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ABSTRACT

Flexible supercapacitors represent one of the most promising next-generation electrochemical
energy-storage technologies due to their exceptionally high-power density. Nevertheless, their
long-term electrochemical stability is hindered by several critical challenges that contribute to
performance degradation during repeated cycling. These limitations are largely attributed to the
inherently low energy density of flexible supercapacitor systems. Consequently, such
challenges significantly restrict their practical deployment and hinder large-scale
commercialization. In response to these issues, this thesis focuses on the design and engineering
of advanced functional fibrous architectures, and their strategic integration as high-value

materials for the fabrication of high-performance flexible supercapacitors.

In this thesis, functionalized carbon cloth derived from waste cotton fabric is fabricated using
simple and cost-effective synthesis approaches. These functionalized fibrous materials are
investigated as electrode materials for flexible supercapacitors, with particular emphasis on
metal-oxide-coated carbon cloth produced through various synthesis routes, as detailed in
Chapters 4, 5, and 6. Chapter 4 presents the development of metal oxide—coated carbon cloth
derived from waste cotton cloth prepared via solvothermal synthesis. Chapter 5 discusses the
fabrication of MOF-derived metal oxides deposited on waste-cotton-derived carbon cloth using
a straightforward dip-coating technique. Chapter 6 focuses on the synthesis of mixed metal
oxides on carbon cloth through combined solvothermal and dip-coating methods to achieve
high-performance flexible supercapacitors. Overall, each chapter introduces a novel electrode
architecture based on purpose-designed fibrous materials, accompanied by the required

structural and functional modifications to enhance their electrochemical performance.

First, a simple and efficient strategy is presented for designing a flexible electrode material
by incorporating metal oxides as functional components onto waste cotton cloth. In this
approach, carbon cloth microfibers are fabricated by growing Sn on the surface of waste cotton
via solvothermal synthesis, followed by oxidation and carbonization to yield SnO-@CC. The
resulting SnO:@CC, exhibiting a high specific surface area and predominantly microporous
characteristics, delivers excellent electrochemical performance and is subsequently utilized as

a freestanding, binder-free electrode for supercapacitor applications. Furthermore, the flexible



asymmetric full-cell supercapacitor assembled using this electrode demonstrates promising
electrochemical behavior along with significant mechanical stability. Second, an advanced
electrode design is proposed in which CoCo0:04 is synthesized from the metal-organic
framework (MOF) ZIF-67. The CoCo:04@NCC composite is prepared by a simple dip-coating
of waste cotton cloth in the ZIF-67 solution, followed by drying, calcination, and oxidation.
The resulting CoCo20s integrated onto nitrogen-doped carbon cloth (CoCo0:04@NCC) serves
as a collector-free, binder-free, and freestanding flexible electrode. Moreover, the
CoCo0204@NCC based symmetric full-cell supercapacitor displays stable electrochemical
performance under various bending conditions, confirming its excellent flexibility and
mechanical robustness. This work highlights the development of a sustainable, high-
performance flexible supercapacitor suitable for next-generation wearable energy-storage
application. Third, a sustainable and scalable route is demonstrated to develop a mixed metal
oxide SnO; and Co304 on the nitrogen doped carbon cloth (C0o304@SnO,@NCC) electrode
material from waste cotton cloth. The combination to two metal oxides instead of one with
superior electrochemical performance. This is mainly due to improved charge transfer capacity,
improved electrical conductivity and enhanced specific capacitance. SnO2 was coated on carbon
cloth by simple solvothermal process and Co3;Os was coated on SnO,@CC by simple dip
coating method by using waste cotton cloth. As a result, binary metal oxide incorporated
nitrogen doped carbon cloth can display superior electrochemical performance. Based on these
merits, Co304@SnO2@NCC used as waste cotton textile derived symmetric supercapacitor
higher value of specific capacitance. Further, a flexible symmetric supercapacitor was

fabricated with enhanced electrochemical performance compared to previously reported works.

