surface interaction calculations. 

The computational model developed in Chapter 3 was applied to the eight most stable unique  

Ni1-xAlx bimetallic configurations identified in Chapter 4 (reiterated in Figure 5-2) and the additional 

unique Ni1-xAlx bimetallic configurations identified from entropy (Figure 5-4). 
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The Computational Method section is divided into three subsections: identifying the optimal Ni1-

xAlx bimetallic surface slabs (5.2.1), leaching Al atoms from the identified Ni1-xAlx bimetallic surface 

slabs (5.2.2), and adsorption of the OH· diatomic radical species onto the leached Ni1-xAlx 

bimetallic surface slabs (5.2.3). 

5.2.1 Bulk and (111)-surface slab optimisation 

5.2.1.1 Bimetallic bulk structures 

The 2×2×1 bulk structures of the uniquely identified Ni1-xAlx bimetallic configurations were 

imported from the SOD output.  The imported bulk structures were duplicated in the c-direction to 

give a 2×2×2 bimetallic bulk structure.  This duplication was done to gain a cubic symmetry for 

further calculation. 

The bimetallic bulk structures were geometrically optimised using the DFT model developed in 

Chapter 3. 

5.2.1.2 Bimetallic (111)-surface slab structures 

The optimised 2×2×2 bimetallic bulk structures were cleaved at the (111)-Miller plane with a 

fractional top setting of 2.603 (10.6 Å) and fractional thickness of 1.618 (6.592 Å), and optimised 

using the DFT model developed in Chapter 3.  The (111) surface was chosen because previous 

XRD data showed that this is the most dominant surface both before and after leaching for Raney 

nickel.12,13  

The surface and electronic properties, including the work functions and surface energies, for the 

(111)-surface slabs of the bimetallic phases were calculated using the approach in the DFT model 

developed in Chapter 3.  The surface energies were calculated using equation 2-1414 the work 

function was calculated automatically and derived from the potentials' files, which plots the 

averaged electrostatic potential oriented perpendicular to the surface slab’s normal; and the  

d-band centres were calculated as specified in Chapter 3.  The surface energy is the energy 

needed to create a new surface and could be related to the stability of the surface.  It can be 

described as a measurement of the extra energy that surface atoms have because of various 

reasons, for example, broken bonds leading to lower coordination numbers.15 

The calculated surface properties, along with properties previously found in literature, were used 

to identify the most suitable surface slabs for simulating leaching. 

5.2.2 Leaching behaviour and simulation 

5.2.2.1 Leaching behaviour 

The leaching of Al from the Ni-Al system is typically done with a base, such as NaOH.16–20  

Therefore, the interaction between the (111)-surface slab and an OH· species was investigated.  

Ni8Al8 surface slab was used to determine the interaction between the surface and an OH· 
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species.  Two cases were considered: adding an OH· species in the top site above an Al atom or 

in the fcc site between two Al atoms and a Ni atom in the surface.  These combined structures 

were optimised using the DFT model developed in Chapter 3.  The goal was to obtain a visual 

representation of the leaching behaviour; therefore, no additional properties were calculated. 

5.2.2.2 Leaching simulation 

There are various ways to simulate leaching.1,21,22  In this study, a manual leaching approach was 

used.  Manual leaching entails the stepwise removal of atoms to be leached from a surface slab.  

In this study, the atom that would be leached is Al.23  This removal was verified in the section 

5.2.2.1 by studying the leaching behaviour of an OH· species on the Ni8Al8 surface for the top and 

fcc sites. 

The optimised Ni1-xAlx bimetallic phase (111)-surface slabs that were identified in section 5.3.1 

were used.  The initial Al atoms were chosen after considering the effect of deeper leaching or a 

Ni-rich area on OH· adsorption.  An Al atom was selected and removed; the surface slab was 

optimised using the DFT model developed in Chapter 3.  This process was repeated three 

consecutively times resulting in a set of four Al atoms being removed.  Different variations of 

second, third, and fourth Al atom removals were investigated.  After each removal, the resulting 

surface slab was optimised using the DFT model developed in Chapter 3.  The energy required 

to remove one Al atom at a time was calculated using equation 5-1 (equation 2-17): 

 𝐸𝐸𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑏𝑏) −  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑎𝑎) −  𝐸𝐸𝐴𝐴𝐴𝐴 (5-1) 

where 𝐸𝐸𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the energy required to remove an Al atom from the surface slab, 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑏𝑏) is the optimised energy of the surface slab before removing a specific atom, 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑙𝑙𝑙𝑙𝑙𝑙(𝑎𝑎) is the optimised energy of the surface slab after removing a specific atom, and 𝐸𝐸𝐴𝐴𝐴𝐴 

is the optimised energy of a single Al atom.  Finally, the route requiring the least energy to remove 

sequential Al atoms from a specific Ni1-xAlx bimetallic phase (111)-surface slab was determined. 

Additionally, the atomic electron density difference was calculated for the (111)-surface slabs after 

each leaching step.  The average energy for Al removal was also calculated for each slab.  The 

average energy was calculated by averaging the removal energy over each of the top three layers 

and then averaging these calculated average energies over the slab. 

5.2.3 Simulated adsorption 

There are various ways to simulate adsorption.24,25  In this study, adsorption was done by 

identifying several positions by considering the NN environment and bonding of an adsorbate at 

these positions’ atoms.  The adsorption was done for a pure Ni (111)-surface slab and the leached 

Ni1-xAlx bimetallic phase (111)-surface slab having the route requiring the least energy to remove 

subsequent Al atoms from a specific area. 
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The adsorbed species in this study was the diatomic radical OH·, derivative of the widely accepted 

first adsorbate for the OER8,26, and the adsorption positions were related to Ni atoms.  The DFT 

model developed in Chapter 3 was used to optimise the leached surface slab/OH·-system.  The 

adsorption energy was calculated using equation 5-225 (equation 2-17): 

 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐸𝐸(OH·/ surface 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)  − 𝐸𝐸OH· −  𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (5-2) 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 is the adsorption energy, 𝐸𝐸(OH·/𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) is the optimised energy of the leached 

OH·/surface slab system, 𝐸𝐸OH· is the optimised energy of OH· and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the optimised 

energy of the leached surface slab before adsorption. 

The d-band centres and d-band centre shifts were calculated in addition to the adsorption energy.  

The adsorption energies of OH· on the pure Ni (111)-surface were compared to the literature.  

The adsorption energies of OH· onto each final leached (111)-surface slab for each Ni1-xAlx 

bimetallic phase were compared to those of pure Ni (111). 

5.3 Results and discussions 

5.3.1 Bulk and (111)-surface slab optimisation 

The property data from the DFT calculations for the Ni1-XAlX bimetallic phase (111)-surface slabs 

of the configurations that were previously identified and shown in Figures 5-2 and 5-4, are given 

in Table 5-1.  The configurations of the Ni1-xAlx bimetallic phases are arranged in ascending order 

of at% Ni content.  The Ni7Al9 bimetallic phase (~at% Ni = 44%) has two configurations, namely 

configuration 65 and configuration 61, with different property data.  The table also includes the 

pure metal surface slab data calculated in Chapter 3 for comparison.  For the final bulk structure 

and surface slab fractional coordinates, refer to Appendix F. 

Table 5-1 The calculated spin moment (ms) and some measured interatomic distances (dX-dX) for (111)-surface 
slabs are shown. 

Bimetallic 
phase ~at% Ni ms 

(µB/atom) 
dNi-dNi 

(Å) 
dAl-dAl 

(Å) 
dNi-dAl 

(Å) 

Al 0 0.000 - 2.777 - 
Ni3Al13 19 0.000 2.750 2.844 2.651 
Ni4Al12 25 0.000 2.801 2.736 2.501 
Ni5Al11 31 0.000 2.893 2.690 2.545 

Ni7Al9 
44 0.000 2.432 2.618 2.471 
44 0.000 2.514 2.776 2.436 

Ni8Al8 50 0.000 2.736 2.666 2.438 
Ni9Al7 56 0.000 2.469 2.679 2.364 
Ni11Al5 69 -0.042 2.500 2.847 2.379 
Ni12Al4 75 0.089 2.493 2.715 2.415 
Ni13Al3 81 0.202 2.475 2.674 2.513 

Ni 100 0.655 2.435 - -  
 



62 | P a g e  
 

The calculated spin magnetic moment (ms) of Ni was 0.655 µB, which is in good agreement with 

the literature value of 0.620 µB.27,28  This large spin moment is expected for Ni since it is a 

ferromagnetic material with a high spin.  Further, it can be seen in Table 5-1 that the Ni content 

in the bimetallic surface slab influences the magnetic properties of the slab.  Surface slabs with 

lower Ni content tended to have the magnetic properties of Al; this observation agrees with the 

literature.29  Surface slabs with higher Ni content above 60%, tended to have the magnetic 

properties of Ni.  The macroscopic magnetic properties of a material are related to the spin 

properties of the electrons in the material.  The magnitude of the spin moment increases gradually 

from a Ni content of ~69% to ~81%.  However, for Ni11Al5, the average spin moment was negative, 

indicating that the surface slab had an overall negative electron spin.  The increase in the 

magnitude of the spin moment of Ni1-XAlX bimetallic phase (111)-surface slabs with increasing Ni 

content is consistent with the literature.30  The spin state of transition metal catalysts can influence 

the catalytic pathway and, therefore, the catalytic activity.31  However, the effect of the spin state 

on the catalytic activity is outside the scope of this study. 

The density of states (DOS), measures quantify how the electrons are packed within a specific 

energy state.  The DOS can be calculated for the whole band or for individual spin states in the 

band.  Figure 5-5 shows the total p-band DOS and total d-band DOS of Ni5Al11 and Ni11Al5, 

compared to the p-band DOS of pure Al and the d-band DOS of pure Ni.  This comparison reveals 

the influence of the Ni and Al content on the DOS of the Ni1-XAlX bimetallic phases. 

 

Figure 5-5 Partial density of states for pure Al, Ni5Al11, Ni11Al5 and pure Ni.  The positive y-axis represents the 
d-band DOS, while the negative y-axis represents the p-band DOS. 

For the bimetallic phase Ni11Al5 with higher Ni content (represented by the green solid line), the 

position of the d-band centre was closer to that of pure Ni compared to the position of the d-band 

centre of its lower Ni content counterpart Ni5Al11 (represented by the light pink solid line).  However 
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for the bimetallic phase Ni5Al11 with higher Al content (represented by the light pink dashed line), 

the position of the p-band DOS centre was much closer to that of pure Al than that of its lower Al 

content counterpart Ni11Al5 (represented by the green dashed line). This DOS comparison 

showed that the Ni and Al content highly influenced the surface slabs’ electronic and magnetic 

properties.  A comparison of the beta and alpha DOS of these bimetallic phases to pure Ni and 

Al was also made.  This showed that the Ni11Al5 bimetallic phase follows the d-band symmetry of 

pure Ni better than the Ni5Al11.  The p-band symmetry of the Ni5Al11 bimetallic phase is closer to 

that of pure Al (see Figure A-3). 

The interatomic spacing (dX-dX, X = Ni, Al) was measured for one surface pair of each of the Ni-

Ni, Al-Al and Ni-Al atomic pairs, as shown in Table 5-1.   It was observed that the overall trend of 

the dNi-dNi data was declining, while the dAl-dAl and dNi-dAl data were decreasing, reaching 

minimums at Ni8Al8 and Ni9Al7, respectively, before increasing again.  However, none of these 

observed trends showed smooth decreases or increases.  In these measurements, nearest-

neighbour (NN) interactions which could influence the bond lengths were not considered,32 which 

could explain the lack of smooth trends.  Due to the non-homogeneity of the various Ni1-XAlX 

bimetallic phase (111)-surface slabs taking the NN interactions into account is challenging and 

further investigation is needed. 

Figure 5-6(a) shows the Ni8Al8 (111)-surface slab, and Figures 5-6 (b) and (c) show the calculated 

electron density distribution and atomic electron density difference of this slab, respectively.  
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(a) 

 

(b) 

 
 

(c) 

 
 

Figure 5-6 (a) The top view of the Ni8Al8 (111)-surface slab structure.  (b) An isosurface slice of the electron 
density distribution of the top layer of the Ni8Al8 (111)-surface slab structure.  The isosurface scale indicates 
that blue shows low electron density, while red shows high electron density. (c) An isosurface slice of the 
atomic electron density difference distribution of the top layer of the Ni8Al8 (111)-surface slab structure.  The 
isosurface scale indicates that blue shows electron depletion, while red shows electron accumulation.  (Al = 
magenta atoms, and Ni = blue atoms.) 

The calculated electron density distribution and atomic electron density difference for the other 

slab systems are available in Appendix A (Figure A-3 and Figure A-4).  The blue regions represent 

lower electron density (electron depletion), while the red regions represent higher electron density 

(electron accumulation) in the electron density distribution (Figure 5-6 (b)) and the atomic electron 

density difference (Figure 5-6 (c)).  It is observed that the density of electrons is higher on the Ni 

atoms at the surface than on the Al atoms.  The lower electron density on the Al atoms implies 

that negative species, such as OH-, would rather coordinate with the Al atoms. 

Finally, the work function and surface energy of the Ni1-XAlX bimetallic phase (111)-surface slabs 

were compared in Figure 5-7.  The work function and surface energy both showed an overall 

upward fluctuating trend.  A similar trend for the Ni-Al alloy system was observed by  

Franken et al.29  However, at a Ni content of ~44%, a shift in the data was observed (going from 
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configuration 65 to configuration 61, shown in Figure 5-4), with a downward shift for the work 

function and an upward shift for the surface energy.  This shift in the data coincided with the 

overall change in the atomic arrangement within the structures, as seen in Figures 5-2 and 5-4.  

In these structures, a more grouping (clustering) pattern was observed for Ni before the shift, 

while the atoms were seen to be in a layered pattern after the shift. 

 
Figure 5-7 Work function (green) and surface energy (blue) for the Ni1-XAlX bimetallic phase (111)-surface slabs 
in order of ascending Ni content from the left. 

Considering the work function data seen in Figure 5-7 (green line), the observed upward trend in 

the data was not smooth and was observed to fluctuate around an imaginary linear increase line.  

Two different maximum values were observed for the bimetallic regions in the two sections of the 

data (namely, before and after a Ni content of ~44%).  The first was at ~25% Ni content, and the 

second was at ~69% Ni content.  In both cases, the number of atoms surrounded by like atoms 

in the top layer changed (see Appendix A, Figure A-3).  A previous study showed that electrons 

tend to flow (typically 1-2 electrons per 100 surface atoms in the surface) from a metal with a 

smaller work function to one with a larger work function.30  This observed tendency could explain 

the electron distributions depicted in Figures 5-6 (b) and (c).  These electron distributions could 

be attributed to the surface slab atoms’ influence on the work function and the possible influence 

of the NN on the electron distribution.  From the surface representations in Appendix A (see 

Figure A-3), it could be concluded that the surface slabs with greater Al NN-groups showed lower 

work functions than those with predominantly Ni NN-groups.  Lower work functions have been 

shown to increase the leachability of surfaces.33  Higher leachability would imply lower leaching 

energies. 

A smooth upward trend was observed for the surface energy seen in Figure 5-7 (blue line).  The 

data shows a slight decrease at 50% Ni content.  This slight decrease could be due to the 

influence of equal amounts of each element in the surface slab; the NN of the sub-surface layer 
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atoms also seem to be distributed equally.  From the surface energy data, it could be deduced 

that the higher the Ni content, the higher the energy of the less coordinated surface atoms.  The 

higher energy is due to the stronger bonds of Ni atoms to the bulk compared to Al atoms.  Higher 

less-coordinated-atom energies could lead to the surface being less stable configurationally.  

Less stable surfaces are more prone to surface reconstruction to instil stability.34  The surface 

energy of the Ni8Al8 surface was calculated to be 2.26 J/m2 which is comparable to a literature 

value of 2.20 J/m2 for the ordered body-centred cubic (bcc) structure of NiAl.35  In contrast, the 

surface energy of the ordered fcc structure of Ni3Al surface was calculated to be 2.944 J/m2, in 

this work, which does not agree with the literature value of 1.966 J/m2 35 (deviation of 33%).  

However, Purja et al.35 indicated that the literature values of (embedded atom model) EAM studies 

for NiAl and Ni3Al surface energies are severely underestimated.  For this reason, the values 

calculated in this study were more accurate since they were larger and compared with the surface 

energy of other phases.  Additionally, earlier studies have found that surface energy calculations 

can differ by approximately 30% depending on whether the surface slab atoms were allowed to 

relax or left unrelaxed.36  The surface slab atoms in this study were allowed to relax within the 

constrained lattice. 

An additional property that needs to be considered when identifying a surface for leaching is the 

atomic composition of the surface, or, in other words, the ratio of Ni to Al atoms in the surface.  

The Ni1-XAlX bimetallic phases on the left-hand side of the Ni content range in Figure 5-7 could 

contain too much Al.  The sequential leaching of these high Al-content surfaces could lead to a 

structural collapse of the pores within the catalyst at a certain point. At the same time, those  

Ni1-XAlX bimetallic phases on the right-hand side of the Ni content range in Figure 5-7 could contain 

too much Ni.  This Ni content could lead to unsatisfactory pore sizes being formed when the Al is 

leached out.  This observation coincides with previously identified suitable Raney nickel 

precursors, such as NiAl bimetals with a Ni content between 40% - 60%.1,4–6 

To summarise, the most suitable Ni1-XAlX bimetallic phases for further investigation in this study 

were identified by considering the surface slab’s work function, surface energy, and atomic 

composition.  Lower work functions could improve leachability, thus the Ni1-XAlX bimetallic phases 

to the left of the graph in Figure 5-7 were preferred.  However, leaching from surfaces with high 

surface energy could reduce surface stability and cause surface reconstruction.  Additionally, the 

atomic arrangement of the surface slabs could affect the structural integrity and pore size of the 

final structure.  Therefore, the phases after the shift at ~44% up to just before ~70% in Figure 5-7 

were considered.  These surface slabs have a range of atomic ratios that may lead to structural 

integrity and useful pore sizes.  These surface slabs span a range of work functions and surface 

energies from both the higher and lower sides of the spectrum, which could result in favourable 

properties.  The selected surface slabs are shown in Figure 5-8. 
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(a) Ni7Al9  
at% Ni = ~44% 
Φ = 4.099 eV 
ɣ = 2.225 eV 

(b) Ni8Al8- 
at% Ni = 50% 
Φ = 4.358 eV 
ɣ = 2.262 eV 

(c) Ni9Al7  
at% Ni = ~56% 
Φ = 4.555 eV 
ɣ = 2.513 eV 

(d) Ni11Al5  
at% Ni = ~69% 
Φ = 4.781 eV 
ɣ = 2.823 eV 

Figure 5-8 (a) – (d) Surface structures of configurations identified using DFT calculated properties for the 
subsequent leaching of Al.  The work functions (Φ) and surface energies (ɣ) are also given. 

 

5.3.2 Leaching behaviour and simulation 

5.3.2.1 Leaching behaviour 

Although there are various coordination sites for fcc (111)-surfaces,37 only two possible 

coordination sites, namely top and fcc sites, were selected to evaluate the behaviour of an OH· 

species within the NiAl system.  These positions were chosen so that the target atom was 

surrounded by different types of NN atoms in the surface and subsurface layers.  The OH· species 

was added above the bimetallic surface at these two sites, and the combined NiAl-OH· system 

was optimised. 

For the first coordination site, the OH· species was placed directly over an Al atom (top site).   

Figure 5-9 shows the side and top views of the surface before and after the geometric 

optimisation.  The top site targeted Al atom and NN atoms were numbered as shown in 

Figure 5-9(b), with the targeted Al atom as atom number 7, located directly beneath the OH· 

species.  It was observed that the OH· species pulled the Al atom from the surface (Figure 5-9(c)), 

indicating that the Al atom would be removed.  Additionally, the H atom was pulled toward a Ni 

atom.  This observation was reflected in Table 5-2 by the change in the measured bond lengths 

and interatomic distances of the OH· species and the surrounding atoms. 
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(a) 

  

(b) 

 

(c) 

 

(d) 

  

Figure 5-9 The leaching behaviour of an OH· species, before and after optimisation, where OH· was placed 
directly over an Al atom (top site). (a) Side view before optimisation, (b) top view before optimisation, (c) side 
view after optimisation and (d) top view after optimisation. 

Table 5-2 Bond length of OH· and interatomic distances and bond lengths of the atoms surrounding the initial 
top position of the OH· species, before and after optimisation. 

Bond pair 
Bond length / interatomic distance 

(Å) 
Before  

optimisation 
After  

optimisation 
Al7 - Al1 2.628 2.727 
Al7 - Al2 2.711 2.875 
Al7 - Ni3 2.513 2.728 
Al7 - Al4 2.608 2.646 
Al7 - Ni5 2.475 2.552 
Al7 - Ni6 2.471 2.565 
Al7 - O 2.157 1.732 
O-H 0.941 0.970 

Ni6 - H 4.097 3.927 
 

All the bond lengths between Al7 and its NNs increased, while the Al7 – O bond length decreased 

to 1.732 Å (shown in Table 5-2) during optimisation.  These changes in bond lengths indicate that 

the Al atom would be removed from the NiAl surface in the process of leaching.  However, the  

Al-O bond length was longer than the Al-O bond length in an Al(OH)3 molecule, which is in the 

1.681 Å – 1.702 Å range,38–40 and it was shorter than the Al-O bond length within an Al2O3 

molecule, which is in the 1.76 Å – 1.87 Å range.41–43 

Additionally, the bond length of O-H, within the OH·-Al7 interaction, was measured to be 0.970 Å 

after optimisation, which agreed with the bond length of 0.988 Å25 for the isolated OH· molecule, 

rather than the O-H bond length in the Al(OH)3 molecule which is in the 0.878 Å – 0.944 Å 
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range.38–40  The interatomic distance between Ni6 and the H atom also decreased, indicating that 

the H atom would be attracted to the Ni atoms on the surface.  These results imply that the OH- 

species would remove the Al atom from the surface.  However, during the leaching process, the 

OH- species could dissociate and possibly form hydrogen gas.44  This dissociation is, however, 

beyond the scope of this study. 

The second coordination site considered was an fcc site.  At this site, the OH· species was centred 

between two Al atoms and a Ni atom.  Figure 5-10 shows the side and top views of the surface 

slab before and after the geometric optimisation.  The fcc targeted Al atoms and NN atoms were 

labelled as seen in Figure 5-10 (b). 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-10 The leaching behaviour of an OH· species, before and after optimisation, where OH· was placed in 
a position between two Al atoms and a Ni atom (fcc site). (a) Side view before optimisation, (b) top view before 
optimisation, (c) side view after optimisation and (d) top view after optimisation. 

The OH· species moved from the fcc site towards a bridge site between the Al atoms of the fcc 

coordination site rather than towards the Ni atom (Figure 5-10 (c) – (d)).  This movement indicates 

a preference of the OH· species to coordinate with the Al atoms, implying that an Al atom is more 

likely to be removed from the surface than a Ni atom.  This conclusion is supported by the 

observation that the bond lengths (Table 5-3) between most of the surrounding atoms increased 

after optimisation, except for the bond between Nie and Al atoms of the fcc site where OH· 

adsorbed (Al9 and Al10), which decreased.  This decrease may indicate that Ni pulls the Al atoms 

closer to maintain the stable electronic structure that would be disrupted by the bond breaking. 

The measured bond lengths of Al9 – O and Al10 – O decreased during optimisation, 1.914 Å and 

1.943 Å, respectively.  These measured values are ~15% larger than the Al-O bond length in an 

AlOH molecule, which is in the 1.681 Å – 1.702 Å range,38–40 and is ~6.5% larger than the Al-O 

bond length within the Al2O3 molecule, which is in the range of 1.76 Å – 1.87 Å.41–43   
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However, the bond length of O-H, within the Al9-OH·-Al10 interaction, increased to 0.984 Å during 

optimisation.  This measured OH· bond length agreed with the bond length of an isolated OH· 

molecule, 0.988 Å,25 rather than the O-H bond length within the AlOH molecule with a range of 

0.878 Å – 0.944 Å.38–40  The larger bond length could indicate that the bond would break and lead 

to the formation of hydrogen gas during the leaching process.44  Additionally, the H atom would 

be pulled toward a Ni atom.  This behaviour is, however, outside the scope of this study. 

Table 5-3 Bond lengths of OH· and interatomic distances and bond lengths of the atoms surrounding the initial 
fcc position of the OH·- species, before and after optimisation. 

Bond pair 

Bond length / interatomic 
distance 

(Å) Bond pair 

Bond length / interatomic 
distance 

(Å) 
Before  

optimisation 
After  

optimisation 
Before  

optimisation 
After  

optimisation 
Al9 – Al8 2.628 2.773 Al10 - Al1 2.801 2.823 
Al9 – Al10 2.711 2.792 Al10 - Ni2 2.518 2.467 
Al9 – Ni4 2.513 2.661 Al10 - Ni3 2.345 2.322 
Al9 – Al5 2.608 2.597 Al10 - Ni4 2.540 2.683 
Al9 – Ni6 2.475 2.443 Al10 – Al8 2.720 2.870 
Al9 – Ni7 2.471 2.444 Al10 - Nia 2.478 2.501 
Al9 - Alc 2.852 2.904 Al10 - Nib 2.474 2.490 
Al9 – Ald 2.783 2.851 Al10 - Nie 2.774 2.748 
Al9 - Nie 2.759 2.666 Al10 – O 2.556 1.943 
Al9 – O 2.489 1.914 O-H 0.941 0.984 
Ni4 - H 3.531 3.003    

 

It can be concluded that the coordination position of the OH- species on the slab surfaces, whether 

top or fcc, does not affect the leaching behaviour.  The OH- species bond with the Al atoms, and 

the remove the Al atoms from the surface.  The final fractional coordinates for the leaching 

behaviour are given in Appendix I. 

5.3.2.2 Leaching simulation 

The manual leaching data for each of the previously identified surface slabs are given in this 

section.  For each surface slab, four sets of atoms were identified to be removed. Each 

subsequent set of atoms was identified after identifying the previous sets’ lowest energy removal.  

This energy was calculated using equation 5-1. 

5.3.2.2.1 (111)-surface slab of Ni7Al9 

For Ni7Al9, the Al atoms identified for removal are shown in Figure 5-11.  Figure 5-11 (a) shows 

the first and second sets of Al atoms that were removed.  These atoms were all located in the top 

layer of the surface slab.  Figures 5-11 (b) and (c) show the third set of Al atoms that were 

removed; these atoms were located in the top and second layers, respectively.  Finally,  
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Figure 5-11 (d) shows the fourth set of Al atoms that were removed; these atoms were in the third 

layer of the surface slab. 

  
(a) (b) 

  

(c) (d) 
Figure 5-11 (a) - (e) Al atoms identified to be removed from the Ni7Al9 surface.  (a) The first and second atoms 
to be removed.  (b) and (c) The third atoms to be removed.  (d) The fourth atoms to be removed.  (The smaller 
spheres represent the top layer atoms, while the crosshairs represent the second layer atoms.  Al = magenta 
atoms and Ni = blue atoms.) 

The energy required to remove Al atoms from the Ni7Al9 surface is listed in Table 5-4.  The energy 

required to remove the first Al atom from the Ni7Al9 surface was calculated to be  

-5.019 eV.  The lowest energy required to remove the second Al atom was calculated to be  

-5.423 eV and corresponded to position 2b.  Next, the lowest energy needed to remove the third 

Al atom was calculated to be -4.375 eV, which corresponded to the removal of the atom at position 

3c.  Finally, the lowest energy needed to remove the fourth and final Al atom was calculated as  

-3.499 eV, corresponding to position 4a.  The average energy calculated for this Al atom removal 

path was -4.579 eV. 

The atomic electron density difference of the different stages of Al atom removal for Ni7Al9 is 

shown in Figure 5-12.  The isosurface scale shows electron accumulation on the red side, while 

electron depletion is on the blue side. 

Figures 5-12 (a), (d), and (f) show the first, second and third layers before Al removal, respectively.  

For the top layer, the overall colour was green, indicating a neutral/even electron distribution 

between the different atomic species.  With Al atom removal (Figures 5-12 (b), (c), (e) and (g)), 

the electron distribution did not change too much; rather, the cavity created had a smaller electron 
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deficit than the regions surrounding the remaining Al atoms.  This electron deficit surrounding the 

remaining Al atoms could lead to more-negative adsorption species coordinating within these 

cavities.  With the removal of the Al atom, it was observed that the electron accumulation 

surrounding the adjacent Ni atom would be drawn towards the newly created cavity.  This 

tendency was, however, only observed for the top layer, with little change in the deeper layers.  

The Al atoms showed a stronger electron depletion on the side of the cavity.  This electron 

depletion could lead to leaching species (OH-) coordinating with cavity-adjacent Al atoms when 

further leaching is applied.  In Figure 5-12 (f) and (g), it was seen that the atoms underwent a 

significant shift in position during the geometric optimisation.  This observed restructuring could 

indicate that the surface slab was unstable. 

Table 5-4 The calculated Al removal energy (eV) for the Ni7Al9 bimetallic phase. 

# Al 
atoms 

removed 

Atom 
position 

(Figure 5-11) 

Energy to  
remove Al 

(eV) 
0 - - 
1 - -5.019 
2 2a -5.823 
2 2b -5.423 
2 2c -5.442 
3 3a -5.426 
3 3b -5.752 
3 3c -4.375 
4 4a -3.499 
4 4b -5.217 

 

The change in the surface slab structure with each leaching step is shown in Figure 5-13.  

Figure 5-13 (a) shows the surface slab structure before leaching.  In Figure 5-13 (b) – (d), it was 

observed that the surface slab structure stayed relatively stable when one, two, and three atoms 

were removed (leached).  This first set of atoms was all located in the first two layers of the surface 

slab.  However, once the fourth atom was removed from the third layer of the slab, the surface 

slab experienced significant atom rearrangement (reconstruction) (Figure 5-13 (e)).  This 

restructuring could be attributed to excessive leaching into a four-layer slab surface leading to 

instability, which was restored through surface restructuring. 
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(a) 

  
(b) (c) 

  
(d) (e) 

  
(f) (g) 

Figure 5-12 Atomic electron density difference slices for the manual leaching of Ni7Al9.  (a) Top layer before Al 
atoms were leached.  (b) Top layer after one atom has been removed.  (c) Top layer after two atoms have been 
removed.  (d) The second layer before Al atoms were leached.  (e)  The second layer after Al atoms were 
leached.  (f) The third layer before Al atoms were leached.  (g) The third layer after Al atoms were leached.  (Al 
= magenta atoms and Ni = blue atoms.) 
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(a) (b) (c) (d) (e) 

Figure 5-13 (a) – (e) The structure changes of the surface slab for Ni7Al9 during leaching.  (a) The surface slab 
structure before leaching.  (b) - (e) The results of each sequential leaching step, from one to four Al atoms 
being removed.  (Al = magenta atoms and Ni = blue atoms.) 

5.3.2.2.2 (111)-surface slab of Ni8Al8 

For Ni8Al8, the Al atoms identified for removal are shown in Figure 5-14. 

    

(a) (b) (c)  (d) 

Figure 5-14 (a) – (d) Al atoms identified to be removed from the Ni8Al8 surface slab.  (a) The first and second 
atoms to be removed.  (b) The third atoms to be removed.  (c) The fourth atoms to be removed (top layer).  (d) 
The fourth atoms to be removed (second layer).  The smaller spheres represent the top layer atoms.  (Al = 
magenta atoms and Ni = blue atoms.) 

Figure 5-14 (a) shows the first and second sets of Al atoms that were removed.  These atoms 

were all located in the top layer of the surface slab.  Figure 5-14 (b) shows the third set of Al 

atoms that were removed.  These atoms were all located in the top layer of the surface slab.  

Finally, Figure 5-14 (c) and (d) show the fourth set of Al atoms that were removed.  These atoms 

were located in the top and second layers, respectively. 

The energy required to remove Al atoms from the Ni8Al8 surface is listed in Table 5-5.  The energy 

required to remove the first Al atom from the Ni8Al8 surface was calculated to be  

-5.860 eV.  The lowest energy required to remove the second Al atom was calculated to be  

-5.336 eV and corresponded to position 2a.  The lowest energy needed to remove the third Al 

atom was calculated to be -5.205 eV, which corresponded to the removal of the atom at position 

3b.  Finally, the lowest energy needed to remove the fourth and final Al atom was calculated as  

-5.519 eV, corresponding to position 4c.  The average energy calculated for this Al atom removal 

path was -5.480 eV. 
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Table 5-5 The calculated Al removal energy (eV) for the Ni8Al8 bimetallic phase. 

# Al 
atoms 

removed 

Atom 
position 

(Figure 5-14) 

Energy to  
remove Al 

(eV) 
0 - - 
1 1 -5.860 
2 2a -5.336 
2 2b -6.439 
2 2c -5.849 
3 3a -5.563 
3 3b -5.205 
3 3c -5.891 
4 4a -5.657 
4 4b -5.689 
4 4c -5.519 

 

The atomic electron density difference of the different stages of Al atom removal for Ni8Al8 is 

shown in Figure 5-15.  The isosurface scale shows electron accumulation on the red side, while 

electron depletion is on the blue side.  Figure 5-15 (a) and (e) show the first and second layers 

before Al removal, respectively.  For the top layer, the overall colour was green, indicating a 

neutral/even electron distribution between the different atom species.  The deeper layer had a 

bluer hue in the isosurface, indicating that the interatomic regions were more electron depleted.  

With Al atom removal (Figure 5-15 (b) - (e)), the electron distribution did not change too much, 

but rather the cavity created tended to have a larger electron deficit than the interatomic regions.  

It was, however, observed that the newly created cavity drew the electron accumulation 

surrounding the adjacent Ni atom towards it.  The deeper layer did not show this effect.  The Al 

atoms next to the newly created cavity showed a stronger electron deficit on the cavity side.  This 

electron deficit could lead to the coordination preference of leaching species (OH-) with cavity 

adjacent Al atoms when further leaching is applied. 

The change in the surface slab structure with each leaching step is shown in Figure 5-16.   

Figure 5-16 (a) shows the surface slab structure before leaching.  In Figure 5-16 (b) – (e), it could 

be seen that the surface slab structure stayed relatively stable when one, two, three, and four 

atoms were removed (Figure 5-16 (b) – (e)). 
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(a) 

  
(b) (c) 

 
(d) 

  
(e)  (f)  

Figure 5-15 (a) - (f) Atomic electron density difference slices for the manual leaching of Ni8Al8.  (a) Top layer 
before Al atoms were leached.  (b) Top layer after one atom has been removed.  (c) Top layer after two atoms 
have been removed.  (d) Top layer after three atoms have been removed.  (e) The second layer before Al atoms 
were leached.  (f) The second layer after one atom has been removed.  (Al = magenta atoms and Ni = blue 
atoms.) 
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(a) (b) (c) (d) (e) 

Figure 5-16 (a) – (e) The structure changes of the surface slab for Ni8Al8 during leaching.  (a) The surface slab 
structure before leaching.  (b) - (e) The results of each sequential leaching step, from one to four Al atoms 
removed.  (Al = magenta atoms and Ni = blue atoms.) 

