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ABSTRACT

The rapid depletion of conventional energy resources, coupled with escalating environmental
concerns and increasing global energy demand, has elevated the pursuit of clean and renewable
energy alternatives. However, the intermittent availability of renewable energy sources and the
growing consumer market highlight the crucial need to develop sustainably advanced energy
storage systems capable of efficiently meeting peak power demands. Recently,
Electrochemical supercapacitors (SCs) have gained considerable attention due to their superior
energy densities compared to conventional capacitors, as well as higher power densities, longer
cycle life, and enhanced safety features compared to batteries. They are emerging as promising
solutions for substantial and advanced storage systems, with potential applications in electric
vehicles, backup power sources, and pulse power providers, poised to attract significant
consumer interest in the coming years. Despite these advancements, challenges such as inferior
energy density (<10 Wh kg™), limited nanostructured electrode designs and scalability issues
hinder their widespread commercialization. To address these challenges, this thesis aims to
synthesize innovative nanoarchitectures, particularly 1D nanofibers supported metal oxide
(MO) based composites, for enhanced electrochemical performance. This includes achieving
high energy densities while maintaining robust power densities, thereby advancing the
practicality and application of SCs in various energy storage applications. The thesis
systemically focuses on the nanoscale engineering of electrode materials using scalable
approaches such as electrospinning to generate advanced hybrid materials with optimized
morphology and composition. It is structured into eight chapters.

Chapter 1 provides a comprehensive overview of global energy scenarios and the various
energy storage systems that have been widely studied, highlighting their respective advantages
and disadvantages. It introduces supercapacitors (SCs), explains their fundamental operational
principles and components, and discusses their classification and energy storage mechanisms.
The chapter extensively reviews the literature on carbon-based materials, metal oxides, and
their hybrid composites as electrodes for SCs, focusing on their electrochemical performance.
Special attention is given to developing electrode materials using scalable approaches such as
electrospinning and subsequent treatments to create highly efficient hybrid structures of metal
oxides and polymer fibers. The chapter also outlines the motivation for the thesis work and
articulates its objectives clearly.

Chapter 2 details the methodology for synthesizing 1D nanofiber-supported metal oxide-based

composites. Additionally, the chapter outlines the experimental methodologies employed for
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material investigation and highlights various characterization techniques crucial for
establishing structure-property relationships. It provides a comprehensive explanation of the
electrochemical methodologies used to evaluate the electrochemical performance, discussing
key parameters for assessing the supercapacitive performance of the synthesized materials.
Chapter 3 introduces W-PAN, a high-performance hybrid electrode material fabricated by
decorating 1D electrospun PAN nanofibers with WO3; nano petals. This approach enhances
WO3's electrochemical capabilities through a tailored support structure. The study elucidates
the charge storage mechanisms of W-PAN, highlighting synergies between WO3 and PAN
fibers that lead to superior electrochemical properties. W-PAN exhibits extended discharge
times, higher specific capacitance (Csp), and enhanced cyclic durability compared to pristine
WO3 and PAN. The fibrous PAN matrix supports WO;3 deposition, facilitating strong
interactions and contributing to its pseudocapacitive behavior. Comprehensive analysis reveals
dual charge storage mechanisms-double-layer and pseudocapacitive underscoring W-PAN's
effectiveness in energy storage.

Chapter 4 meticulously details the synthesis and optimization of WO3 nanoparticles grown
onto PVP-modified carbon nanofibers (m-CNFs) to create advanced hybrid supercapacitor
materials. The chapter discusses the strategic use of phase-separation mediated electrospinning
of PAN and PVP polymers, followed by controlled thermal treatment, to prepare m-CNFs. This
approach allows for precise PAN to PVP ratio adjustment, providing insights into how the
polymer-derived supports influence ion transport efficiency and enhance the utilization of
electrode materials. Key findings highlight the significant role of m-CNFs in establishing
intimate interfaces with WO3 nanoparticles. This structural integration enhances electron and
ion transfer rates, thereby boosting the pseudocapacitive charge storage capacity of the hybrid
material.

