COMPUTATIONAL SCREENING FOR SINGLE METAL ATOM CATALYSTS
ON Mo,B,0, FOR HIGH PERFORMANCE CATHODE MATERIALS OF
LITHIUM-SULFUR BATTERIES

WONGSATHORN KAEWRAUNG

A Thesis Submitted in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Chemistry
Suranaree University of Technology

Academic Year 2024



N13ARNTAIRTIUGNTENBARUAElaNENIUTTUUN Mo,B,0, A18351a4

o o Y & (% a a o [y aAa o o/ 4
ﬂ’lU’JmLWElsl"UL‘UU’JﬁQLLﬂIVIﬂﬂi%ﬁVISﬂ’]W’QQﬁ']%iULLUGILG\E]'SE’ILSEJ%J“U@L‘W’e)i

UNYIIATS WA

a

Weninusiidudunilsvaimsfnemauvdngnsusynyrinermansuiniaudin
GULTAPRIRIGH
wnInerdemaluladgsun3

Un1sAnun 2567



COMPUTATIONAL SCREENING FOR SINGLE METAL ATOM CATALYSTS ON
Mo,B,0, FOR HIGH PERFORMACE CATHODE MATERIALS OF
LITHIUM-SULFUR BATTERIES

Suranaree University of Technology has approved this thesis submitted in partial
fulfillment of the requirements for a Master’s Degree.

Thesis Examining Committee

. Sepor.

(Prof. Dr. Sagarik)

/\’L

(Assoc. Prof. Dr. Suwit Suthirakun)
Member (Thesis Advisor)

Ak b

(Dr. Anchalee Junkaew)

Chairperson

Member (Thesis Co-Advisor)

s

(Assoc. Prof. Dr.VThanayuth Kaewmaraya)

Member

ﬂ,zmﬁ/ 0)}4%)

(Assoc. Prof. Dr. Kamonwad Ngamchuea)

Member

U a (v

(Assoc. Prof Dr. Yupaporn Ruksakulpiwat) (Prof. Dr. Santi Maensiri)

Vice Rector for Academic Affairs Dean of the Institute of Science

and Quality Assurance



WAFT WAITBY miﬁ’mniaqc?hLiwﬁﬁ%mawamﬁmiawwsfm%‘ﬁ'uuu Mo,B,0,
feTRdsduaiielfiduianualnaussvsnmgsdmiununnedaondames
(COMPUTATIONTATIONAL SCREENING FOR SINGLE ATOM CATALYSTS ON
Mo,B,0, FOR HIGH PERFORMANCE CATHODE MATERIALS OF LITHIUM-SULFUR
BATTERIES)

a

9195ENUTAY : 599M1ENT19158 5. 4INE g858A, 135 v
Ay wunwe3dBeu-dameifiissfiseesaeuae langnsudtuaeili MBene
VO URTINTUUARNUVUIKIY NIAUIVANATITUIN

da a @ P & a da a

wusmeiassu-daiesduindumadeniiviaulaunununmeidiisu-lessuiuy
aaiy esndanumuudundsulummgefguaziununisnandinit eglsinig
UszAndnmwsswumneividaidgnitnanislguinisanaswesninuy Fedulngiinain
Uningmsalfiiund “shuttle effect” wazniseanesivesdifielnddalwdluaniuzveudem

Wullegaest Tudnerinusatudl Talgn1sAIUIAIUNANNISHSN LNBLEUB LY Tdn

Al
<

Mo,B,0, ﬁmmms’haawamﬁmLﬂudfacqLmimﬁﬁﬁ’ﬂamwﬁm%’u WURLR DI ALBU-TaLnes
nnuafnynui lanensuddu 3d wae 4d awnsafiuanuaansalunisgaduiiislndda
ndlaegraiifudrdnrunisadtesiuse syninalane nuddulazdaines ANULANGIITDY
Anuudansslunisgadu LiPSs sendnslaneniuddu 3d uag dd fusnaneuuanesly
Tnssasedidnvseling anaudimasuiade nmsiudidnaseululasuslagdusznine d fu
p 0050Via wazsEAUNSIUTetEnILY d YeduRazaEARLAY) TedwmaliAngULuUMIYR
Fuunnsrsiuluusazngy nsfuesaeudedlifiswusdisasumuuiusweinmsgady
widhsduasunmsasuuladifielnadalndfazanelslinaradusiniliazarevunnidn
a4 Faawandymdiisinddaludazareuas shuttle effect Ifognalluszansam Tuussan

¥
o

aqviavun Jeg V- uaz Nb-Mo,B,0, wampuannsaluntigaduaifisinadalvdiiudaunss

ade

= ] Y °

gauaziinisissufisenlunszuinljisenidnduvesiweduiisanden n1sfnwiiddaln

.

Togadsdnuavuuiniadanagnslunisesnuuuianniiuseavsnngs Jedieiuanuaies

warUsEans nmussLUnmasaieu-daesageananen

anivueil ameffeteindne Wongsathorn,
Yns@nwn 2567 awiletee1nsdnusnm A/

P cal = [}
a8l TINUIN13U (74,;74__'2}4——




WONGSATHORN KAEWRAUNG : COMPUTATIONAL SCREENING FOR SINGLE ATOM
CATALYSTS ON Mo,B,0, FOR HIGH PERFORMANCE CATHODE MATERIALS OF
LITHIUM-SULFUR BATTERIES.

THESIS ADVISOR : ASSOC. PROF. SUWIT SUTHIRAKUN, Ph.D. 135 PP.

Keyword: Lithium-sulfur batteries, Single-atom catalysts, Transition metal borides

(MBene), Density functional theory (DFT), First-principles method

Lithium-sulfur (Li-S) batteries offer a promising alternative to traditional lithium-
ion batteries, boasting a high theoretical energy density and lower production costs.
Nevertheless, their performance is hindered by capacity fading and poor cycling
stability, mainly caused by the shuttle effect of soluble lithium polysulfides (LiPSs) and
the sluggish decomposition of solid LiPSs. In this thesis, the first-principles calculations
were employed to suggest single-atom (SA) decorated Mo,B,0, (SA-Mo,B,0,) as a
potential cathode material for Li-S batteries. The results suggested that 3d- and 4d-
transition metals significantly enhance LiPS adsorption through the formation of strong
transition metal-sulfur (TM-S) bonds. Variations in LiPS adsorption strength between
3d- and dd-transition metals are attributed to differences in their electronic structures,
geometric properties, electron filling in d-p hybridization, and energy level of d states
of each SA, leading to distinct adsorption patterns for each group. SA doping not only
strengthens LiPS adsorption but also promotes the conversion of soluble LiPSs into
smaller, insoluble species, effectively alleviating LiPSs dissolution. Among SA-Mo,B,0,,
V- and Nb-Mo,B,0, show the strongest LiPS adsorption and exceptional catalytic
activities in the sulfur reduction reaction (SRR), reducing the shuttle effect and
enhancing charge-discharge efficiency. This study provides valuable insights and a
strategic approach for designing high-performance SA-Mo,B,0, cathodes, advancing the

stability and efficiency of Li-S batteries.
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CHAPTER |
INTRODUCTION

The world’s energy use is increasing rapidly because of population growth and
industrial development. Currently, humanity’s use of fossil fuels is causing serious
environmental harm. Fossil fuel consumption leads to local pollution, impacting air
quality and ecosystems. Additionally, the greenhouse gases emitted from fossil fuel
consumption are a major driver of global climate change.

To solve these critical environmental issues, advancing energy storage
technologies that support renewable energy sources has become essential (Solaun et
al., 2019). They use an electrochemical process to give energy instead of burning fossil
fuels. Rechargeable batteries, particularly lithium-ion (Li-ion) batteries, are among the
most promising solutions and are widely used in portable electronics, electric vehicles,
and grid energy storage. Li-ion batteries store energy through a process known as Li-
ion intercalation, where lithium ions move between the battery’s anode and cathode
during charging and discharging cycles (Yangtao Liu et al., 2021). Despite their broad
applications, Li-ion batteries have inherent limitations regarding their theoretical
specific capacities and energy density (387 Wh ke, 155 mA h ¢*) (Yuging Chen et al,,
2021). Consequently, developing new materials and innovative technologies that can
exceed these limitations is crucial to the future of hish-capacity battery technologies.
Among the new battery technology, lithium-sulfur (Li-S) batteries have gained
significant attention due to their high theoretical capacity (2600 Wh kg?) and energy
density (1672 mA h ¢1) (Wild et al., 2015), as shown in Figure 1.1.
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Figure 1.1 Volumetric and gravimetric energy densities of Li-S batteries compared to

those of other batteries (Hagen et al., 2015).

A typical Li-S battery consists of two electrodes: a lithium metal anode and a
sulfur-based cathode. Between these electrodes is a separator and a conductive
electrolyte, which can be either liquid or solid (Figure 1.2) (Barghamadi et al., 2013).
They play a critical role in maintaining ion conductivity and preventing direct contact
between the anode and cathode. A key advantage of Li-S batteries is their sulfur
cathode, as sulfur is both environmentally friendly and low-cost. The high capacity of
Li-S batteries is achieved through a sulfur reduction reaction (SRR). During the discharge
process, lithium ions (Li*) from the anode react with sulfur molecules (Sg) at the
cathode, producing lithium polysulfides (LiPSs). These LiPSs consist of both long-chain
molecules (Li,S, where x = 4, 6, 8) with high solubility, and short-chain molecules (Li,S,

and Li,S) that are solid with high resistivity (Scheers et al., 2014).
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Figure 1.2 Schematic illustration of Li-S battery, including sulfur—carbon cathode,

metallic lithium anode, electrolyte, and separator (Li et al., 2019).

While their high capacity and energy density make Li-S batteries attractive as

an alternative to Li-ion batteries, they still face several challenges that negatively

impact their Coulombic efficiency and stability. Three primary issues suppress Li-S

battery performance:

(1)

2)

The intermediate LiPSs, including Li,Sg, LisSs, and Li,S4, are soluble in
electrolytes. These soluble LiPSs enable the diffusion to the anode side
where they are electrochemically reduced and chemically reacted to
Li,S,/Li,S covering the anode, resulting in a self-discharge process. This
phenomenon, commonly known as the “shuttle effect”, causes loss of
sulfur content, reduces Coulombic efficiency, and accelerates battery
degradation (Xiong et al., 2014).

During the discharge process, final products like solid lithium polysulfides
(LiPSs), such as Li,S, and Li,S, form on the cathode surface. These
compounds are highly insulating, leading to increased internal resistance.
The strong chemical bonds between Li and S in Li,S, and Li,S result in
sluggish reaction kinetics, causing slower redox reactions and prolonged

charging times (Manthiram et al., 2015).



(3) The cathode material undergoes significant volumetric changes during the
SRR reaction, leading to mechanical stress that can cause cracking and
structural degradation. This mechanical failure results in battery
performance and cycling stability (T. Wang et al., 2017).

To address these challenges, researchers have focused on developing
advanced cathode materials, as many issues originate from this electrode. Recent
studies have explored materials that have adsorption-catalysis dual properties to
manage soluble and insoluble LiPSs. Notable materials frequently studied in research
include graphene (Y. Zhang et al., 2018), carbon nanotubes (M. Zheng et al., 2019),
transition metal oxides (Da Zhang et al., 2021), metal-organic frameworks (MOFs) (Y.
Zheng et al,, 2019), MXene (Z. Xiao et al., 2019), and MBene (Y. Xiao et al., 2021).
Among these materials, MBenes show great potential for improving the performance
of high-performance Li-S batteries.

MBenes are a novel family of two-dimensional (2D) materials with excellent
electrical conductivity, high stability, and large surface area (Hayat et al., 2024). They
are synthesized by etching three-dimensional (3D) materials, including M,AB, and MAB,
where M denotes an early transition metal, A represents aluminum, and B stands for
boron (Gennady et al., 1994). However, only a few 2D phases, such as Ti,B,, Mo,B, and
Cr,B,, can be synthesized. These are produced by selectively etching away the
aluminum layer from precursor compounds, including Ti,InB, (J. Wang et al., 2019),
MoAIB (Alameda et al., 2018), and Cr,AlB, (H. Zhang et al., 2018), respectively.

Additionally, during the etching process, functional groups such as O-, F-, -OH,
and others typically form on the surface of MBene, depending on the etching solution
used. These surface-functional groups enhance the hydrophilicity of MBene materials
and influence their electrochemical properties (Khaledialidusti et al., 2021). In the
context of Li-S batteries, Xiao et al. reported the functionalization of Mo,B, with surface
groups such as O and F, finding that the O-functionalized Mo,B, significantly improved
battery performance. The presence of the O surface group alleviate the polysulfide
shuttling effect and reduced the decomposition barrier of Li,S, thus enhancing both
the cycle life and capacity of the battery (Y. Xiao et al., 2021). Although pristine show

good performance, further improvements are still necessary.



Introducing single-atom catalysts (SACs) into electrode materials is considered
as a promising strategy to enhance the performance of Li-S batteries. SACs offer the
benefit of atomic-level precision, which provide high atomic utilization and maximize
the active sites for catalytic reactions. SACs usually use transition metal atoms, which
act as Lewis acid site for accepting electrons from LiPSs, due to partially filled d-
orbitals, resulting in boosting cathode performance (Yuanjun Chen et al., 2018). Recent
studies reported that SACs, such as SA-graphene (Yang et al., 2021), SA-MoS, (Yanyun
Liu et al., 2020), and SA-MXene (Di Zhang et al., 2020), can help reduce energy barriers
of the SRR process and alleviate the shuttle effect by anchoring polysulfides at single-
atom (SA) sites. However, the effect of SA with MBene for Li-S batteries are still not
fully understood.

In this study, we study the role of single transition metal atoms on MBene as
cathode materials for Li-S batteries using the density functional theory (DFT).
Specifically, we focus on the Mo,B, structure with oxygen functionalization (Mo,B,0,),
a promising type of MBene known for its excellent catalytic and conductive properties.
We screened 19 transition metal atoms from 3d and 4d, excluding Mo, as it is already
present in the Mo,B,0, structure. In the initial step, we explored the most stable
adsorption sites for SA by calculating their adsorption energies and diffusion on the
Mo,B,0, surface. Next, we examined the adsorption configurations of LiPSs to
understand how SA decoration helps suppress the shuttle effect. We then selected
the single atom decorated on Mo,B,0, (SA-Mo,B,0,) with the strongest LiPSs
adsorption to further study the effect of explicit solvent molecule on the LiPS
adsorption using ab initio molecular dynamics (AIMD) simulations in a 1,3-dioxolane
(DOL) and 2-dimethoxyethane (DME) solvents. Additionally, we rationale the
correlation between adsorption strength of LiPS and transition metals. Finally, we
examined the catalytic activity of sulfur reduction reaction (SRR) and the oxidation of
Li,S in these SA-Mo,B,0O, configurations, as these are critical properties for improving

Li-S battery performance.



1.1 Research objectives

The objective of this research is to use first-principles computations to screen
single-transition metal atom catalysts on the Mo,B,0, for (i) suppressing shuttle effect
of large LiPSs, (i) effectively converting Sg to L;,S in SRR during the discharge process,
and (i) decomposing Li,S, and Li,S during the charge process. The configuration and
electronic properties of different SA were analyzed both before and after LiPSs
adsorption to rationale the strong interaction between LiPSs and SA-Mo,B,0,.
Additionally, we studied the d-orbital energy states of each single atom to explain the
varying adsorption behaviors. After studying adsorptivity, we examined the
performance of the SRR and the oxidation process related to Li,S decomposition to
suggest which SA-Mo,B,0, can facilitate both reduction and oxidation process during
charging/discharging. By understanding the role of SA and selecting the most effective
SA-Mo,B,0,, this study can provide guidance for future experimental and theoretical

studies on SA-Mo,B,0, to enhance the performance of Li-S batteries.

1.2 Scope and limitations

In this thesis, we screen SA-Mo,B,0, to find the best performance materials
through computational calculations. The materials should exhibit strong LiPSs
adsorption and facilitate reduction and oxidation processes. The calculations use spin-
polarized density functional theory (DFT) method with the plane-wave technique, as
implemented in the Vienna Ab initio Simulation Package (VASP 5.4.) (Kresse et al,,
1996a, 1996b). The frozen-core projector augmented wave (PAW) method is used to
model the electron-ion interactions (Blochl, 1994), while the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional approximates
the exchange-correlation interactions (Perdew et al., 1996). For Mo,B,0,, we include
valence electrons for Mo 4d5s, B 2s2p, O 2s2p, while for LiPS molecules, we include
Li 2s and S 3s3p. For screening SA transition metals, we consider both 3d and 4d
metals, accounting for their 3dds and 4d5s valence electrons, respectively. For studies
involving LiPS adsorption, we account for weak van der Waals interactions between

the adsorbates and SA-Mo,B,0, using an DFT-D3 (Klimes et al., 2010). Each model is



considered fully optimized when the energy difference reaches 10 eV, and residual
forces fall below 0.02 eV/A. Although DFT provides accurate total energy and
configurations, it may underestimate electronic properties like the band gap. However,
since previous studies have shown that pristine Mo,B,0, and doping with transition
metal exhibits metallic behavior with no band gap (Mou et al., 2023), the accuracy of
the band gap is not a primary concern in this study. We use Bader charge analysis to
examine charge distribution before and after LiPS adsorption by calculating net particle
charges. To study the shuttle effect in the presence of solvent molecules, we perform
ab initio molecular dynamics (AIMD) simulations with a 1 fs time step over a total of
10 ps at 300 K, employing the NVT ensemble with a Nose-Hoover thermostat. This
duration is sufficient to suggest any changes in the polysulfides structure within the
solvent. Additionally, the crystal orbital Hamilton population (COHP) method (Mou et
al., 2023) is used to analyze electron occupancy in bonding and antibonding orbitals.
For calculating energy barrier recarding on SA diffusion, Li diffusion, and Li,S
decomposition, we apply the Climbing image Nudged Elastic Band (CI-NEB) method
(Mou et al., 2023). The computational techniques used in this study provide insights
into the role of each SA, which is essential for developing cathode materials with SA

applications in the future.
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CHAPTER Il
LITERATURE REVIEW

2.1 Overview of lithium-sulfur batteries (Li-S batteries)

Among next-generation rechargeable batteries, lithium-sulfur batteries (LSBs)
stand out as promising candidates for energy storage technology, replacing Li-ion
batteries. This is due to their high specific capacity of 1675 mA h ¢}, high energy density
of 2600 Wh k¢!, and low cost associated with the sulfur cathode (Wild et al., 2015).
Figure 2.1 presents the configuration of Li-S battery which mainly consists of Li metal
anode and sulfur-based cathode supported by conductive materials. At the cathode,
sulfur is most stable in the form of cyclo-octasulfur (Sg), a ring-structured molecule (S.

S. Zhang et al., 2010).

.
L \\ = LisS
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Figure 2.1 Schematic diagram of a Li-S battery configuration, featuring a graphene-
sulfur composite as the cathode and lithium metal as the anode (Barghamadi et al,,

2013).
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The reaction mechanism of Li-S battery differs from that of Li-ion batteries
which operate via an intercalation-deintercalation mechanism. The high specific
capacity is produced from the redox reaction, known as sulfur reduction reaction (SRR).

The overall reaction of this redox reaction:
16 Lit + 16 e + Sg = 8Li,S (2.1)

The conversion reaction between sulfur and Li,S occurs as a multi-step
electrochemical process with a potential of 2.15 V versus Li/Li (Ji et al., 2010). Charge-
discharge voltage profiles and cyclic voltammograms (CV) have shown that the SRR
generally involves two or three stages, depending on the reaction temperature and
composition of the Li-S battery (Akridge et al., 2004; Barchasz et al., 2012). As shown
in Figure 2.2. The first state involves the reduction of sulfur to higher order polysulfides

at 2.4 V. These polysulfides tend to dissolve in electrolytes (D.-W. Wang et al., 2013):
Sg + 2LiT + 2 — Li,Sg 2.39V vs. LI%LiT (2.2)

3Li,Sg + 2LiT + 26" — 4Li,S¢ 237V vs. LiY/LIY (2.3)

2Li,Sg + 2LiT + 2e” — 3Li,S, 224V vs. LiY/LiY (2.4)

During this stage, disproportionation of Li,S, can lead to the formation of
shorter-chain Li,S, (where y < x). Additionally, Li,Sg dissolved in the electrolyte can

undergo electrochemical reduction at the lithium metal anode (Nazar et al., 2014).
Li,S, — LipS, + (x = y)S (2.5)
3Li,Sg + 2Li" + 2e” <> 4Li,S¢ (2.6)

Next stage, at low voltage (<2.1V), high-order polysulfides are further reduced
to form low-order polysulfide. These low-order polysulfide, such as Li,S, and Li,S,
precipitate as solid layers on the cathode surface, forming an insulating layer (S. S.

