DEDICATED TO MY LOVING
PARENTS...




CERTIFICATE

It is certified that the work contained in the thesis titled “Polypyrrole embedded mixed metal

chalcogenides for alkaline water oxidation” by Amisha Soni has been carried out under my

supervision and this work has not been submitted elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of Comprehensive

Examination, Candidacy, and SOTA for the award of Ph. D Degree.

Date: D_é‘ll\l[)%

Place: Varanasi

(Superwso;,} \ ‘ o
DepartmentofChemmry, i NPRe
Indian lnstltute of chhhology
(Banaras Hmdu University),

Varanasi-221005



— 2 L

DECLARATION BY THE CANDIDATE

I. Amisha Soni, certify that the work embodied in this thesis is my own bonafide work
and carried out by me under the supervision of Prof. Dhanesh Tiwary from July-2018 to
November-2024. at the Department of Chemistry, Indian Institute of Technology, (BHU),
Varanasi. The matter embodied in this thesis has not been submitted for the award of any other
degree/diploma. 1 declare that 1 have faithfully acknowledged and given credits to the research
workers wherever their works have been cited in my work in this thesis. I further declare that
I have not willfully copied any other's work, paragraphs, text, data, results, etc., reported in
Journals, books, magazines, reports, dissertations, theses, etc., or available at websites and have

not included them in this thesis and have not cited as my own work.

RN

(Amisha Soni)

Date: lél ||l10)_4

Place: Varanasi

CERTIFICATE BY THE SUPERVISOR

It 15 certified that the above statement made by the student is correct to the best of my our
knowledge.
- v
SN \
NTHEWY Y >

~
- &

' ) . JRAZ
Sl'lprr):lpﬂr y

Prof. Dhanesh Tiwary '

Department of Chemistry

(Banaras Hindu University)
Varanasi- 221005

Co-supervisor

Matid o Ml e
Dr. M.mnskm\M\ﬂ\\NJ" cJuley

) li‘lpmumml ol € lwumtu
Indian Institute of Technology

‘lnd\an' Institate of Technology
(Bangras Hindu University)
Varanasi- 221005

e
S 1)
Head o \ FL’\

reut AR SIERECIN
Department of C hemmr\

PrafeSundarao Sivgh (@20 7R)

Indian Institute of Technology (B.H.U))
Dy ) oMM 221005

Indmn Institute of Technology
(Banaras Hindu University),
Varanasi- 221005

v



e

COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis: Polypyrrole embedded mixed metal chalcogenides for alkaline water

oxidation,

Namge of the Student: Amisha Soni

COPYRIGHT TRANSFER

The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindu
University) Varanasi all rights under copyright that may exist in and for the above thesis

submitted for the award of the "Doctor of Philosophy" degree.

Date: 35-\”\3_014 ﬂw/gl\a«

Place: Varanasi. (Amisha Soni)

Note: However, the author may reproduce or authorize others to reproduce material extracted
verbatim from the thesis or derivative of the thesis for author's personal use provided that the

source and the Institute's copyright notice are indicated.



Acknowledgement

It is indeed my proud privilege to express my deep sense of gratitude and indebtedness to
my supervisor Prof. Dhanesh Tiwary sir and my co-supervisor, Dr. Manisha Malviya mam,
Department of Chemistry, Indian Institute of Technology (BHU), Varanasi, for their enormous
help, co-operation, and valuable supervision that they have extended to me for the successful
completion of this investigation. 1 am indebted to them for their consistent encouragement,
sustained interest, and parental care throughout the research period.

I am obliged very much to express my sincere thanks to HOD, Prof. Sundaram Singh, and
former HOD, Prof. Y. C. Sharma, Department of Chemistry, IIT (BHU) for providing
necessary facilities and constant motivation throughout my research work.

It is my pleasure to express my cheers to all RPEC members Prof. K. D. Mandal,
Department of Chemistry, IIT (BHU), and Dr. J. P. Chakraborty, Department of Chemical
Engineering, 1IT (BHU) for their valuable suggestions, constant guidance, and kind
encouragement during my research work. They always came forward to assist me whenever I
needed. I would also like to acknowledge Dr. Basant Lal, Department of Chemistry, GLA
University, Mathura for his guidance.

My passionate thanks go to all the faculty members, Department of Chemistry, IIT (BHU)
for their support and encouragement.

