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Abstract

The effects of O2, H2O and OH™ and collectors are the major factors that determine the
flotability behaviour of minerals. In particular, the influence of the chain length variation
on xanthate collectors gives rise to increased recovery rates, and are still the most versatile
collector for most minerals. This study explores the bonding behaviour, adsorption
energies and electronic properties directly related to the reactivity of O2, H2O and OH",
ethyl xanthates (EX), normal propyl-xanthate (nPX), normal-butyl-xanthate (nBX") and
amyl-xanthate (AX) with the platinum antimony mineral surfaces: (100), (110) and (111)
surfaces. We employed the ab-initio quantum mechanical density functional theory to
investigate their adsorption and their electronic properties.

In order to attain precise calculations, the cut-off energy of 500 eV was used for the
bulk PtSbz, which was also transferred to the surfaces. To obtain accurate results the k-
point used for both the bulk and surfaces were 6x6x6 and 4x4x1, respectively. The bulk
relaxation was found to give final lattice parameter of 6.531 A. The DOS (Density Of
States) indicated that both bulk and surfaces of PtSb2 had a metallic character, thereby
indicating semiconducting behaviour. In cleaving the surfaces, all possible terminations
were considered and the slab thickness was varied to obtain the desired stable surfaces.
Their relaxed surface energies were 0.807 J.m?, 1.077 J.m™ and 1.074 J.m" for the (100),
(111) and (110), respectively. These indicated that the (100) surface was the most stable
and dominant plane for the platinum antimony. This fact is also observed in other minerals
in general that low-index surfaces with lower surface energies indicates structural
stability. The DOS showed stability with the Er (Fermi level/ Fermi energy) falling deep
into the pseudo gap for all surface. The valence electrons on the surface were 5d°6s' for
Pt and 5s?5p* for Sb as depicted from the Mulliken population charges and these electrons
were actively involved in the hybridisation.

The oxidation showed that the oxygen molecules preferred interacting with the Sb
atoms than the Pt atoms for all surfaces. For the (100) surface we found that the Pt-O2
peroxide adsorption site gave the strongest adsorption, while for the (110) surface we
noted that the Sb2-O-O-Sb3 bridging gave the most exothermic adsorption. The case of
the (111) surface showed the Sb2-O-O-Sb2 bridging to give the strongest exothermic
adsorption, which dissociated and resulted in atomic bonding. Their atomic charges

indicated that the oxygen molecules gain charges from the Pt and Sb atoms. In all cases,
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the Oz interacting with Sb gained more charges, thus showing preferential adsorption to
the Sb atoms. In addition, the Sb/Pt-bonded oxygens were more negative than the terminal
or end-bonded oxygen atom for superoxide modes. These suggested that the 2p-orbital
spin-down unoccupied orbital (LUMO) of Oz is fully occupied.

The case of H20 molecules adsorptions on the three PtSb2 mineral surfaces indicated
that the H20 adsorbed through van der Waals forces, in particular for multi adsorptions
by physisorption process for the (100) and the (110) surfaces. However, on the (111)
surface we observed chemisorption adsorption. For the (100) surface we found that the
H20-Pt was exothermic, while the H2O-Sb was endothermic and only showed exothermic
from 5/8-8/8 H20/Sb. The case of the (110) surface showed stronger adsorption of H20
on Pt than on Sb atoms, with a weaker adsorption on Sb2 atoms, while the adsorption on
the (111) surface was stronger on Sb3 and weaker on Sb2 atoms. The full-coverage for
the (110) surface gave —35.00 kJ/mol per H2O molecule, which is similar to the full-
coverage on the (100) surface (—38.19 kJ/mol per H20 molecule). Furthermore, the full-
monolayer adsorption on Sb2 and Sb3 for the (111) surface gave much stronger
adsorption (—55.54 kJ/mol per H20). In addition, the full-coverage on the (111) surface
(i.e. on Ptl and all Sb atoms) gave adsorption energy of —54.95 kJ/mol per H2O molecule.

The adsorption of hydroxide on the surfaces showed stronger affinity than the water
molecules. This suggested that they will bind preferentially over the water molecules. We
also found that the OH™ preferred the Sb atoms on the (100) surface, with a greater
adsorption energy of —576.65 kJ/mol per OH™ molecule for full-surface coverage. The
(110) surface adsorption energy on full-surface coverage was —541.98 kJ/mol per OH"
molecule. The (111) surface full-coverage yielded adsorption energy of —579.53 kJ/mol
per OH molecule. The atomic charges related to both hydration and hydroxide adsorption
showed charge depletion on both Pt/Sb and O atoms of the H2O and OH™. This suggested
that there is a charge transfer into other regions within the orbitals.

The adsorption of collectors on the PtSbz surfaces to investigate their affinity with
surfaces were performed considering different adsorption sites in order to find the most
stable exothermic preferred site. In respect of the (100) surface, we noted that the bridging
on Pt and Sb atoms by the collector involved the S atoms for all xanthates. Their
adsorption energies showed that EX had strong affinity with the surface and the order was

as: EX= AX>nBX >nPX. In the case of the (110) surface the bridging on Pt atoms were
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the most preferred sites for EX, nPX, nBX and AX. The order of adsorption energies was:
nBX >nPX ~ AX>EX. The (111) surface was observed to have the bridging on Sb2 and
Sb3 atoms most exothermic for EX, nBX and AX, while the nPX showed the bridging on
Pt1 and Sb3 atoms. The adsorption energies were found to have the nPX more stronger
on the surface, with EX weaker and the order decreased as: nPX >nBX > AX > EX. This
gave insights in the recovery of the minerals during flotation, that the use of EX or AX
may float the platinum antimonide better based on the adsorption trends on the (100)
surface, which is the most stable surface plane cleavage for platinum antimonide.

The analysis of the electronic structures of the collector on the surface from density
of states showed stability bonding of the collector on the surface, due to the Er falling
deep into the pseudo gap for collector S atoms and surface Pt and Sb PDOS. The atomic
charges computed indicated that the collectors behave as electron donors and acceptors
to the Pt and Sb on the surface, respectively for the (100) surface. Interestingly for the
(110) surface we observed that both surface Pt and Sb atoms lost charges, with a loss of
charges on the collector S atoms. These observations suggested that the collectors S atoms
offer their HOMO electrons to Pt and Sb atoms to form bond and simultaneously the Pt
and Sb atoms donate their d-orbital and p-orbitals electrons to the LUMO of the collectors
to form a back donation covalent bond, respectively. The (111) surface clearly showed
that the surface Pt and Sb atoms lose charges to the collector S atoms, suggested a back

donation covalent bonds.
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In this thesis, we reported the structural and surfaces properties of the geversite mineral
(PtSbz). The oxidation, hydration, hydroxide and effect of xanthate collectors of different
alkyl chain length on the PtSbz mineral surfaces (100), (110) and (111) were discussed.
These properties have been investigated using a density functional theory (DFT), ab-initio
methods. In this introductory chapter, we review briefly from literature the previous
theoretical and experimental studies and related methods that were used to study the PtSb
mineral. Furthermore, the flotation process necessary for platinum antimonide extraction
was discussed. The crystal structure of the geversite mineral was reviewed and finally,

the rationale and objectives of this study were stated.

1.1 Historical overview

The platinum antimonide (PtSb2) mineral is one of the mostly mined in the Driekop mine,
Sekhukhune, Burgersfort, Limpopo, South Africa. The platinum mineralization at
Driekop occurs in a pipe-like body of dunite which cuts the norites of the critical zone of
the Bushveld Complex [Stumpfl 1961, Scoon et al. 2004, O’Connor et al. 2013]. The
mine was in operation until 1961 and was dormant [Stumpfl 1961], but new mines have
opened and are in operation in extraction of platinum ores.

In 1957 a study was conducted to examine the minerals in the Driekop mine using
microscopic investigation of the platinum concentrates and revealed the presence of a
number of unknown minerals as well as a wide range of sulphides and other established
members of the platinum paragenesis. The unknown minerals were found to occur in very
fine intergrowths, which made the separation of individual phases for analytical purposes
or X-ray work impossible. This was solved by using the X-ray microanalyser that
determined the chemical composition of the minerals [Stumpfl 1961]. The different
minerals extracted in the Driekop mines approximated to the formulae PtSbz, PtSb,
Pt(Sb,Bi), (Pt,Ir)As2, Pt(Ir,0s)2As4, Pd2CuSb, Pd(Sb,Bi), PdsCuSbs, PtsaSn3Cus4, and
(Fe,Ni)2S which have been discovered as fine intergrowths in platinum concentrates. The
PtSb2 is widespread, occurring in small isolated grains as well as intergrown with other
members of the paragenesis. The name geversite was proposed for the phase PtSbz, which
has a pyrite type of structure [Stumpfl 1961]

The Platreef has similar minerals with the same structure such as sperrylite (PtAs2)

and there are about 21% of arsenides in the reef. Since the arsenic and antimony are in
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the same group, they may have similar characters in the mineral structure. The PtSb2
mineral under investigation is dominant in the reefs and is of crucial significance that
could unlock the extraction of the arsenides. The high concentration of the PtSb2 minerals
in the Burgersfort mines makes it necessary to explore opportunities to maximise its
recovery by flotation process.

PtSb2 (geversite), which has an extremely narrow band gap, is a potential material
for cryogenic Peltier cooling applications because of its semi-metal character with a high
Seebeck coefficient and low electrical resistivity [Spencer et al. 2015]. This material has
the pyrite structure and reportedly melts at 1226 °C. The pyrite (PtSb2) structure was
derived from the NaCl structure by retaining the cations and replacing the anions (Sb2)
groups disposed along threefold axes, and in this fashion, six S atoms octahedrally
coordinate the Pt atoms and Sb2 groups have six octahedrally disposed Fe neighbours.
Elliott et al. [1968], gave the thermal energy gap as 0.112 eV, and Zhang et al. [2017],
which suggested that the PtSbz is a narrow band-gap semiconductor with a approximately
80.0 meV [Emtage 1965].

The filled Pt*" t2g-orbital (5d® low-spin state) is similar to the Co** orbital (3d® low-
spin state) of NaxCoO2, sharing the semiconducting nature. The bulk PtSbz can be both
metallic and semiconducting for deviations from the ideal stoichiometry. The pyrite-type
platinum-group dipnictides are attractive for their good thermal and electronic
conductivity [Nishikubo et al. 2002]. These materials also have novel magnetism in a low
carrier density environment and high electrocatalytic activity for fuel-cell applications
[Qazilbash et al. 2009, Casado-Rivera et al. 2003, Innocente [2006] and Zhang et al.
2006]. Other related compounds of the Platinum Group of Minerals include sulphides,
arsenides and selenides of Osmium, Iridium, Ruthenium, Rhodium and Palladium
naturally occurring in most parts of the world in ores mixed with other metals. These
groups of minerals are important in many industrial and commercial applications as they
are being used in catalytic converters in car emission systems and in medical circles
(treatment of certain forms of cancers, Pt-based drugs, e.g., cisplatin) and aerospace
industries where metals that can withstand high temperatures and pressures are a

requirement.
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1.2 Literature review

Oxidation is often associated with the unwanted corrosion of materials. Nevertheless,
under controlled conditions, oxidation may assist the production of catalyst,
semiconductor devices, or protective and functional oxide films. In terms of flotation
oxidation and hydration play as significant role in that they can make minerals react easily
with collectors. as this has an effect on the pH of the adsorbates (deleted)

The investigation of the collector strength of affinity with mineral surface can be
achieved at an atomic level where the adsorptions of collector ligands are studied at
mineral surfaces through computational simulations. However, the modelling of such
complex systems has its own challenges, but offers platform to benchmark the results
obtained against experimental study, which is extremely desirable [Waterson et al. 2016].
A wide range of studies have been carried out on other minerals of the surface oxidation
such as FeS:z (pyrite) [Sun et al. 2004, Russo et al. 1999, Chandra and Gerson 2010],
pentlandite [Mkhonto et al. 2015, Legrand et al. 2005:Partl, Legrand et al. 2005:Part2],
CuFeS:2 (chalcopyrite) [Wei et al 2019, Aneesuddin et al. 1983, Todd et al. 2003], but not
on the platinum chalcogenides. An understanding of chemical bonding and electronic
structure in sulphide minerals is central to any attempt at understanding their crystal
structures, stabilities and physical properties. It is also an essential precursor to
understanding reactivity through modelling surface structure at the molecular scale. In
recent decades, there have been remarkable advances in first principles (ab-initio)
methods for the quantitative calculation of electronic structure [Hohenberg et al. 1965].
These advances have been made possible by the very rapid development of high
performance computers [Vaughan et al. 2006]. Such studies have also been conducted on
metals due to catalysis for the motor industry in a bid to curb pollution by toxic emissions
of gases. Studies for adsorption of xanthates on the FeS: surfaces have been carried out
[Li Quan et al. 2007]. The oxidation of pyrite, the most abundant of all metal sulphide
minerals, is the dominant process giving rise to acidification of natural waters [Rimstidt
et al. 2003].

In the absence of previous work reported on the PtSb2 mineral study, we analysed
the related structure of PtAsz that has recently been given much attention [Waterson
2016]. The computational report for sperrylite study adsorbed with xanthate,
dithiocarbamate (DTC) and dithiophospinate (DTPi) showed that the binding strength of
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ethyl xanthate (EX") was stronger than that of diethyl dithiocarbamate (DEDTC) and
diisobutyl dithiophospinate (DTPi). In the same study it was found that the OH™ had
stronger affinity than the collectors, which indicated that at higher pH the collector may
not be able to displace the coverage of OH™ on the mineral surface of sperrylite.
Previously the xanthate adsorption was also carried out on FeS2 low-index surfaces
(i-e., (100), (110) and (111)) for investigation of froth flotation, a case of separation and
concentration of valuable transition metal sulphide minerals [Hung et al. 2003, 2004].
Also, in another article, Hung et al. [2003] showed using DFT calculations that the
xanthates readily undergo dissociation at the fourfold coordinated surface Fe (iron) on the
(110) surface, and the bridging S (sulphur) of the (111) surface. Their results suggested
that xanthate may undergo chemisorption at defect sites on real FeS> surfaces, which

contain low-coordinate Fe sites in proximity to cleaved S-S bonds [Hung et al. 2003].

1.3 Structural properties

The PtSb2 has a space group of, a pyrite structure, which is Pa-3 (205), where the four
metal atoms are located at 4(a) positions and the eight antimony atoms are in 8(c)
positions. The internal parameter of PtSbz is u = 0.375 and the lattice parameter of the
unit cell a = 6.440 A [Emtage et al. 1965, Brese et al. 2004] which was obtained from

experimental measurements.

Table 1.1: The atomic positions of PtSbo crystal structure.

Property Value
Formula PtSb,
V7 4
Unit cell length (a=b=c) 6.440 A
Cell angles (a=p=y) 90°
Space-group Pa-3 (#205)
Atoms Position X y Z

Pt (4a) 0.000 0.000 0.000
Sb (8c) 0.375 0.375 0.375

Pt denote the octahedral Pt(O) and Sb denote the tetrahedral Sb(T) atoms.

The Pt-Sb (1) and the closest Sb—Sb (2) bond lengths for PtSbz are as follows:, 2.671(1),
2.782(2) A [Brese et al. 1994]. The melting point of PtSbs is estimated to be around
1500K, which indicated that it takes significant energy to dissociate. The melting
temperature gives a guide as to the strength of the material and therefore its crystal or

lattice energy.
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Figure 1.1: The crystal structures of (geversite) mineral (PtSbz).

1.4 Significance/Application of the study

1.4.1 Mineral extraction

For the recovery of valuable elements from their ores, a process of froth flotation is to be
utilised, but in our studies there is a computational means of employing Density
Functional Theory (DFT). This is also important as some of the valuable elements are left
in mine tailings during the recovery of other ores which are in abundance and the less
valuable are left behind. The recovery process should be effected by using methods which
are cost effective and economical, hence computational methods need to be employed.
There is a need for more effective processes that are being exploited around the world
which have the potential of being studied, as described in the chapters to follow.

Also, knowledge of the interaction of the surfaces of minerals with water gives an
understanding of crystal growth and dissolution processes and is useful for the recovery
of the mineral from the ore deposits. It is important to know the reactivity of the surfaces
with water, collectors and any surfactants used for extraction since this is critical in the

design of an efficient flotation scheme.

1.4.2 Flotation Process

Froth flotation is a process for selectively separating hydrophobic materials from
hydrophilic materials and it is a physio-chemical process which exploits the differences
in the electrochemical properties of mineral surfaces [Muzenda et al. 2011]. It has been

reported that the hydrophobic character of a variety of base-metal sulphides were
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examined in the presence of ligands such as potassium ethyl xanthate [Walker. et al.
1986]. The flotation method is used in several processing industries and historically this
was first used in the mining industries. This method is one of the most versatile and
flexible of all mineral separation processes due to the fact that reasonable outcomes are
fairly easy to obtain. However, the flotation processes are complex and thus a better
understanding of these processes may lead to higher yields and less damage to the
environment. An outstanding performance is achieved by a frequent monitoring of the
process and the understanding of the mineral ore. Some of the variables that affect the
operation and control of a flotation process are chemical components such as collectors,
frothers, activators, depressants and pH modifier together with the operation components
such as mineralogy, particle size, ©pulp density and temperature
[www.jmeech.mining.ubc.ca].

For froth flotation to be carried out, a number of steps have to be performed. Firstly,
the grinding of the ore should be fine enough so that valuable mineral particles become
liberated from the waste rock and to a size range suitable to be floated (10 - 200 microns).
Secondly, mixing the grinded ore with water is done because water is a medium in which
many processes easily take place, however the ratio of water to solids is very important
[Muzenda E. et al. 2011]. Thirdly, the conditions must be made favourable for the desired
mineral particles to adhere to air bubbles; this is done by stage-adding of collectors. The
collector should attach through its polar sulphur atoms to only valuable mineral particles
so that water is repelled and air bubbles can become attached upon collision
[www.jmeech.mining.ubc.ca/MINE290/Froth%20Flotation.pdf, 2012]. Lastly, a rising
current must be created, and this is done by blowing air into the flotation cell which
creates air bubbles that act like 'hot-air balloons' providing the necessary buoyancy to
carry selected minerals to the pulp surface [www.jmeech.mining.ubc.ca]. When all theses
are done it results in formation of a mineralized froth on the surface of the ore pulp which
is skimmed off from the flotation cell or vessel. A typical flotation cell and the processes

that occur in it are presented in Figure 1.1.
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Figure 1.2: Flotation cell displaying the processes of froth floatation [Flotation
20107].

The polar (ionic) sulphur atoms on the non-polar (hydrophobic) hydrocarbon thiol
collector interact with the metals on the surface; surrounding the metals in a vertical
orientation with the tails of the collectors being hydrophobic. This causes the mineral to
adhere to the air bubble which causes the mineral to move to the pulp surface [Muzenda
et al. 2011]. In order to understand the physical and chemical properties at the (geversite)
mineral surface, it is necessary to know the properties of the bulk material; the former is
merely a breach of the translational symmetry of the latter.

Performing flotation using xanthate collectors is still a challenge, even though xanthate
collectors are known as low-cost, easy-to-produce collectors which usually give good
flotation efficiency. The continued use of xanthate however, has raised ever increasing
environmental concern as carbon disulphide is readily emitted from xanthate
decomposition, thus engineers and scientists have embarked on looking for the
replacement of xanthate collectors [Dong et al. 2011]. The attempt to partially and
completely replace the xanthate collector by dithiocarbamate have been performed and it
was found that the mixture of xanthate and dithiocarbamate yield high recoveries.
However, it was observed that pure xanthate is more efficient than pure dithiocarbamate
alone, thus dithiocarbamate may not be able to fully replace xanthate. Moreover, the
dithiocarbamates are economically problematic as they are more expensive than xanthates

[Ngobeni et al. 2013]. Furthermore, the dithiophosphate was also found not suitable to
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replace the xanthate on the flotation of (geversite) containing ore (Ngobeni W. et al.
2013). In order to mimic the problems encountered with mineral extraction, we seek to
imitate the flotation process by using computational technique (DFT). In this instance we
study the oxidation (naturally oxidation), hydroxide adsorption (pH dependence) and
hydration (addition of water) in the (geversite) surfaces. Furthermore, the collectors such
as, ethyl xanthate (EX), n-propyl xanthate (nPX), n-butyl xanthate (nBX) and amyl
xanthate (AX) will be investigated on the mineral (100), (110) and (111) surfaces.

1.5 Rationale and objectives

1.5.1 Rationale

Investigation of PtSb2 has not been extensively studied and thus limited literature is
available on this mineral both experimentally and computationally. The recent technology
of computation algorithms that has been developed offers hope to investigate complex
surfaces with low cost and efficiency. The first principle calculations are able to give
some better reactive properties of the mineral surfaces that experiments might not easily
accomplish, for example the hydration and influence of collectors on surfaces which are
limited in literature computationally. There is a growing demand for improving platinum
recovery, in particular those that are hosted in hard to float arsenide and antimony
minerals. Thus the extraction of PtSbz mineral requires knowledge and understanding of
the reactivity of the surface/collector interaction. The proposed study will employ first
principles method to investigate the geversite (PtSb2). The surface study will include the
surface orientation and termination to better understand the surface reaction of this
mineral for flotation and extraction. This study will focus on the surface properties of
PtSbs, their interaction with oxygen and water, hydroxide and the influence of xanthate
collector of different chain lengths.

The surface interaction will be investigated from the surface and adsorption energies
on different surface slab orientations and terminations. More importantly, the electronic
signature and behaviour of DOS and atomic charges will be investigated. These are
important to distinguish the preference of surface as well as the adsorption site for
possible maximum recovery. Studies of PtSbz surfaces have not been carried out

experimentally (especially surfaces interactions with collectors). As such this study
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explores and investigates the interaction of oxygen, water, hydroxide and xanthate of
different chain lengths (C2, C3, C4, C5) with the platinum antimonide (PtSbz) surfaces:
(100), (110) and (111) using computational methods. The study will begin with exploring
the bulk and the surfaces before adsorptions.. The electronic properties such as density of
states (DOS) and Mulliken atimic charges describe the chemistry of interaction of the Oz,
H>0, OH™ and xanthates with the surface. In addition the DOS and atomic charges will

be computed for the bulk and clean surfaces.

1.5.2 Obijectives

First principle objectives of the study are to:

i. Determine the suitable cut-off energy and k-point mesh parameters for
PtSb2 mineral.

ii. Perform full geometry optimisation of bulk and surface structures.

iii. Determine the lattice constants: lattice parameters and bond lengths,

iv. Cleave the low index (100), (110) and (111) surfaces at different
terminations.

v. Determine the most stable surface termination that is less reactive (surface
energy).

vi. Calculate electronic structures for the stable surface termination.

vii. Determine the effects of oxidation, hydration, hydroxide on (100), (110)
and (111) surfaces

viii. Investigate the influence of xanthate collectors (EX, nPX, nBX and AX)
on the low index mineral surfaces

ix. Describe the bonding behaviour of the adsorbates on the surfaces in terms
of adsoption energies, electronic structures of surfaces, with DOS and

Mulliken atomic charge.

1.6 Outline of the thesis

The following chapters will look into discussions and results obtained while doing the
project and the interpretation thereof.
This thesis gives a report on the study of surfaces and electronic properties of the

platinum antimonide, using first principles DFT methods.
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The thesis is partitioned into seven chapters:

Chapter 1 deals with the historical overview based on the theory and different
techniques that have been used previously on studies of these groups of transition metal
sulphides. We also review the crystal structure analysis of the PtSb> mineral. Finally,
rationale and objectives of this work were stated.

Chapter 2 deals with the methods that have been used in the current study: DFT,
plane-wave pseudopotential method and Cambridge Serial Total Energy Package
(CASTEP) code. Firstly, the chapter introduces various first principle techniques;
secondly, the DFT for calculating geometry optimisation is described; thirdly,
approximation method such as LDA and GGA are described, fourthly, density of states
and lastly the plane-wave pseudopotential method, and population charges and the
CASTEP code.

Chapter 3 is concerned with optimization of the bulk and surfaces and their electronic
structures.

Chapter 4 is concerned with the results and discussions for oxidation of low index
surfaces and their electronic structures.

Chapter 5 is concerned with the results and discussions for hydration and hydroxide
adsorption on the surfaces and their electronic structures.

Chapter 6 is concerned with the results and discussions for xanthates adsorption onto
the three surfaces and their electronic structures and comparison of xanthate and OH~
adsorption energies and xanthates adsorption in the presence of water molecules

Chapter 7 gives the summary, conclusion, recommendations, future work and
Appendix.

Finally, the bibliography which helps give insight to the analysis of the work is listed

and papers presented in conferences are given in Appendices.
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CHAPTER 2

Density Functional Theory
Methodology
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This chapter is concerned with the methods of calculations employed in this study.
Computational simulations offer alternative means of investigating various structural,
electronic and surface properties of materials alongside experiment and theory. This
approach has been widely used in solid-state physics, chemistry and materials science, to
predict the real situation by presenting physical systems as models.

The newly developed computer algorithm of high performance computers has made
modelling of surface chemistry studies possible. There are three types of computational
approaches that can be used to study surfaces properties of materials. Firstly, the quantum
mechanical methods, which take into account the motions and the interactions of electrons
in a material. Secondly, the empirical potential methods (atomistic method), consider the
interactions of atoms in Quasi-classical form and avoids the electronic interactions.
Lastly, semi-empirical methods, these act as a bridge between quantum and atomistic
methods. This method incorporates both quantum mechanical and the atomistic methods,
where the electron and atom interaction in quasi-classical can be obtained.

In this study we have used ab initio quantum mechanical density functional theory
[Hohenberg et al. 1965], to study surface properties of geversite mineral (PtSbz). The
theory solves Schrodinger equation and applies the plane-wave (PW) pseudopotential
method. The plane-wave pseudopotential method is necessary for performing full
geometry optimisation of the structures. In the next section we discuss the DFT for

describing the many-body problem by approximation methods, using electron density (n).

2.1 Density functional theory

Density functional theory is a quantum mechanical based method used in physics and
chemistry to investigate the electronic structure of many-body systems, in particular
atoms, molecules, and the condensed phases [Vignale 1979]. Within the DFT, the
properties of a many electron systems can be determined by using functional, i.e. function
of another function, which in this case is the spatially dependent electron density. DFT is
among the most popular and versatile methods available in condensed-matter physics,
computational physics, and computational chemistry. It is used for calculations in solid
state physics. Although DFT has its theoretical backgrounds in the Thomas-Fermi model,
the theoretical basis were confirmed by the two Hohenberg-Kohn (H-K) theorems
[Hohenberg et al. 1965]. The first H-K theorem demonstrates that the ground state
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properties of a many-electron system are uniquely determined by an electron density that
depends on only three spatial coordinates. This gives the possibility for reducing the
many-body problem of N electrons with 3N spatial coordinates to 3 spatial coordinates,
through the use of functionals of the electron density. This theorem can be extended to
the time-independent domain to develop time-dependent density functional theory, which
can be used to describe excited states [Hohenberg et al. 1965].

The second H-K theorem defines energy functional for the system and proves that
the correct ground-state electron density minimizes this energy functional. Within the
framework of Kohn-Sham (K-S) DFT, the intractable many-body problem of interacting
electrons in static potentials is reduced to a tractable problem of non-interacting electrons
moving in an effective potential [Kohn et al. 1965]. The effective potential includes the
external potential and the effects of the Coulomb interactions between the electrons, that
is the exchange and correlation interactions. Modelling the latter two interactions is
impossible within K-S DFT. The LDA is based upon exact energy for a uniform electron
gas, which can be obtained from the Thomas-Fermi model, and from fits to the correlation
energy for a uniform electron gas. Non-interacting systems are relatively easy to solve as
the wave function can be represented as a Slater determinant of orbitals (Slater et al.
1929). Further, the kinetic energy functional of such a system is known exactly. The
exchange-correlation part of the total-energy functional remains unknown and must be
approximated. The Kohn-Sham total energy functional for a set of doubly occupied

electronic states can be written as:

—h 2 (On(r’ /
E={y} =2 (E) V2 d3r + [ Vg (n(r)d3r + %f nli_—nr(,rl)d3rd3r +

Exc[n(0)] + Eion({R1}), 2.1

where Eion is the Coulomb energy associated with interactions among the nuclei (or ions)
at positions {Ri}, Vionis the static total electron-ion potential, n(r) is the electronic density

given by

n(®) =2 ) [HOI, 22

and Exc [n(r)] is the exchange-correlation functional. Only the minimum value of the

Kohn-Sham energy functional has physical meaning. At the minimum, the Kohn-Sham
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energy functional is equal to the ground-state energy of the system of electrons with the
ions in positions {Ri}. It is necessary to determine the set of wave functions j; that
minimizes the Kohn-Sham energy functional. These are given by the self-consistent
solutions to the Kohn-Sham equations:

—h

[ 72+ Vion (@) + V() + Vie )| 1 (0 = i), 23
where ; is the wave function of electronic state i, & is the Kohn-Sham eigen value and
Vu is the Hartree potential of the electrons [Payne et al. 1992]. DFT calculations are
normally used to solve K-S equations self consistently. Within the framework of Kohn
and Sham DFT, the intractable electrons in a static external potential is reduced to
tractable of non-interacting electrons moving in an interacting effective potential. The
effective potential includes the external potential and the effects of the coulomb
interactions between electrons. K-S DFT shows that only exchange-correlation as a

function of the electron spin (up and down) density n(r) must be approximated

[Hohenberg et al. 1965].

