CARBON FIBER PAPER ELECTRODE OF HIGH
CAPACITANCE FOR SUPERCAPACITOR

PEPARTHI MYTHILI

DEPARTMENT OF CHEMICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
FEBRUARY, 2026



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2026


Biswajit
Highlight


Carbon fiber paper electrode of high capacitance
for supercapacitor

by
Peparthi Mythili

Department of Chemical Engineering

Submitted

in fulfillment of the requirements of degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
FEBRUARY, 2026



- I dedicate this thesis to my beloved parents and Lord Venkateswara. My parents
have been my first teachers, instilling in me the importance of education,
integrity, and perseverance. Their unwavering support and constant
encouragement have been my greatest strength throughout this journey. I also
offer my deepest gratitude to Lord Venkateswara, whose divine blessings gave me
hope and courage during the most challenging moments. This work is a humble
offering of my faith, love, and gratitude-



Certificate

This is to certify that the thesis entitled “Carbon fiber paper electrode
of high capacitance for supercapacitor” submitted by Peparthi Mythili to
the Indian Institute of Technology Delhi, for the award of the degree of Doctor of
Philosophy in Chemical Engineering, is a record of bonafide research work carried
out by him. Peparthi Mythili has worked under my guidance and supervision and
has fulfilled the requirements for the submission of the thesis.

The results contained in this thesis have not been submitted in part or in full to

any other university or institute for the award of any degree or diploma.

Anupam Shukla

Department of Chemical Engineering
Indian Institute of Technology, Delhi
India - 110016.



Acknowledgments

I would like to sincerely thank my supervisor, Prof. Anupam Shukla, for his in-
valuable support, thoughtful insights, and consistent encouragement throughout
the course of this research. His mentorship has played an important role in shap-
ing my academic progress and personal development, lessons I will cherish for a
lifetime. His intellectual depth, humility, and simplicity continue to inspire me to
grow both as a researcher and as a person. Thank you, Sir, for leading me in the
right direction and for being a guiding force in this journey.

I would like to express my sincere gratitude to Prof. Anil Kumar Verma, Prof.
Gaurav Goel, and Prof. Pravin P. Ingole (Department of Chemistry), for their
guidance and constructive feedback throughout my research.

I would like to thank my labmates, Mr. Jayant Nagar, Dr. Rahul Raghuwan-
shi, Dr. Satirtha Sharma(late), Dr. Pooja Jangir, Dr. Isha Atrey, for their con-
stant support and help during these important years. Their willingness to share
knowledge and explain doubts has been useful, especially in the early days of my
research. I would like to thank Dr. Lekha Sharma, Dr. Amit Kumar, and Mr.
Sachidananda Mohapatra for their kind support and assistance. Their practical
help and cooperation were greatly appreciated during a crucial part of my research.

[ am also grateful to the Central Research Facility for providing access to material

1ii



characterization support, which was instrumental in the successful completion of
my research.

I would like to express my heartfelt gratitude to my husband, Dr. Sujan
Yenuganti for his unwavering support throughout my PhD journey. He stood
by me during the most challenging times, offering constant moral support and
encouragement at every step. His dedication in taking care of our children while I
focused on my research was invaluable. I am forever grateful for his love, patience,
and belief in me.

I am profoundly grateful to my beloved parents, Shri Peparthi Narayana Rao
and Smt. Peparthi Sarojini, my sister G. Dharani, and my nephew G. Surya for
their unwavering emotional support, unconditional love, and countless sacrifices
that have shaped me into who I am today and brought me to this stage of life.
Finally, I offer my heartfelt thanks to Lord Venkateswara for blessing me with the

strength, wisdom, and good health that guided me throughout this journey.