Zhang, 2013):



Li,Sq + 2Li* + 20 — 2Li,S,

Li,S, + 2Li* + 2° —> 2Li,S

2.20V vs Li%/Lit

2.15V vs Li%/Lit
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(2.7)

(2.8)

These stages explain the multi-stage reduction process in Li-S batteries. These

transformations are essential for the battery’s high capacity and performance.
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Figure 2.2 (a) Voltage profile and chemical reactions occurring at the sulfur cathode.
(b) Sulfur K-edge XANES spectra and reference spectra illustrating changes in
absorbance during electrochemical cycling, with charge and discharge endpoints

indicated in red (Cuisinier et al., 2013).

Although Li-S batteries offer several advantages for high-performance batteries,
they still face challenges due to the conversion reaction, which leads to low
Coulombic efficiency and limited stability over repeated cycles. The challenges in Li-S
batteries come from the cathode, anode, and electrolyte. The main challenges at
cathode include LIPSs dissolution, low conductivity of S and Li,S, and cathode volume
change. In the case of polysulfide dissolution, high-order LiPSs, including Li,Ss, Li,Sg,
and Li,S,, easily dissolve into electrolyte. Once dissolved, these polysulfides tend to
diffuse from the cathode to the anode due to a concentration gradient and electric
field, where they are reduced to short-chain LIPSs at the anode. This process is

described by the following equations and summarize in Figure 2.3:
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(n-1)Li,S, + 2Li* + 2e° — nLi,S,.; an electrochemical reduction (2.9)

This phenomenon, known as the "shuttle effect," leads to low Coulombic
efficiency and self-discharge (Evers et al,, 2013). Ether-based electrolytes typically
facilitate the dissolution of high-order LiPSs (Shim et al., 2002).

S, US, US, US, US, US, US

S, S¢ Sé
Figure 2.3 Scheme of polysulfide shuttle effect (R. Xu et al., 2013).

Besides the dissolution of LiPSs, the coverage of short-chain LiPSs on the
cathode, including Li,S, and Li,S, results in low conductivity due to their non-
conductive nature (Manthiram et al., 2015). However, it is difficult to convert Li,S, and
Li,S back to other forms of LiPSs due to the high energy barrier for their decomposition.
This results in sluggish kinetics and requires a high overpotential (Y. Yang et al., 2012).
Another issue is the volumetric change during the SRR. The density difference between
sulfur and Li,S is approximately 80%, with sulfur at 2.03 ¢ cm™ and Li,S at 1.66 g cm”.
This extreme change led to polarization of cathode and loss effective contact between
the active material and the collector (Song et al., 2016).

Regarding anode, the main problem is the poor stability of Li metal. Li can
reduce electrolytes molecules, forming unstable solid-electrolyte interphase (SEl)
layer. This can be explained by the Fermi energy of Li metal being higher than the

unoccupied states of the electrolyte molecules (Aurbach et al., 2009), resulting in
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capacity loss and reduced anode efficiency. Additionally, dendrite formation of Li
metal can occur alongside LiPSs deposits on the anode surface. Lithium dendrites can
pierce the separator, which may lead to short-circuit (X. Xu et al,, 2017). LiPSs can
irreversibly react with lithium metal to form a non-conductive Li,S passivation layer in
anode site, leading to reduced performance of anode site.

Another issue is electrolyte depletion. Some electrolytes react strongly with
high order polysulfides, while more stable electrolytes gradually deplete over time
due to reactions with polysulfides and Li metal (Cuisinier et al.,, 2015). An example of
this degradation mechanism can be observed in ether solvents, such as

dimethoxymethane (DME) and dioxolane (DOL), as shown below (S. S. Zhang, 2013):
R-O-R + Li,S, — R-OLi + R-S,Li (2.10)
R-O-R + Li, — 2R-OLi + R-R* (2.11)

Overall, the problems were summarized in Figure 2.4. These challenges still
need to be overcome and alleviated to promote and develop high-performance

lithium-sulfur batteries.
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2.2 Study sulfur reduction reaction and sulfur evolution reaction

The processes occurring on cathode side of Li-S batteries involve conversion
between Sg to Li,S. During discharge, Li ions and electrons from anode transfer to
cathode, where they react with Sg in a process called the sulfur reduction reaction
(SRR). During charging, oxidation occurs in a process known as the sulfur evolution
reaction (SER). Li-S bond in Li,S break to convert back to Sg (D. Liu et al., 2018). These
reactions involve transfer of 16 electrons. Nevertheless, the study of these reactions
remains challenging due to the lack of effective methods to identify polysulfide
intermediates and conversion step. Additionally, determining theoretical equilibrium
potential for simulating SRR and SER is difficult. Therefore, the design of electrocatalysts
that accelerate SRR and SER remains challenging for computational studies.

For SRR, previous research has proposed many intermediates of polysulfides,
suggested through both experimental and computational methods. The current
understanding, commonly used in the computational studies, focuses on the
thermodynamic conversion of polysulfides, including Li,S, (x = 8, 6, 4, 2, 1) (Zhou et al,,
2020). The elementary steps in this understanding are represented by Equations (2.12)
<(2.16):

Sg +2Li* +2e~ = Li,S3 (2.12)
LipS§ — LizS;+7 Se (2.13)
LizSg - LizS; + 7 Sg (2.14)
LipS; = LizS; +7 Sg (2.15)
LipS; - LinS* +7 Sg (2.16)

These equations exhibit conversion of polysulfides through decomposition of
Sg to Li,S by breaking S-S bonds. The potential limiting step of these calculations is
usually suggested to be the conversion between Li,S, and Li,S, as shown in Figure 2.5.
These steps show a critical challenge like those observed in experiments. If catalytic

material can lower the energy barrier of the potential limiting step, it is considered a
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promising candidate for use as a cathode material in Li-S batteries. Consequently, this
proposition of the mechanism has been used in many computational studies.
Nevertheless, these equations propose the conversion of LiPSs without accounting for
the contributions of electrons and lithium ions. These differ from the mechanism in
which Sg is converted into smaller molecules by reacting with lithium ions and

electrons transferred from the anode.

Relative Free Energy(eV)

Reaction Coordinate

Figure 2.5 Energy profile for the reduction of polysulfides on TM@NG, excluding the

contributions of electrons and lithium ions (Zhou et al., 2020).

To refine the equations used to explain SRR in computational simulations,
researchers have attempted to include the contribution of electrons in Gibbs free
energy calculations, analogous to the ORR and OER processes(Ngrskov et al., 2004). As
shown in Equations (2.17)-(2.22), this mechanism consists five electron-transfer step

and one non-electron-transfer step (Z. Du et al., 2019; R. Wang et al., 2020)

Sg+ 2LiT+2e” +* > Li,S; (2.17)
LipSg+=Li* +2e™ + 3% > TLipS; (2.18)
SLipS; +3 LIt +Te” + 2% > 2LisS; (2.19)
2Li,S; + 4Lt + 4e™ + 2 % > 4Li,S; (2.20)

2Li,S; +8Lit +8e~ +4 % - 4Li,S* (2.21)
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2Li,S* > 4Li,S + 8 * (2.22)

Because these equations consider electrons transfer, the overpotential of the

SRR can be calculate based on ORR, as shown in Equation (2.23):
. AGg i
Nsrr = Ueq — min [n—g] (2.23)

where AG,; represents the Gibbs free energy change of each elementary step, and ne
denotes the number of electrons transferred in each step. The case of U, which are
theoretical equilibrium potential usually involves two potentials. First, it can be
calculated based on the standard free energy of Li,S formation, as defined by

Equation (2.24):
AGP = 8G (LizSpuik)® = 8(Sg)° — 16G (Ligeom)° (2.24)

The equilibrium potential of the 16e” SRR is derived as AGfO/16e' which is
usually 2.02 V. The free energy diagram, including the overpotential based on this
understanding, is shown in Figure 2.6. Alternatively, the theoretical equilibrium
potential can also be referenced from the average cell voltage of Li-S batteries, which
is approximately 2.15 V (Akridge et al., 2004; Evers et al., 2012). Both calculations still

suggest that the potential limiting step is conversion from Li,S, to Li,S.
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Figure 2.6 Energy profile for the reduction of polysulfides and overpotential of rate-

limiting step (L. Wang et al., 2022).
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During the charging process, SER involves the conversion of Li,S in solid state
back to Sg. This occurs through the breaking of Li-S bonds, releasing Li atoms into the
electrolyte (Arneson et al., 2018; S. Li et al., 2020; Li et al., 2016; L. Wang et al., 2015;
Liang Zhang et al., 2017), as shown in Equation (2.25):

Li,S — S?7 + 2Lit + 2e” (2.25)

Nevertheless, the SER still faces sluggish kinetics during the charging process
due to the challenging decomposition of Li,S, which requires a high energy barrier to
break the Li-S bonds. Consequently, computational studies focus on this step to
represent the overall SER by reducing the energy barrier to accelerate SER. The model
of the decomposition process considers the conversion of Li,S into LiS clusters and
single Li ion. Li ion diffuses from the LiS cluster, representing Li diffusion after Li-S
bond breaking. The energy barrier for Li-S bond breaking was calculated by CI-NEB
method. An example of this study is shown in Figure 2.7.

Lo ov | (2
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Zo0{ e
V-Ny-C W-N;-C
Reactant TSProduct Hl'-ltl'ril.l'ﬂ -I?-‘; Product
Reaction coordinate Reaction coordinate

Figure 2.7 Energy barrier graphs for Li,S decomposition with configuration of TM-N4-C
(Andritsos et al., 2021).
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2.3 Developing cathode materials to address challenges.

Among the components of Li-S batteries, the cathode materials play a critical
role in determining the energy density and power density of Li-S batteries. However,
Sg cannot be directly used in the cathode because it is an insulator for both electron
and ion conduction. To address this, Sg needs to be coated or combined with
conductive materials to facilitate electron transfer and enable the efficient conversion
of LiPSs.

In the early stages of cathode development, researchers often combined Sg
with various carbon-based materials, such as porous carbon, graphene, and carbon
nanotubes (Ren et al.,, 2019; Z. Xu et al., 2020). The carbon materials provide excellent
electron and ion transport for non-conductive sulfur and alleviate the problem from
volume change of sulfur. However, while simple carbon materials can initially improve
conductivity, they also lead to a reduction in the energy density of the electrode
(Bhargav et al., 2020). Furthermore, as discussed in Section 2.1, the cathode faces
several challenges, including the shuttle effect and the insulating nature of Li,S. To
overcome these issues, researchers have developed new strategies to improve
cathode performance. Key strategies include structure engineering, crystal structure
engineering, and electronic structure engineering.

In context of structure and crystal engineering, researchers have explored
various dimensional structures, ranging from 0D to 3D, using synthesized or biomimetic
materials. They have also investigated the effects of crystal facets and phases on
material performance. Another widely studied approach, both experimentally and
computationally, is electronic structure engineering. This strategy focuses on modifying
the electronic structure of materials, which influences bonding strength with LiPSs and
enhances catalytic activity, with their partially filled d-orbitals, playing a crucial role in
LiPSs adsorption and SRR. The goal is to adjust the energy level of the d-state to align
more closely with the orbital energy levels of the sulfur host (T. Wang et al., 2021).
For example, Zhang et al. compared the performance of Ni,P with and without alloying
cobalt. Their study suggested that the Co 3d energy band had a lower filling fraction

and higher center than Ni 3d, resulting in stronger LiPSs adsorption. Alloying cobalt also
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reduced the activation energy for the conversion of LiPSs, as shown in Figure 2.8 (Shen

et al., 2020).

(a) (b)
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- Ni 3d Ni, Co 3d energy |

| o - s
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Ni,P NIJCO‘P, ¢ Li,S, Li,S,
Density of states Ni,P Ni,Co,P,

Figure 2.8 (a) Density of states for Ni and Co phosphides showing d-band shift caused
by Co doping, where E;represents Fermi energy level. (b) Change in activation energy
for Li,S nucleation when using Ni,P and Ni,Co,P5 as cathode materials (Shen et al,,

2020).

The second strategy involves interface electronic structure engineering, or
heterostructure development. This method combines the advantages of two
components and modifies the electronic structure at the interface, leading to faster
electron transfer and improved chemisorption. These benefits enhance the adsorption
and conversion of polysulfides (J. Zhang et al., 2019; Zuo et al., 2022). For example,
Chen’s research suggests that ZnFe,O4—NisP, Mott-Schottky heterojunction material
significantly improves sulfur cathode performance. The side of ZnFe,O4 provides strong
polysulfide adsorption, while NisP4 exhibits excellent catalytic properties (D. Zhang et
al., 2022).

The latest method is single-atom catalyst engineering, which utilizes the unique
electronic properties and coordinated environment of single atoms doped into
supporting materials. For example, Zhang et al.’s work suggested that Fe single atoms
enhance binding with sulfur atoms and improve electron transfer, alleviating the
shuttle effect (G. Liu et al, 2022). Different single-atom metals exhibit distinct
properties that influence LiPSs adsorption and the catalytic activity of SRR. Therefore,
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the design and study of single-atom catalysts offers a promising direction for improving

lithium—-sulfur batteries.

2.4 Mo,B,-based MBene with oxygen functionalization

Currently, the development and discovery of two-dimensional (2D) materials
are one of major goals in both experimental and computational research. Among these
materials, MBenes is an intriguing new material used in energy applications and
electrocatalysis due to their diverse electrical, mechanical, and magnetic properties.
MBenes were first reported in 2015 by Ade and Hillebrecht (Ade et al., 2015).
Successfully synthesized crystalline structures include orthorhombic and hexagonal
MBenes, which are typically produced through exfoliation or etching techniques from
MAB phases(Majed et al., 2023), a family of three-dimensional (3D) structures. The
primary approach to MBene synthesis involves using MAB phases with acidic (HCU/LiF)
or basic (NaOH) aqueous solutions to remove A layer. A second approach used the
defragmentation of bulk powders into nanostructures. Additionally, MBenes can be
synthesized through physical vapor deposition (PVD)(Sahu et al., 2021), chemical vapor
deposition (CVD) method(Z. Zhang et al., 2024), and Molten Salt Method(Jothi et al.,
2018). MAB phases show distinct structural formulas, including MAB (414 phases with
Immm crystal symmetry), M,AB, (212 phases with Cmmm crystal symmetry), MzAB,
(314 phase with Pmmm symmetry), and MABg (416 phase with Cmmm crystal
symmetry), where M represents transition metals and A represents atoms from IIA and
IVA group(Ade et al., 2015), as shown in Figure 2.9. In MAB phases, M-A bonds are
primarily metallic, while M-B bonds exhibit a mix of covalent, metallic, and ionic

character due to the metalloid nature of boron (2.04 on the Pauling scale).
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Figure 2.9 Structure and classification of MAB and related MBene phases by their

crystal structures (Music et al., 2007).

Among 2D MBene materials, molybdenum-based borides have promising
properties, including low cost, easy synthesis, high stability, and potential as alternative
to metal catalysts(Park et al., 2017; Y. Wang et al., 2020). The known crystal structures
include a-MoB, Mo,B, B-MoB, a-MoB,, B-MoB,, Mo,B,, and Mo,Bs(Rout et al.,
MoB and Mo,B, are well-studied members of the MBene family and are typically

synthesized by selectively etching aluminum layers from MoA(B. The crystal structure

of these phases is shown in Figure 2.10.
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The Mo,B, structure is synthesized by selectively removing the middle
aluminum (Al layer from MoAIB through chemical etching with NaOH. Their 3D
structure, MoAIB, belongs to a class of layered ternary borides that are structurally
similar to MAX phases. Mo,B, possesses noteworthy properties, including high flexural
and compressive strength, oxidation resistance, metallic conductivity, and excellent
thermal conductivity (Ali et al., 2017; Kota et al., 2016). Additionally, when used as an
anode in Li-ion batteries, it shows high theoretical gravimetric capacities of 444 mAh/g
(Guo et al,, 2017). Mo,B exhibits three stable phases that include orthorhombic,
hexagonal, and tetragonal structures. Althougsh Mo,B, can be synthesized through
etching, obtaining pure Mo,B, is challenging due to the functional groups (F, O, and
OH) that form on the surface during the etching process, depending on the etching
solution. However, these functional groups significantly enhance the stability and
catalytic activity of Mo,B,. (S. Liu et al., 2023). From previous research, they evaluated
the advantage of functional group on surface (MoBX; X = O, S, Se, and Te) as anode
for Na and K ion batteries. They wrote that the presence of functional groups on
surface could facilitate ion diffusion by reducing energy barrier, leading to improved
battery capacity. Moreover, their results on Young's modulus and Poisson’s ratio of
MoB and MoBX suggest that surface functionalization improves in-plane stiffness, which
helps reduce electrode cracking and pulverization issues, ultimately enhancing
stability. (K. Liu et al,, 2021). When used as cathode material in Li-S batteries,
functionalized Mo,B, has shown promising results. Xiao and colleagues studied Mo,B,
functionalized with surface groups such as O and F and found that these functional
groups improve the material's anchoring performance, helping to suppress the shuttle
effect in Li-S batteries. Their calculations also suggest that surface functionalization
reduces the diffusion and decomposition barriers of Li,S. Among the materials in this

work, Mo,B,0O, exhibit superior performance compared to Mo,B,F,, making it a more

suitable cathode material for Li-S batteries (Xiao et al., 2021).
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2.5 Single-atom catalysts

Single-atom catalysts (SACs) are among the most promising strategies for
improving performance of heterogeneous catalysts by maximizing atomic utilization.
Research into SACSs began in the 1990s (L. Li et al.,, 2020). These catalysts are created
by reducing metal particles or bulk materials down to single atoms (A. Wang et al,,

2018), as shown in Figure 2.11.

Single-atom
©

Surface Free Energy

Minimizing Metal Sizes
Figure 2.11 Schematics illustrating the variation in surface free energy and specific
activity per metal atom as a function of metal particle size, along with the role of

support in stabilizing single atoms (X.-F. Yang et al., 2013).

SACs of then exhibit superior catalytic activity compared to nanoparticles, bulk
materials, and traditional heterogenous catalysts attributed to factors such as
increased surface free energy, quantum size effects, unsaturated coordination
environments, and strong metal-support interactions. Nevertheless, maintaining the
isolation of single atoms is challenging due to their aggregation. The stability of these
isolated atoms is influenced by factors including the reducibility of the support
material, reaction temperature, and partial pressure.

Selecting an appropriate support material is crucial for stabilizing single atoms.
Reducible supported are effective in maintaining isolated atoms, whereas non-
reducible supported may lead to aggregation into nanoparticles. This phenomenon

was shown in Figure 2.12, which compares the effects of reducible and non-reducible
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transition metal oxide supports. However, reaction conditions significantly impact the

formation and stability of isolated atoms (DeRita et al., 2019).

Reducible support Non-reducible support
CeO,(111)  TiO,(100)  Fe,0,(111) Al,0,4(100)  MgO(100)  ZrO,(111)
NPs

SAs SAs
sorwaf ol

Figure 2.12 Illustration of the structure of the reducible support, non-reducible support

and metal NPs sintering/dispersing on different supports (L. Li et al., 2020).

To prevent agglomeration into clusters or particles, careful consideration of
synthetic methods is essential. Currently, there are four primary methods for
synthesizing SACs: pyrolysis, atomic layer deposition (ALD)/chemical vapor deposition
(CVD), ball milling, and solution-based chemistry. Each method offers different
advantages. Pyrolysis method allows control over loading amounts by utilizing high
temperature and an inert atmosphere (Pei et al., 2015). Atomic layer deposition (ALD)
and Chemical Vapor Deposition (CVD) method enable atomic-level control and high
purity of single atoms (Qu et al., 2018; Lei Zhang et al., 2018). Ball milling and solution-
based chemistry method are rapid, cost-effective methods for producing single atoms
(Bi et al,, 2018; Deng et al,, 2015). It's important to note that not all methods are
suitable for producing SACs. Careful selection of the synthesis method is essential to
ensure the purity and isolation of single atoms.

