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Abstract

Even after 200 years of the industrial revolution, fossil fuels remain the dominant
source of energy for the modern society. However, fossil fuel combustion releases
a significant amount of greenhouse gases, contributing to the global warming and
a yearly temperature increase of 1.5 °C. At this moment, the atmospheric CO,
level has reached to a critical point of nearly 400 ppm and is continuously increas-
ing. Although photosynthesis has played a crucial role in balancing the atmospheric
CO, levels close to the global average of 350 ppm, building a sustainable society
hinges on adopting alternative energy sources with minimal environmental impact.
The conversion of CO, into valuable chemicals is a vital path toward achieving a
green and sustainable future. On the other side, hydrogen can be considered a
zero-emission fuel, an alternative to fossil fuels. However, industrial-scale hydrogen
production relies on energy-intensive pathways with substantial carbon emissions.
Water electrolysis is a green approach to hydrogen production. However, with high
thermodynamic energy requirements and sluggish kinetics for the anodic oxygen evo-
lution reaction (OER), the counter reaction of hydrogen evolution reaction (HER)
during water electrolysis becomes energetically less probable. Development of an
clectrocatalyst that reduces the thermodynamic and kinetic barrier is crucial for
achieving cost-effective hydrogen production through HER. In this context, the tran-
sition metal chalcogenides (TMCs) have emerged as promising electrocatalysts due
to their unique electronic structure and properties. Despite the notable electrochem-

ical performance of TMCs in water splitting or CO, reduction, the TMCs, under



alkaline pH and anodic potential, are not stable. Under electrochemical conditions,
TMCs often transform into metal oxides, hydroxides, or oxyhydroxides. In-situ and
ex-situ spectroscopic have been useful tools for the identification of the chemical and

morphological changes during electrocatalysis.

This thesis, entitled “Detection of Electroactive Species Derived from Tran-
sition Metal Chalcogenides During Electrocatalysis”, deals with the detec-
tion of electroactive species derived from the TMC-based electrocatalyst during elec-
trochemical performances. The identification of the electroactive species provides a

detailed understanding of the reaction mechanism.

The mechanistic pathway of the OER, consistently varies depending on the surface
structure of the catalyst, making it challenging to visualize. Regarding the mecha-
nistic interpretation of the rate-limiting step, the reaction order, and other intrinsic
parameters, electrokinetic studies are particularly interesting. However, the OER
electrokinetics on Greigite (Fe;S,) is relatively less explored. Given that, in the first
work chapter of the thesis, a detailed study on FesS, has been carried out. Greigite
(FesS,) nanosheets synthesized by the solvothermal method recorded an overpoten-
tial of 251 (£6) mV at a current density (j) of 10 mA ¢m™2. The ex-situ post-OER
analysis of FesS,/NF anode confirmed the formation of a-FeO(OH) as an electroac-
tive species. The experimentally derived transfer coefficient o (1.90), exchange cur-
rent density 7, (3.06 x 107 mA cm™2), and a Tafel slope of 45.9 mV dec™! indicate
0O-0O bond formation as the rate-limiting step. The nucleophilic attack of OH™ on the

Fe(IV)=0 leads to the generation of iron(IIl) hydroperoxo (Fe(III)-OOH) species.



The electroactive species has a low OER activation energy (E,) of 53 (£2.1) kJ

mol~!, following a 2" order reaction kinetics.

