CHAPTER 5

Energy Applications of Bulk and Low

Dimensional Topological Materials

This chapter focuses on multifunctional applications of bulk and low dimensional materials
proposed in chapters 3 and 4. We begin with brief dicussions on the background of the
thermoelectric applications of bulk topological insulators and the implications of non-trivial
topologies of binary zincblende Aul on the thermoelectric transport properties. We then
discuss in brief the basal plane catalytic activity of low dimensional Aul towards hydrogen
evolution reactions in terms of different mechanisms such as, volmer, volmer-tafel and volmer-
heyrovsky. We then shift our focus on the edge sites rather than the basal plane of two
dimensional topological insulators for catalytic applications. We establish a relation between
the non-trivial topologies and catalysis. This is done by discussing topological quantum

catalysis in two dimensional topological insulator LiMgAs.

5.1 Thermoelectric Applications of Bulk Topological

Insulator: Aul

Zincblende phase of Aul binary compound was explored for non-trivial topological quantum
phase transitions from semi-metallic to topological conducting/insulating phase. As expected,

Aul binary compound did exhibit non-trivial topological properties which was discussed in
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5.1. Thermoelectric Applications of Bulk Topological Insulator: Aul

chapter 3. Apart from the non-trivial nature we were also motivated to explore the binary
system Aul for thermoelectric applications. This is because, it was previously observed
that, several strong topological insulators such as, Bi, Te;, Bi,Se;, Sb,Te; host remarkable
thermoelectric transport properties.! This implies that, materials hosting topological insulating
nature can also exhibit decent thermoelectric properties due to linear band dispersions,
dissipationless transport of Fermions, dense states across Fermi etc. Hence, till date, several
bulk materials which exhibit non-trivial topological insulating nature also host thermoelectric

phenomena.>!!

As compared to other energy application

materials, the field of thermoelectrics has
been struggling due to the feeble power con-

version efficiencies of conventional thermo-

electric materials. Such drawback has restric- ]
ted thermoelectric materials to niche applic-
ations such as, space probes, picnic refriger- ] —_— L 3
18 19 20 21
10 10 10 10" em?®

ators and domestic water heaters. Hence, the

, _ carrier concentration
development of novel materials (which ex-

hibit enhanced thermoelectric power conver- Figure 5.1: A typical schematic indicating the

sion efficiencies) would promote the applic- thermoelectric material design strategy with

ation of thermoelectric materials to harvest T€SPect to carrier concentrations.

waste heat from major sources like thermal

stations/automobiles or replace conventional cooling techniques, eventually reducing the car-
bon footprints. The thermoelectric power conversion efficiency of a material can be quantified
in terms of the figure of merit (defined as zT) which depends on, the seebeck co-efficient (S),
electrical conductivity (o), temperature, electronic thermal conductivity and, lattice thermal
conductivity (k). These parameters in turn depend on the carrier concentrations in a complex
manner as evident from Fig. 5.1 which necessitates the optimization of carrier concentra-
tions with respect to these parameters. From this Fig. 5.1 is evident that, alongwith carrier
concentration, it is the overall optimization of zZT which is important since other parameters
exhibit significantly biased behaviour with respect to carrier concentrations. Hence, an ideal
thermoelectric material can be realised in a sweet spot where, the zT is optimized which en-

sures efficient conversion of heat into electricity. Achieving such condition hence a non-trivial

125



5. Energy Applications of Bulk and Low Dimensional Topological Materials

task requiring fine tuning of, the electronic band dispersion curves and the phonon dispersion
curves. Hence, over the past few years, it has become a norm to, either tune the electronic
transport of heavy materials (by band engineering, nano structuring, chemical doping, etc.
which leads to lower thermal conductivity) or to suppress the thermal transport through lighter
materials (by alloying, defects, dimensional confinement, etc.).!*®

However, the major hurdle which obstructs the thermoelectric efficiency arises due to an
entanglement between, seebeck coefficient, electrical conductivity and thermal conductivity.
This is due to the fact that these parameters are governed by the inter-dependent electrons
and holes in a material. This leads to a compromised overall transport efficiency since,
modification in one of the electronic parameters changes the other. Hence, the most effective
method would be to minimize the lattice thermal conductivity by modifying the phonon
transport properties of a material. Semi-metallic systems were known to host promising
thermoelectric properties due to unconventional band topologies and coupled optical-acoustic
phonon modes. However, such materials have received scare attention for thermoelecric
applications.!*?? Recently, semi-metallic systems such as HgTe, BiTe etc. were investigated

for thermoelectric applications.!'!23-27

This motivates us to perform in-depth computations of
the thermoelectric and transport properties of zincblende Aul apart from non-trivial topological

quantum phase transitions.

Structure and Lattice Dynamics

As discussed in previous chapter 3, the zincblende phase of Aul is energetically, mechanically
and dynamically stable. Apart from dynamic stability, observing phonon dispersion curves in
the entire brillouin zone gives insights into, electron-phonon coupling (in metals), LO-TO
splitting (in polar materials), flexural phonon modes (in two dimensional materials) etc. In
case of zincblende Aul which is governed by the cubic symmetry we observe a narrow gap
between acoustic and optic phonon branches. Such narrow gaps are known to reduce the
thermal conductivity owing to the strong coupling between acoustic and optical branches.?
Also, the highest observed phonon frequency was ~ 110 cm™' along the brillouin zone path
of I' = X which was lower than some of the famous thermoelectric materials such as, Bi, Te;,
PbTe, SnSe and semi-metals such as, BiTe and HgTe.>*?°-32 Contrary to these materials
(wherein the highest optic mode is located at the centre of the brillouin zone) we observe

a significant softening of the optical phonon modes and hardening of the acoustic phonon