2.1.1 Local density approximation

The Hohenberg-Kohn theorem provides some motivation for using approximate methods
to describe the exchange-correlation energy as a function of the electron density. The
simplest method of describing the exchange-correlation energy of an electronic system is
to use the LDA [Payne et al. 1992]. In local density approximation the exchange-
correlation energy of an electronic system is constructed by assuming that the exchange-
correlation energy per electron at a point r in the electron gas, exc(r), is equal to the
exchange-correlation energy per electron in a homogeneous electron gas that has the same

density as the electron gas at point r, thus

Exc[n(®] = [ g Mn(@®)d’r, 2.4

The local density approximation assumes that the exchange-correlation energy
functional is purely local. The local density approximation, in principle, ignores
correction to the exchange-correlation energy at a point r due to nearby in homogeneities

in the electron density. The LDA is a first-principle approach in the sense that the
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quantum mechanical problem is solved without any adjustable, arbitrary or system
dependent parameters [Kudoh et al. 1986]. For any many-electron system, the function
for total energy has a minimum equal to the ground state energy at the ground state

density.

2.1.2 Generalized gradient approximation

The generalized gradient approximation is still local but it also takes into account the

gradient of the density at the density at the same coordinates as follows;
Exc[nr ny] = [ exc(ny, ny Vny Vny)p(r)dsr, 2.5

GGA for the exchange-correlation energy improves upon the local spin density
approximations (LSDA) description of atoms and solids. It tends to improve total energies
and structural energy differences and it expands and weakens the bonds, an effect that
corrects the LSDA prediction [Perdew et al. 1992]. The GGA functions are accurate, give
very good results for molecular geometries and ground-state energies, and are expressed
in terms of Perdew-Wang, however potentially more accurate than the GGA functional
and meta-GGA functions [Perdew et al. 1986]. These functionals include further terms in
expansion depending on the density, the gradient of the density and the Laplacian second
derivatives of the density. There are other important functionals of DFT such as hybrid
Meta GGA, hybrid and double functional. There are different GGA exchange-correlation
functionals important for calculating solids, such as GGA-PBE, GGA-rPBE, GGA-
PW91, GGA-WC and GGA-PBEsol.

2.1.3 Ultrasoft pseudopotentials method

Ultrasoft pseudopotential (USP) covers a wide range of atoms including the transition
metals. In 1990, Vanderbilt developed a pseudopotential known as ultrasoft
pseudopotentials. Many of the modern pseudopotential calculations use the generalisation
of the Kleinman-Bylander [Vanderbilt 1990]. The approach is a radical departure from
norm-conserving pseudopotentials discussed below, since ultrasoft pseudopotential
attaining much smoother pseudo wavefunctions. In this approach, the pseudo
wavefunctions are required to be equal to all electron wavefunctions outside the radius,

as with the norm-conserving pseudopotentials, but inside the radius are allowed to be as
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soft as possible. Again the norm conserving constraint is removed, but this also introduces
some complications. However, the ultrasoft pseudopotential still be able to reduce the
plane cut-off needed in calculations, particularly since large values of radius can be used
in their scheme.

The complications that result are two-fold. First, since the pseudo wavefunctions are
equal to all-electron wavefunctions (and have the same norm) in the interstitial, but have

a different norm inside the topological complexity they are necessarily not normalised.
Secondly, the pseudo charge density is not obtained by computing z(ﬂ*(ﬁ as with norm-

conserving pseudopotential, this will lead to the incorrect total charge. A third, but less
important complication is that, by relating the norm-conservation, the resulting
pseudopotentials can become less transferrable. However, Vanderbilt pseudopotentials
were proposed for use in large-scale calculations, for which the costs of generating
pseudopotentials are negligible as compared to the cost of the calculations [Vanderbilt
1990]. The electron density is subdivided into a smooth part that extends throughout the
unit cell and a hard part localised in the core region. The ultrasoft pseudopotential has

advantage over the norm-conserving pseudopotential.

2.1.4 k-points sampling

Electronic states are allowed at asset of k-points determined by the boundary conditions
that apply to the bulk solid. The density of allowed k-points is proportional to the volume
of the solid. The infinite numbers of electrons in the solid are accounted for by an infinite
number of k-points and only a finite number of electronic states are occupied at each -
point.

The Bloch theorem changes the problem of calculating an infinite number of
electronic wavefunctions to one of calculating a finite number of k-points. The occupied
states at each k-point contribute to the electronic potential in the bulk solid so that in
principle an infinite number of calculations are needed to compute this potential.
Furthermore, the electronic wavefunctions at k-points that are very close are identical.
Hence it is possible to represent the electronic wavefunctions over a region of & space by
the wavefunctions at a single A-point. In this case the electronic states at only a finite
number of k-points are required to calculate the electronic potential and hence determine

the total energy of the solid.
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Methods have been devised for obtaining very accurate approximations to the
electronic potential from a filled electronic band by calculating the electronic
wavefunctions at special sets of k-points. The two most common methods are those of
Chadi and Cohen [Chadi et al. 1973] and Monkhorst and Pack [Monkhorst et al. 1976].
Using these methods, the electronic potential and the total energy of an insulator can be
obtained by calculating the electronic states at a very small number of k-points. A denser
set of k-points are required to calculate the electronic potential and the total energy of a
metallic system in order to define the Fermi surface precisely.

However, the computational costs of performing a very dense sampling of k& space
increase linearly with the number of k-points in the Brillouin zone (BZ). Density
functional codes approximate these k£ space integrals with a finite sampling of A-points.
Special k-points schemes have been developed to use the fewest possible k-points for a
given accuracy, thereby reducing the computational cost. The most commonly used

scheme is that of Monkhorst and Pack [Monkhorst et al. 1976].

2.2 Plane-wave pseudopotential method

The plane-wave pseudopotential technique is a good method used to calculate with
accuracy, the variational self-consistent solution to the density functional theory. It is
applicable in large systems that are subject to 3D periodic boundary condition. In this
method the wave function is expressed in terms of plane-wave basis and a good

pseudopotential representation of the ions in the crystal is given.

2.2.1 Plane-wave basis

An infinite plane-wave basis set is required to expand the electronic wave functions of
the system. The Plane-wave pseudopotential method is a powerful and reliable tool to
study the properties of materials. This method is designed for periodic solids but again is
used for problems such as atoms and surfaces. The key of this method is Bloch’s theorem
which allows the electronic wave functions to be expanded in terms of a discrete set of

plane waves as follows:
b (1) = el™7IF;(r) 2.6

This expression has a wavelike and cell periodic part where,
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F,(r) = Z Ci el 2.7
=

where G is the reciprocal lattice vectors of the periodic cell. Thus each electronic wave

function can be written as follows:

ki(r) = ) Cigqg elik+arl 2.8
IIJ i i,K+G
G

where Ci,k+G are the coefficients of plane waves and depend entirely on the specific

hZ
— | |K 2, 2.
(s, ;

The plane wave’s basis set is limited by including all plane waves whose kinetic energies

kinetic energy,

are less than some particular cut-off energy (Ecut) as follows:

<%> K+ Gc|? < Ecut 2.10

The cut-off energy is chosen by increasing its magnitude until the total energy is
converged to require accuracy [Perdew et al. 1992]. However, when the number of plane
wave is increased one can describe more rapidly varying features and an infinitely large
number of basis set could be achieved. Thus finite bases set are obtained when finite cut-
off energy is introduced to the discrete plane-wave basis set. This may lead to some errors
in the computation of the total energy; cut-off energy should be increased until the
calculated energy has converged. Also one needs to use a much denser set of k-points to

reduce errors and ensure good convergence.

2.2.2 Pseudopotentials

Although Bloch’s theorem states that the electronic wave functions can be expanded
using a discrete set of plane waves, a plane-wave basis set is usually very poorly suited
to expanding electronic wave functions because a very large number of plane waves are
needed to expand the tightly bound core orbitals and to follow the rapid oscillations of

the wave functions the valence electrons in the core region. It is well known that most
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physical properties of solids are dependent on the valence electrons largely than on the
core electrons. The pseudopotential approximation exploits this by removing the core
electrons and by replacing them and the strong ionic potential by a weaker
pseudopotential that acts on a set of pseudo wave functions. An ionic potential, valence
wave function and the corresponding pseudopotential and pseudo wave function are
illustrated schematically in the Figure 2.1.

The valence wave functions oscillate rapidly in the region occupied by the core
electrons due to the strong ionic potential in this region. These oscillations maintain the
orthogonality between the core wave functions and the valence wave functions, which is
required by the exclusion principle. The pseudopotential is constructed ideally, so that its
scattering properties or phase shifts for the pseudo wave functions are identical to the
scattering properties of the ion and the core electrons for the valence wave functions, but
in such a way that the pseudo wave functions have no radial nodes in the core region. In
the core region, the total phase shift produced by the ion and the core electrons will be
greater by m, for each node that the valence functions had in the core region, than the
phase shift produced by the ion and the valence electrons. Outside the core region the two
potentials are identical, and the scattering from the two potentials is indistinguishable.
The phase shift produced by the ion core is different for each angular momentum
component of the valence wave function, and so the scattering from the pseudopotential

must be angular momentum dependent. The most general form for pseudopotential is:

VL =Z|1m >V, < Im| 2.11

Im
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where |[Im> is the spherical harmonics and Vi is the pseudopotential for angular

momentum I, acting on the electronic wave function with this operator decomposes the

wave function into spherical harmonics, each of which is then multiplied by the relevant

pseudopotential(Vi)

A

!
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Figure 2.1: The all electron potential (dashed lines) and pseudopotential (solid lines)
with the corresponding valence wave function and pseudo-wave functions [Meyer

The one electron Schrodinger equation is replaced by pseudopotential equation as

follows:
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2

P
E + Vpseudo (r)q—'pseudo (r) = El~|Jpseudo (I‘), 2.12

where Ypseudo (1) is the pseudo wave function and Vpseudo(r) is the exact pseudopotential.

2.2.3 CASTEP implementation

The Cambridge Serial Total Energy Package (CASTEP) [Clark et al. 2005] is a first
principles quantum mechanical code that explores the properties of crystals and surfaces.
Within density functional formalism, it can be used to simulate wide range of materials
that include surfaces, crystalline solids, molecules, liquids and amorphous materials. The
CASTEP code was originally developed by Payne and Co-workers in the late 1980’s and
early 1990’s [Payne et al. 1992]. The code became widely used for electronic structure
calculations. In addition, the new CASTEP code has been designed for parallel
computers, allowing much larger problems to be approached.

The code is capable of calculating the physical properties of materials including: total
energies: calculations of total energies, forces, stresses and elastic constants; electronic
structures: electronic charge densities, orbitals, electrostatic potentials, band structures,
total and partial density of states, Mulliken population analysis and optical properties;
geometry optimisation: optimisation of atomic position and unit cell parameters, either
constrained or unconstrained and under external pressure and stresses; transition states:
the LST/QST methods are utilized when finding transition states and exchange and
correlation: the well-known LDA and GGA functionals are included (such as PW91, PBE
and RPBE functionals), furthermore non-local functionals such as the weighted density
approximation (WDA), Hartree-Fock and screened exchange are also available and many

other physical properties of materials.

2.3 Density of states

The density of states (DOS) of a system describes the number of states per interval of
energy at each energy level that are available. The DOS indicates how densely packed
quantum states are in a system. Integration of DOS over a range of energy yields a number

of states;
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N(E) = fAEg(E)dE 2.16
E

where N(E) denotes the carrier density and g(E)dE represents the number of states
between E and dE. The density of states permits integration to be done with respect to the
electron energy instead of the integration over the Brillouin zone. It is often used for quick
visual analysis of the electronic structure. Characteristics such as the width of the valence
band, the energy gab in insulators and the number of intensity of the main features are
helpful in interpreting experimental spectroscopic data. The most accurate methods used
are based on linear or quadratic interpolations of band energies between the reference
points in the Brillouin zone. The most popular and reliable technique is based on the
tetrahedron interpolation. However, it is not well suited to the Monkhorst-Pack grid of
special points. The method is based on linear interpolation in parallelepipeds formed by
the points of the Monkhorst-Pack set, which is followed by the histogram sampling of the
resultant set of band energies.

In the study of complex minerals there can be a formation of pseudo gap in the
electronic density of states at the Fermi energy (Er) and the relation of this feature to the
stability of the particular structure. Pierce et al. [Pierce et al. 1994] and Matsuda et al.
[Matsuda et al. 2001] have suggested the role of pseudo gap in the structural stability by
the experimental observation of very high resistivity in structurally well-ordered stable
quasicrystals. Several contexts have proposed the direct relations between the formation
of a pseudo gap and stability of the structure. In oxygen molecule (O2), water molecule
(H20), thiol collectors and ferromagnetic Fe and Ni the partial filling of narrow orbitals
following Hund’s rules and high electron density of states near the Er result in a spin
polarised valence band [Bartell 1968]. Literature reveals that densities of states are also
essential in determining the stability trend of structures with same composition with
respect to the Er. The theory suggests that the element with highest density of states
around the Er is considered the least stable, while the element with the lowest density of
states is most stable. Moreover, the element with greater contribution at the Er is the most

active or reactive element.
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2.4 Charge population analysis

The properties of chemicals and materials are often described in terms of charge transfer
between atoms and the presence of ionic charges or electric multipoles on atoms or
molecules. Theoretical calculations producing estimates of the electronic charge
distribution in the system can, in principle, provide this type of information but it is not
clear how to extract it. The atomic charges in molecules or solids are not observables and
therefore not defined by quantum mechanical theory. The output of quantum mechanical
calculations is a continuous electronic charge density and it is not clear how one should
partition electrons amongst fragments of the system such as atoms or molecules. Many
different schemes have been proposed, some are based on electronic orbitals (such as
Mulliken Population Analysis) and others based on only the charge density such as
Bader’s atoms in molecules method.

The Mulliken analysis is the most commonly used orbital based method. It can be
applied when basis functions centred on atoms are used in the calculation of the electronic
wavefunction of the system. The charge associated with the basis functions centred on a
particular atom is then assigned to that atom. This can be a fast and useful way of
determining partial charges on atoms but it has the major drawback that the analysis is

sensitive to the choice of basis set.
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CHAPTER 3
Bulk and Surface Modelling
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Bulk and surface relaxation of PtSb>

In this chapter, we discussed the DFT results of the bulk structure and surface relaxation
for PtSb2 (geversite) mineral. Firstly, the bulk convergence test variation of cut-off and
k-points will be discussed. The bulk structures construction and relaxation are shown and
their electronic structures were explored. Secondly, different terminations of the surface
were investigated from the relaxed bulk structure and variation of slab layers (thickness)
convergence was inspected. Thirdly, we showed comparison of the three low index
surfaces, ((100), (110) and (111)) for surface stability. Lastly, the electronic structures of

surfaces will also be presented.

3.1 Convergence of cut-off energy and k-points
sampling

3.1.1 PtSh> bulk Cut-off energy

Within the plane-wave pseudopotential method (CASTEP) [Clark et al. 2005], before any
properties of the system were calculated, it was important to determine the kinetic energy
cut-off for the material that gives accurate wave functions and total energy. The kinetic
energy cut-off established for PtSbz structure was determined from a plot of the total
energy against kinetic energy cut-off. The structural optimization energy calculations
were performed at different kinetic energy cut-off within GGA-PBE [Perdew et al. 1996].
Calculations were repeated for different cut-off energies until a constant minimum energy
was reached and the total energies corresponding to particular cut-off energies were
noted. The plot of total energy against kinetic energy cut-off for PtSb: is represented in
Figure 3.1. The plot showed almost a zero slope starting from cut-off energy of 450eV,
indicating that the variation of total energy with cut-off was negligible at this point. Thus,
the kinetic energy cut-off of 500 eV was chosen which corresponds to the minimum total

energy and will be used in all calculations for the PtSba structures under study.
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Figure 3.1: Total energy against kinetic energy cut-off for PtSbz structures.

3.1.2 PtSh> bulk k-points sampling

After a suitable kinetic cut-off energy has been obtained, it was crucial to also determine
the appropriate number of k-points to use in plane-wave pseudopotential calculations.
Several methods have been suggested for special k-points sampling in the Brillouin zone
[Chadi et al. 1973, Monkhorst et al. 1976]. Such methods helped in obtaining the accurate
approximation for the total energy by calculating the electronic state at a very small
number of k-points. The Monkhorst-Pack scheme [Monkhorst et al. 1976] of the k-points
sampling was used to select an optimal set of special k-points of the Brillouin zone such
that the greatest possible accuracy was achieved. Different values of k-points mesh
parameters were varied from 2x2x2 to 8x8x8 until the total energy change was negligible.
Appropriate k-points mesh parameters were found to be 6x6x6. At this point it was
observed that the total energy between two consecutive points converged to within 1.0

meV, which indicated that the energy change was negligible (Figure 3.2).
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Figure 3.2: Total energy against k-points mesh for PtSba bulk structure.

3.1.3 PtShz surface k-points sampling

After a suitable kinetic energy cut-off and k-points for the bulk has been obtained, it was
crucial to also determine the appropriate number of k-points to use in plane-wave
pseudopotential for the surface calculations. The special k-points for surfaces were
dependent on the crystal structure that is for a cubic the x and y directions are equal, while
the z direction takes the unity value (1) (e.g. 2x2x1). This sampling orders that along the
z direction there would be no compression force since it is the vacuum slab site, if the z
direction was given a higher value than unity it would mean that the vacuum slab would
be ignored. This will enable the adsorbate to interact freely in the vacuum. The
Monkhorst-Pack scheme [Monkhorst et al. 1976] of the k-points sampling was used to
select an optimal set of special k-points in the Brillouin zone such that the greatest

possible accuracy was achieved.
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Figure 3.3: Total energy against k-points mesh for PtSbz surface models.

Different values of k-points mesh parameters were varied from 1x1x1 to 9x9x1 until
the total energy change was negligible. Appropriate k-points mesh parameters were found
to be 4x4x1. At this point, it was observed that the total energy between two consecutive
points converged to within ImeV, which indicated that the energy change was negligible
(Figure 3.3). Note that the cut-off energy (500 eV) obtained in the bulk would not change
and thus was used in obtaining the special k-points for the surfaces and it will be used

throughout the study for both bulk and surfaces.

3.2 Computational details

We have employed the DFT CASTEP code of Materials Studio, using the plane-wave
with PBE exchange-correlation functional. The plane-wave basis set with a cut-off energy
of 500 eV was set, which demonstrated convergence to within 0.2 meV/atom. We
employed the ultrasoft pseudopotentials [Kleinman et al, 1982 and Vanderbilt, 1990] and
the electron configurations considered for mineral surface were: Pt: [Xe]4f145d%6s! and
Sb: [Kr]4d!95s?5p? and for adsorbates we focused on the atoms that binds to the surface,
which were: S:[Ne]3s?3p*, O: [He]2s*2p*. A k-point grid of 6x6x6 for the bulk and 4x4x1
for surfaces ware generated using the Monkhorst-Pack [Monkhorst et al. 1976] scheme.
The size of the k-point grid used for mineral represents a k-point sampling spacing no
greater than 0.05 A-'. The convergence tolerances for force, ionic displacement and

energy were 0.05 eVA!, 0.001 A and 0.01 meV/atom, respectively. Slab depth for each
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surface model will be listed for each model. The vacuum height (as discussed in the
following section) for all surface models in this chapter was set at 20.0 A in order to avoid
the interaction of the adsorbates with the upper repeating slab model. Throughout this
work model, total energies (in eV) will be quoted to three(3) decimal places to allow for
future in-depth model comparison and optimisation by other researchers, while the

surface and adsorption energies will be quoted to three decimal places.

3.3 Bulk PtSb; optimization and electronic properties

In this section, we present the structural relaxation of the PtSba structure. The structural
optimizations was performed as discussed in the computational details. We also discussed
the density of states (DOS) and Mulliken atomic charges of the PtSbz bulk structure.
These calculated properties were important since they depict the behaviour of the PtSbz

under 0 K conditions.

3.3.1 PtSh; bulk structure relaxation and electronic properties

We have performed PtSb2 bulk structure relaxation and the optimized structural
properties are shown in Table 3.2. The relaxed crystal structure was found to have a =

6.531 A and the dimer Sb—Sb bond was found to be 2.829 A as shown in Figure 3.4

Table 3.1: The relaxed atomic positions of PtSba crystal structure.

Property Value
Formula PtSb,
V/ 4
Unit cell length (a=b=c) 6.531 A
Cell angles (a=p=y) 90°
Space-group Pa-3 (#205)
Atoms Position X y Z

Pt (4a) 0.000 0.000 0.000
Sb (8c) 0.375 0.375 0.375

Pt denote the octahedral Pt(O) and Sb denote the tetrahedral Sb(T) atoms.
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Figure 3.4: PtSbz bulk structure.

Now we have computed the density of states (DOS) and atomic charges for the bulk
structure in order to gain knowledge about its chemistry behaviour. The DOS are shown
in Figure 3.4 and showed a metallic behaviour. Furthermore, we observed that the Fermi
energy (EF) fell deep into the pseudo gap suggesting stability. The PDOS indicated that
the 5p-orbital of Sb atoms had greater contribution at the Er than the 5d-orbital and 6p-
orbital of Pt atoms. The presence of the 6p-orbital for Pt will be explained below. We
observed that the Pt contributed very little at the Er and at the conduction band (CB). We
observed that the pseudo gap was present on both atoms (Pt and Sb), suggesting that
stability emanated from both Pt and Sb atoms.

The electron configuration of Pt is a little complicated and it emanates from the
relativistic effects, electron correlation, and shielding effects. There is an interplay
between the attraction of the nucleus and the electrons, and the electron repulsion between
all electrons. The heavier the atoms become, the more important relativistic effects
become, since the inner electrons are moving much faster as they are in a stronger electric
field from the higher charge of the nucleus. The outer orbitals are less compact than the
inner ones, but a stronger effect is that the outer electrons are shielded and therefore the
nucleus attraction is weaker. This can be easily solved by the Schrédinger/Dirac equations
[https://chemistry.stackexchange.com]. For Pt, the 6s-orbital (outer) and 5d-orbital
almost have the same energy as such it is better to have 4 fully filled and 2 half-filled
orbitals than having 5 fully filled and 1 empty. The initial configuration of Pt is:
[Xe]4f'45d%6s?, then one electron is transferred from 6s-orbital to 5d-orbitals, so that all

orbitals become stable, either through full filling or half filling, which is better than
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having one empty and unstable. This makes the Pt electron configuration to be:
[Xe]4f145d%6s! [https://chemistry.stackexchange.com]. The electron configuration of Sb
atoms was considered as [Kr]4d'%5s?5p® and the Sb is a poor metal thus its great
contribution at the Er is significant.

The DOS of PtSbz bulk displayed that there were some electrons transferred into the
6p-orbital from the 5d-orbitals. This was evident since at the Er, the 6p-orbital was
dominant with some empty states of 5d-orbitals just above the Er. These effects occurred
in order to form a stable PtSb> mineral as we observed Er falling deep into the pseudo
gap. The Sb atoms clearly showed the half-filled 5p-orbital, with some empty states just
above the Er and as such the Er also fell deep into the pseudo gap for stability.
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Figure 3.5: The total density of states and partial density for the bulk PtSb2 model.

The atomic charges for the PtSbz bulk structure was also computed and indicated
negative charges for the Pt atoms and positive charges for the Sb atoms as shown in Table
3.1. The presence of 6p-orbital filled can be easier explained from the Mulliken atomic
charges. We found that the 4f'#-orbitals of the Pt and 4d'%-orbitals of Sb atoms were
shielded and form part of the core electrons thus did not appear on the DOS and on the
charges. This indicated that the 5d°6s' for Pt and 5s?5p® for Sb were the outer shell or
valence electrons for these atoms and are actively involved in the hybridisation. The
atomic charges clearly displayed these effects with the presence of 6p-orbital for Pt atoms,
due to the strong hybridisation of the Pt 5d-orbitals with the 5s-orbital and Sp-orbitals of

Sb atoms.
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Table 3.2: Calculated Mulliken population atomic charges for the bulk

PtSba.
Atoms S p d Total Charges (le"|)
Pt 6s=1.00 6p=1.27 5d=8.99 11.26 -1.26
Sb 5s=1.47 5p=2.90 5d=0.00 4.37 +0.63

The 6s-orbital of Pt, is evident that it is unity (half occupied) as shown in atomic
charges (Table 3.1) and this agreed well with the electron configuration of Pt atoms. We
found that the 5d-orbital of Pt and the 5s-orbiral and Sp-orbitals of Sb atoms transferred
some electrons/charges into the 6p-orbital of the Pt atoms. Thus there was the presence
of the 6p-orbital on the Pt atoms. The negative charge on the Pt atoms indicated
charge/electron gain from the Sb atoms and the positive charge showed a charge/electron
loss on the Sb atom to the Pt atoms. This was evident due to the very little charge loss on
the 5d-orbital of Pt atoms (0.01 |e7]). This was in line with the DOS as the Sb dominated
the Er than the Pt atoms.

3.4 Surface modelling

In this section we investigated different surface terminations since these have an effect
during adsorption, as a very reactive surface may not give a thermodynamically behaviour
of the mineral surface. As such, we considered the most stable surface termination with
lowest positive surface energy (less reactive). This was also based on the previous report
that during the first stage of flotation where mineral particles are crushed, the minerals
will mainly cleave along surfaces that have large inter-planar spacing and few inter-planar
bonds, usually low-index surfaces with low surface energies under dry conditions
[Mkhonto et al. 2006]. In addition the slab depth was crucial in creating a stable slab and
thick enough for adsorption of adsorbate.

3.5 Cleaving of surfaces

The modelling of mineral surfaces is a process of exposing surfaces which is similar to
liberation of particles experimentally. Moreover, this emulates the crushing of the rock
ore where different surfaces are exposed. In principle different minerals prefer to cleave
or break at certain planes which are thermodynamically stable.

Gibbs [1901] developed the concept that the equilibrium structure of a crystal will

possess the minimum possible excess energy for a given volume, and as volume and
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surface area are inextricably linked, the crystal face with the lowest surface energy will

predominate.
Surface unit cell
Miller index cleavage plane
Vacuum
Bulk unit cell Bulk Stirface

Figure 3.6: The schematics for surface cleavage of PtSba slabs.

The surface cleavage of the bulk PtSb: is shown in Figure 3.6. The initial trial in
surfaces cleavage was to obtain the most preferred surfaces termination that possesses no
dipole. If a surface termination possessed a dipole, it may be corrected by reconstruction.
There are different types of surfaces as discussed by Tasker [Tasker 1979] as shown in
Figure 3.7. It is shown that Type I surface has a repeat unit cell where all the anions and
cations in the same plane are in stoichiometric ratio. Type II surface has a stacking
sequence of charged planes, but the repeat unit consists of several planes, which when
considered together have no dipole moment perpendicular to the surface. Type III surface
are made up of a stack of alternately charged planes and produce a dipole moment
perpendicular to the surface if cut between any planes. In nature, these surfaces are
stabilized by defects and/or adsorbed species. To be able to simulate type III the dipole

needs to be removed, hence the reconstructed type III surface (Figure 3.7).
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Figure 3.7: The schematics for Tasker type of surfaces
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The geometry of the top termination surface was determined by which miller index
plane and surface termination was chosen. The bottom termination surface was
determined by the slab depth, and must be symmetric to the top termination for a stable
surface slab. It was clear that the most stable surface with no dipole were stoichiometric
(must be bulk equivalent) and symmetric (both top and bottom must be mirror images).

In addition, the surfaces required a very thick slab to mimic the solid-state interface
system of real crystal. This principle insured that the slab depth was sufficient such that
both surfaces act as if there is an effectively infinite amount of bulk solid (i.e. the surfaces
do not interact with one another through the solid) [Waterson et al. 2015]. However, due
to computational costs these were not archived. The stability of the surface terminations
and slab thickness can be measured computationally by calculating the surface energy, a
measure of the excess energy per unit area induced by cleaving a bulk model, where a

small, positive number indicates a stable surface as shown in equation 3.1.

1
Esurface = (i) [Eslab - n(Ebulk)]' 3.1

where Elab) is the energy of the surface, Epuivy/atom is the energy of the bulk per total
number of atoms in the bulk and nlab) is the number of atoms of the surface and A is the
surface area. This formula was used in order to account for the number of atoms in the

surface and normalize it to the bulk.
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Lastly, in order to reduce the search for most stable surfaces to a computationally
tractable problem, whilst also ensuring that the most likely surfaces were surveyed, only
the bulk terminations on the three low miller index (100), (110) and (111) were considered

unless literature suggested otherwise.

3.5.1 PtSh, Surface terminations

The surface terminations for the PtSbz (geversite) were prepared in such a way that all
mixed and pure metal terminations were considered. In order to achieve the desired
terminations precisely, the surfaces were cleaved considering all possible terminations.
This exercise had been carried out using the bulk convectional PtSb2 as shown in Figure
3.6. The surface terminations for all the surfaces are shown in Figure 3.8. We found that
the (100) and (110) surfaces had three terminations, while the (111) had five possible
terminations. We observed that the (100) surface had only one surface that was of Type
IT with no dipole (Figure 3.8 (100)-B). The other two were similar to Type II. However,
they have a layer at the bottom for (100)-A, and a layer for (100)-C, which rendered them
to have a dipole perpendicular to the surface. Also the surface energy for (100)-B was

lower and indicated that it is the most stable termination.

