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Aluminum-sulfur (Al-S) batteries are gaining significant attention as next-
generation, high-capacity, cost-effective energy storage systems. However, critical
challenges, most notably polysulfide shuttle effects, and high sulfur reduction energy
barriers, hinder their widespread practical application and commercial viability. In this
study, The potential of single-atom (SA) and dual-atom (DA) transition metal catalysts
supported on V,CO, MXenes were investigated as cathode materials for Al-S batteries,
using density functional theory (DFT) calculations. The study systematically analyzed
the adsorption and interaction energy of Sg and AL,S, species (Al;S1g, AlS15, AlySe, AlyS3),
constructed Gibbs free energy profiles of sulfur reduction reactions (SRR) to map the
complete reaction pathway and the decomposition of Al,S;. The results demonstrate
that DA@V,CO,, especially d-Cr- and d-Cn-V, significantly reduce the energy barriers
for the crucial electronic step of SRR, enhancing the overall catalytic performance
compared to bare, SA@V,CO,, DA@V,CO,. Our findings suggest that these 3d-transition
metal decorated V,CO, MXenes hold promise as good cathode materials in Al-S
batteries, offering improved sulfur reduction and the adsorption strength to suppress

the shuttle effect, enhancing long-term battery performance and cycle life.
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CHAPTER |
INTRODUCTION

Renewable energy, which comes from natural sources that can be replenished,
such as solar, wind, hydro, geothermal, and biomass, is seen as a viable alternative for
achieving development of sustainable society. Rechargeable battery technology has
become a key research area in recent decades, as it enables the storage and utilization
of sustainable energy sources. Presently, Li-ion batteries are used in various
applications from portable electronics to electric vehicles. Nevertheless, Li-ion
batteries have limitations in terms of the theoretical specific capacities and energy
density (387 Wh-kg, 155 mA-h-g!) (Chen et al., 2021; Van der Ven et al., 2020).

Battery technologies include solid-state batteries, which offer enhanced safety
and energy density, and sodium-ion batteries, noted for their abundance and cost-
effectiveness. Among these, metal-sulfur batteries, such as lithium-sulfur (Li-S), sodium-
sulfur (Na-S), and aluminum-sulfur (Al-S), stand out for their exceptionally high
theoretical capacities and potential for low-cost manufacturing, given the global
abundance of sulfur (Klimpel et al., 2022; Liu et al., 2021).

In particular, Al-S batteries have attracted attention because of the high
abundance of Al in the earth’s crust as well as aluminum's high theoretical gravimetric
(2980 mAh-g?!) and volumetric (8046 mAh-cm™) capacities. Furthermore, sulfur (1675
mAh-g!) as the cathode material offers environmentally friendly and inexpensive
(Akgenc et al., 2021; Klimpel et al., 2022; Smajic et al., 2020).

An AL-S battery typically consists of an aluminum metal anode, a sulfur-based

cathode, and an ionic liquid electrolyte, such as a mixture of aluminum chloride



(AlCL;) and 1-ethyl-3-methylimidazolium chloride (EMIM) (Appiah et al., 2022; Gao et
al,, 2016; Xia et al., 2015). This electrolyte is crucial for enabling the electrochemical
reaction while managing the interaction of A** ions with host materials

(Yang et al,, 2018).

Despite this promising potential, the practical application of high-performance
ALl-S batteries is hindered by several critical challenges that impede performance and
cyclability (Bhauriyal et al., 2020; Klimpel et al.,, 2022; Tu et al,, 2021; F. Wang et al,,
2020). Three major issues must be addressed: (1) The "shuttle effect," where soluble
intermediate aluminum-polysulfides (ALS,, such as AlLSis, ALSiy, AlLSs, and ALSs)
diffuse from the cathode to the anode. This continuous loss of active material results
in poor coulombic efficiency and rapid capacity fading. (2) Sluggish reaction: The multi-
step Sulfur Reduction Reaction (SRR) involves complex electrochemical conversions
with high energy barriers. These barriers restrict the battery's rate capability, leading to
low power density. (3) Difficult conversion of Al,Ss, as the complete reduction to final,
insulating discharge products and their re-oxidation are often incomplete. These
insulating products can passivate the electrode surface, blocking active sites and
leading to poor reversibility.

Designing suitable hosts for sulfur to address these issues has been the focus
of many experimental studies. Early cathodes based on porous carbons like Ketjen
black demonstrated high initial specific capacities (over 1400 mA-h-g*) but suffered by
the rapid dissolution of discharged products, highlighting the need for functional hosts,
not just physical confinement (Cohn et al,, 2015). Performance improved with the
introduction of 2D materials; for instance, a 2D-BN nanosheet composite retained over
300 mAh-g ! after 250 cycles (Zhang et al., 2019). More recently, functionalized MXenes
(e.g., S@TisC,0,) and single-atom catalysts (e.g., Fe-SAs-NCF) have shown improved
stability and polysulfide retention, demonstrating the potential of engineering
materials with specific catalytic and anchoring properties (Luo et al., 2023; Zheng et
al., 2022).

Alongside experimental work, computational studies based on Density
Functional Theory (DFT) have been employed to screen suitable anchoring materials

and calculate SRR energy barriers. However, current computational efforts are limited.



Most studies rely on strategies from the more established Li-S batteries field, often
overlooking the properties of aluminum species, such as their larger ionic radii and
complex solvation behavior. While specific studies have identified promising hosts,
such as Cu-benzenehexathial (Cu-BHT) MOFs (Bhauriyal & Pathak, 2020) and single-
atom supported TisC,0, MXene (Z. Wang et al, 2022). The field remains
underexplored. There is a critical need for systematic investigations into transition
metal catalysts and host materials tailored specifically for the unique chemistry of Al-
S batteries

To address these challenges, our strategy focuses on O-functionalized
vanadium carbide MXene (V,CO,). First-principles calculations in Li-S systems indicated
that V,CO, binds polysulfides very strongly (Zhu et al., 2023). While such strong binding
can be an obstacle in Li-S systems by impeding the decomposition and further reaction
of smaller polysulfides, we hypothesize this same characteristic is exceptionally
promising for Al-S batteries. The high orders of ALS, species are expected to likely
require stronger adsorption strength for effective immobilization. However, because
strong anchoring can restrict SRR. Therefore, we further propose a 3d-transition metal
decorated design: the V,CO, substrate will provide the powerful anchoring required to
trap ALLS, species, while 3d-transition metal anchored to its surface will function as
distinct catalytic centers to accelerate the sluggish sulfur reduction reaction. This
design aims to create a host that actively manages the electrochemical conversion
pathway, rather than just passively containing sulfur.

This study utilizes first-principles study to evaluate 3d-TMs decorated V,CO,
MXenes as cathode hosts for Al-S batteries. We examined the adsorption of Sg and
various A,S, species then constructed free energy diagram for the sulfur reduction
reaction, and the decomposition of Al,Ss. Specifically, we investigated the material's
ability to suppress the shuttle effect through anchoring while simultaneously catalyzing
the conversion of Al,Ss;. This systematic evaluation provides guidelines for the rational

design of high-performance cathode materials tailored to the AL-S system.



1.1  Research objectives

The first-principles calculations are carried out to systematically investigate 3d-
transition metals decorated on V,CO, cathodes as anchoring materials for Al-S
batteries. This study examines the structural and electronic properties of various single
atom (SA) and dual atom (DA) configurations to evaluate their stability and
effectiveness. Special emphasis is placed on understanding these following objectives:

(1) To evaluate the material's efficiency in suppressing the shuttle effect. This
will be achieved by systematically calculating the adsorption strength of key ALS, on
the V,CO,, the SA and DA systems, thereby quantifying the anchoring strength of the
host material.

(2) To investigate the catalytic enhancement of the Sulfur Reduction Reaction
(SRR) kinetics. This involves constructing the Gibbs free energy profiles for the multi-
step sulfur reduction pathway on the surfaces. This analysis will identify the rate-
determining steps and quantify the energy barriers, providing a direct measure of the
material's ability to overcome the sluggish kinetics inherent to the SRR.

(3) To assess the material's ability to promote the complete conversion of
polysulfides and enhance reversibility. This objective focuses on analyzing the energy
barriers for the decomposition of the final, insulating discharge product (Al,S3), a critical
step for re-oxidation during charging. This will elucidate the material's potential to

mitigate electrode passivation and the difficult conversion of low-order polysulfides.

1.2 Scope and limitation of the study

The scope of this study is focused on a systematic first principles investigation
of single 3d-transition metal atoms decorated on V,CO, MXenes as potential cathode
host materials for Al-S batteries, employing spin-polarized Density Functional Theory
(DFT) (Kohn & Sham, 1965) as implemented in the Vienna ab initio Simulation Package
(VASP 6.3). The methodology uses the projector augmented wave (PAW) method for
electron-ion interactions and the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional (Bléchl, 1994; Kresse & Joubert, 1999; Perdew
et al,, 1996). Weak van der Waals interactions, critical for the adsorption of Sg and AL,S,

species, are accounted for using the Grimme DFT-D3 correction (Grimme et al., 2010,



2011). A plane-wave cutoff energy of 500 eV is used, with structural optimizations
converged until the total energy difference is within 10 eV and all residual forces are
below 0.02 eV/A. The Brillouin zone is sampled using a 3x3x1 Monkhorst-Pack k-point
mesh for structural relaxations and a denser 5x5x1 grid for static energy calculations,
with a 20 A vacuum applied in the z-direction (Monkhorst & Pack, 1976). The
investigation includes screening 3d-transition metal (Sc-Zn except V), considering their
valence electrons (V 3dds, C 2s2p, O 252p, Al 3s3p, S 3s3p). The study first determines
the most stable SA@V,CO, structures, then systematically investigates the adsorption
behaviors of ALS, species and SRR. Then, selected the candidate 3d-TM atoms for
DA@V,CO,. Finally, the energy barriers for Al,S; decomposition on the most promising
candidates are simulated using the climbing-image nudged elastic band (CI-NEB)
method (Smidstrup et al., 2014).

This theoretical study has several inherent limitations: the GGA-PBE functional
is an approximation; the calculations are performed in an idealized vacuum, neglecting
the explicit, complex role of the AlCl3-EMIM ionic liquid electrolyte, solvation effects,
and the electrochemical double layer; the 0 K ground-state calculations do not
capture full dynamic and thermal effects; and the supercell models represent an
idealized, low concentration of single atoms and adsorbates. The scope is therefore
focused on elucidating intrinsic material properties and catalytic mechanisms,
providing a foundational screening for experimental design rather than a quantitative

prediction of full-cell device performance.
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CHAPTER Il
LITERATURE REVIEW

2.1 Aluminum-sulfur batteries

The success of lithium-ion batteries leads to the development of high-
performance batteries with cost-effective and safety energy storage. Among many
types of batteries, metal-sulfur batteries (Na, K, Mg, or Al) have been recently focused
as promising commercial batteries which provide higher capacity than traditional ion
batteries. (Klimpel et al., 2022) The high theoretical volumetric capacity of the Al anode
(8046 mAh-L") and theoretical energy density equal to 3177 Wh-L™ comparing to Na-S
batteries (3079 Wh-L™), Mg-S batteries (3115 Wh-L'!), and Li-S batteries (3290 Wh-L™) as
shown in Figure 2.1a and Figure 2.1b. Aluminum is the most abundant metal in the
Earth’s crust crust and the least expensive compared to other metal-sulfur batteries
in Figure 2.1c.

