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Abstract

Hydrogen, with its high energy density and minimal environmental impact, stands
as a promising substitute for fossil fuels in various energy applications. Presently,
hydrogen production primarily relies on fossil fuel-based methods, such as steam
methane reforming, oil, and coal gasification, which contribute to CO,, SO,, and
other harmful emissions. Alternatively, water electrolysis, powered by renewable
sources like solar, wind, or nuclear energy, offers a greener pathway for hydro-
gen production. However, water electrolysis faces challenges due to the energy-
intensive and sluggish oxygen evolution reaction (OER) at the anode. One efficient
alternative is replacing OER with the electrochemical oxidation of sulfur dioxide
(SO3) and water into sulfuric acid (H2SO,). This approach finds relevance in
processes like the sulfur-iodine (S—I) and hybrid sulfur (HyS) cycles for indirect
water-splitting to produce hydrogen. However, the SO, electro-oxidation is also
not a fast reaction and requires higher potentials for appreciable reaction rate,
causing the use of excess energy in electric form.

A fast and efficient SO, electro-oxidation requires use of noble metal electro-
catalysts namely Pt, Au and Pd. However, noble metals are prone to catalyst
poisoning and their utility is limited by large cost, especially for very large scale

production. Therefore, it is very attractive to develop a low cost electrode material



with high activity for SO, electro-oxidation, which could also be used in other
industrially important applications like flue gas desulfurization and SO, sensing.

Carbon is a widely used electrode material of low cost, wide availability, good
chemical as well as electrochemical stability, and is also available in different forms
like graphite, carbon black, pyrographite, activated carbon, glassy carbon, etc.
Though carbon is commonly used as support or current collector for electrodes
having noble metal-electrocatalyst as active material, it is one of the least active
materials for SO, electro-oxidation, precluding its use as a standalone electrode for
the reaction. In the present study, one of the focuses was on simple electrochem-
ical synthesis of high activity, self-standing carbon fiber paper (CFP) and highly
oriented pyrolytic graphite (HOPG) electrodes for SO5 oxidation. The other focus
was to reduce the peak potential, onset potential and charge transfer resistance of
the CFP electrodes by optimizing their surface oxygen content via anodization in
sulfuric acid and annealing in a nitrogen atmosphere and to optimize the activity
of the CFP electrodes to the level of the platinum electrodes.

In the first experimental study, our objective was to improve the activity of a
commercially available HOPG sheet by a simple, two-step, electrochemical process.
The first step involved the partial exfoliation of HOPG sheet in H,SO4 solution for
the generation of oxygen functional groups at the electrode surface. This process
not only induced structural defects but also resulted in the creation of vertically
oriented graphene flakes on the surface, significantly increasing the surface area of
the electrode. The second step of the electrode synthesis involved electrochemical
reduction of aqueous SO, over the partially exfoliated HOPG surface. It resulted
in the formation of a sulfur layer over the electrode surface, thereby increasing

the activity of the electrode towards SO, electro-oxidation. Different process pa-

vi



rameters, such as concentration of the electrolyte (in the first step) and reduction
potential (in the second step), were optimized, and the best electrode showed an
oxidation peak at a significantly lower potential (~1.0 V) than the pristine HOPG
(>1.2V).

In the second work, our primary focus was the synthesis of a carbon-based
electrode of high activity for SO, electro-oxidation. Significant improvements in
the activity of the electrode were obtained by introducing surface oxygen func-
tionalities through the anodization of carbon fiber paper in sulfuric acid solution.
The mechanical strength of the CFP allows it to be a self-standing electrode of
high conductivity. We show that anodization of CFP in sulfuric acid leads to
changes on the surface that make it highly active for SO, electro-oxidation. Elec-
trodes of varying surface oxygen content (2.90 atomic% to 25.60 atomic%) and
relative proportion of different types of oxygen functional groups were obtained
by changing the anodization potential and the concentration of sulfuric acid. The
activity of the optimal electrode was quantified by exchange current density and
charge transfer resistance, respectively. The exchange current density was about
52-times the pristine CFP electrode (2.39 uA cm™? compared to 0.046 puA cm ?).
The morphological and structural changes in the electrode on anodization were
determined using field emission scanning electron microscopy (FESEM), X-ray
diffraction (XRD) and Raman analysis. The chemical analysis of the electrode
surface, done using X-ray photoelectron spectroscopy (XPS), showed a strong cor-
relation between the electrode’s activity and the ratio of the percentage of hydroxyl
groups to the sum of percentages of epoxy and carbonyl groups. The electrode
performed well in an accelerated stability test based on cyclic voltammetry for

over 1000 cycles.
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In the last study, we report a significant increase in the activity of a carbon elec-
trode for SO, electro-oxidation by treating its surface to obtain partially reduced
graphite oxide (RGO). The RGO surface was formed on a self-standing CFP by a
two-step process wherein the CFP was first anodized in sulfuric acid to generate
surface oxygen functionalities. The anodized CFP was then annealed in the nitro-
gen atmosphere to obtain the RGO surface. The structural and chemical features
of the electrode surface were varied by an independent variation of anodization po-
tential and annealing temperature. The XPS analysis showed that annealing not
only reduced the surface oxygen content of the electrode from ~21-26 atomic%
to ~3-5 atomic% but also allowed tailoring of the oxygen functionalities by pref-
erentially increasing the percentage of hydroxyl groups. The cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (ELS) were used to quantify the
activity of the electrode for SO, electro-oxidation. The electrode’s charge trans-
fer resistance for SO5 electro-oxidation, determined from impedance spectroscopy,
showed a linear correlation with the ratio of the percentage of surface hydroxyl
groups to the sum of the percentages of epoxy and carbonyl groups. The effect
of the activation process on structural characteristics like crystal domain size and
defect density was studied using XRD and Raman spectroscopy. For SO, electro-
oxidation, the activated carbon electrode showed superior performance than the
Pt electrode both in terms of substantially lower onset potential (0.26 V versus
Ag/AgCl reference electrode compared to 0.35 V for Pt) and 36-times higher ex-
change current density (6.16 yA cm~2 compared to 0.17 pA cm™2 for Pt).