In the subsequent chapter, a detailed electrochemical study of Fe;X, type TMCs
has been performed. Mixed-valence iron chalcogenide with a typical formula Fe;X,
where X can be O, S, and Se exhibit unique electronic properties due to the pres-
ence of Fe'' and Fe' in their sub-lattices. Despite both Fe;0, and Fe,S, possessing
an inverse spinel structure with cubic lattice and iron atoms in both tetrahedral
(Ty) and octahedral (Oy) sites, FezSe, adopts a monoclinic crystal system, where
iron atoms occupy only the O, sites. Notably, the bulk morphology and exposed
facets of the solvothermally prepared Fe;X, nanomaterials are different. Fe;Se, and
FesS, possess (002) and (400) planes, respectively, while (311) remained the exposed
facets for FesO,. Lattice correlation to the exposed facets confirmed the presence
of only Fe"! centres in the case of Fe;Se,, while Fe'' and Fe' centres are present as
exposed in the case of FesS, and Fe;O4. The cyclic voltammetry (CV) study with
Fe,;S, and FesSey reveals that both Fe'' and chalcogenide anions (S* /Se®”) show irre-
versible oxidation within -0.2 to 1.0 V (vs RHE). CV cycling (10 cycles) within this
potential window and concomitant ex-situ Raman spectra identified the formation
of trigonal-Se (t-Se) on the clectrode surface. Chronoamperometry at 1.47 V and
subsequent post-CA characterization reveal the formation of a-FeO(OH)@Qt-Se as
the electroactive species. The electrochemically derived a-FeO(OH)@Qt-Se delivered
OER activity with 219 mV overpotential (@ 10 mA cm~2). The better OER activity
of a-FeO(OH)@t-Se is evident from the low Tafel slope, low charge-transfer resis-

tance (R, ), and high exchange current density (jg). The difference in the lattice



structure of FesSe, and FesS, and the electrochemical potential of S* and Se? and
the stability of the elemental state of the chalcogenide counterpart play an intriguing
role in the formation of electroactive species and a distinct reconstruction pathway

is followed for the Fes;X,.

In another work chapter, the electrochemical activity of a-NiS based electrode has
been explored. Nanocrystalline a-NiS, synthesized via solvothermal methods, has
been selected as an electrode material in pursuit of electrode materials with mul-
tifunctional capabilities. @-NiS deposited onto conductive nickel foam (NF) as an
anode, where, upon application of anodic potential, the a-NiS transform amorphous
electro-derived NiO(OH) (NiO(OH)gp). The in-situ transformation of a-NiS to
amorphous NiO(OH)gp enhances the electrochemical surface area, enabling efficient
OER catalysis at a moderate overpotential of 264 mV (at 20 mA cm™2), while also
converting organic compounds such as 2-hydroxymethylfurfural (HMF), 2-furfural
(FF), ethylene glycol (EG), and glycerol (Gly) to essential feedstocks. During these
organic oxidations, (NiO(OH)gp)/NF engages in a multiple-electron oxidation pro-
cess, including C-C bond cleavages, while the structural integrity of the a-NiS/NF
electrode remains intact, demonstrating superior cathodic performance for alkaline
hydrogen evolution reaction (HER) and CO, reduction (CO5R). Upon pairing, a-NiS
and its electro-oxidized (NiO(OH)gp) counterpart in a fabricated cell, a-NiS/NF|(-
)/(+)NiO(OH)ED/NF, facilitates an artificial photosynthetic scheme wherein the
(NiO(OH)gp)/NF anode oxidizes water to O,. At the same time, the a-NiS cathode

reduces CO, at a moderate cell potential.



In another work, Covellite (CuS) has been chosen as the anode material, and its
structural reformation to evolve the reactive species under anodic conditions has
been done. A facile hydrothermal method is utilized to prepare Covellite (CuS)
nanoplates, where copper exists in a mixed-valent state. The as-synthesized CuS
serves as an efficient electro(pre)catalyst for alkaline water oxidation when deposited
on glassy carbon (GC) and nickel foam (NF) electrodes, exhibiting electrochemical
and irreversible oxidation to CuO during cyclic voltammetry, as evidenced by a
redox feature at 1.2 V (vs RHE) and confirmed by ex-situ Raman study. Electro-
chemically activated CuS (CuSgya) to the CuO is a copper-based catalyst with 349
(£5) mV overpotential at a current density of 20 mA cm™2. The CuSg,/NF anode
can sustain a stable current output of approximately 15 mA c¢cm~2 for 10 hours. The
integrated water electrolyzer configuration, Pt(-)/(+)CuSgs/NF, achieved a current
density (j) of 10 mA cm™2 at 1.58 V cell potential and was utilized further for the
electrochemical conversion of ethanol, furfural, and 5-hydroxymethylfurfural to their

respective acids.

