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Abstract
Index No.: 157/22/Chem./28

Title: “SULFIDE BASED NANOMATERIALS SYNTHESIS FOR USE AS CATALYST OF
ELECTROCHEMICAL AND PHOTOCHEMICAL REDOX REACTIONS IN RELATION TO
ENERGY AND ENVIRONMENTAL APPLICATIONS”

Submitted by: Anupam Chowdhury

Energy and environment are two principal issues of the contemporary world for sustainable development.
Energy is a prime entity to create acceleration in beings or objects, though the form of energy is different
for various purposes. If the easily available resource of energy does not have any adverse effects on the
environment, then it can play a pivotal role in bringing perfect equilibrium between energy resources and
respective energy creation. The recent rise of carbon emission from limited fossil fuel resources causes
environmental pollution as a result of carbon dioxide emission in the environment, which is also one of the
key reasons to bring natural calamity and global warming. To counter such threats and for the sake of
sustainable development, people are shifting towards renewable energy resources, which brings a sense of
joy to the natural face of Mother Earth. Having characteristic features like high energy content, feasibility,
storage capabilities, etc., water splitting for hydrogen generation, electrochemical fuel cells serve vital role
where methanol plays a significant task to generate green, clean and sustainable energy. Electrochemical
methanol oxidation overcomes some outbreaks towards direct methanol fuel cell applications due to some
of special quality like less pollution, less harming, high energy density and even effective in functioning at
low temperature. Direct methanol fuel cells create tremendous potentiality in the electronic field especially
portable electrical device, power supplier in the automobile sectors and may play a crucial role to replace
conventional use of batteries in these sectors. Electrochemical oxidation method has a significant
contribution towards above-described applications which make huge differences to bring technological
revolution in the coming days and this method also has environmental contribution towards waste water
treatment and remove toxic component from it and also produce formate like valuable chemicals from this
method. On the other hand, Water is one of the most precious, essential and subtle molecules on earth,
which requires top most priority for attention and purity to maintain an equilibrium ecosystem for
sustainable future. It plays like a bridge by which all beings, objects complete their life cycle path from
start to end. So, development of water management and related ecosystem are much more important than
that found in the present scenario to explore its highest utilization for the sake of existence of both inanimate
and life.

In the context of proper conversion, storage and utilization of energy, a facile fast synthetic route is designed
in our study to prepare a versatile nano electrocatalyst, AgBisSs (ABS) for the generation of green fuel, H,
via water electrolysis. XRD pattern confirms the major formation of monoclinic phase AgBisSs(ABS) along
with binary phase AgS (AS) and Bi,Ss (BS). Another variant CuBiS;(CBS) nanoparticle is synthesized to
compare the electrochemical result with the unique sustainable as-synthesized nanoparticles of ABS
compound. Microscopy (HR-TEM) as well as spectroscopy (FTIR) studies provide confirmed evidence of
the syntheses of ABS, AS, BS, and CBS respectively while the XPS study confirms the presence of Ag, Bi,
and S in ABS. From the electrochemical analysis, it is evident that ABS shows lower overpotential value
of 47 mV compare to that of other variants (AS — 93 mV, BS — 191 mV, CBS — 603 mV), lower Tafel slope
values(mV/dec) (75.99) compare to others (AS — 101.54, BS - 120.29, CBS - 265.2) which are the key
aspects to analyze the catalytic activity performance of the catalyst. It is also proved that the rate-
determining step of the reaction proceeds through the VVolmer-Heyrovsky step. Lower EIS values of 9.84 Q
with higher active surface area value of 0.092 cm? of ABS indicate superior and effective electron charge
transfer kinetics on the electrode-electrolyte interface and elevated activity compared to other
electrocatalysts (AS- 15.24 Q and 0.035 cm?, BS- 16.01 Q and 0.014 cm?, and CBS- 19 Q and 0.005 cm?).
On top of that acceleration degradation (AD) study before and after analysis performed at 100 mVs! for
500 cycles in acidic solution disclose the fact while comparing two LSV curves a small hike (8 mV at 10



mA/cm?) suggesting higher stability and low catalyst degradation for ABS. Chronoamperometric studies
with a fixed applied potential of -0.065 V vs RHE also reveal that the catalyst (ABS) shows retention of
activity after a 72-hour long-term process under a cathodic environment.

To show the application of light in H, generation, the as synthesized AgBisSs-BiSs nano composite is
characterized by Rietveld analysis with XRD data along with FTIR and XPS studies confirming the
formation of the synthesized photocatalyst. The morphological study like FESEM, TEM, EDS also support
the result from the characteristic analysis of data and determines their elemental composition in the
synthesized nanocomposite. The performance of this nano composite in the hydrogen production reaction
in presence of light is convincible due to its catalytic ability is reported for the first time in presence of light
where all the major determining factors are well synchronized and outperform in presence of light compare
to that in absence of light. The robustness and longtime durability along with catalytic efficacy are also
proved by the result outcome from the studied parameters like overpotential, Tafel analysis, electron charge
transfer kinetics, double layer capacitance, electrochemical surface area and chronoamperometric analyses.

In search of non-noble metal anode catalyst for fuel cell applications, we synthesized CueSs versatile
nanomaterials using a new designing synthesis route and followed by unveiling its new catalytic wing
towards electrochemical methanol oxidation reaction. CusSs and its supported alloys in different forms and
structures used in the various fields such as semiconductor, asymmetric supercapacitors, anodes for high
performance lithium-ion and sodium-ion batteries, efficient catalyst for water splitting, in broad band high
performance electromagnetic wave absorber, used for microfiltration, as an environmental pollution
removal and photothermal conversion, as a photothermal agent with 25.7% heat conversion efficiency for
photothermal ablation of cancer cells in vivo and in multimodal tumor therapy. We demonstrated
electrochemical and photochemical oxidation of methanol for the first time. The increased current peak on
consecutive cycling in cyclic voltammetry appears in the negative potential zone. Significantly it is
achieved in absence of any noble metal in the constitution of anode. The catalyst also exhibits efficiency in
presence of light. Hopefully this new insight regarding CusSs nanomaterials towards electrochemical
oxidation helps researcher in designing the catalyst without support of any noble metal. It also enlightens
new direction to better optimization of its stability and makes them feasible for commercial purpose.

In the context of remediation of atmosphere from the contamination of water by toxic dye, Rhodamine-B,
nanoparticles of n-AgBisSs, n-Bi,Ss and n-n AgBisSs - Bi,Sz nanocomposite were synthesized by facile one
pot hot chemical (90 °C) method using ethylene glycol as medium without further calcination. The
nanocomposite on exposure to natural sunlight exhibits significant and synergistic photo-catalytic activity
towards degradation of pollutant dye Rhodamine-B(Rh-B) in aqueous solution. The as synthesized
monoclinic AgBisSs, orthorhombic Bi,Ss, and their nanocomposite were identified and characterized by
various spectroscopic, diffraction (XRD) and microscopic techniques. The UV-visible spectroscopic study
reveals significant absorption of visible light and narrow band gaps/eV: 2.8 and 1.9 for synthesized Bi,Ss;
and AgBisSs respectively. The spectroscopically evaluated maximum % of degradation of Rh-B (99.9) and
related high-rate constant (0.059 min™) were achieved within 25 minutes with 0.7 g/L AgBi3sSs-Bi»Ss
nanocomposite at pH 3. The radical trapping experiments reveal that both "O;™ and "OH are almost equally
involved in the degradation, while hole, h* is the main initiator of the degradation as usual. Studies of the
products of degradation reveals both de-ethylation and ring breaking of Rh-B indicating simultaneous
absorption of sunlight by it and the catalyst. The very high efficiency and synergistic effect of the
nanocomposite might be due to either/ both Z scheme/ S scheme charge separation. The 95% retention of
the photocatalytic activity by 5th time used catalyst, AgBisSs-Bi.Ss signifies its superiority by auto surface
improvement during reaction. Hope, the present work on the sulfide-based catalyst will have significant
contribution in science and build up solid edifice in the development of emission less energy converters
and remediation of atmosphere for our sustainable future.
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CHAPTER 1

1. Introduction

Energy and environment are two prime issues for the present world for sustainable development.
Energy management has been evolving as a key factor in the present context for proper storage,
conversion and utilization of energy barring environmental hazards. On the other hand, the
required industrial growth is always associated with some unavoidable environmental pollution

which needs continuous monitoring and immediate remediation [1].

Energy security is the one of the sensitive issues all over the world. Researchers are searching for
such solution by using vast and renewable natural sources to generate clean energy without
disturbing other environmental parameters. It is expected that such efforts would be fruitful to
fulfill the energy demand which are rising day by day due to rapid development of the society
along with growth of population. So, it is very much necessary to explore an alternative clean,
green and sustainable energy resource as soon as possible. That kind of approach allows us to shift
slowly from conventional fossil fuel resources which are not environment friendly to renewable
energy sources which are friendlier towards environment [2-3]. The approach also mitigates the
plenty of problems related to natural calamity like frequent disasters in every calendar year in
different parts of the world [4-6]. In that context, search of green fuel hydrogen (H.) is an excellent
choice [7]. It evolving with a rapid manner also everyone as a clean energy supplier due to its
sufficient availability, easy producing capability and also high gravimetric energy density which
is about 142 MJkg™ [8]. Although there are various methods, H. is mostly generated through steam
reformation of fossil resources, where CO> is formed as a byproduct of these reactions. This is the
main concern for facing problems like global warming [9-14]. To counter such threats methods
like electrochemical, photochemical, photo-electrochemical water splitting grow as H2 producer
as clean, competent and sustainable methods, since energy generated as a result of H> combustion
reproduce only water which has great significance in the cycle of H2 economy [15]. Catalysts play
significant roles in green H, production via above mentioned methods. For this we mainly
synthesized sulfide-based nanomaterials and used these as catalysts in electrochemical and
photochemical water splitting reactions. In the context of proper conversion, storage and utilization
of energy, one way of getting high energy density of the most usable form of energy, viz electricity
with reduced pollution is to use the fuel cell which converts chemical energy to electrical energy

directly without Carnot’s efficiency loss [16]. The development of stable, economically viable
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anode and cathode catalysts for fuel cell is therefore an important topic of present research.
Synthesizing and using sulfide nanomaterials, cathode and anode catalysts are studied here for

hydrogen production and alcohol oxidation in dark and illuminated environment.

Water is one of the most important and essential substantial entityes for existence of living being
as well as industry. Water management system plays a key role to develop an equilibrium in
between two major users of it. There is various source of waste water available from the distinct
industries such as pharmaceutical, bleaching, textile, agriculture, printing ink, rubber, plastic,
leather, food stuff, photographic, paper, pulp etc. where portable water is mostly consumed by
textile industry [17-19]. Dyes are the most common commaodity in textile industry and the effluents
come out from this process have several toxic effects due to presence of different organic pollutant
moietyes in it. Commercially more than hundred million kinds of dyes are available and similarly
demand for this dye in present era as well as pigments dramatically increases and these are
primarily responsible to generate waste water [20]. Lots of contaminated metals which have
adverse effects in the biological system are in the mixed phase with effluents come from the
different industries [21]. So, methods like photochemical oxidation have been evolved to nullify
the effect with an accuracy, to diminish the toxic effect of it through its mechanistic outbreak and
make this water available for reuse in the main stream and also contributed in the water
management system on the earth. For this again, some sulfide-based nanomaterials are used as
photocatalysts to degrade the toxic dye, Rhodamine B in aqueous solution in presence of natural
sunlight. The study includes different synthetic procedures of sulfide-based nanomaterials and the
roles of Sulphur in electrocatalytic, photocatalytic and photo-electrocatalytic reactions related to
energy and environment. Hope, the study would contribute significant findings and notes in the
related fields of science and help other researchers for further study.
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1.1 Principle of water splitting

Traditional water splitting is an electrochemical process and requires an assistance in a three-
component system where anode, cathode and the electrolyte are parts of the set up as shown in
figure 1.1. Generally, this process involves two half-cell systems where water reduction occurs on
the cathodic half-cell and water oxidation is carried out in anodic half-cell portions. The processes
popularly known as HER and OER where HER stands for hydrogen evolution reaction and OER
implies as Oxygen evolution reaction carried out on the cathode and anode of the cell respectively.
Different electrolytes are used in this process and based on their nature different of electrochemical
reactions occurred on the respective electrodes but these do not have any special effects on the

overall reaction [22, 23].
The mechanism of the reaction is shown below based on the different electrolytes.

When acid is used as an electrolyte and the reactions are

In cathodic compartment: 2H* + 2e- » Ho(g) where Ec=00V

In anodic compartment:  2H20(l) » O(g) +4H" + 4ewhere E'a=1.23 V

In presence of non-acidic aqueous electrolytes, the reactions are

In cathodic compartment:  2H,0 + 2e¢ ———» Hy(g) + 20H where E'c=-0.40 V

In anodic compartment: 40H" » Oz + 2H,0 + 4e" where Ea =0.83 V

Overall reaction: 2H,0(1) »  2H2(g) + O2(g)

Thus, the theoretical value of water splitting is 1.23 V from thermodynamical point of view
irrespective of the reaction medium. The above standard electrode potential values of respective
cathode (Ec) and anode (Ea) are calculated with respect to standard hydrogen electrode (SHE). In
reality, the potential required for water splitting is greater compare to thermodynamic potential
value and the surplus potential is responsible for bringing inherent hindrances like interaction
susceptibility and solution permeability in both the electrode and the surplus potential termed as
overpotential as denoted by 1 in water splitting system. Based on the above context, the actual

operational potential for the water splitting reaction presented like
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Eop = 1.23 V + [nal+ [ne| + Motnedand this equation leads us towards actual operational potential for
water splitting reaction, which is responsible for actual performance. The overpotential values in
the above equations are efficiently degrading through developing right kind of catalysts as well as

electrolyte for respective HER and OER reactions.

y Hydrogen
0

Figure 1.1 Schematic representation of water splitting

1.1.1 Hydrogen evolution reaction (HER) & Oxygen evolution reaction (OER)

HER operated via two electron exchange process where multiple steps are involved in cathodic

chamber and it goes through two distinct paths associated with mainly three processes.

In case of acidic electrolyte medium, hydronium cations take an electron from the cathode to
generate intermediate immobilized hydrogen on the respective surface of the electrode catalyst
(HsO" + e » H* + H,0) and the reaction followed via path of Volmer reaction. And then deposited
hydrogen intermediate transform into H through Heyrovsky path (H* + HsO* + e —» Hz + H20).
The intermediate hydrogens in the vicinity of the system interacts to form H> followed by Tafel

reaction path (H* + H*—»H,).
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In alkaline medium, the hydrogen evolution reaction slows down compare to acidic medium due
to formation of intermediate H* from H2O dissociation steps [24]. And then as a result of that
adsorbed H* is formed through Volmer reaction (H20 + e — H* + OH") and the remaining parts
of the reaction is carried through either Heyrovsky path or Tafel reaction path as like in acid.

The change of free energy of hydrogen adsorption (AGn) In between adsorbed H> and the
electrocatalyst was calculated by density functional theory (DFT), which was well accepted
throughout in the field [25]. AGn value has a significant role to identify whether the rate
determining step proceeds through cither Heyrovsky or Tafel path or Volmer path. When AGH
value shows large negative value, it indicates that the rate determining step goes through
Heyrovsky or Tafel path and the corresponding rate of Hz adsorption on the electrode is much
easier than rate of desorption. On the other hand, large positive value of AGH signifies that the rate
determining step proceeds via Volmer path and the respective interaction of H is comparatively
weaker. The rate of adsorption of Hz on the electrode comes in equilibrium with rate of desorption.
It implies that AGH value poses near zero due to the better performance of catalyst in the HER

reaction.

The rate of OER reaction is usually slower compare to that of HER because it has to overcome
larger overpotential value to reach the activated state and the associated reaction goes through
complicated four proton transfer process [26]. The possible mechanism and the general reaction

pathways of HER and OER are shown below as figure no. 1.2 through schematic representation

HER in alkaline medium

OH  H-O+e H,O +e  OH

{ Volmer-Heyrovsky ] M [ Volmer-Tafel ]

Figure 1.2 Schematic representation of reaction mechanism for the HER in acidic
medium and alkaline medium
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O, + H* +HO JH*+e

OER in alkaline medium

=2

€ M-OH
o

+ OH
H20
OER in acidic medium
+ OH-
H* H*

Figure 1.3 Schematic representation of reaction mechanism for the OER in
acidic and alkaline medium, green and violet color arrows represent two possible
intermediates of OER reactions.

In figure 1.3 intermediate M-O associates with H20 at acid medium to generate O, and combining
with OH" in basic medium to form M-OOH which afterwards transform into O,. M-OH
intermediate in OER reaction also generates same intermediate like M-O and two M-O units link
each other to generate O in that respective reaction. Intermediates like M-O, M-OH and M-OOH
have great significance to identify the electrocatalytic OER activity [27]. Tafel slope value assists
in determining the rate determining step [24]. If its value is near about 120 mV dec™ then the M
to M-OH intermediate path acts as a rate determining step and if it is close to 40 mV dec? it

indicates that the intermediate M-OH to M-O is the rate determining step of the OER.

The thermodynamic parameters like Gibbs free energy for OER determined by Rossmeisl et al.
considering four reactions and the associated subsequent Gibbs free energy equation is AGi =
AGproduct — AGreactant — €U — ke T In[H*] where i= 1 to 4 with an applied potential U, temperature T
and kB implies the Boltzmann constant [28]. The relationship between theoretical overpotential
for OER (n°FR) and the Gibbs free energy AGOER [29] within standard conditions (Usne = 0) is as

n°ER = (AGOER/®) — 1.23 V. When overpotential value is zero, the ideal Gibbs free energy is 1.23
eV and in reality, the value differs with the actual outcome owing to poor selectivity of the catalyst

makes the OER reaction slower.
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1.2 Methods of H. production

The resources available in nature are fossil fuels, biomass, seawater, hydrogen sulfide and fresh
water where, hydrogen can be found as an abundant element. Sometimes by product like carbon
di oxide and other pollutants are separated to obtain green hydrogen from resources like fossil
fuels. Prime energy sources like thermal, photonic, electrical, biochemical energy along with some
hybrid energy such photonic-biochemical, electrical photonic and electrical thermal are employed
to generate net zero, clean hydrogen from the respective resources. There are several methods such
as electrolysis, thermolysis, thermochemical processes of water splitting, photocatalysis,
photoelectrochemical, PV electrolysis, dark fermentation, hybrid thermochemical cycles, high
temperature electrolysis, coal gasification, bio photolysis, photo fermentation, fossil fuel
reforming, photo electrolysis, artificial photosynthesis etc. [30-34] are used to generate
environment friendly hydrogen from their corresponding source materials. Few of the above-
mentioned methods are discussed as follows:

1.2.1 Hz production through Electrolysis

Electrolysis is one of the most important method to generate electricity from energy resources such
as solar, geothermal, biomass, wind, ocean and other available renewable energy resources and the
waste heat available from different electrolysis systems are used to run several power generating
systems. Electrolysis can be associated with different types of energy sources like wind, solar, geo
thermal, photovoltaic system, flash cycle, etc. Water converted through electrolysis to generate H;

and O2 and the reaction is shown as follows

2H20 » 2H, + 02 Eo=-1.229V

1.2.2 H» production through Thermolysis

H> generated via thermolysis which is conventionally one step reaction process and the required
heat was supplied by solar system for completion of such reaction. The optimum temperature
required for dissociation of H»O is near about 2500 K. And such single step reaction expressed as

H.O » Hy + 1% 0O,
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1.2.3 H2 production through Photocatalysis

In Photocatalysis method where, catalyst activated via photon exposure from sunlight to generate
an electron hole pair and the respective electrical charge responsible for splits water and generate
hydrogen from it. Band gap play an important role to forwarded this reaction, specific band gap
creates specific environment between conduction bands (CBs) and valance bands (VBs) for
specific redox reactions. Characteristic feature of the desired catalyst helped to generate electron
hole pairs as well as charge separation in between with faster rate. The respective photo-oxidation

and photo-reduction of water splitting via photocatalysis are expressed as follows

2H0+2e- MO s 20H i) Photoreduction

2H20 ho > Or+4H " +4e ..o Photo-oxidation

1.2.4 H> production through thermochemical processes

Thermochemical reaction driven by simple heat without assist of any catalyst for production of
catalyst. The key features of this type reaction are that no requirement of any electrical energy,
operation temperature range in between 600-1200 K, separation process of H. and O, was done
without any membranes and the required energy for this reaction mainly supplied by geothermal,
solar, nuclear electricity, biomass combustion. Biomass combustion is responsible for generate
hydrogen via gasification process with biomass conversion. Some examples related to H:
production through the thermochemical process shown below

Temperature, A

CxHy + x H.0 » (Y/2+x) H2 +x CO

1.2.5 H> production through Photo-electrochemical cells

Photo anode and photo-cathode are two integral components of photo-electrochemical cells. The
reaction mechanistic approach of photo-electrochemical cells resembles with photovoltaic cells.
The intrinsic characteristic patterns in electrochemical cells utilized solar energy more efficiently

and its combines in electrolysis and photocatalysis of H>O as a united single element.
1.2.6 H2 production through Dark fermentation

The bio chemical energy stored in organic waste can be converted in other forms of energy with

an assistance of Dark fermentation processes without any irradiation. Hz is produced by living

9



CHAPTER 1

creatures using the biochemical energy in them without any assistance of light. The hydrogen
production costs would be reduced by using organic waste which is easily available and economic

friendly via dark fermentation processes.
1.2.7 H2 production through Hybrid thermochemical cycles

The main advantage of this process is that it can be operated with the help of recyclable chemicals
at low temperature compare to heat assisted water splitting and produced hydrogen be used to
produce environment friendly thermal energy like industrial heat, nuclear heat, solar heat,
geothermal heat and waste heat generated from numerous power plants.