[ constraint special thanks to all non-teaching staff (Mr. Rambish, Neeraj, Abhishek, and
Amit) of the Department of Chemistry, IIT (BHU) as this work would have never been
completed without their technical support.

I also acknowledge the Ministry of Human Resource and Development (MHRD),
Government of India, New Delhi, and Director, IIT (BHU) for the financial support in the form

of a teaching assistantship. I gratefully acknowledge the facilitics provided by CIF, IIT (BHU),

vi




Acknowledgement

e HCKNOWICAgCIIcll
Varanasi for various characterizations of samples. I would like to acknowledge department of
material science and engineering, Advance Imaging Center, IIT Kanpur for providing
characterization services.

I am blessed to have very supportive and caring labmates Dr. Neetu Verma, Mr. Sarvatej
Kumar Maurya, Dr. Manjit Singh, Dr. Kuldeep Kumar Maurya, Dr. Kulveer Singh, Deepak
Kumar Meena for their valuable support and encouragement towards the successful completion
of my research work.

I would like to thank my friends and seniors Ms. Sakshi Arora, Ms. Niharika Srivastava,
Ms. Shubhra Prakash, Mr. Ritesh Kumar, Dr. Ved Vyas, Dr. Neha Jatav, Dr. Siddhi Jaiswal,
Dr. Uma Sharma, Dr. Manisha Verma, Mr. Shivendra Pandey, for their help and support.

I express my deepest affection to my loving mother Mrs. Sunita Verma, caring father Mr.
Laxman Ji, brother Mr. Mayank Kumar Soni, sister Ms. Richa Soni, sister-in-law Mrs. Shweta
Singh and my dearest niece Netri and all my family members for their love, concern,
continuous moral support and encouragement which enabled me to perform my liabilities.

At the last but not the least, I thank to all my well-wishers and critics whom names I may
have failed to mention here unintentionally. Thanks to all, for being there for me when times

were the toughest.

Date: 2.6

ulloz;; M

Place: Varanasi (Amisha Soni)

vii



List of Figures

Figure No.
Figure 1.1

Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7

Figure 3.1

Figure 3.2

Figure 3.3

Title

(a) Predicted global energy burning projections (Source: U.S. Energy
Information Administration, International Energy Outlook 2019), (b)
gross power usage worldwide by sector in 2023 (Source: Forbes, The
BP Statistical assessment regarding Global Energy's highlights 2023)
Electricity generated from renewable sources

Pictorial depiction of electrochemical water splitting

Plausible mechanism pathways of OER in acidic medium

Plausible mechanism pathways of OER in basic medium

i-E curve for HER and OER

(@) Image of FT-IR spectrometer, (b) Michelson interferometer's
operating principle

(a) Image of Rigaku Miniflex 600 diffractometer, (b) schematic
illustration of X-ray beam diffraction through a crystalline material
(a) Image of FE-SEM instrument, (b) components of the instrument
(@) HR-TEM instrument, (b) schematic diagram illustrating the
components of a TEM microscope

(a) CHI 608C electrochemical workstation, (b) electrochemical cell
representation with a three-electrode setup

(a) Typical Cyclic Voltammogram, (b) CV in non-faradaic region
Nyquist plot and its equivalent circuit

Schematic representation showing the thermal decomposition process
used to create zinc ferrite nanoparticles from egg white

FT-IR spectra for ZnxFesxOs (x = 0.25, 0.5, 0.75 and 1.0)
nanoparticles synthesized at 550 °C: a) Zno.2sF€e2.7504, b) Zno sFe2504,
C) Zno.75Fe2.2504, d) ZnFe204

XRD patterns of zinc ferrite nanoparticles prepared at 550 °C: a)
Zno.2sFe2.7504, b) ZnosFe2504, €) Zno.7sFe2.2504, d) ZnFe2O4

Page No.