126
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Figure 5.2: (a) Face centred cubic zincblende structure of Aul. (b) Phonon dispersion curves
alongside phonon density of states. (c) Phonon group velocities versus frequency (rad ps~')
and, (d) Specific heat (C,) of Aul versus temperature.
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Figure 5.3: (a) Mode Griineisen parameter as a function of phonon frequency. (b) Total
Griineisen parameters as a function of temperature. (c) Phonon scattering rates. (d) Lattice
thermal conductivity and cumulative thermal conductivity as a function of, (e) Phonon
frequency and (f) Phonon mean free path.

modes at the centre of the brillouin zone. Such phonon dispersions are also observed in other
compounds such as, Perovskites and magnesium boride (MgB,).**3* Apart from this, the

longitudinal acoustic mode has a frequency of ~ 52 cm~! which is significantly lower than
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5. Energy Applications of Bulk and Low Dimensional Topological Materials

the materials exhibiting low thermal conductivity. Phonon dispersion curves are of great
significance when we intend to analyse the phonon group velocities (presented in Fig. 5.2(c))
which govern the transport properties. Generally, 90% of lattice thermal transport originates
from the acoustic branches; however, recent reports suggest that, mild contributions may
originate from the optical branches as well.** Using phonon group velocities, we can project
phonon number density on the phonon frequencies to understand the contributions arising
from the acoustic and optical branches. Figure. 5.2(c) indicates that, apart from the acoustic
branches, optical branches also contribute significantly. Also, the ultra-low optical phonon
frequencies at the brillouin zone center reaffirm strong optic-acoustic coupling. Finally, in
order to validate that Aul obeys the Dulong-Petit law, we compute temperature dependent

specific heat (presented in Fig. 5.2(d)).

Thermoelectric Transport Properties: Lattice Contribution
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Figure 5.4: Electronic contribution to thermoelectric properties as a function of chemical
potential () for three different carrier concentrations.

We compute the electronic and lattice contributions to thermoelectric transport properties
using the semi-classical Boltzmann transport equations for electrons and phonons. Firstly,

we explore the role of lattice vibrations in terms of phonons on thermoelectric transport
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5.1. Thermoelectric Applications of Bulk Topological Insulator: Aul

properties. In Fig. 5.3(a) we present the mode Griineisen parameters (y) as a function
of phonon frequencies. With this parameter, we get insights into the anharmonic effects
originating from phonon-phonon interactions. This is done by computing the variations
in the frequency of a phonon mode for a particular unit cell volume. From Fig. 5.3 it is
clear that, Griineisen parameters are widely spread indicating towards large anharmonic
effects due to strong phonon-phonon scattering. Also, we observe supression in phonon
lifetimes and thermal conductivity which is due to enhanced anharmonicity. This is also
clear from the Slack model which states that, the lattice thermal conductivity has inverse
relation with the Griineisen parameter.*’ This explains the large magnitudes of Griineisen
parameters and corresponding reduction in lattice thermal conductivity. In Fig. 5.3(b) we
present the average magnitudes of Griineisen parameters as a function of temperature. It is
evident that, the magnitude of Griineisen parameter saturates becoming almost constant (~
1.55) at higher temperatures. This indicates that the crystal structure hosts strong bonding
character. However, the computed magnitude of Griineisen parameter is lower than other
thermoelectric materials which implies lower anharmonicity as compared to, PbS (2.46),
PbSe (2.66) and SnSe (2.83).3! The strong crystal bonding is also evident from the analysis of
electro-negativity and charge distributions which indicate towards the polar-covalent bonding
in the crystal. Also, the moderate magnitudes of youngs and shear modulus indicate towards

softening of bond strength which gives rise to reduced phonon transport.*!

In Fig. 5.3(c) we present the phonon scattering rates for Aul which is explicitly used
to interpret phonon lifetimes. These scattering rates are computed as a function of phonon
frequencies in two scenarios wherein we, include and exclude the isotopic contributions arising
from the mass anharmonicity. It was observed that, the overall phonon scattering rates follow
the trend observed in the anharmonic scattering rates with slightly higher magnitude. This
implies that, zincblende Aul exhibits mass anisotropy with isotropic effects contributing to the
prediction of thermal transport properties. It is also evident from the literature that, the mass
anisotropy is detrimental in predicting lattice thermal conductivity.*> Hence, to understand
the effect of temperature we compute the scattering rates at higher temperatures. We found
that, at higher temperatures, anharmonic effects dominate over the mass anisotropy. The
temperature dependent thermal conductivity, cumulative magnitude of thermal conductivity
as a function of phonon frequency and phonon mean free path are presented in Fig. 5.3(d), (e)

and (f) respectively. It is evident that, the phonon mean free path decreases rapidly from 101
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5. Energy Applications of Bulk and Low Dimensional Topological Materials

nm to 60 nm in the temperature range of 300-500 K. The magnitude of thermal conductivity
at 300 K is 0.46 W/mK which is isotropic owing to the cubic symmetry of Aul. This value
at room temperature is significantly lower than other materials such as, PbTe (2.2 W/mK),
BiCuSeO (0.89 W/mK), HgTe (2.14 W/mK) and SnSe (0.6 W/mK).39-3243

One of the important factors in quantifying thermal transport properties is phonon lifetime
which can be understood in terms of phonon scattering rates which in turn give rise to lower
thermal conductivity. It is evident from the cumulative magnitudes of thermal conductivity (in
terms of phonon frequency and mean free path) that, at a particular temperature, the thermal
transportation by phonons leads to thermal conductivity. It is evident from Fig. 5.3(f) that,
the characteristic mean free path at room temperature is 101 nm which reduces drastically
to 76 nm and 60 nm at temperature of 400 K and 500 K respectively. This implies that, the
average distance traversed by phonons (between two successive scattering events) decreases

as the temperature increases. Hence, the overall thermal conductivity is suppressed.

Thermoelectric Transport Properties: Electronic Contribution
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Figure 5.5: Computed electronic contributions to thermoelectric parameters as a function of
chemical potential () at three different temperatures.