Table 3.3: Different terminations, number of atoms, number of layers, total energy
and surface energy for (100), (110) and (111) surfaces.

Surface energy (J.m2)

Miler Index Plane Surface Termination Stoichiometry

Unrelaxed
(100)-A PtSb, 1.569
(100) (100)-B PtSh. 0.920
(100)-C PtSb, 1.569
(110)-A PtSb, 1.168
(110) (110)-B PtSh, 1.194
(110)-C PtSb, 1.170
(111)-A PtSb, 1.225
(111)-B PtSb, 1.004
(111) (111)-C PtSh, 0.939
(111)-D PtSb, 0.992
(111)-E PtSb, 1.231

The case of (110) surface, there was also one surface with no dipole (Figure 3.8
(110)-B) which was of Type I, while the other two possessed a dipole. The (111) surface
had only one termination which was of Type II with no dipole (Figure 3.8 (111)-C), while

the other four were of Type Il and required reconstruction. This was similar to pyrite
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mineral surfaces as explained elsewhere [Tasker 1979]. All the surfaces were Sb-
terminated, suggesting that the PtSbz cleaves and exposes along the Sb atoms. The
computed surface energies for the different terminations indicated that the most stable
surface termination with no dipole had the lowest positive surface energy. However, for
(110) surface we have used the termination that gave the highest surface energy due to its
relaxation after optimization as it will be discussed in section 3.3.3. In addition, similar
surface termination has been considered previously for pyrite study [Hung et al. 2002]. It
is clear from these preliminary results that the (100) surface had the lowest surface energy

compared to the other surfaces.

(100)-A (100)-B (100)-C

(110)-A (110)-B (110)-C

(111)-A (111)-B (111)-C
(111)-D (111)-E

AU A

Figure 3.8: The different surface terminations for PtSbz cleaved from (100), (110) and
(111) miller index planes.
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3.5.2 PtSh, Surface slab thickness

Now we have performed slab thickness convergence using the number of slabs on a unit
cell. Note that for (100) and (110) surfaces two slabs were equivalent to the bulk, while
for (111) surface each slab was equivalent to the bulk and these were unrelaxed
calculations. We have plotted a total energy against slab depth and observed a decreasing
trend as the slab depth increases, see Figure 3.9, 3.10 and 3.11 for (100) surface slabs,
(110) surface slabs and (111) surface slabs, repectively. Furthermore, the surface energies
for slabs were computed and these results showed much closer convergence, with values
from 5 slabs for (100) and (110) surfaces and from three slabs for (111) surface, agreeing
to within 0.01 Jm™, as shown in Table 3.4, 3.5 and 3.7 for (100), (110) and (111) surface
slabs variations respectively. Interestingly, for (111) surface we found that for the four
slab the surface energy was very high compared to the other slabs. This may suggest that
at this slab there was a high instability of the slab surface. We found that each slab
consisted of 3-layers for (100) and (110) surfaces, while for (111) surface each slab
consisted of 5-layers. The unit cell may present a problem in adsorptions as such a
minimum of a 2x2 supercell for the PtSbz surfaces were required to permit modelling of
collector interactions, otherwise inter-ligand steric interactions may begin to have a
significant effect. A 2x2 supercell of five slabs (15-layers) for (100), six slabs (18-layers)
for (110) model and 3 slabs (15-layers) for (111) surface were computationally intractable
when considering the sheer volume of calculations to be completed as shown in bold in

the Table.

Table 3.4: Surface energies for increasing slab depth models of the (100) As terminated PtSb,

surface.
Number of Number of Total Energy (eV) Equivalent Bulk Surface Surface Energy
Slabs Atoms in Total Energy (eV) Area J.m?)
Model (A% Unrelaxed

Bulk 12 —4088.4200 - - -

2 12 -4083.4675 -4088.4200 0.024 0.930

3 18 -6127.3867 -6132.6301 0.024 0.985

4 24 -8171.5311 -8176.8401 0.024 0.997

5 30 -10215.5824 -10221.0501 0.024 1.027

6 36 —12259.7939 —12265.2601 0.024 1.027

7 42 —14303.9875 —14309.4701 0.024 1.030

8 48 —16348.1586 —16353.6801 0.024 1.037
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Figure 3.9: (a) The slab depth against total of slab model; and (b) un-relaxed and (c)
relaxed supercell PtSb2 (100) surface models.

Table 3.5: Surface energies for increasing slab depth models of the (110) As terminated PtSb,

surface.
Number of  Number of Total Energy (eV) Equivalent Bulk Surface Surface Energy
Slabs Atoms in Total Energy (eV) Area J.m3)
Model (A% Unrelaxed

Bulk 12 —4088.4200 - - -

2 12 —4079.3130 —4088.4200 0.017 1.209

3 18 —6122.7730 —6132.6301 0.017 1.309

4 24 -8167.0738 —8176.8401 0.017 1.297

5 30 -10211.0912 -10221.0501 0.017 1.323

6 36 —12255.3146 —-12265.2601 0.017 1.321

7 42 —14299.4178 —-14309.4701 0.017 1.335

8 48 —-16343.6290 —-16353.6801 0.017 1.335

9 54 —18387.7665 —18397.8901 0.017 1.344

10 60 —20431.9542 —20442.1002 0.017 1.347
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Figure 3.10: (a) The slab depth against total of slab model; and (b) un-relaxed and (c) relaxed
supercell PtSbz (110) surface models

Table 3.6: Surface energies for increasing slab depth models of the (111) As terminated PtSb,

surface.
Number of  Number of Total Energy (eV) Equivalent Bulk Surface Surface Energy
Slabs Atoms in Total Energy (eV) Area (J.m™)
Model (A% Unrelaxed

Bulk 12 —4088.4200 - - -

1 12 -4078.3193 —4088.4200 0.012 0.949

2 24 -8164.9915 —8176.8401 0.012 1.113

3 36 —12252.9469 -12265.2601 0.012 1.156

4 48 -16314.2018 —16353.6801 0.012 3.707

5 60 —20429.5271 —20442.1002 0.012 1.181

6 72 —24517.8584 —24530.5202 0.012 1.189
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Figure 3.11: (a) The slab depth against total of slab model; and (b) un-relaxed and (c)
relaxed supercell PtSbz (111) surface models

Table 3.7: Relaxed surface energies for (2x2) supercell of thick slab depth models of the (100),
(110) and (111) As terminated PtSb, surfaces.

Miller Index Number of Equivalent Bulk  Surface Surface Energy
Plane and Atoms and slabs Total Energy Total Energy Area (J.m?)
Cell in Model (eV) (eV) A% Relaxed
Bulk 12 —4088.4200 - - -
(100)-(2x2) 120 (5 slabs) —40867.0226 —40884.2003 0.006 0.807
(110)-(2x2) 144 (6 slabs) —49028.6083 —49061.0404 0.004 1.077
(111)-(2x2) 144 (3 slabs) —49015.2884 —49061.0404 0.003 1.074

Finally, we have performed the surface relaxation and the results are shown in Table 3.7.
The computed surface energies showed that the (100) surface was the most stable and the
order followed as: (100) < (111) < (110) surfaces. This indicated that the PtSb> mineral
will prefer to cleave along the (100) surface. Both (110) and (111) surfaces have energy
which were very close to each other with a difference of 0.003 J.m=. The surface
morphology computed using METADISE code [Watson et al. 1996], showed that all three
miler index surface planes appear on the crystal morphology as such the mineral crushing
will contain all surfaces which is predominantly the (100) surface planes as shown in
section 3.3.4. The unrelaxed and relaxed 2x2 supercell surfaces are shown in Figure 3.9,
3.10 and 3.11 for (100), (110) and (111) surfaces, respectively. Their relaxation behaviour

are analysed in the next section.
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3.5.3 Analysis of the relaxed (100), (110) and (111) surfaces

The PtSb: surfaces have different coordination and concerning the Pt and the Sb before
relaxation and after relaxation as shown in Table 3.8. We found that the Pt and Sb are 5-
coordinated and 3-coordinated before after relaxation for (100) surface, respectively. The
(110) surface showed that the Pt atoms do not change before and after relaxation, which
were 4-coordinated, while the two coordinated Sb atoms changed from 2-coordination to
3-coordination, with the three coordinated Sb atoms changed to 4-coordination. The case

of (111) surface did not show any change in coordination (Table 3.8).

Table 3.8: Surface coordination for the top layers atoms for

(100), (110) and (111) PtSbz surfaces.

Surface Surface Pt coordination Surface Sb coordination
Unrelaxed Relaxed Unrelaxed Relaxed
(100) 5 5 3 3
(110) 4 4 2,3 3,4
(111) 5,6 5,6 2,3 2,3

Now, the relaxation analysis of the (100) surface was observed to still have the ridge
and cleft after relaxation. The Sb atoms in the first layer (1-layer) were observed to relax
inwards, while those in the 3-layer relaxed outwards. The Pt atoms relaxed upwards on
the surface. However, the surface was still Sb terminated with no creation of new bonds.
The case of (110) surface was different, where the Sb atoms reconstructed after relaxation.
We observed that the Sb in the 3-layer relaxed outwards, while the Pt atoms relaxed
inwards. Interestingly were the Sb in the 1-layer, which relaxed towards and to the left

and created new bonds with the 3-coordinated Sb atoms in the 2-layer.
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Figure 3.12: The top view and side view of the top most layers for PtSbz (100), (110)
and (111) surface models.

This created a surface termination to change from 2-coordinated to 3-coordinated as such
removed the dipole which may have been present on the surface. Although this surface

termination had shown high surface energy (least stable) it reconstructed and lowered the
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surface energy after relaxation. Thus this surfaces termination was chosen as the working
termination and similar surface termination has been reported for pyrite mineral [Hung
2002].

For (111) surface we found an outwards and inwards relaxation of the Pt2 and Ptl
atoms, respectively. The Sb atoms were noted to have some 2-coordinated atoms to relax
outwards while others relaxed inwards. The Sb 3-coordinated relaxed outwards, with the
dimer Sb3(D) also relaxing outwards aligning to the 3-layer. The (111) surface showed a
dominant 2-coordinated Sb-termination surface.

A thorough appreciation of the mineral surface was required in order to understand
the collector binding environment. The exposed working surfaces consisted of ridges of
Sb atoms, with Pt atoms inhabiting the clefts between ridges, as shown in Figure 3.12.
Most importantly, when considering the binding of bridging ligands such as xanthates,
which can interact with two surface metals simultaneously is the distance between the
metal sites. Considering the Sb lone pairs, it is unlikely that bridging ligands can interact
with two Pt atoms in different clefts simultaneously, due to the implicit high steric strain
as shown by Waterson et al. [2015]. We found that for (100) surface the Pt-Sb =2.641 A
was the likely bridging site due to its short bond length. For (110) surface the Pt1-Sb3
and Pt2-Sb2 was the likely bridging sites. However, the bridging on Pt1-Pt2 could occur,
although the distance is larger, due to the low coordination of these Pt atoms. For (111)
surface, the Pt1-Sb3 and Sb2-Sb3 are the most likely bridging sites for xanthate, due to

their short distance.

3.5.4 PtSh> surface morphologies

The crystal morphology defined the cleavage of a mineral during grinding.
Experimentally minerals will prefer to cleave along long certain planes and different
shapes occur as a result of the most thermodynamically stable surfaces. The breakage of
a mineral will contain surface morphology dominanted by the most stable planes. We
have computed the surface morphology of PtSb: to identify the shape of the particle
morphology based on the low index surface energies. We found that the (100) surface

was cubic, while (110) surface was polyhedron and the (111) surface was octahedron.
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Figure 3.13: The surface morphologies planes for the PtSbz (100), (110), (111) and
combined surface models.
For the combined morphology (i.e. (100), (110) and (111) surfaces), we observed that the
(100) surface was dominant at all sides with the presence of the (111) surface at the
corner, while the (110) appeared at the edges of the crystal morphology. This indicated
that the grinding of the PtSb2 mineral will have the (100) surface dominating, with some
(110) and (111) surfaces present. This informed us that all low index surfaces are worth

exploring as they may also has an effect in the flotation of the PtSb2 minerals.

3.6 Electronic structures of clean surfaces

In this section we discussed the DOS, Mulliken atomic charges of the three stable clean
surfaces. These were important for depicting the nature of bonding behaviour of the

surface and interaction of adsorbates.

3.6.1 DOS of (100), (110) and (111) surfaces

The density of states (DOS) for the PtSbz surfaces have been computed and analysed in
order to gain more insight into their chemistry before adsorptions. Generally we observed
that all surfaces showed a metallic behaviour. Furthermore, we observed that the Fermi

energy (Er) fell deep into the pseudo gap suggesting stability for (100) and (110) surfaces.
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However, for (111) surfaces the pseudo gap was not clearly observed on the total density
of states (TDOS). All surfaces showed that for Pt atoms, the 6p-orbital was occupied
similar to the bulk structure and it also dominated at the Er together with the 5d-orbitals.
The occupancy of the 6p-orbital will be clearly explained in the Mulliken atoms charges

section 3.6.2.
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Figure 3.14: The total density of states and partial density of states for the (100) PtSb2

surface.

Now for the case of (100) surfaces as shown in Figure 3.14, we focused and analysed
the top Pt and Sb atoms namely Trigonal-bipyramid and Trigonal, respectively. The
Tetrahedral Sb atoms were in the third layer on the surface and will not take part in
adsorptions. We also observed that at the Er the Pt atoms dominated very little, with the
6p-orbital and S5d-orbital equal in contribution. Furthermore, the Pt atoms were
characterised by a sharp peak (d1) below the Er. The Sb atoms 5p-orbitals dominated
significantly at the Er and it was characterised by pseudo gaps (pgl, pg2 and pg3) and the
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Er fell into the pseudo gap 2 (pg2). Moreover, it had three dominant Sp-orbital peaks (p1,
p2 and p3), with the Er almost cutting the p1 peak at its highest point. The un-occupied
Sp-orbitals states were p3 peaks at the conduction band (CB). We observed that the Er
fell deep into the pseudo gaps of both Pt and Sb atoms, suggesting that both atoms
contribute to the stability of the surface. The Sb 5s-orbital were observed to contribute at
around -10 eV (sl) at the valence band (VB), while the anti-bonding states (s2)
contributed at around 5 eV at the CB.
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Figure 3.15: The total density of states and partial density of states for the (110) PtSb2
surface

For the (110) surface, we focused on the top Pt and Sb atoms as shown in Figure
3.15. The Tetrahedral Sb atoms were in the second layer on the surface aligned with the
Pt atoms (Square-planer). We observed that at the Er the Pt atoms dominated marginally,
with the 6p-orbital having slightly more in states (pl) than the 5d-orbital states (d2).
Furthermore, the Pt atoms were characterised by a sharp peak (d1) below the Er. The Sb
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atoms 5Sp-orbitals dominated significantly at the Er and it was characterised by pseudo
gaps (pgl, pg2 and pg3) and the Er fell into pseudo gap 1 (pgl). Moreover, it had three
dominant 5p-orbital peaks (p1, p2 and p3), with the un-occupied Sp-orbitals states (p2
and p3 peaks) at the conduction band (CB). We observed that the Er fell deep into the
pseudo gaps of mainly the Sb atoms, suggesting that the Sb atoms contribute significantly
to the stability of the surface. The Sb 5s-orbital were observed to contribute at around -
10 eV (s1) at the valence band (VB), while the anti-bonding states (s2) contributed at
around 5 eV at the CB.
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Figure 3.16: The total density of states and partial density of states for the (111) PtSb
surface

Now, the case of (111) surface is analysed as shown in Figure 3.16 focussing on the
top Pt and Sb atoms. The Linear and Trigonal Sb atoms were in the first and second layer
on the surface, respectively. The Pt atoms (Trigonal-bipyramid and Octahedral) are in the
third layer aligned with the dimer Sb-Sb atoms (Sb3(D). However, we did no show the
PDOS for the Sb3(D). We observed that at the Er the Pt atoms dominated very little, with
the 6p-orbital having slightly lower states than the 5d-orbital states for octahedral. For the
trigonal-bipyramid the 6p-orbital were equal to the S5d-orbital states at the Er.
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Furthermore, the Pt atoms were characterised by a sharp peak (d1) below the Er. The Sb
atoms Sp-orbitals dominated significantly at the Er and it was also characterised by
pseudo gaps (pgl, pg2 and pg3) for trigonal and only one pseudo gap (pg) for linear Sb
atoms. The Er fell deep into pseudo gap 1 (pgl) of trigonal Sb atoms, while for linear Sb
atoms the Er cuts the p1 peak at its highest point. Furthermore, the trigonal Sb atoms were
dominated by four 5p-orbital peaks (p1, p2, p3 and p4), with the un-occupied S5p-orbitals
states being the p3 and p4 peaks at the conduction band (CB). The linear Sb atoms were
characterised by two 5p-orbital peaks (p1 and p2).

We observed that the Er fell deep into the pseudo gaps of mainly the trigonal Sb
atoms, suggesting that the Sb atoms contributed significantly to the stability of the
surface. However, the TDOS did not show any pseudo gap at the Er. This was due to the
linear Sb atoms peak (pl) which was cut by the Er at its highest point and this also
suggested that the linear Sb atoms were more active on the surface. This was also
supported by its two-coordination on the surface. The Sb S5s-orbital were observed to
contribute at around —10 eV (s1) at the valence band (VB), while the anti-bonding states
(s2) contributed at around 5.0 eV at the CB.

3.6.2 Mulliken atomic charges of (100), (110) and (111)
surfaces

The atomic charges for the PtSbz surfaces models were also computed and we noted
negative charges for the Pt atoms and positive charges for the Sb atoms as shown in Table
3.9. The interesting presence of 6p-orbital filled can be easier explained from the
Mulliken atomic charges. This feature was depicted in the bulk model and the surfaces
also showed similar behaviour. The valence electrons on the surface were the 5d°6s! for
Pt and 5s?5p? for Sb and these electrons were actively involved in the hybridisation. The
atomic charges clearly displayed these effects with the presence of 6p-orbital for Pt atoms,
due to the strong hybridisation of the Pt 5d-orbitals with the 5s-orbital and Sp-orbitals of
Sb atoms. As explained in the bulk the 6p-orbital was occupied by electrons from the 5s-
orbital and 5p-orbitals of Sb atoms and now for surface the 6s-orbital on (100) and (111)
surfaces also lose some electrons. Interestingly, we observed that on all surfaces the 5d-
orbital of Pt have the nine electrons (5d° filled), suggesting that these orbitals are occupied

unlike in the bulk model. These effects occurred in order to form a stable surface.
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For (100) surface, the Pt 6p-orbital was occupied by electrons from the Ss-orbital and
Sp-orbital of the Sb atoms. It is suggested that some electrons may have been transferred
from the second slab Pt 5d-orbitals similar to the bulk model behaviour. The (110) surface
case indicated that the Pt 6p-orbital was occupied by electrons from the Ss-orbital and 5p-
orbital of the Sb atoms and little from the Pt 6s-orbital. Interestingly, the 2-coordinated
Sb atom remained with its 3 electrons (5p* filled), suggesting no loss in electrons. Now,
the case of (111) surface showed that the 6-coordinated Pt atoms have more charges into
the 6p-orbitals similar to the bulk model behaviour, with no loss in the 6s-orbital. This
indicated that the octahedral Pt atoms gained electrons into the 6p-orbital from the Sb
atoms. The 5-coordinated Pt atoms showed unity occupancy on the 6p-orbital and with

some charges lost in the 6s-orbital.

Table 3.9: Calculated atomic population (Mulliken) charges of PtSbz surfaces (Je7]).

Orbital charges
Surface Atom S p d Total Charge |e|

100 Pt 1.00 0.85 9.08 10.97 —0.97|e]|
Sb 1.84 2.95 0.00 4.79 +0.20]e ]|

Ptl 0.99 0.70 9.09 10.78 —0.78le|

P12 0.96 0.70 9.11 10.77 —0.77le|

110 Sb2 1.90 3.04 0.00 4.94 +0.06)e]|
Sb3 1.85 2.95 0.00 4.80 +0.20/e |

Pt5 0.96 1.00 9.06 11.02 ~1.02/e|

Pt6 1.00 1.16 9.03 11.19 ~1.19le|

111 Sb2 1.78 2.91 0.00 4.70 +0.30|¢"|
Sb3 1.78 2.91 0.00 4.69 +0.31]e|

Sb3(D) 1.62 2.93 0.00 4.55 +0.45]e|

These effects showed that the Sb atoms were more actively involved in the 6p-orbital
occupancy. The negative charge on the Pt atoms indicated charge/electron gain from the
Sb atoms and the positive charge showed a charge/electron loss on the Sb atom to the Pt
atoms. This was evident due to no charge loss on the 5d-orbital of Pt atoms. This was in

line with the DOS as the Sb dominated the Er than the Pt atoms, similar to the bulk model.

3.7 Adsorption energies

In this study the models for the adsorbate plus surface, surface, adsorbate and number of
adsorbate are referred to as [S + A], [S], [A], and n, respectively. The superscript numbers
will represent any charged states. The adsorption energies (Euds.) of an uncharged

adsorbate (H20) to a surface was calculated from the difference in total energy between
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the neutral adsorbate surface ([S + A]°) and the sum of the neutral adsorbate ([A]%) and

neutral surface ([S]°) models, as expressed in:
Eqas. = [S+ A]O - ([S]O + n[A]O) (2.14)

This equation is applicable for the neutral adsorbate as the atom and electron counts for
[S+A]°and ([A]® +[S]°) are the same. However, if [A] carries a formal negative charge,
then the [S + A] must also carry a negative charge in order to balance the electrons. This
presents a problem, as the periodic-boundary-condition box sizes required to demonstrate
effective energy convergence will be prohibitively large as also reported by Waterson et
al. [Waterson et al. 2016]. A solution to the problem was reported by Neugebauer and
Scheffler [Neugebauer et al. 1992], which utilises the work function (¢), to correct the
extra electron in the electronic band structure. This was obtained by replacing the total
energy of the [S + A]™ system by [S + A]°. We have calculated this correction for the [S
+ A] system and full details of our results are shown in the sections discussed as reported
by Waterson et al [Waterson et al. 2016]. As such the adsorption energies for the charged

OH™ and xanthates adsorbate [A] to a neutral surface [S]° is computed from:
Eqas. = ([S + A]° = ¢ysyap) — ([SI° + n[A]D) (2.15)

Within these calculation negative adsorption energy corresponds to an exothermic
adsorption process and a positive adsorption energy corresponding to an endothermic
process. The adsorption energies are given in kJ/mol, a convention by 1.0 (eV) = 96.485

(kJ/mol)/eV.

Table 3.10: The uncorrected total energies (Eo), Makov-Payne (MP) [Makov et al.
1995] correction values, corrected total energies (Ecorr) for OH—, EX—, nPX—, nBX—
and AX— adsorbate used in the adsorption energy calculations.

Adsorbate  Adsorbate charge Cell vector a (=b=c) A Eo (eV) MP (eV) Ecorr (eV)

OH™ -1 10 —453.689 2.042 —451.647
EX -1 25 —-1539.451 0.817 —1538.634
nPX -1 25 -1726.760 0.817 —1725.943
nBX -1 25 —-1914.069 0.817 —-1913.252
AX -1 25 -2101.369 0.817 —2100.552
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Geometry optimisations for the hydroxide and xanthates collectors were performed
in a cubic unit cell a (= p =y = 90°) with cell size of a(=b=¢) =10 A for OH and a (=
b = ¢) = 25 A for all collectors. The initial total energy (Es), Makov-Payne (MP)
correction values and corrected total energies (Ecorr) are shown in the Tables. The Makov-

Payne corrections are calculated using the expression below:
q’a
Ecorr = Eg + (14.39952); (2.16)

where Eo is the uncorrected total energy, ¢ is the adsorbate molecule charge, a is the
Madelung constant (2.8373 for a simple cubic system) [Komsa et al. 2012] and L is the

unit cell vector length.

3.8 Summary

In this Chapter, we investigated the bulk and surface relaxation using ab-initio CASTEP
code. In order to attain precise calculations the cut-off energies were varied for the bulk
PtSb2, which were also transferred to the surfaces. The cut-off of 500 eV was chosen as
the energy change was converged. In addition to the cu-off energy to obtain accurate
results the k-point were sampled for the Brillion zone space for both the bulk and surfaces.
The k-point grid of 6x6x6 for the bulk and 4x4x1 for surfaces ware employed. The bulk
relaxation was found to give final lattice parameter of 6.531 A. The DOS indicates that
the PtSbz had a metallic character, even though previous studies suggested that it has a
pseudo-gap, thereby insinuating semiconducting behaviour.

The relaxed bulk structure was used to cleave the low-index surfaces, namely (100),
(110) and (111) surfaces. In cleaving the surfaces, all possible terminations were
considered and it was realised that possible terminations were Type II with no dipole
(100)-B, Type I, which was (110)-B and Type II (111)-C where the top few layers of
different terminations were shown for clarity. The surface energies were 0.920 J.m?,
0.939 J.m? and 1.194 J.m™ for (100), (111) and (110), respectively displayed in the order
of increasing energy. In the case of slab thicknesses, we observed a trend whereby the
surface energies were relatively close to each other, with a deviation of approximately
0.01 J.m™ for (100) and (110). Although this was the case for other surfaces, the (111)

showed a drastic departure from the others, and this suggested a degree of instability
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insofar as the slab was concerned, regarding adsorption of ligands. We observed from
(Table 3.5) the calculated surface energies as per the supercell of 2x2 for all surfaces
under scrutiny, and have come to observe the order of surface stability being as: (100) <
(111) < (110), with the (110) and (111) being closer to each other by a slim margin. All
the surfaces showed some form of coordination with respect to Pt and Sb for the
respective surfaces, and Pt coordination did not change whereas for Sb there were
changes with regard to the (110) surface relative to unrelaxed and relaxed states. We have
also realised that atoms in all the surface re-arrange sideways (laterally), up or down
(horizontally), whereby interplanar spacing increased or decreased according to the
atomic movements.

The electronic properties of the surfaces showed the chemistry of the surfaces. The
DOS showed stability with the Er falling deep into the pseudo gap for all surface. The
valence electrons on the surface were the 5d°6s! for Pt and 5s?5p? for Sb and these
electrons were actively involved in the hybridisation. The atomic charges clearly
displayed these effects with the presence of 6p-orbital for Pt atoms, due to the strong
hybridisation of the Pt 5d-orbitals with the S5s-orbital and Sp-orbitals of Sb atoms.
Interestingly, we observed that on all surfaces, the 5d-orbital of Pt had the nine electrons
(5d° filled), suggesting that these orbitals were occupied unlike in the bulk model, forming

a stable surface.
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CHAPTER 4
Oxidation of PtSb, Surfaces

In this chapter we investigated the adsorption geometries of the oxygen molecule/s on the
three surfaces ((100), (110) and (111)) of the PtSb2. The adsorption energies of the
oxidations on the three surfaces will also be discussed. Firstly, we started by adsorption
of the O2 molecule on the surfaces and examined their bonding geometric behaviour
(bond length and angles). Then the Mulliken population charges were analysed and
discussed to fully describe the chemistry of the adsorptions.
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4.1 Oxidation adsorption geometries and energies

In order to understand the oxidation of the PtSb2 minerals either by weathering or
exposure to air, we considered the adsorption of oxygen molecules on mineral surfaces.
The adsorption properties will give more insight into the interaction of the oxygen with
the atoms on the surface. Generally, minerals are exposed to atmospheric air during
crushing or storage. It had been reported previously that oxidation depresses sulphide
minerals, resulting in poor grade-recovery performance and the brittle nature of PtSb2
may result in difficulty of its recovery from such ores. Furthermore, it had also been
highlighted that the use of oxygen as a bubbling gas, was effective since it increased the
pulp potential [Ferihan 2002].

The ground state of isolated O2 molecule was experimentally found to be a spin triplet
state, with the equilibrium bond length of 1.21 A [Weast 1985]. This corresponded to the
current calculated equilibrium oxygen molecule bond length of 1.211 A. We investigated
the preferential oxidation site using DFT on the PtSbz and described the bonding character
of O2 on the surfaces. On these adsorption we positioned the Oz on the surface in the
vertical orientation. This is in line with previous studies of oxygen-iron/nickel interaction
where the superoxide isomers of the iron and nickel favour the vertical orientation

[Gutsev et al. 2000].

4.1.1 O2 adsorptions on PtSh, (100) surface

We performed oxidation on the PtSbz (100) surface where Oz was adsorbed in a peroxo,
superoxide and Pt-O-O-Sb bridging on the surface Pt and Sb atoms as shown in Figure
4.1 and 4.2, which also presents the optimised output geometry for these systems. The
peroxide adsorption on Pt showed poor adsorption where the oxygen molecule moved up
away from the Pt atom. The Sb-superoxide adsorption resulted in a bent geometry of the

oxygen molecule (superoxide) as shown in Figure 4.1b.
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Figure 4.1: The side view of superoxide O2 molecule adsorption on Pt-top and Sb-top
sites on the PtSb2 (100) surface.