1.2.8 Hz production via Photo electrolysis

Photo- electrocatalysis is conducted with an assistance of electrical energy in the electrolysis cell
under solar irradiation. The key mechanistic steps followed during the photo electrolysis method
are, flow of electrons from anode to cathode responsible for generating current, gaseous oxygen
and protons formed as a result of water decomposition, hydrogen produced in the gaseous form as
a reduction of photons in the cathodic compartment, generation of electron-hole pairs by photonic

energy having higher energy than that energy of the band gap of corresponding p-n junction.
1.2.9 H production via bio-photolysis and photo-fermentation

The photobioreactor is designed for microorganisms which are light sensitive and play as a
biological converter in the bio-photolysis system. Microalgae microorganism has better efficiency
rate compare to that of others microorganism due to their nature of culturing. The production of
H> via bio-photolysis is pro-environmental in nature but still confined up to laboratory regions.
Some examples related to bio-photolysis driven production of H; are stated below

6 H20 + 6CO, L CsH1206 +6 O2

CesH1206 + 6 H20 L» 6C0O, +2 H>

1.2.10 H: production via Artificial photosynthesis

Artificial photosynthesis method has a tremendous potentiality towards green H> production, in
the dry agriculture field as well as electricity generation with an assistance of solar energy. The

decomposition of water via electrolytically achieved followed by the method which was acting
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like a photosynthesis. This method was not commercially viable for large scale Hz production due
to low efficiency [35] and production cost are high but researchers are too keen to find new strategy

for further improvement of this method.

1.3 Role of parameters for Hydrogen and Oxygen evolution reaction

The catalytic activity of the synthesized catalyst in HER and OER depends on few important
factors like Tafel slopes, Overpotential, turnover frequency, stability and faradaic efficiency of
that reaction [36-40].

1.3.1 Effects of overpotential on HER and OER

Overpotential is defined as extra amount of energy required to overcome the internal kinetic
barrier. It also drove the catalyst from its equilibrium state to initiation of the reaction of HER and
OER. Cyclic voltammetry, linear sweep voltammetry measurements are studied for determination
of overpotential value of this reaction. Low overpotential value emphasized. better electrochemical

study and vice versa also.
1.3.2 Effects of Tafel plot on HER and OER

Tafel slope from the respective Tafel plot was determined performing linear sweep voltammetry
study at lower scan rate which associated with the electrochemical reaction and effects on the
electrochemical kinetics of that reaction. The equation is shown below as fitted line with the linear
portions of the Tafel plot n=a + b log j, where n stands for overpotential value, j stands for current
density and b represents Tafel slope. Exchange current density (j°) are determined from the above
linear equation when 1=0 and expressed the intrinsic efficiency of the catalyst in water electrolysis
reaction. Effective catalyst signified with lower Tafel slope value along with higher electron

density value in an electrolysis of water system.
1.3.3 Effects of Turnover Frequency (TOF) on HER and OER

Turn over frequency was assisted to quantify the subsequent catalytic efficiency of the catalyst
active site with respect to reaction conditions from which no. of reactions site per unit time are

occurring in the electrolysis of water. Equation related to TOF are TOF = (jA)/(aFn) where A
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implies for surface area of the electrode, a represent no. of electrons of the catalyst, j denoted by
current density with respect to overpotential from the linear sweep voltammetry study, F presented
as Faradays constant and n stands for no. of moles derived from mass loading compensated with

associated concentrations.
1.3.4 Effects of Stability on HER and OER

Stability is one of the prime factors to determine the efficacy of the used catalyst in the particular
reaction and proved their stability using cyclic voltammetry studied up to thousand cycles and also
catalytic performance and robust behavior of the catalyst explored through chronoamperometry

study at fixed potential up to 24 hours and also beyond that time.
1.3.5 Effects of Faradaic efficiency on HER and OER

Faradaic efficiency is also assisted to find out the catalytic efficiency of electron transfer involved
to driving the electrochemical reaction. Faradaic efficiency determined through comparing amount
of gas produced experimentally with known amount of gas generated from the theoretical
perspective. Gas chromatography is used to determine the amount of gas such as Hz or O2

generating on the respective electrode.
1.4 Fuel cell and its importance

Fuel cell is based on simple mechanistic device where chemical energy converts into electrical
energy without creating disorder in the environment. The efficiency rate of energy creation via this
route is high during the reaction process. Fuel cell-based technology is evolving in the current
energy sector due to their efficiency, productivity and robust nature. The numerous characteristic
features of fuel cell drawn their attention in portable energy device like laptop, mobile phone, in
others electronic device as an energy supplier and also raised a very tough competitions with
battery industry. Fuel cell generates continuous electricity as much as fuel and air are available in
it and which bypassed recharging mechanism but battery has limited fuel generating substance and
oxidant, degraded certain after time of utilization [41,42]. Traditionally fuel cell combines with
hydrogen and a supporting oxidant through electrochemically without any exposure to heating.
Fuel cells play a key role in renewable energy generation sectors due to zero pollutant created in
this path. Combustion of fuel generates electrical energy directly if the process carried on in the
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electrochemical cell which also restricts intermediate thermal and mechanical energy generation
where Carnot limitation significantly not indulge in it [16]. Sir William Robert Grove was the first
man who developed fuel cell in 1839 and demonstrated to took Hz and Oz in fuel cell while H2SO4
as an electrolyte and platinum as an electrode [43]. Another two scientist, Charles Langer and
Ludwig Mond was used the term fuel cell for the first time in 1889 and they were shown fuel cell
application with took coal gas as a fuel [44]. And the alkaline fuel cell (AFC) was first coming up
under the research of prof. Francis Bacon who modified the equipment of Charles Langer and
Ludwig Mond.

There are different types of fuel cell evolving till date and few of them such direct alcohol fuel
cells (DAFCs), alkaline fuel cells (AFCs) and proton exchange membrane fuel cells (PEMFCs)
are attracting more due to their efficiency, productivity, operational capability at low temperature
and most importantly friendlier towards environment [45]. Specifically direct methanol fuel cell
(DMFC) was performing well due to its characteristic feature like high energy density, structural

simplification, higher conversional rate and zero pollutant emitter [46-48].
1.4.1 Principle of Anodic Oxidation of Fuel Cell

The general mechanistic part of direct methanol fuel cell (DMFC) consists of two parts, in the
anodic part where methanol going through electro-oxidation to form CO2 and the subsequent
reaction [48] is CH3OH + H,O ——» CO2+6H" +6 ¢ E°=-0.8485V

Oxygen mostly as an air goes through electro-reduction to from water or steam at the second part

i.e., cathodic part.

The electrolytes used in this system are mainly aqueous acid or alkaline solution. Methanol, alkali
such as potassium hydroxide or sodium hydroxide and water mixtures are circulating in adjacent
to anodic part, oxygen is circulating near the cathodic part of that direct methanol fuel cell
mechanistic system. Specific characteristic features regarding the electrochemical oxidation and
reduction reaction occurred at their respective electrode compartmental zone as well as inter
conversion between their specific forms understood more conveniently with observed the direction
of the reaction path and extent of rate of electron flow across the reaction surface interface at

orderly manner.
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In our research we are concentration on designing new sulfide-based nanomaterial for mainly
methanol oxidation along with other higher homologous alcohol without taking any kind of
assistance from any novel metal. And optimized their new electrochemical study, revelation of
mechanistic path as well as through analysis of product outcome are shown in their respective

thesis chapters.
1.5 Water remediation through photochemical oxidation

Photochemical oxidation primarily known as a special kind of oxidation occurs with an assistance
of light. This method is very much useful, convenient for purify the waste water coming from
different industry and specifically dye industry where harmful organic pollutants are mixed with
that waste water. Now in current context, this technique is attracted and evolving due to its pro
environmental nature as well as economically viable character and also efficient to function under

natural sunlight.

Photocatalyst has several characteristic features such ability to adsorbed the light in its surface,
operated easily in visible or near visible region, environment friendlier and economically
sustainable [49]. Photocatalyst has a unique role in this method. Efficient catalysts are driving this
process with a short time frame which was desirable from the commercial point of view. We are
demonstrating sulfide-based semiconductor nanomaterials play a pivotal role as an efficient
photocatalyst in this method for water remediation to contribute towards water management
system for sustainable ecosystem among the natural resources available in this earth.

Photocatalyst divided in to two categories, one is homogenous and other one is heterogenous
photocatalyst where catalyst remain with the same phase with the reactant are called homogenous
photocatalyst. Heterogenous photocatalyst has two active phases where photoreaction is carried
on the surface of a catalyst and the catalyst adsorbed the light became excited then involved in
reaction surface with the adsorbate molecule available in the ground state, the overall scenario is
popularly known as catalyzed driven photoreaction or semiconductor assisted photocatalysis or

also photoreaction through sensitized semiconductor [50].

Dyes are different types like acid, basic, aniline black, direct, azoic, vat, mordant, disperse, reactive
dye and metal complex dye from application point of view and indigoid, stilbene, triphenyl methyl

dye, quinoline, nitro, azo and nitroso etc. from parent structure contexts and crystal violet, methyl
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green, alizarin, naphthalene green B, methyl orange, methyl blue from generally available from
industrial point of view [51]. Some dyestuffs have different chromophore groups which are
responsible for light absorption and lights reflection through shown color and has immense
capability to alter the properties of the experimental substance from physical and chemical context.

Chromophore and auxochromes are two components of dyes responsible for characteristic changes
in it where the preceding one is responsible for color and the next one acts as electron donor or
acceptor substituent which has ability to increase the affinity of that dye molecule for better
solubility in water. Some of the specific feature in auxochrome are that these contain one or more
number of nonbonding electron pairs which have tendency to extend conjugation for better color
resolution of chromophore. Few significant chromophores are nitro group (-NO2), azo (-N=N-),
methine (-CH=) and carbonyl (-C=0) groups along with some common auxochromes are amino
(-NHz2), hydroxyl (-OH), methyl (-CHz3), carboxyl (-COOH) and Chloro (-Cl). The constituents
like metals, rings, other material in dye molecules which have several adverse effects towards
aquatic system, certain marine life, available in natural ecosystem, among them azo dye belongs
to longer chain class of synthetic dyes and its reduced form is carcinogenic in nature [52, 53]. Azo
dyes are popular in synthetic organic reaction due to its flexible behavior during coupling reaction,
shown structural adaptability in different applications. The specific characteristic features of azo
dyes improve the biological along with chemical stability in overall dyes which has tendency to
resist them from collapse during the exposure of natural light or by soap and aqueous medium.

The presence of azo dyes in aquatic system as well as their subsequent adverse effects specifically
towards biological system of human life becomes vulnerable and complex diseases come out with
several potential damages in liver, kidney and others organs of biological system of any beings
[54, 55].

There are mainly two kinds of methods available for removal of pollutant from dye contaminated
water. One is separative method which includes physical and physicochemical and another is
degradation method which includes chemical and biological methods. Chemical methods proceed
through ozonization, oxidation and photochemical method. Advanced oxidation method is
evolving as an efficient method among them because of their efficiency, capability towards
oxidation process and most importantly environment friendly in nature. The mechanistic outbreak

of this process in where they produce strong oxidizing agent as hydroxyl radical. Fenton method
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is familiar in advanced oxidation process where H2O> and iron salt mixture is familiar as Fenton’s
reagent, played effective role in the degradation of organic pollutant [56] H2O: activated without
any assistance of any energy which is main advantage of Fenton’s method. Formation of hydroxyl

radical is initiated the following reaction [57].

Fe?* + H20; Fe** + OH + OH"

v

Fe?* + H,O + H* Fe¥* + OH+ H,0

v

lonized form of H2O> reacts with ozone to formed OH" [32]

O3 + HOy » O2+0OH +02"

The formation of hydroxyl radical further improved in presence of UV light and then its termed as

photo Fenton’s or solar Fenton method [58].

Photochemical method driven by photocatalyst through photocatalysis is the advanced oxidation
process due to simple, efficient, pro-environmental and economically sustainable for pollutant
removal from toxic dye [59]. Enhance the generation of electron hole pairs assisted through radical

production depends on excitation of efficient semiconductor [60].

1.6 Overview of Materials Synthesis techniques

The synthetic route is very much important to develop a certain specific and unique character
driven nanomaterials whose effective performance is responsible to lead us to explore various
applications. There are several methods are available for sulfide-based semiconductor
nanomaterials development for energy and environmental application such as Hydrothermal,
solvothermal, ball milling, exfoliation, solid phase synthesis, chemical vapor deposition,
electrochemical deposition, hot chemical treatment [61-68]. We chose hot chemical treatment
method for specifically time efficient, simple, initiated with optimum temperature like
characteristic features and also took less time for completion. Different types of materials
synthesized followed by this method. Nanomaterials of different size and shape optimization was

flexible in this method.
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1.6.1 Hot Chemical treatment method

The optimum molar ratio of the source metals was weighed out for the synthesized materials and
then soluble in the desired solvent based on their solubility, made a homogenous solution for
individual source metals salt in the individual reaction vessel. An optimum temperature was
preplanned for the synthesis based on the type of source metals participated in the desired
nanomaterial synthesis. If we want to synthesized AxByC, materials then at first, we mixed the
homogenous mixture of source metal A and B in a reaction vessel and then put it on a pre-sated
(90°C) temperature-controlled heating mantel under ambient condition. When temperature
reached at desired temperature then homogenous solution of source metal C poured into main
reaction vessel where solution of homogenous mixture of source metal A and B are there and then
the reaction was carried on that temperature up to two hours. After end of the reaction, switched
off the heating mantle and allowed the appeared mass of desired synthesize materials, then
followed by centrifuged with that appeared mass and afterwards washed it with Millipore water

and ethanol several times, dried at 70 °C for 24 hours.

1.7 Overview of Materials characterizations techniques

The synthesized nanomaterials were characterized by different sophisticated tools to reveals the

nanomaterial’s identity from structural, morphological and electrochemical point of view.
1.7.1 Overview of Electrochemical characterization

The electrochemical study was measured by cyclic voltammetry (CV), chronoamperometry (CA)
and with electrochemical impedance spectroscopy (EIS)

1.7.1.1 Overview of Cyclic Voltammetry

Cyclic voltammetry is a reversible method where peak potential at the oxidation zone i.e., anodic
part and subsequent peak potential at reduction zone known as cathodic compartment stimulated
the electrochemical response with the support of applied potential field. Conventional three

electrode set up are used to analyzed the electrochemical outcome through systematic cyclic
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voltammetry study where carbon cloth or graphite carbon electrode or glassy carbon electrode
used as a working electrode, inert material like platinum wire or platinum sheet are used as a
counter electrode and saturated calomel electrode (SCE) or Ag/AgCl used as reference electrode
in an electrochemical system. Cyclic voltammetry study was optimized through current (A) vs.
potential (V) profiles at different scan rate. Catalytic stability has checked through number of
cycles performed via CV analyzer until reached at saturation state of the catalyst. The Tafel plot
was analyzed from the relation between log scale of current density with steady potential in a low
scan rate following typical Butler Volmer equation.

n=bxlogj+a...cc.ceeerrnne... (1)

b=((M—-2a)/10gj) cecevvevnrennnn. 2)

a, b, j and n implies as reaction constant, Tafel slope, current density and overpotential

respectively.
1.7.1.2 Overview of Chronoamperometry (CA) analysis

The chronoamperometry study was done with same typical three electrode set up discussed in
cyclic voltammetry optimization sections and scrutinized via current (A) vs. time (sec) profiles at
fixed potential. Robustness and stability of the effective catalyst was optimized with fixed potential
up to longer time exposure of catalyst surface in electrochemical system. CA study are also

revealed different electrode kinetics phenomenon at the electrode electrolyte surface interface.
1.7.1.3 Overview of EIS analysis

EIS analysis was measured for charge transfer resistance in the electrode electrolyte surface along
with several factors such as solution resistance and other kinetic parameter when compared the
profiles of real Z with imaginary Z fitted in an optimized circuit and the plot popularly known in

electrochemistry as Nyquist plot.
1.7.2 Overview of structural characterization

1.7.2.1 Overview of XRD analysis

X-ray diffraction (XRD) analysis was employed to understand the repeated and periodic

arrangement of unit cell at different diffraction angle under exposure of the X-ray following the
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traditional Bragg’s law nA = 2dsin© where A stands for wavelength of the incident X-ray, d implies
the interplanar distance and © represented as a diffracted angle. The analysis reveals the important
information for identification of different compound and their phase, nature of crystallinity, size
etc.

1.7.2.2 Overview of FTIR analysis

The presence of functional group, presence of different bonds among the elements presents in
synthesized materials optimized through FTIR analysis. Nature of stretching and bending vibration
between two elements identify at specific wave number zone through FTIR characterization tool.

1.7.2.3 Overview of XPS analysis

The X-ray photoelectron spectroscopy is a characteristic tool to analysis the elemental composition
of the synthesized materials surface, electronic and chemical state of corresponding constituent
element, empirical formula of synthesized elements and their atomic percentage, uniformity of all
the elements present in the materials. XPS techniques is mainly based on photo-ionization effect
and escape of electrons from analyzed materials surface when exposure with high energized X-ray

photons.

1.7.3 Overview of morphological characterization

1.7.3.1 Overview of Scanning electron microscopy (SEM) analysis

SEM is a useful technigque to analyze the morphology and topology of the synthesized sample
using high energized beam of electron for overview of intrinsic structural peripheral state of the
materials surface. The resolving ability of microscope and minimum separation resolved through
microscope predicted by the equation as such, d = A/2nsin© where A, n, O stands for wavelength,
refractive index, half angle of the cone of light from the objects. Resolving power inversely
propagated with the respective wavelength. The range of optical resolution of that microscope
varies from 0.2 um or 200 nm. Lanthanum hexaboride (LaBs) or Tungsten (W) are being used
primarily as cathode for high melting point and the range of energy produced by electrons in the
cathode is 0.1 to 0.30 keV. Conducting film of gold or platinum near about 5 nm is used to made
on the experimental sample for conductivity improvement purposes and as a result of that electrons

remove effectively along with decrease the effectivity of space charge.
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1.7.3.2 Overview of Transmission electron microscopy (TEM) analysis

TEM is a generally used to investigate the morphology and intrinsic structure of the experimental
materials and the configuration of TEM also very much similar with SEM. The energy used to
accelerate electrons is much higher 100 to 400 keV compare to that of SEM. The sample should
be sufficiently thinner for better penetration of the electron beam has optimum physical strength

along with chemical durability for withstand the high vacuum atmosphere.
1.7.3.3 Overview of Energy-dispersive X-ray Spectroscopy (EDS or EDX)

This technique is generally part of both SEM and TEM analysis and provide information related
to chemical composition of an experimental samples in particular selected region of that

corresponding surface.
1.8 Overview of UV-vis spectroscopy:

The fundamental principle behind the adsorption driven by the generation of electron hole pairs as
a product of optical excitation of electrons from the region of valance band to region of conduction
band. The processes follow behind this technique are obeying the fundamental law of energy and
momentum conservation and which are driven by the fact that minimum quantum energy sufficient
for excitation of electron from valance band region to conduction band region is equal to band gap
of the semiconductor. Band gap energy (Eg) of semiconductor materials determined from the
measurement of the fundamental absorption spectroscopy. The profile of (ahv)? vs. hv
conventionally known as Tauc plot for the allowed electronic transition where a, h, v implies the
absorption coefficient, plank constant and incident light. And the direct band gap was determined

from following relations, (ahv)? = hv - Eq
1.9 Overview of High-Performance Liquid chromatography (HPLC):

HPLC technique provides us enhanced separations under short period of time utilizing small
particles, small column diameter with high liquid pressures. Martin and Synge in 1941 discovered
the liquid-liquid partition chromatography and also laid the foundation of Gas-liquid
chromatography and high-performance liquid chromatography. Kirkland and Hub developed
HPLC in 1969 and proposed systems capable to operate at pressure up to 3000 psi and particle

size 30 um supported to 1-3 mm column has been used to injected eluent pumped through the
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column at higher flow rate. When the mixtures of analyte introduce in HPLC column, affinity
towards stationary phase assisted to travel accordingly. Affinity of the analyte towards adsorbent
travel slowly and affinity towards stationary phase direct the analyte move fast pace. The
components present in analyte easily separated by these techniques because of distinct affinity

shown respective components towards stationary phase.
1.10 Literature Review

Clean energy resources have a vital impact in the field of renewable energy generation due to its
zero adverse effects towards environment. Among the resources, electrolysis of water for hydrogen
production acts as clean energy with their high energy conversion rate along with commendable
gravimetric energy density which provides an alternative solution for countering problem like
exhaustion of conventional fossil fuel and environmental disorder. So, sulfide- based materials
have been exclusively explored as efficient, effective, widely popular and available as alternative
to precious metals for energy applications like water splitting specifically for green hydrogen
production, alkaline fuel cell oxidation, etc. for contribution towards renewable energy generation
and environmental application related to water remediation for organic pollutant removal under

natural resources for better water management and eco system on the earth.

Sulfur (S) atom has crucial role for designing new catalyst for energy and environmental
application. Although sulfur atom usually plays a secondary role in the desired sulfide-based
materials and metal plays the primary roles. It can play a significant role towards specific structure,
effective area, defects etc. among abundant sulfide- based materials. Contribution is needed to
understand the key step in electrochemical and photochemical redox reactions and to decide

whether ‘S’ atoms play a direct role or indirect role in that said application.

Some exposed and vacancies of ‘S’ atoms on the specific basal plane of desired sulfide-based
nanomaterials can have crucial effect on the electrocatalytic or photocatalytic hydrogen evolution
reaction which is recognized as direct role of sulfur atoms in that reaction. Researchers like
Jaramillo et al. established some facts based on the theoretical as well as experimental results is
that the active sites of MoS: in the HER application, the position of ‘S’ atoms may be on the edges
in low H environment (1\4 ML) [69] and basal plane has greater ‘S’ vacancies in the layered 2H-
MoS; may contribute in the HER reaction for better enhanced performance and this is one of the
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most powerful method for improving performance of HER reaction. One of the contexts where ‘S’
vacancies can recreate a new environment in between adjacent metal atoms, lesser reoriented
atoms shown more activity and will prevail better intrinsic electrochemical performance. On the
other point of view, vacancies of ‘S’ atoms can generate more active sites also increase the total
number of active spots. New active sites due to ‘S’ vacancies on the inactive basal plane of 2H-

MoSy, the gap available in near to fermi level can assist direct H binding with the Mo active sites.

