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ABSTRACT

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have garnered significant
attention due to their distinctive and tunable properties, including quantum-well with indirect-to-
direct band transitions, intrinsic catalytic activity, thickness-dependent band gaps, high in-plane
charge carrier mobility, large specific surface area, and pronounced spin—orbit coupling The
functionality of these materials is strongly dictated by their surface characteristics- with edge sites
playing a key role in catalytic applications, while basal planes are crucial for optoelectronic
devices. This thesis aims to harness these distinct surface features for electrochemical and
optoelectronic devices, enabled by developing various synthetic methodologies. Defect-rich
MoSe: nanosheets were synthesized using a colloidal route, and these intrinsic defects were
effectively exploited to study the two distinct transformative processes and construct
nanoheterostructures (NHSs) with different functional materials which tunes charge transfer
resistance, increases the specific surface area and widens the absorption window. These NHSs
were systematically studied for their performance in supercapacitors and photodiodes, highlighting

their multifunctionality and promising potential for next-generation device applications.

The first two chapters (Chapter 1 and 2) are dedicated to the extensive literature survey of
research work related to TMDs, metal chalcogenides (binary: CdS, CdSe, CooSg; ternary: CuFeS»),
their structure, applications, challenges, and possible solutions, along with summary of various
techniques used for the characterization of as-synthesized materials. In Chapter 3, we
demonstrated that the chemical reactivity of atomically thin two-dimensional transition metal
dichalcogenides (TMDs) is strongly influenced by structural defects. We focused on the role of

defects in MoSe> nanosheets (NSs) in facilitating two distinct transformations: the formation of
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MoSe>-CdS nano-heterostructures (NHSs) and CdSe quantum dots (QDs). Passivating these
defects with thiol groups enabled controlled CdS growth, resulting in MoSe>-CdS NHSs. In the
absence of thiols, the defects accelerated cation displacement reactions (CDR) with cadmium (Cd)
precursors, leading to the formation of CdSe QDs. This transformation was confirmed through
Raman and optical spectroscopy. Additionally, density functional theory (DFT) calculations
showed that CDR occurs preferentially on defect-rich surfaces, while defect-free or thiol-
passivated MoSe; remains unreactive. These findings underscore the crucial role of defects in
controlling the reactivity and chemical transformations of TMDs. In Chapter 4, we report a facile
hot-injection colloidal strategy for synthesizing MoSe2-Co9Sg nanoheterostructures (NHSs) by
passivating defects in MoSe> nanosheets (NSs), enabling the epitaxial growth of CooSg
nanoparticles (NPs) on their basal planes. X-ray photoelectron spectroscopy confirmed intimate
interfacial contact, while interfacial engineering reduced nanoparticle agglomeration, enhanced
specific surface area, and improved charge transfer due to the formation of interfacial defects.
Benefiting from the pseudocapacitive nature of cobalt and improved conductivity, MoSe2-Co9Ss
NHSs delivered a high specific capacitance of 910.5 F g™' at 1 A g™', with excellent cyclic stability,
retaining ~90% capacitance and 93.3% coulombic efficiency after 10,000 cycles at 15 A g'. As a
proof-of-concept, coin cell supercapacitors fabricated with MoSe>-CosSg NHSs and
[EMIM][BF4]:PVDF electrolyte demonstrated impressive electrochemical performance,
highlighting their potential for next-generation high-performance energy storage devices. In
Chapter 5, we established an efficient colloidal synthesis strategy for MoSe;-CuFeS, (MCFS)
nanoheterostructures (NHSs), utilizing defect-passivated MoSe> nanosheets (NSs) as templates for
the growth of CuFeS, (CFS) nanoparticles (NPs). Sulfur passivation of selenium vacancies

facilitated uniform CFS nucleation, as confirmed by transmission electron microscopy (TEM) and
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X-ray photoelectron spectroscopy (XPS), which revealed strong atomic-level interfacial contact.
The MCFS NHSs exhibited broad optical absorption spanning the UV-visible-NIR regions,
enabling superior light-matter interactions. To assess their optoelectronic properties, photodiodes
were fabricated using pure MoSe> NSs, pure CFS NPs, and MCFS NHSs with ITO as the substrate
and MoOs as a hole transport layer. Among these, devices based on MCFS NHSs demonstrated
enhanced ON/OFF ratios and improved charge transfer, attributed to the intimate interface and
wide spectral response. Chapter 6 summarizes the key findings of this thesis, highlighting how
the supercapacitor and optoelectronic properties of TMDs have been tuned for diverse
applications. It also offers a brief outlook on future directions and potential advancements based