We observed that the peroxide adsorption on Pt resulted in migration of oxygen molecule
to the Sb atoms forming a Sb-mononuclear bonding (superoxide) and gave a Sb—O-O
bond angle of 113.80°. The peroxide adsorption on Sb showed an over stretched O—O
bond to 1.541A, which was due to electron transfer from the Sb atoms to the LUMO p-
orbital of the oxygen thus weakening the O—O bond. This is evident from atomic charges
in Table 4.4, where the oxygen had more negative charge indicating electron gain. The
two Sb—O bond lengths were noted to have one slightly larger than the other and the O—
Sb—O was found to be 43.95°. Furthermore, the Sb—O—O-Pt bridging was observed to
have poor adsorption on the Pt and thus results in Sb—O—-O bonding. The O—O bond was
also stretched to O—O = 1.417 A and the Sb—O—O bond angle was found as 102.88°.
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(@)

(b)

Figure 4.2: The side view of O2 molecule adsorption on the PtSb2 (100) surface: (a)
Pt—0O2 (peroxo), (b) Sb—O2 (peroxo) and (c) Pt—02—Sb (bridge).

Now since both adsorption of Pt—O2 (peroxo) and Pt-O—O-Sb bridging resulted in a
Sb—0O-O mononuclear (superoxide) bonding, we found that the superoxide was more

exothermic than the peroxide bonding.

Table 4.1: The oxidation adsorption energies of PtSbz (100) surface, calculated
according to equation 2.14.
Adsorption  Atom site [S+A1° (eV) [A]’(eV) [S1°(eV) Total Eqgs. (kJ.mol™)

. Pt —41735.311  -868.856  —40867.023 +54.74
Superoxide

Sb —41736.065  —868.856  —40867.023 —17.94

. Pt -41736.545  -868.856  —40867.023 —64.29
Peroxide

Sb -41736.216  —868.856  —40867.023 -32.56

Bridge Sb-O-O-Pt 41736388  —868.856 —40867.023 —49.12

This is confirmed by the adsorption energies in Table 4.1, which displayed the strength
of bonding of the oxygen molecule on the surface. We observed that the peroxide
adsorption on Pt gave the most exothermic adsorption energy (—64.29 kJ/mol), while the

superoxide adsorption on Pt was endothermic (+54.74 kJ/mol).
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4.1.2 Oz adsorptions on PtSh. (110) surface

We performed oxidation on the PtSbz (110) surface where O2 was adsorbed in a peroxide,
superoxide and Pt-O-O-Sb bridging on the surface Pt and Sb atoms as shown in Figure
4.4, 4.3 and 4.4, which also presents the optimised output geometry for these systems.
The case of superoxide adsorption on Sb2, Sb3 and Ptl were observed to relax in a bent
fashion of superoxide as shown in Figure 4.3. The bond angle for the superoxide were
found as 68.353°, 67.604°, 44.043° and for Sb2-O-O, Sb3-O-O and Pt1-O-O,

respectively.

(b)

Figure 4.3: The side view of perO;O‘Oz molecule adsorption on the PtSbz (110)
surface: (a) Pt1-Oz (superoxide), (b) Sb2—O2 (superoxide) and (c¢) Sb3-02
(superoxide).

The peroxide adsorption on Pt2, Sb2 and Sb3 were observed to remain unchanged except
for Pt2—0O2 where one bond broke, while on Sb2 and Sb3 the O was tilted sideways. The
bond length between Sb, Pt and Oz were shorter for peroxide than on superoxide, which
suggested that the peroxides were preferred compared to the superoxide. The peroxo
adsorption on Sb2 and Sb3 showed an over stretched O—O bond of 1.572 A and 1.552 A,
respectively. This was due to electron transfer from the Sb atoms to the LUMO p-orbital
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of the oxygen thus weakening the O—O bond. This was evident from the atomic charges
in Table 4.5 where the oxygen has more negative charge indicating electron gain. The
two Sb—O bond lengths in both Sb2—-02 and Sb3—02 were noted to have one slightly larger
than the other and the O—Sb—O and were found to be 45.59° and 44.04°, respectively.

\\" e
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Figure 4.4: The side view of peroxo Oz molecule adsorption on the PtSb2 (110)
surface: (a) Pt2—O:z (peroxide), (b) Sb2—O2 (peroxide) and (c) Sb3—O2 (peroxide).

Furthermore, the Sb2-O—-O—Sb3 bridging was observed to have the bond between
Sb2 and Sb3 (Sb2-Sb3) stretched and breaking giving a distance of 4.112 A. The O-O
bonds on Sb2—-O-0-Sb3 and Sb3—O—O-Pt2 were stretched to 1.453 A and 1.392 A,
respectively. In addition the Pt—O bond length was shorter than the Sb—O bond. Now in
examining the adsorption energies in Table 4.2, we found that amongst the superoxide
adsorptions, only Sb3—O—O adsorption was exothermic, while for Sb2—O-O and Pt1-O—
O were endothermic. The peroxide were found to be all exothermic, with the Sb3-O2
more exothermic (-70.16 kJ/mol) than the Sb2—O2 and Pt2—-O.. The bridging modes were
found to have the Sb2—O-0—-Sb3 giving the strongest exothermic adsorption energy of —
131.79 kJ/mol, while the Pt2-O-O—-Sb3 gave —50.89 kJ/mol. These have shown that the
peroxide modes were preferred than the superoxide modes, with the bridging on Sb2 and

Sb3 more preferred amongst all adsorption modes.
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Table 4.2: The adsorption energies of oxidation of PtSbz (110) surface, calculated

according to equation 2.14.
Adsorption Atom site [S+A1° (eV) [A]°(eV) [S1°(eV) Total Eqgs (kJ.mol ™)

Ptl —49897.441  -868.856  —49028.608 +2.21
Superoxide Sb2 —49897.335  —868.856  —49028.608 +12.49
Sb3 -49897.637  -868.856  —49028.608 -16.63

Pt2 —49897.717  -868.856  —49028.608 —24.38

Peroxide Sbh2 —49897.910  —868.856  —49028.608 —43.03
Sb3 —49898.192  —868.856  —49028.608 -70.16

Bridge Sb3—0-O-Pt2  -49897.992  —868.856 —49028.608 -50.89
Sb2-0-0-Sb3  —49898.830  —868.856  —49028.608 —131.79

Figure 4.5: The side view of Oz molecule adsorption on the PtSb2 (110) surface: (a)
Sb2—0>-Sb3 (bridge) and (b) Sb3—0>—Pt2 (bridge).

4.1.3 O adsorptions on PtSh. (111) surface

The oxidation of the PtSb2 (111) surface was investigated, where Oz was also adsorbed in
a peroxide, superoxide and Pt—O—O-Sb bridging modes on the surface Pt and Sb atoms
as shown in Figure 4.6, 4.7 and 4.8, which also presents the optimised output geometry
for these systems. In addition, we have also performed multi adsorptions on Pt atoms in
superoxide modes as shown in Figure 4.8f, and 4.8g. We observed that the peroxide
adsorption on Ptl and Sb3 resulted in bridge bonding on the surface, where for Sb3, one
oxygen moved and interacted with Sb2 (Sb3—-O—0-Sb2) as shown in Figure 4.6¢. For Pt1
adsorption, the Oz migrated and bridged on the Sb2 atoms (Sb2—-O—O-Sb2) see Figure
4.6a and 4.6e. Similar behaviour was observed for Pt1-O—-O—Sb2 bridging adsorption as

shown in Figure 4.7c.
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Figure 4.6: The side view of peroxo O2 molecule adsorption on the PtSb2 (111)
surface: (a) Pt1-Oz (peroxide), (b) Sb2—O2 (peroxide), (¢) Sb3—0Oz (peroxide), (d)
Pt1-O-0O-Ptl1 (bridge), (e) top vies Pt1-Oz (peroxide) and (f) top view Pt1-O—-O—Ptl
(bridge).

Furthermore, on both bridging the O—O bond was overstretched to 1.462 A and 1.458 A
for Sb2-0O-0-Sb2 and Sb3-O-0-Sb2, respectively. The peroxide adsorption on Sb2
showed an over stretched O—O bond to 1.539 A and gave a Sb2—O2 bond angle of 44.40°.

In all cases, the O—O bond stretch was due to electron transfer from the Sb atoms to the

0, H;O, OH and Xanthates adsorptions

61



PtSb; Bulk PtSb; (100), (110) and (111) surfaces

LUMO p-orbital of the oxygen thus weakening the O—O bond. This was evident from the
atomic charges in Table 4.8 and 4.9, where the oxygen had more negative charge

indicating electron gain.
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Figure 4.7: The side view and side view of bridging Oz mlecule adsorption on the
PtSb2 (111) surface: (a) Sb2—-0—0O-Sb2, (b) Sb2—-0O—0O-Sb3 and (c) Pt2-O-0-Sb2
bbridging.

The bridge adsorption on Ptl atoms (Pt1-O—O-Pt1) resulted in dissociation of the
oxygen molecule, where each oxygen atom formed a bridge of Sb3—O—Sb2 (see Figure
4.6d and 4.6f). The dissociation of the oxygen molecule was observed for Sb2—O—0O-Sb2
and Sb2-0O-0-Sb3 bridge adsorption as shown in Figure 4.7a and 4.7b. However, for
these bridging, only one oxygen atom dissociated and bridged on Ptl and Sb2 for Sb2—
O-0O-Sb2 adsorption and bridged on Sb3 and Sb2 for Sb2—O—-0O—-Sb3 bridge adsorption,
while the oxygen atom bond in a mono mode. The dissociation was also due to electron
transfer from the Sb atoms to the LUMO p-orbital of the oxygen thus weakening the O—
O bond and this adsorption gave the most exothermic adsorption energy. This indicated
that the atomic oxygen adsorption was more stable on the (111) surface. Moreover, the
strong adsorption energy was associated with the dissociation of the oxygen molecule on

the surface.
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Figure 4.8: The O, molecule adsorption on the PtSb, (111) surface: (a) Pt1-O, (superoxide), (b) Pt2—O,

(superoxide), (¢) Sb2—0; (superoxide), (d) Sb3—O, (superoxide), (¢) Sb3(D)-0; (superoxide), (f) Pt—-O,
(superoxide) full coverage and (g) Pt—O, full coverage top view.
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The superoxide bonding adsorption was examined and we noted that for Pt1-O—O and
Sb3(D)-0O-0 resulted in migration of the oxygen molecule to form a Sb2—O-0-Sb2
bridge bond and their O—O bonds were overstretched as shown in Figure 4.8a and 4.8e.
The superoxide bonding on Sb3 was observed to have one oxygen bridging between Sb3
and Sb2 atoms, while the other oxygen bonds with Sb2 atom ((Sb3,Sb2)-0-0-Sb2) as
shown in Figure 4.8d. Interestingly for the multi adsorption where eight (8) oxygen
molecules were adsorbed on Pt1 atoms in a superoxide form (Pt-O-0), we noted different
bonding modes after surface relaxation. We observed a Sb2—0O-0-Sb2, Pt1-O—-0O-Sb2,
Pt1-O—-O- (Sb2, Sb2) bridging bonds as shown in Figure 4.8f and 4.8g.

Table 4.3: The adsorption energies of oxidation of PtSb2 (111) surface, calculated

according to equation 2.14.
Adsorption Atom site [S+A]’ (eV) [A]’(eV) [S1° (eV) Total Eugs. (kJ.mol™)

Ptl —49889.242  —868.856  —49015.288 —491.81
Pt2 —49888.916  —868.856  —49015.288 -460.36
Superoxide Sb2 —49890.123  —868.856  —49015.288 —576.82
Sb3 —49890.392  —868.856  —49015.288 -602.80
Sb3(D) —49888.958  —868.856  —49015.288 -464.42

Pt-80, —55980.730  —868.856  —49015.288 —1408.00 (176 per O2)
Ptl —49889.874  —868.856  —49015.288 —552.82
Peroxide Sb2 —49889.760  —868.856  —49015.288 —541.81
Sb3 —49890.592  —868.856  —49015.288 —622.06
Pt1-O-O-Ptl ~ —49890.907  —868.856  —49015.288 —652.46
Bridge Sb2-0-0-Sb2  —49891.150  —868.856  —49015.288 —675.92
Sb2-0-O-Sb3  —49891.027  —868.856  —49015.288 —664.02
Pt2-O0-O-Sb2  —49889.851  —868.856  —49015.288 -550.56

Table 4.3 displayed the adsorption energies for all the bonding modes investigated. We
found that for Ptl and Sb3 interacting in a peroxide mode gave the most exothermic
energies compared to the superoxide. For Sb2 interacting in a superoxide gave a strong
adsorption compared to the peroxide adsorption. Furthermore, the bridging on Sb2—-O—
0-Sb2 was more exothermic for a single molecule adsorption with adsorption of -675.92
kJ/mol. The adsorption energy increased as more molecules were adsorbed as found for
eight oxygen molecule adsorption, which was —176.0 kJ/mol per O2 molecule. This
suggested that the oxidation of (111) surface is best described under multi O2 adsorption
since the single molecule adsorption gave higher adsorption energies compared to the
(100) and (110) surfaces.
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4.2 PtSb, Oxidation Mulliken Population charges

In this section we investigated the electronic properties (Mulliken population charges) for
the oxidation adsorption on the PtSb2 (100), (110) and (111) surfaces. These properties
will give insights into the chemistry bonding of the oxygen molecule on the surfaces.
Moreover, the electron accepting and donation characters of the surface and oxygen will

be analysed.

4.2.1 Oxidation of PtSh, (100) surface DOS and charges

The atomic charges computed for (100) surface were analysed and clearly indicated that
the Sb atoms adopted more positive charge (lose charges), while the O2 molecule adopted
more negative charge (gain charges) as shown in Table 4.4. Note that all Sb-peroxide
adsorptions resulted in Sb-superoxide bonding mode, except for the Sb—O2 peroxide
which did not change the bonding mode. We found that for all superoxide modes, the Sb-
bonded oxygen was more negative than the terminal or end-bonded oxygen atom. This
charge distribution behaviour for superoxide has been previously reported [Mkhonto et
al. 2015, Uzunova et al. 2008]. The charge on O:2 (i.e., charge sum of Ol and O2), for
lowest ground state were as: for Pt—Ox—superoxide (—0.38le|), for Sb—O2—superoxide
(—0.47)e|), for Pt—Oz—peroxide (—0.60|¢e|), Sb—O>—peroxide (—0.91|e|) and Pt—O>—Sb-
bridge (—0.68]e|). It was clear that the Sb—O2 (peroxide) had more negative charge than
all the superoxide modes, suggesting that there was more charge gain on the O2 molecule.
This was due to both oxygen atoms bonded to the Sb atom. For the superoxide, we
observed that the O2 on Pt—O>—Sb bridge, gained more charge than all other superoxide
modes. The negative charge on the oxygen atoms was also confirmed by experiment for
superoxide or end-bonded Oz [Lever et al. 1980].

Table 4.4 clearly indicated that there was a greater loss of electrons in the Sp-orbital
of Sb atoms with more gain of electrons in the 2p-orbital of O2 molecule. This suggested
that there was a strong hybridisation of the 5p-orbital of Sb and 2p-orbital of O2 molecule.
These effects may suggest that the Sb atoms take the form [Kr]5s*5p? electron
configurations. However, there was some small charge loss on the 5s-orbital of Sb atoms

and these may have been distributed to the 2s-orbital of O2 molecule.
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Table 4.4: The calculated atomic population (Mulliken) charges of superoxide and peroxide

0, molecule adsorption on PtSb, (100) surface.

Mulliken population charges (Je7|)

Adsorption  Atom Adsorptions state s p d Total Charge
Pt Before adsorption 1.00 0.85 9.08 10.97 —0.97le7|
After adsorption 0.97 0.92 9.02 10.91 —0.91e7|

Pt-0, Before adsorption 1.88 413 0.00 6.00 0.00/¢ |
Superoxide ot After adsorption 1.88 433 0.00 621 021
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.90 4.27 0.00 6.17 —0.17|e7]
Before adsorption 1.84 2.95 0.00 4.79 +0.20]e]
Sb After adsorption 1.81 2.70 0.00 4.51 +0.49|e|

Sb-0, o1 Before adsorption 1.88 4.13 0.00 6.00 0.00e]
Superoxide After adsorption 1.87 4.39 0.00 6.27 —0.27|e7]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|
After adsorption 1.90 4.30 0.00 6.20 —0.20le7]
Sh Before adsorption 1.84 2.95 0.00 4.79 +0.20]e]
After adsorption 1.81 2.72 0.00 4.53 +0.47|e]

Pt-0, o1 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|
Peroxo After adsorption 1.90 443 0.00 6.33 —0.33e7]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00e"]

After adsorption 1.89 4.38 0.00 6.27 —0.27le7|
Before adsorption 1.84 2.95 0.00 4.79 +0.20]e]
sb After adsorption 1.74 241 0.00 4.15 +0.85]e7]

Sb-0» o1 Before adsorption 1.8 4.13 0.00 6.00 0.00/c"|
Peroxo After adsorption 1.94 4.52 0.00 6.47 —0.47le7|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|

After adsorption 1.95 4.50 0.00 6.44 —0.44|e7|
Before adsorption 1.84 2.95 0.00 4.79 +0.20]e7]
Sb After adsorption 1.80 2.64 0.00 4.43 +0.57|e]

Pt-0,-Sb Before adsorption ~ 1.88  4.13 0.00 6.00  0.00[c]
Bridge ol After adsorption 1.91 4.74 0.00 6.37 —0.37le7|
Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]

02 After adsorption 1.90 4.40 0.00 6.31 —0.31Je7]

To justify this we analysed the Sb—O: (superoxide) and Pt—O: (peroxide) and we observed

that the Sp-orbital lost 0.03|e| charge, while the O2 molecule gained 0.03|e| charge in the

2s-orbital. These findings suggested that the spin-down un-occupied orbital (LUMO) of

02 was fully occupied as observed by Mkhonto et al. [2015].

4.2.2 Oxidation of PtSh2 (110) surface DOS and charges

Now, the analysis of atomic charges computed for (110) surface, we observed that the Pt

and Sb atoms adopted more positive charge (lose charges), while the O2 molecule adopted
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more negative charge (gain charges). Note that O1 was bonded to Sb or Pt atoms, while
the O2 was the terminal or end-bonded oxygen atom for the superoxide. We found that
for superoxide, the Sb/Pt-bonded oxygen was more negative than the terminal or end-
bonded oxygen atom as shown in Table 4.5. The charge on Oz (i.e., charge sum of Ol
and O2), for lowest ground state were as for Pt1-Oz-superoxide (—0.41]e|), for Sb2—O»-
superoxide (—0.44|e|) and for Sb3—O2—superoxide (—0.45|e|). It was clear that the Sb3—O2
(superoxide) had more negative charge than all the superoxide modes, suggesting that
there was more charge gain on the O2 molecule. This was attributes to its strong

adsorption —16.63 kJ/mol amongst the superoxide adsorption.

Table 4.5: The calculated atomic population (Mulliken) charges of superoxide O2
molecule adsorption on PtSbh. (110) surface.
Mulliken population charges (Je|)

Adsorption Atom Adsorptions state S p d Total Charge
Pt Before adsorption 0.99 0.70 9.09 10.78 —0.78e7|

After adsorption 0.90 0.75 8.96 10.61 —0.61le7|

Pt1-02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e]|
Superoxide ol After adsorption 1.84 4.37 0.00 622  —0.22]¢]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00le"]

After adsorption 1.90 4.29 0.00 6.19 —0.19le7]
Before adsorption 1.90 3.04 0.00 4.94 +0.06/e]

Sb2 After adsorption 1.93 2.74 0.00 4.66 +0.34|e]

Sb2-0; Before adsorption 1.88 4.13 0.00 6.00 0.00/e7]
Superoxide ol After adsorption 1.88 4.39 0.00 6.26 —0.26]e |
02 Before adsorption 1.88 4.13 0.00 6.00 0.00/e"]

After adsorption 1.91 4.27 0.00 6.18 —0.18le7]|

b3 Before adsorption 1.85 2.95 0.00 4.80 +0.20]e]

After adsorption 1.86 2.68 0.00 4.54 +0.46/e]

Sb3-0; ol Before adsorption 1.8 4.13 0.00 6.00 0.00/c |
Superoxide After adsorption 1.87 4.39 0.00 6.26 —0.26]¢ 7]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]

After adsorption 1.90 4.29 0.00 6.19 —0.19le7]

For all peroxide modes, the oxygen atoms did not have equal charges, which were
attributed to the different bond length after relaxation. We found that the oxygen on
slightly longer bond Sb—0O, had more negative charge than the oxygen on slightly shorter
bond length Sb—O (Table 4.6). The charge on O2 (i.e., charge sum of Ol and O2), for
lowest ground state were as for Pt—Oz-peroxide (—0.41|e|), for Sb2—O2-peroxide (—0.94|e|)
and Sb3—-0O:z-peroxide (—0.94|e|). It was clear that the Sb2—0O2 and Sb3—O: (peroxide) have
equal negative charge and were more negative than the Pt—O2 (peroxide), suggesting that

there was more charge gain on the O2 molecule on Sb atoms.
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Table 4.6: The calculated atomic population (Mulliken) charges of peroxide Oz
molecule adsorption on PtSb2 (110) surface.
Mulliken population charges (|e|)
Adsorption  Atom Adsorptions state s ) d Total Charge
Before adsorption 0.99 0.70 9.09 10.78 —0.78|e7|

Pl After adsorption 0.83 0.77 8.86 10.46 —0.46|c7|
Pt1-0; : Before adsorption 1.88 413 0.00 6.00 0.00/c |
Peroxide O After adsorption 1.91 4.35 0.00 626  —0.26]¢]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.91 4.36 0.00 6.27 —0.27le7]
Before adsorption 1.90 3.04 0.00 4.94 +0.06/e]
Sb2 Afteradsorption 179 239 000 418  +0.82e]
Sb2-0; ! Before adsorption 1.88 4.13 0.00 6.00 0.00le|
Peroxide © After adsorption 1.95 4.51 0.00 6.46  —0.46Jc ]|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.95 4.53 0.00 6.48 —0.48|e7|
Sb3 Before adsorption 1.85 2.95 0.00 4.80 +0.20e|
After adsorption 1.79 2.37 0.00 4.16 +0.84/e]
Sb3-0, o1 Before adsorption  1.88 4.13 0.00 6.00  0.00[c]
Peroxide After adsorption 1.94 4.55 0.00 6.49 —0.49le7]|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.95 4.51 0.00 6.45 —0.45le7|

The bridge bonding as shown in Table 4.7, we observed that the Oz on Pt1-O2—Sb3
Bridge, the oxygen bonded to Ptl had less negative charge than the oxygen bonded to Sb
atom. This suggested that Pt lost less charge than the Sb atom. The case of the Sb2—O2—
Sb3 bridging modes, both oxygen had the same charge (—0.44/e|), suggesting that both
Sb2 and Sb3 lost equal charges.

Table 4.7: The calculated atomic population (Mulliken) charges of O, molecule adsorption on
PtSb, (110) surface.

Mulliken population charges (|e|)

Adsorption Atom Adsorptions state s p d Total Charge

Before adsorption 0.99 0.70 9.09 10.78 —0.78]e7|

Pl Afteradsorption 090 074 892 1056  ~0.56c |
Pt1-0,-Sb3 o1 Before adsorption 188  4.13 0.00 6.00 0.00/e |
Bridge After adsorption 1.89 4.39 0.00 6.28 —0.28|e7]|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.90 445 0.00 6.35 —0.35|e7]
b3 Before adsorption 1.85 2.95 0.00 4.80 +0.20e"]
After adsorption 1.82 2.80 0.00 4.63 +0.37]e7]
Sh2 Before adsorption 1.90 3.04 0.00 4.94 +0.06/e|
After adsorption 1.77 2.63 0.00 4.41 +0.59]e7]
ol Before adsorption 1.88 4.13 0.00 6.00 0.00e]
Sb2-0,-Sb3 After adsorption 191 453 0.00 644  —0.44]c]
Bridge 02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.91 4.53 0.00 6.44 —0.44|e 7|
Sb3 Before adsorption 1.85 2.95 0.00 4.80 +0.20[e

After adsorption 1.89 2.62 0.00 4.51 +0.49]e"]|
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Furthermore, the charge on Oz (i.e., charge sum of O1 and O2), for lowest ground state
were as: for Pt—O2—Sb3 (—0.63|e|) and for Sb2—02-Sb3 (—0.88|e|), which showed that
there was more charge gain on Oz bridging on Sb2—02—Sb3 than on Pt1-O2>—Sb3 (Table
4.7). This was due to the small charge loss on Ptl atom. The negative charge on the
oxygen atoms was also confirmed experimentally [Lever et al. 1980].

Table 4.5, 4.6 and 4.7 clearly indicated that there was a greater loss of electrons in
the Sp-orbitals of Sb atoms with more gain of electrons in the 2p-orbitals of O2 molecule.
This suggested that there was a strong hybridisation between the Sp-orbital of Sb and 2p-
orbital of O2 molecule. These effects may suggest that the Sb atoms took the form of
[Kr]5s25p? electron configurations. However, there was some small charge loss on the 5s-
orbital of Sb atoms and these may have been distributed to the 2s-orbital of O2> molecule.
These findings also suggested that the 2p-orbital spin-down un-occupied orbital (LUMO)
of Oz were fully occupied as suggested by Mkhonto et al. [2015].

4.2.3 Oxidation of PtSh, (111) surface DOS and charges

The case of atomic charges computed for (111) surface were analysed and clearly
indicated that for all adsorptions the Sb atoms adopted more positive charge (lose
charges), while the O2 molecule adopted more negative charge (gain charges). Note that
all adsorptions resulted in Sb-—O—O—Sb bridging mode, except for the Pt—O>—Pt bridging,
which dissociated into atomic bonding mode (see section 4.1.3). We found that for all
modes, the O—O bond was stretched due to charge gain into the LUMO 2p-orbital of O2
thereby weakening the O—O bond. We noted that for Pt2—O: superoxide adsorption
resulted in Sb2—02, where O1 bonds to Sb2, while the O2 was the end-bonded oxygen.
As such, we found that the Sb2-bonded oxygen was more negative than the end-bonded
oxygen atom. The charge on Oz (i.e., charge sum of O1 and O2), for lowest ground state
were as for Pt1-Oz-superoxide (—0.86]e|), for Pt2—Oz-superoxide (—0.44|e|), for Sb2-O:-
superoxide (—0.81le|), Sb3—-Oaz-superoxide (—0.95le|) and Sb3(D) —Oa2-superoxide
(—0.83e|). It was clear that the Sb3—O2 (superoxide) had more negative charge than all
the superoxide modes, suggesting that there was more charge gain on the O2 molecule.
This was due to the oxygen atoms being bridged on three Sb atoms (Sb2-O-O-
(Sb2,Sb3)), (see section 4.1.3). The negative charge on the oxygen atoms was also

confirmed by experiment for superoxide or end-bonded Oz [Lever et al. 1980].
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Table 4.8: The calculated atomic population (Mulliken) charges of superoxide O, molecule
adsorption on PtSb, (111) surface.
Mulliken population charges (|e|)

Adsorption Atom Adsorptions state S p d Total Charge
Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

After adsorption 1.93 2.59 0.00 4.51 +0.49]e]

Ptl-0, o1 Before adsorption 1.88 4.13 0.00 6.00 0.00(e]
Superoxide After adsorption 1.93 4.54 0.00 6.46 —0.46le7|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00le]

After adsorption 1.90 4.50 0.00 6.40 —0.40le7|

Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30]e]

After adsorption 1.89 2.56 0.00 4.45 +0.55]e]

Sh2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

After adsorption 1.89 2.60 0.00 4.49 +0.51]e7]

o1 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|
Superoxide After adsorption 1.87 4.38 0.00 629  —0.25|¢]
Before adsorption 1.88 4.13 0.00 6.00 0.00le"]

Pt2-0O,

02 After adsorption 1.90 4.29 0.00 6.19 —0.19le7]

Sb2 Before adsorption 1.78 2.91 0.00 4.70 +0.30]e]

After adsorption 1.85 2.51 0.00 4.35 +0.65|e"]
Sb2-0» o1 Before adsorption  1.88 4.13 0.00 6.00 0.00c |
Superoxide After adsorption 1.91 4.50 0.00 6.40 —0.40[e 7]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|

After adsorption 1.90 4.50 0.00 6.41 —0.41]e7]

Sb3 Before adsorption 1.78 291 0.00 4.69 +0.31]e]

After adsorption 1.85 2.52 0.00 4.38 +0.62)e |

Before adsorption 1.78 291 0.00 4.70 +0.30]e]

S02 Afieradsorption 174 241 000 415  +0.85[c]
o1 Before adsorption 1.88 4.13 0.00 6.00 0.00]e|

SH3-0, After adsorptifm 1.91 4.53 0.00 6.44 —0.44le7|

Sh2 Before adsorption 1.78 291 0.00 4.70 +0.30]e]

Superoxide After adsorption 1.90 2.59 0.00 4.49 +0.51]e ]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]

After adsorption 1.89 4.54 0.00 6.44 —0.44le7|

b3 Before adsorption 1.78 2.91 0.00 4.69 +0.31]e]

After adsorption 1.83 2.56 0.00 4.40 +0.60]e]

Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30]e"]

After adsorption 1.92 2.51 0.00 4.43 +0.57|e]
Before adsorption 1.88 4.13 0.00 6.00 0.00e]

Sb3(D)-0, o1 After adsorption 1.90 4.52 0.00 6.42 —0.42le7|
Superoxide o2 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|
After adsorption 1.91 4.51 0.00 6.41 —0.41le7|

Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

After adsorption 1.89 2.53 0.00 4.42 +0.58|e7]

We found that for all peroxide modes adsorption, only the Sb2—0: did not change
after relaxation. We also found that for Sb2—0z (peroxide), although the bond lengths for
Sb—O were slightly different the oxygens had equal charges gained (see Table 4.9). The
charge on Oz (i.e., charge sum of O1 and O2), for lowest ground state were as: for Pt—O2-

peroxide (—0.84|e|), for Sb2—0O2-peroxide (—0.90|e|) and Sb3—0z-peroxide (—0.84|e]|). It is
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clear that the Sb2—0: (peroxide) had more negative charge, which was attributed to that
both oxygen atoms were bonded to the same Sb2 atom. This indicated that there was more

charge gain on the O2 molecule on Sb2 atoms for peroxide.