Before we proceed with discussions regarding temperature dependent variations of
electronic thermoelectric parameters, we address their variations as a function of the chemical
potential for different carrier concentrations (as presented in Fig. 5.4). All the thermoelectric

parameters exhibit converged behaviour at three different carrier concentrations (as evident
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5.1. Thermoelectric Applications of Bulk Topological Insulator: Aul

from Fig. 5.4). We observe that, the power factor is optimal at 1 x 10" cm™

carrier
concentration. Hence, we proceed with computation of temperature dependent electronic
thermoelectric parameters at this concentration. It is evident from Fig. 5.5 that, the electronic
thermoelctric parameters for a fixed carrier concentration exhibit enhanced behaviour. This
system exhibits promising power conversion efficiencies near room temperature due to the rise
in power factor and the figure of merit (zT, independent of the lattice thermal conductivity)
which is evident from Fig. 5.5(d,e) in the temperature range of 300-500 K.

We compute temperature dependent relaxation time to compensate for the relaxation time
dependent quantities (electrical and electronic conductivities) obtained using the semi-classical
Boltzmann transport approach which would result in accurate magnitudes of electrical and
electronic conductivities. Although, Aul exhibits unique electronic band toplogies but the
constituent charge carriers exhibit significantly distinct magnitudes of carrier mobilities. Here,
enhanced electron mobility originates due to the inverse relationship between carrier effective
mass and mobility. We observed that, the magnitude of electron mobility at room temperature
was 58,930 cm?/Vs which is higher than the hole mobility 4,741 cm?/Vs. Hence, we expect a
reduced relaxation time for holes as compared to electrons. Here, the carrier relaxation time at

room temperature were observed to be 1.8 ps and 0.67 ps for electrons and holes respectively.

Thermoelectric Transport Properties: Figure of Merit

We present the temperature dependent carrier mobilities, relaxation time, electrical and
electronic conductivities independent of relaxation time in Fig. 5.6. In regime independent
of relaxation time, the magnitude of power factor are affected drastically (as presented in
Fig. 5.6(d) and (i)). The hole power factor was observed to be as low as 0.08 (VZ/K2Qm)
(which even lower than the electron power factor of 0.22 (V2/K2Qm)) due to low hole mobility
and relaxation time. The Seebeck co-efficient for hole and electron were observed to be
comparable with magnitudes ranging as 150-200 xV/K at 300-600 K temperature (as evident
from Fig. 5.6(a) and (f)). Also, we observed a significant difference in the room temperature
electronic and electrical conductivities (as evident from Fig. 5.6 (b)-(c) and (g)-(h)). With
such mutually compensating characteristics (i.e., similar thermal conductivities and Seebeck
coefficient with negligible difference as evident form Fig. 5.6(a) and (f)), the overall figure
of merit (zT) turns out have similar character in case of holes and electrons. The nature of

overall zT exhibits an inverted parabolic trend (as evident from Fig. 5.6(e) and (j)), with a
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Figure 5.6: Variation of thermoelectric parameters and total Figure of Merit for three different
carrier concentrations.
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maximum magnitude of 0.58 and 0.57 observed at 400 K for electrons and holes respectively.
Such room temperature figure of merit is quite remarkable as compared to several materials
which exhibit high figure of merit at higher temperatures. This figure of merit can be further
enhanced to realise efficient thermoelectric power conversion by optimizing the power factor.
This can be achieved through chemical doping or dimensional engineering which modulates
the electronic band structure.

Hence, topological insulators can be realised to be efficient thermoelectric materials.
However, it would be interesting to explore topological insulators for other energy applications
such as electro-catalysis. With this motivation we explored two dimensional Aul which was
dimensionally engineered from the bulk parent and observed to exhibit non-trivial topology
in chapter 4. Eventually, we observed that, the basal activity of two dimensional topological
insulators (such as Aul) is decent but not excellent. This lead us to explore the most recently
developed field of topological quantum catalysis in low dimensional systems. This phenomena

was explored in two dimensional LiMgAs which exhibits non-trivial topological properties.

5.2 Catalytic Activity of Two Dimensional

Topological Insulator: Aul

Two dimensional phase of Aul was explored in chapter 4 for non-trivial topological insulating
nature. Further to these investigations, we also explored Aul monolayers for catalytic activity.
This was out of curiosity (i.e., how would Aul monolayer respond towards hydrogen evolution
reaction?) since, Au is one of the precious transition metals known for catalytic applications.
With this we hope to propose a two dimensional material which can be used as a catalyst
to facilitate energy conversions sufficing the rising energy demands. The motivation lies in
several low dimensional materials which were previously explored for catalytic applications
and discussed in following paragraphs.

Metal halides have recently received attention for potential applications such as, photo-
catalysts, ultraviolet optical devices and quantum cutting solar materials.** For example,
Huang et.al., recently investigated binary compounds comprising of group-11 transition-
metals and halides.** It was proposed by Huang et.al., that such binary compounds can be
mechanically exfoliated from their bulk counterparts. Also, alloy monolayers of Cu, Ag,

Au and Pt were explored for nano- and opto-electronic applications.*> This was possible
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5. Energy Applications of Bulk and Low Dimensional Topological Materials

due to various Au based nanostructures (such as, nano-particles, nano-wires, nano-ribbons,

nano-plates, nano-sheets and nano-tubes) which can be synthesized experimentally.**-!
From perspective of a catalytic material, to efficiently achieve hydrogen evolution reaction