‘S’ atoms played an indirect role in HER reaction when metal atoms in an active state gets place
for adhesion and separation of hydrogen generated. Dong et al. study with NizS; nano porous
system and theoretically established fact related to adjacent sites, where he showed that H>.O was
specifically adsorbed on the sites of Ni through the Volmer steps and ‘S’ sites preferentially suited
for hydrogen production via Tafel stage [70]. Staszak-Jirkovsky et. al proved the indirect role of
sulfur through their experiment to take (Co?* / Mo**) sulfide-based system where metal plays on
active role to increase the slow water dissociation in basic medium and the adsorbed hydrogen

recombined in the ‘S’ sites [71].

From the above analysis it was clearly evident that role of ‘S’ atoms and its vacancies in the sulfide-
based materials for water splitting along with other application creates new enthusiasm for
scheming new active electrocatalysts. But systematic research approach is very much essential for
revealing the exact roles of this participating atoms in this main reaction periphery which leads
immensely for accelerating the development process with the sulfide-based material specifically

for hydrogen generation.

Different morphological outbreaks also assist to increase the no. of active sites which further leads
to increase the surface area of the synthesized sulfide-based materials [72-76]. Scientist like
Kibsgaard et al. showed structural surface optimization of MoS; to developing mesopores orderly
into the MoS> film with double gyroid exposing more active sites, beneficial for HER [74].
Alignment of MoS; nanosheets vertically leads to expose more reaction sites by increasing density
of the active sites [76-79]. Constructing cracks on the surfaces leads through abundant defects
which may be responsible for high density exposed reaction sites [80-89]. Xie et al. demonstrating
controllable defect engineering with ultrathin MoS; exhibited better HER performance [88].
Lukowski et al. shown phase control on 2013 onwards, in situ dynamics of 1T MoS; features lead

to better conductivity, electrode kinetics, surface area brings efficiency in the performance of HER
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reaction also emphasis with different phase and their interconversion ability one phase to another,
sometimes alters their stability in MoS, or WS reaction moiety leads to better HER [90-98]. Yu
et al. demonstrated with 1T MoS: developing pure metallic phase of that synthesized crystals along
with resizes with more than hundreds of micrometers for better HER reaction [99]. Liu et al
described different strategy to generate stable metallic phase one after another in WS, for efficient
HER reaction [100]. Disordered structures along with isotropic properties are developing abundant
highly exposed active sites mainly for amorphous materials leads to better catalytic efficacy in
HER reaction [101-103]. MoS2 with amorphous nature first developed through electrochemical
deposition approach on 2011 [104]. Amorphous MoS: film incorporated through transition metal
ion like Fe, Co, Ni leads to increased better surface area for catalyst loading brings change in
catalytic performance of HER reaction [105]. Highly conductive substrates depositing on
amorphous molybdenum sulfides leads to better performance in HER reaction [106-108]. DFT
calculation revealed that amorphous MoS: in its surface was unstable but initially transformed in
to preferred active amorphous form to the crystalline form in presence of H and which was cause
for deactivation of the catalyst due to extended operation and subsequently more exposure of inert
basal plane reaction sites to the electrolyte observed [109]. Corrosion and reductive activation
further analyzed through developing correlation between quantity of S atoms with MoS; film leads
to assist designing efficient and stable electrocatalyst for HER [110-114]. Expansion of interlayers
MoS: leads to bring modification in electronic structures along with electrical conductivity on the
edges of MoS; active sites, enhanced the HER performance [115-119]. Gao. et al. demonstrated
through microwave assisted strategy for interlayers expanded form of MoSz nanosheets for better
HER performance [117]. Sun et al. developed expanded interlayer MoS, on monolayer sheets of
reduced graphene oxide, modification brings better changes in HER performance [118]. Several
strategies related to activation of basal plane along with S-terminated sites has been developed to
incorporate heteroatoms like (Pt, Fe, Ni, Co, O, P, N) [120-123]. Deng et al. incorporating Pt atoms
into MoS» surface leads to better H adsorption on the S terminated sites brings better HER
performance [124]. Shi et al. also demonstrated incorporating Co on the surface of WS leads
better H bonding also change in formation energy of S-vacancies sites accelerate better HER
outcome [125]. Nonmetallic atoms such P, N doping on MoS; surface strategy leads to better HER
activity [126-130]. Li et al. developed new strategy like generating strained S vacancies on basal

plane of 2H MoS; for consistence HER performance [131]. Layered -MoS; formed through
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assembling following composite engineering supported with conductive substrate like graphene
[132-137] supported by conductive material such carbon paper, carbon nanotubes, carbon
nanosheets, Ni foam for enhancement of HER activities [138-142]. Li et al. strategically modified
MoS; with rGO sheets through using solvothermal method for better HER outcome [143]. The
slow kinetics of HER in alkaline medium was improved by incorporating metal hydroxide with
MS; [144-148]. Hu et al. demonstrating NiCo double hydroxides hybridized with MoS; sheets
[144]. Luo et al. developed Cobalt hydroxide supported with layered MoS> nanosheet via two steps
synthetic process increases the rate Hz generation [147]. Anjum et. al modified a method inheriting
S-deficient, defect-rich, expanded interlayer and Mo-edge in metallic 1T-MoS; for efficient water
splitting [149]. Materials supported by cobalt sulfide along different stochiometric variant of
respective sulfide materials fulfilled different parameters, with different morphologies such
microwire, nanowire related to efficient HER activities [150-153]. Nickel sulfide along with
different stoichiometric variant fulfilled all the important parameters like low cost, rich valance
state, ecofriendly in nature for better HER process [154-163]. Jing et. al developed few crystals
form of Nickel sulfide variant via microwave assisted route [164]. Wang et al. prepared a mixed
phase of nickel sulfide incorporated platinum nickel in it, demonstration better synergistic effect
for better performance of HER reaction [165]. Other variant Mn incorporated in nickel sulfide
[166], N-anion decorated nickel sulfide [167] has been reported so far regarding nickel-based
materials optimization for HER application. FeS, among the other stoichiometric variant of iron
most often addressed for HER application [168-171]. Jasion et al. prepared different variant of
iron sulfide changing the ratio between Fe and S [172]. Wang et al improvised new strategy doping
cobalt, carbon nanotube both simultaneously on iron sulfide varying different stoichiometric ration
bring change in HER performance [173-175]. Long et al. developed nickel, iron double layers
hydroxide for superior HER activities [176]. Konkena et al. developed different stoichiometric
ratio of iron, nickel and sulfur mixed materials along with different temperature variant for better
HER reaction [177-179]. Jing et al developed different hollow shaped nickel cobalt sulfide
following solvothermal route for efficient HER performance [180]. Wu et al. proposed a new
strategy to weakening the H-S bond via N doping into nickel cobalt sulfide materials [181]. Sheng
et al. modified with Pd doped in nickel cobalt sulfide for HER catalysis [182]. Zinc cobalt sulfide
was evolving recently for better HER reaction [183, 184].
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After studying all the catalyst along with their structural modification, we developed AgBisSs,
versatile new catalyst optimized through new synthetic route and also demonstrating first time as

an efficient electrocatalyst for HER.

For alkaline fuel cell specifically electrochemical as well as photochemical methanol oxidation,
we developed non novel metal-based cost-effective catalyst such as CugSs and experimentally
outbreak its characteristic features first time towards methanol oxidation reaction. Graphitic
carbon nitride-based catalyst showed some activity towards direct methanol fuel cell [185] but not

as much efficient like synthesized CugSs nanomaterials.

Sulfide based nanomaterials also showed their photochemical activity in the water remediation
process from different organic pollutants specially like Rhodamine-B dye and review outcome

related to such kind of catalyst is briefly shown in below.

Li et al. on 2016 were demonstrated Rh-B degradation with CdS NPs [186], Meng et al. on 2017
onwards exploring Rh-B degradation with CdS/InVO4 [187]. Yao et al. on 2021 was shown
efficient degradation of Rh-B with CeO2/CdS/rGOsg [188]. Zhao et al. showed the degradation
efficiency of Rh-B with an assistance of PbS/CdS/TiO> [189]. Sun et al. & Zhou et al. both were
separately demonstrated Rh-B degradation with CdS/TiO [190, 191] on the subsequent year of
2016 and 2017. Peng et al. showed the degradation efficacy on 2016 onwards with mixed
CdS/Au/g-CsN4 [192]. Basu et al. demonstrated the degradation with CuS [193]. Researchers like
Ajibade and Oluwalana were demonstrated Rh-B degradation with CuS NPs [194]. Shamraiz et
al. experimentally exploring the degradation efficiency of Rh-B with CuS-Cu.S [195]. Neelgund
and Oki on 2021 was demonstrated Rh-B degradation with GO/FA/Cu$S [196]. Song et al. showed
the degradation efficiency with CuS/ZnS [197] and CuS/CdS [198] on 2023 onwards. Zhou et al.
was exploring the degradation potentiality with CuS/BiWOs [199]. El-Hout et al showed the
degradation efficiency with the rGO/CuS [200]. Liu et al. on 2013 onwards showed the
degradation efficiency with FeS; [201]. Wie et al. was demonstrated the degradation efficiency
with FeSy/ g-CsNs [202]. Arun Kumar et al. showed the Rh-B degradation efficacy with
BiFeOs/SnS, [203]. Zhao et al. used Cr: SnS, [204] for Rh-B degradation on 2018 onwards.
Mahmood et al. was demonstrated catalysis efficacy of NiSx/TiO2/Cu [205] for the Rh-B
degradation. Vattikuti et al. was demonstrated with MoS; MWNR [206]. Zhang et a. was examined
the catalytic efficiency of MoS2 & MoS,/rGO [207] for Rh-B degradation. Li et al was shown Rh-
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B degradation with MoS,/ g-C3Na4 [208]. Wang et al was shown with Fe/ MoS,/ g-C3N4 [209].
Zhu et al was demonstrated with MoS2/ g-C3N4 [210]. Li et al. demonstrated with MoS,/CdS [211].
Nguyen et al was examined with C-MoS/Ti0- [212]. Piriyanon et al. was demonstrated catalytic
efficacy of Mo0S2/AgsPOs [213] in Rh-B degradation. Guo et al. shown with Fe:0.@
MoS2/AgsPO4 [214]. Hong at al. on 2023 explored catalytic efficiency of MoS2/InO; [215] for Rh-
B degradation purpose. Li et al. showed with MoS2/BiOl [216]. Nandigana et al was demonstrated
degradation with Sn: MoS; [217]. Khan et al showed with Ni: MoS, [218]. Caglar et al
demonstrated with Bi>Ss [219]. Jia et al. explored the catalytic potentiality of Bi.S3-BiOBr/TiO>
[220] in Rh-B degradation. Cao et al. showed with Bi»S3-BiOCI [221]. Tao et al was demonstrated
with Sh,Ss/graphene [222]. Dashairya et al. was exploring with Sh2Ss/PCS & Sh,S3/rGO [223] for
Rh-B degradation. Xu & Zhao et al was demonstrated Rh-B degradation with Sh2Ss@ MoS; [224].
Oluwalana and Ajibade was explored catalytic efficiency of PbS [225] for Rh-B degradation, Aziz
et al. was shown degradation efficiency with CdS/PbS/TiO> [226]. Suganya et al. showed catalytic
demonstration with Mo/PbS [227]. La Porta et al was demonstrated with a-ZnS [228]. Palanisamy
showed catalytic efficiency of ZnS/Ag/CoFe.Os & ZnS/Bi/B-Bi.Os [229, 230] for Rh-B
degradation on 2020 and 2021 respectively. Varghese showed degradation efficacy with CuS-
ZnS/rGO [231]. Danish and Muneer was demonstrated Rh-B degradation efficiency with
ZnS/Sn0O2/ g-C3Ns [232] where Lee at al. on the year 2017 was demonstrated degradation
efficiency of ZnS/Sn0O2 [233] specifically for Rh-B.

W synthesized AgBisSs-Bi>S3 nanocomposites based on the above literature review and showed
the catalytic efficacy with this nanocomposite for the first time in photochemical degradation of

Rh-B under natural sunlight illumination briefly in chapter 5.

1.11 Scope and objectives

Optimization of catalytic efficiency of a synthesized catalyst is a continuous working process in
any application and its best performance comes with several experimental studies. Creativity is a
natural process which cultivates a positive energy in human nature for moving in the forward
direction with a greater cause through breaking the limitation by this driving force. In this context,

contribution to generate clean and green energy towards renewable energy sectors always demands
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for new effective catalyst design for the better results. Recycling the water to contribute in water
management system for future endeavor also creates opportunity for designing new catalyst, new
efficient methods, for removal of the different organic pollutants mixed with the water. Such
efforts make them harder and hazardous coming from different sources using natural resources

and bringing back the water for use in the main stream.

To provide an appropriate solution on the basis of above important scopes available in the current
research field of green energy and water remediation, relates to green, clean and sustainable future.
The thesis primarily is focused on synthesis by designing new synthesis route of simple, cost
effective, environment friendly, sulfide-based nanomaterials like Ag.S, Bi>Ss, AgBisSs, CuBIS;
catalysts and using them for the first time in the field of green hydrogen generation and non -novel
metal-based nanomaterial, CugSs developed via new synthetic route for the first time and reveals
its characteristic feature experimentally towards anode catalysis of fuel cells along with photo
assisted fuel cells. AgBisSs-Bi>Ss nanocomposites is also synthesized as a catalyst for green
hydrogen generation and also for photochemical pollutant degradation. The catalytic efficiency of
the said catalysts is shown for that first time in the above-mentioned field.

1.11.1 Choice of electrolyte medium for HER

HER reaction is operated via two electron exchange processes where multiple steps are involved
in cathodic chamber and it goes through two distinct paths associated with mainly three reactions.
Electrolyte medium plays a significant role for efficient HER reaction and we are chosen acidic

medium over alkaline medium due to following reasons.

In case of acidic electrolyte medium, hydronium cation takes an electron from the subsequent
electrolyte to generate intermediate immobilized hydrogen on the respective surface of the catalyst
as shown by HzO* + e » H* + H,0, which is Volmer reaction. And then deposited hydrogen
intermediate transforms into H; either through Heyrovsky path H* + HsO* + & & H + H20, or by
Tafel reaction path H* + H* —» H,.

In alkaline medium, the hydrogen evolution reaction slows down compare to acidic medium due
to formation of intermediate H* from H2O dissociation steps [234] and then as a result of that
adsorbed H* was formed through follows Volmer reaction (H.0 + e —» H* + OH) and the
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remaining parts of the reaction carried through either Heyrovsky path or Tafel reaction path as like

acidic conditions.
1.11.2 Choice of fuel

Choice of fuel has played a significant role in fuel cell technology. Some of the characteristic
features are needed such high availability, high energy density, easily manageable storage system
and less toxicity. Liquid alcohol fuels have several advantages compared to gaseous fuels in terms
of high energy density and usable without reforming, etc. Better flexibility with respect of storage
and transportation of alcohol, its use in the portable electronic device is welcome as an energy
provider. Methanol has emerged as an appropriate fuel compare to other fuels for direct alcohol
fuel cells (DAFC) [235]. Having a single carbon atom, relatively lower molar mass, rapid anodic
oxidation rate, high energy density near about (6.2 kWhkg™?), it has simple structural framework
and easily producible from available natural resources. The system is compact where direct
methanol fuel cell activated directly feed methanol to the reactor system without any reformer
[236]. Methanol as an effective fuel due to its cost effectivity, high conversion efficiency and
others characteristic features is used as a power supplier in familiar portable electronic devices like
mobile phones, notebooks and PCs [237] etc.

1.11.3 Choice of medium for Direct methanol fuel cell

Medium has an effective role in the fuel-cell electrochemical oxidation. Alkaline medium was
preferred over acid medium due to sufficient availability of OH™ ion concentration along with
additional adsorption of OH" on the surface of the catalyst removes CO; and H* from the system,
higher pH suited the oxidation process. On the other hand, in acid medium the process is slower
and produced poisonous carbonaceous intermediate further interrupted and reduced the fuel cell
efficacy. The corrosive nature is high in case of neutral and mild basic system causes less
durability.

1.11.4 Choice of Dye

Generally, Rhodamine-B (Rh-B) dye basic in nature with high solubility belongs to xanthene class.

It is mostly used as colorant in plastic, glass, paint drawing, paper textiles, dyed pesticides. The
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characteristic features like bright color, cost effectivity attracted towards food industry [238, 239].
Rh-B has several adverse effects towards environment as well as biological systems of living
beings, specifically neuro toxic, mutagenic, carcinogenic and also causes problem like respiratory
tract, irritations to eyes and skins [240-243]. The inner moiety based on xanthene ring where N-
ethyl groups attached both side of the ring. We targeted Rh-B as our preferred dye for degradation
under natural light on a short span of time with our newly and first-time synthesized

nanocomposites used as catalyst in this cost-effective degradation process.
1.11.5 Choice of catalyst

Catalyst has a vital role to enhance the reaction rate and also provide stability of that reaction
system. We chose sulfide-based catalyst for the energy and environmental related applications due
to their various characteristic features. Mixed ion metal sulfide shows excellent characteristics of
enhancing the performance compare to mono metal sulfides in terms of higher electronic
conductivity, higher specific capacitance, higher surface area and inherent higher redox properties
[244-246]. The characteristics improvement of performance along with synergistic effect in metal
ion metal sulfide emerged as a promising electrode material in the field of water splitting like
application and their dynamic feature unveils the wings in the field of bifunctional electrocatalyst
[247-250]. Another important role of the S atom in the case of the hydrogen evolution reaction is
the formation of a place for hydrogen adhesion and separation when the metal atom is in the place

of the effective site of the plane and the S atom can participate indirectly [251].

The basic idea behind the choosing Ag, Bi and S elements in our catalyst is that plenty of
compositions made from these elements have versatile applications towards photocatalysis, solar
cells, photovoltaic devices, photodynamic capabilities, efficiency in high optothermal conversion,
synergistic imaging, photothermal driven anticancer treatment, applicable as an antibacterial agent,
demonstrated in the treatment of multi model malignant tumor [252-257]. We designed a new
time-efficient environment-friendly synthesis route to prepare a low-cost, free-of-toxic element,
versatile sulfur-based ternary bismuth chalcogenide, AgBi3Ss as ABS nano catalyst for mainly
hydrogen evolution reaction. Ag and Bi compounds possess low band gaps. So, charge separation
and availability of electrons for reduction are easy. The presence of two nuclei causes the molecule

to be more defective in the nature of the crystal and S vacancy develops which is responsible for
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greater H™ adsorptions required for HER. This study further advances the knowledge in this

particular field.

AgBisSs is chosen since it is quite stable in nature and found in earth as a part of Pavonite mineral
(Ago.75 Cu 0.25 Bi 225 Pb 0.75 Ss). In addition, the band structure of Bi»S3 brackets(covers) the valence
band (VB) of AgBisSs, which makes them a suitable structure in AgBizSs-Bi2Sz hanocomposite
for Z-scheme and S-scheme electronic transition on excitation under sunlight. The expectation is
found to be true in the study with excellent and synergistic catalytic activity obtained from the

nanocomposite of AgBisSs and Bi.Ss in the degradation of Rh-B.

CugSs is chosen as an efficient catalyst for direct methanol fuel cell oxidation for the following
reasons. We synthesize CueSs versatile nanomaterials following a newly designed synthesis route
and also unveiling its new catalytic wing towards electrochemical methanol oxidation reaction.
CueSs and its supported alloys in different forms and structures used in the various fields as
semiconductor, asymmetric supercapacitors, as anodes for high performance lithium-ion and
sodium-ion batteries, efficient catalyst for water splitting, in broad band high performance
electromagnetic wave absorber, as an environmental pollution removal and photothermal
conversion, as a photothermal agent with nearly 26% heat conversion efficiency for photothermal
ablation of cancer cells in vivo and in multimodal tumor therapy [258-266]. We demonstrated
electrochemical and photochemical oxidation of methanol in lower negative potential zone without
supporting of any noble metal and also shown its catalytic efficiency increases in presence of light.
Hopefully this new insight regarding CugSs nanomaterials towards electrochemical oxidation helps
researcher to designing catalyst without support of any noble metal also give new direction to

better optimization of its stability and make them feasible for commercial purpose.
1.11.6 Objectives of the present work

To provide some knowledge to an appropriate solution and simultaneously contribute in the current
research field of green energy generation and water remediation for sustainable and economically
viable future, are the primary and main objectives of our present work. For that we designed new
catalyst along with new synthesis route which were efficient, effective and environment friendly.
For fulfillment of our objectives, we synthesized by designing new synthesis route of simple, cost
effective, environment friendly, sulfide-based nanomaterials such as AgQ.S, Bi2Ss, AgBisSs,
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CuBiS; catalysts and used them for the first time in the field of green hydrogen generation. Non -
noble metal-based nanomaterial, CugSs developed also via new synthetic route for the first time
and its characteristic feature revealed experimentally for anode catalysis in fuel cells along with
photo assisted fuel cells. AgBisSs-Bi>S3 nanocomposites were synthesized and used as a catalyst
for green hydrogen generation and also for photochemical pollutant degradation. The said catalyst

is used to show the catalytic efficiency for the first time in the above-mentioned field.

1.11.7 Organization of the Thesis Chapters

A total six chapters are integrated in the present thesis and summarized the whole work and
highlighted the main findings along with their novelty, exploring the scopes of the future work

related to Green Energy and Environmental field as presented in Chapter 6.
Chapter 1

In chapter 1, we discussed the necessity of our current work in today’s globalized world identified
the problems evolving to energy and environment fields as problems of us and all the potential
components acting as raw materials to make a bridge for one earth and one family through which
we are easily connected more effortlessly to each other and probably find out solution of each
other’s complex problems. The chapter describes thoroughly fundamentals of water splitting for
hydrogen generation, different kinds of method involved related to it, types of parameters effecting
such processes, fundamentals of Fuel cells applications and their contribution towards renewable
energy generation, fundamental of water remediation highlighting the positive outbreak how
organic pollutants from the different industry become potential contender towards water
management system. Finally, literature review related to involvement of sulfide-based materials
to this said application fields along with scopes and objectives of our research, brief explanation

for choosing different components related to bring efficiency of such applications.
Chapter 2

Mainly deals with the new synthesis procedures followed by characterization of newly synthesized
nanomaterials (AgBisSs, Bi2Ss, Ag2S, CuBiSz), and highlights their contribution in catalysis

towards electrochemical hydrogen generation, optimization of their performance through specific
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techniques such LSV, CV, CA, EIS etc. and determining the faradaic efficiency of hydrogen
production. It also establishes the catalytic fate of the best electrocatalyst after use in
electrochemical water splitting reaction, conclusion through characteristics findings and indicates

the future prospects of such materials.
Chapter 3

Explores the photochemical water splitting reaction with newly synthesized AgBisSs-Bi>Ss3
nanocomposites as catalyst, characterization with respect to their formation with XRD, FTIR,
XPS, SEM, TEM, SAED, ELEMENTAL MAPPING like tools, highlighting the performance in
photochemical water splitting, optimized the performance of this synthesized nanomaterials in
absence and presence of light through CV, LSV, CA, EIS like techniques. Finally, it establishes
robustness of the synthesized material in photochemical water splitting with photocurrent
measurement and CA like techniques. Notable findings are discussed in the conclusion part.