Due to their excellent electrical conductivity, combined with catalytic activity
and selectivity, SACs are promising materials for addressing challenges in Li-S batteries,

including those related to the cathode, anode, and separator. SACs show great
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potential for enhancing the reaction kinetics of LiPSs conversion and mitigating the
shuttle effect (Mikhaylik et al., 2004). In the development of cathode materials, a key
strategy to alleviate the shuttle effect involves increasing chemical adsorption of LiPSs.
Beyond strong adsorption, cathode materials must also promote the efficient
conversion of LiPSs. The use of SACs was first reported by Yang and co-workers, who
studied Fe-N doped carbon (Fe-NC) as a cathode material (Z. Liu et al., 2018). In this
configuration, iron atoms serve as single-atom catalysts, forming strong interactions
with LiPSs through sulfur-iron bonds, thereby accelerating redox reactions during
charge and discharge cycles. The Fe-NC cathode showed enhanced cycle stability,
maintaining a capacity of 427 mAh ¢! after 300 cycles, effectively alleviating the
shuttle effect and preserving coulombic efficiency. Ji and co-workers extended this
approach by synthesizing Co-N doped graphene (Co-NG) materials through pyrolysis
(Zhenzhen Du et al.,, 2019). Experimental results indicated that Co-NG exhibited
performance comparable to Fe-NC. Density functional theory (DFT) calculations
suggested several advantages of cobalt doping in graphene. Co doping increased the
density of states at the Fermi level, resulting in higher electrical conductivity. The
energy barrier for Li2S oxidation was lowered, improving oxidation kinetics when doping
with Co. Additionally, the potential-limiting step in the conversion from Li,S, to LiS was
accelerated. Stronger Co-S bonds enhanced adsorption energy, leading to more
effective LiPS trapping. These studies highlight the potential of SACs in advancing
cathode materials for Li-S batteries. However, the performance of SACs varies with the
type of single atom used, making the design and selection of single atom doping a
critical research focus.

For example, Cui and colleagues studied eight types of metal-nitrogen-doped
graphene (M-NG, where M = Fe, Mn, Ru, Zn, Co, Cu, V, and Ag) using DFT calculations
(Zhou et al., 2020), as show in Figure 2.13. They screened the best M-NG materials by
studying the decomposition energy of Li,S and the stability of M-NG structures. Among
these materials, vanadium with nitrogen doped graphene (V-NG) exhibited the lowest
energy barrier for Li,S decomposition and the highest LiPS binding energy, effectively
suppressing the shuttle effect. When synthesized, V-NG achieved an initial specific
capacity of mAh ¢ at 0.5C. Based on these findings, high-performance cathode
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materials should meet three critical criteria, including strong LiPS trapping, effective
deposition sites, and accelerated LiPS conversion. Consequently, the study of SACs

through experimental, computational, or combined method represents a promising

pathway for solving the challenges faced by Li-S batteries.
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Figure 2.13 (a) Decomposition barriers of Li,S and (b) Li-ion diffusion barriers of different

SA-NG. (c) Li,Sg binding energy of each SA-NG (Zhou et al., 2020).

As mentioned above, SACs play a crucial role in enhancing the adsorption and
catalytic activity of materials. Consequently, combining SACs with MBenes represents
a promising direction for development. Recent studies have shown increasing interest
in SACs supported on MBenes for various energy devices, attributed to the high
conductivity and catalytic activity of both the single atom site and the MBene
support.(Shukla, 2024; E. Wang et al., 2022; Yao et al., 2020). Moreover, these materials
have shown significant potential as electrodes for reactions such as the oxygen
reduction reaction (ORR)(E. Wang et al., 2022; T. Zhang et al., 2021) hydrogen reduction
reaction (HER) (B. Li et al,, 2020), and nitrogen reduction reaction (NRR) (Yao et al,,

2020). Interestingly, even when using the same transition metal, the optimal single
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atom can vary depending on the type of MBene used. For instance, Li and co-workers
studied single metal atoms supported on W,B,0, (SA-W,B,0,) and compared them to
those supported on Mo,B,0, (SA-Mo,B,0,) for HER. Their findings suggested significant
differences in HER activity between SA-W,B,O, and SA-Mo,B,0,, even with the same
single metal atom (B. Li et al., 2020). As shown in Figure 2.14, SA-W,B,0, outperformed
SA-Mo,B,0,, particularly for V and Zn single atoms. These results highlight that the
choice of MBene affects the selection of the optimal single atom, emphasizing the

importance of finding the right SA-MBene combination for achieving the best

performance.
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Figure 2.14 (a) Gibbs free energy for HER after introducing different metal single atoms
on Mo,B,0, and W,B,0,, respectively (B. Li et al., 2020).

In this thesis, we focused on SA-Mo,B,0, as a cathode material for Li-S batteries.
This choice is particularly interesting because these materials have not yet been
extensively studied in this application. Furthermore, the ideal single atom for
optimizing both adsorption and catalytic activity on Mo,B,O, remains unknown.
However, previous research provides valuable insights into the suitable sites for single
atom decoration. As shown in Figure 2.15, the optimal site for single-atom decoration
is the hollow site, where the single atom binds with four oxygen atoms (Sy). This
knowledge serves as a foundation for our study.

Given the unique potential of SACs and MBenes, further research into their
combinations could open new opportunities for advancing energy storage and

conversion technologies. Specifically, exploring the interactions between different
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single atoms and MBenes across a variety of reactions and applications may provide

critical insights for the design of next-generation materials.

Mo:B:0:
Figure 2.15 Schematic representation of suitable configuration SA decorated on

Mo,B,0, (B. Li et al., 2020).



31

2.5 References

Ade, M., and Hillebrecht, H. (2015). Ternary Borides Cr,AlB,, Cr;AlB,, and Cr,AlBs: The
First Members of the Series (CrB,),CrAl with n = 1, 2, 3 and a Unifying Concept
for Ternary Borides as MAB-Phases. Inorganic Chemistry, 54(13), 6122-6135.

Akridge, J. R., Mikhaylik, Y. V., and White, N. (2004). Li/S fundamental chemistry and
application to high-performance rechargeable batteries. Solid State lonics,
175(1), 243-245.

Ali, M. A, Hadi, M. A,, Hossain, M. M., Nagib, S. H., and Islam, A. K. M. A. (2017).
Theoretical investigation of structural, elastic, and electronic properties of
ternary boride MoAlB. physica status solidi (b), 254(7), 1700010.

Andritsos, E. I, Lekakou, C., and Cai, Q. (2021). Single-Atom Catalysts as Promising
Cathode Materials for Lithium-Sulfur Batteries. The Journal of Physical
Chemistry C, 125(33), 18108-18118.

Arneson, C., Wawrzyniakowski, Z. D., Postlewaite, J. T., and Ma, Y. (2018). Lithiation and
Delithiation Processes in Lithium-Sulfur Batteries from Ab Initio Molecular
Dynamics Simulations. The Journal of Physical Chemistry C, 122(16), 8769-8779.

Aurbach, D., Pollak, E., Elazari, R., Salitra, G., Kelley, C. S., and Affinito, J. (2009). On the
Surface Chemical Aspects of Very High Energy Density, Rechargeable Li-Sulfur
Batteries. Journal of The Electrochemical Society, 156(8), A694.

Barchasz, C., Molton, F., Duboc, C., Leprétre, J.-C., Patoux, S., and Alloin, F. (2012).
Lithium/Sulfur  Cell Discharge Mechanism: An Original Approach for
Intermediate Species Identification. Analytical Chemistry, 84(9), 3973-3980.

Barghamadi, M., Kapoor, A., and Wen, C. (2013). A Review on Li-S Batteries as a High
Efficiency Rechargeable Lithium Battery. Journal of The Electrochemical
Society, 160(8), A1256.

Bhargav, A., He, J., Gupta, A, and Manthiram, A. (2020). Lithium-Sulfur Batteries:
Attaining the Critical Metrics. Joule, 4(2), 285-291.

Bi, W, Li, X,, You, R., Chen, M., Yuan, R., Huang, W., Wu, X., Chu, W., Wu, C., and Xie, Y.
(2018). Surface Immobilization of Transition Metal lons on Nitrogen-Doped
Graphene Realizing High-Efficient and Selective CO, Reduction. Advanced
Materials, 30(18), 1706617.



32

Cuisinier, M., Cabelguen, P.-E., Evers, S., He, G., Kolbeck, M., Garsuch, A., Bolin, T,
Balasubramanian, M., and Nazar, L. F. (2013). Sulfur Speciation in Li-S Batteries
Determined by Operando X-ray Absorption Spectroscopy. The Journal of
Physical Chemistry Letters, 4(19), 3227-3232.

Cuisinier, M., Hart, C., Balasubramanian, M., Garsuch, A., and Nazar, L. F. (2015). Radical
or Not Radical: Revisiting Lithium-Sulfur Electrochemistry in Nonaqueous
Electrolytes. Advanced Energy Materials, 5(16), 1401801.

Deng, D., Chen, X,, Yu, L., Wu, X,, Liu, Q,, Liu, Y., Yang, H., Tian, H., Hu, Y., Du, P., Si, R,,
Wang, J., Cui, X., Li, H., Xiao, J., Xu, T., Deng, J., Yang, F., Duchesne, P. N., Zhang,
P., Zhou, J.,, Sun, L., Li, J., Pan, X., and Bao, X. (2015). A single iron site confined
in a graphene matrix for the catalytic oxidation of benzene at room
temperature. Science Advances, 1(11), e1500462.

DeRita, L., Resasco, J,, Dai, S., Boubnov, A., Thang, H. V., Hoffman, A. S., Ro, ., Graham,
G. W, Bare, S. R., Pacchioni, G., Pan, X., and Christopher, P. (2019). Structural
evolution of atomically dispersed Pt catalysts dictates reactivity. Nat Mater,
18(7), 746-751.

Du, Z.,, Chen, X., Hu, W., Chuang, C., Xie, S., Hu, A,, Yan, W., Kong, X., Wu, X., Ji, H., and
Wan, L.-J. (2019). Cobalt in Nitrogen-Doped Graphene as Single-Atom Catalyst
for High-Sulfur Content Lithium-Sulfur Batteries. Journal of the American
Chemical Society, 141(9), 3977-3985.

Du, Z., Chen, X., Hu, W., Chuang, C., Xie, S., Hu, A., Yan, W., Kong, X., Wu, X., Ji, H., and
Wan, L. J. (2019). Cobalt in Nitrogen-Doped Graphene as Single-Atom Catalyst
for High-Sulfur Content Lithium-Sulfur Batteries. J Am Chem Soc, 141(9), 3977-
3985.

Evers, S., and Nazar, L. F. (2013). New Approaches for High Energy Density Lithium-
Sulfur Battery Cathodes. Accounts of Chemical Research, 46(5), 1135-1143.

Evers, S., Yim, T. and Nazar, L. F. (2012). Understanding the Nature of
Absorption/Adsorption in Nanoporous Polysulfide Sorbents for the Li-S Battery.
The Journal of Physical Chemistry C, 116(37), 19653-19658.



33

Guo, Z., Zhou, J., and Sun, Z. (2017). New two-dimensional transition metal borides for
Li ion batteries and electrocatalysis. Journal of Materials Chemistry A, 5(45),
23530-23535.

Ji, X., and Nazar, L. F. (2010). Advances in Li-S batteries. Journal of Materials Chemistry,
20(44), 9821-9826.

Jothi, P. R., Yubuta, K., and Fokwa, B. P. T. (2018). A Simple, General Synthetic Route
toward Nanoscale Transition Metal Borides. Advanced Materials, 30(14),
1704181.

Kota, S., Zapata-Solvas, E., Ly, A, Lu, J,, Elkassabany, O., Huon, A,, Lee, W. E., Hultman,
L., May, S. J., and Barsoum, M. W. (2016). Synthesis and Characterization of an
Alumina Forming Nanolaminated Boride: MoAlB. Sci Rep, 6, 26475.

Li, B., Wu, Y., Li, N., Chen, X., Zeng, X., Arramel, Zhao, X., and Jiang, J. (2020). Single-
Metal Atoms Supported on MBenes for Robust Electrochemical Hydrogen
Evolution. ACS Applied Materials & Interfaces, 12(8), 9261-9267.

Li, L., Chang, X,, Lin, X., Zhao, Z.-J., and Gong, J. (2020). Theoretical insights into single-
atom catalysts. Chemical Society Reviews, 49(22), 8156-8178.

Li, S., Leng, D., Li, W., Qie, L., Dong, Z., Cheng, Z., and Fan, Z. (2020). Recent progress
in developing Li2S cathodes for Li-S batteries. Energy Storage Materials, 27,
279-296.

Li, X., Zai, J., Xiang, S., Liu, Y., He, X,, Xu, Z., Wang, K., Ma, Z., and Qian, X. (2016).
Regeneration of Metal Sulfides in the Delithiation Process: The Key to Cyclic
Stability. Advanced Energy Materials, 6(19), 1601056.

Liu, D., Zhang, C., Zhou, G., Lv, W., Ling, G., Zhi, L., and Yang, Q.-H. (2018). Catalytic
Effects in Lithium-Sulfur Batteries: Promoted Sulfur Transformation and
Reduced Shuttle Effect. Advanced Science, 5(1), 1700270.

Liu, G., Wang, W., Zeng, P., Yuan, C,, Wang, L., Li, H., Zhang, H., Sun, X,, Dai, K., Mao, J.,
Li, X., and Zhang, L. (2022). Strengthened d—p Orbital Hybridization through
Asymmetric Coordination Engineering of Single-Atom Catalysts for Durable
Lithium-Sulfur Batteries. Nano Letters, 22(15), 6366-6374.

Liu, K., Zhang, B., Chen, X, Huang, Y., Zhang, P., Zhou, D., Du, H., and Xiao, B. (2021).
Modulating the Open-Circuit Voltage of Two-Dimensional MoB MBene



34

Electrode via Specific Surface Chemistry for Na/K lon Batteries: A First-Principles
Study. The Journal of Physical Chemistry C, 125(33), 18098-18107.

Liu, S., Bai, L., Wang, J., Zhang, M., and Niu, L. (2023). A first-principles study of
functionalization effects on mechanical stability and electronic structure of
Mo2B2 monolayers. Materials Letters, 351, 135068.

Liu, Z., Zhovu, L., Ge, Q., Chen, R., Ni, M., Utetiwabo, W., Zhang, X., and Yang, W. (2018).
Atomic Iron Catalysis of Polysulfide Conversion in Lithium-Sulfur Batteries. ACS
Applied Materials & Interfaces, 10(23), 19311-19317.

Majed, A., Torkamanzadeh, M., Nwaokorie, C. F., Eisawi, K., Dun, C., Buck, A., Urban, J.
J., Montemore, M. M., Presser, V., and Naguib, M. (2023). Toward MBenes Battery
Electrode Materials: Layered Molybdenum Borides for Li-lon Batteries. Small
Methods, 7(8), 2300193.

Manthiram, A., Chung, S. H., and Zu, C. (2015). Lithium-sulfur batteries: progress and
prospects. Adv Mater, 27(12), 1980-2006.

Mikhaylik, Y. V., and Akridge, J. R. (2004). Polysulfide Shuttle Study in the Li/S Battery
System. Journal of The Electrochemical Society, 151(11), A1969.

Music, D., and Schneider, J. M. (2007). The correlation between the electronic structure
and elastic properties of nanolaminates. JOM, 59(7), 60-64.

Nazar, L. F., Cuisinier, M., and Pang, Q. (2014). Lithium-sulfur batteries. MRS Bulletin,
39(5), 436-442.

Narskov, J. K., Rossmeisl, J., Logadottir, A., Lindqvist, L., Kitchin, J. R., Bligaard, T., and
Jonsson, H. (2004). Origin of the Overpotential for Oxygen Reduction at a Fuel-
Cell Cathode. The Journal of Physical Chemistry B, 108(46), 17886-17892.

Park, H., Encinas, A., Scheifers, J. P., Zhang, Y., and Fokwa, B. P. T. (2017). Boron-
Dependency of Molybdenum Boride Electrocatalysts for the Hydrogen
Evolution Reaction. Angewandte Chemie International Edition, 56(20), 5575-
5578.

Pei, G. X,, Liu, X. Y., Wang, A, Lee, A. F., Isaacs, M. A, Li, L., Pan, X,, Yang, X., Wang, X,
Tai, Z., Wilson, K., and Zhang, T. (2015). Ag Alloyed Pd Single-Atom Catalysts for
Efficient Selective Hydrogenation of Acetylene to Ethylene in Excess Ethylene.

ACS Catalysis, 5(6), 3717-3725.



35

Qu, Y, Li, Z, Chen, W, Lin, Y., Yuan, T., Yang, Z., Zhao, C., Wang, J., Zhao, C., Wang, X,,
Zhou, F., Zhuang, Z., Wu, Y., and Li, Y. (2018). Direct transformation of bulk
copper into copper single sites via emitting and trapping of atoms. Nature
Catalysis, 1(10), 781-786.

Ren, M., Lu, X, Chai, VY., Zhou, X., Ren, J., Zheng, Q., and Lin, D. (2019). A three-
dimensional conductive cross-linked all-carbon network hybrid as a sulfur host
for high performance lithium-sulfur batteries. Journal of Colloid and Interface
Science, 552, 91-100.

Rout, C. S., Shinde, P. V., Patra, A., and Jeong, S. M. (2024). Recent Developments and
Future Perspectives of Molybdenum Borides and MBenes. Advanced Science,
11(21), 2308178.

Rybkovskiy, D. V., Kvashnin, A. G., Kvashnina, Y. A., and Oganov, A. R. (2020). Structure,
Stability, and Mechanical Properties of Boron-Rich Mo-B Phases: A
Computational Study. The Journal of Physical Chemistry Letters, 11(7), 2393-
2401.

Sahu, R., Bogdanovski, D., Achenbach, J.-O., Zhang, S., Hans, M., Primetzhofer, D.,
Schneider, J. M., and Scheu, C. (2021). Direct MoB MBene domain formation in
magnetron sputtered MoAIB thin films. Nanoscale, 13(43), 18077-18083.

Shen, Z., Cao, M., Zhang, Z., Pu, J., Zhong, C,, Li, J., Ma, H., Li, F., Zhu, J.,, Pan, F., and
Zhang, H. (2020). Efficient Ni2Co4P3 Nanowires Catalysts Enhance Ultrahigh-
Loading Lithium-Sulfur Conversion in a Microreactor-Like Battery. Advanced
Functional Materials, 30(3), 1906661.

Shim, J., Striebel, K. A., and Cairns, E. J. (2002). The Lithium/Sulfur Rechargeable Cell :
Effects of Electrode Composition and Solvent on Cell Performance. Journal of
The Electrochemical Society, 149(10), A1321.

Shukla, A. (2024). Tailoring Hydrogen Evolution Reaction with single-atom catalysts on
Ti2B MBenes: Insights from computational screening. International Journal of
Hydrogen Energy, 77, 479-485.

Song, J.,, Yu, Z., Gordin, M. L., and Wang, D. (2016). Advanced Sulfur Cathode Enabled
by Highly Crumpled Nitrogen-Doped Graphene Sheets for High-Energy-Density
Lithium-Sulfur Batteries. Nano Letters, 16(2), 864-870.



36

Wang, A, Li, J., and Zhang, T. (2018). Heterogeneous single-atom catalysis. Nature
Reviews Chemistry, 2(6), 65-81.

Wang, D.-W., Zeng, Q., Zhou, G., Yin, L., Li, F., Cheng, H.-M., Gentle, I. R., and Lu, G. Q.
M. (2013). Carbon-sulfur composites for Li-S batteries: status and prospects.
Journal of Materials Chemistry A, 1(33), 9382-9394.

Wang, E., Zhang, B., Zhou, J., and Sun, Z. (2022). High catalytic activity of MBenes-
supported single atom catalysts for oxygen reduction and oxygen evolution
reaction. Applied Surface Science, 604, 154522.

Wang, L., Hu, Z., Wan, X., Hua, W., Li, H.,, Yang, Q.-H., and Wang, W. (2022). Li2S4
Anchoring Governs the Catalytic Sulfur Reduction on Defective SmMn,Os in
Lithium-Sulfur Battery. Advanced Energy Materials, 12(20), 2200340.

Wang, L., Wang, Y., and Xia, Y. (2015). A high performance lithium-ion sulfur battery
based on a Li2S cathode wusing a dual-phase electrolyte. Energy &
Environmental Science, 8(5), 1551-1558.

Wang, R, Luo, C,, Wang, T., Zhou, G., Deng, Y., He, Y., Zhang, Q., Kang, F., Lv, W., and
Yang, Q.-H. (2020). Bidirectional Catalysts for Liquid-Solid Redox Conversion in
Lithium—-Sulfur Batteries. Advanced Materials, 32(32), 2000315.

Wang, T., Luo, D., Zhang, Y., Zhang, Z., Wang, J., Cui, G., Wang, X., Yu, A, and Chen, Z.
(2021). Hierarchically Porous Ti3C2 MXene with Tunable Active Edges and
Unsaturated Coordination Bonds for Superior Lithium-Sulfur Batteries. ACS
Nano, 15(12), 19457-19467.

Wang, Y., Zhang, H., Jiao, S., Chou, K.-C., and Zhang, G.-H. (2020). A facile pathway to
prepare molybdenum boride powder from molybdenum and boron carbide.
Journal of the American Ceramic Society, 103(4), 2399-2406.