5.3.2.2.3 (111)-surface slab of Ni9Al7 

For Ni9Al7, the Al atoms identified for removal are shown in Figure 5-17.  Figure 5-17 (a) shows 

the first and second sets of Al atoms that were removed.  These atoms were all located in the top 

layer of the surface slab.  Figure 5-17 (b) and (c) show the third set of Al atoms that were removed; 

these were located in the top and second layers, respectively.  Finally, Figure 5-17 (d) and (e) 

show the fourth set of Al atoms that were removed; these atoms were located in the top layer and 

second layer of the surface slab. 

   
(a) (b) (c) 

  

(d) (e) 
Figure 5-17 (a) - (e) Al atoms identified to be removed from the Ni9Al7 surface.  The first and second atoms to 
be removed are shown in (a), while (b) and (c) show the third atoms to be removed.  (d) and (e) The fourth 
atoms to be removed.  The smaller spheres represent the top layer atoms.  (Al = magenta atoms and Ni = blue 
atoms.) 
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The energy required to remove Al atoms from the Ni9Al7 surface is listed in Table 5-6.  The energy 

required to remove the first Al atom from the Ni9Al7 surface was calculated to be  

-5.786 eV.  The lowest energy to remove the second Al atom was calculated to be -5.632 eV and 

corresponded to position 2b.  Next, the lowest energy to remove the third Al atom was calculated 

to be -5.068 eV; this corresponded to the removal of the atom at position 3b.  Finally, the lowest 

energy needed to remove the fourth and final Al atom was calculated as  

-5.828 eV, corresponding to position 4b.  The average energy calculated for this Al atom removal 

path was -5.578 eV. 

Table 5-6 The calculated Al removal energy (eV) for the Ni9Al7 bimetallic phase 

# Al 
atoms 

removed 

Atom 
position 

(Figure 5-17) 

Energy to  
remove Al 

(eV) 
0 - - 
1 - -5.786 
2 2a -5.812 
2 2b -5.632 
3 3a -5.441 
3 3b -5.068 
3 3c -6.359 
4 4a -5.834 
4 4b -5.828 
4 4c -5.984 

 

The atomic electron density difference of the different stages of Al atom removal for Ni9Al7 is 

shown in Figure 5-18.  The isosurface scale shows electron accumulation on the red side, while 

the blue side shows electron depletion. 

Figure 5-18 (a) and (e) show the first and second layers before Al removal, respectively.  The top 

layer was green overall, indicating a neutral/even electron distribution between the different atom 

species.  However, before the removal of the Al atoms, the region between the hexagonal Ni 

formation showed a more electron-depleted distribution than previous structures.  The deeper 

layer showed a bluer hue in the isosurface, indicating that the interatomic regions tended to be 

more electron depleted.  With Al atom removal, the Ni atoms experienced the surrounding 

electron accumulation being pulled towards the newly created cavity.  The cavity adjacent Al atom 

experienced a stronger electron depletion at the side of the cavity.  This electron depletion could 

indicate that the leaching species (OH-) would coordinate stronger with the Al atoms adjacent to 

the cavity. 
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(a) 

  
(b) (c) 

 
(d) 

  
(e) (f) 

Figure 5-18 (a) - (f) Atomic electron density difference slices for the manual leaching of Ni9Al7.  (a) Top layer 
before Al atoms were leached.  (b) Top layer after one atom has been removed.  (c) Top layer after two atoms 
have been removed.  (d) Top layer after three atoms have been removed.  (e) The second layer before Al atoms 
were leached.  (f) The second layer after one atom has been removed.  (Al = magenta atoms and Ni = blue 
atoms.) 

Figure 5-19 shows how the surface slab structure changed with each leaching step.  The surface 

slab structure before leaching is shown in Figure 5-19(a).  When one, two, three, and four atoms 
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were removed, it was observed that the surface slab structure remained largely stable 

(Figure 5-19 (b) – (e)). 

     
(a) (b) (c) (d) (e) 

Figure 5-19 (a) – (e) The structure changes of the surface slab for Ni9Al7 during leaching.  (a) The unleached 
surface slab structure.  (b) - (e) The results of each sequential leaching step, from one to four Al atoms 
removed.  (Al = magenta atoms and Ni = blue atoms.) 

5.3.2.2.4 (111)-surface slab of Ni11Al5 

For Ni11Al5, the Al atoms identified for removal are shown in Figure 5-20.  Figure 5-20 (a) and (b) 

show the first, second and third sets of Al atoms which were removed; these atoms were in the 

top layer of the surface slab.  While Figure 5-20 (c) shows the fourth set of Al atoms that were 

removed, from the second layer. 

   

(a) (b) (c) 

Figure 5-20 (a) - (c) Al atoms identified to be removed from the Ni11Al5 surface.  (a) The first and second atoms 
to be removed, while (b) shows the third atoms to be removed.  The smaller spheres represent the top layer 
atoms.  (Al = magenta atoms and Ni = blue atoms.) 

The energy required to remove Al atoms from the Ni11Al5 surface is listed in Table 5-7.  The energy 

required to remove the first Al atom from the Ni11Al5 surface was calculated to be  

-6.834 eV.  The lowest energy to remove the second Al atom was calculated to be -6.182 eV and 

corresponded to position 2a.  Next, the lowest energy to remove the third Al atom was calculated 

to be -5.800 eV; this corresponded to the removal of the atom at position 3b.  Finally, the least 

energy required to remove the fourth and final Al atom was calculated as  

-6.043 eV, corresponding to position 4b.  The average energy calculated for this Al atom removal 

path was -6.215 eV. 
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Table 5-7 The calculated Al removal energy (eV) for the Ni11Al5 bimetallic phase 

# Al 
atoms 

removed 

Atom 
position 

(Figure 5-20) 

Energy to  
remove Al 

(eV) 
0 - - 
1 1 -6.834 
2 2a -6.182 
2 2b -6.340 
3 3a -6.437 
3 3b -5.800 
3 3c -6.220 
4 4a -6.618 
4 4b -6.043 
4 4c -6.549 

 

The atomic electron density difference of the different stages of Al atom removal for Ni11Al5 is 

shown in Figure 5-21.  The isosurface scale shows electron accumulation on the red side, while 

electron depletion is on the blue side. 

Figure 5-21 (a) and (e) show the first and second layers before Al removal, respectively.  The top 

layer was overall green, indicating a neutral/even electron distribution between the different atom 

species.  However, before the removal of the Al atoms, the region between the Ni atoms showed 

a more electron deficient distribution than previous structures.  The deeper layer showed a bluer 

hue in the isosurface, indicating that the interatomic regions tended to be more electron depleted.  

With Al atom removal, the electron distribution did not change too much; rather the cavity created 

tended to have a larger electron deficit than the interatomic regions.  However, it showed that the 

newly formed cavity attracted the electron accumulation surrounding the nearby Ni atom.  In 

contrast, the Al atoms adjacent to the newly created cavity experienced a higher electron 

depletion in the direction of the cavity.  This electron depletion could show that leaching species 

(OH-) would coordinate with the Al atoms in the cavity site. 

Figure 5-22 shows how the surface slab structure changed with each leaching step.  

Figure 5-22 (a) shows the surface slab structure before leaching.  The surface slab structure 

remained largely stable (Figure 5-22 (b) – (e)) throughout the consecutive atom removals. 
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(a) 

  
(b) (c) 

 
(d) 

  
(e) (f) 
Figure 5-21 (a) - (f) Atomic electron density difference slices for the manual leaching of Ni11Al5.  (a) Top layer 
before Al atoms were leached.  (b) Top layer after one atom has been removed.  (c) Top layer after two atoms 
have been removed.  (d) Top layer after three atoms have been removed.  (e) The second layer before Al atoms 
were leached.  (f) The second layer after one atom has been removed.  (Al = magenta atoms and Ni = blue 
atoms.) 
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(a) (b) (c) (d) (e) 

Figure 5-22 The structure changes of the surface slab for Ni11Al5, during leaching.  (a) The surface slab 
structure before leaching.  (b) - (e) The results of each sequential leaching step, from one to four Al atoms 
removed.  (Al = magenta atoms and Ni = blue atoms.) 

In conclusion, the atomic electron density difference showed that the top layer for all surface slabs 

had an evenly spread electron distribution before Al removal.  Deeper layers tended toward a 

bluer hue, indicating a deficit in electron distribution, especially between Ni atoms, with electron 

accumulation observed in the immediate lattice space.  With Al atom removal, it was observed 

that the electron accumulation surrounding the Ni atoms tended to be drawn towards the newly 

created cavity.  The same was observed for the depletion of electrons surrounding the Al atoms.  

This electron depletion could cause leaching species (OH-) to coordinate with the Al atoms around 

and within the cavities.  The removal energies were compared to cohesive energies for the Ni-Al 

systems, namely NiAl (4.46 eV) and Ni3Al (4.61 eV),45 and was found to be higher.  These higher 

removal energies could be explained by the fact that cohesive energies are energies averaged 

over the whole system, while a specific removal pathway was followed in this study.  Finally, the 

average energy to remove an Al atom from the surface slab increased with an increase in Ni 

content, which is in agreement with the trend observed in literature for cohesive energy.45  This 

observation with regard to Ni content agrees with what the work functions predicted: that surfaces 

with lower work functions would have increased leachability, leading to lower leaching energies.33  

For the final fractional coordinates after each Al atom removal from the surface slab structures, 

refer to Appendix G. 

5.3.3 Simulated adsorption 

The simulated adsorption was done by identifying five Ni atoms at different positions on the final 

leached Ni1-xAlx bimetallic phase (111)-surface slabs and adsorbing an OH· species to these Ni 

atoms.  The adsorption is considered on top of Ni and not Al for the leached surfaces, because 

as seen in section 5.3.2.1 such adsorption would cause Al leaching.  The positions identified for 

adsorption are shown in Figure 5-23, and the surface slab layer in which the identified adsorption 

position is located is shown in Table 5-8.  For comparison, an OH· species was adsorbed onto a 

pure Ni (111)-surface slab at the top (P1), the bridge (P2) and the fcc (P3) sites on the first (top) 

layer of the surface slab. 
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(a) Ni7Al9  

at% Ni = ~44% 
(b) Ni8Al8- 

at% Ni = 50% 
(c) Ni9Al7  

at% Ni = ~56% 
(d) Ni11Al5  

at% Ni = ~69% 
(e) Pure Ni 

Figure 5-23 Adsorption positions of OH· onto final leached Ni1-xAlx bimetallic phase (111)-surface slab 
structures, as well as the pure Ni (111)-surface slab.  (Al = magenta atoms and Ni = blue atoms.) 

Table 5-8 Adsorption position depths from Figure 5-23 

  Ni7Al9 Ni8Al8 Ni9Al7 Ni11Al5 
P1 1st 1st 1st 1st 
P2 2nd 1st 1st 3rd 
P3 2nd 3rd 2nd 2nd 
P4 1st 2nd 3rd 2nd 
P5 1st 1st 1st 1st 

 

The combined Ni1-xAlx-OH· system was optimised, and the d-band centre (Ɛd) was calculated.  

The d-band centre (Ɛd) indicates the binding properties of the species to the surface slab and 

could be used as a descriptor of catalytic activity toward adsorbing species.46,47  An upward shift 

of the d-band centre towards the Fermi level indicates stronger surface-adsorbate binding.  In 

contrast a downward shift in the d-band centre is known to correlate with weaker surface-

adsorbate binding.46,47 

In this study, the d-band centre data for the Ni1-xAlx bimetallic surfaces surrounds the d-band 

centre of pure Ni.  This data is shown in Table 5-9 in the first row.  Due to Pauli repulsion, it was 

previously discovered that OH- will adsorb less strongly to surfaces with higher (less negative)  

d-band centres.48  The d-band centres’ data in Table 5-9 shows an overall downward shift, 

towards lower d-band centres, after adsorption. 

For pure Ni (111), an upward and downward d-band centre shift was observed.  The upward shift 

corresponded to higher (less negative) adsorption energies, while the downward shift 

corresponded to lower (more negative) and more optimal adsorption energies.  For the bimetallic 

phases, the d-band was observed to shift to lower energies (larger negative energies) in 90% of 

the adsorption cases.  This shift to lower energies represented a downward shift of the d-band 

centre (as seen in Figure 5-24).  This downward shift, therefore, showed that these surface slabs 

experience weaker adsorption at these positions.  The adsorption positions (10%) that experience 

an upward shift in the d-band centres are related to the Ni9Al7 surface slab.  The upward and 

downward shifts were seen to correspond to the adsorption positions and proximity of stronger-

binding Al atoms and possibly smaller pore sizes. 
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Table 5-9 Calculated d-band centres for each Ni1-xAlx bimetallic phase and pure Ni (111)-surface slab before 
and after adsorption at the different positions. 

  Ni7Al9 Ni8Al8 Ni9Al7 Ni11Al5 Ni 
before -1.610 -1.491 -1.453 -1.402 -1.597 

P1 -1.677 -1.521 -1.466 -1.418 -1.596 

P2 -1.651 -1.541 -1.452 -1.406 -1.601 

P3 -1.641 -1.535 -1.452 -1.403 -1.603 

P4 -1.712 -1.522 -1.458 -1.405 - 

P5 -1.654 -1.546 -1.463 -1.411 - 

 

The adsorption energies of the OH· species were seen to vary between -6.000 eV and  

-2.500 eV in this study.  The more negative values are very large; this is due to OH· species’ 

tendency to adsorb more strongly to surfaces than OH- species.49  Considering the first row of 

Table 5-9 and adsorption energy data in Table 5-10, the behaviour of OH· adsorbing less strongly 

to surfaces with higher (less negative) d-band centres was observed for Ni7Al9, Ni8Al8, Ni9Al7, and 

Ni11Al5, but not for pure Ni. 

The adsorption of the OH· species on the top layer of the surface slab showed overall the highest 

(less negative) adsorption energies, which showed that weaker adsorbate-surface interactions 

were present.  In contrast, deeper layered adsorption positions had lower (more negative) 

adsorption energies, indicating stronger adsorbate-surface interactions.  One of the reasons for 

this variation in adsorption energy could be the NN environment of the target Ni atom.  Another 

possible reason for these stronger adsorbate-surface interactions could be that the leaching done 

in this study did not give large enough cavities for the neighbouring atoms to not play a role and 

bind the OH· species stronger to the surface slab.  Comparing the adsorption energies per 

position and the layer-averaged adsorption energies (Table 5-11), it is clear that the surface slab 

of Ni7Al9 showed lower overall adsorption energies.  These lower adsorption energies could be 

attributed to the significant rearrangement of atoms seen during the optimisation of the leached 

surface slab.  

Mohsenzadeh et al.25 determined the adsorption energy of the OH· species onto the Ni  

(111)-surface to be -3.41 eV, while Seenivasan et al.50 calculated the adsorption energy of the 

OH· species onto the Ni (111)-surface to be -3.31 eV.  Xiang et al.51 found that an adsorption 

energy of -3.18 eV was more optimal than an adsorption energy of -1.86 eV for a OH- species 

with respect to the OER.  An adsorption energy of -3.20 eV can be seen as optimal for any of the 

adsorbed OER species.  This value is based on the scaling relation of the free energies of 𝑂𝑂𝑂𝑂∗  

to 𝑂𝑂𝑂𝑂𝑂𝑂∗ .9  The adsorption energy for the pure Ni top adsorption site (P1) was calculated to be  

-2.547 eV, which is less than the observed literature values.25  However, the adsorption energy 

for the pure Ni bridge (P2) and fcc (P3) adsorption sites were calculated to be -3.149 eV and  
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-3.208 eV, respectively, which agreed well with more optimal adsorption energies for OER 

species.  The average adsorption energies for each of the surface slabs listed in Table 5-11 were 

calculated to be -4.759 eV, -3.968 eV, -4.101 eV, and -3.806 eV, respectively.   

 

Figure 5-24 Representation of a positive (downward) d-band shift by using Ni7Al9 data. 

Table 5-10 Calculated adsorption energies in eV for each Ni1-xAlx bimetallic phase and pure Ni (111)-surface 
slab at the different positions. 

  Ni7Al9 Ni8Al8 Ni9Al7 Ni11Al5 Ni 
P1 -6.053 -4.062 -3.403 -3.568 -2.547 

P2 -4.009 -3.194 -3.974 -3.679 -3.149 

P3 -4.571 -4.298 -4.145 -4.203 -3.208 

P4 -5.677 -4.152 -4.607 -4.140 - 

P5 -3.953 -3.106 -3.279 -3.564 - 

 

Table 5-11 Calculated average adsorption energies in eV per layer for each Ni1-xAlx bimetallic phase and pure 
Ni (111)-surface slab. 

  Ni7Al9 Ni8Al8 Ni9Al7 Ni11Al5 Ni 
Layer 1 (top) -5.228 -3.454 -3.552 -3.566 -2.968 

Layer 2 -4.290 -4.152 -4.145 -4.172 - 

Layer 3 - -4.298 -4.607 -3.679 - 

 

In conclusion, both upward and downward d-band centre shifts were observed for the adsorption 

of OH· onto the pure Ni (111) and Ni1-xAlx bimetallic (111)-surface-slabs.  The overall adsorption 
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energy of OH· was weaker for less negative d-band centres materials in all Ni1-xAlx bimetallic 

(111)-surface-slabs.  None of the average surface slab energies was related to the literature 

values.  The top layer adsorption energies for Ni8Al8 and Ni9Al7, as well as the top and third layers 

of Ni11Al5, were in better agreement with the literature values for optimal OER adsorption 

energies.9  These higher (less negative) adsorption energies could be due to less NN interaction 

experienced on the top layer compared to the deeper layers.  The Ni1-xAlx bimetallic phases, 

Ni8Al8, Ni9Al7, and Ni11Al5, could be used to produce active OER catalysts.  For the final fractional 

coordinates for each adsorption position for the Ni1-xAlx bimetallic (111)-surface-slabs and pure Ni 

(111), refer to Appendix H and Appendix I. 

5.4 Conclusion 

In this chapter, the pure metal DFT model developed in Chapter 3 was applied to several Ni1-xAlx 

bimetallic phase bulks and their (111)-surface slabs.  Eight of the Ni1-xAlx bimetallic phase bulks 

were identified in Chapter 4.  Two additional Ni1-xAlx bimetallic phase bulks were identified using 

statistical data and applying the same identification method as the previously mentioned eight.  

These optimised bulks were used to identify four surface slabs for simulated leaching, which was 

done manually.  This manual leaching was done by identifying several Al atoms, removing them 

by hand, and optimising the structure, whereafter the energy to remove the Al atom was 

calculated.  It was found that the average energy needed to remove an Al atom increased with 

an increase in Ni content, which agrees with the literature.52  Adsorption of OH· species onto the 

pure Ni (111)-surface and the final leached (111)-surface slabs was evaluated; for the pure Ni 

(111) the top, bridge, and fcc sites were considered.  For the final leached (111)-surface slabs, 

five positions were identified at varying depths.  The calculated d-band centre shifts showed that 

for 90% of the adsorption positions, comparatively weaker adsorbate-surface interactions were 

observed, while the other 10% showed comparatively stronger adsorbate-surface interactions.  

Both upward and downward shifts were observed for the d-band centre shift of pure Ni (111).  The 

adsorption of the OH· species onto the bridge and fcc sites of the Ni (111)-surface agreed with 

the literature and was close to the optimal adsorption energy for the OER.9  Therefore, pure Ni 

(111)-surface could be considered a good OER catalyst when the bridged site was considered.  

The adsorption energies for the top layer of the surface slabs of Ni8Al8 and Ni9Al7, as well as the 

third layer of Ni11Al5, were in relative agreement with the literature values and tended towards 

more optimal adsorption energies for the OER.  By comparison, the leached bimetallic phases 

identified in this study, especially Ni8Al8, Ni9Al7, and Ni11Al5, could lead to active catalysts towards 

the OER. 
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CHAPTER 6 Conclusions and Future work 

This chapter serves to reiterate the problem statement and aim.  It gives an overview of the 

dissertation, summarises the most important findings of each part of the research, and gives a 

summative conclusion.  Recommendations for future work are listed at the end of the chapter. 
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6.1 Reiteration of the problem statement, aim and objectives 

Water electrolysis, consisting of two half-reactions, requires inexpensive and sustainable 

materials for electrocatalysts to be commercially viable.  However, the choice of materials to be 

used as electrocatalysts is also influenced by the pH of the electrocatalytic environment.1,2  In an 

acidic environment, more inert materials, such as noble metals, are typically used.3  These metals, 

usually Ir and Ru, are costly due to their natural scarcity.3  In contrast, in an alkaline environment, 

more earth-abundant base metals can be used.1,2 

Raney nickel, a porous Ni structure formed from NiAl nanoparticle clusters from which Al has 

been leached, is one such material for the alkaline oxygen evolution reaction (OER) at 30°C.1  

Leaching of the Al is, however, not always accurately reproducible4 due to the varying segregation 

of Al to the surface and within the bulk of the NiAl bimetals.5–7  The amount of Al present in the 

Raney nickel after leaching influences the structural stability and performance of the final Raney 

nickel catalyst.8,9  To understand the leaching process and the impact of external factors on the 

final catalyst's structure, composition, and activity towards the alkaline OER, it is beneficial to 

develop and evaluate a model for Raney nickel from precursor to final catalyst.  Previous 

computational and experimental studies on Raney nickel were limited to three bimetallic phases, 

namely Ni2Al3, NiAl, and NiAl3.  Thus, a more comprehensive computational approach that 

includes a large spectrum of NiAl bimetallic phases (not just selecting the commonly used phases) 

will result in a more holistic and in-depth understanding of the characteristics of Raney nickel and 

its potential as an OER electrocatalyst. 

As stated in Chapter 1, this study aimed to develop and evaluate a model for the simulation of 

Raney nickel-type electrocatalysts and to test the activity of the resulting catalyst towards the 

OER in alkaline media.  The following objectives were set as a way of achieving this goal: 

• Scrutinise the available literature on hydrogen energy, water electrolysis as a hydrogen 

production method, oxygen evolution reaction (OER) in alkaline media, and Raney nickel 

catalyst systems (experimental and computational) to assist with the model development. 

• Develop a density functional theory (DFT) model by creating and optimising pure metal bulks 

for Ni and Al and their (111)-surface slabs with the CAmbridge Serial Total Energy Package 

(CASTEP).10  Validate the model by comparing the results to existing experimental and 

computational literature values. 

• Construct several Ni1-XAlX bimetal bulk configurations with the Site-Occupancy Disorder 

(SOD)11 program.  Optimise the constructed bimetal configurations using the General Utility 

Lattice Program (GULP)12 and determine the most stable configurations with thermodynamic 

calculations. 

• Optimise the most stable bimetallic bulk configurations with the CASTEP10 model developed 

with pure metals.  Using the most stable optimised bimetallic bulk configurations, create and 
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optimise (111)-surface slabs with CASTEP.10  Investigate the electronic and magnetic 

properties of the most stable bimetal bulks and the (111)-surfaces.  Identify the most suitable 

(111)-surface slabs using surface energy and surface properties.  Leaching of Al was 

simulated by manually removing Al from the (111)-surface slabs and the subsequent 

adsorption of the OER species (OH·) onto the leached surfaces. 

• Compare the findings of this study with available experimental and computational results found 

in the literature. 

The following sections will demonstrate how the objectives of the study were achieved.  

Recommendations will also be made for future studies. 

6.2 Achievement of study objectives 

An understanding of the field of research, namely the electrochemistry of water electrolysis,13–17 

Raney nickel18,19 and related computational models11,12,20, was needed before the aim of the study 

could be addressed.  This necessary background understanding was accomplished by 

conducting a literature study summarised in Chapter 2. 

The knowledge gained in Chapter 2 was then applied to develop a density functional theory (DFT) 

model using pure metals to investigate bulk and surface slab structures as well as surface and 

electronic properties.  The software of choice for the computational model development was the 

CAmbridge Serial Total Energy Package (CASTEP),10 a module of the Materials Studio 2020 

(MS2020)21 software developed by the BIOVIA software company.  This software package was 

chosen due to the use of robust pseudopotentials and plane-wave basis for periodic systems.10,22 

The computational model was developed and validated in Chapter 3.  To find the best 

computational settings for the NiAl system, the k-point grid, dispersion correction scheme, and 

pseudopotential were varied for the pure bulk metal structures, namely Ni and Al, and their (111)-

surface slabs.  The (111)-surface slabs used consisted of four atomic layers, with a surface area 

of 9.488 × 10-19 m2 for Ni and 12.339 × 10-19 m2 for Al.  The rest of the settings were kept constant, 

as indicated in Table 6-1. 
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Table 6-1 DFT settings used during computational model development 

Setting name Setting value 
Setup 

DFT functional GGA PBE 
Spin polarisation Collinear 
Use formal spin as initial Checked/selected 
Cell optimisation Full (for bulks) and none (for slabs) 
Basis set for variable cell Fixed Basis Quality 
Compressibility Medium 
Optimisation algorithm TPSD 

Electronic properties 
Energy cut-off 570 eV 
Density Standard 
Finite basis correction Never 
SCF Tolerance 2.0 x 10-6 eV/atom 
Electronic minimiser Density mixing 
Apply dipole correction None 
Potentials representation Reciprocal space 
Relativistic treatment Koelling-Harmon 

 

The developed computational model was validated by comparing the calculated structures and 

electronic properties of pure bulk structures of Ni and Al and the (111)-surface slabs of these pure 

metals to literature values.3,23–30  This validation led to the identification of the 9×9×9 k-point grid 

as the optimal choice for bulk optimisation and the 9×9×1 k-point grid for surface slab optimisation.  

However, the same computational level was used for the bulk and surface slab optimisation 

calculations.  Additionally, the TS dispersion correction scheme and ultrasoft pseudopotential 

were identified as the optimal dispersion scheme and pseudopotential for bulk and surface slab 

optimisations.  Surface and electronic properties, which include the surface energy (ɣ),31 the work 

function (Φ),31 the d-band centres (Ɛd), the interatomic spacing (dX-dX) for Ni-Ni and Al-Al, and the 

magnetic spin moment (ms), were used to validate the surface calculations. 

In Chapter 4, the Site-Occupancy Disorder (SOD)11 program was used to systematically build and 

determine the unique configurations of several Ni1-XAlX bimetallic structure mixtures (bimetallic 

phases).  The unique configurations identified by the SOD11 program using symmetry operators 

were geometrically optimised using the General Utility Lattice Program (GULP)12.  These 

optimised configurations were used to calculate the thermodynamic and statistical properties.  

The most stable configurations were identified by comparing the entropy of the individual 

configurations with a probability of existence ≥10%.  From this comparison ten configurations 

were identified.  However, two configurations were eliminated because those identified under the 

same bimetallic phase had similar atomic arrangements (only the position of one or two atoms 

differed).  The final eight configurations were within the following Ni1-XAlX bimetallic phases, 

namely: Ni3Al13, Ni4Al12, Ni5Al11, Ni8Al8, Ni9Al7, Ni11Al5, Ni12Al4, and Ni13Al3. 
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The findings of Chapter 4 were published as a manuscript in the Suid-Afrikaanse Tydskrif vir 

Natuurwetenskap en Tegnologie / South African Journal of Science and Technology32 and 

presented at the virtual Conference of the South African Advanced Materials Initiative (CoSAAMI) 

2021, which took place in October 2021.  The findings of Chapter 4 were also presented as a 

poster at the Chem4Energy Annual Conference – Sustainable Energy 2023, which took place in 

March 2023. 

In Chapter 5, an additional Ni1-XAlX bimetallic phase, namely, Ni7Al9, was identified from the 

statistical SOD11 data and the entropy of the configurations.  Two configurations of Ni7Al9 were 

identified as the most stable.  The bulk structures of these two configurations, along with the eight 

configurations identified in Chapter 4, were geometrically optimised with CASTEP10  using the 

same settings identified in Chapter 3.  The optimised bulk structures were then cleaved at a (111)-

Miller plane to create a (111)-surface slab with four atomic layers and surface areas, as given in 

Table 6-2.  These surface areas were used in surface energy calculations.  These (111)-surface 

slabs were then optimised using the same settings as in Chapter 3. 

Table 6-2 The surface areas of the cleaved Ni1-XAlX bimetallic phase (111)-surface slabs 

Ni1-XAlX 
bimetallic phase 

Area 
(x 10-19 m2) 

Ni3Al13 11.60 
Ni4Al12 11.30 
Ni5Al11 11.08 
Ni7Al9 (Config 65) 10.66 
Ni7Al9 (Config 61) 10.39 
Ni8Al8 10.74 
Ni9Al7 9.99 
Ni11Al5 9.96 
Ni12Al4 9.68 
Ni13Al3 9.64 

 

Additionally, surface and electronic properties, which included the d-band centres (Ɛd), the 

magnetic spin moment (ms), the surface energies (ɣ),31 and the work functions (Φ),31 were 

calculated and the interatomic spacing (dX-dX) for Ni-Ni, Al-Al, and Ni-Al were measured.  The 

surface compositions, along with literature recommendations,6,8,33,34 were used to identify surface 

slabs for simulated leaching.  The surface slabs identified for the simulated leaching were the 

Ni7Al9, Ni8Al8, Ni9Al7, and Ni11Al5 (111)-surface slabs. 

For each identified surface slab, a series of manually simulated leaching was done on four sets 

of Al atoms.  The manually simulated leaching was done by identifying and removing an initial Al 

atom, whereafter the new surface slab was optimised in CASTEP20 using the same settings 

identified in Chapter 3.  The initial Al atom was identified by considering its position on the surface 

slab and the surrounding nearest-neighbour (NN) environment.  Hereafter, for the second, third, 

and fourth Al atoms to be removed, a set of three Al atoms was identified as the next step in Al 
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atom removal by considering the NN atoms to the previously removed Al atom.  From this set, 

the Al atom with the lowest energy to be removed was then used to determine the sequential set 

of atoms to be removed.  The average Al atom removal energy was calculated for the leaching 

path followed.  This energy was observed to increase with an increase in Ni content, which agreed 

with what was seen in the literature.35 

Finally, adsorption of an OH· species on leached Ni1-XAlX-surface slabs and on pure Ni (111)-

surface slabs was undertaken.  For each leached Ni1-XAlX surface slab, five Ni-centred adsorption 

positions were identified by considering the NN environment of the Ni atom and the depth within 

the leached surface slab.  For the pure Ni (111) surface slab, the top and bridged adsorption sites 

were used.  The d-band centres of the surface slabs, before and after the five adsorption 

positions, were used to calculate the d-band centre shifts.  The d-band centre shifts for pure Ni 

(111) showed upward and downward shifts.  The upward shift coincided with the top site, while 

the downward shifts coincided with the bridge and fcc sites.  The d-band centre shifts for each of 

the five adsorption positions were calculated and found to show a positive (downward) shift for 

90% of the chosen positions.  A downward shift indicates weaker adsorbate-surface interactions.  

While the other 10% of the selected positions had a negative (upward) shift in the d-band centre, 

indicating stronger adsorbate-surface interactions.  The upward and downward shifts were seen 

to correspond to the adsorption positions and proximity of stronger-binding Al atoms and possibly 

smaller pore sizes.  It was found that the bridged and fcc sites of pure Ni (111) agreed with more 

optimal adsorption energies for OER.36  The averaged adsorption energies of the top layers of 

Ni8Al8 and Ni9Al7, as well as the top and third layers of Ni11Al5, were in better agreement with the 

literature values and optimal adsorption energies for OER.36,37  Due to the agreement of the pure 

Ni (111) adsorption energy to more optimal adsorption energies for OER, pure Ni (111) is 

considered an effective catalyst for the OER.  By comparison, the bimetallic (111)-surface slabs 

of Ni8Al8, Ni9Al7, and Ni11Al5 could be leached and be active catalysts for the OER.  Although 

Ni8Al8 (NiAl) has previously been studied as a Raney nickel precursor, the Ni9Al7 and Ni11Al5 

bimetallic phases were newly identified in this study. 

To conclude, all the objectives in Chapter 1 were successfully achieved.  The developed DFT 

model can be employed for further study into Ni1-XAlX bimetallic phases.  Furthermore, a manual 

approach to leaching and adsorption is a practical alternative to molecular dynamics methods.  

From the manual adsorption, it was observed that the novel Ni9Al7 and Ni11Al5 bimetallic phases 

could lead to active Raney nickel catalysts for OER.  The following section contains 

recommendations for future work. 
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6.3 Recommendations for future work 

Although the objectives of this study were achieved, some methods could afford a more in-depth 

approach to further the research.  Therefore, the recommendations for future work are the 

following: 

• Utilise the bulk and surface slab structures of the pure metals (Ni and Al) from this study to 

extract data such as the lattice constants, Bulk moduli, and cohesive energies and compare 

these values to the available literature (computational and experimental).  Additionally, build 

thicker surface slab structures with a portion of the layers kept frozen during optimisation to 

represent the bulk material and compare the results to the available literature. 

• Molecular-dynamic simulation of the leaching of Al from the Ni1-XAlX bimetallic phases 

identified in Chapter 5 using 20% NaOH and 40% NaOH leaching cells.  Additionally, larger 

systems with thicker slabs can be used.  This investigation will lead to a better 

understanding of the leaching dynamics of the Ni1-XAlX and NaOH systems.  The variation 

of the NaOH concentration could also lead to the identification of the optimum NaOH 

concentration regarding morphological properties, including pore size and stability. 

• Evaluate the reconstruction related to leaching and the effect this could have on the pore 

stability and activity. 

• Simulate adsorption of H2O, OH-, O2-, OOH- and O2 onto the (111)-surfaces of the pure 

metals and the  bimetals identified in Chapter 5, as well as onto bimetal surfaces after the 

molecular dynamic simulated leaching. This investigation will lead to understanding of the 

reactivity of the bimetals and developed Raney nickel catalysts towards the alkaline OER. 
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Appendix A Additional dissertation data 

A.1 Chapter 4 supplementary information 

This section contains the additional graphs referred to in Chapter 4. 

  
(a) 0.1K (b) 100K 

  
(c) 200K (d) 300K 

  
(e) 400K (f) 500K 

  
(g) 600K (h) 800K 

Continues on page A-2. 
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Figure A-1 Continued 
 

  
(i) 900K (j) 1000K 

  
(k) 1100K (l) 1200K 

Figure A-1 continued (a) –(l)The entropy of the different configurations (the identifying number shown above 
the bar), with probabilities ≥ 10% relative to Ni content at all temperatures 0.1K -1200K, excluding 700K 

A.2 Chapter 5 supplementary information 
This section contains the additional images referred to in Chapter 5. 

  

(a) Ni9Al7  
– config 88 (Ni = 56%) 

(b) Ni9Al7  
– config 89 (Ni = 56%) 

  

(c) Ni11Al5  
-config 25 (Ni = 69%) 

(d) Ni11Al5  
-config 26 (Ni = 69%) 

Figure A-2 (a) - (d) Different configurations under the same Ni1-XAlX bimetallic phase showing a configurational 
difference of only one or two atoms.  (a) - (b) Configurations 88 and 89 under Ni9Al7.  (c) - (d) Configurations 25 
and 26 under Ni11Al5. 
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Figure A-3 Alpha and beta DOS for the pure Ni d-band, Ni11Al5 and Ni5Al11 d- and p-bands and the pure Al p-
band. 
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Appendix B Published article(s)/manuscript(s) 
B.1 Published manuscript from Chapter 4 
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Appendix C Consent by the journal(s) 

C.1 Permission for the use of Published manuscript (Chapter 4) 
The following is the permission of use for the manuscript published from Chapter 4 

 
Figure C-1 Permission granted through personal correspondence to publish manuscript (Chapter 4) in 
dissertation 
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C.2 Permission for the use of phase diagram (Figure 5-1) 
The following is permission given for the use of Figure 5-1.  The article is published on the MDPI 

space which has an open access policy. 

