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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 CO2, SO2, 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

(SO2) and water into sulfuric acid (H2SO4). 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 SO2 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 SO2 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
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with high activity for SO2 electro-oxidation, which could also be used in other

industrially important applications like flue gas desulfurization and SO2 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 SO2 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 SO2 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 H2SO4 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 SO2 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 SO2 electro-oxidation. Different process pa-
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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

(>1.2 V).

In the second work, our primary focus was the synthesis of a carbon-based

electrode of high activity for SO2 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 SO2 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 µAcm–2 compared to 0.046 µAcm–2).

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.

vii



In the last study, we report a significant increase in the activity of a carbon elec-

trode for SO2 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 (EIS) were used to quantify the

activity of the electrode for SO2 electro-oxidation. The electrode’s charge trans-

fer resistance for SO2 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 SO2 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 µA cm−2 compared to 0.17 µA cm−2 for Pt).

Keywords: SO2 electro-oxidation, CFP, oxygen functionalization, partially

reduced graphite oxide, anodization, HOPG, electrochemical surface modifica-

tions.
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हाइडŌ ोजन, अपनी उǄ ऊजाŊ घनȕ और Ɋूनतम पयाŊवरणीय Ůभाव के साथ, िविभɄ ऊजाŊ 

अनुŮयोगो ंमŐ जीवाʳ ईंधनो ंके िलए एक आशाजनक िवकʙ के ŝप मŐ खड़ा है। वतŊमान 

मŐ, हाइडŌ ोजन उȋादन मुƥ ŝप से जीवाʳ ईंधन आधाįरत िविधयो ं जैसे ːीम मीथेन 

įरफॉिमōग, तेल और कोयला गैसीकरण पर िनभŊर है, जो CO2, SO2 और अɊ हािनकारक 

उȖजŊन मŐ योगदान करते हœ। इसके िवपरीत, जल इलेƃŌ ोिलिसस, जो सौर, पवन या 

परमाणु ऊजाŊ जैसे नवीकरणीय ŷोतो ंȪारा संचािलत होती है, हाइडŌ ोजन उȋादन के िलए 

एक हįरत मागŊ Ůदान करती है। हालांिक, जल इलेƃŌ ोिलिसस मŐ एनोड पर ऊजाŊ-गहन 

और धीमी ऑƛीजन िवकास ŮितिŢया (OER) के कारण चुनौितयाँ हœ। इसका एक Ůभावी 

िवकʙ OER को सʚर डाइऑƛाइड (SO2) और पानी के िवद्युत रासायिनक 

ऑƛीकरण Ȫारा स̵ɡूįरक एिसड (H2SO4) मŐ बदलना है। यह ̊िʼकोण हाइडŌ ोजन 

उȋादन के िलए अŮȑƗ जल-िवभाजन के िलए सʚर-आयोडीन (S–I) और हाइिŰड 

सʚर (HyS) चŢ जैसी ŮिŢयाओ ंमŐ Ůासंिगक है। हालांिक, SO2 इलेƃŌ ो-ऑƛीडेशन 

भी एक तेज़ ŮितिŢया नही ं है और उिचत ŮितिŢया दर के िलए उǄ वोʐेज की 

आवʴकता होती है, िजससे िवद्युत ऊजाŊ का अिधक उपयोग होता है। 

SO2 इलेƃŌ ो-ऑƛीडेशन को तेज़ और कुशल बनाने के िलए नोबल मेटल 

इलेƃŌ ोकैटेिलː जैसे Pt, Au और Pd का उपयोग िकया जाता है। हालांिक, नोबल मेटʤ 

कैटािलː पॉइज़िनंग के Ůित संवेदनशील होते हœ और इनकी उपयोिगता बड़ी लागत के – 
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कारण सीिमत होती है, िवशेष ŝप से बड़े पैमाने पर उȋादन के िलए। इसिलए, SO2 इलेƃŌ ो-