on the work presented.
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fg-Smam (2D) THHUT YT STRATHISHIZ ST (TMDs) = 30 fAfRY 3R e T[uN & BRI
AUl S 3TN forar §, o sicie-9-Ucdel 88 AHHUN & 1Y HicH-ad, SHidRe
IARS TAfafY, AeTs R AR 98 IiRTd, 3= 31-wH 91! e Taxiddr, 9 Ay gdg
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G foha 71 37 TET &1 YURGUARICR 3R Bielf$as & 3% UgeH & forg sgafyd
w0 Y 3rege foar T, Y 3%t agihariadr $iR SrTe Uigh & IuHRun Sy &
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faftr deiie! o IR & fod Jaftd ¢ 1 e 3 |, g9+ foaman fr oA & § uda fg-
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faimom Sif¥fehar (CDR) &1 @Rd foar, SRR cdse QDs @1 T gl 39 ufkadd &t g
T 3R S Hd Wae Rt & [y § &1 713 | 39 3ifafked, gd Hrfds Rigid (DFT)
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U0 & U H, MoSez-CosSs NHS 3R [EMIM][BF4]:PVDF Sadcidige & 1y fAffd iz
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WIRBIT (xPS) GRT Y BT T, R Tolgd TR w SextbREe Iudh BT gar
faaT| MCFS NHS = UV-ER4-NIR &1 § Thdl oHTUeh AP d Sa=iyul &1 Uaxi foar, oy
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Schematic representation of various classes of nanomaterials
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Electronic density of states for (a) a bulk semiconductor, (b) a 2D
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dot.

Crystal Structure of the 2H Phase of Two-Dimensional Layered
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Metal coordination and stacking sequence in 1T and 2H phases of
MX: unit cells.

Monolayer TMD NSs with different surface sites.

d-orbital splitting in 1T phase and 2H phase of TMDs, respectively.

Band structures of bulk, bilayer, and monolayer MoS:, respectively.
The band structure is changed with decreasing the number of layers.
The arrows indicate the band gap for a given system (indirect or
direct).

Structure of CdX with (a) Zinc-blende (ZB) structure, (b) Wurtzite
(WZ) structure, (c) Rock salt (RS) structure. Gray and black spheres
stand for Cd and S atoms, respectively.

Crystal structure of (a) CoS hexagonal phase, (b) CoS> phase, (c¢)
Co3S4 phase, (d) CosSs phase.

Crystal structure of CuFeS: in (a) tetragonal, chalcopyrite structure,
(b, c) metastable wurtzite, hexagonal phase.

Schematic illustration of classification of nanoheterostructures on
the basis of the band gap and relative position of VB and CB edges.
(e’: electron, h*: hole)

Charge storage mechanism in different types of supercapacitors
(SCs) (a) EDLC, (b) Pseudocapacitor, (c) Hybrid.

A schematic diagram illustrating the principles of Bragg's Law.

A diagram illustrating the focusing of a high-energy electron beam
onto a sample to generate and detect various signals.

Diagram depicting the configuration of a double-beam UV-Vis-NIR
absorption spectrophotometer.

Hllustration of electronic energy levels presented through a Jablonski
diagram, showcasing the various transition stages involved in
absorption and emission processes. In this depiction, singlet and
triplet states are denoted by S and T, respectively. The transitions
include intersystem crossing (ISC) and internal conversion (IC),
while radiative and non-radiative pathways are indicated by the
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Schematic representation of a photoluminescence spectrometer.
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Schematic representation of the reactions of defect-rich MoSe> NS:
(a) synthesis of MoSe>-CdS NHSs via defect passivated route; (b)
synthesis of CdSe QDs through cation displacement reaction. Colour
coding: Mo atoms (turquoise), Se atoms (gold), S atom (vellow), Cd
atoms (cream).

FT-IR spectra of pure DDT (black) and DDT functionalized MoSe:
(red).

(a) Powder X-ray diffraction (PXRD) pattern of pure MoSe> NSs, CdS
NPs, and MoSe>-CdS NHSs, along with their standard JCPDS
patterns of pure materials; (b) TEM image of defect-rich MoSe> NSs;
(c) TEM image of MoSe>-CdS NHSs, showing CdS NPs are
distributed over MoSe> NSs; (d) HRTEM image; and (e) SAED
pattern of MoSe>-CdS NHSs,; show the presence of both MoSe> and
CdS in NHSs; (f) Raman spectra shows the presence of MoSe:
phonon modes and CdS longitudinal optical modes in MoSe>-CdS
NHSs.

(a, b) TEM images of pure CdS nanoparticles having size 5-6 nm.