Au based materials have turned out to be potential alternatives as compared to rare metals

such as platinum (Pt), palladium (Pd) etc.>*>*

The standard catalytic materials of choice
explored thus far are typically made up of, Pt, Pd and their alloys. These materials host
spontaneous hydrogen evolution reactions with Gibbs free energy close to zero.>> This
criteria has innspired exploration of numerous two dimensional transition metal based catalysts
for hydrogen evolution reaction.’’®! Apart from the transition metal based compounds, the
material search has proliferated into single atom catalysis which employs single atoms of
precious metals such as Pt, Pd, Au etc. Tran et.al., have shown that, the reaction Gibbs free
energy can be further reduced by designing catalysts made up of MoS, and Mo,S,; with
Au substrate.%>% Similarly, Au nano-particles were also explored as catalyst for hydrogen
evolution reaction. It was observed that, nano-particles provide best alternative for Pt free
catalysis owing to their large surface area as compared to the volume occupying the space.
Apart from this, Au based catalysts exhibit good activity for water-gas shift reactions at low
temperatures as compared to Pt catalyst.> Also, NiAu/Au core shell’s and materials with Au
at corner sites; were found to exhibit promising catalytic activity as compared to Pt based
catalyst with the latter being more active for hyrodgen evolution reaction as compared to CO,

reduction.®-¢7

Catalysis Mechanism

We explored the catalytic activity of Aul monolayer at 0% strain since this structure was found
to be thermodynamic stability with a narrow electronic band gap. We might expect that, under
pristine conditions, Aul monolayer (which exhibits non-trivial topological properties) would
facilitate catalytic activity along the edges due to the non-trivial edge charge accumulation.®®
But, since the non-trivial gap (~ 14.4 meV) was found to be smaller than thermal energy
at room temperature (~ 25 meV) the resulting charge accumulation along the edges won’t
be high enough to facilitate catalytic activity as compared to the basal plane. Hence, we
investigated the catalytic activity along the basal plane of pristine Aul monolayer.

A typical hydrogen evolution reaction is a multi-step process as presented in Fig. 5.7(a).

Typically, the hydrogen evolution reaction begins with the interaction and adsorption of a
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Figure 5.7: (a) Steps involved in the catalysis mechanism of Aul monolayer in hydrogen
evolution reaction. Charge density plot of (b) Volmer and (c) Volmer-Heyrovsky reactions.

primary hydrogen over the catalyst surface (as presented in Fig.5.7(a)). This is known as the
Volmer reaction (as evident from step 1. in Fig. 5.7(a)). Every catalyst should obey Sabatier’s
principle which states that, the intermediate state in a chemical reaction is characterised by
optimal binding of the adsorbate and the adsorbant. Hence, in a hydrogen evolution reactions
the primary hydrogen should form optimal bond with the catalyst surface (neither too weak nor
too strong) facilitating the Volmer reaction. This would ensure the formation of a hydrogen

molecule due to the interaction of primary hydrogen with the secondary hydrogen.

Such reaction mechanism is quantified in terms of, optimal adsorption energy (AE, = 0.24
eV) and Gibbs free energy (AG, = 0.00 eV) during the Volmer reaction under pH = 0
and for a reduction potential of U = 0. These parameters have attained the reputation of
reliable descriptors for hydrogen evolution reaction. These parameters i.e., the adsorption
energy and the Gibbs free energy are computed as, AG, = AE, + A,pp — TAS and
AE, = (E om — Eaur — %E u,) respectively. Here, AE,; presents the hydrogen adsorption

energy, A, presents the zero-point energy between the adsorbed and gaseous phases of
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5. Energy Applications of Bulk and Low Dimensional Topological Materials

hydrogen atom and AS is the change in entropy between the adsorbed and gaseous phases of
hydrogen atom. Generally, the term A, ,,— TAS is approximated to be 0.24 eV. In case of
an ideal catalyst for hydrogen evolution reaction, AG, should be zero. Hence, we typically
expect optimal adsorption energy value of AE,, = —0.24 eV during the Volmer reactions.
The terms E,,;, ; and E ,,; are the total energies of hydrogen adsorbtion on, top sites (i.e., on
top of Au/I, bridge and hollow) and total energy of pristine Aul respectively. E;; is the total
energy of H, molecule in vacuum. We employ these equations to compute the adsorption

energies along the four sites (i.e., top of Au/l, bridge and hollow) of a 3 X 3 X 1 Aul monolayer.

From our computations we found that, top of Au was the most favourable site for primary
reaction with adsorption energy (—0.64 eV) and the Gibbs free energy (—0.40 eV) close to
optimum values. Similarly, the Gibbs free energy at I, bridge and hollow sites are 0.90 eV,
—1.25 eV and —0.49 eV respectively. From the analysis of the Lowdin charge we found that,
a charge transfer of ~ 0.26e occurs from Au site to the primary hydrogen (as evident from
step 2. in Fig. 5.7(a) and (b)). The charge redistribution is such that, the charge over Au gets

depleted while charge over I gets accumulated.

Following the primary reaction, the hydrogen evolution can occur through two different
mechanisms such as, Volmer-Tafel and Volmer-Heyrovsky. In a Volmer-Tafel reaction the
primary hydrogen reacts with a secondary hydrogen adsorbed on a neighbouring site leading
to the evolution reaction. But in case of Aul, on adsorption of a secondary hydrogen over I
site (which is the nearest neighbour to Au site where the primary hydrogen is adsorbed) we
observe a high charge transfer as compared to that at Au site i.e., ~ 0.43e. The corresponding
Gibbs free energy also indicates towards a strong interaction of the secondary hydrogen
at I site. Hence, Aul monolayer won’t facilitate Volmer-Tafel reaction owing to the strong
interactions at I site. Even the Volmer-Tafel reaction at a neighbouring Au atom won’t be
possible since, the distance between the two such Au atoms would be quite large (~ 4.7
A). However, in practical conditions, the primary hydrogen might interact with a secondary
hydrogen originating from the surroundings (as evident from step 3-5 presented in Fig. 5.7(a)).

Such reaction mechanism is known as Volmer-Heyrovsky reaction.