ऑƛीडेशन के िलए उǄ सिŢयता वाले कम लागत के इलेƃŌ ोड सामŤी को िवकिसत करना 

बŠत आकषŊक है, िजसका उपयोग ̫ʞू गैस डीसʚराइजेशन और SO2 सŐिसंग जैसे अɊ 

औȨोिगक ŝप से महȕपूणŊ अनुŮयोगो ंमŐ भी िकया जा सकता है। 

काबŊन एक ʩापक ŝप से उपयोग की जाने वाली इलेƃŌ ोड सामŤी है, जो कम लागत, 

ʩापक उपलɩता, अǅी रासायिनक और िवद्युत-रासायिनक İ̾थरता Ůदान करती है। यह 

िविभɄ ŝपो ंमŐ उपलɩ है, जैसे Ťेफाइट, काबŊन ɰैक, पायरोŤाफाइट, एİƃवेटेड काबŊन, Ƹासी 

काबŊन, आिद। हालांिक, काबŊन आमतौर पर इलेƃŌ ोड मŐ समथŊन या करंट कलेƃर के ŝप मŐ 

उपयोग होता है, िजसमŐ नोबल मेटल-इलेƃŌ ोकैटेिलː सिŢय सामŤी के ŝप मŐ कायŊ करता है। 

यह SO2 इलेƃŌ ो-ऑƛीडेशन के िलए सबसे कम सिŢय सामŤी मŐ से एक है, िजससे इसे इस 

ŮितिŢया के िलए एक ˢतंũ इलेƃŌ ोड के ŝप मŐ उपयोग करना मुİʭल हो जाता है। 

इस अȯयन मŐ, ȯान सरल िवद्युत-रासायिनक संʶेषण के माȯम से उǄ सिŢयता वाले, 

सेʚ- œːिडंग काबŊन फाइबर पेपर (CFP) और उǄ अिभिवɊास वाले पायरोिलिटक Ťेफाइट 

(HOPG) इलेƃŌ ोड िवकिसत करने पर कŐ िūत था। दूसरा उȞेʴ CFP इलेƃŌ ोड की सतह 

ऑƛीजन कॉȴŐट को स̵ɡूįरक एिसड मŐ एनोडाइजेशन और नाइटŌ ोजन वातावरण मŐ एनीिलंग 

Ȫारा अनुकूिलत करके उनकी गितिविध को ɘेिटनम इलेƃŌ ोड के ˑर तक बढ़ाना था। 

पहले Ůयोगाȏक अȯयन मŐ, हमारा उȞेʴ एक सरल, दो-चरणीय, िवद्युत रासायिनक 

ŮिŢया Ȫारा वािणİǛक ŝप से उपलɩ HOPG शीट की गितिविध मŐ सुधार करना था। पहले 

चरण मŐ, H2SO4 घोल मŐ HOPG शीट का आंिशक एƛफोिलएशन शािमल था, जो इलेƃŌ ोड 

सतह पर ऑƛीजन फ़ंƕनल समूहो ंकी पीढ़ी के िलए िकया गया था। इस ŮिŢया ने न केवल 

संरचनाȏक दोष उȋɄ िकए, बİʋ सतह पर लंबवत उɉुख Ťेफीन ɢेƛ का िनमाŊण भी 

िकया, िजससे इलेƃŌ ोड का सतही Ɨेũफल काफी बढ़ गया। इलेƃŌ ोड संʶेषण का दूसरा चरण 

आंिशक ŝप से एƛफोिलएटेड HOPG सतह पर जलीय SO2 के िवद्युत रासायिनक कमीकरण  
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से संबंिधत था। इसने इलेƃŌ ोड सतह पर सʚर परत के िनमाŊण का पįरणाम िदया, 

िजससे SO2 इलेƃŌ ो-ऑƛीडेशन के Ůित इलेƃŌ ोड की गितिविध बढ़ गई। िविभɄ ŮिŢया 

मापदंडो,ं जैसे इलेƃŌ ोलाइट की सांūता (पहले चरण मŐ) और कम वोʐेज (दूसरे चरण मŐ), 

को अनुकूिलत िकया गया। सबसे अǅे इलेƃŌ ोड ने ऑƛीकरण िशखर को Ůारंिभक 

HOPG (>1.2 V) की तुलना मŐ काफी कम वोʐेज (∼1.0 V) पर िदखाया। 

दूसरे अȯयन मŐ, हमारा मुƥ ȯान SO2 इलेƃŌ ो-ऑƛीडेशन के िलए उǄ 

सिŢयता वाले काबŊन-आधाįरत इलेƃŌ ोड के संʶेषण पर था। स̵ɡूįरक एिसड घोल मŐ 

काबŊन फाइबर पेपर के एनोडाइजेशन के माȯम से सतह ऑƛीजन फ़ंƕनल समूहो ं

को पेश करके इलेƃŌ ोड की गितिविध मŐ महȕपूणŊ सुधार Ůाɑ िकए गए। CFP की 

यांिũक ताकत इसे उǄ चालकता वाले एक सेʚ- œːिडंग इलेƃŌ ोड के ŝप मŐ उपयोग 

करने की अनुमित देती है। हमने िदखाया िक स̵ɡूįरक एिसड मŐ CFP का एनोडाइजेशन 

सतह पर ऐसे बदलाव करता है जो इसे SO2 इलेƃŌ ो-ऑƛीडेशन के िलए अȑिधक 

सिŢय बनाते हœ। 

कंुजी शɨ: SO2 इलेƃŌ ो-ऑƛीडेशन, CFP, ऑƛीजन कायाŊȏकता, आंिशक ŝप से 

घिटत Ťेफाइट ऑƛाइड, एनोडाइज़ेशन, HOPG, िवद्युत-रासायिनक सतह संशोधन। 
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Symbol Definition