(a, b) TEM images of MoSe>-CdS NHSs; (¢, d) HRTEM images of
MoSe>-CdS NHSs. CdS nanoparticles are distributed over MoSe>
nanosheets.

(a, b, ¢, d, e) FESEM-EDX images of MoSe>-CdS NHSs. Elemental
Mapping of Mo, Se, Cd, S shows that CdS nanoparticles are
distributed over MoSe> nanosheets.

(a) Absorbance spectra of MoSe> NSs, pure CdS NPs, and MoSe:>-
CdS NHSs; (b) PL spectra; and (¢) TRPL spectra of pure CdS NPs
and MoSe>-CdS NHSs.

Theoretical simulation of surface defects driven CD reaction in
defect-rich MoSe> NSs, compared to defect-free MoSe> and sulfur
passivated MoSe> NSs. Along with the top and side views of
nanostructures revealed by first principle calculations. Colour
coding: Mo atoms (turquoise), Se atoms (gold), S atoms (yellow), Cd
atoms (cream).

(a) Powder X-ray diffraction (PXRD) pattern of CdSe QDs
(synthesized through CD reaction), pure MoSe> NSs, along with their
standard JCPDS pattern of pure materials; (b) TEM image (c)
HRTEM image of CD-synthesized CdSe QDs along with lattice
fringes; (d) Raman spectra of aliquots taken during the formation and
growth of CdSe QODs, as described in the text; (e) absorbance spectra
of aliquots at different time intervals, (f) Photoluminescence spectra
of aliquots at different time intervals of as synthesized CdSe QD:s.

(a, b, ¢, d) TEM images of as-synthesized CD CdSe OQDs. CD-CdSe
ODs have a very small size of ~5 nm.

(a, b) TEM images of CD-CdSe QODs after 1 min of reaction.

(a, b) TEM images of CD-CdSe QODs after 3 min of reaction.
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(a, b, ¢, d) TEM images of CD-CdSe QODs after 5 min of reaction.
Here the images depict that the structural transformation reaction
has progressed further into the sheets.

(a, b) TEM images of CD-CdSe QDs after 10 min of reaction. Images
show that almost all sheets have been converted to CD-CdSe QDs
and only a small fraction of sheets are remaining.

Raman spectra of CD-CdSe QDs aliquots taken at different time
intervals (just after injection until complete transformation).
FESEM-EDX images of CD CdSe after 10 min of reaction. At this
intermediate stage very small percentage of Mo*" is left, showing that
Mo is being etched out from the lattice.

FESEM-EDX images of CD CdSe after completion of reaction.

Scheme for the colloidal synthesis of MoSe:-CooSs vertical NHSs at
220° C via defect passivation route.

(a) Powder X-ray diffraction (PXRD) pattern of MoSe2 NSs, Co9Ss
NPs and MoSe>-CooSs NHSs, along with their standard JCPDS
patterns, magnified PXRD pattern of the (222) (*) and (110) (#)
planes of MoSe>, (b) TEM image, (¢c) HRTEM image and (d) Fourier
transformed pattern of MoSe>-CoeSs NHSs show the presence of both
MoSez and CosSs in NHSs, (e) Raman spectra of MoSe> NSs, DDT
treated MoSez, Co9Ss NPs and MoSe>- CosSs NHSs, (f) N:
adsorption-desorption isotherm of MoSe> NSs, Co9Ss NPs and
MoSe;-CogSs NHSs.

(a, b) TEM images of pure MoSe> NSs.

(a, b, ¢, d) TEM images of pure CosSs NPs; (e) Histogram for pure
Co9Ss NPs with average size 25.2 £ 9.5 nm.

(a, b) TEM images of MoSe2-CosSs NHSs. (¢) Histogram depicting
size of CogSs NPs in MoSe>-Co9Ss NHSs with average size 18.4 +
4. 1nm.

FESEM elemental mapping of MoSe>-CooSs NHSs.

(a) XPS survey spectrum of MoSe>-Co9Ss NHSs. Deconvoluted XPS
spectra of MoSe>-CosSs NHSs; (b) Mo 3d; (c) Se 3d; (d) Co 2p, (e) S
2p and Se 3p.

Deconvoluted XPS spectra of MoSe> NSs, (a) Mo 3d; (b) Se 3d; (c)
Se 3p.

Deconvoluted XPS spectra of CooSs NPs, (a) Co 2p, (d) S 2p.

PXRD pattern of as-synthesized and annealed samples (a) MoSe:
NSs, (b) CooSs NPs, (c) MoSe>-CosSs NHSs.