For historical development of Al-S batteries, Marassi et al invented the very
first AL-S batteries in the 1980s which studied sulfur in NaCl-AlCl molten electrolyte
(Marassi et al., 1985; Tanemoto et al., 1982). After that, Licht and Peramunage invented
AL-S batteries using an aqueous alkaline electrolyte. Due to the great potential of Li-
ion batteries and Li-S batteries, the development of Al-S batteries remained untouched
until 2015 shown in Figure 2.2 (Licht & Peramunage, 1993). The ionic liquid as the
electrolyte for AL-S batteries represented a very high efficiency which can create
rechargeable Al-S batteries (Cohn et al., 2015; X. Yu & Manthiram, 2017). After that the
number of publications on Al-S batteries have increased in experimental and

computational studies.
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Figure 2.1 Comparison of metal-sulfur batteries and their components. (a) capacities
of different metal including Li, K, Na, Mg, Al, and S in terms of gravimetric and
volumetric. (b) Theoretical capacities and energy densities of each metal-sulfur
batteries. (c) Comparison of abundance and cost of metal and S (Klimpel, Kovalenko

et al. 2022).
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Figure 2.2 Development of Li-S and Al-S batteries and expectation (Klimpel et al,
2022).

Electrolyte of Al-S batteries normally contain chloroaluminate melts, which are
the mixtures of aluminum chloride and other chlorides containing an organic cation,
such as, 1-butyl-3-methylimidazolium chloride (MIM) and 1-ethyl-3-methylimidazolium
chloride (EMIM). These electrolytes are called room temperature ionic liquid.

The mechanism of Al-S batteries using chloroaluminate ionic liquid electrolyte
can be summarized as given equations (1) and (2). (Appiah et al., 2022; Bhauriyal et al.,

2020)

8AL + 14AICl; — 8ALCl; + 6e~ (2.1)

8AL,Cl; + 6e~ +3S — Al,S; + 14AlCl; (2.2)
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During the discharge process, at the anode-electrolyte interface, Al reacts with
AlCl, to produce ALZCL'7 species. Then ALZCL'7 species transport from the anode through
the bulk electrolyte to the cathode, shown in Figure 2.3. At the cathode, solid sulfur

changes into dissolved polysulfide (Sg). Then the ligand exchange reactions in which
polysulfide replaces chloride ions of ALZCL'7 species result in the formation of aluminum
polysulfide species (AL,S, ). (Appiah et al., 2022; Bhowmik et al., 2022) This process is
called sulfur reduction reaction. The key intermediates of Al,S, or Sg initially start from

Sgr ALS 5, ALS,,, ALS, to AL S, shown in Figure 2.4.
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Figure 2.3 The charge and discharge mechanism of Al-S batteries.

During sulfur reduction reaction, the high orders of ALS, species including
AlLS1g, ALLSy,, AlLSe prefer to dissolve into the bulk electrolyte. They could diffuse back
and react with Al at the anode which is one of the main challenges in developing
metal-sulfur batteries called shuttle effect Furthermore, ALS, species are difficult to
change into lower order of AL,S, These lead to the development of promising cathode

material for Al-S batteries.
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Figure 2.4 The sulfur reduction process and key intermediates.
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2.2 Cathode materials for Al-S batteries

The information on the cathode materials is summarized in Table 2.1. In the
initial stages of research, carbon was commonly used as cathode materials because of
tunable properties, low cost, and abundance. The first cathode for rechargeable Al-S
batteries made from Ketjen black carbon/S (Cohn et al., 2015). It was used as the sulfur
host for the cathode because of the high surface area. The result showed a remarkably
high specific capacity of more than 1400 mA-h-g* at 30 mA-g* which is more than 80%
of the theoretical capacity. However, the inability to oxidize and the dissolution of the
discharged products are the obstacle in capacity decay and low cycle life of the
rechargeable batteries. Other carbon materials, such as activated carbon cloth/S (Gao
et al,, 2016), CNF/S (X. Yu & Manthiram, 2017), SWCNT/S (Smajic et al., 2020), and
Graphene/CoS,/S (Zheng et al.,, 2020), are also used as cathodes. However, their
performance is not remarkable, and they exhibit low discharge cycles shown in Table
2.1.

The exponential improvement of cathode materials began since 2D materials
were applied in experimental studies as cathodes. For example, 2D-BN nanosheet/S/C
demonstrated a high specific capacity more than 300 mA-h-g? after 250 discharge cycle
(K. Zhang et al., 2019). For other 2D materials also including SATM@NC, S@TisC,T,, S @
NO-C, S @ Fe-N-C, and S@Fe-NO-C also exhibited impressive performance comparable
to 2D-BN nanosheet/S/C.

For the computational studies, the DFT study proposed a 2D copper-based
MOF (Cu-BHT) monolayer as a potential cathode material in Al-S batteries. It revealed
the reason behind better performance of Cu-BHT than that of graphene since Cu-BHT
show a better performance of suppress the high orders of Al,S, species (Bhauriyal &
Pathak, 2020). These findings suggest that DFT can provide insightful information and
details at the atomistic level. Furthermore, DFT study can cooperate with experimental
study. The combination of the experimental and computational techniques used to
identify the single-atom catalysts for boosted Al-S conversion reaction. Computational
models play an important role in the selection of candidate materials for the synthesis.
Their catalytic properties were confirmed experimentally. Among them, SACo@NC/S

exhibited rate performance with a specific capacity of 485.8 mAh-g*and long cycling
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stability with a reversible specific capacity of 517.2 mAh-g* at 100 mA-g ! after 200
cycles (Ju et al., 2022).



(2015)

(2016)

Table 2.1 Studied sulfur cathode materials for Al-S batteries.

Ketjen black carbon/S

S (2015)

Mo,Ss (2015)

Activated carbon cloth/S

NiS (2016)

Solution-processed
slurry based method
(Cohn et al., 2015)
Commercial S-powder

(Xia et al., 2015)

Chemical intercalation
process

(Geng et al,, 2015)

Melt diffusion method

(Gao et al., 2016)

Hydrothermal method
(Z. Yu et al,, 2016)

1200 @ 120 mAg™*

113.64 @ 15 mA-g*

148 @ 12 mAg’

1320 @ 50 mA-¢*

104.7 @ 200 mAg"

<50 after 4 cycles

104.69 after cycles

70 after 50 cycles

1000 at 20 cycles

100 after 100 cycles

12"



Table 2.1 (Continued) Studied sulfur cathode materials for Al-S batteries.

NisS,/graphene micro Mixing 350 @ 100 mA ¢! 60 after 100 cycles
flakes (2016) (S. Wang et al,, 2016)
CNF/S as cathode and Vacuum filtration and >1200 @ 0.05 C >450 after 10 cycles

SWCNT coated separator (2017)  vacuum drying
(X. Yu & Manthiram, 2017)
S@CMK-3 (2018) Melt diffusion method 1390 @ 251 mA-g* >400 after 30 cycles
(H. Yang et al., 2018)

SPAN (2018) Thermal polymerization 343 @ 0.025 mAg?! 201 after 20 cycles
(C. Wang et al,, 2018)

2D-BN nanosheet/S/C Ball milling mixing 532 @ 100 mAg" 300 after 250 cycles
(2019) (K. Zhang et al,, 2019)

ql



Table 2.1 (Continued) Studied sulfur cathode materials for Al-S batteries.

CosS, (2019) Solvothermal process 287.9 @ 50 mA-g* 90 after 150 cycles
(H. Li et al., 2019)

Carbonised-ZIF/S (2020) Solvothermal synthesis 1410 @ 200 mA-g* 420 after 30 cycles
(Hu et al., 2020)

SWCNT/S (2020) Non-destructive >900 @ 100 mA-g* 1024 @ 2 cycles
sublimation-deposition method

(Smajic et al., 2020)

Graphene/CoS,/S as Melt diffusion method 680 @ 50 mA-g* 1145 after 37 cycles
cathode and rGO coated and hydrothermal method
separator (2020) (Zheng et al., 2020)

Cu-BHT MOF (2020) VASP, DFT-D3 (Bhauriyal Theoretical study Theoretical study

& Pathak, 2020)

91



Table 2.1 (Continued) Studied sulfur cathode materials for Al-S batteries.

S@ZIF-67 and S@Z-67-

700 (2021)

SATM@NC (2022)

S@TisC,T, (2022)

(Ti;C0.)@SA (2022)

S@NO-C, S @ Fe-N-C,
S@Fe-NO-C (2023)

Solvothermal synthesis

(Xiao et al., 2021)

Mixing
(Ju et al,, 2022)

Conventional slurry-

coating (Zheng et al., 2022)

VASP, DFT-D3
(Z. Wang et al., 2022)

Solvothermal process

(Luo et al., 2023)

1675 @ 100 mA-g*

Theoretical study

1097.4 @ 100 mA-g?

489 @ 300 mA-g’

Theoretical study

352.1 at 300 mA-¢™?

180 after 50 cycles

Theoretical study

517.2 after 200 cycles

415 after 280 cycles

Theoretical study

550.1 after 400 cycles
Theoretical study

LT
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2.3 MXene for as electrode material for batteries

MXene is a type of 2D material that consists of thin layers of transition metal
carbides, nitrides, or carbonitrides. MXene is in M,,,1 X, T, form, which includes transition
metals (M elements), e.g., Sc, Y, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, carbon, and nitrogen
(X elements) along with the functional surface termination groups (T, elements).

They can be synthesized by the selective etching of the “A” element in the
MAX phase. Figure 2.5a shows elements that commonly occur in the formation of
MXenes. Normally, These Strong acids such as HF, LiCl, HCl are used to etch the MAX
phase resulting in the delamination of MXenes (Mahmud et al,, 2022). Then, the
intercalation of MXenes occurs as shown in Figure 2.5b. To achieve selective layer.
Top-down processes are used to etch and exfoliate using strong acids. For example,
the production of TisC, can achieve from Ti;AlC, with a top-down method shown in
Figure 2.5c (Naguib et al., 2011).

The fascinating properties of MXenes are high conductivity, mechanically
robust, hydrophilicity, reactivity, and corrosion resistance. These characteristics make
MXenes suitable for various applications such as biosensors, antibacterial agents,
catalysis, and energy storage. The table below shows the MXenes and their synthesis
conditions in Table 2.

The application for energy storage has become more interesting because their
metallic or narrow bandsgap characteristics are highly advantageous for batteries. They
are usually used as electrodes for batteries. Several studies have shown an impressive
performance shown in Table 3. For examples, TisC, nanosheet as the anode material
provide an impressive initial capacity of 1112 mA-h-g' over 2000 cycles for Na-ion
batteries (R. Zhao et al,, 2019). V,0,@V,CT, as the cathode material provide initial
capacity of 304 over 200 cycles for Zn-ion batteries (Venkatkarthick et al., 2020). For
ALl-S batteries, there is a study that use TisC,T, as the cathode The results show an
impressive performance which provide initial capacity of 489 mA-h-g”! at 300 mA-g™*
and retained a value of 415 mA-h-g™! after 280 stable cycles. However, they are usually
applied for metal-ion batteries. There is a long way to improve the performance of

MXenes for other batteries.
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Table 2.2 Synthesis conditions for different MXene and their potential application.