Chapter 5 explores the development of hierarchical multi-metal oxide (WO3/SnOz) @carbon-
based nanostructures as advanced supercapacitor electrode materials. The chapter emphasizes
the strategic design of these nanostructures to enhance charge storage capabilities through
induced lattice defects and heterointerface interactions. The synthesis method involves single-
spinneret electrospinning followed by controlled calcination, ensuring a scalable and efficient
approach to fabricate WO3/SnO>@C hybrids. It also highlights the superior electrochemical
performance of WO3/SnO>@C compared to individual WO3 and SnO; materials. This
exceptional electrochemical performance is attributed to the synergistic effects of the
hierarchical morphology and induced lattice defects, which facilitate efficient charge transfer

and minimize degradation over extended cycling. The chapter also elucidates the charge
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storage mechanisms of WO3/SnO>@C, emphasizing the capacitive adsorption/desorption of
H+ ions as the primary contributor to its electrochemical capacitance.

Chapter 6 comprehensively explores the synthesis strategy, structural characteristics, and
electrochemical performance of 1D SnO:- fibers. The chapter highlights the synthesis process
involving electrospinning a SnO» precursor solution with polyvinylpyrrolidone (PVP). This
approach enables the formation of uniform and highly porous 1D nanostructures of SnOo,
which is crucial for optimizing the material's electrochemical performance. Key to the
methodology is PVP as a soft carbon template in facilitating the creation of a fibrous
morphology with a high surface area composed of densely packed small spheroidal
nanoparticles of SnO,. This structural configuration enhances the active electrochemical
surface area, promoting efficient ion intercalation and de-intercalation processes at the
electrode/electrolyte interface during charge-discharge cycles. The study demonstrates that
SnO; nanocomposites are promising electrode materials, offering ultra-high energy and power
densities suitable for various practical energy storage needs.

Chapter 7 explores a novel approach to enhance the energy storage capabilities of hybrid
electrode materials by synthesizing bimetallic oxides (Bi2O3; and SnO;) embedded in carbon
fibers (CFs), termed BS/NCFs-based 1D nanostructures. The chapter details a straightforward
method involving the electrospinning of polyacrylonitrile (PAN) combined with a metal
precursor mixture, followed by controlled calcination to achieve the desired composite
structure. A strategic PAN carbonization facilitates the in-situ nucleation of Bi,O3; and SnO»
nanoparticles within the CF matrix. A highly porous 1D structure characterized by mesoporous
pore sizes and a high specific surface area enhances electrolyte accessibility, promotes rapid
electron transport, and facilitates effective charge storage mechanisms crucial for
supercapacitive performance. The chapter emphasizes the structure-property relationships of
BS/NCFs, highlighting the benefits of optimal MO composition and calcination temperature in
achieving enhanced electrochemical properties.

Chapter 8 serves as the culmination of the thesis, presenting a comprehensive summary and
conclusion of the investigations conducted throughout the study. This final chapter is pivotal
in synthesizing the key findings, discussing their implications, and outlining future prospects

for advancing efficient SC electrode materials.
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I GEZ L]

IRURS SHort FareAl o1 doft @ wft, Jgdt gafaruiig ffarsit ok sgdt afYye ot A 3
WS AR TN Solf fasheal o) WS 3! F¢7 faan 8 | gTaifes, e Solf Wial & vb-
¥P HR ITAKAT 3R TGl SUHET TTOIR faoTelt BT IR TN &1 HRIA I T A d
el R T ¥ IFd S0l HSRUT JOTer &1 [qemRid e &1 Agayqul HTaRaehdl Dl
SR HRd1 8| BTd 81 H, SAde b P d JURBUNICR (SC) = URURS HuRiex $i o |
3T SR Soll T & TTY-TTY I o Icd, T I Siad 3R Jest &1 ga- &
JER R&T GAUTaf & BRI HIHT A ATHd a1 8| d Fafaed dTgHi, ST fastel!
At 3R Ue faoel! yararsft # SHIfad SFyENT o 91y Uai SR Sad HeRUT yurferdt
& ToTT ST THIYH & U # SHR IR €, Sl 3111 aTdl au # Heaqul SuHIad ¥ &l
BT TR & o dOR €1 39 WIfd & d1avie, 9 ol g9 (<10 Wh ke!) Hiffa
TR TS Zaaers fEWg SR ATU-IadT & G, SRt It 3 Tdd aardidhRor i
ST STET & | 7 FAITIA) BT THTUH B & [o1E, 39 MY UeY BT I3 [aggd e
TSI & SgH & g 9dF AenfheaRr, Ay ®9 ¥ 13t Heeer qaffd g
TRIZS (MO) STUTRA HUITE BT FRAMNT BT 3 | STH Ao fooTelt g S8 38d
TU I Sl I U BT [N &, TRy fafi Soet YR srgpintt & srgfad
Sferdt &t TR dl 3R YA &1 S S/l o &l ¢l RN sgafyd ©u 9
3AdCIS M & ARG A SoaRT R Higd 8, Srad 3yad sl fogm iR SRa &
1Y A bR WA S bR b FeTT Faiae U oI Tehoiarat efPebiun b1 SudiT faar
ST 81 39 3116 Sreardl & WRfad frar mn g