 

Figure C-2 Open Access permission for the use of phase diagram in Figure 5-1.  For full description the 
following link may be visited: https://www.mdpi.com/about/openaccess 
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Appendix D Additional work 

D.1 SOD and GULP Guide 

 



D-2 | P a g e  
 



D-3 | P a g e  
 



D-4 | P a g e  
 



D-5 | P a g e  
 



D-6 | P a g e  
 



D-7 | P a g e  
 



D-8 | P a g e  
 



D-9 | P a g e  
 



D-10 | P a g e  
 



D-11 | P a g e  
 



D-12 | P a g e  
 



D-13 | P a g e  
 



D-14 | P a g e  
 



D-15 | P a g e  
 



D-16 | P a g e  
 



D-17 | P a g e  
 



D-18 | P a g e  
 



D-19 | P a g e  
 



D-20 | P a g e  
 



D-21 | P a g e  
 



D-22 | P a g e  
 



D-23 | P a g e  
 

 

 

 



E-1 | P a g e  
 

Appendix E Final fractional coordinates for pure Ni and Al structures 

E.1 Fractional coordinates for pure Ni and Al bulk structures 

Table E-1 and Table E-2 contain the fractional coordinates of the final pure Ni and Al bulk 

structures, post geometrical optimisations for the 9×9×9 k-point grid. 

Table E-1 Final fractional coordinates for the optimised pure Ni bulk structure 

Ni bulk final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Ni 1 0.000000 0.000000 0.000000 
Ni 2 0.000000 0.250000 0.250000 
Ni 3 0.250000 0.000000 0.250000 
Ni 4 0.250000 0.250000 0.000000 
Ni 5 0.500000 0.000000 0.000000 
Ni 6 0.500000 0.249999 0.250000 
Ni 7 0.750000 0.000000 0.250000 
Ni 8 0.750000 0.249999 0.000000 
Ni 9 0.000000 0.500000 0.000000 
Ni 10 0.000000 0.750000 0.250000 
Ni 11 0.250000 0.500000 0.250000 
Ni 12 0.250000 0.750000 0.000000 
Ni 13 0.500000 0.500000 0.000000 
Ni 14 0.500000 0.750001 0.250000 
Ni 15 0.750000 0.500000 0.250000 
Ni 16 0.750000 0.750001 0.000000 
Ni 17 0.000000 0.000000 0.500000 
Ni 18 0.000000 0.250000 0.750000 
Ni 19 0.250000 0.000000 0.750000 
Ni 20 0.250000 0.250000 0.500000 
Ni 21 0.500000 0.000000 0.500000 
Ni 22 0.500000 0.250000 0.750000 
Ni 23 0.750000 0.000000 0.750000 
Ni 24 0.750000 0.250000 0.500000 
Ni 25 0.000000 0.500000 0.500000 
Ni 26 0.000000 0.750000 0.750000 
Ni 27 0.250000 0.500000 0.750000 
Ni 28 0.250000 0.750000 0.500000 
Ni 29 0.500000 0.500000 0.500000 
Ni 30 0.500000 0.750000 0.750000 
Ni 31 0.750000 0.500000 0.750000 
Ni 32 0.750000 0.750000 0.500000 
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Table E-2 Final fractional coordinates for the optimised pure Al bulk structure 

Al bulk final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.000000 0.000000 0.000000 
Al 2 0.000000 0.250000 0.250000 
Al 3 0.250000 0.000000 0.250000 
Al 4 0.250000 0.250000 0.000000 
Al 5 0.500000 0.000000 0.000000 
Al 6 0.500000 0.250000 0.250000 
Al 7 0.750000 0.000000 0.250000 
Al 8 0.750000 0.250000 0.000000 
Al 9 0.000000 0.500000 0.000000 
Al 10 0.000000 0.750000 0.250000 
Al 11 0.250000 0.500000 0.250000 
Al 12 0.250000 0.750000 0.000000 
Al 13 0.500000 0.500000 0.000000 
Al 14 0.500000 0.750000 0.250000 
Al 15 0.750000 0.500000 0.250000 
Al 16 0.750000 0.750000 0.000000 
Al 17 0.000000 0.000000 0.500000 
Al 18 0.000000 0.250000 0.750000 
Al 19 0.250000 0.000000 0.750000 
Al 20 0.250000 0.250000 0.500000 
Al 21 0.500000 0.000000 0.500000 
Al 22 0.500000 0.250000 0.750000 
Al 23 0.750000 0.000000 0.750000 
Al 24 0.750000 0.250000 0.500000 
Al 25 0.000000 0.500000 0.500000 
Al 26 0.000000 0.750000 0.750000 
Al 27 0.250000 0.500000 0.750000 
Al 28 0.250000 0.750000 0.500000 
Al 29 0.500000 0.500000 0.500000 
Al 30 0.500000 0.750000 0.750000 
Al 31 0.750000 0.500000 0.750000 
Al 32 0.750000 0.750000 0.500000 
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E.2 Fractional coordinates for pure Ni (111) and Al (111) surface slab structures 

Table E-3 and Table E-4 contain the fractional coordinates of the final pure Ni (111) and Al (111) 

surface slab structures, post geometrical optimisations for the 9×9×1 k-point grid. 

Table E-3 Final fractional coordinates for the optimised pure Ni (111) surface slab structure 

Ni (111) surface slab final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Ni 1 0.666668 0.666665 0.094655 
Ni 2 0.333335 0.333331 0.285919 
Ni 3 0.833335 0.083331 -0.001407 
Ni 4 0.500001 0.749998 0.189859 
Ni 5 0.083335 0.833331 -0.001407 
Ni 6 0.750001 0.499998 0.189859 
Ni 7 0.083335 0.083331 -0.001406 
Ni 8 0.750001 0.749998 0.189859 
Ni 9 0.333335 0.833331 -0.001407 
Ni 10 0.000001 0.499998 0.189860 
Ni 11 0.166668 0.916665 0.094656 
Ni 12 0.833334 0.583332 0.285919 
Ni 13 0.416668 0.666665 0.094655 
Ni 14 0.083335 0.333331 0.285919 
Ni 15 0.416668 0.916665 0.094656 
Ni 16 0.083334 0.583332 0.285918 
Ni 17 0.833335 0.333331 -0.001407 
Ni 18 0.500001 0.999998 0.189859 
Ni 19 0.666668 0.416664 0.094655 
Ni 20 0.333334 0.083332 0.285919 
Ni 21 0.916668 0.166665 0.094656 
Ni 22 0.583334 0.833332 0.285919 
Ni 23 0.916668 0.416664 0.094656 
Ni 24 0.583334 0.083332 0.285918 
Ni 25 0.166668 0.166664 0.094655 
Ni 26 0.833334 0.833332 0.285919 
Ni 27 0.333335 0.583331 -0.001407 
Ni 28 0.000001 0.249998 0.189859 
Ni 29 0.583335 0.333331 -0.001407 
Ni 30 0.250002 0.999998 0.189859 
Ni 31 0.583335 0.583331 -0.001407 
Ni 32 0.250002 0.249998 0.189859 
Ni 33 0.833335 0.833331 -0.001407 
Ni 34 0.500002 0.499998 0.189859 
Ni 35 0.666668 0.916665 0.094655 
Ni 36 0.333335 0.583331 0.285919 
Ni 37 0.916668 0.666665 0.094655 
Ni 38 0.583334 0.333332 0.285919 
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Ni 39 0.916668 0.916665 0.094656 
Ni 40 0.583334 0.583331 0.285919 
Ni 41 0.166669 0.666665 0.094655 
Ni 42 0.833334 0.333332 0.285919 
Ni 43 0.333335 0.083331 -0.001407 
Ni 44 0.000002 0.749998 0.189860 
Ni 45 0.583335 0.833331 -0.001407 
Ni 46 0.250002 0.499998 0.189859 
Ni 47 0.583335 0.083331 -0.001406 
Ni 48 0.250001 0.749998 0.189859 
Ni 49 0.666668 0.166665 0.094655 
Ni 50 0.333334 0.833332 0.285919 
Ni 51 0.833335 0.583331 -0.001407 
Ni 52 0.500002 0.249998 0.189859 
Ni 53 0.083335 0.333331 -0.001407 
Ni 54 0.750001 0.999999 0.189859 
Ni 55 0.083335 0.583331 -0.001407 
Ni 56 0.750001 0.249998 0.189859 
Ni 57 0.333335 0.333331 -0.001407 
Ni 58 0.000001 0.999999 0.189859 
Ni 59 0.166668 0.416665 0.094655 
Ni 60 0.833335 0.083331 0.285919 
Ni 61 0.416668 0.166664 0.094655 
Ni 62 0.083334 0.833332 0.285919 
Ni 63 0.416668 0.416665 0.094655 
Ni 64 0.083335 0.083331 0.285918 

 

Table E-4 Final fractional coordinates for the optimised pure Al (111) surface slab structure 

Al (111) surface slab final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.666668 0.666665 0.103265 
Al 2 0.333335 0.333332 0.317377 
Al 3 0.833335 0.083332 -0.005370 
Al 4 0.500001 0.749999 0.208721 
Al 5 0.083334 0.833332 -0.005370 
Al 6 0.750001 0.499999 0.208721 
Al 7 0.083334 0.083332 -0.005370 
Al 8 0.750001 0.749999 0.208721 
Al 9 0.333334 0.833332 -0.005370 
Al 10 0.000001 0.499999 0.208721 
Al 11 0.166668 0.916665 0.103265 
Al 12 0.833334 0.583332 0.317377 
Al 13 0.416667 0.666665 0.103265 
Al 14 0.083335 0.333332 0.317377 
Al 15 0.416667 0.916665 0.103264 
Al 16 0.083334 0.583332 0.317377 
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Al 17 0.833334 0.333332 -0.005370 
Al 18 0.500001 0.999999 0.208721 
Al 19 0.666668 0.416665 0.103265 
Al 20 0.333335 0.083332 0.317377 
Al 21 0.916668 0.166666 0.103265 
Al 22 0.583334 0.833332 0.317377 
Al 23 0.916668 0.416666 0.103265 
Al 24 0.583334 0.083332 0.317377 
Al 25 0.166667 0.166666 0.103265 
Al 26 0.833334 0.833332 0.317377 
Al 27 0.333334 0.583332 -0.005370 
Al 28 0.000001 0.249999 0.208721 
Al 29 0.583335 0.333332 -0.005370 
Al 30 0.250001 0.999999 0.208721 
Al 31 0.583335 0.583332 -0.005370 
Al 32 0.250001 0.249999 0.208721 
Al 33 0.833335 0.833332 -0.005370 
Al 34 0.500001 0.499999 0.208721 
Al 35 0.666668 0.916665 0.103264 
Al 36 0.333334 0.583332 0.317377 
Al 37 0.916668 0.666665 0.103265 
Al 38 0.583334 0.333332 0.317377 
Al 39 0.916668 0.916665 0.103265 
Al 40 0.583334 0.583332 0.317377 
Al 41 0.166668 0.666666 0.103265 
Al 42 0.833334 0.333332 0.317377 
Al 43 0.333334 0.083332 -0.005370 
Al 44 0.000001 0.749999 0.208721 
Al 45 0.583334 0.833332 -0.005370 
Al 46 0.250001 0.499999 0.208721 
Al 47 0.583334 0.083332 -0.005370 
Al 48 0.250001 0.749999 0.208721 
Al 49 0.666668 0.166666 0.103265 
Al 50 0.333335 0.833332 0.317377 
Al 51 0.833335 0.583332 -0.005370 
Al 52 0.500001 0.249999 0.208721 
Al 53 0.083334 0.333332 -0.005370 
Al 54 0.750001 0.999999 0.208721 
Al 55 0.083334 0.583332 -0.005370 
Al 56 0.750001 0.249999 0.208721 
Al 57 0.333334 0.333332 -0.005370 
Al 58 0.000001 0.999999 0.208721 
Al 59 0.166667 0.416666 0.103265 
Al 60 0.833334 0.083332 0.317377 
Al 61 0.416667 0.166666 0.103264 
Al 62 0.083335 0.833332 0.317377 
Al 63 0.416667 0.416666 0.103265 
Al 64 0.083334 0.083332 0.317377 
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Appendix F Final fractional coordinates for Ni1-XAlX bimetallic phase 
structures 
Table F-1 to Table F-20 contain the fractional coordinates of the final Ni(1-X)AlX bimetallic phase 

bulks and corresponding (111) surface slabs post geometrical optimisations, as identified in 

Chapter 5. 

F.1 Fractional coordinates for Ni3Al13 bulk and (111) surface slab structures 

Table F-1 Final fractional coordinates for the optimised Ni3Al13 bulk structure 

Ni3Al13 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.007232 0.001737 0.000000 
Al 2 -0.025061 0.493396 0.000000 
Al 3 0.504631 -0.000502 0.000000 
Al 4 0.522054 0.498379 0.000000 
Al 5 -0.025595 0.258606 0.249845 
Al 6 -0.007447 0.742804 0.249986 
Al 7 0.525181 0.260263 0.250077 
Al 8 0.255545 -0.001359 0.249906 
Al 9 0.260083 0.502914 0.249876 
Al 10 0.744493 -0.002109 0.249953 
Al 11 0.252018 0.255336 0.000000 
Al 12 0.262734 0.745065 0.000000 
Al 13 0.738604 0.744263 0.000000 
Al 14 -0.007250 0.001865 0.500000 
Al 15 -0.025128 0.493186 0.500000 
Al 16 0.504529 -0.000666 0.500000 
Al 17 0.522092 0.498429 0.500000 
Al 18 -0.025595 0.258606 0.750155 
Al 19 -0.007447 0.742804 0.750014 
Al 20 0.525181 0.260263 0.749923 
Al 21 0.255545 -0.001359 0.750094 
Al 22 0.260083 0.502914 0.750124 
Al 23 0.744493 -0.002109 0.750047 
Al 24 0.251950 0.255445 0.500000 
Al 25 0.262558 0.744920 0.500000 
Al 26 0.738776 0.744157 0.500000 
Ni 1 0.503906 0.756775 0.250050 
Ni 2 0.751804 0.507629 0.250010 
Ni 3 0.744375 0.237011 0.000000 
Ni 4 0.503906 0.756776 0.749950 
Ni 5 0.751804 0.507629 0.749990 
Ni 6 0.744412 0.236932 0.500000 
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Table F-2 Final fractional coordinates for the optimised Ni3Al13 (111) surface slab structure 

Ni3Al13 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.300792 0.303135 0.103238 
Al 2 0.623301 0.643252 0.307828 
Al 3 0.637771 0.140155 0.002152 
Al 4 0.960916 0.467772 0.200756 
Al 5 0.140920 0.141836 0.003349 
Al 6 0.468947 0.475485 0.207099 
Al 7 0.814528 0.319608 0.108891 
Al 8 0.125524 0.679206 0.316784 
Al 9 0.201058 0.220452 0.203613 
Al 10 0.878151 0.883857 -0.000294 
Al 11 0.553352 0.053377 0.105358 
Al 12 0.882538 0.388032 0.309481 
Al 13 0.055856 0.074334 0.115186 
Al 14 0.373671 0.409704 0.314943 
Al 15 0.143939 0.891768 0.005458 
Al 16 0.465980 0.228743 0.207558 
Al 17 0.806671 0.067152 0.109168 
Al 18 0.132204 0.393573 0.311214 
Al 19 0.303907 0.054712 0.105026 
Al 20 0.630512 0.389883 0.311324 
Al 21 0.887421 0.146252 0.005380 
Al 22 0.210924 0.483106 0.207604 
Al 23 0.562737 0.311893 0.106760 
Al 24 0.884660 0.649152 0.308836 
Al 25 0.403901 0.109806 -0.002539 
Al 26 0.716209 0.468466 0.204415 
Al 27 0.133811 0.642742 0.002266 
Al 28 0.462330 0.970495 0.205910 
Al 29 0.122340 0.133293 0.303657 
Al 30 0.802592 0.799637 0.102312 
Al 31 0.303602 0.809706 0.108428 
Al 32 0.638242 0.140118 0.311039 
Al 33 0.657045 0.664964 -0.006381 
Al 34 0.965601 0.998776 0.212946 
Al 35 0.043496 0.548443 0.103184 
Al 36 0.356125 0.880424 0.308630 
Al 37 0.389334 0.391928 -0.000742 
Al 38 0.716552 0.719721 0.202624 
Al 39 0.894570 0.411015 0.009530 
Al 40 0.215430 0.742387 0.214073 
Al 41 0.304241 0.560485 0.106786 
Al 42 0.633699 0.893234 0.308721 
Al 43 0.646069 0.406629 0.003778 
Al 44 0.968611 0.731179 0.207244 
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Al 45 0.139114 0.390758 -0.004171 
Al 46 0.467295 0.721605 0.204277 
Al 47 0.049258 0.817912 0.108754 
Al 48 0.379357 0.141055 0.311854 
Al 49 0.406841 0.648904 0.002718 
Al 50 0.720111 0.980594 0.205294 
Al 51 0.558302 0.790670 0.099525 
Al 52 0.883282 0.129323 0.319382 
Ni 1 0.376338 0.892110 0.016090 
Ni 2 0.707320 0.233321 0.205285 
Ni 3 0.642197 0.898979 0.015553 
Ni 4 0.957678 0.238132 0.208008 
Ni 5 0.065753 0.301666 0.104305 
Ni 6 0.395127 0.630746 0.297697 
Ni 7 0.545376 0.555812 0.109796 
Ni 8 0.868249 0.897274 0.296353 
Ni 9 0.799065 0.560877 0.109483 
Ni 10 0.118308 0.907944 0.301037 
Ni 11 0.904520 0.639277 0.011368 
Ni 12 0.227913 0.971290 0.202029 

 

F.2 Fractional coordinates for Ni4Al12 bulk and (111) surface slab structures 

Table F-3 Final fractional coordinates for the optimised Ni4Al12 bulk structure 

Ni4Al12 bulk structure final cell contents 

Element  
Atom 

Number 
Fractional coordinates of atoms 
u v w 

Al 1 -0.012272 -0.004308 0.000000 
Al 2 -0.033988 0.500192 -0.000001 
Al 3 0.510664 -0.011704 0.000000 
Al 4 0.539720 0.519837 -0.000001 
Al 5 -0.024252 0.255132 0.249900 
Al 6 -0.022926 0.739630 0.249788 
Al 7 0.527596 0.261341 0.250002 
Al 8 0.253379 -0.002527 0.249868 
Al 9 0.260983 0.504124 0.250054 
Al 10 0.740991 -0.016141 0.249998 
Al 11 0.257276 0.257221 -0.000001 
Al 12 0.256195 0.744464 0.000000 
Al 13 -0.012223 -0.004657 0.500000 
Al 14 -0.034000 0.500318 0.500001 
Al 15 0.510683 -0.011716 0.500000 
Al 16 0.539834 0.519870 0.500001 
Al 17 -0.024253 0.255133 0.750100 
Al 18 -0.022928 0.739631 0.750212 
Al 19 0.527596 0.261342 0.749998 
Al 20 0.253378 -0.002528 0.750132 
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Al 21 0.260981 0.504125 0.749945 
Al 22 0.740990 -0.016140 0.750002 
Al 23 0.257222 0.257128 0.500001 
Al 24 0.256252 0.744584 0.500000 
Ni 1 0.491184 0.757225 0.250022 
Ni 2 0.752499 0.499336 0.250013 
Ni 3 0.748093 0.237545 0.000000 
Ni 4 0.754708 0.758752 0.000000 
Ni 5 0.491182 0.757225 0.749978 
Ni 6 0.752498 0.499335 0.749987 
Ni 7 0.748173 0.237491 0.500000 
Ni 8 0.754765 0.758742 0.500000 

 

Table F-4 Final fractional coordinates for the optimised Ni4Al12 (111) surface slab structure 

Ni4Al12 (111) surface slab structure final cell contents 

Element  
Atom 

Number 
Fractional coordinates of atoms 
u v w 

Al 1 0.287741 0.314704 0.102441 
Al 2 0.619377 0.646224 0.307890 
Al 3 0.616392 0.144970 -0.001771 
Al 4 0.944154 0.471199 0.198487 
Al 5 0.141327 0.147026 -0.001928 
Al 6 0.474355 0.478578 0.204328 
Al 7 0.789769 0.341935 0.119912 
Al 8 0.122246 0.678810 0.316080 
Al 9 0.194721 0.224591 0.201512 
Al 10 0.861438 0.892963 -0.002446 
Al 11 0.540654 0.060404 0.099877 
Al 12 0.873331 0.391247 0.305731 
Al 13 0.042374 0.085013 0.114497 
Al 14 0.373303 0.410999 0.312851 
Al 15 0.128746 0.904796 0.004044 
Al 16 0.459936 0.233314 0.205923 
Al 17 0.792397 0.075531 0.108803 
Al 18 0.123857 0.397957 0.307668 
Al 19 0.297143 0.060549 0.098888 
Al 20 0.631427 0.392419 0.307505 
Al 21 0.873994 0.157306 0.007833 
Al 22 0.205514 0.488475 0.206288 
Al 23 0.548494 0.319046 0.104702 
Al 24 0.877376 0.652205 0.308940 
Al 25 0.119991 0.652157 0.000432 
Al 26 0.455854 0.976753 0.202583 
Al 27 0.109553 0.131529 0.302895 
Al 28 0.779688 0.807425 0.098408 
Al 29 0.304387 0.814796 0.104304 
Al 30 0.656288 0.136422 0.311097 
Al 31 0.627250 0.682413 0.014139 
Al 32 0.953607 0.009516 0.217390 
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Al 33 0.029935 0.559136 0.101940 
Al 34 0.355248 0.883805 0.305421 
Al 35 0.375820 0.395482 -0.002792 
Al 36 0.707550 0.721193 0.198761 
Al 37 0.877958 0.416961 0.011272 
Al 38 0.208997 0.748326 0.211560 
Al 39 0.294902 0.569953 0.105193 
Al 40 0.626444 0.897882 0.305759 
Al 41 0.627883 0.412261 0.005894 
Al 42 0.958460 0.733511 0.205238 
Al 43 0.126100 0.397586 -0.007160 
Al 44 0.467246 0.723030 0.199960 
Al 45 0.038020 0.826612 0.108278 
Al 46 0.373071 0.146987 0.309849 
Al 47 0.386453 0.658335 -0.002197 
Al 48 0.711633 0.983773 0.203694 
Ni 1 0.365323 0.898366 0.011641 
Ni 2 0.695956 0.233530 0.202959 
Ni 3 0.621258 0.913383 0.010356 
Ni 4 0.957620 0.237994 0.207196 
Ni 5 0.050241 0.313043 0.104259 
Ni 6 0.388436 0.634717 0.295618 
Ni 7 0.369120 0.162037 0.011007 
Ni 8 0.702918 0.490596 0.210832 
Ni 9 0.532720 0.565019 0.104954 
Ni 10 0.868119 0.891159 0.295324 
Ni 11 0.789421 0.568836 0.106162 
Ni 12 0.118605 0.901274 0.300974 
Ni 13 0.890015 0.645843 0.009511 
Ni 14 0.221515 0.977374 0.199779 
Ni 15 0.536833 0.822557 0.110427 
Ni 16 0.866424 0.164854 0.303999 

 

F.3 Fractional coordinates for Ni5Al11 bulk and (111) surface slab structures 

Table F-5 Final fractional coordinates for the optimised Ni5Al11 bulk structure 

Ni5Al11 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.007268 -0.006783 0.000000 
Al 2 -0.042219 0.500713 0.000000 
Al 3 0.511780 -0.007578 0.000000 
Al 4 -0.022789 0.261046 0.249893 
Al 5 -0.017553 0.736563 0.249880 
Al 6 0.535403 0.272203 0.249847 
Al 7 0.258258 0.000715 0.249880 
Al 8 0.270929 0.504812 0.249868 
Al 9 0.742805 -0.017051 0.250021 
Al 10 0.262729 0.260254 0.000000 
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Al 11 0.266464 0.738131 0.000000 
Al 12 -0.007262 -0.006864 0.500000 
Al 13 -0.042051 0.500769 0.500000 
Al 14 0.511715 -0.007603 0.500000 
Al 15 -0.022789 0.261046 0.750107 
Al 16 -0.017553 0.736563 0.750120 
Al 17 0.535403 0.272203 0.750153 
Al 18 0.258258 0.000715 0.750120 
Al 19 0.270929 0.504812 0.750132 
Al 20 0.742805 -0.017051 0.749979 
Al 21 0.262559 0.260296 0.500000 
Al 22 0.266402 0.738112 0.500000 
Ni 1 0.499052 0.499749 0.000000 
Ni 2 0.492368 0.762813 0.250038 
Ni 3 0.747564 0.509305 0.250075 
Ni 4 0.754655 0.230838 0.000000 
Ni 5 0.747929 0.754364 0.000000 
Ni 6 0.498973 0.499629 0.500000 
Ni 7 0.492368 0.762813 0.749962 
Ni 8 0.747564 0.509305 0.749925 
Ni 9 0.754633 0.230849 0.500000 
Ni 10 0.747938 0.754315 0.500000 

 

Table F-6 Final fractional coordinates for the optimised Ni5Al11 (111) surface slab structure 

Ni5Al11 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.294243 0.325582 0.103180 
Al 2 0.628486 0.649371 0.309734 
Al 3 0.618948 0.149255 -0.006141 
Al 4 0.944684 0.473210 0.196804 
Al 5 0.144473 0.158005 -0.003715 
Al 6 0.474346 0.485247 0.204600 
Al 7 0.193458 0.231873 0.203037 
Al 8 0.864909 0.904500 0.000110 
Al 9 0.549206 0.069188 0.100100 
Al 10 0.879053 0.392607 0.304141 
Al 11 0.040483 0.097626 0.117007 
Al 12 0.367799 0.429004 0.315481 
Al 13 0.134243 0.915294 0.005542 
Al 14 0.463188 0.239944 0.207978 
Al 15 0.801075 0.084062 0.110145 
Al 16 0.125488 0.404972 0.309392 
Al 17 0.298614 0.072914 0.099942 
Al 18 0.635329 0.396208 0.306742 
Al 19 0.876700 0.167520 0.005879 
Al 20 0.206939 0.492366 0.206570 
Al 21 0.560766 0.327593 0.105522 
Al 22 0.886837 0.661189 0.313455 
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Al 23 0.126094 0.663946 0.000654 
Al 24 0.462231 0.985002 0.203588 
Al 25 0.105002 0.128284 0.299676 
Al 26 0.782567 0.811830 0.098634 
Al 27 0.308028 0.824073 0.105476 
Al 28 0.648399 0.145779 0.315404 
Al 29 0.030335 0.569063 0.103333 
Al 30 0.349486 0.886065 0.307421 
Al 31 0.384964 0.408307 -0.001760 
Al 32 0.715557 0.728747 0.201396 
Al 33 0.876925 0.431323 0.016651 
Al 34 0.209192 0.758665 0.216373 
Al 35 0.296702 0.581100 0.106552 
Al 36 0.629923 0.901893 0.308850 
Al 37 0.636499 0.424936 0.007688 
Al 38 0.962089 0.744674 0.208606 
Al 39 0.128356 0.410283 -0.006711 
Al 40 0.472676 0.729959 0.201154 
Al 41 0.042817 0.833639 0.110026 
Al 42 0.371999 0.150325 0.311396 
Al 43 0.400663 0.672832 -0.000957 
Al 44 0.723032 0.995487 0.207030 
Ni 1 0.796898 0.324081 0.105286 
Ni 2 0.125983 0.645378 0.296916 
Ni 3 0.371229 0.915091 0.013348 
Ni 4 0.695593 0.243194 0.204269 
Ni 5 0.622497 0.914302 0.011713 
Ni 6 0.952310 0.243276 0.206895 
Ni 7 0.061137 0.318780 0.103844 
Ni 8 0.405158 0.635590 0.294555 
Ni 9 0.372788 0.173737 0.011100 
Ni 10 0.705884 0.491337 0.207056 
Ni 11 0.633344 0.662270 0.017133 
Ni 12 0.962247 0.989542 0.201552 
Ni 13 0.531611 0.575836 0.107638 
Ni 14 0.866354 0.904127 0.298706 
Ni 15 0.786344 0.576345 0.109764 
Ni 16 0.106218 0.902172 0.302377 
Ni 17 0.895114 0.655844 0.010102 
Ni 18 0.230847 0.982510 0.199325 
Ni 19 0.541900 0.829561 0.110632 
Ni 20 0.864213 0.160187 0.295192 
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F.4 Fractional coordinates for Ni7Al9 bulk and (111) surface slab structures for 
configurations 65 and 61 

Table F-7 Final fractional coordinates for the optimised Ni7Al9, configuration 65, bulk structure 

Ni7Al9, configuration 65, bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.001033 0.000000 0.000000 
Al 2 -0.029277 0.500000 0.000000 
Al 3 0.508241 0.000000 0.000000 
Al 4 -0.013197 0.262184 0.249948 
Al 5 -0.013197 0.737816 0.249948 
Al 6 0.259180 0.000000 0.250005 
Al 7 0.737415 0.000000 0.249872 
Al 8 0.275615 0.282311 0.000000 
Al 9 0.275615 0.717689 0.000000 
Al 10 -0.001321 0.000000 0.500000 
Al 11 -0.029230 0.500000 0.500000 
Al 12 0.508203 0.000000 0.500000 
Al 13 -0.013197 0.262184 0.750052 
Al 14 -0.013197 0.737816 0.750052 
Al 15 0.259179 0.000000 0.749995 
Al 16 0.737415 0.000000 0.750128 
Al 17 0.275648 0.282219 0.500000 
Al 18 0.275648 0.717781 0.500000 
Ni 1 0.515296 0.500000 0.000000 
Ni 2 0.498034 0.243153 0.250016 
Ni 3 0.498034 0.756847 0.250016 
Ni 4 0.231837 0.500000 0.250030 
Ni 5 0.744803 0.500000 0.250028 
Ni 6 0.756396 0.239586 0.000000 
Ni 7 0.756396 0.760414 0.000000 
Ni 8 0.515248 0.500000 0.500000 
Ni 9 0.498033 0.243150 0.749984 
Ni 10 0.498033 0.756850 0.749984 
Ni 11 0.231838 0.500000 0.749970 
Ni 12 0.744801 0.500000 0.749973 
Ni 13 0.756369 0.239588 0.500000 
Ni 14 0.756369 0.760412 0.500000 

 

Table F-8 Final fractional coordinates for the optimised Ni7Al9, configuration 65, (111) surface slab structure 

Ni7Al9, configuration 65, (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.277156 0.334715 0.101415 
Al 2 0.620086 0.653167 0.307066 
Al 3 0.598559 0.164189 -0.011739 
Al 4 0.935451 0.479777 0.196636 
Al 5 0.106240 0.171154 -0.004087 
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Al 6 0.453322 0.493825 0.203250 
Al 7 0.187424 0.237546 0.199884 
Al 8 0.841448 0.915109 -0.006920 
Al 9 0.529929 0.078538 0.095112 
Al 10 0.868794 0.397139 0.302940 
Al 11 0.108205 0.923520 -0.001947 
Al 12 0.455346 0.242253 0.202961 
Al 13 0.269436 0.081200 0.097841 
Al 14 0.612835 0.405590 0.306656 
Al 15 0.841640 0.190536 0.013979 
Al 16 0.183910 0.509108 0.212024 
Al 17 0.560504 0.326852 0.100879 
Al 18 0.911339 0.649466 0.303210 
Al 19 0.102042 0.672187 -0.002402 
Al 20 0.451273 0.993091 0.203363 
Al 21 0.104350 0.142116 0.299862 
Al 22 0.764346 0.822609 0.095367 
Al 23 0.277953 0.833536 0.102266 
Al 24 0.636588 0.150527 0.310404 
Al 25 0.014691 0.576955 0.100645 
Al 26 0.355166 0.898396 0.310218 
Al 27 0.361806 0.418841 -0.008539 
Al 28 0.701562 0.736879 0.199374 
Al 29 0.280122 0.584179 0.102265 
Al 30 0.632647 0.900964 0.308375 
Al 31 0.089325 0.421380 -0.009418 
Al 32 0.441513 0.743213 0.200751 
Al 33 0.011910 0.850099 0.110375 
Al 34 0.355038 0.175508 0.313773 
Al 35 0.391427 0.667775 -0.004249 
Al 36 0.730997 0.992069 0.198927 
Ni 1 0.786320 0.335167 0.109485 
Ni 2 0.131597 0.667482 0.294984 
Ni 3 0.031585 0.077639 0.101370 
Ni 4 0.380581 0.395225 0.293212 
Ni 5 0.348338 0.920913 0.009982 
Ni 6 0.689707 0.248791 0.200722 
Ni 7 0.771825 0.073445 0.099807 
Ni 8 0.108246 0.388484 0.290185 
Ni 9 0.599751 0.922149 0.006563 
Ni 10 0.948339 0.241311 0.199895 
Ni 11 0.041349 0.327408 0.102499 
Ni 12 0.379739 0.654151 0.292363 
Ni 13 0.342907 0.187531 0.009433 
Ni 14 0.688507 0.502884 0.205424 
Ni 15 0.616552 0.671784 0.017321 
Ni 16 0.957264 1.000962 0.199522 
Ni 17 0.858493 0.418353 0.013554 
Ni 18 0.200650 0.739658 0.193984 
Ni 19 0.516296 0.586474 0.106492 
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Ni 20 0.869245 0.906462 0.292305 
Ni 21 0.601227 0.419515 0.008724 
Ni 22 0.940271 0.733029 0.193372 
Ni 23 0.774223 0.580206 0.107206 
Ni 24 0.121210 0.905314 0.288106 
Ni 25 0.865374 0.664415 0.007967 
Ni 26 0.214678 0.991158 0.197150 
Ni 27 0.517758 0.841870 0.110511 
Ni 28 0.861329 0.161657 0.291986 

 

Table F-9 Final fractional coordinates for the optimised Ni7Al9, configuration 61, bulk structure 

