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Abstract

Presently, the scientific community is exploring alternative approaches of generating, conserving and
utilizing clean energy in ways that are not only economically viable, but also free from posing health
hazards to humanity. This global challenge on energy, forms the basis of this study, whereby the cubic
CuzQSe4 (Q = Ta,Nb,V) sulvanites were examined using density functional theory (DFT) approaches,
to ascertain if they hold any promising potential in photocatalysis whereby in the presence of light,
water is broken down to obtain hydrogen which is a competent and safe energy carrier. On the other
hand, thermoelectric materials play an instrumental role in efficient use of energy as they are capable
of tapping heat energy that could have otherwise been lost and converts it into electricity. In line with
this, Cd(Ga,Al)204 spinels were comprehensively studied to examine their applicability as the main
component in the design of thermoelectric device.

The main goal of this study was to investigate the photocatalytic properties of the sulvanite-type
compounds Cug(V,Nb,Ta)Seq and thermoelectric properties of spinel oxides Cd(Ga,Al)204 in line with
clean energy production. In order to achieve these, the following properties were investigated: structural
properties of compounds of interest such as lattice constants and Kleinman parameter were determined
from relaxed structures. Thereafter, dynamical, energetic and mechanical stability test through phonon,
cohesive energy, formation energy and elastic constant calculations were undertaken. Upon verifying their
stability, optical study was carried out at the Bethe-Salpeter Equation (BSE) level of approximation to
obtain the optical band gap of the sulvanite compounds followed by determination of the absolute band
edges done via Mulliken analysis as well as via band gap center approach, to ascertain if Cug(V,Nb,Ta)Seyq
are indeed suitable for single photon water splitting.

Considering that photocatalysis occurs at the surface of a material, surface properties of Cug(V,Nb,Ta)Sey4
sulvanites were investigated through calculation of surface energies, vacuum potential and work function
among other photocatalytically relevant parameters. At the peak of the study, transport properties of
Cd(Ga,Al)204 were then determined by solving Boltzmann transport equations to obtain the Seebeck
coefficient, charge carrier concentration and lifetime, thermal and electrical conductivity as well as power
factor and consequently the figure of merit. These in turn provide an indication whether these spinel
oxides possess good thermoelectric properties.
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INTRODUCTION

In this Chapter, we discuss the dangers posed by the inevitable global energy crisis on humanity. We
also provide the aim and the specific objectives which the current study was geared towards achieving.
Additionally, we present the scope of the thesis as well as what has been explored and the existing gaps
to be filled in exploring our compounds of interest - sulvanites and spinels.

1.1 Energy crisis

The negative impact of conventional energy sources on the environment has been stimulating the
research on clean energy production and use. Although oil, gas and coal may continue to exist for next
several decades, its reserves keep declining which may result in their depletion. Any alternative energy
source must seek to confront the rampant climate change associated with the conventional sources.
Such an alternative should cost less and have low carbon intensity when compared with petroleum
products [1]. This has also been triggered by increase in population. The growing global population
rate is estimated to be 200,000 persons per day. This would eventually cause increase in energy demand
on limited fossil fuel reserves. Fossil fuel accounts for approximately 86% of the global primary energy
sources [2]. This dominance of the fossil fuels on energy production results in serious global problems
such as emission of greenhouse gases resulting in serious climate change, breakdown of the ozone layer
hence the increase in level of ultraviolet radiation, acid rains, decrease in biodiversity and increase in soil
erosion among others [3]. Also, dwindling fuel supply could propel environmental catastrophes, wars
and economic collapse [4]. To address these obvious challenges, the scientific community is extensively
examining the alternative sources of energy such as solar, wind, geothermal and water just to mention
a few, as possible options to replace oil. This global challenge therefore forms the basis of our current
study, whereby sulvanite compounds are explored to ascertain their viability in photocatalytic applications
whereas the spinel oxides are investigated to see if they hold any tangible potential in thermoelectric
applications.

1.2 Aim and objectives of the study

The aim of this study was to investigate the photocatalytic properties of sulvanite-type compounds
Cug(V,Nb,Ta)Seyq and thermoelectric properties of spinel oxides Cd(Ga,Al)204 for clean energy produc-



Section 1.3. Outline of the thesis Page 3

tion. In order to achieve the main goal of this research, the following properties were investigated:

1. Structural properties of compounds of interest such as lattice constants and Kleinman parameter
were determined from relaxed structures.

2. Dynamical, energetic and mechanical stability test through phonon, cohesive energy, formation
energy and elastic constant calculations were undertaken.

3. Optical study was carried out at the Bethe-Salpeter Equation (BSE) level of approximation to
obtain the optical band gap of sulvanite compounds.

4. Absolute band edges were then determined via Mulliken analysis as well as via band gap center
approach to ascertain if Cug(V,Nb,Ta)Se4 are indeed suitable for single photon water splitting.

5. Surface properties of Cug(V,Nb,Ta)Seq were investigated through calculation of surface energies,
vacuum potential and work function among other photocatalytically relevant parameters.

6. Computation of the lattice thermal conductivity of the spinel oxides as well as the sulvanite-type
compounds was also done.

7. Transport properties of Cd(Ga,Al)204 spinels were then evaluated by solving Boltzmann transport
equations to obtain the figure of merit, Seebeck coefficient, charge carrier concentration, lifetime,
thermal and electrical conductivity as well as power factor. These help establish whether these
spinel oxides possess good thermoelectric properties.

1.3 OQutline of the thesis

The remainder of the thesis is organized as follows: in Chapter 1, we briefly discuss the compounds of
interest namely the sulvanites and spinel oxides. In Chapter 2, we review previous work on Cd(Ga,Al)204
spinels and Cug(Ta, V, Nb)Sey sulvanites as well as provide the definition of thermoelectric materials,
thermoelectric effects, discussion on how to gauge the efficiency of a thermoelectric system, aspects of
good thermoelectric material and applications of thermoelectricity. Also, we discuss in a nutshell the
hydrogen generation techniques that involves water where we pay more emphasize on photocatalysis.
The properties of a good photocatalytic material, as well as their areas of application and water splitting
processes are reviewed.

In Chapter 3, we summarize the theoretical framework that forms the basis of this study. In Chapter 4,
we give the computational details of the study in form of the workflow and also consider how structural
optimization was done, how stability tests were carried out as well as a description of how lattice thermal
conductivity, transport coefficients, optical gaps and surface energies were evaluated. In Chapter 5,
we present and discuss our results in detail, as well as benchmark with the existing theoretical and
experimental data where possible. In the appendix section, we provide the supplementary information
to our current study along with an outline of the publications that emanated from this work.

1.4 Sulvanite compounds

Sulvanite is a mineral consisting of a sulfide of copper and vanadium (CugVSy). The isostructural
compounds CugVSy4, CugVSeq, CugNbSeys and CugTaSey belong to the family of sulvanites [5] and
crystallize in the cubic crystal system of space group P43m (No. 215) [6], with eight atoms in the unit
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cell. Cu, Ta and Se atoms are positioned at 3d (0.5,0,0), 1a (0,0,0) and 4e (u,u,u) sites of Wyckoff
coordinates, respectively [7]. Where u is the internal parameter. Sulvanite compounds have potential
application in opto-electronics attributed to their wide band gap [3], used as light modulators [9], applied
in solar cells as p-type absorbing layers in heterostructures and dielectric mirrors due to their unique
physical properties and the fact that sulvanites, especially CugTaSe4 possess lattice constant comparable
to that of silicon, 5.66 A and 5.43 A respectively; which makes the growth of heteroepitaxial thin films
of CugTaSey on silicon substrates possible. Seebeck coefficient measured at room temperature from
sintered pellets of CuzTaSey indicate conductivity with a value of +24 VK1 [8]. Since CuzQSes (Q
= V,Nb,Ta) sulvanites are cubic with very high symmetry, they are expected to show optical isotropy.
Hence, their optical properties are independent of crystal orientations, which is advantageous in that
the challenges involved in manufacturing anisotropic materials with particular orientation are eliminated
[10]. CugQSey are characterized by a 3D arrangement of CuSeq and QSey tetrahedra connected by
common edges and the CuSey4 share vertices with each other in all directions to form a three-dimensional
framework [6] as displayed in Figure 1.1 alongside its Brillouin zone [11] exhibited in Figure 1.2.

Figure 1.2: Brillouin zone of CuzTaSey4.
Figure 1.1: Crystal structure of CugTaSey.

To review what has been done on sulvanite compounds, CugQSe4 in specific, in 1963, Arkel and
Crevecoeur [12] reported CugVSey to be black in color and narrow bandgap. Whereas CugNbSey
and CugTaSeys were red and green respectively, with wide band gaps. A decade ago, Delgado et
al. [6] reported the structural analysis of CugTaSey from X-ray powder diffraction data obtained via
Rietveld method. Espinosa-Garcia et al. [5], did theoretical study on the elastic properties of sulvanite
compounds and concluded that they are brittle and fragile. They further investigated the thermal
properties of sulvanites such as the average sound velocity and Debye temperatures. This was worthwhile
because in principle, we can predict the behavior of a material under high pressure and high temperature
environments from the basis of its thermodynamic properties [13]. The melting points of CuzTaSe, and
Cu3NbSey are reported to be 1328 and 1206 K respectively [7]. Recently (2017), Yuan et al. reported
the thermoelectric properties of CugMChy (M = V,Nb, Ta; Ch = Se, Te) from first principles, having ZT
values of around 2 with small effective masses, where majority charge carriers are holes [14].

Although a number of researchers have explored synthesis, crystal structures, thermal and optical prop-
erties of sulvanite compounds, we are not aware of any existing theoretical or experimental studies on
surface properties of Cug(V,Nb,Ta)Sey4 so far, which motivated us to investigate. We have considered
sulvanite compounds consisting of selenium only, this is because though sulfur and tellurium belongs to
chalcogen group as selenium, tellurium is a rare element and possess some degree of toxicity [15] whereas
sulfide photocatalyst are known to be unstable in the water-oxidation reaction under visible light since
the S2~ anions are more susceptible to oxidation than water, thereby causing photodegradation of the
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photocatalyst [16]. In addition, semiconductors are particularly useful as photocatalyst because of their
favorable combination of electronic structure, light absorption properties, charge transport characteris-
tics and excited state lifetimes [17].

1.5 Spinel oxides

A spinel is a hard glassy mineral that occur as octahedral crystals of variable colour consisting mainly
of magnesium and aluminium oxides having a general formula AB2O4. More information about spinel
compounds has been elaborated by Garcia [18]. In Geophysics, spinel (MgAl204) is known to be a
constituent of the shallow upper mantle [19]. Moreover, its prototypical character for ceramics and
its diverse electronic applications has triggered investigation of other spinel oxides [20]. In this study,
we are interested in thermoelectric properties of Cd(Ga,Al)204. Structural studies of spinel oxides
of interest have been conducted by several researchers both theoretically and experimentally [21-24].
Cd(Ga,Al)204 spinels occur in face centered cubic structure composed of 8 formula units consisting of
56 atoms; 8 Cd cations, 16 Ga cations and 32 O anions. The positions of the cations Cd and Ga are
fixed by the symmetry, but the anion O positions are variable and are specified by the anion parameter u.
Cd cations occupy the Wyckoff position 8a (0.125, 0.125, 0.125), Ga cations are located at the Wyckoff
position 16d (0.5, 0.5, 0.5) and O anions are positioned at the Wyckoff position 32e (u, u, u) [25]. Its
space group is Fd-3m as shown in Figure 1.3 alongside its Brillouin zone [11] displayed in Figure 1.4.

Figure 1.3: Crystal structure of CdGazOy. Figure 1.4: Brillouin zone of CdGaz04.

Regarding cadmium gallate (CdGa204), Bouhemodou et al. [26] carried out the structural, electronic
and optical properties from first principles using WIEN2K code. They investigated as well the pressure
induced energy shift, where they noticed that band gap increases almost linearly with an increase in
pressure within (0-80) GPa. In addition, the same authors [27], explored the behavior of lattice constants,
elastic constants and bulk modulus of CdGaz0O4 and CdAI3Oy4, where they noted that Cy1, Ci2 and By
varied linearly with respect to change in pressure whereas C44 showed no significant change.

Omata et al. [28], reported the electrical conductivity of sintered sample of CdGa204 to be about 102
S/cm, hence a promising material as a transparent electronic conductor [29]. According to Nguyen
and Koffyberg [30], CdGaz04 has a low resistivity and a wide experimental optical band gap of 3.07
eV (4.05) for indirect (direct) transition with electron affinity of 4.3 eV. Photoluminesence (PL) study
conducted by Zhitar et al. [31], showed that PL features of CdGaz04 could be tuned using optical
filters. Xiangfeng and Tamaki [32], prepared CdGas0O4 sensor using powder calcined at 800 C giving
high sensitivity along with good selectivity to dilute methanethiol (CHzSH) at 300°C.

Regarding cadmium aluminate (CdAl204), Bouhemadaou et al. [33], reported its thermal properties
such as sound velocity, coefficient of thermal expansion with respect to temperature and pressure,
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heat capacity and effective mass among other thermal properties. Moreover, the Griineisen param-
eter () of CdAl2O4 has been reported [34], though in their case, v was obtained at high temper-
atures as compared to our value determined at absolute temperature (300 K). Guagiang et al. [35],
reported a high performance co-precipitation CdAl2O4 catalyst for the isomerization of dipotassium
1,8-naphthalenedicarboxylate. Both CdGaz04 and CdAl2O4 have been studied as phosphors [36-38].
At the moment, we are not aware of any report on thermoelectric studies on CdGasO4 and CdAI3O04
spinels, which inspired us to examine.



LITERATURE REVIEW

In this chapter, we review various research studies that were previously done by other scientists as well
as discuss some of the basic scientific ideas about photocatalysis and thermoelectricity. We also present
the aspects of material choices that ought to be considered and the possible areas of applications.

2.1 Review of previous work

In this section, previously reported experimental and theoretical work on Cd(Ga,Al)204 spinels and
Cus(Ta, V, Nb)Sey sulvanites are reviewed. The essential first step in establishing relationships among
the stoichiometry, structure and physical properties in solid-state materials is the synthesis of new
compounds [39]. In 1984, F. Stone carried out structural characterization of Cadmium-Copper Gallium
oxide spinels [23], which were prepared by solid-state reaction of mixtures and thereafter the unit cell
parameters were deduced using X-ray powder diffractometry. Through their studies, Stone, Porta and
Turner [40] noted that spinels can be prepared readily as polycrystalline solids and that the wide range
of cations which can be accomodated enables close study to be made of the influence on structural
chemistry of changing the chemical composition. Although X-ray powder diffraction is the most widely
used technique for structural analysis of polycrystalline solids, the determination of inversion in spinels
using this technique is problematic as scattering powders of the cations approach one another.

Yan and Takei [41], have reported the results of the crystal growth of single crystals of both spinel
ZnGas04 and CdGaz0y4 by the flux method. They observed that via this approach, the volatility of
CdO led to the generation of Cd-poor CdGazO4 crystals. Bouhemadou et al. [27], did first-principles
calculations of structural and elastic properties of both CdGaz04 and CdAl3O4 together with CdinaOy4
using the pseudo-potential plane-waves approach based on density functional theory, within the gen-
eralized gradient approximation as implemented in Cambridge Serial Total Energy Package (CASTEP)
code [42]. From their observation, Cadmium dialuminium, gallium and indium oxides are wide bandgap
semiconductors that are characterized by high transmissibility in the visible spectrum and possess excel-
lent electrical properties. These properties have led to their applications in various fields such as solar
cells, flat-panel displays, invisible security circuits and windshield defrosters.

Additionally, Murtaza et al. [43], have explored the electronic and optical properties of cubic spinels
CdX204 (X =In, Ga, Al) using the modified Becke-Johnson potential based on density functional theory.
Apart from computing their electronic band profile, density of states, effective masses and chemical
bonding; they also explored optical properties of these ternary materials such as the dielectric constants,
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refractive index, reflectivity, optical conductivity and absorption coefficient. Boujnah et al. [44], have
also explored the optoelectronic response of spinel oxides CdX204 (X = In, Ga, Al) done using Wien2K
package [45] that is based on density functional theory. They also analyzed the bandgap dependent
optical parameters such as the absorption coefficient, complex dielectric function, electron-energy-loss
function, complex index of refraction and reflectivity coefficient as functions of photon energy.

As stated in section 1.5, Bouhemadou et al. [33] calculated the structural, elastic, electronic, optical
and thermodynamic properties of the cubic spinel CdAlsO4 using ab initio density functional theory,
where they employed the full-potential augmented plane-wave plus local orbitals (FP-(L)APW + 1,) as
implemented in the Wien2K package. Gibbs program was used to study the thermal effects within the
quasi-harmonic Debye model. The authors also investigated as well the pressure and temperature effects
on lattice constant, bulk modulus, volume expansion coefficient, heat capacities, Debye temperature for
pressure and temperature in the range of 0-30 GPa and 0-1300 K, respectively.

For the case of Cug(Ta,V,Nb)Sey sulvanites; In 1961, F. Hullinger [46], prepared sulvanite analogues
by substituting Nb and Ta for V; and Se and Te for S. He sintered the elements at 600 - 800 C
and obtained polycrystalline samples for which he determined their lattice constants and magnetic
susceptibilities. From the findings of Van Arkel and Crevecoeur that was done in 1963 [12]; the crystals
of the sulvanite analogues containing Nb and Ta appeared to be of interest as modulators for visible
light in that from their findings, the bandgap of these materials decreased in the substitutional sequence
S — Se — Te, but increased in the sequence V — Nb — Ta.

Additionally, Lu and lbers [47], synthesized CugNbSey alongside KCugzTaSes from a stoichiometric
reaction of the elements at 950 "C. For the case of CugNbSey, the starting materials were loaded into a
quartz tube that was subsequently evacuated to 10~* Torr and sealed. The tube was then placed in a
furnace that was held at 950 "C for 4 days. The reaction tube was then cooled at 200 "C at a rate of 4
"C/hr and finally to 25 "C over 2 hours. The red-orange crystals obtained were examined by the electron
microprobe and confirmed to be CugNbSey. Concerning its crystallography, Weissenberg photography
indicated that CugNbSey crystallizes in the cubic system.

For the case of CugTaSey, Delgado et al. [6], prepared CugTaSey structure by refining it from X-ray
powder diffraction data using the Rietveld method. The sample was synthesized using the melt and
annealing technique where stoichiometric quantities of Cu, Ta and Se were charged in an evacuated
quartz ampoule. Thereafter the ampoule was sealed under vacuum and the fusion process was carried
out inside a furnace that was heated up-to 1500 "C at a rate of 20 'C/hr. The ampoule was shaken
using a mechanical system during all the heating process. Then, the temperature was gradually raised
at the same rate up-to 850 'C. The ampoule was kept at this temperature for 30 days. Finally, the
sample was cooled to room temperature at a rate of 10 'C/hr to ensure that the samples produced are
in good thermal equilibrium. CugTaSey4 was obtained as a single phase and its structure was refined by
Rietveld method using X-ray powder diffraction data.

Using similar techniques, Grima-Gallardo et al. [7], obtained the polycrystalline samples of CugNbSey4
and CugTaSe4 by the melt and anneal technique in which the X-ray diffraction patterns indicated that
both materials are single phase. They also investigated: a) the variation with pressure of the Raman
modes of CugNbSe4 and CugTaSey; b) the optical absorption of CugNbSes and CugTaSey at ambient
conditions; c) the optical absorption of CugTaSey4 at high pressure and d) the thermal transitions of
CugNbSey and CugTaSes. From optical absorption measurements extracted by Grima-Gallardo et al.,
they obtained the values of the indirect and direct gap of CugNbSe4 to be 2.14 and 2.45 eV, respectively.
Also, the variation of the indirect gap of CugTaSey4 under pressure in the (0-5.5) GPa range was observed,
obtaining the indirect energy gap at zero pressure to be 2.43 eV and the extracted pressure coefficient



Section 2.2. Thermoelectric materials Page 9

was -0.032 eV/GPa.

The above discussion on previous studies of sulvanites of interest has been from the experimental
perspective. From the theoretical point of view, Peralta and Valencia-Balvin [48], have studied CugXY4
(X=Nb, V, Taand Y =S, Se) using the first principles calculations where they explored their structural
and dynamic behavior at different temperatures. They also determined the vibrational spectra of the
stated sulvanites using molecular dynamics in the microcanonical ensemble.

Yuan et al. [14] also carried out quantitative analysis of the electronic and thermal properties of CugMChy
(M =V, Nb, Ta; Ch = Se, Te) using the first-principles calculations in combination with the semi-
classical transport theory. They obtained the highest numerical values of the dimensionless figure of
merit (ZT) at 1000 K for the case of CugMSey to be 1.91, 2.35 and 2.03, respectively. The authors
attributed the excellent thermoelectric performance to the high band-degeneracy and smaller effective
mass of holes. Espinosa-Garcia et al. [5], have calculated the elastic properties of the sulvanites using
first-principles total energy calculations within the density functional theory along with the local density
and generalized gradient approximations to extract quantities such as bulk modulus, elastic constants,
Zener anisotropy factor, isotropic shear modulus and Young modulus. They further analyzed them to
obtain other thermodynamic properties such as the average sound velocity and Debye temperature.
From the numerical values obtained, they concluded that these sulvanites are brittle and fragile. They
further calculated the electron localization function that exhibits the bonding behavior in these ternary
compounds.

The geometric and electronic properties of sulvanite structured CugMChy (M =V, Nb, Ta; Ch = S,
Se, Te) as potential photovoltaic materials have been computed by Kehoe, Scanlon and Watson [49].
This was carried out using both PBEsol+U and HSE06 methods. They reported that although these
compounds have a good potential, all their fundamental gaps were indirect in nature hence could
lower the open-circuit voltage leading to low efficiency of prospective devices, which is a drawback.
Additionally, Espinosa-Garcia et al. [50], observed that broad range of gaps and chemical stability
of sulvanite compounds have made them promising materials for technological applications such as
photovoltaic and transparent conductors. This motivated the authors to carry out the electronic and
optical studies of the sulvanite family of compounds based on first principles approach using VASP
code [51]. The calculated optical spectra at Bethe-Salpeter equation level of approximation showed
that CugMChy (M =V, Nb, Ta; Ch = S, Se, Te) have good absorption in the visible regime of the
electromagnetic spectra.