Wild, M., O'Neill, L., Zhang, T., Purkayastha, R., Minton, G., Marinescu, M., and Offer, G.
J.(2015). Lithium sulfur batteries, a mechanistic review. Energy & Environmental
Science, 8(12), 3477-3494.

Xiao, Y., Li, Y., Guo, Z., Tang, C, Sa, B, Miao, N., Zhou, J.,, and Sun, Z. (2021).
Functionalized Mo2B2 MBenes: Promising anchoring and electrocatalysis

materials for Lithium-Sulfur battery. Applied Surface Science, 566, 150634.



37

Xu, R., Belharouak, I., Li, J. C. M., Zhang, X., Bloom, ., and Barefio, J. (2013). Role of
Polysulfides in Self-Healing Lithium-Sulfur Batteries. Advanced Energy
Materials, 3(7), 833-838.

Xu, X., Wang, S., Wang, H., Xu, B, Hu, C, Jin, Y., Liu, J., and Yan, H. (2017). The
suppression of lithium dendrite growth in lithium sulfur batteries: A review.
Journal of Energy Storage, 13, 387-400.

Xu, Z., Fan, M., Wang, J., Zhang, F., Lin, W., and Zhang, H. (2020). Trace Iron-Decorated
Nitrogen/Sulfur Co-Doped Hierarchically Porous Carbon for Oxygen Reduction
and Lithium-Sulfur Batteries. ACS Applied Energy Materials, 3(3), 2719-2726.

Yang, L., Li, Q., Wang, Y., Chen, Y., Guo, X., Wu, Z., Chen, G., Zhong, B., Xiang, W., and
Zhong, Y. (2020). A review of cathode materials in lithium-sulfur batteries.
lonics, 26(11), 5299-5318.

Yang, X.-F., Wang, A., Qiao, B, Li, J., Liu, J., and Zhang, T. (2013). Single-Atom Catalysts:
A New Frontier in Heterogeneous Catalysis. Accounts of Chemical Research,
46(8), 1740-1748.

Yang, Y., Zheng, G., Misra, S., Nelson, J., Toney, M. F., and Cui, Y. (2012). High-Capacity
Micrometer-Sized Li2S Particles as Cathode Materials for Advanced
Rechargeable Lithium-lon Batteries. Journal of the American Chemical Society,
134(37), 15387-15394.

Yao, M., Shi, Z., Zhang, P., Ong, W.-J., Jiang, J., Ching, W.-Y., and Li, N. (2020). Density
Functional Theory Study of Single Metal Atoms Embedded into MBene for
Electrocatalytic Conversion of N, to NHs. ACS Applied Nano Materials, 3(10),
9870-9879.

Zhang, D., Luo, Y., Liu, J., Dong, Y., Xiang, C., Zhao, C., Shu, H., Hou, J., Wang, X., and
Chen, M. (2022). ZnFe,O,~NisP, Mott-Schottky Heterojunctions to Promote
Kinetics for Advanced Li-S Batteries. ACS Applied Materials & Interfaces, 14(20),
23546-23557.

Zhang, J., Zhang, J., Liu, K., Yang, T., Tian, J., Wang, C., Chen, M., and Wang, X. (2019).
Abundant Defects-Induced Interfaces Enabling Effective Anchoring for
Polysulfides and Enhanced Kinetics in Lean Electrolyte Lithium-Sulfur Batteries.

ACS Applied Materials & Interfaces, 11(50), 46767-46775.



38

Zhang, L., Banis, M. N., and Sun, X. (2018). Single-atom catalysts by the atomic layer
deposition technique. National Science Review, 5(5), 628-630.

Zhang, L., Sun, D, Feng, J., Cairns, E. J, and Guo, J. (2017). Revealing the
Electrochemical Charging Mechanism of Nanosized Li,S by in Situ and Operando
X-ray Absorption Spectroscopy. Nano Letters, 17(8), 5084-5091.

Zhang, S. S. (2013). Liquid electrolyte lithium/sulfur battery: Fundamental chemistry,
problems, and solutions. Journal of Power Sources, 231, 153-162.

Zhang, S. S., Foster, D., and Read, J. (2010). A high energy density lithium/sulfur-oxygen
hybrid battery. Journal of Power Sources, 195(11), 3684-3688.

Zhang, T., Zhang, B., Peng, Q., Zhou, J., and Sun, Z. (2021). Mo,B, MBene-supported
single-atom catalysts as bifunctional HER/OER and OER/ORR electrocatalysts.
Journal of Materials Chemistry A, 9(1), 433-441.

Zhang, Z., Li, Y., Mo, F., Wang, J., Ling, W., Yu, M., and Huang, Y. (2024). MBene with
Redox-Active Terminal Groups for an Energy-Dense Cascade Aqueous Battery.
Advanced Materials, 36(16), 2311914.

Zhou, G., Zhao, S., Wang, T., Yang, S.-Z., Johannessen, B., Chen, H., Liu, C,, Ye, Y., Wy,
Y., Peng, Y., Liu, C, Jiang, S. P., Zhang, Q. and Cui, Y. (2020). Theoretical
Calculation Guided Design of Single-Atom Catalysts toward Fast Kinetic and
Long-Life Li-S Batteries. Nano Letters, 20(2), 1252-1261.

Zuo, J.-H., Zhai, P.-B., He, Q.-Q., Wang, L., Chen, Q., Gu, X.-K,, Yang, Z.-L., and Gong, Y.-
J. (2022). In-situ constructed three-dimensional MoS,-MoN heterostructure as

the cathode of lithium—sulfur battery. Rare Metals, 41(5), 1743-1752.



CHAPTER IlI
CALCULATION DETAILS

In this thesis, we used density functional theory to describe the quantum
behavior of atoms, molecules, and 2D materials. To study single atom decoration on
Mo,B,0, (SA-Mo,B,0,), various computational methods were employed, providing
understanding for suggestion the most suitable SA-Mo,B,0, as a cathode material for
Li-S batteries. This chapter provides an overview of the theoretical and computational
methods used in this thesis. It begins with an introduction to the fundamentals of the
Schrédinger equation for multi-particle systems (Section 3.1), followed by a detailed
explanation of the core principles of DFT (Section 3.2).

Subsequently, the methodology for structural optimization, a crucial step in
providing stable structures, is described in Section 3.3. To address the errors inherent
in DFT calculations, techniques for error correction are discussed in Section 3.4. For
studying the reaction kinetics of Li,S decomposition and atom diffusion, the climbing
image-nudged elastic band (CI-NEB) method is introduced in Section 3.5. Additionally,
ab initio molecular dynamics (AIMD) simulations were used to study the adsorption
behavior of LiPSs, including solvent effects, and to analyze their dynamic behavior at
the atomic level (Section 3.6).

To further understand the sulfur reduction reaction (SRR) process with SA-
Mo,B,0,, Gibbs free energy (G) calculations were employed, as detailed in Section 3.7.
The crystal orbital Hamilton population (COHP) method, used to evaluate bond
strength, is described in Section 3.8. All these methodologies were implemented using

the Vienna Ab initio Simulation Package (VASP), as summarized in Section 3.9.
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3.1 Schrédinger equation for many particles

Understanding the quantum behavior of systems with multiple particles is
fundamentally grounded in the Schrédinger equation. Formulated by Erwin
Schrédinger in the 1920s, this equation provides a mathematical framework for
describing the wavefunctions of complex systems. The general form of the Schrédinger

equation can be written
HU(R;,75) = EV(R;,75) (3.1)

The equation is an eigenvalue equation where H is the Hamiltonian operator, ¥ is
the wavefunction dependent on the coordinates of nuclei (Ei) and electrons (r}’-)’ and
E is the energy eigenvalue of the system. The Hamiltonian operator consists of kinetic
energy and potential energy terms for nuclei and electrons. Thus, the Hamiltonian can
be written as

EI:TN+T + Vivw + Vive -+ Vee
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Where Ty and T, are kinetic energy operators of nucleus and electron, respectively.
Vun, Ve and V,, are potential operators of nucleus-nucleus interaction, nucleus-
electron interaction, and electron-electron interaction, respectively. The kinetic
operators can be explained as shown in equation (3.2), including A = h/2m . M; is the
mass of nucleus and m; is mass of an electron. The potential operators consist of Z;,
R;, and 1 which are atomic number of nuclei and position of nucleus and electrons,
respectively.

Solving the full Schrédinger equation with many particles is computationally
challenging due to the complexity of the system. To simplify the problem, the Born-
Oppenheimer approximation (Born et al., 1927) is often applied. This approximation
assumes that the motion of atomic nuclei and electrons occurs on vastly different

time scales. Therefore, the motions of nuclei and electrons can be treated as
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decoupled, allowing the nuclei to be considered fixed while solving the electronic
Schrédinger equation. Consequently, the Hamiltonian operator can be reduced as

equation 3.3 based on the time-independent Schrédinger

no R o2 N n 1 Zié?
( Zj:l 2m; VT]‘ Zi:l ijl dmeg |R;—7j|

n n e? \I](F) = E\IJ(F) (3.3)
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The Born-Oppenheimer approximation can determine electronic energy level
and wavefunctions, which form the basis of calculating a wide range of molecular
properties. These include bond lengths, bond angles, vibrational frequencies, and

other characteristics critical to understanding molecular systems.

3.2 Density functional theory

Density functional theory (DFT) is a quantum mechanical (QM) method widely
used in chemistry and physics to calculate the electronic density of atoms, as shown
in equation (3.4), instead of tracking individual particles within the system. This theory
simplifies the approximation of Schrédinger equation, offering a more computationally
efficient alternative to the Hartree-Fock method. he electron density, expressed in
terms of the wavefunction, represents a fundamental connection between the DFT

method and the quantum mechanical description of electronic systems:
p() =D Wi ()W () = Y [W() (3.4)

where p(7) represents the electron density at a given position 7, where interaction
between electrons is not explicitly considered.

3.2.1 The Hohenberg-Kohn theorems

The Hohenberg-Kohn theorems (Hohenberg et al., 1964), developed by Pierre
Hohenberg and Walter Kohn in 1964, are foundational principles in quantum
mechanics and form the theoretical basis of DFT. The theorems consist of two key
statements, often referred to as the first and second Hohenberg-Kohn theorems.

In case of first theorem, the external potential V(r) uniquely determines the

ground-state electron density p(r), and vice versa. In other words, knowing the
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external potential allows you to determine the electron density, and knowing the
electron density allows you to reconstruct the external potential. This theorem forms
the basis for expressing the total energy of a quantum system as a function of electron
density, E[p], and the external potential, V(r). The main goal of DFT is to suggest the
electron density which minimized the total energy. This energy is ground-state electron
density and energy. p, (1),

For the second theorem, it emphasizes the uniqueness of the ground-state
electron density and the total energy of a quantum system. It describes a one-to-one
correspondence between the ground-state electron density, p,(r), and the external
potential, V(r), which results in the same minimum value of the ground-state energy.
In other words, a single ground-state electron density and its corresponding external
potential uniquely minimize the total energy of the system. This relationship is
mathematically represented as:

Elp )] = “Z ) = ming . Elp(0) 55)

These theorems form the basis of DFT, which focuses on suggesting the
electron density that minimizes the total energy functional of a quantum system.
Although the Hohenberg-Kohn theorems do not provide a direct method for
calculating the ground-state electron density, they offer a theoretical framework that
ensures the accuracy and reliability of DFT in predicting the properties of many-
electron systems.

3.2.2 The Kohn-Sham equation

The second Hohenberg-Kohn theorem provides the foundation for determining
the ground-state energy of a quantum system by minimizing the total energy functional
with respect to the electron density. In the framework of DFT, the total energy of a
many-electron system is expressed as a functional of the electron density. This
approach allows for the accurate prediction of ground-state properties without
explicitly solving the many-body Schrédinger equation.

In the Kohn-Sham equation, a central component of DFT, the kinetic energy of

electrons in a many-particle system is separated into two terms: (1) the kinetic energy
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of non-interacting electrons and (2) the contribution from electron-electron
correlations, often referred to as the correlation effect on kinetic energy. This
decomposition leads to the formulation of the kinetic energy for electrons in a many-

particle system as:

Tlp(r)] = Taon[p(r)] + Teor[p(r)] (3.6)

For a system consisting of nuclei N and electrons N,, the kinetic energy of non-

interacting electrons can be represented as:

Ne

Thonlp(r)] = ijz(rﬂ W’z(r» (3.7)

This term describes kinetic energy as if the electrons were moving
independently, disregarding electron-electron interactions. However, in real systems,
interactions between electrons significantly impact the total energy, necessitating the
inclusion of potential energy terms. The potential energy contributions from electron-

electron interactions and electron-nucleus interactions are given by:

ZZ |, |?/)e // drdr (3.8)

= (e(r IZZW il )>——Z/é§p£2|dr (3.9)

These terms encapsulate the electrostatic forces within the system. V,,
accounts for the repulsive interactions between electrons, while Vy, describes the
attractive forces between electrons and nuclei. Together, these terms are crucial for
determining the system's total energy.

In the Hartree-Fock approximation, the exchange energy naturally arises from
the antisymmetric nature of electron wavefunctions, a consequence of the Pauli
exclusion principle. However, this approximation neglects the correlation energy, which
represents the additional energy associated with the dynamic interactions between

electrons. To overcome this limitation, DFT combines both the exchange and
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correlation energy into a single term known as the exchange-correlation energy,

denoted as:
Buelp(r)] = Exlp(r)] + Eclp(r)] (3.10)

This unified term allows DFT to incorporate both effects seamlessly, improving
accuracy over the Hartree-Fock method. The total energy of a many-particle system

in DFT is expressed as:

Elp)] = Taonlpl] + 5 [ [ 22 arar
(3.11)

According to the second Hohenberg-Kohn theorem, the ground-state energy of
a quantum system corresponds to the minimum value of this energy functional. The

condition for achieving this minimum is given by:

2

YL Vel | 055 ) = Bt 5.12)

The effective potential in the Kohn-Sham equation, which governs the behavior of the

electrons, can be written as:

Verslo(r)] = Vi lp(r)] + Vet [p(r)] + Viaelp(r)]

11 o) o N Z (3.13)
AR R + e

This effective potential includes contributions from the external potential, the
Hartree potential (arising from electron-electron interactions), and the exchange-
correlation potential, which incorporates quantum mechanical corrections. By solving
the Kohn-Sham equations iteratively, the ground-state electron density and
corresponding energy of the system can be determined. This methodology makes DFT
a powerful tool for studying the electronic structure of complex systems, bridging the

gap between computational efficiency and physical accuracy.
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3.2.3 Exchange-correlation functional

For DFT calculations, the exchange-correlation potential (XC) accounts for all
quantum mechanical interactions and effects that are not included in other potentials
in density functional theory (DFT). The XC operator is a critical yet challenging
component of DFT because its exact form remains unknown. Although XC energy
typically constitutes less than 10% of the total energy, it plays a vital role in
determining the properties of materials in DFT calculations.

In the present day, various approximations of the XC functional have been
proposed, including the local density approximation (LDA) and the generalized gradient

approximation (GGA). The local XC energy per electron can be expressed as:

1 rT)
exclp@] =5 %dr (3.14)
Then
Exc[p(M)] = Jp(f) exc (T, p)dr (3.15)

For the LDA, the XC functional is exact for a homogeneous electron gas. The

XC energy for the LDA can be written as:

EgA[p(P)] = f p(F) g2 [p(P)]d7 (3.16)

Nevertheless, the LDA has imitations in accurately describing systems with
varying electron densities (inhomogeneous), making it less suitable for real systems
with complex electronic structures. To overcome these limitations, GGA incorporates
the density gradient, allowing it to account for inhomogeneous behavior more

effectively. The general formula for the XC energy in GGA is given by:
B )] = [ @2 106, Tpld (517

GGA functionals are widely used due to their accuracy for a range of properties,
inculding ground-state energies, molecular geometries, and covalent bonding. The are

also well-suited for weakly bonded systems (Santra, 2010). Currently, several forms of
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GGA functionals have been developed, including PW91 (J. P. Perdew et al., 1992), PBE
(Ernzerhof et al.,, 1999; Hammer et al., 1999; Wan et al., 2021). In our work, the PBE
functional is mainly used due to iss balance of accuracy and computational efficiency.
The PBE functional can be written as:

1

o 3/3\3 1 _
e [p(r), Vp()] = 7(5) n3(F)F(x) (3.19)
where
F=1+a-— x =0 (3.20)
n3(r)

Where a and b are constants. Substituting equation (3.19) into equation (3.20), the
corresponding XC potential for PBE is:

SEx¢" [p()]

et [p(M)] = )

(3.21)

The PBE functional’s ability to incorporate density gradients while maintaining
computational simplicity makes it a popular choice for a wide range of applications in
materials science and quantum chemistry.

3.2.4 Pseudopotentials

Pseudopotentials are an essential tool for simplifying complex calculations in
computational chemistry. They replace the true potential of atomic nuclei with an
effective potential designed to replicate the behavior of valence (outermost) electrons,
while either simplifying or neglecting the contributions of tightly bound inner-core
electrons. In most cases, bond formation and electronic properties are determined by
valence electrons, while core electrons are treated as part of the nuclei under the
frozen-core approximation. This method simplifies the description of pseudo-
wavefunctions and facilitates the practical use of plane-wave basis sets. Additionally,
this simplification significantly reduces the computational cost of electronic structure
calculations while maintaining accuracy for many properties of interest.

As shown in Figure 3.1, the pseudo and exact potential align when the
interparticle distance exceeds the specified cutoff radius (r.). Similarly, the pseudo
(Wpeudo) and exact (o) Wavefunctions also converge beyond this radius. Within the

region below r. , however, the exact wavefunction exhibits pronounced oscillations.
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These oscillations make solving the Schrédinger equation challenging, as achieving a
smooth and numerically stable wavefunction in this region requires significant
computational effort, as shown by the red solid line in the figure.

To overcome this issue, a smoother pseudo-wavefunction is employed, which
significantly reduces computational cost while maintaining accuracy. For the pseudo
wavefunction and potential to be effective, they must satisfy the following criteria: (1)
Consistency: The pseudo wavefunction and potential should match the exact
counterparts beyond the cutoff radius. (2) Smoothness: Within the r. region, the pseudo
wavefunction should minimize oscillations to simplify numerical calculations. (3)
Transferability: The pseudopotential should accurately describe the behavior of
valence electrons across various chemical environments. These requirements ensure
that pseudopotentials serve as an efficient and accurate approach to simplifying

electronic structure calculations.

<~V

Figure 3.1 Comparison of wavefunctions in a nuclear Coulomb potential (blue) and a

pseudopotential (red) (Grajcarova, 2013).
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3.2.5 Self-consistent field approach

In practical DFT calculations, the ground-state energy of a many-body system
is determined using a self-consistent field (SCF) method. This approach focuses on
finding the lowest-energy configuration of atoms by solving the Kohn-Sham equation.
Figure 3.2 presents the flowchart of this process, ensuring that the electron density

and effective potential reach a stable and consistent solution.

Initial guess

n(r)

Calculate effective potential

Ve[f (l‘) J | Ve.\'t (l‘) + VHartree [I’I] = ch [I’I]

Solve KS equation

h
{‘ A chz-(l')}’/’f(r) = &(r)
2m

Calculate electron density

N
n(r) =Y % (1)¥(r)

i=1

No

Self-consistent ?

Yes

Output quantities

Potential Energy, Static structure,
Born effective charges, etc...

Figure 3.2 Flowchart showing the process of solving the Kohn-Sham equation

(Nakamachi et al., 2013).
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The SCF calculation follows a systematic process to determine the ground-

state energy in density functional theory (DFT) calculations. The steps involved are as

follows:

3.3

1.

Initial electron density guess: make an initial assumption for the electron
density

Effective potential calculation: compute the effective potential using the initial
electron density

Solving the Kohn-Sham equation: Solve the Kohn-Sham equation to suggest
the eigenvalues (total energy) and eigenvectors (wavefunctions)

New electron density calculation: Generate a new electron density based on
the calculated eigenvectors (wavefunctions).

New energy calculation: Calculate the total electronic energy using the
updated electron density in the Kohn-Sham equation

Energy convergence check: if the difference between the new and previous
electronic energy is smaller than the predefined convergence criterion, the
calculation terminates, and the resulting values are accepted. However, If the
difference exceeds, update the electron density with the new values and
repeat the process from step 2. This process is repeated until the calculated
energy and electron density reach convergence, ensuring a consistent solution
for the electron density and effective potential. In this thesis, the convergence

criterion is set to 10° eV.