12
13
24

50

o1
53

55

61

63

67

81

85

86

XV



List of Figures

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

SEM micrographs; a, b) ZnFe;0O4 at different magnifications, c, d)
Zno2sFe2 7504 at different magnifications, e) particle size distribution
of ZnFe,O4 fitted with log normal distribution function

iR corrected cyclic voltammograms of GC/ZnyFe3«xO4 electrode at 20
mV stin1 M KOH at 25 °C

iR corrected linear polarization curves for GC/ZnyxFesxO4 electrodes
at 0.5 mV s™ scan rate in 1 M KOH at 25 °C

GC/ZnosFe2504; @) Cyclic voltammograms in non-faradaic region at
different scan rates in 1 M KOH at 25 °C, b) Tafel polarization curves
at different temperatures at a scan rate of 0.5 mV s?, c) Tafel
polarization curves at different concentrations at a scan rate of 0.5 mV
st,d) Cai plot, €) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction
GCl/Zng.75Fe2.2504; @) Cyclic voltammograms in non-faradaic region
at different scan rates in 1 M KOH at 25 °C, b) Tafel polarization
curves at different temperatures at a scan rate of 0.5 mV s, ¢) Tafel
polarization curves at different concentrations at a scan rate of 0.5 mV
s, d) Cai plot, €) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction
GC/ZnFe204; a) Cyclic voltammograms in non-faradaic region at
different scan rates in 1 M KOH at 25 °C, b) Tafel polarization curves
at different temperatures at a scan rate of 0.5 mV s?, c) Tafel
polarization curves at different concentrations at a scan rate of 0.5 mV
s1,d) Cai plot, €) Arrhenius plot at 1.6 V vs. RHE, f) order of reaction
a) Cyclic voltammograms in non-faradaic region of GC/Zng.25Fe2.7504
electrode at different scan rates in 1 M KOH at 25 °C, and b)
capacitive current density vs. scan rate plot of GC/Zng.2sFe27504
electrode

Tafel polarization curves of GC/ZnxFes.xO4 electrodes in 1 M KOH at
25 °C: @) Zno.2s5Fe2.7504, b) Zng 75Fe2.2504, €) ZNosFe2504, d) ZnFe204
a) Tafel polarization curves of ZngasFex7504 at different
concentrations of KOH and 25 °C; b) plots of log j vs. log [OH]
Typical Bode plot: Zno2sFe2 7504 in 1 M KOH at 0.95 V vs. RHE

88

89

90

93

94

95

96

97

98

99

XVi



List of Figures

Figure 3.14 a) iR corrected Tafel polarization curves (at scan rate of 0.5 mV s?)

of Zno2sFe2 7504 at different temperatures; b) Arrhenius plots for 101

GC/Zng.25Fe2.7504
Figure 3.15 Chronopotentiometry test at constant current 1 mA cm2 104
Figure 3.16 FE-SEM images of Zno2sFe27504; a) before stability test, b) after 105
stability test
Figure 3.17 Operando UV-vis spectra during cyclic voltammetry at scan rate of 106
20mV st
Figure 4.1  XRD patterns of a) ppy, b) a-MnSe, ) a-MnSe/ppy 127
Figure 4.2  a, b) SEM images of o-MnSe/ppy, ¢) TEM image of a-MnSe/ppy, d)
SAED pattern, ) HR-TEM image of a-MnSe/ppy 130
Figure 4.3 a) FE-SEM image of a-MnSe/ppy, b) Corresponding EDS spectra 131
Figure 4.4  Elemental mapping 132
Figure4.5 a) LSV at0.5mV s?scan rate in 1 M KOH at 25 °C, b) CV of FTO/a-
MnSe/ppy electrode in non-faradaic region at different scan rates, c)
variation of overpotential with as prepared catalysts and bare 136

electrode, d) Tafel slopes, e) corresponding Ca plot for FTO/a-
MnSe/ppy electrode f) variation of Tafel slopes with as prepared
catalysts and bare electrode

Figure 4.6  a) Nyquist plots, b) fitted Nyquist plot of FTO/a-MnSe/ppy electrode,
¢) chronopotentiometry response for FTO/a-MnSe/ppy electrode, d) 138
variation of ECSA with as prepared catalysts and bare electrode