Moreover, Li et al. [52], carried out density functional theory simulation of the natural sulvanites CugMX4
(M = Nb, Ta; X =S, Se) as potential photocatalytic candidates. From their findings, these compounds
are promising as photocatalysts in the harvesting of visible light for water splitting. The structures
also showed high dynamic stabilities as confirmed by their calculated phonon dispersions and elastic
constants. Further more, the band edge positions predicted indicated that these materials straddle the
redox potential of water. Owing to the small average effective mass and effective separation of the
photogenerated charge carriers deduced, these compounds have low chances of recombination, which in
turn enhances their photocatalytic ability.

2.2 Thermoelectric materials

Thermoelectric materials, which can generate electricity from waste heat or be used as solid-state Peltier
coolers, can play an important role in attaining a global sustainable energy solution.
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2.2.1 Thermoelectric effects

There are three major effects of thermoelectric phenomenon namely Seebeck, Peltier and Thomson
effect [53] as shown in Figure 2.1. Seebeck effect is attained when a conductor generates a voltage
when subjected to temperature gradient, whereas Peltier effect refers to the temperature induced by
voltage gradients, which is simply the opposite of Seebeck effect. In this study, we focused on the
Seebeck effect, where heat is converted to electricity arising from the movement of charge carriers from
a higher temperature to a lower temperature region producing a voltage [54].

Thermal
Peltier effect

Figure 2.1: Diagrammatic representation of the thermoelectric effects.

On the other hand, Thomson effect relates the reversible thermal gradient and electric field in a homo-
geneous conductor. However, thermoelectric materials can be used for both cooling via the Peltier effect
and electric power generation via the Seebeck effect. Thermoelectric power generation from waste heat
offers a possible solution to human energy requirement through increasing energy efficiency using the
existing energy-generation technologies.

2.2.2 Correlation between figure of merit and Carnot efficiency

The efficiency of a thermoelectric device is determined by the material used in making the device, and
thus the current focus of research is on finding better thermoelectric materials. Therefore, efficiency of a
thermoelectric device is related to the thermoelectric figure of merit [55], which dictates the coexistence
of high electrical conductivity and low thermal conductivity which is an extraordinary feature [56]. The
dimensionless figure of merit (ZT) is expressed as:

B S%aT B S20T '

ZT = ; (2.2.1)
K Ke + K]

where S, o, T and k are the Seebeck coefficient, electrical conductivity, temperature in Kelvin scale
and thermal conductivity respectively. Thermal conductivity is composed of the electronic and phononic
contributions (k = k. + ;). According to equation (2.2.1); S, o and & are all coupled with each other
such that by increasing electrical conductivity and Seebeck coefficient while at the same time decreasing
thermal conductivity will lead to substantial improvement in ZT. Therefore, a compromise has to be
reached among these conflicting parameters so as to enhance the figure of merit, which in turn limits its
value, although there is no theoretical upper limit for the figure of merit [57] and the larger the value,
the better the efficiency of the thermoelectric cooler or power generator.

The three parameters (S, o and k) are strongly dependent on the crystal structure, electronic structure
and carrier concentration of a material. Apart from high figure of merit, the material should have sound
mechanical, metallurgical and thermal characteristics in order to be used in practical thermoelectric
generators [58]. The shortcoming of the existing thermoelectric materials is their relatively low energy
conversion efficiency [59] as illustrated below.
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Figure 2.2: Diagramatic representation of the relationship between ZT and efficiency.

Figure 2.2 shows a direct relationship between the thermoelectric energy conversion and ZT when the
cold temperature (T.) is 300 K. Temperature of the hot part of the system is given by the sum of
the temperature of cold part plus AT (where AT is temperature difference between the hot and cold
region), thatis T, = T + AT. It is evident that in order to attain high thermoelectric output, materials
with high ZT values are mandatory. There is an increase in thermoelectric efficiency with temperature
at a fixed ZT. In addition, the efficiency increases with an increase in ZT at a fixed temperature.

In practice, the most widely preferred materials in thermoelectric applications have Bismuth telluride
(BizTes) as their active component, possessing a maximum ZT value of about unity [60]. This implies
that its efficiency is &~ 10% at room temperature as per Figure 2.2. This signifies that a lot has to be
done to discover, improve or design materials with higher ZT values in order to realize more efficient
thermoelectric system.

2.3 Aspects of good thermoelectric materials

To achieve a high thermoelectric efficiency, the following aspects of materials choice should be consid-
ered:

2.3.1 Size of the band gap

An ideal thermoelectric material should not only have high figure of merit but also a wide operational
temperature range. Generally, semiconductors often have high thermoelectric figure of merit attributed
to their moderate Seebeck coefficients, good electrical conductivity and low thermal conductivity as
compared to metallic and insulating systems. Metals have low Seebeck coefficient and high thermal
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conductivity, whereas insulators have comparably high Seebeck coefficient and very low electrical conduc-
tivity, which edges them out. Thus, metallic systems are not good for thermoelectric prospects mainly
because they cannot maintain thermal gradient [57], this has also been elaborated by Shakouri [61] as
represented in Figure 2.3.

4]

Insulators ~ Semiconductors Metals

Figure 2.3: Diagrammatic representation of the optimization of the figure of merit (ZT).

[61]

2.3.2 Mechanical stability

The most important criterion to gauge if a material can be used in any type of application is its stability.
Though majority of thermoelectric studies have been towards the electrical and thermal properties,
mechanical properties are also instrumental for their long term reliability as the thermoelectric system
may be exposed to temperature oscillating environment, hence properties such as hardness, fracture,
strength, elastic moduli and creep rate has to be investigated as well as their variation with respect to
change in temperature, porosity, composition and grain size [62].

2.3.3 Layered crystal structures
Layered materials are preferred candidates for thermoelectric application due to their low out-of-plane

thermal conductivity giving high efficiency [63]. They also provide a considerable tunability of the
transport properties by being layered.

2.3.4 Cost

BigTeg is known to be a good thermoelectric material at room temperature with ZT of about unity [64].
Its short-coming is that it is costly, because of the large amounts of expensive tellurium it con-



Section 2.4. Applications of thermoelectricity Page 13

tains [65]. Therefore, possibility of considering cheap, non-toxic and readily available earth abundant
elements/compounds is worth examining.

2.3.5 Nanostructuring

Nanostructuring may lead to an increase in the magnitude of dimensionless figure of merit relative to
that of the bulk materials possibly because the thermal conductivity will most likely decrease due to
phonon scattering since nanocrystalline materials have many interfaces between crystals, resulting in an
increase in the power factor due to quantum confinement [66] as phonons are confined to the grain,
especially if their mean free path is larger than the material grain size.

2.3.6 Complex bulk materials

Complex bulk materials such as skutterudites [67] and clathrates [68] and filled antimonides [69] possess
low thermal conductivity, hence have improved ZT and efficiency. The skutterudites and clathrates are
basically caged complex compounds, where the vibrations of the rattler (which is the guest atom) lowers
the thermal conductivity. On the other hand, filled antimonides attain low thermal conductivity through
the presence of defects or due to the high complexity of their crystal structures. Moreover, according to
Pei et al. [70], when the primitive cell gets large, the first Brillouin zone shrinks and therefore most of
the high-frequency vibrational modes are folded back as optical ones with significantly reduced velocities
near zone boundaries.

2.4 Applications of thermoelectricity

Thermoelectricity is useful in the following areas either as power generators or coolers:

2.4.1 Waste heat recovery in automobiles

According to Yang et al., during the internal combustion of gasoline in a vehicle, a quarter of the fuel
energy is utilized in vehicle mobility and other accessories whereas the remainder (%) is lost in form of
heat in the exhaust and coolant. Also, recall that friction and parasitic losses also comes to play [71].
To curb this, a number of car manufacturers are currently testing variety of thermoelectric generators
which operates by exploiting the temperature gradient between two sides of the generator. This is aimed
at scavenging some of the waste heat from exhaust and in turn using it to run the air conditioning units,
lights and recharge batteries in hybrid vehicles among others. An attempt to replace the alternator in
cars with a thermoelectric generator mounted on the exhaust stream is being carried out in order to
improve the fuel efficiency [72].

2.4.2 Space exploration

National Aeronautics and Space Administration (NASA) spacecraft named voyager used Radioisotope
Thermoelectric Generator (RTG) as power source, which utilizes the Seebeck effect in producing heat
[73]. Spacecrafts are mechanized in hardware and software, which when operated by ground commanded
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sequences; are capable of making detailed scientific measurements for the exploration of outer system
[74]. Space provides an excellent working environment for thermoelectric generators in that the average
temperature in space is about 3 K, hence acts as the cold side of the generator whereas the hot side is
provided by the radioactive source (i.e strontium 90, %°Sr) which emits heat as it decays. This has been
applied in Apollo mission, as well as powering Cassini and voyager spacecraft millions of miles from the
earth.

2.4.3 Design of thermal suits

Fire resistant clothing used by fire fighters limit the transmission of heat towards the body. Some are
made of Nomex and others of polybenzimidole fiber. Moreover, physical quantities can be transformed
into a readable signal using a sensor. Among various types of sensors, thermal sensors can stimulate
and predict the heat flux transmitted through human bodies under hazardous fire exposure [75].

2.4.4 Portable refrigerators

A thermoelectric refrigerator has a heat transfer system and a heat exchanger with an evaporating
surface and a conducting surface. A fluid flow path is provided to allow working fluid in its vapor phase
to flow from the evaporating surface to the condensing surface and working fluid in its liquid phase to
flow from the condensing surface to the evaporating surface [76]. In addition, niche applications for bulk
thermoelectric devices which are basically small heat pumps that follows the laws of thermodynamics
have been developed such as small portable refrigerators and picnic coolers [77]. Portable picnic boxes
have been designed to maintain food in a refrigerated condition during its transportation and storage
prior to use at a point remote from the location where it was filled [78]. In line with this, storage and
transportation of vaccine in a potent state from the manufacturer to the person being immunized at a
temperature of (2-8) °C poses a challenge especially in developing countries. Fortunately, through the
development of solid state thermoelectric coolers, portable packages have been designed and developed
to facilitate this [79].

2.4.5 Spot cooling

Climate-controlled seat systems have been developed to provide rapid seat cooling in summer and
equally fast heating in the winter. Operation of sensors is also crucial in infrared imaging systems for
heat-seeking missiles and night vision systems [80].

2.4.6 Thermoelectric air conditioning

Thermoelectric air conditioner consists of a pair of thermocouple structures having a pair of spaced sets
of thermocouple junctions of which one is cold and the other is hot when thermoelectric current which
is often in direct current (dc) form is passed through these sets in one direction, but these thermal
conditions are reversed when the current is passed in the opposite direction [81]. The advantage is
that thermoelectric air conditioning devices can be used in nearly all environments formerly conditioned
by conventional refrigerator or cooling systems and further exhibit utility in some environments not
amenable to conditioning by conventional methods [32]. However, the short coming of thermoelectric
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devices in air conditioning is that large number of thermoelectric bodies and junctions are required to
produce a useful heat pumping effect with presently known materials due to their low efficiency [33].

2.4.7 Sensors

The technical characteristics of sensors using Seebeck effect mainly depend on their thermoelectric
properties namely Seebeck coefficient, thermal conductivity and electrical resistivity. Boyer and Cisse
[84], pointed out that having an in-depth knowledge on thermoelectric data of materials is crucial
in the production of sensors based on Seebeck effect such as thermocouples, thermopiles, radiation
detectors, hyper frequency power sensors and electrical converters. According to Muehlbauer et al. [85],
thermoelectric enzyme sensors have been designed that can detect heat generated by various substrates
reacting selectively on their enzyme-immobilized surfaces with remarkable room temperature sensitivity.
Additionally, a lot of scientific research presently is towards clean energy generation where hydrogen
is perceived to be the future energy carrier. Hence expectedly, hydrogen gas sensors are required to
accurately regulate hydrogen gas concentrations and alarm in case of hydrogen gas leakage, so as to
ensure product safety. This is where combustible gas sensors such as stannic oxide play a crucial role in
selectively detecting the presence of gases when variation in resistance crop up [86].

2.5 Hydrogen generation techniques

Figure 2.4 shows various techniques that are applicable in generating hydrogen gas, whereby water is
involved [87] and are discussed briefly underneath.

Figure 2.4: Hydrogen generation techniques that involve water.
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2.5.1 Electrolysis
This is a technique that uses a direct electric current to initiate chemical reaction at the electrodes
leading to decomposition of the material. Although hydrogen production via electrolysis of water from

alkaline aqueous electrolytes is a well established conventional technology, its hydrogen production cost
is very high [38].

2.5.2 Thermo-chemical process

Is a two-step process involving the use of metal oxide redox pair i.e FegO4/FeO, where the first thermal
reduction process of FegO,4 occurs at high temperature and is highly endothermic [89].

1
Fe304 — 3FeO + 502; AH = 319.5kJ/mol; (2.5.1)

The next step is water decomposition process, which is slightly exothermic and occurs at a moderate
temperature.
3FeO + HyO — Fe3O4 + Ho; AH = —33.6kJ/mol; (2.5.2)

2.5.3 PV electrolysis

In this approach, solar energy is used to power electrolysis process [90]. Basically, it is a combination
of photo-voltaic cells (PV) and water electrolyzers [91]. Its short-coming is the fluctuation of output.

2.5.4 Photo electrolysis

Is the decomposition of water into hydrogen and oxygen via absorption of light in the presence of a
catalytic semi-conducting electrodes such as SrTiOg immersed in an electrolyte [92].

2.5.5 Bio-photolysis

In this process, fuels are produced from biomass through Bio-conversion whereby in the presence of light,
some specific micro organisms such as the green micro-algae and cyanobacteria are able to dissociate
water into molecular hydrogen and oxygen [93].

2.5.6 High temperature electrolysis

In this technique, water is converted to steam using thermal energy. An oxygen ionic conductor is often
used as a solid-oxide electrolyte. Dissociation of steam occurs at the cathode whereas formation of
hydrogen molecules occurs at the cathode surface [94]. Its advantage is that the high temperature
electrolyzer used saves the electric energy due to favorable thermodynamic and kinetic conditions [95].
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2.5.7 Thermolysis

Involves the use of extreme heat to split water, but the process seems unrealistic for large scale application
since it requires extremely high temperatures of over 5000 K. Moreover, separating the generated gases
is problematic as it needs heat resistant membranes, which aren’t easy to design or develop [96].

2.5.8 Photocatalysis

Is a phenomenon by which chemical reactions occurs in the presence of light, water and a photocatalyst
material preferably a semiconductor [97]. Water decomposition by means of sunlight mimics photo-
synthesis by converting water into Ha and Og using inorganic photo-semiconductors that catalyze the
water-splitting. The maximum efficiency achieved so far in the overall water splitting using particulate
photocatalysts (5.9%) is still far from practical application (10%) [16], hence finding robust and efficient
photocatalysts for water splitting is still a major challenge. In this study, we will be focusing on hydrogen
generation via this approach. Thus, we carry out its systematic probe as discussed below.

2.6 Rationale of photocatalysis

The word photocatalysis is of Greek origin and is composed of two parts: the prefix "photo” (phos
= light) and the word "catalysis” (katalyo = break apart or decompose) [17]. IUPAC defines photo-
catalysis as 'change in the rate of a chemical reaction or its initiation under the action of ultraviolet,
visible or infrared radiation in the presence of a substance’. It is a multi-step process that involves the
acceleration of a photoreaction in the presence of a catalyst, where the latter is a material that speeds
up reaction without being consumed. Since it involves sunlight and water that are fortunately abundant
and essentially inexhaustible, this approach has attracted substantial interest over the past half century
as it has the potential to meet the growing global energy demand, mitigate greenhouse gas emission,
and provide a solution to the concerns about sustainable energy supplies [98]. Photocatalysts absorb
light quanta and are involved in the chemical transformations of the reaction participants.

Figure 2.5 shows the effect of a catalyst in a chemical reaction, whereby it simply reduces the activation
energy by providing an alternative reaction pathway with a low activation energy than the non-catalyzed
mechanism. In Figure 2.5, G denotes the Gibbs free energy, whereas E1 and E2 denotes activation
energy for non-catalyzed and catalyzed mechanisms respectively.



Section 2.6. Rationale of photocatalysis Page 18

Energy

1]
1
1
1
]
]
]
N Reactants J* y
Iy [ PR Y ST Ty A

.=
®

Time of reaction Water molecules

Powdered
photocatalyst

Figure 2.5: Reaction energy diagram.

Figure 2.6: Water splitting cartoon.

Figure 2.6, shows water splitting cartoon; whereby upon interaction with light in the presence of a
suitable powdered photocatalyst, water molecules are broken down to release hydrogen and oxygen. In
some instances, co-catalysts are used to minimize the over-potentials and thus minimizing the energy
loss in the reactions [99]. The difference between a photocatalyst and co-catalyst is that a catalyst is
an independent entity where both absorptions of light and reaction occur, while the co-catalyst cannot
absorb light on its own and acts as a support to the catalyst so as to accelerate the reaction [100].

Basically, there are two types of photocatalysis namely homogeneous photocatalysis where the reactant
and the photocatalyst exist in the same phase and heterogeneous photocatalysis where the catalyst is
in a different phase from the reactants. In this study, we are interested in heterogeneous photocatalysis
because heterogeneous catalysts have some advantages over homogeneous catalysts due to the ease of
separation of catalysts from the reaction products, applicability to continuous chemical industry and
recyclability [L01]. Additionally, most common heterogeneous photocatalysts are transition metal oxides
and semiconductors that have unique characteristics. In heterogeneous photocatalysis, the catalytic
reaction is initiated by excited electrons and holes that are generated by the absorption of photons in a
semiconducting material serving as a photocatalyst [102].

2.6.1 Water splitting process

The photocatalytic water-splitting involves two half-reactions: the photo-oxidation of water to form
oxygen that occurs in valence band and the photo-reduction of protons to form hydrogen that occurs in
conduction band provided the band gap energy of the photocatalyst is greater than 1.23 eV, thus the
process cannot occur spontaneously. This is shown in Figure 2.7.
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Inspired by the pioneering work of Fujishima and Honda in 1972 [103] which indicated that hydrogen
production through water splitting was possible using TiOs, photocatalysis has become a vibrant multi-
disciplinary research topic cutting across fields such as semiconductor physics, surface science, physical
and photo chemistry, material science and chemical engineering.

Maeda et al. [104] proposed a three step water splitting reaction on a semiconducting photocatalyst
whereby the photocatalyst absorbs photon energy greater than band gap of the material and generates
photoexcited electron-hole pairs in the bulk, photoexcited carriers then separate and move to the surface
without recombination, where the adsorbed species are then reduced and oxidized by the photoexcited
electrons and holes to produce hydrogen and oxygen respectively.

2.6.2 Comparison between hydrogen and electricity as energy carriers

Two major possible sources of energy to humanity are hydrogen and electricity. When compared, hy-
drogen has the following preferences than electricity; it has good energy conversion effectiveness since
the chemical energy stored in the H-H bond is easily released when it combines with oxygen yielding
water as the only product, it is abundant and has a range of possible storage options such as in gas or
liquid form or even be absorbed in metal hydrides, ease of transportation over long distances, conversion
onto a variety of fuels through many diverse reactions, ability to eliminate the environmental harms
such as shock, high gravimetric energy density and generates almost no green house gas except in rare
cases where oxygen produced reacts with nitrogen present in air to form nitrous oxides. For the above
mentioned reasons, hydrogen is a competent and safe energy carrier [37], although presently electricity
is the most common energy carrier. It is also worth mentioning the relationship that exists between
photovoltaics, photoelectrochemical cells and photocatalysts in that they share common physical mech-
anisms in the initial stages of energy conversion. Photon absorption occurs leading to production of
electronically excited states consisting of electron-hole pairs. The electron-hole pairs then separate and
move resulting in production of either current or fuel in the subsequent steps [105].
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2.7 Properties of a good photocatalytic material

The following are conditions to be fulfilled by a material for effecient water splitting in the presence of
a photon:

2.7.1 Size of the band gap

A good photocatalytic material should have an appropriate band gap, this is because water splitting into
Ha and Oz is an uphill reaction, hence it requires standard Gibbs free energy change of +237 KJ/mol
or 1.23 eV. According to Navarro et al. [16], solar energy conversion gives rise to energy loss, which
in turn increases the optimal band gap for high performance photocatalysts from the theoretical value
of 1.23 eV to around 2 eV for maximum utilization of the solar energy [106]. Besides the energy loss,
there is an activation barrier in the charge-transfer process between photocatalysts and water molecules,
necessitating a photon energy greater than the band gap of the photocatalyst to drive the overall water
splitting reaction at reasonable reaction rates [104].
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Figure 2.8: Solar energy distribution.

Figure 2.8 shows a pie chart representing percentage energy distribution of terrestrial solar spectrum
when the sun is at Zenith angle of 49.19 ° (AM 1.5). It is evident that a photocatalytic material whose
wavelength lies in the visible range (between 400 nm and 700 nm) are preferred for efficient absorption
of solar spectrum, which translates to an improved efficiency in converting solar to chemical energy

(H2) [16].

Note that, direct water splitting in absence of a photocatalyst cannot be achieved by sunlight because the
water molecule cannot be electronically excited by sunlight photons [107]. For the bulk part of the solar
spectrum consisting of visible light whose energy range is (1.65 - 3.1) eV, primary goal in photocatalytic
water splitting is to efficiently utilize the visible light to achieve the photocatalytic reaction [108]. Wide
band gap semiconductors can also be tuned by doping, where foreign elements are introduced into the
parent photocatalyst without giving rise to a new crystallographic forms, phases or structures and the
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aim is to enhance the net separation of photogenerated charges and thereby harness efficiently the wide
visible-light component of the solar spectrum [109].

2.7.2 Location of the band edges

The band edges should be well-positioned relative to the water redox levels. Overall photocatalytic water-
splitting process is energetically favorable only if the conduction band edge is more negative than the
hydrogen reduction potential whereas the valence band edge is more positive than the oxidation potential
of water [110]. Otherwise half reaction occur if one band edge condition is met or no photocatalytic
reaction occur if neither of the band edge conditions is fulfilled. Photocatalysts that are active only
for half reactions of water splitting can be employed for construction of the two-photon photocatalysts
system commonly referred to as Z-scheme water splitting [111]. The idea of Z-scheme water splitting
is attained by linking two photo-systems and was first proposed by Bard in 1979 [112]. In brief, the
process of Z-scheme photocatalysis entails the following: Oxygen evolution photocatalyst (OEP) injects
electrons to hole acceptors; hydrogen evolution photocatalyst (HEP) accepts electrons from donors and
eventually the electron mediator (EM) provides an electron relay system with suitable potentials [98].

