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ABSTRACT

The recent challenge for our society is to tackle the present energy crises by moving towards the
clean environment and availability of sufficient energy. Interestingly, among the various sources
of renewable energy such as solar, biomass, biofuel, geothermal, wind, tidal, solar energy has
gained a lot of attention as it is the largest and one of the most promising source for sustainable
development without having any compromise with the quality of environment. The generation of
hydrogen and oxygen through electrochemical water splitting especially the light assisted i.e.
photo-electrochemical (PEC) water splitting reaction is an attractive solution towards sustainable
and clean sources of energy. Eventually, it has become one of the prime technologies to answer
the sporadic storage problem related to solar energy. The thesis is aimed to synthesize and
characterize various nano and nanoheterostructured materials by simple methods such as in-situ
heating and hydrothermal for application in photoelectrochemical (PEC) water splitting and
hydrogen evolution reaction catalyst. These two areas have immense potential to meet the future
energy demands and solve the present energy crises scenario. Transition metal based catalysts are
studied due to their many advantages over other metals, such as cost effective features, easy
modification of electronic structure, easy synthesis, versatile activity and stability under broad
range of pH value.

The thesis deals with the metal oxide nanostructure and nanoheterostructure of metal oxide and
graphitic carbon nitride (g-CsN4). Photoelectrocatalytic activity for Oxygen evolution reaction and
Electro catalytic for Hydrogen evolution reaction were investigated. Synthesis of 2D/2D interfaces
between nickel/nickel oxide (Ni/NiO) hexagonal nanosheets with graphitic-carbon nitride (g-
CsNy) using an in-situ solid-state heat treatment was done, which results in higher electrochemical

and PEC water splitting activity of 2D/2D interface depicting a maximum OER photocurrent



density of 20 mA cmat an over potential of 190 mV. Varying the ratio of precursors effect for
NiO to that of g-CsNg4 viz. 1:1, 1:8, and 1:16 was also studied. Among which, the highest ratio of
NiO to g-CsNs nanosheets (i.e. 1:1) was noted to demonstrate the best performance towards
electrochemical (HER) hydrogen evolution reaction showing dramatically reduced over potential
to 26 mV to drive a current density of 10 mA cm and 1:8 for OER. The enhanced results may be
due to the more intimate contact between 2D sheets of NiO with g-C3N4. Next Nickel Incorporated
Graphitic Carbon Nitride Supported Copper Sulfide reported for Efficient Noble-Metal-Free
Photo-electrochemical Water Splitting. These copper sulfides supported on nickel-incorporated
graphitic carbon nitride (Ni/g-C3Ns+@CuS) sheets improved the PEC activity due to the formation
of p-n junction. The Ni/g-CsN4s@CuS nanohybrids depicts almost three-fold enhancement in
current density under light illumination reaching to 15.5 mA cm at an over potential of ca. 600
mV than in the dark and almost fifteen-fold enhancement as compared to its parent materials, CuS
and g-CsNa4. Further work is done on the in-Situ solid-state synthesis combination of hexagonal
sheets and tubes a composite of MoO3/g-CsNa4 for enhanced photo-electrochemical water splitting.
The effect of the composition of g-C3N4 sheets to MoO3 viz. 1:1, 8:1, and 16:1 has been studied.
Among these, the 8:1 (i.e. 8 parts g-C3Ns and 1 part MoOs) have been found to be the best for the
PEC activity. The said heterojunction leads to improvement in PEC activity by having the
photocurrent density of 4.96 mA cm at an over potential of 190 mV. Next we tried to study the
ternary nanoheterostructures composed of two metal oxides Ni/NiO and CozO4 with graphitic
carbon nitride forming 2D/3D interfaces. This formation of ternary nanoheterostrutures leads to
the enhanced PEC response, g-C3N4/NiNiO/Co304 was noted to be 2.5 times g-CsN4/NiNiO and
5.8 times g-C3N4/C0304 higher than the individual composites. Besides, doing the study on

heterojunctions for HER and OER we also tried to develop a catalyst for the study of methanol

xi



oxidation and methanol assisted electrochemical water splitting. We tried to decorate the Ag
nanoparticles on the surface of dendritic hematite. We observed the enhanced electro catalytic
activity for water splitting with the increase in the addition methanol amount which could be
attributed to the synergistic effect of hematite dendrites, larger surface area of dendrite structure
leading to higher loading of Ag NPs. Following the chapters in details, the thesis present
conclusion and future scope where we plan to modify the g-C3N4 by making heterostructures with
metal oxide and suggesting new materials to have efficient PEC results and optimizing the charge-