In the final work chapter of the thesis, the structure and electrochemical activity
of CugSs have been compared with an analogous mixed-valence CuS to infer the ef-
fect of electronic structure to regulate the electrochemical activity. Nanostructured
CugS; and CuS are synthesized and employed as electrode materials for electrochem-
ical investigation, with powder X-ray diffraction (PXRD) and microscopic analyses
revealing the exposed surface of CugSs as d(0015) and CuS as d(002). The d(0015)
surface of CugS; comprises tetrahedral (7,) Cu', distorted octahedral (Op,) Cu',

and trigonal planar (7,) Cu' sites, while the (002) surface of CuS consists solely of



tetrahedral (7}) Cu'. The variation in the electrochemical behaviour between CugSs
and CuS originates from the distinct copper sites on their exposed surfaces and their
respective redox states. In-situ Raman spectra reveal that CugSs exhibits greater
electrochemical lability than CuS. Contact-angle and BET analyses suggest that the
high surface energy and macroporous nature of the CugyS; surface facilitates elec-
trolyte diffusion, resulting in a notable redox response. Post-chronoamperometric
(CA) analyses reveal the potential-dependent structural transformation of CugSs
and CugS; to CuO/Cu,O/Cu(OH), electroactive species. The performance of these
in-situ formed copper oxides in electrocatalytic water-splitting surpasses that of the
pristine copper sulfides. The correlation between structure and activity offers com-
prehensive insights into interpreting the electrochemical properties of metal sulfides
and their potential-driven surface/bulk transformation pathway to develop the ac-

tive phase.



I

200 st & ftertfiren shifd & are i, Siarsd e snyfHen FHTST & fo1g g St &id a
gU &1 gIefifch, Sitaned Se o g4 8 9 A 7 WHged 19 Aeretdt &, it weftaret anfefn
# I &t § SR A1 agAE # 1.5 °C Y gig el €1 39 999, argegeta CO,
TR T 400 UIYIGH o Ageayquf feig deh Ugd AT § 3R THIIAR 516 8T 81 gleliich UehT2l-
HRAWUT 7 FRgHSAI CO, TR &l AfYer 3fiea 350 didigd & e dgfera 7@ | Agayuf
ffiehT TS &, Toh Taa TSt o1 fafor gafaroii uama @ v a=a aret i St
Fidi @t 3R W AR &=t &1 CO, @t Jeuam Tt | uRafdd s=ar gen gika 8k
Hdd HiAST UTed e Sl Geh Heca YUl AT 81 G-I 3R, SIS ahl LI-Icoi- S84 AT
ST GehdT §, STt Sfary Serl &1 Ueh faeed g1 gTaiiten, sfienfies um R grsgie Idred
SIi-1Tg AN IR AR &ndr & fo=H Agaqul entelH IHSiA gIdT 81 Siet fargld sruee (dfex
SAGIIRT) gTsgio IATeH & ol Tah gRa gfeaior 31 greilier, S=a amg-nfadhig S
Jrageharsli 3R Gifee siferfte e ufdfehar (OER) & fag it nfa & swror, S
fagd s & IR gEgieH faem ufdfshar (HER) &t ufa ufafsrar St &t gfe @

A GG gl SIdl 81 HER & A1 & SNTd-UHTd] gI8ghei- ITe- UTd e & fog Tah

Selagichelfole ol faeTd Agayqul ¢ St dru-Tifdehiar 3fR fdehld STaRiY hl A ohdl g

g9 deH #, HepAUT UTg dechioiAsgd (TMCs) 370 fgdia sataiAer dxa-T $iR Tor
h RIRUT IATRATSTh Seiagichelioe o U H IR &1 I fawsd a1 CO, AT & (TMCs)
& Ity faggd T yesi= & arass, &R pH 3R GHifdes dwremrs & dgd,
(TMCs) fR@R 781 gia 81 fagla TamafAe aRfEdfaat & agd, (TMCs) SRR o1 SiieTss,
gIgeiaTss, a1 Jiedigrsgiaargs ¥ uRafdd g 5a &1 sdactchefaRa & R Iwmafie




3R TuTHeh uRadHt dt uga™ & foig 39-Rg 3R Tay-g Wegient e Iughft Iuemzor
w8l

39 My yay, S fide “gdagihe T & SR gifSIM A TrehioEsT 3
A Fagigfaed USTIfadl T Udr &R 8, o fawd el dhefaifeer srguahT & forg

gl Igfaed USTIfaal ol UdT o THT 8 3iR I8 Sotagiufaed USTiadl hl Ugdi o Hgd ot
foaR 9 gHear 8l