Figure 4.7 a) Nyquist plots of FTO/a-MnSe/ppy electrode on increasing

139

potential, b) magnified image of the Nyquist plots at high frequencies

Figure 4.8 a) Tafel polarization curves of FTO/o-MnSe/ppy electrode at
different temperatures, b) corresponding Arrhenius plot, c) Tafel 143

polarization curves of FTO/a-MnSe/ppy electrode at different

concentrations of KOH d) order of reaction

Xvii



List of Figures

Figure 4.9 a) CV of FTO/a-MnSe electrode in non-faradaic region at different
scan rates, b) Tafel polarization curves of FTO/a-MnSe electrode at 144
different temperatures, c) Tafel polarization curves of FTO/a-MnSe
electrode at different concentrations of KOH, d) corresponding Cai
plot for FTO/a-MnSe electrode, e) corresponding Arrhenius plot for
FTO/a-MnSe electrode, f) order of reaction for FTO/a-MnSe
electrode

Figure 4.10 a) CV of FTO/ppy electrode in non-faradaic region at different scan
rates, b) Tafel polarization curves of FTO/ppy electrode at different
temperatures, ¢) Tafel polarization curves of FTO/ppy electrode at 145
different concentrations of KOH, d) corresponding Cq plot for
FTO/ppy electrode, €) corresponding Arrhenius plot for FTO/ppy
electrode, f) order of reaction for FTO/ppy electrode

Figure 411 a) CV of bare FTO electrode in non-faradaic region at different scan
rates, b) Tafel polarization curves of bare FTO electrode at different
temperatures, c) Tafel polarization curves of bare FTO electrode at 146
different concentrations of KOH, d) corresponding Cai plot for bare
FTO electrode, e) corresponding Arrhenius plot for bare FTO
electrode, f) order of reaction for bare FTO electrode

Figure 412 Operando UV-vis spectra of FTO/a-MnSe/ppy during cyclic 150
voltammetry at scan rate of 20 mV s

Figure 5.1 XRD patterns of a) ppy, b) MnMoSez, ¢) MnMoSe2/ppy 172

Figure5.2 a, b) FE-SEM micrographs of MnMoSez/ppy at different
magnifications, ¢) TEM micrograph of MnMoSe./ppy, d) SAED 173
pattern, ) HR-TEM image of MnMoSe2/ppy

Figure 5.3 a) FE-SEM image of MnMoSez/ppy, b) Corresponding EDS spectra 175

Figure 5.4  Elemental mapping 176

xviii



List of Figures

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9
Figure 5.10

Figure 6.1
Figure 6.2

Figure 6.3
Figure 6.4

a) LSV overlay of prepared electrodes at a scan rate of 0.5 mV s? in
1 M KOH at room temperature, b) Tafel slopes, c) overpotential
variation with the prepared catalysts and bare electrode, d) CV of
FTO/MnMoSe2/ppy electrode in non-faradaic region at varying scan
rates, e) Ca plot for FTO/MnMoSe./ppy electrode f) Tafel slope
variation with the prepared catalysts and bare electrode

a) Nyquist plots at 1.25 V (vs. RHE), b) fitted Nyquist plot of
FTO/MnMoSe2/ppy electrode

a) Tafel polarization plots of FTO/MnMoSez/ppy electrode at varying
temperatures, b) Arrhenius plot, ¢) Tafel polarization plots of
FTO/MnMaoSe2/ppy electrode at varying concentrations of KOH d)
reaction order

a) CV of FTO/MnMoSe; electrode in non-faradaic region at different
scan rates, b) Tafel polarization curves of FTO/MnMoSe; electrode at
different temperatures, c) Tafel polarization curves of FTO/MnMoSe>
electrode at different concentrations of KOH, d) corresponding Cai
plot for FTO/MnMoSe; electrode, e) corresponding Arrhenius plot for
FTO/MnMoSe: electrode, f) order of reaction for FTO/MnMoSe;
electrode

Chronopotentiometry test at 10 mA cm™

Operando UV-vis spectra of FTO/MnMoSe2/ppy operating at 5 mV
s’ scan rate during LSV

XRD patterns of a) ppy, b) CuMnSe,, c) CuMnSe./ppy

a, b) FE-SEM micrographs of CuMnSe2/ppy at different
magnifications, ¢) TEM micrograph of CuMnSez/ppy, d) SAED
pattern, e) HR-TEM image of CuMnSe2/ppy

EDS spectra of composite (CuMnSe2/ppy)