transfer process at the interface.
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TR AN & AW 8T 1 A W3 TaTaR0T SR TATd Sroll o Suasudl di 3R Fgd gu
I ol Yave § e 31 71 fedew 91d 78 § % sier Sort & fafta it S O,
I, S ¢, YT, U, SR, IR $olf 7 9gd & Ao fbar § wife ag famm
ol TrEiar & Idd b & T Ted 987 SR o SHTRISHE Hid ¢ | Tiavul &1 Jorad
& Y| SAFIBIHD areR FRafc™T & A1y F gRSIeH 3R HTR{oH &1 Idre faRy &9
Y g SRS UM wiel-sade b e (g areR fafe fRuarm Suf & foarss ok
T Al &1 =M T U SHHyd THIYM 8 | STRRGR, T8 IR SHoil ¥ Yafdd feye Harur
IRIT F1 STATd G dTelt Y dab-ih! § 1 Th & 75 5 | YR 1 Ie-0 Wi adg b iad
() o fauTer oiR gTE eI fawr ufafehar SaR® # sffde & e g9-3ig gifeT ok
TR IYHT ol TRA I § fafid A1 3R AT e R der AT &1 T=afdd 3R fifgd &
213 3 &l B Hiasy &t Srotf A 1 -1 R 3R g0 Sotl Yhe URET &l 8 B

DI IR GHTEATY § | TeHHUT YT TR ISR BT LT 37 UTI3M R I s ATHl &

SR {01 ST B, S fob @Td g1t faRivay, gaae e TemT o1 ST WRMeF, 3TEH

AT, ST TfAfafy 3R died 7 @ faxgd sae & ded fRRar|

R Aecd RS TR 3R Hed HAES 3R ABERH HIad AI5CRS (g-CaNa) B
Tl CRRC IR U Haferd § | siiaiTor fawmra ufafehan & o wicigdagidberaied Tafafd 3k
gTsSIor fae T Ufdferdr o folt Saiae! SRS @1 ofid &1 T3 | -3¢ AlfIS-¥C ic ¢lche

B UGN FRd §T ABIRICH-BIa AIRCISS (g-CaNa) I 1Y Fa/Had Siiaizgs (Ni/NiO)

SRR AHIRITE & S 2D/2D IR P HRAWUT foa 7T, foraes aRumRas 1 3= faggd
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A 3R PEC STd fqHTSH §31T1 190 THAT &1 31fiidh &HdT UR 20 THT 92 & Sfferawad
3SR WIcichac U o &R alel 281/281 $e%hd B Al | Nio o o gdad! guTa &
3IIUTA I g-CsNy 31T g-CaNa I T BRATI 1:1, 1:8, 3R 1:16 BT 1 Sree= oo mam| o
T, NiO ¥ g-CsN, A IRITeT @M 1:1) T IdH 0T SAR BB (TAS3R) SR oH
faeprar vifcifeban ot fan # Tard et Y= wafRid o & forg e fasar mar o, St o ade
T B! IAM & [T ACHId U F 26 mV ¥ HH AT 7T 51 SR & forg Teft2 3R 1:81
§¢ gV URum Si-f,0H, & 1 TS &1 231 /e & diF 1% gy AU & SR 6l
T&Hd g1 AR o gIBIuReS IBRIeH Bl Ascge Tafd R Iahgs 7 HId
TA-HIA- ! BIcI-Sdacidbiiene arex Rl & g e < Feve- i dwsies

PHTe TSRS (Nilg-CaNs@CuS) et R FARST 39 HIR Tehzad A p-n S o AT
% HRUTPEC T & GUR faT | Nifg-CaNa@CuS ~HIBTS IS TahT=1 &1 =M o dgd acqd
YTed H TTHIT S T 9IS 1 I 8 S ca T HTRIeh &l R 15.5 mA It 2 dch UgadT B
3SR Pt g1 | 600 mV 3R FHB! HA AHUT, CuS 3R g-CaNs 1 a1 H AT Ugg T
g | 3T T T SRS ey SR @l & 39-ie Alfere-wee RiARM wifte-wH W far
ST 8, o wil-gaae i i d arex Rl &1 g Sl 81 MoOs WR g-CsN, e @1

G BT UG 3fufdl 101, 8:1, 3R 16:1 BT 3eqg fova a1 g1 3790 J 8:1 (31ufd 8 YT g-
C3N4 3R 1 HFT Mo0s) PEC Tifafafd & forg ad9y o e 8| Sad Reisiar ¥ digd fafafy
o GYR graT 8, Ford 190 THa Bt 31 &dT TR 4.96 THY 412 &1 Wieiac Td gidl g