Geometry optimization

Geometry optimization is a critical step in DFT calculations, particularly for

studying molecules and materials. The goal is to find the most energetically favorable

arrangement of atoms by minimizing the system's total energy while adjusting atomic

positions and, if applicable, unit cell dimensions. An overview of the geometry

optimization process is provided below (see Figure 3.3). First step, it is initial geometry

which starts with the initial atomic coordinate of the system. Next, the DFT calculation

determines the system's total energy using the self-consistent field (SCF) method and

further calculates the atomic forces using the Hellmann-Feynman theorem. In case of
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convergence check after calculations, If the calculated atomic forces are below the
predefined tolerance limit, the optimization is complete, and the resulting geometry
is accepted. However, If the atomic forces exceed the tolerance limit, the atomic
positions are adjusted based on the calculated forces and gradients. The optimization
process then returns to step 2, iterating until convergence is achieved. Optimization
algorithms, such as the conjugate gradient method, are typically used to guide the
adjustments (Dai et al., 2016).

Geometry optimization is a foundational process in DFT that allows for accurate
predictions of molecular and material properties. This method offers critical insights
into the behavior, stability, and structural characteristics of chemical systems by

calculating the optimal atomic positions and total energy.



51

guess p(r)

plr) = MLJ ?:

- ~\

Vil = 3 [ 200 - i s + ¥l

. )

) ]

[+ Verloto] w500) = Bt

. )
'

-

P new = [ RS2
!

-
Calculate the new energy from new ]

.

electron density

Update atomic position }

l ‘

Figure 3.3 Schematic representation of the optimization process in DFT calculations.

3.4  vdW correction

One of the well-known limitations of DFT is its inability to accurately capture
van der Waals (vdW) interactions. These interactions are weak, long-range forces
between molecules or atoms that result from temporary fluctuations in electron
density. Standard DFT functionals, including LDA and GGA, are designed to capture
local exchange-correlation effects but frequently underestimate vdW interactions.

To overcome this limitation, various correction methods have been developed
to incorporate vdW interactions into DFT calculations. One widely used approach in

the DFT-D3 method developed by Grimme (Grimme et al., 2010). In this study, the
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optPBE-vdW method (Klimes et al.,, 2010) is employed. This method modifies the
standard PBE functional to systematically and accurately account for vdW interactions.
Unlike the standard PBE functional, optPBE-vdW introduces a correction term to
address long-range vdW interactions. This method improves the accuracy of DFT
calculations for systems in which vdW forces play a significant role, including molecular
complexes, layered materials, and systems with intermolecular interactions. The
OptPBE-vdW correction includes an interaction term between atomic pairs in the

exchange-correlation functional, expressed as:

opt PBE—vdW __ CeaB
Edisp =3 Rdeamp(RAB) (322)
Where:
tPBE—vadW . . , :
Egny " "®"is the dispersion energy correction

2, p represents a sum over all atom pairs AAA and BBB in the system.

Coap is the dispersion coefficient for the atom pair AAA and BBB, determined
empirically based on the types of atoms involved.

R,z is the distance between atoms A and B.

faamp(Rag) is @ damping function that ensures the correction smoothly decreases at
short distances to avoid unphysical divergences.

The damping function is expressed as:

faamp(Rap) =1 — exp(—a(Rap — Rg)?) (3.23)
Where:
e o is a damping parameter that controls the rate of decay.
e Ry is a cutoff radius beyond which the correction becomes negligible.
Ceap coefficients, which represent the strength of dispersion interactions
between atom pairs, are typically derived from empirical databases or parameterized
based on experimental data. These coefficients vary depending on the atom types

involved and are crucial for accurately describing vdW interactions.
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3.5 Climbing image-nudged elastic band method

The climbing image-nudged elastic band (CI-NEB) (Henkelman et al., 2000) is an
advanced computational technique widely used in DFT calculations to suggest
transition states and map reaction pathways with precision. By enhancing the
traditional Nudged Elastic Band (NEB) method, CI-NBE introduces a “climbing” image
that converges toward the transition state, allowing for precise determination of the
highest energy points along a reaction coordinate. Next, paraphrase will summarize
knowledge of these methods.

In the case of NEB, it can calculate the reaction pathway by constructing a
series of intermediate configurations (called images) that connect the initial and final
states. Each image is characterized by specific atomic coordinates, forming an elastic
band represented as [Ro, Ry, Ry, ..., Ry, where Ry and Ry remain fixed as the initial and
final state. The force acting on each image (F;) is a combination of spring force and true
force. Spring force is used to ensure images remain evenly spaced along the reaction
path. Ture force is used to account for the system’s potential energy, acting

perpendicular to the reaction path. The total force for an image i is expressed as:
F’uiNEB |\ 15:” A VE(R’i)J_ (3.24)
The true force is given by:
VE(R)* =VE(R,) — VE(R;) - % (3.25)

Where VE is the gradient of energy with respect to atomic coordinates, and Tiis the

normalized local tangent at image i. Spring force is defined as:
FlV = k(|Risy — Ri| — |Ri — Ria|)%: (3.26)

Where k is spring constant. Optimization algorithms move the images according to NEB
force until the forces converge below a set threshold. In our study, we set the
convergence criterion for NEB calculations which is 0.05 eV/A

The CI-NBE method improves upon NEB by refining the transition state
suggestion. After several iterations with the standard NEB, the image with the highest
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energy (im0 is identified. This image is then allowed to "climb" toward the saddle point

by modifying its force calculation:

— —

F,...=-VE(R;,  )+2VE(R;,..) fi... (3.27)
This modification ensures that the climbing image is unaffected by spring forces
and moves directly to the saddle point, representing the transition state.
Consequently, the CI-NEB method is widely used in computational chemistry to study
reaction mechanisms and calculate energy barriers for chemical reactions. It delivers
three key benefits by determining the transition state with accuracy, mapping minimum
energy pathways precisely, and providing insights into the reaction dynamics of

complex systems.

Figure 3.4 Schematic of the potential energy surface (PES) and NEB calculation,

showing the initial reaction pathway (white line) and the optimized reaction pathway

(black line).

Overall, the CI-NEB method combines the principles of the NEB method with
the climbing image adjustment, providing an efficient and reliable approach for

identifying transition states and understanding reaction mechanisms. By ensuring
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accurate placement of the transition state along the reaction coordinate, CI-NEB is a

critical tool for investigating complex chemical reactions and energy landscapes.

3.6  Ab initio molecular dynamics

Ab initio molecular dynamics (AIMD) is a powerful computational technique
widely used in quantum chemistry and materials science to simulate the time-
dependent motion of atoms and molecules. AIMD combines the principles of
molecular dynamics (MD) with quantum mechanical calculations, often based on
density functional theory (DFT) or other first-principles methods, to accurately model
electronic structures and interatomic interactions. This hybrid approach enables AIMD
to explore and understand the dynamic behavior of complex systems at the quantum
level. The key components of AIMD can be summarized as follows.

1. Quantum mechanical calculations

At each time step, AIMD applies quantum mechanical methods, which is DFT
in our work, to calculate the electronic structure and the resulting forces on each
atom. These forces, denoted as equation (3.27), are derived from energy gradients of

the electronic structure:
- OH
(] Py )

2. Newton's equations of motion

The atomic position (r) and velocities (v) change over time following the

principles of classical Newtonian mechanics. The movement of each atom is described
by:

i

m;—-s = sz
dt?

(3.29)

3. Integration Scheme
Numerical methods, such as the Verlet or velocity-Verlet algorithms, are
used to solve Newton’s equations of motion and update atomic positions and

velocities at each time step:
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=3

m;
1
Gilt + At) = Ti(t) + 5 (@) + @it + At)) (3.30)

. q 1
Ri(t + At) = R;(t) + T;(t) At + 5@- (t) At

4. Boundary Conditions

Periodic boundary conditions are applied to mimic an effectively infinite
system, replicating the simulation cell in all directions. This method reduces edge
effects and provides an accurate representation of atomic interactions in bulk materials

5. Temperature Control

AIMD simulations often use thermostats, such as the Nosé-Hoover thermostat,
to regulate temperature. These control mechanisms enable simulations at specific
temperatures, facilitating the study of temperature-dependent phenomena like phase
transitions and reaction rates. (Hoover, 1985; Nosé, 1984).

6. Time Steps

The choice of the time step (At) is critical. It must be small enough (e.g., in the
order of femtoseconds) to accurately capture atomic vibrations while maintaining
computational efficiency. A carefully selected time step maintains accuracy while
allowing for practical simulation durations.

AIMD simulations are powerful tools for studying dynamic processes in
chemistry and materials science, offering a quantum-level understanding of
phenomena including chemical reactions, vibrational dynamics, structural evolution,
electrochemical systems. AIMD captures both electronic and atomic behavior,
connecting quantum mechanics with real-world material properties. It is a valuable
tool for studying systems that static DFT calculations cannot fully explain, helping us

better understand molecular and material behavior at the atomic level.
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3.7 Gibbs free energy (G) calculation
The Gibbs free energy (G) can be expressed as the sum of the system’s

enthalpy (H) and entropy (S), as shown below:
G = Eelec + EZPE - TS (331)

Here, Eqec represents electronic energy, and Ezpe is the zero-point energy correction
applied to the electronic energy to account for quantum mechanical effects at

absolute zero. The zero-point energy is calculated as:

hvl'

ZPE= ) - (3.32)

i

where, h is the Planck’s constant and v; are the computed vibrational frequencies of
the system. This correction is essential in ensuring accurate thermodynamic
predictions, especially for molecular systems at low temperatures. For entropy (), it

is given by the equation:
S = kglnQ (3.33)

The partition function (@) can be expressed as the product of translational, rotational,

and vibrational components:

Q = ferans foipfrot (3.34)

In equation (3.33). The calculation of entropy relies on the partition function,
which for ideal gas molecule can be divided into translational, rotational, and
vibrational contributions. Each component corresponds to a specific type of motion or
degree of freedom within the system. For a free-gas molecule, the translational

partition function in three dimensions is given by:

3/2

ﬁfrans =

<2anb T >

h2 (3.35)
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where V is the volume of the gas, M is the molecular mass, kg is the Boltzmann
constant. Often, V can be substituted using the ideal gas equation of state PV = kgT.

For a single dimension, the translational partition function simplifies to:

L1/ anka

ferans = — (3.36)

Where L is the characteristic length along one dimension. In case of the rotational
partition function for a diatomic molecule can be expressed as:

8m?lk,T
frot = 7 (3.37)

Where [ is the moment of inertia about an axis perpendicular to the molecular axis
and passing through the center of mass.

In the harmonic approximation, the vibrational partition function is given as:

1
fvib = 1 _e_hw/ka (338)

Each vibrational mode contributes independently to the partition function, and the
harmonic approximation assumes that the vibrations are small perturbations around

equilibrium.

3.8 Crystal orbital Hamilton population (COHP)

The crystal orbital hamilton population (COHP) is a theoretical method used in
computational chemistry and materials science to suggest chemical bonding in
periodic systems (Steinberg et al., 2018). It is particularly effective in quantifying the
bonding, nonbonding, and antibonding interactions between atomic orbitals in solids.
The fundamental concept of COHP focused on partitioning the electronic structure of
a system into contributions from specific atomic pairs or orbitals. It combines concepts
from quantum mechanics and electronic structure theory, particularly the Hamiltonian
formalism, to analyze the interaction between two atomic orbitals.

COHP is often evaluated relative to the Fermi level, which suggests the energy
up to which the electronic states are occupied. The bonding interactions below the

Fermi level are most significant in determining the stability of the system.
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It can be calculated based on electronic Hamiltonian (H) describes the total
energy of the quantum system, including kinetic and potential energies. In COHP, it is

used to evaluate the interaction between two atomic orbitals:
H;; = f ¥F(r) Hoj(r)d’r (3.39)

The term of Hamilton population quantifies the contribution of each orbital pair to

the total electronic energy:
HPy(E) = —Hi;(E) - nij(E) (3.40)
After that, COHP is derived by integrating over all energy states:

~COHP(E) = — > H;(E) - n;;(E) (3.41)

The negative value of COHP represents bonding contributions, whereas positive values
show antibonding contributions. To obtain a single scalar value representing the total
bonding interaction between two atoms, COHP can be integrated over all relevant
energy levels:
ICOHP = /b k —~COHP(E)dE (3.42)
ICOHP value can suggest the bonding strength. Negative ICOHP suggest strong
bonding interactions, while positive value suggest dominant antibonding interactions.
Although COHP and ICOHP can explain the strength bond of pair atoms, it still has
limitations which we should be concerned about. First, it is basis set dependence.
Results can vary with the choice of basis sets, requiring careful validation.
Computational cost increases with system size, especially for large supercells or

complex systems. Lately, the choice of integration limits in ICOHP calculations can

influence the results, particularly in systems with partially filled bands.
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3.9 Summary of computational details

In this thesis, all calculations were employed using spin-polarized Density
Functional Theory (DFT) as implemented in the Vienna Ab-initio Simulation Package
(VASP 5.4) (Kresse et al., 1996a, 1996b). The frozen-core projector-augmented wave
(PAW) method was used to describe the electron-ion interactions (Blochl, 1994). For
the Mo,B,0, structure, valence electrons included Mo 4d5s, B 2s2p, and O 2s2p treated
within a plane-wave basis. For LiPS molecules, Li 2s and S 3s3p valence electrons were
considered. Screening of single-atom (SA) transition metals included both 3d- and 4d-
transition metals, considering their 3dds and 4d5s valence electrons, respectively. The
exchange-correlation interactions were approximated using the Generalized Gradient
Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional (John P. Perdew
et al,, 1996). Weak van der Waals interactions between the adsorbates (Sg and LiPSs)
and SA-Mo,B,0, were included using the DFT-D3 (Klimes et al.,, 2010). Structural
optimizations were carried out with a kinetic energy cutoff of 500 eV. Monkhorst-Pack
k-point sampling was employed (Monkhorst et al., 1976), using a 5 x 5 x 1 grid for
structural optimization and a 9 x 9 x 1 grid for electronic density of states (DOS)
calculations. Optimization was considered complete when the energy difference
between iterations reached 10 eV and residual forces were below 0.02 eV/A. Charge
distribution analysis was conducted using the Bader charge decomposition scheme
(Tang et al,, 2009). To investigate the shuttle effect in the presence of electrolyte
molecules, ab initio molecular dynamics (AIMD) simulations were performed. These
simulations examined the behavior of Li,Ss on SA-Mo,B,0, in 1,3-dioxolane (DOL) and
2-dimethoxyethane (DME) solvents. The simulations employed the NVT ensemble with
a Nose-Hoover thermostat at 300 K, using a time step of 1 fs for a total simulation
duration of 10 ps. Only -point sampling was used to minimize computational costs,
with an energy cutoff of 450 eV. The number of solvent molecules added to the
vacuum region was based on their liquid densities: 1.06 g/cm?3 for DOL and 0.87 g/cm?
for DME at room temperature. The energy barriers and reaction pathways for Li ion
and SA diffusion were calculated using the Climbing Image Nudged Elastic Band (Cl-
NEB) method (Henkelman et al.,, 2000). Finally, electron occupancy in bonding and
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antibonding orbitals was analyzed through Crystal Orbital Hamilton Population (COHP)
analysis (Deringer et al., 2011).
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CHAPTER IV
STRUCTURAL AND ELECTRONIC PROPERTIES OF
Mo,B,0, AND SINGLE ATOM DECORATED Mo,B,0,

Before studying and screeing the optimal single atom (SA) decorated Mo,B,
with oxygen functionalized surface (SA-Mo,B,0,) as cathode materials, we first
analyzed the structural and electronic porperties of both pristine and SA-Mo,B,0,. The
single atoms studied in this thesis include 3d- and 4d-transition metals, excluding
molybdenum (Mo) since it is already present in the Mo,B, structure. Although the
synthesis of SA-Mo,B,0, has no yet been achieved, SA decoration has been
successfully realized on MXenes, which share similar properties and structures with
MBenes. This has been experimentally confirmed through advanced characterization
techniques such as X-ray photoelectron spectroscopy (XPS). Moreover, computational
studies strongly suggest that SA atoms preferentially bind to the surface of Mo,B,0,,
as demonstrated in previous research (Li et al., 2020; Mou et al., 2023). Therefore, SA-
Mo,B,0, may be synthesized and is an interesting material for study in Li-S batteries.

In this thesis, a 4x4x1 Mo,B,0, supercell was used as the initial model. The
potential adsorption sites for SA decoration on the Mo,B,0, surface, including four
distinct sites, were systematically evaluated to suggest the most suitable positions. We
studied the specific properties of each SA that influence adsorption behavior using
Pearson correlation technique. Additionally, The electronic properties of both pristine
and SA-decorated Mo,B,0, were further analyzed. All details were discussed in section
4.1. In section 4.2, we explored the specific properties of each SA that influence
adsorption behavior using Pearson correlation technique. Furthermore, we analyzed

the strengths of SA-O bond by crystal orbital Hamilton population (COHP).
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4.1 Geometric and Electronic properties of calculated pristine and

SA decorated Mo,B,0,

We began by optimizing the pristine Mo,B,0, model, which serves as the
supporting material for SA decoration. This 2D structure consists of two boron layers
sandwiched between two molybdenum layers, with oxygen atoms functioning as
surface groups covering the outermost layers of the Mo,B, model, as shown in Figure
4.1. The calculations employed a 4 x 4 supercell consisting of 32 Mo atoms, 32 B
atoms, and 32 O atoms. The optimized Mo,B,0, model has lattice parameters of 11.47
A x 12.43 A with a vacuum space of 20 A and average bond lengths of Mo-B = 2.30 A,
Mo-O = 1.97 A, and B-B = 1.68 A. These results are consistent with previous
computational research findings on the structural properties of Mo,B,0, (Xiao et al.,

2021).
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Figure 4.1 The most stable structure of Mo,B,0, before being decorated with SA.

Subsequently, we studied various configurations of SA-Mo,B,0,, focusing on 3d-
transition metals (Sc-Zn) and 4dd-transition metals (Y-Cd, except Mo). The Mo,B,0,
surface provides four potential sites for SA adsorption. These include the position on

top of an oxygen atom (Or,,), the position on top of molybdenum atom bonded to
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two oxygen atoms (Mor), and hollow sites coordinated with either two oxygen atoms

(Hollow,p) or four oxygen atoms (Hollow,p), as shown in Figure 4.2.
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Figure 4.2 The possible configuration of the single transition metal atom on Mo,B,0,

surface. Mo, B, O, and single transition metal (SA) atoms are represented by purple,

green, red, and blue, respectively.

The most favorable configuration of SA-Mo,B,0O, for each SA-Mo,B,0, system
were identified by calculation single atom adsorption energy (Ea.gssa). A negative
adsorption energy suggests that the SA adsorption on Mo,B,0, surface is energetically

favorable. The adsorption energy was computed using the following equation (Lin et
al., 2019).

Eadassa = Esa—mo,B,0, — EMo,B,0, — Esa (@.1)

Where Esa_mo,B,0, » EMo,B,0,, and Esy represent the total energy of SA-Mo,B,0,,
Mo,B,0,, and an isolated single transition metal atom in vacuum (3d- and 4d-transition
metals), respectively. Our results show that all SA prefer to adsorb at the hollow site

with negative value of E,gssa (Figure 4.3).
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Figure 4.3 Configuration of SA-Mo,B,0,, including 3d- and 4d-transtion metals. It
exhibited average SA-O bond length of each substance (Avg of dss o) and SA adsorption

energy (Eagssa)-
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Figure 4.3 (Continued) Configuration of SA-Mo,B,0,, including 3d- and 4d-transtion
metals. It exhibited average SA-O bond length of each substance (Avg of dsao) and

SA adsorption energy (E4s sa)-

When compared with atomic numbers, the SA adsorption energies show a strong
correlation with atomic numbers within each period (Figure 4.4). The trend of single
atom adsorption energy for each period shows more positive when number of d
electrons increase, resulting weaker adsorption between SA and Mo,B,0, for late

transition metals.



68
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Figure 4.4 Correlation between SA adsorption energy and atomic number for 3d- and

dd-transition metals.

Additionally, a critical property for an effective single atom catalyst is its
stability as single particle or atom, avoiding aggregation into clusters. Hence, we
employed the climbing-image nudged elastic band (CI-NEB) method with five images
to calculate the energy barrier for SA diffusion from one Hollow site to another Hollow
site with the same symmetry. If a single atom (SA) requires high energy to diffuse from
one hollow site to another on Mo,B,0,, suggests that the SAs remain stable in their
positions, reducing aggregation into metal clusters.