Keywords: SO, electro-oxidation, CFP, oxygen functionalization, partially
reduced graphite oxide, anodization, HOPG, electrochemical surface modifica-

tions.
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Abstract in Hindi

BT SIoM, 30! I Sl T MR gAqH YaiaRofig uHTa & a1y, fafda Sl
VAT H SHared SUAT & i Ue SmeieiHes fawed & =0 # WS g | aad™
T, SIESIoH Idle J&F ¥U ¥ Sitarkd s+ et faftat o wa @dq
ROpTTHT, da SR Hiaar Ty R 1R 8, S co,, 80, 3R 37 & RS
IoA § TREM HRd 81 39 fAuld, Sd gadeifaiy, S 9R, ggd a1
AT Soll oI AdIHR0NG Hidl gRT Faiferd gl 8, gTgero 3dler & fog
T gRd AN U SRl |1 BTdifeh, STt SAdelie H TS WR SHoil-Ted
3R ¢firft sifafior fawra ufafesar (OER) & HRUT AT § | 3BT Teh YT
fd%ed OER &I TR SFIHRIZS (SO,) R UH & faggd Imafe®
HTFAHRUT GRT TeRIRS TRIS (1,504 & daa-T g1 I8 S0 grEaroH
Ided & o srger Fa-faueH & e gem-3maie (s-1) 3R sBfys
B (HyS) I oIt uferarsfi & urifiies g1 gTaifes, SO, saael-HiRiiSeH
ff T a9 ufafesar =8t 8 iR 3fua ufafsar R & faw 3= A @t
ARG gl 5, PR fagyd St &1 sif¥es ST g 8|

S0, TATRI-ARITSIE I o 3R FIA g9 & U Aiga Aed
gadCIdbeloRe Oy Pt, Au 3R Pd &1 IUTNT foan ST || gTaifes, ad Heed
heTfere Ulswiiv & Ufd Yda-T=id 81d & 3R ! SUAIIAT S5 ATd o -

X



HRU HfHT Bt 8, fody U ¥ 99 THH R Iaed & forul 39fi, so, sag-
RIS & oY I iehadT dTel HH AN o Sdlacie AR &1 fdwmfd &=
9gd HYH ©, ORIHT IUTANT g, T SITehRIGoIRA 3R SO, AR S 3=
3TN U ¥ Ae@yul srauai & i fsar o gear g1

BT Th UG ¥U § SYINT &I OF arell Iadeis It 8, Sl &H AN,
IS IYAKIAT, 3B] IS iR faggd-Imafe fRURAr e &=t g1 I8
HIe, 3MfS| gTaifes, BT AR W 3Ageis & I a1 Hic Haael & 0 |
IUANT BT §, FOrH Aied Aed-sdacidbeiaie Iihd It & U § S ol gl
T8 SO, IAHI-HN RIS & U Ia4 HH Aichd el & ¥ T &, oY 59 39
gfaferar & A U W saacie & =0 8 ST &1 GiRbd 8 ofldl g |

Y Y- U, & W faggd-Iafe 9xavor o qieqd ¥ 3= gichddr drd,
JPh-LfET BT BIgsR TR (CFP) 3R I AT arad urRifefes Awrge
(HOPG) FadIS fahRId H1 WR diad Ul GIRT I5-T CFP SAdCIS i Ids
SHRfoH Bice &I TeRIRS TRTS T TASEoRM 3R AEeIoH araexul # T
SR 3R Ad BRb IAD! AT Bl WfeH SAFIS & TR dPb T IHT UT|

Ugd NS 3 H, AR Ie%Y U IRd, &l-aRUY, fagyd JEmrfd
Ufhan gRT aifoifidss U & U« HOPG e ot fafafy ¥ YR &A1 ATl ugad
RO T, 1,804 T H HOPG e &1 3HifRIh TaamIfeiu=H MU o1, S SAdclS
Jag R RIS haRMAd I8! P Utgl o e foar mar o1l 59 ufshar 7 9 ad
WAAD ¥ 3 BT, 9fch Tag W daad 39T ABH widy &1 Hafor off
fopa, FSTY SaidclS &1 Udal &A% d B! d¢ ATl SAdels YRAVUT BT GIRT aAR0]

3R U F TRWIIICE HOPG Hdg IR S SO, o [dggd IR SRl

X



T ST U7l 399 A8 qdg IR e WRd & A &1 uikomy fean,
S S0, STag!- RIS & Uld Saidele & Tidfafy a¢ 7 | faftra ufdsan
AUES!, S gadeIarse &l AigdT (Ugd TR H) 3R HH dieesl (QUR @RI H),
DI SrIpicrd fobar M1 Ja 3 Saidels A SHIRIBUT FRIER DI URMHS
HOPG (>1.2 V) &1 a1 § HTh! HH diees (~1.0 V) | fawmn|

TR YA T, URT GBI &M SO, Sadl-HRIeT[ & oy 3=
TihadT aTel HIa-- 3R SAaeie & ARAT TR UT| eRRS RIS °id |
HIET BRER TR & TSSO & A1 I Idg Sfaiio HharHd JHg!
DI U PRDb SAaeis P Mafafy § Hg@qyl GUR W fbT T CFP &l
TifA® didhd 39 I AIadhdl dld U Jeh-Kfell IATIS & =0 & IuINT
& B AT <t 81 A e for gergfRes TS o CFp &1 TISTSolRA
Jde W T Jedrd HAl & S 39 SO, Fade!-ARieyq & fau srafds
b §1d § |
Poil Vg SO, SATCI-HGATSTM, CFP, SRioH HRATHDBI, 3R® T
gfed ABISC JHIRIZS, TAISIZVIRM, HOPG, [dggd-INaHe® ddg d=ne-|

xi



Contents

Certificate i
Acknowledgement iii
Abstract %
1 Introduction 1
1.1 Background . . . . .. ... ... 1
1.2 Research objectives . . . . . . . .. ... L 8
1.3 Thesis organization . . . . . . . . .. .. L oo 9
Literature review 11
2.1 Reaction mechanism . . . . .. .. ... ... ... ... ...... 13
2.2 Carbon electrodes for SO, electro-oxidation . . . . . ... ... .. 18
2.3 Performance of modified carbon electrodes . . . . . .. .. ... .. 21
24 SUMMATY . . . . oo 23
Surface modified HOPG electrode 27
3.1 Introduction . . . . . . . . . ... 28
3.2 Experimental methods . . . . . ... ... ... ... ... ..... 31
3.2.1 Electrode preparation. . . . . . ... ... ... ... ... 31