2.7.3 Charge carrier mobility

A good photocatalytic material should possess high carrier mobility to ensure the electrons and holes
reach the surface and reduce or oxidize the targets before recombining [113]. The electron-hole recom-
bination (h™ + e~ — heat) needs to be reduced so as to improve the quantum yield of photocatalysts,
by minimizing the loss of the absorbed light as heat. In some instances, suitable scavenger or a surface
defect state is crucial to trap the electron or hole throughout the process so as to prevent recombination.
Additionally, on a photocatalyst surface, the distances between the Ho and O4 evolution sites are very
important, in that if they are in a very close proximity there is a high chance of them reacting back to
produce water [114].

2.7.4 Chemical and structural stability

Photocatalyst should be thermally and chemically stable in water environment. It should have a high
chemical and structural stability under irradiation. A large group of photocatalysts with suitable semi-
conducting properties for solar energy conversion such as cadmium sulfide and gallium phosphide are
unstable in water oxidation reaction because their anions are more susceptible to oxidation than wa-
ter, causing their degradation [16]. Photocorrosion is considered to be the main reason causing poor
photocatalytic stability in metal sulfides, though it can be suppressed by applying a suitable sacrifi-
cial reagent [115]. In addition, some of the semiconductors undergo photocorrosion induced by H*
formed upon irradiation [116], although the photocorrosion menace can be controlled by covering the
photocatalyst using a protective shield.

2.7.5 Recyclability

Recyclability of the material should also be considered. This is because the operating cost of the
photocatalytic reaction is linked to re-usability, since most photocatalyst are employed once without
being recycled.
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2.7.6 Synthesizability

Materials which are not stable (metastable), pose a challenge in photocatalyst synthesis if they are prone
to dissociate. The decomposition energies, that is cohesive and formation energies provide an indicator
for the synthesizability of the photocatalytic compounds considered in this study. This is also supported
by the fact that all the sulvanites of interest have already been synthesized experimentally, as discussed
in section 1.4 and 2.1.

2.7.7 Abundance

The use of the earth abundant elements like copper, niobium, tantalum, vanadium and selenium as
components of the photocatalytic materials would lead to affordable photocatalysts for practical use.
Abundance and cost of the materials will consequently dictate the suitability of a feasible photocatalytic
material for large scale production.

2.7.8 Particle morphology

While studying on morphologies of zinc oxide particles and their effects on photocatalysis, Haneda and
Di [117] concluded that morphology of ZnO particles is very sensitive to the preparation methods and
conditions, which also depends on crystallinity. Further, Testino et al. [118], noted that there is a
possibility of controlling the photocatalytic activity of TiO2 nanoparticles by tailoring their crystalline
structure, morphology and surface chemistry since the morphology of crystalline surfaces is directly
related to the orientation and temperature dependent free energy of the surface under the conditions of
thermodynamic equilibrium [119].

Additionally, morphology control of photocatalysis has been considered to be one of the most promising
avenues to improve the photocatalytic properties. This is justified by the fact that photocatalytic
reactions are basically surface-based processes, hence photocatalytic efficiency is closely related to the
particle morphology and micro-structure of photocatalytic materials [120]. Surface is like a static
substrate upon which the process of growth and reaction occur, though it often participates actively in
these processes via rearrangements in structure [121].

2.7.9 Phase purity

A pure substance does not have to be strictly a single element or compound. Even a mixture of two or
more phases of a pure substance is pure provided the chemical composition of all the phases is the same
[122]. For the case of TiOg2, Yu et al. [123] found out that the composite of two phases of titania (that
is, anatase and brookite) gives an enhanced photocatalytic activity since it suppresses the recombination
of photogenerated charge carriers. In this regard, many studies have focused on the development of
materials suitable for water splitting within the visible regime of electromagnetic spectrum by addressing
the light absorption, band edge position, crystallographic quality, particle morphology and phase purity

[124].
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2.7.10 Selectivity and activity

These two attributes are worth exploring, the selectivity of a reaction is the fraction of the starting
material that is converted to the desired product. Activity is a measure of how fast one or more reactions
proceed in the presence of the catalyst. Designing the catalysts with higher activity, selectivity, and
stability is the key topics of heterogeneous catalysis. Concisely, it is a challenge of great importance to
determine as well as design new semiconducting materials that are efficient, stable and abundant [125].

Although doping of wide band gap semiconductors such as TiO2 may help tailor its gap, doping might
introduce defect sites or level traps that acts as recombination centers leading to low quantum yield.
Thus, the most reliable candidates for visible light photocatalysts would be single phase metal oxides
with narrow band gap [126]. In contrast to cationic doping, the anionic replacement normally results in
fewer recombination centers, hence more effective for enhancing photocatalytic activity [107]. Although
TiOg absorbs light only in the ultraviolet region, it is the most promising material so far for both
fundamental research and practical applications due to its high photoreactivity, economical cost, non-
toxicity, photo-stability as well as biological and chemical inertness [127]. Roy et al. [128] realized that
low solar photocatalytic efficiency is not associated with light absorption but more likely with charge
transfer kinetics to monitor generation, separation and motion of charge carriers.

2.8 Applications of photocatalysis

Apart from clean energy generation, photocatalysis is essential in various applications such as catalyz-
ing the breakdown of bio-resistant organic contaminants, water disinfection, killing of cancerous cells,
nitrogen fixation, design of self-cleaning surfaces, clean-up of oil spills and fabrication of mosquito traps
amongst others as deliberated shortly underneath.

2.8.1 Clean energy production

The disadvantages of solar energy such as low energy density, unstable intensity and discontinousness
propelled scientific community to think of possible economical way of converting solar energy to chemical
energy to enhance its utilization. A great deal of research on the conversion of solar energy to chemical
energy has been directed towards the development of splitting water into hydrogen and oxygen [116].
Photocatalytic hydrogen production has been perceived as a potential solution to address excessive
utilization, limited reserves and negative issues related to fossil fuels of which bulk part of hydrogen
is produced through steam reforming of methane [129] (CH4 + H20 — CO + 3H2), producing green
house gas that triggers global warming. Currently, the rate of increase in carbon dioxide concentration
via simulation indicates that the average global temperature will increase by about 6 °C before the end of
the current century [128], which pose adverse global environmental risk to future generation. Moreover,
an increase in fossil fuel energy consumption translates to an increase in pollution, implying that more
resources will be spend on pollution control rather raising the living standards of the society [130].

2.8.2 Degradation of bio-resistant contaminants

Apart from hydrogen generation, photocatalysts like monoclinic BioO4 drive a powerful oxidation process
to break down various bioresistant organic contaminants such as dyes and bacteria when exposed to
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light [131]. Moreover, rapid industrialization results in immense increase of organic pollutants into
aquatic habitats posing a risk since most are non-biodegradable. Photocatalytic degradation of these
pollutants is an attractive solution [132]. In addition, photocatalytic oxidation of organic compounds is
of considerable interest for environmental applications and in particular for control and elimination of
hazardous wastes [133].

2.8.3 Water disinfection

According to Ireland et al [134], TiO2 photocatalysis is a viable process for disinfection of bacteria in
water treatment system. This helps curb the spread of waterborne infections.

2.8.4 Inactivation of cancerous cells

Ruxiong et al. [135], noted that under light irradiation, titania particles have a distinct cell killing effect in
vitro and a significant anti-tumor effect in vivo, whereas in the absence of light, titania particles depicted
no effect on cell survival in vitro and no effect on growth of tumor in vivo. Furthermore, according to
Robertson et al. [136], when common bacterial pathogens (that is Escherichia coli, Salmonella enterica
serovar Enteritidis and Pseudomonas aeruginosa) were exposed to TiO2 and UVA light, the bacterial
number decreased substantially.

2.8.5 Nitrogen fixation

This is a process by which the nitrogen present in the air is converted to ammonia (NHg3) or related
nitrogenous compounds. This process is biologically crucial in that most organisms are in a position to
metabolize ammonia but few can metabolize dinitrogen (N2) [137]. Hence, photocatalytic reduction of
molecular nitrogen to ammonia has important economic potential as an alternative to the Haber process.
This was investigated by Khan et al. [138], where they carried out photocatalytic reduction of dinitro-
gen to ammonia in a surface-modified semiconductor particulate system containing Pt/TiO2/RuO2
semiconductor powder.

2.8.6 Clean-up of oil spills

Titania is known to photo-assist the oxidation of organic pollutants in water by dioxygen. Non-catalytic
photo-oxidation of crude oil on salt water eliminates part of the near-UV and visible absorbing polycyclic
aromatic hydrocarbons of which some are carcinogens. The short coming is that it produces potentially
toxic compounds (i.e phenols) which may polymerize upon further oxidation to polymeric tars, which
are resistant to bio-degradation. On the other hand, TiO2-photo assisted oxidation process not only
eliminates polycyclic aromatics at an increased rate, but also eliminates phenols [139].

2.8.7 Self-cleaning surfaces

Photocatalysis taps the ability of some photocatalyst like TiO2 to decompose organic contaminants
when exposed to UV light, which in turn translates to reduced maintenance cost [140].
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2.8.8 Design of insect traps

Mosquito trap with an air cleaning function is designed to be composed of the ultra-violet (UV) ray
mosquito-enticing lamp which emits UV light of wavelength (340 - 380) nm, the fan, and the optical
catalyst-coated layer. This ensures that the mosquitoes are attracted and killed only by the operation
of the fan, thereby solving the drawbacks posed by the preceding mosquito trap techniques that used
the high voltage. The device also sterilizes viruses drifting in the air, using the mosquitoes as media
by use of the photochemical reaction of the photocatalyst (mainly TiO2), hence preventing infection of
people and domestic animal due to the viruses [141].



THEORETICAL FRAMEWORK

Although this work is based on density functional theory (DFT), most of the fundamental principles of
DFT are not discussed in details since the same has been broadly elaborated in our previous work [142].
Detailed readers are also referred to the paper written by Hohenberg and Kohn in 1964 [143]. For
our case, only a flavor of DFT that is directly related to current study is considered herein, which is
mainly pertinent to the lattice dynamics and the surface aspect of the study. Therefore, we briefly
discuss how one can predict the band edge position of a material computationally using the Mulliken
analysis and the band gap center approach, in order to ascertain its applicability in photocatalysis. We
also discuss the surface properties of a material shortly such as the surface models, high and low index
surfaces, surface energy, work function as well as charge decomposition. Boltzmann transport equations
are also discussed along with the relationship between kinetic coefficients and effective mass in relation
to Seebeck coefficient, which is an important measure of performance of a thermoelectric material.

3.1 Band edge prediction techniques

Information about the band edge position provides the first hand test that a material must fulfill, to be
a potentially effective photocatalyst [105]. There are two common techniques that are used in ab initio
studies to predict the location of band edges of a material. These techniques are namely the Mulliken
analysis approach and the band gap center approach as discussed below.

3.1.1 Mulliken analysis approach

In this technique, the two main ingredients required in order to determine the location of the band edges
namely the conduction band edge position (Ecg) and the valence edge position (Eyg) are the absolute
electronegativities and the optical gap (Egptical) of the potential compounds. Additionally, the following
empirical formulas are often used to calculate band edge positions [144];

1 .
Fvg =x— Ee+ §Eg0pt|ca|; (311)

Ecg = Byg — EQPI; (3.1.2)

where Ee in equation (3.1.1) refers to the energy of free electrons on the standard hydrogen scale, the
Fermi level of Normal Hydrogen Electrode (NHE) at 25°C is 4.5 eV with respect to the vacuum level. x
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is the absolute electronegativity of the semiconductor under study, which is expressed as the geometric
mean of the electronegativities of the isolated atomic components. These are obtained from Pearson'’s
table of absolute electronegativities [145]. For CugQSey, the absolute electronegativity was calculated
as follows;

1
X = [Xeu X XQ X X&]® - (3.1.3)

The information about electronegativity can also be applied in computing the ionic character of a
material, which is a quantity based on electronegativity difference between the constituent atoms. Linus
Pauling proposed an empirical relationship which relates the percentage ionic character in a bond to the
electronegativity difference (Ax) as [146];

Ax

Percentage ionic character = [1 — e_(T)Q} x 100%; (3.1.4)
such that for a compound consisting of elements A and B, equation (3.1.4) can be expressed as;
% ionic character = [1 — 670'25(XA7XB)2} x 100%. (3.1.5)

Customarily, systems which have ionic character of about (20-30)% with suitable positions of the valence
and conduction band edges are considered to be appropriate for water splitting reactions [147]. A bond's
percent ionic character is the amount of electron sharing between two atoms; limited electron sharing
corresponds with a high percent ionic character. A covalent bond with equal sharing of the charge density
has 0% ionic character, whereas a perfect ionic bond would of course have 100% ionic character.

3.1.2 Band gap center approach

Apart from using the Mulliken analysis to computationally predict band edges, one can as well apply the
band gap center technique, which taps the ability of the exact Kohn-Sham band structure to predict
accurately the center of the fundamental energy gap relative to the vacuum potential [148]. To calculate
band edges via this method, we need to first determine the reference vacuum potential, which is obtained
by calculating the electrostatic potential of the material at DFT level of approximation. The optical
gap obtained at Bethe Salpeter Equation (BSE) level of approximation is then applied to compute
the conduction band minima and the valence band maxima energy according to equation (3.1.6) and

(3.1.7) [149]. 1
Ecem = Escc + 5 Ey; (3.1.6)

1
Evem = Egge — §Eg. (3.1.7)

In this approach, the positions of the band edges relative to the vacuum potential were determined
by combining surface and bulk calculations. Essentially, if we add equation (3.1.6) and (3.1.7), we
establish that the band gap center (BGC) is halfway between the valence band maxima (VBM) and
the conduction band minima (CBM). Therefore, the computed Ecgm and Eygwm are then compared to
the redox potential of water as well as those obtained from Mulliken analysis. The ability of a material
to perform redox reaction at its surface depends on the position of its band edges relative to the free
energies of the reactions of interest. The reactions are thermodynamically favorable if their free energies
are located within the band gap energy region.
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3.2 Surface properties

Surfaces are generated by cutting a bulk crystal. In principle, a surface possess significantly different
properties to the bulk, because when a surface is created, the bulk symmetry is broken and hence
there will be forces on the surface atoms. To some extent, surface properties differ from bulk due to
lack of interactions in one direction which can cause relaxations and sometimes reconstructions of the
surface. The created surface is the point where molecules from the gas phase or a liquid comes into
contact with the material. The surface properties are important for the understanding of various surface
phenomena such as adsorption, oxidation, corrosion, catalysis and crystal growth [150]. Usually, for the
same material, there is a strong variation on photocatalytic activities with respect to crystallographic
surface orientation [151].

3.2.1 Surface models

Generally, two surface models are often used to study the surface behavior of materials namely the cluster
model and the supercell model. The cluster model treats the surface as a small isolated cluster of atoms,
one facet of which has the same symmetry and atomic arrangement as the crystal surface intended to
study. This model best suits materials with localized wavefunctions such as the insulating systems.
It describes only a limited cluster of the surface atoms. From ab initio perspective, supercell model
characterize metallic surfaces with delocalized valence wavefunctions much better. The short-coming
of the cluster approach relative to supercell approach is that it has spurious perturbation arising from
the abrupt truncation of the infinite lattice due to relatively small number of atoms considered [152].
Contrarily, the slab in the supercell is infinite and periodic in the directions parallel to the surface, but
finite in the direction perpendicular to the surface. Slab calculations use periodic boundary conditions
to model extended surfaces. The slab model avoids the electronic structure artifacts that are sometimes
encountered in the calculations where cluster model is used [153].

The main parameters that describe the slab model are the cleavage plane, thickness/number of layers
of the slab, thickness of the vacuum and the lateral dimensions of the periodic unit cell. The slab
thickness is the number of bulk units repeated in the z-direction and the number of layers needed to
converge the surface energy varies with the surface orientation. A vacuum region is inserted into the
supercell to separate the periodic replicas. Preferably, the vacuum thickness should be large enough to
avoid surfaces of constructive slabs interacting with each other and the thickness of the slab should also
be thick enough to avoid interaction between the two surfaces of one slab. This in turn ensures that
the middle layers of the slab exhibits bulk-like properties [154]. The slab is placed within a 3D periodic
supercell and a vacuum layer is added on either side of the slab to mimic the 2D periodicity of an actual
surface [155]. Like all supercells, the slab supercell must be a Bravais lattice and is often of different
Bravais lattice to that of the parent crystal i.e parent CugTaSey is cubic whereas (100) slab is described
in tetragonal cell. In our study, we applied the supercell model. Figure 3.1 and 3.2 give diagrammatic
representation of supercell and cluster model of CugTaSey, respectively. The red atoms represents Ta,
blue ones are for Cu and green are for Se.
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Figure 3.1: Slab surface model. Figure 3.2: Cluster surface model.

3.2.2 High and low index surfaces

A low index plane is one where the sum of the three components is small. Since a facet or a surface of
a crystal is a plane, it can be described using Miller indices. We can then classify the ideal surfaces of
cubic crystals into two groups namely; the low Miller index (flat) surfaces i.e 100, 110 and 111 surfaces
and the high Miller index (stepped) surfaces [156]. Stepped surfaces are often produced by cutting a
single crystal at a small angle away from a low Miller indexed crystal plane [157]. The 100, 110 and
111 surfaces are so-called low index surfaces of a cubic crystal system since their miller indices are small
in number (0 or 1) and are symmetry-distinct as presented diagrammatically in Figure 3.3 and 3.4. In
reality, one may slice a crystal along infinite directions or planes and each possess unique arrangement of
atoms at the surface. Obviously, due to symmetry considerations, only three low index orientations (that
is 100, 110 and 111) are often considered for cubic crystals and to distinguish them, the stated notations
are used. Contrarily, the stepped surfaces can exhibit significantly different properties compared to flat
surfaces due to the effect of defects. It should be noted that although the investigation of low index
surface can generate a wealth of information on surface properties of a material, in reality, a surface
possess additional features like steps, kinks or vacancies [158].

Nonetheless, the vast majority of surface calculations are performed using flat surfaces. This is partially
because these surfaces tend to have the lowest surface energies with a tendency to have favorable
surface coordination, hence likely to be observed experimentally. The surface energy is associated with
the disruption of chemical bonds at the surface. When a surface is formed, the number of nearest
neighbors of external layer atoms decreases. This breaks the symmetry of distribution of masses and
forces that act on a surface atom from the other atoms [159]. Therefore, less number of atomic bonds
are cut in creating a low-index surface than high index ones, provided reconstruction is minimal [160].
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On the other hand, high index planes have a high surface energy due to their large density of atomic
steps, ledges and kinks [161]. In addition, flat surfaces have small unit cells, hence computationally
affordable.

4
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(a) 100 (b) 110 (c) 111

Figure 3.3: Low index orientation for a simple cubic crystal structure.

(a) 100 (b) 110 (c) 111

Figure 3.4: Surface models for a simple cubic crystal structure obtained from surface explorer for low index
facets.

3.2.3 Surface energy

Surface energy is the amount of energy required to create a surface (hkl) from the bulk material and
is often represented by the symbol ~. It is a crucial parameter that acts as a measure of the excess of
surface atoms due to a variety of factors such as broken bonds yielding un-coordinated atoms. Surface
energy is always a positive quantity. However, when it is negative, it indicates the material is unstable.
It differs from one surface plane to another, hence can be used to establish the relative stability of
different surface facets [162]. Besides using the surface energy as a descriptor of surface stability, the
stability of surfaces can be estimated as well via evaluation of the number of broken bonds per unit area,
electrostatic considerations or electron counting rules [163]. The lower the number of broken bonds in
forming a surface, the lower the surface energy.

Surfaces with high surface energy, have a stronger tendency to relax and/or reconstruct than surfaces
with low surface energy [164]. It is important that the bulk and surface calculations are done with the
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same accuracy as -y involves comparing energy from the supercells of different shapes and sizes, hence
one has to be cautious so as to ensure that equivalent computational parameters i.e cut-off energy are
used. The energy of the terminated surface of a solid material is always higher than that of the bulk and
this energy difference is defined as the surface energy [165]. From the above definition, surface energy
of a given slab can be computed using equation (3.2.1) [149].

1 N
= — | E — —F) : 2.1
7= 5A [ sab ~ bulk]» (3.2.1)

where Fq,p is the total energy of the stoichiometric slab under consideration, Ep is the total energy
of the bulk, Ng (/Vp) is the number of atoms in the slab (bulk), whereas A is the unit surface area of
the slab. Note that the above formula is only applicable to surfaces having stoichiometric slabs. For
the case of non-stoichiometric, their surface energy cannot be defined precisely using equation (3.2.1).
Also, a high surface area is an advantage in terms of a greater concentration of the active sites per
square meter and this generally leads to higher reactivity. The factor 2 comes to play since we are
considering the upper and the lower side of the slab that are symmetric. For non-stoichiometric slabs
or surfaces containing adatoms, the surface energy becomes a function of the chemical potential and of
the number of the additional atoms [166]. Basically, the surface energy is the solid analog of the surface
tension of a liquid [167]. In this study, the dipole moment induced by the asymmetric slab geometry
with different upper and lower surfaces was taken into account by applying the dipole correction in the
z-direction [166].

It is difficult to obtain experimental surface energy as well as their orientation dependence since various
factors such as presence of impurities cannot be totally eliminated, though can be minimized. In
this regard, careful calculations based on modern first principle methods plays a crucial role. Most
experimental data on absolute surface energies come from surface tension measurement in the liquid
phase extrapolated to zero temperature [168]. Thus, accurate computation of surface energy is critical
as it is a major driving force determining the morphology and composition of surfaces, interfaces and
nanoparticles [162]. Since there is no prior information on stable surface structures of CuQSe4 sulvanites,
we considered only the stoichiometric surfaces. Ordinarily, before carrying out an in-depth catalytic study
on a material, it is crucial to look at its surface properties at the atomic scale as it is essential in order
to characterize the exposed surface that is photocatalytically relevant [169]. Furthermore, since surface
properties are orientation-dependent, we first study the low-index surfaces of CugQSey4 using periodic
DFT approach in order to characterize and identify the most stable surface that is pertinent to catalysis.