Chapter 4

This chapter primarily deals with revealing the electrochemical and photochemical anodic
methanol oxidation through newly developed novel metal free catalyst CusSs, optimization of its
formation via XRD, FTIR, SEM, TEM, EDX, ELEMENTAL MAPPING like techniques.
Optimization of electrochemical performance with CV, CA, EIS like studies, product identified
via HPLC method, and suggesting probable reaction mechanism of such electrochemical oxidation
on the basis of product identification, showing the efficiency of this process in presence of light,

finally summarized all the unique findings in the conclusion section.
Chapter 5

Chapter 5 apparently highlights the water remediation from the organic pollutant, Rh-B dye by
degradation in presence of newly synthesized AgBisSs-Bi>Sz hanocomposite in presence of natural
sunlight. It also verifies its formation through XRD, FTIR, XPS, SEM, TEM, EDX, ELEMENTAL
MAPPING like techniques, spectral studies through UV, PL, TCSPC like experimental techniques,
optimization of Rh-B degradation performance in presence of AgBisSs-Bi.Ss catalyst under
natural light illumination via measurement of absorption with the assistance of UV-vis

spectroscopy, photo-current experiment, TCSPC spectral techniques, verified performance at
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optimum pH with zeta potential like techniques, identified the main scavenger responsible for this
process as well product identification via mass spectrometry and demonstrated mechanism of such
process. Finally optimized the catalytic efficacy of synthesized AgBisSs-Bi>Ss via recyclization
techniques, BET, EDX, FTIR, XRD like studies. In conclusion main highlighted findings are

mentioned.
Chapter 6

It briefly summarizes the significant outcome of previous chapters and future prospect of these

materials in the respective prominent fields.
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CHAPTER 2

2.1 Introduction

Energy is a prime entity to create acceleration in beings or objects, though the source of energy is
different for various purposes. If the easily available resource of energy does not have any adverse
effects on the environment, then it can play a pivotal role in bringing perfect equilibrium between
energy resources and respective energy creation. The recent rise of carbon emission from easily
limited fossil fuel resources causes environmental pollution as a result of carbon dioxide emission
in the environment, which is also one of the key reasons to bring natural calamity and global
warming [1-6]. To counter such threats for the sake of other Earth’s health conditions, people are
shifting towards renewable energy resources, which brings a sense of joy to the natural face of
Mother Earth [7-10]. Now we concentrate on such technologies which utilize clean environment-
friendly renewable energy from natural resources like wind power, hydropower, geothermal
energy, bioenergy, and precious solar energy [11-15]. In the present context, H> gas is evolving as
one of the key contenders as a resource of clean, green, carbon-zero energy source with exceptional
gravimetric energy density, higher efficiency rates towards energy conversion, also having a great
ability to solve problems like conventional fossil fuel exhaustion and environmental pollution. For
these characteristic features of H, towards the contribution of green energy generation, water
electrolysis creates a tremendous potentiality in the research fields as well as related technical
fields [16-18]. Earth-abundant, transition metal-based mixed sulfides, in the nanoscale range have
emerged as potential electrocatalysts which are also economically feasible and better alternatives
to precious metal-based catalysts for the application of electrochemical water splitting reactions
[19-24]. Mixed ion metal sulfide shows excellent characteristics of enhancing performance
compared to mono metal sulfides in terms of higher electronic conductivity, higher specific
capacitance, higher surface area, and inherent higher redox properties [25-27]. The characteristics
improvement of performance along with synergistic effect in metal ion metal sulfide emerged as
a promising electrode material in the field of water splitting like application and their dynamic
feature unveils the wings in the field of bifunctional electrocatalyst [28-31]. Catalytic activity has
a significant role for best outcome in water splitting. It depends on the variety of composition and
structure of the catalyst and their adjustability features [32-35]. Water splitting performance is
greatly enhanced by varying stoichiometric adjustability of these materials [20, 36-37]
Electrocatalytic improvement in hydrogen evolution reaction is affected by some of the exposed

S atoms and vacancies created because of that atom on the edges of the transition metal sulfide-
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based catalyst. Jaramillo et al. identified and reported, mainly based on their experimental as well
as theoretical results, that the S atom of active sites of MoS> could be low hydrogen adsorption
near the edges (1/4 ML) [38] during the hydrogen evolution reaction. Further enhancement reveals
that S vacancies present on the edge of the layered 2H-MoS; have a contribution towards
enhancing Hydrogen Evolution Reaction [39]. Some of the key aspects regarding S vacancies are
changes in the coordination environment of the adjacent metal atom due to the absence of ‘S’ in
the appropriate edges of the plane. Metal atoms with low coordination numbers can show more
activity, over and above have higher intrinsic electrocatalytic activity and S vacancies can also
generate more active sites to play an active role in increasing more active sites on the edges of the
metal plane. As a consequence, S vacancies help to introduce key reactive site more efficiently in
the inert plane of 2H-metal sulfide where the gap near the fermi level assists to bind hydrogen with
reactive metal sites appropriately. Another important role of the S atom for HER, to develop an
appropriate place for hydrogen adhesion and separation when the metal atom is in the place of the
effective site of the plane and the S atom can participate indirectly [40]. Dong et al. experimented
on Ni3Sz nano porous thin films with exposed (003) faces in hydrogen evolution reaction and came
to a conclusion based on a theoretical calculation. They showed that the rate of H.O adsorption on
the surface of Ni sites carried through VVolmer Process, on the other hand S sites were seemingly
reactive for the generation of H> in the Tafel stage [40]. The basic idea behind choosing Ag, Bi,
and S elements compared to other cost-effective earth-abundant elements like Ni, Mn, Fe, etc. in
our synthesized materials is that plenty of composition made from these elements has versatile
applications towards photocatalysis, solar cells, photovoltaic devices, photodynamic capabilities,
efficiency in high optothermal conversion, synergistic imaging, photothermal driven anticancer
treatment, applicable as an antibacterial agent, demonstrated in the treatment of multi-model
malignant tumor [41-46]. In previous studies authors have shown the thermoelectric property of
AgBisSs having ultralow thermal conductivity [47-49].

In the study, we designed a new time-efficient environment-friendly synthesis route to prepare a
low-cost, free-of-toxic element, versatile sulfur-based ternary bismuth chalcogenide, AgBizSs as
ABS nano catalyst for mainly hydrogen evolution reaction. Ag and Bi compounds possess low
band gaps. So, charge separation and availability of electrons for reduction are easy. The presence
of two nuclei causes the molecule to be more defective in the nature of the crystal and S vacancy
develops which is responsible for greater H™ adsorptions required for HER. S possesses a slightly
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negative charge compared to Ag and Bi in the compounds. Due to S vacancy conduction
capabilities of Ag and Bi increase. Moreover, greater S vacancy in ABS (due to the presence of
two atoms of different sizes and valency) compared to AS and BS, causes S to become the potential
centers of H* adsorption in ABS. So, a synergistic effect is found between Ag, Bi, and S. This
study further advances the knowledge in this particular field. Following the same synthesis
procedure, we also prepared AgzS as (AS), Bi>Ss as (BS), and CuBiSz as (CBS). Here in this study,
AgBi3Ss was chosen because AgBisSs is quite stable and it occurs in nature as a pavonine mineral
compared to the other intermates of Ag>S and Bi2Ss.In general, CuBiS2 was chosen which are new
compound in this application along with another specification as Cu is present in the same period
of Ag and mixed catalysts often show synergistic behavior. It may also contain more defects and
S-vacancies which will enhance the catalytic capabilities of synthesized materials. Pertaining to
this investigation, it is explored that ABS performed better as a catalyst compared to others in an
electrochemical hydrogen evolution reaction. The details are described briefly in the

electrochemical analysis part.
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2.2 Experimental Section

2.2.1 Materials

Silver nitrate (AgNOs3, 99.99% Merck), Thiourea (H2N-C(=S)-NH2, 99.99% Merck). Copper
nitrate (Cu (NO3)2.2H20, 99.99%, Merck), Ethylene glycol (C2HeO2, 99.99% Merck) and Bismuth
nitrate (Bi (NO3)3.5H20, 99.99%, Merck) are used in this study. The double distilled water was
thoroughly used during the reaction.

2.2.2 Synthesis of the AgBisSs as (ABS):

2.12 g of AgNO3z was taken in a beaker that contained 25 mL ethylene glycol solution. The mixture
was sonicated for up to 15 minutes to prepare a uniform homogeneous solution (A). In another
beaker, 6.06 g of bismuth nitrate was dissolved in a 25 mL ethylene glycol solution and then
sonicated it for 15 minutes. The mixture was termed as (B). Subsequently in another beaker 1.903
g of thiourea was dispersed in a 25 mL ethylene glycol solution and sonicated for 15 minutes and
it was termed as mixture C. Solution B was poured into A and the resultant solution A & B was
sonicated about 20 minutes, placed it into a temperature-controllable heating mantel under ambient
conditions and the temperature was set at 90 °C (+ 5°C). When the temperature reached 90° C, the
reaction mixture C was poured into it and the mixed solution was kept for 2 hours maintaining the
same condition. Heating mantel was switched off after the reaction, subsequently the appeared
mass allows to settle down at normal temperature. The synthesized residue was collected after
centrifugation followed by washing several times with double distilled water as well as absolute

alcohol respectively. The collected mass was dried in an air oven at about 80°C for next 20 hrs.
2.2.3 Synthesis of the AgzS as (AS)

0.85 g of AgNO3 was dissolved in 25 mL ethylene glycol taken in a beaker and the mixture was
sonicated for 15 minutes and termed as mixture A. In another beaker, 0.76 g of thiourea was
dispersed in 25 mL ethylene glycol solution and homogenized for 15 minutes by sonication. Then
the reaction mixture A was placed into the heating mantel under ambient conditions. When the
temperature reached 90°C, the solution B was poured into it, carried out the respective reaction up

to 2 hours maintaining the same reaction condition. Then the mixed solution was allowed to settle
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at 25°C. As synthesized residue was collected after centrifugation followed by washing with

double distilled water, absolute alcohol one after another subsequently. Dried at 80°C for 24 h.
2.2.4 Synthesis of the Bi.Sz as (BS)

1.21 g of bismuth nitrate was taken in a beaker containing 25 mL ethylene glycol and the mixture
was sonicated for 15 minutes. In another beaker, 5.09 g of thiourea was dissolved in a 25 mL
ethylene glycol and the solution was made homogenous by subsequent sonication for 15 minutes.
The first mixture was placed at a temperature-controlled heating mantel under ambient conditions
and then the second solution was poured into the first reaction mixture when the temperature
reached 90° C. The reaction mixture was kept in the same environment for 2 hours, Then the mixed
solution was allowed to settle at 25°C. As synthesized residue was collected after centrifugation
followed by washing with double distilled water, absolute alcohol one at a time, dried at 80°C for
24 h.

2.2.5 Synthesis of the CuBiS; as (CBS)

0.60 g of copper nitrate was dissolved in a 25 mL ethylene glycol and the mixture was sonicated
for 15 minutes. In another beaker 1.21 g of bismuth nitrate was dispersed in a 25 mL ethylene
glycol solution and the mixture was made after 15 minutes subsequent sonication. Then second
reaction mixture was poured into the first and the resulting mixture was sonicated for 20 minutes
and the resultant mixture was placed in the heating mantel under ambient conditions. When the
temperature reached 90° C, 3.88 g of thiourea solution was added into it and the reaction carried
for 2 hours maintaining the same condition, followed by settling down to room temperature. Then
the synthesized residue was washing with double distilled water, absolute alcohol one at a time,
dried at 80°C for 24 h.

2.2.6 Electrochemical measurement

AURT-M204 was used at room temperature as electrochemical analyzer to perform the
electrochemical study where 0.5 M H2SO4 was used as an electrolyte throughout the experiments.
Conventional three electrode system was placed for the experiment in which carbon cloth was used

as a working electrode, saturated calomel electrode (SCE) was used as reference electrode and
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graphite carbon rod was used as a counter electrode. Double distilled water was used thoroughly

during the reaction.
2.2.7 Fabrication of electrode:

The catalyst solution drop-casted over the PTFE coated carbon cloth used as a working electrode
which effective surface area was 0.5 cm?. 3 mg of catalyst was weight out in a 3 mL glass bottle
and 1 mL ethanol was added to it and the mixture solution was bath sonicated up to 30 to 40
minutes at room temperature. Then 34.5 pL of catalyst solution was drop-casted over carbon cloth
and dried at room temperature up to 12 hours in an inert atmosphere and then 5 pL of 0.5 % Nafion
solution was drop-casted over catalyst solution as a binder and then it was kept in an inert
atmosphere up to 20 hours. 0.1 mg/cm? was the catalytic mass loading on the surface of working
electrode. The cyclic voltammetry was performed with that working electrode in a three-electrode
conventional set up at a scan rate of 50 mv/s and after 20 cycles of completion, the liner sweep
voltammetry (LSV) was performed at 2 mv/s with that activated electrode. The Tafel slope values
was determined from the LSV curves and all the data throughout the measurements were 50% iR-
corrected in manual mode with that Rs values obtained from the electrochemical impedance
studies (EIS). EIS study was analyzed at a scan range from 0.1 to 10,000 Hz at 5 mv amplitude
potential in which it could reach to benchmarking current i.e., 10 mA/cm?. The electrochemical

data was used in RHE scale throughout the experiments.

The Nernst equation was used for the conversion of LSV data in the potential (V) regions.
ErHE = Esce +0.059 x 0.3 + 0.241

Overpotential values has determined using the following equation

N=0-Erne(V)

The Tafel slopes values has determined from the relation between current density in log scale and
potential which is known as Tafel plot. The Butler-Volmer equation assisted to find out the Tafel

slope values which related as

n=bxlogjt+ta....cceeeerrnnen. 1)

b=((M-2a)/10gj) cceeeeeerreinrnnn )
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a, b, j and n implies as reaction constant, Tafel slope, current density and overpotential

respectively.

The electrochemical double layer capacitance value was determined analyzing the data from the
non-faradic region and with that electrochemical surface area (ECSA) values were find out

comparing the following equation

ECSA=Cadl/Cs.euvurunnennn. “)

Whereas ic, v, Cs, represents double layer charging current, scan rate (v), specific capacitance value
(0.040 mFem2, reference value) respectively and all the electrochemical data used throughout the
experiments after correlation of iR drop.

Bi(NO3)3+

AgNO:

-

Prepared a
uniform
Temperature controlled
heating mantel

AgNOs

mixture

AgBisSs _ 90 °C\ 2 hrs.

Scheme 2.1: Schematic diagram of synthesis procedure of AgBizSs
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2.3 Results and discussion

2.3.1 XRD analysis

XRD patterns of synthesized monoclinic silver sulfide, Ag.S (AS); orthorhombic bismuth sulfide,
Bi>Sz (BS); monoclinic silver bismuth sulfide, AgBisSs (ABS); orthorhombic copper bismuth
sulfide CuBiS> (CBS) and the profiles corresponding to JCPDS data are depicted in Figure 2.1(a).
The sharp diffraction peaks of Ag»S are found at 26 values (°) around 25.92, 26.32,28.95, 31.54,
33.657, 34.425, 36.826, 37.717, 40.834 and 43.352, which are due to maximum diffraction from
the planes (101), (012), (111), (112), (120), (121), (121), (103), (031), (200) (JCPDS NO. 89-
3840). The peaks found for (220), (230), (301), and (521) planes of orthorhombic Bi»Sz arise at 26
values (°) 22.32, 28.57, 32.90 and 49.30 respectively (JCPDS NO.89-8965). The major diffraction
peaks of silver bismuth sulfide arise at 26 values (°) 21.77, 22.98, 27.78, 28.53, 29.92, 31.392,
31.473, 32.52, 34.913, 36.431, 37.165, 38.447, 40.82. These are attributed to the planes (203),
(110), (401), (113), (310), (312), (114), (403), (313), (314), (405), (007), (116) respectively of
monoclinic AgBisSs (JCPDS NO. 83-2051). The major diffraction peaks of CuBiS, (CBS) are
found at 20 values (°) 24.4, 27.616, 29.281, 31.615, 32.805, 34.24, 41.6, 46.09, 51.97, and the
respective diffracted planes are (040), (111), (031), (220), (131), (230), (151), (170), (321) which
matched with reference JCPDS NO. 10-0474.

2.3.2 FTIR analysis

The FTIR spectra of ABS, AS, BS, and CBS are presented in Figure 2.1(b) where the peaks at
533 cm™ present in ABS and AS indicate the characteristic vibration modes of sulfur [37] inferring
the presence of Ag-S bond. The peaks around 590 to 650 (cm™) indicate the vibration of Bi-S [50].
Frequencies in the range 3100-3300 cm™ and at around 1649 cm for the samples AS and ABS
are plausibly presence of bending and stretching vibrations of the O-H bond in adsorbed H.O at
the surface of Ag2S [51-52]. Peaks appeared at 1336 cm™ and 872 — 900 cm™ in sample ABS, BS,
and CBS are seemingly presence of bending and stretching vibrations frequency of Bi-S bond.
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Figure 2.1: (a) Powder XRD patterns of the synthesized ABS, AS, BS, CBS nano-crystals
along with the corresponding JCPDS data profiles from bottom to top respectively (b) FTIR
spectra of ABS, AS, BS, CBS nano-crystals from down to up respectively

2.3.3 XPS analysis

From the close XPS analysis, doublet peaks seemed at 373.7 eV and 367.7 in the fine Ag 3d
spectrum, as identified for Ag 3ds» and Ag 3ds,> of the Ag™ respectively was shown in figure 2.2a
[53]. Likewise, the Bi 4f doublet peaks seemed at 158.8 eV (Bi 4f7,2) and 164.1 eV (Bi 4fs) was
shown in figure 2.2b. The positions which are measured in between those of bismuth metal (Bi
4f72, 157 eV) and bismuth oxides (Bi 4f72, 159 eV), may be indicative for conventional bismuth
sulfide [53]. The consequence of above investigation directed that both silver (Ag (1)) and bismuth

(Bi (111)) were existing as metal sulfides as approved with previous studies [54-55]. The Bi 4f
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region and S 2p region are merged so closely that they are visible as a single peak in the survey
scan which we have given in the figure 3. As a result of that two low-intensity peaks appeared
after deconvolution in between the Bi 4f region where 162.7 eV for S 2p12,162.1 eV for S 2pap..
In addition, peaks arise at 227.1 eV for S 2s (zero), subsequently another peak appeared at 232.6
eV for Il states of S 2s (Figure 2.2c). Figure 2.3a represented the surface spectrum where a broad
peak at 532.03 eV was assigned for the O 1s region for adsorption of water molecule at the metal
sulfide surfaces of the catalyst [56]. The catalyst was drop casted on the surface of the silicon wafer
during the XPS analysis and the peak appeared around 100-150 eV regions signifying the
corresponding observance. One of the broad peaks highlighted around binding energy 286.6 eV
due to calibration peak, appeared for C 1s and is also known as the adventitious carbon peak [57].
From Figure 2.3(b) representation where two small peaks appeared after deconvolution which

signified the presence of S 2p.

Table 2.1 The outcome of XPS analysis regarding elemental composition and subsequent chemical

states of synthesized ABS represented as a tabular form.

Element peak Positions (B.E) eV
Ag 3d Ag* 3ds)2 373.7
Ag* 3da 367.7
Bi 4f Bi (111) 472 158.8
Bi (I11) 4fs2 164.1
S2p S? 2p3p 162.1
SZ 2pe 162.7
S 2s S 25 (0) 227.1
S 2s (1) 232.6
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2.3.4 Morphological analysis

Figure 2.4 (a-b) shows SEM images of ABS at different magnifications which altogether reveal
that the plates on cotton-like structures of ABS are constructed by heaping small rods which in
turn are formed from elongated spheres of the material. Figure 2.5 reveals SEM images of AS,
and BS where both particles become distorted agglomerated, and CBS shows rounded flower-like
structures. The building blocks of these narrow structures have sizes/diameters in the order of a
few nanometers. The shape and size described in Figure 2.5 are more exposed in a higher
magnification scale. The changes in shape and morphology that occurred for the samples AS, BS,
and ABS might be due to the presence of different interactions arising from the presence of
different relative concentrations of NOs", thiourea, and ethylene glycol with respect to that of the

nucleus, Ag/Bi/ Ag & Bi of the synthesized compounds.

Figure 2.4: SEM images of synthesized AgBisSs where (a) depicted lower and (b) represented

higher magnification respectively. (c) the FESEM image of ABS.
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Figure 2.5: The SEM images at low ( a,b,c ) and high ( d,c,f) magnification of AS, BS, CBS

respectively.