Ni7Al9, configuration 61, bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.024814 0.000000 -0.000002 
Al 2 -0.030106 0.500000 -0.000001 
Al 3 0.545352 0.000000 -0.000001 
Al 4 -0.033646 0.256488 0.249950 
Al 5 -0.033646 0.743512 0.249950 
Al 6 0.261465 0.000000 0.249811 
Al 7 0.282940 0.500000 0.250000 
Al 8 0.272083 0.255339 -0.000001 
Al 9 0.272083 0.744661 -0.000001 
Al 10 -0.024839 0.000000 0.500002 
Al 11 -0.030146 0.500000 0.500002 
Al 12 0.545438 0.000000 0.500001 
Al 13 -0.033648 0.256487 0.750050 
Al 14 -0.033648 0.743513 0.750050 
Al 15 0.261466 0.000000 0.750189 
Al 16 0.282940 0.500000 0.750000 
Al 17 0.271799 0.255195 0.500001 
Al 18 0.271799 0.744805 0.500001 
Ni 1 0.500387 0.500000 -0.000001 
Ni 2 0.497096 0.239159 0.250077 
Ni 3 0.497096 0.760841 0.250077 
Ni 4 0.760726 0.000000 0.249991 
Ni 5 0.738405 0.500000 0.250042 
Ni 6 0.747412 0.255350 -0.000001 
Ni 7 0.747412 0.744650 -0.000001 
Ni 8 0.500251 0.500000 0.500001 
Ni 9 0.497096 0.239159 0.749923 
Ni 10 0.497096 0.760841 0.749923 
Ni 11 0.760723 0.000000 0.750009 
Ni 12 0.738413 0.500000 0.749958 
Ni 13 0.747508 0.255378 0.500001 
Ni 14 0.747508 0.744622 0.500001 
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Table F-10 Final fractional coordinates for the optimised Ni7Al9, configuration 61, (111) surface slab structure 

Ni7Al9, configuration 61, (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.313450 0.341169 0.099219 
Al 2 0.619332 0.642858 0.302944 
Al 3 0.662625 0.180816 -0.007769 
Al 4 0.968303 0.490049 0.197813 
Al 5 0.184227 0.201434 0.010450 
Al 6 0.490624 0.518156 0.208324 
Al 7 0.210401 0.241415 0.199061 
Al 8 0.904345 0.929550 -0.008524 
Al 9 0.569283 0.085723 0.097604 
Al 10 0.871043 0.391633 0.298797 
Al 11 0.171858 0.944163 0.002421 
Al 12 0.480808 0.253322 0.205574 
Al 13 0.834374 0.105844 0.109216 
Al 14 0.138591 0.411849 0.312992 
Al 15 0.923602 0.199601 0.007803 
Al 16 0.229954 0.508160 0.208379 
Al 17 0.581539 0.352359 0.104852 
Al 18 0.888935 0.662662 0.313181 
Al 19 0.155883 0.684805 -0.007254 
Al 20 0.469096 0.993779 0.200710 
Al 21 0.117088 0.142070 0.300903 
Al 22 0.815805 0.835171 0.097304 
Al 23 0.336331 0.860027 0.112886 
Al 24 0.649801 0.172528 0.319517 
Al 25 0.056729 0.585024 0.098211 
Al 26 0.364735 0.891912 0.302320 
Al 27 0.411319 0.432927 -0.012620 
Al 28 0.723305 0.739021 0.198311 
Al 29 0.323031 0.600492 0.103253 
Al 30 0.633982 0.907725 0.311205 
Al 31 0.681683 0.455564 0.007542 
Al 32 0.987703 0.759912 0.209906 
Al 33 0.076328 0.851618 0.106813 
Al 34 0.383017 0.158700 0.311568 
Al 35 0.429488 0.699573 0.001864 
Al 36 0.736686 0.008595 0.207225 
Ni 1 0.820629 0.345378 0.104315 
Ni 2 0.130798 0.652531 0.299607 
Ni 3 0.081634 0.086645 0.103538 
Ni 4 0.388778 0.395079 0.296992 
Ni 5 0.408246 0.943921 0.015738 
Ni 6 0.715546 0.254906 0.199997 
Ni 7 0.327024 0.103273 0.109423 
Ni 8 0.631160 0.406511 0.296677 
Ni 9 0.664014 0.939117 0.007193 
Ni 10 0.972207 0.248041 0.199515 
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Ni 11 0.070283 0.341633 0.106454 
Ni 12 0.374421 0.653513 0.296447 
Ni 13 0.424776 0.192817 0.008535 
Ni 14 0.731455 0.499455 0.200631 
Ni 15 0.664447 0.695526 0.014183 
Ni 16 0.979413 -0.002289 0.198428 
Ni 17 0.925799 0.434983 0.012751 
Ni 18 0.235202 0.745433 0.196972 
Ni 19 0.559394 0.599710 0.106296 
Ni 20 0.870489 0.911360 0.299546 
Ni 21 0.171298 0.446523 0.008493 
Ni 22 0.482376 0.757046 0.205691 
Ni 23 0.817042 0.592054 0.105263 
Ni 24 0.125978 0.900602 0.291245 
Ni 25 0.225742 0.001025 0.204645 
Ni 26 0.914417 0.687884 0.007177 
Ni 27 0.577242 0.846229 0.107656 
Ni 28 0.882930 0.150718 0.289970 

 

F.5 Fractional coordinates for Ni8Al8 bulk and (111) surface slab structures 
Table F-11 Final fractional coordinates for the optimised Ni8Al8 bulk structure 

Ni8Al8 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.014536 -0.029895 -0.000001 
Al 2 0.000472 0.541742 -0.000002 
Al 3 0.513733 -0.033732 -0.000002 
Al 4 -0.000627 0.255983 0.249912 
Al 5 0.500046 0.274602 0.249934 
Al 6 0.255209 -0.036983 0.249984 
Al 7 0.254027 0.266072 -0.000001 
Al 8 0.744745 0.266101 -0.000001 
Al 9 -0.014456 -0.030107 0.500001 
Al 10 0.000403 0.541763 0.500002 
Al 11 0.513736 -0.033702 0.500002 
Al 12 -0.000627 0.255984 0.750088 
Al 13 0.500046 0.274601 0.750066 
Al 14 0.255211 -0.036984 0.750016 
Al 15 0.253963 0.266256 0.500001 
Al 16 0.744778 0.266072 0.500001 
Ni 1 0.500073 0.499193 0.000000 
Ni 2 -0.005301 0.757482 0.249986 
Ni 3 0.505112 0.740182 0.250015 
Ni 4 0.241516 0.497614 0.250001 
Ni 5 0.746115 0.017877 0.250016 
Ni 6 0.758698 0.492654 0.250035 
Ni 7 0.255922 0.749145 0.000000 
Ni 8 0.744836 0.741962 0.000001 
Ni 9 0.500090 0.499149 0.500000 
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Ni 10 -0.005300 0.757481 0.750014 
Ni 11 0.505106 0.740192 0.749985 
Ni 12 0.241514 0.497611 0.749999 
Ni 13 0.746116 0.017880 0.749984 
Ni 14 0.758701 0.492649 0.749965 
Ni 15 0.255896 0.749176 0.500000 
Ni 16 0.744783 0.741980 0.500000 

 

Table F-12 Final fractional coordinates for the optimised Ni8Al8 (111) surface slab structure 

Ni8Al8 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.244743 0.335838 0.097303 
Al 2 0.626237 0.634332 0.295258 
Al 3 0.521705 0.198418 0.010216 
Al 4 0.895435 0.515881 0.207783 
Al 5 0.065164 0.191230 -0.005663 
Al 6 0.443675 0.500139 0.198839 
Al 7 0.169133 0.251942 0.204179 
Al 8 0.791350 0.940328 0.001463 
Al 9 0.967050 0.101504 0.106498 
Al 10 0.348274 0.414402 0.313083 
Al 11 0.071016 0.931532 -0.010032 
Al 12 0.447055 0.242880 0.196599 
Al 13 0.783262 0.197393 0.005705 
Al 14 0.164128 0.507383 0.206946 
Al 15 0.969090 0.349523 0.103686 
Al 16 0.348009 0.661038 0.312562 
Al 17 0.063673 0.671024 -0.009135 
Al 18 0.432587 0.987345 0.195625 
Al 19 0.081477 0.171097 0.317975 
Al 20 0.708740 0.859322 0.112100 
Al 21 0.256227 0.839963 0.100628 
Al 22 0.636397 0.157531 0.300683 
Al 23 0.980979 0.600059 0.104100 
Al 24 0.358669 0.903630 0.306712 
Al 25 0.770518 0.452485 0.004153 
Al 26 0.155506 0.759071 0.209149 
Al 27 0.261431 0.584916 0.097010 
Al 28 0.639664 0.891920 0.299759 
Al 29 0.358418 0.157612 0.308006 
Al 30 0.978086 0.848779 0.105716 
Al 31 0.157323 0.005292 0.206147 
Al 32 0.778030 0.694883 -0.001732 
Ni 1 0.735823 0.343869 0.102692 
Ni 2 0.108567 0.656155 0.298970 
Ni 3 0.473071 0.098353 0.107330 
Ni 4 0.856438 0.400112 0.292919 
Ni 5 0.298440 0.944510 0.011346 
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Ni 6 0.680409 0.248810 0.198022 
Ni 7 0.732447 0.087633 0.103404 
Ni 8 0.112581 0.396607 0.296647 
Ni 9 0.213030 0.102509 0.111207 
Ni 10 0.591253 0.413744 0.292828 
Ni 11 0.553714 0.939746 0.013159 
Ni 12 0.933500 0.251149 0.196793 
Ni 13 0.489242 0.343730 0.106613 
Ni 14 0.864701 0.650948 0.297492 
Ni 15 0.296781 0.183309 0.011866 
Ni 16 0.674239 0.499852 0.196085 
Ni 17 0.540995 0.696444 0.011807 
Ni 18 0.920834 -0.001647 0.197456 
Ni 19 0.290075 0.440109 0.008861 
Ni 20 0.659973 0.752574 0.202574 
Ni 21 0.493514 0.594694 0.104778 
Ni 22 0.866930 0.907028 0.292195 
Ni 23 0.542006 0.436616 0.012235 
Ni 24 0.916468 0.748021 0.198331 
Ni 25 0.024230 0.448748 0.013999 
Ni 26 0.403373 0.758637 0.202830 
Ni 27 0.745678 0.597630 0.102679 
Ni 28 0.114771 0.911543 0.298792 
Ni 29 0.297271 0.691033 0.007443 
Ni 30 0.668531 0.003221 0.205042 
Ni 31 0.485590 0.842641 0.104676 
Ni 32 0.864835 0.157372 0.287714 

 

F.6 Fractional coordinates for Ni9Al7 bulk and (111) surface slab structures 
Table F-13 Final fractional coordinates for the optimised Ni9Al7 bulk structure 

Ni9Al7 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.003961 -0.002256 0.000001 
Al 2 -0.009703 0.504164 0.000002 
Al 3 -0.011767 0.257630 0.249992 
Al 4 -0.002324 0.740308 0.249943 
Al 5 0.279824 -0.010707 0.249968 
Al 6 0.714939 -0.001976 0.249897 
Al 7 0.283943 0.263035 0.000000 
Al 8 -0.004111 -0.002396 0.499999 
Al 9 -0.009766 0.504102 0.499998 
Al 10 -0.011764 0.257627 0.750008 
Al 11 -0.002324 0.740309 0.750057 
Al 12 0.279818 -0.010700 0.750032 
Al 13 0.714946 -0.001968 0.750103 
Al 14 0.283891 0.262933 0.500000 
Ni 1 0.496745 -0.001548 -0.000002 
Ni 2 0.504367 0.506224 -0.000001 

 



F-15 | P a g e  
 

Ni 3 0.501322 0.254329 0.250014 
Ni 4 0.500701 0.740482 0.250015 
Ni 5 0.241893 0.495574 0.250020 
Ni 6 0.751443 0.501783 0.249998 
Ni 7 0.242097 0.751286 0.000000 
Ni 8 0.755050 0.247931 -0.000001 
Ni 9 0.755562 0.753927 0.000000 
Ni 10 0.496777 -0.001557 0.500002 
Ni 11 0.504364 0.506214 0.500001 
Ni 12 0.501323 0.254334 0.749986 
Ni 13 0.500702 0.740460 0.749985 
Ni 14 0.241896 0.495576 0.749980 
Ni 15 0.751440 0.501783 0.750002 
Ni 16 0.242057 0.751284 0.500000 
Ni 17 0.755052 0.247897 0.500001 
Ni 18 0.755569 0.753916 0.500000 

 

Table F-14 Final fractional coordinates for the optimised Ni9Al7 (111) surface slab structure 

Ni9Al7 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.317161 0.343431 0.099017 
Al 2 0.628845 0.651090 0.306090 
Al 3 0.661557 0.186114 -0.003589 
Al 4 0.970639 0.496115 0.200068 
Al 5 0.222463 0.245396 0.200250 
Al 6 0.909441 0.933148 -0.006530 
Al 7 0.572893 0.091162 0.098078 
Al 8 0.883344 0.402221 0.304163 
Al 9 0.187515 0.939574 0.002230 
Al 10 0.494602 0.255733 0.203100 
Al 11 0.306875 0.079818 0.097443 
Al 12 0.623205 0.387397 0.293130 
Al 13 0.914899 0.207113 0.010173 
Al 14 0.229530 0.518089 0.207028 
Al 15 0.165877 0.685431 -0.007332 
Al 16 0.477494 0.999719 0.205395 
Al 17 0.124127 0.148423 0.301676 
Al 18 0.815636 0.840308 0.098037 
Al 19 0.065333 0.588023 0.097697 
Al 20 0.371232 0.897788 0.306072 
Al 21 0.422787 0.436628 -0.007746 
Al 22 0.729099 0.750060 0.202239 
Al 23 0.339487 0.597145 0.103074 
Al 24 0.658225 0.901906 0.314971 
Al 25 0.145050 0.423614 -0.012400 
Al 26 0.465298 0.739530 0.194428 
Al 27 0.069773 0.860849 0.108619 
Al 28 0.384717 0.175306 0.318219 
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Ni 1 0.163710 0.184940 0.007381 
Ni 2 0.481770 0.494462 0.195123 
Ni 3 0.817939 0.345820 0.108205 
Ni 4 0.123419 0.663601 0.292789 
Ni 5 0.060793 0.099720 0.105487 
Ni 6 0.375122 0.410431 0.294972 
Ni 7 0.429144 0.930383 0.011044 
Ni 8 0.734533 0.247165 0.194669 
Ni 9 0.819713 0.087117 0.097393 
Ni 10 0.130411 0.398930 0.291079 
Ni 11 0.666618 0.938275 0.007074 
Ni 12 0.978067 0.254000 0.203514 
Ni 13 0.564811 0.336957 0.099078 
Ni 14 0.877015 0.651754 0.293173 
Ni 15 0.073237 0.342354 0.105733 
Ni 16 0.384077 0.654122 0.290533 
Ni 17 0.410669 0.194779 0.008306 
Ni 18 0.724628 0.506220 0.204644 
Ni 19 0.318454 0.840383 0.101278 
Ni 20 0.635992 0.140388 0.291866 
Ni 21 0.664768 0.687824 0.015779 
Ni 22 0.971334 0.008012 0.198157 
Ni 23 0.902621 0.449373 0.015411 
Ni 24 0.220678 0.755765 0.197421 
Ni 25 0.581006 0.588734 0.104432 
Ni 26 0.887582 0.902485 0.285099 
Ni 27 0.664251 0.431960 0.011455 
Ni 28 0.976076 0.741716 0.190545 
Ni 29 0.821359 0.598552 0.109843 
Ni 30 0.127409 0.908557 0.291425 
Ni 31 0.414297 0.679311 0.008121 
Ni 32 0.721247 0.996021 0.191890 
Ni 33 0.920384 0.685297 0.006287 
Ni 34 0.233213 0.999472 0.199944 
Ni 35 0.569087 0.850292 0.111274 
Ni 36 0.878667 0.158371 0.291539 

 

F.7 Fractional coordinates for Ni11Al5 bulk and (111) surface slab structures 
Table F-15 Final fractional coordinates for the optimised Ni11Al5 bulk structure 

Ni11Al5 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.019219 -0.019667 0.000000 
Al 2 -0.008903 0.525056 0.000000 
Al 3 -0.018525 0.254315 0.249988 
Al 4 0.272152 -0.020934 0.249985 
Al 5 0.276392 0.261333 -0.000001 
Al 6 -0.019195 -0.019581 0.500000 
Al 7 -0.008964 0.525096 0.500000 
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Al 8 -0.018525 0.254314 0.750012 
Al 9 0.272149 -0.020931 0.750016 
Al 10 0.276359 0.261252 0.500001 
Ni 1 0.502794 -0.000426 0.000000 
Ni 2 0.503833 0.504389 0.000000 
Ni 3 -0.001119 0.754158 0.249999 
Ni 4 0.502254 0.250048 0.249993 
Ni 5 0.503947 0.744000 0.250000 
Ni 6 0.243897 0.495899 0.250008 
Ni 7 0.745943 0.000072 0.249996 
Ni 8 0.748328 0.501127 0.249986 
Ni 9 0.254260 0.749587 0.000000 
Ni 10 0.753033 0.253024 0.000000 
Ni 11 0.740977 0.748009 0.000000 
Ni 12 0.502794 -0.000430 0.500000 
Ni 13 0.503834 0.504384 0.500000 
Ni 14 -0.001119 0.754159 0.750001 
Ni 15 0.502253 0.250047 0.750007 
Ni 16 0.503950 0.743997 0.750000 
Ni 17 0.243898 0.495899 0.749992 
Ni 18 0.745943 0.000072 0.750004 
Ni 19 0.748328 0.501128 0.750014 
Ni 20 0.254242 0.749568 0.500000 
Ni 21 0.753041 0.253015 0.500000 
Ni 22 0.740969 0.748023 0.500000 

 

Table F-16 Final fractional coordinates for the optimised Ni11Al5 (111) surface slab structure 

Ni11Al5 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.304539 0.314981 0.093790 
Al 2 0.634440 0.635108 0.293746 
Al 3 0.609603 0.177550 0.005557 
Al 4 0.938760 0.497571 0.201729 
Al 5 0.204936 0.235442 0.196958 
Al 6 0.873372 0.914863 -0.005638 
Al 7 0.151520 0.920239 0.000519 
Al 8 0.483119 0.241754 0.200133 
Al 9 0.879749 0.186387 0.006345 
Al 10 0.211339 0.506712 0.204608 
Al 11 0.142353 0.648987 -0.013934 
Al 12 0.468868 0.977363 0.191243 
Al 13 0.102251 0.160113 0.302444 
Al 14 0.775224 0.836834 0.104391 
Al 15 0.039049 0.574827 0.097667 
Al 16 0.366129 0.895082 0.298100 
Al 17 0.317354 0.581205 0.100311 
Al 18 0.648096 0.901907 0.299580 
Al 19 0.044502 0.843410 0.107729 
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Al 20 0.375652 0.170955 0.312909 
Ni 1 0.130450 0.170379 0.009265 
Ni 2 0.460514 0.493164 0.196227 
Ni 3 0.797835 0.329692 0.103616 
Ni 4 0.122908 0.657979 0.294432 
Ni 5 0.541872 0.081713 0.103715 
Ni 6 0.872121 0.401927 0.293116 
Ni 7 0.043984 0.082691 0.102426 
Ni 8 0.375604 0.406148 0.293107 
Ni 9 0.389941 0.914949 0.008149 
Ni 10 0.719220 0.238156 0.195044 
Ni 11 0.797288 0.075212 0.098618 
Ni 12 0.126411 0.398151 0.290069 
Ni 13 0.292671 0.077377 0.102535 
Ni 14 0.624369 0.396570 0.288783 
Ni 15 0.632068 0.918258 0.007210 
Ni 16 0.961946 0.241294 0.198761 
Ni 17 0.551069 0.328802 0.103410 
Ni 18 0.880552 0.653272 0.294234 
Ni 19 0.045621 0.332407 0.106046 
Ni 20 0.375783 0.650837 0.290975 
Ni 21 0.377439 0.162358 0.003841 
Ni 22 0.705696 0.489959 0.196548 
Ni 23 0.292667 0.832095 0.101967 
Ni 24 0.624827 0.152238 0.295316 
Ni 25 0.634257 0.667218 0.008787 
Ni 26 0.960869 0.996514 0.197858 
Ni 27 0.376864 0.420665 0.007047 
Ni 28 0.704223 0.743854 0.200542 
Ni 29 0.880580 0.426022 0.011858 
Ni 30 0.210730 0.745769 0.196982 
Ni 31 0.552790 0.578703 0.102348 
Ni 32 0.884723 0.901860 0.289684 
Ni 33 0.628578 0.419391 0.010037 
Ni 34 0.960017 0.736192 0.192834 
Ni 35 0.129800 0.415326 0.005869 
Ni 36 0.458921 0.740483 0.197693 
Ni 37 0.795231 0.581692 0.105073 
Ni 38 0.122247 0.907540 0.292087 
Ni 39 0.381685 0.668213 0.005856 
Ni 40 0.713007 0.992106 0.198470 
Ni 41 0.883590 0.672493 0.007868 
Ni 42 0.213507 0.993267 0.199703 
Ni 43 0.543878 0.824255 0.101216 
Ni 44 0.867835 0.153455 0.291192 
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F.8 Fractional coordinates for Ni12Al4 bulk and (111) surface slab structures 
Table F-17 Final fractional coordinates for the optimised Ni12Al4 bulk structure 

Ni12Al4 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.000176 -0.021962 -0.000001 
Al 2 -0.015786 0.517953 0.000000 
Al 3 -0.007254 0.244133 0.249940 
Al 4 0.275946 0.508741 0.249912 
Al 5 0.000162 -0.021782 0.500001 
Al 6 -0.015839 0.517773 0.500000 
Al 7 -0.007253 0.244132 0.750059 
Al 8 0.275951 0.508741 0.750088 
Ni 1 0.497703 0.003500 -0.000001 
Ni 2 0.506581 0.497058 -0.000001 
Ni 3 0.001057 0.743379 0.250037 
Ni 4 0.500317 0.246093 0.250004 
Ni 5 0.503539 0.756470 0.250010 
Ni 6 0.248287 0.002084 0.250000 
Ni 7 0.750129 0.000333 0.249994 
Ni 8 0.747191 0.496611 0.249988 
Ni 9 0.237450 0.257561 -0.000001 
Ni 10 0.258326 0.748642 0.000000 
Ni 11 0.755980 0.245627 0.000000 
Ni 12 0.740407 0.753796 0.000000 
Ni 13 0.497698 0.003490 0.500001 
Ni 14 0.506568 0.497058 0.500001 
Ni 15 0.001056 0.743380 0.749963 
Ni 16 0.500313 0.246096 0.749996 
Ni 17 0.503536 0.756467 0.749990 
Ni 18 0.248284 0.002086 0.750000 
Ni 19 0.750128 0.000333 0.750006 
Ni 20 0.747192 0.496610 0.750012 
Ni 21 0.237436 0.257574 0.500001 
Ni 22 0.258272 0.748615 0.500001 
Ni 23 0.755998 0.245617 0.500000 
Ni 24 0.740450 0.753795 0.500000 

 

Table F-18 Final fractional coordinates for the optimised Ni12Al4 (111) surface slab structure 

Ni12Al4 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.314530 0.321142 0.094735 
Al 2 0.640939 0.641732 0.289182 
Al 3 0.618801 0.170206 0.000463 
Al 4 0.945783 0.491230 0.195538 
Al 5 0.213460 0.237209 0.192374 
Al 6 0.886574 0.916247 -0.005213 
Al 7 0.801078 0.090098 0.105864 
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Al 8 0.128229 0.414202 0.301827 
Al 9 0.150908 0.659192 -0.004354 
Al 10 0.477708 0.982395 0.190445 
Al 11 0.111422 0.151121 0.293966 
Al 12 0.782115 0.830414 0.099129 
Al 13 0.049563 0.576088 0.096202 
Al 14 0.376506 0.898496 0.293450 
Al 15 0.636458 0.427630 0.005620 
Al 16 0.964903 0.752551 0.201504 
Ni 1 0.130013 0.168225 0.006242 
Ni 2 0.457696 0.491780 0.194611 
Ni 3 0.802511 0.331645 0.100066 
Ni 4 0.133198 0.654296 0.290058 
Ni 5 0.554705 0.077366 0.098427 
Ni 6 0.883112 0.397446 0.288338 
Ni 7 0.051357 0.078123 0.099541 
Ni 8 0.378936 0.400658 0.286707 
Ni 9 0.381872 0.917736 0.005536 
Ni 10 0.708749 0.244724 0.196049 
Ni 11 0.131421 0.917652 0.006274 
Ni 12 0.460175 0.240236 0.192866 
Ni 13 0.299450 0.077862 0.100004 
Ni 14 0.626321 0.400877 0.288430 
Ni 15 0.635488 0.917106 0.003499 
Ni 16 0.964742 0.238289 0.192874 
Ni 17 0.875446 0.166148 0.006885 
Ni 18 0.201589 0.489152 0.191933 
Ni 19 0.553512 0.332417 0.101417 
Ni 20 0.882264 0.655270 0.290102 
Ni 21 0.055137 0.329886 0.101011 
Ni 22 0.383690 0.650530 0.287517 
Ni 23 0.377772 0.164761 0.003674 
Ni 24 0.705107 0.490053 0.193154 
Ni 25 0.292861 0.829988 0.100018 
Ni 26 0.620524 0.152896 0.288749 
Ni 27 0.637626 0.671370 0.005681 
Ni 28 0.969115 0.992192 0.194981 
Ni 29 0.389698 0.415811 0.004016 
Ni 30 0.717843 0.738218 0.192708 
Ni 31 0.888552 0.417874 0.006080 
Ni 32 0.215610 0.739550 0.192879 
Ni 33 0.545728 0.580882 0.101310 
Ni 34 0.875184 0.905860 0.292357 
Ni 35 0.295768 0.579501 0.099298 
Ni 36 0.625231 0.901571 0.287601 
Ni 37 0.137557 0.415475 0.004351 
Ni 38 0.462649 0.741337 0.194620 
Ni 39 0.799047 0.577922 0.098877 
Ni 40 0.127741 0.900055 0.287175 
Ni 41 0.037348 0.828578 0.099406 
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Ni 42 0.366049 0.152276 0.286030 
Ni 43 0.387610 0.672528 0.008275 
Ni 44 0.717247 0.993839 0.195480 
Ni 45 0.890798 0.669804 0.004991 
Ni 46 0.220145 0.990961 0.194832 
Ni 47 0.541461 0.826958 0.098616 
Ni 48 0.868433 0.153004 0.287360 

 

F.9 Fractional coordinates for Ni13Al3 bulk and (111) surface slab structures 
Table F-19 Final fractional coordinates for the optimised Ni13Al3 bulk structure 

Ni13Al3 bulk structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 -0.000995 -0.017520 0.000002 
Al 2 -0.008472 0.258267 0.250049 
Al 3 0.261257 0.508864 0.250015 
Al 4 -0.000958 -0.017451 0.499998 
Al 5 -0.008470 0.258265 0.749951 
Al 6 0.261255 0.508865 0.749985 
Ni 1 -0.000074 0.503528 -0.000001 
Ni 2 0.500086 0.001244 0.000000 
Ni 3 0.502784 0.498612 -0.000001 
Ni 4 -0.003155 0.745918 0.249991 
Ni 5 0.501050 0.248701 0.249990 
Ni 6 0.502437 0.753395 0.249995 
Ni 7 0.247528 0.001457 0.249985 
Ni 8 0.751220 0.000621 0.249995 
Ni 9 0.745356 0.501744 0.249989 
Ni 10 0.246955 0.247491 0.000000 
Ni 11 0.255779 0.751912 0.000000 
Ni 12 0.751957 0.247281 -0.000001 
Ni 13 0.746277 0.748439 0.000000 
Ni 14 -0.000092 0.503558 0.500001 
Ni 15 0.500084 0.001239 0.500000 
Ni 16 0.502795 0.498610 0.500001 
Ni 17 -0.003157 0.745915 0.750009 
Ni 18 0.501054 0.248699 0.750010 
Ni 19 0.502438 0.753393 0.750005 
Ni 20 0.247533 0.001457 0.750015 
Ni 21 0.751220 0.000622 0.750005 
Ni 22 0.745351 0.501748 0.750011 
Ni 23 0.246969 0.247479 0.500000 
Ni 24 0.255781 0.751924 0.500000 
Ni 25 0.751925 0.247272 0.500001 
Ni 26 0.746282 0.748450 0.500001 

 

 

 



F-22 | P a g e  
 

Table F-20 Final fractional coordinates for the optimised Ni13Al3 (111) surface slab structure 

Ni13Al3 (111) surface slab structure final cell contents 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.312888 0.308550 0.094289 
Al 2 0.636756 0.640229 0.290675 
Al 3 0.205718 0.235777 0.194705 
Al 4 0.880439 0.904147 -0.005057 
Al 5 0.801283 0.069440 0.101675 
Al 6 0.125994 0.404263 0.300188 
Al 7 0.150992 0.641254 -0.007014 
Al 8 0.475612 0.974766 0.190827 
Al 9 0.043263 0.567942 0.097356 
Al 10 0.366351 0.906538 0.297059 
Al 11 0.640598 0.398978 0.000841 
Al 12 0.963360 0.738192 0.197698 
Ni 1 0.635416 0.148769 0.005955 
Ni 2 0.961590 0.483787 0.193979 
Ni 3 0.137428 0.149752 0.006165 
Ni 4 0.463411 0.482854 0.192740 
Ni 5 0.802420 0.317073 0.098963 
Ni 6 0.131223 0.649801 0.288865 
Ni 7 0.554272 0.062926 0.097929 
Ni 8 0.879886 0.394410 0.285897 
Ni 9 0.053306 0.065604 0.099805 
Ni 10 0.379003 0.397887 0.285482 
Ni 11 0.386100 0.898423 0.005040 
Ni 12 0.712772 0.234059 0.193906 
Ni 13 0.135263 0.898559 0.005494 
Ni 14 0.462451 0.230923 0.191239 
Ni 15 0.302665 0.065139 0.100137 
Ni 16 0.627377 0.396529 0.286935 
Ni 17 0.634552 0.899327 0.004670 
Ni 18 0.962120 0.231416 0.192162 
Ni 19 0.890070 0.148154 0.006225 
Ni 20 0.214102 0.481601 0.190603 
Ni 21 0.553389 0.318770 0.099965 
Ni 22 0.880365 0.650455 0.289363 
Ni 23 0.054629 0.316381 0.100112 
Ni 24 0.381165 0.649292 0.286856 
Ni 25 0.388038 0.146281 0.002469 
Ni 26 0.713310 0.481306 0.192410 
Ni 27 0.122481 0.152211 0.287503 
Ni 28 0.799180 0.817376 0.099652 
Ni 29 0.299812 0.816212 0.099827 
Ni 30 0.625240 0.147696 0.286902 
Ni 31 0.639726 0.649905 0.004743 
Ni 32 0.967154 0.983226 0.193358 
Ni 33 0.391154 0.395731 0.002332 
Ni 34 0.716745 0.728073 0.192150 
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Ni 35 0.890334 0.401891 0.005846 
Ni 36 0.216877 0.731263 0.192357 
Ni 37 0.550230 0.565901 0.099749 
Ni 38 0.876461 0.900335 0.290039 
Ni 39 0.298133 0.565511 0.097367 
Ni 40 0.625655 0.895577 0.287457 
Ni 41 0.139530 0.398310 0.003825 
Ni 42 0.465407 0.732312 0.194323 
Ni 43 0.798108 0.565656 0.098595 
Ni 44 0.125440 0.896906 0.286128 
Ni 45 0.051527 0.814643 0.098210 
Ni 46 0.376849 0.149428 0.285459 
Ni 47 0.390907 0.651615 0.006575 
Ni 48 0.716359 0.983628 0.194394 
Ni 49 0.891399 0.651862 0.003314 
Ni 50 0.219915 0.981523 0.193845 
Ni 51 0.550440 0.813146 0.098285 
Ni 52 0.875782 0.149083 0.286709 
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Appendix G Final fractional coordinates for Ni1-XAlX bimetallic phase 
structures after each manual leaching step 
This section contains the final fractional coordinates of the Ni1-XAlX bimetallic phase surface slabs 

identified for Al leaching.  The fractional coordinates are given for the surface slab with the lowest 

energy to remove an Al atom. 

