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ABSTRACT

The unprecedented increase in atmospheric CO> levels, primarily driven by anthropogenic
emissions, poses a major global challenge. Simultaneously, carbon dioxide represents an abundant
and underutilized C-feedstock that can be converted into valuable fuels and platform chemicals.
This duality has given rise to intense research interest in carbon capture and utilization (CCU)
technologies. However, most current CCU strategies treat capture and conversion as discrete
processes, with traditional thermal CO; regeneration methods proving energetically demanding
and inefficient. In this context, electrochemical reactive CO> capture (eRCC) presents a promising
integrated alternative, one that merges the capture and conversion steps, thus lowering energy input
and enabling on-demand valorization of captured CO> under mild conditions. A core challenge in
implementing eRCC lies in identifying or engineering an electrolyte system that not only ensures
high CO: solubility and favorable reaction kinetics but also supports a wide electrochemical
window and stable operation. Deep eutectic solvents (DESs), a novel class of designer solvents
formed from mixtures of hydrogen bond donors (HBDs) and acceptors (HBAs), offer remarkable
tunability in their physicochemical properties, making them attractive candidates for eRCC media.
This thesis investigates the utility of DESs for electrochemical CO; capture and conversion, with
particular focus on their interfacial behavior, bulk properties, and synergistic role in paired

electrocatalytic systems.

Chapter 1 introduces the conceptual and scientific background motivating this work. It discusses
the urgency of developing sustainable CO> management technologies and the emerging role of
reactive CO2 capture strategies. A comprehensive review of various reactive capture approaches
is presented, highlighting both the promise and the limitations of current systems. The unique
advantages of electrochemical reactive CO> capture are justified, particularly its potential to
minimize energetic penalties and enable decentralized applications. The rationale for selecting
DESs as the electrolyte framework is also presented, followed by a clear statement of the research

objectives and an overview of the thesis structure.

Chapter 2 provides a detailed description of the experimental methodologies and characterization
techniques employed throughout the study. Key electrochemical techniques—cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and chronoamperometry (CA)—were used

to probe electrochemical behavior and monitor catalytic performance.
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To quantify CO> reduction products, gas chromatography (GC) was used for gaseous species,
while nuclear magnetic resonance (NMR) spectroscopy was employed for liquid-phase products.
The structural and morphological evolution of metal foil electrodes during electrolysis was studied
using scanning electron microscopy (SEM), field-emission SEM (FESEM), X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray
photoelectron spectroscopy (XPS). Gravimetric CO» capture measurements leveraged the non-
volatile nature of DESs, and '*C NMR alongside FTIR spectroscopy were used to explore the
chemical mechanisms underlying CO: absorption. The chapter also outlines the procedures for

DES preparation, catalyst synthesis, and the instrumental setups used across the thesis.

Chapter 3 explores the influence of DES composition on eRCC performance by examining the
molecular interactions and structure at the electrode—electrolyte interface. A tailored DES system
(Ethaline), modified with the addition of the organic superbase DBU to enhance CO; affinity and
dimethyl sulfoxide (DMSO) to reduce viscosity, was developed and evaluated. Through both
experimental and computational analysis, the study reveals that CO, capture and conversion
performance in such DESs is governed by a complex interplay of factors: the availability of
reactive sites, mass transport influenced by viscosity and conductivity, CO>—DES interaction
energies, and the structure of the electrochemical double layer (EDL). The results suggest that the
local microenvironment at the Cu/DES interface is highly sensitive to DES formulation and

critically determines the efficiency and selectivity of CO2 conversion reactions.

Chapter 4 focuses on systematically tuning the hydrogen bond donor component of type III DESs
to understand its effect on bulk and interfacial properties relevant to eRCC. A range of HBDs with
varying functional groups and molecular structures, including 1,4-butanediol, cresol, levulinic acid,
and phenol were paired with choline chloride to create a series of DESs. These modifications
significantly influenced DES parameters such as viscosity, CO2 solubility, and free volume.
Changes in HBD structure also altered the EDL structure and the distance of closest approach of
reactive species to the electrode surface, ultimately impacting the stabilization of key intermediates
during electrocatalysis. Using Au as the working electrode, the study identified how subtle

variations in HBD functionality can modulate product formation pathways and efficiency.