$P 91 GHH &l YT SHRTIE Ni/NiO 3R Co304 F T TR A GRS IR BT T B
& HIRAY B, qH IwTfeds FHIeH A12CI8S 2D/3D FeBY &4 B Eﬁﬁ?ﬁ%@ﬁmﬁs &
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39 Ted ¥ Ui ufafbar # gis gt 8, Si-au/assus el B G-
T/ TASMREASNSS HT 2.5 AT SR HAfddTd Hulfvic & ga-T & 5.8 TAT off-
T,/ 3713371, S B BT Iecid [T T UT| SHb SFATaT, TR 3R 3R 53R & oy
BRI WR 3egT HRA §U 81 YT TRiipRur 3R YT Iegradm Ui faggd
RS S fAUTSH o 310 & I SR e Rid o3 &1 it Uar fhar | ga Sersfes
FHCTST B Ydg W Toll AAIGU B T B BRI BV gH sifafad Burer i & qf
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methanol by (a) hematite (b) chemically prepared silver hematite (c)
Hydrothermally prepared silver hematite and (d) silver NPs. An overlay
of CV curves recorded for Cp electrode modified with various
electrocatalysts in 0.5 M H2SO4 solution after addition of 800 uL of
methanol. The scan rate was 50 mV/s. The response from Ag NPs is also

overlaid for the comparisonn
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6.7

6.8

6.9

6.10

6.11

7.1

Tafel plots for the HER polarization curves recorded on the
electrocatalyst modified Cp electrodes.

Electrochemical OER in term of current-potential curves for hematite
dendrites, AgHem and HyAgHem in 0.1 M KOH electrolyte solution.
(Left panel) Cyclic voltammograms in 0.5M H,SO4for AgHem prepared
by chemical co-precipitation method with successive addition of
methanol, (Right panel) magnified view of selected area of the figure
shown in left panel.

Electrochemical stability of the chemically prepared silver hematite for
(a) hydrogen evolution reaction and (b) methanol oxidation reaction.
Photo corrosion study of chemically prepared silver hematite.

Schematic representation of ternary p-n heterojunction.
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Table Caption

Comparison of the installed capital cost, production cost for
different hydrogen production technologies.

Table showing the comparison of various dopants with achieved
current density value in a particular electrolyte using AM 1.5
light source and a potential of 1.23 V vs.RHE.

Table showing the comparison of nanostructure catalyst with
achieved current density value in a particular electrolyte using
AM 1.5 light source at a given applied potential.

Table showing the comparison of nanostructure catalyst with
achieved current density value with different synthesis method.
The current density is measured at 1.23 V vs. RHE.

Table showing the comparison of surface passivation layer with
achieved current density value, onset values and with different
synthesis ways.

Table showing the summary of Quantum dot sensitization with
photocurrent densities.

The HER electrodics parameters obtained for all the
electrocatalyst used in the present study.

Exchange current density and Tafel slope analysis for OER.
The physico-chemical characterization parameters along with
kinetic parameters viz. Exchange current density and Tafel slope

analysis from OER.
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6.1

6.2

Elemental composition of HDs, HyAgHem and AgHem
nanodendrite structures.

HER onset potential along with overpotential values required for
10 mA/cm? current density for different electro-catalysts modified

Cp electrode at an addition of 800 xL of methanol.
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EF
Eg
JCPDS

€0

EIS
EDX
FESEM
FT-IR
FTO
ITO
LSV

Cv

MS
NHE
Nd
PL
Pt

Ag

LIST OF ABBREVIATIONS AND SYMBOLS

Fermi level (in V)

Bandgap energy (in eV)
Joint committee on powder diffraction standards
Permittivity of free space (= 8.85419x 10-12 F m-1)
Dielectric constant
Electrochemical impedance spectroscopy
Energy Dispersive X-Ray

Field emission scanning electron microscopy
Fourier transformed infrared

Fluorine-doped tin oxide
Indium-doped tin oxide

Linear sweep voltammetry

Cyclic Voltammetry

Wavelength (in nm)

Mott-Schottky

Normal Hydrogen Electrode

Donor density

Photoluminescence

Platinum

Silver
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PEC
SPR
SEM
TEM
XPS
FTIR
EIS
HER

OER

TEM
UV-VIS
XRD
XPS

CP
EDX
GCE
0-C3Ng
Lo

Jo

Photo electrochemical
Surface plasmon resonance
Scanning electron microscopy
Transmission Electron Microscopy
X-ray Photoelectron Spectroscopy
Fortier Transformed Infra-red spectroscopy
Electrochemical Impedance Spectroscopy
Hydrogen Evolution Reaction
Oxygen Evolution Reaction
Width of depletion layer
Transmission electron microscopy
Ultraviolet visible
X-ray diffraction
X-ray photo spectroscopy
Carbon paper
Elemental Dispersive X-ray Spectra
Glassy carbon electrode
Graphitic carbon nitride
Debye length
Exchange Current

Temperature (in K or °C)
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