SiieritoT gatege@ Ruas™ (OER) a1 Tifaes A IR Y Tdg TR o TR TR IR
IEoIdT BT g, O 38 THEET IOl gt ST g1 SR-TifAa wxor fi Fifas ame,
ufdferar o, SR e siafifga Refiedt & ded #, sdlagiaEAfea sreaae Aty &0 @
ety €1 gTetifch, WS (Fe,S,) TR OER Soiag g™ &l Jelcidh ¥4 § i Siid
& TS g1 38 A A @A gU, 39 MY USY & Ug AT H (FeyS,) W Geh fakyd sreqa
fohar T 1 AicatyHe fafd grr G dhmge (FeyS,) AMefied A 10 mA cm ? &t 9RT
A (j) W 251 (£6) mV okl aRUIEAT gof fhaT| FeyS,/NF TS a1 Ye-fAg Uie-
OER fasaut1 a-FeO(OH) & sctagiqfaed USiTfd o &4 H T8 hl GfE HhedT g | T

&Y T FOF W 0Tk o (1.90), TagAST e a9 7, (3.06 x 1076 mA cm~2),
3R 45.9 mV dec ' & ¢hd ga 0-O ¢ fAmfor st GR-Hfiffa @ror & &  fg s
g1 Fe(IV)=0 R OH " & gferraifthferes gt ¥ Sz (111) gregitRied! (Fe(I11)-O0H)
geTtadt a1 FHfoT giaT 81 selaigfaea Ueifa sr OER Wfehaor &wii (B,) 53 (+2.1) kJ
mol ' &, S 274 TR ufaferar nfaehl o1 Ut sz g1

3Tet AT H, FeyX, UehR & (TMCs) &l Ueh faeqd faela aemafen sreaae foram mam g1

A Sa-acie SR ATehisiIEe fSigeh! 9 93 Fey X, 8, S8l X=0, S, iR Se g "ahd
&, STh! Iu-dAezad | Fe'' 3fiR Fe'!! dit Jufdfa & swror sifgedta getaeiep 1o uefia




AT &1 FesO4 3R FegS, T # a9 R WRaAT & A1 Rfdeh Ay 3R ¢gegd
(T,) ¥R Sifeerega (0,) 18 # g & WRATY g1 & J1a9]g, FesSe, Tep AAIfRIAS
fohtee R%ed @l SUATaT 8, S8l @ilg & URHIY] haed O, A8l W [T gid 81 fosiy =g
Y, TicaryHe fafdr gRT AR fhY MY Fe, X, AHRaeT o1 9k SRR SR SH1gT Uge],

STT-37T Bld 81 FeySe, 3R FeyS, ShAM: (002) 3R (400) &+ @ 8, STdfh Fe;O, h
forg (311) SFTG< Ugel a9 6 &1 ST Ugsil & eTsd Tee J FesSe, & A & thael
Fe''' dhel i Iuffa i gfe Y, S1afeh Fe,S, 8MR Fey 0, F AR & Fe'' ok Fe'' &g smrg=
g &1 FeyS, 3R FeySe, & AT ATgfaeich dieedd! (CV) Siemd= ¥ uar 9l foh Fe'! 3R
Alechlo188 AT (S*/Se®) A #-0.2 8 1.0 V (RHE & fa3g) & ftar sruRad-a
STz giaT &1 39 Fwifa fdst & fiar OV arsfaei (10 Tmsfene) ik a1 & ger-
g, T WegT A solagis Tdg IR fEmHa-Se (t-Se) &h-Se (t-Se) TS <hl Uga™ el 1.47
V R hIFITERA 3R 39 a8 & UlRe-CA IRAT A 0-FeO(OH)@t-Se & SAaeigird
USITadl oh TS AT GeITdT fehdT| SelergiehiHehel &Y & U a-FeO(OH)@t-Se & 219 mV
SRAIERATS (@ 10 mA cm?) & Y OER TfAfAfd gam il a-FeO(OH)@t-Se <t
gk OER 7fafafd fAm ¢ohet gam, fAm arsi-giaw ufakiy (R, ), 3R 3= Qaaeist dhec

g (jo) & WE Bl 81 FesSe, 3R Fe,yS, dhl 1@ TRAAT # 3R 3R S 3R Se® <t

FAeREIchAchel GHTHT 3R ATeehIS-1S8 HHRET o daielch AT hl AT Sdagivfera
goTfadt & a9 J Teh JAHTTeh fAeht AT @ 8iR Fe,X, & fog ue fafre gafafor anf
T T Shed Bl