Chapter 5 transitions to the role of the electrocatalyst in enhancing eRCC performance. Copper,

known for its ability to catalyze CO; reduction to hydrocarbons and multi-carbon products, was
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chosen as the model electrocatalyst. Nanostructured Cu electrodes were synthesized via pulse
galvanostatic electrodeposition from baths containing different copper salts, acetate, chloride,
nitrate, and sulfate allowing control over particle morphology and surface characteristics. The
study demonstrates that chloride-based precursors lead to the formation of catalytically active
Cu20/Cu phases with well-defined cubic morphology and enhanced surface area, facilitating
higher CO; adsorption and activation. Among the variants studied, copper deposited from chloride
precursors exhibited the best performance, attributed to favorable surface structure and the
presence of subsurface oxygen species. These catalysts were then tested in DES media to assess
their morphological stability and electrocatalytic activity under eRCC conditions, offering insights

into the design of stable nanocatalysts for DES-based applications.

Chapter 6 investigates the integration of biomass valorization with CO> reduction to further
enhance process sustainability. Traditionally, water oxidation to Oz is used as the anodic reaction
during CO; reduction; however, its high overpotential and limited product value reduces the
overall system efficiency. As an alternative, lignin oxidation - a reaction with lower
thermodynamic requirements was coupled with CO; reduction in a paired electrolysis setup.
Lignin oxidation was carried out on a Ni foam electrode, while formic acid production from CO-
was targeted at the Sn electrode. The paired configuration achieved substantial reductions in cell
voltage compared to the conventional HER-OER pairing, and the formation of value-added
products. This represents the first demonstration of such a system, highlighting the potential for
DES-based electrochemical platforms to drive synergistic carbon and biomass valorization under

mild conditions.

Chapter 7 concludes the thesis by summarizing the major findings and discussing their broader
implications for the development of integrated CO; capture and conversion systems. The study
establishes deep eutectic solvents as highly versatile and effective media for electrochemical CO»
conversion, offering opportunities for rational solvent design, interfacial engineering, and reaction
coupling. Future directions are proposed, including the scaling of DES systems to flow cells
systems, the integration of renewable energy sources, and the thorough exploration of in-situ

electrocatalyst restructuring to maximize energy and carbon efficiency.
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ABSTRACT (Hindi)

AHSTN CO, TR H 3YAYd gfg, ST J&d: HHaSI-d Scoi-l & HIRUI 8l @l 5, T 4R
AP A &1 715 & | AT BT, BT S SHTRIZS Th YR AR H Iuaisd 3R 31t dh S
U Y TR Bt T3 C-HISCID o, o Jeda™ seF! R RIS Afie! § uiaiRd fbar
S HdT 81 3 gadl A Bl HTR 3R FUIANT (CCU) AH-TD! B dig S il Bl TH
fean g | gTerifos, adHM CCU UM SR TR H&R 3R UGl &I &1 §YS Ulsharsfi &
=0 H 3w € 3R URUR driig o, fawira faftmt Suif ot = & srafie 9 arht 3ik
JremyHRY g gt §

29 uRUed B gade RIS Ufafbareid co, F&R (eRCC) Th ARG Uhighd faded
& TG T IHRAT B, S F&ER 3R TUARY T IRON B! U & FAde RIS Wewhid &
IR Bl g1 T8 Soll SMaAHdIsll Bl HH dal § IR PAd aRfRufaal § co. &
Teae &I el 11 § | eRCC B AN @A A Udh T I U SAde aIge R Qo
g1 fasrRid 1§ o = CO, faaadn, s ufafear 7fa, faxgd saaeRmae st sik
RR e gFAfgd @R I | S gefdes Aleddd (DESs), Sl BI3sioH §@ 8I-R (HBDs)
3R TRIPR (HBAs) F 901 ¥ 7 §, VX fEogR Wledew o1 Uep 91 af § o +ifas-
T 0T &1 Safiies THIESTd fohaT ST qehdl & | T eRCC HIHHH & &0 H 31 d HTHYH

fdhed Ja™= Hd 2l

g Y USY DESs & ITANT B! Sid Bl &, fay U ¥ 3% ey IR, deh Ui
3R gfrd gaacidberaied yunferl H Tgfoharete YfHeT IR &H dHisd #d gul