The adsorption energy of a secondary hydrogen during a Volmer-Heyrovsky reaction is
given as, AE,. = %(E udeni — Eaur — gE ,) and the corresponding Gibbs free energy is
given as, AGy.(n) = AE.(n) + A, pp — TAS. We proceed with the adsorption energy and

Gibbs free energy formalisms proposed by Lee et.al., for Volmer-Tafel reactions. We found
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that, the Gibbs free energy for Volmer-Tafel reaction was —0.62 eV which was higher than
that for Volmer-Heyrovsky —0.23 eV. This indicates that, the most favourable mechanism
for hydrogen evolution reaction is Volmer-Heyrovsky (at Au site as presented in Fig. 5.7(a))
rather than Volmer-Tafel. Hence, Aul monolayer would facilitate the evolution of hydrogen

molecule through Volmer-Heyrovsky mechanism (as evident from Fig. 5.7(a-c)).%"°

Therefore, we can ask a question; in low dimensional topological materials such as, two
dimensional topological insulators can we expect superior catalytic activity as compared to
the one observed in the basal planes of Aul? Will the large non-trivial spin-orbit interactions
induced gap would facilitate such behaviour? For this purpose, we explore a completely new
phenomena which is currently at the frontiers of materials science research and known as
topological quantum catalysis. For this purpose, we choose two dimensional topological
insulator LiMgAs (explored in chapter 4) which exhibits large non-trivial gap, leading to large

edge charge accumulations.

5.3 Topological Quantum Catalysis in LIMgAs

Why exactly do we need a topological quantum catalyst? The need arises due to the rise in
global energy demands which has attained great importance over the past few decades.”’~"3
To address the rise in global demand, the primary focus was on generation of energy using
Hydrogen-rich resources. This technique was observed to be effective which lead to the use
of Platinum group metals such as, Pt, Ru, Rh, Ir and Pd as a catalysts in hydrogen evolution
reactions.”* But, just as any promising material, these rare metals came with a disadvantage
of; associated cost, rarity and short lifetime of electrodes. This has motivated extensive
research in materials science to find a cost-effective and abundant alternative. Thus far,
combination of metals (such as, Pt, Pd, Ir, Ru, Au, Ni), binary metal alloys, 3d transition
metal hydroxides, phosphides, carbides and transition metal chalcogenides, nitrides, borides,
oxides and sulphides were proposed as promising; cost-effective alternatives.”*’> But, the
efficiency and performance of such materials depended on the pH of surrounding media
leading; different results in acidic and alkaline media.”

In a catalytic reaction, the major factor governing the activity, efficiency and performance
originates from the surface states. These surface states in turn originate from; [111] surfaces

of noble metals and the surface dangling bonds of a semi-conductor which significantly affect
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the physio-chemical processes occuring at the interfaces and surfaces.”® These surface states
arise due to the spatial proximity and orbital features across the Fermi level. Although these
surface states are promising but, they are typically quite sensitive and not robust against,
impurities in crystal lattice, defects and surface degradation (due to redox reactions) which
are known to alter the atomic terminations and crystal orientations.”® Also, as suggested by
Gerischer and Parson, another major challenge faced by materials is that, they have to obey
Sabatier’s principle which talks about thermoneutral condition (yielding maximum exchange
current densities).”” 8" Hence, realising materials which simultaneously would host robust
surface states to facilitate physio-chemical reactions and obey Sabatier’s principle is quite a

challengning task.

With the discovery and experimental realisation of topological quantum materials (such
as, topological insulators and topological semi-metals (Dirac, Weyl, Nodal-line)) we can
now address the problems with existing catalysts mentioned in previous paragraph.’! The
characteristic features which makes these materials stand out from existing catalysts is that, the
conducting surface/edge states and Fermi arcs are robust to crystal impurities (magnetic/non-
magnetic) and surface oxidations/degradations. This implies that, the catalyst material would
have longer life-times facilitating hydrogen evolution reaction due to the sea of electrons which
exhibit high mobilities.®' This approach to solve the problem in catalysis was initially proposed
in 2011 wherein, gold-covered surface of Bi,Se; topological insulators were investigated for
CO and O, adsorptions. It was observed in this initial work that the surface states persisted
as long as the bulk gap was retained under time-reversal symmetry.”® The results were quite
promising with the potential of being implemented as alternatives to conventional d-band
heterogeneous catalysis. However, ever since then, the phenomena of topological quantum
catalysis received scarce attention until recently; when a new perspective was proposed
for heterogenous catalysis using materials such as, topological semi-metals, chiral crystals,

Full/Half-Heusler alloys and Perovskite manganites.®?

However, the lower carrier densities across the Fermi level originating from the weak
electrostatic screening strength is a major drawback of the topological semi-metals (such

83 We therefore revisit and

as, Dirac and Weyl semi-metals) making them less reliable.
investigate the potential role of conducting edge states of a two dimensional topological
insulator in heterogenous catalysis. This is because, topological insulators exhibit, high carrier

mobilities, high carrier densities across Fermi level and robust charge accumulations along the
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edges. We investigate the catalytic response of the edge states of two dimensional topological
insulator LiMgAs along [100] and [010] crystal directions. We explicitly established the
fact that, the catalytic response and performance gets significantly enhanced due to the edge
states originating from the spin-orbit interactions. With this, we hope that, we can bypass
conventional d—band theory and single atom catalysis with topological quantum catalysis for

varied applications.

Structure and Lattice Dynamics
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Figure 5.8: (a,b) Unit cell of LiMgAs at, 0% strain and 10% biaxial compressive strain
(corresponding monolayer thickness (h) is 1.60 Aand 1.95 A respectively). (c) The hexagonal
and orthorhombic brillouin zone obtained using matrix (R) (d). (e-h) ab-initio molecular
dynamics simulations under 0% strain and 10% compressive strain for 3 picoseconds at 300
K.