Table 4.9: The calculated atomic population (Mulliken) charges of peroxide and
bridge O2 molecule adsorption on PtSbz (111) surface.
Mulliken population charges (|e|)

Adsorption Atom Adsorptions state S p d Total Charge
Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

After adsorption 1.88 2.56 0.00 4.44 +0.56/¢]

Ptl-0, o1 Before adsorption 1.88 4.13 0.00 6.00 0.00]e |
Peroxide After adsorption 1.91 4.54 0.00 6.45 —0.45|e7|
02 Before adsorption 1.88 4.13 0.00 6.00 0.00le]

After adsorption 1.90 4.50 0.00 6.39 —0.39]¢ 7]

Sh2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

After adsorption 1.87 2.55 0.00 4.43 +0.57]e]

Before adsorption 1.78 291 0.00 4.70 +0.30]e7]

Sb2 Afteradsorption 179 225 000 404  +0.96]c|

Sb2-0 o1 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]|

Peroxide After adsorption 1.95 4.50 0.00 445  —0.45)¢]
Before adsorption 1.88 4.13 0.00 6.00 0.00/e]

02 After adsorption 1.95 4.50 0.00 6.45 —0.45|e7|
Sh2 Before adsorption 1.78 291 0.00 4.70 +0.30]e7]
After adsorption 1.82 2.51 0.00 4.33 +0.67|e]
Sb3-0; o1 Before adsorption ~ 1.88 4.13 0.00 6.00  0.00[¢]
Peroxide After adsorption 1.91 4.50 0.00 6.41 —0.41]e7]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00je7]|
After adsorption 1.91 4.53 0.00 6.43 —0.43]e 7]
Sb3 Before adsorption 1.78 291 0.00 4.69 +0.31]e]
After adsorption 1.86 2.51 0.00 4.37 +0.63]e]
Before adsorption 1.78 291 0.00 4.70 +0.30]e]
S02 Afieradsorption 185 256 000 441  +0.59c]
o1 Before adsorption 1.88 4.13 0.00 6.00 0.00le]
Pt1_0,_Ptl After adsorptign 1.92 4.82 0.00 6.75 —0.75le7]
. b3 Before adsorption 1.78 291 0.00 4.69 +0.31]e]
Bridge After adsorption 1.70 2.34 0.00 4.04 +0.96/e]
02 Before adsorption 1.88 4.13 0.00 6.00 0.00[e7]
After adsorption 1.93 4.57 0.00 6.80 —0.80le7]
Sb2 Before adsorption 1.78 2.91 0.00 4.70 +0.30]e]
After adsorption 1.85 2.51 0.00 4.36 +0.64/e ]

For the bridge bonding in Table 4.9, we observed that the Oz on Pt1-O>—Pt1 Bridge
dissociated and each oxygen atom bridged on Sb atoms (Sb3—O—Sb2). This was due to
the electron transfer from the Sp-orbital of Sb atoms to the oxygen antibonding molecular
orbitals, which weakened the bond strength of oxygen molecule and caused dissociation
[Rosso et al. 1999]. The charges on each oxygen atom for lowest ground state for

Sb2—0O—Sb3 were —0.75|e| and —0.80|e|, which showed that there were more charge gains
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on each oxygen atom (see Table 4.9). The negative charges on the oxygen atoms was also
confirmed by experiment [Lever et al. 1980].

Table 4.8 and 4.9 clearly indicated that there was a greater loss of electrons in the 5p-
orbitals of Sb atoms with more gain of electrons in the 2p-orbitals of O2 molecule. This
suggested that there was a strong hybridisation between the 5p-orbital of Sb and 2p-orbital
of O2 molecule. These finding suggested that the 2p-orbital spin-down unoccupied orbital
(LUMO) of O2 was fully occupied as reported by Mkhonto et al. [2015]. These clearly
illustrated that the adsorption of Oz on the surface was initiated by accepting electrons
from the mineral surface into the LUMO (mp*) antibonding orbital. This charge transfer
was in the form of back-donation of electrons from the mineral surface of the (m,*) anti-
bonding orbital, which was similar to what was reported by Blyholder [Blyholder et al.
1982].

4.3 Summary

In this chapter, we investigated the oxidation of all the surfaces, where different possible
orientations of the oxygen molecules were performed (i.e. peroxide and superoxide). In
addition, the multi adsorption of the oxygen, molecules were investigated. The
description of the chemistry was analysed from the Mulliken atomic charges. We found
that that the oxygen molecules preferred interacting with the Sb atoms than the Pt atoms
for all surfaces. We also observed different bonding modes, where bridging and
dissociation into atomic bonding occurred. The adsorption energies showed the bonding
strength of the oxygen molecules on the surface. For (100) surface we found that the
Pt—02 peroxide initial adsorption site gave the strongest adsorption. For (110) surface we
found that the Sb2—O—0—Sb3 bridging gave the most exothermic adsorption. The case
of (111) surface showed the Sb2—O—0O—Sb2 bridging to give the strongest exothermic
adsorption, which resulted in atomic bonding. The atomic charges indicated that the
oxygen molecules gained charges from the Pt and Sb atoms. These finding suggested that
the 2p-orbital spin-down unoccupied orbital (LUMO) of Oz was fully occupied. We also
observed that the Sb/Pt-bonded oxygen was more negative than the terminal or end-
bonded oxygen atom for superoxide bonding modes. Furthermore, based on the charge

sum of the Oz (i.e. charge addition of O1 and O2), we found in all cases that the O2
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interacting with Sb gained more charges, thus showing that the Sb atoms were the

preferred sites for oxygen adsorption and hence strong adsorption.
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CHAPTER 5

H>O and OH™ Adsorption on
PtSb, Surfaces
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Water is the phase in which the main processes of flotation take place, which begins by
usually wet-grinding and for this reason we had to understand the adsorption of water on
the ore mineral surface to determine the wettability of the PtSb2 mineral. All minerals
react with water to some extent and flotation depends directly on the nature and properties
of mineral-water interface [Muzenda et al. 2011]. The processes that affect the surface
characteristics of metals in water include dissociation of dissolved species, hydration, the
adsorption of ions and flotation reagents.

In this chapter we investigated the adsorption geometries of the water molecules and
hydroxide on the three surfaces, i.e. (100), (110) and (111) of the PtSbz. The adsorption
energies of the three surfaces were discussed. Firstly, the adsorptions of the water
molecule/s on the surfaces were examined i.e. bonding geometry behaviour (bond length
and angles). The Mulliken population charges to describe the chemistry of the adsorptions
were presented and discussed. Furthermore, the hydroxide adsorption were performed
and their charges were analysed. These play a role in understanding the pH required for
PtSba flotation, in that if a higher pH is used and the OH™ has strong affinity with the

surface than the collector it may reduce the recovery of the mineral.

5.1 Hydration adsorption geometries and energies

In order to understand the hydration of the PtSb2 surfaces, we considered two main cases
where the water molecule was adsorbed on Pt-top site and Sb-top site. For coverage
investigations, we have done adsorption with increasing number of water molecules on
the surface until full surface coverage. We calculated the equilibrium geometry of the
isolated H20 molecule and found O-H = 0.974 A and H-O—H = 104.10°. These compared
well with the experimental equilibrium bond length and angle of H2O molecule (O-H =
0.957 A and H-O-H = 104.5°).

[https://msu.edu/course/css/850/snapshot.afs/teppen/physical_chemistry of water.htm]

During the hydration of surfaces, two processes occur, i.e. physisorption or
chemisorption. The physisorption is a non-bonding process and is a physical interaction,
where weak van der Waal forces dominate and is characterised for formation of
multilayers adsorption on the surface. Furthermore, for physisorption the adsorption
energies are in the range of E = —19.97 kJ/mol to —40.04 kJ/mol. There have been

extensive studies carried out on the hydration of different minerals surfaces which give
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relative adsorption energies as compared to our current study on the PtSbz mineral
surfaces. [Cooper et al 2003, Li et al 2016; Zhao et al 2014; Tunega et al 2002]. The
chemisorption is a bonding process, where bonds are created and is a chemical interaction
where hybridization of orbitals of adsorbate and substrate dominate and is characterized
by formation of monolayer adsorption on the surface. The adsorption energies for
chemisorption are in the range of E = —49.97 kJ/mol to —400.03 kJ/mol [Li et al 2016;
Zhao et al 2014; Tunega et al 2002]. In this section, we seek to understand the reaction of
water molecules with PtSb2 mineral surfaces. We further investigated their physisorption

and chemisorption on the surfaces.
5.1.1 H>O adsorptions on PtSh, (100) surface

We performed water adsorptions on the PtSbz (100) surface, where H2O was adsorbed
through oxygen on top of the surface Pt and Sb atoms as shown in Figure 5.1, which also
presents the optimised output geometry for these systems. The (100) surface was explored
by increasing the number of H20 on the surface and the relaxed strucures are shown in
Appendix D. Amongst these, H20 increment adsorption on the surface, were the Pt half-
monolayer (4/8 H20/Pt) and full-monolayer (8/8 H20/Pt) H2O adsorption as shown in
Figure 5.2. Furthermore the Sb atoms were also investigated in a similar manner; Sb half-
monolayer (4/8 H20/Sb) and full-monolayer (8/8 H20/Sb) H20 adsorption as shown in
Figure 5.3. Lastly, the full-surface coverage (16/16 H20O/Sb, Pt) was investigated where
all Pt and Sb were adsorbed with H2O (see Figure 5.4). We observed that the H2O
molecules assemble at an angle on the surface and lie horizontal in particular for multi
adsorptions. Figure 5.1 shows the adsorption of H20 on Pt and Sb and we found that in
all cases the water molecule/s gave larger bond length between Pt/Sb and water O atoms
(Pt-OH2 and Sb—OH2). As such, it indicated no bond formation between the surface and
water molecules. The H20 bond angle was slightly larger than the isolated H2O molecule.
Interestingly, for H2O on Sb atom, we observed a bond formation between the top first
surface layer Sb and the fourth surface layer Sb of Sb-Sb = 3.136 A. This indicated that
the top surface Sb relaxed deep into the surface. The calculated adsorption energy of —
6.37 kJ/mol was obtained for Pt—-OH: adsorptions, while the adsorption on Sb—OH2 gave
+10.34 kJ/mol. This showed that there was poor interaction of water on Sb atoms

compared to the Pt atoms.
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(b)

Figure 5.1: The side view of H20 molecule adsorption on Pt-top and Sb-top of the
PtSb2 (100) surface.

The case of multi adsorptions on Pt atoms (i.e 4/8 H2O/Pt and 8/8 H20/Pt) are shown in
Figure 5.2 and for Sb atoms (i.e 4/8 H20/Sb and 8/8 H20/Sb) shown in Figure 5.3. We
also observed that in both cases the bond lengths were larger (Pt-OH2 and Sb—OH2)

indicating no chemisorption. Furthermore, we observed that the water molecules do not

bond with the surface atoms and lie horizontal on the surface with the oxygen atoms

facing the nearest water H atom as shown in Figure 5.2 and 5.3 the top view.

Table 5.1: The adsorption energies of hydration of PtSbz (100) surface, calculated
according to equation 2.14.

Total Eqgs. E.as. per H,O
Site  Adsorbate ny,, [StA]’(eV) [A]’(eV) [S1°(eV) (kJ.mol ™) (kJ.mol ™)

HO 1 —41335.887  —468.798  —40867.023 —6.37 -

HO 2 —41804.974  -937.596  —40867.023 -34.11 -17.06

H,O 3 —42274.197  -1406.394 —40867.023 —75.05 —25.02

H,O 4 —42743.175  -1875.192  —40867.023 -92.39 -23.10

Pt H,O 5 —43212.240 234399  —40867.023  -118.05 -23.61

H,O 6 —43681.471 -2812.788 —40867.023  —159.80 —26.63

H,O 7 —44150.409  —3281.586 —40867.023  -173.23 —24.75

H,O 8 —44619.207 3750384 —40867.023  —173.08 -21.64
H,O 1 —41335.714  -468.798  —40867.023 +10.34 -

H,O 2 —41804.518  —937.596  —40867.023 +9.90 +4.95

H,O 3 —42273.364 -1406.394 —40867.023 +5.29 +1.76

Sh H,O 4 —42742.102  -1875.192 —-40867.023 +11.21 +2.80

H,O 5 —43211.973  -2343.99  -40867.023 -96.26 -19.25

H,O 6 —43681.199  —2812.788 —40867.023  —133.52 -22.25

H,O 7 —44150.202  -3281.586 —40867.023  -153.24 -21.89

H,O 8 —44619.839  -3750.384 —40867.023  -234.11 -29.26

Full H,O 16 —48374.137  -7500.768 —-40867.023  —611.10 —38.19
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This showed the Van der Waals forces interaction of the water molecules. The calculated
adsorption energy of —23.10 kJ/mol per H2O was obtained for Pt half-monolayer (4/8
H20/Pt), while the Pt full-monolayer (8/8 H20/Pt) adsorption gave —21.64 kJ/mol per
H20 (Table 5.1). The Sb half-monolayer (4/8 H20/Sb) adsorption energy was obtained
as +2.80 kJ/mol per H20, while the Sb full-monolayer (8/8 H20/Sb) adsorption gave —
29.26 kJ/mol per H20 molecule. This showed that adsorption of more than 4H.O

molecules gave an exothermic reaction on the Sb atoms on the surface.

Figure 5.2: The hydration of the PtSbz (100) surface, side view: (a) Pt half-
monolayer and Pt full-monolayer; and top view: (c) Pt half-monolayer and (d) Pt
full-monolayer.

Furthermore, we also explored how the adsorption behaves as we increase the water
molecule on the surface (see Table 5.1). We observed that for Pt adsorption as more water
molecule are adsorbed, the adsorption energies become more exothermic up to 7/8 H2O/Pt

and drops for 8/8 HxO/Pt. This suggested that the surface was saturated at 8H20
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molecules, thus the decrease in adsorption energy. However, for Sb adsorption there was
no distinct trend and the adsorptions were endothermic up to 4/4 H20/Sb and only showed
exothermic from 5/8 H20/Sb to 8/8 H20/Sb. This showed that for Sb water adsorb

stronger in multiple adsorptions.

Figure 5.3: The hydration of the PtSb2 (100) surface, side view: (a) Sb half-
monolayer and Sb full-monolayer; and top view: (c) Sb half-monolayer and (d) Sb
full-monolayer.

The full-surface coverage gave —38.19 kJ/mol per H20 and we observed only one
Sb—OH2 bond of 2.262 A on the surface. Moreover, there was a bond formation between
the top Sb atoms and the fourth layer (4L) Sb atoms (see Figure 5.4). These findings
showed that for (100) surface, the Sb had very poor adsorption of H20 compared to the
Pt atoms. As we had defined the physisorption (E = —19.97 kJ/mol to —40.04 kJ/mol) and
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chemisorption (E =—49.97 kJ/mol to —400.03 kJ/mol) energies range, we found that water

molecules adsorb through physisorption based on the average adsorption enegies.

Figure 5.4: The surface full-coverage hydration of the PtSb2 (100) surface: (a)
side view and (b) top view.

5.1.2 H20 adsorptions on PtSh» (110) surface

The water adsorptions on the PtSbz (110) surface was also adsorbed through oxygen on
top of a surface Pt and Sb atoms as shown in Figure 5.5, which also presents the optimised
output geometry for these systems. We have also performed Pt half-monolayer (4/8
H20/Pt) and full-monolayer (8/8 H20/Pt) H2O adsorption as shown in Figure 5.7.
Furthermore, the Sb atoms were also investigated in a similar manner; Sb2 full-monolayer
(4/4 H20/Sb2), Sb3 half-monolayer (4/8 H20/Sb3) and Sb3 full-monolayer (8/8
H>0/Sb3) H20 adsorptions as shown in Figure 5.6. The complete/full surface coverage
was investigated, where all Pt and Sb were adsorbed with H2O (see Figure 5.7c). We
observed that the H20 pack itself in an angle on the surface and lie horizontal in particular
for multi adsorptions. In Figure 5.5, the adsorption of H20 on Pt and Sb in all cases the

water molecule/s gave larger distances between Pt/Sb and water O atoms (Pt—OH2 and
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Sb—OH:2). However, the Pt—-OH: distances were shorter than those of Sb—OHa. These

indicated no bond formation between the surface and water molecules.

Figure 5.5: The side view of H20 molecule adsorption on Pt-top and Sb-top on the
PtSb2 (110) surface.

The H20 bond angle was slightly larger than the isolated H2O molecule. The calculated
adsorption energy of —35.60 kJ/mol and —15.99 kJ/mol were obtained for Pt1-OH: and
Pt2—-OH2 adsorptions, respectively (Table 5.2). The adsorption of H20 on Sb atom gave
+0.55 kJ/mol and —7.04 kJ/mol for Sb2—OH: and Sb3—OHz, respectively. This showed
that there was poor interaction of water on Sb atoms compared to the Pt atoms. The case
of multi adsorptions on Pt atoms (i.e 4/8 H2O/Pt and 8/8 H2O/Pt) are shown in Figure 5.7
and on Sb atoms (i.e 4/8 H20/Sb and 8/8 H20/Sb) are shown in Figure 5.6. We observed
that in both cases the bond lengths were larger (Pt-OH2 and Sb—OH2) indicating no

chemisorption. Furthermore, we observed that the water molecules lie horizontal on the
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surface with the O facing the nearest water H atom as shown in top view in Figure 5.6

and 5.7. This showed that the water molecules interact through Van der Waals forces.

Table 5.2: The adsorption energies of hydration of the PtSbz (110) surface, calculated
according to equation 2.14.

Total Egq4s. Eqqs. per H,O
Site  Adsorbate ny,, [STA]’(eV)  [A]’(eV) [S°(eV)  (kl.mol™) (kJ.mol™)

Pt1H,O 1 —49497.776  —468.798  —49028.608 —-35.60 -

Pt2H,O 1 —49497.573  —468.798  —49028.608 -15.99 -
Pt H,O 4 -50904.770  —-1875.192 —49028.608 -93.21 —23.30
HO 8 —52780.661  -3750.384 —49028.608  -231.41 —28.93

HO 1 —49497.480  —468.798  —49028.608 =7.07 -
Sb3 H,O 4 -50903.983  -1875.192 —49028.608 -17.28 —4.32
H,O 8 —52781.397 3750384 —49028.608  —160.36 —20.05

Sha H,O 1 —49497.401  —468.798  —49028.608 +0.55 -
HO 4 -50903.866  —1875.192 —49028.608 —6.03 -1.51
Full HO 20 —58411.839 9375976 —49028.608  —700.06 -35.00

The calculated adsorption energy of —23.30 kJ/mol per H2O molecule was obtained
for Pt half-monolayer (4/8 H20/Pt), while the Pt full-monolayer (8/8 H20/Pt) adsorption
gave —28.93 kJ/mol per H2O molecule. This indicated that there was an increase in
adsorption as more water molecules were adsorbed, as also seen on the (100) surface
adsorptions. The Sb2 full-monolayer (4/4 H2O/Sb2) adsorption energy was obtained as —
1.51 kJ/mol per H20, while the Sb3 half-monolayer (4/8 H20/Sb3) adsorption gave —4.32
kJ/mol per H20 and the full-monolayer (8/8 H20/Sb3) gave —20.05 kJ/mol per H20
molecule. This showed exothermic adsorption for Sb multi adsorption. The computed
adsorption energy for full-surface coverage was —35.00 kJ/mol per H20 molecule. These
findings showed that for (110) surface the Sb atom had weaker adsorption with H20
compared to the Pt atoms. As we had defined the physisorption (E = -19.97 kJ/mol to —
40.04 kJ/mol) and chemisorption (E =~ —49.97 kJ/mol to —400.03 kJ/mol) energies range,
we found that based on the average adsorption energies the water molecule adsorb on the

surface through physisorption.
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Figure 5.6: The hydration of the PtSbz (110) surface, side view: (a) Sb2 full-
monolayer, (b) Sb3 half-monolayer, (c) Sb3 full-monolayer, (d) Sb3 half-monolayer
top view and (e) Sb3 full-monolayer top view.
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Figure 5.7: The hydration surface coverage of the PtSbz (110) surface: (a) Pt half-
monolayer, (b) Pt full-monolayer, (c) Pt/Sb full surface coverage, (d) Pt full-monolayer
top view and (e) Pt/Sb full surface coverage top view.

5.1.3 H>O adsorptions on PtSh> (111) surface

The water adsorptions on the PtSb2 (111) surface was also adsorbed through oxygen on
top of a surface Pt and Sb atoms as shown in Figure 5.8, which also presents the optimised
output geometry for these systems. We have also performed Pt1 full-monolayer (10/10
H20/Pt) as shown in Figure 5.10. Furthermore the Sb atoms were also investigated in a

similar manner; Sb2 full-monolayer (12/12 H20/Sb2) and Sb3 full-monolayer (4/4
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H20/Sb3) and all Sb full-monolayer (16/16 H2O/Sb) H20 adsorption as shown in Figure
5.9. The complete/full surface coverage was investigated where all Pt1 and Sb atoms were
adsorbed with H20 (see Figure 5.10). As in previous surfaces the H2O sits at an angle on
the surface and lie horizontal in particular for multi adsorptions and larger bond length
between Pt/Sb and water O atoms (Pt—~OH2 and Sb—OH2) were noted. These also indicated
no bond formation between the surface and water molecules and the H2O bond angles

were slightly larger than the isolated H>O molecule.

Table 5.3: The adsorption energies of hydration on the PtSbz (111) surface, calculated
according to equation 2.14.

Total Eqgs. Eqs. per H,O
Site Adsorbate  n,, [S+A]’(eV) [A]’(eV) [S1° (eV) (kJ.mol™") (kJ.mol™)

Pt1H,O 1 —49487.909  —468.798  —49015.288  -368.80 -

bt Pt2H,O 1 —49487.832  —468.798 49015288  -361.90 -
Full 10 —53709.343  —4687.988 —49015.288  —585.32 —58.53

b3 H,O 1 —49488.293  —468.798 49015288  —405.84 -
Full 4 —50895.612  —1875.195 —49015.288  —494.84 -123.71

Sh2 H,O 1 —49487.695  —468.798  —49015.288  —348.13 -
Full 12 —54648.086  —5625.585 —49015.288  —695.85 -57.99

Sb3(D) H,O 1 —49488.253 9375976 —49015.288  -344.67 -
Sb2,Sb3  H,O Full 16 -56525.279  —7500.780 —49015.288  —888.63 —55.54
Ptl, Sb H,0 Full 26 —61218.865 —12188.77 —49015.288  —1428.80 -54.95

The calculated adsorption energies for these adsorptions are shown in Table 5.3. We
found that for Sb3 gave the strongest exothermic adsorption for a single H2O molecule
adsorption (—405.84 kJ/mol). These showed that there was strong interaction of water on
Sb and Pt atoms. The case of multi adsorptions on Ptl atoms (10/10 H20/Ptl) shown in
Figure 5.10 and Sb atoms (i.e 12/12 H20/Sb2 and 4/4 H20/Sb3) are shown in Figure 5.9.
We observed that in both cases the bond lengths are larger (Pt—-OH2 and Sb—OHb2)
indicating no chemisorption. Furthermore, we observed that the water molecules lie
horizontal on the surface with the O facing the nearest water H atom as shown in Figure
5.9 and 5.10 the top view. This showed that the water molecules interact through Van der
Waals forces.

The calculated adsorption energy of —58.53 kJ/mol per H2O molecule was obtained
for Ptl full-monolayer (10/10 H2O/Ptl) and we observed two Sb2—OH2 bonds for this
adsorption (see Figure 5.10). The Sb2 full-monolayer (12/12 H2O/Sb2) adsorption energy
was obtained as —57.99 kJ/mol per H20O, while the Sb3 full-monolayer (4/4 H20/Sb3)
adsorption gave —123.71 kJ/mol per H20 molecule and the all Sb full-monolayer (16/16

0., H>O, OH and Xanthates adsorptions

85



PtSb; Bulk PtSb; (100), (110) and (111) surfaces

H20/Sb) gave —55.54 kJ/mol per H20 molecule. The computed adsorption energy for
full-surface coverage (all Pt5 and Sb) was —54.95 kJ/mol per H20 molecule. As we had
defined the physisorption (E ~—19.97 kJ/mol to —40.04 kJ/mol) and chemisorption (E =
—49.97 kJ/mol to —400.03 kJ/mol) energies range, we found that all adsorptions on Pt and
Sb showed chemisorption, suggesting that the (111) surface has better interaction with
H20 molecules. The chemisorption was due to the few bonds created for multi H2O

adsorptions.

a 09936

Figure 5.8: The top view and side view of HzO molecule adsorption on Pt-top and Sb-
top of the PtSbz (111) surface.
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Figure 5.9: The hydration of the Ptsz (111) surface: (a) side view Sb3 full-
monolayer, side view Sb2 full-monolayer, (c) top view of Sb3 full-monolayer, (d) top
view Sb2 full-monolayer, (e) side view of all Sb full-coverage and (f) top view of all

Sb full-coverage.
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monolayer,(b) side view of surface full-coverage, (c) top view of Pt1 full-coverage and
(d) top view of surface full-coverage.

5.2 PtSb, Hydration Mulliken Population charges

In this section we investigated the electronic properties (Mulliken population charges)
for the hydration adsorption on the PtSb2 (100), (110) and (111) surfaces. These properties
will give insight into the chemistry bonding of the water molecule on the surfaces.
Moreover, the electron accepting and donation character of the surface and oxygen of the

water molecule will be analysed.

5.2.1 PtSh2 (100) hydration surface DOS and charges

The adsorption of water on the (100) surface showed that the water molecules did not
bond on the surface. Now, we analyse the atomic population charges as shown in Table
5.4, which also shows the occupancy of the s-p-d-orbitals. We found that both the Sb and

Pt atoms adopt more positive charge and less negative charge, suggesting loss of charges,
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respectively. The water oxygen atoms was found to adopt less negative charge, while the
hydrogen atoms adopted less positive charges, suggesting charge loss and gain,
respectively. Since there was no chemisorption bond between the Sb or Pt with oxygen
of the water, this may imply that the oxygen has transferred charges into the H 1s-orbital
from the O 2p-orbital.

Table 5.4: The calculated atomic population (Mulliken) charges of H2O molecule
adsorption on PtSb> (100) surface.
Mulliken population charges (|e|)
Adsorption Atom Adsorptions state s p d Total Charge
Before adsorption 1.00 0.85 9.08 10.97 -0.97|e7
After adsorption 0.94 0.93 9.03 10.91 —0.91]e7]
Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]
After adsorption 0.57 0.00 0.00 0.57 +0.43]e]
Pt-OH, Before adsorption ~ 1.89  5.16 000 705  —1.05[c|

Pt

H1

0 After adsorption 1.86 4.96 0.00 6.82 —0.82]e7]

m Before adsorption 0.47 0.00 0.00 0.47 +0.53]e7]

After adsorption 0.58 0.00 0.00 0.58 +0.42]e ]

Before adsorption 1.84 2.95 0.00 4.79 +0.20]e]

Sb Afteradsorption 170 2.88 000 458  +0.42fc]

Hl Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

Sb-OH, After adsorption 0.55 0.00 0.00 0.55 +0.45]e]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

After adsorption 1.87 5.03 0.00 6.90 —0.90le7]|

m Before adsorption 0.47 0.00 0.00 0.47 +0.53]e7]

After adsorption 0.55 0.00 0.00 0.55 +0.45]e ]

The Pt atoms were observed to have charge depletion in the s-orbital and d-orbital,
with charge accumulation in the p-orbital. This suggested that the mixing of the O 2p-
orbital of water with the 5d-orbital, although they did not form bonds, the 6s-orbital and
5d-orbital have transferred charges into the lower-lying regions of the Pt Sp-orbitals
manifolds. This was in line with the study on Ru(H20) on {0001} surface by Michaelides
[Michaelides et al 2003]. The case of Sb atom clearly showed that both 5s-orbital and 5p-
orbitals were depleted and may have distributed their charges into neighbouring surface
atoms. All these findings suggested that the water molecules adsorb through Van der

Waals forces on the surface.

5.2.2 PtSh2 (110) hydration surface Mulliken population charges

The adsorption of water on the (110) surface also showed that the water molecules did
not bond on the surface. Now we analyse the atomic population charges as shown in Table

5.5, which also shows the occupancy of the s-p-d-orbitals.
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Table 5.5: The calculated atomic population (Mulliken) charges of H,O molecule adsorption

on PtSb, (110) surface.