MXene Etchant (time, temperature) Purpose/application References
Nb,C 50 wt % HF (90 h, RT) anode material for LIB (Naguib et al,,
2013)
V,C 50 wt % HF (90 h, RT) anode material for LIB (Naguib et al,,
2013)
TisC, 40 wt % HF (48 h, 60 °C) + Ti3C2 vacuum calcination for better (Lipatov et al,,
calcinated high temp., 200-1200 °C electrochemical and thermal properties for 2016)
LIB
Zr3C, 1 M NaHF2 (12 h, RT) comparison between structural (Zhou et al., 2016)
stability of Zr;C,T, and TisC,T, MXenes
(Nb,Ti),C5 50 wt % HF (90 h, 50 °C) Nb,C5T, multilayer MXene for (J. Yang et al,,
energy storage applications 2016)
V,C 3.35 M NaF in 12 M HCL (48 h, 90 °C) preparation with NaF at high (Liu et al,, 2017)
temperature as anode for LIB
Ti,C 13.5 M LiF in 6 M (15 h, 40 °C) hybrid Li-ion battery (LIB) (Kajiyama et al.,
2017)
Nb,C 50 wt % HF (48 h, 25 °C) chemical sensor (Lin et al., 2017)

0¢



Table 2.2 (Continued) Synthesis conditions for different MXene and their potential application.

TisC, 2 M HCL (24 h, 40 °Q) PH sensor
TisC, 40 wt % HF (24 h, RT)  Sn** ion decorated

nanocomposites for LIB

(X. Chen et al., 2018)
(Kong et al., 2018)
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Table 2.3 Studied MXenes as Electrode Material for Batteries.

2DTi,CT,

nanosheets

V0,V CTy

SnOZ-Ti3C2

V,CTy

PDDA-BP/TisC,

nanosheet

MoS,/MXene

Li-ion

Zn-ion

Li-ion

Al-ion

Na-ion

K-ion

anode

cathode

anode

cathode

anode

anode

1015

304

1030.1

335

1112

453.5

100

100

10

0.1

50

50

200

360

20

2000

50

(Ahmed et al,,
2016)
(Venkatkarthick
et al., 2020)

(F. Wang et al,
2017)
(VahidMoham

madi et al,
2017)
(R. Zhao et al,,
2019)
(J. Li et al,
2020)

44
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2.4 Single atom as catalyst on MXenes

A single-atom catalyst (SAC) is a type of catalyst that consists of isolated atoms
of a metal or a non-metal on a supported substrate or an alloy. The catalysts are
tunable to maximize atomic efficiency, the activity, and selectivity of catalytic
reactions. The studies of SACs usually focus on metal-based catalysts, especially the
late transition metals, such as Pt, Pd, Fe, Co, Ni, and Cu for their high catalytic activity
and selectivity since d orbitals play an important role for their performance.

SACs work by providing active sites for chemical reactions to occur on the
surface of a substrate or an alloy. The isolated atoms act as the centers of electron
transfer, adsorption, and activation of the reactants and products. The substrate or the
alloy supports the single atoms and stabilizes their electronic structure and geometry.
The performance of single-atom catalysts depends on the type, size, and coordination
of the single atoms, as well as the interaction with the substrate or the alloy (X.-F.
Yang et al., 2013).

The preparation of SACs on supported materials still poses challenges due to
the tendency of aggregation of single metal atoms. Two major techniques have been
developed for synthesizing SACs. The first is mass-selected soft-landing techniques.
These methods focus on precise control during the deposition of single metal atoms
onto the support material. By carefully selecting and placing individual atoms,
aggregation is minimized. The second is improved wet chemistry methods. These
approaches enhance wet chemical processes to achieve better control over the
placement of single metal atoms. The aim is to prevent aggregation and maintain the
unique properties of SACs (N. Cheng et al., 2019).

For MXenes, SACs can be synthesized by different methods depending on the
positions on MXenes including. These methods include adsorption on the surface,

anchoring at the M vacancies, and anchoring at the T Vacancies.

2.4.1 Adsorption on the surface

In experimental studies, SAs on the surface of MXene are normally synthesized
by electrostatic adsorption and in situ reduction in two steps (Y.-H. Chen et al., 2021).
Firstly, metal cations are absorbed on the negatively charged functional groups of

MXene to form ionic bonds driven by electrostatic attraction. Secondly, the metal
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cations are reduced and fixed on the MXene to form covalent bonds with functional
group by adding reducing agents or annealing at high temperatures. The successful of
this method shows in Figure 2.6a. The presence of NaBH; avoided the excessive
oxidation of MXene and leading Co?* ions bond to O on MXene under the drive of
electrostatic attraction.

The other efficient strategy is annealing in hydrogen atmosphere which can
induce the morphologic transformation of SAs species on MXenes (Dai et al., 2022).
For example, Ir species in hydrogen atmosphere can change from nanoparticles to
single atoms on Mo-based MXene with the increase of annealing temperature shown
in Figure 2.6b. Furthermore, there are the method that quaternary MAX phase which
includes four different atoms. The sublimation of AlCl;, Zhao et al. selectively etched
Al from the quaternary MAX phase Tis(Al,,,Cu)C,, which contained a mixed A layer,
and obtained Cu single atoms on the surface of MXene shown in Figure 2.6c (Q. Zhao

et al.,, 2021).
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Figure 2.6 Illustrations of MXene synthesis. (a) Schematic of Co-TisC,T, single-atom
catalysts (SA) (Y.-H. Chen et al., 2021). (b) Synthesis of Ir from nanoparticles to flattened
layer and on Mo, TiC,T, (Dai et al., 2022). (c) The production of SA-Cu-MXene with

selective etching quaternary MAX.
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In computational studies, the adsorption of single atoms (SAs) mainly occurs at
four possible sites: top site (T), two different hollow sites fcc and hcp, and bridge sites
(B), where the sites of hcp and fcc are the preferred adsorption sites shown in Figure

2.7a and 2.7b.

Modification

Figure 2.7 (a) All possible binding sites of single-metal atoms on M,C. (b) An atomistic

model of transition metal (TM) on M,C.

2.4.2 Anchoring at the metal vacancies

In the synthesis process, forming metal vacancies (M vacancies) is inevitable
because the surfaces normally have unsaturated coordination and certain reducibility
called “self-reduction method”. Zhao et al. demonstrated Pt onto the Ti vacancy of
Ti-based MXene with 0.2 wt% of Pt shown in Figure 2.8a (D. Zhao et al., 2019). The Pt
atom was anchored at the Ti site rather than the lattice gap. The clear Pt spots located
at the lattice plane walls of the Ti columns shown in Figure 2.8b and 2.8c. The one
factor that involves to the M vacancy of MXene is the concentration of etching agent
and etching time. Another study from Park et al.,, V,CT, with 49% HF for 5 days can
provide V vacancies that can use to anchor-isolated Pt atoms by self-reduction (Park
et al,, 2022). There is a study that used CO, atmosphere as an addition process after
adsorption step. Zhao et al. demonstrated CO, promoted the formation of Ti vacancy

and conducive Se to Ti vacancy shown in Figure 2.8d.



26

(a)

—_
()
—

>
\ S
\? Self-reduction | =
& and b
§ Stabilization g
<
&
4

ame “
tToC Al I(DUNDI .y

Ti AIC

Intensity (a.u.)

(G )

02463810
Position (A)
Y'

O v

Removal | @  comcmccmcmcmcccccccccaaa ° -
of Al atoms .
0T

8.9  (0/0HF)

- m RN

Anchoring of Se atoms
Figure 2.8 (a) Self-reduction-stabilization process for the preparation of Pty/Tis,C,T,
(D. Zhao et al,, 2019). (b) Magnified HAADF image of Pt;/Tis, C,Ty. (c) Corresponding
intensity maps. (d) Synthesis process of the SASe-TisC,. (e) Schematic representation

of the Mo,CT,:Fe structure.

For computational studies, M vacancies are natural sites on MXene and can be
used to anchor individual atoms. Li et al. demonstrated calculated formation energy
of Zr, Hf, Ta W, Re, and Os filling on the bimetallic MXene Mo, TiC,0, with Mo defects,
which were -1.89, -2.24, -1.64, -0.10, 1.29, and -1.96 eV, respectively (L. Li et al., 2019).
The study indicates that the experimental preparation for the structures with negative
formation energy is possible.

2.4.3 Anchoring at the T Vacancies

TM atoms can prefer to be anchored to T vacancies or substituted for the T
atoms to form SACs. There are various methods depending on materials and the
conditions. For example, Bao et al. reduced Ti;C, T, with NaBH,, then added Cu ions to
obtain Cu SA/Ti;C,T, by vacuum freeze-drying shown in Figure 2.9a (Bao et al,, 2021).
Zhao et al. added CoCl, solution in the form of ice cube to V2CTx solution and
maintained the condition of 0 °C to ensure the slow release of Co?* to avoid the
formation of clusters (X. Zhao et al., 2023). The mixture was then exposed to ultraviolet

light for 1 h to reduce and fix the Co onto the MXene shown in Figure 2.9b.
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In computational studies, the functional groups O, F, and Cl are easy to form
defects or be replaced in the reaction. The studies usually focused on oxygen
vacancies because of the high stability of O terminated. The study of oxygen vacancies
in MosC,0,, Pd anchored onto these vacancies exhibited high stability and good CO
oxidation activity (C. Cheng et al., 2018). Furthermore, the binding energy of Fe, Co, Ni,
Cu, Zn, Ry, Rh, Ag, Ir, Pt, and Au atoms on the oxygen vacancies of Mo,CO, was
calculated by Cheng et al (C. Cheng et al,, 2018). Four initial sites for anchoring TMs
were calculated, including B, H1, H2, and oxygen vacancy shown in Figure 2.9c. The
study revealed that TMs (except Fe) would always move to more stable oxygen
vacancy during optimizations.

(a)

Hollow 2

Cu-SATIC,T,

vV «C “«Co &A €O
Figure 2.9 (a) Top view of the pristine Mo,CO, sheet. (b) Side view of the optimized
M/M0,CO; ggma Structure. (c) The synthesis of Cu-SA/TisC,T,. (d) The synthesis of
Co@V,CO, (Bai & Guan, 2023).
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For applications in energy storage, several studies demonstrate that MXene
modification improves better performance in the batteries. In Li-ion batteries, Co/V,C
doubled capacity of the electrode material from 686.7 to 1117.3 mA-h-g* at 0.1 A-g
(C. Wang et al,, 2018). Furthermore, Sn/V,C electrode achieved 1284.6 mA-h-g* at 0.1
Ag! for 1600 cycles (C. Wang et al, 2019) In Li-S batteries, several studies
demonstrated that SAs on MXenes can inhibit the dendrite of Li. Gu et al
demonstrated that Li could form an alloying phase with Zn rather than dendrite of Li
on Zn/Ti;C,ClL, (Gu et al,, 2020). Furthermore, Zn-MXenes can improve reversible
capacity and reduce the rate-limiting reaction barrier from 0.91 to 0.17 eV (D. Zhang et
al., 2020).

However, there has been only one computational study on SAs-MXene for Al-
S batteries. The study focused on Al-S batteries by Wang et al (Z. Wang et al., 2022).
The study demonstrated that they use adsorption energy and the free energy diagram
to explore and evaluate the performance of SAs on MXene. The study offered valuable

insights and recommended candidate material for experimentalists shown in Figure

2.10.