In this thesis, the diffusion path was calculated along [100] direction, as this
path shows the lowest energy barrier for Li atom diffusion on the Mo,B,0, surface
(Figure 4.5a). Therefore, we study SA diffusion along [100] direction, as example in V-
Mo,B,O, system (Figure 4.5b). The calculated energy barriers for all SA-Mo,B,0,
systems were shown in Figure 4.5c. Early and middle transition metals display high
diffusion energy barriers, ranging from 1.00 to 3.50 eV (green region). In contrast, late
transition metals, including Co to Zn (3d-transition metals) and Pd to Cd (4d-transition
metals), exhibit lower diffusion energy barriers of less than 1.00 eV (red
region). Consequently, early and middle transition metals demonstrate good stability
as single atoms when decorated on the Mo,B,0, surface. Furthermore, the energies
barrier for SA diffusion shows strong correlation with SA adsorption energies, as shown

in Figure 4.5d. This relationship suggests that if Mo,B,0, can effectively bind with single
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atoms, it minimizes the possibility of aggregation, making it suitable for multiple cycles

of charge and discharge. The value of SA adsorption energy and energy of SA diffusion

of each SA-Mo,B,0, were shown in Table 4.1
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Figure 4.5 Potential energy profiles of (a) Li ion diffusion and (b) V ion diffusion on

Mo,B,0,. The relationship between the SA diffusion energy barrier and (c) atomic

number and (d) SA adsorption energy for each period. In case of SA diffusion energy

barrier compared with SA adsorption energy was separated by two regions, including

green region (energy barrier more than 1.0 eV) and red region (energy barrier less than

1.0 eV).
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Table 4.1. SA adsorption energy and SA diffusion energy barrier for each SA-Mo,B,0.,.

3d-TM Esy (€V)  Eou g (@)  4d-TM Eon (€V)  Eopaifuse (€V)
Sc -11.18 1.86 Y “11.72 1.88
Ti “11.32 2.51 Zr -13.39 333
Vv -9.29 2.21 Nb -11.32 2.94
Cr -6.84 1.27
Mn -6.60 1.00 Tc -8.21 1.62
Fe -6.09 1.00 Ru 717 1.04
Co -6.52 0.67 Rh -6.66 1.06
Ni -6.08 0.55 Pd -4.01 0.16
Cu -4.17 0.15 Ag -2.96 0.17
Zn -2.84 0.33 cd -2.38 0.40

To understand the electronic properties when SA is absorbed, we calculated

their projected density of states (PDOS). As shown in V- and Nb-Mo,B,0, example

(Figure 4.6), they suggest that introduced SA show metallic character without an energy

gap, like pristine Mo,B,0,. The states from SA exhibit significant hybridization with O

2p states, corresponding to SA-O bond as shown in configuration. These additional

states near the Fermi level, contributed by the SA, are likely to facilitate the redox

reactions involved in the conversion of LiPSs during the charge-discharge cycles (Lin et

al., 2019; Qiu et al., 2020).

30

PDOS (states/eV)

Mo,B,0, -Mo,B,0,
——Mo 4d B2p eV 30 e Mo 4df
—02p Total ok B2p —02p

Total
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Figure 4.6 Projected density of states (PDOS) of Mo,B,O, and the example of SA-

Mo,B,0, which are V- and Nb-Mo,B,0,. Femi level is adjusted to 0 eV.
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4.2 Key properties of single atoms affecting the stability of SA-

Mo,B,0,

As discussed in the previous section, we know that early transition metals,
particularly the second element of each period (Ti- and Zr-Mo,B,0,), exhibit strong SA
adsorption, which helps prevent aggregation into metal clusters. However, the reasons
why early transition metals show stronger SA adsorption than middle and late
transition metals are still unclear. Additionally, it remains to be determined which
specific properties of each SA are strongly correlated with SA adsorption energy, apart
from atomic number. Understanding these relationships will provide deeper insights
into the trends of SA adsorption energies. Furthermore, by suggesting the properties
that most influence SA adsorption, we can apply this knowledge to select SAs that are
stable when decorated on other support materials.

The properties of single atom which were used in this thesis were shown in
Table 4.2. First step, we explored the relationship between each property and SA
adsorption by Pearson correlation coefficients. As shown in Figure 4.7-4.8, the strength
correlation of properties can be analyzed through the coefficient of determination.
The values are between -1 and 1. Positive correlations are represented by blue,
negative correlations by red-brown, and no correlation by white (0). A higher positive
or negative value signifies a stronger correlation.

3d- and 4dd-transition metals exhibit similar properties that show a strong
correlation with SA adsorption energy, including atomic number, atomic weight and
covalent radius of atom. Considering the properties of SA when decorated on Mo,B,0,,
the d-band center and SA charge transfer show strong correlation with SA adsorption
energy for both 3d- and 4d-transition metals. Therefore, the atomic number or atomic
weight of SA increases, the adsorption energy becomes less negative, indicating weaker
adsorption. This is attributed to the increasing number of d-electrons in SA, leaving
fewer vacant states in d-orbitals to accept electrons from oxygen, thereby weakening
the SA-O bonds. Additionally, the strong correlation between the covalent radius and
adsorption energy highlights the importance of the covalent character of SA-O
bonds. Nevertheless, first elements of each period (Sc and Y) reveal weaker adsorption

than second element due to large atomic(Han et al,, 2021). Therefore, second
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elements of each periods show strongest adsorption on Mo,B,O,, including Ti and Zr

atom.

Table 4.2 Description of properties to find correlation with SA adsorption energies.

Symbol Description
N Atomic number
AW. Atomic weight
R Atomic radius
Reovatent Covalent radius
EN Electronegativity
EA Electron affinity
dsao SA-O average bond length
Qsa Charge transfer of SA
€,€ql d band center of SA in case of spin up and down
P Work function
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Figure 4.7 Heatmap of Pearson correlation coefficient matrix for SA adsorption energy

of 3d- and 4d-transition metals.
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Pearson correlation coefficients
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Figure 4.8 Feature correlation between properties and Eg45 54 for each period. The x
value represents the strength of correlation between pairs of variables, represented
by Pearson correlation coefficients. A darker color suggests a stronger correlation with

SA adsorption energy compared to other features.

In addition to employing Pearson correlation to explain the trend of SA
adsorption, we used crystal orbital Hamilton population (COHP) to explain these. This
analysis focuses on the bonding and antibonding states. We focused on the shortest
SA-O bond to represent the other SA-O bonds. A shown in Figure 4.9, early transition
metals within each period (Sc-V for 3d-transition metals and Y-Nb for dd-transition
metal) show only bonding states below the Fermi level. In contrast, as the number of
d-electrons increases from middle to late transition metals, more electrons occupy
antibonding states, resulting in the presence of antibonding states below the Fermi

level. Consequently, early transition metals exhibit stronger SA adsorption on Mo,B,0,.
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Figure 4.9 Crystal orbital Hamilton population (COHP) graph of the shortest SA-O bond
for each example SA-Mo,B,0; from each period. Spin up and Spin down states were
showed through red and black line. Green area suggests bonding orbital states, whereas

antibonding orbital states were represented in red area.
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CHAPTER V
SUPPRESSION OF THE SHUTTLE EFFECT BY
SINGLE ATOM DECORATION

In the previous chapter, we discussed that all 3d- and 4d-transition metals
prefer to decorate Mo,B,0, surface, with early transition metals particularly favoring
single particle. The presence of single atom does not disrupt the metallic properties
of Mo,B,0, and instead, the additional states introduced by the single atoms near the
Fermi level can enhance the redox reactions of LiPSs. To further understand the
performance of each SA-Mo,B,0, as a cathode material for Li-S batteries, it is essential
that the material strongly adsorbs LiPSs intermediates during SRR. The strong
adsorption helps alleviate the shuttle effect and prevent capacity loss by reducing the
dissolution of LiPSs. In this chapter, we first study the adsorption of LiPSs on each SA-
Mo,B,0, without considering solvent effects (Section 5.1). We then extend our study
by adding solvent molecules to examine how the presence of solvents influences the

adsorption of LiPSs on both pristine and SA-Mo,B,0, (Section 5.2).

5.1 Effect of Single-Atom Decoration on LiPSs Adsorption Energy in
Mo,B,0,

To study LiPSs adsorption, SRR and Li,S decomposition in chapter VI, we first
determined the most stable adsorbed configurations, including Sg and Li,S, (x = 1, 2,
4,6, 8). Since Sg and Li,S are typically found in the solid state (Danner et al., 2019; Xiao
et al., 2019), we modeled them as bulk structures. On the other hand, Li,S,
intermediates with x = 1, 2, 4, 6, and 8 were treated as molecular systems. We
examined both the bulk and molecular forms of Li,S to simplify the study of Li,S
decomposition using the molecular form. The bulk structure was employed specifically
when analyzing reactions within SRR. As shown in Figure 5.1, larger or liquid-phase

LiPSs, such as Li,Sg, LiSg, and Li,S4, exhibit 3D spherical structures, whereas smaller or
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solid-phase intermediates, including Li,S, and Li,S, favor non-linear configurations.
Additionally, we study the bulk structure of Sg (space group: Fddd) (Mikuriya et al,,
2020) and Li,S (space group: Fmgn) (Xiao et al,, 2019) in their solid phase. The

geometric parameters of each structure are presented in Table 5.1.

(a) Molecular structures
y 4 O—Q ~

Li,Sg Li,Se Li,S, Li,S, Li,S

(b) Bulk structures

| C) Q L
B B Da( (| ‘
S O O
Sg Li,S

Figure 5.1 The relaxed (a) molecular structures of LiPS species and (b) bulk structures

of Sg and Li,S.

Table 5.1 Geometric parameters of optimized molecular and bulk structure Sg/LiPS

species.
Molecular/Bulk structure S-S bond (A) Li-S bond (A)

Li,Ss 2.03-2.17 2.38-2.66
Li,Ss 2.06-2.10 2.33-2.39
LirSq 2.08-2.11 2.34-2.39
Li,S, 2.19 2.22
Li,S - 2.08

Sg (bulk) 2.05-2.06

Li,S (bulk) 2.43

Among the LiPS intermediates, Li,S4 was chosen as a representative LiPS due

to its generally weaker adsorption on cathode materials compared to other


https://next-gen.materialsproject.org/materials/mp-1153?formula=Li2S#crystal_structure
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intermediates (Boteju et al,, 2023; Singsen et al., 2022). Additionally, Li,Ss is one of
soluble LiPSs which prefer to dissolve into electrolyte. Enhancing ability of material to
strongly bond with LI,S¢ would indicate improved interactions with other LiPS
intermediates, including Sg. Experimental studies also show that Li,Sg is less stable and
quickly converts to other LiPS intermediates while Li,S4 consistently appears in cyclic
voltammetry during charge-discharge cycles (Chen et al., 2015). Hence, we focused on
studying the strong adsorption of LI,S4 on adsorption on pristine Mo,B,O, and SA-
Mo,B,0,.

First, the most stable configuration of Li,Ss adsorbed on each substrate were
calculated and could be selected through Li,Ss adsorption energy  (Eqgs Li,s,*) USiNg

the following equation (Lin et al., 2019),

Eads Lise® = ELiySg+sub — Esub — ELiys, (5.1)

where Epi, s, +sub Esub, and Eyj,s, represent the total energy of the substrate with Li,Se
absorption, the bare substrate, and an isolated Li,S4 molecule, respectively. The most
stable configuration of Li,S4 adsorbed on pristine and each SA-Mo,B,0, are presented
in Figure 5.2-5.4. Additionally, the configurations of Li,S4 and Li,S adsorbed on pristine
and SA-Mo,B,0, are also presented in these figures for reference in other chapters.

The adsorption of each LiPSs absorbed was shown in Figure 5.5.

Configuration Li,Se LioS, LhS, Li,S

Pristine

Figure 5.2 Suitable adsorption configurations of Li,S¢ on pristine Mo,B,0,.
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Li»Se
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Te

Rh

Figure 5.3 Suitable adsorption configurations of Li,Ss on SA-Mo,B,0, of 3d-transition

metals.
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Figure 5.3 (Continued) Suitable adsorption configurations of Li,S¢ on SA-Mo,B,0, of 3d-

transition metals.
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Te

Rh

Figure 5.4 Suitable adsorption configurations of Li,Ss on SA-Mo,B,0O, of 4d-transition

metals.
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Configuration

Pd

Ag

Cd

Figure 5.4 (Continued) Suitable adsorption configurations of Li,S¢ on SA-Mo,B,0, of 4d-

transition metals.
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Figure 5.5 The Li,S, adsorption energy of 3d- and 4d-transition metals, including Li,S,
LioS,, LiySs, and LiySe.

To explore the advantages of SA decorated, the calculation reveals that the
presence of SA significantly enhances Li,S¢ adsorption, leading to stronger interactions

between Li,S¢ and the substrate. This is evident from Li,S¢ adsorption energies of most
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SA-Mo,B,0, configurations, which range from -3.77 eV to -5.23 eV, compared to -3.86
eV for pristine Mo,B,0O,, as shown in Figure 5.6. The original strong adsorption can be
explained by additive interaction between SA and sulfur atom of Li,S¢ molecule. In
contrast, for pristine Mo,B,0O,, Li,S¢ referentially adopts a vertical planar configuration,

interacting through Li of Li,S¢ and O atoms of Mo,B,0, surface.
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n
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/2] Nb e L]
(2] ]
g -5.50

Atomic number
Figure 5.6 Li,Ss adsorption energies of various SA-Mo,B,0, compared to the pristine

Mo,B,0, (dashed line).

The strong interaction between the substrate and Li,S4 molecule disrupts its
original 3D spherical structure in pristine Mo,B,O,. In contrast, when considering SA-
Mo,B,0,, Li,S¢ molecule undergoes a significant structural transformation, shifting from
a spherical configuration to an almost linear chain. The decomposition of Li,Se
facilitates the breakdown of long polysulfide chains into shorter sulfur chains,
supported by the elongation of S-S bonds (Li et al., 2020). A similar elongation effect
is suggested when Li,S, is adsorbed onto SA-Mo,B,0,. These structural changes are
detailed in Figure 5.7 and summarized in Tables 5.2 and 5.3. The presence of SA not
only enhances LiPS adsorption and reduces their dissolution into the electrolyte but
also promotes the conversion of larger LiPS molecules into smaller ones, further

contributing to the improved performance of the system.
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Li,Se Li,S,

Breaking S-S bond Breaking S-S bond

Figure 5.7 S-S bond breaking positions for Li,Ss and Li,S, adsorption on SA-Mo,B,0,,

with numbered sulfur positions.

Table 5.2 Bond lengths of S-S at different positions for Li,S¢ and Li,S4 adsorption on
SA-Mo,B,0, (3d-transition metals).
Li,Ss Li,Sq
S2-S4  S4-S6 S6-S5  S5-S3 S3-S1 S1-S3 S3-S4  S4-S2
Sc 2.02 2.16 2.00 2.13 1.98 2.01 2.14 1.98

™

Ti 2.01 2.20 1.98 2.14 1.98 2.02 2.16 1.98
\% 2.00 2.28 1.96 2.16 1.99 2.02 2.15 2.00
Cr 1.98 2.24 1.97 2.15 1.98 1.99 2.15 2.00
Mn 1.97 2.31 1.96 2.17 WL 1.98 2.11 2.00
Fe 1.99 2.23 1.97 2.15 1.98 1.99 2.10 1.99
Co 1.96 2.27 1.97 2.15 1.98 1.96 2.09 2.00
Ni 1.94 2.25 Yo 2.18 1.98 1.96 2.09 1.99

Cu 1.95 2.22 1.98 2.18 1.98 1.98 2.07 1.98
Zn 1.98 222 1.97 2.18 1.97 2.02 2.09 1.98
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Table 5.3 Bond lengths of S-S at different positions for Li,S¢ and Li,S, adsorption on
SA-Mo,B,0, (4d-transition metals).

Li,Se Li,Sq
$2-54  S4-56  S6-S5  S5:53  S3:S1  S1-S3  S354  S4-S2
Y 203 214 204 212 200 201 214  1.99
Zr 203 218 200 214 198 203 217 198
Nb 203 224 197 215 200 204 217 200

™

Tc 2.01 2.33 1.96 2.15 1.99 201 2.13 2.01
Ru 1.98 2.27 1.97 2.15 1.98 1.99 2.13 2.000
Rh 1.95 2.24 1.98 2.15 1.99 1.97 2.10 2.00
Pd 1.98 2.21 2.00 2.14 1.99 1.98 2.14 2.00
Ag 1.94 2.22 1.98 2.16 1.99 1.96 2.09 1.98

Cd 2.04 2.05 2.07 2.10 1.98 2.00 2.09 1.99

To understand bonding characteristics of pristine and SA-Mo,B,0, when Li,Sq is
adsorbed, we employed PDOS to explain the bonding characteristics, which are
presented in Figure 5.8. The results suggest that both pristine and SA-Mo,B,0,, such
as V- and Nb-Mo,B,0,, retain their metallic properties after Li,Ss adsorption. This
metallic nature facilitates efficient electron transfer within the substrate, helping to
alleviate sluggish kinetics. When focusing on the electronic states of Li,S¢ adsorbed on
pristine. A small overlap is observed between the Li 1s states of Li,S¢ and the O 2p
and S 2p states, suggesting the formation of covalent bonds. Remarkably, the
introduction of SA creates additional electronic states that overlap with the O and S
states, leading to an increased number of covalent bonds between Li,S¢ and the

substrate.
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Li,S5-M0,B,0, Li,S5-V-M0,B,0, Li,S5-Nb-Mo,B,0,
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Figure 5.8 Projected density of states (PDOS) of Li,S¢ adsorbed on Mo,B,O, and the
example of SA-Mo,B,0, which are V- and Nb-Mo,B,0,. Femi level is adjusted to 0 eV.

We further analyzed the charge distribution of Li,S4 and substrate, as shown in
Figure 5.9 and detailed in Table 5.4. The calculations revealed that Li,S¢ molecule
exhibits positive charge when adsorbed on both pristine and SA-Mo,B,0,, suggesting
electron transfer from Li,S4 to the substrate. Although the pristine Mo,B,O, shows a
slightly higher positive charge on Li,S¢ (+1.82 €) compared to all SA-Mo,B,0,, the
stronger adsorption on SA-Mo,B,0, is primarily attributed to the additional bonding
interactions between the SA and the sulfur atoms of Li,S¢. The charge of SA in each
period becomes more negative as the atomic number increases, corresponding to
higher electronegativity. This increased electronegativity makes the atom less likely to

donate electrons.

M028202 V-M028202 Nb-M028202

Direction of \
e transfer /1 (+1.41) (+1.45)

Figure 5.9 The most stable configuration and degree of charge transfer of Li,Se

molecule adsorbed on pristine Mo,B,0,, V- and Nb-Mo,B,0,.
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Table 5.4 Charge of Li,S4, SA, and surface oxygen atom (O) in pristine and SA-Mo,B,0,.

Charges Charges
™ ™
Li,Se SA @) Li,Se SA @)

Sc +1.20 +1.68 -0.81 - +1.82 - -0.98
Ti +1.31 +1.70 -0.81 Y +0.92 +2.08 -0.82
V +1.41 +1.59 -0.81 Zr +1.07 +2.27 -0.82
Cr +1.49 +1.40 -0.81 Nb +1.45 +2.18 -0.82
Mn +1.57 +1.29 -0.81 Tc +1.51 +1.39 -0.81
Fe +1.50 +1.26 -0.81 Ru +1.62 +1.05 -0.80
Co +1.68 +0.92 -0.80 Rh +1.69 +0.85 -0.80
Ni +1.58 +0.87 -0.80 Pd +1.65 +0.56 -0.79
Cu +1.57 +0.79 -0.80 Ag +1.57 +0.66 -0.80
Zn +1.42 +1.13 -0.80 Cd +1.37 +1.09 -0.80

Figure 5.6 shows the trends in Li,S4 adsorption strength for 3d- and 4d-
transition metals. For both groups, adsorption strength initially increases with atomic
number for the first three elements. However, different trends emerge beyond the
third element. In the case of 3d-transition metals, adsorption strength decreases after
the third element but increases again at Fe, with Co to Zn exhibiting relatively stable
adsorption strengths. For dd-transition metals, the trend is more straightforward, with
adsorption strength steadily decreasing as the atomic number increases. This variation
motivated us to explore the underlying reasons for this complexity, as discussed in
chapter VI. Notably, single atoms with a d* electron configuration, including V- and Nb-
Mo,B,0,, suggest the strongest Li,S4 adsorption energies within their respective periods.
These findings suggest that V- and Nb-Mo,B,0, cathode materials could effectively
alleviate LiPS dissolution into the electrolyte while promoting the conversion of larger

LiPS molecules into smaller ones.
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5.2  LiPSs Adsorption Energy When Surrounded by Solvent Molecules

The dissolution of large LiPSs (Li,Sg, Li,Se, and Li,Ss) into electrolyte is a
significant challenge contributing to the shuttle effect in Li-S batteries. Enhancing the
adsorption of LiPSs onto the cathode is a potential solution to this issue. However, the
influence of the electrolyte environment was not addressed in this thesis. To further
study this task, we extended our study to explore how SA alleviates the dissolution of
LiPSs into the electrolyte.