We build upon the two dimensional topological insulator LiMgAs which has been discussed
in chapter 4. At 0% strain, LiMgAs monolayer (governed by P3ml space group) exhibits
structure similar to 1T-MoS, with, the hexagonal lattice of As atoms occupies octahedral
coordinations between two layers of hexagonal-closed-packed structures made up of Li and Mg
(as presented in Fig. 5.8(a)) with the octahedral belonging to D5, tetragonal symmetry.®* This
structure is retained even at 10% biaxial compressive stress (i.e., after topological quantum
phase transition) as evident from Fig. 5.8(b). The dynamic stability of LiMgAs was established
in chapter 4, hence we investigated the stability and viability of LiMgAs at room temperature
(300 K) by performing ab-initio molecular dynamics simulations. From Fig. 5.8(e-h) we
observe that, the structure of LiMgAs at 0% and 10% biaxial compressive stress are stable due

to small variations in the energy and thermostat temperature. However, under 10% biaxial
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compressive stress we observe that, the system initially exhibits large fluctuations in energy
(Fig. 5.8(g)) but eventually thermalise after 1.5 picoseconds (highlighted blue line in Fig.
5.8(g)) attaining structural stability.

With the stability established, we used a rotation matrix (R) to transform the hexagonal
unit cell into an orthorhombic unit cell at 10% biaxial compressive stress (presented in Fig.
5.8(b,d)). This phase was used to obtain, zig-zag and planar like nanoribbon configurations by
exploiting periodicity along [100] and [010] crystal directions respectively. We investigated
the energetic stability of these nanoribbon configurations (presented in Fig. 5.9(c,d)) in terms
of the formation energy E, (= E;;y/04,— E;;— Ej,— Ey . Where E; 4 1s the energy of LIMgAs
and E; X = Li, Mg, As; are the total energies of constituent elements) and found them to be
—2.03 eV/atom and —2.90 eV/atom for zig-zag and planar like configurations respectively.
This indicates that the nano-ribbon configurations are energetically lower as compared to their
two dimensional monolayer which has formation energy —1.70 eV/atom. Hence, LiMgAs

nanoribbons are energetically stable and viable experimentally.

A Revisit to Topological Properties
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Figure 5.9: (a) Electronic band structure with spin-orbit interactions at 0% and 10% biaxial
compressive strain alongside the charge densities of bands I, IT and III. (b) Edge slab band
structure. (c,d) Zig-zag and planar terminations of nanoribbons with lattice parameters.

Since, two dimensional LiMgAs is a non-trivial topological insulator which is realised
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through topological quantum phase transitions, it exhibits edge charge accumulations which
are robust against external perturbations. Apart from the s-p orbital inversion mechanism
discussed in chapter 4, in Fig. 5.9(a) we present the electronic band structures of LiMgAs
at 0% and 10% biaxial compressive stress under the influence of spin-orbit interactions. It
is evident from Fig. 5.9(a) that, the charge densities get exchanged across the Fermi level
(i.e., the charge densities of bands I, IT and III at 0% and 10% biaxial compressive stress get
exchanged); confirming the non-trivial nature of topological quantum phase transition. Upon
quantum phase transition, in the non-trivial regime (at 10% stress) the system was observed
to exhibit a large-gap of 0.16 eV which is superior to several materials.®> This indicates that,
the edge charge accumulations would persist at room temperature since the gap is quite high
as compared to the thermal energy at room temperature. In chapter 4 we observed that, the
non-trivial phase of LiMgAs hosts high velocity Fermions along the conducting edge states.

Hence, we can expect unconventional catalytic response of the edge sites of LiMgAs
towards hydrogen evolution reaction. The conducting edge sites are evident from Fig. 5.9(b)
which shows the slab band structure computed using the exact tight-binding Hamiltonian
model. With this we confirmed that, the edge sites are semi-metallic while the bulk bands host
a spin-orbit interactions induced gap at 10% biaxial compressive stress. These semi-metallic
conducting edge sites can be visualised in terms of the edge charge accumulations. The charge
density plots presented in Fig. 5.9(c,d) indicate towards Fermionic accumulations along the
edge sites owing to the non-trivial topology. Therefore, we can exploit these non-trivial charge
accumulations to host topological quantum catalysis along the edges as compared to basal

sites.

Basal Catalytic Activity

We began our investigations with the basal sites and eventually established that, the edge
sites are superior as compared to the basal sites. We began our computations with 3 X
3 x 1 supercell of the two dimensional topological insulator LiMgAs which exposes the
basal sites for hydrogen evolution reaction. The primary Volmer reaction was carried out at
different sites such as, top (of Li, Mg, As) and bridge sites (such as, Li-Mg, Mg-As, Li-As).
The primary reaction should obey Sabatier’s principle which implies that, the interaction
of primary hydrogen should be optimal. This is quantified in terms of, adsorption energy

(AEY = Erivgassn— Erivgas — %EHZ) where, E;; /45,1 18 the total energy of H adsorbed
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LiMgAs, E; 4, 18 the total energy of LiMgAs and E; is the total energy of H, molecule) and
Gibbs free energy (AG, = AE%* + A, ,— TAS where, A, . is the change in the zero-point
energy of adsorbed and gaseous state of H and AS is the corresponding change in the entropy
and T is room temperature) which should be —0.24 eV and 0.00 eV respectively, under neutral

pH and reduction potential of U = 0.

Spin-orbit interaction ~ Site E‘;}“ €eV) AGy (eV)

Li 3430 -3.190
Mg 2522 2282

As 2380  -2.140

OFF Li-As  -3.838  -3.598
Mg-As  -3.632  -3.392

LiMg -3.871  -3.631

Li 3859  -3.619

Mg  -2.601 2.361

As 2462 2222

ON Li-As  -3.909  -3.669

Mg-As -4.084  -3.844
Li-Mg 4325  -4.085

Table 5.1: Adsorption and Gibbs free energy at different basal sites of LiMgAs with and
without spin-orbit interactions (SOI).

It was observed that, As top site was the most active sites during the primary reaction
(amongst rest of the basal sites) with adsorption and Gibbs free energy without spin-orbit
interactions (with spin-orbit interactions) as —2.38 eV (=2.46 eV) and —2.14 eV (-2.22 eV)
respectively (the values for other sites are presented in Tab. 5.1). Due to the strong interactions
on almost all the basal sites, we conclude that, the basal sites won’t be ideal for catalytic

application such as for hydrogen evolution reaction.