3.2.2 Material Characterizations . . . . . . . . ... ... ... .. 32

3.2.3 Electrochemical Analysis . . . . . . ... .. ... ... ... 33

3.3 Results and discussions . . . . . . . . ... ... L. 35
3.3.1 Electrochemical treatment of HOPG . . . . ... ... ... 35

3.3.2 Material characterizations . . . . . ... .. ... ...... 37

3.3.3 Electrochemical measurements . . . . . . .. ... ... ... 45

3.4 Conclusion . . . . . . . . 50



CONTENTS

4 Anodized CFP electrode 53
4.1 Introduction . . . . . . . . . ... 54
4.2 Experimental methods . . . . ... .. .. ... ... ... ... . o7

4.2.1 Electrode preparation. . . . . . . ... ... ... ... o7
4.2.2  Electrochemical Analysis . . . . . .. ... ... ... .... o7
4.2.3 Material Characterizations . . . . . . .. . ... ... .... 61
4.3 Results and discussions . . . . . . . ... ... 61
4.3.1 Effect of anodization on CFP surface . . . . ... ... ... 61
4.3.2 Faradaic activity of the anodized CFP electrodes . . . . .. 65
4.3.3 Physical and chemical characterizations of the CFP electrodes 72
4.4 Conclusion . . . . . . . . . 85

5 Partially reduced graphite oxide 87
5.1 Introduction . . . . . . . . . . ... 88
5.2  Experimental methods . . . . . .. ... ... L. 91

5.2.1 Synthesis of RGO-CFP electrodes . . . . . . ... ... ... 91

5.2.2 Material Characterizations . . . . . . . . . ... .. ... .. 93

5.2.3 Electrochemical Analysis . . . . .. ... ... ... ..... 93

5.3 Results and discussions . . . . . . . ... .. ... 98
5.3.1 Physical and chemical characterizations . . . . . . . .. . .. 98

5.3.2 Electrochemical characterizations . . . . . . ... ... ... 109

5.3.3 SOs electro-oxidation in a full cell . . . . . . . ... ... .. 118

534 Conclusion . . . . . . . ... 120

6 Conclusions 123
A Appendix A 127
A.0.1 Electrochemical characterizations . . . . . . . .. ... ... 127

A.0.2 Four-probe analysis . . . . . .. ... ... ... ... ... . 133

A.0.3 Structural and chemical characterizations . . . . . . . . . .. 134

A.0.4 Reaction mechanism . . . . .. ... . ... ... ...... 139

A.0.5 Stability analysis . . . . ... ..o 141

B Appendix B 145
B.0.1 Structural and chemical characterizations . . . . . . . . . .. 145

B.0.2 Four-probe analysis . . . . . . . ... ... 155

B.0.3 Electrochemical characterizations . . . . . . ... ... ... 158

B.0.4 Stability analysis . . . . ... ..o 165

Xiv



CONTENTS

References 171
Publications from the Thesis 187
Author’s Biography 189

XV



List of Figures

1.1

1.2
1.3

2.1

3.1

3.2

3.3

3.4

Primary energy consumption by fuels in 2021, (a) Global consumption

and (b) Indian consumption. A break-up of the (c) global hydrogen

demand and (d) global hydrogen production in 2021. . . . . . . . . .. 3
A schematic diagram of hydrogen-water cycle. . . . . . . . . . .. ... 4
A schematic diagram of S—Tcycle. . . . . . . . . . . . ... ... ... 6

Appleby and Pichon [27] reported current density for different electrode
materials (Rotating disc electrodes) at 0.7 V versus SHE in 44wt%
H9SO4 with dissolved SO9 (1 atm.) at 50°C.. . . . . . . . . ... ... 20

CV curves (12! cycle) at 50 mV /s scan rates: (a) in supporting elec-
trolyte (0.1 M H2SOy4) between 0.6-0.7 V (versus Ag/AgCl), and (b)

in 0.5 M HCI electrolyte between —0.25-0.15 V (versus Ag/AgCl). The

inset figure in plot (b) shows the hydrogen adsorption region. . . . . . . 35
A schematic of the experimental set-up and the electrochemical modifi-
cation process for the activation of HOPG electrode. . . . . . . . . .. 36
Electrode synthesis step-2: (a) chronoamperograms and (b) cyclic voltam-
mograms (3rd cycle) in 0.05 M NagSOj3 solution in 0.1 M HoSOy4 at the
negative polarization potential limits of —0.1 V, —0.3 V and —0.5 V
(versus Ag/AgCl). Partially activated (PART. ACT.) HOPG electrode

is modified in 0.1 M H5SOy4 solution at the negative polarization poten-

tial limits of —0.5 V. . . . . . ..o o 38
FESEM images: Top view of (a) pristine HOPG and (b) HOPG par-

tially exfoliated in 1 M HSOy. Side view of (c¢) pristine HOPG and (d)
partially exfoliated HOPG. Top view of electrode after (e) first synthesis

step and (f) second synthesis step. The inset of part b shows the top

view of HOPG partially exfoliated in 0.1 M HoSOy4 and that of parts e

and f shows the magnified view of the corresponding images. . . . . . . 39

Xvil



LIST OF FIGURES

3.5

3.6

3.7

3.8

4.1
4.2

(a) XRD diffraction peaks corresponding to 002, 004 and 006 plane and
(b) Raman spectrum corresponding to D band, G band and 2D band
of pristine, partially exfoliated (PART. EXF.) and activated (ACT3)
HOPG electrodes. . . . . . . . . . .. . L
(a) XPS survey spectra, (b) high resolution Sop peak along with the
deconvoluted component and (c¢) high resolution Cig peak of pristine,
partially exfoliated and activated HOPG electrodes along with the de-
convoluted component. . . . . . . . .. ...
Cyclic voltammograms (5" cycle, 10 mV/s) in the electroactive elec-
trolyte and supporting electrolyte for (a) Pristine HOPG, (b) HOPG
partially exfoliated in 1.0 M H2SO4 and (c) electrode (ACT3) activated
at —0.5V (vs Ag/AgCl) in 0.05 M NagSO3 solution in 0.1 M HySO4
after its partial exfoliation in 1.0 M H2SOy4. (d) compare the CV curves
of pristine and surface modified HOPG electrodes. . . . . . . . . . . ..
Cyclic voltammograms (5 cycle, 10 mV/s) in the electroactive elec-
trolyte for surface modified HOPG electrodes prepared by (a) identical
partial exfoliation (first) step, but sulfur deposition carried out at dif-
ferent (negative) potentials in the second synthesis step and (b) partial
exfoliation carried out in HoSO, solutions of different pH or concentra-
tion in the first synthesis step, but identical sulfur deposition (second)
step. (d) compare the CV curves of Pt and ACT3 electrodes. . . . . . .