G.1 Fractional coordinates for Ni7Al9 (111) surface slab structures after Al atom removal 
Table G-1 Final fractional coordinates for the optimised Ni7Al9 (111) surface slab structure after the first Al 
atom removal 

Ni7Al9 (111) surface slab structure final cell contents after the first Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.313770 0.341662 0.099515 
Al 2 0.618953 0.641108 0.301434 
Al 3 0.663261 0.180766 -0.008057 
Al 4 0.967594 0.490801 0.198782 
Al 5 0.185424 0.201755 0.011831 
Al 6 0.489366 0.517791 0.206898 
Al 7 0.212668 0.242942 0.202186 
Al 8 0.904217 0.929787 -0.008624 
Al 9 0.569534 0.085395 0.098088 
Al 10 0.869460 0.389814 0.297527 
Al 11 0.171944 0.944770 0.002155 
Al 12 0.480431 0.252515 0.207510 
Al 13 0.835193 0.104942 0.108688 
Al 14 0.150151 0.399465 0.313943 
Al 15 0.924982 0.199672 0.007602 
Al 16 0.228675 0.508889 0.207725 
Al 17 0.581056 0.351621 0.103953 
Al 18 0.889773 0.658623 0.312226 
Al 19 0.155865 0.685376 -0.007745 
Al 20 0.471036 0.993295 0.202817 
Al 21 0.114743 0.142725 0.300900 
Al 22 0.815259 0.835048 0.097712 
Al 23 0.334420 0.861898 0.113090 
Al 24 0.639976 0.173145 0.317908 
Al 25 0.056194 0.584490 0.098293 
Al 26 0.367547 0.892641 0.302286 
Al 27 0.412026 0.433624 -0.013154 
Al 28 0.723619 0.739335 0.199339 
Al 29 0.322038 0.601192 0.102459 
Al 30 0.627908 0.910787 0.312772 
Al 31 0.682685 0.456170 0.006917 
Al 32 0.988070 0.760769 0.210250 
Al 33 0.075489 0.851061 0.106238 
Al 34 0.429818 0.701084 0.001585 
Al 35 0.736702 0.009138 0.207920 
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Ni 1 0.820778 0.345074 0.103622 
Ni 2 0.131391 0.650247 0.299818 
Ni 3 0.082683 0.085722 0.103934 
Ni 4 0.386480 0.404715 0.294242 
Ni 5 0.407991 0.945445 0.016884 
Ni 6 0.716524 0.254762 0.198247 
Ni 7 0.327392 0.104352 0.111438 
Ni 8 0.629504 0.404991 0.295459 
Ni 9 0.664142 0.939611 0.007410 
Ni 10 0.971956 0.248361 0.198771 
Ni 11 0.071850 0.340888 0.107906 
Ni 12 0.373651 0.655437 0.295076 
Ni 13 0.425487 0.193964 0.009321 
Ni 14 0.730160 0.498949 0.199547 
Ni 15 0.665018 0.696073 0.014587 
Ni 16 0.981258 -0.002611 0.198155 
Ni 17 0.927346 0.434950 0.013655 
Ni 18 0.234592 0.747578 0.196114 
Ni 19 0.558654 0.599187 0.105071 
Ni 20 0.870329 0.909244 0.299789 
Ni 21 0.172306 0.446934 0.008557 
Ni 22 0.482467 0.754823 0.203980 
Ni 23 0.816596 0.592065 0.105986 
Ni 24 0.126687 0.899484 0.291727 
Ni 25 0.229103 0.003497 0.206578 
Ni 26 0.914340 0.688436 0.007440 
Ni 27 0.577046 0.845893 0.108323 
Ni 28 0.879447 0.148963 0.289206 

 

Table G-2 Final fractional coordinates for the optimised Ni7Al9 (111) surface slab structure after the second Al 
atom removal 

Ni7Al9 (111) surface slab structure final cell contents after the second Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.314163 0.341227 0.099259 
Al 2 0.618405 0.641248 0.301218 
Al 3 0.663283 0.181146 -0.008120 
Al 4 0.966773 0.493741 0.200016 
Al 5 0.185195 0.202445 0.013117 
Al 6 0.488566 0.517653 0.206983 
Al 7 0.215937 0.244893 0.205422 
Al 8 0.904082 0.929853 -0.008801 
Al 9 0.568760 0.085218 0.098159 
Al 10 0.869503 0.391144 0.298319 
Al 11 0.171943 0.945628 0.002166 
Al 12 0.480520 0.252624 0.206526 
Al 13 0.834573 0.104291 0.108205 
Al 14 0.924984 0.199615 0.007449 
Al 15 0.226384 0.508297 0.208856 
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Al 16 0.581486 0.351911 0.103917 
Al 17 0.895484 0.652121 0.312312 
Al 18 0.155751 0.685707 -0.007430 
Al 19 0.472652 0.993263 0.203098 
Al 20 0.109359 0.134440 0.298252 
Al 21 0.814952 0.834501 0.097918 
Al 22 0.334307 0.861558 0.112464 
Al 23 0.637411 0.173022 0.317313 
Al 24 0.055603 0.584500 0.098136 
Al 25 0.367175 0.894196 0.302609 
Al 26 0.412368 0.433468 -0.012501 
Al 27 0.722706 0.739660 0.199360 
Al 28 0.321419 0.600655 0.102626 
Al 29 0.630834 0.906442 0.312113 
Al 30 0.683856 0.456656 0.007237 
Al 31 0.987194 0.761200 0.209715 
Al 32 0.075089 0.851539 0.105955 
Al 33 0.429981 0.701208 0.001580 
Al 34 0.737116 0.009366 0.208156 
Ni 1 0.822241 0.343473 0.103726 
Ni 2 0.129743 0.656036 0.297639 
Ni 3 0.081586 0.087200 0.104335 
Ni 4 0.390008 0.405637 0.291582 
Ni 5 0.407985 0.945972 0.016985 
Ni 6 0.718010 0.254291 0.197834 
Ni 7 0.326592 0.104501 0.112374 
Ni 8 0.630346 0.404885 0.295227 
Ni 9 0.664287 0.939898 0.007740 
Ni 10 0.975246 0.252097 0.200768 
Ni 11 0.073315 0.341327 0.109647 
Ni 12 0.372545 0.656578 0.294676 
Ni 13 0.425823 0.193250 0.009020 
Ni 14 0.729258 0.498601 0.199126 
Ni 15 0.664386 0.696989 0.014028 
Ni 16 0.980627 -0.000530 0.197843 
Ni 17 0.929103 0.433948 0.014555 
Ni 18 0.234287 0.748253 0.195403 
Ni 19 0.558209 0.599625 0.105314 
Ni 20 0.870536 0.907786 0.299921 
Ni 21 0.172525 0.447068 0.008596 
Ni 22 0.481431 0.755651 0.203923 
Ni 23 0.815674 0.591764 0.105952 
Ni 24 0.126961 0.896223 0.291004 
Ni 25 0.230709 0.002715 0.205465 
Ni 26 0.913990 0.688799 0.007389 
Ni 27 0.576622 0.845517 0.108264 
Ni 28 0.875018 0.149679 0.289929 
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Table G-3 Final fractional coordinates for the optimised Ni7Al9 (111) surface slab structure after the third Al 
atom removal 

Ni7Al9 (111) surface slab structure final cell contents after the third Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.323986 0.359993 0.094521 
Al 2 0.579550 0.600608 0.308627 
Al 3 0.679936 0.201835 -0.012340 
Al 4 0.971305 0.491893 0.206999 
Al 5 0.202786 0.219940 0.021710 
Al 6 0.477450 0.528063 0.203238 
Al 7 0.215333 0.266205 0.224748 
Al 8 0.920572 0.949580 -0.012274 
Al 9 0.576182 0.100039 0.089076 
Al 10 0.828308 0.348291 0.293538 
Al 11 0.190240 0.964385 0.003427 
Al 12 0.485172 0.257746 0.196234 
Al 13 0.849175 0.117402 0.103731 
Al 14 0.939875 0.221942 0.007497 
Al 15 0.592800 0.372340 0.100224 
Al 16 0.864845 0.603754 0.320159 
Al 17 0.171486 0.705336 -0.010721 
Al 18 0.468224 1.006859 0.221116 
Al 19 0.067401 0.089999 0.293649 
Al 20 0.825060 0.844449 0.090940 
Al 21 0.351451 0.880062 0.117783 
Al 22 0.588185 0.124934 0.308465 
Al 23 0.065058 0.588290 0.093092 
Al 24 0.323291 0.852385 0.296981 
Al 25 0.431622 0.456047 -0.014872 
Al 26 0.732366 0.746475 0.210560 
Al 27 0.330204 0.616561 0.099542 
Al 28 0.601683 0.853576 0.322809 
Al 29 0.702902 0.486148 0.011470 
Al 30 1.015969 0.744632 0.201884 
Al 31 0.088811 0.861850 0.102155 
Al 32 0.446634 0.724055 0.004673 
Al 33 0.743210 0.008017 0.198344 
Ni 1 0.836914 0.358594 0.106158 
Ni 2 0.102767 0.565069 0.279662 
Ni 3 0.100418 0.098263 0.103985 
Ni 4 0.349493 0.364138 0.282685 
Ni 5 0.423593 0.971638 0.026990 
Ni 6 0.724067 0.257403 0.190975 
Ni 7 0.344887 0.131271 0.128500 
Ni 8 0.584410 0.367139 0.287835 
Ni 9 0.680016 0.961107 -0.000346 
Ni 10 0.981545 0.248802 0.201587 
Ni 11 0.090749 0.349426 0.119694 
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Ni 12 0.328001 0.613702 0.290223 
Ni 13 0.439165 0.214871 0.000984 
Ni 14 0.727338 0.508242 0.204693 
Ni 15 0.674254 0.729334 0.025402 
Ni 16 0.987535 -0.002647 0.193735 
Ni 17 0.950824 0.451308 0.022242 
Ni 18 0.245563 0.761431 0.192089 
Ni 19 0.567587 0.622817 0.110090 
Ni 20 0.837761 0.847959 0.286287 
Ni 21 0.190383 0.464086 0.001836 
Ni 22 0.492350 0.763816 0.212221 
Ni 23 0.827089 0.608480 0.116382 
Ni 24 0.086890 0.844418 0.289931 
Ni 25 0.229547 0.021301 0.208003 
Ni 26 0.930809 0.705864 0.001701 
Ni 27 0.592589 0.874159 0.124546 
Ni 28 0.828585 0.107096 0.287069 

 

Table G-4 Final fractional coordinates for the optimised Ni7Al9 (111) surface slab structure after the fourth Al 
atom removal 

Ni7Al9 (111) surface slab structure final cell contents after the fourth Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.257603 0.403917 0.120928 
Al 2 0.554531 0.580459 0.305042 
Al 3 0.679123 0.213832 -0.006711 
Al 4 0.959167 0.484067 0.203221 
Al 5 0.196785 0.276734 0.019219 
Al 6 0.453186 0.516099 0.194574 
Al 7 0.181107 0.249346 0.237537 
Al 8 0.937782 0.994127 0.000173 
Al 9 0.591834 0.135079 0.105824 
Al 10 0.795636 0.324476 0.303414 
Al 11 0.261120 0.946448 -0.020488 
Al 12 0.444196 0.254729 0.209353 
Al 13 0.901230 0.156753 0.122173 
Al 14 0.927198 0.269130 0.012100 
Al 15 0.621208 0.382452 0.097411 
Al 16 0.849954 0.560975 0.316971 
Al 17 0.180154 0.736912 -0.028123 
Al 18 0.416397 0.994890 0.219987 
Al 19 0.044331 0.050623 0.280997 
Al 20 0.845255 0.855986 0.114487 
Al 21 0.355491 0.888239 0.109634 
Al 22 0.558119 0.108211 0.318737 
Al 23 0.297112 0.820986 0.290065 
Al 24 0.450284 0.489337 -0.017500 
Al 25 0.722709 0.695795 0.171392 
Al 26 0.325464 0.621530 0.088996 
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Al 27 0.626390 0.818244 0.295012 
Al 28 0.699388 0.523103 0.004798 
Al 29 1.109184 0.657470 0.193086 
Al 30 0.093162 0.873522 0.099503 
Al 31 0.549529 0.807733 0.008765 
Al 32 0.697690 -0.016877 0.211792 
Ni 1 0.824605 0.449720 0.107964 
Ni 2 0.095296 0.521537 0.284024 
Ni 3 0.126337 0.080703 0.062609 
Ni 4 0.328622 0.321216 0.303338 
Ni 5 0.402928 1.046442 0.030699 
Ni 6 0.687509 0.232240 0.187154 
Ni 7 0.340103 0.151027 0.132995 
Ni 8 0.553170 0.349586 0.286576 
Ni 9 0.694487 0.967476 0.021889 
Ni 10 0.938461 0.258726 0.213962 
Ni 11 0.075324 0.301149 0.124661 
Ni 12 0.308348 0.574301 0.283306 
Ni 13 0.435610 0.281213 0.029270 
Ni 14 0.701203 0.477902 0.207066 
Ni 15 0.767564 0.696574 0.059427 
Ni 16 0.951865 -0.054149 0.193040 
Ni 17 0.963498 0.483485 0.014699 
Ni 18 0.255918 0.772374 0.182678 
Ni 19 0.555202 0.637669 0.104813 
Ni 20 0.875290 0.742433 0.246754 
Ni 21 0.203358 0.519620 0.020808 
Ni 22 0.494687 0.742387 0.215505 
Ni 23 1.006004 0.577913 0.110405 
Ni 24 0.070580 0.801317 0.286823 
Ni 25 0.164075 0.046349 0.179911 
Ni 26 0.967584 0.752978 0.022386 
Ni 27 0.578427 0.911625 0.119583 
Ni 28 0.792768 0.096350 0.284338 

 

G.2 Fractional coordinates for Ni8Al8 (111) surface slab structures after Al atom removal 
Table G-5 Final fractional coordinates for the optimised Ni8Al8 (111) surface slab structure after the first Al 
atom removal 

Ni8Al8 (111) surface slab structure final cell contents after the first Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.245756 0.335908 0.097850 
Al 2 0.617543 0.633179 0.292858 
Al 3 0.521956 0.198175 0.011459 
Al 4 0.896085 0.515169 0.206601 
Al 5 0.065440 0.191531 -0.006884 
Al 6 0.442927 0.503262 0.202137 
Al 7 0.169141 0.252221 0.204636 
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Al 8 0.792409 0.939952 0.000902 
Al 9 0.967980 0.100894 0.105713 
Al 10 0.350591 0.434585 0.313250 
Al 11 0.071672 0.931197 -0.010590 
Al 12 0.445842 0.244191 0.198180 
Al 13 0.783581 0.197585 0.004561 
Al 14 0.165604 0.507435 0.206635 
Al 15 0.970166 0.349004 0.102740 
Al 16 0.064514 0.670583 -0.009371 
Al 17 0.431992 0.987683 0.196922 
Al 18 0.082146 0.171317 0.317520 
Al 19 0.709659 0.859514 0.111496 
Al 20 0.257147 0.839503 0.101370 
Al 21 0.635831 0.156145 0.301534 
Al 22 0.981507 0.599524 0.103433 
Al 23 0.354146 0.894246 0.306642 
Al 24 0.770643 0.452918 0.003480 
Al 25 0.159669 0.757161 0.213419 
Al 26 0.262705 0.584014 0.098240 
Al 27 0.634897 0.893030 0.300032 
Al 28 0.358309 0.160026 0.308694 
Al 29 0.980721 0.847026 0.105713 
Al 30 0.157006 0.004961 0.206419 
Al 31 0.777876 0.695140 -0.002037 
Ni 1 0.737101 0.343198 0.101776 
Ni 2 0.097674 0.654942 0.297896 
Ni 3 0.473098 0.098508 0.108561 
Ni 4 0.856776 0.402394 0.292781 
Ni 5 0.297798 0.945103 0.012215 
Ni 6 0.682298 0.245107 0.196222 
Ni 7 0.733605 0.086462 0.102208 
Ni 8 0.113908 0.398087 0.296510 
Ni 9 0.213033 0.102791 0.111831 
Ni 10 0.606683 0.398284 0.290219 
Ni 11 0.554018 0.940189 0.013661 
Ni 12 0.934032 0.251328 0.195920 
Ni 13 0.490217 0.343571 0.107951 
Ni 14 0.858738 0.650774 0.296686 
Ni 15 0.296687 0.183262 0.012780 
Ni 16 0.674380 0.498750 0.195738 
Ni 17 0.540651 0.696694 0.012618 
Ni 18 0.921657 -0.003177 0.196481 
Ni 19 0.290919 0.440317 0.009512 
Ni 20 0.661758 0.752959 0.201967 
Ni 21 0.493539 0.594266 0.105826 
Ni 22 0.865640 0.906365 0.291232 
Ni 23 0.541979 0.436951 0.013198 
Ni 24 0.916666 0.747607 0.197496 
Ni 25 0.025141 0.448720 0.013405 
Ni 26 0.404284 0.759972 0.203278 
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Ni 27 0.745875 0.597394 0.102294 
Ni 28 0.104693 0.920355 0.298184 
Ni 29 0.296923 0.691056 0.008581 
Ni 30 0.668592 0.003366 0.204694 
Ni 31 0.485966 0.843241 0.105472 
Ni 32 0.864564 0.157437 0.286788 

 

Table G-6 Final fractional coordinates for the optimised Ni8Al8 (111) surface slab structure after the second Al 
atom removal 

Ni8Al8 (111) surface slab structure final cell contents after the second Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.246661 0.334890 0.098800 
Al 2 0.607740 0.638250 0.288428 
Al 3 0.523228 0.196581 0.011961 
Al 4 0.897834 0.515771 0.206784 
Al 5 0.065968 0.191732 -0.007359 
Al 6 0.444592 0.503110 0.201109 
Al 7 0.171303 0.250643 0.205471 
Al 8 0.793929 0.939228 0.000724 
Al 9 0.970185 0.099199 0.106259 
Al 10 0.347340 0.437918 0.312138 
Al 11 0.073095 0.930351 -0.010589 
Al 12 0.446974 0.243973 0.198647 
Al 13 0.785636 0.196020 0.003720 
Al 14 0.167120 0.506875 0.205990 
Al 15 0.970433 0.348989 0.102737 
Al 16 0.066122 0.670056 -0.009245 
Al 17 0.431364 0.985502 0.199892 
Al 18 0.082059 0.171061 0.316658 
Al 19 0.710536 0.858600 0.111377 
Al 20 0.257505 0.838724 0.101974 
Al 21 0.634159 0.160427 0.300708 
Al 22 0.982795 0.599064 0.103276 
Al 23 0.770347 0.453277 0.003398 
Al 24 0.163356 0.755695 0.215396 
Al 25 0.263586 0.583377 0.098280 
Al 26 0.629375 0.900679 0.299858 
Al 27 0.356745 0.162070 0.309363 
Al 28 0.981489 0.846323 0.106076 
Al 29 0.163096 0.000480 0.211086 
Al 30 0.779549 0.694579 -0.002428 
Ni 1 0.738964 0.340554 0.100429 
Ni 2 0.089838 0.655694 0.297145 
Ni 3 0.472973 0.097247 0.109752 
Ni 4 0.853395 0.405326 0.292447 
Ni 5 0.297608 0.945522 0.013281 
Ni 6 0.684320 0.245093 0.195875 
Ni 7 0.734608 0.085673 0.101964 
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Ni 8 0.108621 0.402164 0.296321 
Ni 9 0.212278 0.102181 0.113375 
Ni 10 0.605235 0.402593 0.289717 
Ni 11 0.554944 0.939866 0.013960 
Ni 12 0.937092 0.249882 0.195599 
Ni 13 0.491429 0.342569 0.107957 
Ni 14 0.848175 0.654327 0.297997 
Ni 15 0.297428 0.182080 0.013990 
Ni 16 0.678009 0.496006 0.193983 
Ni 17 0.541417 0.698428 0.012489 
Ni 18 0.924260 -0.004429 0.196584 
Ni 19 0.291422 0.438573 0.010143 
Ni 20 0.661285 0.754231 0.202812 
Ni 21 0.496143 0.591615 0.103783 
Ni 22 0.861247 0.909036 0.290890 
Ni 23 0.543069 0.434374 0.012321 
Ni 24 0.917276 0.747242 0.197886 
Ni 25 0.026334 0.447929 0.013421 
Ni 26 0.406946 0.755757 0.199909 
Ni 27 0.746289 0.598476 0.102186 
Ni 28 0.096448 0.920226 0.299525 
Ni 29 0.298584 0.690004 0.008814 
Ni 30 0.670941 0.003765 0.203434 
Ni 31 0.485617 0.844876 0.105812 
Ni 32 0.863891 0.158785 0.286603 

 

Table G-7 Final fractional coordinates for the optimised Ni8Al8 (111) surface slab structure after the third Al 
atom removal 

Ni8Al8 (111) surface slab structure final cell contents after the third Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.246063 0.335100 0.098751 
Al 2 0.605723 0.637769 0.288947 
Al 3 0.524382 0.195403 0.012326 
Al 4 0.898019 0.516202 0.206121 
Al 5 0.066749 0.191348 -0.007199 
Al 6 0.445390 0.503662 0.199652 
Al 7 0.172051 0.249602 0.206811 
Al 8 0.795587 0.938037 0.001222 
Al 9 0.970786 0.098284 0.106166 
Al 10 0.343006 0.449622 0.311468 
Al 11 0.073986 0.929642 -0.010221 
Al 12 0.441780 0.246951 0.201270 
Al 13 0.786514 0.195286 0.003763 
Al 14 0.166712 0.507597 0.205549 
Al 15 0.971008 0.348505 0.102687 
Al 16 0.067426 0.668842 -0.009393 
Al 17 0.430718 0.984241 0.199055 
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Al 18 0.086352 0.173237 0.313373 
Al 19 0.711390 0.859021 0.112240 
Al 20 0.258283 0.838101 0.102307 
Al 21 0.634437 0.159735 0.301028 
Al 22 0.982996 0.599264 0.103105 
Al 23 0.770906 0.452778 0.003393 
Al 24 0.163675 0.755517 0.217375 
Al 25 0.264871 0.582314 0.097828 
Al 26 0.637445 0.895225 0.298087 
Al 27 0.983800 0.844753 0.106651 
Al 28 0.162945 0.000969 0.210951 
Al 29 0.780310 0.694296 -0.002579 
Ni 1 0.738785 0.339917 0.100401 
Ni 2 0.084939 0.656280 0.297561 
Ni 3 0.472924 0.098259 0.110665 
Ni 4 0.852598 0.404855 0.291955 
Ni 5 0.298537 0.944980 0.013511 
Ni 6 0.683468 0.244339 0.195755 
Ni 7 0.735628 0.084347 0.102205 
Ni 8 0.101488 0.408242 0.293401 
Ni 9 0.212248 0.102446 0.113362 
Ni 10 0.603295 0.401384 0.289504 
Ni 11 0.556476 0.939591 0.014520 
Ni 12 0.934264 0.250273 0.194732 
Ni 13 0.491574 0.340785 0.108331 
Ni 14 0.846301 0.650539 0.298674 
Ni 15 0.298471 0.181207 0.014437 
Ni 16 0.678554 0.495504 0.194231 
Ni 17 0.542205 0.698103 0.011589 
Ni 18 0.924060 -0.004887 0.196809 
Ni 19 0.292358 0.437134 0.009907 
Ni 20 0.660992 0.752944 0.202791 
Ni 21 0.497302 0.591814 0.103270 
Ni 22 0.861509 0.911810 0.291681 
Ni 23 0.543723 0.433333 0.012281 
Ni 24 0.915983 0.748658 0.198181 
Ni 25 0.026646 0.447757 0.013228 
Ni 26 0.406903 0.756189 0.199945 
Ni 27 0.747106 0.597602 0.101775 
Ni 28 0.097104 0.923471 0.300202 
Ni 29 0.299517 0.689347 0.008813 
Ni 30 0.663877 0.006838 0.205475 
Ni 31 0.487272 0.843451 0.105201 
Ni 32 0.864039 0.159223 0.286401 
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Table G-8 Final fractional coordinates for the optimised Ni8Al8 (111) surface slab structure after the fourth Al 
atom removal 

Ni8Al8 (111) surface slab structure final cell contents after the fourth Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.243779 0.330662 0.103627 
Al 2 0.602452 0.639547 0.288653 
Al 3 0.524744 0.194907 0.012772 
Al 4 0.907818 0.505548 0.206061 
Al 5 0.067014 0.190505 -0.007624 
Al 6 0.445910 0.504790 0.199442 
Al 7 0.796822 0.937150 0.001289 
Al 8 0.971493 0.098860 0.106996 
Al 9 0.340014 0.447010 0.310083 
Al 10 0.075179 0.928538 -0.010470 
Al 11 0.432401 0.249554 0.204166 
Al 12 0.787522 0.194335 0.004085 
Al 13 0.166010 0.507463 0.205159 
Al 14 0.973009 0.345720 0.102996 
Al 15 0.068857 0.667173 -0.009312 
Al 16 0.424849 0.990084 0.198740 
Al 17 0.093045 0.181729 0.302429 
Al 18 0.712746 0.858487 0.112424 
Al 19 0.259722 0.837200 0.101384 
Al 20 0.635670 0.160722 0.300746 
Al 21 0.984452 0.597127 0.103531 
Al 22 0.770043 0.452355 0.004170 
Al 23 0.162841 0.755821 0.217591 
Al 24 0.266589 0.581447 0.098036 
Al 25 0.639688 0.893623 0.297302 
Al 26 0.984966 0.843938 0.106982 
Al 27 0.161137 0.003368 0.207660 
Al 28 0.781214 0.693462 -0.002237 
Ni 1 0.738634 0.339215 0.100973 
Ni 2 0.082054 0.656939 0.297190 
Ni 3 0.474179 0.098598 0.111829 
Ni 4 0.849936 0.406382 0.292247 
Ni 5 0.299137 0.944966 0.013159 
Ni 6 0.681524 0.244734 0.195854 
Ni 7 0.736594 0.083858 0.102416 
Ni 8 0.102511 0.409885 0.291194 
Ni 9 0.213841 0.100907 0.114901 
Ni 10 0.600945 0.402941 0.289418 
Ni 11 0.557113 0.940061 0.015150 
Ni 12 0.937755 0.251140 0.195509 
Ni 13 0.490301 0.339296 0.109556 
Ni 14 0.845349 0.647526 0.297760 
Ni 15 0.297073 0.182166 0.016557 
Ni 16 0.680070 0.495601 0.194335 
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Ni 17 0.543011 0.698784 0.011716 
Ni 18 0.921716 -0.004099 0.196962 
Ni 19 0.289596 0.434087 0.012626 
Ni 20 0.661619 0.751591 0.202140 
Ni 21 0.498609 0.591962 0.103285 
Ni 22 0.861571 0.914907 0.291680 
Ni 23 0.543261 0.430992 0.013356 
Ni 24 0.912915 0.750804 0.198427 
Ni 25 0.026576 0.446510 0.013144 
Ni 26 0.406573 0.757889 0.200085 
Ni 27 0.747803 0.597052 0.101754 
Ni 28 0.099365 0.927283 0.298360 
Ni 29 0.300397 0.688228 0.008624 
Ni 30 0.658478 0.009900 0.205982 
Ni 31 0.487691 0.844102 0.105585 
Ni 32 0.865226 0.162107 0.286264 

 

G.3 Fractional coordinates for Ni9Al7 (111) surface slab structures after Al atom removal 
Table G-9 Final fractional coordinates for the optimised Ni9Al7 (111) surface slab structure after the first Al 
atom removal 

Ni9Al7 (111) surface slab structure final cell contents after the first Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.316857 0.343527 0.098697 
Al 2 0.661527 0.186311 -0.003790 
Al 3 0.970060 0.495585 0.199584 
Al 4 0.222367 0.245555 0.200584 
Al 5 0.909535 0.933277 -0.006828 
Al 6 0.572571 0.091014 0.097713 
Al 7 0.877389 0.412700 0.302313 
Al 8 0.188593 0.939464 0.002809 
Al 9 0.494551 0.255384 0.202926 
Al 10 0.306964 0.079646 0.098001 
Al 11 0.621902 0.393042 0.290674 
Al 12 0.914841 0.207538 0.010255 
Al 13 0.228347 0.518291 0.207126 
Al 14 0.165985 0.685520 -0.007710 
Al 15 0.477763 0.999210 0.206266 
Al 16 0.123904 0.148830 0.301754 
Al 17 0.814928 0.839826 0.097983 
Al 18 0.064829 0.587818 0.097269 
Al 19 0.378889 0.889847 0.306893 
Al 20 0.422803 0.436949 -0.007989 
Al 21 0.728977 0.747438 0.204659 
Al 22 0.339082 0.597088 0.102745 
Al 23 0.657799 0.892961 0.314625 
Al 24 0.145100 0.423753 -0.013067 
Al 25 0.467765 0.736969 0.197077 
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Al 26 0.069189 0.861155 0.107871 
Al 27 0.384317 0.175419 0.318107 
Ni 1 0.163817 0.185320 0.007908 
Ni 2 0.480786 0.494747 0.195280 
Ni 3 0.818274 0.345892 0.108428 
Ni 4 0.124695 0.664649 0.293200 
Ni 5 0.060951 0.099209 0.105485 
Ni 6 0.376399 0.410414 0.295057 
Ni 7 0.429887 0.930241 0.011939 
Ni 8 0.734517 0.245778 0.194062 
Ni 9 0.819715 0.086948 0.096976 
Ni 10 0.130396 0.399550 0.291335 
Ni 11 0.667073 0.938095 0.006820 
Ni 12 0.978545 0.252842 0.203539 
Ni 13 0.564507 0.337415 0.098987 
Ni 14 0.889202 0.652378 0.290946 
Ni 15 0.073069 0.342284 0.106116 
Ni 16 0.373016 0.656458 0.288178 
Ni 17 0.410539 0.195359 0.008068 
Ni 18 0.724459 0.504786 0.205966 
Ni 19 0.320181 0.839637 0.102334 
Ni 20 0.635959 0.138772 0.291591 
Ni 21 0.664984 0.688278 0.016354 
Ni 22 0.971253 0.007395 0.198588 
Ni 23 0.903102 0.449724 0.015961 
Ni 24 0.218620 0.756964 0.196102 
Ni 25 0.580553 0.589121 0.105128 
Ni 26 0.885750 0.903266 0.285199 
Ni 27 0.664240 0.432402 0.011916 
Ni 28 0.976128 0.742517 0.189651 
Ni 29 0.820158 0.598965 0.110517 
Ni 30 0.129419 0.908039 0.291507 
Ni 31 0.414477 0.679653 0.008462 
Ni 32 0.720961 0.995649 0.191164 
Ni 33 0.920149 0.685567 0.005935 
Ni 34 0.233115 0.999946 0.199944 
Ni 35 0.569897 0.849647 0.112784 
Ni 36 0.876733 0.161562 0.291503 

 

Table G-10 Final fractional coordinates for the optimised Ni9Al7 (111) surface slab structure after the second 
Al atom removal 

Ni9Al7 (111) surface slab structure final cell contents after the second Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.316110 0.343346 0.098232 
Al 2 0.661980 0.187789 -0.004509 
Al 3 0.969997 0.494119 0.199220 
Al 4 0.222611 0.245090 0.201031 
Al 5 0.911017 0.934292 -0.007329 
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Al 6 0.571843 0.091088 0.096365 
Al 7 0.875864 0.411368 0.301782 
Al 8 0.191118 0.939166 0.003457 
Al 9 0.493566 0.257355 0.201782 
Al 10 0.308254 0.078809 0.099981 
Al 11 0.622480 0.384641 0.289698 
Al 12 0.915223 0.209947 0.010062 
Al 13 0.227545 0.518757 0.206767 
Al 14 0.166028 0.686399 -0.008346 
Al 15 0.482183 1.001337 0.212352 
Al 16 0.118454 0.150529 0.301575 
Al 17 0.814436 0.839270 0.096853 
Al 18 0.063214 0.586914 0.096203 
Al 19 0.369051 0.895651 0.305529 
Al 20 0.422598 0.437765 -0.008352 
Al 21 0.730914 0.753658 0.212710 
Al 22 0.338206 0.597027 0.102522 
Al 23 0.144907 0.423711 -0.013810 
Al 24 0.470505 0.738757 0.198554 
Al 25 0.070126 0.859462 0.107386 
Al 26 0.381113 0.174304 0.318047 
Ni 1 0.165635 0.185145 0.009095 
Ni 2 0.480254 0.496239 0.195156 
Ni 3 0.817233 0.348057 0.108365 
Ni 4 0.128897 0.664162 0.293443 
Ni 5 0.061024 0.098226 0.104731 
Ni 6 0.375592 0.410382 0.295014 
Ni 7 0.432385 0.930887 0.014372 
Ni 8 0.734257 0.246285 0.192335 
Ni 9 0.819983 0.087396 0.095330 
Ni 10 0.133572 0.394822 0.291779 
Ni 11 0.668344 0.939228 0.005410 
Ni 12 0.977789 0.252232 0.202683 
Ni 13 0.563552 0.338184 0.098348 
Ni 14 0.906678 0.638558 0.290515 
Ni 15 0.073456 0.341060 0.106528 
Ni 16 0.375893 0.656792 0.288682 
Ni 17 0.410962 0.195986 0.007366 
Ni 18 0.722434 0.508754 0.207396 
Ni 19 0.322450 0.838543 0.103244 
Ni 20 0.633194 0.129687 0.287790 
Ni 21 0.665379 0.690671 0.018413 
Ni 22 0.970807 0.007133 0.197098 
Ni 23 0.902937 0.452273 0.017582 
Ni 24 0.220240 0.756821 0.196079 
Ni 25 0.579354 0.590398 0.105571 
Ni 26 0.879707 0.899557 0.281666 
Ni 27 0.663815 0.434254 0.012196 
Ni 28 0.976798 0.740526 0.188715 
Ni 29 0.816915 0.602624 0.113282 

 



G-15 | P a g e  
 

Ni 30 0.122708 0.910283 0.290497 
Ni 31 0.414842 0.680218 0.008871 
Ni 32 0.721970 0.995743 0.188085 
Ni 33 0.920005 0.686687 0.004782 
Ni 34 0.231418 1.001394 0.199273 
Ni 35 0.571113 0.851389 0.117360 
Ni 36 0.873628 0.159476 0.290034 

 

Table G-11 Final fractional coordinates for the optimised Ni9Al7 (111) surface slab structure after the third Al 
atom removal 

Ni9Al7 (111) surface slab structure final cell contents after the third Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.318326 0.342113 0.084440 
Al 2 0.679498 0.202291 -0.009690 
Al 3 0.967342 0.500838 0.213345 
Al 4 0.224186 0.245071 0.220278 
Al 5 0.926565 0.949151 -0.010756 
Al 6 0.573394 0.088055 0.081966 
Al 7 0.857635 0.394652 0.306866 
Al 8 0.207213 0.959042 0.008861 
Al 9 0.496090 0.240687 0.186952 
Al 10 0.315565 0.083216 0.117888 
Al 11 0.600655 0.372725 0.286846 
Al 12 0.933604 0.224570 0.013876 
Al 13 0.225207 0.514492 0.192921 
Al 14 0.182120 0.702416 -0.013793 
Al 15 0.479083 0.998120 0.235499 
Al 16 0.105752 0.136163 0.307054 
Al 17 0.807915 0.835310 0.085747 
Al 18 0.058537 0.586662 0.087338 
Al 19 0.345087 0.856753 0.309140 
Al 20 0.440414 0.453632 -0.014493 
Al 21 0.730609 0.757511 0.219282 
Al 22 0.341807 0.601033 0.097713 
Al 23 0.153861 0.435242 -0.025745 
Al 24 0.469575 0.729074 0.202715 
Al 25 0.068595 0.863032 0.103148 
Ni 1 0.185943 0.207095 0.023495 
Ni 2 0.479282 0.485580 0.189642 
Ni 3 0.823445 0.352083 0.111604 
Ni 4 0.100525 0.643867 0.281835 
Ni 5 0.066796 0.102622 0.108913 
Ni 6 0.356462 0.365356 0.276975 
Ni 7 0.448692 0.951409 0.026343 
Ni 8 0.733456 0.242765 0.190267 
Ni 9 0.822628 0.090928 0.092033 
Ni 10 0.102738 0.393451 0.305456 
Ni 11 0.684132 0.950345 -0.009277 
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Ni 12 0.976360 0.250340 0.207081 
Ni 13 0.569037 0.338999 0.092681 
Ni 14 0.868901 0.635211 0.305862 
Ni 15 0.086043 0.347420 0.123870 
Ni 16 0.356543 0.620574 0.283911 
Ni 17 0.425889 0.214424 -0.008549 
Ni 18 0.719004 0.503411 0.211049 
Ni 19 0.324323 0.844307 0.107585 
Ni 20 0.627804 0.116624 0.277074 
Ni 21 0.681364 0.706419 0.025630 
Ni 22 0.966964 0.003990 0.194949 
Ni 23 0.924070 0.466768 0.026800 
Ni 24 0.213368 0.756881 0.194211 
Ni 25 0.583301 0.594861 0.108032 
Ni 26 0.862569 0.885173 0.275132 
Ni 27 0.681022 0.448174 0.014470 
Ni 28 0.970803 0.741637 0.177951 
Ni 29 0.819622 0.604484 0.125093 
Ni 30 0.097863 0.898480 0.290833 
Ni 31 0.429070 0.696047 0.011102 
Ni 32 0.717232 0.992300 0.177221 
Ni 33 0.938107 0.698453 -0.007645 
Ni 34 0.232182 0.998572 0.208662 
Ni 35 0.568878 0.857258 0.130635 
Ni 36 0.860397 0.148159 0.288476 

 

Table G-12 Final fractional coordinates for the optimised Ni9Al7 (111) surface slab structure after the fourth Al 
atom removal 