3TY 1 AfYH St yReLT 3R fAftrd Srwit HeRuT yunfert &1 U e faaie Ue
Rl & fSH® s U 9 3reaae foar T g, 39 Iafid A1y 3R JHIH &I ISR
HA1 8| T8 YRFBURIER (SC) 1 =g dT § Sl 3% Hifciss uiara- Rigidl $fik geah!
DI TRAT BT 8, 3R I7b TBN 3R FHoll HSRUI dF W = Ha1 g1 39 e o
HIa-3MeTRd YR, o1g Tezs 3R 3% TR AIfTe] IR e &1 A0S &g §
Tiften o 7S ©, S Srgfed Sfadl & fo Saae e & &9 H 3 f[dggd e UeRH
IR & Higd Fd g1 YT SRIZS 3R TR WIZER B TS R Yobr A3l
B §H & AU AT 3R g F ITART S Wraad VB S IUTNT TP
Saaers YT fasmRid FRe IR ORIy &1 fean Sira g1 98 S Y Uaie 1 & g
RN &1 i Raiferd T g 3R 396 LW ! WY U A Tad HRal ¢

AT 2 H 1D A HRR-GART UTg Sfiaarss-3numid e & TRA &I SRy
&1 faavur feam o g1 39 sifafed, sreara wmdt Sifa & ferg fAaiford wrvmers ugfaat
DI TIRAT IR FHRAT 8 3R A1-Huf<T Jaielf o1 R 3 & forg Ageaquf fafirs defor
quiq dd-iidh| IR UHTRI STl & | T8 SAdCIbHmd UaRiH &I Hedidhd HR- & o SUINT
DI SF dTel ST IB UG TGl & Uh Tdd ARl UeH HRdl 7, forad deafvd
I & YIRS ORI Te=i &1 3ha o3 & ot W AIGS! R df &1 ol g |
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AT 3 T W-PAN &1 UR=g foar Ta1 8, S U 3 UeRi arel o Sadeis ail §
SRt WO, =1 Ugfedl & W1y 1] ST U A-IISeR Pl Follhr a1 71 5 | I8
TPV TS SIET THUYT TRA1 & ATEH § WO; B faggd I &3] & Tl
S| T S&g.U9 & dTol HSRUI dF B WY PR 8, Al WO; 3R PAN BISR & o1
AT B ISR HRal § ol S8R [9ggd I 07 &1 SR o ST & | W-PAN U=
WO; 3R W-PAN &1 g1 H faariRa Fag o, S fafRm ¢kt (C,p) SIR 961 g8 ab ™
RIT@ UERId R §1 IWER PAN Afead wo, a0 &1 g0dq &=dr &, S Aolgd
3id:foha ! GAUSHS 911 § 3R 3P B¢ Hufifed AR W TNGH odl § | IS
fazaor & SreR Iret HSRUN dF-gled- R 3R B9 Hufifed &1 ual Iadl § S SHoll
1eRUI A S U9 o1 guTa=iedr &1 Xaifdhd w1 g |

ST 4 T YHR JRBURTE T §9 & oy - T=nfig wreH HIwseR (m-
CNFs) TR JTMT T WO; AAIHUT & TAWUT 3R 3Ha BT WauHigde fqarur a1 §|
S 3 U m-CNFs R ®R & A PAN 3R PVP TR & TRUI-GYaHRUT HERIdT
S IRUTTT & YUMITI® SUANT TR =i &1 75 5, fordds aTe (afd yda SuaR faar ma
21 g EPPI0 Tdte O it Srgura THEiIcH Bt Al ST 7, Sl 39 a1d B (=D
TG HRl § [ Tgad-gad I94 a9 uRae g&d &1 dd gUIfad &xdl § 8RR
RIS AU o JUUNT &) 9GIdT & | W Fent wo,A-IaTiésm e & 1Y 3Tl Sethy
RITIT FRA T m-CNFs B Aedq0l YIS IR UHI S & | T8 WRAATHS THIHRU]
ZAdCH 3R 3 RIMIART & & 9gIdT 7, oy I aneft & 39 Hufdifed arst
HSRUT &HdT B! S 1T fHraar g