SA@Ti;C,0,-S; | [SA@TisC,0-ALS;| [SA@TI,C,0-AL,S,)| [SA@Ti,C,0,-ALSs| [SA@Ti,C,0,-Al1,S,

Al polysulfide molecules SA@Ti;C,0,
o~ o o0
rl\ > O W@ / %5\\ 3 ~
AU . Al,S. ;
o
Se o p AJ?SG Side view £
¢ Y S
hra o |MHEHERC TS
2% # ® i 00 10X ; uIooe;A
o ¢ (@) O -
P o® o, ‘&ffiﬁ?:?: I
ALLS,, AlLS,g Top view 15 30 45 60 75
Atomic number

Figure 2.10 Key intermediates and reduction steps of Sg and ALS,, on SA@Ti;C,0, with.
Structural details and SA@Ti;C,0, (Z. Wang et al., 2022).
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2.5 The studies of suppression of shuttle effect for metal-sulfur

batteries

The shuttle effect is one of the main challenges in developing metal-sulfur
batteries, leading to rapid capacity decay and low cycle life. The mechanism of this
phenomenon occurs during the discharge process within the electrolyte. At the
cathode, solid sulfur changes into dissolved polysulfide (Sg). The reduction process
results in the formation of metal polysulfide species such as Li,S, or Na,S,. The key
intermediates initially start from solid Sg to large cluster of polysulfides such as Li,Sg
and Li,Se which are soluble in the electrolyte. However, these high-order species prefer
to dissolve into the bulk electrolyte rather than remaining at the cathode. Driven by
the concentration gradient, they could diffuse back and react with the metal anode.

This problem reduces the active material and corrodes the anode.
Furthermore, the dissolved polysulfides are difficult to change into lower order
insoluble sulfides. These issues result in the loss of active sulfur and poor
electrochemical performance.

For computational studies, Density Functional Theory (DFT) provides insightful
information and details at the atomistic level. To analyze the problem of the shuttle
effect, the studies usually focus on the binding energy or adsorption energy of the
polysulfide species on the cathode materials. This calculation reveals the reason
behind the better performance of materials, such as the superior anchoring effect
which prevents the dissolution of polysulfides. For example, the study of Li-S batteries
by Wang C et. al. demonstrated that the adsorption strength of Li polysulfides on 2D-
Ti3C,0, is stronger than that of with electrolytes including DME and DOL shown in
Figure 2.11a. In the case of Al-S batteries, there is a work by Bhauriyal P. et. al that
show the comparison between adsorption energy of ALS, (x =6, 12, and 18) molecules
with graphene, the Cu-BHT monolayer and EMIMTALCl, electrolyte shown in Figure
2.11b. While other computational studies normally compare graphene or their pristine
model to visualize the better anchoring effect (Ju et al., 2022; Z. Wang et al., 2022;
Zheng et al., 2022).
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Figure 2.11 (a) The adsorption energy of Li polysulfides on 2D-TisC,O, cathode material
for Li-S batteries (Dong et al., 2025). (b) Comparative binding energy of AL,S, (x =6, 12,
and 18) molecules with graphene, the Cu-BHT monolayer and EMIM*ALCl, electrolyte
(Bhauriyal et al., 2020).

In there case of Al-S batteries, most of computational studies did not

2.6 The studies of sulfur reduction reaction and conversion of small

polysulfides for metal-sulfur batteries

In studies of the sulfur reduction reaction (SRR), the conversion of small
polysulfides is considered the rate-determining step in metal-sulfur batteries. The
mechanism involves the transition from soluble large cluster species to insoluble solid
products (such as Li,S or Na,S). However, the conversion of small polysulfides (such as
Li,S,) to the final product is rather sluggish due to the high activation energy barrier
and the insulating nature of the solid discharge products. This phenomenon leads to
the incomplete utilization of active sulfur (often limiting capacity to 50% of the
theoretical value) and the premature termination of the discharge process.

To analyze this problem, computational studies usually focus on the Gibbs free
energy profile of the reduction pathway. These calculations reveal the Gibbs free
energy landscape of each reaction step. For example, Zhang et al. (D. Zhang et al,,
2020) demonstrated that the initial reduction of Sg is relatively favorable with a low
energy barrier, whereas the subsequent conversion of polysulfides into insoluble
products represents the kinetic bottleneck with the highest energy barrier, as shown in
Figure 2.12a. Furthermore, DFT calculations can identify the catalytic effect of host

materials. The study demonstrated that the introduction of electrocatalysts could
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significantly lower the dissociation energy of Li,S,, thereby accelerating the solid-solid
conversion kinetics and improving sulfur utilization.

This method of investigating the SRR does not take the potential into account
and is a common approach. However, there are a few computational studies that
account for potential by using the oxygen reduction reaction as a reference (Feng et
al., 2022; L. Wang et al.,, 2022). For example, the study by Yang et. al. examined the
equilibrium, limiting potential and overpotential from SRR. The results show that there
is no overpotential in electronic step of Ga doped SmMn,0s (001) from SRR providing
maximum theoretical limiting potential while there is the challenge in Li,S desorption
shown in Figure 2.12b and c. This suggests that the Ga-doped material is a promising

candidate compared to other transition metals, as shown in Figure 2.12c.
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Figure 2.12 (a) The Gibbs free energy profiles of lithium polysulfides on SA-Zn-MXene
and its pristine (D. Zhang et al., 2020). (b) Free energy diagram of SRR for Ga-doped
SmMn,0s (001) slab at U = 0 V and equilibrium potential (U = 2.02V). (c) SRR
overpotential and rate-limiting step of SMMnNMO (M =V, Mo, Fe, Cr, Mg, Ga) system.

In the case of Al-S batteries, most computational studies regarding the SRR have
not taken the potential into account (Bhauriyal & Pathak, 2020; Ju et al., 2022; Z. Wang
et al,, 2022). This is due to the complexity of the SRR mechanism and the limited
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number of studies on Al-S batteries. Regarding the decomposition of small polysulfides
(AL,S3), We observe that they attempt to dissociate the Al atom, similar to the approach
taken by the community for breaking the Li atom from Li,S, as shown in Figure 2.13a
and b. The results indicate that this reaction is thermodynamically unfavorable with

high energy barriers in both Li-S and Al-S batteries (Figure 2.13c and d).
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Figure 2.13 (a) The simulated decomposition pathway of Al,S; on SACo@NC. (b) The
calculated energy curves for the decomposition of Al,S; on Gr and SATM@NC (Ju et

al., 2022). (o) Li,S and (d) Al,S; molecules on Gr, Fe-N-C and Fe-NO-C (Ju et al., 2023).
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CHAPTER Il
COMPUTATIONAL DETAILS

In this thesis, we used density functional theory to describe the quantum
behavior of atoms, molecules, and 2D materials. To study single atom (SA) and dual
atom (DA) decoration on V,CO,, various computational methods were employed,
providing understanding for suggestions of the most suitable surface as a cathode
material for Al-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 Schrodinger 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 Al,S; decomposition, the climbing image-nudged
elastic band (CI-NEB) method is introduced in Section 3.5.

To further understand the sulfur reduction reaction (SRR) process with the bare
and modified V,CO, surfaces, Gibbs free energy (G) calculations were employed, as
detailed in Section 3.6. The Smooth Overlap of Atomic Positions (SOAP) is used to gain
deeper insight into the correlation between structural changes, adsorption, and
deformation energy 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 summarized in Section 3.9.
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3.1 Schrodinger 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

F[lp(ﬁ’wﬁ) :E\Ij(ﬁ%ﬁ) (3.1)

The equation is an eigenvalue equation where H is the Hamiltonian operator, ¥ is
the wavefunction dependent on the coordinates of nuclei (ﬁi) and electrons (T_J"), 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
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Where Ty and T, are kinetic energy operators of nucleus and electron, respectively.
Vun, Vne 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 h = h/2m . M; is the
mass of nucleus and m; is mass of an electron. The potential operators consist of Z;,
R;, and 17 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
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problem, the Born-Oppenheimer approximation (Born & Oppenheimer, 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 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 Schrodinger

n h? o2 N n 1 Ze?
( ZJ:]. 2mj vrj Zizl Z]:]. dmeg ‘Ri—Tj|

n n e’ \I](F) = E\IJ(F) (3.3)
L S, Mio|rj_‘rj,> ! !

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). This theory simplifies the approximation of Schrédinger equation
instead of tracking individual particles within the system., offering a more
computationally efficient alternative to the Hartree-Fock method. The electron
density, expressed in terms of the wavefunction, represents a fundamental connection
between the DFT method and the quantum mechanical description of electronic

systems:

NGEDR HGL AGES I Gk (3.
i i
where p(r) represents the electron density at a given position 7, where interaction

between electrons is not explicitly considered.
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3.2.1 The Hohenberg-Kohn theorems
The Hohenberg-Kohn theorems (Hohenberg & Kohn, 1964a) 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
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(). 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:
Elpo(r)] = ?%p(r)hp:po(ﬂ = min,—p, Ep(r)] (3.5)
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.
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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
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 kinetic energy for electrons in a many-
particle system as:

T(p(r)] = Thonlp(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 _y2
Tron[p(r)] = Z(wi(T)ITW}i(T‘)> (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:

= (o (r)|2 YR O B TGO
Vee = (e (r 222 _TJ||we( )) 2// i drd (3.8)

N
Ve = e Y ot == [ 2400 G



a5

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
correlation energy into a single term known as the exchange-correlation energy,

denoted as:

Eqe[p(r)] = Exlp(r)] + Ec[p(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:

B = Tumlpt) + 5 [ [ 2240 |r_r/| PP g gy

Zip(r)
_ ; Ri— 1] dr + E..[p(r)]

(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
T Vegslo(r)]| 415 () = Bl () 5.12)

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

electrons, can be written as:

Verslp(r)] = Vilp(r)] + Vear [p(r )] + Vaelp(r)]

1 (3.13)
/7 Z|R—r| )
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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 g¢round-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.

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 Xy N
exclp) =5 %dr (3.14)
Then
Exclp()] = f p(7) &5 (o p)dF (3.15)

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

XC energy for the LDA can be written as:
B 0] = [ ) el o)1 .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
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the density geradient, allowing it to account for inhomogeneous behavior more

effectively. The general formula for the XC energy in GGA is given by:
B @) = [ o) e o), 7ol (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 et al., 2007). Currently, several
forms of GGA functionals have been developed, including PW91 (Perdew & Wang,
1992), PBE (Perdew et al., 1996). In our work, the PBE functional is mainly used due to

its balance of accuracy and computational efficiency. The PBE functional can be

written as:
1
et [p(P), Vp()] = —Z(%)g n3F)F () (3.18)
where
Foo=1ta-— x=1720 (5.19)
n3(r)

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

R 5EPBE -
VEEF [p()] = %

The PBE functional’s ability to incorporate density gradients while maintaining

(3.20)

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-
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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 (ro). Similarly, the pseudo
(Wpeudo) and exact (Peyqe) Wavefunctions also converge beyond this radius. Within the
region below r. , however, the exact wavefunction exhibits pronounced oscillations.
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 (Kresse & Joubert, 1999).
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Figure 3.1 Comparison of wavefunctions in a nuclear Coulomb potential (blue) and a

pseudopotential (red) (Grajcarova, 2013).

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

(Nakamachi et al., 2013).