Elemental mapping

179

183

186

188

192

193

210

211

212
213

Xix



List of Figures

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9
Figure 6.10

a) LSV overlay of prepared electrodes at 0.5 mV s scan rate in 1 M
KOH at room temperature, b) Tafel slopes, c) overpotential variation
with the prepared electrocatalysts and bare electrode, d) CV of
FTO/CuMnSe2/ppy electrode in non-faradaic region at varying scan
rates, e) Ca plot for FTO/CuMnSe./ppy electrode f) Tafel slope
variation with the prepared catalysts and bare electrode

a) Nyquist plots at 1.45 V (vs. RHE), b) fitted Nyquist plot of
FTO/CuMnSe2/ppy electrode

a) Tafel polarization plots of FTO/CuMnSez/ppy electrode at varying
temperatures, b) Arrhenius plot, ¢) Tafel polarization plots of
FTO/CuMnSe,/ppy electrode at varying concentrations of KOH d)
reaction order

a) CV of FTO/CuMnSe; electrode in non-faradaic region at different
scan rates, b) Tafel polarization curves of FTO/CuMnSe; electrode at
different temperatures, c) Tafel polarization curves of FTO/CuMnSe>
electrode at different concentrations of KOH, d) corresponding Ca
plot for FTO/CuMnSe; electrode, e) corresponding Arrhenius plot for
FTO/CuMnSe; electrode, f) order of reaction for FTO/CuMnSe;
electrode

Chronopotentiometry test at 10 mA cm

Operando UV-vis spectra of FTO/CuMnSe,/ppy operatingat5 mV s
! scan rate during LSV

215

218

222

224

228

229

XX



Table No.

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1
Table 4.2

Table 4.3

Table 4.4
Table 4.5
Table 4.6
Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 6.1
Table 6.2
Table 6.3
Table 6.4

List of Table

Title

Comparison of various parameters of electrocatalytic OER for Zn
ferrite-based materials reported in the literature

Required stoichiometric amounts of metal precursors used for the
synthesis of zinc ferrite nanoparticles

Electrode kinetic parameters for OER on GC/ZnxFe3xOs4 (0 <x <1)
electrodes in 1 M KOH at 25 °C

Circuit Parameters

Thermodynamic parameters of OER on GC/ZnxFe3x04 (0 <x <1.0)
electrodes in 1 M KOH

d spacing calculated from XRD data

Elemental composition from EDS spectra

Comparison of various parameters of electrocatalytic OER for Mn
based materials reported in the literature

Electrode kinetic parameters

Circuit parameters

Thermodynamic parameters

Elemental composition from EDS spectra

Electrode kinetic parameters

Circuit parameters

Thermodynamic parameters

Elemental composition from EDS spectra

Kinetic parameters for prepared catalysts

Circuit parameters

Thermodynamic parameters

Page No.

77

80

91
100
102

128
131

134

137
141
147
175
181
184
187
212
217
219
223

xXi



List of Symbols/Abbreviations

Cal Double-layer capacitance

cm Centimeter

CP Chronopotentiometry

ECSA Electrochemically active surface area

CcVv Cyclic voltammetry

EDS Energy dispersive spectroscopy

EIS Electrochemical impedance spectroscopy

FTO Florine doped tin oxide

HER Hydrogen evolution reaction

HR-TEM Hi_gh-resolution transmission electron
microscopy

iR Internal resistance

FT-IR Fourier transform infrared spectroscopy

kJ Kilo joule

LSV Linear sweep voltammetry

mA Milli ampere

mV Milli volt

OER Oxygen evolution reaction

Oh Octahedral

P-XRD Powder X-ray diffraction

Rs Solution resistance

Ret Charge transfer resistance

RHE Reversible hydrogen electrode

RT Room temperature

SAED Selected area electron diffraction pattern

FE-SEM Field emission-scanning electron
microscopy

UV-Vis Ultraviolet-visible

Rt Roughness factor

MF Micro farad

dec Decade

Mj Maga joule

XXii



kg
AHeIO7E

ASeIO7E
AH

GCE
SEC

List of Symbols/Abbreviations

Kilo gram

Standard electrochemical energy of
activation
Standard entropy of activation

Standard enthalpy of activation

Transfer coefficient

Glassy carbon electrode
Spectro-electrochemistry

Boltzmann constant

Planck constant

Hydroxyl ion concentration

Universal gas constant

Tafel slope

Temperature

Faraday constant

Joule

Overpotential at 10 mA cm current density
Normal hydrogen electrode

Overpotential at 1 mA cm current density

XXiii