3.2.4 Work function

The work function, normally denoted by ®, is the energy required to move an electron from the Fermi
level of a material to a point that is infinitely far away in a vacuum and can be expressed as [149]

® = Eyoc — Ef. (3.2.2)

It can also be defined as the minimum energy required for an electron to escape from a solid through a
certain surface orientation and it is orientation-dependent [170]. Hence, we have to first determine the
most stable surface based on the surface energy, as that is the surface that will be in contact with the
vacuum. Therefore, work function represents the energy barrier to free space that prevents an electron
at the Fermi level from escaping the solid and consist of two components, a bulk component and a
surface component [171]. Ordinarily, the work function and surface energies are very crucial entities
required to fully characterize a surface.
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3.3 Charge density decomposition

Charge density decomposition provides us with an opportunity to dissociate the charge or energy of a
material into contributions from the individual atoms, which in turn provides useful information about
the properties of the material [172]. According to quantum mechanical theory, atomic charges in solids
or molecules cannot be defined or characterized since they are not observables. Hence, the output of
quantum mechanical calculations is a continuous electronic charge density and is not clear how one
should partition electrons amongst the fragments of the system such as atoms or molecules [173].
Various schemes have been proposed of which some are based on the electronic orbitals and others are
based on the charge density as shown in Figure 3.5, where we have electronic orbital based and charge
density based techniques of charge decomposition, as discussed shortly underneath.

Figure 3.5: Schematic diagram showing charge density decomposition.
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3.3.1 Electronic orbital decomposition

Charge density decomposition based on electronic orbital consists of two techniques namely the Mulliken
population analysis and density matrix based normal population analysis as outlined below:

Mulliken population analysis

This technique is applicable when the basis functions are centered on atoms and is used in calculation of
the electronic wave function of a system. It is a common method where orbital decomposition is used to
obtain the atomic densities. Its short coming is that it is sensitive to the choice of basis set, especially if
the basis set is enlarged for higher accuracies. The application of Mulliken analysis technique is therefore
presently limited because most first principles simulations use plane wave basis functions that are not
assigned to any specific atom in the system [173].

Density matrix based normal population analysis

This technique displays enhanced numerical stability as compared to the Mulliken population analysis,
although both are based on electronic orbitals. It describes the electronic distribution in compounds
having high ionic character better. It is used to calculate atomic charges and orbital populations of
molecular wave functions in general atomic orbital basis sets [174].

3.3.2 Charge density based decomposition

In this class, the charge is analyzed based on its density using two approaches, as succinctly provided
below:

Hirshfield analysis

This method was proposed by F. L. Hirshfeld in 1977 [175]. It applies similar procedures as those used
in X-ray crystallography and provides an alternative method in cartesian space [176]. In this approach,
the electron density in each point ('atomic basin') is distributed among all atoms. The disadvantage of
this technique is that it overlaps atoms rather than treating them as discrete entities.

Bader analysis

Bader's theory of atoms in molecules is useful for charge analysis. It is also used to define the hardness of
atoms, which can be used to quantify the cost of removing charge from an atom and can as well be used
to determine the bond strength [177]. Basically, Bader analysis involves the decomposition of electronic
charge density into atomic contribution. The region is partitioned into small atomic regions, where the
dividing surfaces are at a minimum in the charge density and its gradient is zero along the perpendicular
direction [173]. Therefore, since Bader analysis is purely based on charge density decomposition, it is
insensitive to the basis set used hence applicable in plane wave based calculations and also those using
atomic basis functions. Besides being the most superior method, Bader analysis has its own pitfalls as
well, in that it is computationally demanding and the existing algorithms at the moment are complex.
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In this study, Bader analysis was used to examine the electron density distribution on the most stable
surfaces of the sulvanite compounds.

3.4 Boltzmann Transport Equations (BTE)

At the equilibrium position, electrons being fermions obey Fermi-Dirac distributions;

1
e(efﬁp)/KBT + 1] .

fole, T) = [ (3.4.1)
In absence of any external force, the behavior of electrons can be described fully by equation (3.4.1).
However, when external forces are introduced i.e temperature gradient or electric fields, equation (3.4.1)
becomes invalid since it cannot describe well the distribution of charges brought about by inelastic
scattering phenomena such as electro-optical phonon scattering. This is where BTE becomes handy.
Generally, the BTE have been developed to describe the distribution function in presence of external
forces and inelastic scattering processes.

For the steady state, in the presence of a low electric field, BTE can be expressed as [178,179];

v(K).V, f(k,T) + ‘f.ka(z%', T) = / {S(E,E)f(k?,T) [1 — f(k, T)} —s(K,R) f(K,T) [1 — f(;?,T)] } k'
(3.4.2)

where the first term in equation (3.4.2) is the diffusion term from the carrier density and the second

term is due to the external electric field; f(k,T) is the Fermi-distribution at the wave vector (k) and
temperature (T); s(k’, k) is the differential scattering rate from the state k" to the state characterized

-

by k and v(k) is the carrier's group velocity which is given by;
v(k) = Vyek/h. (3.4.3)

In practice, Boltzmann transport equations have recently been implemented in various computational
packages such as PhonTS, ALAMODE, ShengBTE and PHONO3PY. In this study, we used PHONO3PY
[180], which compute lattice thermal conductivity by calculating the anharmonic force constants as well
as solving the BTE.

3.5 Relationship between kinetic coefficients and Seebeck coefficient

For a system in which an electric current and heat current flow parallel to the x-axis (one dimensional
transport), in absence of applied magnetic field, electric current flux (J.) and heat current flux (.J;) are
coupled such that they can be expressed as [181];

dd drT
—Jo=Li1— + Lio—; 3.5.1
g + L2 I ( )

dd dr
— Jdqg — L21% + LQQ@, (352)

where the kinetic coefficients (L's) are properties of the medium studied and are related to electric and
heat conductivities. ® is the electrochemical potential divided by unit charge, which is basically the
electromotive force [182].
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For a conductor that is at thermal equilibrium, dT" = 0, hence the second term on the right hand side
of equation (3.5.1) and (3.5.2) vanishes. Taking a ratio of the remaining parameters gives;

Jg Lo Lo,
4o g =22, =11J.. 3.5.3
Je  Ln T Ln ( )

equation (3.5.3) implies that the heat current and electrical current are related through the Peltier
coefficient, II. If we then impose a condition J. = 0 by assuming an open circuit, equation (3.5.1)

becomes;
d® dT d® dT L1
0=ty tleg = [ <dx>/(dx>] L (354)

equation (3.5.4) can be re-arranged as;

Ly —d® V

= r = A =5 (3.5.5)

where S is the Seebeck coefficient and V is the Seebeck voltage between two points of the homogeneous
material.

Onsager proposed that there exist a reciprocity relation between the kinetic coefficients such that;
Loy = T1Lyo; (3.5.6)
which is analogous to the expression relating Seebeck and Peltier coefficients;

I =TS. (3.5.7)

Under the relaxation time approximation, there also exist a relationship between transport coefficients
and electronic structure of a material. If we consider an isotropic system with a single band, we obtain
the following expressions [183];

2
Liz = o | VA1[E - Byl SEA(E)dE; (3.5.9)

Substituting equation (3.5.8) and (3.5.9) onto equation (3.5.5) gives;

o_ L JVIE - BGRAE)E. (3.5.10)
T T vaT%A(E)dE ’ N

where S is the Seebeck coefficient, A(F) is the electron density of states per unit volume in a given
energy interval, E; is the electrochemical potential and fy is the Fermi-Dirac distribution function.

From the above equations, it is visible that the Seebeck coefficient is dependent on the electronic
structure of a material around the Fermi-level. In addition, it is sensitive to effective mass, carrier
concentration and band shape as briefly discussed in section 3.7, providing useful information beyond
resistivity [182].
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3.6 Transport and thermoelectric properties

Vital transport parameters like the Seebeck coefficient, electronic contribution to thermal conductivity,
electrical conductivity and power factor with respect to temperature were computed after solving the
Boltzmann transport equations. Basically, the Seebeck effect entails the conversion of thermal energy
onto electrical energy. It is caused by the movement of charge carriers from higher to lower temperature
regions, producing a voltage of several microvolts per Kelvin [S = % . In Figure 3.6, we provide a
diagrammatic representation of the Seebeck effect whereby at the heat source, temperature is higher
hence electrons and holes move towards the heat sink. Thus, more negative (positive) charges accumu-
late at the n-type (p-type) section of the heat sink creating a potential difference and consequently, the

electric current is generated.

HEAT SOURCE

Figure 3.6: Diagrammatic representation of the Seebeck effect.

Being a measure of the magnitude of an induced thermoelectric voltage in response to a temperature
difference across that material, Seebeck coefficient is also known as the thermopower and the sign of
the Seebeck coefficient denotes the dominant charge carriers, i.e. positive for holes and negative for
electrons [184]. Furthermore, Seebeck coefficient and group velocity (where the latter is defined as
the gradient of the dispersion relation in the reciprocal space of electrons in the crystals), are related
through the following expression [53];

~0fo\ . . R o _ 10eg
—67@0712( f) EZBTM; ’5:7116615; S

On the other hand, the electrical conductivity and electronic contribution to thermal conductivity are
given by;

o= 622< 8f0)72“ L ke = kBTZ( 8f")* 07 <€£;TM>2 _T0SS;  (36.2)
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where e is the electronic charge, kp is Boltzmann constant, o is electrical conductivity, f, is Fermi-Dirac
distribution function, ¢ is the band energy, v} is the group velocity, % is the reduced Planck’s constant,
whereas 7;: denotes the band dependent relaxat|on time; which signify the average time between two
successive phonon-scattering events. The relaxation time is the characteristic time for a distribution of
electrons in a solid to approach or relax to equilibrium after a disturbance is removed. The electrical
conductivity of a material is directly proportional to relaxation time, such that a highly conductive
material possess relatively long relaxation time.

Power factor specifies how much electricity can be generated whereas the figure of merit (ZT), specifies
how efficient electricity is obtained for a given temperature difference [185]. It is composed of a product
of Seebeck coefficient squared and electrical conductivity, also expressed as (P.F' = S2c), which is the
component of the numerator of equation (2.2.1). Thus, materials with higher power factor are preferred
in order to obtain a larger value of dimensionless figure of merit (ZT), since large power factor means
that a large voltage and a high current can be generated.

BoltzTraP2 package [186] was used to solve the Boltzmann transport equations resulting in approximate
values of various transport coefficients such as S, o and k. as the output. This in turn provides all the
ingredients apart from the lattice thermal conductivity that are essential in calculating the thermoelectric
figure of merit as indicated in equation (2.2.1) and illustrated in the workflow of Figure 3.7.

Lattice BTE Electromc BTE

Phono3py BoltzTrapz

Figure 3.7: Workflow for computing ZT.

3.7 Relationship between effective mass and Seebeck coefficient

Effective mass is a quantity bearing the dimensions of mass, that characterizes the dynamical behavior
of a free particle as it moves in presence of an external potential. The second derivative of band energy
as a function of the wave vector is related to the inverse of effective mass of electron or hole at the
band extremes.
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From uncertainty principle, we can obtain the following relations by slight re-adjustment:

2 27.2
P h°k
2m*  2m*’ ( )
differentiating equation (3.7.1) twice with respect to the wave vector (k) gives;
0PE  R?
— = —; 3.7.2
o (3.7.2)
and we can further re-arrange equation (3.7.2) as;
1 1 O*E
— = = 3.7.3
m*  h? 0%k ( )

According to Sundarraj et al. [187], for metals or degenerate semiconductors, Seebeck coefficient (S)
is related to effective mass (m*) according to Pisarenko relation that is often used in the field of
thermoelectrics as [188];

(3.7.4)

oSG L omad

= 3enz (371) ’
where h and Kpg are Planck’s and Boltzmann’s constant respectively and n is the electron concentration.
Effective mass and/or charge mobility play a significant role in the separation and ease of transfer of
photo-generated charge carriers to the surface [189]. Zhang et al. [190], proposed that photocatalysts
with lighter average effective mass results in lowest recombination rate, hence boosting the photocat-
alytic performance. Also, pursuant to Sundarraj et al. [187], the key for achieving higher ZT through
band structure engineering should be low effective mass along the transport direction. It is worth noting
that the experimental measurement of effective mass of carriers have a number of difficulties. How-
ever, the theoretical calculations can provide necessary information to understand the photocatalytic
performance [191].



4

COMPUTATIONAL DETAILS

In this Chapter, we present the workflow in form of a schematic diagram indicating the material prop-
erties of interest and the simulation steps that were followed. We also describe how convergence was
undertaken in line with the underlying scientific principles in order to achieve the optimized values for
the properties of interest; all the way from determination of the lattice constant to the peak where we
examine the lattice dynamics, transport phenomena and surface properties.

4.1 Workflow

Compounds of interest
Lattice constant [P a— m id Kleinmann parameter

‘ P 4 Elastic constants
Cohesive energy ~— _—
Stability test —_

o S ..

Optical gap
Absorption spectra )
h Optical study

_—
«

Mullinken analysis ‘

Seebeck coefficient
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Transport - Thermal & electrical
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Surface
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Figure 4.1: Simulation steps.
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Figure 4.1 shows a schematic diagram of our simulation steps. At the initial stages, the input files of
the selected sulvanite compounds and spinel oxides were obtained from materials project database. Ge-
ometry optimization was carried out since the geometrical arrangement of atoms governs the electronic,
magnetic, optical and other relevant surface properties, hence we obtained numerical data about their
lattice constants and Kleinman parameter using the VASP code [51]. This package is an efficient density
functional theory based code for systems with periodic boundary conditions. Secondly, stability studies
were carried out to validate their dynamical, energetic and mechanical stability. Thirdly, optical study
of the sulvanite compounds was undertaken within many body perturbation theory at Bethe-Salpeter
Equation (BSE) [192] level of approximation to obtain their optical band gaps. At this point, the ab-
solute band edges were determined via Mulliken analysis. Thereafter, surface study was undertaken to
determine the surface energy, vacuum potential, work function, alignment of band edges via band gap
center approach as well as other relevant photocatalytic properties. At the peak of this study, transport
properties of spinel oxides were computed by solving Boltzmann transport equations [193] to obtain
the Seebeck coefficient, electrical conductivity, thermal conductivity, power factor and consequently the
dimensionless figure of merit.

4.2 Convergence in ab initio calculations

Computer simulations can rapidly reduce the number of candidates for a particular application following
the desired design criteria based on few descriptors that connect the microscopic quantities to the
macroscopic properties, and then suggest potential materials for experimental investigation [194]. In
ab initio studies, we can loosely state that a parameter is converged when the values of the dependent
quantity attains saturation, or is no longer varying with an increase in the values of the dependent
parameter. Hence, convergence test is applied, which is a technique used in first principles studies to
determine the optimum value of the parameter under consideration such as the behavior of k-point
grid with total energy and cut-off energy with respect to slab energy of the surface among others, as
discussed briefly below and also outlined in the appendix section.

4.2.1 K-points convergence

Proper selection of the k-points ensures the reciprocal space of the irreducible Brillouin zone is sampled
accordingly, resulting in correct numerical integration. Denser grid will most likely lead to an increase
in central processing unit (cpu) time required to perform the first principles calculations. For surface
studies, the k-point meshes were adjusted depending on the size of the surface models to provide well
converged total energies. Since the slabs generated weren't cubic like their bulk counterparts, the k-
point values for each supercell axes were scaled inversely with the length of that axis, so as to maintain
a similar k-point sampling in the reciprocal space.

4.2.2 Total slab energy convergence versus cut-off energy

If all the plane waves are put into consideration, the simulation process becomes computationally ex-
pensive, this has been discussed broadly in the appendix as well. To resolve this problem, upon doing
a careful convergence of cut-off energies, we then include only the plane waves whose kinetic energies
are smaller than the cut-off in our basis set. This will not only boost the computational feasibility, but
also ensures that the accuracy of the obtained numerical values are not compromised. In Figure 4.2,
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we show a systematic investigation on the total slab energies calculated using different magnitudes of
cut-off energies for the plane waves along three low index orientations of CugTaSey4. It is clear that
total slab energies obtained when the cut-off energies are 400 eV (or above) seems converged.

301

201

10

710 4

_20 4

_30 4

—40 1 * *

Total slab energy for CuszTaSey (eV)

200 250 300 350 400 450 500 550 600
Cut-off energy (eV)

Figure 4.2: Cut-off energy convergence for CugTaSey along various low index surface orientations.

4.3 Structure optimization

Relaxation of the crystal structures were carried out for the cubic sulvanites and spinels of interest using
the Vienna ab initio Simulation Package (VASP) [51]. The Brillouin zones of the cubic unit cells were
sampled by a gamma centered k-mesh of 6x6x6 for the bulk systems, whereas a 2x2x1 grid was used
for the slab studies. To examine the effects of different exchange correlation functionals; PBE, LDA
and PBEsol [195-197] were employed in order to ascertain which among the three flavors reproduces
the ground state properties of a given compound comparably with available experimental data. It is
worth noting that all calculations were performed at ground state (0 K). The static first principles
calculations were conducted with a precision as high as 10~8 eV for the total energy difference between
two successive self-consistency steps and 10~% (eV/A) as the convergence criterion for the forces on
atoms. The lattice parameters were then optimized under zero-pressure condition. For the bulk systems,
the plane-wave expansion was truncated at a cut-off energy of 520 eV, whereas for the slab surfaces
400 eV was deemed sufficient, and all the calculations were non-spin-polarized.

4.4 Surface energy simulation steps

Upon confirming the stability of the bulk structures of CuzQSey sulvanites, we then generated surface
slabs with different orientations (as indicated in the workflow provided in Figure 4.3), in order to
investigate their surface stability. The methodology is as follows: upon obtaining the bulk crystal
structures from the materials project database, a careful structural relaxation of the bulk systems was
done using the PBEsol functional to get optimized bulk structures. Thereafter, the automatic flow
(AFLOW) package [11] was used to create stoichiometric slabs of varying slab thickness. Convergence
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of the slab thickness were then undertaken in order to establish the optimized slab size upon which the
vacuum size convergence was initiated, so as to ensure that the interaction between the periodic images
is negligible.

This resulted in extraction of the values of converged energies for the geometries of interest, which
were then compared so as to ascertain the most relatively stable surface orientation by applying the
surface energy as the stability descriptor, where the one with the lowest magnitude of surface energy is
relatively the most stable orientation. This in turn facilitated further exploration such as determination
of work function, vacuum potential and examination of the alignment of the band edges relative to
water redox potential via the band gap center approach, among other properties that are of interest in
photocatalysis.
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Figure 4.3: Schematic diagram showing surface simulation steps.

4.5 Electronic structure

The electronic band structures and density of states for the bulk systems were obtained using the
modified Becke-Johnson exchange potential (mBJ) [198] with the width of the smearing set to 0.01
eV applying the Gaussian smearing technique and selecting a damped velocity friction algorithm as the
convenient option to specify the electronic minimization. The energy difference between the conduction
band and the valence band is called the band gap. Its magnitude depends mainly on the configuration
of its crystal lattice, amount of electrons in the valence shell and hybridization of the orbitals [199].
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The position of electronic band edges is one important metric for determining a material's capability
to function as a solar energy conversion device [105], among other technological applications. Besides
the thermodynamic stability, the electronic structure of photocatalysts is another key factor for their
photocatalytic performances [200].

4.6 Midgap surface states

These are deep surface states that are often located in the middle of the band gap [201]. According to
Gang et al., the surface states in the forbidden zone arises from the sharp transition from solid material
that occurs at the atomic layer closest to the surface due to incomplete covalent bonds at the surface of
the semiconductor [202]. For periodic systems, one can explore its electronic and vibrational properties
with ease using density functional theory approaches by taking advantage of its 3D periodicity. However,
for the surface studies (2D), the periodicity is broken in one direction resulting in structural changes
hence introducing localized electronic and vibrational states [203]. Atoms on the surface of a material
have fewer neighbors than atoms in the bulk implying their equilibrium positions, energies and most
of their properties are different from those of the bulk atoms [204]; because during surface relaxation,
atoms loose some neighbors and move from their ideal positions.

According to Liith [205], the localized surface states are produced by either a discontinuity provided by
the surface of the solid (intrinsic surface states with 2D periodicity of the surface), or by imperfections
near the surfaces such as adsorbed atoms (extrinsic states). This in long run is very instrumental in
photocatalytic related applications in that these surface states act as trapping centers for the photogen-
erated charge carriers as the spatial overlap of the charge carriers is reduced, hence suppressing their
recombination due to the localized nature of the surface states. In addition, the electronic properties of
the surfaces of a material are important in order to understand its suitability as a photo electrode [206].
In this work, the surface electronic states were identified by comparing the surface and bulk electronic
spectrum, especially the partial density of states.

According to Berkovits et al. [207], it was difficult initially to detect the presence of surface states
in the electronic properties of a semiconductor experimentally, as it was challenging to distinguish a
weak optical signal originating from the surface against a strong background of much more intense
signals from the bulk part of the system being probed. Fortunately, new techniques with such capability
have emerged over the years such as the surface differential reflectivity and photo-thermal displacement
spectroscopy.

4.7 Vibrational properties

A collective vibration of atoms in the crystals forms a wave with a given wavelength and amplitude.
The quantum of lattice vibrations is called the phonon. These quantized lattice vibrations in turn
provides a platform to examine some solid state phenomena which cannot be explained by the static
lattice theory [208] such as temperature dependence of specific heat in solids, thermal expansion and
thermal conductivity. The allowed frequencies of a propagation wave can be classified into two, that
is an upper branch known as the optical branch, and a lower branch called the acoustical branch. To
differentiate between the two; the acoustic modes dominate the low frequency region, they also play
a crucial role in Brillouin scattering process. Moreover, the atoms in the unit cell vibrate in the same
direction and the adjacent atoms often vibrates in-phase. On the other hand, optical modes that occurs
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in the high frequency region, are involved in Raman scattering processes, atoms in the unit cell vibrate
in the opposite directions and the adjacent atoms vibrate out-of-phase.

