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Illustration of the hydrogen-based systems and assemblies for
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(a) Relationship between jo and AGy+ under the assumption of a
Langmuir adsorption model; (b) Dependence of jo on AGy~ for
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in an acidic medium.

Figure 1.5:

(a) Schematic showing HER polarization curves of electrocatalysts
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Figure 1.10:

(a) Calculated free energy diagram of HER for various
electrocatalysts, including MoS; (0.08 eV) and different metal
electrodes such as Au, Pt, Ni, and Mo at pH=0; (b) exchange
current density with MoS; as the function of MoS; edge length.
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Figure 1.11:

(a) Scheme for the synthesis of mesoporous MoS, on double-
gyroid engineering to maximally expose edge sites of MoS, for
enhanced HER catalytic activity; (b) Edge terminated MoS; film

23

X




with maximally exposing the edges of MoS; layers and
corresponding HRTEM image; (c) Vertically aligned, step-edge
terminated MoS; thin-film and corresponding TEM images.

Figure 1.12:

Shows (a) schematic representation of defect-free and defect-reach
MoS; nanosheets, (b) atomic reconcentration of defect-reach MoS,
nanosheets with additional active sites, (c) polarization curve of
different MoS; structures where the defect-reach MoS, shows the
higher current density; (d) schematic showing the strain-induced
S-vacancies on the basal plane of 2D-MoS;, where sulfur-
vacancies act as the active sites for HER and applied strain further
tunes the HER activity; (c) Free energy versus the reaction
coordinate of HER for the sulfur-vacancy range from 0 to 25%; (f)
AGy Vvs. %x-strain for various S-vacancy % from 0 to 18.75%. and
(9) polarization curve for the Pt electrode, Au substrate, pristine
MoS, (S-vacancy:0% and strain: 0%) strained (S-MoS;) MoS;
without S-vacancies (S-vacancy:0% and strain: 1.5%), S-vacancy
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(a) Schematic representation of the solvothermal synthesis of
MoS,/rGO hybrid; (b) polarization and Tafel curve obtained from
rGO, MoS; NP, and MoS,/rGO catalysts, respectively; (c) HER
scheme for MoS/NCNT forest hybrid catalyst and corresponding
polarization curve.
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Figure 1.14:

(2) The relation between current (log (io)) vs. AGy’ presents a
Volcano curve, the inset graph point to a different configuration of
the doped MoS; as coordinated with four and six S atoms. The
adoption sites for H the atoms are represented by red dashed
circles. The studied metal atoms are located in the periodic table,
as shown by the inset at the bottom. Green, yellow, blue, and
purple represents the Mo, S, and doped metal atoms. (b) The
results of the DFT calculation and the corresponding
electrocatalytic on the surface of different catalysts under the
alkaline medium. AG (H20) and AG (H) are related to the kinetics
energy barriers for the Volume and Tafel steps on the catalysts,
respectively, and AG (OH) is the Gibbs free energy of the
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nanosheets, respectively. Contour line of the charge density
represented by black line. (c) (left) HER free energy diagram for P
and S site in the basal plane of pristine MoS; and P-doped MoS..
Insets show that the P-doped MoS, with ‘Haq’ atom on the most
active sites of the P site, (right) shows that the calculated free
energy diagram for HER on P-doped MoS, with different
interlayer spacing values measured by the experimental process
(0.65 nm and 0.91 nm).
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(@) Semiconducting 2H-MoS, to metallic 1T-MoS; phase
conversion by lithium intercalation and exfoliation; (b) shows the
corresponding polarization curve where 1T MoS; exhibits the high
HER catalytic activity compared to the semiconducting 2H MoS;;
(c) (right) crystal structure of 2H MoS;; (left) schematic of the
battery testing system. The cathode is a MoS;, nanofilm with
molecular layers perpendicular to the substrate, where the
yellow and green colours represent the terrace sites and edge
sites, respectively. The Li foil was used as the anode. (d) The
Galvanostatic discharge curve shows the lithiation process; Li
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The voltage monotonically drops to 1.2 V vs. Li*/Li to reach a
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The atomic structure is changed from trigonal prismatic to
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Shows (a—c) SEM images depicting morphologies of
MoNis/MoO,@Ni; (d-f) HRTEM images of MoNis/MoO,@Ni
and the inset of (d) shows the selected area electron diffraction
(SAED) image; (g) TEM-EDS elemental mapping images of the
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Shows (a) Autoclave used for hydrothermal synthesis; (b)
laboratory vacuum oven, and (c) atmospheric controlled laboratory
tube furnace, which were used for all the synthesis processes for
this work.
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Figure 2.2:

Schematic of the MoNis/MoO, nanorod synthesized by a one-pot
hydrothermal process.
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Step-by-Step Synthesis of Graphene oxide (GO); and reduced
graphene oxide (rGO) by using the modified Hummers’ method.
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Figure 2.4:

Shows the transmission electron micrographs of graphene oxide
(GO), and reduced graphene oxide (rGO) by using the modified
Hummers’ method followed by microwave heat treatment.
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Thermo Scientific).

Figure 2.14: Confocal Raman microscopy system (UHTS «-300, WITec | 74
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Figure 2.15: FTIR  spectrophotometer (THERMO Electron Scientific, | 75
Instruments LLC, Model No: Nicolet iS5 instrument) used for all
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Figure 2.16: (a) Shows pictographic images of (a) Thermogravimetric analysis | 75
(TGA-50, M/s Shimadzu Pte Ltd.) and (b) Differential scanning
calorimetry (DSC-60 Plus, M/s Shimadzu Pte Ltd.) instrument.
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used for all the UV-Vis measurements for this work.
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Figure 2.20:

(@) Shows the step-by-step process for working electrode
fabrication; (b) working electrode (WE) after the drop casting on 1
cm? graphite paper.
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Figure 2.21:

Schematic representation of a three-electrode system for
electrochemical measurements. In this scheme, graphite and
Ag/AgCl is used as a counter and reference electrode, respectively;
and as-synthesized electrocatalytic electrodes on graphite paper/Ni
foam were used as the working electrode for all the experiments.
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Figure 2.22:

(a) Different electrolytes used during the electrochemical
measurements; (b) Ar gas purging of any of the standard
electrolyte solutions before wusing it for electrochemical
measurements; (c) represents the photographic images of different
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measurements; (d) three-electrode arrangements for different
electrochemical measurements; (e) AMETEK (PARSTAT
1000/2000A MC) dual-channel electrochemical workstation,
where all the electrochemical measurements were performed.
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Figure 3.1:

Shows (a) X-ray diffraction (XRD) pattern; (b) Raman spectra of
rGO, MoNis/Mo0O,, and MoNis/MoO,:rGO nanocomposite.
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Figure 3.2:

Shows the transmission electron micrographs (TEM) of (a and b)
MoNis/MoO, nanorods where MoNi, nanocrystals are grown on
MoO, nanorods (black dots); (c) high-resolution transmission
electron micrographs (HRTEM) and (d) SAED pattern of
MONi4/MOOz.
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Figure 3.3:

Shows the transmission electron micrographs (TEM) of (a & b)
MoNis/MoO, nanorods where MoNi, nanocrystals are grown on
MoO;, nanorods; (c) high-resolution transmission electron
micrographs (HRTEM) and; (d) SAED pattern of MoNis/MoO:..
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Figure 3.4:

Illustrates (a) Transmission electron micrograph and (b) SAED
pattern of graphene oxide (GO); (c) Transmission electron
micrograph (TEM) and (d) SAED of reduced graphene oxide
(rGO).
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c) MoNis/MoO,:rGO nanocomposite where MoNi, nanocrystals
are grown on MoO, nanorods are supported by rGO sheets (d)
SAED pattern of MoNis/MoO,:rGO nanocomposite.
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corresponding overpotential (n10); (c) Tafel plots for the various
catalysts derived from the LSV; (d) EIS Nyquist plot; (e)
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Chronoamperometric  (j-t) response for MoNis/MoO,:rGO
nanocomposite at a constant overpotential of 200 mV.
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Shows (a) Comparative XRD patterns of 2D MoS,;, MoNi/MoO,
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MoNi,/MoO,.
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Energy dispersive spectroscopy of MoNis/MoO; nanorods
recorded during SEM.
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(a, b) Bright field transmission electron micrographs of
MoNis/MoO, nanohybrid with different morphologies; (c) SAED
pattern of characteristic MoNis/MoO, planes; (d, e, g, h) As-grown
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morphologies; () SAED  pattern  of  characteristic
MoS;:MoNis/MoO,; (i) High-resolution transmission electron
micrograph of layered MoS; with the (002) plane.
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Shows (a) a TEM image of a two-dimensional MoS, coated:
MoNis/MoO, nanohybrid; (b) illustrates the scanning transmission
electron microscopy images of a similar structure with clearly
visible flaky 2D MoS, coated onto the transition-metal alloy
nanorod.
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(a) Shows the STEM image of a MoS,:MoNis/MoO, nanohybrid;
(b) illustrates the EDS mapping of the nanohybrid showing
comprehensive elemental mapping; (c-f) shows the various
elemental distributions obtained in EDS mapping, such as, (c)
Molybdenum, (d) Sulfur, (e) Nickel, and (f) Oxygen.
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Figure 4.7:

Schematic demonstrating step-by-step mechanism of the growth of 2D
MoS, on the MoNi,/MoQO, nanorod.
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Figure 4.8:

Shows the comparative (a) Mo 3d peaks; (b) Ni 2p peaks obtained
from X-ray photoelectron spectroscopy of MoNis/MoO,; and
MoS,:MoNis/MoO, hybrid; (c) and (d) illustrate O 1s peak from
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respectively.
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Figure 4.9:

llustrates (a) the comparative LSV plot of current density versus
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potential curve showing the onset potential for the hydrogen
generation for all samples; (b) the correlative Tafel slopes for all
samples; (c) the stability test of as-grown hybrid
MoS,:MoNiy/MoO; electrocatalysts at constant overpotential at 200
mV; (d) A comparable linear sweep voltammetry (LSV) plot
depicting the performance of the hybrid electrode before and after
the stability test.

Figure 4.10:

(a-c) Shows the cyclic voltammetry (CV) with different scan rates
of 20-100 mV/s for MoNis/MoO, nanorod, MoS;, and
MoS;:MoNis/MoO, nanohybrids. (d) Comparative Cq4 plot as a
function of scan rate
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Figure 4.11:

Comparative cyclic voltammetry curves of MoNis/MoO;, MoS,,
and MoS;:MoNis/MoO; hybrid structure recorded between -0.6 V
t0 0.6 V vs. RHE in 1M KOH at a scan rate of 20 mV/s.
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Figure 4.12:

Comparable EIS data for pristine MoS,, MoNis/MoO,, and
MoS;:MoNis/MoO; hybrid sample.
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Figure 5.1:

Comparative Raman Spectra of all as-synthesized MoS, samples
with the different molar ratios of thiourea
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Figure 5.2:

Shows (a) comparative Fourier transform infrared (FTIR) spectra
of all pristine and functionalized MoS, sample; (b) A comparative
FTIR spectra of MoS,-8 and MoS,-10.
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Figure 5.3:

High-resolution Mo 3d XPS spectrum of all as-synthesized MoS;
nanosheets with varying molar ratios of thiourea. The entire XPS
spectrum was analyzed by the CasaXPS software. The two
characteristic peaks Mo 3ds, and Mo 3ds, located at ~229.17+0.28
eV and ~232.32+0.28 eV correspond to the Mo*" oxidation states,
while the peak located at ~226.40+0.25 eV to S 2s in MoS..
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Figure 5.4:

(a;-e1) Comparative S 2p; and (az-e2) O 1s peak obtained from X-
ray photoelectron spectroscopy of as-synthesized MoS; nanosheets
with varying molar ratios of thiourea.
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Figure 5.5:

Shows a comparative XRD plots of all as-synthesized MoS;
nanosheets with varying molar ratios of thiourea compared with
MoS, (JCPDS # 98-001-8125).
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Figure 5.6:

Shows the scanning electron micrographs with different
magnifications with scale bars of ~500 nm and ~200 nm, (a; and
a2) MoS,-2, (b; and b;) MoS;-4, (c; and ¢2) MoS,-6, (d1 and d,)
MoS,-8 and (e; and e;) MoS,-10.
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Figure 5.7:

Figure 5.7: (a1, a2, as, and a4 ) Shows the TEM, SAED pattern, and
HRTEM of MoS,-2 with the interlayer d-spacing of 6.1 A; (by,by,
bs and by, ) TEM, SAED pattern, and HRTEM of MoS,-4 with the

interlayer d-spacing of 6.3 A; (ci,c,, ¢z and c;) TEM, SAED
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pattern and HRTEM of MoS;-6 with the interlayer d-spacing of
9.4 A; (di, dz, ds and ds) TEM, SAED pattern and HRTEM of
MoS,-8 with the interlayer d-spacing of 9.4 A; and (ey,e;, es and
e;) TEM, SAED pattern and HRTEM of MoS;-10 with the
interlayer d-spacing of 9.4 A.
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Shows (a) the TGA and DSC curves for MoS; -8; (b) shows the
XRD pattern of Mo0S,-8 before and after the annealing at 350 °C
for 2h in an inert gas atmosphere.
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Shows (a) TEM, (b) SAED pattern; (¢ & d) HETRM of MoS;-8
sample after annealing at 350 °C for 2h in an inert gas atmosphere;
(f) the IFFT line profile of MoS,-8 after annealing with the
interlayer d-spacing 6.28 A.
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Figure 5.10:

Demonstrates contact angle images of a water droplet on as-
synthesised (a) MoS,-2; (b) MoS;-4; (c) sulfonic acid (-SO3H)
group functionalized MoS; (MoS-8); (d) a comparative contact
angle data of MoS,-2 (69°) , MoS,-4 ( 106°), and (MoS,-8 (38°);
(e) represents the time dependent dynamic contact angle
measurement data showing the lowering of contact angle for
MoS,-8, depicting the improvement in hydrophilicity of the
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Figure 5.11:

Comparative Mott-Schottky plot of all as-synthesized MoS;
nanosheets with varying molar ratios of thiourea.
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Figure 5.12:

Shows (@) Polarization curve of as-synthesized MoS, nanosheets;
(b) the corresponding comparative Tafel plot; (c) Nyquist plots;
and (d) the stability of the electrode prepared using MoS,-8
sample.

159

Figure 5.13:

(a-e) Show the cyclic voltammetry (CV) with different scan rates
of 20-100 mV/s for MoS; -2 to MoS,-10; (f) Comparative Cqy plot
as a function of scan rate.
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Figure 5.14:

Shows comparative XPS spectra of before and after the 12h
stability data of Mo0S,-8 samples depicting (a;-az) Mo3d, (b;.b,) S
2p, and (c;-cy) O1ls.
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Figure 5.15:

Comparative Raman spectra of the same electrode taken before
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MoS, peaks at the corresponding position ~ 369.7 cm™ (E',) and
398.5 cm™ (Ayg) before the stability test while the same position
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MoS; nanosheets (MoS,-8) catalyst.
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Figure 5.16:

Shows comparative XPS spectra of before and after the 12h
stability data of MoS;-8 samples depicting (a;-a2) Mo3d, (bi-bz) S
2p, and (c;-c2) O1ls.
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Figure 5.17:

(@) & (b) Show the respective side view and top view of the
optimized structure of the MoS,-SO3H surface. (¢) & (d) shows the
side view and top view of the differential charge density plots
calculated for the MoS,-SO3H surface. The isosurface level is 0.06
e/A%e) total density of states of the pristine and SOsH
functionalized surface and (f) The orbital resolved partial density
of states of the MoS,+SOH surface.
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Figure 5.18:

(a) Band-structure of the MoS; surface; (b) Band-structure of the
MoS,+SOsH surface; (c) Vacuum potential calculated for the
MoS; surface; (d) Vacuum potential of the MoS,+SO3H surface.
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Figure 6.1:

Shows (a) Fourier transform infrared (FTIR) spectrum of
SO3H/SO3-MoS;; (b) Raman spectra of the SO3;H/SO3; -MoS,
nanosheets; (c) & (d) high-resolution S 2p XPS spectrum and O1s
XPS spectrum, respectively.
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Figure 6.2:

Figure 6.2: XRD diffraction pattern of as-synthesized MoS;
(Pristine MoS,) with the interlayer spacing (d) of 6.3 A and
SO3H/SO3-MoS, with the interlayer spacing (d) of 9.4 A.
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Figure 6.3:

Shows (a) SEM images demonstrating morphology of SO3H/SO3
functionalized MoS, nanosheets; (b) the bright-field transmission
electron micrograph of as-synthesized SO3;H/SO3;-MoS;; (c)
electron diffraction pattern; (d) & (e) illustrate HRTEM depicting
the interlayer d-spacing of functionalized 2D-MoS;; (f) line
intensity profile of the line drawn in the inverse FFT image.
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Figure 6.4:

Shows (a) Transmission electron micrograph of pristine 2D-MoS;
(i.e., P-M0Sy); (b) SAED pattern of pristine 2D-MoS, depicts
characteristics crystal planes of (110), (013), and (010); (c) the
HRTEM images of typical few-layered 2D-MoS, with an
interplanar distance of 6.3 A; (d) line intensity profile of the line
drawn in the inverse FFT image (GATAN Inc., USA).
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Figure. 6.5:

Shows (a) UV-Vis absorbance spectra of SO3H/SO3-MoS; as a
function of time in 10 ppm MB dye solution; (b) the representative
photographic images were taken for studying the comparative
photocatalytic activity of SO3H/SO3-MoS; as a function of time
for 10 ppm solution; (c) and (d) illustrates UV-Vis absorbance
spectra of SO3H/SO3-MoS; at 5 ppm & 15 ppm MB dye solutions.
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Figure 6.6:

UV-Vis absorbance spectra as a function of time of (a) B-MoS;;
and (b) P-MoS; in 10 ppm MB dye.
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Figure 6.7:

Shows (a) the comparative normalized intensity as a function of
time illustrating the rate of MB dye degradation at 5, 10 & 15 ppm
solution; (b) comparative normalized intensity plots for SO3H/SO3
-MoS,, P-MoS,, B-MoS; and as a function of time illustrating the
MB dye degradation rate in 10 ppm dye solution; (c) the
comparative rate kinetics plots of photocatalytic dye degradation
reactions using the 10 ppm dye solution using SO3H/SO3-MoS;;
(d) demonstrates the rate kinetics plot of photocatalytic MB
degradation using SOsH/ SO3-MoS,, P-MoS;, and B-MoS..
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Figure 6.8:

(@) MHlustrates (a) the comparative N, adsorption/desorption
isotherms data of SO3H/SO3;-MoS, and P-MoS; obtained during
the BET measurement; (b) shows the comparative Tauc plot of P-
MoS, and SOgH/SOg-MOSz_
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Figure 6.9:

Schematic illustrating the mechanism of dye degradation using
functionalized-MoS; samples.
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