The surface morphology, elemental detection, and compound recognition of the best
electrocatalyst ABS were accomplished by TEM, HRTEM, and SAED pattern as presented in
Figure 2.8(a), (b), and (c) respectively. Ash-colored irregular lumps of material AgBisSs are
heaped together to form a rough material surface. The lumps are loosely bound and several holes
and gaps are formed for every junction of material parts. Certain portions of the whole micrograph
in colored black, seemingly due to the accumulation of several layers one after another in the
portions. The key benefit of including a HAADF image in Figure 2.8 and 9 is that it provides
much stronger selectivity for the elements present in that selected portion and allows to
accommodate higher resolution images that may help to identify the actual morphology of that
synthesized compounds (ABS, AS, BS, and CBS) more realistically. Structural information at the
atomic level is profoundly revealed from these techniques. HR-TEM profiles in Figure 2.8b
reveals the presence of two different planes (206) and (112) of monoclinic AgBisSs. The SAED
profile indicates the presence of several planes of the compound including (200), (112), and (206)
as marked. Figures 2.8(d-h) show areas selected for color mapping of combined and constituent
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elements namely Ag, Bi, and S. The almost uniform distribution of the elements within the entire
area supports the formation of the compound AgBisSs. Figure 2.9a presents the TEM image of an
AQ2S (AS)- lump whose cylinder-like portion has about 50 nm diameter. Figure 2.9(b-d) shows
the area selected and the color mapping of Ag and S respectively. The similar distribution of Ag
and S signifies the formation of Ag.S. Figure 2.9e reveals the formation of mixtures of some wire
and rod-like structures of about 10 nm diameter for Bi»Ss. Figure 2.9 (f-h) shows the selected area
and the color mapping of Bi and S respectively. Figure 2.9i depicted the formation of kind of
structure which look like broad wires having diameters in between 16-82 nm. Figure 2.9(j-m)
displays the selected area and distributions of Cu, Bi, and S respectively. The distribution is almost
uniform supporting the probable formation of CuBiS,. The interplanar spacing and respective
plane supported the XRD data of synthesized electrocatalyst AS, BS, and CBS respectively. The
EDS spectra of synthesized ABS, AS, BS, and CBS are also provided in Figure 2.7, where clearly
indicating that the respective constituents of synthesized nanoparticles present in it. The average

size of synthesized ABS was determined from SEM analysis and the respective outcome showed

in figure 2.6.
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Figure 2.6: Size distribution histogram for ABS
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Figure 2.7: (a, b, c, d) represents the EDS spectrum of ABS, AS, BS, and CBS electrocatalysts
respectively
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Figure 2.8: (a) The TEM image of ABS electrocatalyst; (b)) HRTEM image of ABS
electrocatalyst; (c) SAED pattern of ABS electrocatalyst; (d) HAADF color mapping for
selected area of ABS and (e-h) color mapping mix, Ag, Bi, S elenments respectively.
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Figure 2.9: (a) TEM image of AS electrocatalyst; (b) HAADF color mapping for selected area
of AS; (c-d) color mapping of Ag, S respectively; (e) TEM image of BS electrocatalyst; (f)
HAADF color mapping for selected area of BS; (g-h) color mapping of Bi, S respectively; (i)
TEM image of CBS electrocatalyst; (j) area selected for HAADF color mapping of CBS; (k-
m) color mapping of Cu, Bi, S respectively.
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2.3.5 Electrochemical Hydrogen Evolution Reaction

The electrocatalytic HER experiment was investigated in 0.5 M H2SO4 for all the catalyst and their
outcome are depicted in Figure 2.10. Here, we can see that the ABS catalyst shows the best
electrochemical activity and CBS displays very less catalytic activity among all the catalysts. The
rate of efficiency of electrochemical movement was first investigated by comparing their
overpotential values of that synthesized catalysts. Here, we were analyzed the linear sweep
voltammetry (LSV) studies in between potential window (0 to -1 V) with respect to RHE scales to
scrutinize the electrochemical activity after collecting the iR-corrected LSV outcomes at 5 mV/sec
scan rate value for all the catalysts and the capability towards the HER is substantiated by
evaluating the overpotential value at 10 mA/cm? benchmarking current density value. Commercial
platinum was used as a standard catalyst for comparing the electrochemical performance in terms
of overpotential values with other synthesized catalysts. (Figure-2.10a) [61]. Pt/C, ABS, AS, BS,
and CBS electrocatalysts show 34 mV, 47 mV, 93 mV, 191 mV, and 603 mV of respective
overpotential values [62]. Figure 2.10b portrays a bar diagram of all overpotential values with the
same catalysts loading for a better understanding of the comparison of all HER overpotential
values. The next important factor for analysis of the performance of the synthesized catalyst is
Tafel slope determination. The extent of charge transfer kinetics was determined from the outcome
of the Tafel slope values which was also assist to determine the probable mechanistic pathway in
HER. The range of Tafel slope values in between 40-120 mV/dec indicates that, HER takes place
via the Volmer—Heyrovsky pathway and if the range is in between 30 and 40 mV/dec, the
mechanism occurs via the Volmer—Tafel pathway. Here, the corresponding Tafel slope values
were 75.99, 101.54, 120.29, and 265.2 mV/dec for ABS, AS, BS, and CBS respectively (Figure-
2.10c). The lowest Tafel slope value (75.99 mV/dec) of the best active catalyst ABS proves that
the reaction proceeds through the VVolmer-Heyrovsky path which was also the rate determining
step [63]. Charge transfer resistance (Rct) through EIS studies was another key parameter which
was assist to determine the effective electron charge transfer in near the reaction interface. The
calculated EIS values are 9.84, 15.24, 16.01, and 19 Q for ABS, AS, BS, and CBS respectively
(Figure 2.10d). The lower R value for ABS indicates that, better rate of charge transfer was
executed in the reaction interface related to other electrocatalysts. Feasibility of better charge
transfer kinetics for ABS catalyst might be derived from the highly exposed surface area for H

adsorption. To approve the above-mentioned statement additionally, the electrochemical surface
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area (ECSA) study was performed in between non-Faradaic potential region (0.2 to 0.3 V) with

respect to SCE [64].

a
o — > 700 b
! g Pt -
£ =5 <
O 5q|——ns S b i
< —0—BS Q_:
é.lo. == CBS ':_500.
N—r
27 3 400 HER Overpotential
fU:)-ZO- % 300
O -
© 2 191
251 Q. 200+ :
5 ©
2 304 > 1004 47 93
5 o 34
O ‘35 L) L) L] L] L] L] 0 L] L) L] L]
10 08 06 04 02 00 P/IC  ABS AS BS CBS
ENV Vs RHE Catalyst
1078 d
> —o— ABS 28 Ca —— ABS
: —0—AS R, ——AS
r % ——BS 24 —o—BS
= —o— CBS —o— CBS
£ 0.6+ 20
g _ Re
S G 1
o Bt S
c :
o |\|| 12
oo g
o 8+
T e RISSRI00NRR o
0.0 49= 3 SIII SIS
> 44
videc
@) 75.99m
-0.2 T Trerrrr T ———r— 0 T T T
1 2 3 4 5 6780910 0 4 24 28

log j (mAcm'Z)

Figure 2.10: (a) LSV profiles of synthesized electrocatalysts in 0.5M H2>SOs solution at 5
mV/s; (b) Bar-diagram presentation of overpotential values of respective catalysts (c) Tafel plot
of synthesized electrocatalysts with the 50 % iR-corrected data; (d) Electrochemical impedance
spectral studies of that respected electrocatalysts with the same environment.
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The resulting scan rate-reliant CV curve of all the catalysts starting from ABS, AS, BS, and CBS
is given separately in Figure 2.12(a-d), respectively. Afterward, the capacitance in the subsequent
double layers of the reaction interface (Cai) values of all the materials are evaluated from the slope
of the AJ vs the scan rate curve given in Figure 2.12(e). The calculated Cq values are 3.66, 1.38,
0.598, and 0.214 uF/cm? for ABS, AS, BS, and CBS respectively. ECSA values were determined
from the respective Cq values using the formula mentioned in equation-S3 and the obtained values
are 0.092, 0.035, 0.014, 0.005 cm? for ABS, AS, BS, and CBS respectively. The best active catalyst
ABS shows a higher active surface area value compared to other catalysts confirming again higher
charge transfer kinetics. Another vital yardstick for catalyst performance is the stability of the
catalyst under long-term exposure. To confirm the steadiness of the most excellent active catalyst
ABS, long run catalytic efficiency was executed through the acceleration degradation (AD) study
ina 0.5 M H2S04 solution for 500 times at 100 mV/s scan rate [65]. Following the AD study, the
LSV polarization analysis before and after completion of AD experiment was shown in Figure
2.13(a). While comparing these two curves a marginal hike about 8 mV with reference to 10
mA/cm? current density is detected after the AD experiment on account of overpotential value
suggesting higher stability with low catalyst degradation for ABS catalyst. EIS investigation was
also studied relate to before and after AD experiment for ABS catalyst and the R value of ABS
after finishing the AD study was 12.55 Q, which was comparatively little high prior to the AD
study (Figure 2.13b). Here, the Rt value slightly increases due to the agglomeration of certain
spheres and rods to produce bigger particles. However, the routes of the reactants to the electrode
surface are more cleaned and channelized during HER, so the rate of reaction and Rct value do not
change much even after 500 cycles. In order to confirm more robustness of the best active catalyst
ABS, the long-term durability was examined from the chronoamperometric (CA) experiment with
respect to constant potential (-0.065 V) in RHE scales (Figure 2.13c) where the catalyst shows
retention of durability after 72-hour long term process under cathodic environment [66]. The
Faradaic efficiency value for the catalyst “ABS” was calculated from GC-MS studies by applying
a persistent potential of “-0.074” V vs RHE for periods of 30 min.

The FE value has been calculated with respect to experimental and calculative amount of H;

observance are using the following formula.

_ Experimentally observed H,

FE = x 1009
Calculated H, 00%
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From the given experimental result, the calculated FE value was 91.02%. The observed FE value
is consistent with high selectivity towards the HER. The decreased FE value by 9% might be due
to the loss of Hz gas during the operation of GC-MS coupled with the electrochemical analyzer.
The FE outcome is portrayed in Figure 2.11.

{ |—@— Calculated
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Figure 2.11: Faradaic efficiency (FE) of the ABS electrocatalyst for acidic HER
solution.
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2.3.6 Fate of Catalyst

In order to study the fate of the catalyst, ABS after several catalytic cycles, repeated LSV study

was performed on the synthesized AgBisSs nano particle-deposited carbon electrode and the

resulting carbon mixed AgBisSs particles separated from the thin film before and after use, were

tested for XRD study. It is found that almost all major peaks of AgBisSs are retained in the same

position in the X-ray profile of the catalyst used after the hydrogen evolution reaction showed in

figure 2.15. The drop in intensity between 20 and 30 (°) 26 is due to the baseline correction. 110
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peak exists at 22.98°. For both the samples most, prominent peaks appear before 40°.The FESEM
study was shown in figure 2.14 with the same catalyst particles before and after use, reveals that
spheres, plates, and rods are present in the morphology of both the catalyst materials before and

after use.

Figure 2.14: (a-b) represent the FESEM profiles of AgBisSs nano-catalyst before and after
HER studies respectively.
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Figure 2.15: XRD profiles of the ABS electrocatalyst before and after HER in aqueous
solution of 0.5 M H>SO4 (a) depicted without baseline correction, (b) with baseline
correction respectively.
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2.4 Conclusions:

Nanoparticles of different sulfides like AgzS, Bi2Ss, and particularly their composites AgBisSs,
and another variant CuBiS; are synthesized for the first time by similar facile liquid phase hot
chemical treatments and are used as catalysts for electrochemical HER in aqueous acid solution
for the first time and are characterized by various microscopic and spectroscopic techniques.
Amongst the various catalysts developed (such as ABS, AS, BS, and CBS), ABS shows
comparatively lower overpotential value of 47mV/dec, lower Tafel slope value of 75.99 mV/dec
related to rest of synthesized catalysts. The catalytic capability of the synthesized materials follows
the sequence: ABS > AS > BS > CBS which are in the same order as that of the electrochemical
surface area of the materials and EIS values. ABS is a quite stable compound from the post studies
of the catalyst. Thus, at room temperature more charge separation, conductivity, and S vacancy
are expected. These may increase H* adsorption. So, it shows more electrochemical surface area
than others. Moreover, Bi of ABS may upshift the Centre of the d-band in ABS. Hence the
desorption of adsorbed hydrogen in the Volmer- Heyrovsky step is facilitated. Thus, ABS
outperforms the other components. The dynamic stability study reveals little deterioration of the
best electrode made by AgBisSs, even after 500 cycles in the AD study. Thus, the electrode based
on AgBisSs can be used as a superior catalyst for HER in an acidic medium for generation of green
H> fuel in an expanded manner. The study also provides a promising strategy to develop excellent
stable Pt-group-metal-free multinuclear nano-catalysts. The study will also initiate the use of more

ternary sulfide nanoparticles as catalysts in various energy studies in the near future.
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3.1 Introduction

Renewable energy generator plays a pivotal role to create a sustainable eco-friendly environment
where two apparently opposing characters balance one another. It meets on one hand ever-lasting
energy demand and on the other by developing clean energy. It prevails and prevents the prime
route cause from which natural disaster like situation arises [1-6]. In this context photocatalytic
water splitting has been evolving too fast to manage two most abundant energy resources available
to us which are clean, renewable and natural [7-11]. The issues cause negative environmental
effect, limited reserves and excessive utilization generating from fossil fuels strongly countered
by the potential solution namely production of hydrogen via photocatalytic routes [12-16]. A few
promising methods attracted convincingly towards direct conversion of solar energy to hydrogen,
photoelectrochemical water splitting (PEC) is one of the methods among them [17-22]. Most
commonly the main components which are involved in photoelectrochemical water splitting are
counter electrode, aqueous electrolyte and a photoactive semiconductor electrode. The faradic
efficiency of this process has been driven by photoactive semiconductor-based electrode [23-24].
Popular researchers like Fujishima and Honda invented the photoelectrochemical water splitting
for the first time based on their development of TiO2 based materials [5]. Since, then numerous
oxide-based materials like SnO., TiO2, ZnO came in to play in the electrochemical water splitting
field after the initial break through due to their nontoxicity, outstanding photo corrosion resistance
and high photocatalytic activity and other characteristic features [25-28]. The conversion
efficiency of hydrogen production has not reached still a certain satisfactory level due to the wide
range of band gap of these oxide materials. This sort of limitation leads to grow chalcogenide-
based materials to contribute in the conversion efficiency because of their narrow bandgap features
fit very well in this photoelectrochemical water splitting. The light absorption and photoinduced
charge separation enhance when chalcogenide-based materials are coupled with metal oxide-based
materials. [29-30] The developed chalcogenide materials such as PbS, PbSe, CdS, CdSe and Bi»Ss
contributed significantly in photoelectrochemical energy conversion [29-34]. The commercial use
is restricted with lead and cadmium-based chalcogenide materials due to their negative
environmental effects. On the other side bismuth-based materials attracts more conveniently in the
photoelectrochemical water splitting for their facile characteristic tunability, solution
processability and pro-environmental nature [35-36]. The previous studies have revealed that

ternary bismuth-based chalcogenide materials like AgBIiS, exhibited a higher photovoltaic
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performance than bismuth-based chalcogenide materials like Bi>Sz and also the absorption
coefficient enhanced in the visible region [37]. The potentiality of the conversion rate of hydrogen
production in photoelectrochemical water splitting was influenced by the different morphological
shape and form of that kind of synthesized materials. Another some important factors along with
band gap engineering are the light sensitization enhanced catalysis by adding quantum dots,
coupling like plasmon-exciton, photon coupling between facilitated host semiconductor and noble

metal cocatalysts based nanoparticle [38].

In the previous chapters, we have emphasized on electrochemical water splitting for hydrogen
production from the synthesized binary and ternary sulfide-based nanomaterials and explored first

time of their catalytic efficiency in this field.

Here we synthesized specifically ternary sulfide-based AgBisSs-Bi>Ss nanocomposite for using it
as catalyst for the first time in photoelectrochemical water splitting which improvised their
catalytic performance in presence of light compare to that in absence of light in the same reaction

medium.

3.2 Experimental Sections

3.2.1 Materials

Silver nitrate (AgNO3z, 99.9%, Merck), bismuth nitrate (Bi (NO3)3.5H20, 99.9%, Merck), ethylene
glycol (C2HeO2, 99.9%, Merck), thiourea (H2N-C(=S)-NH, 99.9%, Merck), were used in this

study without further refinement. The Millipore water was used throughout the investigation.
3.2.2 Synthesis of the AgBisSs-Bi>S3

Three dried clean beakers were taken and marked as beaker A, B and C. In beaker A, 0.68 g of
silver nitrate was dissolved in 20 mL ethylene glycol solution followed by 15 minutes of
ultrasonication at room temperature. In beaker B, a similar solution was prepared with 2.05 g of
bismuth nitrate instead of silver nitrate and 0.61 g of thiourea dissolved in 20 mL ethylene glycol
solution in beaker C following the above conditions. Now solution in beaker B poured in beaker
A to make a uniform solution with 15 minutes of sonication and the homogenous solution now

placed under temperature (pre-adjusted at 90°C) controlled heating mantel at ambient condition.
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Solution in beaker C mixed with this homogenous solution mixture when the temperature reached
at 90°C and the resultant uniform mixture was kept in same reaction condition up to 2 hours. The
heating mantel was stopped after 2 hours and settled down the appeared ash-colored mass in the
reaction mixture at room temperature. Then the mass was collected followed by centrifugation
along with washing by Millipore water and ethanol for several times and dried at 80°C up to 20

hours in air oven.
3.2.3 Rietveld refinement analysis with experimental XRD data

The Rietveld refinement analysis techniques (MAUD 2.26, software version) was mainly used to
characterize with the PXRD data of synthesized micro, nano structure as well as the nano
composite. Marquardt least square method is applied to minimize the differentiate parameter
between the diffraction pattern of simulated and observed data. The fitting ratio of that resulting
parameter was close to 1 signified its fitting quality where Rwp implies ratio of weighted residual
error and Rexp signifies the residual error and the fitting is known as the goodness of fit as termed
as GOF.

Where Rwp and Rexp find out from the following expressions
Swillo—l)? T2 (N-P) 112
|

RWp = |: D Wi IOZ ] and Rexp = ZWi |02
i i

lo, lc, wi, N and P represent experimental intensity of XRD peaks, calculated intensity of XRD
peaks, weighing factor (1/lo), number of exponential observation and number of fitting parameters

respectively [39,40].
3.2.4 Electrochemical measurement and fabrication of the electrode

AUTO-LAB was used at room temperature as electrochemical analyzer to perform the
electrochemical study where 0.5 M H2SO4 was used as an electrolyte throughout the experiments.
Conventional three electrode system was placed for the experiment in which graphite carbon rod
was used as a working electrode, saturated calomel electrode (SCE) was used as reference

electrode and Platinum foil was used as a counter electrode.
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The catalyst solution drop-casted over the graphite carbon rod surface (previously polished with
MRE-paper) and cleaned by sonication after dipping in alcohol & water used as a working
electrode which effective surface area was 0.12 cm?. 4 mg of catalyst was weight out in a 3 mL
glass bottle and 1 mL ethanol was added to it and the mixture solution was bath sonicated up to 30
to 40 minutes at room temperature. Then 10 uL of catalyst solution was drop-casted over graphite
carbon rod and dried at room temperature up to 2 hours in an inert atmosphere and then 5 L of
0.5 % Nafion solution was drop-casted over catalyst solution as a binder and then it was kept in an
inert atmosphere up to 20 hours. 0.3 mg/cm? was the catalytic mass loading on the surface of
working electrode. The cyclic voltammetry was performed with that working electrode in a three-
electrode conventional set up at a scan rate of 50 mv/s and after 20 cycles of completion, the liner
sweep voltammetry (LSV) was performed at 2 mv/s with that activated electrode. The Tafel slope
values was determined from the LSV curves and all the data throughout the measurements were
50% iR-corrected in manual mode with that Rs values obtained from the electrochemical
impedance studies (EIS). EIS study was analyzed at a scan range from 0.1 to 10,000 Hz at 5 mv
amplitude potential in which it could reach to benchmarking current i.e., 10 mA/cm?. The
electrochemical data was used in RHE scale throughout the experiments.

The Nernst equation was used for the conversion of LSV data in the potential (V) regions.
Erve = Esce +0.059 x 0.3 + 0.241

Overpotential values has determined using the following equation

N =0 - Erue (V)

The Tafel slopes values has determined from the relation between current density in log scale and
potential which is known as Tafel plot. The Butler-Volmer equation assisted to find out the Tafel

slope values which related as

n=bxlogj+ta....coceeevvreno.n. 1)

b=((M—-2)/10gJ) ceceereerrarreennen. 2

a, b, j and n implies as reaction constant, Tafel slope, current density and overpotential

respectively.
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The electrochemical double layer capacitance value was determined analyzing the data from the
non-faradic region and with that electrochemical surface area (ECSA) values were find out

comparing the following equation
ICZUX Cdl eevererenrennannens 3)
ECSA =Cdi/ Cs cevrvnrnnnnnnn 4

Whereas ic, v, Cs, represents double layer charging current, scan rate (v), specific capacitance value
(0.040 mFem?2, reference value) respectively and all the electrochemical data used throughout the
experiments after correlation of iR drop.

Bi(NO3)3+]
AgNOs
AgNO3
Prepared an
uniform mixture
——
Temperature controlled P
heating mantel 90 °C\2 hrs.
o e T e Calcination
e W0 S 200 °C : ,
% %‘%&;{h %y, e AgB|3S5 -Bi2S3
IA' . B

Scheme 3.1 Schematic diagram of synthesis procedure of AgBisSs - Bi2S3

3.3 Results and Discussions

The as synthesized nano composites were characterized by the X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR) along with X-ray photoelectron spectroscopy (XPS) and
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the morphological structure of synthesized AgBisSs - Bi>Sz was studied by Transmission electron

microscopy (TEM), Field emission scanning electron microscopy (FESEM) etc.