These vibrational states are crucial for characterizing the bulk materials and the relationship between the
vibrational energy/frequency (w) and the wave vector (k) is known as the phonon dispersion. The study
of phonon vibration is important for understanding how energy is absorbed in solids. In our study, the
dynamical properties were calculated within the harmonic approximation; whereby parameters like density
of states, Helmholtz free energy and specific heat capacity were extracted alongside the frequencies of
the phonon vibrations. A phonon calculation was undertaken using a finite displacement approach as
implemented in PHONOPY [209], where a symmetry reduced set of atomic displacements was generated.
Afterwards, all the elements of force constants between atoms in a primitive cell and the supercell were
fitted to the symmetry expanded forces of atoms in the supercell [210]. Preferably, in this approach, the
supercell has to be sufficiently large to prevent artificial forces due to the periodic boundary conditions
used in DFT calculations.

4.8 Mechanical properties

Mechanical properties of solid materials are primarily dependent on the elastic constants which determine
the response of the crystal to external forces that subject its atoms to strain or stress as characterized by
the bulk modulus, shear modulus, Young's modulus and Poisson’s ratio. In addition, having accurately
established values of the independent elastic constants enables one to deduce other mechanical properties
of a material such as its stability, anisotropy, ductility/brittleness, hardness, sound velocity and Debye
temperature among others as briefly discussed below.

4.8.1 Born stability criterion for cubic systems

Elastic properties are determined by forces acting on atoms when they are perturbed from their equi-
librium positions. A strain-stress method was applied in computing the elastic constants. All the bulk
compounds of interest in this study are cubic, hence have high symmetry. Generally, cubic crystal struc-
tures have three independent elastic coefficients. Thus, to evaluate their mechanical stability, we have
to examine if they fulfill three of the following Born stability criteria [211];

C11 — C1p > 0; C11 +2C1 > 0 Caq > 0; (4.8.1)

4.8.2 Zener anisotropy factor

Zener anisotropy factor denoted by A, is a pointer to the degree of anisotropy in a solid structure. For
a completely isotropic material where the mechanical properties are independent of direction, the Zener
anisotropy factor takes the value of 1, whereas when the value of A is smaller or greater than unity, it
indicates elastic anisotropy [212]. For cubic systems, it is expressed as;

2C44

R
C11 — Cr2

(4.8.2)

The elastic anisotropy of crystals is correlated with the possibility to induce micro-cracks in a material,
which has an important implication in engineering [213].
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4.8.3 VRH averaging schemes

Upon determining the values of the independent elastic constants; other mechanical properties such as
the bulk modulus, shear modulus, Young's modulus and Poisson’s ratio among others can be directly
calculated via the Voight-Reuss-Hill method. Although there are basically three averaging schemes
often used to compute the shear and bulk moduli that applies elastic constants namely Voight [214],
Reuss [215] and Hill [216]; in this study we adopted the Hill's approach which frequently gives the mean
of the Voight and Reuss values, whereby the Voight scheme often overestimates numerical data as it
assumes a uniform strain whereas the Reuss method underestimates numerical data since it presume a
uniform stress. According to Voight's scheme, from elastic constants, one can compute the bulk and
shear modulus as;

1

1
By = 5[2(011 + C12) + 4C43 + Css); Gy = 30 [M +12Cy4 + 12C6] (4.8.3)
Reus's scheme is given by;
02 5 2 2

Br=55  Gr= 5[0 C14Ce6)/[3ByvC14Ce6 + C*(Casa + Cép)] (4.8.4)
where M = Cll + 012 + 2033 - 4013; C2 = 033(011 + Clz) — 20%3 (4.8.5)

Diversely, Hill's scheme is an average of both;

1 1

By = §(Bv + Br); Gg= i(GV + GRr) (4.8.6)

4.8.4 Brittleness and ductility

Pugh proposed that if the ratio of the bulk to shear modulus (B/G) value is less than the critical value
(1.75), the material is considered brittle, otherwise it is ductile [217]. The reciprocal of Pugh ratio (B/G)
is known as the Frantsevich's ratio (G/B) [218], where a value less than 0.571 pinpoint ductility whereas
for brittle materials the Frantsevich's ratio is greater than 0.571. Ductile materials have relatively small
Young's modulus and can withstand large strains and large energy absorption before fracture, e.g., steel
and aluminium. Conversely, brittle materials have relatively large Young's modulus and fracture at a
much lower strain, e.g., glass and cast iron.

4.8.5 Poisson’s ratio

The characteristics of a given material is also dictated by the strength of its bonds which can be described
based on its value of Poisson's ratio; whereby for covalently bonded materials v ~ 0.1 whereas for ionic
materials v ~ 0.25 and for metallic ones v &~ 0.33 [219].

4.8.6 Kleinman parameter

Kleinman parameter denoted by (, describes the relative positions of the cation and anion sublattices
under volume conserving strain distortions for which positions are not fixed by symmetry. For cubic
systems, the Kleinman parameter can be computed from the independent elastic coefficients as [213];

C11 + 8C12
= - < 487
¢ 7C11 + 2C12 ( )
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Basically, the Kleinman parameter describes the ease of bond bending to the bond stretching in cubic
materials, whereby minimizing the bond bending leads to ( = 0, and minimizing the bond stretching
leads to ¢ = 1.

4.8.7 Vicker's hardness index

Vicker's hardness index (H,) points out the resistance of a material to deformation. It links both the
elastic and the permanent plastic properties of a material and is defined as [220];

H, = 2(K2G)0'585 ~3 (4.8.8)

where K is the Frantsevich's ratio (G/B), that is often used to indicate if a material is brittle or ductile
as discussed in section 4.8.4.

4.8.8 Sound velocity

The propagation velocity of longitudinal and transverse waves along different crystal directions is related
to the elastic constants, whereby the wave velocity of a longitudinal wave (v;) and transverse wave (v;)
as well as the average velocity (vm) can be deduced from the values of bulk moduli, shear moduli and
material's density based on Navier's equation as follows [221];

-1/3 1/3
1 G 1 2 1 h [3n | N,
v|:1/%[33+4G]; ”t:”;; um = [3 (varvI?’)] ; ®D:kB[47r (]\f)] vm; (4.8.9)

In principle, determination of sound velocity provides crucial information about the rate at which sound
travels through a given medium.

4.8.9 Debye temperature

Thermal properties of a material are related to Debye temperature (©p) as indicated in equation
(4.8.9), where kg is the Boltzmann constant, h is the Plank constant, n is the number of atoms in
its chemical formula, N4 is the Avogadro constant, p is the density of the material and M is the
molecular weight. Debye temperature is used to assess the temperature above which all modes begin
to be excited and below which modes begin to be frozen out [222]. Debye temperature is of central
importance when describing the thermal behavior of solids that is involved in all physical phenomena
that are concomitant to the lattice vibrations i.e lattice thermal conductivity, specific heat capacity,
melting temperatures and sound velocity. The knowledge of such a numerical entity (Op), is useful for
developing and manufacturing electronic devices by providing information about the characteristics of a
solid material under the effect of temperature.
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4.8.10 Transport phenomena

All the necessary crystal eigen-energies for transport calculations were obtained from VASP. The defor-
mation potential constants and elastic constants were used to obtain a set of charge carrier relaxation
times that were energy and k-point dependent as per the approach proposed by Bardeen and Shock-
ley [223]. We followed the implementation as outlined by Xi et al. [224]. These relaxation times were
used in determining the electronic transport coefficients, where the BoltzTraP2 package [186] was used
to solve the Boltzmann transport equations resulting in the approximate values of various transport
coefficients such as S, o and ke as the output. This in turn provided all the ingredients apart from
the lattice thermal conductivity that are essential in calculating the thermoelectric figure of merit, as
indicated in equation (2.2.1) and illustrated in the workflow of Figure 3.7.

4.8.11 Lattice thermal conductivity

The lattice dynamics are crucial to both the cooling and transport of photo-excited charge carriers
because these phenomena are influenced by the coupling between electronic excitations and the lat-
tice vibrations such as the electron-phonon interactions [225]. It is noteworthy that lattice thermal
conductivity is not only a crucial parameter in thermo-electricity, it is also of primary importance in
technologies such as heat sinks [226], rewritable density scanning probe phase-change memories [227],
power electronics (where heat dissipation is of critical importance) [228] and thermal devices for thera-
pies [229], just to mention a few. In this study, PHONO3PY package [180] was applied in determination
of the third order inter-atomic force constants. Full nearest neighbors were considered, implying all the
triplet displacements in the supercell were included and a mesh size of 20x20x20 was found sufficient
for obtaining well converged values of lattice thermal conductivity, group velocities, phonon lifetime,
Griineisen parameter and mean free path. Generally, lattice thermal conductivity is calculated when
anharmonic interactions are considered, hence providing some insights on the phonon-phonon scattering
mechanisms, which are not captured within the harmonic approximations [230].

4.8.12 Correlation between lattice thermal conductivity, group velocity and phonon
lifetime

Boltzmann transport equations in the single mode relaxation time approximations were applied in de-
termining the phononic contribution to thermal conductivity (x;) as implemented in the PHONO3PY
and expressed in equation (4.8.10) of phonon conductivity tensor [180];

1
NV,

K] = ZC,\V}J@V}J‘)\; (4.8.10)
A

where vy, cx, Ta, N and V, are the group velocity, mode heat capacity, single mode relaxation time of
the phonon mode A, number of unit cells in the crystal and volume of the primitive cell, respectively. To
obtain accurate values of thermal conductivities, both acoustic contributions and the contributions from
optical phonon branches were considered with all the mode-dependent entities on the right hand side
of equation (4.8.10) calculated using the second-order and third-order force constants as implemented
in the PHONO3PY. From equation (4.8.10); it is visible that although several parameters come to play
when computing the lattice thermal conductivity of a material; group velocity and phonon lifetime are
directly proportional to «;. This signifies that materials which possess large values of group velocity and
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phonon lifetime at lower frequency ranges often have a higher values of lattice thermal conductivity,
which automatically translates to low values of the dimensionless figure of merit.

4.8.13 Helmholtz free energy

Helmholtz free energy tends to describe the thermodynamical stability of a system, as it indicates how
phonons determine the relative stability at finite temperatures [231]. Helmholtz free energy of phonon
vibration (F') and specific heat capacity were extracted from the thermal calculations as functions of
temperatures at a constant volume by applying the thermodynamic relations as implemented in the
PHONOPY code and described by Togo and Tanaka [209]. According to Togo et al. [232]; the phonon
contribution to the Helmholtz free energy at a constant volume is defined as;

1
Fohonon = qz hwq, v + kBqu; In[1 — exp(—hwq v/ksT)]; (4.8.11)

where £, q, v, wqy, T" and kg are reduced Planck’s constant, wave vector, band index, phonon frequency
at q and v, temperature and Boltzmann constant, respectively. Note that, the first term on the right
hand side of equation (4.8.11) is the sum of the modal contributions to the zero-point vibrational energy
and the second term is the contribution of each mode of the free energy due to thermal occupation of
the phonon energy levels [233].

4.8.14 Specific heat capacity

The specific heat capacities of the three ternary compounds increases with temperature and tends to
reach the saturation limit known as the Dulong-Petit limit [234], which is a prevalent property of all
solids. Specific heat capacity is basically from the contributions from the individual modes, that is often
expressed at a constant volume as;

2
Co= ke (h;q ‘) (g v/keT) (4.8.12)
q, v B [exp(hwq, V/kBT) —1

4.8.15 Phonon group velocity and phonon lifetimes

Lifetime is related to equilibrium properties of the material, whereas the relaxation time relates to the
thermal and electrical transport. Lifetime is defined as the mean time that an electron will reside in
a given quantum state as a result of collision with another particle. Mean free path is the average
distance that an electron travels before a collision. Phonon group velocity and phonon lifetimes are
directly proportional to the magnitude of the lattice thermal conductivity as indicated in equation
(4.8.10), hence an increase in group velocity or phonon lifetimes results in an increase in lattice thermal
conductivity. The phonon mean free path can be evaluated as the product of the momentum-resolved
phonon group velocity and phonon lifetime [225].
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4.8.16 Griineisen parameter

The Grlneisen parameter is a quantity that characterizes the degree of anharmonicity of a crystal. It
describes the effect that changing the volume (V') of a crystal lattice has on its vibrational properties,
such as frequency of the i* mode of vibration and is often expressed as;

_ Olnw(q);

(@) = =575 (4.8.13)

It also acts as a descriptor on the effect that changing temperature has on the size or dynamics of
the crystal lattice [235] and is a dimensionless quantity. Fortunately, Slack [236] postulated a rather
simple relationship that can help uncover the correlation between the total Griineisen parameter and
the lattice thermal conductivity, such that the magnitude of the following four parameters namely the
average atomic mass, interatomic bonding, crystal structure and lattice thermal conductivity determine
the degree of anharmonicity in a given material since;

Ménl/303 2.43 x 1078

by which M and &3 are the average atomic mass and the volume per atom respectively, whereas n is
the number of atoms in the primitive unit cell and © is the acoustic Debye temperature. Therefore,
equation (4.8.14) signify that the lattice thermal conductivity and the total Griineisen parameter have
an inverse relationship. Thus, one of the criterion for obtaining a low thermal conductivity is by seeking
materials with ordered crystal structures exhibiting strong lattice anharmonicity.



5

RESULTS AND DISCUSSION

In this chapter, we present, evaluate and discuss the obtained results in detail. As previously stated, the
main goal of this work was to investigate the photocatalytic properties of the sulvanite type compounds
Cug(Ta,Nb,V)Sey and thermoelectric properties of Cd(Ga,Al)204 spinel oxides in line with clean energy
production via photocatalysis and thermoelectricity respectively. It is also worth mentioning that in this
chapter only the results and analyses are reported, whereas the details of the techniques, material aspects
and applications have been given in previous chapters. Hence, in section 5.1, we provide the obtained
results about the structural, energetic, electronic, mechanical, dynamical and thermal properties as well
as the lattice dynamics alongside the transport and thermoelectric properties of Cd(Ga,Al)204 spinel
oxides with an interest in thermoelectricity, where the dimensionless figure of merit was determined,
that describes how efficient a material could be in line with thermoelectricity, where thermal energy is
converted to electrical energy and vice versa.

In section 5.2; we focus on the Cug(Ta,Nb,V)Sey4 sulvanites where results on their structural, energetic,
electronic, mechanical, dynamical and thermal properties are reported alongside their lattice dynamics
for the bulk systems. Since our presupposed area of application for the sulvanite compounds is in
photocatalysis, where materials having some specific qualities are preferred, we delved onto their optical
studies in which their optical gaps were determined by applying the approach of Tauc fitting as provided
in section 5.3.1. Furthermore, bearing in mind that photocatalytic reactions often occurs at the surface
of a material, we also did some surface calculations as indicated in the workflow presented in Figure 4.3,
upon which we determined its surface energies, work function, Wulff construction and other relevant
properties for the most stable surface orientation. We also computed the density of states for the
relatively stable surface geometries for each compound, in order to detect the presence of the surface
states. Additionally, we determined the charge density differences via the Bader charge analysis approach
and finally used the obtained results to gauge the viability of CugTaSey, CugNbSes and CusVSey
sulvanites for single photon water splitting through photocatalysis.
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5.1 Cd(Ga,Al);0, spinel oxides

With an interest in thermoelectric application in mind, we explored the structural, energetic, mechanical,
dynamical, lattice dynamics, transport and thermoelectric properties of CdGaz2O4 and CdAl2Qy4 spinels
as discussed below.

5.1.1 Structural and energetic properties

In first principles studies, one has to ensure that the model being used to mimic any compound of
interest conforms with the experimentally verified sample where possible. This is often verified based on
the ability of the model to reproduce some of the basic experimentally reported structural and physical
properties such as lattice constant, volume and density among others. Additionally, metastability of
a compound can be easily detected based on numerical values of its formation and cohesive energies.
This then justifies why structural and energetic behavior of any material has to be carried out prior any
in-depth studies.

Table 5.1 shows the lattice constant (a), equilibrium volume (V,), density (p), cohesive (Ecop) and for-
mation energies (Eform) in A, A3, g/cm~3 and eV /atom respectively for Cd(Ga,Al)204 spinels, calculated
using three functionals in comparison with the existing experimental data where possible.

Table 5.1: Structural and energetic properties of Cd(Ga,Al)204 spinel oxides.

CdGa204 CdA|204
a Vo P Econ Eform a Vo P Econ Eform
PBE 8.78 676.84 6.19 -4.08 -1.63 8.1 616.30 497 -5.11 -243
PBEsol  8.67 651.71 6.45 -454 -168 842 596.95 5.12 -555 -2.48

LDA 8.58 631.62 6.64 -497 -1.80 8.34 580.09 527 -598 -2.64
Expt. 8.59¢ 633.84 6.62 - - 8.36° 584.28 5.24 - -

a = Ref. [237], b = Ref. [238]

For Cd(Ga,Al)204 spinel oxides, LDA functional reproduced its structural properties better than PBE
and PBEsol in comparison with the existing experimental information. This ability of LDA functional
to reproduce the ground state properties of spinels has been reported before [239]. The negative
values of both cohesive and formation energies obtained, attest that these compounds are energetically
stable, thus cannot dissociate into their elemental solids. PBE and PBEsol functionals overestimated
the lattice parameter (a) and volume (V,), resulting in underestimation of density (p) when compared
with the existing experimental values.

5.1.2 Electronic properties

Figure 5.1 and 5.2 displays the electronic band structures of cubic CdGaz04 and CdAl3Oy4 spinels
computed using LDA and mBJ functionals. This is because among the various functionals applied,
LDA produced the ground state properties of CdGazO4 and CdAl2QOy4 spinels that have better
agreement with the experimental data as tabulated in Table 5.1. But as it is well known, the LDA
functional often underestimates the fundamental gaps of semiconductors and insulators by
approximately 40% due to the existence of a derivative discontinuity of the energy with respect to the
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number of electrons [148]. Thus, to counter the shortcoming of DFT in predicting the fundamental
gaps, we also employed the modified Becke-Johnson exchange potential (mBJ) [198].

E-E, (eV)

T L
Wave Vector Wave Vector
Figure 5.1: The electronic band structure for Figure 5.2: The electronic band structure for
CdG3204. CdA|2O4

In both systems, the top of the valence band is located between K and I' point along the high
symmetry directions of the Brillouin zone, whereas the bottom of the conduction band is located at I’
point. This indicates that these two ternary compounds have indirect band gaps. Table 5.2 gives our
calculated values of the fundamental gaps in comparison to other reported theoretical values, which
indicates that our findings are in accord with the previously reported data.

Table 5.2: Fundamental gaps (eV).

Compound LDA mBJ PBE® PBE? mBJ°

CdAl304 284 465 270 290 470
CdGaz04 181 392 150 192 3.70

c = Ref. [44], d = Ref. [25]

From the tabulated values, it is visible that the size of the gap decreases as we move down the group
13 elements from aluminium (Al) to gallium (Ga). Moreover, we can see that the band structures
determined using LDA have a relatively smaller gap size than those obtained using mBJ. This is
because the LDA often underestimates the fundamental band gaps of materials due to the existence of
a derivative discontinuity of the energy with respect to the number of electrons [148] as stated earlier.
On the other hand, being a semi-local exchange potential-only functional, mBJ [198] incorporates
some exact Hartree-Fock exchange in the exact functional which is not present in the local density
approximation.

5.1.3 Mechanical properties

In Table 5.3, we present the computed values of mechanical properties of Cd(Ga,Al)204 spinel oxides
such as their bulk (B), shear (G) and Young's modulus (E), independent elastic coefficients (G;),
Frantsevich's ratio (G/B), Zener anisostropic factor (A), Kleinman internal-displacement parameter
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(¢) as well as Poisson's ratio (), sound velocity (vm) and Debye temperature (©p) together with the
Vicker's hardness index (H,), alongside other existing theoretical data where possible.

The values of the computed mechanical properties are comparable to other existing theoretical
findings. From the data of the independent elastic coefficients provided in Table 5.3, it is visible that
the necessary and sufficient Born stability conditions were fulfilled, implying that CdGa2O4 and
CdAl20Oy4 spinels are mechanically stable. CdGazQ4 spinel possess slightly lower values of both the
bulk and shear modulus relative to CdAl;O4. Based on the deduced values of the Frantsevich's ratio
(G/B), which are between 0.34 and 0.40, we can confirm that CdGaz04 and CdAl204 are ductile
since their G/B values are less than 0.571 across all the functionals considered.

All the values of Zener anisotropy factor (A) are greater than unity indicating that these two spinels
possess elastic anisotropy implying that when they are subjected to stress or strain, their mechanical
properties vary depending on the direction along which the forces are applied. Moreover, their
Kleinman parameter (¢) values lie between 0.74 and 0.78 implying that in both systems, the
magnitude of bond stretching is much smaller compared to bond bending. Since the obtained values
of Poisson's ratio (1) lies between 0.32 and 0.33, it pinpoints that the dominant bonding type in
CdGas 04 and CdAl3O4 is metallic in nature.

The range of the obtained values of Vicker's hardness index (H,) obtained, that is (3.02 - 3.80) GPa
for CdGa204 and (5.00 - 5.37) GPa for CdAl20y4, indicate that CdAl2O4 displays a greater resistance
to deformation as compared to CdGasO4 and also suggests that materials with higher bulk or shear
modulus may be likely harder, as can be seen in Table 5.3. Taking a closer look at the values of the
computed sound velocities attest that CdGagO4 has higher values of longitudinal, transverse as well as
the average sound velocities than CdAl;Oy4, implying that sound travels faster in CdGasO4 than
CdAI20Oy4. This could be attributed to the fact that CdGasO4 possess a higher density than CdAlI2O4
as shown in Table 5.1. By virtue of being a mechanical wave, sound travels by compression and
rarefaction of the medium under consideration. Generally, the sound velocity increases with an increase
in density because a higher density leads to more elasticity in the medium and hence the ease by which
compression and rarefaction occurs translating to a higher sound speed.