To study the influence of electrolytes on LiPS adsorption and dissolution, we
carried out AIMD simulations of Li,Ss adsorption on SA-Mo,B,0, in the presence of
electrolyte molecules, comparing these results to pristine Mo,B,0,. We selected V-
and Nb-Mo,B,0, to represent SA-Mo,B,0,, as they exhibit the strongest Li,S¢ adsorption
energies and potentially suppress LiPS dissolution. For electrolyte, it usually contains
a mixture of solvents along with Li-salts and other additives. In this work, the common
solvent was simplified study by using either pure 1,2-dimenthoxyethane (DME) and 1,3-
dioxolane (DOL), which are ether-based solvents (Choi et al., 2008; Kim et al., 2004;
Scheers et al.,, 2014). The initial models are shown in Figure 5.10. The number of
solvent molecules introduced into the vacuum region was determined based on their
liquid densities: 1.06 g/cm? for DOL and 0.87 g/cm? for DME at room temperature.
Helium atoms were employed to restrict the motion of solvent molecules along the

Z-axXis.
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Figure 5.10 Initial configurations of pristine, V-, and Nb-Mo,B,0, surrounded by DOL

and DME molecules before AIMD simulation.

AIMD simulations (Figure 5.11) reveal that both DME and DOL molecules
coordinate with Li atoms of Li,Sg through their O atoms. Furthermore, the weakening
of Li-S bonds in Li,S¢ results in bond dissociation, resulting in a remaining polysulfide.
This behavior is suggested in both pristine and SA-Mo,B,0, systems.

In pristine Mo,B,0, systems, the breaking of Li-S bonds caused by coordination
with solvent molecules leads to the breakdown of polysulfides into smaller molecules,
such as S,, in both DME and DOL solvents. However, these polysulfides lack interaction
with the substrate and subsequently dissolve into the electrolyte. Hence, pristine
Mo,B,0, may be ineffective in addressing the shuttle effect. In contrast, polysulfide
remains strongly bound to SA site of V- and Nb-Mo,B,0, even after the Li-S bonds are
weakened by interactions with either DME or DOL. Therefore, the SA decoration
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effectively anchors large LiPSs at the SA site, preventing their dissolution and

significantly alleviating the shuttle effect.

(a) DOL (b) DME
Side view Top view Side view Top view
9 ~ (<] g bﬁ P A >0 °0{)°i~5
° U?; s 6 ~QO§K o s
Pristine o o o "f( :

e o o ‘, 90009090
e
V-MoBO\,M oS8 B8 A K*&
T agagagae o by 1% SATAL R
Nb-Mo,B,0, M 3 >\ > ol }"(

TG iy R o
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o
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Figure 5.11 Low-energy configurations of (a) DOL- and (b) DME-solvated Li,Ss.

AUl configurations were calculated using AIMD with a time step of 1 fs for 10 ps.
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CHAPTER VI
TRANSITION METAL TYPES AND THEIR EFFECT
ON LiPSs ADSORPTION

From our study of Lips adsorption on each SA-Mo,B,0,, 3d- and 4d- transition
suggest a similar trend. Among these, V- and Nb-Mo,B,0, show the strongest adsorption
within their respective periods. However, for 3d-transition metals, the Li,S¢ adsorption
strength initially decreases with increasing atomic number, but increases again at Fe,
with Co to Zn exhibiting relatively consistent adsorption strengths. In contrast, the 4d-
transition metals show a steady decrease in adsorption strength as the atomic number
increases. Understanding these variations remains a key challenge. Additionally, the
reason why the third transition metal of each period shows the strongest adsorption
compared to other transition metals is not yet clear. To suggest and better understand
these, we employed three methods to support this trend, including analyzing the
strength of correlation with Li,Ss adsorption (section 6.1), electron filling in d-p

hybridization, and selective orbital coupling

6.1  Study Properties of SA-Mo,B,0, Affecting Lips Adsorption

Although we knew that the third transition metals exhibit the strongest Li,S¢
adsorption among both 3d- and dd-transition metals, it remains unclear which specific
properties of SA or SA-Mo,B,O, cathode material play the most critical role in
determining this strong adsorption. To suggest the key properties influencing Li,Se
adsorption, we analyzed Pearson correlation coefficients to determine which factors
correlate most strongly with adsorption strength. In this thesis, 3d- and 4d-transition
metals were analyzed separately to account for the differences in their atomic
properties. Additionally, the properties examined in this work were grouped into two
types: electronic (green region) and geometric properties (red region), as show in Table

6.1. Geometric properties were included because the symmetry of the SA-O bond
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significantly affects Li,S¢ adsorption. In contrast to the SA adsorption study, which

examines Mo,B,0, as the base structure before the SA is adsorbed.

Table 6.1 Description of properties to find correlation, including electronic properties

(green region) and geometric properties (red region).

Symbol Description
N Atomic number
AW. Atomic weight
EN Electronegativity
EA Electron affinity
Qsa Charge transfer of SA
Ea1,Eq| d band center of SA in case of spin up and down
o Work function
R Atomic radius
Reovatent Covalent radius
dspo SA-O average bond length

Beside Li,S¢ adsorption energy (E,gs Li,s,*) Which is main target in this section,
it is also important to consider the structural distortion of Li,Sg caused by its strong
interaction with SA-Mo,B,0,. Therefore, we examined additional targets, including the
distortion energies of both Li,Ss (Egis-Li,s,) and substrate (Egis—sup). These energies

were calculated using the following equations (Singsen et al., 2022):
Eais-1i,s, = ELi,s; — ELiys, (6.1)

Egqis—sub = sub_distortion — Esup (6.2)

where Ep; s: and  Egup_gistortion are the single-point energy of the isolated Li,Se and
substrate after Li,Se adsorption, respectively, whereas Ey;,s. and Eg,, represent their
energies before adsorption. Moreover, we also considered interaction energy between

distorted Li,Sg and SA-Mo,B,0, (E;,;) which eliminates energies from distortion:
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Eine = Esub+Li2$g — LEsub_distortion — ELiZSZ (6.3)

where Egupiii,s: Esub_distortion, and Ep; sz are the single-point energy of system after
Li,Se adsorption, including the substrate with Li,S¢ absorption, the substrate and
isolate Li,Sg molecules, respectively. The details of how these energies are calculated

using DFT are explained in Figure 6.1.

a o0—Q
Edis—Li, s, oo A - d D
—. = \(') O r\@{
O
Evi,s; Ei,s,

Edis—sub

Esub_dis tortion

Figure 6.1 Representation of computational approaches for determining interaction

energy (Ejy,) and decomposition energy of Li,Se (Egis—1,s,) and SA-Mo,B,0; (Egis—sub)-

The heat maps for 3d- and 4d-transition metals, shown in Figures 6.1 and
6.2, suggested their correlations with Li,S¢ adsorption energy and related properties.
For 3d-transition metals, no significant correlations were suggested with Li,Sg
adsorption energy. In contrast, 4d-transition metals displayed strong correlations with

SA-O bond length (-0.77) and atomic radius (-0.63). When considering other energies,
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3d-transition metals exhibited moderate correlations for interaction energy with atomic
number (-0.62), atomic weight (-0.58), and SA charge transfer (0.63). Meanwhile, 4d-
transition metals maintained strong correlations primarily with SA-O bond length (-0.73)
and atomic radius (-0.60). For Li,S¢ distortion, both 3d- and 4d-transition
metals exhibited similar correlation as those suggested for interaction energy. However,
3d-transition metals also showed additional strong correlations with covalent radius
(0.77) and electron affinity (-0.61). Regarding SA-Mo,B,0, distortion, no notable
correlations were found for either 3d- or 4d-transition metals, suggesting that the
properties analyzed in this study could not adequately explain the distortion behavior

of SA‘MOszoz.
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Figure 6.2 Pearson correlation heatmap for properties influencing LiPSs adsorption by

3d- and 4d-transition metals.
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Figure 6.3 Feature correlation analysis between properties of SA/SA-Mo,B,0, and
target, including Ey; s, Eint, Eais-1i,s, fOor each period. The x-axis represents the
Pearson correlation coefficients, suggesting the strencth of correlation between
variable pairs. Darker colors suggest stronger correlations with SA adsorption energy

relative to other features.

From results of Pearson correlations, it suggests that 3d- and 4d-transition
metals show different properties that influence Li,S¢ adsorption, as revealed by their
correlation strengths. For 3d-transition metals, electronic properties such as charge
transfer and atomic number (which impacts d-electron configuration) play a more
significant role in Li,S¢ adsorption than geometric properties. In contrast, for 4d-
transition metals, geometric properties, including SA-O bond length and atomic radius,
exhibit stronger correlations with Li,S¢ adsorption. These can be attributed to the more

delocalized nature of the d-orbitals in 4d-transition metals compared to those in 3ad-
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transition metals, resulting in comparable bonding interactions with sulfur atoms
among the dd-transition metals.

In summary, our study suggests that for 3d-transition metals, the electronic
properties of SA-Mo,B,0, play a greater role in influencing Li,S¢ adsorption and its
structural distortion. In contrast, geometric properties are more critical for 4d-transition
metals. Nevertheless, this analysis does not completely account for the trends
suggested in the Li,S¢ adsorption energy of 3d- and 4d-transition metals. nor does it
clarify why the third transition metal in each period exhibits the best performance. The
analysis mainly suggests the different key properties of 3d- and 4d-transition metals
that impact Li,S¢ adsorption. Hence, we further studied the bonding and antibonding
states in the d-p hybridization, as these play a crucial role in determining the strength

of Li,S¢ adsorption, as discussed in Section 6.2.

6.2 Effect of Electron Occupancy in d-p Hybridization on Li,S,
Adsorption

In this section, we explore why third transition metal exhibit strongest Li,S¢
adsorption and why 3d- and 4d-transiton metals show difference adsorption energy
trend. The analysis used in this section is considering electron filling in d-p hybridization
between SA and S atom of LiPSs. To provide this understanding, we used Ligand field
theory (LFT), a framework that effectively explains electron occupancy in bonding,
nonbonding, and antibonding states. It helps clarify the SA-S bond strength and the
suggested trends in Li,S¢ adsorption.

The energy diagram in LFT is based on the coordination of SA with four oxygen
atoms, forming a Dy, crystal field. It splits the d-orbitals into four states: d,z, dy,, dy2_y2,
and the degenerate d,,,/d,, orbitals, as shown in Figure 6.4. These orbitals interact
with S 3p orbitals of Li,Se, resulting in bonding, nonbonding, and antibonding states. In
this thesis, we employed PDOS and COHP calculation to analyse LFT (Dronskowski et
al,, 1993; Han et al, 2021; Zhang et al,, 2022). For simplicity, we used Li,S as a
representative molecule for Li,S¢ because SA interacts with single sulfur atom in Li,S,

reducing complexity of LFT. Furthermore, the adsorption energy trend of Li,S closely
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aligns with that of Li,S4, suggesting that Li,S adsorption can effectively explain the

trends suggested for Li,S4 adsorption.

— dj2 dy; dy, dy2_y2 d.y
a b
@ SA-Mo,B,0, system (b) V-Mo,B,0, Fe-Mo,B,0,
dyy g |
§ d g . P.J'
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o
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E - Er (eV)
Figure 6.4 (a) Ligand field theory diagram with (b) example PDOS of SA-Mo,B,0,,
including V- and Nb-Mo,B,0,.

After calculating PDOS and COHP results, both methods consistently explain
electron filling in LFT, particularly concerning the energy positions of bonding,
nonbonding, and antibonding states. The method was shown in Figure 6.5. When the
d-orbitals overlap with the p-state of sulfur, they split into two distinct states: bonding
and antibonding. Conversely, if the d-orbitals exhibit a single state, it indicates a
nonbonding interaction. Our PDOS results suggest that bonding and antibonding states

are suggested ind,2 and d,,/d,,, while dy2_,2 and dy, show nonbonding. States

y
located below the Fermi level suggest electron occupancy in those orbitals.
Additionally, all SA-S bonding states are near the Fermi level, with no significant
overlap between SA-O bonds, which are mainly located far from the Femi level, as
shown in Figure 6.6a. Nevertheless, in this thesis, Zn- and Cd-Mo,B,0, were excluded
from the analysis due to their significant p-orbital hybridization with the sulfur p-orbital
near the Fermi level, as shown in Figure 6.6b. Consequently, the PDOS and COHP of

each SA-Mo,B,0, used in this thesis were shown in Figure 6.7-6.10.
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Figure 6.5 Schematic illustration of analysis projected density of states (PDOS) for

Ligand field theory writing, as shown in Ti-Mo,B,0, example.
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energy.
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Figure 6.7 Ligand field theory diagrams with PDOS of each 3d-transtion metal for SA-
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Using LFT for all SA-Mo,B,0,, we categorized the Li,S adsorption energy trends
for both 3d- and 4d-transition metals based on their distinct electron filling, as shown
in Figure 6.11. However, in the case of Pd-Mo,B,O,, the energy levels of each state
and the electron filling pattern differ from the others. Therefore, in this work, it is

analyzed separately, as shown in Figure 6.12.
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First, the bonding region (highlighted in green) suggests that electrons occupy
only the bonding state, with no electrons in the antibonding state. As the atomic
number increases, more electrons fill the bonding states, thereby strengthening the
SA-S bond. It corresponds to Li,S¢ adsorption suggested in this region. As a result, early
transition metals, particularly the third transition metals (V- and Nb-Mo,B,0,), exhibit
stronger LiPSs adsorption.

In the antibonding region (Type I) or yellow region, the bonding states are fully
occupied. As the atomic number increases, more electrons populate the antibonding
states, leading to a decrease in SA-O bond strength.

Interestingly, the antibonding region (Type II) or red region is suggested only in
3d-transition metals. Although this region shows a similar adsorption trend to the
yellow region, its electron filling pattern is noticeably different. The PDOS of Fe
suggests spin-up and spin-down states for the same orbitals at different energy levels,
suggesting different electron filling order between the red and yellow regions.
Consequently, as the atomic number increases, paired electrons occupy the
antibonding orbitals, weakening the SA-S bond.

In the ninth transition metal region, the dy,,-p orbital shifts below the d,,/d,;,
-p orbitals orbital. This results in partial electron occupancy within all antibonding

states.
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Additionally, we considered the difference in the number of electrons between
bonding and antibonding states, which we refer to as the "transition complex bond
order" in this thesis. The numbers are derived from the LFT results. This bond order
was compared with the Li,S adsorption energy, as shown in Figure 6.13. The result
suggests that the bond order value obtained from LFT can effectively explain the
strength of Li,S adsorption. An increase in bond order corresponds to stronger Li,S
adsorption. From this result, it supports the correctness of the number of electrons

suggested in LFT of this thesis.
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Figure 6.13 Relationship between transition complex bond order and Li,S adsorption

energy on SA-Mo,B,0, for 3d- and 4d-transition metals



109

Overall, the differences in Li,S¢ and Li,S adsorption energy trends, especially
for late transition metals between 3d- and 4d- transition metals, can be attributed to
differences in electron occupancy within the d-p hybridization of the SA-S bond. For
late transition metals, 3d-transition metals exhibit a shift in electron filling patterns
from the antibonding (Type 1) region to the antibonding (Type II) region. In contrast, 4d-
transition metals retain the same electron filling pattern associated with the

antibonding (Type |) region.

6.3  Selective Orbital Coupling

To further explain the trend in LiPSs adsorption strength for SA-Mo,B,0,, we
employed the concept of selective orbital coupling (He et al.,, 2024). This approach
involves analyzing the energy levels of specific d-states of the SA and their interaction
with the p or m states of the adsorbate, offering an alternative perspective on SA
interactions. In this study, S, molecule was used as a simplified model for Li,Se
adsorption, as the polysulfide binding to the SA site primarily involves two sulfur
atoms. Using S, reduces the complexity associated with the electronic states of the
Li,S¢ molecule. To suggest selective orbital coupling, PDOS of SA-Mo,B,O, and isolated
S, molecules were employed, as shown in Figure 6.14. For S, molecules, we focused
on the unoccupied m* state near the Fermi level, specifically the m*| state, as this
state plays a critical role in overlapping with the d-states of the SA. For suggest
selective d state of this thesis, we study PDOS of SA-Mo,B,0, after S, adsorption. In
example of V- and Nb-Mo,B,O, shown in Figure 6.15, the results suggest significant
overlap between the d,2_,2 orbital as the critical state for S, adsorption. Notably, we
only considered the unoccupied dyz_,24 state, as suggested by the electronic

structure of most SA-Mo,B,0s.
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In the next step, we compared the energy level of d,2_,z2] state for each SA-
Mo,B,0, with m*| state of S, to explain the trends in Li,Ss adsorption energy. The
comparison of these energy levels is based on the hybridization energy (AEy,), which

is used to suggest adsorption strength. The hybridization energy is defined as:

2
dez _yz Ll
AEhyb - (6.4)

€d,p )20~ Emel

In this thesis, the adsorption strength was quantified using the integrated crystal
orbital Hamilton population (-ICOHP), which represents the bond strength between the
SA and the nearest sulfur atom. As shown in Figure 6.16, the relationship between -
ICOHP and the energy level of dyz_,2\ state show a volcano plot. The -ICOHP
increases as the energy level of the dxz_yZ\l/ become closer the m*{, state of S,,
suggesting stronger bonding of SA-S bond. We focus on early to mid-transition metals
(green region) because late transition metals exhibit a different configuration, bonding
with only one sulfur atom (yellow region).

Among the 3d-transition metals, V-Mo,B,0, exhibits the closest energy alisnment
with the m*J{ state, resulting in the strongest SA-S bond and the highest Li,Sg
adsorption energy. Furthermore, the d,2_,2 energy level in Fe-Mo,B;0, is closer to
the n*{, state than in Cr-Mo,B,0,, explaining why Fe as the SA leads to stronger Li,Sg
adsorption. For 4d-transition metals, a similar trend is suggested in Li,S¢ adsorption
energy. While Tc-Mo,B,0, has the closest energy alignment with the m* state, it
suggests weaker Li,S¢ adsorption compared to Nb-Mo,B,0,. It can be explained by -
ICOHP values not accounting for van der Waals interactions. When excluding van der
Waals forces, the Li,S¢ adsorption energies for Tc- and Nb-Mo,B,0, are -4.05 eV and -
2.06 eV, respectively.

In summary, the strength of Li,S¢ adsorption can be explained by the alignment
of the selective d-state energy level with m* state of the adsorbate. This alignment
also clarifies why the third transition metals exhibit stronger LiPSs adsorption and why

Fe shows increased adsorption strength with LiPSs.
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CHAPTER VI
ELECTROCHEMICAL REACTION OF SULFUR
ON SA-M028202

In the previous chapters, we evaluated the LiPSs adsorption performance of
various SA-Mo,B,0, systems and found that V- and Nb-Mo,B,0O, exhibited the strongest
LiPSs adsorption energy within their periods. Furthermore, we suggested the reasons
why the third transition metal shows the strongest adsorption and explained the
differing LiPSs adsorption energy trends between 3d- and 4d-transition metals. In this
chapter, we extend our study to the catalytic activity of SA-Mo,B,0, compared to
pristine Mo,B,O, during reduction and oxidation reactions. For the reduction process,
referred to as the "sulfur reduction reaction (SRR)," a significant challenge arises from
the high potential-limiting step during the conversion of Li,S4 to Li,S. This challenge is
due to the phase transition between liquid and solid, combined with the insulating
properties of Li,S, and Li,S. In the oxidation process, we focus on the decomposition
of Li,S, which requires overcoming a high energy barrier to break the Li-S bond.
Therefore, If the presence of SA effectively resolves these challenges, it would highlight
the high catalytic activity of SA-Mo,B,0,, making it a promising material for Li-S
batteries. The SRR process is explained in Section 7.1, and the oxidation process is

discussed in Section 7.2.

7.1 SRR Catalytic Activity of Pristine and SA-Mo,B,0,

In addition to strong LiPS adsorption and suppression of the shuttle effect, high-
performance cathode materials for Li-S batteries must also exhibit substantial catalytic
activity to enhance SRR. Effective SRR catalysis is essential for reducing high potential
barriers, particularly during the conversion of Li,S, to Li,S, which involves a phase
transition from liquid to solid and the challenging conductivity issues of Li,S, and Li,S.

In this section, we explored the catalytic activity of SA-Mo,B,0O, for SRR and compared
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it with pristine Mo,B,0,. We aimed to suggest the specific role of SA in lowering energy
barriers and facilitating redox reactions.