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:

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

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

3. Solving the Kohn-Sham equation: Solve the Kohn-Sham equation to suggest

the eigenvalues (total energy) and eigenvectors (wavefunctions)
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4. New electron density calculation: Generate a new electron density based on
the calculated eigenvectors (wavefunctions).

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

6. 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.

3.3 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
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., 2017).

Geometry optimization is a foundational process in DFT that allows for accurate

predictions of molecular and material properties. This method offers critical insights
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into the behavior, stability, and structural characteristics of chemical systems by

calculating the optimal atomic positions and total energy.
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Figure 3.3 Schematic representation of the optimization process in DFT calculations.
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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.
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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). DFT-D3 is an
empirical correction method, to account for long-range van der Waals (vdW)
interactions. Standard DFT functionals often fail to capture these non-covalent forces,
which are critical for describing many systems (e.g., molecular crystals, protein folding,
adsorption). As defined in the paper, the total energy is the sum of the standard DFT

energy and the dispersion correction:

Eppr-p3 = Exs-prr + Edisp (3.21)

The dispersion term, Egisp, consists of a two-body term E3) and an optional
three-body term (E3, which is often omitted). The primary E; term, which truncates

the full series at n = 8, is:

Nat  Nat
C6" C8"
Edisp =~ E(Z) - —Z Z z <Sﬁfd,6(rij.L)r.E>_u + ngd_g('rij’L 7.8_U> (322)
ij,L

i=1j=i+1 L yL

Where:
° Zlivil ?’iiﬂ... This is @ sum over all unique atom pairs in the system, which
contains N, atoms. (This notation, summing j from i + 1, is a computationally

efficient way to sum each pair only once).

® Y, Thisis the summation over lattice vectors, L . This component is only used for
periodic systems (like crystals or surfaces). It ensures that atom S$i$ interacts not
only with atom j in the primary unit cell but also with all of its periodic images in

adjacent cells. For an isolated molecule, this summation is absent.

® s.and Sg (Global Scaling Factors) These are the key empirical parameters of the D3
method. Each density functional (like PBE, B3LYP, etc.) has its own pair of sg and
sg Values, which are determined by fitting to a benchmark set of high-accuracy

reference energies. These parameters "tune" the correction to seamlessly merge
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with the short-range correlation already provided by the specific DFT functional.

As the paper states, sg is often the main adjustable parameter.

® (gij and Cg;; (Dispersion Coefficients) These are the $n=6$ (dipole-dipole) and n =
8 (dipole-quadrupole) dispersion coefficients for the atom pair (i,j). A key
innovation of D3 is that these coefficients are not static. They are calculated "on
the fly" based on the coordination number (CN) of each atom in its specific
molecular environment. This makes D3 far more accurate than previous methods,
as the coefficients adapt to the atom's local chemistry.
® 1;; (Interatomic Distance) This is the distance between atom i and atom j (or
its periodic image, L).

° fd,n(rij,L) (The Damping Function) This function is critical for preventing
"double counting" and unphysical behavior. It smoothly turns off the dispersion
correction (f — 0) at short interatomic distances, where atoms are covalently
bonded. It ramps up to (f — 1) at larger distances, turning the correction "on"

only where it's needed (i.e., in the non-covalent, long-range region).

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 [Rq, Ry, Ry, ..., Ryl, 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
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path. True 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:

FNEB _ @l g p(R)* (3.23)

(2

The true force is given by:

VE(R)* = VE(R;) - VE(R;) - #; (3.24)

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:

F = k(|Risy — Ril — |Ri — Rioa)? (3.25)

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
energy (imay) is identified. This image is then allowed to "climb" toward the saddle
point by modifying its force calculation:

B, =-VE(R,, )+2VER,, ) .. (3.26)

max

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

a0 P 3

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
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 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 (327)

Here, Eqjec represents electronic energy, and Eg e 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:
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hv;

ZPE =
2 (3.28)

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 (S), it

is given by the equation:
S = kglnQ (3.29)

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

and vibrational components:

Q = firans fvibfrot (3.30)

In equation (3.30), 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:

2nMk, T )3/2

[l B V( Wz (3.31)

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

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

L1/ 27kabT

ferans = — (3.32)

Where L is the characteristic length along one dimension. In case of the rotational
partition function for a diatomic molecule can be expressed as:
_ 8n’lk,T
fTOt - hz (333)
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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‘h“’/ka (334)

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

equilibrium.

3.7 Smooth Overlap of Atomic Positions (SOAP)

The Smooth Overlap of Atomic Positions (SOAP) descriptor has been
extensively studied and applied in computational materials science and chemistry
(Bartok et al., 2013). It was introduced as a method to represent atomic neighborhood
environments, ensuring differentiability and invariance to fundamental symmetries,
making it particularly suitable for analyzing structural similarities in materials. SOAP has
been widely used for fitting potential energy surfaces, optimizing machine learning
interatomic potentials, and improving predictive modeling in various applications,
including drug design and materials characterization. Additionally, SOAP descriptors
have been employed for mapping atomic coordinates to electron densities,
demonstrating their effectiveness in predicting charge distributions in different systems.
These studies underscore the versatility and efficacy of SOAP in characterizing atomic
environments and predicting material properties.

SOAP achieves its structural representation by constructing a continuous atomic
density function, where atomic positions are expressed as Gaussian functions centered

at each atom. Mathematically, this is given by:

2
— (3.35)
pi(r) = E exp(—'rzazjl )fcut(lr_rfD

J

where p.(r)represents the atomic density around atom i, ¢ is the Gaussian
broadening parameter, and f,,: (1) is a cutoff function ensuring that only atoms within
a distance 1., contribute to the density. The cutoff function smoothly decays atomic

contributions at large distances:
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Teut

" (3.36)
feut) = (1 - —)

where 1, is the cutoff radius, defining the spatial range of atomic interactions.
To make the density function computationally manageable, it is expanded

using radial basis functions g,(r) and spherical harmonics Yy, (6, ¢) , resulting in:

pi(r) = Z CrnimGn (1) Yim (67 @) (3.37)

nim

where g, (r) captures radial features, controlled by the maximum number of radial
basis functions (M), and (Y;,,(6, ¢)) describes angular features, determined by the

maximum angular momentum (l,,4,)- The expansion coefficients, computed as:
Gim = [ 5102900 Vim0 ) (538)

numerically encode the atomic environment into a descriptor vector.
To ensure rotational invariance, SOAP descriptors are constructed using the power
spectrum:

Pnnn = z Cnlmc;ulm (3.39)

m
This power spectrum forms a unique fingerprint of the atomic neighborhood,
allowing for robust structural comparisons independent of orientation.
To gain deeper insight into the correlation between structural changes,
adsorption behavior, and deformation energy, SOAP analysis was employed to quantify
structural similarity before and after adsorption. The SOAP similarity score (Similarity)

is calculated using the following equation

S G
Similarity= ( Xinitial Xfinal ) %10 (3.40)
Xinitianll-| Xinatl
Where, X, represents the SOAP descriptor vector for the initial (reference) structure,

and Xg, is the SOAP descriptor vector for the final (adsorbed) structure. The terms

| Xinitialll and || Xginalll denote the magnitudes of these vectors, ensuring the similarity
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is normalized. (set to 4 in this study) amplifies the similarity value. This equation
computes the cosine similarity between the SOAP vectors and scales the result from
0 to 10, with a score close to 10 indicating minimal structural change and high stability.

The SOAP descriptor provides an effective and numerically stable means of
quantifying local atomic environments, making it a widely used tool in computational
materials science. By incorporating SOAP into adsorption studies, it becomes possible
to systematically compare structural distortions and gain insight into the stability and

interaction strength of adsorbed species.

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 & Dronskowski, 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.

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:
Hi; = f ¥F () Hepy(r)d’r (3.41)

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

total electronic energy:

HP,(E) = —H;(E) - n;(E) (3.42)
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After that, COHP is derived by integrating over all energy states:

—~COHP(E) = — ZHij(E) ~ny;(E) (3.43)

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:
B

ICOHP = /Emm —COHP(E)dE (3.44)
ICOHP value can suggest the bonding strength. Negative ICOHP suggests 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.

3.9 Summary of computational details

In this thesis, all calculations were employed using spin-polarized Density
Functional Theory (DFT) (Hohenberg & Kohn, 1964b) as implemented in the Vienna Ab-
initio Simulation Package (VASP 6.3) (Kresse & Furthmuller, 1996b, 1996a). The frozen-
core projector-augmented wave (PAW) method was used to describe the electron-ion
interactions (Blochl, 1994). For the V,CO, structure, valence electrons included V 3d4s,
C 2s2p, and O 2s2p treated within a plane-wave basis. For Sg and ALS,, species, Al 3s3p
and S 3s3p valence electrons were considered. Screening of single-atom (SA) transition
metals included 3d-transition metals, considering their 3dds valence electrons,
respectively. The exchange-correlation interactions were approximated using the
Generalized Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional (Kresse & Joubert, 1999; Perdew et al, 1996). Weak van der Waals
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interactions between the adsorbates (Sg and Al,S,,) and the decorated 3d-TMs on V,CO,
were included using the DFT-D3 (Grimme et al., 2010, 2011). Structural optimizations
were carried out with a kinetic energy cutoff of 500 eV. Monkhorst-Pack k-point
sampling was employed (Monkhorst & Pack, 1976), using a 3 x 3 x 1 grid for structural
optimization and a 5 x 5 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. The energy barriers
and reaction pathways for the decomposition of Al,S; was calculated using the

Climbing Image Nudged Elastic Band (CI-NEB) method (Henkelman et al., 2000)
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CHAPTER IV
INVESTIGATION OF CATHODE PERFORMANCE IN ALUMINUM-
SULFUR BATTERIES: DFT, AND COMPUTATIONAL STUDY

In the previous chapter, we established the theoretical and computational
framework for this study. We began with an overview of the theoretical and
computational methods, focusing on the Schrédinger equation and its approximate
solutions through the variational principle. Key developments in computational
materials science were highlighted, followed by an overview of density functional
theory (DFT), the foundation of our calculations. Methods for structural optimization
and error correction in DFT were also discussed, along with the climbing image-
nudged elastic band (CI-NEB) method for the decomposition of Al,Ss. Finally,
computational details implemented using the Vienna Ab initio Simulation Package
(VASP) were summarized.

In this chapter, we investigated the structural and electronic properties of 3d-
transition metals decorated V,CO, cathode materials. We assess the stability of Al,S,
species on SA@V,CO, and DA@V,CO, using advanced structural analysis techniques,
including Bader charge and Smooth Overlap of Atomic Positions) analyses. The
chapter further explores the sulfur reduction reaction to evaluate cathode
performance and examines the decomposition of AlS; to understand the
reversibility and efficiency of aluminum-sulfur batteries. These investigations provide

critical insights into the design of high-performance cathode materials.

4.1 The structural and electronic properties for V,CO, MXene
According to previous study, the redox process of Al-S batteries with the
electrolyte of 1-ethyl-3-methylimidazolium chloride ([EMIM]*CL) as electrolyte can be

summarized as given equations (4.1) and (4.2) The charge-discharge process of Al-S
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batteries involved the formation of Sg and ALS, species as equations (4.3) and (4.4).

The sulfur reduction reactions initially start from Sg, ALS1s, ALLS1, AlLSg to ALSs.