On average, CdAl304 has a higher value of Debye temperature than CdGazQy, this could be
associated with the reason that aluminium (Al) has a smaller standard atomic weight of about 26.98
as compared to gallium (Ga) whose standard atomic weight is 69.72. Since Debye temperature and
atomic mass are inversely proportional as indicated in equation (4.8.9), a smaller mass (and
consequently weight) will translate to a higher value of Debye temperature and vice versa. According
to the predicted mechanical properties of CdGa2Q4 provided in Table 5.3 especially the bulk modulus,
these spinels are soft when compared to diamond [240]. Moreover, since the Debye temperature is a
measure of the temperature above which all modes begin to be excited and below which modes begin
to be frozen out, it signify that the low ©p in CdGaz04 pinpoint that the lattice thermal conductivity
in CdGaz04 will be more likely lower than that of CdAl3Oy4.
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Table 5.3: Mechanical properties of Cd(Ga,Al)204 spinel oxides.

CdGa2O4 CdA|204
Parameter Functional Present Theory ¢ Theory / Present Theory © Theory / Theory ¢
LDA 182.21 - - 196.02 - - _
B (GPa) PBE 149.08 154 158.36 167.86 180 190.69 -
PBEsol 166.49 - - 180.99 - - 187
LDA 61.45 - - 75.93 - - -
G (GPa) PBE 56.05 - ; 68.06 ; - ]
PBEsol 56.85 - _ 70.19 - - 78
LDA 0.34 - - 0.39 - - -
G/B PBE 0.38 - - 0.40 - - -
PBEsol 0.34 - - 0.39 - - 0.31
LDA 165.71 - - 201.73 - - -
E (GPa) PBE 149.43 102 . 179.87 114 - -
PBEsol 153.13 - - 186.47 - - 206
LDA 229.38 - - 257.01 - - -
C11 (GPa) PBE 190.00 203 257.90 219.74 231 277.25 -
PBEsol 208.45 - - 234.95 - - 292
LDA 158.63 - - 165.52 - - -
C12 (GPa) PBE 128.62 130 108.59 141.92 149 147.40 -
PBEsol 145.51 - - 154.01 - - 134
LDA 88.92 - - 106.62 - - -
Caa (GPa) PBE 83.83 91 72.96 98.95 115 113.55 -
PBEsol 84.42 - ] 101.49 - - 78
LDA 2.51 - - 2.33 - - -
A PBE 2.73 2.49 - 2.54 2.80 - -
PBEsol 2.68 - - 2.51 - - -
LDA 0.78 - - 0.74 - - -
¢ PBE 0.77 - - 0.74 - - -
PBEsol 0.78 - - 0.75 - - -
LDA 0.35 - - 0.33 - - -
v PBE 0.33 0.39 - 0.32 0.39 - -
PBEsol 0.35 - - 0.33 - - -
LDA 3.30 - - 5.37 - -
H, (GPa) PBE 3.80 ; ; 5.09 ] ] ]
PBEsol 3.02 - - 5.00 - - _
LDA 3042 - - 3796 - - -
ve (m/s) PBE 3009 - ; 3701 ; ] _
PBEsol 2969 - - 3703 - - 3888
LDA 6307 - - 7213 - - -
vy (m/s) PBE 6013 - ; 7510 ; _ _
PBEsol 6129 - ; 7323 ; - 7495
LDA 3419 - - 4245 - - _
Um (m/s) PBE 3375 - - 4155 - - -
PBEsol 3337 - ; 4151 - - 4352
LDA 453.80 - - 579.53 - - -
ep (K) PBE 437.60 - . 556.26 ; - -
PBEsol 438.65 - - 561.30 - - 5901

e = Ref. [27], f = Ref. [25] g = Ref. [33]
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5.1.4 Dynamical properties of Cd(Ga,Al),0, spinels

By probing the vibrational properties of a given material, one may obtain a complete macroscopic
characterization of the studied systems [241]. In both spinels, the phonon dispersion curves had no
soft phonon modes along the symmetry directions in the Brillouin zone as provided in Figure 5.3 and
5.4, which confirms their dynamical stability. Generally, a phonon of imaginary frequency over much of
the Brillouin zone indicates that the structure is unstable.
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Figure 5.3: The phonon band structure together Figure 5.4: The phonon band structure together with

with partial and total density of states for CdGazO4.  partial and total density of states for CdAl3Oy4.

The acoustic cut-off frequency, which marks the maxima of the acoustic phonon modes was
determined to be approximately 3.9 THz for CdGa2O4 and 4.55 THz for CdAl3O4. For the case of
CdGag 0y, the partial phonon density of states indicates that the primary element contributing to the
acoustic phonon modes is cadmium, whereas gallium states dominates the region between 5 and 8
THz, the upper states of the optical region above 8 THz are dominated by states of oxygen. For the
case of CdAl2Qy, partial density of states display that aluminium monopolize the acoustic region
suppressing the contribution from the other two elements whereas in the optical regime, the dominant
states arises from oxygen and cadmium. Also, from the phonon dispersion plots provided in Figure 5.3
and 5.4, we can see that the values of the highest frequencies in the optical region decrease as we
progress down the periodic table from aluminium (~ 23 THz) to gallium (= 18 THz) due to increase
in atomic weight, and the heavier atoms usually vibrate at a slower rate leading to reduced frequencies.

5.1.5 Thermal properties of Cd(Ga,Al),0, spinel oxides

Since first-principles calculations are often done at the absolute zero temperature (T = 0 K);
examining the temperature dependence of thermodynamic properties of a material via probing their
phonon vibrational behavior at finite temperatures is crucial. Atoms constituting a crystal vibrate
about their mean positions, generating thermal energy arising from the vibrational motion. As
expected, thermal energy increases with an increase in temperature and dictates the thermal properties
of a given material. For CdGagzO4 (CdAI204), specific heat capacity at a constant volume, approaches
a constant value of about 340 (336) J(mol K)~! at high temperature. This value is known as the
Dulong-Petit limit [242]. From Figure 5.5, 5.6 and 5.7, we predicted that at 300 K, specific heat
capacity, Helmholtz free energy and entropy of CdGa204 (CdAl20y4) are 271.70 (248.03) J(mol K)1,
50.29 (78.17) kJmol~! and 274.42 (214.27) J(mol K)~1, respectively.
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Figure 5.5: Specific heat capacity of Cd(Ga,Al)20,4. Figure 5.6: Helmholtz free energy of Cd(Ga,Al)204.

It is evident from Figure 5.7 that the degree of disorderness (entropy), increases with an increase in
temperature whereas the reverse is true for the Helmholtz free energy. Both CdGaz04 and CdAl;O4
show isotropic thermal properties in that their lattice thermal conductivity is similar in all the
directions. This could be attributed to the fact that these compounds are highly symmetric having a
cubic structure. Recall that, Helmholtz free energy is related to thermal stability of any given material.
From our findings, the Helmholtz free energy of CdAl3Qy4 is smaller in magnitude than that of
CdGagQy4 as supported by Figure 5.6, meaning that CdAl2Qy4 is relatively more stable thermally.
Across the considered temperature range, that is (0 to 1000) K, CdGaz04 has higher values of specific
heat capacity compared to CdAl3Oy4, implying that more heat energy is required to raise the
temperature of CdGaz04 per unit of mass relative to CdAlI2Oy4, as supported by Figure 5.5.
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Figure 5.7: Entropy of Cd(Ga,Al)204.

5.1.6 Lattice dynamics in Cd(Ga,Al);0, spinel

The lattice thermal conductivity x;, is a necessary additive in order to evaluate the ZT of a given
material, hence was examined hereby. Cd(Ga,Al)204 spinel oxides display thermal isotropy in that the
behavior of lattice thermal conductivity is independent of the crystal axis. This is because its phonon
coupling is similar in the x-, y- and z-directions. This could be because the spinels under consideration
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have cubic symmetry. Figure 5.8 depicts that lattice thermal conductivity is less temperature
dependent at high temperatures due to increase in anharmonicity. At 300 K, CdGas0O4 and CdAl3O4
possess lattice thermal conductivity values of 9.381 and 10.485 W/mK respectively, which are
unfortunately not promising for applications related to thermoelectricity, where smaller x; are desirable.
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Figure 5.8: Lattice thermal conductivity Figure 5.9: Cumulative lattice thermal conductivity
of Cd(Ga,Al)204. of Cd(Ga,Al)204 at 300K.

The cumulative lattice thermal conductivity provided in Figure 5.9 attest that the dominant
contributor to x; is the acoustic phonon modes, possibly due to short lifetimes. This is reinforced by
the view that below their respective acoustic cut-off limits (that is 3.9 THz for CdGaz04 and 4.55
THz for CdAl204), there is a sizable increase in the cumulative lattice thermal conductivity at 300 K
with an increase in frequency. The low-frequency phonons contribute most to the lattice thermal
conductivity due to their higher magnitude of group velocities indicated by strong dispersion in the
acoustic regime, as observed in the phonon dispersion curves provided in section 5.1.4.
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Figure 5.10: Group velocity of CdGaz04. Figure 5.11: Group velocity of CdAl3O4.

Since CdGaz04 and CdAl2O4 spinels exhibited almost comparable behavior regarding their group
velocities as shown in Figure 5.10 and 5.11, we therefore analyzed other intrinsic lattice properties
such as the phonon lifetimes, mean free path as well as the total Griineisen parameters to see if there
are any sizable differences between the two compounds that could justify the differences in their lattice
thermal conductivity values. From Figure 5.12 and 5.13, for the spinel oxides of interest, the phonon
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lifetimes at 300 K can reach as high as approximately 143 and 268 picoseconds (ps) for CdGa204 and
CdAl2Qy, respectively, below the 2 THz frequency. In addition, below their acoustic cut-off limits,
relatively long phonon lifetimes are observed as compared to that in the high frequency regime where
very short phonon lifetimes are recognized. This signifies that the degree of heat transport mechanism
is much intensified at the lower frequency region, i.e in the 15 THz region, the average value of
phonon lifetime is roughly 3 ps for both spinels; implying that their lifetimes becomes relatively short
at higher frequencies.
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Figure 5.12: Phonon lifetime of CdGag0Oy. Figure 5.13: Phonon lifetime of CdAl3Oy4.

The phonon mean free path can be evaluated as the product of the momentum-resolved phonon group
velocity and phonon lifetime [225]. From Figure 5.14, within the acoustic regime (0 - 5 THz),
CdAl304 has a larger magnitude of the mean free path as compared to CdGazOy4. This could be
attributed to their substantial variations in their phonon lifetimes. The aforementioned can help
uncover the reason why CdAI3O4 has a larger value of lattice thermal conductivity than CdGasQy, as
presented in Figure 5.8 and supported by equation (4.8.10).
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Figure 5.15: Total modal Griineisen parameter of
Figure 5.14: Mean free path of Cd(Ga,Al)204. Cd(Ga,Al)304.

The Griineisen parameter characterizes the anharmonicity of a material as discussed in section 4.8.16,
where a larger value of Griineisen parameter indicates a strong degree of anharmonicity of a material,
which results in a smaller value of the lattice thermal conductivity. This is valid for the case of spinel
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oxides in that from the average values of total Griineisen parameter extracted within the considered
temperature range, CdGazQOy4 has a relatively larger value of v than CdAl2QOy4 as indicated in Figure
5.15, whereas according to Figure 5.8, CdGagO4 has lower value of lattice thermal conductivity than
CdAl204 within the considered temperature range. This affirms the validity of our earlier statement
that there is an inverse relationship between the lattice thermal conductivity and the Griineisen
parameter, as previously demonstrated using the Slack’s equation (4.8.14). At 300 K, the obtained
values of the total Griineisen parameters are 1.29 and 1.20 for CdGas04 and CdAl3O4 respectively
(indicated by the grey background) in Figure 5.15, which are comparable to that of lithium fluoride
reported to be 1.24 by Liang et al. [243].

5.1.7 Transport properties of CdGa;0,

The thermal energy can be converted into electrical energy by the thermoelectric materials, hence a
comprehensive study of the transport phenomena in spinel compounds is worth investigating, whereby
a variation in temperature and/or carrier concentration leads to an immense change in the magnitude
of the transport coefficients such as Seebeck, electrical conductivity, power factor and thermal
conductivity. Thus, we hereby considered the stated coefficients within temperature range of 200 and
1000 K. We considered the carrier concentration of 10?° and 10?' cm~3 because the optimum carrier
concentrations for high efficiencies are often observed within this range for heavily doped
semi-conductors. In accordance with Figure 5.16, it is clear that in CdGazQ4 spinel, when majority
charge carrier are electrons, a very small magnitude of the Seebeck coefficient is attained as compared
to the case when the majority charge carriers are holes. The maximum value of 457 pV/K for the
Seebeck coefficient is obtained at 1000 K when the hole concentration is 1029 cm™3.
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Figure 5.16: Seebeck coefficient of CdGazQy4. Figure 5.17: Electrical conductivity of CdGasQOy4.

The maximum value of the electrical conductivity is 3.65x10% S/m at 200 K, and for all the
considered carriers concentrations, o decreases with an increase in temperature and attains saturation
at around 900 K as indicated in Figure 5.17. This behavior can be elucidated using the
Wiedemann-Franz law, whereby an increase in temperature results in a decrease in electrical
conductivity due to their inverse relationship. Moreover, we recognized that the highest values of
electrical conductivity are achieved when majority charge carriers are electrons than holes, which is
converse to what was observed for the case of Seebeck coefficient in Figure 5.16.
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Figure 5.18: Electronic contribution to thermal Figure 5.19:  Total thermal conductivity of
conductivity of CdGaz0y4. CdGaz0y.

Contrary to the trend that was observed in Figure 5.17, when majority charge carriers are electrons,
the electronic component to thermal conductivity is suppressed as compared to the case when majority
charge carriers are holes. Also, based on the magnitudes of the obtained electronic contribution to total
thermal conductivity in CdGazQy4 spinel as compared to the magnitudes of the lattice contribution to
total thermal conductivity provided in Figure 5.8; we realized that indeed the lattice component
dominates the thermal conductivity in CdGaQy4 since k; > ke, this is also in line with Figure 5.19.

Power factor is a parameter used to measure the ability of electric power generation of a material.
According to Figure 5.20, it is apparent that the minimum values of the power factor are achieved
when the majority charge carriers are electrons as compared to holes. This could be attributed to the
fact that when majority charge carriers are electrons, the Seebeck coefficient is very low as discernible
in Figure 5.16, although they possess slightly higher values of electrical conductivity as compared to
that of holes as supported by Figure 5.17. This is justified since the power factor is the product of
Seebeck coefficient squared and electrical conductivity (S20).
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Figure 5.20: Power factor of CdGas0y. Figure 5.21: Figure of merit of CdGagQy4.

For the case of holes, when the carrier concentration is 102° cm ™3, maximum value of power factor is
attained to be 3.36x107%* WK™2m~! at 200 K and decreases in an exponential manner with an
increase in temperature. When the hole concentration is 102" cm ™3, there is an increase in the
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proportion of the power factor between 200 and 400 K above which it saturates all the way to 500 K,
then starts decreasing steadily with further increase in temperature. Coincidentally, at 300 K, the
values of power factor when charge carriers are holes (with concentration of 102 and 102' cm™3) are
both comparable, having an approximate value of 1.85x10™% WK=2m~!.

For the case of the dimensionless figure of merit; considering that when the charge carriers are
electrons their power factor intensity is suppressed as indicated in Figure 5.20, it consequently leads to
very small values of ZT as compared to the case when the dominant charge carriers are holes as can
be seen in Figure 5.21. In addition, at 300 K; the values of ZT when majority charge carriers are holes
are comparable and the maximum value of the dimensionless figure of merit is attained to be 0.049 at
1000 K, when hole concentration is 102! cm™3. This low value of ZT could be associated with higher
values of lattice thermal conductivities reported in section 5.1.6, which indicates that CdGasQy4 isn't a
promising material for thermoelectric applications.

5.1.8 Transport properties of CdAI,O4

Transport behavior in CdAlI3O4 spinel resembles that observed in the preceding CdGaz04 to some
extent. The highest value of the Seebeck coefficient of 294 pV /K is attained at 1000 K when hole
concentration is 1020 cm ™2 as shown in Figure 5.22. Moreover, for all the considered carrier
concentrations, the Seebeck coefficient increases with an increase in temperature. From Figure 5.23,
the highest value of 3.78x10% S/m for electrical conductivity is achieved at 200 K when the hole

concentration is 102! cm—3.
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Figure 5.22: Seebeck coefficient of CdAl3O4. Figure 5.23: Electrical conductivity of CdAl3Oy.

Based on the magnitudes of the electronic contribution to the total thermal conductivity provided in
Figure 5.24 in comparison to the contribution from the lattice provided in section 5.1.6, it is evident
that lattice transport is the major source of heat transmission as compared to that arising from the
electronic transport mechanism. This is notable in Figure 5.25 as well, suggesting that the lattice heat
transport carries the majority of heat while electronic part has negligible contributions to the thermal
conductivity in CdAl2QOy4 spinel.
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In the case of the power factor, it is only when the hole concentration is 102° cm™3, when appreciable
value of the power factor is detected to be about 20.4x10~%* WK=2m~! at 200 K as displayed in
Figure 5.26, which decays steadily with an increase in temperature whereas for other intensities of
carrier concentrations, the obtained power factors are dismal. In accordance with Figure 5.27, when
electrons are dominant charge carriers as well as when hole concentration is 102! cm—3, there is an
increase in the value of dimensionless figure of merit with an increase in temperature between 200 K
and 1000 K.
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Figure 5.26: Power factor of CdAI;O4. Figure 5.27: Figure of merit of CdAI3O4.

For the case when hole concentration is 102° cm—3, there is an increase in ZT between 200 K and 600
K at which a maximum value of ZT of 0.04 is attained. Thereafter, beyond 600 K, the value of ZT
starts to decrease. The reason why ZT is high when the hole concentration is 102 cm™3 compared to
others could be associated with its relatively high magnitude of Seebeck coefficient, reduced electrical
conductivity as well as minimal value of electronic contribution which consequently translates to
reduced value of total thermal conductivity, which in turn boosts its power factor together with ZT,
though still not sufficient for the design of more efficient thermoelectric device.



Section 5.2. CugQSey sulvanites Page 63

5.2 Cu3QSe, sulvanites

In this section, we discuss the structural, mechanical, dynamical and thermal properties of CugQSey
sulvanites. Although our interest is in their photocalytic applications, we realized that in-depth study
of lattice dynamics of these compounds is still missing, hence we delved onto it as well. Our primary
goal besides stability was to ascertain the possibility of using CugQSe4 sulvanites in photocatalytic
applications. Thus, alongside the above mentioned properties of interest, we also analyzed their
electronic properties at the DFT level and optical properties at BSE level of approximation. We also
deduced several properties that are related to their surface phenomena such as surface energy, work
function and vacuum potential among others, that are relevant for accurate determination of the
location of the band edges, which provides viability test for potential materials that can be used in
photocatalytic applications.

5.2.1 Structural and energetic properties

Table 5.4 shows the lattice constant (a), equilibrium volume (V,), density (p), cohesive (Ecop) and
formation energies (Eform) in A, A3, g/cm~3 and eV/atom respectively for CugQSe4 calculated using
three functionals in comparison with the existing experimental data.

Table 5.4: Structural and energetic properties of CuzQSey4 sulvanites.

CuzTaSey CuzVSey Cu3zNbSe,y
a Vo P Ecoh Eform a Vo P Ecoh Eform a Vo 14 Ecoh Eform
PBE 5.75 190.11 6.02 -416 -0.52 5.68 183.25 506 -3.82 -0.49 574 189.12 525 -4.02 -0.52
PBEsol 5.62 177.50 6.45 -4.62 -0.51 553 169.11 548 -425 -0.49 561 176.56 563 -447 -051

LDA 5.54 170.03 6.71 -513 -0.50 5.45 161.88 571 -475 -049 554 170.03 586 -4.98 -0.51
Expt."  5.67 182.28 6.26 - - 5.57 172.81 5.35 - - 5.65 180.36 5.55 - -

h = Ref. [12]

For the case of CugQSe4 sulvanites, PBE functional overestimated the lattice parameter and
consequently volume whereas the LDA underestimated them by a larger margin. Due to
overestimation (underestimation) of volume by PBE (LDA), the density is underestimated by PBE and
overestimated by LDA as compared with experimental. On the other hand, PBEsol described its
structural properties such as lattice constants, volume and density consistently with experimental data
than other exchange correlation functionals. Essentially, PBEsol is a functional that is specifically
written to describe the behavior of solids with good accuracy as it minimizes their reliance on error
cancellation between the exchange part and the correlation part [244]. Based on their negative
formation and cohesive energies obtained, these materials are thermo-dynamically stable with respect
to decomposition into atoms or elemental solids. Furthermore, the excellent representation of bulk
properties by PBEsol gives us confidence to employ it in the surface calculations.

5.2.2 Electronic properties of the bulk CuzQSe, sulvanites

Figure 5.28, 5.29 and 5.30 illustrates the band structure and density of states for the bulk sulvanite
compounds calculated using the mBJ functional. Note that for the case of CugQSey sulvanites, we
opted to present their electronic structure in a different pattern to that used for the case of
Cd(Ga,Al)204 spinels provided in Figure 5.1, simply because apart from obtaining the values of their
fundamental gaps, we are also interested in the partial density of states of CugQSey sulvanites, which
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are crucial when carrying out photocatalytic studies of a material. By probing their surface and bulk
density of states, one can detect if the localized surface states are present in the surface density of
states that were absent in the bulk density of states, which acts as the trapping centers for the
photogenerated charge carriers, as previously discussed in section 4.6 and 5.7.1.

Besides, mBJ functional often gives improved values of the fundamental gaps of semiconductors
relative to PBEsol, due to the existence of the derivative discontinuity of the energy with respect to
the number of electrons in the latter as previously mentioned. The gaps obtained using PBEsol are
tabulated in Table 5.5 for comparison purposes, bearing in mind that PBEsol reproduced the ground
state properties of CugQSey sulvanites better than PBE and LDA as can be seen in Table 5.4. From
our findings, the obtained values of the fundamental gaps from the band structure plots using mBJ
functional are 1.87, 1.56 and 1.14 eV for CugTaSe4, CugNbSeys and CuzVSey, respectively, which are
comparable to those reported by Hong et al. [14] as provided in Table 5.5.
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Figure 5.28: The electronic band structure together ~ Figure 5.29: The electronic band structure together
with partial and total density of states for CugTaSes.  with partial and total density of states for CugVSey.