Topological Catalysis

As compared to the interactions on basal sites, the edge sites exhibit excellent activity during
the primary reaction due to robust charge accumulations (presented in Fig. 5.9(c,d)). Different
reaction mechanisms were investigated (in both zig-zag and planar termination configurations
of nanoribbons 5.10(a,b)) to get insights into the hydrogen evolution reaction assisted by the
robust edge states of the two dimensional topological insulator LiMgAs. The sites investigated
for hydrogen evolution reaction were, top (Li, Mg, As) and bridge sites (Li-As, Mg-As).

During the primary reaction, most active sites of zig-zag and planar configurations without
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Figure 5.10: Hydrogen evolution reaction mechanism involving primary and secondary
reactions at the edge sites of, (a) zig-zag and (b) planar nanoribbon configurations.

spin-orbit interactions (with spin-orbit interactions) were, As (As and Li-As) and As (As,
Li) respectively. We observed close to ideal adsorption and Gibbs free energy (in zig-zag
configuration with spin-orbit interaction) of, —0.264 eV and —0.024 eV at As top site and,
—0.26 eV and —0.02 eV at Li-As bridge site respectively (values for other sites are tabulated
in Tab. 5.2). We found that, similar to the zig-zag configurations, planar configurations also
exhibit close to ideal adsorption and Gibbs free energy (under spin-orbit interactions) of,
—0.213 eV and 0.026 eV at Li top site and, —0.212 eV and 0.027 eV at As top site respectively
(values for other sites are tabulated in Tab. 5.3). We further confirmed and associated the
origin of such excellent catalytic activity to the topological edge states by computing the
primary reaction at the mid sites of nanoribbon, especially on top of those sites where the
Gibbs free energy was minimum under spin-orbit interactions (along the edges). We found
that, in both nanoribbon configurations, zig-zag and planar, the interactions at the mid site
were of repelling nature with adsorption energy and Gibbs free energy of, 0.118 eV and 0.679
eV and, 0.358 eV and 0.919 eV respectively. Hence, we firmly establish the fact that, the
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superior catalytic behaviour indeed originates from the topologically robust edge sites.

Spin-orbit interaction  Site  E%* (eV) AGy (eV)

Li  -1016  -0776
Mg -0301  -0.060

As 0202 0.037

OFF LiAs  -0.948  -0.708
Mg-As  -0959  -0.719

Li 0021 0218

Mg 0057  0.182

As 0264 0024

ON LiAs  -0260  -0.020
Mg-As  -0.278 -0.038

Mid-As 0118 0358

Table 5.2: Adsorption and Gibbs free energy at different sites of zig-zag nanoribbon
configuration.

Spin-orbit interaction  Site E;‘L}“ V) AGy (eV)

Li 0281  -0.04l
Mg 0078 0318

As  -0282  -0.042

OFF Li-As 0045 0285
Mg-As  -0269  -0.029

Li 0213 0026

Mg 0189 0429

As 0212 0.027

ON LiAs 0111 0351
Mg-As  -0202  0.037

MidLi 0679 0919

Table 5.3: Adsorption and Gibbs free energy at different sites of planar nanoribbon
configuration.

With excellent catalytic activity during the primary reaction, we computed secondary
reaction mechanisms i.e., Volmer-Heyrovsky (the H adsorbed in primary reaction interacts
with a H* ion and evolves into H,) and Volmer-Tafel (the H adsorbed in primary reaction
interacts with a neighbouring H and evolves into H,) along the optimal sites observed
in the zig-zag and planar nanoribbon configurations (as presented in Fig. 5.10a(i,ii) and
b(i,i1)) respectively. The modified versions of adsorption and Gibbs free energy for Volmer-
Heyrovsky intermediate reaction is given as, AE‘;jf(n)(= (i Eivgnstn-— ELivgas— gE H,)

and AG.(n)(= AE‘;?;V (n) + A, pp— TAS) respectively where n = 2 and terms having their
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usual meaning.®® Similar to the computations in case of Aul, for Volmer-Tafel intermediate
reactions, we followed the modified formalism proposed by Lee et.al.

We found that, the zig-zag nanoribbon configuration facilitates both the secondary
reactions Volmer-Heyrovsky and, Volmer-Tafel (as evident from Fig. 5.10a(i,ii)) with
adsorption and Gibbs free energy of, —0.201 eV and 0.03 eV and, —0.296 eV and —0.05 eV
respectively. Looking at the Gibbs free energy, it is clear that, the Volmer-Heyrovsky and
Volmer-Tafel reaction mechanisms are exothermic and endothermic in nature respectively.
Contrary to the zig-zag nanoribbon configurations, the planar nanoribbon configuration only
facilitates Volmer-Heyrovsky reaction along the optimal sites As and Li (as evident from Fig.
5.10b(i,11)) with adsorption and Gibbs free energy of, —0.53 eV and —0.29 eV respectively.
This clearly established that, the zig-zag nanoribbon configuration is highly sensitive towards
hydrogen evolution reaction as compared to the planar nanoribbon configuration. However, the
overall conclusion is that, the non-trivial conducting edge sites of two dimensional topological

insulator LiMgAs favour hydrogen evolution reaction rather than insulating basal sites.
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Figure 5.11: Volcano plot using, exchange current densities (for rate constant k, = 1 s™!

site™!, according to Ngrskov’s assumptions) and Gibbs free energy data from literature for
various materials. It is evident that, LiMgAs outperforms other topological materials placing
it in Sabatiers optimum (highlighted in yellow).