Ni9Al7 (111) surface slab structure final cell contents after the fourth Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.321080 0.341383 0.083632 
Al 2 0.680118 0.203650 -0.010221 
Al 3 0.963059 0.503232 0.213725 
Al 4 0.242302 0.223615 0.227501 
Al 5 0.927156 0.950062 -0.011679 
Al 6 0.575030 0.087729 0.081385 
Al 7 0.857540 0.392972 0.306798 
Al 8 0.207223 0.960927 0.008564 
Al 9 0.496636 0.231235 0.187533 
Al 10 0.321043 0.080436 0.121497 
Al 11 0.599953 0.372435 0.286506 
Al 12 0.934634 0.226828 0.013900 
Al 13 0.223128 0.505910 0.191667 
Al 14 0.182880 0.703147 -0.014125 
Al 15 0.102169 0.131670 0.308115 
Al 16 0.808948 0.835719 0.084586 
Al 17 0.057530 0.586078 0.087827 
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Al 18 0.342886 0.861485 0.306111 
Al 19 0.441444 0.454581 -0.014569 
Al 20 0.710533 0.781969 0.223450 
Al 21 0.341440 0.601245 0.097411 
Al 22 0.154083 0.435315 -0.025332 
Al 23 0.465977 0.734494 0.201062 
Al 24 0.067743 0.864617 0.102612 
Ni 1 0.188421 0.207942 0.025865 
Ni 2 0.476518 0.484724 0.189556 
Ni 3 0.825717 0.354057 0.112993 
Ni 4 0.100069 0.639489 0.280663 
Ni 5 0.067728 0.105161 0.108675 
Ni 6 0.357370 0.365986 0.276609 
Ni 7 0.447920 0.953913 0.026339 
Ni 8 0.732095 0.244928 0.190023 
Ni 9 0.824821 0.095047 0.090494 
Ni 10 0.102480 0.391472 0.304975 
Ni 11 0.684361 0.951537 -0.010318 
Ni 12 0.979184 0.249530 0.207824 
Ni 13 0.569655 0.338572 0.093030 
Ni 14 0.864702 0.635753 0.304351 
Ni 15 0.094652 0.345468 0.127702 
Ni 16 0.353679 0.623044 0.283457 
Ni 17 0.427236 0.214931 -0.009459 
Ni 18 0.714323 0.508913 0.212687 
Ni 19 0.323815 0.845774 0.107270 
Ni 20 0.631580 0.116053 0.276345 
Ni 21 0.682036 0.706609 0.025403 
Ni 22 0.966351 0.004691 0.194210 
Ni 23 0.925774 0.467418 0.029193 
Ni 24 0.212565 0.749728 0.192171 
Ni 25 0.583268 0.593529 0.108043 
Ni 26 0.862938 0.884426 0.274374 
Ni 27 0.682384 0.448277 0.014893 
Ni 28 0.967095 0.742875 0.177582 
Ni 29 0.814519 0.609850 0.126774 
Ni 30 0.099516 0.890775 0.289237 
Ni 31 0.429298 0.697104 0.011019 
Ni 32 0.723882 0.994407 0.175132 
Ni 33 0.939365 0.698602 -0.007951 
Ni 34 0.222350 0.994461 0.207582 
Ni 35 0.572983 0.854438 0.128347 
Ni 36 0.859182 0.147981 0.288257 
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G.4 Fractional coordinates for Ni11Al5 (111) surface slab structures after Al atom removal 
Table G-13 Final fractional coordinates for the optimised Ni11Al5 (111) surface slab structure after the first Al 
atom removal 

Ni11Al5 (111) surface slab structure final cell contents after the first Al atom 
removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.304354 0.315124 0.093688 
Al 2 0.609525 0.177280 0.005350 
Al 3 0.939029 0.497320 0.201138 
Al 4 0.205852 0.235033 0.197044 
Al 5 0.873137 0.914726 -0.005566 
Al 6 0.151382 0.920229 0.000334 
Al 7 0.483072 0.241149 0.199854 
Al 8 0.879405 0.186716 0.007387 
Al 9 0.211065 0.506716 0.204375 
Al 10 0.142405 0.648623 -0.014419 
Al 11 0.470072 0.976328 0.191584 
Al 12 0.100788 0.162088 0.301897 
Al 13 0.773897 0.836364 0.105096 
Al 14 0.038850 0.575026 0.097170 
Al 15 0.377511 0.883195 0.296519 
Al 16 0.316769 0.581411 0.099584 
Al 17 0.650583 0.895651 0.298843 
Al 18 0.043164 0.844878 0.107130 
Al 19 0.377788 0.167724 0.313250 
Ni 1 0.130441 0.170207 0.009660 
Ni 2 0.460599 0.492945 0.195440 
Ni 3 0.796636 0.332246 0.104992 
Ni 4 0.124447 0.658989 0.294083 
Ni 5 0.541528 0.081505 0.103680 
Ni 6 0.864292 0.412053 0.292873 
Ni 7 0.043452 0.083961 0.103119 
Ni 8 0.376149 0.403648 0.292805 
Ni 9 0.389916 0.914753 0.008249 
Ni 10 0.718589 0.239829 0.195341 
Ni 11 0.796481 0.076056 0.098940 
Ni 12 0.127745 0.396459 0.290220 
Ni 13 0.292840 0.077290 0.102770 
Ni 14 0.622813 0.399863 0.288119 
Ni 15 0.632047 0.917935 0.007368 
Ni 16 0.960578 0.243664 0.199787 
Ni 17 0.550821 0.328378 0.103148 
Ni 18 0.889962 0.651092 0.292209 
Ni 19 0.045903 0.332362 0.106355 
Ni 20 0.371321 0.647739 0.288466 
Ni 21 0.377507 0.161862 0.003950 
Ni 22 0.701720 0.495945 0.199799 
Ni 23 0.292764 0.832368 0.101841 
Ni 24 0.625511 0.151936 0.294948 
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Ni 25 0.634282 0.666902 0.009354 
Ni 26 0.960947 0.997284 0.198071 
Ni 27 0.376844 0.420335 0.006722 
Ni 28 0.702328 0.741831 0.203262 
Ni 29 0.880353 0.426141 0.012457 
Ni 30 0.209108 0.746580 0.195651 
Ni 31 0.552742 0.578342 0.102916 
Ni 32 0.884933 0.903127 0.289580 
Ni 33 0.628735 0.419290 0.010371 
Ni 34 0.959660 0.736810 0.191891 
Ni 35 0.129676 0.414967 0.005732 
Ni 36 0.458556 0.739377 0.198149 
Ni 37 0.794596 0.582262 0.105863 
Ni 38 0.124818 0.907744 0.291802 
Ni 39 0.382062 0.668047 0.005558 
Ni 40 0.713301 0.992596 0.198359 
Ni 41 0.883231 0.672446 0.007771 
Ni 42 0.213746 0.993890 0.199787 
Ni 43 0.543043 0.824388 0.101523 
Ni 44 0.866932 0.155801 0.291619 

 

Table G-14 Final fractional coordinates for the optimised Ni11Al5 (111) surface slab structure after the second 
Al atom removal 

Ni11Al5 (111) surface slab structure final cell contents after the second Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.304502 0.314671 0.093510 
Al 2 0.609084 0.177164 0.005749 
Al 3 0.938680 0.497459 0.201061 
Al 4 0.205974 0.234134 0.196885 
Al 5 0.872865 0.914954 -0.005665 
Al 6 0.151224 0.920309 0.000288 
Al 7 0.483121 0.241101 0.199628 
Al 8 0.879178 0.186807 0.007763 
Al 9 0.210609 0.505987 0.204089 
Al 10 0.142365 0.648667 -0.014682 
Al 11 0.466771 0.975136 0.195034 
Al 12 0.105961 0.157550 0.300728 
Al 13 0.773846 0.836156 0.104736 
Al 14 0.038861 0.574953 0.096907 
Al 15 0.316814 0.581142 0.099329 
Al 16 0.652298 0.894231 0.297085 
Al 17 0.042810 0.845039 0.106721 
Al 18 0.376526 0.171302 0.312173 
Ni 1 0.130334 0.170164 0.010121 
Ni 2 0.460416 0.493450 0.195488 
Ni 3 0.796236 0.332782 0.105398 
Ni 4 0.125800 0.659243 0.293629 
Ni 5 0.540701 0.080504 0.104633 
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Ni 6 0.865341 0.410933 0.292753 
Ni 7 0.043490 0.084132 0.103537 
Ni 8 0.376309 0.406687 0.292293 
Ni 9 0.389861 0.914605 0.008752 
Ni 10 0.718727 0.239445 0.195601 
Ni 11 0.796271 0.076240 0.098747 
Ni 12 0.127293 0.396989 0.290161 
Ni 13 0.292984 0.076808 0.103410 
Ni 14 0.623414 0.399277 0.288040 
Ni 15 0.631662 0.918179 0.007501 
Ni 16 0.960380 0.244048 0.199804 
Ni 17 0.550666 0.328376 0.103246 
Ni 18 0.890731 0.651140 0.292034 
Ni 19 0.045974 0.332553 0.106375 
Ni 20 0.371361 0.652304 0.287562 
Ni 21 0.377327 0.161465 0.004018 
Ni 22 0.700840 0.496917 0.200107 
Ni 23 0.292845 0.832328 0.102131 
Ni 24 0.625794 0.150896 0.294897 
Ni 25 0.633737 0.667554 0.009881 
Ni 26 0.961097 0.996946 0.197935 
Ni 27 0.376669 0.420278 0.006638 
Ni 28 0.700400 0.742432 0.203404 
Ni 29 0.880058 0.426276 0.012620 
Ni 30 0.208931 0.746053 0.195237 
Ni 31 0.552097 0.579464 0.103271 
Ni 32 0.886178 0.903402 0.289275 
Ni 33 0.628285 0.419910 0.010686 
Ni 34 0.959416 0.736270 0.191384 
Ni 35 0.129564 0.414904 0.005622 
Ni 36 0.456338 0.740271 0.198591 
Ni 37 0.794586 0.582659 0.105984 
Ni 38 0.127231 0.905000 0.290130 
Ni 39 0.381606 0.668384 0.005509 
Ni 40 0.714436 0.992109 0.197667 
Ni 41 0.883014 0.672557 0.007632 
Ni 42 0.213978 0.992132 0.200900 
Ni 43 0.542338 0.825691 0.102525 
Ni 44 0.868886 0.155114 0.291870 

 

Table G-15 Final fractional coordinates for the optimised Ni11Al5 (111) surface slab structure after the third Al 
atom removal 

Ni11Al5 (111) surface slab structure final cell contents after the third Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.304011 0.315286 0.093406 
Al 2 0.608799 0.177074 0.006252 
Al 3 0.938365 0.498076 0.200819 
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Al 4 0.207003 0.235364 0.198137 
Al 5 0.872445 0.915112 -0.005907 
Al 6 0.151010 0.920318 0.000088 
Al 7 0.481384 0.240398 0.200949 
Al 8 0.878949 0.186674 0.007803 
Al 9 0.210911 0.506203 0.203281 
Al 10 0.142109 0.648686 -0.014858 
Al 11 0.466969 0.973785 0.195599 
Al 12 0.107502 0.159245 0.298793 
Al 13 0.773519 0.836646 0.105059 
Al 14 0.038431 0.575124 0.096680 
Al 15 0.316699 0.581061 0.099161 
Al 16 0.657334 0.894382 0.296891 
Al 17 0.042794 0.844852 0.106288 
Ni 1 0.130427 0.170031 0.010516 
Ni 2 0.460279 0.493014 0.195548 
Ni 3 0.795547 0.333181 0.105081 
Ni 4 0.125997 0.658704 0.293326 
Ni 5 0.539794 0.080720 0.105210 
Ni 6 0.867533 0.409757 0.292808 
Ni 7 0.043489 0.083978 0.103490 
Ni 8 0.375648 0.400453 0.291253 
Ni 9 0.389323 0.914844 0.009285 
Ni 10 0.718086 0.239674 0.195261 
Ni 11 0.795598 0.076101 0.098873 
Ni 12 0.126087 0.400494 0.287658 
Ni 13 0.292736 0.077516 0.104065 
Ni 14 0.622684 0.398363 0.288459 
Ni 15 0.631261 0.918388 0.008009 
Ni 16 0.958516 0.244612 0.198946 
Ni 17 0.549859 0.328142 0.103560 
Ni 18 0.891047 0.651126 0.292131 
Ni 19 0.046096 0.332482 0.106751 
Ni 20 0.371434 0.648252 0.287775 
Ni 21 0.377105 0.161493 0.004250 
Ni 22 0.701127 0.496364 0.200447 
Ni 23 0.292541 0.832514 0.102342 
Ni 24 0.631017 0.150826 0.293815 
Ni 25 0.633281 0.667425 0.010046 
Ni 26 0.960889 0.996947 0.197353 
Ni 27 0.376523 0.420221 0.006424 
Ni 28 0.700276 0.741693 0.203610 
Ni 29 0.880059 0.426226 0.012684 
Ni 30 0.208436 0.747032 0.195372 
Ni 31 0.551523 0.579775 0.103752 
Ni 32 0.888833 0.903749 0.289192 
Ni 33 0.627725 0.420210 0.010941 
Ni 34 0.958787 0.737254 0.191206 
Ni 35 0.129341 0.414851 0.005510 
Ni 36 0.455864 0.740084 0.199035 
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Ni 37 0.794124 0.582965 0.105909 
Ni 38 0.129273 0.904796 0.290080 
Ni 39 0.381275 0.668536 0.005418 
Ni 40 0.710837 0.993203 0.198852 
Ni 41 0.882581 0.672779 0.007539 
Ni 42 0.214745 0.994178 0.201793 
Ni 43 0.542190 0.825606 0.102863 
Ni 44 0.870539 0.155484 0.291288 

 

Table G-16 Final fractional coordinates for the optimised Ni11Al5 (111) surface slab structure after the fourth Al 
atom removal 

Ni11Al5 (111) surface slab structure final cell contents after the fourth Al 
atom removal 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

Al 1 0.299024 0.312935 0.097328 
Al 2 0.606943 0.177098 0.007349 
Al 3 0.949645 0.487558 0.200931 
Al 4 0.870784 0.915662 -0.006133 
Al 5 0.150175 0.919898 -0.000899 
Al 6 0.479962 0.240095 0.202694 
Al 7 0.875954 0.188134 0.006846 
Al 8 0.211203 0.501511 0.203157 
Al 9 0.141092 0.648222 -0.014672 
Al 10 0.451430 0.984628 0.198234 
Al 11 0.132012 0.162912 0.284426 
Al 12 0.771878 0.837002 0.105208 
Al 13 0.038366 0.572919 0.096992 
Al 14 0.316753 0.579424 0.099630 
Al 15 0.658633 0.896841 0.296921 
Al 16 0.042090 0.842962 0.105392 
Ni 1 0.128589 0.170085 0.010323 
Ni 2 0.461474 0.492464 0.196292 
Ni 3 0.794051 0.333407 0.105254 
Ni 4 0.127390 0.660749 0.292280 
Ni 5 0.533278 0.082222 0.108109 
Ni 6 0.879057 0.402466 0.291296 
Ni 7 0.040380 0.083172 0.101383 
Ni 8 0.378891 0.399856 0.291338 
Ni 9 0.388841 0.914347 0.010335 
Ni 10 0.717831 0.239800 0.195655 
Ni 11 0.792564 0.075358 0.098793 
Ni 12 0.128361 0.408835 0.289179 
Ni 13 0.287832 0.078429 0.103975 
Ni 14 0.627399 0.398340 0.288821 
Ni 15 0.629247 0.920197 0.009731 
Ni 16 0.959965 0.241109 0.196094 
Ni 17 0.548599 0.327261 0.104510 
Ni 18 0.891377 0.651649 0.291021 
Ni 19 0.047795 0.328407 0.107439 
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Ni 20 0.373109 0.648057 0.287990 
Ni 21 0.374927 0.162394 0.005904 
Ni 22 0.702878 0.497469 0.201472 
Ni 23 0.291488 0.831360 0.101515 
Ni 24 0.638817 0.151270 0.293852 
Ni 25 0.632056 0.668500 0.012251 
Ni 26 0.958571 0.995858 0.195994 
Ni 27 0.373875 0.418923 0.008369 
Ni 28 0.697223 0.744110 0.204324 
Ni 29 0.878261 0.427365 0.014100 
Ni 30 0.207754 0.744230 0.194490 
Ni 31 0.550877 0.580420 0.105051 
Ni 32 0.892208 0.904445 0.288531 
Ni 33 0.625186 0.420760 0.011959 
Ni 34 0.956808 0.736370 0.190607 
Ni 35 0.128254 0.414204 0.006133 
Ni 36 0.452993 0.742453 0.199939 
Ni 37 0.794384 0.583256 0.107970 
Ni 38 0.133556 0.907400 0.287476 
Ni 39 0.380243 0.667602 0.005655 
Ni 40 0.708068 0.993284 0.199122 
Ni 41 0.881381 0.673202 0.008208 
Ni 42 0.208478 0.995358 0.196297 
Ni 43 0.539326 0.827911 0.105419 
Ni 44 0.881976 0.154815 0.290165 

 

 



H-1 | P a g e  
 

Appendix H Final fractional coordinates for leached Ni1-XAlX bimetallic 
phase structures after the adsorption of OH· 
This section contains the final fractional coordinates of the leached Ni1-XAlX bimetallic phase 

surface slabs after the adsorption of OH·.  The fractional coordinates are given for the surface 

slab for each of the 5 chosen adsorption positions. 

H.1 Fractional coordinates for the leached Ni7Al9 (111) surface slab structures after the 
adsorption of OH· 
Table H-1 Final fractional coordinates for the optimised leached Ni7Al9 (111) surface slab structure after the 
first adsorption position 

The leached Ni7Al9 (111) surface slab structure final cell contents after the 
first adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.398238 0.237479 0.418412 
O 1 0.396470 0.170464 0.386436 
Al 1 0.236390 0.402864 0.112734 
Al 2 0.536234 0.530664 0.333131 
Al 3 0.676008 0.291994 -0.011375 
Al 4 0.961172 0.508324 0.165011 
Al 5 0.213487 0.274800 0.009157 
Al 6 0.445643 0.530491 0.214160 
Al 7 0.180764 0.241349 0.229271 
Al 8 0.913167 1.027112 0.000158 
Al 9 0.554160 0.160117 0.105001 
Al 10 0.783007 0.277139 0.295775 
Al 11 0.363202 0.888802 -0.025971 
Al 12 0.409449 0.285317 0.212733 
Al 13 0.899730 0.167582 0.131331 
Al 14 0.942305 0.281275 0.017226 
Al 15 0.592734 0.396906 0.108259 
Al 16 0.823917 0.540388 0.277329 
Al 17 0.161101 0.789323 -0.007280 
Al 18 0.408989 0.954247 0.223625 
Al 19 0.026983 0.040132 0.269093 
Al 20 0.816243 0.907384 0.098781 
Al 21 0.346674 0.914190 0.097782 
Al 22 0.546213 0.103651 0.332194 
Al 23 0.280241 0.781240 0.294989 
Al 24 0.442628 0.564641 -0.005108 
Al 25 0.658623 0.701583 0.179863 
Al 26 0.315154 0.618226 0.102505 
Al 27 0.707661 0.826611 0.304980 
Al 28 0.724019 0.545711 0.009583 
Al 29 1.144642 0.673367 0.206629 
Al 30 0.098750 0.887257 0.112696 
Al 31 0.646473 0.836735 0.005442 
Al 32 0.659861 -0.006745 0.203878 
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Ni 1 0.809125 0.427882 0.108756 
Ni 2 0.078228 0.495561 0.263407 
Ni 3 0.135609 0.039519 0.033617 
Ni 4 0.296686 0.297681 0.310530 
Ni 5 0.424021 1.058124 0.027161 
Ni 6 0.678920 0.218321 0.190755 
Ni 7 0.343622 0.142949 0.142380 
Ni 8 0.543164 0.319993 0.290530 
Ni 9 0.668733 1.060655 0.010320 
Ni 10 0.942854 0.292344 0.220521 
Ni 11 0.081289 0.269292 0.114551 
Ni 12 0.287221 0.539170 0.294565 
Ni 13 0.441557 0.326311 0.025646 
Ni 14 0.688435 0.461000 0.210027 
Ni 15 0.791479 0.683568 0.087464 
Ni 16 0.920902 -0.051100 0.188777 
Ni 17 0.999607 0.484981 0.044660 
Ni 18 0.332236 0.775472 0.182274 
Ni 19 0.540488 0.653392 0.091894 
Ni 20 0.878571 0.737257 0.218792 
Ni 21 0.200802 0.547935 0.018574 
Ni 22 0.540608 0.719886 0.274823 
Ni 23 1.045374 0.673572 0.109538 
Ni 24 0.029225 0.808926 0.293623 
Ni 25 0.154672 0.046569 0.177637 
Ni 26 0.922692 0.778438 0.008345 
Ni 27 0.576136 0.913379 0.116993 
Ni 28 0.779687 0.034943 0.289493 

 

Table H-2 Final fractional coordinates for the optimised leached Ni7Al9 (111) surface slab structure after the 
second adsorption position 

The leached Ni7Al9 (111) surface slab structure final cell contents after the 
second adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.284095 0.109259 0.333291 
O 1 0.241434 0.087664 0.295540 
Al 1 0.260933 0.397394 0.118953 
Al 2 0.569712 0.569827 0.309030 
Al 3 0.674840 0.217454 -0.007298 
Al 4 0.958859 0.484569 0.198055 
Al 5 0.190993 0.283162 0.013727 
Al 6 0.455546 0.516584 0.194969 
Al 7 0.176420 0.254089 0.236325 
Al 8 0.935683 1.001108 -0.000987 
Al 9 0.581178 0.141018 0.106308 
Al 10 0.807909 0.318618 0.302644 
Al 11 0.272089 0.943632 -0.024311 
Al 12 0.439676 0.256022 0.212914 
Al 13 0.892419 0.160558 0.117486 
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Al 14 0.917657 0.279609 0.008695 
Al 15 0.615926 0.385997 0.096645 
Al 16 0.858012 0.559828 0.312626 
Al 17 0.178111 0.742410 -0.028233 
Al 18 0.394221 0.983189 0.223609 
Al 19 0.067022 0.043651 0.273847 
Al 20 0.843201 0.856377 0.116443 
Al 21 0.351521 0.891778 0.106316 
Al 22 0.575903 0.108316 0.322085 
Al 23 0.305657 0.789183 0.299156 
Al 24 0.446363 0.496161 -0.016567 
Al 25 0.715823 0.697967 0.171979 
Al 26 0.321270 0.623892 0.091458 
Al 27 0.633631 0.819026 0.293679 
Al 28 0.690006 0.535068 0.005069 
Al 29 1.124464 0.651861 0.193133 
Al 30 0.090600 0.874764 0.098185 
Al 31 0.554778 0.821676 0.008064 
Al 32 0.694526 -0.012394 0.212312 
Ni 1 0.819962 0.451886 0.106477 
Ni 2 0.101775 0.510066 0.279553 
Ni 3 0.116914 0.081429 0.052918 
Ni 4 0.337865 0.320432 0.309034 
Ni 5 0.395846 1.057056 0.033304 
Ni 6 0.684517 0.232860 0.186481 
Ni 7 0.337215 0.147085 0.140772 
Ni 8 0.564298 0.343026 0.287187 
Ni 9 0.696235 0.971663 0.023265 
Ni 10 0.935998 0.259204 0.209546 
Ni 11 0.073105 0.302367 0.118549 
Ni 12 0.314595 0.559373 0.282858 
Ni 13 0.431566 0.286534 0.027379 
Ni 14 0.702816 0.476744 0.207374 
Ni 15 0.766756 0.699425 0.061198 
Ni 16 0.951572 -0.050979 0.191113 
Ni 17 0.958937 0.489246 0.014605 
Ni 18 0.252802 0.790287 0.186206 
Ni 19 0.549936 0.641152 0.106588 
Ni 20 0.881951 0.740899 0.239394 
Ni 21 0.199877 0.525871 0.020895 
Ni 22 0.497794 0.732905 0.222489 
Ni 23 1.012424 0.583131 0.108939 
Ni 24 0.072161 0.806129 0.284790 
Ni 25 0.145507 0.056588 0.166564 
Ni 26 0.964668 0.760663 0.022536 
Ni 27 0.574499 0.914901 0.119865 
Ni 28 0.810338 0.091039 0.282873 
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Table H-3 Final fractional coordinates for the optimised leached Ni7Al9 (111) surface slab structure after the 
third adsorption position 

The leached Ni7Al9 (111) surface slab structure final cell contents after the 
third adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 1.039941 0.251498 0.361105 
O 1 0.978258 0.202047 0.352176 
Al 1 0.244020 0.406012 0.121429 
Al 2 0.557959 0.564450 0.316200 
Al 3 0.673561 0.216969 -0.008122 
Al 4 0.961006 0.479722 0.200155 
Al 5 0.196394 0.279292 0.015686 
Al 6 0.465788 0.512888 0.197497 
Al 7 0.186515 0.242243 0.231413 
Al 8 0.938716 1.002839 0.001249 
Al 9 0.590345 0.140286 0.103659 
Al 10 0.804216 0.313830 0.306857 
Al 11 0.268556 0.953661 -0.025814 
Al 12 0.440577 0.257613 0.209819 
Al 13 0.894748 0.150474 0.119911 
Al 14 0.915890 0.282506 0.014301 
Al 15 0.618979 0.386834 0.095504 
Al 16 0.829992 0.577461 0.304549 
Al 17 0.180412 0.745715 -0.028048 
Al 18 0.414454 0.972864 0.212124 
Al 19 0.045353 0.057286 0.287020 
Al 20 0.846434 0.861511 0.116455 
Al 21 0.353357 0.901114 0.097839 
Al 22 0.555920 0.112950 0.321726 
Al 23 0.287667 0.814360 0.285740 
Al 24 0.446816 0.495164 -0.022160 
Al 25 0.717130 0.701424 0.172380 
Al 26 0.331900 0.608275 0.088152 
Al 27 0.626177 0.839778 0.299034 
Al 28 0.687999 0.538834 0.007185 
Al 29 1.135319 0.658507 0.196249 
Al 30 0.099786 0.867773 0.099815 
Al 31 0.562941 0.822789 -0.000111 
Al 32 0.686362 -0.011045 0.208508 
Ni 1 0.816023 0.456261 0.108960 
Ni 2 0.089652 0.522126 0.281751 
Ni 3 0.116707 0.080179 0.056778 
Ni 4 0.322372 0.320257 0.303041 
Ni 5 0.407654 1.057245 0.026344 
Ni 6 0.680980 0.241113 0.187024 
Ni 7 0.340773 0.151583 0.132289 
Ni 8 0.558890 0.339633 0.289402 
Ni 9 0.707544 0.967913 0.020924 
Ni 10 0.936586 0.252876 0.209620 
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Ni 11 0.069598 0.301185 0.119131 
Ni 12 0.311941 0.565864 0.284589 
Ni 13 0.427828 0.302555 0.033183 
Ni 14 0.713202 0.475125 0.214290 
Ni 15 0.766357 0.701734 0.060389 
Ni 16 0.961756 -0.055218 0.194501 
Ni 17 0.966493 0.486827 0.021467 
Ni 18 0.293171 0.767443 0.172969 
Ni 19 0.547408 0.646281 0.112408 
Ni 20 0.884934 0.747624 0.234061 
Ni 21 0.195649 0.529232 0.020710 
Ni 22 0.511899 0.724388 0.233199 
Ni 23 1.001980 0.596991 0.115283 
Ni 24 0.062311 0.806313 0.290604 
Ni 25 0.159276 0.044238 0.175410 
Ni 26 0.967897 0.761094 0.023294 
Ni 27 0.578838 0.916910 0.114793 
Ni 28 0.791904 0.087926 0.279078 

 

Table H-4 Final fractional coordinates for the optimised leached Ni7Al9 (111) surface slab structure after the 
fourth adsorption position 

The leached Ni7Al9 (111) surface slab structure final cell contents after the 
fourth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.914267 0.752862 0.391466 
O 1 1.017419 0.699162 0.379247 
Al 1 0.216873 0.429301 0.111369 
Al 2 0.532093 0.550285 0.318961 
Al 3 0.652396 0.204675 -0.010004 
Al 4 0.918277 0.488256 0.228308 
Al 5 0.203725 0.272389 0.016045 
Al 6 0.447500 0.507445 0.195253 
Al 7 0.180424 0.216364 0.237648 
Al 8 0.928307 1.013949 0.006207 
Al 9 0.588389 0.137029 0.102546 
Al 10 0.770435 0.293731 0.295791 
Al 11 0.278694 0.983817 -0.029683 
Al 12 0.417207 0.256099 0.205509 
Al 13 0.890576 0.167663 0.123854 
Al 14 0.916288 0.300159 0.019421 
Al 15 0.616665 0.384448 0.096830 
Al 16 1.065520 0.580381 0.314229 
Al 17 0.188358 0.774931 -0.021788 
Al 18 0.416187 0.953241 0.204791 
Al 19 0.022110 0.061444 0.286669 
Al 20 0.844805 0.859988 0.120636 
Al 21 0.349177 0.904461 0.088758 
Al 22 0.513286 0.099972 0.316957 
Al 23 0.266501 0.827206 0.279137 
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Al 24 0.452693 0.494307 -0.028178 
Al 25 0.705891 0.704160 0.174199 
Al 26 0.335860 0.612921 0.081884 
Al 27 0.651257 0.802329 0.295230 
Al 28 0.679224 0.545816 0.010609 
Al 29 1.115968 0.704673 0.198250 
Al 30 0.093239 0.878842 0.103921 
Al 31 0.570409 0.826214 -0.001394 
Al 32 0.666469 -0.008061 0.208883 
Ni 1 0.812073 0.458991 0.111885 
Ni 2 0.164124 0.457382 0.216525 
Ni 3 0.108015 0.085364 0.055803 
Ni 4 0.295218 0.328679 0.304683 
Ni 5 0.437746 1.072231 0.020227 
Ni 6 0.668851 0.229966 0.189608 
Ni 7 0.328785 0.151390 0.126395 
Ni 8 0.531603 0.326345 0.289450 
Ni 9 0.723655 0.953639 0.022586 
Ni 10 0.935418 0.254282 0.216515 
Ni 11 0.065170 0.305728 0.126973 
Ni 12 0.297476 0.574312 0.281857 
Ni 13 0.422649 0.326810 0.041092 
Ni 14 0.692868 0.465874 0.208756 
Ni 15 0.773971 0.698116 0.061555 
Ni 16 0.929900 -0.030106 0.197397 
Ni 17 0.994978 0.491402 0.037363 
Ni 18 0.305723 0.764613 0.168311 
Ni 19 0.546473 0.649851 0.111654 
Ni 20 0.875027 0.754429 0.237699 
Ni 21 0.204258 0.540970 0.010409 
Ni 22 0.507096 0.710000 0.240713 
Ni 23 0.969866 0.598760 0.138567 
Ni 24 0.036950 0.829651 0.301459 
Ni 25 0.154377 0.038384 0.174130 
Ni 26 0.983024 0.759952 0.031042 
Ni 27 0.575009 0.915238 0.111851 
Ni 28 0.771719 0.052778 0.293426 

 

Table H-5 Final fractional coordinates for the optimised leached Ni7Al9 (111) surface slab structure after the 
fifth adsorption position 

The leached Ni7Al9 (111) surface slab structure final cell contents after the 
fifth adsorption position 

Element 
  

Atom 
Number 

Fractional coordinates of atoms 
u v w  

H 1 0.722168 0.120905 0.405437 
O 1 0.718996 0.051329 0.375091 
Al 1 0.260703 0.405289 0.122084 
Al 2 0.562655 0.574899 0.308242 
Al 3 0.678389 0.218301 -0.004047 
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Al 4 0.963928 0.488800 0.199719 
Al 5 0.197881 0.281883 0.017545 
Al 6 0.446289 0.522784 0.196982 
Al 7 0.182905 0.252803 0.236364 
Al 8 0.939607 1.001639 0.000592 
Al 9 0.596330 0.134701 0.108376 
Al 10 0.798667 0.316324 0.300787 
Al 11 0.270284 0.945597 -0.022506 
Al 12 0.446453 0.254359 0.210757 
Al 13 0.900148 0.165728 0.120651 
Al 14 0.925344 0.277112 0.010371 
Al 15 0.617245 0.385119 0.101631 
Al 16 0.852541 0.557643 0.312388 
Al 17 0.180449 0.741580 -0.027127 
Al 18 0.403458 0.988971 0.219863 
Al 19 0.059659 0.050021 0.275789 
Al 20 0.845312 0.856111 0.118688 
Al 21 0.353448 0.890999 0.107072 
Al 22 0.560223 0.112537 0.325335 
Al 23 0.304066 0.812063 0.297401 
Al 24 0.448980 0.493528 -0.014165 
Al 25 0.718725 0.696075 0.172932 
Al 26 0.321613 0.626815 0.092178 
Al 27 0.626395 0.815434 0.292760 
Al 28 0.695534 0.529243 0.006939 
Al 29 1.117821 0.658905 0.195298 
Al 30 0.089585 0.879045 0.100686 
Al 31 0.557296 0.816144 0.008427 
Al 32 0.696995 -0.014196 0.216224 
Ni 1 0.822512 0.452488 0.108828 
Ni 2 0.098526 0.518153 0.282919 
Ni 3 0.123320 0.082565 0.057609 
Ni 4 0.332529 0.319575 0.305059 
Ni 5 0.402694 1.051591 0.031870 
Ni 6 0.698555 0.222135 0.190991 
Ni 7 0.342580 0.153176 0.135227 
Ni 8 0.553729 0.351802 0.285064 
Ni 9 0.699336 0.969405 0.024605 
Ni 10 0.940988 0.267237 0.212537 
Ni 11 0.075733 0.306184 0.120544 
Ni 12 0.309230 0.572961 0.287426 
Ni 13 0.436386 0.285286 0.033055 
Ni 14 0.698340 0.475854 0.207268 
Ni 15 0.769179 0.699268 0.062323 
Ni 16 0.946792 -0.041841 0.193304 
Ni 17 0.963351 0.488326 0.016479 
Ni 18 0.251092 0.788956 0.186104 
Ni 19 0.552721 0.641052 0.104869 
Ni 20 0.878532 0.743184 0.244133 
Ni 21 0.202591 0.525522 0.022040 
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Ni 22 0.495440 0.736862 0.218320 
Ni 23 1.013193 0.585531 0.110081 
Ni 24 0.071807 0.808178 0.286685 
Ni 25 0.156250 0.058196 0.172784 
Ni 26 0.967122 0.761899 0.024232 
Ni 27 0.576556 0.914364 0.122091 
Ni 28 0.815902 0.074284 0.292918 

 

H.2 Fractional coordinates for the leached Ni8Al8 (111) surface slab structures after the 
adsorption of OH· 
Table H-6 Final fractional coordinates for the optimised leached Ni8Al8 (111) surface slab structure after the 
first adsorption position 