The nature of their band gap is indirect, where the valence band maxima is at R whereas the
conduction band minima is located at point X in their Brillouin zone.
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Figure 5.30: The electronic band structure together
with partial and total density of states for CugNbSey.
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For the bulk systems, it is visible that copper (Cu) states predominate the valence bands, whereas
selenium (Se) and the transition metals (V, Nb,Ta) states dominate the conduction bands. Also the
magnitude of the gaps obtained increases as we move down from vanadium (V) through niobium (Nb)
to tantalum (Ta) in group 5 elements of the periodic table.

5.2.3 Mechanical properties

Table 5.6 gives the predicted mechanical properties of the sulvanite compounds ranging from the bulk
(B), shear (G) and Young's modulus (E), independent elastic coefficients (C;), Frantsevich's ratio
(G/B), Zener anisostropic factor (A), Kleinman internal-displacement parameter ({) as well as
Poisson’s ratio (v), sound velocity (vm) and Debye temperature (Op) along with the Vicker's hardness
index (H,) in comparison with other existing theoretical values. The computed mechanical properties
of CuzQSey4 sulvanites such as bulk, shear and Young's modulus as well as the independent elastic
coefficients are in agreement with those reported by Espinosa-Garcia et al. [5].

These three materials are relatively soft compared to diamond based on their bulk modulus and elastic
coefficients. It is evident from Table 5.6 that LDA gives an upper limit value of the mechanical
properties of these sulvanites probably because of its overbinding nature, whereas PBE gives the lower
limit. On the other hand, the PBEsol values are in between the LDA and PBE values. If the
determined values of the independent elastic coefficients i.e C11, C12 and Cy44 are substituted onto
equation (4.8.1), it is clear that all the Born stability conditions for cubic systems will be fulfilled
suggesting that CugTaSeyq, CusVSeyq and CugNbSey are all mechanically stable.

Poisson’s ratio (/) is the proportion of the transverse compression to longitudinal extension strain in
the direction of the stretching force. A value of between 0.22 and 0.28 of Poisson’s ratio was attained
implying that the quantity of longitudinal strain exceeds the transverse strain in CugQSey4 sulvanites.
Since v & 0.25, these sulvanite compounds would likely experience the ionic type of bonding. Based
on the obtained values of Frantsevich's ratio, CugQSe4 sulvanites are brittle ternary compounds, this is
in line with what was reported before by Espinosa-Garcia et al., as previously stated in section 1.4. For
all the three sulvanite compounds, across all the functionals considered, the values of the Zener
anisotropy factor obtained are all less than unity implying that although these sulvanites are cubic by
symmetry, they indeed possess some degree of elastic anisotropy, signifying that they respond
differently to the applied strain along the various axes.

Low values of Kleinman parameter ({) obtained suggest that CusQSe, shows a large resistance against
bond-angle distortion [245]. From the values of Vicker's hardness index deduced across all the
functionals, CusTaSey and CusNbSe4 have comparable values of , that are slightly higher than those
of Cu3zVSey, implying that CusVSe, shows less resistance to deformation relative to CuzTaSey and
Cu3zNbSey. Remarkably, it was difficult to compare the sound velocities and the Debye temperatures of
the three compounds due to the inconsistent trend of the data obtained as presented in Table 5.6.
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Table 5.6: Mechanical properties of CugQSe4 sulvanites.
CU3TaSe4 CU3VS€4 CU3NbSe4
Parameter Functional Present Theory? Present Theory ’ Present  Theory 7
LDA 45.18 44.20 49.76 46.80 46.46 44.90
B (GPa) PBE 30.87 33.60 34.42 34.40 30.87 33.90
PBEsol 39.76 39.10 40.45 40.50 39.51 39.60
LDA 26.45 27.23 25.64 26.02 27.12 25.88
G (GPa) PBE 20.61 21.99 21.75 21.10 20.74 22.50
PBEsol 23.36 24 .57 21.73 22.80 23.44 2491
LDA 0.59 0.62 0.52 0.56 0.58 0.58
G/B (GPa) PBE 0.67 0.65 0.63 0.61 0.67 0.67
PBEsol 0.59 0.63 0.54 0.56 0.59 0.63
LDA 66.40 67.76 65.65 65.88 68.11 65.14
E (GPa) PBE 50.58 54.14 53.90 52.54 50.83 55.26
PBEsol 58.61 60.94 55.29 57.59 58.70 61.76
LDA 93.44 93.20 92.93 92.10 97.11 95.70
C11 (GPa) PBE 68.30 72.40 70.17 69.80 70.04 74.60
PBEsol 84.60 83.50 80.69 81.10 86.47 85.90
LDA 21.06 19.70 28.18 24.20 21.14 19.40
Ciz (GPa) PBE 12.16 14.10 16.55 16.30 11.28 13.50
PBEsol 17.35 16.90 20.33 20.20 16.02 16.40
LDA 21.40 22.20 21.93 21.70 21.59 19.9
Caa (GPa) PBE 16.73 18.20 18.91 18.10 16.37 18.30
PBEsol 18.24 20.0 17.40 18.80 17.74 19.90
LDA 0.59 0.60 0.67 0.60 0.57 0.50
A PBE 0.33 0.60 0.71 0.70 0.56 0.60
PBEsol 0.54 0.60 0.57 0.60 0.50 0.60
LDA 0.38 - 0.45 - 0.37 -
¢ PBE 0.60 - 0.39 - 0.31 -
PBEsol 0.36 - 0.40 - 0.34 -
LDA 0.26 - 0.28 - 0.26 -
v PBE 0.23 - 0.24 - 0.22 -
PBEsol 0.25 - 0.27 - 0.25 -
LDA 4.33 - 3.21 - 4.29 -
H, (GPa) PBE 4.35 . 4.06 - 4.38 -
PBEsol 3.82 - 2.89 - 3.83 -
LDA 1985 2385 2119 2641 2151 2583
ve (m/s) PBE 1850 1933 2073 2047 1988 2096
PBEsol 1903 2319 1991 2534 2040 2575
LDA 3463 4068 3834 4644 3755 4463
v (m/s) PBE 3113 3247 3540 3505 3339 3503
PBEsol 3316 3933 3560 4433 3545 4358
Others® (PBE) 3382 - - - 3651 -
LDA 2205 2644 2361 2936 2390 2867
Um (M/s) PBE 2048 2140 2299 2270 2200 2320
PBEsol 2114 2570 2216 2816 2265 2853
LDA 236.94 285.00 257.82 321.00 256.96 309.00
Op (K) PBE 212.25 222.00 241.14 239.00 228.02 241.00
PBEsol 224.19 273.00 238.69 304.00 240.29 303.00

j = Ref. [5] k = Ref. [52]
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5.2.4 Dynamical properties of CuzQSe, sulvanites

Optimized structures were used in examining the vibrational properties since high precision in the
structural relaxation with vanishing internal forces on each ion are essential to calculate reliable
phonons within the harmonic approximation. According to our findings, Cug(Ta,V,Nb)Se4 are all
dynamically stable due to presence of only the positive vibrational frequencies (hard modes). Besides,
CugTaSey, CugNbSey and CugVSey have an acoustic cut-off limit of about 2.0, 2.0 and 2.1 THz
respectively. This is the upper limit value of phonon frequency below which we have the acoustic
phonon vibration modes and above which we have the optical phonon modes.
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Figure 5.31: The phonon band structure together Figure 5.32: The phonon band structure together
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Figure 5.33: The phonon band structure together
with partial and total density of states for CugVSey.

In all the three sulvanites, copper and chalcogens (S, Se, Te) states dominates both the acoustic and
the optical regions whereas the transition metals (Ta, V, Nb) contribution is suppressed especially at
the acoustic zone. Furthermore, although the phonon band structures of CugTaSes, CugNbSe4 and
CusgVSey are similar since they have the same crystal structures, some obvious difference is also
noticeable in that there exist a phonon band gap at around 3 THz frequency whose size vary. We note
that CugTaSey has a larger phonon band gap followed by CugNbSe4 whereas CugVSey shows the
least. This could be attributed to the fact that the mass disparity of Ta and Se atom is quite large,
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while it is relatively small in V and Se.

5.2.5 Thermal properties of CuzQSe, sulvanites

According to Figure 5.34, entropy increases as we move down the group 5 elements of the periodic
table which consists of vanadium, niobium and tantalum that belongs to the transition metals; in that
CugTaSey has the highest values of entropy (more disordered) followed by CugNbSey, whereas
CusVSey has the lowest values (less disordered) within the considered temperature range. From Figure
5.34, 5.35 and 5.36, at 300 K, the predicted values of entropy, Helmholtz free energy and specific heat
capacity are 290.82 J/K/mol, -23.98 KJ/mol and 188.63 J/K/mol respectively for CugTaSey.
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Figure 5.34: Entropy of Cu3zQSey. Figure 5.35: Helmholtz free energy of CuzQSey.

The values of entropy, Helmholtz free energy and specific heat capacity are 282.90 J/K/mol, -21.20
KJ/mol and 187.44 J/K/mol respectively for CugNbSe4 at room-temperature (300 K), whereas
CugVSey had values of 267.06 J/K/mol, -15.56 KJ/mol and 184.77 J/K/mol for entropy, Helmholtz
free energy and specific heat capacity respectively at 300 K. Additionally, below 600 K, specific heat
capacity also increases as we move down the group 5 elements whereas at 800 K, the specific heat
capacities of the three compounds attains saturation, whereby the Dulong-Petit limit is obtained be
approximately 197.93 J/K/mol as shown in Figure 5.36.
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Figure 5.36: Specific heat capacity of CuzQSey4.

In Figure 5.36, we see that the specific heat capacity is saturated at high temperatures (above
Dulong-Petit limit), as compared to that at low temperatures which is associated with their vibrational
behavior, in that at low temperatures the amount of generated heat energy could be insufficient to
excite many high frequency phonons. On the other hand, most of the available phonon modes are
already active in the high temperature range leading to the saturation of the specific heat capacity.

5.2.6 Lattice thermal conductivity of Cu3QSe, sulvanites alongside its cumulative
values

During the course of our study, we realized that the lattice dynamics of CugQSey4 sulvanites of interest
have not yet been fully explored; hence besides evaluating their lattice thermal conductivity, we also
assessed their group velocities, phonon lifetimes, mean free path as well as the Griineisen parameters.
Hence, we believe our findings will serve as a useful guide to lattice vibrations in these sulvanite
compounds. Figure 5.37 indicates that lattice thermal conductivity in CuzQSe4 sulvanites display
similar behavior as that of entropy provided in Figure 5.34, in that the lattice thermal conductivity
increases as we move down the group 5 elements of the transition metals, since CugTaSey possess
slightly higher values of lattice thermal conductivity within (100-1000) K followed by CugNbSey,
whereas CugVSey had the least. We can also see from Figure 5.37 that the lattice thermal
conductivity somewhat follows the T~! relationship, decreasing with an increase in temperature.
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Figure 5.37: Calculated x; of CuzQSey. Figure 5.38: Cumulative ; of CuzQSe4 at 300 K.

Additionally, Figure 5.38 of the cumulative lattice thermal conductivity against frequency (at 300 K)
confirms that the lattice vibrations within the CugQSe4 sulvanites are primarily influenced by the
acoustic modes in that above the acoustic cut-off limits (provided in section 5.2.4), the cumulative
lattice thermal conductivity of the three ternary compounds becomes almost flat, implying the optical
modes contribute mildly to the overall heat transfer mechanism in CugzQSe4 sulvanites.

5.2.7 Group velocity, phonon lifetimes, mean free path and Griineisen parameters of
Cu3QSe, sulvanites

The distribution of group velocities can explain the relative contributions of every acoustic and optical
phonon mode to the total lattice thermal conductivity. According to Figure 5.39, we couldn’t get a
consistent trend of the behavior of group velocities for the three compounds as we traverse from
CugTaSey to CuszVSey, but one striking feature that cuts across is that, the low frequency acoustic
phonons had larger values of group velocity relative to the optical phonons, which backs our earlier
statement that the acoustic modes predominates their heat transport. Hence, to get some insights on
heat transport mechanisms in sulvanite compounds, we further examined their phonon lifetimes and
mean free path.

CuzTaSey Cu3NbSe, Cu3VSe,

35 a5 .. 35
W 30 30{
T % 2% 2 b
F 20 20 20
T 15 15 151
10 A 10 W 0] 4 M

= ke 5 = v 3

ol ¥ % M . i L\ o o ML RAMA (]

0 2 4 6 8 0 2 4 6 8 10 0 2 4 6 8 10
Frequency (THz) Frequency (THz) Frequency (THz)

Figure 5.39: Group velocities of CuzQSey.

From Figure 5.40 and 5.41, there is a decrease in the magnitude of the phonon lifetimes and mean free
path as we move from CugTaSey4 through CugNbSey to CugVSey; with the maximum lifetimes being
about 66, 44 and 38 picoseconds respectively. For the case of the mean free path, the highest values
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are approximately 2375, 680 and 320 nanometers (nm) for CugTaSeq, CugNbSey and CugVSeq
respectively signifying that at the low frequency regime, atoms of CugTaSey travels a larger distance
before colliding with each other as compared to the case of CugVSey, this might have emerged due to
mass differences between Ta and V. These can provide some insights on why CugTaSe4 possess a
higher thermal conductivity followed by CugNbSes and CugVSey bearing the least value, possibly due
to direct proportionality between the lattice thermal conductivity and phonon lifetimes and
consequently the mean free path, as discussed in section 4.8.12.
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Figure 5.40: Phonon lifetimes of CuzQSey4.
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Figure 5.41: Comparison of mean free path of CuzQSey4.

Considering that the lattice thermal conductivity is mainly an anharmonic phenomenon, we provide in
Figure 5.42 the analysis of the mode resolved Griineisen parameters in CugQSe4 sulvanites. The small
Griineisen parameter in CugVSey relative to CugNbSes and CugTaSey indicates a weak anharmonicity,
leading to the high thermal conductivity as approved by Figure 5.37; as a larger y signifies strong
anharmonicity resulting in a lower lattice thermal conductivity. Besides, according to Figure 5.43,
below 3 THz (acoustic regime), CugTaSe4 has a larger degree of mean free path as compared to the
other two sulvanites, which also substantiate why the lattice thermal conductivity of CugTaSey
exceeds the other two.
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Figure 5.42: Total Griineisen parameter of CuzQSey. Figure 5.43: Mean free path of CuzQSey.

5.3 Optical properties

Typically, the electronic behavior of a material can be categorized into two types; that is the electronic
ground states which can be well replicated at the DFT level and the electronic excited states which are
obtained more accurately at the BSE level of approximation. The latter describes the demeanor of the
electron-hole pair (exciton), upon being optically excited when the material being probed absorbs a
photon. In this study, the DFT eigen-energies were used to initiate the GW calculations and
subsequently the BSE within the many body pertubation theory approach, since DFT fails to
accurately describe the excited state behavior of materials [246].

In this thesis, the main goal of carrying out the BSE calculations is to obtain the optical gaps of the
Cu3QSey sulvanites, which is a crucial additive when determining the location of the band edges of
potential photocatalytic material as outlined in section 3.1. Upon obtaining the real and imaginary
parts of the dielectric function after doing the optical calculations, one can extract the values of the
optical spectra such as the absorption coefficient, refractive index, extinction coefficient and
reflectivity among others. Our main focus is to deduce the optical gaps of the three sulvanite
compounds as discussed in section 5.3.1 underneath, a detailed procedure and description of the
optical behavior of materials is also provided in our previous work [142].

5.3.1 Determination of optical gaps for bulk sulvanites using Tauc fits

Equation (5.3.1) provides the relationship between the absorption strength, photon energy and optical
band gap of a material [247]. The region near the band edge region of the optical spectra is fitted into
a simple expression in order to extract the band gap size from the intercept.

[ahv] = A(hv — Ey); (5.3.1)

where « denotes the absorption coefficient, h is the Planck’s constant, v is the photon’s frequency, n
stands for the nature of the electronic transition, A is a constant of proportionality and Ej is the
optical band gap. The parameter n can take several values depending on the nature of electronic
transition; such that n = % implies direct allowed transition, n = % implies direct forbidden transition,
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n = 2 implies indirect allowed transition whereas n = 3 is for indirect forbidden transition. Thus, when
the photon energy, which is a product of Planck’s constant and the photon frequency (E = hv) is zero
in the optical spectra, one can extract the value of the optical gap of the material under study using
Tauc fits since all the other components of equation (5.3.1) vanishes except E,. Therefore, the
intercept of the x-axis of Tauc plot gives the optical band gap value.
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Figure 5.46: Determination of optical gap of CuzVSey,.

Upon applying the Tauc procedures, the obtained values of the calculated optical gaps at BSE level of
approximation are 2.17, 2.26 and 2.46 eV for CugVSey, CugNbSes and CugTaSey respectively as
shown by Figure 5.44, 5.45 and 5.46, where the intercept of the straight line portion with the abscissa
defines the optical gap. The values of the optical gaps obtained from our Tauc plots are comparable to
the ones reported experimentally for the case of CugTaSes and CugNbSey [7]. Conversely, the optical
gap of CugVSey has not been reported so far, hence this study will serve as the first attempt.
Moreover, the optical band gaps of CugQSe4 sulvanites lies within the visible range of the
electromagnetic spectrum, which is desirable in photocatalytic applications as it leads to improved
efficiency by harvesting a large portion of the solar spectrum.
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5.4 Determination of surface energy in CuzTaSe,

Apart from obtaining the surface energy from the differences between slab and bulk energies according
to equation (3.2.1), one can as well obtain the bulk total energy from the slope of the slab total
energy versus the number of layers in the slab, thus ensuring that the surface and bulk energies are
extracted with the same accuracy as proposed by Fiorentini and Methfessel [248]. The latter approach
is what we applied, in which the bulk total energies of the 100, 110 and 111 surface slabs of CugTaSey
were deduced from Figure 5.47.
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Figure 5.47: Determination of the bulk energy of CuszTaSey from linear plots for various surface orientations.

The evaluated values of bulk energies obtained from the slopes along the various orientations were
-44.735, -44.780 and -44.944 eV respectively for 100, 110 and 111 slabs. These values were applied in
computing the surface energy for their respective crystal orientations as per equation (3.2.1). Upon
determining the respective values of total energies of the bulk system of CugTaSey, the next task is to
carry out the slab size convergence.
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Figure 5.48: Total slab energy per formula unit convergence with respect to the slab size.

According to Figure 5.48; 14, 14 and 10 filled slab layers were found sufficient for surface study of
CugTaSey along the 100, 110 and 111 orientations respectively as backed by their corresponding plots
consisting of 112, 112 and 80 atoms in the same order within the slab, since each filled slab had 8
atoms. At this stage, the next task is to compute the optimal value of the vacuum to be imposed in
the study of the three low index surface orientations of CugTaSey4, keeping the value of slab size
strictly to the converged ones for each orientation. Upon doing this, we obtained the displayed surface

energies as well.
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Figure 5.49: 100 and 111 surface energy convergence.
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Figure 5.50: 110 surface energy convergence.

From Figure 5.49 and 5.50, 110 surface orientation had the lowest surface energy, hence more stable
as compared to 100 and 111 orientations (110 < 7111 < 7100) With their corresponding surface

energies being 1.21, 2.05 and 2.91 J/m?. Based on our numerical data, it takes relatively less energy
of about 1.21 J/m? to create a 110 surface compared with 2.91 J/m? to create 100 surface and 2.05
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J/m? to create 111 surface of CugTaSe4. The stability of a particular surface depends on the interplay
of the surface characteristic quantities, such as the surface energy, surface stress and surface elastic
constants [249]. Therefore, further surface studies on CugTaSeyq were conducted for only 110
orientation consisting of 14 filled slab layers with 112 atoms in total, for which a vacuum size of 16

A was found to be sufficient to separate the periodic images along the direction perpendicular to the
surface as per Figure 5.50.

5.5 Determination of surface energy in CuzVSey

For the case of CugVSey sulvanite, the values of total energy of the bulk systems were obtained from
the linear fits of Figure 5.51 to be -41.620, -44.663 and -41.731 eV for the low index 100, 110 and 111
orientations respectively. This provided the first ingredient required for determination of the surface
energies via the first principles approach.
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Figure 5.51: Determination of the bulk energy of CusVSey from linear plots for various surface orientations.

Having achieved this, we then examined the behavior of total slab energy (for the three orientations)
with varying number of slab thickness as presented in Figure 5.52.
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Figure 5.52: Total slab energy per formula unit convergence with respect to the slab size.

From the convergence test; 14, 14 and 10 filled slabs were deemed sufficient, having 112, 112 and 80
atoms respectively for 100, 110 and 111 surface geometries of CugVSey. By ensuring that the
converged values of slab thickness are adhered to, we then assessed the behavior of surface energies
upon increasing the vacuum size for the orientations of interest, where a value of 18 A was found
sufficient to ensure that the interactions between the layers are negligible for the case of 111 geometry,
whereas a vacuum size of about 10 A was believed to be sufficient for both the 100 and 110
orientations. The obtained optimized values of the surface energies were 2.71, 1.13 and 1.78 J/m2
respectively for 100, 110 and 111 surfaces as supported by Figure 5.53 and 5.54. This signify that
relatively small energy is required to slice the bulk system of CugVSe4 sulvanite along the 110
direction than slicing it along 100 and 111 low index orientations. It also affirm that, 110 surface is
relatively more stable than the other two.
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Figure 5.54: 110 surface energy convergence.
Figure 5.53: 100 and 111 surface energy convergence.
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5.6 Determination of surface energy in CuzNbSe,

Figure 5.55 present the values of the total slab energies against the number of filled slab layers, upon
which the corresponding values of the bulk energy of the CugNbSe4 sulvanite were determined from
their corresponding slopes to be -43.015, -43.054 and -43.202 eV along the 100, 110 and 111
orientations, respectively.
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Figure 5.55: Determination of the bulk energy of CugNbSey from linear plots for various surface orientations.

Figure 5.56 display the convergence of the total slab energy per formula unit with respect to the slab
sizes for CugNbSe4. We determined that at least 14, 14 and 12 filled slab layers corresponding to 112,
112 and 96 atoms are required along 100, 110 and 111 surface orientation to ensure that the slab is
thick enough to avoid interaction between the two surfaces of one slab.
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Figure 5.56: Total slab energy per formula unit convergence with respect to the slab size.