A schematic diagram of three electrode set-up . . . . . . . . . . . . ..
CV curves (4" cycle, 10 mV /s scan rate) for (a) pristine CFP electrodes
cycled in the background electrolyte (BACK. E.) between 0V-1.2V
(P.CFP1.2V) and 0V-1.5V (P.CFP1.5V). The inset figure is the mag-
nified view of the voltammogram for P.CFP1.2V electrode that clearly
shows the reversible redox peaks. The CV curves recorded at similar
conditions in the electroactive electrolyte (EL. ACT. E.) are shown for
(b) P.CFP1.5V and (c) P.CFP1.2V electrodes, and the inset figures show
the magnified view of the selected region of CV curves recorded in the

background and electroactive electrolyte, respectively. . . . . . . . . ..

xviii

49



LIST OF FIGURES

4.3  Cyclic voltammograms at 10 mV /s scan rate in the electroactive elec-
trolyte of (a) CFP electrodes anodized in 6M HySOy for different times,
and (b) CFP electrodes anodized for 2400 s in HoSOy4 solutions of dif-
ferent concentrations. Impedance spectra of CFP electrodes acquired in
the electroactive electrolyte at 0.8 V DC bias, in the frequency range
1 MHz to 0.1 Hz as (c) Nyquist plots, and (d) Bode plots; (e) equiv-
alent circuit used to model the impedance data. The model simulated
impedance is shown as solid curves of part (c) and (d). . . . ... ... 68
4.4 (a) IR corrected LSV curves for pristine and anodized CFP electrodes
at a rotation rate of 36 RPM; (b) Tafel curves obtained by plotting
the logarithm of kinetic current (Jg) for SOy electro-oxidation versus
overpotential (n) in the electroactive electrolyte. . . . . . . . . . .. .. 71
4.5 FESEM images of (a) P.CFP, (b) OPT.CFP, (c) 12.0MCFP, and (d)
CFP2.0V electrodes. The inset of the figures shows the magnified images

of acarbon fiber. . . . . . ..o 74
4.6 (a) XRD patterns, and (b) magnified view of 002 diffraction peaks for
P.CFP, 0.1MCFP, OPT.CFP, 12.0MCFP, and CFP2.0V electrodes. . . . 75

4.7 (a) Raman spectra along with the magnified view of the D and G bands
showing the deconvolution of the G band region into G and D’ bands
for the CFP electrodes; (b) the variation of the D to G band intensity
ratio (Ip/Ig), and D to D’ band intensity ratio (Ip/Ip/) for the CFP
electrodes; (c) a plot of Ip/Ig versus Ip/ /I for the CFP electrodes. . . 76

4.8 (a) XPS survey spectra, and (b) the Cig peak along with its deconvolu-
tion to component peaks for P.CFP, 0.1IMCFP, OPT.CFP, 12.0MCFP
and CFP2.0V electrodes. The deconvoluted components peaks provided
quantitative measure of the different oxygen functional groups on the
surface and (c) a plot of charge transfer resistance (Rcr) versus the ra-
tio of the percentage of hydroxyl groups to the sum of the percentages

of epoxy and carbonyl groups. . . . . . . . ..o 78

Xix



LIST OF FIGURES

4.9

5.1
5.2

5.3

5.4

9.9

5.6

Accelerated stability test of the OPT.CFP electrode performed by (a)
cycling in the potential window 0.6—1.3 V at 50 mV/s scan rate in an
electrolyte solution of 0.05 M NagSOgs and 0.1 M HySOy; (b) impedance
spectra of OPT.CFP electrode (as Nyquist plot) at DC bias of 0.8 V,
and in the frequency range 1 MHz to 0.1 Hz recorded after 10*", 260",
510", 760" and 1010** CV cycles. The solid curves in the Nyquist plot
are the impedance simulated using the equivalent circuit of Figure 4.3e.
(c) Chronoamperometry at 0.7, 0.9 and 1.1 V (versus Ag/AgCl), in three
consecutive runs of 3000 seach. . . . . . . . ... .. ...

A schematic illustration of the CFP treatment process. . . . . . . . ..
FESEM images of (a) PC, (b) PC700, (c¢) 3.0VC, and (d) 3.0VC700
electrodes. The inset of the figures shows the magnified image of a
carbon fiber. . . . . ... L
XRD patterns of (a) pristine CFP (PC), anodized CFP (A-CFP), and
(b) RGO-CFP electrodes. Magnified view of (c) 002 diffraction peaks
and (d) 004 diffraction peaks for PC, A-CFP, and RGO-CFP electrodes.
Raman spectra along with the magnified view of the D and G bands
showing the deconvolution of the G band region into G and D’ bands
for the (a) PC, A-CFP, and (b) RGO-CFP electrodes. (c) The variation
of the D to G band intensity ratio (Ip/Ig), and (d) the plot of Ip/Ig
versus Ip/ /I intensity ratio is shown for the CFP electrodes. . . . . . .
XPS survey spectra for the (a) PC, A-CFP and (b) RGO-CFP elec-
trodes. The Cig peak along with its deconvolution to component peaks
for the (c) PC, A-CFP and (d) RGO-CFP electrodes. . . . . .. .. ..
Cyclic voltammograms (4" Cycle) at 10 mV/s scan rate in the elec-
troactive electrolyte for (a) RGO-CFP electrodes anodized at potentials
< 1.5 V and (b) RGO-CFP electrodes anodized at potentials > 2.0 V.
Impedance spectra of RGO-CFP electrodes shown in parts (a) and (b)
are presented as Nyquist curves (acquired in the electroactive electrolyte
at 0.3 V DC bias and frequency 1 MHz to 0.01 Hz ) in parts (c) and
(d). The equivalent circuit of part (e) was used to model the impedance
data and (f) is a plot of charge transfer resistance (Rcr) versus the ratio
of the percentage of hydroxyl groups to the sum of the percentages of

epoxy and carbonyl groups. . . . . . . . ... Lo

XX

101



LIST OF FIGURES

5.7

5.8

5.9

Al

A2

A3

Tafel plot for Pt and RGO-CFP electrodes obtained by plotting (a) the
logarithm of kinetic current (Jg ) for SO2 electro-oxidation versus over-
potential (1) and (b) shows the plot of calculated TOF for the reaction

versus overpotential in the electroactive electrolyte. . . . . . . . . . ..