Mulliken population charges (|e|)
Collector Atom Adsorptions state s p d Total Charge
Pt Before adsorption 0.99 0.70 9.09 10.78 —0.78le7]
After adsorption 0.91 0.69 9.03 10.64 —0.64|e7|
H1 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]
Pt1-OH, After adsorption 0.55 0.00 0.00 0.00 +0.45]e]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05le7]|
After adsorption 1.85 4.95 0.00 6.80 —0.80[e "]
2 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]
After adsorption 0.58 0.00 0.00 0.58 +0.42]e ]
Before adsorption 0.96 0.70 9.11 10.77 =0.77le7|
P2 Afteradsorption 191 072 9.08 1071  —0.71jc]|
Hl Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]
Pt2-OH, After adsorption 0.56 0.00 0.00 0.56 +0.44/e ]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05le7
After adsorption 1.86 4.98 0.00 6.85 —0.85]¢e7]
2 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]
After adsorption 0.56 0.00 0.00 0.56 +0.44/e]
Sb2 Before adsorption 1.90 3.04 0.00 4.94 +0.06/¢]
After adsorption 1.72 2.95 0.00 4.67 +0.33|e"]
i Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]
Sb2-OH, After adsorption 0.54 0.00 0.00 0.54 +0.46/e ]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05le7]
After adsorption 1.87 5.05 0.00 6.93 —0.93|e7]
m Before adsorption 0.47 0.00 0.00 0.47 +0.53]e]
After adsorption 0.54 0.00 0.00 0.54 +0.46/c ]
Before adsorption 1.85 2.95 0.00 4.80 +0.20/e|
Sb3 After adsorption 1.75 2.89 0.00 4.64 +0.36/e]
i Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]
Sb3-OH, After adsorption 0.56 0.00 0.00 0.56 +0.44/e ]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05le7|
After adsorption 1.87 5.04 0.00 6.91 —0.91le7]
2 Before adsorption 0.47 0.00 0.00 0.47 +0.53]e7]

After adsorption 0.56 0.00 0.00 0.56 +0.44/e ]

We found that both the Sb and Pt atoms adopt more positive charge and less negative
charge, suggesting loss of charges, respectively. The water oxygen atoms was found to
adopt less negative charge, while the hydrogen atoms adopted less positive charges,
suggesting charge loss and gain, respectively. Since there was no chemisorption bond
between the Sb or Pt with oxygen of the water, this may imply that the oxygen has
transferred charges into the H 1s-orbital from the O 2p-orbital.

The Pt2 atom was observed to have charge depletion in the s-orbital and d-orbital,
with some charge accumulation in the p-orbital. This suggested that the mixing of the O
2p-orbital of water with the 5d-orbitla, although they did not form bonds, the 6s-orbital
and 5d-orbital of have transferred charges into the lower-lying regions of the Pt2 5p-
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orbitals manifolds. This was also in line with the study on Ru(H20) on {0001} surface
by Michaelides [Machaelides et al. 2003]. The case of Sb2 and Sb3 atoms clearly showed
that both 5s-orbital and Sp-orbitals are depleted and may have distributed their charges
into neighbouring surface atoms. Similarly, the Ptl showed similar behaviour as the Sb
atoms, the s-p-d-orbitals have lost some charges to the neighbouring surfaces atoms. All
these findings suggested that the water molecules adsorb through Van der Waals forces

on the surface.
5.2.3 PtSh, (111) hydration surface DOS and charges

The case of water adsorption on the (111) surface also showed that the water molecules
did not bond on the surface. Now we analyse the atomic population charges as shown in
Table 5.6, which also shows the occupancy of the s-p-d-orbitals. We found that both the
Sb and Pt atoms adopt more positive charge and less negative charge, suggesting loss of
charges, respectively, except for Ptl which gained charges from the oxygen atom in all s-
p-d-orbitals. The water oxygen atoms were found to adopt less negative charge, while the
hydrogen atoms adopted less positive charges, suggesting charge loss and gain,
respectively. Since there is no chemisorption bond between the Sb or Pt with oxygen of
the water, this may imply that the oxygen has transferred charges into the H 1s-orbital
from the O 2p-orbital.

The Pt2 atom was observed to have charge depletion in the s-orbital and p-orbital,
with some charge accumulation in the d-orbital. This suggested that the mixing of the O
2p-orbital of water with the 5d-orbitla, although they did not form bonds, the 6s-orbital
and Sp-orbital of have transferred charges into the lower-lying regions of the Pt2 5d-

orbitals manifolds.

Table 5.6: The calculated atomic population (Mulliken) charges of H,O molecule adsorption

on PtSb, (111) surface.
Mulliken population charges (|e|)

Collector Atom Adsorptions state s p d Total Charge
Ptl Before adsorption 0.96 1.00 9.06 11.02 —1.02Je7]

After adsorption 0.97 1.02 9.07 11.06  —1.06Je"]

i Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]

Pt1-OH, After adsorption 0.61 0.00 0.00 0.61 +0.39je]
o Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

After adsorption 1.85 5.01 0.00 6.87 —0.87|e7]

H2 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]
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After adsorption 0.58 0.00 0.00 0.58 +0.42]e]

PO Before adsorption 1.00 1.16 9.03 11.19 —1.19je7]

After adsorption 0.97 1.01 9.06 11.04 —1.04je7|

H1 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]

Pt2—-OH, After adsorption 0.57 0.00 0.00 0.57 +0.43]e]
o Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

After adsorption 1.86 5.02 0.00 6.88 —0.88J¢e7]

m Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

After adsorption 0.57 0.00 0.00 0.57 0.43e]

Sb2 Before adsorption 1.78 291 0.00 4.70 +0.30[e]

After adsorption 1.78 2.80 0.00 4.58 +0.42|e7]

Hi Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

Sb2-OH, After adsorption 0.55 0.00 0.00 0.55 +0.45]e]
0 Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

After adsorption 1.87 5.05 0.00 6.92 —0.92|e7]

o Before adsorption 0.47 0.00 0.00 0.47 +0.53|e]

After adsorption 0.55 0.00 0.00 0.55 +0.45[e]

Before adsorption 1.78 291 0.00 4.69 +0.31]e]

Sb3 After adsorption 1.89 2.87 0.00 4.76 +0.24|e"]|

i Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

Sb3—-OH, After adsorption 0.56 0.00 0.00 0.56 +0.44[e |
o Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

After adsorption 1.87 5.04 0.00 6.91 —0.91]e7]

0 Before adsorption 0.47 0.00 0.00 0.47 +0.53]e]

After adsorption 0.55 0.00 0.00 0.55 +0.45]e]

Sb3(D) Before adsorption 1.62 2.93 0.00 4.55 +0.45]e]

After adsorption 1.53 2.89 0.00 442 +0.58|e7]

Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

Sb3(D)-OH, HI After adsorption 0.58 0.00 0.00 0.58 —0.42|e7|
Before adsorption 1.89 5.16 0.00 7.05 —1.05|e7]

0 After adsorption 1.86 5.02 0.00 6.88 —0.88|e7]

0 Before adsorption 0.47 0.00 0.00 0.47 +0.53|e7]

After adsorption 0.59 0.00 0.00 0.59 +0.41]e]

The case of Sb2 atom clearly showed that there is a charge loss only in the Sp-orbital,
which may have been distributed their charges into neighbouring surface atom. The Sb3
atom have transferred charges from the Sp-orbital to the 5s-orbital. These were in line
with the study on Ru(H20) on {0001} surface by Michaelides [Michaelides et al. 2003]
All these findings suggested that the water molecules adsorb through Van der Waals

forces on the surface.

5.3 PtSb, OH™ geometries, adsorption energies and
population charges

In this section we investigated the adsorption of hydroxide (OH) molecules on the PtSb2

(100), (110) and (111) surfaces. This will give more insights in flotation of minerals
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mostly adsorbed with hydroxide at elevated pH. We will compute the adsorption energies
to examine the strength of hydroxide on the mineral surfaces. This will give clarity if the
hydroxides have strong affinities with the mineral compared to the xanthate collectors, a
case that determines better flotation. The bonding geometries will also be analysed. We
also give the electronic properties (Mulliken population charges) for the hydroxide
adsorption on the PtSb2 (100), (110) and (111) surfaces. These properties will give
insights into the chemistry bonding of the hydroxide molecule on the surfaces. Moreover,
the electron accepting and donation characters of the surface and oxygen of the hydroxide

molecule will be analysed.

5.3.1 OH™ adsorption on PtSh> (100) surface

The OH was adsorbed through oxygen on top of a surface Pt and Sb atoms as shown in
Figure 5.11, which also presents the optimised output geometry for these systems. The
calculated adsorption energy of —443.84 kJ/mol was obtained for Pt—-OH adsorptions,
while the adsorption on Sb atom gave —516.25 kJ/mol (Table 5.7). This suggested that
the OH™ has stronger affinity with Sb atoms than Pt aoms. The complete surface coverage
in Figure 5.11(e) and the computed adsorption energy was obtained as —576.65 kJ/mol
per OH™ molecule (Table 5.7) indicating strong adsorption of OH~ with the surface at
multiple adsorptions.

The Mulliken atomic population charges for the adsorption of OH™ on the (100)
surface were analysed as shown in Table 5.8, which also shows the occupancy of the s-
p-d-orbitals. We found that the Sb and Pt atoms adopt more positive charge and less

negative charge, suggesting charge loss.

Table 5.7: The adsorption energies of OH™ molecule adsorption on PtSbz (100) surface,
calculated according to equation 2.15.

Drsiapp  Total Eggs Eqas. per

Site  Adsorbate nom [S+A]’(eV) [A] (eV) [S1° (eV) (eV) (kJ.mol™) OH
(kJ.mol ™)
Pt HO- 1 —41318.802 —451.647 —-40867.023  4.467 —443.84 -
Sb HO- 1 —41319.711 —451.647 —-40867.023  4.309 —516.25 -
Full HO™ 16 —48108.066 —7226.352 —40867.023  5.058 —-9226.36 -576.65

The hydroxide oxygen atom was found to adopt less negative charge, while the hydrogen

atom adopted less positive charges, suggesting charge loss and gain, respectively. The Sb
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atom clearly showed that both 5s-orbital and Sp-orbitals were depleted, while for the Pt

atom all orbitals were depleted with the oxygen of OH™ 2p-orbital depleted. This may

imply that the oxygen has transferred charges into the H 1s-orbital from the O 2p-orbital,

while the Sb and Pt atoms formed a back-donation covalent bond through the s-p-orbital

and p-d-orbital with the oxygen 2p-orbital atom, respectively.

Table 5.8: Atomic population (Mulliken) charges of OH™ molecule adsorption on PtSba

(100) surface.

Mulliken population charges

Adsorption  Atom Adsorptions state S p d Total  Charge (¢)

Sh Before adsorption 1.84 295 0.00 4.79 +0.20]e7]

After adsorption 1.71 2.61 0.00 431 +0.69|e]

Sb-OH o Before adsorption ~ 1.93 550  0.00 743 143
After adsorption 190 498 0.00 6.88 —0.88|e]

I Before adsorption 0.57  0.00 0.00 0.57 +0.43|e7]

After adsorption 0.59  0.00 0.00 0.59 +0.41]e ]

Pt Before adsorption 1.00  0.85 9.08 10.97 —0.97|e]

After adsorption 090 094 8.88 10.72 —0.72|e]

PLOH 0 Before adsorption 1.93 5.50 0.00 743 —1.43|e]
After adsorption 1.89 487 0.00 6.76 —0.76e]

H Before adsorption 0.57  0.00 0.00 0.57 +0.43]e7]

After adsorption 0.65 0.00 0.00 0.65 +0.35]e7]
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Figure 5.11: The side view of Pt-top site and Sb-top adsorption sites of the hydroxide
molecule on the PtSbz (100) surface.

5.3.2 OH~ adsorption on PtSh» (110) surface

The (110) surface had different coordinated Sb atoms and as such all these sites
interactions with OH~ were investigated as shown in Figure 5.12, which also presents the

optimised output geometry for these systems. We observed that the adsorption of OH™ on
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Pt resulted in slightly longer bond length than for OH™ on Sb atoms, with the Sb2-OH™ =
2.025 A bond length being the shortest. The calculated adsorption energy of —497.24
kJ/mol was obtained for Sb2—OH which was weaker than for Sb3—OH (-529.55 kJ/mol).
The adsorption energies for Pt—~OH were weaker on both cases for Ptl and Pt2 atoms than
for Sb—OH, giving —504.33 kJ/mol and —466.84 kJ/mol, respectively. This showed that
the hydroxide adsorbed preferentially on Sb atoms than on Pt atoms. The complete
surface coverage computed adsorption energy was obtained as —541.98 kJ/mol per OH~

molecule as shown in Table 5.9.

Table 5.9: The adsorption energies of OH™ molecule adsorption on PtSb, (110) surface,
calculated according to equation 2.15.

Dis+ajo Total E4s. Eads pet

Site  Adsorbate non  [S*AI(eV) [A] (eV)  [S]°(eV)  (eV)  (kJ.molY) OH
(kJ.mol ™)
Pt1 HO™ 1 —49481.125 —451.647  —49028.608  4.357 —504.33 -
Pt2 HO- 1 —49480.765 —451.647 —49028.608  4.328 —466.84 -
Sb2  HO- | —49481.189  —451.647 —49028.608 4220  —497.4 _
Sb3 HO- 1 —49481.587 —451.647 —49028.608 4.156 —529.55 -
Full HO- 20  -58080.745 -9032.933 —49028.608 4.657 —10839.5 -541.98

Table 5.10: Atomic population (Mulliken) charges of OH™ molecule adsorption on PtSb, (110)

surface.
Mulliken population charges (|e|)
Adsorption Atom Adsorptions state s p d Total  Charge
Pl Before adsorption 0.99 0.70 9.09 10.78 —0.78le7]
After adsorption 0.90 0.76 8.87 10.53 —0.53|e7]
Before adsorption 1.93 5.50 0.00 7.43 —1.43|e|
Pt1-OH 0 After adsorption 1.89 4.87 0.00 6.75 —0.75|e”]
H Before adsorption 0.57 0.00 0.00 0.57 +0.43e"]
After adsorption 0.63 0.00 0.00 0.63 +0.37]e7]
Before adsorption 0.96 0.70 9.11 10.77 -0.77|e7]
P2 After adsorption 189 078 889 1055  —0.55/c]
Pt2—-OH o Before adsorption 1.93 5.50 0.00 7.43 —1.43|e]
After adsorption 1.89 4.88 0.00 6.77 —0.77|e7]
H Before adsorption 0.57 0.00 0.00 0.57 +0.43Je7]
After adsorption 0.61 0.00 0.00 0.61 +0.39]e]
b2 Before adsorption 1.90 3.04 0.00 4.94 +0.06e|
After adsorption 1.78 2.64 0.00 4.42 +0.58e7]
Before adsorption 1.93 5.50 0.00 7.43 —1.43|e]
2-OH
$62-0 o After adsorption 1.90 4.99 0.00 6.88 —0.88Je ]
H Before adsorption 0.57 0.00 0.00 0.57 +0.43Je]
After adsorption 0.56 0.00 0.00 0.56 +0.44e|
Before adsorption 1.85 2.95 0.00 4.80 +0.20]e]|
Sb3 After adsorption 1.70 2.59 0.00 4.29 +0.71]e7|
Sb3-OH o Before adsorption 193 550 000 743  —143c]|
After adsorption 1.89 5.00 0.00 6.89 —0.89]¢e]
H Before adsorption 0.57 0.00 0.00 0.57 +0.43|e|
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Figure 5.12: The side view and top view of Pt-top site and Sb-top adsorption sites of the
hydroxide molecule on the PtSbz (110) surface.
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The Mulliken atomic population charges for the adsorption of OH™ on the (110)
surface were analysed as shown in Table 5.10. We found that both the Sb and Pt atoms
adopted more positive charge and less negative charge, suggesting charge loss. The
hydroxide oxygen atoms was found to adopt less negative charge, while the hydrogen
atoms adopted less positive charges, suggesting charge loss and gain, respectively. The
Pt1 atom was found to have charge depletion in the 6s-orbital and 5d-orbital, with charge
accumulation in the Sp-orbital, which suggested that there was a transfer of charge to the
lower-lying region of the 5p-orbital manifold. The Pt2 atoms were different, where only
the 5d-orbital was depleted, with charge accumulation in the 6s-orbital and 5p-orbital,
which also showed that there was a transfer of charge to the lower-lying region of the s-
p-orbital manifold. The Sb2 and Sb3 atoms clearly showed that both 5s-orbital and 5p-
orbitals were depleted, while only the oxygen of OH™ 2p-orbital was depleted. This may
imply that the oxygen atom had transferred charges into the H 1s-orbital from the 2p-
orbital, while the Sb and Pt atoms formed a back-donation covalent bond with the oxygen
2p-orbital. Furthermore, we noted a greater charge loss on OH™ oxygen atom for the Sb3-
OH adsorption, which showed that this adsorption was stronger and was in line with the

adsorption energy (—289.99 kJ/mol).
5.3.3 OH™ adsorption on PtSh (111) surface

In the case of (111) surface we also tested all the different coordinated Sb and Pt atoms
on their interactions with OH™ molecule as shown in Figure 5.13, which also presents the
relaxed output geometry for these systems. We observed that the adsorption of OH™ on
both Ptl and Pt2 resulted in migration of OH™ to Sb atoms, where the “OH migrated from
Ptl to Sb3 atoms and from Pt2 to Sb2 atoms. A similar behaviour was perceived on the
(100) surface. This indicated that these Pt atoms have poor interactions with OH~
molecule. In addition, since the 4-coordinated Pt on (110) surface interacted with OH™, it
showed that the 5,6-coordinated Pt atoms had poor interaction as perceived on (100) and
(111) surface. The Sb2—OH bond which resulted from the migration of OH™ from Pt2
gave the shortest bond length (2.027 A) as shown in Figure 5.13b. Furthermore, after
surface relaxation we observed that there were new bonds formed between the surface Sb
atoms. These are shown in Figure 5.13b and 5.13¢, where Sb2—Sb3 and Sb3—Sb3 bonds

were formed.
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Table 5.11: The adsorption energies of OH™ molecule adsorption on PtSb, (111) surface,
calculated according to equation 2.15.

@[SJrA]O Total Euis.  Euas. per OH

Site Adsorbate  nom  [S+A]%(eV)  [A] (eV) [S1° (eV) (eV) (kJmol')  (kJl.mol?)

Ptl OH~ 1 —49470.985  -451.647 —49015.288  4.212 —797.18

Pt2 OH- 1 —49472.021  -451.647 —49015.288  4.216 —897.51 -

Sb2 OH~ 1 —49472.333  -451.647 —49015.288  4.238 -929.75 -

Sb3 OH~ 1 —49472.517  -451.647 —49015.288  4.209 —944.72 -
1

Sb3(D) OH- —49467.497  —451.647  —49015.288  4.249 —464.18 -

Full OH~ 26 -60796.721 -11742.81 49015288 4.521 -15167.7 -579.53

In Table 5.11, the calculated adsorption energy of —929.75 kJ/mol was obtained for
Sb2—-OH, which was weaker than for Sb3—OH (—944.72 kJ/mol). The adsorption on
Sb3(D) was very weak and gave —464.18 kJ/mol. Note that for Ptl and Pt2 adsorption
cases the OH™ migrated to Sb atoms (see Figure 5.13). The adsorption energies for Pt—
OH- were weaker on both cases for Ptl and Pt2 atoms than for Sb—OH, giving —797.18
kJ/mol and —897.51 kJ/mol, respectively. The complete surface coverage showed similar
behaviour where the Pt had weaker interaction with the OH™ molecules, where only one
Ptl atom bonded with OH™ molecule, while the other OH™ migrate to bond with Sb atoms
(see Figure 5.14a). The computed adsorption energy for the full-coverage was obtained
as —579.53 kJ/mol per OH™ molecule, suggesting that the adsorption energy for OH- on
(111) surface was best described through multi OH adsorption.

The Mulliken atomic population charges for the adsorption of OH on the (111)
surface were analysed as shown in Table 5.12, which also shows the occupancy of the s-
p-d-orbitals. Note that all Pt adsorptions resulted in migration of OH™ to Sb atoms. We
found that all Sb atoms adopted more positive charge, suggesting charge loss. The
hydroxide oxygen atoms were found to adopt less negative charge, while the hydrogen
atoms adopted less positive charges, suggesting charge loss and gain, respectively. The
Sb3 atom adsorption after migration from Pt1 was found to have charge depletion in the

Sp-orbital, with charge accumulation in the 5s-orbital, which suggested that there was a

0., H>O, OH and Xanthates adsorptions

99



PtSb; Bulk PtSb; (100), (110) and (111) surfaces

D
'.\!44"
» v

Figure 5.13: The side view of Pt-top site and Sb-top adsorption sites of the hydroxide
molecule on the PtSbz (111) surface.
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(b)

Figure 5.14: Full coverage adsorption of OH™ on the PtSb2 (111) surface: (a) Side
view and (b) Top view after relaxation.

transfer of charge to the lower-lying region of the Ss-orbital manifold. The Sb2 atoms
adsorption after migration from Pt2 was different, where the Sp-orbital was depleted, with
only 0.01]e"| charge accumulation in the 6s-orbital, which also showed that there was a
transfer of charge to the lower-lying region of the 5s-orbital manifold. The Sb2 atom was
observed to have only the Sp-orbital losing charges, while the S5s-orbital remained
unchanged. The Sb3 atom clearly showed that both 5s-orbital and Sp-orbitals lost charges.
Since the oxygen of OH™ lost charges, with charge gain on H atom, it may imply that the
oxygen had transferred charges into the H 1s-orbital from the O 2p-orbital. The Sb atoms
were viewed to have formed a back-donation covalent bond with the oxygen 2p-orbital

atom
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Table 5.12: Atomic population (Mulliken) charges of OH™ molecule adsorption on PtSb, (111)
surface.
Mulliken population charges (|e|)

Adsorption Atom Adsorptions state s p d Total  Charge
Sb3 Before adsorption 1.78 291  0.00 4.69 +0.31]e|
After adsorption 1.87 2.66  0.00 4.53 +0.47|e|
Pt1—_OH 0 Before adsorption 1.93 550  0.00 7.43 —1.43|e7|
After adsorption 1.89 488 0.00 6.77 —0.77]e7|
Before adsorption 0.57 0.00  0.00 0.57 +0.43|e7]
After adsorption 0.62 0.00  0.00 0.62 +0.38|e ]
Before adsorption 1.78 291  0.00 4.70 +0.30[¢|
After adsorption 1.79 250  0.00 4.29 +0.71]e7]

P2-OH 0 Before adsorption 1.93 550  0.00 7.43 —1.43|e7|
After adsorption 1.89 498 0.00 6.87 —0.87]e]
Before adsorption 0.57 0.00  0.00 0.57 +0.43|e7]
After adsorption 0.57 0.00  0.00 0.57 +0.43]e]
Before adsorption 1.78 291  0.00 4.70 +0.30]e"]
After adsorption 1.78 246  0.00 0.00 +0.77|e7]

Before adsorption 1.93 550  0.00 7.43 —1.43|e7|
Sb2—-OH After adsorption 1.89 498 0.00 6.87 —0.87|e7]
Before adsorption 0.57 0.00  0.00 0.57 +0.43|e7]

H After adsorption 0.58 0.00  0.00 0.58 +0.42e]

Sh3 Before adsorption 1.78 291  0.00 4.69 +0.31e7]

After adsorption 1.71 255 0.00 4.26 +0.74e |

Sh3-OH 0 Before adsorp?ion 1.93 550  0.00 7.43 —1.43|e7|
After adsorption 1.89 498 0.00 6.87 —0.87]e7]

H Before adsorption 0.57 0.00 0.00 0.57 +0.43|e]

After adsorption 0.58 0.00  0.00 0.58 +0.42]e"]

Sb3(D) Before adsorption 1.62 293  0.00 4.55 +0.45]e]

After adsorption 1.51 2.63  0.00 4.15 +0.85|e7]
Sb3(D)-OH o Before adsorption 1.93 550  0.00 743 —1.43Je7]

After adsorption 1.89 498  0.00 6.87 —0.87|e7]
Before adsorption 0.57 0.00  0.00 0.57 +0.43|e7]
After adsorption 0.60 0.00  0.00 0.60 +0.40[e"]

H

5.4 Summary

We have investigated the adsorption of water and hydroxide molecule/s on the three PtSb2
mineral surfaces (100), (110) and (111). For the adsorption of H20 we observed that the
water molecules did not form bonds on the surface. Interestingly, for multi adsorption we
observed that the water interacted on the surface through van der Waals’ forces, where
the H interacted with the neighbouring O atom of the water molecules. For (100) surface
we found that the H2O—Pt was exothermic, while the H>O—-Sb was endothermic for 1-4/8
H20/Sb and showed exothermic adsorption from 5-8/8 H20/Sb. The full-coverage on the
surface gave stronger adsorption of —38.19 kJ/mol per H20 molecule. Interestingly, 8/8
H20/Sb showed much stronger exothermic adsorption than the 8/8 H20O/Pt. The case of
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(110) surface showed strong adsorption of H20 on Pt than on Sb atoms, with the Sb2
being the weakest. The full-coverage gave —35.00 kJ/mol per H20 molecule, which was
slightly weaker than on (100) surface. The adsorption of single water adsorption on (111)
surface showed stronger adsorption on Sb3 and weaker on Sb2. We found that for full-
monolayer on Sb2 (-57.99 kJ/mol per H20) gave a strong adsorption than for Ptl and
Sb3-full-monolayer. Furthermore, the full-monolayer adsorption on Sb2 and Sb3 gave
even stronger adsorption (—55.54 kJ/mol per H20). A strong interaction of the water
molecules with the mineral surface is an indication of a hydrophilic reaction. The full-
coverage on the surface (i.e. on Ptl and all Sb atoms) gave adsorption energy of —54.95
kJ/mol per H20 molecule.

The adsorption of hydroxide on the surfaces showed stronger affinity than the water
molecules. This suggested that OH~ would bind preferentially over the water molecules.
We found that the OH~ was preferred more on the Sb atoms for the (100) surface, with a
greater adsorption energy of —576.65 kJ/mol per OH- for full-coverage. The (110) surface
was observed to give the order of Sb3 > Sb2 > Pt1 > Pt2, which showed strong adsorption
on Sb3 atoms. An adsorption energy of —541.98 kJ/mol per OH molecule (deleted) was
found for full-coverage. The (111) surface also displayed a strong exothermic adsorption
for Sb3 atom and the order followed as: Sb3 > Sb2 > Pt2 > Pt1 > Sb3(D). The surface
full-coverage gave adsorption energy of —579.53 kJ/mol per OH molecule.(deleted)

The atomic charges of both hydration and hydroxide adsorption showed that there

was charge depletion on both Pt/Sb and O atoms of the H2O and OH™. This had shown

that there was a charge transfer into other regions of the orbitals.
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CHAPTER 6

Adsorption of Xanthates

Collectors on PtSb; Surfaces
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In this chapter, we investigated the adsorption geometries of the xanthates collectors of
different chain lengths (Cz, C3, C4 and Cs) on the three surfaces ((100), (110) and (111))
of the PtSbz. The thiol collectors are important during flotation for maximum extraction
of the concentrate mineral, and their abilities render the mineral of interest become
hydrophobic. We began by examining the molecular geometries in isolation to gain
understanding on how these collectors might behave prior to adsorption. We then
adsorbed these collectors on the surfaces and examined their bonding behaviours in terms
of bond length and bond angles. The adsorption orientation of these organic compounds
was critical, since they determined how the molecule would relax on the surface. The
vertical orientation allowed easy interaction of the sulphur atoms with the metals, while
the hydrocarbon chain facilitates attachment to the air bubble during flotation. More
importantly, these interactions suggested ways in which the collectors render the PtSb2

(geversite) mineral hydrophobic, an important factor during flotation.

6.1 Xanthates adsorption geometries and energies

The Thiol collectors are generally used to enhance mineral recovery in mineral
processing, since they render hydrophobicity to the desired minerals. In order to
understand the process of mineral recovery we considered adsorption of the xanthates
organic collectors on the three surfaces, the thiol collectors considered for the study are
C2H50CS:2 (EX), CsH70CS2 (nPX), C4HoOCS:2 (nBX), CsHi110OCS:2 and (AX). The use of
these surfactants will also give an understanding on the effect of the thiol collector chain
length when adsorbed on PtSb> minerals and more importantly, the preferential

adsorption site.

6.1.1 Molecular geometry of organic collectors

The collectors were first optimized employing ultrasoft pseudopotential, cut-off energy
and other precision parameters as in the surface system, with k-points parameters at gama
point (1x1x1). Each molecule (EX, nPX, nBX and AX) was placed in a cubic cell of 25
A. The optimized collector geometries are shown in Figure 6.1 and their geometric

parameters for the head group are given in Table 6.1. The bond lengths for EX were in
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good agreement with the available experimental values reported in previous study

[Winter, 1980].

(a) (b) (© (d)
Figure 6.1: Relaxed molecular geometries of organic collectors: (a) ethyl xanthate

(EX"), (b) normal propyl xanthate (nPX"), (c) normal butyl xanthate (nBX") and (d)
amyl xanthate (AX").