E Applied potential (V)

Eo 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−1 K−1)

F Farday constant (C mol−1)

T Temperature (◦C or K)

P Pressure (bar or atm.)

KI First dissociation constant

KII Second dissociation constant

v/v Volume/volume

λ Wavelength (nm)

θ Angle of diffraction (◦)

C Capacitance (F)

CH Helmholtz capacitance (F cm−2)

f Applied frequency (Hz)

Z ′′ imaginary part of impedance (Ω or Ω cm2)

Z ′ imaginary part of impedance (Ω or Ω cm2)

A Area of electrode (cm2)

ACV Area enclosed by CV curve (C)
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APt Real surface area of platinum electrode (cm2)

ν Scan rate (V/s)

∆V Voltage window (V)

V Voltage (V)

e Electron or elementary charge (C)

dm Surface metal atom density of platinum (cm−2)

Q Electric charge (C)

Qm Charge associated with monolayer (hydrogen) adsorp-

tion (C)

I Current (A)

ID, IG, I2D, ID′ Intensity of Raman bands

RCT Charge transfer resistance (Ω cm2)

RS Solution resistance (Ω cm2)

Rϕ Resistance due to CPEϕ (Ω cm2)

ZW Warburg impedance (s0.5Ω–1 cm–2)

QDL Magnitude of impedance for CPEDL (sαΩ–1 cm–2)

Qϕ Magnitude of impedance for CPEϕ (sαΩ–1 cm–2)

ω angular frequency (rad/s)

α Factor associated with the phase of the impedance

χ2 Goodness of fit

ϕmax Maximum magnitude of phase angle (◦)

j Current density (A cm−2)

jo Exchange current density (A cm−2)

RSH Sheet resistance (Ω sq.−1)

TOF Turnover frequency (s−1)

JK Kinetic current density (A cm−2)

n′ Number of active sites (mol cm−2)

QEDLC Charge due to electric double layer capacitance (C

cm−2)

QT Integrated charge obtained from CV curves (C cm−2)

MT Theoretical increase in the amount of acid (mols)

ME Actual increase in the amount of acid (mols)

CI Initial concentration of anolyte (H2SO4 solution) (M)

CF Final concentration of anolyte (H2SO4 solution) (M)

V ′ Volume of anolyte (H2SO4 solution) (ml)

ηI faradaic efficiency (%)
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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– I cycle Sulfur-iodine cycle

HyS cycle Hybrid sulfur cycle

Pt Platinum

Au Gold

Pd Palladium

Rh Rhodium

Ir Iridium

Cr Chromium

Cu Copper

Al Aluminium

M Metal

Pt–M Pt based bimetallic catalyst

M–O Metal oxide

M–OH Metal hydroxide

Pt/C Platinum supported on carbon

Pd/C Palladium supported on carbon

TiO2 Titanium dioxide

Pt/Ti Platinized titanium

Au/TiO2 Gold nanoparticles supported on titania

GC Glassy carbon

IG Impregnated graphite
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NG Natural graphite

GR Graphite rod

BRX Activated carbon

ExCO Carbon prepared from cracked carbon monoxide

EGO Electrochemical graphite oxide

FESEM Field emission scanning electron microscopy

EDX Energy dispersive X-ray

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

CV Cyclic voltammetry or cyclic voltammogram

EIS Electrochemical impedance spectroscopy

LSV Linear sweep voltammetry

RHE Reversible hydrogen electrode

SHE Standard hydrogen electrode

BET Brunauer-Emmett-Teller

eps Electrons per site

ECSA Electrochemical surface area

FWHM Full width at half maximum

3D Three-dimensional

RDE Rotating disk electrode

DC Direct current

AC Alternating current

BACK. E. Background or supporting electrolyte

EL. ACT. E. Electroactive electrolyte

CPE Constant phase element

CPEDL CPE for the double layer capacitance

CPEϕ CPE for the pseudocapacitance

ZCPE Impedance of constant phase element

DoS Electronic density of state
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