Accelerated stability test of the 3.0VC900 electrode performed by (a)
cycling in the potential window 0.2 V0.7 V at 50 mV /s scan rate in an
electrolyte solution of 0.05 M NapSOgs and 0.1 M HySOy; (b) impedance
spectra of 3.0VC900 electrode (as Nyquist plot) at DC bias of 0.3 V,
and in frequency range 1 MHz to 0.01 Hz recorded after 10", 260",
510", 760" and 1010t CV cycles. The solid curves in the Nyquist plot
are the impedance simulated using the equivalent circuit of Figure 5.6e.

(c¢) Chronoamperometry at 0.4 V (versus Ag/AgCl), in four consecutive

runs of 3000 s each for 3.0VC900 electrode. . . . . . . . . . . .. ...

The image of an H-type cell used during the electrolysis experiments. . .

(a) Cyclic voltammograms (4" Cycle, 10 mV /s scan rate) in the elec-
troactive electrolyte for CFP electrodes anodized in 6 M HoSO,4 at differ-
ent potentials. Impedance spectra in the form of Nyquist curves for (b)
CFP1.0V and OPT.CFP electrodes (in the electroactive electrolyte) and
(c) CFP2.0V electrodes (in the electroactive and supporting electrolyte),
as well as (d) Bode impedance and phase angle curves of the electrodes
in the electroactive electrolyte were acquired at a DC bias of 0.8 V and
between 1 MHz to 0.1 Hz frequency. Equivalent circuit of Figure 4.3e
was used to model the impedance data of CFP1.0V and OPT.CFP elec-
trodes and Equivalent circuits (I) and (II) of part (c) were used to model
the impedance data of CFP2.0V electrode. The inset figure in part (d)
demonstrate the bode impedance and phase angle curves of CFP2.0V

electrode. . . . . . . .

Nyquist curves of OPT.CFP electrode obtained in (a) background elec-
trolyte and (b) electroactive electrolyte, at DC bias of 0.8 V, and between
1 MHz to 0.1 Hz frequency. The inset figures demonstrate the equiva-
lent circuit models and Nyquist curves in the high-frequency region (1.0

MHz to 35.0 Hz). The equivalent circuit model simulated impedance is

shown as the solid curves. . . . . . . . . . .. .. ...

LSV curves of (a) P.CFP, (b) 3.0MCFP, (¢) OPT.CFP and (d) 9.0MCFP

recorded in the electroactive electrolyte at 10 mV/s scan rate and 1649

xx1



LIST OF FIGURES

A.4 Tnverse of current density (1/4) versus inverse of square root of rotation
rate (1/w%%) from LSV data shown in Figure A.3 for CFP electrodes at
(a) 0.975 V, (b) 1.00 V, (c) 1.025 V, (d) 1.05 V and (e) 1.075 V versus
Ag/AgCl reference electrode. The kinetic current is recorded from the
intersection of 1/ versus 1/w%5. . . . . . . . ...
A.5 Four-point probe analysis of pristine and anodized CFP electrodes. The
slope of voltage versus current curve represents the ohmic resistance of
the CFP electrodes. . . . . . . . . . . .
A.6 EDX Elemental mapping of (a) P.CFP, (b) 0.IMCFP, (¢) OPT.CFP, (d)
12.0MCFP and (e) CFP2.0V electrodes surface. . . . . . . . . .. ...
A.7 EDX Elemental analysis of (a) Surface Blister, and (b) Bare Surface of
OPT.CFP electrode. . . . . . . . . . . . . o
A.8 XRD spectra of (a) 004, and (b) 006 diffraction peaks, as obtained for
the P.CFP, 0.1IMCFP, OPT.CFP, 12.0MCFP and CFP2.0V electrodes.
A.9 Fitted and deconvoluted XPS spectra of high resolution C; g peaks for (a)
P.CFP, (b) 0.1IMCFP, (¢) OPT.CFP, (d) 12.0MCFP and (e) CFP2.0V
electrodes. . . . . . .. oL
A.10 Fitted and deconvoluted XPS spectra of high resolution Oi5 peak of
P.CFP, 0.1MCFP, OPT.CFP, 12.0MCFP and CFP2.0V electrodes.
A.11 Fitted and deconvoluted XPS spectra of high resolution (a) Sop and (b)
Nig peaks of P.CFP, 0.1IMCFP, OPT.CFP, 12.0MCFP and CFP2.0V
electrodes. . . . . . .. Lo
A.12 Proposed reaction scheme for SOy oxidation over RGO-CFP electrode
surface involving an active role of the surface hydroxyl groups. . . . . .
A.13 (a) XPS survey spectra and (b) deconvoluted C1S peak of the CYCLED
OPT.CFP electrode after accelerated stability test. . . . . . . . . . ..

B.1 FESEM images for the side view of (a) PC and (b) 3.0VC electrode.
B.2 EDX Elemental mapping of (a) PC, (b) PC700, (c) 3.0VC and (d)
3.0VC700 electrodes surface. . . . . . . . . . . ...
B.3 Magnified view of 006 diffraction peak for (a) A-CFP and (b) RGO-
CFP electrodes. (c) ratio of 004 and 002 diffraction peak area, and (d)
FWHM of 002 diffraction peaks of the CFP electrodes. The 002 and 004
diffraction peaks are shown in Figure 5.3 of the main text. . . . . . . .
B.4 XRD patterns of (a) 3.0VC, 3.0VC500, 3.0VC700 and 3.0VC900. Mag-
nified view of (b) 004 diffraction peaks and (c) 006 diffraction peaks for

the above mentioned electrodes. . . . . . . . . . . ... ...

xxil

135

. 136



LIST OF FIGURES

B.5 Raman spectra along with the magnified view of the D and G bands
showing the deconvolution of the G band region into G and D’ bands
for (a) 2.0VC, 3.5VC, 2.0VC900 and 3.5VCI00 electrodes. (b) Plot of
the D to G band intensity ratio (Ip/Ig) for the A-CFP and RGO-CFP
electrodes shown in part (a). . . . . . . . . .. ... oL

B.6 Raman spectra along with the magnified view of the D and G bands
showing the deconvolution of the G band region into G and D’ bands for
(a) A-CFP and RGO-CFP electrodes anodized at 3.0 V and annealed
at different temperatures. (b) Plot of the D to G band intensity ratio
(Ip/Ig) for the A-CFP and RGO-CFP electrodes shown in part (a).