Ueh 310 R ST H, o-NiS 4T Setargte ot fagla Tramrafaes nfafafer e srawor forar
T 81 Gicatuwe fafdt & Arerd & Seafda Aifehteeta o-NiS &l saagis Il & &9
7 g1 T 8, o sgsesita emarstt arel saiagls ARt Y @ISt <l S 6! 81 a-NiS @t
UdTghId Fchel hiH (NF) TR UHIS o ¥4 | STHRIT 7T 8, 5181 Tl Sch e fRAet oh Syt



W -NiS, 3t gategl-egadd NiO(OH) (NiO(OH)gp) | & SITdT 81 o-NiS ¥ 3ith
NiO(OH)gp, B 37-Hig FUARUT SAdichiNehel Tdg & ! SeTdT 8§, STt Head Sfaruie e
(264 mV W20 mA cm—2) RWHAA OER (SHTe=io gatege™ Ruar™) herfellRg ot gem
AT 8, 1Y 8 A1 2- IS IRAAUTEAGRGRI (HMF), 2-GRYRTe (FF), el /ergentel
(EG), 3R fo@Rid (Cly) St dreif=h difiTehl ol 3Tasaeh thigeeiad & uRkafdd Fedr g
g ek SRSl & ERM, NiO(OH)gp/NF Uk Ig-3atag = Silaise ufehar 7 €-
= 8T &, ored C-C df ge off mffe g, Siafdh o-NiS/NF Saiagis &l TRe-TH®
JESAT IRARR Eell 8, S &RN gregioi gaiege™ RyaE (HER) 3R CO, =grteror
(CO,) & oIy Iepe Fifees ves uefia et 81 Tas A I & o-NiS ok 59 saag-
SHieitergss NiO(OH) gy, THeheT I SE, a-NiS/NF(-)/(+)NiO(OH)gp/NF, Teh HiaH
Teh1RT HRAWUT FISHT &l A ST & o NiO(OH)p/NF TS Uit @t O, F SHferdl-
BT591 &l g, STdfeh o-NiS heflg Fead et Tieiaed IR CO, Tt T T gl

Toh 3 T F, FAeEE (CuS) HY Tte qret 3wy & g e &, 9k g uRff
& ded nfafrarefter gemfaat ot fAwfRid we & forg sadht deamTete gdaqT i 78 81 T
TTYRUT BT fAfY o1 ITANT Fheh ahidenge (CuS) e dUR fohg STTd 8, STet dfe
fAfSa-aren sraen & Higg gt 81 dR CuS &t el & (GC) 3R e wH (NF)
FARNS UR STHTERR &K1 STeT HTRHTehRUT o foTQ Ueh harel Setare ! (HY) dhetfeie o &u # IuaihT
frar rar 8, St arsfeRies atee™@dt & R 1.2 V (RHE & %vg) W Ueh Refart fatwar
GRT T fRTd 8T & 3R Ta-fRg T s1ega T gRT CuO & &0 7 SraRad-ig sifafienor &
gf® gidt 81 gelIhfAehel =0 @ dfhd CuS (CuSg,) ¥ CuO # uRafda g+ = a8 &
JiaT-SMUTRd chelfelke g ST 20 mA cm 2 URT O WR 349 (£5) mV faxaiefae fearan

&1 CuSp, /NF TATES 10 ©¢ o folg @R 15 mA cm 2 i R 4RT 3713y I11Y 3G HehdT

&1 Tehlhd STdl et elTgoR A=, Pt(-) /(+)CuSga/NF, 1.58 V & Ul TR 10 mA



cm ™2 URT 997 () TTed el & SR 38 AT, TRYRTd, 3R 5-gleg ot UTS A Heg=Te
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