3.3.1 XRD analysis

The main diffraction planes for as synthesized nano composite (AgBi3Ss-Bi2S3z) found at (113),
(310), (312), (403), (313), (314), (405), (007), (116) crystal planes. These match with the
monoclinic AgBizSs(JCPDS NO. 83-2051) and the respective diffraction peaks appear at 20
values (°) 28.53, 29.92, 31.39, 32.52, 34.913, 36.430, 37.165, 38.447, 40.82 respectively. The rest
of the diffraction peaks and planes may be synchronized with the associated orthorhombic
Bi2S3(JCPDS NO. 89-8965) and their 20 values (°) found near about 28.57, 32.90, 49.30, which
are attributed with the corresponding diffraction planes (230), (301), (521) respectively. The
Rietveld analysis was also confirmed the synthesis of AgBisSs-Bi»Sz nano composite and the
outcome of mass percentages of AgBisSsand Bi>Sz were 87% and 13% respectively and the value
of weighted residual (Rwp) error was 6.04 where expected residual (Rexp) error 5.9 and their

goodness of fit ratio (GOF) 1.02 which is near is 1 signifying the respective fitting quality.
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Figure 3.1 (a) Profiles of XRD and corresponding Rietveld analysis of synthesized AgBisSs-Bi>S3
where black line denoted the experimental XRD pattern where red line implies the respective simulated
XRD pattern and Ix — Ic stands for respective residual intensity (b) FTIR spectrum of synthesized
AgBi3Ss-Bi2Sz nano composite.
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3.3.2 FTIR analysis

Figure 3.1(b) represents the FTIR spectrum of AgBisSs-BizSs which exhibits the peak at 533 cm™
indicating the characteristic vibration mode of sulfur [41] inferring the presence of Ag-S bond.
The peaks found in range 590 cm™ to 650 cm™ indicate the vibration of Bi-S [41]. Frequencies
near about 1649 cm™ for AgBisSs-Bi.Ss is probably due to the stretching and bending vibrations
of the O-H bond of the adsorbed H20O at the surface of AgBi3Ss-Bi»S3 [42, 43]. The peak found in
AgBi3Ss-Bi,Ss around 1336 cm™ and 872-900 cm™ are seemingly due to the stretching and
bending vibrations of the Bi-S bond.

3.3.3 XPS analysis

In the XPS analysis, survey spectrum (figure3.2a) shows the elements present. The doublet peaks
found at 373.7 eV and 367.7 eV in Ag spectrum (figure3.2b) may be ascribed to Ag s and Ag 32
of the Ag™ respectively [44]. Similarly, the Bi 4f doublet(figure3.2c) can also be looked at 158.9
eV (Bi 4f 72) and 164.2 eV (Bi 4f 512). The measured positions are in between those of bismuth
metal (Bi 4f 7,2, 157 eV) and bismuth oxides (Bi 4f 72, 159 eV), which are anticipated and revealing
of typical bismuth sulfide [44]. The consequence of above investigation directed that both silver
(Ag (1)) and bismuth (Bi (111)) were existing as metal sulfides as approved with previous studies
[45, 46]. Another small peak found at 231 eV can be assigned to S 2s (Figure 3.2(d)). Figure
3.2(a) presented as surface spectrum where a broad peak at 532 eV was assigned to the O 1s region
due to water molecules adsorbed at the surface of the metal sulfide of the catalyst [47]. The catalyst
drops casted on the surface of the silicon wafer for the XPS analysis and peak appeared in around
100-150 eV region attributed the corresponding observance. One of the broad peaks emphasized
around binding energy 286.6 eV appears due to C 1s calibration peak, which is also known as

adventitious carbon peak [48].
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Figure 3.2: Fine XPS profiles of synthesized AgBisSs-Bi.Ss where (a) survey spectrum (b) Ag 3d
(c) Bi 4f and (d) S 2s spectra.
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3.3.4 Morphological analysis

Figure 3.3 (a) FESEM image of synthesized AgBisSs-Bi.Ss nanocomposites (b) EDS profile of respective
nanocomposite (c) area selected for EDS analysis (d, e, f) color mapping profiles of Ag, Bi, and S
respectively.
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0.18 nm (521)

0.28 nm (312)

Figure 3.4: (a, b) TEM image and SAED pattern of AgBi3Ss-Bi>S3 respectively.

The surface morphology and compound recognition of AgBisSs-Bi>Sz were studied by FESEM,
TEM and SAED pattern as depicted in figure 3.3 and 3.4 respectively. Figures 3.3(a) illustrates
the morphology of AgBizSs-Bi>Sz nanocomposite. FESEM pictures exhibit plate and rod-like
structures with some grains on the plates and the rods. These also reveal sufficient holes and gaps
between the structures, which may help movement of the reactants and products towards and from
the surface of the catalyst. The EDS spectrum of AgBisSs-Bi>S3 nanocomposites also recognizes
all the constituting elements (figure 3.3b). Figure 3.3(c) represents the area selected for EDS
analysis and figures 3.3(d, e, f) present the color mapping profiles of Ag, Bi and S respectively,

each of which is almost uniformly distributed in the selected area.

The irregular small spheres of about 8 nm diameter and bigger lumps (8-40 nm) and some rod-like
structure (diameter about 9 nm) can be observed in figure 3.4 (a). Figure 3.4(b) indicated the
presence of both AgBisSs and Bi»S3 as the corresponding planes (312) and (521) exposed in SAED
pattern of AgBisSs-Bi2Ss in figure 3.4(b) are synchronized with the outcome from XRD profile of
synthesized AgBi3Ss-Bi>Ss nano composite. The above result is more clearly revealed the
formation of AgBisSs-Bi>S3z nanocomposite.
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3.3.5 Brunauer-Emmett-Teller (BET) analysis
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Figure 3.5 (a) N2 adsorption-desorption isotherm where black line indicates adsorption and red
line indicates desorption of synthesized AgBi3Ss-Bi>Sz nano composite (b) pore size distribution
of AgBisSs-BixS3

The surface area and the corresponding average pore diameter found for the synthesized AgBizSs-
Bi»S3 nano composite were 25.79 m?/g and 5.29 nm respectively from the N2 adsorption-desorption

isotherm.
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3.3.6 Photo-electrochemical hydrogen evolution reaction

The photoelectrochemical hydrogen evolution reaction was carried out in 0.5 M H2SO4 in absence
of light and as well as in presence of light. The outcome from the experiment is shown in figure
3.6. The synthesized photocatalyst perform better in HER reaction in presence of light compare to

that in absence of light.

Overpotential is one of the few parameters which are used to determine the electrochemical
activities. Here we first analyzed the linear sweep voltammetry (LSV) studies in the potential range
of 0 to -1 V vs. RHE to scrutinize the electrochemical activity after collecting the iR-corrected
LSV outcomes at 5 mV/sec scan rate. It explores the efficacy of the synthesized photocatalyst
towards HER, which is substantiated by analyzing the overpotential values at 10 mA/cm? standard
current density value in figure 3.6(a). Synthesized AgBisSs-Bi>Ss hano composite photocatalyst
shows the respective overpotential values 45 mV and 62 mV with respect to RHE in presence and
absence of light respectively [49]. Figure 3.6(b) is expressed through bar diagram for better
understanding of the comparison of overpotential values in HER reaction in absence and presence
of light using the same catalyst loading. The photocatalytic behavior of the synthesized
nanocomposite can also be revealed from the chronoamperometric study done both in absence and
presence of light as portrayed in figure 3.6(c). The outcome of current has been increased when
light is ON and the subsequent observed current decreased when light is OFF in the
Chronoamperometric analysis (CA) which clearly indicates the better catalytic photo-effect of that

synthesized nanocomposite.
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Figure 3.6 (a) LSV curves observed at 5 mV/sec in 0.5 M H2SO4 solution with synthesized
AgBi3Ss-Bi2S3 nanocomposite in absence and presence of light (b) bar diagram of respective
nanocomposite in absence and presence of light (c) ON-OFF profile measured at -0.055V
vs. RHE via chronoamperometry experiments with maintaining the same environment.

The next important factor for analysis of the performance of the synthesized catalyst is Tafel slope

determination. The extent of charge transfer kinetics has been determined from the outcome of the

Tafel slope values. For synthesized nanocomposite, it is 45.16 mV/sec in presence of light compare
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to 77.91 mV/sec in absence of light. This implies that HER moves by Volmer-Heyrovsky path
[50] in both the cases and specifically the synthesized photocatalyst shown better charge transfer
kinetics at electrode- electrolyte surface in presence of light. The charge transfer resistance (Rct)
from the electron impedance spectroscopy (EIS) analysis was the next important parameter to
determine the effective electron charge transfer at the surface interface. Figure 3.7(b) indicates
the outcome of radius of lower semicircle in presence of light in the EIS experiment compare to
that in absence of light. It reveals significant charge transfer kinetics at the electrode-electrolyte
interface even in the dark and it also increases in the presence of light.
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Figure 3.7 (a) Tafel plot of synthesized nanocomposite in absence and presence of light
(b) electrochemical impedance spectra studies of that respected nanocomposite with the
same environment.

The better H adsorption for highly exposed surface area was determined from the feasibility of
high charge transfer kinetics of synthesized photocatalyst. The electrochemical active surface area
was measured in the non-faradic region 0.2 to 0.3 V with respect to SCE to verify the above
statement related to better H adsorption shown in figure 3.8(a, b) which implies the scan rate

dependent cyclic voltammetry graph of the synthesized photocatalyst in absence and presence of
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light respectively. The outcome of slope values from the graph of AJ vs. scan rate shown in figure
3.8(c) gives the double layer capacitance (Cai) values for the synthesized nano photocatalyst in

both absence and presence of light conditions and their calculated values 3.3 pF/cm? and 4 pF/cm?

respectively.
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Figure 3.8 (a, b) Cyclic voltammogram executed in a non-faradic region with scan rate variation for

determination of ECSA from the double layer capacitance in absence and presence of light
respectively (c) plot of AJ vs. scan rate in absence and presence of light to find the double layer

capacitance value.
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The respective electrochemical surface area was determined using the equation 4 shown in section
3.4 and the values are 0.1 cm?, 0.08 cm? for synthesized nanocomposite in presence of light and in
absence of light respectively where the photocatalyst shown again higher charge transfer kinetics

at the presence of light.

The long-term exposure of the synthesized photocatalyst in the HER reaction expressed its stability
and durability which was the one of the most significant factor of catalyst performance.

The dynamic robustness study was analyzed through acceleration degradation (AD) study at 100
mV/sec for 1000 cycles in a 0.5 M H2SO4 solution.

(a) (b)

-30
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Figure 3.9 (a) Linear sweep voltammetry (LSV) of synthesized hanocomposite in presence of light before
and after 1000 cycles of AD study (b)Chronoamperometry profiles of synthesized nanocomposite in
presence and absence of light.
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The linear sweep voltammetry polarization curve before and after (1000 cycles) AD studied in
presence of light shown a little hike (2 mV at 10 mA/cm?) in figure 3.9(a) of HER reaction which
indicated the very low catalyst degradation with higher stability. The chronoamperometry study at
fixed potential -0.055 V vs. RHE up to two hours both in presence and absence of light expressed
through figure 3.9(b) proved and confirmed long time durability and robustness once again for
the photocatalytic performance of synthesized AgBisSs-Bi>Ss nano composite in cathodic

environment of hydrogen production reaction.

3.4 Conclusion

The as synthesized photocatalyst AgBisSs-Bi>Sz nano composite was characterized by Rietveld
analysis of XRD data along with FTIR and XPS studies. The morphological study like FESEM,
TEM, EDS also support the characteristic analysis data and formation of nano composite and their
elemental constitution. The performance of this nano composite in the hydrogen production
reaction is convincible due to its catalytic ability revealed first time in absence of light as well as
in presence of light where all the major determining factors well synchronized and outperformed
in presence of light compare to that in absence of light. The catalytic efficacy along with the
robustness and longtime durability proved also by the result outcome from the studied parameters
like overpotential, Tafel slope, electron charge transfer kinetics, double layer capacitance,

electrochemical surface area and chronoamperometric analysis, etc.
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CHAPTER 4

4.1 Introduction

Green energy resources have evolved in the current century as a game changer to fulfill the ever-
increasing energy demand without effecting the key environmental parameter. It of course is a
great sign of sustainable development and brings a ray of hope to decrease the developing natural
disasters like situation in various parts of the earth [1-6]. By virtue of the characteristic features
like high energy content, feasibility, storage capabilities etc., electrochemical fuel cells evolve as
a key contender where methanol plays a significant role to generate green, clean, sustainable and
most useful electrical energy [7-10]. Electrochemical methanol oxidation system overcomes some
outbreaks of direct fuel cells due to some of its special quality like less pollution harming, high
energy density, effective low temperature functioning, etc. [11, 12]. Direct methanol fuel cells
create tremendous potentiality in the electronic field especially portable electrical device, power
supplier in the automobile sectors and may play a crucial role to replace conventional use of
batteries in these sectors [13]. Spontaneous electrochemical oxidation method has a significant
contribution towards above-described application which makes huge differences to bring
technological revolution in the coming days. This method also has environmental contribution by
development of methanol sensors, waste water treatment removed it toxic components and also

production of formate like valuable chemicals, etc. [14-17].

Efficiency of catalysis towards electrochemical and photochemical methanol oxidation reactions
lies mostly on development of efficient catalyst. Pt and Pd based nanoparticles used as catalyst in
this reaction in a regular manner though they have numerous drawbacks like cost, abundance and
CO poisoning [18, 19]. Strategy like using lower content of Pt/Pd instead of bulk metal and use of
a supporting material helps to tackle situation like its limited supply and poor poison tolerance
[20-22]. Carbon based materials have also shown significant efficiency as a support material
towards electrocatalytic and photocatalytic oxidation reactions where materials like carbon black,
carbon nanotube, carbon nanofibers, graphene attract most of the times due to their good electrical

conductivity as well as their stability in the involved reaction [23-29].

To develop and provide an alternate solution to address above mentioned drawbacks, we were
synthesizing CueSs versatile nanomaterials followed by a new designing synthesis route and also
unveiling its new catalytic wing towards electrochemical methanol oxidation reaction (MOR).

CueSs and its supported alloys in different forms and structures are used in the various fields as
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semiconductor, asymmetric supercapacitors, as anodes for high performance lithium-ion and
sodium-ion batteries, efficient catalyst for water splitting, high performance electromagnetic wave
absorber, used for microfiltration, as an environmental pollution removal and photothermal
conversion in broad band, as a photothermal agent with near about 26% heat conversion efficiency
for photothermal ablation of cancer cells in vivo and in multimodal tumor therapy [30-39]. We
demonstrated electrochemical and photochemical oxidation of methanol for the first time in lower
negative potential zone without supporting of any novel metals and also showed its increased
catalytic efficiency in presence of light. Hopefully this new insight regarding CusSs nanomaterials
towards electrochemical oxidation helps researcher to designing catalyst without depending on
any novel metal. It also gives new direction to better optimization of its stability and feasibility for

using them in commercial purpose.

4.2 Experimental Sections

4.2.1 Materials

Cupper nitrate (Cu (NOz)2 3H20, 99.9%, Merck), thiourea (H2N-C(=S)-NH2, 99.9%, Merck),
Cetyltrimethylammonium bromide (CTAB) ([(C1sHs3) N(CHs)3] Br, 99.9%, Merck), are used in
this study without further refinement. The double distilled water was used throughout the

experiments.
4.2.2 Synthesis of the CugSs(CS)

0.60 g of Cupper nitrate was weighed out and dissolved in 0.01 M CTAB aqueous solution taken
in a beaker and ultrasonicated up to 15 minutes, named as solution A. In the other beaker 0.19 g
of thiourea soluble in a 0.01 M CTAB solution by 15 minutes sonication marked as solution B.
Now the temperature- controlled heating mantel was switched on and the temperature was set up
at 90 °C. Then the solution A in the beaker was placed on the heating mantle. Solution B poured
into it when desired temperature was reached and the temperature also manually checked with the
thermometer. The reaction mixture was kept in this reaction condition for 2 hours and then allow

to settle down the appeared green color massed in the reaction system up to room temperature. The
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green color mass was collected followed by centrifugation and washed for several times with
double distilled water along with ethanol. The collected mass was dried at 70 °C for 15 hrs. in an

air woven.
4.2.3 Fabrication of electrodes

The electrodes were fabricated for electrochemical and photo electrochemical analyses through
cyclic voltammetry (CV), Chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS) in presence and absence of light with the synthesized CugsSs nanomaterial. 2
mg of the synthesized CS was taken in 1 mL ethanol containing glass bottle and it dispersed with
bath sonication for 45 to 50 minutes at room temperature. Then 10 uL of catalyst solution was
dropped on the flat surface of the polished graphite carbon electrode and dried at room temperature
for 2.30 hours in an inert atmosphere and then 5 pL of 0.5 (w/v) % nafion solution was drop-casted
on the catalyst film so produced as a binder and then it was kept in an inert atmosphere for 22

hours. 0.16 mg/cm? was the catalytic mass loading on the surface of working electrode [40].

4.2.4 Electrochemical and Photochemical measurement

The electrochemical and photochemical study was executed via AUTO-LAB Potentiostat at room
temperature in the potential region of -0.9 V t0 0.3 VV where 1 M KOH aqueous solution in presence
and absence of 1M MeOH solution was used as an electrolyte throughout the experiments at
different scan rate. Conventional three electrode system was placed for the experiment in which
polished graphite carbon electrode was used as a working electrode, saturated calomel electrode
(SCE) was used as reference electrode and Platinum foil (1 cm x 1 cm) was used as a counter
electrode. The Chronoamperometry (CA) analysis was executed at fixed -0.15 V potential for 600
seconds.

EIS study was performed at a constant potential -0.15 V using frequency scan range from 0.1 to
10,000 Hz at 5 mv amplitude potential in 1 M KOH aqueous solution in presence of 1M MeOH.
The 30-watt LED bulb (wavelength > 400 nm) was used as a light source during the photochemical
measurement and the intensity of that light source was measured by lux meter (LX-101A) where
the intensity was (90 x 100 lux) [40, 41].
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4.2.5 HPLC Studies with anodic oxidation products

10 mL 1 M MeOH in1 M KOH was taken as an electrolyte in the electrochemical system where
time coursed current density measurement was performed at constant potential -0.15 V with
respect to SCE in presence and absence of light for 7200 seconds. The polished graphite carbon
electrode drop casted with the synthesized CS nano materials was used as a working electrode.
The resulting solution was collected in a glass bottle covered by dark papers and then the solution
was studied by high performance liquid chromatography (HPLC) instrument manufactured by

Shimadzu Corporation, Japan.

HN-C(=S):NH2

Cu(NO3)2
Cu(NOs3)2 .
Prepared a H2N-C(=5)-NH2
uniform

mlxture 90 °C . ’

~

Cu(NO3)z

Temperature controlled
heating mantel

90°C\2 hrs.

Scheme 4.1 Schematic diagram of synthesis procedure of CugSs(CS)
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4.3 Results and Discussions
4.3.1 XRD analysis

The main diffraction peaks exposed at 20 values (°) 26.228, 29.254, 32, 35.805, 37.2, 39.270,
39.963, 42.4, 44.546, 46.159, 51.193, 54, 54.729, 56.121,59.757, 62.171, 62.67 for as synthesized
nano material (CusSs as CS) and their respected diffraction plane appeared at (101), (107), (1010),
(1013), (0114), (0021), (1016), (0117), (1019), (110), (0123), (202), (1115), (208), (0213), (0129),
(0216) where maximum planes matched with the rhombohedral CugSs (JCPDS NO. 88-2158).The
above outcome from the XRD analysis (figure 4.1(a)) is justified the formation of CugSs
nanomaterials. The average size of the synthesized nanomaterial about 10 nm as determined using

Debye Scherrer equation considering (110) planes, from which the diffractions is maximal.
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Figure 4.1 (a) Powder XRD patterns of the synthesized CugSs along with the JCPDS
number (b) FTIR spectra of CugSs nanomaterials.

4.3.2 FTIR analysis

FTIR spectral study of synthesized nanomaterials was investigated by the instrument, Perkin
Elmer, spectrum RX1. The FTIR spectra of synthesized CuqSs expressed in Figure 4.1(b) where
the peaks at 414 cm™ present in CS designated the characteristic vibration modes of sulfur [35, 36,
42] inferring the presence of Cu-S bond. The peaks existing between (839 cm™ to 919 cm™)
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indicate the stretching and bending vibrations of Cu-S [35, 36]. Frequencies in the range 3100-
3300 cm™ and at around 1578 cm™ for the samples CS plausibly due to stretching and bending
vibrations of the O-H bond of the adsorbed H20 at the surface of CusSs [35, 36, 43, 44]. Peaks at
around 1377 cm™ and 839 — 919 cm™ found in sample CS seemingly due to the stretching and

bending vibrations of the Cu-S bond.

4.3.3 Morphological analysis

Figure 4.2 (a) FESEM image of synthesized CueSs nanomaterial (b) area selected for EDAX
spectrum (c-d) elemental mapping of Cu and S present in synthesized nanomaterial respectively.
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The morphological overview of synthesized CusSs nanomaterial investigated by scanning electron
microscopy (FESEM) with a FEI INSPECT F50 instrument having a magnification range of 40X
to 400 KX with an accelerating voltage near is to 0.5 to 30 kV and the respected elemental presence
of synthesized nanomaterial was analyzed by Energy dispersive X-ray spectroscopy (EDS)
analysis was carried out with the FESEM instrument with the images (BRUKER EDS) with a
separate EDS detector connected to that instrument. The bar like structure of synthesized
nanomaterial expressed in Figure 4.2(a). The selected area for EDS analysis of elemental detection
and the presence of Cu and S in it presented in figure 4.2(b, c, d) respectively. The EDS spectra

of synthesized nanomaterial was shown in figure 4.3(d).

Figure 4.3 (a-b) TEM images of synthesized nanomaterial lower and higher magnification
(c)SAED pattern of synthesized nanomaterial (d) EDS spectrum of synthesized nanomaterial.
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The intrinsic changes of synthesized materials were investigated by Transmission electron
microscopy (TEM) analyzer. Hexagonal and another some square planar like structure developed
in synthesized nanomaterials reveals in figure 4.3 (a) and the equivalent higher resolution image
was highlighted in figure 4.3(b). The inter planer distance and the respective diffracted planes was
coming up from SAED pattern in figure 4.3(c) synchronized with the data of XRD analysis. The
diffracted plane of that main diffracted peak in synthesized nanomaterial presence in SAED

patterns further approved and confirmed for the successful formation of that nanomaterial.

4.3.4 UV-visible and Photoluminescence spectral study
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Figure 4.4 (a) UV-Visible absorption spectral study of synthesized CusSs nanomaterial (b)
Photoluminescence spectral study of synthesized nanomaterial (c) (ahv)? vs. hv profile of
synthesized nanomaterial.
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The UV visible spectral study of CugSs denoted in figure 4.4(a) and the corresponding direct band
gap (Eg) presented in figure 4.4(c) determined from the plot of (ahv)? vs. hv followed by Tauc
equation [40-41] (ahv)? = A(hv — Eg) where a, h, v, A and Eg are the absorption coefficient, plank
constant, incident light, a constant and energy of photon respectively. The outcome of band gap

value of CugSs 2.7 eV well-coordinated with the former reported value [35, 36].