B.7 (a) XPS survey spectra, and high resolution C;g component peaks along

with its deconvolution to component peaks for (b) 3.0VC1000, (c) 3.5VC900

and (d) 2.0VCI00 electrodes. . . . . . . . . .. ..
B.8 Deconvoluted XPS spectra of high resolution Ci;g5 component peaks for
(a) PC, (b) 1.0VC, (c) 2.0VC and (e) 3.0VC electrodes. . . . . . . . ..
B.9 Deconvoluted XPS spectra of high resolution Ci;g5 component peaks for
(a) PC700, (b) 1.0VC700, (c) 2.0VC700, (d) 3.0VC700, (e) 3.0VC900
and (e) 3.0VC5H00 electrodes. . . . . . . . . ..o
B.10 Deconvoluted XPS spectra of high resolution Sop peak for (a) PC, PC700,
A-CFP, and (b) RGO-CFP electrodes. . . . . . . .. . ... ... ...
B.11 Deconvoluted XPS spectra of high resolution Njg peak for (a) PC,
PC700, A-CFP, and (b) RGO-CFP electrodes. . . . . . . .. ... ...
B.12 Four-point probe analysis of (a) pristine CFP, A-CFP and (b) RGO-CFP
electrodes. . . . . . . L oL

B.13 (a) Cyclic voltammograms (4"

cycle, 10 mV /s scan rate) in the sup-
porting or background electrolyte (BACK. E.) and electroactive elec-
trolyte (EL. ACT. EL.) for 3.0VC900 electrode. (b) The Nyquist curve
of 3.0VC900 electrode recorded in the supporting electrolyte at 0.3 V
DC bias and between 1 MHz to 0.01 Hz frequency is modeled with the
equivalent circuit shown at the top right corner of the plot. The inset
figure at the bottom right corner of part (b) shows the Nyquist curve
of the electrode in the electroactive electrolyte modeled with the equiv-
alent circuit model of Figure 5.6e of Chapter 5. The model simulated

impedance is shown as the solid curves. . . . . . . . .. .. ... ...

xxiii

. 151



LIST OF FIGURES

B.14 (a) Cyclic voltammograms (4" cycle, 10 mV /s scan rate) in the elec-

troactive electrolyte for Pt, 3.0VC900 and 3.0VC1000 electrodes. The
Nyquist curve in the electroactive electrolyte for (b) Pt electrode at 0.3
V DC bias and between 1 MHz to 0.1 Hz frequency is modeled with the
equivalent circuit shown at the top right corner of the plot. The equiva-
lent circuit model simulated impedance is shown as the solid curves. (c)

4th

Cyclic voltammograms (4" cycle, 10 mV /s scan rate) in the electroactive

electrolyte for 1.0VC, 1.5VC and 2.0VC electrodes. . . . . . . . . . ..

B.15 LSV curves of (a) 3.0VC1000, (b) 3.5VC900, (c) 3.0VC900, (d) 2.0VC900
and (e) Pt recorded in the electroactive electrolyte at 5 mV /s scan rate
and 300-600 RPM. (f) LSV curves recorded at 500 RPM are shown for

all the electrodes. . . . . . . . . . ..o

B.16 Inverse of current density (1/4) versus inverse of square root of rotation
rate (1/w’?) from LSV data shown in Figure B.15 for RGO-CFP and Pt
electrodes at (a) 0.38, (b) 0.40, (c¢) 0.42 and (d) 0.45 V versus Ag/AgCl

reference electrode. The kinetic current is recorded from the intersection

of 1/ versus 1/w0®. . . . . ..

B.17 Cyclic voltammogram of (a) Pt electrode and (b) RGO-CFP electrodes
in 0.1 M HySO4 at 5 mV/s scan rate. The curve shown in the inset of

part (a) corresponds to the hydrogen adsorption region. . . . . . . . . .

B.18 ECSA normalized integrated charge (@) obtained from chronoamper-
ometry at various potentials are plotted at first 50 s, 100 s, 150 s, 200
s, 250 s and 300 s versus the square root of time for (a) 3.0VC1000, (b)
3.5VC900, (c) 3.0VC900, (d) 2.0VCI00 and (e) Pt electrode. (f) The in-

1/2

tercept of () versus Time'/< is plotted at their corresponding potentials

for the RGO-CFP and Pt electrodes. . . . . . . . . . . . . . . .. ...

B.19 (a) XPS survey spectra and (b) deconvoluted Cig peak of the CYCLED

3.0VCI00 electrode after accelerated stability test. . . . . . . . . . . ..

XX1v



List of Tables

2.1

3.1
3.2

3.3

3.4

3.5

3.6

3.7

4.1
4.2
4.3

A comparison of the activity of various electrodes in terms of peak po-

tential and onset potentials obtained for SO9 electro-oxidation. . . . . . 25

Experimental conditions used for the activation of the HOPG electrode. 32
A comparative analysis of FWHM and diffraction peak area ratios (Agps/Aoo2
and Agps/Ago2) from the XRD analysis of pristine, partially exfoliated

and activated HOPG electrodes. . . . . . . . . . . . ... ... .... 40
A comparative analysis of Ip/Ig and Isp/Ig peak intensity ratios and

G peak position from the Raman spectra of pristine, partially exfoliated

and activated HOPG electrodes. . . . . . . . . . . . . . . . ... ... 42
The elemental compositions and O/C ratio of pristine, partially exfoli-
ated and activated HOPG electrodes. . . . . . . . . . . . .. .. ... 45

The surface compositions of C—S—C and C—SOx—C functional groups,
as obtained for pristine, partially exfoliated and activated HOPG elec-
trodes from the area of deconvoluted Sop peaks shown in Figure 3.6b. . . 45
The surface compositions of C=C, C-C, C-OH, C-O-C, and C=0 func-
tional groups, as obtained for pristine, partially exfoliated and activated