8Al + 14AICl; - 8ALCl; + 6e~ (@.1)

8ALCl; + 6e~ + 35 > ALS; + 14AICl; @.2)
101 1.

558 + 3¢ 7 856 (4.3)

15—+(2 1) 1 152- 1<x<6
—_— — - (_)_
6 x € xx ( —x—)

6 3 (4.4)

The optimized structures of Sg and ALS, species show the most stable
structures among all the possible structures in Figure 4.1a. The morphology of Sg is a
crownlike orthorhombic structure. Al,S; presents a planar bent. For the structure of
ALSs, ALSi,, and AlSig, they form 3D cluster shapes without overhanging bonds
which results were consistent with other computational studies (Bhauriyal & Pathak,
2020; Z. Wang et al., 2022; Zheng et al., 2022). The side views of the surfaces are
presented in Figure 4.1b, where V,CO, with a terminal group of O atoms has the V-O
bond with length of 1.95 A, and V-C bond with length of 2.05 A. In this study, 3d-TMs
excluding V were decorated on the bare V,CO, due to their unique catalytic
properties, specifically their ability to improve polysulfide conversions by facilitating
electron transfer and promoting adsorption. Additionally, the choice of 3d-TMs (like
Cr, Mn, and Fe) is driven by their distinct properties, such as better catalytic activity,
structural stability, and flexibility in designing materials with tunable electronic
characteristics, which improves their performance in energy storage applications such
as Li-S, and Al-S batteries (Andritsos et al., 2021; Chen et al,, 2021; Gu et al., 2020; Ju
et al,, 2022; Yang et al,, 2013).

For the binding site of SA, there are four possible binding sites including
bridgeyo, Hollow OTopV’ Hollow OTopC’ and Orep shown in Figure 4.1b. We find that
Osop is unstable site for all decorated SAs. As well as bridge,, site, the decorated SAs

change into Hollow Orqyy site for all surfaces. These suggest that there are two
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preferential sites where Sc, Ti, Cr, Mn, and Cu prefer to bind on Hollow O site,
and Fe, Co, Ni, and Zn as decorated SAs prefer to bind on Hollow Oy site shown in
Figure 4.1c. Similarly, the DA binding site including Cr and Mn follows the same
strategy in both the no-oxygen vacancy and oxygen vacancy systems (Vo). A detailed
analysis of all tested configurations for both SA and DA systems is provided in Figure
Al. To assess the viability of these materials, we determined their relative stability.
For the SA and d-DA-no systems, where dopants are decorated on the surface, we
calculated the binding energy (E,) to quantify the strength of the anchor using the

formula:

Eb = Edecorated - Esurface - nEmetal (4.5)

where Egecoratea and Ey,co, are the total energy of the decorated V,CO, for SA and
DA systems and V,CO, or with an oxygen vacancy for d-DA-Vo@V,CO,, respectively. n

is the number of decorated atoms, and Ejerq; 1S the energy of the single atom

metal.
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Figure 4.1 Optimized structures of V,CO, and adsorption configurations: (a) Top views
of the optimized 3x3x1 V,CO,. (b) Possible binding sites for SA@V,CO,. (c) DA@V,CO,
configurations: d-DA (left) without oxygen vacancy and d-DA-vo (right) with surface
oxygen vacancy. (c) Binding energy of SA and DA on V,CO, surfaces for various

transition metal.
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We find that the 3d-TM, Zn and DAs have negative E, values, indicating the
possibility of successful fabrication, providing a reference for experimental
preparation. To further examine their stability under operating conditions, we
performed ab initio molecular dynamics (AIMD) simulations, a method used in similar
a computational study (Singsen et al., 2022). The simulations, performed at e.g., 300
K for 10 ps, revealed that the structures remain intact with no significant degradation,
thus suggesting their excellent thermal stability (see Figure A2 for details).

To understand how SAs and DAs affect the material's electronic properties,
we analyzed the projected density of states (PDOS) for each system (see Figure A3
for all systems). Figure 4.2 presents the DOS for representative cases: bare,
Co@V,CO,, d-Cr@V,CO,, and d-Cr-Vo@V,CO,. We find that the bare exhibits metallic
character. The states near the Fermi level are dominated by V 3d orbitals, with non-
negligible contributions from C 2p and O 2p orbitals, consistent with previous
computational studies (Gao et al,, 2022; Zou et al., 2024). Both SA and DA@V,CO,
preserves this essential metallic nature. The SA systems, represented by Co@V,CO,,
introduces additional states near the Fermi level originating from the Co atom,
though these are less dominant than the V 3d states. Similarly, the DA systems
maintain conductivity, where the interaction between the dual 3d-TMs and the
substrate further modulates the states around the Fermi level.

The impact of these tuned structural and electronic properties on the
material's performance as a cathode host will be systematically investigated in the

following sections.
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Figure 4.2 Projected Density of States (PDOS) for the bare V,CO, surface, SA (Co), and
DA (d-Cr and d-Mn-Vy). Fermi level (Eg) is adjusted to 0 eV. Light blue, V; brown, C;

red, O; sky blue, Co; neon, d-Cr; violet, d-Mn-V.

4.2 Adsorption energy of sulfur species (Sg, ALS,)

A critical challenge hindering the practical application of Al-S batteries is the
dissolution of Al,S, species into the electrolyte. This phenomenon, known as the
shuttle effect, is primarily caused by the high solubility of large, higher order ALS,
species such as Sg, Al,Sig, and ALS;,. To mitigate this issue, the V,CO,, SA@V,CO, and
DA@V,CO, must be capable of strongly anchoring these Sg and AL,S, species to
confine them within the cathode region. Firstly, we investigated for the most stable
adsorbed configurations and adsorption sites. The optimized structures of Sg and
ALS, species are detailed in Figure A4-A8. To understand the anchoring performance,
we deconstructed the adsorption process into its fundamental energetic

components: the net adsorption energy (E,qs), the intrinsic interaction energy (Ejpe),
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and the energetic penalty from structural deformation (Egef). The adsorption energy,

E .45, can be calculated using the following equation:
Eoas = Etotal — Esurface - ESg or AlyS, (4.6)

where Etotar» Esurfaces @and Esg or ar,s, are the total energy of the fully relaxed
adsorbed system, the isolated catalyst-decorated surface, and the isolated sulfur
species in a vacuum, respectively. A more negative E,; value indicates a stronger,
more favorable adsorption strength.

This adsorption energy is a balance between the intrinsic interaction and the
deformation penalty, as defined by the relationship Eqgqs = Eine + Egey These
components are calculated as:

(4.7)
Eint = Etotal - Esurface (distorted) — ESg or Al S, (disorted)

Edef = (Esurface (distorted) — Esurface) + (ESg or Al,S, (disorted) — ESg or Alen) (4.8)

Here, Ej,; is quantifies the interaction between the species and the surface in their
final (E¢otqi) by subtracting the single-point energy of the surface (Egyrface (aistortea))
and the Sg or ALS, species (Es, or ai,s, (disortea)) IN their final, distorted geometries.
This isolates the interaction, separate from the energy cost of deformation. The
deformation energy, Egqr, is the sum of the energy required to distort the surface
from its relaxed state (Esyyfqce) to its final adsorbed geometry (Eg, or at,s, (disorted))
and to distort the polysulfide from its relaxed state (Eg, o at,s,,) to its final adsorbed
geometry (Es, or 41,5, (disorted)):

On the bare V,CO,, Al-O bonds form easily during ALS, species adsorption.
Species like Al,Ss, AlSg, and AlS;, strongly adsorb due to the formation of Al-O
bonds. In contrast, Sg and Al,S;g show weak adsorption. Sg lacks Al atoms, preventing
Al-O bond formation, while Al,Sg is a large cluster where S atoms obstruct bonding
shown in Figure 4.3a.

For the SA@V,CO,, S atoms from Sg and ALS, species form bonds with the
TMs. Depending on the adsorption site, ALS, species adopt different configurations

on the surface. For example, Fe@V,CO,, where Fe binds to the Hollow Oryy site, the
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Fe atom forms multiple bonds with S atoms in higher-order ALS, species. Al,S;
prefers Al-O bonds, while S atoms favor Fe-S bonds in Figure 4.3b. Cu@V,CO,
behaves similarly, but the ALS, configuration varies depending on the TM atom in
Figure 4.3c.

On DA@V,CO,, S atoms of Sg, and high orders of AL,S, interact form bonds
with both TMs. For high orders of ALS,, several S atoms can bond with dual atoms
resulting the different configurations comparing to SA@V,CO, While Low orders of
ALS, species also bond with both TMs, but their size and fewer S atoms cause
structural distortion shown in Figure 4.3d and Figure 4.3e. Furthermore, the
adsorption of ALS, species on DA@V,CO, for example, with and without oxygen
vacancies (dCr@V,CO, and dCr-Vo@V,CO,) represent the different configurations
suggested the effect of vacancies on the adsorption. These might be discussed in the
further section.

The calculated interaction energy for Sg and large soluble AL,S, species are
presented in Figure 4.4a. The solid bars represent the final, net adsorption energy
(E.gs), While the hatched bars stacked on top represent the positive deformation
energy penalty (Egy). Therefore, the total height of each stacked bar (solid plus
hatched) represents the total intrinsic interaction energy (Ej,:). On the bare V,CO,
surface, the adsorption of these species is weak, with E,; values of -0.96 eV for Sg, -
1.02 eV for Al,Sig, and -2.15 eV for AL,S;,. According to previous computational study,
we find that the E,; of AlSig, ALSi, with the ionic liquid electrolyte are -1.49, and -
1.34 eV, respectively. This refers to the weak adsorption strength that might be
insufficient to overcome the strong adsorption strength of the high orders of Al,S,
species with ionic liquid in the electrolyte, indicating that the bare might be an
ineffective anchor and would suffer from a severe shuttle effect. Critically, the
hatched bars (Eg4ef) for the bare surface are almost the same portion as adsorption
energy, meaning the total interaction energy (Ej,;) is nearly identical to the final
adsorption energy. This lack of deformation is characteristic of weak physisorption.
Critically, the hatched bars (Eg4,s) for the bare surface are a significant portion of the

E.qs, indicating that a deformation penalty is paid even for this weak interaction.
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Figure 4.3 (a) Adsorption of Sg, and ALS, species on the bare V,CO, surface,
showcasing side views of each configuration. (b) and (c) Adsorption of the same
species on Fe@V,CO,, and Cu@V,CO, with the SA positioned at the hollow Oy site
and the hollow Oy, site respectively (d) and (e) Adsorption of the species on V,CO,
surfaces modified with DA configurations, both with and without oxygen vacancies

(dCr@V2C02 and dCr—\/O@VZCOZ).
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The introduction of SAs significantly enhances the adsorption strength since
the interaction between the high orders of Al,S, and SA@V,CO, become stronger. For
example, the E,4 of ALS;, is strengthened to -3.30 eV on Ti@V,CO, and -3.53 eV on
Cr@V,CO,, values which are stronger than that of the bare. Furthermore, E ;.r of
SA@V,CO; is less than that of the bare indicating the interaction between TMs and S
atoms of ALS, species did not break the structure of high orders Al,S, species. This
trend holds across the various TMs, indicating that SAs are a viable strategy for
effectively capturing or suppressing the high orders of AL,S,, species. Furthermore, the
early 3d-TMs including Sc, Ti, Cr, Mn show the negligible difference of the adsorption
energy. While the late 3d-TMs like Co, Ni, Cu, and Zn show excessive adsorption
strength especially Ni.