In summary, the present thesis successfully demonstrates the development of flexible
supercapacitors using novel fibrous architectures fabricated through cost-effective and scalable

techniques, highlighting their potential for industrial applicability.
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oTellel YURBURHER 30T 3RATURUT BU § I=-2Aferd Bcd &b BROUT 3Tt Uit bl Fed
TSP FeAdel bl Hebel FHoi-HERUT debr bl H 4 Teb & | Tt MY, 37ehT StelepTicies SeicricbHebe
AT B THR ATl &b BRUT F1feid Bl 2, ST TR-aR 3UANT P aRME 39P JeH H fikrae
T BRUTITd! & | ST HIHT3T BT I BRUT eeiiel RBUNR YUTTEAT BT WM B9 I HH
Foit T €1 URUTHEGRY, Tt gAAAT 390 ATggiies 3UNT BT BT 8 dob AHHd BT &
3R g8 YA WR 3P ATGHTIIBOT H T STd! & | §9 THRAT3N o AT & B H, Ig AT-UF
3Hd BB &R TIATN & feoirg 3R SonfAaRT &R &fed 8, 3R I-Uef are et
GURBUTIR & 10T % fofq I He aTett AT & B H 3% 0TI s GebIehyoT W SR T &

39 21ET H, SBR Yol PUS H UTed BaR[HATSSS bl aeile Bl Tl 3R fhBrRId! Hoewor
Rl BT IUANT b IR fbam 7T 81 37 BaRMcISss WEGR HAHTAT Bl STia ofeliel
RPN &b T St 1S HTHIUT b B0 H bl T8 2, TSI faii=T Feoiwor ATif & Hrezd 4 3canfed
HTd- HTATE 8- fUd hTed drelel TR Iy SR T 7T &, ST fob 3183 4, 5 31K 6 H fdeaR 4
AT TAT 81 37T 4 H dbR it BUg I YK HTg JATRATSS-oifUd Pl Tl P e b
TR T 7T 8, o Aicdreel HeauuT & AT J dIR fosar T ATl 3T 5 H U I
fEU-BIfET debileh BT IUANT B, JbR el PUS Y U BIE dilel TR STHT fbU T HTg-
BIe[p SRIT-Gcd~T HTg TeATSS b [HHIUT TR <=l bl TS g1 3TEATT 6 W I=T-ya2l arel ofeilel
GRBURIR YTed B b Teiv, Tgerd Hiealediel 3R feu-apifeT fafel & Aream | i deiiel
R AT UTq 3TNATEE & HRONUT R T bigd fhdT AT § 1 Pl THATRY, T 3THATd 323~
fdferse QR IHTAT W MR U T Seidwls dghl TEgd BT &, [od e 37k
SHAIBHPA TaLH BI 9eM & iy saedes IRaTee 3R Hrafere Hoitdd H fasy 77 2

T Uge, debR it pUS TR BTTcHep Hh] ob U H HI TRATSS D ATHA ek Yeb ol Iell
Soidrls HTHUT fEsTTed A & Tl Ueh A 31R H2rel Y0 U bl 7€ 81 9 gfeeapiuT
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PR Yl PUS Dl g W HicaldHel HLATUT & HIEIH H Sn 37T DI BUS b HISHIBISET
1Y S &, TSI 91 3TTaRITRRUT 3R BIEIa0T dXds SnO-@PTe BUST UTed fobar SiTdT &
IROTH SnO-@TE BUST, ST Ve 3o fdfere g &7 3iR g&0 Bu 4 YeA-foayuf faervamn
Tefofd BT &, 3P fagd I Fae Far T @ 31K a1e W RBUHeR srguad & fig
Teh T, STSEI-Hed Seidrele b BU H IYYNT {61 STl 81 SHb 3elTdl, 3 Seidgls ol 3uANT
PPh TN AT ool AT JUi-Hel ORI, Ageaqul Iifdes RRRAT & A1
MRS fagd I AagR Wt Tafeld aval 81 GO, U 3~1d Seiaels fSeiled wRaTdd
feBT 7T & fSIH CoCo0204 BT HTHl- 3T Hep A (HTd-Teieb gie) foialfdfde gfiemiive
WHADh-67 A FASd T SITdT 81 CoCo:04@TSEISH-81E Pl BUST BhUlfsie bl dhR Jdl
HUS B fSrafcifce sfiemilee pHad-67 i | ATURT fSU-BIfeT gRT gaas qaR fasar sirar
2, fSrT® e gEM, St 3R sifaiaRor & ufdsar &Y STt &1 TR CoCo204, ST
ATEEISH-BIE BT BUS (CoCo:04@ATSLISTH-8IE HBIeF BUST) W UhIdd aidl &, Tb AUTEH-
HeRd, STSeR-Jord 3R Fd ol Seidels & B H B &Rdl &1 HP 37e1dl, CoCo:04@
ATGZIST-BIE BT BUST -3THTRA HAHA JUi-Hel GuRPUTGXR fafi~ Ared & fRifdal # fer
ferg[d T weef vafefd vt €, SiT SHe! Icpte aeielud 3R Affes ASTgT Pl gite P
2| T B Tob T3, ITT-UGLH dTel ofeltel GURBURIER & foehr TR UehT2l STeTdl &, SiT 37Tet
WISl & YT A FHoTi-HEROT 3rgHAT o fefq 3ugerd 21 IR, 9bR Fdt U I ATggloi-sie
BIET BUS (Co304@SnO2@ATSEISTA-EIE BT BUST ) Feierels HTHIT TR THfSid uTg 3iTedTes
SnO; 3R Co30, fawEd & & Ay U CH13s 31k w1ty (faar ar) amf vefefa fasar man
&1 Tb P 1Y Al U STATSE BT AL AT g fagld I UeeH Yar odl 21 SHHT
T BRUT A& 1ot LATIAROT §HdT, S8R fagd =Teiebar 3R §¢l g8 fafere utRar &1 SnO, &
HTYRUT HicareHel FfshaT gRT Pled Bus W oiftd fosam T 2T, 31k Cos04 Pl dbR el U
BT 3YANT PBb AURUT fU-BIfeT fafd gRT SnO,@®TdT wusT R wiftd fdar T ol
IRUTTHEIRY, S18RI HT] 318 S-gord ATS¢IST-8I% Bl hUel dgd? fag[d IMie Jeeid
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Tl &R [ehdT 81 37 FGfadT & MR W, IBR Yot 99 I U FAAT JRBURHR & U A
3TANT fT ST Tt Co304@SnO2@ATSISH-81E Bl wuel H fdferse umiRar &1 711 3= giar
21 3% 37fdRad, U oaiiell THfd JuRBUTTeR ffed far ma, fSaee faga-mmafie geeh
gd H YepTerd Praf bl g1 H Jgav 2|