(a) Nyquist plot of MoSe, CoS, MoSe-CoS along with their annealed
compositions (MoSe-A, CoS-A, MoSe-CoS-A), inset shows enlarged
EIS profile at high frequency region;, (b) CV curves of all
compositions at 100 mV s~ ; (¢) CV curves of MoSe-CoS-A electrode
at different scan rate; (d) GCD curve of all electrode at 1 A g”!
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current densities, (e) GCD curve for MoSe-CoS-A at different current
density; (f) 10,000 Cycling performed at 15 A g™ ! (inset: first and last
four cycles of 10,000 cycles)

(a, d, and g) CV curve for MoSe-CoS-A4, MoSe-CoS, and CoS-A
respectively. (b, e, and h) Charging/discharging curves of the cell at
different current densities. (c, f, and i) EIS plot of MoSe-CoS-A4,
MoSe-CoS-A, and CoS-A, respectively. Recorded in the frequency
range 100 kHz—10 mHz (inset: enlarged representation of the
impedance plot in the high-frequency region)

(a, b and c¢) CV curve for MoSe, MoSe-A, and CoS respectively at
different scan rates. (d) Charging/discharging curves of the MoSe,
MoSe-A and CoS compositions at 1 A g™ current density.

(a) PXRD pattern; (b, c, d, e) TEM image; (f, g, h, i) Deconvoluted
XPS spectrum of Co 2p, Mo 3d, Se 3d, Se 3p, and S 2p after
supercapacitor application of MoSe-CoS-A.

(a, b) Deconvoluted XPS spectrum of O ls before and after
supercapacitive studies of MoSe-CoS-A.

(a) Plot of i vs v ;(b) Plot of log v vs log i,; (c) g vs v''? ; (d) 1/q vs
VvI”2 :(e) Separation of the capacitive and diffusion-controlled currents
of MoSe>-CogSs NHS electrode at a scan rate of 10 mV s :(f)
Capacitive contribution behavior over different scan rates.

(a) EIS plot of coin cell recorded in the frequency range 100 kHz—10
mHz (inset: enlarged representation of the impedance plot in the
high-frequency region); (b) Cyclic voltammograms of the symmetric
coin cell at different scan rates, (¢) Charging/discharging curves of
the cell at different current densities (1.5—12 A g™ "); (d) Plot of CVs
taken at various potentials and fixed scan rate; (e) Ragone plot of the
supercapacitor cell. E and P of similar electrode materials are also
compared; (f) Specific capacitance (Csp) and Coulombic efficiency
vs number of cycles.

(a) Plot of log (scan rate) vs log (peak current); (b) i/ v!? vs vI? ; (c)
capacitive contribution behavior over different scan rate;
(d) Lighting of LEDs using two coin cells in series connection.
Reaction scheme for the colloidal synthesis of MoSe>-CuFeS> NHSs
at 180° C using defect passivation route.

(a) PXRD pattern of pure MoSe> NSs, CuFeS, (CFS) NPs, and
MoSe>-CuFeS> (MCFS) NHSs, along with their standard JCPDS
patterns of pure materials; (b) TEM image of pure CuFeS> NPs; (c)
TEM image of defect-rich MoSe> NSs; (d) TEM image of MCFS
NHSs, showing that CFS NPs are distributed over MoSe> NSs; (e)
HRTEM image with lattice fringes, (f) SAED pattern of MoSe;-
CuFeS> NHSs; showing the presence of both MoSe> and CFS in
NHSs.

(a) Raman spectra of MoSe> NSs, Sulfur treated MoSe> NSs, CFS NPs
and MCFS NHSs,; (b) Absorbance spectra of MoSe> NSs, pure CFS
NPs, and MCFS NHSs.
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Deconvoluted XPS spectrum of pure MoSe: (a) Mo 3d; (b) Se 3d; (c)
Se 3p.

Deconvoluted XPS spectrum of pure CFS NPs; (a) Cu 2p; (b) Fe 2p;
(c) S 2p.

(a) XPS survey spectrum of MoSe>-CuFeS> (MCFS) NHSs.
Deconvoluted XPS spectra of MoSe>-CuFeS> NHSs; (b) Cu 2p; (¢)
Fe 2p; (d) Mo 3d; (e) Se 3d; (f) S2p and Se 3p.

(a, b, c) shows the schematic device configuration for photoresponse
measurement, (d, e, f) Current vs voltage characteristics of the three
devices; (g, h, i) time-dependent response of the photoresponse
device measured under air conditions at a bias of 0.1 V.

Probable band alignment shown for pure MoSe:.
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