Peparthi Mythili

v



Abstract

Electric double-layer capacitors (EDLCs), or supercapacitors, have garnered con-
siderable interest in the pursuit of improved energy storage technologies owing
to their elevated power density, extended cycle life, and fast charge-discharge ca-
pabilities. Nonetheless, a significant constraint that persists in hindering their
extensive adoption particularly in portable devices, electric cars, and grid-scale
storage is their very low energy density relative to batteries. Confronting this
difficulty is essential for closing the performance disparity between batteries and
capacitors. Carbon-based materials have been extensively investigated among
diverse electrode materials owing to their elevated surface area, electrical conduc-
tivity, chemical stability, and economic viability. Carbon fiber paper (CFP) is
particularly notable as a viable option due to its high conductivity, mechanical
strength, and dual function as both the current collector and active electrode mate-
rial. Notwithstanding these benefits, clean CFP exhibits low inherent capacitance,
hence constraining its efficacy in high-energy-density applications. Consequently,
formulating techniques to improve the capacitance and energy density of CFP-
based supercapacitors is both urgent and crucial for realizing their full potential
in next-generation energy storage systems.

This thesis aims to improve the energy density of carbon fiber paper (CFP)-



based supercapacitors using straightforward and efficient modification techniques.
In the initial investigation, CFP underwent anodization in nitric acid, leading to
a significant enhancement in specific capacitance by almost three orders of magni-
tude attributable to the incorporation of oxygen-containing functional groups. In
the second study , the anodized CFP was deposited on nickel foam, and mass load-
ing was optimized. This further augmented the electrochemical performance by
enhancing conductivity and optimizing active material use. The high-capacitance
electrode created in the second investigation was ultimately combined with a
water-in-salt NaClOy electrolyte. This arrangement markedly enhanced the energy
density by expanding the electrochemical stability window.

In the initial study, a self-standing carbon fiber paper (CFP) electrode of high
capacitance (3.96 F cm™2/ 198 F g~ !) was obtained by increasing the specific
capacitance of pristine CFP by three orders of magnitude via a simple, one-step
anodization in nitric acid. The FESEM images showed little change in the mor-
phology, but XRD and Raman spectroscopy revealed a substantial increase in
structural defects on anodization of the carbon fiber. The different oxygen func-
tionalities introduced on the CFP surface during anodization were determined
from the XPS analysis. Electrochemical characterizations, including CV and
GCD, were used to measure the capacitance and rate capability of the CFP sub-
jected to different anodization conditions and to determine the contributions of
the double layer and pseudocapacitance. As a demonstration, a symmetric super-
capacitor fabricated from the electrode displayed excellent specific energy of 14.7
Wh kgt

The electrochemical performance of CFP based supercapacitor obtained in the

previous study was further improved by synthesizing an electrode from a anodized
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carbon fiber paper (CFP) that exhibits a high areal capacitance of 4.42 F cm ™2

and a specific capacitance of 228 F g1 at a current density of 20 mA cm™2 (1 A
g™1). The electrode is made by a two-step process that involves the anodization
of CFP in nitric acid followed by its deposition onto nickel foam. The impact of
mass loading of the anodized CFP on nickel foam has been studied and optimized.
A symmetric supercapacitor fabricated with the electrode exhibited an impressive
specific energy of 15.6 Wh kg™ .

In the final study, a high energy density aqueous supercapacitor was developed
using a high capacitance carbon fiber paper(CFP) based electrode(NiCFP20) and
NaClO,4 water-in-salt electrolyte with high electrochemical stable potential win-
dow(2.3V).The voltage window of the NiCFP20 electrode in various concentra-
tions of NaClO, was evaluated using cyclic voltammetry and further validated
through chronoamperometry and electrochemical impedance spectroscopy mea-
surements.The cyclic voltammograms, GCD curves, and EIS spectra reveal the
robust electrochemical kinetics of the NiCFP20 electrode in a highly concentrated
NaClO4 water-in-salt electrolyte. The NiCF20 electrode exhibited a high areal ca-
pacitance of 3.43 F cm™2 (178 F g7 1) at 20 mA cm™%(1 A g~!).Further, a symmetric
supercapacitor made from electrodes demonstrated exceptional specific energy of
34.75 Wh kg=! at 359.4 W kg~!, and maintained a specific energy of 16 Wh kg~!
at 2.6 kW kg1