AT 5 ITd YRHUNCR FARIS UM & ®U H USIhid §g-uid 3iaurss
(WO3/Sn02)@C-3HTRT FTRe =R & Ao 1 Usdie ST 8 | T8 37eama Ui SiTei grei
3R BRI SeXaRM & I I AT W IRol &3] Bl TG & [o1g 3 A-RCaR] &
U fE$oTga W SR 1 81 xawur fafy §f werar- e saacifRaf+ & are fafa
SR M B, S WO/Sn0,@C TS s & Tt Whaadt 3R H2rd =P
IFTT FaT g1 T8 ATGITT WOs 3R SnO, IR BT a1 H WO5/Sn0.@C & I8
faqgd IMA® UG W o TSR STAdT § | 39 SRR f[aggd ™™ UeRH &1 99
TIIeh i ST faxm SiR Ofkd STl aIl & efoharetd guTal &I fgar ST 8, S R
7S] GEATARUT BT AT TS B & SR [T AT TR &RUT 6! HH o3 o | AT
WO3/Sn0,@C & Tl WRel dF 1t WY &ar 7, S 39 faggd I ufar &
UTUAe TRTeMGdl & &9 H HY 30! & Huffed Tsu=H/feaiae m SR darg|

AT 6 1D THUASN-BISSR ! TRV UMY, WaEs faRwarst ik fagga
A% TR o U® 70 T USdrd Bl g | I8 T UleifaaIsqursifers-(PVP)
& 1Y TP SnO,3FIGd FHIYH B SodIRUl-T Y TSI YAV UfehadT R YehT=T STl 5|
(PVP). T8 TPV Sn0, & THM 3R A% fFequf 1D FReaR & T3 oI Wemd s
2, Sl IRl & faggd e UeRi @ SEed dRA & Tt Hedqul 81 Sn0, & T
0% T T BIC MATHR 1B 9 - I g &F & 1Y Th RIGR 3P {97 &
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AT P iAo o H Th RH HTe- e & U 8 SRV oI Goit T, . .
2| U8 WeHTd® a0 9fshd faggd Imafe Udg &9 &1 S¢idl §, dIel-de dash! &
GRM S IS/ZUIIATSC S TR FHRIT ST SEIBURM 3R S-Sep AR Hicharaif
DI IGIA1 ST 8 | 3T I T Il & fh SnO, I UlIe SHTRISHS Saae s ATl €, St
ﬁfmwmgﬁﬁﬂwwﬁ%%qu 3fd-3= Sl 3R Wfdd o7
PHEETGE]

STY 7 FHTe BISR (CFs) H TGS F3H oD RISS (Bi03 3R Sn0,) P IR
TP THR SAaCIS AU B Foll HSRUI &HAISH B 9 & oY TP ¢ DD HI
TSdTd ol & ford T8/ Tw-3emid 1D AHReaaR Hal Siidl & | 37e1 | U el
fafty &1 faaRor faan o § fored T o1q erigd fHremr & 1y gad uidiufharseRd
(PAN) ! Zaae IRt~ =nfire 8, fores a1e aifesd Tt TR &) U &= & forg Fifaa
SR a1 Jar |1 T I0Hfded U9 SeHgeRH Huw ity & fidR Bi0; SR
SO, I UN & S-Ig F(GTTRH B! AU UG BT & | T Sfeaferan fsaygul 181 W
Tt faRivdr HOORY 35 3R 3R te 3= fafliy Idg 87 8, 3adciase & Ugd &l
Ferdt &, dl & goiael URag &1 gerar &t 7, 3R RBIRIed yawH & fou seayul
JUTAT TTol HSRUT o &1 GfAeT TeH oxclt ¢ | T8 LT BS/NCFs & IRe-I-9uf el
R SR <A1 &, ol 39 [9ggd I oI I U H- H S¥ad THS WA 3R
SRR dTH & ATH! TR YT SIad g |

3T § MY T B WG & &Y H B4 Bl 8, ol [ 3T H DI 718 S| 1 Th
S AR 3R Fwd TRgd a1 g1 g Sifan siemg e s & JRaftd &,
I THTEl TR Tl B SR SIS T goidcrs IR B S S & fo widsr &t
GHTGTSN BT Wi B | Agayul g
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