Photoluminescence (PL) spectral outcome shown in figure 4.4 (b) of synthesized CugSs and the
Photo-effect of that synthesized nanomaterial dealing with recombination of charge carriers and
such characteristic features coming from photoluminescence analysis. The maximum peak
intensity of photoluminescence study was detected at 473 nm and the corresponding excitation
wavelength was 235 nm shown in figure 4.4(a). The result of PL study favors the photochemical
measurements during the studies like cyclic voltammetry, chronoamperometry, impedance and

photocurrent observations in presence of visible light exposure.

4.3.5 Electrochemical and Photochemical Methanol oxidation

The electrochemical measurement was carried out in the conventional three electrode system in 1
M KOH solution and 1 M CH3OH in 1 M KOH solution, where modified or bare polished graphite
carbon electrode functioned as working electrode, saturated calomel electrode (SCE) as reference
electrode and platinum (1 cm x 1 cm) as counter electrode. Electrode fabrication and the respective
mass deposition on the surface of polished graphite carbon electrode was discussed briefly in the
experimental section. The electrochemical activity through Cyclic voltammetry (CV) revealed that
when only polished graphite carbon electrode used without mass loading on to it as a working
electrode in 1 M KOH electrolyte solution under three electrode system no characteristic peak was
developed in the anodic zone and the respective CV outcome depicted as a relatively flat almost
straight line in figure 4.5(a). And then the cyclic voltammetry experiment was done in the same
condition keeping the same environment with synthesized nanomaterial deposited on the polished
graphite carbon electrode and used it as a working electrode in three electrodes set up where the
two anodic peaks appeared at the potentials of about -0.11 V and -0.41 in 1 M KOH electrolyte
indicating the oxidizing capability of the catalyst as shown in figure 4.5(a). However, the
subsequent peaks were disappeared with the increasing number of cycles which was clearly
observed in figure 4.5 (b) due to some intermediate formed and covered gradually the catalyst
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surface with the progression of the reaction in this potential region. The intermediates are plausibly
(CueSs)-OH generated at potential around — 0.35 V and CuSOH at around -0.05 V respectively.
The observation was totally changed when the same measurement was done in presence of 1 M
MeOH in 1M KOH at the same reaction condition. Now the two peaks appearing at -0.08 V and -
0.40 V respectively and persisted with increasing cycles along with increasing current density
which can be observed from the figure 4.5(c). The observation drew the attention towards anodic
oxidation of methanol at the potentials. At about -0.1 V and -0.40 V the generated intermediates
Vviz (CugSs)-OH & CuSOH in methanol help oxidation in alkaline solution. The detail mechanism
of the reactions is set to be explored, but undoubtedly the hydroxyl ion takes the key role for the
reactions. Since the surface adsorbed hydroxyl in (CueSs)-OH is more active than chemically
bound hydroxyl in CuSOH, the forms is responsible to oxidize methanol at lower potential ( -0.4
V) than other (-0.08 V). The investigation was further done in presence of light in the same reaction
atmosphere which are shown in figure 4.5(d) implying the photo effect of the synthesized catalyst
on the oxidation process. We compared the performance in the anodic oxidation region in absence
and presence of light and found that the oxidation process is facilitated in presence of light. The
result further is compared with the 10 wt.% commercial platinum where performance is at per with
the above outcome. The outcomes from chronoamperometry, impedance and photocurrent studies
approved the efficacy of oxidation of methanol in the anodic region in presence of light which are
shown in figure 4.6. The photoluminescence study also complimented the photochemical
efficiency of synthesized nanomaterial towards the anodic oxidation process. The charge transfer
Kinetics at the electrode electrolyte surface of the oxidation process has been greatly influenced by
some important factors. Tafel slope values from the Butler-Volmer equation which are briefly
discussed in the previous chapters, one of the determining factors of electrochemical performance
of synthesized catalyst. The charge transfer resistance is another important factor which is mainly
obtained from EIS studies also shown the efficiency of synthesized nanomaterial towards anodic

oxidation of methanol.
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Figure 4.5 (a) Cyclic voltammogram (CV) of bare graphite carbon electrode in 1 M KOH solution
and CugSs deposited graphite carbon electrode in 1 M KOH and in 1 M MeOH in 1 M KOH at 50
mV/sec in absence of light. (b) CV of CugS5 deposited graphite carbon electrode in 1M KOH
solution (comparing cy-1 and 30) (c) CV of CugSs in 1M MeOH in 1M KOH solution (comparing
cy-1 and 30) (d) CV of CusSs deposited graphite carbon electrode in 1 M MeOH in 1 M KOH
solution in absence and presence of light along with CV of commercial Pt (10 wt. %).
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The Tafel slope values were obtained from the potentio dynamic measurement of alcohol oxidation
in 1 M CH3OH in 1 M KOH electrolyte solution at 1 mV/sec scan rate with respect to SCE using
the Butler-Volmer equation. The order of Tafel slope values i.e., 42 mV (CugSs in presence of
light) < 74 mV (CueSs in absence of light) < 126 mv (Commercial Pt (10 wt.%)) were shown in
figure 4.6(a) indicating the efficiency of charge transfer kinetics on CusSs is intrinsically better
than that on commercial Pt in the oxidation process. Moreover, it becomes much better in presence
of light. On the other hand, the charge transfer resistance dealing with electrochemical impedance
spectroscopy (EIS) depicted in figure 4.6(b) reveals that the radius of the semicircle follows the
order: CugSs in presence of light < CusSs in absence of light < Commercial Pt (10 wt.%). Since the
lower semicircle radius is corelated with the lower charge transfer resistance in the electrode
electrolyte surface, it implies that, the catalytic activity of the electrodes is in the reverse order.
The order is also agreement with the Tafel slope values.

The photocurrent measurement was done with traditional three electrode set up using the
chronoamperometry studies at -0.15 V fixed potential supplied in the oxidation process and the
light ON -OFF was done after 30 secs of interval. The experimental result of photocurrent
measurement reveals (figure 4.6(c)) that the photocurrent is increases when light is on and
subsequently the photocurrent decreases when light is off mode. The results also compliment with

the outcome from the above-mentioned experimental evidences.

The stability of the catalyst is the key factor to use it practically in commercial fuel cell. The
stability of the synthesized nanomaterials is scrutinized through Chronoamperometric (CA) studies
at -0.15 V fixed potential for 600 sec which was shown in figure 4.6(d). The consequences of CA
studies indicates that CugSs in presence of light dominates over others and shown better stability

with respect to observing current at a short span of time.

The cyclic voltammetry study was done at different scan rates with respect to SCE in 1 M MeOH
in 1 M KOH electrolyte solution in presence of light for further verification of the catalytic stability
which was shown in figure 4.7(a). The dependency of forward peak current with the square root

of scan rate is also demonstrated in the figure 4.7(b).

The peak current density is reached at saturation level in 60 cycles as shown in figure 4.7(c).
Afterwards the current density decreases but the decline rate is too low which implies the stability

of the catalyst as well as the catalytic performance of the catalyst in methanol oxidation.
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From the analysis of the above experimental results, it is concluded that catalytic activity of the
synthesized nanomaterial enhances and the photo-effect assists better stability than that in absence
of light. The results also are compared with that of polished graphite carbon working electrode
loaded with same mass of Pt from a 10 wt.% of commercial platinum material. It is found that

CugSs in absence and presence of light predominates in catalytic activity over state-of-the-art

catalyst, Pt.
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Figure 4.7 (a) Cyclic voltammograms of methanol oxidation on CugSs at various scan rates in 1

M CH3OH in 1M KOH solution in presence of light (b) Plot of forward peak current density vs.

square root of scan rates of methanol oxidation (c) Cyclic voltammograms of graphite carbon
supported synthesized CugSs in 1 M CH3OH + 1 M KOH solution up to 80 cycles at 50 mV/sec.

132



CHAPTER 4

4.3.6 Identification of Methanol oxidation products
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Figure 4.8 (a) High pressure liquid chromatographic (HPLC) profiles of the solution
of methanol oxidation (b-f) HPLC profiles of known compounds of namely oxalic acid,
carbonate, methyl formate, formaldehyde and formate respectively.
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The observation of HPLC study has been shown in figure 4.6.7(a). The peaks appeared at retention
times (minutes) of 3.36, 3.64, 4.14, 4.48, 7.38 respectively. The peaks are identified by comparing
them with the standard HPLC profiles of known compounds. The respective observation of known
compounds is shown in figure 4.6.7(b-f). The identified peak at 3.36 minutes retention time stands
for oxalic acid (C2H204), peak at retention time 3.64 minutes for methyl formate (HCOOCH:)
formation, peak at 4.14 minutes indicates the formation of potassium formate (HCOOK), peak at
4.48 minutes represents the formation of formaldehyde (HCHO) and the peak at retention times of
7.38 minute implies the formation of carbonate CO3s*. From the peaks it can be revealed that

methyl formate is the major product along with significant amount of potassium carbonate.
4.3.7 Mechanism of photochemical Methanol oxidation

The band gap energy of the synthesized CueSs nanomaterial determined through Tauc plot of
(ahv)? Vs ho as depicted in figure 4.4(c) is 2.7 eV. The valance band (VB) and conduction band

(CB) edges of the respective synthesized material is determined following the equation:

Eve=y—Ec+0.5Eg

# e- - e- CH3:0OH
4 41 cgphb—mmi
3 _ -3.94 eV
i {te CusSs
T o fml| 27ev)
Z 174
d 4 \}_-1.24ev HCHO
2 5 - h+ h+ h+ HCOOK
T Cos%
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5 - CHz(OMe)2
i, HCHO

Figure 4.10 Schematic mechanism of photo chemical oxidation of methanol
through synthesized CugSs nanomaterial.
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Where Ec represent the free electron energy potential with respect to NHE scale and its value equal
to 4.5 eV and y implies the absolute electronegativity of the synthesized nanomaterial which was
obtained through geometric mean of the electronegativity in Mulliken scale of the constituent atom
of the synthesized nanomaterial using the subsequent equation

x = [ x(A). a X x(B). b] (1/ (a + b)) where a and b are the number of atoms of A, B in the
nanomaterial [40,41]. Thus, y values of CugSs nanomaterial is 2.26 eV and the respective valence
band (VB) and conduction band (CB) values of CusSs nanomaterial lies at -1.24 eV and -3.94 eV

respectively.

The probable mechanism of photochemical methanol oxidation may be described briefly as a
reaction path where photo-assisted holes react with OH" ions to form corresponding OH’ radicals.
The generated holes assisting through photo effect and the OH" radicals oxidized the adsorbed
methanol to form formaldehyde, potassium salt of formic acid, methyl formate and potassium
carbonate through intermediate *CH>OH radical.

The reaction steps involved in this photochemical oxidation of methanol are shown in below as a

steps manner

CugSs + hv » € ce+h’vs

h™ + OH" > OH*

CH30OH + OH" » ‘CH20H + HxO
‘CH20OH + OH’ » HCHO + HO
HCHO + OH" > HCOO~+2H" +e~
CH3OH + HCHO > HCOOCH;3 + H20
HCOO ™+ OH’ > ‘COOH+OH~

2 *COOH »  (COOH),
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4.4 Conclusions

Cost effective CugSs nanomaterial was synthesized within a short time in an environment friendly
atmosphere by designing a new reaction scheme. The synthesized nanomaterial is characterized
by XRD, FTIR, FESEM, EDS, TEM like techniques and the outcome reveals the successful
formation of the synthesized nanomaterial. We used CugSs as an alternate catalyst instead of highly
expensive noble metals like Pt, Pd in the valuable application of fuel oxidation and the
electrochemical and photochemical results open a new door in the field of energy research, though
still a few limitations are there for its improvement. Electrochemical experiments like cyclic
voltammetry, chronoamperometry, photocurrent response measurement, electrochemical
impedance studies reveal that synthesized CugSs in anodic oxidation of 1 M CH3zOH in 1 M KOH
performs better in presence of light compare to that in absence of light as well as 10 wt.%
commercial platinum. The stability of the synthesized material was measured through consecutive
cyclic voltammetry cycles at 50 mV/sec vs. SCE. The current density was saturated near 70 cycles
and after that little fall in current density was observed. In absence of any noble metal that
performance in terms of potential and current per surface area were impressive. This result would
attract researcher to provide a new in sight to improve noble metal free cost-effective catalyst
design of alkaline fuel oxidation reaction. The HPLC measurement identified the products in
alkaline methanol oxidation in presence of light. The probable mechanism was also proposed on

the basis of the products formed in this photo-assisted oxidation process.
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CHAPTER 5

5.1 Introduction:

Water is one of the most precious, essential and subtle molecules on earth, which requires top most
priority for attention and purity to maintain an equilibrium ecosystem for sustainable future. It
plays like a bridge by which all beings, objects complete their life cycle path from start to end. So,
development of water management and related ecosystem are much more important than that
found in present scenario to explore its highest utilization for the sake of existence of both
inanimate and life. But with the progress of civilization man-maid contamination of many toxic
organic elements by cleaning, cooking, agricultural and industrial uses, are increased day by day
[1-3] and simultaneously the water is not purified to its required form for reuse [4]. Among various
industries those related to dye sector are one of the most pollutant-creator in terms of volume and
effluent generation [5,6] and as a consequence pollutes released in water develop an uncanny
situation in environment [7-8]. Moreover, conventional methods of treatment are not capable
enough to degrade such toxic organic pollutants contaminated in water [9-10]. Therefore, new
promising tools involving solar radiation, photocatalysis, electrocatalysis, etc. are developing as a
sustainable solution to address these issues [11-13]. Out of these, photocatalytic degradation using
sunlight is the most effective economic green method to reshape the pollutant in the form of
harmless products like H,O and CO> [14-15]. The ecofriendly sustainable nature of this advanced
oxidation process has gained enough attention due to its some characteristic features like complete
mineralization, simple operating condition, zero waste generation etc. [16] and apart from that it
has too effective to treat waste water of high complexity, low biodegradability and highly
concentrated organic dyes [17]. Several semiconductor materials considered to be a good
photocatalyst in past few years towards degradation of organic pollutants like dyes where titanium
di oxide (TiO2) showed some promising result due to its nontoxicity, commercial availability,
economic viability, physical chemical stability and high photocatalytic activity [18]. But its large
band gap energy (3.2 eV) decreases its photocatalytic efficacy to some extent and makes it unable
to respond the UV light of wavelength above 387 nm which mainly restricted its application
towards practical field [19-21]. Therefore, the demand for non-titanium based visible light
responsive [22] highly efficient, cost-effective, visible light-usable practical photocatalyst were
pending from long time. Metal sulfides are attracting much more attention due to their special
characteristic features like small band gap, high position of valence and conduction bands in

energy scale, absorption capability of wider range of light spectrum compare to metal oxides [23].
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Some of the concerns raised by previous authors [24, 25] regarding small band gap resulting rapid
charge recombination and wider absorption range, may be overcome by selecting a combination
of materials forming type Il heterojunction. There are several mechanistic path ways through
which charge migration and separation in between two semiconductors may proceed, depending
on the nature, combination and structure of heterojunctions. Recently heterojunctions pursuing

step-scheme (S-scheme) has made substantial attraction in the current research progression [26].

When two semiconductors connect the electron migrates one to another in S-scheme based on their
work function values followed by band bending and subsequently create an environment in the
interface like an internal electric field [27]. The internal electric field activates and enhances the
ability of the respective electrons and holes which are not participated in the photocatalytic reaction
due to their poor oxidation and reduction forms without disturbing those electrons and holes which
participate in the photochemical reaction and also intact their efficiency. The photocatalytic
efficacy of the respective catalyst is expected to improve significantly as a result of the above
phenomenon [28]. The significant features and exceptional photocatalytic efficacy of the
nanocomposite having charge carriers with strong redox ability via S-scheme pathways has been
already explored by some researchers in recent time through their work in the field of

photochemical application [29-31].

In the previous study [32], we observed that greater the absorption of sunlight as dictated by the
characteristics of the materials and mixed materials and band gap management, greater is the
catalytic capability for degradation of dye. So, Bi>Os is replaced by Bi»Ss as the band gap is
expected to decrease on going down a group (here chalcogen of chalcogenide) in the periodic table.
Moreover, Ag-based semi-conductors have low band gaps with high absorption of sunlight and
photocatalytic activity. However, they suffer from poor stability. AgBizSs is chosen since it is
quite stable in nature and found in earth as a part of Pavonite mineral (Ago.7s Cu 0.25 Bi 2.25 Pb .75
Ss). In addition, the band structure of Bi>Ssz brackets(covers) the valence band (VB) of AgBisSs,
which makes them a suitable structure in AgBi3Ss-Bi>Sz nanocomposite for Z-scheme and S-
scheme electronic transition on excitation under sunlight. The expectation is found to be true in
the study with excellent and synergistic catalytic activity obtained from the nanocomposite of

AgBisSs and Bi»Ss in reference to the pure ones in the degradation of Rh-B.
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5.2 EXPERIMENTAL SECTION

5.2.1. Materials

Bismuth nitrate (Bi (NO3)3.5H20, 99.9%, Merck), ethylene glycol (C2HsO2, 99.9%, Merck), silver
nitrate (AgNOs, 99.9%, Merck), thiourea (H2N-C(=S)-NHz, 99.9%, Merck), Rhodamine B
(Eastman, AR) are used in the study without further purification. The double distilled water was

used throughout the investigation.
5.2.2. Synthesis of the AgBisSs

1.06 g of AgNOs was dissolved in 25 mL ethylene glycol solution followed by stirring for 15
minutes to prepare a homogenous solution, A. Simultaneously, 3.03 g of bismuth nitrate taken in
25 mL ethylene glycol solution and the mixture stirred near about 15 minutes to prepare a solution,
B. As the same time in another reaction vessel where 0.95 g of thiourea dissolved in 25 mL
ethylene glycol solution followed by 15 minutes stirring and the resultant solution termed as
mixture, C. Mixture A taken in mixture B and resultant solution sonicated up to 20 minutes and
then the homogenous mixture placed into temperature-controlled heating mantel under ambient
condition and the temperature was set to 90°C. When the reaction temperature reached at 90°C
then mixture C poured into it and the mixed solution kept in same temperature up to 2 hours.
Switched off the heating mantel followed by settle down the reaction mixture at room temperature.
The synthesized residue collected after centrifugation, washing with water and alcohol several
times and dried it at 80°C for 24 h.

5.2.3. Synthesis of the Bi»Ss

0.61 g of bismuth nitrate was taken in 25 mL ethylene glycol. The mixture sonicated for 15
minutes and the solution kept in a temperature-controlled heating mantel, set the temperature at
90°C. Subsequently, 2.55 g of thiourea dispersed in 25 mL ethylene glycol solution followed by
15 minutes stirring and poured the mixture into the previous one into the temperature-controlled
heating mantel, when the reaction temperature reached at 90°C, carried the reaction up to 2 h with
same environment, settled the reaction mixture at room temperature. The synthesized residue was
collected followed by centrifugation, washing with water and alcohol respectively. Dried the

residue at 80°C in an air oven up to 24 h.
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5.2.4. Synthesis of the AgBi3Ss-Bi»Ss

0.85 g of silver nitrate dissolved in a 25 ml ethylene glycol solution and the mixture sonicated up
to 15 minutes, termed as solution A. In another reaction vessel where 2.43 g of bismuth nitrate was
dispersed in a 25 ml ethylene glycol solution followed by 15 minutes stirring and named the
homogenous mixture as B. Now, mixture B poured into mixture A and the resultant mixture
sonicated near about 20 minutes, placed the reaction mixture into a temperature-controlled heating
mantel under ambient condition and set the reaction temperature at 90°C. 0.76 g of thiourea
dispersed in a 25 ml ethylene glycol solution, sonicated it about 15 minutes and poured the thiourea
solution into reaction mixture when the reaction temperature reached at 90°C and kept the reaction
mixture in the same environment near about 2 hours. Settled down the synthesized residue in room
temperature and collected it after centrifugation followed by several times washing with water,

alcohol one after at a regular interval. Dried the collected residue at 80°C for 24 h.
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Scheme 5.1: Schematic representation for the synthesis of AgBi3Ss-BixS3
nanocomposites
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5.2.5 Photocatalytic experiments

The photocatalytic experiment was carried out using synthesized photocatalysts for
photodegradation of Rhodamine-B under natural sunlight illumination. 0.7 gL™* AgBisSs-BizSs
was taken in a 100 mL beaker containing 50 mL of 10 ppm aqueous solution of Rhodamine-B
followed by 30 minutes sonication and then stirring the suspension under magnetic stirrer around
450 rpm in a dark condition up to 1 hr. to disperse the catalyst homogeneously into the dye solution.
4 mL of this suspension was collected before exposure to the sunlight for analysis which was
termed as observation at 0 min. Then it was exposed to sunlight and around 4 mL of suspension
was collected every 5 minutes interval. The intensity of sunlight which was time dependent,
recorded using LUX meter, model LX-101A for determining the average illumination of sunlight.
The experiments were carried out during April, 2023 in between 12 pm to 2.30 pm at Jadavpur
university, Jadavpur, Kolkata, India in consecutive days for maintain consistency of irradiation of
natural sunlight. The collected dye suspension was analyzed using spectrophotometer and the
changes of concentration of dye suspension was recorded from its characteristic changes of
absorption at the wavelength of adsorption maximum around 554 nm. The percentage of

photocatalytic degradation was calculated using following formula
% Of Photocatalytic degradation = {(Co — Ct)/ Co} x 100

where Co is the initial absorbance before exposure to sunlight and C; are the absorbance of dye
suspension after exposure to sunlight in between t minute interval. The reaction followed the
equation In (Co / Ct) = kt where k implies as an associated pseudo-first order rate constant.
Recyclization experiment was carried out following above procedure, after completion of each
cycle, the catalyst was collected followed by subsequent washing with water and alcohol and then
dried at 80 °C up to 4 h and reused it for next cycle.