ST 1 3T B BT RS 3R IFMD YEUH TRd BT ¢ | TIH Fad CO, e qh-iiehi
% AP 3t magddr 3R ufafmariia co, R I Bt FHRTT YfFdT R ==t &
TS 21 fafter ufafrarsiia Pwr =Ral 3t s wHten &) 7 8, S adae gonfer @
FuraTait 3R FHreft G B ISR Hat & | AT RIS ufafsrarsiia co, F&=R Bt
fafdry faRivarsit &1 Ifaa sg=mar T ], favy U @ 9% FHoil g1 B YA dRA 3R
fadf=a SrIvRINT o e 817 BT &l & ey H1 DESs &l Saaciarse 6id & ¥U § g
B TP R MY F I aUT Y& B T BT a1 Uqd fowan man g1
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ST 2 30T T T TARTIS HIAYUTerdl iR =Sl dabmiieh! & fagd faarur Uem
IR 81 TE SAFRRNAHE dah-ih—aTgiaad dieeHe! (CV), Iade R Ffdaret
TWFRRDIUT (EIS), R HHITERIA (CA)—HT ITANT SARRNRIAG HGER B ofid 3R
IR YR Pt TR & o fovan man1 co, sroag= I ot e Ayl & fow T-fig
IAG! g T PIHCHITH! (GC) 3R %a IdTE! oq JfHR TAfcdH oi-d (NMR) TRl
&1 ITANT a1 7| ZAGITIRN & GRM U] BIad Sadeied & WRaIH® R TS
fqeT &1 31899 SEM, FESEM, XRD, FTIR, Raman &R IUT 3R XPS o ATead ¥ o |
CO. FER AIUAT & AT DESs BT SATSa=Ad Ui &1 TH IS T, 3R 3C NMR T FTIR
D1 SUINT CO, MARNYUT Hi IS Ufdharadi o1 siia o forg fovan ar| 9 3¢/ & DES
fomfor, IARS TeAwoT 3R IuwHRuiig Ve Bt ufshard +f aftfd €

AT 3 DES WA & eRCC UGRH W YU &l T &al §, O U ¥ FaTIS-
SATIATSC ST IR SHARBAD XTI IR UG TRARS foharsfi & da 7| ueh faxiy
®U ¥ dOR foar a1 DES ReH (Ethaline), fSRH cO, & Ufd THY0 g | IS
YUReY DBU 3R Rufudige &0 oA & T SRS Sehiaass (DMSO) i T,
&1 fap SR Yedier foan a7 | TaRTae SR W01 fa=eiwor & I8 udl el fa 39 DESs
T CO; PR R U &1 YexH fafid Sificd &R & ddeq gr1 f[Auiia g &:
gfafrareia Arsel &1 Suasid, faufaurge iR aradmdl gRT THTdd &7 URdgH, COz-DES
IR Sl 3R Faae RIS ST TR B W1 | URUIMH §aTd 8 f Cu/DES $ethd
R MG Y& aTaraRul DES WA & Ufa 3fdfties Haga=iia giar § $iR CO, =uiarur
gfifshar &t gefdl SR T B FAEd HRal g