The xanthate collectors were characterised by head group (S2CO), and are different
depending on the chain length of hydrocarbon. Note that we described the selected
parameters (bond length and bond angles) for the polar head group since they contain
sulphur atoms that are the centres of interaction. Table 6.1 shows that the C—S group bond
distance (R) for EX, nPX, nBX and AX ranged at about the same bond length of 1.690 A
for double bond (C-S1) and 1.683 A for single bond (C-S2). However, the C—S2 group
bond length on nBX on the average appeared to be shorter which suggests that it was
more stable than the other collectors. The differences that are realized derives from the
energy landscape that the molecules have as depicted in the bar graphs Figure 6.4 and
Figure 6.5. Note that the double bond on these collectors was on S1 (C=S1), with S2
possesing a negative charge. The EX™ head group bond lengths were also comparable to
those of EX™ reported by Winter [Winter, 1980], where bond length and angles of C-O =
135 A, C-S1=1.67 A, C-S2 =1.70 A and S1-C-S2 = 124° were reported. Table 6.1
indicated that the selected torsion/dihedral bond angles in EX, nPX, nBX and AX
molecules and were nearly 180° or 0°, which meant that the atoms in (O—C3(=S1)-S2")
group lied almost in the same plane. Comparison of the current study to the study by Liu
et al. (Liu et al. 2012], suggested that the planar configuration favoured formation of

conjugated 7— or z*—bond
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Table 6.1: Calculated bond lengths (R, in A), bond angles (0, in deg.) and
torsion/dihedral angle (¢, in deg.). The theoretical/experimental values are shown
in parenthesis for comparison.

Xanthate collectors

Bonds EX nPX nBX AX
R(C=S1) 1.692 (1.670)* 1.689 1.690 1.690
R(C-S2) 1.683 (1.700) 1.683 1.685 1.684
R(C-0) 1.401 (1.350) 1.400 1.401 1.400

0(S1=C-S2) 128.02 (124.0)* 128.24 128.28 128.35
$(S1=C-S2-0) 179.93 179.81 179.69 179.55
$(S2-C=S1-0) -179.94 -179.82 -179.71 —179.58

a — Experimental values of ethyl xanthate (EX") by Winter (1980) (Winter G., 1980).

Further geometry optimizations of the collectors were also performed with DMol? [Delley
2000] to calculate the highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energies. These were performed using GGA-PBE
functional. The convergence tolerance for energy, force and displacement were 2.0x107
Ha, 0.004 Ha/A and 0.005 A, respectively. The double numerical plus polarisation (DNP)
basis set with 4.4 Basis file was set using the DFT Semi-core Pseudopotentials. The
atomic charges were calculated using CASTEP as discussed in the methodology, section
2.6. Table 6.2 shows the obtained results and we noted that for Mulliken charges, the S

atoms have the same charges for all the collectors.

(b)

Figure 6.2: Xanthates HOMO-LUMO isosurfaces (DMol?): (a) HOMO isosurfaces
and (b) LUMO isosurfaces.
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The HOMO and LUMO energies described the reactivity of these collectors prior to
adsorption. The chemical bonds between the molecules and the surface were created by
the valence electrons as such the spatial distribution of these electrons was determined by
the HOMO orbital. In Figure 6.2, we showed the isosurfaces for the HOMO and LUMO
orbitals. We observed that for all xanthate molecules the HOMO isosurface was
concentrated on the S atoms, suggesting that electron donation could occur from these
atoms. The LUMO isosurface was dominant on the C atom, indicating that electron

acceptance ability was on the carbon atom.

Table 6.2. Calculated HOMO and LUMO energies and atomic population

(Mulliken) charges.
DMoP (eV) Atomic charges (Je’|) (CASTEP)
Collector HOMO LUMO S1 S2 C (o)
EX —5.092 —2.096 —0.37 —-0.33 -0.11 —0.43
nPX —5.049 —2.053 -0.36 —-0.33 -0.11 —0.43
nBX -5.061 —2.056 -0.36 —-0.33 -0.11 -0.43
AX —5.039 —2.043 —0.36 —0.33 —0.11 —0.43

The atomic sites with high density of the HOMO orbital can be correlated to
electrophilic attacks [Merape 2010, Yekeler et al. 2004, 2006]. The behaviour of these
collectors on the mineral surface, (i.e. which collector has greater electron donor and
electron acceptor capacity), was predicted based on previous reports that a molecule with
highest HOMO energy has the strongest ability to donate its electrons, while the molecule
with the lowest LUMO energy has the strongest ability to accept electrons from the
mineral surface [Wang 2000, Liu et al. 2012]. Base on this we depicted that the order of
electron donating was as: AX > nPX > nBX > EX, while for electron accepting was as:
EX > nBX > nPX > AX. This clearly shows that AX has a stronger capacity to donate
electrons, while the EX has a stronger capacity to accept electrons. Interestingly, we noted
that the electron accepting was the reverse order for electron donating. This suggested
that the weakest electron donor has the strongest electron acceptor. However, these did
not indicate which collector would be more reactive on the mineral surface which will be

determined on the adsorption systems.

6.2 Xanthate adsorption geometries and energies

In this section, we investigated the adsorption of organic collectors on the PtSbz surfaces.

Different adsorption sites were tested and the most exothermic adsorption determined by
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the most negative adsorption energy for each collector, was considered as shown in
Appendix E. The relaxed geometries of the collectors on the surface, their reactivity and
bonding mode will also be discussed. Note that the four collectors (EX, nPX, nBX and
AX) were adsorbed in order to determine the effect of chain length on xanthate adsorption
on the mineral surface. The calculations were performed with the collector double bond

being on the S1 atom.
6.2.1 PtSh, (100) surface xanthates adsorptions

After the adsorption of xanthates collectors onto PtSbz (100) surface, we observed that
the bridging adsorption on Pt and Sb was the most exothermic and thus would be the most
stable adsorption site on (100) surface. We also noted that for EX, nPX and nBX the Pt—
S1 and Sb-S2 bridge bonding was preferred, while for AX the Pt—S2 and Sb—S1 bridge
bonding was the most stable as shown Figure 6.3. These bonding mechanisms suggested
that the xanthate collectors preferred to interact with the PtSb2 mineral surface through
both Pt and Sb atoms. In addition, it indicated how the xanthates render PtSbz mineral
hydrophobic during flotation on (100) surface dominated mineral. Furthermore, we noted
conjugation of the double bond for nBX and AX, where the double bond moved from C—
S1 to C-S2, which did not occur for EX and nPX collectors.

Table 6.3: Relaxed bond lengths (R, in A) and bond angles (0, in deg.) for
xanthate adsorptions onto PtSbz (100) surface.

Bonds EX nPX nBX AX
Pt-S1 2.401 2.381 2.388 -
Sb-S2 2.520 2.550 2.531 -
Pt-S2 - - - 2.390
Sb-S1 - - - 2.556
C-S1 1.686 1.689 1.689 1.722
C-S2 1.727 1.724 1.724 1.690
S1-C-S2 131.33 130.74 131.13 131.36
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Figure 6.3: Xanthates collector adsorption onto PtSbz (100) surface after relaxation:
(a) EX, (b) nPX, (¢) nBX and (d) AX adsorptions.
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The bond length and angles for the bonding geometries of xanthates have been

computed and given in Table 6.3. We observed that the Pt—S bonds were shorter than the

Sb—S bonds and in addition the C—S bond for S atom interacting with Sb atom was longer

than the S atom interacting with the Pt atom. This suggested that the Sb atom had a weaker

bonding with the collector than the Pt atoms. Moreover, it suggested that there could be

some charge transferred into the S atoms interacting with Sb that weakens the C—S bond.

This will be discussed in detail in section 6.3. The bond angles (S1-C-S2) of the

collectors were also greater than the isolated collectors (£128.2°).

Table 6.4: Adsorption energies for most exothermic EX, nPX, nBX and AX collector on
PtSb2 (100) surface, calculated according to equation 2.15.

Adsorbate (A)  Adsorption mode  [S+A]’ (eV)  [Aleorr (€V) [S1° (eV) Disiap (€V)  Eags (kJ.mol™)
EX Pt-S1,Sb-S2 N —42405.064 —1538.634  —40867.023 3.974 -326.30
nPX Pt-S1,Sb-S2 N 42592318  —1725.943  —40867.023 3.985 -322.03
nBX Pt-S1,Sb-S2 N —42779.622  —1913.252  —40867.023 4.016 —324.52
AX Pt-S2,Sb-S1 N —42967.037 -2100.552  —40867.023 3912 —325.65

PtSb, (100) Surface
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Figure 6.4: Bar graph for adsorption energies of xanthates collector adsorption onto
PtSb2 (100) surface.

Now the adsorption strengths for the xanthates were calculated and the adsorption

energies for the most stable sites are shown in Figure 6.4 and also displayed in Table 6.4.

We depicted that EX showed strong adsorption and the order followed as: EX =~ AX >

nBX > nPX. Its interesting to note that the nPX, nBX and AX are weaker than the EX,
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this may imply that the presence of water may change the affinity of the collector, as it
was not considered in this study. Previously, the investigation of PtAs> the (100) surface
with EX was conduction, where the mono (Pt-S) and bridging (Pt-—S, Pt—S) adsorptions
were explored by Waterson et al. (2015) and their adsorption energies were found as —
299.5 kJ/mol and —371.3 kJ/mol, respectively. It was found that the bridging was more
exothermic than the mono adsorption. In comparison with our work (see Appendix E),
we found that all the four xanthates for mono adsorptions are in agreement with the
finding by Waterson et al. (2015). However, for bridging we found that our values were
lower than those reported. These indicated that the there are similarities between PtAs:

and PtSb2 minerals.
6.2.2 PtSh2 (110) surface xanthates adsorptions

In the case of xanthates collectors adsorption onto PtSbz (110) surface we observed that
the bridging adsorption on Pt and Sb for EX adsorption and Pt-bridging was the most
exothermic, hence the most stable adsorption site for (110) surface. We noted that nPX
and nBX the Pt1-S1 and Pt2—S2 bridge bonding was preferred as shown Figure 6.5b and
6.5¢c. The case of EX and AX was different from the nPX and nBX, where the Pt1-S2
and Pt2-S1 was the most stable adsorption. These bonding mechanisms suggested that
the xanthate collectors preferred to interact with the PtSbz mineral (110) surface through
both Pt atoms (Pt-bridging) for EX, nPX, nBX and AX. In addition, it indicated how the
xanthates float the PtSb2 mineral during flotation on (110) surface liberated mineral.
Furthermore, we noted conjugation of the double bond for EX and nBX, where the double

bond moved from C-S1 to C-S2, which did not occur for nPX and AX collectors.

Table 6.5: Calculated bond lengths (R, in A), bond angles (0, in deg.) for
xanthate adsorptions onto PtSb (110) surface.

Bonds EX nPX nBX AX
Pt1-S1 - 2432 2.392 -
Pt1-S2 2.404 - - 2.384
Pt2-S2 - 2.368 2.383 -
Pt2-S1 2.362 - - 2.419

C-S1 1.698 1.706 1.703 1.715

C-S2 1.717 1.712 1.714 1.707
S1-C-S2 131.41 132.74 134.58 132.91

The bond length and angles for the bonding geometries of xanthates have been

computed and given in Table 6.5. We observed that the Pt2—S1 bonds were shorter than
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the Pt1-S2 bonds for EX adsorption, while for nPX, nBX and AX, the Pt1-S1 was longer
than for Pt2-S2 bond. The C—S1 bonds were found to be shorter than the C-S2 for EX,
nPX and nBX, while for AX the opposite was depicted, where C—S2 was shorter than C—
S1 bond. This suggested that the Pt—S2 bond was weaker than Pt—S1 for EX, while for
nPX, nBX and AX the Pt—S1 was weaker than Pt—S2 bonds.

Table 6.6: Adsorption energies for most exothermic EX, nPX, nBX and AX collector on
PtSb2 (110) surface, calculated according to equation 2.15.

Adsorbate (A)  Adsorption mode  [STA]’(eV) [Alzormr (€V) [S1° (eV) Dsiap (€V)  Eags (kJ.mol ™)

EX Pt-S1, Pt-S2 —-50566.864 —1538.634 —49028.608 4.124 —-361.41
nPX Pt-S1, Pt-S2 —-50754.283 —1725.943 —49028.608 4.128 —372.40
nBX Pt-S1, Pt-S2 —-50941.624 —1913.252 —49028.608 4.130 —-375.66
AX Pt-S1, Pt-S2 —51128.918 -2100.552 —49028.608 4.093 -371.56
PtSb, 110 surface
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Figure 6.5: Bar graph for adsorption energies of xanthates collector adsorption onto
PtSb2 (110) surface.
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Now the adsorption strengths for the xanthates were calculated and the adsorption
energies for the most stable sites are shown in Figure 6.6 as displayed in Table 6.6. We
depicted an increasing trend from EX to nBX and the order followed as: nBX > nPX =
AX > EX. This suggested that nBX has a stronger adsorption amongst the xanthate
collectors adsorbed on PtSb2 (110) surface. It is interesting to note that AX was weaker
than the nPX and as such may suggest that effect of chain length may be perceived in the

presence water.
6.2.3 PtShy (111) surface xanthates adsorptions

We have also investigated the adsorption of xanthates collectors onto PtSbz (111) surface.
The initial and relaxed geometries for the most stable adoptions are shown in Figure 6.8.
We observed that the bridging adsorption on Sb2 and Sb3 for EX, nBX and AX was the
most exothermic, while for nPX the bridge adsorption on Ptl and Sb3 was more
exothermic as shown in Figure 6.8. This indicated that these sites were the most preferred
adsorption sites for the xanthate collectors on PtSb2 mineral. Interestingly, we found that
the Sb atoms were active and played a significant role in the flotation recovery of the
PtSb2 mineral. Note that for Sb2 and Sb3 bridge bonding, the xanthate S1 interacted with
Sb2 atom (Sb2—S1), while the Sb3 interacted with S2 atom (Sb3-S2). The case of nPX
was different, where the Pt1-S1 and Sb3-S2 was the most stable adsorption. These
bonding mechanisms suggested that the xanthate collectors preferred to interact with the
PtSbz mineral surface through both Pt and Sb atoms for nPX and with Sb-bridging for
EX, nBX and AX. Furthermore, we noted conjugation of the double bond for nBX, where
the double bond moved from C—S1 to C—-S2, which did not occur for EX, nPX and AX

collectors.

Table 6.7: Calculated bond lengths (R, in A), bond angles (0, in deg.) for
xanthate adsorptions onto PtSbz (111) surface.

Bonds EX nPX nBX AX
Sb2-S1 2.690 - 2.750 2.753
Sb3-S2 2.526 2.551 2.521 2.511
Pt1-S1 - 2.381 - -
C-S1 1.688 1.695 1.681 1.682
C-S2 1.721 1.715 1.728 1.727
S1-C-S2 128.85 129.54 129.59 129.56

The bond length and angles of the bonding geometries for xanthates have been

computed and shown in Table 6.7. We observed that the Pt1-S1 bond was shorter than
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the Sb3—S2 bond for nPX adsorption, while for EX, nBX and AX, the Sb2—-S1 was longer

than for Sb3—-S2 bond. This was due to the twisting of the molecule as it relaxed to its

preferential position. The C-S1 bonds were found to be shorter than the C-S2 for all

xanthate collectors.

Table 6.8: Adsorption energies of the most stable EX, nPX, nBX and AX collector
adsorbed on PtSbz (111) surface, calculated according to equation 2.15.

Adsorbate (A)  Adsorption mode  [STA]’(eV) [Algorr (€V) [S1° (eV) Disiap (€V)  Eags (kJ.mol ™)
EX Sb3-S2, Sb2-S1 —50557.866  —1538.634  —49015.288 4.073 =773.50
nPX Pt5-S1, Sb3-S2 —50745.380 —1725.943  —49015.288 4.093 —795.18
nBX Sb3-S2, Sb2-S1 -50932.639  -1913.252  -49015.288 4.084 —789.45
AX Sb3-S2, Sb2-S1 —51119.950 -2100.552  —49015.288 4.021 —784.55

PtSb, (111) surface

800
3 795.18
E 795 -
= 789.45
E 0 784.55
S 785 :
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@ 780
=
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=
2 770
-
2 765
L 760

EX nPX nBX AX

Figure 6.7: Adsorption energies for xanthates collector adsorption onto PtSbz (100)

surface.

Now the adsorption strengths for the xanthates were calculated and the adsorption

energies for the most stable sites are shown in Figure 6.7 as perceived in Table 6.8. The

order followed as: nPX > nBX > AX > EX. This suggested that nPX has a stronger

adsorption amongst the xanthate collectors adsorbed on PtSbz (111) surface. This

indicated that in the absence of water the effect of chain length cannot be examined.
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Figure 6.8: Xanthates collector adsorptlon on the Ptsz (111) surface before relaxation
and after relaxation: (a) EX, (b) nPX, (c) nBX and (d) AX adsorptions.
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6.3 Xanthates adsorption density of states and Mulliken

charges

In this section we presented and analysed the electronic structures for the adsorption of
xanthate collectors on the PtSbz surfaces. We focused on the exothermic adsorption sites
and describe their chemistry of bonding. We have analysed the density of states (DOS)
and Mulliken atomic charges. The valence electrons for the surface species considered
were as: Pt [Xe]4f145d%6s! and Sb [Kr]4d!°5s%5p?, and for the collectors species were: S
[Ne]3S23p*. Note that we only report for the atoms that were involved in interaction (i.e.

between the surface and collector).
6.3.1 PtSh2 (100) surface xanthates adsorption DOS and charges

Note that all the four collectors interacted with the surface in a similar manner and their
DOS trends were similar as well. The Sb atoms interacted with S1, while the Pt interacted
with S2 atoms of the xanthates. In the case of Pt interaction, we observed that the 5d-
orbital (d1) peak splits into two peaks and we noted a small peak (d2) just above the Er
which was absent for clean surface (Figure 6.9a). This indicated that the Pt 5d-orbital had
direct interaction with the S2 of the collector and suggested that the 6s'-orbital lost its
electron and the 5d-orbital electrons depleted to the collector S 3p-orbitals. Moreover, we
observed that the Er fell deep into the pseudo-gap (pg) for S atoms, suggesting stability.
Furthermore, in the case of Sb interaction, there was a shift in the Er to the higher energy,
where it fell deep into the pseudo-gap (pgl) and suggested stability. Further examinations
of the peaks, showed that the d1 peak was reduced in states and split into small peaks

(Figure 6.9a).
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Figure 6.9: Partial density of states (PDOS) for PtSbz (100) surface adsorption: (a) and
(b) Pt PDOS; and (¢) and (d) xanthates S atoms PDOS, before and after adsorption.

Now, in the case of collectors, we examined the S 3p-orbital as they have direct
interaction with the minerals surface (Figure 6.9b). We also observed that all collectors
have similar behaviour, where the S 3p-orbital shifted down in energy as a result the Er
fell deep into the pseudo gap (pg) and suggested stability. We noted that the S1 and S2
atoms have distinct behaviour, in that those that interacted with Pt atoms behaved
differently from those that interacted with Sb atom. Firstly, for S1 atom, we noted that p1
and p2 peaks merged to form p? peak, while for S2 atom, the p2 peak reduced states and
was observed to be shorter than pl peak. Secondly, the p5 peak on S1 remained
unchanged, while for S2 atom it was reduced and split into small peaks. Furthermore, we

observed that p3 peak merged with p2 peak (see Figure 6.9b). These behaviours suggested
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electron gain from the mineral surface, which were examined from the Mulliken atomic

charges.
Table 6.9. Calculated atomic population (Mulliken) charges of collectors on PtSb, (100)
surface.
Mulliken population charges (|e|)
Collector Atom Adsorptions state S p d Total Charge
Pt Before adsorp.tion 1.00 0.85 9.08 10.97 -0.97
After adsorption 0.94 1.08 8.97 10.99 -0.99
Sb Before adsorption 1.84 2.95 0.00 4.79 +0.20
EX After adsorption 1.77 2.84 0.00 4.62 +0.38
S1 Before adsorption 1.83 4.54 0.00 6.37 -0.37
After adsorption 1.81 4.11 0.00 5.92 +0.08
$ Before adsorption 1.82 4.51 0.00 6.33 -0.33
After adsorption 1.85 4.17 0.00 6.01 —0.01
Pt Before adsorpj[ion 1.00 0.85 9.08 10.97 -0.97
After adsorption 0.94 1.08 8.97 10.99 -0.99
Sh Before adsorpf[ion 1.84 2.95 0.00 4.79 +0.20
nPX After adsorption 1.79 2.84 0.00 4.62 +0.38
Before adsorption 1.83 4.53 0.00 6.36 —0.36
S1 After adsorption 1.80 4.12 0.00 5.92 +0.08
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.85 4.17 0.00 6.02 —0.02
Pt Before adsorpt[ion 1.00 0.85 9.08 10.97 -0.97
After adsorption 0.94 1.08 8.97 10.99 -0.99
Before adsorption 1.84 2.95 0.00 4.79 +0.20
nBX Sb After adsorption 1.78 2.84 0.00 4.62 +0.38
Before adsorption 1.83 4.53 0.00 6.36 -0.36
S1 After adsorption 1.81 4.12 0.00 5.92 +0.08
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.85 4.17 0.00 6.01 —-0.01
Pt Before adsorpj[ion 1.00 0.85 9.08 10.97 -0.97
After adsorption 0.94 1.08 8.97 10.98 —0.98
Before adsorption 1.84 2.95 0.00 4.79 +0.20
AX e After adsorption 1.71 2.84 0.00 4.54 +0.46
Before adsorption 1.83 4.53 0.00 6.36 —0.36
51 After adsorption 1.84 4.21 0.00 6.06 —0.06
$ Before adsorption 1.82 4.51 0.00 6.33 -0.33

After adsorption 1.81 4.08 0.00 5.89 +0.11

Now, the atomic charges were compared before and after adsorption in order to
examine the change (Table 6.9). We observed that Sb adopted more positive charge, while
the Pt adopted more negative charge, suggesting charge depletion and charge gain,
respectively. The collector S atoms were all noted to adopt less negative charges,
indicating charge loss, which suggested a back donation covalent bond by Sb atoms and

normal covalent bonding by S atoms to Pt atoms. As discussed in section 6.2.1, there was
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a greater stretch of the C—S2 bond for EX, nPX and nBX and on C-S1 for AX, this is due
to charge donation from the surface Sb into collector S atoms, which weakens the C—S
bond.

6.3.2 PtSh2 (110) surface xanthates adsorption DOS and charges

In the case of the (110) surface we observed that for all collectors adsorption, the Ptl
atoms d2 peak shifted to the CB just above the Er, and was reduced, while for Pt2 had
more peak states (Figure 6.10a). These suggested that the Pt donated electrons to the
collector S atoms. Now, in the case of collectors, we also examine the S 3p-orbital since
they have direct interaction with the minerals surface as shown in Figure 6.10b. We
observed that in all collectors S atoms PDOS showed similar behaviour, where the S 3p-
orbital shifted down in energy as a result the Er fell deep into the pseudo gap (pg) and
suggested stability. Further examination, we showed that for EX, the S1 and S2 had
distinct behaviour, the S2 interacting with Pt1 behaved differently from the S1 interacting
with Sb2. We showed that for EX, S1 and S2 PDOS, the p1 and p2 peaks merged to form
p? peak. Furthermore, we observed that p3 peak merged with p? peak for all four collectors
(see Figure 6.10b). These behaviours suggested electron gain from the mineral surface.
Interestingly for AX, the S2 p4 peak was reduced.

Now for the case of atomic charges, we have compared the before and after
adsorption in order to examine the change as shown in Table 6.10. We observed that Sb2
adopt more positive charge, while the Pt atoms adopted more negative charge. Except on
Pt2 for nPX and AX, where the charge remained the same and it adopted less negative
charge, respectively. This clearly showed that Sb2 lost charges, while Ptl gained charges.
For the collector S atoms, we noted that for all collector the S1 atoms adopted less

negative charge (Table 6.10).

0., H>O, OH and Xanthates adsorptions

121



PtSb; Bulk PtSb; (100), (110) and (111) surfaces

Pt1-S1 i P2-s2  dii a4 T ," 52 AX.on Ptl p
AX AX | peorhital 12 o H X —— s-orbital
“1 Al ot by \— dorbital 12 —— p-orbal
5 n \—— d-orbital " ; 194 |4 12l |
T i - 08 - HH H
: ¥ o : 08 ps:i:
2 | 24 1 1
!I E { i 04 o N ?‘n&
14 L: 2 14 [Ik: 2 : ol 'J’I
!.j : 02 o | o8
|
S o4 = 04 ___.J)“&\, 0.0 4
® i 3 s : 18 el
E Pt1-51 i [} Pt2-52 di - 52 nBX '
g 14
§ 1% Cfipemall  F ——hen
-: .l i_ d-orbatal _; ) . 10 1w
3 I 3 I g o g o
B 2 ] g 2 1 LT 08
z J’ i = ; 2 os 04 4
L ' ] g
§ " ||1: § 4 1']: £ o2 2 p2 ‘dl
2 i 1 £ : ; 00 £ 004
E (] Il £ - ' 18 g 18
o Tersi . ¢ |p2s2  dl W r e Pl o 5 144
— sor
=] R S = I £ =] 5]
3 | | - i ! 14 —— d-otital o 10 & e
J i I ' g o g 08
: i 24 i &£ 08 & s
| a2 N "2 04 4 04
1 ._. H E 02 0z 4
: | 5 e o T 04 ;
1
Pt1-51 4 p2.s2 4t * Tstexonsoz | B CET L
{ex L E——— A Ex — —a 25 prd P J———
| i—— d-orbaal —— d-orbital \—— s-orbital 12 4 } —— p-orbital
3 : 2 20+ i — porbtal oo |
2 A i 2 | E 15 ' 08 o
H H PRl 08 4
[ ] ] 10 I
] I,\: ] hiz = | I o asd
0 - y 4 o H l \}\ 02
H : Lo K 0.0
" - " o » o » Ly & -3 -3 -10 Ur w0 Zrﬂ x -0 -20 0 L] R L] n x
5 & . Energy (eV) Energy (eV)
i 28 ey Er ] .
5 5 i, EX, nPX, nBX < p2i EX. nPX, nBX
b " Fuag =50 |iam-n
E 4 a i H
L
: {1
3 2 j i
£ 2 P % L
i, 5 i i [ o
1
H 08
1l i ! i
a0

Energy (eV) Energy (eV) [Emergy sV}
(a) (b) (c) (d)
Figure 6.10: Partial density of states (PDOS) for (110) surface adsorption: (a) and (b)
Pt PDOS; and (c) and (d) xanthates S atoms PDOS, before and after adsorption.

In the case of S2 atoms for all collectors, we noted that there was large charge loss, (Table
6.10). These indicated a charge loss on S atoms from the surface Pt and Sb2 atoms and

also suggested a back-donation covalent bonding.
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Table 6.10. Calculated atomic population (Mulliken) charges of collectors on PtSb, (110)

surface.
Mulliken population charges (Je’|)
Collector Atom Adsorptions state S p d Total Charge
Pt Before adsorpj[ion 0.99 0.70 9.09 10.78 —0.78
After adsorption 091 0.85 9.01 10.78 —0.78
b2 Before adsorpj[ion 1.90 3.04 0.00 4.94 +0.06
EX After adsorption 1.87 2.90 0.00 4.77 +0.23
S1 Before adsorption 1.83 4.54 0.00 6.37 —-0.37
After adsorption 1.84 4.23 0.00 6.07 -0.07
9 Before adsorption 1.82 4.51 0.00 6.33 —0.33
After adsorption 1.81 4.11 0.00 5.92 +0.08
Pl Before adsorpf[ion 0.99 0.70 9.09 10.78 —0.78
After adsorption 0.92 0.86 9.01 10.79 -0.79
PO Before adsorpj[ion 0.96 0.70 9.11 10.77 -0.77
nPX After adsorption 0.93 0.83 9.03 10.78 —0.78
Before adsorption 1.83 4.53 0.00 6.36 -0.36
S1 After adsorption 1.80 4.20 0.00 6.00 +0.00
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.81 4.12 0.00 5.93 +0.07
Pt Before adsorption 0.99 0.70 9.09 10.78 —0.78
After adsorption 0.93 0.85 9.01 10.79 -0.79
Before adsorption 0.96 0.70 9.11 10.77 -0.77
nBX P2 After adsorption 0.92 0.85 9.02 10.79 -0.79
Before adsorption 1.83 4.53 0.00 6.36 —0.36
S1 After adsorption 1.80 4.18 0.00 5.98 +0.02
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.82 4.13 0.00 5.95 +0.05
Pl Before adsorpf[ion 0.99 0.70 9.09 10.78 —0.78
After adsorption 0.93 0.81 9.03 10.77 -0.77
Before adsorption 0.96 0.70 9.11 10.77 -0.77
AX P2 Afieradsorpion 092 086 901 1080  —0.80
Before adsorption 1.83 4.53 0.00 6.36 -0.36
51 After adsorption 1.81 4.20 0.00 6.01 —0.01
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.81 4.11 0.00 5.93 +0.07

6.3.3 PtSh2 (111) surface xanthates adsorption DOS and charges

The DOS and population charges of the (111) surface were computed and analysed. Note
that for this surface the nPX bridged on Ptl1 and Sb3 through S1 and S2, while the EX,
nBX and AX bridged on Sb2 and Sb3 through S1 and S2, respectively. We observed that
for nPX adsorption, the Sb3 atoms DOS change was very interesting, where the Er shifted

to lower energy from pgl to cut the peak at its top point, while p1 peak reduced states and
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split into two peaks. More interestingly, we noted that pg3 closed due to p3 and p4
merging into p5 peak, which had more states (Figure 6.11). For Ptl PDOS with nPX
examinations, we noted that there was a decrease in states of d1 peak and a new small
peak (d2) was formed just above the Er after adsorption (see Figure 6.11). These
suggested that there was electron loss from the Sb3 and Pt1 to the nPX S2 and S1 atom,

respectively.
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Figure 6.11: Partial density of states (PDOS) for (111) surface: (a) Pt and (b) Sb
PDOS with nPX collector.