HOPG electrodes from the area of deconvoluted component shown in

Figure 3.6c. . . . . . . . . . e 45
Electrochemical surface area of HOPG electrodes. . . . . . . . . . . .. 46
Anodization conditions used for the synthesis of CFP electrodes. . . . . 58
Electrochemical surface area of CFP electrodes. . . . . . . . . . . . .. 60

The best-fit parameters of the equivalent circuit model of Figure 4.3e
used to model the impedance response of pristine and anodized CFP
electrodes. The model parameter values included in the table are Rg,
Ry, Ror, Qo, agpand Zyy. . . . . .. .o 70

XXV



LIST OF TABLES

4.4

4.5
4.6

4.7

5.1
5.2
5.3

5.4

5.5

5.6

5.7

5.8

Al

A2

A3

The exchange current density (j,) for the pristine and anodized CFP
electrodes. . . . . . . .. L 71
Ohmic resistance of the electrodes measured using four-point probe method 72
XPS elemental compositions and O/C ratio of pristine and anodized

CFP electrodes. . . . . . . . . . . 79
The surface compositions of C=C, C—C, C—OH, C—0-C, and C=0
functional groups, as obtained for (a) P.CFP, (b) 0.IMCFP, (c¢) OPT.CFP,

(d) 12.0MCFP and (e) CFP2.0V electrodes from area of deconvoluted

C1s component peaks shown in Figure 4.8b. . . . . . . . . . . ... .. 80

Experimental conditions used for the synthesis of RGO-CFP electrodes. 92

ECSA of pristine and RGO-CFP electrodes. . . . . . . . . .. .. ... 95
The elemental compositions and O/C ratio of pristine (PC), anodized
(A-CFP) and RGO-CFP electrodes determined from XPS. . . . . . .. 106

The surface compositions of C=C, C—C, C—OH, C—0-C, and C=0
functional groups for PC, A-CFP and RGO-CFP electrodes, as obtained

from the area of deconvoluted C;g component peaks shown in Figures

5.5c—5.5d. . .. L 108
Sheet resistance of the PC, A-CFP and RGO-CFP electrodes measured
using the four-point probe method. . . . . . . . . . .. .. ... ... 108

The best-fit parameters of the equivalent circuit model of Figure 5.6e

used to simulate the impedance response of Pt, pristine (PC), anodized

(A-CFP), and RGO-CFP electrodes. . . . . . .. .. ... ... .... 112
Exchange current density (j,) of the Pt and the CFP electrodes activated
at different conditions. . . . . . ..o oL oL 115

The anolyte concentration data, current efficiency (n7) and charge (Q)
supplied during the electrolysis in the anodic compartment of H-Cell at
0.4 Vwversus Ag/AgCL . . . . . . . . 120

The best-fit parameters (Rg, Ry, Ror, @4, 0y and Zyy) of the equivalent
circuit model of Figures 4.3e and A.lc used to model the impedance
response of CFP1.0V, and CFP2.0V electrodes. . . . . . . . .. .. .. 130
The best-fit parameters (Qpr, apr and XZ) of the equivalent circuit
model of Figure 4.3e and A.lc used to model the impedance response of
pristine and anodized CFP electrodes. . . . . . . . . . . . .. ... .. 130
The surface compositions of C=0 and C-O functional groups, as ob-
tained for P.CFP, 0.1IMCFP, OPT.CFP, 12.0MCFP and CFP2.0V elec-
trodes from the area of deconvoluted O1g peaks shown in Figure A.10. . 138

XXV1



LIST OF TABLES

A4

A5

A6

AT

A8

B.1

B.2

B.3

B.4

B.5

The surface compositions of Carbon-Sulfur (C-S) and Carbon-Nitrogen
(C-N) based functional groups, as obtained for P.CFP, 0.1MCFP, OPT.CFP,
12.0MCFP and CFP2.0V electrodes from the area of deconvoluted Sop

and Nig peaks shown in Figure A.11. . . . . . . . . . . .. ... ... 140
The best-fit parameters (Rg, Ry, Ror, @4, 0y and Zyy) of the equivalent
circuit model of Figure 4.3e used to model the impedance response of
OPT.CFP electrode after 10", 260", 510", 760" and 1010** CV cycles

(for accelerated stability test) in 0.05 M NagSOj3 solution in 0.1 M HySO4
electrolyte. . . . . . . . ... 141
The best-fit parameters (Qpr, apr and x?) of the equivalent circuit
model of Figure 4.3e used to model the impedance response of OPT.CFP
electrode after 10", 260", 510", 760t" and 1010** CV cycles (for accel-
erated stability test). . . . . . . . ... Lo 142
The surface compositions of elements i.e., C, O, N and S, as obtained

for the CYCLED OPT.CFP electrode after accelerated stability test. . . 143
The surface compositions of C=C, C-C, C-OH, C—0-C, and C=0
functional groups, as obtained for the CYCLED OPT.CFP electrode

after accelerated stability test, from the area of deconvoluted C;g peaks
shown in Figure A.13b. . . . . . . . . . . ..o 143

XPS elemental compositions and O/C ratios for 3.0VC1000, 3.5VC900
and 2.0VC900 electrodes. . . . . . . . . ..o 152
The surface compositions of C=C, C-C, C-OH, C-0O-C, and C=0
functional groups for PC, A-CFP and RGO-CFP electrodes, as obtained
from the area of deconvoluted Cig component peaks shown in Figures B.7.153
The surface compositions of carbon-sulfur (C-S) and carbon-nitrogen
(C-N) based functional groups, as obtained for PC, A-CFP and RGO-
CFP electrodes, from the area of deconvoluted Sop and Nqg peaks shown
in Figures B.10 and B.11. . . . . . . . . ... 000000 156
Peak potential and onset potential (at 200 A cm~2) for CFP electrodes
and Pt from the CV curves shown in Figure B.14a and Figures 5.6a—b
of Chapter 5. . . . . . . . . ... 159
The best fit parameters (Qpr, apr and x?) obtained from the equiv-
alent circuit model (as shown in Figure 5.6e of Chapter 5) simulated