Subsequently, having obtained an optimized value of the filled layers for each orientation, we thereafter
evaluated the behavior of the surface energies of various orientations upon increasing the vacuum size
until we reach the point where the slabs decouple such that they are no longer interacting with each
other, which is the point beyond which the surface energy becomes independent of the vacuum size.
For CugNbSey, vacuum sizes of 12, 16 and 8 A were established to be satisfactory for separating slabs
from their periodic images along the 100, 110 and 111 orientations as supported by Figure 5.57 and
5.58. By resolving the optimized vacuum size, it also culminated to determination of surface energies
of CugNbSe4, where values of 2.77, 1.16 and 2.07 J/m2 were extracted for 100, 110 and 111 surface
geometries, respectively.
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Figure 5.57: 100 and 111 surface energy convergence. Figure 5.58: 110 surface energy convergence.
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5.7 WAuIff construction

Waulff theorem states that the distance from the center of a particle to the surface is proportional to the
surface energy. Thus, the equilibrium shape of a crystal is related to the surface energies through the
Wulff construction. This is a standard way of quantifying information of surface energies in different
orientations to depict thermodynamic stability by displaying relative energetics of surfaces and the
lower in energy a surface is, the more area the facet contributes to the Wulff shape [250]. The smaller
the surface energy is, the easier the surface will form. The Wulff construction yields the equilibrium
shape of a particle of fixed volume embedded in a single phase at a constant temperature [251].
Besides being a descriptor of relative surface stability, surface energy also plays a crucial role in
controlling the rate of sintering, growth of particles as well as determining their morphology. It is also
a vital entity in industrial applications such as adhesion, lubrication and protective coating [252].

(a) CuzTaSeq (b) CuzVSeq (c) CusgNbSey

Figure 5.59: Predicted equilibrium shape of sulvanite crystals using Wulffman program. Due to large differences
in the predicted values of surface energies, only 110 facet appears in the morphology.

Wulff construction dictates a particle shape given its orientation-dependent surface free energy [253].
The Wulffman program along with the Geomview interactive 3D visualization software was used to
reveal the theoretical equilibrium shape of the sulvanite crystals as provided in Figure 5.59. Note that
the Wulff construction represents the ideal shape that the crystal would take in the absence of other
possible constraints [254].

5.7.1 Mid gap states in CuzQSe, sulvanites along the 110 surface

We also computed the total as well as the partial density of states for the most stable surface
geometries in order to deeply verify if indeed the surface states are present, which could be attributed
to the disruption of the three-dimensional periodicity of the crystal along the direction perpendicular
to the surface. This had been elaborated in section 4.6. From Figures 5.60, 5.62 and 5.64, bulk- and
surface-related spectral features are easily distinguishable (indicated with the grey background), it is
evident that there is surface transitions from the localized surface states of the 110 surfaces of
Cu3zQSey sulvanites.
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Figure 5.60: Surface and bulk DOS for CugTaSe,. Figure 5.61: Surface density of states for CugTaSey.

In the field of solid states physics, it is worth exploring the electronic properties of the surface from the
density functional theory approach to get in-depth information about the elemental states responsible
for the creation of the localized surface states. From Figure 5.61, we observe that there are midgap
states existing in 110 surface of CugTaSey4 that were absent in the bulk counterparts and the major
contributors to these surface states are from d-states of tantalum and copper as well as p-states of
selenium. Similar behavior is noticeable in Figures 5.63 and 5.65.
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Figure 5.62: Surface and bulk DOS for CusNbSey. Figure 5.63: Surface density of states for CugNbSey.

These gap states present at the surface band structures of CugQSey sulvanites are considered to be
the active sites for photocatalytic reaction [255], in that they act as the trapping centers for the
photogenerated charge carriers. Thus, minimize the chances of recombination occurring hence
ensuring that the electron and hole have more possibility to interact with the reactant. Consequently,
by retarding the recombination, presence of abundant localized surface states boosts the overall
photocatalytic activity of a system by prolonging the lifetime of the carriers [256].
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Figure 5.64: Surface and bulk DOS for CugVSe,. Figure 5.65: Surface density of states for CugVSey.

5.8 Charge density difference via Bader analysis

As stated in section 3.3.2, in this study, Bader analysis was used to examine the electron density
distribution on the most stable surface of the sulvanite compounds, that is the 110 orientation. The
knowledge of charge distributions can be used to resolve how molecules interact with one another.
The mechanism of charge migration from the interior to the surface of the semiconductor is quite
complicated because it is dominated by many factors such as the crystal structures together with
crystallinity, lattice vibration modes, electronic structures, lifetime of the photo-generated carriers and
grain boundary effects among others [257].

Figure 5.66: The charge density difference in CugQSey with the volumetric sections.
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Figure 5.67: The charge density difference in CugQSey without the volumetric sections.

The above Figures (5.66 and 5.67) show the charge density difference of CugQSey as created using
Visualization for Electronic and Structural Analysis program (VESTA) [258] when the iso-surface level
is set to 0.05 e/Bohr3. The red atoms are for transition metals (i.e Ta, V, Nb), the blue atoms are for
copper whereas the green atoms are for the selenium. It is visible that the charge is mainly
concentrated on copper atoms at the top of the surface along the z-axis as indicated by the yellow
color. On the other hand, a lot of charge is depleted on the transition metal and selenium atoms at
the lower part as indicated by the cyan color. According to Simfukwe et al. [259], the accumulation of
charges on the surface of a material is likely to decrease the recombination rate of the photogenerated
charge pairs, which in turn boosts its photocatalytic activity in the CugQSe,4 sulvanite compounds.

5.9 Determination of work function in Cu3QSe, sulvanites

For the most stable surface orientation for each of the sulvanite compounds considered, we computed
their corresponding vacuum potential, Fermi level and work function along the 110 orientation which is
the preferred cleavage plane for the three sulvanite compounds as indicated in Figure 5.68 and
summarized in Table 5.7.

Table 5.7: Cu3QSe, surface properties for the stable 110 orientation.

Compound  Fermi level (eV) vacuum potential (eV) work function (eV)

CU3TaSe4 0.96 591 4.95
CU3VSe4 1.20 6.17 4.97
CugNbSey 1.20 6.03 4.83

From Table 5.7, CugNbSey possess a lower magnitude of work function implying that electrons can be
dislodged with ease from its surface, as materials that have a low work function emit electrons easily.
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Figure 5.68: Determination of work function of CugQSes from vacuum potential and Fermi level for various
surface orientations. The electrostatic potential was averaged in the x- and y-directions to get the potential along
the z-direction.

5.10 Determination of band edge location using Mulliken approach

The electronegativity of an atom is the arithmetic mean of the atomic electron affinity and the first
ionization energy [260].

Table 5.8: Pearson absolute electronegativity values for elements of interest.

Element  Absolute electronegativity, x (eV) [145]

Copper 4.48
Tantalum 411
Vanadium 3.60
Niobium 4.00
Selenium 5.89

The values of the absolute electronegativities of the individual elements provided in Table 5.8 were
applied in determining the values of the absolute electronegativity of their corresponding sulvanite
compounds as per equation (3.1.3), where the absolute electronegativities of CugTaSey4, CugVSey and
CugNbSey were obtained to be 5.08, 5.00 and 5.06 eV respectively. These were then applied in
determining the band edge locations via the Mulliken approach as tabulated in Table 5.9.
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Table 5.9: Band alignment in CuzQSey4 via Mulliken approach.

Compound x (eV) Ee(eV) Eg(eV) Eve (V) Ecs (V)
CusTaSe;  5.08 4.50 2.469 1.81 -0.62
CugTaSe;  5.08 450 2437 1.80 -0.63
CugTaSeys  5.08 450 2358 1.76 -0.59
CusVSes  5.00 4.50 2.179 1.59 -0.58
CusNbSe;,  5.06 450 21417 1.63 -0.51
CusNbSe;  5.06 4.50 2.269 1.69 -0.57

Q — Optical gaps from Tauc fits in the present study

The calculated band edges were then compared to the redox potentials of the reactions of interest to
evaluate their photocatalytic capabilities. The bottom of the conduction band (Ecp) is more negative
than the H™ /Hy redox potential [0 V | vs NHE at zero PH (or the electron potential should be more
positive than -4.5 eV vs the vacuum level). The top of the valence band (Ey ) is more positive than
the O2/OH™ redox potential [+1.23 V | vs NHE at zero PH. (or more negative than -5.73 eV vs the
vacuum level). The obtained values of the Ey g (Ecp) via Mulliken approach relative to NHE
potential are 1.81 (-0.62), 1.59 (-0.58) and 1.69 (-0.57) V for CugTaSeq, CugVSeyq and CuzgNbSey
respectively, implying the reactions leading to photogeneration of hydrogen and oxygen will be
thermo-dynamically favorable as presented in Figure 5.69.
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Figure 5.69: Alignment of the band edges using Mulliken approach at PH = 0.

5.10.1 Determination of band edge location via BGC approach

For the case of band gap center approach, Perdew and Levy [148] observed that one can accurately
predict the value of the band gap center energy at the DFT level of approximation and reference the
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eigenvalues to the computed value of the vacuum potential determined from the surface calculations.
Therefore, having already determined the optical band gaps of CugQSe4 sulvanites of interest as
provided in section 5.3.1 along with the values of the vacuum potentials provided in Table 5.7, we then
computed carefully the values of the valence band maxima and the conduction band minima at the
DFT level for the most stable surface geometries that is 110 for the three sulvanites, from which the
obtained results are displayed in Table 5.10.

Table 5.10: CuzQSey4 band edges based on BGC approach.

Compound  Eg (eV) Eyac (V) BGC (eV) Evem (eV) Ecgm (eV)

CuzTaSeq 2.46 5.91 -4.74 -5.97 -3.51
CuzVSey 2.17 6.17 -4.76 -5.84 -3.67
Cu3zNbSeyq 2.26 6.03 -4.65 -5.78 -3.52

From our findings, the comparison of the band edges to redox potential reveals that all the three
Cu3zQSey sulvanites are certainly thermodynamically viable for photocatalytic applications. This
present work indicates that Cu3QSe, sulvanites are promising photocatalysts that are sensitive to
sunlight for water splitting to generate hydrogen. Favorably, since these sulvanites have suitable
placement of their band edges with respect to the redox (reduction and oxidation) potentials of water
as shown in Figure 5.70, there is no need to provide supplementary external bias in order to overcome
the thermo-dynamic energy barrier so as to initiate the photocatalytic activity. Besides the
appropriately positioned band edges, CugQSey sulvanites absorbs light in the visible region, which in
turn ensures that they harvest a large portion of the solar spectrum, leading to enhanced efficiency in
photocatalytic generation of HaO as a useful energy carrier.
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Figure 5.70: Position of the band edges using BGC approach at PH = 0.
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CONCLUSIONS

In summary, we have successfully carried out extensive studies on the photocatalytic properties of
sulvanite-type compounds Cug(V,Nb,Ta)Se4 and thermoelectric properties of spinel oxides
Cd(Ga,Al)204 in line with clean energy production based on first principles approach. In Chapter 1,
we have discussed the dangers posed by the inevitable global energy crisis to humanity which forms
the motivation of our current study. We have also provided the aim and the specific objectives which
the current study was geared towards achieving. Additionally, we have presented the scope of the
thesis as well as what has been explored and the existing gaps to be filled in exploring our compounds
of interest - sulvanites and spinels. In Chapter 2, we have discussed the previously reported work on
sulvanites and spinels of interest and also deliberated on the basic scientific ideas about photocatalysis
and thermoelectricity as well as presented the aspect of material choices to be considered and the
possible areas of applications. In Chapter 3, we have delved onto a flavor of density functional theory
principles that are directly related to the current study such as lattice dynamics, transport and surface
aspect of the study. In Chapter 4, we have furnished a step by step guide on how computations and
analysis were carried out. In Chapter 5, we have presented, analyzed and discussed the obtained
results as well as compared them with previously reported data.

From our findings; concerning the Cd(Ga,Al)204 spinels, it was recognized that the LDA functional
reproduced its ground state properties relative to existing experimental data. Moreover, these spinels
are thermodynamically and mechanically stable. They were deduced to be ductile showing some degree
of elastic anisotropy and the magnitude of their bond stretching is much smaller compared to bond
bending and are dominated by metallic type of bonding. We found out that CdGaz04 had higher
magnitude of average sound velocity than CdAl2Qy4, implying sound travels faster in CdGaz0Oy4 than in
CdAl304. Being cubic by symmetry, these spinels display thermal, lattice and transport isotropy.

At 300 K, CdGaz04 and CdAl204 possess lattice thermal conductivity of 9.381 and 10.485 W/mK
respectively, which seems not promising for thermoelectric applications, where small values of x; are
desirable and the dominant contributor to lattice thermal conductivity is acoustic phonon modes. In
order to understand their heat transport mechanisms, we have examined their group velocity, phonon
lifetimes, mean free path as well as modal Griineisen parameter. Upon doing the transport analysis,
CdGag0y4 and CdAI2O4 have low predicted values of dimensionless figure of merit of about 0.049 and
0.040 respectively at higher temperatures (1000 K), implying they have a very low efficiency in
converting thermal to electrical energy and vice versa which doesn't call for any further substantial
exploration as it is, unless the strategies to reduce x; and/or enhance ZT are implemented such as
creation of nanostructures, defects and straining among others.
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For the case of CugQSey4 sulvanites, PBEsol functional mimicked their ground state properties well,
they are also dynamically and mechanically stable compounds whose bonds are dominated by ionic
type. Converse to spinels, CugQSe4 sulvanites are brittle. Their low values of Kleinman parameter
suggest that they have a large resistance against bond-angle distortion. From their electronic band
structures, we observed that there are midgap states existing in their stable 110 surfaces that were
absent in the bulk counterparts.

These localized surface states acts as trapping centers for the photogenerated charge carriers which in
turn minimizes the rate of recombination enhancing the photocatalytic activity. As it is well known
that DFT underestimates the bandgaps of semiconductors, to counter this, we computed the optical
gaps at the BSE level applying the Tauc procedures. The values of the approximate gaps obtained are
2.17, 2.26 and 2.46 eV for CugVSey, CugNbSes and CugTaSey respectively. For the three systems,
among their low index orientations, 110 surface had relatively the lowest surface energies of 1.13, 1.16
and 1.21 J/m? respectively; with their corresponding values of work function being 4.97, 4.83 and 4.95
eV for CugVSey, CugNbSey and CugTaSey, respectively. Besides having appropriate gap values for
single photon water splitting, these sulvanite compounds have favorably aligned band edges that are
able to straddle the water redox potentials in absence of external bias, as substantiated by our results
obtained via the band gap center and the Mulliken approach.

In a nutshell, through our first principles studies we have confirmed that our hypotheses were partly
true in that from our findings, CugQSe4 sulvanites indeed show the viability to breakdown water onto
hydrogen and oxygen since their band edges bridge the reaction redox potentials of water, which is
favorable towards clean energy generation. This calls for further experimental probe, since our ab initio
analysis gave positive results in this aspect.



APPENDIX

In this section, we provide supplementary information related to our current study such as: the
approximations and convergence in density functional theory where we discuss two crucial parameters
namely k-points and wave function plane wave expansion. We also look at the importance of
incorporating dipole correction when undertaking surface probe, how Bader charge was analyzed and
the effect of PH on the redox potential of water, as well as an outline of the few articles that arose
during the course of this work.

Approximations and convergence in density functional theory

According to Choudhary and Tavazza [261], although density functional theory is exact in theory, its
implementation requires several approximations such as the choice of basis set, exchange-correlation
functionals, mesh-size of Brillouin zone integration and plane wave cut-off for plane wave basis. In
section 4.2, we have briefly discussed how convergence is done in ab initio calculations. We wish to
elaborate k-points and cut-off energy herein.

K-points

The Brillouin zone plays a central role in band theory of materials. Hence, one of the objectives when
undertaking convergence test is to select a sufficiently dense mesh for the integration of the Brillouin
zone as this is in long run crucial for the convergence of the results within the desired precision. Note
that the mesh size varies depending on the system under study, for instance metallic systems require
more k-points than semiconductors and insulators. According to VASP manual [262], insulators require
100 k-points/per atom in the full Brillouin zone in order to sufficiently reduce the energy error to less
than 10 meV, whereas metals require approximately 1000 k-points/per atom to achieve the same
accuracy.

Moreover, the k-point grid required depends on the nature of the system under consideration and is
dictated by the smearing method chosen. Choudhary and Tavazza [261] also noted that high
symmetry systems such as cubic and hexagonal materials require higher k-points, but lower cut-off,
whereas low symmetry structures such as triclinic materials require fewer k-points but higher cut-off.
Also, for systems with broken symmetry one has to consider dispersion i.e., for slab/surface
calculations with the z-axis as the surface normal, one has to ensure the k-point grid lie in xy-plane
only since there is no dispersion in the z-axis.
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Wave function plane wave expansion

For crystalline systems, it is convenient to choose plane waves as the basis set for expanding their
wave functions due to periodicity of the system. According to Bloch theorem [263];

P(r) = exp(ik.r)ug(r); (6.0.1)
k
where the eigen-states of the wave function of an electron in a periodic potential consists of a cell
periodic part denoted by wuk(r) and a varying phase factor. Equation (6.0.1) can be rearranged to form
equation (6.0.2), since uk(r) is periodic hence can be expanded with plane waves.

u(r) = Cer exp(iG.r); (6.0.2)
G

where G are the points on the reciprocal lattice. Then the wave function can be expanded in pure
plane waves by summing equation 6.0.1 and 6.0.2 as;

W(r) =) Cex expli(G+k).r)]. (6.0.3)
G.k

Due to computational constraints, the summation with respect to G cannot be performed to infinity,
hence this summation is often truncated after some G which is determined to be converged based on
the value of cut-off energy.
[K+GJ”

5
In other words, plane waves are infinite in number, hence one has to deduce how many plane waves
are sufficient for obtaining accurate eigenvalues. This optimum number of basis functions is
determined by the kinetic cut-off energy provided in equation 6.0.4. Truncation becomes handy since
computational resources are often inadequate to handle a large number (infinite) of plane waves and
one has to trade-off between rigor and computational cost.

Eeut = (6.0.4)

According to Sholl and Steckel [264], it is reasonable to expect that the solutions with lower energies
are more physically important than solutions with very high energies. Therefore, it is usual to truncate
the infinite sum to include only solutions with optimal cut-off value. Additionally, plane wave cut-off
are strongly correlated to the chosen pseudo-potential. In principle, pseudo-potentials are used to
reduce computation time by replacing the full electron system in the coulombic potential by a system
only taking explicitly into account the valence electrons. This not only reduces the electron number
but also the energy cut-off [264], which is crucial in plane wave based codes such as VASP [51].

Dipole correction

In ab initio calculations, it is not completely possible to impose a sufficient vacuum layer in order to
decouple the interactions within the slabs as doing this will make surface studies to be computationally
demanding. Moreover, the artificial periodic images may still interact through coulomb interaction as
noted by Li [265]. To solve this, we applied the dipole correction as implemented in VASP by invoking
the IDIPOL, which switches on monopole/dipole correction to the total energy, ensuring that the
latter as well as the forces on the surface atoms within the slab converge more rapidly with respect to
the vacuum thickness, since the eigen values and the vacuum potential and consequently the work
function changes as a function of the vacuum size.
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Effect of PH on redox potential of water

The degree of acidity or basicity of the photocatalytic reaction system also plays a role in water
splitting reaction since the band levels often shift with a change in PH, hence is worth to consider so
as to ensure that the water oxidation and reduction potential are accurately determined, and are

related through the following expressions [266]:

B, = (0059« PH) — E| ev. (6.0.5)
220 = |(0:059 % PH) = (E, +1.23)] eV, (6.0.6)

Bearing in mind that water is neither acidic nor basic (neutral), we also cross-checked if the band
edges of CugQSey4 sulvanites are still capable to straddle the redox potential of water when the system
is at a neutral environment having a PH of 7, as indicated in Figure 6.1 and 6.2. Which was
established to be achievable making them promising candidates for photocatalytic water splitting with

no bias voltage required.
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Figure 6.2: The effect of PH on redox potential

Figure 6.1: The effect of PH on redox potential
of water via BGC approach at PH of 7.

of water via Mulliken approach at PH of 7.

Bader analysis

In our case, by adding the LAECHG tag in the INCAR (a cental input file in VASP); we obtained
separately the core and valence charges, which were then summed up as indicated in equation (6.0.7)
and then visualized using VESTA software as discussed in section 5.8. The charge difference (Ap) was
attained by applying equation (6.0.8) as the difference in charge magnitude between the parent
compound (that is CugQSe4) and its fragments which are the constituting elements.

ptotal _ pcore _|_pvalence (607)
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Ap _ pcompound . pfragments (608)

Publications

The following articles arose during the course of this work:

1.

Elkana Rugut, Daniel Joubert and Glenn Jones, Numerical simulation of structural,
electronic and optical properties of vanadium diselenide (VSez)-South Africa Institute of
Physics 2017.

. Elkana Rugut, Daniel Joubert and Glenn Jones, Thermoelectric properties of CdGas04

spinel-South Africa Institute of Physics 2018.

Elkana Rugut, Daniel Joubert and Glenn Jones, First principle studies on lattice thermal
conductivity and thermoelectric properties of LiYSez-South Africa Institute of Physics 2019.

Mahmoud Mahmoud, Elkana Rugut, Mahlaga Molepo and Daniel Joubert, Study of structural
electronic and thermoelectric properties of potassium chalcogens KX (X = S, Se, and
Te): Ab-Initio Approach-under preparation.

. Mahmoud Mahmoud, Elkana Rugut, Mahlaga Molepo and Daniel Joubert, First-principles

study of structural stability, electronic properties and lattice thermal conductivity of
KAgX (X=S, Se, Te)-The European Physical Journal B, 92 (2019).

. Elkana Rugut, Daniel Joubert and Glenn Jones, Lattice dynamics and thermoelectric

properties of YCuSez- Materials Today Communications, 21 (2019).

Elkana Rugut, Daniel Joubert and Glenn Jones, First principle studies on lattice thermal
conductivity and thermoelectric properties of ScCu(S,Se, Te)s-under preparation.

. Elkana Rugut, Daniel Joubert and Glenn Jones, Structural stability, surface and

photocatalytic properties of CdGeP5: A DFT study-under preparation.
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