The PDOS for EX, nBX and AX adsorption was observed to effect similar behaviour on
both Sb2 and Sb3 atoms. The Sb2 atoms were very interesting as we observed a shift in
EFr to lower energy where pl peak shifted to the conduction band and has reduced states.

Furthermore, a new pseudo gap (pgl) was observed to form just above the Er.
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Figure 6.12: Partial density of states (PDOS) for (111) surface: (a) Pt and (b) Sb
PDOS with EX, nBX and AX collector.

This was formed due to the opening of the small peak below the pl peak, (see Figure
6.12). The Sb3 atom analysis showed a small shift of Er to the lower energy as the pl
peak reduced states, while the p3 and p4 peaks increased states, suggesting electron loss.
Interestingly, we observed a small peak forming in the pseudo gap (pg2), see Figure 6.12.
All these effects indicated electron transfer from the surface Sb and Pt atoms to the

collector S atoms.
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Figure 6.13: Partial density of states (PDOS) for (111) surface: (a) Pt and (b) Sb
PDOS with EX, nPX, nBX and AX collector.

Now, in the case of collectors, we also examined the S 3p-orbital as they have direct
interaction with the minerals surface as shown in Figure 6.13. We observed that all

collectors’ S atoms PDOS had similar behaviour, where the S 3p-orbital shifted down in

0, H;O, OH and Xanthates adsorptions

126



PtSb; Bulk PtSb; (100), (110) and (111) surfaces

energy as a result, the Er fell deep into the pseudo gap (pg) and suggested stability. During
further examination, we noted that for all collectors the p1 and p2 peaks merged to form
p2 peak, see Figure 6.13. Moreover, we observed that the p3 peak splitting peaks merge
with p? peak for all four collectors. Interestingly, for nPX we observed that S p4 peaks
were reduced and more reduced for EX, nBX and AX collectors. These behaviours

suggested electron gain from the mineral surface.

Table 6.11. Calculated atomic population (Mulliken) charges of collectors on PtSb, (111)

surface.
Mulliken population charges (Je’|)
Collector Atom Adsorptions state S p d Total Charge
Sb2 Before adsorpj[ion 1.78 291 0.00 4.70 +0.30
After adsorption 1.76 2.77 0.00 4.52 +0.48
Sh3 Before adsorpj[ion 1.78 291 0.00 4.69 +0.31
EX After adsorption 1.75 2.78 0.00 4.53 +0.47
S1 Before adsorption 1.83 4.54 0.00 6.37 —0.37
After adsorption 1.83 4.25 0.00 6.08 —0.08
9 Before adsorption 1.82 4.51 0.00 6.33 —0.33
After adsorption 1.84 4.15 0.00 6.00 0.00
Pl Before adsorpj[ion 0.96 1.00 9.06 11.02 -1.02
After adsorption 0.93 0.99 8.97 10.89 —0.89
Sh3 Before adsorpj[ion 1.78 291 0.00 4.69 +0.31
nPX After adsorption 1.79 2.77 0.00 4.55 +0.45
Before adsorption 1.83 4.53 0.00 6.36 -0.36
S1 After adsorption 1.84 4.16 0.00 6.01 —0.01
Before adsorption 1.82 4.51 0.00 6.33 —0.33
52 After adsorption 1.81 4.14 0.00 5.94 +0.06
Sh2 Before adsorp’tion 1.78 291 0.00 4.70 +0.30
After adsorption 1.81 2.77 0.00 4.58 +0.42
Before adsorption 1.78 291 0.00 4.69 +0.31
nBX Sb3 After adsorption 1.76 2.77 0.00 4.53 +0.47
Before adsorption 1.83 4.53 0.00 6.36 —0.36
S1 After adsorption 1.83 4.26 0.00 6.09 -0.09
Before adsorption 1.82 4.51 0.00 6.33 -0.33
52 After adsorption 1.84 4.16 0.00 6.01 —0.01
Sh2 Before adsorpf[ion 1.78 291 0.00 4.70 +0.30
After adsorption 1.81 2.77 0.00 4.57 +0.43
Before adsorption 1.78 291 0.00 4.69 +0.31
AX $3  Afieradsorpion 176 277 000 453 +0.47
S1 Before adsorption 1.83 4.53 0.00 6.36 -0.36
After adsorption 1.83 4.26 0.00 6.09 —0.09
Before adsorption 1.82 4.51 0.00 6.33 —-0.33
82 After adsorption 1.84 4.16 0.00 6.01 —-0.01

For the computed atomic charges as displayed in Table 6.11, we observed that Sb2

and Sb3 adopted a more positive charge, while the Ptl atoms adopted less negative
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charge. This clearly showed that the surface Sb and Pt atoms transferred charges to the
collector S atoms. For the collector S atoms, we noted that for all collectors (EX, nPX,
nBX and AX) the S atoms lost charges to the surface. Furthermore, Table 6.11 clearly
showed that the Sb atoms lost charges largely from their p-orbitals, while the Ptl lost
from their d-orbitals. The collector S atoms were observed to lose charges from their p-
orbitals. This indicated that there was a hybridisation of the p-orbitals of Sb atoms with
p-orbitals of the collectors S atoms. Similarly for nPX adsorption, there was a mixing
between the d-orbital of Ptl and p-orbital of S atoms. These hybridisations were also

observed from the PDOS to occur between —5.0 eV and 3.0 eV around the Er.

6.4 Adsorption of H,O, OH™ and xanthates comparison

We have adsorbed water, hydroxide and xanthates on the mineral surfaces. Note that for
xanthates and water mixed adsorption, we considered the most exothermic collector
adsorption for each surface. We compared the adsorption energies of H2O, OH™ and
xanthate collector to examine which had stronger adsorption. Note that for OH™ and H2O
we used the adsorption energy per molecule(deleted) obtained from the full surface
coverage. The results indicated that OH™ had a stronger adsorption than the H2O and
xanthates, suggesting that the mineral surface had the probability of being covered by
OH™ molecules at elevated pH. This behaviour hinders the adsorption on collector during

flotation, thus a strong collector would be required to displace these OH™ molecules.

Table 6.12. The adsorption energies for OH-, H20 and xanthate collectors on (100),
(110) and (111) surfaces: A comparison of adsorption strength.
Adsorption energies (kJ/mol)

Surface models OH- H;0 Collectors
(100) -576.65 -38.19 EX =-326.30
(110) -541.98 -35.00 nBX =-375.66
(111) -579.53 -54.95 nPX =-795.18

The H20 adsorption as a binding competitor, it was clear that xanthate would easily
be able to displace H20, as the binding energy of xanthates were far stronger and more
exothermic by ~288.11 kJ/mol for EX on (100) surface, ~340.66 kJ/mol for nBX on (110)
surface and ~740.23 kJ/mol for nPX on (111) surface. However, the collectors bind
poorly compared to the OH™ molecule, where the OH™ molecule was stronger than

xanthates by ~250.35 kJ/mol for OH™ on (100) surface and ~166.32 kJ/mol for OH™ on
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(110) surface. However, for (111) surface we found that the xanthates were stronger than
the OH™ by ~215.65 kJ/mol. Since the (100) surface is most dominant plane of the
platinum antimony mineral, the competition of the OH™ with xanthate can be overcome
by the pH change that will not favour the hydroxide attachment or presence on the surface
during flotation. Under the hydroxide favouring conditions or elevated pH, we found that
the OH~ will also bind much stronger than the H20 on the surface by ~538.46 kJ/mol for
OH™ on (100) surface, ~506.98 kJ/mol for OH™ on (110) surface and ~524.58 kJ/mol for
OH on (111) surface. This suggested that the pH control would be crucial in the flotation
of the PtSb2 and that neutral or lower pH would be required to avoid the formation of

hydroxide on the surface.
6.5 Summary

We have carried out collector adsorption on the PtSb2 surfaces to investigate the effect of
their affinity with surfaces. We firstly analysed the isolated collectors and their head
group bond lengths were found to be similar and were compared with experiments where
available. Furthermore, their HOMO and LUMO energies were computed and indicated
that the order of electron accepting ability decreased as: EX > nBX > nPX > AX, while
the electron donating order decreased as AX > nPX > nBX > EX. Their adsorptions on
the surfaces were performed, considering different adsorption sites in order to find the
most stable exothermic preferred site. For (100) surface, we found that the bridging on Pt
and Sb through collector S atoms was preferred for all xanthate collectors. Their
adsorption energies showed that EX has strong affinity with the surface and the order
decreased as: EX ~ AX >nBX > nPX.

The (110) surface was found to have the bridging on Pt atoms and it was the most
preferred site for EX, nPX, nBX and AX. The adsorption energies were found to have an
increasing trend from EX to nBX, then dropped for AX. The order was observed to
decreased asnBX >nPX ~ AX>EX. The (111) surface was observed to have the bridging
on Sb2 and Sb3 atoms and most exothermic for EX, nBX and AX, while the nPX showed
the bridging on Ptl and Sb3 more exothermic compared to the other adsorption sites. The
adsorption energies were found to have the nPX more stronger on the surface, with EX
weaker and the order decreased as: nPX > nBX > AX > EX. These observations showed

that the collectors’ adsorption was dependent on surface, in that one collector may show
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strong affinity on one surface plane and weaker on the other surface plane. This gave
insights into the recovery of the minerals during flotation. Thus, the most dominant
surface was mostly considered.

The electronic structures of the collector on the surface were analysed and we found
that the density of states (DOS) showed stability bonding of the collector on the surface.
We further found that the adsorptions were stable, since we observed that after adsorption
the Er fell deep into the pseudo gap for both collector S atoms and surface Pt and Sb
PDOS. For (100) surface, we noted that S1 interacted with Ptl, while S2 interacted with
Sb, and the atomic charges computed indicated that there was charge depletion on S1 and
charge accumulation for Pt. For S2 and Sb, we observed charge depletion on Sb and
charge accumulation on S2 atom. These showed that the collector behaves as electron
donor and acceptor to the Pt and Sb on the surface, respectively. Interestingly for (110)
surface we observed that the surface Pt atoms lost charges, with a loss of charges on the
collector S atoms. These observations suggested that the collectors S atoms offer its
HOMO electrons to Pt atoms to form normal covalent bond and simultaneously the Pt
atoms donate their d-orbital and p-orbitals electrons to the LUMO of the collectors to
form a back donation covalent bond. The (111) surface clearly showed that the surface Pt
and Sb atoms lose charges to the collector S atoms, suggested a back donation covalent

bonds.
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CHAPTER 7

Summary and Conclusion
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Geversite (PtSbz) platinum group mineral (PGMs) was investigated using density
functional theory CASTEP code. We investigated the bulk and surface properties and also
the adsorption of all low-index surfaces: (100), (110) and (111) surfaces. The oxidation,
hydration, hydroxide adsorptions and xanthate collectors’ adsorption were performed to
understand the PtSb2 mineral surface reactivity that is directly related to its extraction
during flotation. In order to attain accurate calculations, the cut-off energies were varied
for the bulk PtSbz, which were also transferred to the surfaces. The cut-off energy of 500
eV was chosen as the energy change was converged. In addition, the k-points were
sampled for the Brillion zone space for both the bulk and surfaces. The k-points grid of
6x6x6 for the bulk and 4x4x1 for surfaces were employed. The bulk relaxation gave a
final lattice parameter of 6.531 A. The DOS indicates that the PtSb2 had a metallic
character, even though previous studies suggested that it has a pseudo-gap, thereby
insinuating semiconducting behaviour.

The relaxed bulk structure was used to cleave the low-index surfaces, namely (100),
(110) and (111). In cleaving the surfaces, all possible terminations were considered and
the slab thickness was varied. The relaxed (2x2) super cell surface energies were 0.807
J.m?2, 1.077 J.m? and 1.074 J.m? for (100), (111) and (110), respectively. This indicated
that the (100) surface was the most stable and most dominant plane of the PtSb2 mineral.
The DOS showed stability with the Er falling deep into the pseudo gap for all surfaces.
The valence electrons on the surface were the 5d°6s! for Pt and 5s?5p? for Sb and these
electrons were actively involved in the hybridisation. The atomic charges clearly
displayed these effects in the presence of 6p-orbital for Pt atoms, due to the strong
hybridisation of the Pt 5d-orbitals with the S5s-orbital and Sp-orbitals of Sb atoms.
Interestingly, we observed that on all surfaces the 5d-orbital of Pt had the nine electrons
(5d° filled), suggesting that these orbitals were occupied unlike in the bulk model. These
effects occurred in order to form a stable surface.

The oxidation showed that the oxygen molecules preferred interacting with the Sb
atoms than the Pt atoms for all surfaces. We observed different bonding modes, where
bridging and dissociation into atomic bonding occurred. For the (100) surface we found
that the Pt-O2 peroxide initial adsorption site gave the strongest adsorption. In the case of
the (110) surface the Sb2-O-0-Sb3 bridging yielded the most exothermic adsorption. The
(111) surface showed the Sb2-O-O-Sb2 bridging as the strongest exothermic adsorption,
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which dissociated and resulted in atomic bonding. The atomic charges indicated that the
oxygen molecules gain charges from the Pt and Sb atoms. These findings suggested that
the 2p-orbital spin-down un-occupied orbital (LUMO) of Oz was fully occupied. We also
observed that the Sb/Pt-bonded oxygens were more negative than the terminal or end-
bonded oxygen atom for superoxide bonding modes. Furthermore, based on the charge
sum of the O, i.e. charge addition of Ol and O2, we found that in all cases the Oz
interacting with Sb gained more charges, thus showing that the Sb atoms were the
preferred sites for oxygen adsorption.

The case of H20 molecules adsorption on the three PtSb2 mineral surfaces indicated
that H2O adsorbed through van der Waals forces, in particular for multi adsorptions by
physisorption process for (100) and (110) surfaces. However, for the (111) surface we
observed chemisorption. For the (100) surface the H2O-Pt was exothermic, while the
H20-Sb was endothermic and only exhibited exothermic tendency from 5/8-8/8 H20/Sb.
The (110) surface showed stronger adsorption of H20 on Pt than on Sb atoms, with the
Sb2 being the weakest. The full-coverage gave —35.00 kJ/mol per H2O molecule, which
was close to the full-coverage on the (100) surface (—38.19 kJ/mol per H20 molecule).
The adsorption of a single water molecule on the (111) surface is stronger on Sb3 and
weaker on Sb2 atoms. Furthermore, the full-monolayer adsorption on Sb2 and Sb3 gave
even stronger adsorption (—55.54 kJ/mol per H20). The full-coverage on the (111) surface
(i.e. on Ptl and all Sb atoms) yielded adsorption energy of —54.95 kJ/mol per H20
molecule.

The adsorption of hydroxide on the PtSb2 surfaces was generally stronger than that
of the water molecules. This suggested that they will bind preferentially over the water
molecules. We found that the OH- preferred the Sb atoms on the (100) surface, with a
greater adsorption energy of —=576.65 kJ/mol per OH- molecule for full-surface coverage.
The adsorption energies of OH- on the (110) surface depicted the following order : Sb3-
OH > Sb2-OH > Pt1-OH > Pt2-OH, which reflected preferential adsorption on Sb3 atoms.
The adsorption energy of full-surface coverage was reported as —541.98 kJ/mol per OH
molecule. The (111) surface also displayed a strong exothermic adsorption on the Sb3
atom and the order followed as: Sb3 > Sb2-OH > Pt2-OH > Pt1-OH > Sb3(D)-OH. The
surface full-coverage gave adsorption energy of —579.53 kJ/mol per OH- molecule. The

atomic charges of both hydration and hydroxide adsorption showed that there was a
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charge depletion on both Pt/Sb and O atoms of the H2O and OH-. This suggested that
there is a charge transfer into other regions within the orbitals.

We now consider the adsorption of collectors on the PtSba surfaces. Firstly, analysing
the isolated collectors and in particular their head group bond lengths. These were found
to be consistent with available experimental results. Furthermore, their HOMO and
LUMO energies were computed and indicated that the order of electron accepting ability
decreased as: EX > nBX > nPX > AX, while the electron donating order decreased as:
AX >nPX >nBX > EX. Their adsorptions on the surfaces were performed considering
different adsorption sites in order to find the most stable exothermic preferred site. For
(100) surface, the bridging on Pt and Sb through collector S atoms was preferred for all
xanthate collectors. Their adsorption energies followed the order : EX = AX > nBX >
nPX, which indicated that EX has strong affinity for the (100) surface.

The case of the (110) surface was found to have the bridging on Pt atoms most
preferred sites for EX, nPX, nBX and AX. The order was observed as nBX > nPX = AX
> EX. The (111) surface was observed to have the bridging on Sb2 and Sb3 atoms most
exothermic for EX, nBX and AX, while the nPX showed the bridging on Pt1 and Sb3
more exothermic compared to the other adsorption sites. The adsorption energies were
were similar to the (110) surface, the EX was weaker and the order decreased as: nPX >
nBX > AX > EX. These gave insights into the recovery of the minerals during flotation.
Since the (100) surface plane was the most stable phase cleavage of the platinum
antimonide it suggested that the EX and AX may be a best collectors to float the platinum
antimonide, amongst the studied xanthate of different chain length.

Experimentally, it has been found that the recovery and the enthalpy of adsorption
increases with an increase in carbon chain for xanthates. However, the trends observed in
this study did not show the increasing trend with increase in carbon chain. Recently, it
has been shown on pyrite that the presence of Na or K on the xanthate collector makes a
difference in adsorption, where the increasing trend was perceived and agreed well with
microcalorimentry enthalpy of adsorption [McFadzean et al. (2018)]. As such it is
proposed that the presence of Na or K ions are crucial in order to obtain similar behaviour
as experiments for collectors such as xanthates that possess a negative charges when the
Na or K dissociates in solution. Furthermore, our results for xanthate adsorption on PtSbz

(100) were found to have some agreement with the work by Waterson et al. (2015) for
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PtAs2 (100) surface. This showed that there are some similaries between the two minerals
compounds.

The electronic structures of the collectors on the surface were analysed. We noted
the partial density of states (DOS) showed stability when the collectors bond on the
surface, since the Er fell deep into the pseudo gap for both collector S atoms and surface
Pt and Sb PDOS. For the (100) surface, S1 interacted with Pt1, while S2 interacted with
Sb, the computed atomic charges indicated a charge depletion on S1 and charge
accumulation for Pt atom. For S2 and Sb, we observed charge depletion on Sb and charge
accumulation on S2 atom. These results show that the collector behaved as electron donor
and acceptor to the Pt and Sb on the surface, respectively. Interestingly for the (110)
surface both the surface Pt and Sb atoms lost charges, as the collector S atoms lose
charges. These observations suggested that the collector S atoms offered their HOMO
electrons to Pt and Sb atoms to form bonds and simultaneously the Pt and Sb atoms donate
their d-orbital and p-orbitals electrons to the LUMO of the collectors to form a back
donation covalent bond, respectively. The (111) surface clearly showed that the surface
Pt and Sb atoms lost charges to the collector S atoms, which suggested a back donation
covalent bonds.

We have compared the adsorption energies for water, hydroxide and xanthates on the
mineral surfaces. The results indicated that OH- has a stronger adsorption than H20 and
xanthates, hence suggesting that the mineral surface has a probability of being covered
by OH- molecules at elevated pH. This behaviour may hinder the interaction of collector
with mineral surface during flotation, thus a strong collector would be required to displace

these OH- molecules.

Recommendations and future work

It is recommended that new collectors with stronger affinity for the PtSbz surface than the
OH" are required in order to improve the flotation at elevated pH or lower pH. The EX
and AX collectors were found suitable to float the platinum antimonide.

In the future, the xanthates will be adsorbed in the presence of water and explore the
effects of Na (sodium) and K (potassium) on xanthate collectors. We will also test other

collectors and design new ones that can improve the flotability of the PtSb> mineral.
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Appendix A: Project flow chat

! Density Functional Theory Studies of O,, H,0, “OH and Xanthates
Adsorption on Platinum Antimonide (PtSh,) Surfaces

l

DFT
(CASTEP)
PtSb,
Geversite |
Low index
surfaces
I (100) surface (110) surface (111) surface
| — |
Oxidation | Hydration Hydroxide f;?::f;::
Electronic Electronic Electronic - Electronic
0, HO OH EX, nPX,
Geometry e s_"m“w_es_ Geometry Fouchren Geometry Richures nBX & AX FE er_\.k“tu_If‘,s_
and and and Geometry and
Adsorption Adsorption Adsorption Adsorption
energies energics energies energies
Figure A.1: Flow chart of the project and the connection of all calculations
performed.
Explanation of terms:
Project — Density Functional Theory Studies of O2, H20, OH™ and

Xanthates Adsorption on Platinum Antimonide (PtSb2) Surfaces.

DFT (CASTEP) — Density functional theory method implemented in
CASTEP code used to study the PtSb2 mineral surfaces and
their interactions with Oz, H20, OH~ and xanthates

collectors.

PtSb2 Mineral — The bulk structure was used to study the low index (100),
(110) and (111) surfaces.

Low index surfaces — The investigation of the (100), (110) and (111) surfaces

before adsorption and their oxidation, hydration and thiol
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collectors interactions. Their electronic properties (DOS and
Mulliken charges) are also evaluated to describe the bonding

behaviour.
Appendix B: Papers presented at conferences

1 SAIP, University of Limpopo, 2008, Oxidation studies on PtSb2 (100) surface.

2 SAIP, University of KwaZulu Natal, (2009), Studies of oxygen adsorption on
PtSb> surfaces

2 SAIP, CSIR (2010), Oxidation of PtSb2 using ab-initio techniques, (Poster)

3 SAIP, Saint George Hotel, (2011), Oxygen adsorption on (110) surfaces of
Pyrolusite MnO:2 and Anatase TiO2 (Poster)
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1. Mangwejane S.S., Mkhonto P.P. and Ngoepe P.E., Computational Modelling
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published).

Appendix D: Relaxed structures for hydration of (100)
surface

In this section we show the relaxed structures for the hydration for different numbers of
H20 molecules adsorbed on the (100) surface as depicted in the adsorption energies in

the main text.
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Pt-5H,O . Pt-6H20
Figure D.1: Relaxed geometries for H20 adsorptions on Pt atom sites of (100) surface.

Sb-SH,0 "~ Sb-6H:0 Sb-7H:0 " Sb-8H,0
Figure D.2: Relaxed geometries for H20 adsorptions on Sb atom sites of (100) surface.

Appendix E: Data for Xanthate Adsorption on Surface

In this section we show the different adsorption sites considered for the xanthate
adsorption. This is mostly influenced by the fact that as the collector come in contact with
a minerals surface it has a freedom to select and attach on any position on the surface.
The most active stable site for the xanthate would give the most exothermic heat of
adsorption (adsorption energy). Note that we did not consider the mononuclear adsorption
for (111) surface as this has not shown to give the most exothermic adsorption. For a
PtSb2 it was paramount to explore the Sb interaction as well with the Pt atoms interaction
with the xanthate. And as we have shown in Chapter 6, the Sb really has a significant role

in the adsorption of the collector. We have shown in Figure E.1, E.2 and E.3 some initial
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adsorption geometries. In these positions, after surface relaxation the xanthate may move
to its preferential positions. However, we did not show these final relaxation as we were

more concerned with the adsorption energies that will show the most active and preferred

site by the collector.

ST e S e
eee
1 1,

\ T

(h)

Figure E.1: Unrelaxed different adsorption sites considered for EX, nPX, nBX and
AX on PtSbz (100) surface

Table E.1: Adsorption energies for all adsorption sites considered for PtSb, (100) surface.

Adsorption Energy (kJ/mol)

Structure Adsorption sites EX nPX nBX AX
(a) Pt-S1, Pt-S2 -311.05 -310.32 -304.14 -296.19
) Pt-S2, Sb-S1 N -314.87 -309.50 -304.43 -325.65

Pt-S1, Sb—-S2 N -326.30 -322.03 -324.52 -314.01
(c) Sb-S1, Sb-S2 —282.57 -277.40 —287.85 -269.66
) Pt-S1, Sb-S2_F -293.14 -276.92 —293.79 -290.20

Pt-S2, Sb-S1 F -291.21 -284.13 —286.40 -267.57
(e) Pt-S2 -305.86 -299.36 -303.51 -300.86
® S1-Pt-S2 -279.21 -314.34 -310.23 —248.01
(2) S1-Sb-S2 -299.72 —248.18 -271.94 —285.50
(h) Sb-S2 -242.85 -251.88 —252.77 -214.88

Values in bold shows the most exothermic adsorption sites
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Average potential profile along C axis Average potential profile along C axis
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Figure E.2: Average electrostatic potential for most stable adsorption for each xanthate
collector in absence of the Neugebauer and Scheffler dipole correction: (a) EX, (b)
nPX, (c) nBX and AX adsorption on PtSbz (100) surface.
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PtSb; Bulk

Figure E.3: Unrelaxed different adsorption sites considered for EX, nPX, nBX and AX

on PtSb>

(110) surface
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Table E.2: Adsorption energies for all adsorption sites considered for PtSbz (110)

surface.
Adsorption Energy (kJ/mol)

Structure Adsorption sites EX nPX nBX AX
(a) Pt1-S1, Pt2-S2 -361.41 -372.40 -375.66 -371.56
®) Pt2-S1, Sb3-S2 -324.87 -324.31 -331.11 -320.40

Pt2-S2, Sb3-S1 -322.19 -321.68 -327.17 -323.50

(c) Sb3-S1, Sb3-S2 —278.45 —277.43 -277.03 -274.11
) Sb3-S2, Sb2-S1 -255.67 —255.83 -255.77 -256.26
Sb3-S1, Sb2-S2 —263.87 -259.72 —259.22 —257.94

(e) S1-Sb2-S2 —285.67 -252.20 -270.91 -276.12
6i) S1-Pt2-S2 -360.56 -356.28 -360.87 —352.85
(2) Sb2-S2 —280.05 -270.51 —271.86 —258.17
(h) Pt2-S2 -317.09 -315.07 -307.20 -314.28
Q) Pt1-S2, Sb3(D)-S1 -328.07 -323.93 -321.50 —323.63
Pt1-S1, Sb3(D)-S2 —299.61 —285.13 —295.92 -318.33

0 Pt1-S1, Sb2-S2 —364.53 -362.76 -362.55 -365.26
Pt1-S2, Sb2-S1 -359.72 -351.36 -362.48 -361.67

Values in bold are the most exothermic adsorption sites
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Average potential profile along C axis Average potential profile along C axis
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Figure E.4: Average electrostatic potential for most stable adsorption for each xanthate
collector in absence of the Neugebauer and Scheffler dipole correction: (a) EX, (b)
nPX, (¢) nBX and AX adsorption on PtSbz (110) surface.
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Figure E.5: Unrelaxed different adsorption sites considered for EX

AX on PtSbz (111) surface
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Table E.3: Adsorption energies for all adsorption sites considered for PtSbz (111)
surface, as calculated in equasion 2.15.

Adsorption energies (kJ/mol)

Structure Adsorption sites EX nPX nBX AX
(a) Pt5-S1, Pt5-S2 -696.12 —-697.21 —685.88 ~703.97
) Pt6-S1, Pt5-S2 ~714.23 —717.44 —674.28 —670.12

Pt6-S2, Pt5-S1 ~718.08 —-716.79 —673.76 —697.75

(c) Pt5-S2, Sb2-S1 —690.79 —698.47 -581.07 —667.27
Pt5-S1, Sb2-S2 ~704.79 ~719.28 —643.65 ~724.07

@ Pt5-S1, Sb3-S2 ~708.60 -795.18 —738.44 ~741.61
Pt5-S2, Sb3-S1 ~760.39 ~760.42 ~700.95 ~721.12

© Pt5-S2, Sb3(D)-S1 ~690.78 —743.28 —734.32 —733.23
Pt5-S1, Sb3(D)-S2 —681.36 —687.03 ~726.43 ~717.56

0 Pt6-S1, Sb2-S2 ~629.93 —694.49 ~728.65 —726.52
Pt6-S2, Sb2-S1 —724.85 —703.24 —722.68 —721.36

(g) Sb2-S1, Sb2-S2 ~471.14 —691.25 -598.07 —694.13
) Sb3-S1, Sb2-S2 —772.11 —774.48 —772.28 ~769.68
Sb3-S2, Sb2-S1 -773.50 —788.49 —789.45 —784.55

0 Sb2-S2, Sb3(D)-S1 ~702.18 —671.45 —688.31 —654.49
Sb2-S1, Sb3(D)-S2 —479.21 —574.34 —-690.48 —-621.15

Values in bold shows the most exothermic adsorption sites

Average potential profile along C axis
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Figure E.6: Average electrostatic potential for most stable adsorption for each xanthate
collector in absence of the Neugebauer and Scheffler dipole correction: (a) EX, (b)
nPX, (¢c) nBX and AX adsorption on PtSbz (111) surface.

0., H>O, OH and Xanthates adsorptions
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