The leached Ni8Al8 (111) surface slab structure final cell contents after the 
first adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.665459 0.530390 0.390348 
O 1 0.583265 0.565769 0.359050 
Al 1 0.245153 0.325336 0.108979 
Al 2 0.624455 0.639462 0.291841 
Al 3 0.521973 0.196817 0.018636 
Al 4 0.918274 0.500061 0.204536 
Al 5 0.065974 0.190294 -0.008358 
Al 6 0.453713 0.501639 0.207397 
Al 7 0.794110 0.938100 0.001688 
Al 8 0.974497 0.096320 0.106134 
Al 9 0.357019 0.423113 0.315128 
Al 10 0.075470 0.927406 -0.009843 
Al 11 0.433418 0.241328 0.211727 
Al 12 0.785478 0.194398 0.005872 
Al 13 0.173782 0.507217 0.206454 
Al 14 0.973585 0.343325 0.102114 
Al 15 0.068344 0.666571 -0.009536 
Al 16 0.428295 0.985697 0.204308 
Al 17 0.120544 0.171996 0.298758 
Al 18 0.716893 0.856019 0.113670 
Al 19 0.265193 0.833848 0.102060 
Al 20 0.658668 0.148394 0.302923 
Al 21 0.990150 0.593402 0.102383 
Al 22 0.763805 0.453571 0.007108 
Al 23 0.167407 0.755090 0.212439 
Al 24 0.273293 0.578585 0.101388 
Al 25 0.660207 0.884431 0.299606 
Al 26 0.987412 0.843389 0.104854 
Al 27 0.162942 0.000566 0.206504 
Al 28 0.778609 0.693430 -0.001162 
Ni 1 0.738090 0.336233 0.104814 
Ni 2 0.114344 0.651837 0.298027 
Ni 3 0.476575 0.095044 0.116666 
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Ni 4 0.878157 0.393823 0.290684 
Ni 5 0.298481 0.945757 0.014499 
Ni 6 0.683794 0.244730 0.201573 
Ni 7 0.736191 0.084511 0.104977 
Ni 8 0.128788 0.398686 0.291071 
Ni 9 0.215712 0.098957 0.116117 
Ni 10 0.620269 0.391731 0.297713 
Ni 11 0.555885 0.941000 0.018313 
Ni 12 0.941324 0.247558 0.194312 
Ni 13 0.486693 0.337003 0.117975 
Ni 14 0.876235 0.640697 0.294594 
Ni 15 0.294814 0.182620 0.019988 
Ni 16 0.686397 0.494161 0.198721 
Ni 17 0.540332 0.700683 0.015982 
Ni 18 0.924333 -0.005673 0.196188 
Ni 19 0.283193 0.434103 0.018081 
Ni 20 0.668959 0.749313 0.204222 
Ni 21 0.503273 0.589340 0.108408 
Ni 22 0.882208 0.902534 0.291543 
Ni 23 0.539682 0.428042 0.019531 
Ni 24 0.922518 0.747381 0.196201 
Ni 25 0.022649 0.445952 0.012731 
Ni 26 0.412605 0.754219 0.203771 
Ni 27 0.750902 0.596017 0.103737 
Ni 28 0.12258 0.90897 0.29735 
Ni 29 0.29939 0.68628 0.01091 
Ni 30 0.66539 0.0055 0.20805 
Ni 31 0.48951 0.8441 0.10966 
Ni 32 0.88985 0.15047 0.28704 

 

Table H-7 Final fractional coordinates for the optimised leached Ni8Al8 (111) surface slab structure after the 
second adsorption position 

The leached Ni8Al8 (111) surface slab structure final cell contents after the 
second adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.977906 0.854221 0.403223 
O 1 0.956215 0.804994 0.370052 
Al 1 0.238735 0.332320 0.106639 
Al 2 0.597604 0.642009 0.289148 
Al 3 0.523779 0.195271 0.014482 
Al 4 0.906316 0.505678 0.206577 
Al 5 0.065843 0.191259 -0.006576 
Al 6 0.441860 0.507468 0.200480 
Al 7 0.796807 0.936949 0.003531 
Al 8 0.969254 0.098571 0.107672 
Al 9 0.337196 0.449417 0.311660 
Al 10 0.074927 0.927858 -0.009132 
Al 11 0.424807 0.253887 0.206931 
Al 12 0.786942 0.194021 0.004178 
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Al 13 0.160462 0.515224 0.208486 
Al 14 0.968495 0.346931 0.103625 
Al 15 0.068230 0.666755 -0.007889 
Al 16 0.421734 0.992214 0.199570 
Al 17 0.092245 0.185981 0.300283 
Al 18 0.710287 0.860915 0.114564 
Al 19 0.258604 0.836462 0.101439 
Al 20 0.626458 0.168653 0.302323 
Al 21 0.981726 0.599379 0.105303 
Al 22 0.765472 0.454281 0.005874 
Al 23 0.158718 0.759056 0.222461 
Al 24 0.263800 0.583038 0.099264 
Al 25 0.626976 0.899112 0.296446 
Al 26 0.983023 0.845103 0.110733 
Al 27 0.158985 0.003667 0.206370 
Al 28 0.779776 0.694525 -0.000861 
Ni 1 0.735454 0.337799 0.101851 
Ni 2 0.080638 0.660400 0.306717 
Ni 3 0.471689 0.101688 0.113982 
Ni 4 0.847001 0.409137 0.292969 
Ni 5 0.297729 0.946374 0.014165 
Ni 6 0.676541 0.247852 0.197447 
Ni 7 0.734712 0.085266 0.103715 
Ni 8 0.099128 0.413747 0.292232 
Ni 9 0.210821 0.102477 0.115582 
Ni 10 0.595553 0.409119 0.290762 
Ni 11 0.555967 0.941633 0.017195 
Ni 12 0.933953 0.251777 0.196027 
Ni 13 0.486703 0.340031 0.111552 
Ni 14 0.836943 0.649957 0.297488 
Ni 15 0.295372 0.183697 0.018757 
Ni 16 0.677657 0.496618 0.194589 
Ni 17 0.541001 0.701640 0.013032 
Ni 18 0.916671 -0.000679 0.200582 
Ni 19 0.286620 0.433194 0.015161 
Ni 20 0.659400 0.752597 0.202781 
Ni 21 0.496825 0.591852 0.103842 
Ni 22 0.847113 0.923975 0.298661 
Ni 23 0.541258 0.428636 0.014661 
Ni 24 0.910211 0.754054 0.201929 
Ni 25 0.023571 0.447776 0.014589 
Ni 26 0.403263 0.758730 0.200813 
Ni 27 0.745663 0.598936 0.102682 
Ni 28 0.092869 0.945447 0.298335 
Ni 29 0.300915 0.686584 0.008882 
Ni 30 0.656711 0.014909 0.207583 
Ni 31 0.485187 0.845681 0.107027 
Ni 32 0.855568 0.172676 0.288014 
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Table H-8 Final fractional coordinates for the optimised leached Ni8Al8 (111) surface slab structure after the 
third adsorption position 

The leached Ni8Al8 (111) surface slab structure final cell contents after the 
third adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.353450 0.155885 0.298382 
O 1 0.324443 0.083359 0.284899 
Al 1 0.244674 0.327723 0.103891 
Al 2 0.602335 0.634169 0.285980 
Al 3 0.525017 0.191574 0.012470 
Al 4 0.907491 0.505524 0.203986 
Al 5 0.066972 0.190193 -0.010228 
Al 6 0.447481 0.504751 0.197246 
Al 7 0.798591 0.934882 -0.000311 
Al 8 0.971208 0.096418 0.101739 
Al 9 0.339700 0.451842 0.308070 
Al 10 0.077618 0.925503 -0.013751 
Al 11 0.440017 0.253051 0.201464 
Al 12 0.787611 0.192655 0.000042 
Al 13 0.166767 0.504769 0.204311 
Al 14 0.972443 0.345112 0.100412 
Al 15 0.070493 0.664215 -0.011546 
Al 16 0.418463 0.994635 0.205457 
Al 17 0.106849 0.172226 0.293856 
Al 18 0.713891 0.856243 0.111976 
Al 19 0.263503 0.831672 0.096002 
Al 20 0.640032 0.161065 0.298676 
Al 21 0.986623 0.594715 0.101954 
Al 22 0.767041 0.453898 0.002507 
Al 23 0.161872 0.750224 0.216088 
Al 24 0.268313 0.578488 0.095572 
Al 25 0.666377 0.879967 0.295328 
Al 26 0.986746 0.840581 0.104257 
Al 27 0.156063 -0.006639 0.199204 
Al 28 0.782550 0.692497 -0.003695 
Ni 1 0.740229 0.336050 0.097676 
Ni 2 0.075169 0.659631 0.296686 
Ni 3 0.472242 0.095710 0.114206 
Ni 4 0.857908 0.396074 0.288871 
Ni 5 0.299640 0.945155 0.010319 
Ni 6 0.685793 0.243705 0.193009 
Ni 7 0.734872 0.081520 0.100116 
Ni 8 0.097330 0.417693 0.291372 
Ni 9 0.213298 0.099071 0.113467 
Ni 10 0.603873 0.400894 0.286636 
Ni 11 0.558098 0.939377 0.016015 
Ni 12 0.943921 0.245188 0.191714 
Ni 13 0.492447 0.338001 0.107102 
Ni 14 0.844254 0.633514 0.299341 
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Ni 15 0.297275 0.180097 0.016481 
Ni 16 0.683888 0.491487 0.191334 
Ni 17 0.542967 0.702764 0.012600 
Ni 18 0.919478 -0.006261 0.192384 
Ni 19 0.289037 0.429856 0.011565 
Ni 20 0.656720 0.754398 0.202451 
Ni 21 0.500779 0.588572 0.101012 
Ni 22 0.868996 0.920943 0.290156 
Ni 23 0.543871 0.426945 0.010844 
Ni 24 0.911797 0.749530 0.197687 
Ni 25 0.026441 0.445204 0.011168 
Ni 26 0.404129 0.757012 0.198103 
Ni 27 0.747101 0.598970 0.100876 
Ni 28 0.107941 0.922645 0.294020 
Ni 29 0.303234 0.683349 0.004900 
Ni 30 0.659203 0.009351 0.205253 
Ni 31 0.483347 0.849232 0.107816 
Ni 32 0.872928 0.157973 0.282933 

 

Table H-9 Final fractional coordinates for the optimised leached Ni8Al8 (111) surface slab structure after the 
fourth adsorption position 

The leached Ni8Al8 (111) surface slab structure final cell contents after the 
fourth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.410772 0.745170 0.382957 
O 1 0.410301 0.771266 0.339490 
Al 1 0.242113 0.330844 0.103466 
Al 2 0.579387 0.652160 0.293629 
Al 3 0.523986 0.195687 0.013738 
Al 4 0.906513 0.504040 0.204402 
Al 5 0.065982 0.191122 -0.008655 
Al 6 0.440032 0.508446 0.199868 
Al 7 0.796139 0.937243 0.001234 
Al 8 0.968905 0.100682 0.103729 
Al 9 0.337454 0.448025 0.310081 
Al 10 0.074849 0.928371 -0.012515 
Al 11 0.428179 0.250781 0.207040 
Al 12 0.785754 0.195586 0.002659 
Al 13 0.163203 0.511424 0.203781 
Al 14 0.971381 0.346476 0.101518 
Al 15 0.067580 0.667539 -0.009945 
Al 16 0.423417 0.990235 0.200065 
Al 17 0.097346 0.184975 0.297944 
Al 18 0.710661 0.858179 0.113936 
Al 19 0.256778 0.838538 0.098364 
Al 20 0.647505 0.154077 0.300268 
Al 21 0.982512 0.597954 0.102858 
Al 22 0.766018 0.454437 0.004868 
Al 23 0.153909 0.762221 0.220956 
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Al 24 0.265094 0.582526 0.096641 
Al 25 0.672879 0.881802 0.294769 
Al 26 0.982833 0.844010 0.105971 
Al 27 0.155719 0.007281 0.203706 
Al 28 0.779912 0.694000 -0.001720 
Ni 1 0.734655 0.342329 0.101646 
Ni 2 0.074251 0.652920 0.297722 
Ni 3 0.472113 0.099549 0.112777 
Ni 4 0.843504 0.406247 0.290784 
Ni 5 0.298947 0.945600 0.011142 
Ni 6 0.679424 0.245512 0.195304 
Ni 7 0.733220 0.085190 0.101306 
Ni 8 0.107065 0.405663 0.288491 
Ni 9 0.212272 0.102032 0.111919 
Ni 10 0.601540 0.395888 0.288560 
Ni 11 0.556477 0.941277 0.015574 
Ni 12 0.930569 0.254296 0.193224 
Ni 13 0.485318 0.340410 0.111281 
Ni 14 0.844535 0.632188 0.298211 
Ni 15 0.296720 0.182679 0.015713 
Ni 16 0.670784 0.502936 0.197297 
Ni 17 0.541446 0.701101 0.011830 
Ni 18 0.919357 -0.000430 0.193157 
Ni 19 0.287463 0.433708 0.012043 
Ni 20 0.655499 0.751473 0.205225 
Ni 21 0.496633 0.592388 0.102803 
Ni 22 0.884852 0.917192 0.290651 
Ni 23 0.541263 0.429165 0.013845 
Ni 24 0.909782 0.752959 0.198933 
Ni 25 0.025212 0.447015 0.012241 
Ni 26 0.398048 0.761028 0.195426 
Ni 27 0.744827 0.598479 0.103337 
Ni 28 0.138499 0.924287 0.301220 
Ni 29 0.300500 0.687263 0.006799 
Ni 30 0.657000 0.013575 0.205546 
Ni 31 0.485015 0.846679 0.105607 
Ni 32 0.879962 0.152995 0.284908 

 

Table H-10 Final fractional coordinates for the optimised leached Ni8Al8 (111) surface slab structure after the 
fifth adsorption position 

The leached Ni8Al8 (111) surface slab structure final cell contents after the 
fifth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.086450 0.928754 0.411868 
O 1 0.169492 0.878389 0.380973 
Al 1 0.242384 0.329713 0.106159 
Al 2 0.599881 0.640462 0.288946 
Al 3 0.524618 0.193977 0.014928 
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Al 4 0.908833 0.505454 0.206517 
Al 5 0.066540 0.190569 -0.007125 
Al 6 0.446128 0.505253 0.200373 
Al 7 0.797973 0.936183 0.002881 
Al 8 0.972505 0.096689 0.107921 
Al 9 0.339087 0.449767 0.311567 
Al 10 0.076044 0.927315 -0.009721 
Al 11 0.429670 0.250554 0.206836 
Al 12 0.788129 0.192911 0.004567 
Al 13 0.165354 0.510689 0.206019 
Al 14 0.970882 0.345517 0.103407 
Al 15 0.069768 0.666137 -0.008406 
Al 16 0.421381 0.990816 0.201376 
Al 17 0.098200 0.191448 0.296579 
Al 18 0.713085 0.858311 0.113902 
Al 19 0.260513 0.835862 0.101939 
Al 20 0.634060 0.163499 0.302171 
Al 21 0.985062 0.596798 0.104120 
Al 22 0.766539 0.453171 0.005870 
Al 23 0.164469 0.755888 0.219477 
Al 24 0.267807 0.580672 0.098588 
Al 25 0.633662 0.895725 0.298834 
Al 26 0.985900 0.842789 0.109054 
Al 27 0.161698 -0.000151 0.209529 
Al 28 0.781473 0.693331 -0.001438 
Ni 1 0.738302 0.335947 0.101855 
Ni 2 0.079553 0.660456 0.298898 
Ni 3 0.473854 0.098383 0.114688 
Ni 4 0.849182 0.409186 0.292661 
Ni 5 0.298613 0.945359 0.014209 
Ni 6 0.681604 0.244020 0.197696 
Ni 7 0.737504 0.082529 0.104124 
Ni 8 0.102590 0.416543 0.292795 
Ni 9 0.212385 0.100629 0.116064 
Ni 10 0.600339 0.404582 0.290445 
Ni 11 0.557412 0.940742 0.016888 
Ni 12 0.938164 0.249470 0.195914 
Ni 13 0.489804 0.337790 0.112119 
Ni 14 0.842274 0.650361 0.298220 
Ni 15 0.296535 0.181754 0.018819 
Ni 16 0.681212 0.494811 0.194575 
Ni 17 0.542535 0.701327 0.012949 
Ni 18 0.923469 -0.004863 0.200167 
Ni 19 0.287935 0.432087 0.014578 
Ni 20 0.660598 0.752251 0.203147 
Ni 21 0.500307 0.590010 0.103264 
Ni 22 0.853624 0.916161 0.293554 
Ni 23 0.542254 0.427277 0.014592 
Ni 24 0.912382 0.751086 0.199719 
Ni 25 0.025099 0.446026 0.013937 
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Ni 26 0.408321 0.755534 0.199450 
Ni 27 0.747595 0.598222 0.102592 
Ni 28 0.088263 0.926778 0.303783 
Ni 29 0.302195 0.686718 0.008939 
Ni 30 0.658122 0.010478 0.207834 
Ni 31 0.486694 0.846004 0.106915 
Ni 32 0.864078 0.166743 0.287358 

 

H.3 Fractional coordinates for the leached Ni9Al7 (111) surface slab structures after the 
adsorption of OH· 
Table H-11 Final fractional coordinates for the optimised leached Ni9Al7 (111) surface slab structure after the 
first adsorption position 

The leached Ni9Al7 (111) surface slab structure final cell contents after the 
first adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.891284 0.806039 0.390700 
O 1 0.918545 0.757976 0.349929 
Al 1 0.321984 0.343216 0.084177 
Al 2 0.680973 0.205241 -0.009546 
Al 3 0.965428 0.504772 0.216347 
Al 4 0.246872 0.220409 0.230398 
Al 5 0.927899 0.951645 -0.010943 
Al 6 0.575270 0.089900 0.082132 
Al 7 0.856821 0.389545 0.308469 
Al 8 0.207310 0.963988 0.009160 
Al 9 0.496093 0.235984 0.187799 
Al 10 0.321920 0.081982 0.122915 
Al 11 0.597902 0.376305 0.287441 
Al 12 0.934884 0.229038 0.015513 
Al 13 0.224713 0.506055 0.193042 
Al 14 0.184431 0.705608 -0.013316 
Al 15 0.100159 0.130482 0.309774 
Al 16 0.809950 0.838123 0.086087 
Al 17 0.059496 0.587815 0.089425 
Al 18 0.342797 0.863564 0.306931 
Al 19 0.443156 0.456580 -0.013946 
Al 20 0.711666 0.783318 0.220702 
Al 21 0.343275 0.602297 0.098112 
Al 22 0.155180 0.437386 -0.024279 
Al 23 0.463794 0.739349 0.201329 
Al 24 0.068313 0.867664 0.103082 
Ni 1 0.188791 0.210613 0.027586 
Ni 2 0.478920 0.487590 0.190184 
Ni 3 0.827716 0.357259 0.115051 
Ni 4 0.102035 0.635179 0.282028 
Ni 5 0.067716 0.108460 0.110233 
Ni 6 0.356572 0.367687 0.278523 
Ni 7 0.447671 0.956928 0.026715 
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Ni 8 0.732508 0.249686 0.190946 
Ni 9 0.825128 0.097237 0.091279 
Ni 10 0.102844 0.384637 0.307016 
Ni 11 0.685554 0.952918 -0.009188 
Ni 12 0.981499 0.250235 0.209717 
Ni 13 0.571114 0.340738 0.093872 
Ni 14 0.844709 0.635024 0.306677 
Ni 15 0.097277 0.347189 0.130336 
Ni 16 0.354716 0.625041 0.283915 
Ni 17 0.427689 0.217524 -0.009014 
Ni 18 0.713670 0.520803 0.217185 
Ni 19 0.323597 0.847836 0.107504 
Ni 20 0.623334 0.124190 0.277443 
Ni 21 0.683642 0.708000 0.026314 
Ni 22 0.965071 0.006479 0.194955 
Ni 23 0.927828 0.468723 0.030624 
Ni 24 0.212812 0.749601 0.191987 
Ni 25 0.585475 0.595375 0.109589 
Ni 26 0.855597 0.890145 0.277805 
Ni 27 0.684106 0.449987 0.016401 
Ni 28 0.967886 0.745953 0.179304 
Ni 29 0.817951 0.610574 0.127715 
Ni 30 0.101086 0.891412 0.288199 
Ni 31 0.431174 0.698630 0.011909 
Ni 32 0.724822 0.998548 0.176758 
Ni 33 0.941430 0.700240 -0.006307 
Ni 34 0.222198 0.995433 0.208336 
Ni 35 0.573213 0.856140 0.127518 
Ni 36 0.855698 0.149340 0.288570 

 

Table H-12 Final fractional coordinates for the optimised leached Ni9Al7 (111) surface slab structure after the 
second adsorption position 

The leached Ni9Al7 (111) surface slab structure final cell contents after the 
second adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.321821 0.731840 0.396332 
O 1 0.396188 0.721400 0.364563 
Al 1 0.320447 0.342308 0.084124 
Al 2 0.680078 0.205036 -0.010007 
Al 3 0.959561 0.503674 0.214320 
Al 4 0.240655 0.221379 0.229885 
Al 5 0.927209 0.950809 -0.011004 
Al 6 0.573679 0.089150 0.081328 
Al 7 0.851393 0.394956 0.307287 
Al 8 0.206237 0.962282 0.009329 
Al 9 0.493110 0.232610 0.187523 
Al 10 0.321538 0.079837 0.123588 
Al 11 0.597942 0.367581 0.286329 
Al 12 0.934932 0.227571 0.015780 
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Al 13 0.220565 0.505159 0.193303 
Al 14 0.182986 0.704270 -0.013015 
Al 15 0.092975 0.134968 0.310328 
Al 16 0.808864 0.837124 0.085050 
Al 17 0.056853 0.586730 0.088846 
Al 18 0.328878 0.866860 0.307178 
Al 19 0.441482 0.456270 -0.013960 
Al 20 0.706962 0.782467 0.223140 
Al 21 0.339702 0.602412 0.098538 
Al 22 0.154220 0.435372 -0.024595 
Al 23 0.462453 0.737358 0.201514 
Al 24 0.068709 0.863650 0.103919 
Ni 1 0.189003 0.208237 0.027511 
Ni 2 0.472423 0.485456 0.190022 
Ni 3 0.825776 0.356141 0.114283 
Ni 4 0.096438 0.641759 0.281634 
Ni 5 0.068662 0.104779 0.110412 
Ni 6 0.354374 0.362663 0.277652 
Ni 7 0.446814 0.955823 0.026555 
Ni 8 0.728556 0.247388 0.189557 
Ni 9 0.823855 0.095891 0.090448 
Ni 10 0.097366 0.393021 0.305800 
Ni 11 0.684291 0.952682 -0.009991 
Ni 12 0.977478 0.250100 0.209039 
Ni 13 0.568934 0.340068 0.093130 
Ni 14 0.860236 0.636788 0.304579 
Ni 15 0.095354 0.345995 0.129242 
Ni 16 0.364283 0.611116 0.286788 
Ni 17 0.426950 0.216758 -0.009336 
Ni 18 0.708486 0.513358 0.214285 
Ni 19 0.322107 0.846549 0.107997 
Ni 20 0.622969 0.115075 0.276630 
Ni 21 0.681676 0.707525 0.025835 
Ni 22 0.960248 0.007466 0.192908 
Ni 23 0.926051 0.468305 0.030134 
Ni 24 0.212900 0.747660 0.195684 
Ni 25 0.581797 0.594338 0.109052 
Ni 26 0.854962 0.885910 0.274755 
Ni 27 0.682569 0.449841 0.015727 
Ni 28 0.965810 0.744040 0.178631 
Ni 29 0.812868 0.611538 0.127317 
Ni 30 0.082636 0.900798 0.287593 
Ni 31 0.429124 0.698436 0.011957 
Ni 32 0.719879 0.996076 0.175050 
Ni 33 0.939598 0.699023 -0.007232 
Ni 34 0.222054 0.992303 0.210405 
Ni 35 0.572272 0.854451 0.127604 
Ni 36 0.851296 0.149183 0.287839 
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Table H-13 Final fractional coordinates for the optimised leached Ni9Al7 (111) surface slab structure after the 
third adsorption position 

The leached Ni9Al7 (111) surface slab structure final cell contents after the 
third adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.654303 0.606849 0.366611 
O 1 0.764160 0.550961 0.364256 
Al 1 0.319754 0.342990 0.082847 
Al 2 0.680308 0.205064 -0.011758 
Al 3 0.955746 0.510812 0.217244 
Al 4 0.243011 0.219183 0.229086 
Al 5 0.927080 0.951275 -0.012935 
Al 6 0.574513 0.089590 0.080442 
Al 7 0.844624 0.396347 0.309464 
Al 8 0.207060 0.963649 0.008322 
Al 9 0.492979 0.231752 0.186872 
Al 10 0.320785 0.082110 0.121858 
Al 11 0.592799 0.365630 0.283619 
Al 12 0.935722 0.227233 0.012433 
Al 13 0.218219 0.504991 0.189995 
Al 14 0.182526 0.704867 -0.015088 
Al 15 0.092885 0.132795 0.308018 
Al 16 0.807786 0.836689 0.083413 
Al 17 0.055750 0.588258 0.086829 
Al 18 0.342343 0.864816 0.304625 
Al 19 0.441251 0.456574 -0.015542 
Al 20 0.707681 0.786548 0.225122 
Al 21 0.339219 0.603486 0.096147 
Al 22 0.153607 0.436755 -0.025877 
Al 23 0.467116 0.732293 0.200585 
Al 24 0.067162 0.867660 0.101862 
Ni 1 0.188000 0.210852 0.026641 
Ni 2 0.471377 0.485666 0.188194 
Ni 3 0.826052 0.353178 0.111140 
Ni 4 0.097201 0.638607 0.278930 
Ni 5 0.065842 0.110197 0.109372 
Ni 6 0.350121 0.369377 0.276092 
Ni 7 0.448066 0.955501 0.026480 
Ni 8 0.729541 0.243285 0.187570 
Ni 9 0.825022 0.096044 0.089149 
Ni 10 0.098112 0.387971 0.304018 
Ni 11 0.683987 0.953143 -0.011290 
Ni 12 0.972625 0.257360 0.209287 
Ni 13 0.568008 0.340310 0.091337 
Ni 14 0.860344 0.648409 0.310856 
Ni 15 0.093662 0.349780 0.129640 
Ni 16 0.351611 0.624588 0.283050 
Ni 17 0.427069 0.217060 -0.010197 
Ni 18 0.714484 0.496998 0.208275 
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Ni 19 0.323718 0.847335 0.106809 
Ni 20 0.624474 0.109292 0.275332 
Ni 21 0.682217 0.707692 0.025509 
Ni 22 0.964868 0.007067 0.193397 
Ni 23 0.925879 0.468522 0.029730 
Ni 24 0.212245 0.748837 0.190894 
Ni 25 0.582234 0.594238 0.106642 
Ni 26 0.863247 0.885329 0.273433 
Ni 27 0.682777 0.448952 0.013631 
Ni 28 0.964604 0.745971 0.176258 
Ni 29 0.813163 0.610574 0.128146 
Ni 30 0.099494 0.889331 0.287951 
Ni 31 0.428577 0.699330 0.010190 
Ni 32 0.723047 0.995376 0.173752 
Ni 33 0.938952 0.699650 -0.009178 
Ni 34 0.218621 0.995302 0.206953 
Ni 35 0.572788 0.855170 0.128690 
Ni 36 0.850212 0.149815 0.287216 

 

Table H-14 Final fractional coordinates for the optimised leached Ni9Al7 (111) surface slab structure after the 
fourth adsorption position 

The leached Ni9Al7 (111) surface slab structure final cell contents after the 
fourth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.489730 1.013275 0.304331 
O 1 0.519050 0.903498 0.304684 
Al 1 0.321862 0.341926 0.082096 
Al 2 0.680132 0.204484 -0.012847 
Al 3 0.957914 0.503404 0.209400 
Al 4 0.237430 0.227420 0.223271 
Al 5 0.927072 0.951826 -0.013613 
Al 6 0.575153 0.087542 0.079350 
Al 7 0.857762 0.399810 0.304490 
Al 8 0.206946 0.963508 0.005236 
Al 9 0.497806 0.226725 0.185956 
Al 10 0.321537 0.080021 0.119098 
Al 11 0.601213 0.377088 0.284425 
Al 12 0.934031 0.229215 0.011953 
Al 13 0.220958 0.504514 0.189817 
Al 14 0.183090 0.705105 -0.016147 
Al 15 0.102845 0.136952 0.305966 
Al 16 0.807431 0.836657 0.082345 
Al 17 0.055028 0.587728 0.086869 
Al 18 0.355290 0.867206 0.300507 
Al 19 0.441350 0.455404 -0.016697 
Al 20 0.672963 0.817903 0.238307 
Al 21 0.339628 0.602429 0.095143 
Al 22 0.153569 0.437153 -0.026635 
Al 23 0.458316 0.730962 0.193939 
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Al 24 0.064526 0.865755 0.100892 
Ni 1 0.188566 0.209274 0.023857 
Ni 2 0.475370 0.480385 0.186297 
Ni 3 0.824289 0.357253 0.111314 
Ni 4 0.108748 0.642205 0.279218 
Ni 5 0.066253 0.106592 0.106187 
Ni 6 0.360761 0.365259 0.274133 
Ni 7 0.449264 0.953718 0.025163 
Ni 8 0.731508 0.246380 0.187975 
Ni 9 0.823659 0.095803 0.088748 
Ni 10 0.105378 0.394705 0.301314 
Ni 11 0.684268 0.952991 -0.012622 
Ni 12 0.976743 0.250709 0.205256 
Ni 13 0.571116 0.337438 0.090431 
Ni 14 0.874090 0.638887 0.297901 
Ni 15 0.094835 0.345587 0.125143 
Ni 16 0.361794 0.627974 0.279447 
Ni 17 0.427240 0.216072 -0.011302 
Ni 18 0.705100 0.521319 0.213194 
Ni 19 0.319796 0.848002 0.103339 
Ni 20 0.642869 0.118974 0.273645 
Ni 21 0.680716 0.709000 0.023478 
Ni 22 0.964593 0.005651 0.192505 
Ni 23 0.924401 0.470389 0.027772 
Ni 24 0.207024 0.749842 0.189667 
Ni 25 0.582669 0.592348 0.104675 
Ni 26 0.873970 0.885785 0.272487 
Ni 27 0.682773 0.448500 0.012076 
Ni 28 0.960852 0.741761 0.177221 
Ni 29 0.808777 0.614417 0.124874 
Ni 30 0.111488 0.893720 0.288156 
Ni 31 0.429320 0.697697 0.008142 
Ni 32 0.723694 0.991056 0.173878 
Ni 33 0.940629 0.700128 -0.009673 
Ni 34 0.218310 0.995910 0.203582 
Ni 35 0.573407 0.854043 0.130536 
Ni 36 0.863357 0.152770 0.286635 

 

Table H-15 Final fractional coordinates for the optimised leached Ni9Al7 (111) surface slab structure after the 
fifth adsorption position 

The leached Ni9Al7 (111) surface slab structure final cell contents after the 
fifth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.044714 0.547374 0.406277 
O 1 0.038108 0.556544 0.361016 
Al 1 0.324392 0.341222 0.083743 
Al 2 0.682418 0.204061 -0.009034 
Al 3 0.965540 0.501094 0.215689 
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Al 4 0.252111 0.212247 0.233701 
Al 5 0.929267 0.950270 -0.010825 
Al 6 0.576900 0.087992 0.082497 
Al 7 0.848220 0.379519 0.305166 
Al 8 0.209230 0.962109 0.009699 
Al 9 0.498112 0.232461 0.188373 
Al 10 0.323105 0.080536 0.124409 
Al 11 0.595523 0.364586 0.287512 
Al 12 0.936483 0.227720 0.016244 
Al 13 0.224878 0.501579 0.191751 
Al 14 0.185409 0.703943 -0.013308 
Al 15 0.098030 0.122333 0.310150 
Al 16 0.811083 0.835877 0.085475 
Al 17 0.060230 0.586028 0.088783 
Al 18 0.344962 0.860728 0.307878 
Al 19 0.444316 0.455190 -0.013741 
Al 20 0.712792 0.780545 0.226522 
Al 21 0.344325 0.600626 0.098268 
Al 22 0.156078 0.435218 -0.024358 
Al 23 0.463973 0.736746 0.201958 
Al 24 0.069779 0.865243 0.103338 
Ni 1 0.190646 0.208718 0.027980 
Ni 2 0.478244 0.484948 0.190902 
Ni 3 0.830061 0.355716 0.115945 
Ni 4 0.101941 0.633642 0.282389 
Ni 5 0.069538 0.106350 0.110872 
Ni 6 0.355640 0.364631 0.277634 
Ni 7 0.449370 0.955138 0.028697 
Ni 8 0.735244 0.246409 0.191426 
Ni 9 0.826886 0.095594 0.091808 
Ni 10 0.094212 0.372872 0.310164 
Ni 11 0.686037 0.952513 -0.009323 
Ni 12 0.987652 0.246697 0.210812 
Ni 13 0.572926 0.338963 0.094485 
Ni 14 0.856205 0.618299 0.308206 
Ni 15 0.101171 0.344800 0.130497 
Ni 16 0.355608 0.622206 0.284540 
Ni 17 0.429687 0.215165 -0.009195 
Ni 18 0.711708 0.519955 0.216690 
Ni 19 0.324631 0.845944 0.108308 
Ni 20 0.623324 0.108341 0.277228 
Ni 21 0.684367 0.707100 0.027281 
Ni 22 0.968962 0.002701 0.195349 
Ni 23 0.928535 0.467704 0.031179 
Ni 24 0.213153 0.744941 0.192812 
Ni 25 0.585779 0.593989 0.110160 
Ni 26 0.862843 0.883323 0.274842 
Ni 27 0.685151 0.448630 0.017142 
Ni 28 0.968715 0.742202 0.178761 
Ni 29 0.817467 0.610481 0.128469 
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Ni 30 0.102746 0.883174 0.289919 
Ni 31 0.431963 0.697317 0.012292 
Ni 32 0.725781 0.994041 0.176153 
Ni 33 0.942240 0.698693 -0.006936 
Ni 34 0.225086 0.989063 0.209057 
Ni 35 0.575696 0.853729 0.130268 
Ni 36 0.854314 0.138409 0.289093 

 

H.4 Fractional coordinates for the leached Ni11Al5 (111) surface slab structures after the 
adsorption of OH· 
Table H-16 Final fractional coordinates for the optimised leached Ni11Al5 (111) surface slab structure after the 
first adsorption position 