The anchoring effect is further amplified in DAs. These surfaces exhibit the
strongest interaction (total bar height) compared to the other systems. This strong
interaction comes with a significant penalty, as DAs also show the largest Eg.f
Despite this high energetic penalty, the resulting strongest adsorption strength,
consistently surpassing both the bare and SA systems. For instance, the adsorption of
ALS;, on the d-Cr-vo@V,CO, system reaches -5.94 eV. These results clearly establish
a performance hierarchy (Bare < SA < DA) and demonstrate that DA systems are a
highly effective strategy for capturing the high orders of Al,S, species responsible for
the shuttle effect.

To further understand this energetic trade-off, we analyzed the correlations
between these energy components and the resulting structural changes, as shown in
Figure 4.4b. The left panel, which plots Ej,; versus Egef, reveals a clear trade-off:
stronger interactions (more negative Ej,;) force the system to pay a higher energetic
penalty (more positive Eg.f ). For instance, the adsorption of Sg on the bare surface
involves weak interaction and deformation. In contrast, the adsorption of ALS,
species on the decorated surfaces results in highly strong interaction and
correspondingly large deformation. In Figure 4.4c, we examined this structural change
using the similarity, where a score close to 10 indicates high structural integrity, while
lower scores signify greater deformation. The right panel of Figure 3c plots this

energetic penalty (Eger) against the similarity, a measure of structural distortion.
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Interestingly, the plot does not show a simple linear correlation. Instead, it reveals a
complex relationship, indicating that the energetic cost of deformation is not directly
proportional to the magnitude of the structural distortion. This suggests that the cost
of deforming a polysulfide is highly dependent on the specific nature of the

interaction and not just the final degree of structural change.
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Figure 4.4 Analysis of polysulfide adsorption on bare and SA and DA systems. (a)
Interaction energy (Ej,:) of large, soluble sulfur species (Sg, Al,Sig, and Al,S;,) on
bare, SA, and DA@V,CO,. (b) Correlation between the interaction energy (Ej,;) and
the corresponding adsorption energy (Egqs) and deformation energy (Eg4ef) for all
sulfur species across all surfaces. The species are color-coded as follows: Sg (dark
purple), ALS;s (medium blue), ALS;, (light green), ALSs (yellow-green), and Al,S,
(yellow).

Next, we investigated the electronic properties of the strong interaction. To

quantify the charge difference upon adsorption, we performed a Bader charge
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analysis. In this study, we calculated the charge transfer as the difference in the
summed Bader charge of the three S atoms nearest the adsorption site between the
adsorbed and isolated states. A positive value indicates that the Sg or ALS, species
have lost electrons to the surface, while a negative value signifies that it has gained
(or accepted) donated electrons from the surface.

The relationship between this charge transfer and the interaction energy (E;.)
is plotted in Figure 4.5. An interesting behavior is observed for the bare surface. For
higher-order species like Al,S;g and Al,S;,, there appears to be a significant charge
transfer from the polysulfide to the surface (1.18 e and 0.92 e, respectively).
However, this does not translate into strong interaction energy. This might suggest
that the charge redistribution does not lead to the formation of a stable chemical
bond, which is likely because the O-terminated V,CO, surface is chemically
unfavorable for forming strong bonds with the S atoms in the ALS, species.

For the SA and DA systems, a clear correlation between the magnitude of
charge transfer and interaction strength emerges. As seen in Figure 4.5, the higher-
order species Al,Sig and ALS;, (top panels) generally show a smaller magnitude of
charge difference compared to the lower-order species Al,Ss and ALS; (bottom
panels). For Al,S;g and AL,Sy,, stronger interaction generally correlates with a greater
loss of electrons to the surface. This trend is even more pronounced for the smallest
species, Al?S;, which shows a large loss of electrons (up to ~2.4 e) on the decorated
surfaces. This suggests a bonding mechanism where the catalyst atom withdraws
electron density from these polysulfides. A notable exception is seen for the DA-Vq
systems, which exhibit the strongest interaction for these species while showing a
significant gain of electrons, indicating a different and highly effective anchoring

mechanism enhanced by the V.
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Figure 4.5 The relationship between charge transfer and interaction energy for ALS,
species. The plot shows the relationship between the calculated charge difference
on the Al,S, species and the corresponding interaction energy (E;;) on the bare, SA,
and DA@V,CO,. Each system is represented by a unique color, and each AL,S,, species

is represented by a unique marker shape, as defined in the legend.

In contrast, Al,Ss exhibits unique and opposite behavior. For this species,
stronger interaction energy is directly correlated with a greater gain of electrons from
the surface. This remarkable trend, with charge difference values reaching -2.86 e on
Sc@V,CO, and -2.37 e on d-Mn-Vo@V,CO,, suggests a mechanism dominated by
electron donation from the surface to the Al,S4. This donation likely creates a
powerful electrostatic and covalent interaction responsible for the strong binding.
Overall, these results indicate that charge transfer, regardless of its direction, is a key
electronic origin of the strong adsorption necessary for effective anchoring on the
decorated surfaces.

This adsorption and the electronic properties appear to have a direct and
measurable impact on the structure of the adsorbed Sg and ALS, species. The
correlation between the similarity score and adsorption energy, presented in Figure

4.6a reveals a distinct trend: the stronger the adsorption energy, the more the Sg and
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ALS, species’ structure is deformed, resulting in a lower similarity score. For
example, on the bare surface, the Sg molecule has a similarity score of 9.99,
indicating it is almost completely undeformed, which is consistent with weak
physisorption. However, upon adsorption on the SA@V,CO,, the similarity scores for
the ALS, species decrease significantly. Furthermore, we can clearly see the
separation of each Sg, Al,S¢, Al,S; species depending on the correlation of E.y and
similarity value. While Al,S;g and ALS;, seem difficult to separate from each other
since both are the large cluster. These indicate a direct structural consequence of
strong anchoring.

Finally, to create a unified picture of the adsorption of Sg and ALS, species,
we directly correlated the electronic cause with the structural effect. As shown in
Figure 4.6b, there is a relationship between the bader charge transfer and the
similarity score. For instance, the Al,S; species on Ni and Cu catalysts, which exhibit
the largest charge loss (2.39 e and 2.40 e), also show the most significant
deformation with the lowest similarity scores (6.38 and 6.32, respectively).
Conversely, the AlLS4 species on Sc and Ti, which show the largest charge gain (-2.86
e and -2.61 e), also display considerable deformation with similarity scores of 8.65
and 8.78. This suggests that a large magnitude of charge transfer, regardless of
direction, leads to the formation of strong chemical bonds that physically rearrange

the structure of the adsorbed AL,S, species.
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Figure 4.6 Correlation between the similarity value and the corresponding adsorption
energy (E,qs) and charge difference for Sg and ALS, species across all surfaces. The
species are color-coded as follows: Sg (dark purple), Al,S;g (medium blue), ALS;,

(light green), AL,Sy (yellow-green), and AL,S; (yellow).

In" summary, this analysis suggests a logical narrative for the enhanced
anchoring performance of the 3d-TM decorated V,CO, surfaces. The bare suffers from
a severe shuttle effect due to the weak adsorption strength. The 3d-TMs decorated
systems with SA and DA catalysts show to be highly effective anchors for large,
soluble polysulfides (Figure 4.4a). This superior performance seems to be driven by a
strong intrinsic interaction (Figure 4.4b), which has a clear electronic origin in the form
of significant charge transfer between the catalyst and the polysulfide (Figure 4.5).
This adsorption strength comes with an energetic cost in the form of structural
distortion, as indicated by the deformation energy analysis and directly causes a

quantifiable physical deformation using similarity (Figure 4.6a). The adsorption of
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ALS, species tends to correlate charge transfer for several ALS, species (Figure 4.6b).
Next further step is to determine if they can also efficiently catalyze the

electrochemical conversion of these Sg and Al,S, species.

4.3 Gibbs free energy profiles of sulfur reduction reactions

The sulfur reduction reaction (SRR) in Al-S batteries plays a crucial role in
determining the overall performance and efficiency of the batteries. To better
understand the electrochemical behavior of Al-S batteries, we investigated the SRR
mechanism by referencing analogous studies in Li-S batteries (L. Wang et al., 2022). In
all systems, the catalytic properties of the electrode materials are critical for
promoting the conversion of polysulfides during the charge-discharge process. Our
previous analysis of adsorption and interaction energy highlishted the significant
influence of V,CO,surfaces, especially when modified with SA or DA, on facilitating
polysulfide conversions.

The SRR in Al-S batteries involves a sequence of electron-transfer reactions,
wherein high orders of Al,S, are reduced stepwise to low order of ALS, species with
ALS; being the final discharge product. This multistep reduction process can be
represented as a series of electron-transfer reactions, analogous to the mechanism in
Li-S batteries. Each reaction step is accompanied by Gibbs free energy changes,
which play a critical role in determining the overall kinetics and overpotential of the
SRR. The mechanism and the overall SRR for Al-S batteries can be expressed through

the following reaction steps:

4 8 4
3Sg + 5% +5 (AP +3e7) > ZALSTy (4.9)

4 2 4

§,41251*8 +3* +§(Al3+ +3e7) - 241,51, (4.10)

241,87, + 2 * +4(ABY + 3e7) - 4Al,S; (4.11)
4AL,S¢ + 4 * +8(APT + 3e7) - 841,53 (4.12)
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3Sg + 16A13T + 48e~ — 8Al,S; (4.14)

The overpotential for SRR (°%R) is derived from the Gibbs free energy changes
and the electron transfer involved in each step. The overpotential is calculated using

the following expression: AG,

RR _
= ""“x<zvi-e>+ Ueq (4.15)

where AG; the Gibbs free energy change associated with step i, N; is the number of
electrons transferred in that step, e is the elementary charge, and U is the
theoretical equilibrium potential. In contrast to Li-S batteries, the theoretical
equilibrium potential for SRR in Al-S systems is less straightforward to pinpoint due to
the multiple discharge steps. We estimated the equilibrium potential to be
approximately 0.83 V, based on this number divided by the standard Gibbs free
energy (-39.96 eV) of Al,S; formation, and used this value in our overpotential

calculations.

AGP = 8G (AlS3 pyuii)® — 3G (Sgpuir)® — 3G (Algeom)° (4.16)

We computed the Gibbs free energy profiles for SRR including bare,
SA@V,CO,, and DA@V,CO,. At U = 0 V and U = 0.83 V (equilibrium potential), the
Gibbs free energy values for the reduction of ALS, species are summarized in Table
Al.

On the bare V,CO, surface, there are some endothermic steps at equilibrium
potential as shown in Figure 4.7. It indicates that the bare surface struggles to
convert from the solid Sg to the liquid AlS;g and liquid ALS;, to solid AlSe.
Furthermore, the negative Gibbs free energy for the non-electron step (-2.35 eV) is
thermodynamically unfavorable while the overall SRR is thermodynamically
favorable. The non-electron step, which is the Al,S; desorption, faces significant

energy barriers that slow down the overall reaction kinetics.
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Figure 4.7 Sulfur reduction reaction (SRR) performance of the bare V,CO,. Gibbs free
energy diagram of SRR for V,CO,. at U = 0 V and equilibrium potential (U = 0.83 V).