TAT ¥, Tg 2NY-UF ANTd-SMTdT 31R |1 deptebl < HTed A fAfAd Tt I9eR TxemTsi
BT IFANT FRPB el GRPUTR &b fIBRT B Ahadydd Yafld wwam €, 3R efis
ST & felQ 37T &IHAT T ISR T 2
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distribution of SnO,@CC-0.025 after 10,000 cycles

(a) Nyquist plot and (b) equivalent circuit fit of SnO,@CC-0.025
after 10,000 charge/discharge cycles
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Figure 4.18

Figure 4.19

Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4

Electrochemical characterization for ACC in three-electrode
system. CV curve by varying (a) scan rate and (b) potential
window, (¢) GCD curves at different current densities and (d) EIS

with the fitted circuit of ACC electrode

Electrochemical performance in AWCC-ACS. (a) CV curves with
varying scan rates, (b) GCD curves at different current densities,
(c) EIS with circuit fitting, (d) 3D plot showing energy density,
power density, and specific capacitance, (e) Ragone plot, and (f)
cycle stability for 5000 cycles

Digital image of illuminating a red LED by connecting two
SnO@CC-0.025//ACC units in series

Electrochemical characterization of FACS-AWCC: (a) CV curves
at different scan rates (b) GCD curves at various current densities,
(c) EIS with fitted circuit, (d) CV curve with bending the FACS-
AWCC at different angles, (e-1) Optical images for flexibility test
at a different angle

Digital image of illuminating a red LED by connecting two
FACS-AWCC units in series

Digital images of two FACS-AWCC units connected in series that
power a red LED while simultaneously supporting (a) 100g of
weight on both the FACS-AWCC units and (b) 200 g of weight on
a single FACS-AWCC. The same FACS-AWCC units power a red
LED (c) without any weight and (d, e) with a stainless-steel
chamber of weight ~2.1 kg on each unit

Schematic illustration of the synthesis process of CoC0,04@NCC
SEM image of (a) waste cotton cloth, (b) Co ZIF@cotton-30, (¢)
Co@NCC-30, (d) Co ZIF@cotton-15, (e)Co ZIF@cotton-60, (f)
CoC0204@NCC-15, and (g) CoC0204@NCC-60

Morphological characterization of CoCo,04@NCC-30. (a) SEM
image, (b) and (¢) HRTEM images, (d) SAED pattern of CoC0204
particles, and (e) EDS elemental mapping of different element
present in CoCo204@NCC

(a) Higher magnification SEM image of CoC0204@NCC-30, and
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Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9
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Figure 5.11