impedance response of CFP electrodes and Pt. . . . . . . ... .. .. 161

XxXVvii



LIST OF TABLES

B.6

B.7

B.8

B.9

The integrated charge (Qr) obtained from the CV curves of Figures
B.17a—b, charge due to electric double layer capacitance (Qgprc) ob-
tained from the slope of curves shown in Figure B.18f, and the number
of active sites (n') calculated by using Equation B.1. . . . . . . . . ..
The best-fit parameters (Rg, Ry, Ror, @4, 0y and Zyy) of the equivalent
circuit model of Figure 5.6e used to model the impedance response of
3.0VC900 electrode after 10", 260", 510", 760" and 1010t" CV cycles
(for accelerated stability test) in 0.05 M NagSOj3 solution in 0.1 M HySO4
electrolyte. . . . . . . . . . L
The best-fit parameters (Qpr, apr and x?) of the equivalent circuit
model of Figure 5.6e used to model the impedance response of 3.0VC900
electrode after 10", 260", 510t", 760t" and 1010** CV cycles (for accel-
erated stability test). . . . . . . . ... Lo
The surface compositions of elements i.e., C, O, N and S, as obtained
for the CYCLED 3.0VC900 electrode after accelerated stability test.

B.10 The surface compositions of C=C, C-C, C-OH, C-O-C, and C=0 func-

tional groups, as obtained for the CYCLED 3.0VC900 electrode after
accelerated stability test, from the area of deconvoluted Cig component
peaks shown in Figure B.19b. . . . . . . . ... .00

xxviil



Nomenclature and list of

abbreviations
Symbol Definition
E Applied potential (V)
E° Equilibrium (or thermodynamic reversible) potential
(V)
a Activity (Bq)
z Number of electrons transferred
r, s, u and v Stoichiometric coefficients

R Universal gas constant (J mol™* K1)
F Farday constant (C mol™!)

T Temperature (°C or K)

P Pressure (bar or atm.)

K

I First dissociation constant
K1 Second dissociation constant
v/v Volume/volume
A Wavelength (nm)
7 Angle of diffraction (°)
C Capacitance (F)
Cu Helmholtz capacitance (F cm™2)
f Applied frequency (Hz)
Z" imaginary part of impedance (Q or Q cm?)
A4 imaginary part of impedance (2 or £ cm?)
A Area of electrode (cm?)
Acy Area enclosed by CV curve (C)
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NOMENCLATURE AND LIST OF ABBREVIATIONS

Apy

@m

I

Ip. I, Lp, Ip
Rer

Rs

Ry

Zy

Qpr

TOF
JK

QEDLC

Qr
My
Mg
Cr

V/
ni

Real surface area of platinum electrode (cm?)

Scan rate (V/s)

Voltage window (V)

Voltage (V)

Electron or elementary charge (C)

Surface metal atom density of platinum (cm™2)
Electric charge (C)

Charge associated with monolayer (hydrogen) adsorp-
tion (C)

Current (A)

Intensity of Raman bands

Charge transfer resistance (2 cm?)

Solution resistance (£ cm?)

Resistance due to CPE, (€ ¢cm?)

Warburg impedance (s? Q! em?)

Magnitude of impedance for CPEpy, (s*Q ' cm ?)
Magnitude of impedance for CPE, (s*Q ' cm ?)
angular frequency (rad/s)

Factor associated with the phase of the impedance
Goodness of fit

Maximum magnitude of phase angle (°)

Current density (A cm™?)

Exchange current density (A cm™?)

Sheet resistance (€ sq.™!)

Turnover frequency (s™!)

Kinetic current density (A cm™2)

Number of active sites (mol cm™—2)

Charge due to electric double layer capacitance (C
cm™2)

Integrated charge obtained from CV curves (C cm™2)
Theoretical increase in the amount of acid (mols)
Actual increase in the amount of acid (mols)

Initial concentration of anolyte (H2SO4 solution) (M)
Final concentration of anolyte (HoSO4 solution) (M)
Volume of anolyte (HySOy solution) (ml)

faradaic efficiency (%)
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NOMENCLATURE AND LIST OF ABBREVIATIONS

Abbreviation Description
HOPG Highly oriented pyrolytic graphite
ACT Activated HOPG

PART. EXF. HOPG Partially exfoliated HOPG
PART. ACT. HOPG Partially activated HOPG

S-HOPG Sulfur covered pristine HOPG
CFP Carbon fiber paper

P.CFP or PC Pristine CFP

OPT.CFP Optimally anodized CFP

GO Graphene oxide

RGO Partially reduced graphite oxide
A-CFP Anodized CFP

RGO-CFP RGO surface formed on self standing CFP by annealing
OER Oxygen evolution reaction

S—1I cycle Sulfur-iodine cycle

HyS cycle Hybrid sulfur cycle

Pt Platinum

Au Gold

Pd Palladium

Rh Rhodium

Ir [ridium

Cr Chromium

Cu Copper

Al Aluminium

M Metal

Pt—M Pt based bimetallic catalyst
M-0O Metal oxide

M-OH Metal hydroxide

Pt/C Platinum supported on carbon
Pd/C Palladium supported on carbon
TiO, Titanium dioxide

Pt/Ti Platinized titanium

Au/TiO, Gold nanoparticles supported on titania
GC Glassy carbon

IG Impregnated graphite
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NOMENCLATURE AND LIST OF ABBREVIATIONS

NG
GR
BRX
ExCO
EGO
FESEM
EDX
XRD
XPS
CV
EIS
LSV
RHE
SHE
BET
eps
ECSA
FWHM
3D
RDE
DC
AC

BACK. E.
EL. ACT. E.

CPE
CPEpL,
CPE,

ZcpPE
DoS

Natural graphite
Graphite rod
Activated carbon

Carbon prepared from cracked carbon monoxide

Electrochemical graphite oxide

Field emission scanning electron microscopy

Energy dispersive X-ray
X-ray diffraction
X-ray photoelectron spectroscopy

Cyclic voltammetry or cyclic voltammogram
Electrochemical impedance spectroscopy

Linear sweep voltammetry
Reversible hydrogen electrode
Standard hydrogen electrode
Brunauer-Emmett-Teller

Electrons per site

Electrochemical surface area

Full width at half maximum
Three-dimensional

Rotating disk electrode

Direct current

Alternating current

Background or supporting electrolyte
Electroactive electrolyte

Constant phase element

CPE for the double layer capacitance
CPE for the pseudocapacitance
Impedance of constant phase element
Electronic density of state
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