Keywords: Carbon fiber paper, supercapacitor, anodization, nickel foam,

water-in-salt electrolyte, energy density, EDLC
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Abstract in Hindi

fagya fe-wa Gt (SSiuadlh), a1 gRFURICER, 3 307 I Soll v, fawaid 9%
Sffae 3R i SMTaI-Fdg &marstt & BRI, S8R SHoll HSRUT dhb-1d! Bt @iel § BB 3fd
sifofa @t 81 frx oft, foRiw = U § didaa IuamRon, saifdes BRI 3R et veru #, 3%

S FY Y SUATE S T Ueh Hedqui 14T SRl &) Jor1 H g1 9gd B H 3ol B1cd ¢ | Sefal
R HYTNAT & oftel Ta=I SRIHTH P1 HH B P T 37 HISTS BT FHIYM SIS g | Hle-
3T uerelf &1 3% 3= gNtg e, fagyd T, IMEe fRRAT 3R 3nfie cragridr
& HRU AR sdacrs Tenf # srue wU § sremg fhar a1 §1 B hrgeR TR (Fumdh
3Ot I AT, A fa 3R URT TAEH 94T Wichd Saiae s Uard, Gl & &0 § glgl H
& HRUUH HGEH [ddhed & =0 1 faR U Y I g | 7 ATHl & STav[g, Wes Siemut
H1 fafied 4miar gidt 8, SR S=-Suil-uvia arel Sy # 59! yurasiiaar Sifea gt ot
2| IRUmREEy, 3rTelt T Bt Frott R yunfert § It quf emar &) WeR a1 & g
TwT-SMeTRd SSITAS! BT UIRAT 3R Soll o7 H YR XA & I ahb-1p] BT A0 el
3IATIRID 3R Aeaqul gl &1

I Y TEY P I WA 3R HIA HRNYH 1] BT SUANT IRb Bl BISER TR
e smeid YRBIRER & SHolf g9 | YR BT 31 URMNS sremg #, Huwdt oI
e ond B THIsTg e fovan Mo, fora sifaito gad foharete gl & JHIAR & HRU ARy
TR T TRTHAT A S H TR 1 S0 3fg 85 | GOR AT H, THISges HIuhyl & Fad
HIH W & foar mar 8k geH YR BT Srdfed fhar T 339 Traddr | gig SR Ifhy

Uerf & IUART BT SHIeTd I faggd-mf-e UeRiF H SR i g3 | g¥R femaq | fAftfa
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IR I SATES DY 3Hdd: ST-H-AHS NaClO4 SAdCIAge & A JAford faar
7| 39 AR A faggd-IaHe R Ras®! 1 fadR axd Soll o-d $l Ieaa-1d © 0 4

SR

IR SregaH ), ARfed TS ¥ Ueh TR, Ueh-aRUl TSI o H1H 4 i hH &
UIRHTOT GRT UTE SIUH YT &1 [afRT i & I6TdHR 3o TRl (3.96 F em—2/ 198 F g—1) ATdT U
- BT BIEER UWR (CFP) SAdCIS UK [T 7T UT| FESEM Sfad! = 31 fage & ot
Ufad feam, dfda XRD 3R T Wag R 14} A FHa- HBIeR & TSRO UR WRIATHD Gl
H T gfa &1 gAr Bl TASRoRM & RM CFP ¥ds R U &1 718 fafle sfiaiier
FHaTEGArst &I Xps fazayur § Reifd foar man uti cv $iR Gep afgd faggd It aem
Ui BT IUANT faftid TS o fRUfal 3 31l Crp &t 4TRaT TR &R &1 H1 AT SR alest
URd 3R B YIRAT & ANTar 1 My B & forw fovar mma