The sulfur reduction reaction (SRR) involves the transformation of Sg into Li,S
through a 16-electron transfer mechanism. As showed in Equations (6)-(11) (Assary et
al., 2014, Barchasz et al., 2012; Zhou et al., 2020), this process consists of five electron

transfer steps and the final Li,S nucleation step that does not involve electron transfer:

Sg+ 2LiT+2e” +* > Li,S; (7.1)
LipSg +=Li* +2e” +2% = LipS; (7.2)
SLipS;+ LY +2eT + 2% > 2LisS; (7.3)
2Li,S; + 4Lit + 4e” + 2« > 4Li,S; (7.4)
2Li,S3 4 8Li* +8e™ + 4% — 4Li,S* (7.5)

2Li,S* — 4Li,S + 8 * (7.6)

These electrochemical reaction mechanisms proceed via the (Li* + ™) process,
differing from conventional reaction mechanisms that involve the addition of Sg and
are typically analyzed in thermodynamic calculations (Boteju et al., 2024; Khossossi et
al,, 2020; Zhou et al.,, 2020). Among the steps involved in the SRR process, the
conversion from Li,Sg* to Li,S* (Equations (7.4)-(7.6)) is typically the potential limiting
step for many SA catalysts (Han et al.,, 2021; Li Wang et al., 2022; Zhou et al., 2020).
To efficiently evaluate the SRR catalytic activity of the SA-Mo,B,O, while minimizing
computational effort, we focused on analyzing the critical reaction steps at the
equilibrium potential (Uegq) of 2.15 V, which corresponds to the average cell voltage of
Li-S batteries (Akridge et al., 2004; Evers et al., 2012). The equation of each elementary
steps of conversion from Li,S, to Li,S were shown in Equations (7.7)-(7.9), with the final

state used as the reference state (0 eV)

LiyS; + 2Li* +2e~ + 1% - 2Li,S; (7.7)



2Li,S; +4Li* +4e” + 2% - 4Li,S*

4Li,S* - 4Li,S + 4
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(7.8)

(7.9)

First, the configurations of Li,Sqand Li,S adsorbed on pristine and SA-Mo,B,0, were

optimized before calculating the Gibbs free energy. Detailed configurations and LiPSs

adsorption energies are provided in Chapter VI. As shown in Figure 7.1-7.2 and Table

7.1, for pristine and most SA-Mo,B,0,, the conversion steps from Li,S;* to Li,S,* and

from Li,S,* to Li,S* are exothermic. Although the final Li,S nucleation step is highly

endothermic, it is step which does not include electron transfer. However, the SA-

Mo,B,0,, including Sc-, Ni-, Cu-, Y-, Pd-, Ag-, and Cd-Mo,B,0, the conversion from Li,S,*

to Li,S* transitions to an endothermic reaction, making it the potential-determining

step.

Relative Gibbs free energies (eV)

4Li,S +*

Li,S,* _ 4Li,S*
—_— 25, N =4

—— Pristine

Sc-Mo,B,0,
Ti-Mo,B,0,
V-Ma,B,0,

Cr-Mo;B,0;
Mn-Mo5B50,
— Fe-Mo,B;0;
— Co-Mo0,B,0,

—— Ni-Mo,B,0,
Cu-Mo,B50,

Zn-Mo,B,0;

Figure 7.1 Gibbs free energy diagram for conversion from Li,S4 to Li,S when adsorbed

on pristine and SA-Mo,B,0, of 3d-transition metals at U, = 2.15 V.
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Figure 7.2 Gibbs free energy diagram for conversion from Li,S;* to Li,S* when adsorbed

on SA-Mo,B,0, of dd-transition metals at U, = 2.15 V.

Additionally, we analyzed the the SRR overpotentials for the two critical electron

transfer steps (Li,Sq4* to Li,S¥). The overpotential was calculated using the following
equation:

4 AGg ;
Nsgr = Ugq — min [n—z’] (7.10)
where AG,; represents the Gibbs free energy change of each elementary step, and ne
denotes the number of electrons transferred in each step. The SRR overpotentials for
the Li,S4* to Li,S* conversion across all SA-Mo,B,0, systems is presented in Figure 7.3.
We found that Sc-, Ni-, Cu-, Y-, Pd-, Ag-, and Cd-Mo,B,O, show overpotentials of this

conversion, suggesting that these systems exhibit lower catalytic efficiency and are less

effective as cathode materials compared to the others.
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Figure 7.3 Overpotential for the Li,S4* to Li,S* conversion steps at an equilibrium
potential of U.q = 2.15 V for SA-M0o,B,0, systems with 3d- and 4d-transition metal
single atoms (SA).

We further analyzed the complete SRR process, which consists of five electron
transfer steps, for selected SA-Mo,B,0, systems and compared the results to the
pristine material. The selection process targeted the top three transition metals in each
period that exhibited the strongest Li,S4 adsorption and zero overpotential during the
Li,Sq* to Li,S* conversion. For 3d-transition metals, Ti, V, and Fe were chosen, while Zr,
Nb, and Ru were selected from 4d-transition metals. Tc was excluded due to its
radioactivity. At U=0 eV, it was shown in Figure 7.4. SRR of pristine and SA-Mo,B,0,

show all exothermic steps.
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Figure 7.4 Gibbs free energy diagram showing conversion from Sg to Li,S when
adsorbed on pristine and three representative SA-Mo,B,0, system from 3d- and 4d-

transition metals at U = 0 eV.

At the equilibrium reduction potential of U = 2.15 V, all selected SA-Mo,B,0,
systems exhibited exothermic reactions throughout the SRR process, from Sg to Li,S*
(Figure 7.5). In contrast, pristine Mo,B,0O, displayed a potential-limiting step during the
Li,Sg* to Li,S¢* conversion with energy of 0.59 eV, which was attributed to significant
structural distortion of Li,Sg. When considering overpotential, all selected SA-Mo,B,0,
systems showed zero overpotential, whereas the pristine form exhibited a significantly
high overpotential of 0.88 V. These findings suggest that incorporating suitable SA can
accelerate the conversion of LiPSs during SRR without introducing overpotential.
Notably, V- and Nb-Mo,B,0, stand out due to their strong LiPS adsorption and efficient

catalytic performance.
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Figure 7.5 Gibbs free energy diagram for sulfur reduction reaction (SRR) of pristine and
various SA-Mo,B,0, at U.q = 2.15 V. The SRR process consists of five electron transfer

steps and the final Li,S nucleation step that does not involve electron transfer.

7.2  Oxidation Reaction Process of Pristine and SA-Mo,B,0,

In this section, we address a critical challenge in the charging process of Li-S
batteries: the sluggish kinetics of the reverse reaction of the SRR. This issue plays a
major role in reduced sulfur utilization, capacity fading, and shortened cycle life(Assary
et al, 2014). The main cause is the irreversible delithiation of LiPSs back to sulfur,
particularly the decomposition of smaller LiPSs. Specifically, the decomposition of Li,S
is hindered by the high activation energy needed to break the ionic Li-S bond in Li,S,

which prevents Li* from dissolving into the electrolyte.
Li,S — S27 + 2Lit + 2e” (7.11)

Following this step, the product may either directly convert to sulfur or react
with other LiPSs to form sulfur (Arneson et al., 2018; S. Li et al., 2020; X. Li et al., 2016;
Lina Wang et al.,, 2015; Zhang et al,, 2017). Lowering the activation energy for Li,S
decomposition is crucial for enhancing delithiation kinetics and improving the overall
performance of Li-S batteries (Ye et al, 2020). In this study, we examined the
decomposition mechanism of Li,S on SA-Mo,B,0, and compared it with pristine
Mo,B,0, to suggest the effect of SA doping on the activation energy required for Li-S

bond dissociation. The results suggest that Li-S bond breaking occurs spontaneously
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after Li,S adsorption, without any activation energy barrier in all cases. It could explain
from the strong interaction between Li,S and the substrate, which induces significant
distortion of the LI,S structure and facilitates Li-S bond dissociation, as shown in Figure

7.6.

Li-ion diffusion
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Figure 7.6 Potential energy profiles for Li ion diffusion on pristine and candidates SA-

Mo,B,0, surfaces, with initial state (IS), transition state (TS), and final state (FS).

Following the dissociation of the Li-S bond, the Li ion tends to diffuse across
the surface before dissolving into the electrolyte. For an effective catalyst, a low
energy barrier for Li diffusion is advantageous, as it improves charge/discharge kinetics.
In this thesis, we calculated the energy barrier for Li diffusion from dissociated Li,S on
pristine and SA-Mo,B,O,, focusing on V- and Nb-Mo,B,O, due to their strong Li,S
adsorption. As shown in Figure 7.6, Both pristine and Nb-Mo,B,0, allow Li diffusion
without any energy barrier, whereas V-Mo,B,0, presents a negligible diffusion barrier
of 0.06 eV. Furthermore, when Li ions move further from the SA site, they diffuse with

energy barriers of 0.04-0.05 eV, comparable to pristine Mo,B,0, (Figure 7.7).
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Figure 7.7 Potential energy profiles of Li diffusion through [100] for V- and Nb-Mo,B,0,.

After Li ions diffuse away from the adsorption site, the remaining sulfur atoms
stay bound to both the SA site and the Mo,B,0, surface. From this dissociation of Li,S
on both SA and pristine, it suggests that monoatomic sulfur anions are dispersed over
the surface and SA site. These sulfur anions covered on Mo,B,0, surface tend to
accumulate and diffuse, leading to the formation of Sg during the oxidation process
(Steudel et al,, 2019; Wu et al., 2020). At SA site, the sulfur anion exhibits strong binding,
with high bond breaking barriers of 3.16 eV and 3.15 eV for V- and Nb-Mo,B,0O,,
respectively (Figure 7.8). We studied the energy barrier for sulfur diffusion from SA site
using CI-NEB. While this strong sulfur adsorption may lead to sulfur poisoning at the SA
site, potentially reducing catalytic activity in subsequent cycles, the sulfur anion at the
SA site may also serve as a nucleation center for Sg formation during the oxidation

process.
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Figure 7.8 Potential energy profiles of S diffusion from SA site through [100] for V- and

Nb-Mo,B,0,.

Furthermore, to studies the impact of sulfur poisoning, we analyzed its effect
by placing a sulfur atom at the SA site (S-SA-Mo,B,0,) and studying the adsorption
performance of Li,Sy¢ (representing soluble LiPSs) and Li,S (representing solid LiPSs)
without considering solvent effects. As shown in Figure 7.9, both S-V-Mo,B,O, and S-
Nb-Mo,B,0O, exhibited significant distortion of the Li,Sy structure from a closed to an
open configuration, while the Li-S bonds in Li,S tended to break. The calculated
adsorption energies for Li,S¢ were -4.53 eV and -4.57 eV for V and Nb, respectively, and
the corresponding values for Li,S were -6.83 eV and -7.03 eV. These results suggest
strong adsorption, comparable to the performance of SA-Mo,B,0, without sulfur
poisoning. Interestingly, in both cases, the sulfur chains of Li,S¢ and Li,S bonded with
the sulfur atom representing sulfur poisoning, forming extended sulfur chains.

When solvent effects were included through AIMD simulations with DOL or DME
molecules (Figure 7.10), the S-SA-Mo,B,0, maintain interactions between the SA and
the polysulfides of Li,Ss. The polysulfides retained their open structure, even as the
Li-S bonds were weakened by solvent molecules. Therefore, the presence of sulfur
poisoning on SA-Mo,B,O, has minimal impact on the substrate's adsorption

performance.
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Figure 7.10. Low-energy configurations of (a) DME- and DOL-solvated Li,Sg, and (c)
DME- and (d) DOL-solvated Li,S¢ under sulfur poisoning on candidates SA-Mo,B,0,. All

configurations were calculated using AIMD with a time step of 1 fs for 10 ps.

In summary, both pristine and SA-Mo,B,0, effectively facilitate Li,S
decomposition and Li diffusion, enhancing reaction kinetics during the oxidation
process. Moreover, the strong sulfur adsorption at the SA site promotes the formation
of larger polysulfides by aggregating sulfur anions on both the Mo,B,0, surface and the

SA site.
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CHAPTER VI
CONCLUSIONS

In this thesis, we employed the first-principles method to study how single
atom deposited on Mo,B,0, affects performance of Li-S batteries. We focused on
improving the adsorption of LiPSs, enhancing catalytic activity for SRR, and facilitating
Li,S decomposition. In the most stable configurations of all SA-Mo,B,0,, the SA prefers
to adsorb at the hollow site with four oxygen atoms. The strong SA adsorption is
influenced by various properties, including atomic number, atomic weight, covalent
radius, d-band center, and charge transfer of the SA. Ti and Zr exhibit the strongest
adsorption on Mo,B,0, in their periods.

We further studied LiPSs adsorption, using Li,S4 molecules as a representative
for all LiPSs. The calculated results suggest that the presence of SA improve
absorptivity of Li,Se, especially V- and Nb-Mo,B,O, which show strongest adsorption.
Due to strong adsorption, SA-Mo,B,O, transform Li,S¢ molecules into more linear-like
chain structure, promoting the conversion of Li,S¢ into short-chain sulfur. Additionally,
when considering solvent effects, both V- and Nb-Mo,B,0, continue to bind with
polysulfides, suggesting suppression of the dissolution of large LiPSs and the shuttle
effect. The strong Li,Sg adsorption on SA-Mo,B,0; is influenced by both electronic and
geometric properties. For 3d-transition metals, electronic properties like charge
transfer, d-band center, and atomic number primarily affect Li,S¢ adsorption. In
contrast, for 4d-transition metals, properties like SA-O bond length and atomic radius
play a more significant role. Additionally, the electron filling also affects Li,S¢
adsorption energy, leading to different adsorption trends between 3d- and 4d-
transition metals.

The difference can be explained by ligand field theory, as late 3d-transition
metals exhibit a changing electron filling pattern, while dd-transition metals maintain
the same pattern. Additionally, selective orbital coupling analysis provides insights

consistent with the findings derived from Ligand Field Theory.
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Besides LiPSs adsorption, the SRR catalytic activity of cathode material should
exhibit good performance. In this this thesis, most SA-Mo,B,0, can facilitate SRR
conversion process without significant overpotential, whereas pristine material exhibits
overpotential during the conversion from Li,Sg to Li,Se.

Interestingly, in the decomposition of Li,S, both pristine and SA-Mo,B,0, show
breaking of Li-S bond without a significant energy barrier. Furthermore, pristine, V- and
Nb-Mo,B,0O, also exhibit Li diffusion without an energy barrier. These advantages can
reduce sluggish kinetics during the delithiation process. Although SA-Mo,B,0, is prone
to sulfur poisoning due to the strong SA-S bond interaction. They maintain similar LiPS
adsorptivity and suggest the formation of larger polysulfides through sulfur anion
aggregation during oxidation process.

Overall, we suggest that the presence of SA enhances absorption, improves
catalytic activity for SRR, and resolves issues related to Li,S decomposition. Therefore,
these findings provide guidance for future experimental and theoretical studies on SA-

Mo,B,0, to enhance the performance of Li-S batteries.
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Introduction

Metal-sulfur batteries have been proposed as a next-generation energy storage
due to their high theoretical capacity and energy density. Among them, sodium-sulfur (Na-S) are
particularly promising due to their high theoretical capacity, nontoxicity, environmental
friendliness, and low cost. However, Na-S batteries still face challenges in terms of capacity and
cycling stability due to shuttle effect and sluggish kinetics of sulfur reduction reaction (SRR)."
Recently, C:N, new 2D monolayer, has been shown to improve the performance of Na-S
batteries, although it still have problem form Na-trapping.” To solve this problem and enhance
catalytic activity, transition metal doping could be considered. Herein, in this presentation, we
design transition metal doping on C>N using first-principles methods, focusing on iron (Fe) and
cobalt (Co) due to strong interaction with sodium polysulfide (NaPSs) and their popularity in
experimental studies. We study and compare the performance of single-atom and dual-atom in
alleviating shuttle effect and enhancing the delithiation reaction, aiming to provide a deeper
understanding. Ultimately, we could suggest new transition metal doping C:N for future high-
performance Na-S batteries.

Methodology

All calculations are carried out using the spin polarized DFT method as implemented in
Vienna ab initio simulation package (VASP 5.4). The frozen-core projector augmented wave
(PAW) method was used (o describe the electron-ion interaction. The exchange-correlation
contributions were by the i gradient approximation (GGA) with
Perdew-Burke-] Emzerhot (PBE). Weak van der Waals interactions between the adsorbates and
TM-CN were partially corrected using the DFT-D3 method with Becke-Jonson damping. The
surface structures were optimized with a kinetic energy cutoff of 500 eV and were used k-point
sampling of the Monkhorst-Pack scheme as 4 x 4 x 1 for structural optimization and 9 x 9 x 1
for electronic properties. The optimization is completed where the energy difference was 10
eV, and the calculation of residual forces lower than 0.02 eV/A for convergence criteria.

Results and Discussion

Starting with results comparing TM doping and bare C;N, we found that doping with TM suggest
strong interaction with NaPSs, like adsorption on bare C;N. However, TM-C:N could avoid Na
Trapping. When examining the adsorption on C;N when Na trapping, it shows decreased
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performance in the adsorption of NaPSs. Consequently, doping with TM could be alternative to
resolve Na trapping in C;N while maintaining strong adsorption with NaPSs.

Focusing on different per between single-atom and dual-atom, doping with dual-
atom show stronger NaPSs adsorption compared to single-atom doping due to the increased
number of active transition metal sites that bind with sulfur in NaPSs. However, both same dual-
atom transition metal (Fe-Fe and Co-Co) and different dual-atom transition metal (Co-Fe) exhibit
similar adsorption energy, suggesting that using different transition metals, when both metal
groups are next to each other, does not significantly affect adsorption with NaPSs.

Studying the catalytic activity through Gibbs free energy profile during SRR,
computational results show that Co-Fe doping reduces the energy of the potential limiting step
in the Na,Ss to Na,S; conversion more effectively than the same dual-atom combinations (Fe-Fe
and Co-Co) and single-atom doping. This suggests that different dual-atom doping on CN could
more effectively accelerate the SRR process.

From the examples explained above, it could be summarized that dual-atom C:N,
especially Co-Fe doped C;N, shows better performance. Additionally, all the results in this work
could guide and suggest directions for future research, leading to the discovery of high-
performance Na-S batteries.

Significance

This research addresses a significant challenge and improvement in the field of sodium-
sulfur (Na-S) batteries by exploring transition metal doping on C;N monolayers through single-
atom and dual-atom transition metals.
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Figure 1. (a) The most stable adsorption configurations of Sg and NaPSs on CoFe-C:N. (b)
Adsorption energy of Sg and NaPSs when adsorbed on bare C;N, Na trapping (Na doped on
C>N), single-atom doping, and dual-atom doping.
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Lithium-sulfur batteries have been proposed as a next-generation energy storage
technology owing to their high theoretical energy density. However, they are limited by
capacity fading and cycling stability caused by the shuttle effect from soluble lithium
polysulfides (LiPSs), and the sluggish decomposition of small LiPSs. In this presentation, I will
discuss the design strategy for promising cathode materials based on two-dimensional transition
metal boride (MBene), M02B20», using first-principles methods. Various transition metal atom
doping as single-atom catalysts (TM-Mo02B20;) was explored to alleviate the shuttle effect and
reduce the energy barrier of the delithiation reaction during the charging process. Our
computational studies suggest that the presence of TM doping can significantly enhance Li
polysulfide (LiPS) adsorption due to the strong formation of TM-S and Li-O bonds, which can
help to prevent LiPS dissolution and inhibit the shuttle effect. TM doping can facilitate the
delithiation kinetics of small LiPS by reducing the energy barrier. Furthermore, the type of
transition metal doping can influence the adsorption energy and reactions in the charging
process due to the distinct characteristics of each transition metal atom. In summary, we suggest
that all TM-Mo02B20 is a promising cathode material that can accelerate the reactions of Li-S

batteries. Our finding provides useful guidance for the rational design of new MBene cathodes
for high-performance Li-S batteries.
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Abstract

Lithium-sulfur batteries are one of the alternative next-generation energy storage devices because of their
high theoretical energy density. However, they still have major challenges such as poor capacity and cycling stability
occurring from shuttling of lithium polysulfides (LiPSs), and sluggish decomposition of small LiPSs. Here, using first-
principles methods, we computationally design promising cathode materials based on two-dimensional transition
metal boride (MBene), M0,B>0,. Various transition metal atom doping (TM-Mo0,B>0,) was screened to suppress the
shuttle effect and accelerate the delithiation reaction during the charging process. Our computations reveal that the
doped M02B>0O; substrates can substantially enhance the LiPS adsorption due to the strong formation of TM-S and
Li-O bonds. Such strong adsorptions contribute to preventing LiPS dissolution and inhibiting the shuttle effect. The
presence of TM doping also facilitates delithiation kinetics of small LiPS. From computational perspective, we suggest
that TM-Mo0,B,0; are promising candidate cathodes. The study serves as useful guidance to rationally design new
MBene cathodes for high-performance Li-S batteries.

Keywords: Lithium-sulfur batteries, Single-atom catalysts, Transition metal borides (MBene), Density functional
theory, First principles method
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