S{ATT 4 UHR || DESs T BIESIoH 18 SIFR U &) AaYd U J JHEIT HRT § dlfs
eRCC T T Feb 3R Se%Y U1 TR IP UHTG &1 TH ol Tos | fafid wrafers gl
3R 3MMUTfaes TR AT HBDs I 1,4-Sge-STaNd, hald, Agfer-ics TS 3R fhIet bl
PIdIS FARISS & 1Y HATHR DESs DI Uh Y[ dUR HI T3 | 37 IeqT 1 ferufyorge,
CO, facrgar 3R Yot I S T[UN &1 WA fam HBD TR T § Sqamal 3 EDL TR
3R ufafdareia gonfadl @t Sadcie Ude a& Ugd & gt &I it uikafda fear, o
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AT & SR U Hedda! Sdal &1 fRURIHRUT Ufhal TR UHTd UST| Au SAdIS
& IUANT § I THSN 71 [ HBD HrafcdAdmdl § Y&d aRad Ht Iare s & A1 3R gafd
DI gUITId B Thd g |

3T 5 eRCC TR P 98R T H SAdeIbeiaRe & YH®! IR Hiad g1 didl (Cu), S
CO, B GRSIHTE 3R Tg-HIaH TG H YR B B &HAI G 5, DI HIST SERD
& =0 B g1 T | fafi did daui—udice, TRSS, ARee 3R Iethe—3 gad A1 4 U
TR SATRISTIRA GRT FHRRIIT Cu SIS HT TIATUT fopar T, o sor
3BTRS 3R T faRrarstt o Fifd foran o T | srerem exifan & f JaRTeS snetia
HHIH F Cu20/Cu TROT BT T3 BIdT § FoFd! TAIGR AT 3R I a8 &7 8l &,
IR CO, FT IR AT 3R Fihaur GHa BT 8 | 37 SAGE ST BI DES HIEHH H Tieqor
foram T for g7ar! TRETeT® RURAT 3R gaacidberaied Tfafaiy IR Sfaefd U g |

T 6 CO, UTT B! 31 Tad - & (oY TR dTRISOIRM & THIHRU Bi o d
R ¢ | TRURS FY ¥ CO, TTTT & TR TS TR oId HI S0l BIdT § o 02
ST §, b I8 I SaRACIRAT 3R HH IdIe Hed &b HRUT YIS &1 G&rdl DI HH
IR gl TP fadhed & ®U H, HH SIS ATTGHdT ara fafde sfiadieur &) co,
3UTT- & 1Y G faan AT Ni BIF Sadeis W fAfF sifafidrur 3R Sn gadeie W
wittie TRTe Ao &1 aférd fovar mar| 59 gfid 9= 5 URURS® HER-OER IS &I
I & Jd diecs] Bl BIBI g adb HH (bl 3R Jeuafdd Idre) &1 A foar| a8 yormel
DES 3R SAaeRIIE WewhTH! Bt &Hdl B R | Sl biHd uRfufaal § e iR
TR JTRTSOIRA P Fed ST 7 |

AT 7 3T MY Y'Y DT JHTA B gU THE Fhu! ! JAd SRl 8 3R Tdhipd COz
PR 3R TR YUnferdt & AT W I gd THIE &1 ol SRl g1 I8 3reaad
SRITAT & fh DESs SARRNRIM® CO, TUARUl & T rftie dgme SR quHTd! Areas gt
Iohd 8, S Ticde fowga, gexthy olifAafi SiR ufaferar T & AU sfawR Id gid
g1 Hfawr ot foen & DES yunferdt &1 Whd- 34U, a0 Sotl Widl BT THIhRul, 3R Solf
q BTe- il DI fmar a1 & fore sifafvad gfira ufafsanstt o) Wiet varfad &t 718 @
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Scheme
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Pictorial representation of the constituent species orientation around CO»> for
(a) Eth+DBU+CO; and (b) Eth+-DBU+DMSO+CO> systems. Hydrogens
attached to carbon are not shown for clarity. Here, bonds of Ch*, EG, and
DBU molecules are depicted in ice blue, mauve, and cyan colors,
respectively. Here, Ch*, EG, DBU and DMSO species within 4.4 A and 4.8
A of residue CO; are shown in Eth+DBU+CO; and Eth+DBU+DMSO+CO>
systems, respectively. Nearest Cl” from residue CO> are shown in the
scheme. The color coding of the atoms is the same as represented in Scheme
3.1
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