U sierg o U Huwtt senfid YoReURIeR & faggd-\mafis Uesq &l tHiess
HIaT BIEeR TR (HTTHT) J TP SAdeis & YT gRT 3R S8R ST 74T 4T, S 20 mA cm—2
(1A g-1) % YRTTId W 4.42 F cm—2 $I o &1 HTRAT 3R 228 F g1 B! AR enfan vefRfa
TRl ¢| U8 Sadeis q-aRuiy ufkar grT fAffa g § o et sna o duwdt @
TAISTSOIRA 3R ITF S1G el B R ITHT a3 | Thesss Huwd! & goadH YR
®1 AT B R THE &7 3(eqa 3R e fHar a1 81 39 3aaers ¥ fAftfa e wufta
JIRBURIER A 15.6 Wh kg1 B THIGRITEH fafR1y Sert vefRid o1

3ifeH 31T T, T I Sl Uicd aTall ofai g JuRabuRieR faemRid fasar ma, fored 3=
YTRET aTel BT WTZeR UWR (CFP) SMUTR SAFEIS (NiCFP20) 3R NaClo4 STd-H-aaul
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SaidgIdTSe S IUANT o 7, forad 3= faggd-Imafes fRR fava fash (2.3v) &t Nac104 &t
fafi Tigarsii § NiCFP20 SAdcIS &l diec (e BT Jedidh Ih 1T diccHe] BT SUANT HRb (bl
T 3R TR quT faggd-Imafie ufaerer Wae e dt Ardf & W § 31 39! gy
DI T5| TP deeHARME, GCD d% 3R EIS W, e Hifad NaClo4 SId-H-aqul
ZAdCIdSe B NiCFP20 SAdCI8 & Yeg faggd-Imfds fdd! &l Udhe d & | NiCF20 3aderS
F20mA cm-2(1 A g-1) TR 3.43 F cm-2 (178 F g—1) &1 I &1 41T UelRid &1 3 3fardl,
TATCIS T T Th YHIHT JURBURIER 7 359.4 W kg—1 TR 34.75 Wh kg1 P1 TR faRry S
BT SR fha, 3R 2.6 kW ke—1 TR 16 Wh ke—1 1 fafRy Soif smg 4t

TS o5 HE- BIRSR TR, IRBURICR, TAIGEORH, Adhd HH, od-31-Hlee Saaeamse,
Sl U, Seread
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SC

EC
HNO;
H,SO,
NaNO;
KOAc
AgCl
HgO
CH;COOK
PVDF
TEABF,
NaClOy
WiSE
XRD
SAED
FESEM
TEM
EDX
XPS
SSC
AQSSC
ORSSC
CV

BET

3D

DC

EIS

CPE

AC
PCFP
CFP4M
CFPT™
CFP10M
CFP15.7M

electrochemical stable potential window EDLC

Pseudocapacitance

Supercapacitor

Electrochemical capacitor

Nitric acid

Sulfuric acid

Sodium nitrate

Potassium acetate

Silver chloride

mercuric oxide

potassium acetate

Polyvinylidene Floride
Tetraethylammonium tetrafluoroborate
Sodium perchlorate

Water-in-salt electrolyte

X-ray diffraction

Selected area electron diffraction

Field emission scanning electron microscopy
Transmission electron microscope
Energy dispersive X-ray

X-ray photoelectron spectroscopy
symmetric supercapacitors

Aqueous symmetric supercapacitor
Organic symmetric supercapacitor
Cyclic voltammetry or cyclic voltammogram
Brunauer-Emmett-Teller
Three-dimensional

Direct current

Electrochemical impedance spectroscopy
Constant phase element

Alternating current

Pristine CFP

CFP electrodes anodized in 4M HNO;
CFP electrodes anodized in 7TM HNO;
CFP electrodes anodized in 10M HNO4
CFP electrodes anodized in 15.7M HNO;

xxiii



FWHM
LED
NiCFP10
NiCFP15
NiCFP20
NiCFP25

full width at half maximum

Light emitting diode

CFP10M(10 mg cm~?) loaded on Nickel foam
CFP10M(15 mg cm~?) loaded on Nickel foam
CFP10M(20 mg cm~?) loaded on Nickel foam
CFP10M(25 mg cm~2) loaded on Nickel foam
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