The leached Ni11Al5 (111) surface slab structure final cell contents after the 
first adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.249052 0.413951 0.393568 
O 1 0.287118 0.338667 0.359507 
Al 1 0.292927 0.313703 0.101259 
Al 2 0.600573 0.178128 0.009213 
Al 3 0.948144 0.487323 0.202609 
Al 4 0.864352 0.916214 -0.005075 
Al 5 0.144061 0.920334 -0.000328 
Al 6 0.476161 0.241824 0.205448 
Al 7 0.869442 0.188841 0.007388 
Al 8 0.206656 0.503132 0.208029 
Al 9 0.134964 0.648561 -0.012839 
Al 10 0.446627 0.986530 0.199432 
Al 11 0.125211 0.167741 0.283315 
Al 12 0.766487 0.837991 0.107015 
Al 13 0.033862 0.573675 0.099285 
Al 14 0.311567 0.580014 0.102464 
Al 15 0.655082 0.899075 0.297770 
Al 16 0.036617 0.844101 0.106504 
Ni 1 0.122191 0.170691 0.010589 
Ni 2 0.456362 0.492667 0.199733 
Ni 3 0.787972 0.334108 0.105904 
Ni 4 0.121999 0.672865 0.293817 
Ni 5 0.528082 0.083591 0.109839 
Ni 6 0.875051 0.406904 0.292110 
Ni 7 0.034837 0.083826 0.101674 
Ni 8 0.379533 0.404511 0.296527 
Ni 9 0.383077 0.914516 0.011098 
Ni 10 0.713325 0.241144 0.197121 
Ni 11 0.787142 0.076390 0.100011 
Ni 12 0.123890 0.410962 0.297654 
Ni 13 0.282536 0.078960 0.104203 
Ni 14 0.626831 0.401276 0.290311 
Ni 15 0.623126 0.921023 0.011552 
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Ni 16 0.953656 0.243311 0.196046 
Ni 17 0.542728 0.328455 0.106752 
Ni 18 0.888993 0.656142 0.291921 
Ni 19 0.041800 0.328996 0.107823 
Ni 20 0.369976 0.656271 0.289420 
Ni 21 0.368443 0.163875 0.008417 
Ni 22 0.698701 0.498503 0.202327 
Ni 23 0.285954 0.832315 0.102307 
Ni 24 0.640260 0.152146 0.295661 
Ni 25 0.626158 0.668974 0.013651 
Ni 26 0.954418 0.997890 0.197032 
Ni 27 0.366808 0.419387 0.011536 
Ni 28 0.692811 0.745103 0.205688 
Ni 29 0.871680 0.428183 0.015043 
Ni 30 0.203305 0.746187 0.195627 
Ni 31 0.545652 0.580710 0.106581 
Ni 32 0.887857 0.909116 0.289857 
Ni 33 0.618345 0.421130 0.013422 
Ni 34 0.952972 0.737880 0.191974 
Ni 35 0.122443 0.414557 0.008497 
Ni 36 0.448368 0.743888 0.200475 
Ni 37 0.789642 0.583459 0.109428 
Ni 38 0.129907 0.913259 0.288431 
Ni 39 0.373869 0.667503 0.007473 
Ni 40 0.703474 0.995222 0.200540 
Ni 41 0.875863 0.673646 0.010330 
Ni 42 0.204083 0.997581 0.196500 
Ni 43 0.533979 0.828655 0.106586 
Ni 44 0.880102 0.158109 0.291231 

 

Table H-17 Final fractional coordinates for the optimised leached Ni11Al5 (111) surface slab structure after the 
second adsorption position 

The leached Ni11Al5 (111) surface slab structure final cell contents after the 
second adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.399054 0.087730 0.302957 
O 1 0.331557 0.102292 0.266515 
Al 1 0.298194 0.309363 0.098114 
Al 2 0.605814 0.175692 0.005743 
Al 3 0.952392 0.483546 0.200285 
Al 4 0.870132 0.914513 -0.007295 
Al 5 0.149408 0.919084 -0.003600 
Al 6 0.482013 0.240768 0.202220 
Al 7 0.873762 0.188103 0.003185 
Al 8 0.212538 0.499820 0.203820 
Al 9 0.140231 0.646738 -0.015353 
Al 10 0.446504 0.983739 0.196457 
Al 11 0.124896 0.164570 0.279246 
Al 12 0.771523 0.835593 0.104519 
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Al 13 0.038996 0.570652 0.096900 
Al 14 0.317493 0.575871 0.098765 
Al 15 0.669982 0.892303 0.296750 
Al 16 0.042000 0.841586 0.103703 
Ni 1 0.127097 0.169966 0.007204 
Ni 2 0.463145 0.491374 0.195113 
Ni 3 0.792326 0.332127 0.102641 
Ni 4 0.130061 0.663264 0.292151 
Ni 5 0.531596 0.080662 0.108044 
Ni 6 0.881288 0.402960 0.290402 
Ni 7 0.035896 0.082761 0.096449 
Ni 8 0.382330 0.403552 0.291466 
Ni 9 0.389438 0.911670 0.007147 
Ni 10 0.717106 0.239469 0.193863 
Ni 11 0.790567 0.073888 0.096797 
Ni 12 0.124836 0.420064 0.291593 
Ni 13 0.286469 0.074433 0.100912 
Ni 14 0.630003 0.397854 0.287570 
Ni 15 0.628901 0.919057 0.008979 
Ni 16 0.957834 0.239851 0.192784 
Ni 17 0.548163 0.325390 0.103063 
Ni 18 0.893474 0.651843 0.289859 
Ni 19 0.047567 0.325755 0.105583 
Ni 20 0.374885 0.651521 0.285658 
Ni 21 0.374001 0.161182 0.005172 
Ni 22 0.703380 0.496925 0.199784 
Ni 23 0.292353 0.826375 0.097272 
Ni 24 0.640914 0.150871 0.293402 
Ni 25 0.632420 0.666437 0.010743 
Ni 26 0.953873 0.995299 0.193484 
Ni 27 0.372411 0.416724 0.008106 
Ni 28 0.695072 0.744771 0.203783 
Ni 29 0.877474 0.426219 0.012665 
Ni 30 0.207355 0.739544 0.191993 
Ni 31 0.551933 0.577169 0.102638 
Ni 32 0.895177 0.905597 0.287303 
Ni 33 0.623860 0.418459 0.009635 
Ni 34 0.956137 0.735111 0.189530 
Ni 35 0.127911 0.412911 0.005928 
Ni 36 0.450974 0.741806 0.196272 
Ni 37 0.795223 0.581196 0.107337 
Ni 38 0.134516 0.907579 0.283739 
Ni 39 0.379648 0.664625 0.003593 
Ni 40 0.706635 0.992776 0.198347 
Ni 41 0.881316 0.671904 0.008039 
Ni 42 0.197389 0.986244 0.187573 
Ni 43 0.539370 0.825791 0.103543 
Ni 44 0.883805 0.154512 0.288474 
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Table H-18 Final fractional coordinates for the optimised leached Ni11Al5 (111) surface slab structure after the 
third adsorption position 

The leached Ni11Al5 (111) surface slab structure final cell contents after the 
third adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.415648 0.896310 0.326035 
O 1 0.446257 0.976525 0.322869 
Al 1 0.295016 0.313569 0.098401 
Al 2 0.602069 0.177222 0.007559 
Al 3 0.949015 0.489582 0.200610 
Al 4 0.865967 0.916398 -0.006645 
Al 5 0.145345 0.920727 -0.001901 
Al 6 0.478681 0.241663 0.203503 
Al 7 0.870326 0.188707 0.006127 
Al 8 0.211368 0.503013 0.203854 
Al 9 0.136424 0.648567 -0.014684 
Al 10 0.444475 0.986531 0.197307 
Al 11 0.142805 0.162481 0.281793 
Al 12 0.767883 0.839563 0.105298 
Al 13 0.035938 0.574580 0.097182 
Al 14 0.315049 0.579423 0.099617 
Al 15 0.639155 0.912814 0.299157 
Al 16 0.038510 0.844537 0.104733 
Ni 1 0.122727 0.171356 0.009166 
Ni 2 0.461927 0.493484 0.196312 
Ni 3 0.791207 0.334415 0.104796 
Ni 4 0.119178 0.666578 0.291763 
Ni 5 0.528935 0.083181 0.107983 
Ni 6 0.884223 0.401049 0.290883 
Ni 7 0.035280 0.084309 0.100082 
Ni 8 0.379326 0.402818 0.291691 
Ni 9 0.384282 0.914595 0.008915 
Ni 10 0.716694 0.243691 0.195573 
Ni 11 0.787642 0.076554 0.099437 
Ni 12 0.123470 0.416970 0.289578 
Ni 13 0.283029 0.079074 0.102512 
Ni 14 0.626781 0.409144 0.289200 
Ni 15 0.624734 0.920284 0.009593 
Ni 16 0.960807 0.241726 0.195114 
Ni 17 0.545318 0.327487 0.104738 
Ni 18 0.880124 0.659851 0.290327 
Ni 19 0.043778 0.330288 0.106306 
Ni 20 0.365447 0.653292 0.286587 
Ni 21 0.369677 0.163344 0.006174 
Ni 22 0.703269 0.500938 0.201123 
Ni 23 0.288399 0.831397 0.099836 
Ni 24 0.646276 0.163114 0.292700 
Ni 25 0.627762 0.668604 0.011708 
Ni 26 0.952585 0.997321 0.195493 
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Ni 27 0.368666 0.418982 0.008874 
Ni 28 0.694162 0.748720 0.203536 
Ni 29 0.872894 0.427957 0.013556 
Ni 30 0.204429 0.744884 0.192900 
Ni 31 0.549472 0.579833 0.104371 
Ni 32 0.882006 0.909660 0.289257 
Ni 33 0.620275 0.420315 0.011637 
Ni 34 0.952924 0.739080 0.190490 
Ni 35 0.123395 0.414913 0.006392 
Ni 36 0.450300 0.742926 0.198218 
Ni 37 0.791943 0.584983 0.107544 
Ni 38 0.129468 0.908063 0.285895 
Ni 39 0.375923 0.667316 0.004876 
Ni 40 0.698996 0.996295 0.200882 
Ni 41 0.877050 0.673843 0.008530 
Ni 42 0.203521 0.994933 0.194398 
Ni 43 0.535842 0.828607 0.104602 
Ni 44 0.890234 0.155221 0.289711 

 

Table H-19 Final fractional coordinates for the optimised leached Ni11Al5 (111) surface slab structure after the 
fourth adsorption position 

The leached Ni11Al5 (111) surface slab structure final cell contents after the 
fourth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.636385 0.688411 0.346475 
O 1 0.690667 0.747902 0.350974 
Al 1 0.297882 0.310893 0.097521 
Al 2 0.605323 0.175521 0.007117 
Al 3 0.949059 0.487047 0.200975 
Al 4 0.869035 0.914185 -0.006902 
Al 5 0.148620 0.918263 -0.001942 
Al 6 0.479786 0.238318 0.202849 
Al 7 0.873944 0.186354 0.005661 
Al 8 0.212528 0.499330 0.202469 
Al 9 0.139438 0.646471 -0.015055 
Al 10 0.449838 0.982717 0.196828 
Al 11 0.136480 0.158212 0.282250 
Al 12 0.771565 0.835674 0.104809 
Al 13 0.037813 0.571128 0.096872 
Al 14 0.316938 0.577172 0.099063 
Al 15 0.650038 0.901901 0.298323 
Al 16 0.041635 0.840401 0.104437 
Ni 1 0.126631 0.168577 0.008973 
Ni 2 0.462546 0.490466 0.195982 
Ni 3 0.793001 0.331232 0.104270 
Ni 4 0.124327 0.658692 0.290972 
Ni 5 0.532221 0.080661 0.108056 
Ni 6 0.884339 0.392425 0.290348 
Ni 7 0.039135 0.081047 0.099899 
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Ni 8 0.379340 0.399004 0.291317 
Ni 9 0.387553 0.912589 0.009121 
Ni 10 0.717883 0.238069 0.195083 
Ni 11 0.791119 0.073141 0.098604 
Ni 12 0.129373 0.405500 0.287574 
Ni 13 0.286257 0.076597 0.102613 
Ni 14 0.628176 0.397061 0.288307 
Ni 15 0.627800 0.918867 0.009456 
Ni 16 0.960550 0.238569 0.194634 
Ni 17 0.547619 0.325422 0.104325 
Ni 18 0.887177 0.646023 0.294591 
Ni 19 0.046311 0.326770 0.106273 
Ni 20 0.370933 0.646835 0.287101 
Ni 21 0.373278 0.161067 0.005726 
Ni 22 0.703940 0.495920 0.201017 
Ni 23 0.291039 0.829121 0.100287 
Ni 24 0.638987 0.150703 0.294078 
Ni 25 0.630744 0.666532 0.011198 
Ni 26 0.957928 0.993578 0.194562 
Ni 27 0.371991 0.417127 0.008265 
Ni 28 0.698637 0.743915 0.201199 
Ni 29 0.876571 0.425533 0.012979 
Ni 30 0.207613 0.741798 0.193248 
Ni 31 0.550830 0.578306 0.104502 
Ni 32 0.890958 0.903703 0.287182 
Ni 33 0.623181 0.419002 0.011350 
Ni 34 0.956195 0.733098 0.191254 
Ni 35 0.126780 0.412525 0.005901 
Ni 36 0.453655 0.740324 0.199278 
Ni 37 0.794533 0.580372 0.106886 
Ni 38 0.133151 0.904341 0.286249 
Ni 39 0.378674 0.665728 0.004760 
Ni 40 0.705463 0.990648 0.200128 
Ni 41 0.880187 0.671578 0.008001 
Ni 42 0.208098 0.991930 0.194756 
Ni 43 0.538576 0.825950 0.104048 
Ni 44 0.883392 0.150813 0.288961 

 

Table H-20 Final fractional coordinates for the optimised leached Ni11Al5 (111) surface slab structure after the 
fifth adsorption position 

The leached Ni11Al5 (111) surface slab structure final cell contents after the 
fifth adsorption position 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.511278 0.496702 0.397695 
O 1 0.490034 0.497404 0.353062 
Al 1 0.300893 0.309722 0.100573 
Al 2 0.606670 0.175341 0.009567 
Al 3 0.957770 0.482687 0.201763 
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Al 4 0.870745 0.913314 -0.005097 
Al 5 0.151004 0.917109 -0.000147 
Al 6 0.485457 0.237645 0.207166 
Al 7 0.875857 0.185835 0.007358 
Al 8 0.219604 0.499058 0.206355 
Al 9 0.141293 0.645910 -0.012829 
Al 10 0.455238 0.981762 0.199655 
Al 11 0.143031 0.160467 0.283519 
Al 12 0.774086 0.833992 0.106998 
Al 13 0.041902 0.570012 0.098720 
Al 14 0.320504 0.575964 0.102311 
Al 15 0.664945 0.892911 0.298074 
Al 16 0.045009 0.839289 0.106218 
Ni 1 0.128802 0.167354 0.010493 
Ni 2 0.467717 0.490557 0.198740 
Ni 3 0.796112 0.330034 0.106102 
Ni 4 0.128351 0.661850 0.293712 
Ni 5 0.534793 0.080182 0.110621 
Ni 6 0.892255 0.395912 0.292155 
Ni 7 0.042307 0.079558 0.101522 
Ni 8 0.386001 0.396699 0.296004 
Ni 9 0.389569 0.911537 0.011442 
Ni 10 0.723538 0.236303 0.197125 
Ni 11 0.794798 0.071711 0.099567 
Ni 12 0.136808 0.406090 0.290824 
Ni 13 0.289391 0.075579 0.104552 
Ni 14 0.645884 0.386983 0.291537 
Ni 15 0.629558 0.918459 0.011998 
Ni 16 0.965373 0.237278 0.196054 
Ni 17 0.550485 0.323930 0.107272 
Ni 18 0.897043 0.647437 0.291929 
Ni 19 0.049227 0.325623 0.107269 
Ni 20 0.371284 0.657103 0.291812 
Ni 21 0.374774 0.160679 0.008149 
Ni 22 0.710720 0.492303 0.202665 
Ni 23 0.293812 0.827963 0.102704 
Ni 24 0.653311 0.141387 0.295468 
Ni 25 0.632553 0.666186 0.013803 
Ni 26 0.963052 0.992139 0.196634 
Ni 27 0.373208 0.416691 0.011324 
Ni 28 0.701524 0.740275 0.205772 
Ni 29 0.877923 0.425170 0.014940 
Ni 30 0.212374 0.741744 0.196835 
Ni 31 0.554364 0.577143 0.106856 
Ni 32 0.898715 0.900942 0.289444 
Ni 33 0.624620 0.418209 0.013706 
Ni 34 0.961948 0.732666 0.191704 
Ni 35 0.128733 0.411508 0.007957 
Ni 36 0.457285 0.739404 0.201257 
Ni 37 0.797636 0.580133 0.109362 

 



H-29 | P a g e  
 

Ni 38 0.138544 0.907678 0.288515 
Ni 39 0.380600 0.664611 0.007467 
Ni 40 0.712619 0.990046 0.200246 
Ni 41 0.882103 0.670829 0.010195 
Ni 42 0.212847 0.992000 0.196599 
Ni 43 0.541114 0.825346 0.106928 
Ni 44 0.894737 0.149062 0.290553 
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Appendix I Final fractional coordinates for leaching behaviour using 
Ni8Al8 (111) and pure Ni (111) adsorption, using OH· 
This section contains the final fractional coordinates of the for the leaching behaviour using the 

Ni8Al8 (111) bimetallic phase.  The final fractional coordinates of the adsorption onto the pure Ni 

(111) at the top, bridge and fcc sites are also listed. 

I.1 Fractional coordinates for the leaching behaviour using the Ni8Al8 (111) surface slab 
Table I-1 Final fractional coordinates for the optimised leaching behaviour using the Ni8Al8 (111) surface slab 
structure for the top site 

The leaching behaviour using the Ni8Al8 (111) surface slab structure final 
cell contents of the top site 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.312255 0.683764 0.452310 
O 1 0.366346 0.615144 0.418426 
Al 1 0.245800 0.335439 0.098329 
Al 2 0.619921 0.631490 0.293784 
Al 3 0.522004 0.198267 0.011115 
Al 4 0.894628 0.514514 0.206653 
Al 5 0.065749 0.191376 -0.007119 
Al 6 0.441008 0.503015 0.201225 
Al 7 0.168674 0.250875 0.204706 
Al 8 0.792357 0.940024 0.001313 
Al 9 0.968245 0.099894 0.105670 
Al 10 0.348702 0.411978 0.311394 
Al 11 0.072137 0.930985 -0.010514 
Al 12 0.446861 0.242834 0.197484 
Al 13 0.783910 0.197124 0.004706 
Al 14 0.163131 0.506873 0.206845 
Al 15 0.970666 0.348046 0.102749 
Al 16 0.340509 0.659049 0.340375 
Al 17 0.064600 0.670664 -0.009301 
Al 18 0.432040 0.986775 0.195922 
Al 19 0.080744 0.169407 0.318562 
Al 20 0.709718 0.858602 0.112042 
Al 21 0.256634 0.839732 0.100679 
Al 22 0.637771 0.154594 0.301023 
Al 23 0.981529 0.599216 0.103578 
Al 24 0.357817 0.897341 0.305088 
Al 25 0.770645 0.452526 0.003516 
Al 26 0.158085 0.757211 0.211888 
Al 27 0.262137 0.584244 0.097763 
Al 28 0.639226 0.889565 0.299677 
Al 29 0.358101 0.154280 0.308734 
Al 30 0.979696 0.847155 0.105835 
Al 31 0.155915 0.004019 0.206870 
Al 32 0.778295 0.694938 -0.002033 
Ni 1 0.737358 0.342402 0.101961 
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Ni 2 0.108112 0.653423 0.299048 
Ni 3 0.473825 0.097953 0.108139 
Ni 4 0.855607 0.399094 0.292049 
Ni 5 0.298400 0.944986 0.011736 
Ni 6 0.680845 0.247655 0.197519 
Ni 7 0.733085 0.086950 0.102992 
Ni 8 0.111936 0.395029 0.296764 
Ni 9 0.213436 0.101668 0.111987 
Ni 10 0.591871 0.409656 0.292498 
Ni 11 0.554372 0.940247 0.013301 
Ni 12 0.933685 0.249859 0.195757 
Ni 13 0.490165 0.343780 0.107630 
Ni 14 0.863596 0.648238 0.296675 
Ni 15 0.296531 0.183474 0.012997 
Ni 16 0.673036 0.498226 0.195643 
Ni 17 0.541305 0.696308 0.011931 
Ni 18 0.920809 -0.003390 0.196853 
Ni 19 0.290296 0.439779 0.009589 
Ni 20 0.659800 0.751516 0.202584 
Ni 21 0.493883 0.593449 0.104901 
Ni 22 0.867846 0.904168 0.291947 
Ni 23 0.542305 0.435878 0.012574 
Ni 24 0.916419 0.746909 0.197901 
Ni 25 0.025079 0.448541 0.013537 
Ni 26 0.403174 0.760281 0.200156 
Ni 27 0.746128 0.596623 0.102300 
Ni 28 0.114919 0.908109 0.300245 
Ni 29 0.297710 0.690424 0.007987 
Ni 30 0.668562 0.002388 0.205112 
Ni 31 0.486466 0.842950 0.104273 
Ni 32 0.866134 0.154673 0.286935 

 

Table I-2 Final fractional coordinates for the optimised leaching behaviour using the Ni8Al8 (111) surface slab 
structure for the fcc site 

The leaching behaviour using the Ni8Al8 (111) surface slab structure final 
cell contents of the fcc site 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.546982 0.582966 0.402606 
O 1 0.499310 0.658033 0.369614 
Al 1 0.246920 0.333914 0.099220 
Al 2 0.634812 0.628464 0.300317 
Al 3 0.520925 0.197874 0.011034 
Al 4 0.893943 0.516285 0.207075 
Al 5 0.065275 0.190562 -0.006631 
Al 6 0.441897 0.499026 0.200416 
Al 7 0.167195 0.251746 0.206211 
Al 8 0.790743 0.939293 0.001870 
Al 9 0.967220 0.100583 0.105596 
Al 10 0.350875 0.411290 0.313655 
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Al 11 0.070927 0.931149 -0.009745 
Al 12 0.448176 0.242203 0.198046 
Al 13 0.781883 0.198141 0.005621 
Al 14 0.163147 0.506311 0.208617 
Al 15 0.971387 0.348188 0.102879 
Al 16 0.346781 0.658663 0.317232 
Al 17 0.064303 0.670465 -0.008906 
Al 18 0.431707 0.989801 0.196410 
Al 19 0.081305 0.169969 0.320657 
Al 20 0.708625 0.855644 0.113792 
Al 21 0.256094 0.838275 0.102811 
Al 22 0.641470 0.150826 0.301410 
Al 23 0.982344 0.597688 0.103984 
Al 24 0.354012 0.915725 0.304312 
Al 25 0.770511 0.452590 0.004681 
Al 26 0.154360 0.756866 0.209943 
Al 27 0.262595 0.583147 0.098179 
Al 28 0.642860 0.891161 0.301215 
Al 29 0.358890 0.158651 0.310235 
Al 30 0.978939 0.845924 0.105478 
Al 31 0.154826 0.006309 0.206034 
Al 32 0.778451 0.693861 -0.000656 
Ni 1 0.736338 0.345334 0.103240 
Ni 2 0.110861 0.654462 0.301243 
Ni 3 0.475018 0.096843 0.108393 
Ni 4 0.860474 0.395957 0.291732 
Ni 5 0.297321 0.944239 0.013549 
Ni 6 0.683973 0.243689 0.196241 
Ni 7 0.733581 0.084626 0.102804 
Ni 8 0.113499 0.395882 0.298081 
Ni 9 0.213237 0.102254 0.112620 
Ni 10 0.597460 0.396439 0.289889 
Ni 11 0.553229 0.937868 0.015288 
Ni 12 0.932345 0.251343 0.195245 
Ni 13 0.491121 0.342088 0.107545 
Ni 14 0.866422 0.648173 0.298186 
Ni 15 0.296043 0.182686 0.013610 
Ni 16 0.671532 0.500326 0.199370 
Ni 17 0.540938 0.696298 0.014308 
Ni 18 0.922209 -0.004648 0.196419 
Ni 19 0.289474 0.439308 0.010348 
Ni 20 0.656441 0.753056 0.205898 
Ni 21 0.492288 0.595493 0.108085 
Ni 22 0.871828 0.903272 0.292098 
Ni 23 0.541149 0.438240 0.013912 
Ni 24 0.915802 0.745849 0.198374 
Ni 25 0.026133 0.447358 0.013450 
Ni 26 0.403912 0.755628 0.212799 
Ni 27 0.744842 0.596469 0.104618 
Ni 28 0.121152 0.906966 0.298225 
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Ni 29 0.296986 0.691329 0.009022 
Ni 30 0.669650 0.001570 0.205679 
Ni 31 0.484013 0.840662 0.108136 
Ni 32 0.869867 0.152107 0.286587 

 

I.2 Fractional coordinates for adsorption of OH· onto the Ni (111) surface slab 
Table I-3 Final fractional coordinates for the optimised Ni (111) surface slab structure after the top adsorption 
site 

The Ni (111) surface slab structure final cell contents after the top 
adsorption site 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.591375 0.567037 0.412006 
O 1 0.549472 0.652757 0.380265 
Ni 1 0.666606 0.666266 0.096060 
Ni 2 0.333462 0.332473 0.286112 
Ni 3 0.833322 0.083353 -0.001408 
Ni 4 0.500807 0.748375 0.192196 
Ni 5 0.083474 0.833199 -0.001349 
Ni 6 0.747929 0.500729 0.192556 
Ni 7 0.083366 0.083170 -0.001154 
Ni 8 0.750162 0.749714 0.190374 
Ni 9 0.333597 0.832962 -0.000721 
Ni 10 -0.000486 0.499892 0.190125 
Ni 11 0.166941 0.916406 0.094947 
Ni 12 0.835466 0.582210 0.286350 
Ni 13 0.417122 0.666262 0.096061 
Ni 14 0.084054 0.332470 0.286114 
Ni 15 0.417127 0.915736 0.095438 
Ni 16 0.083570 0.582864 0.286061 
Ni 17 0.833154 0.333449 -0.000802 
Ni 18 0.500491 0.998848 0.190567 
Ni 19 0.666502 0.416985 0.095994 
Ni 20 0.333357 0.083267 0.286195 
Ni 21 0.916688 0.166633 0.094817 
Ni 22 0.584414 0.833686 0.286967 
Ni 23 0.915932 0.416881 0.095354 
Ni 24 0.583695 0.082831 0.286214 
Ni 25 0.166681 0.166272 0.095302 
Ni 26 0.834107 0.833074 0.286044 
Ni 27 0.333594 0.583263 -0.000779 
Ni 28 -0.000421 0.250145 0.190175 
Ni 29 0.583395 0.333450 -0.000804 
Ni 30 0.250654 0.998843 0.190572 
Ni 31 0.583387 0.583225 -0.000245 
Ni 32 0.250123 0.249744 0.190077 
Ni 33 0.833326 0.833199 -0.001347 
Ni 34 0.501341 0.500729 0.192558 
Ni 35 0.666648 0.916406 0.094948 
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Ni 36 0.332313 0.582212 0.286328 
Ni 37 0.916538 0.666589 0.094883 
Ni 38 0.584374 0.330656 0.286359 
Ni 39 0.916673 0.916651 0.094605 
Ni 40 0.584771 0.580414 0.297112 
Ni 41 0.166867 0.666588 0.094879 
Ni 42 0.834942 0.330654 0.286357 
Ni 43 0.333488 0.083021 -0.000686 
Ni 44 0.000142 0.749717 0.189833 
Ni 45 0.583440 0.832961 -0.000720 
Ni 46 0.250584 0.499886 0.190114 
Ni 47 0.583460 0.083171 -0.001153 
Ni 48 0.250118 0.749717 0.190373 
Ni 49 0.666673 0.166633 0.094816 
Ni 50 0.331912 0.833653 0.286990 
Ni 51 0.833143 0.583261 -0.000775 
Ni 52 0.500268 0.250148 0.190171 
Ni 53 0.083362 0.333218 -0.000775 
Ni 54 0.750060 0.999821 0.189931 
Ni 55 0.083349 0.583298 -0.001152 
Ni 56 0.750216 0.249559 0.190109 
Ni 57 0.333412 0.333216 -0.000779 
Ni 58 0.000114 0.999821 0.189933 
Ni 59 0.166627 0.416731 0.095178 
Ni 60 0.833976 0.082033 0.286246 
Ni 61 0.417037 0.166275 0.095300 
Ni 62 0.082818 0.833076 0.286047 
Ni 63 0.417177 0.416880 0.095347 
Ni 64 0.083464 0.082828 0.286218 

 

Table I-4 Final fractional coordinates for the optimised Ni (111) surface slab structure after the bridge 
adsorption site 

The Ni (111) surface slab structure final cell contents after the bridge 
adsorption site 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.445357 0.596953 0.398096 
O 1 0.424847 0.646647 0.355920 
Ni 1 0.666628 0.665913 0.095941 
Ni 2 0.333489 0.329780 0.286508 
Ni 3 0.833322 0.083073 -0.000987 
Ni 4 0.499975 0.748633 0.191682 
Ni 5 0.083516 0.832938 -0.000615 
Ni 6 0.748010 0.500224 0.192361 
Ni 7 0.083513 0.082812 -0.000510 
Ni 8 0.750177 0.749175 0.190280 
Ni 9 0.333447 0.832877 -0.000366 
Ni 10 -0.000054 0.499318 0.190351 
Ni 11 0.167084 0.915992 0.095708 
Ni 12 0.834743 0.581981 0.286644 
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Ni 13 0.416659 0.666314 0.096071 
Ni 14 0.083603 0.331892 0.286428 
Ni 15 0.416550 0.915920 0.095788 
Ni 16 0.082136 0.581965 0.286522 
Ni 17 0.833100 0.333219 -0.000452 
Ni 18 0.499966 0.999212 0.190265 
Ni 19 0.666699 0.416635 0.095859 
Ni 20 0.333616 0.082760 0.286722 
Ni 21 0.916815 0.166182 0.095227 
Ni 22 0.585413 0.833756 0.285729 
Ni 23 0.916629 0.416246 0.095608 
Ni 24 0.583785 0.081431 0.286605 
Ni 25 0.166928 0.165680 0.095845 
Ni 26 0.833437 0.832133 0.286628 
Ni 27 0.333394 0.583143 -0.000270 
Ni 28 0.000094 0.249173 0.190356 
Ni 29 0.583223 0.333309 -0.000491 
Ni 30 0.251432 0.996469 0.192344 
Ni 31 0.583223 0.583147 -0.000219 
Ni 32 0.250065 0.249122 0.190330 
Ni 33 0.833371 0.832983 -0.001001 
Ni 34 0.499901 0.499549 0.191278 
Ni 35 0.666690 0.916228 0.095095 
Ni 36 0.331195 0.578053 0.289602 
Ni 37 0.916701 0.666123 0.095234 
Ni 38 0.586375 0.326303 0.285276 
Ni 39 0.916670 0.916245 0.095051 
Ni 40 0.589534 0.577788 0.290241 
Ni 41 0.166999 0.665915 0.095811 
Ni 42 0.835789 0.329778 0.286624 
Ni 43 0.333411 0.082794 -0.000464 
Ni 44 -0.000005 0.749173 0.190204 
Ni 45 0.583292 0.832920 -0.000536 
Ni 46 0.250954 0.500135 0.192125 
Ni 47 0.583345 0.083061 -0.000958 
Ni 48 0.250600 0.748734 0.191470 
Ni 49 0.666649 0.166309 0.095078 
Ni 50 0.331174 0.836251 0.290383 
Ni 51 0.833150 0.583053 -0.000443 
Ni 52 0.499847 0.249154 0.190137 
Ni 53 0.083436 0.332785 -0.000671 
Ni 54 0.750050 0.999319 0.190396 
Ni 55 0.083498 0.583053 -0.000494 
Ni 56 0.750386 0.249155 0.190157 
Ni 57 0.333414 0.333198 -0.000458 
Ni 58 0.000173 0.999282 0.190212 
Ni 59 0.166602 0.416195 0.095533 
Ni 60 0.833843 0.081478 0.286602 
Ni 61 0.416589 0.166147 0.095247 
Ni 62 0.079662 0.833903 0.285613 
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Ni 63 0.416275 0.416623 0.095809 
Ni 64 0.082622 0.082888 0.286723 

 

Table I-5 Final fractional coordinates for the optimised Ni (111) surface slab structure after the fcc adsorption 
site 

The Ni (111) surface slab structure final cell contents after the fcc 
adsorption site 

Element Atom 
Number 

Fractional coordinates of atoms 
u v w 

H 1 0.420975 0.663855 0.401347 
O 1 0.417784 0.665973 0.354735 
Ni 1 0.666508 0.666341 0.095843 
Ni 2 0.333504 0.331597 0.286544 
Ni 3 0.833377 0.083335 -0.001249 
Ni 4 0.499773 0.749629 0.191756 
Ni 5 0.083653 0.833166 -0.000667 
Ni 6 0.747685 0.501144 0.192416 
Ni 7 0.083579 0.083029 -0.000539 
Ni 8 0.750166 0.749866 0.190059 
Ni 9 0.333462 0.833103 -0.000257 
Ni 10 0.000035 0.500070 0.190201 
Ni 11 0.167202 0.916424 0.095848 
Ni 12 0.835107 0.583285 0.286527 
Ni 13 0.416694 0.666646 0.096251 
Ni 14 0.083470 0.333247 0.286205 
Ni 15 0.416409 0.916432 0.095843 
Ni 16 0.081881 0.583306 0.286545 
Ni 17 0.833078 0.333529 -0.000539 
Ni 18 0.499977 1.000044 0.190060 
Ni 19 0.666511 0.417133 0.095842 
Ni 20 0.333507 0.084847 0.286547 
Ni 21 0.916746 0.166667 0.095075 
Ni 22 0.585818 0.835588 0.285525 
Ni 23 0.916471 0.416755 0.095594 
Ni 24 0.583741 0.083106 0.286388 
Ni 25 0.166854 0.166343 0.095616 
Ni 26 0.833347 0.833532 0.286389 
Ni 27 0.333462 0.583420 -0.000255 
Ni 28 0.000037 0.249868 0.190203 
Ni 29 0.583212 0.333611 -0.000661 
Ni 30 0.251326 0.997442 0.192467 
Ni 31 0.583151 0.583418 -0.000253 
Ni 32 0.250191 0.249889 0.190202 
Ni 33 0.833378 0.833273 -0.001250 
Ni 34 0.499776 0.500566 0.191746 
Ni 35 0.666672 0.916609 0.094819 
Ni 36 0.330444 0.579999 0.290831 
Ni 37 0.916745 0.666569 0.095074 
Ni 38 0.585829 0.328535 0.285524 
Ni 39 0.916756 0.916614 0.094817 
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Ni 40 0.589895 0.580010 0.290673 
Ni 41 0.167200 0.666359 0.095848 
Ni 42 0.835119 0.331557 0.286534 
Ni 43 0.333431 0.083025 -0.000538 
Ni 44 0.000068 0.749879 0.190063 
Ni 45 0.583212 0.833162 -0.000662 
Ni 46 0.251320 0.501199 0.192457 
Ni 47 0.583324 0.083331 -0.001247 
Ni 48 0.250730 0.749623 0.191796 
Ni 49 0.666671 0.166703 0.094820 
Ni 50 0.330423 0.839514 0.290868 
Ni 51 0.833079 0.583378 -0.000539 
Ni 52 0.499976 0.249953 0.190060 
Ni 53 0.083378 0.333302 -0.000683 
Ni 54 0.750058 0.999960 0.190101 
Ni 55 0.083579 0.583378 -0.000539 
Ni 56 0.750170 0.249942 0.190060 
Ni 57 0.333431 0.333529 -0.000538 
Ni 58 0.000069 1.000029 0.190064 
Ni 59 0.166851 0.416781 0.095612 
Ni 60 0.833352 0.083079 0.286391 
Ni 61 0.416636 0.166672 0.095075 
Ni 62 0.078885 0.835539 0.285544 
Ni 63 0.416407 0.417140 0.095841 
Ni 64 0.081879 0.084775 0.286553 
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