When SA are introduced on the V,CO, surface, we observed notable
improvements in SRR process in Figure 4.8. The conversion from the solid Sg to the
liquid ALSis becomes more thermodynamically stable. Some SAs reduce the
thermodynamic barriers associated with the conversion from the liquid Al,S;, to the
solid Al,S¢ and promote the Al,S; desorption. For example, in Cr@V,CO,, the liquid
ALS;g to the solid AlSg has lower thermodynamic barrier (2.91 eV) compared to the
bare (3.24 eV). While the Al,S; desorption is thermodynamically favorable.

For the Sc@V,CO,, the Gibbs free energy for the conversion from the solid Sg
to the liquid Al,S;g decreases to -1.21 eV However, the conversion from liquid Al,S;,
to solid Al,S¢ remains thermodynamically unfavorable. In the Sc@V,CO,, the Gibbs
free energy for from liquid ALS;, to solid AlSy is reduced to 4.17 eV. The AlS;
desorption, however, shows a positive Gibbs free energy (6.03 eV), which could
hinder the complete SRR of sulfur species at the equilibrium potential. The Ti@V,CO,
also shows reduced energy barriers, with a Gibbs free energy of -2.38 eV for Al,S;,

and 1.78 eV for Al,S¢, indicating better catalytic activity than the bare surface.
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Figure 4.8 SRR performance of 3d-TMs as SA@V,CO,. Gibbs free energy diagram of
the sulfur reduction reaction (SRR) for SA@V,CO, at U = 0 V and at the equilibrium
potential (U = 0.83 V). The diagram illustrates the energy profiles and highlights the

impact of different 3d-transition metals on SRR performance.

Our results show that DA@V,CO, significantly improved the conversion of Sg
and higher order of AL,S, compared the bare and SA systems. For instance, in the d-
Cr-no@V,CO,, the Gibbs free energy for the conversion from solid Sg to liquid Al,Syg is
reduced to -4.36 eV, while for liquid Al,S;, to solid Al,S¢ is -14.67 eV, indicating a
highly favorable reaction shown in Figure 4.9. Similarly, in the d-Mn-vo@V,CO,, the
conversion from solid Sg to liquid Al,S;g and liquid AL,S;, to solid Al,Se are -5.15 eV
and -12.67 eV, respectively. These results demonstrate that DA systems offer superior
performance in promoting the electronic steps during the SRR process.

Despite their excellent performance in polysulfide conversion, DA@V,CO,

encounter significant challenges in the Al,S; desorption. The Gibbs free energy for
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ALS; desorption in DA systems is highly negative, such as -26.12 eV in the d-Mn-
vo@V,CO,, suggesting that Al,S; is too strongly adsorbed to the DA-modified surface.
Furthermore, the Vg in DA systems including d-Cr-Vo and d-Mn-Vq provide stronger
adsorption strength compared to non-vacancy systems. This excessive adsorption
strength leads to thermodynamically unfavorable desorption, which can hinder the
overall reversibility of the battery.

Our similarity analysis and deformation energy calculations indicate significant
structural changes in the adsorbed Al,S; species, exacerbating the desorption issue.
The distortion arises from the strong interaction between Al,S; and the dual active
sites provided by the DA catalysts, which stabilizes the polysulfides but hinders the
desorption of the final sulfur product.

In contrast, the SA@V,CO, and the bare V,CO, surface do not perform as well
in the conversion of higher orders of ALS,. However, these systems show more
favorable desorption for Al,Ss. This implies to the weaker adsorption strength in SA
and bare systems allows for easier desorption of Al,Ss.

We also considered the limiting potential and overpotential, following the
methodology used for ORR and other metal-sulfur batteries. Despite improvements
in the phase transition steps for SA systems, we observed high overpotentials in
several cases, as shown in Figure 4.10a This finding suggests that the conversion of
liquid ALS;, to solid ALSy is the critical step for evaluating catalytic performance. In
contrast, DA systems display the highest limiting potential.

Recognizing the importance of the liquid Al,S;, to solid AlSg transition, we
further investicated the stronger interactions lead to better SRR catalytic
performance, as these species act as bridges for the liquid—solid transition during SRR.
Our findings emphasize the importance of the relationship between the adsorption
strength of ALS,, (n = 12 and 6) species and the SRR overpotential. Our results show
a linear correlation between the interaction energy of ALS;,/ALSs and the SRR
overpotential, as illustrated in Figure 4.10b. Clearly accelerating the conversion from
liquid Al,S;, to solid Al,Sg throughout the entire reaction process. Overall, our study

reveals the dominant role of Al,S¢ adsorption strength in determining SRR catalytic
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performance, providing theoretical guidance for the rapid screening of efficient SRR

catalysts.
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Figure 4.9 SRR performance of 3d-TMs as DA@V,CO, surfaces. Gibbs free energy
diagram of the sulfur SRR for DA@V,CO, at U = 0 V and at the equilibrium potential
(U=0.83V).

In summary, this analysis suggests that the bare surface struggles to convert
from the solid S8 to the liquid Al,S;g and from liquid ALS;, to solid Al,Sg, and is
thermodynamically unfavorable for Al,S; desorption. The 3d-TM decorated systems
with SAs show. improvement in the Sg to liquid Al,S;s step due to the stronger
adsorption strength for Al,S.g. However, we find that SAs still struggle to convert
liquid ALS;, to solid Al,Sg, despite thermodynamically favorable Al,S; desorption.
Among SA@V,CO,, only Cr@V,CO, shows a lower overpotential than that of the bare
surface. In the case of DAs, there are no energy barriers for electronic steps,
indicating no overpotential. Unfortunately, DAs face a critical challenge in Al,S;
desorption. Thus, we need to further investigate the decomposition of Al,Ss, since

this is an important step for the reversible process of Al-S batteries.
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systems.

4.4 Decomposition of AlS,

The decomposition of Al,Ss is a crucial step in the SRR and the overall charge-
discharge process of Al-S batteries. Effective decomposition ensures the battery’s
reversibility and directly affects the stability and efficiency of the electrochemical
cycle. In this study, we investigated the breaking of S and Al atoms (only Al for DA
systems), as the decomposition of Al,S; requires the cleavage of both elements. This
process begins with the dissociation of the S atom from Al,S;. Subsequently, the
remaining Al atom is released from ALS, once the S atom has fully dissociated, as
illustrated in Figure 4.11a.

The all-decomposition pathway of Al,S; is presented in Figure A9. We found
that S breaking in Al,S3 occurs rapidly, making it difficult to identify a transition state
due to the swift nature of the reaction pathway. On V,CO,, the decomposition of
ALS; is endothermic, with a high energy barrier indicating that both Al and S atoms
struggle to dissociate from Al,Ss. In Figure 4.11b, we found that Al breaking is a less
favorable step than S breaking. For SA systems, we focused on Cr and Mn, as these
single atoms exhibited the best SRR performance.

The introduction of Cr and Mn significantly enhances the decomposition

process of Al,Ss. The presence of SAs lowers the energy barrier for Al breaking, even
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though the barrier for S breaking in Mn and Cr is slightly higher than that of the bare
surface. For DA systems, both Cr and Mn significantly enhance the decomposition of
ALSs, with the most favorable reaction pathways observed in d-Cr-no and d-Cr-vo.
We also observed Brgnsted-Evans-Polanyi (BEP) relation between the reaction energy
and the energy barrier, as shown in Figure 4.11c. Notably, Cr demonstrates impressive
performance in both SA and DA systems.

We also analyzed the Integrated Crystal Orbital Hamilton Population (ICOHP)
values of key bonds involved in the Al,S; decomposition pathway in Figure A10.
ICOHP provides a quantitative measure of bonding interactions, where more negative
values indicate stronger bonds. We found out that the quantitative measure cannot
directly examine the key bonds in the decomposition of Al,S; since the complexity

of optimized Al,S; configuration on the different systems.
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CHAPTER V
CONCLUSIONS

In this study, we employed first-principles DFT calculations to systematically
investigate the potential of 3d-transition metal atoms, as both SA and DA, decorated
on V,CO, as cathode materials for Al-S batteries. Our findings demonstrate that
modifying the V,CO, surface with these atomic catalysts is a crucial and highly effective
strategy for addressing the critical challenges that hinder Al-S battery performance,
including the shuttle effect, sluggish sulfur reduction reaction (SRR), and the
decomposition of Al,Ss.

Our analysis of adsorption strength reveals a clear performance for anchoring
the soluble, high-order ALS, species: Bare V,CO, < SA@V,CO, < DA@V,CO,. The bare
surface exhibits only weak adsorption strength for Al,S;g, which is insufficient to prevent
polysulfide dissolution into the electrolyte. In contrast, the DA systems with V, like d-
Cr-vo@V,CO,, show strong adsorption strength. We observed that strong interaction is
accompanied by a high energetic penalty. This interaction is governed by significant
charge transfer, as quantified by Bader analysis, and results in structural deformation
of the ALS, species, confirmed by low similarity scores.

Furthermore, the Gibbs free energy profiles for the SRR show that DA systems
show a better catalytic performance. The bare surface and most SA systems suffer
from high overpotentials because the critical liquid-to-solid transition (Al,S;, —>Al,S¢)
is thermodynamically challenging. We identified a strong linear correlation across all
systems: catalysts with stronger interaction energies for Al,S;, and ALS4 relate with
lower SRR overpotentials, suggesting strong adsorption is key to catalysis.

However, this adsorption strength in DA systems presents a critical trade-off for
AL,S; desorption. However, CI-NEB analysis of the Al,S; decomposition shows that DA
systems like d-Cr-Vo@V,CO, significantly lower the energy barrier for the cleavage of

AL-S bonds. The results show BEP relation between reaction energy and barriers. This
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suggests DA system is highly effective at decomposing Al,Ss, which is the important
step for the reversibility process.

In summary, d-Cr@V,CO, and d-Cr-Vo@V,CO,, are identified as the most
promising candidates, solving both the shuttle effect via strong anchoring and the
sluggish via superior catalysis. The primary remaining challenge is balancing this high

activity with the need for efficient product desorption to ensure long-term reversibility
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A.2  Sulfur reduction reactions and decomposition of ALS; for V,CO,
surface

Table A1l Gibbs free energy values for the reduction of Sg and AL,S, species at U =
0.83 V (equilibrium potential).

Surfaces Sg ALSE*  ALS*  ALSE ALS* ALS,
Bare 0.00 1.37 -0.13 3.11 -2.35 0.00
Sc 0.00 -1.08 1.21 4.17 6.03 0.00
Ti 0.00 -1.53 -2.38 1.78 -13.98 0.00
Cr 0.00 -2.16 -1.36 1.55 1.66 0.00
Mn 0.00 -1.67 -0.63 3.08 0.83 0.00
Fe 0.00 -1.88 -1.95 5.81 -0.10 0.00
Co 0.00 212 213 1.78 0.30 0.00
Ni 0.00 -2.62 -3.16 2.49 -16.28 0.00
Cu 0.00 -2.36 -1.73 5.91 -17.28 0.00
Zn 0.00 -2.07 -2.49 0.22 -3.22 0.00
d-Cr 0.00 -4.36 -9.89 1467 -2671 0.00
d-CrVo | 0.00 -5.97 -10.37 -15.05 -32.21 0.00
d-Mn 0.00 -3.70 -7.26 -12.50 -21.93 0.00
d-Mn-Vo - 0.00 -5.15 -8.79 -12.67 -26.12 0.00
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