Figure 5.12

(b) CoCo0204 particle size distribution in CoC0204@NCC-30

Digital images of waste cotton cloth, Co ZIF@cotton-30, and
CoC0204@NCC-30

XRD of cotton and Co ZIF@cotton-30

(a) XRD patterns and (b) Raman spectra of CC, Co@NCC@-30,
and CoCO204@NCC-30; (c) FTIR spectra of Co ZIF@Cotton-30,
Co@NCC@-30, and CoCO204@NCC-30; and (d) TGA of CC
and CoCo204@NCC-30 in air atmosphere

TGA of the CoCo0,04@NCCs, prepared by varying the waste
cotton cloth’s dipping time in the precursor solution

(a)XPS survey scan spectrum of CoCo0204@NCC-30 and the
corresponding high resolution spectra of (b) Co 2p, (¢) O 1s, (d) C
Is,and (d) N 1Is

N> adsorption-desorption isotherm and pore size distribution of (a,
b) CoC0204@NCC-15; (c,d) CoCo0204@NCC-30; and (e,f)
CoC0204@NCC-60

Stress-strain curve of (a) untreated waste cotton cloth, and (b)
comparison of carbon cloth and CoCo,04@NCC-30. (c) Digital
images of CoCo0204@NCC-30 with bending and twisting
operations, (d) Stress-strain curve of CoC0204@NCC-15, and (e)
Stress-strain curve of CoCo04@NCC-60. (f) and (g) are the
digital images of CoCo0,04@NCC-15 and CoCo204@NCC-60,
respectively, with different bending and twisting operations
CoC0204@NCC-60, respectively, with different bending and
twisting operations

Evaluation of electrochemical performance in a three-electrode
system: (a) CV curves for CoC0204@NCC-30 and CC; (b) CV
curves of CoCo0204@NCC with varying concentrations of
Co0C0204; CV curves of CoCo204@NCC-30 with varying (c)
potential window, and (d) scan rate; (¢) GCD curves of
CoC0204@NCC-30 at various current densities; (f) variation of
specific capacitance with current density, and (g) capacitance

retention plot at 20 Ag™!, and (h) Nyquist plot of CoC0204@NCC-
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Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

30 before cycling and after 10000 cycles, and(i) Real and
imaginary capacitance vs frequency plot

(a) GCD curves, and (b) Nyquist plot of CoC0204@NCC with
varying concentrations of CoCo0204

The equivalent circuit diagram for the Nyquist plot shown in
Figure 5.12h and 5.16 ¢

(a) log(i) vs log(v) plot (b) CV measurements at different scan rates
(v) of CoCo204@NCC-30; (c) the corresponding plot of v!?vs
i/v!”? where the slope and the intercept indicate the value of ki and
ko, respectively; and (d) capacitive and diffusive contribution by
varying scan rate

Electrochemical performance in WCC-SSC-30: (a) CV curves
with varying scan rate, (b) GCD curves at different current
densities, (c¢) 3D plot of energy density, current density, and
specific capacitance, (d) Ragone plot, (e) Nyquist plot with circuit
fitting, and (f) cycle stability at 18 Ag™! for 5000 cycles with an
inset showing the digital image of LED illumination with three
WCC-SSCs connected in series

[Mlumination of red, green, and white LED when two devices are
connected in series

Electrochemical characterization of WCC-FSSC-30: (a) CV
curves recorded at different scan rates, (b) GCD curves obtained
at various current densities, (¢) 3D plot depicting varying specific
capacitance with current density, (d) 3D plot of energy density,
current density and specific capacitance, (e) Ragone plot, (f) EIS
results with fitted circuit, (g) CV curve with bending the WCC-
FSSC at different angles and the optical images displaying
flexibility test at a various angle

(a) Capacitance retention plot of WCC-FSSC-30 at 5 Ag™! for
2000 cycles ,(b) capacitance retention plot of WCC-FSSC-30 at 5
Ag! for 2000 cycles with a continous bending angle of 180°, and
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CV curve with bending the WCC-FSSC-15 at different angles and
the optical images displaying flexibility test at a various angle
CV curve with bending the WCC-FSSC-60 at different angles and
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Schematic illustration of the synthesis Co304@SnO@NCC-60
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(a) XRD pattern of C0304@SnO>@NCC-60 and (b) Raman
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Figure 6.7 (a)XPS survey scan spectrum of Co304@SnO>@NCC-60
and the corresponding high resolution spectra of (b) Sn 3d, (c) Co
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