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Abstract

Advancements in technologies have led to a significant increase in energy demand, driving
the need for efficient energy storage solutions. Energy storage systems such as rechargeable
batteries, like lithium-ion (LIBs), sodium-ion (SIBs), and metal-air batteries (MABs), have
emerged as promising candidates for energy storage due to their high energy density, long
life cycle, and low cost. However, further design strategies in battery materials, including
electrodes and/or electrolytes, are required to enhance their electrochemical performance.

The current study focuses on the mechanistic design of various classes of materials for energy
storage systems, including aqueous metal-ion batteries, metal-air batteries, and two-
dimensional (2D) materials based next-generation energy storage systems. The main
objective is to tailor the battery materials and to understand the relationship between ion
transport, reaction kinetics, electronic properties and their influence on electrochemical
performance, using computational approaches such as density functional theory (DFT) and
molecular dynamics (MD) simulations. For aqueous metal-ion batteries, the sodium
superionic (NASICON)-structured ATix(POs); (A=Na, Li) material is investigated as a
potential anode in mixed electrolyte systems containing both Li" and Na“ ions. MD
simulations are employed to study and compare the transport properties and energetics of the
Na" and Li" ions in this material. A design strategy involving lattice strain is proposed to
enhance Na-ion transport properties. Additionally, the effect of grain boundaries (GB) on Na-
ion conductivity and transport properties is explored using various GB structures. For metal-
air batteries, the focus is on investigating the kinetic properties of electrocatalyst materials for
Zn-air batteries. The performance of Zn-air batteries is limited by the sluggish kinetics of
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) at the air cathode.

Molecular-level electronic structure engineering of Co3Os electrocatalysts is explored to
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enhance their electrocatalytic activity. The influence of factors such as the concentration of
Cu-doped elements on active crystal planes, surface adsorbed intermediates, and electronic
structure of the transition metal on the catalytic activity is investigated. For 2D materials,
integration of reduced graphene oxide (rGO), including MoS; and BFO (BiFeOs3, BixFesOo,
and BixsFeO49) are investigated for next-generation energy storage devices. Na-ion
intercalation properties are studied in MoS>@rGO and exhibit improved electrochemical
performance due to enhanced Na-ion transport, including a reduction in the activation barrier
and a corresponding increase in Na-ion diffusivity. BFO@rGO composites demonstrated
enhanced electronic and photocatalytic properties, as evidenced by decreased bandgap,
attributed to heteroatom (N, S) doped rGO integration.

Overall, the focus of this dissertation is to design novel battery materials for energy storage
systems by tuning their ion transport, reaction kinetics, and electronic properties using
computational modelling and simulations. The study aims to elucidate the relationship
between the modelled structure, composition, material design strategies, and the
electrochemical performance of the materials, which can be correlated with experimental

observations.
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B! T = SHolt B AT H Tgaqul gig o1 &, o $A Soll HSRUT TATYH B
AGHl §¢ T8 ¢ Sl HSRUI yunierdi, S5 Rarsiad seiai (Riam-ama= sefai
[LIBs], G STH-3T St [SIBs], 3R Aed-TR delkat [MABs]) $oll HSRUI & forw
MRS fdped & U H I 8, Fifs 390 I= il I, Tl Sita Ish, 3R HH
AN SR U7 Aie ¥ grelii, ded IEiEl O sdws SRl saeaEey,
fEomga o 3R 31t YuFifaat fasRid B &1 siaxgear § dife 3@ Sadcibidbd
USRI &Hd B! TG S I |

g 3rera fafird ol YeRur yunferdt & foe dH UeR &1 Il & gifis feergH
R Higd 8 T Hed-3M- 9eial, Aed-TiR 9eidi, 3R 3Tl Wt & FHoif HeRrur
IUHRON & e fg-Smardt (2p) IRh | G- Ie=T ot il &I S iad &l 3R
3T ufkagd, ufaferar nfa=iiedn, SR saaei=e o &I Sadeis e d UG J sie
o Ufhar &) HgH &, e fie ga@ srafas Rigid (DFT) 3R snuifass nfaefiearn
(MD) RAEERH S SR ST &1 ITANT fasat a1 § | STelig Aed- 1A+ deial
& forg, AIfeas guRSMAA® (NASICON) TR ATia(PO4); (A=Na, Li) TMHUT HT 30T
HifSrd saaearge yunferat # Gyfad Tts & U H foear man g, fSH Lit 3R Na* 3iaA
GIHT IS &1 39 I H Nat 3R Li*-3{aA1 & URag ol 3R Sl TR $T 37eqa-
3R a1 B & g MD RIgaRM &1 IUaiT a1 M1 81 Na-3- uRde o7 &l
o™ & forg Afey aHra & IUTRT ot UM URanfad &t 15 g1 39 Sifaled, Na-3ia=
TRl 3R URGEH oI IR U9 S13ST (GB) & WHIG BT 3T fafta GB TRa-1st &1
JUTNT FXh bl T § | Hed-UaR 9l & forg, sieqae o1 g & foleh-TaR aeial
A gdacideioRe ARl & faRiia i @ Se W g1 fSie-TeR seial 1 uexi ag
FUIs R 3o ReaH RUaH (ORR) 3R HTRfioH wdlegzE Rua—M (OER) @
el Tifaeferar & SR WA 81 Cos0, ST IBEIORET 1 SAdcIbereed Tae HI
e & foTu 3MUfde TR R gAae e T SollaieT 1 ez foar g1 afsha
foped WAl TR Cu-STU d@l &1 Tisdl, Tdg TR fa=Nd SeHifeued, 3R a0 41g
&I TATCIHD WA o RS P YU H1 fazawor far a1 g1 2D It & o,
3Telt Hidt & Foil HSRUT JUHRUN & foIlW MoS, 3R BFO (BiFeOs, BiFesOo, 3R
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BissFeOq) Tled RSTEe B RIS (1GO) & THIGRUl &1 3eqg fobar T gl
MoS>@rGO B Na-31T SeX&H AR 0N &7 S{eqd favdl T &, foTIH Na-3oH ufkag— &
JYR, FihguT 3faR1e H HHY, 3R Na™-3M0 & YR H gfg 37 T8 81 981, BFO@rGO
AT RN 7 rGO THIHRU 3R §eRIeIH SIUT & HRUT FAd e 3R Biciberdied
ToT H R feamar 8, foras S5y & oot 38 TS|

Fd AR, 39 MY T T 36T HICIAA HISTo 3R R &1 TN Hdh
Soll HSRUT ST & forg 9dH oot ImiEt &1 f$ogT &A1 31 98 3ieggd Hisd

T, TR 3R IR & Iadeibied UeRF & S GaY & WP HA &1 TN
BT 5, o) TN Sl A Sl ol Jhdl g |
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