We recomputed the exchange current densities (using, i, = —ekol(;mm for AG. <
+exp(— KpT
. 1 . . . .
Oand i, = —ekow for AGy. > 0) for various materials (using the Gibbs free energy

I4+exp(

kpT
from literature) under Ngrskov’s approximations with rate constant k, = 1 s7! site™! (presented

in Tab. 5.4).5:37%8 As compared to these materials, due to the non-trivial quantum phenomena,
two dimensional topological insulator LiMgAs is placed at the top of volcano plot in a

Sabatier’s optimum owing to superior catalytic activity towards hydrogen evolution reaction
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Material | AGy, (eV) | Log,o(iy) (Acm™) | Material | AGy, (eV) | Log,o(iy) (Acm™)
Pt -0.090 -1.522 Rh -0.080 -1.360
Pd/SnTe -0.140 -2.349 Ni -0.250 -4.192
h-B,0O -0.070 -1.201 W -0.510 -8.551
NiSi 0.070 -1.201 Co -0.260 -4.359
MoS, 0.080 -1.360 Cu 0.200 -3.353
TiSi -0.0375 -0.720 Mo -0.450 -7.545
BiPd 0.095 -1.603 Re -0.265 -4.443
Ni-doped-VAl, 0.115 -1.933 Nb -0.560 -9.390
W/PdGa 0.200 -3.353 Au(111) 0.540 -9.054
Mo(110) -0.290 -4.862 Ag(111) 0.545 -9.138
Mo(100) -0.190 -3.186 PtGa 0.131 -2.199
Al(111) 0.535 -8.970 PtAl 0.132 2216
A1(100) 0.610 -10.228 Cu,C,N, | 0.100 -1.685
LiMgAsPresen -0.020 -0.500 Cu(111) 0.585 -9.809
Pd -0.115 -1.933 Ag(100) 0.760 -12.743

Ir -0.055 -0.971

Table 5.4: Gibbs free energy and exchange current density for various materials.

(as evident from Fig. 5.11). Such high exchange current densities (i.e., Log,,(i;) = —0.5
Acm~2) arise due to the Gibbs free energy of —0.02 eV. Apart from this, the positive Gibbs
free energy at some edge sites indicates that, these sites would thermodynamically favour
and readily facilitates hydrogen evolution reaction. Hence establishing the fact that two

dimensional topological insulator LiMgAs is indeed a novel topological quantum catalyst.

5.4 Conclusion

We presented our computational results wherein, topological insulators were explored for
potential energy applications such as, thermoelectrics and catalysis. We presented our
computations of thermoelectric transport properties for bulk Aul due to the dense states
across the Fermi level and the semi-metallic band dispersion. Due to semi-metallic nature, the
electronic mobility was found to be high resulting in a high power factor. Also, we observed
strong phonon-phonon scattering which lead to smaller lattice thermal conductivity. We
employed the semi-classical Botlzmann transport equations to compute the thermoelectric
transport coefficients. We explored the thermoelectric parameters at various temperatures
and carrier concentrations. We found that, contrary to several thermoelectric materials which
exhibit high figure of merit at higher temperatures, Aul exhibits excellent figure of merit of
0.55 at room temperature which is more useful from practical purposes.

We also presented our investigations on the catalytic activity of Aul monolayer towards
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hydrogen evolution reaction. The dimensionally engieered Aul monolayer exposes the
basal plane containing Au which is a transition metal known for superior catalytic activities.
We therefore presented the hydrogen evolution reactions along the basal plane of the two
dimensional topological insulator Aul. The basal plane was preferred over the edge sites
because, under pristine conditions (i.e., without any strain) the non-trivial gap was found to
be 14.4 meV which is far less than the thermal energy at room temperature. Hence, the edge
conducting states won’t be prominent which implied that, there won’t be significant difference
in the catalytic response of the basal plane as compared to the edge plane. We presented
various mechanisms by which a hydrogen evolution reaction could occur on the basal plane
of two dimensional topological insulator Aul. Based on the adsorption energy and Gibb’s
free energy values, we conclude that, the basal plane of Aul favours Volmer-Heyrovsky over
Volmer-Tafel reaction. Also, the preferred site of interaction would be over Au rather than I
since at I the hydrogen atom interacts too strongly. We confirm the evolution of hydrogen

molecule by plotting the charge density profiles in 3D.

Similarly, inspired by the latest developments in the field of topological quantum catalysis,
we explored two dimensional LiMgAs for topological catalysis favouring hydrogen evolution
reaction. We presented the transformation of the hexagonal unit cell into an orthorhombic
unit cell by using a rotation transformation matrix. The stability of the proposed system
was confirmed by computing ab-initio molecular dynamics simulations. We reiterated the,
non-trivial topological quantum phase transitions by presenting the exchange of charge density
profiles of bands near the Fermi level. Also, we presented the electronic slab band structure
which indicated the edge Dirac semi-metallic nature. This was confirmed by plotting the edge
charge densities in for the zig-zag and planar-like nanoribbon configurations wherein, we
observed distinct egde charge accumulations. We begin with the computation of catalytic
activity on the basal plane of LiMgAs monolayer and found that the system would be ineffecient
due to large adsorption energies and Gibb’s free energy. Hoever, we observed that, the catalytic
activity along the edges was excellent with Gibb’s free energy as low as —0.02 eV. This places
two dimensional topological insulator LiMgAs into the Sabartiers optimum i.e., near the
top of the volcano plot with high exchange current densities. Also, we explored various
mechanisms of hydrogen evolution reactions such as, Volmer, Volmer-Tafel and Volmer-
Heyrovsky. Off the planar and zig-zag nanoribbon terminations, we found that, the zig-zag

nanoribbon configuration facilitated both the mechanisms of hydrogen evolution reaction

147



5. Energy Applications of Bulk and Low Dimensional Topological Materials

(i.e., Volmer-Tafel and Volmer-Heyrovsky) whereas, the planar-like nanoribbon configuration
facilitates only Volmer-Heyrovsky reaction. In order to confirm that, such superior catalytic
activity is originating from the conducting edge states (due to the topological insulating nature
of LiMgAs), we investigated the catalytic activity along the middle regions of the nanoribbon.
We found that, the superior catalytic activity is indeed originating due to the conducting edge

states and that the results are not a numerical artifact.

= e Ky
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