5.2.6 Trapping experiments

The trapping experiment was carried out followed by same procedure discussed in photocatalytic
experiment section, in addition to that using 2mM of different scavengers like Isopropyl alcohol
(IPA), Parabenzoquinone (BQ) and Disodium ethylenediaminetetraacetic acid (Na;EDTA) as
*OH, "*O% and h* trapping agent respectively.
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5.2.7 Zeta Potential experiments

The zeta potential experiment was carried to determine the responsible pH of point zero charge
where at that pH solution the net charge on the surface of the adsorbents become zero. 0.7 gL of
catalyst was dispersed in a respective desired volume of water until the solution become
homogeneous. Then equal amount of homogenous solution was taken in different glass bottle and
the respective pH were adjusted using pH meter. The pH values of respective prepared pH solution,
1, 2, 3, 4,5, 8and 10 were performed for zeta potential experiment respective one solution taken

at a time.
5.2.8 Measurement of Photocurrent experiments

The device was fabricated with ITO coated glass in which a narrow region (0.5 mm x 6 mm) itched
using Zinc dust followed by 2 M HCI solution. Then the whole region was cleaned with soap
solution, distilled water, acetone and iso propyl alcohol one after another sequentially 10 minutes
each with that respective solution and then again cleaned up to 15 minutes with UV ozone plasma.
2 mg of AgBisSs-Bi»>S3, AgBi3Ss and Bi»S3 were dispersed in 1 mL of ethanol solution in separate
centrifuge tube and sonicated up to half an hour. 50 pL of respective dispersed solution was drop
casted in a cleaned narrow region of separate device and dried at 60 °C up to 15 minutes in a hot
plate respectively. Then the photocurrent measurement was done under solar stimulator which
intensity is equivalent to one sun light illumination by keithly 2602 B source-meter with 1 volt

bias potential.
5.2.9 Time Resolved Photoluminescence (TRPL) Spectral experiments

0.7 gL of AgBisSs-Bi2Ss was dispersed in a 50 mL 10 ppm Rhodamine-B aqueous solution
followed by 30 minutes bath sonication at room temperature and then magnetic stirring was done
in dark condition up to 1 hours. pH of the respective solution was maintained to pH 3 and then 4
mL of the solution was collected using micropipette and then rest solution was exposed to light. 4
mL of the subsequent solution was also collected after 10 minutes of the irradiation. Similarly
same experimental solution was prepared in absence of dye. The TRPL experiments were carried
out with these collected and prepared solutions before and after exposure. In addition, the solutions

containing only dye and only catalyst were also studied using two different excitation wavelengths
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550 nm and 265 nm respectively. The corresponding emission wavelengths were 580 nm and 530

nm respectively.

5.3 Results and discussion

5.3.1 XRD analysis

XRD patterns of the synthesized monoclinic silver bismuth sulfide (AgBisSs), orthorhombic
bismuth sulfide (Bi2Ss) and mixed phase of them (AgBi3Ss-Bi,S3) are depicted in Figure 5.1(a).
The major diffraction peaks of silver bismuth sulfide arise at 20 values (°) 21.77, 22.98, 27.78,
28.53, 29.92, 31.392, 31.473, 32.52, 34.913, 36.431, 37.165, 38.447, 40.82. These are attributed
to the planes (203), (110), (401), (113), (310), (312), (114), (403), (313), (314), (405), (007), (116)
respectively of monoclinic AgBi3Ss (JCPDS NO. 83-2051). The sharp diffraction peaks of Bi2S3
are found at 20 values (°) around 22.32, 28.57, 32.90 and 49.30 which are due to maximum
diffraction from the planes (220), (230), (301), and (521) (JCPDS NO. 89-8965) respectively. The
peaks found for (AgBi3Ss-Bi»S3) matched with the (113), (310), (312), (403), (313), (314), (405),
(007), (116) planes of monoclinic AgBiz3Ss(JCPDS NO. 83-2051) arise at 2O values (°) 28.53,
29.92, 31.39, 32.52, 34.913, 36.430, 37.165, 38.447, 40.82 respectively and also matched with
some diffraction peaks of orthorhombic of Bi,S3(JCPDS NO. 89-8965) are found at 20 values (°)
around 28.57, 32.90, 49.30, attributed to the planes (230), (301), (521) respectively. For both
synthesized AgBisSs and Bi»Sg, it reveals that some peaks are relatively more intense with respect
to the others in comparison to that expected from JCPDS data. It signifies that some planes are
fairly more developed than others in the synthesized nano particle samples. Moreover, the full
width half maximum of the intense peaks is sufficiently large, exhibiting nanoparticle nature of

the synthesized samples.
5.3.2 FTIR analysis

Figure 5.1(b) represented the FTIR spectra of AgBisSs, Bi»Sz and AgBizSs-Bi2Sz where the peaks
at 533 cm™ present in AgBisS5 and AgBisSs-Bi2Ss directed the typical vibration modes of sulfur
[33] inferring the existence of Ag-S bond. The peaks found in range 590 cm™ to 650 cm™ designate
the vibration of Bi-S [33]. Frequencies adjacent to 1649 cm™ for AgBisSs-Bi2S3 and AgBisSs are
probably owing to stretching and bending vibrations of the O-H bond of the adsorbed H>O on the
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surface of AgBisSs [34,35]. The peaks observed in AgBisSs, Bi>Sz and AgBizSs-Bi2Ss nearby 1336
cm™ and 872-900 cm are the stretching and bending vibrations of the Bi-S bond.
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Figure 5.1: (a) Powder XRD patterns of AgBisSs, Bi>Ss and AgBi3Ss-Bi.S3 from bottom to top
respectively (b) FTIR spectra of AgBisSs, Bi»Sz and AgBisSs-Bi>Sz from down to up respectively.

5.3.3 XPS analysis

In the XPS analysis, doublet peaks (Figure 5.2(a)) arose at 373.7 eV and 367.7 eV in fine Ag
spectrum attributed to Ag s and Ag 32 of the Ag* respectively [36] Similarly, the Bi 4f doublet
(figure 5.2(b)) appeared at 158.9 eV (Bi 4f 7,2) and 164.2 eV (Bi 4f 52). The Bi 4f locations are in
between those of bismuth metal (Bi 4f 7, 157 eV) and bismuth oxides (Bi 4f 7,2, 159 eV),
indicating characteristic bismuth sulfide [36]. The outcome of above analysis (Table 5.1) directed
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that both silver and bismuth were present as metal sulfides (Ag (1), Bi (111)), as complimented with
previous studies [37,38]. The Bi 4f and S 2p regions are combined to a single peak in the survey
scan presented in the supporting information (Figure S1). Another small peak found at 230.7 eV
which can be assigned to S 2s (Figure 5.2(c)). Figure 5.3 presented as surface spectrum where a
broad peak at 532 eV was assigned to the O 1s region due to water molecules adsorbed at the
surface of the metal sulfide of the catalyst [39]. The catalyst drops casted on the surface of the
silicon wafer for the XPS analysis and peak appeared in around 100-150 eV regions attributed the
corresponding observance. One of the broad peaks highlighted around binding energy 286.6 eV

appears due to C 1s calibration peak, which is also known as adventitious carbon peak [40].
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Figure 5.2: Fine XPS spectra of (a) Ag 3d (b) Bi 4f and (c) S 2s elements.
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Figure 5.3: The survey spectrum of AgBizSs-Bi,Ss.

Table 5.1 Elemental compositions along with their chemical states of the synthesized

catalyst from the XPS study.

Element peak Positions (B.E) eV
Ag 3d Ag*3d s 373.7
Ag* 3d a1 367.7
Bi 4f Bi ** 4f 71, 158.9
Bi 3* 4f 51 164.2
S2s S2s 230.7

5.3.4 UV -vis spectral study

The UV-vis absorption spectra of AgBisSs, Bi»Ss, AgBi3Ss-Bi»Sz are depicted in figure 5.4(a) and
respective direct band gap (Eg) shown in figures 5.4(b-d) determined from the plot of (ahv)? vs.
hv, represent the allowed electronic transition [41,42] and a, h, v are the absorption coefficient,

plank constant and incident light respectively. The direct band gap values of AgBisSs and Bi.Ss3

are well synchronized with the previous reported values [43-45].
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Figure 5.4: UV-vis spectra of (a) AgBisSs, AgBizSs/Bi>Sz and Bi»Ss, (b-d) represents the
(ahv)? vs. ho profiles of AgBisSs, Bi2Ss and AgBisSs-Bi»Ss photo-catalysts respectively for
the determination of band gap energy.

5.3.5 Photoluminescence (PL) spectral study

Photoluminescence (PL) spectra shown in figure 5.5(a) of Bi.S3, AgBisSs-Bi»S; and AgBisSs
respectively. Efficacy of photocatalyst depends upon recombination of charge carriers and such
important characteristic information getting from photoluminescence studies, the spectra primary
dealing with recombination of charge carriers. The maximum PL intensity observed at 532 nm
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when the respective excitation wavelength was 265 nm. AgBizSs-Bi>Sz shown lower intensity
compare to others because the separation of charge carriers improved in it due to lower
recombination rate and facilitate greater catalytic efficiency which complimented with the
outcome of photochemical degradation reaction.

5.3.6 Photocurrent measurement

To provide additional support for better electron-hole separation efficiency of AgBi3Ss-Bi2S3
among the synthesized photocatalysts, the transient photocurrent was measured with several ON-
OFF cycles under the solar light simulator whose intensity is equivalent to one sunlight
illumination. The current density versus time plot was shown in figure 5.5(b) highlight that the
photocurrent increases gradually at first and attain a maximum current saturation then fall back
when the light is turned off. The phenomenon has indicated that faster charge separation and less
charge recombination for AgBisSs-Bi,Ss. The photo-assisted electrons move to the contact of
surface of respective synthesized photocatalyst. The slow recombination process for AgBisSs-
Bi>S3 was complimenting the subsequent decaying of photocurrent which was also corroborated
with the outcome of photoluminescence study. AgBisSs-Bi>S3 was shown greater photocurrent
response compare to AgBisSs and Bi.S3 which are fairly complimented with their photocatalytic

performance in these degradation process.
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Figure 5.5: (a) Photoluminescence spectra of Bi»Ss, AgBisSs and AgBisSs-BizSs. (b)
photocurrent response of AgBi3Ss-Bi2S3, Bi2Ss3, and AgBizSs with the same concentration under
1V bias potential on exposure to the solar light simulator respectively.
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5.3.7 Morphological study

The surface morphology and compound recognition of AgBisSs, Bi»Ss, AgBisSs-BiSs were
established by FESEM, TEM and SAED pattern as depicted in figure 5.6 and 5.7 respectively.
Figures 5.6(a) and 5.6(b) illustrate the morphology of AgBisSs-Bi>Sz nanocomposite before and
after 5th time of its use as photocatalyst in Rh-B degradation. Both FESEM pictures exhibit plate
and rod-like structures with some grains on the plates and the rods. Both figures reveal sufficient
holes and gaps between the structures, which may help movement of the reactants and products
towards and from the surface of the catalyst. Figure 5.6(b) exhibits more heaped rods of bigger
lengths, which might arise due to channelization of the reactants and products during reaction.
Figure 5.6(c) represents the area selected for EDS analysis, where the elements Ag, Bi, S are found
to be present. Figures 5.6(d, e, f) present respectively the color mapping profiles of Ag, Biand S,
each of which is almost uniformly distributed in the selected area. The EDS spectrum of AgBi3Ss-
Bi>S3 nanocomposites also recognizes all the constituting elements (figure 5.6(g)) and the EDS
spectrum of after degradation along with elemental mapping provided in figure 5.14 also
compliment with the outcome of before degradation. Ash colored irregular spheres and lumps of
material, AgBizSs (figure 5.7(a)) are stacked one after another to form an irregular rough surface.
Holes and gaps are formed in every part of materials where the lumps are loosely bound. Few
portions of whole micrograph in colored black due to the accumulation of several layers one after
another in that portion. The SAED profile indicates the presence of (312) plane of AgBi3Ss is well
coordinated with result of XRD studies in outlined figure 5.7(b). EDS profiles of AgBi3Ss, Bi2S3
depicted in figure 5.7(c, d) respectively. Figure 5.7(e) represents the formation of some rod-like
structure of Bi>Sz having diameter nearly 10 nm. Corresponding planes (301), (521) are outcome
from the SAED profiles synchronized with respective XRD data depicted in figure 5.7(f). The
irregular small spheres of about 10 nm diameter and bigger lumps (10-50 nm) and some rod-like
structure (diameter about 10 nm) both are shown in figure 5.7(g) indicated presence of both
AgBisSs and BizS3 and planes (312), (521) exposed in SAED pattern of AgBi3Ss-Bi»Ss in figure
5.7(h) are also present in SAED profiles of AgBisSs and Bi2Sz respectively. The above result is
more clearly indicated that both AgBisSs and Bi.S3 are present in surface of AgBizSs-Bi.S

nanocomposite.
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10
kev

Figure 5.6: FESEM image of synthesized AgBisSs-Bi>Ss nanocomposites a) before use b) after
use (5th time) c) area selected for EDS analysis, d, e, f, g) color mapping profiles of Ag, Bi, S
and respective EDS profile respectively.
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. 0.28 nm ( 312)

Figure 5.7: TEM image and SAED pattern of AgBisSs(a, b), (c, d) are EDS profiles of AgBisSs,
Bi2Ss respectively, TEM images and SAED patterns of Bi.Ss (e, f) and AgBisSs-Bi2S3 (g, h)
photocatalysts respectively.
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5.3.8 Time resolved photoluminescence (TRPL) spectral study

The time resolved photoluminescence (TRPL) spectral studied with respect to dye as well catalyst
under various conditions. The analysis of graded decay of time resolved photoluminescence
spectrum of dye, Rhodamine-B reveals life time of the excited state in the order of 1.66 ns. The
addition of catalyst to the system reveals faster decrease of count indicating adsorption of dye to
the catalyst surface leading to decrease in concentration of dye in the solutions. The count versus
time profile also reveals that the number of count decreases at the much faster rate on exposure of
the catalyst-dye system to visible light for 10 minutes. This transpires the removal of dye molecules
from the catalyst surface by decomposition and subsequent adsorption of the catalyst by dye
molecules leading to more decreased concentration of dye in solution shown in figure 5.8(a). The
Time resolved photoluminescence decay spectrum of the catalyst, AgBizSs-Bi>Ss3(in absence of
dye) in the experimental solution of pH 3 reveals relative decrease of counts and the change in
number of counts for the catalyst with respect to time is in the order shown in figure 5.8(b): bare
catalyst>catalyst (after adsorption of dye but before degradation) > catalyst (after somewhat dye
degradation). Moreover, two average life time values are obtained for each state of the catalyst
corresponding to two pathways of decay of the excited states of AgBizSs and Bi>S3z. The low (t1)
and high (t2) values of life time (Table 2) may correspond to the excited states of AgBisSs and
Bi,Ss respectively according to the higher and lower coefficient values (a1 and az). The same
mixture of catalyst exhibits little change in the high valued life time (t2) but almost 3 times
increase of low valued life time (t1) in presence of dye. Moreover, a: is decreased while az is
increased. This indicates that the adsorption of dye on the surface of AgBisSs may increase the life
time of the excited state of AgBisSs due to energy distribution with the dye molecules. It may be
considered as delayed emission of eosin(E) type. The adsorption also decreases the value of the
co-efficient a; in presence of dye. a is increased significantly due to the fact that the excited dye
also can release energy by photoluminescence emission or non-radiating transition releasing
electron from its excited state to the valence band of Bi>Ss [32] (Scheme 5.2). The absorption of
energy by the dye by energy transfer (ET) is evident since the maximum emission of catalyst
occurs at 530 nm and maximum absorption of dye occurs at 560 nm. Now after the exposure of
the system to visible light, the dye at the surface of the catalyst is decomposed and the catalyst
surface becomes relatively open for light absorption and subsequent emission. But only a fraction

of the adsorbed surface is now available. So, the decay profile and t1 and a: values are intermediate
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between the corresponding profiles and values obtained when only catalyst remains and when

maximum adsorbed catalyst (in absence of dye degradation by light) were present in the solution.

(a)

Counts (a.u.)
——

—— Prompt
——dye

—— dye + AgBi,Sg - BiyS4 (before)
= dye + AgBi3S; - BiyS3 (after)

0 10

20

| I
30 40
time (ns)

50 60

(b)

Counts (a.u.)

—— Prompt
AgBiyS5-BiyS;
—— AgBiyS5-BiySy+ dye (before)
~— AgBigS;-BiyS3+ dye (after)

I
20 30

) 1

40 50 60

time (ns)

Figure 5.8: (a) Time resolved photoluminescence (TRPL) spectra of 10 ppm Rh-B with
AgBisSs-BizS3 (before and after exposure to light along with prompt) at excitation wavelength
550 nm and emission wavelength 580 nm (b) TRPL spectra of AgBisSs-Bi.S3 with Rh-B
(before and after irradiation along with prompt) at excitation wavelength 265 nm and emission
wavelength 530 nm.

Table 5.2:

Life time and coefficient values of Dye and AgBisSs-Bi.Ss after and before exposure to light
from Time resolved photoluminescence spectral experiment

System Condition Life time t1 | Life time 12 | Coefficient | Coefficient
(ns) (ns) (a1) (a2)

AgBi3Ss-Bi2Ss3 in absence of 0.345 29 0.167 0.004
dye

AgBisSs-Bi2Ss + | before 0.939 3.8 0.044 0.030

dye irradiation

AgBisSs-Bi2Ss + | after irradiation | 0.536 2.9 0.080 0.012

dye

Dye in absence of 1.66 0.040
AgBi3Ss-Bi2Ss3

Dye + AgBisSs- before exposure | 0.084 13 0.369 0.005

Bi2Ss to light

Dye + AgBi3Ss- after exposure 0.064 0.5 0.540 0.006

Bi2Ss to light
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5.3.9 Effect of characteristic parameters on Photocatalytic degradation of
Rhodamine-B:

To identify the best photocatalyst among the newly synthesized photocatalysts, each of Bi.Ss,
AgBisSs and their composite AgBisSs-Bi.S3 are exposed separately to sunlight keeping the
identical condition such as concentration of dye (10 ppm), amount of catalyst (0.7 g L™) at pH 5.
The Rh-B-degradation profile is depicted in figure 5.10(a) where C/Co versus time plot reveals
AgBi3Ss-Bi2S3 out performs others, the degradation percentages are 8, 26 and 36 (compare to 1%
for without catalyst), for Bi>Ss, AgBisSs and AgBisSs-Bi»Ss respectively in 20 minutes. The rate
constants (min't) are 0.001, 0.014 and 0.024 for Bi,Ss, AgBisSs, AgBisSs-Bi,Ss respectively were
shown in figure 5.12(a). The degradation rate compliments the outcome of band gap of respective
synthesized catalyst presented in figure 5.4(b-d) where AgBisSs-Bi»Ss has shown lower band gap
compare to others and degrade greater percentage. The photoluminescence spectra depicted in
figure 5.5(a) also synchronize with the above result where lower intensity for AgBi3Ss-Bi>S3 with
respect to others shows that the separation of charge carriers is improved as a consequence of lower
recombination rate which indirectly helps in subsequent increase of the quantum efficiency of the
respective photocatalytic reaction.

5.3.9.1 Effect of pH

Now the effect of pH variation is studied with the best photocatalyst (AgBisSs-Bi»S3) keeping
other environment same as it is done at pH 5. The degradation percentage (%) s for pH 1,3,5,7 and
10 are 81, 94, 23, 21, 18 respectively and their associated rate constants (mint) are 0.023, 0.031,
0.019, 0.013 and 0.008 respectively were shown in figure 5.12(b). The degradation percentage
increases from 36 to 94 in 15 minutes and 99 in 20 minutes at pH 3 under natural light illumination
(Al 250 x 100 LUX) which is near about 2.8 times better performance in degradation compare to
that obtained at pH 5. The catalytic performance was not very significant at very low pH and pH
of the solution adjusted by using 1 mol L of HCIl and NaOH. The outcome of degradation shown
in figure 5.10(b) signifies that at very low pH increased concentration of CI” may play as a
scavenger of h* and OH' radical [46] and on the other hand when the pH in the basic range, OH
adsorbed holes to produce OH" radical which subsequently facilitate H.O2 production and plays a

role in decomposition of dye [47].
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5.3.9.2 Effect of catalyst dosage

Variation of catalyst dosage was performed using different concentration of catalyst from 0.3 g L
1t0 1.1 g L at pH 3. The performance of photocatalytic Rh-B degradation reached at optimum
level i.e., 99.5% at concentration 0.7 g L™* which signifies in figure 5.10 (c) and the associate rate
constant for respective dosages concentration range (0.3, 0.5,0.7,0.9 and 1.1 g L) are 0.012 min-
1/0.033 min, 0.059 min, 0.055 min™ and 0.046 min* respectively were shown in figure 5.12(c).
The above result signifies that the degradation efficiencies increase at the beginning due to
maximum number of reaction sites expose to catalyst surfaces and in the later part the efficacy of
catalyst performance decreases with higher concentration because of exposure of light scattering

as well as self-quenching of this catalyst molecule at that excited state [48-51].

The UV-vis adsorption spectra of degradation of Rh-B at the optimum pH and concentration
depicted in figure 5.10(d) reveals that the maximum adsorption peak has shifted from 555 nm to
503 nm subsequently with progression of degradation. It indicates that the hypso-chromic shift
occurs, which signifies the formation of a N-de-ethylated intermediates in the HRMS profiles
[52,53].

5.3.9.3 Effect of zeta potential at different pH

The variation of zeta potential ({) at different pH is presented in figure 5.9(e). (Verified the greater
degradation percentage outcome from the pH 3). The values(mV) are 14.5, 8.8, -3.18, -4.47, -
15.80, -18.4 for pH 1,2,3,4,5 and 8 respectively, sharp jump of potential is observed between pH
2 to 3 and the respective point of zero charge (PZC) for AgBisSs-Bi>Ss is nearly 2.95 mV. The
PZC value (2.95) being very near to pH (3) it indicates that the surface of AgBisSs-Bi>Ss becomes
almost zero in potential which facilitates the better adsorption of Rh-B dye followed by better
electrostatic attraction and also increasing rate of adsorption of Rh-B on the COO™ part of Zwitter

ionic part present in Rh-B dye.

160



CHAPTER S

(a) pH 1, 14.5 mV (b) pH2,8.8 mV
. W './' - 00000
¥ i ,'l i ' —

- R EEEEEEEE. oo v e et e e e e e e 5 00
=] | II IU.

L | il S

1 2 ki . | . .

‘3 ] :. [ ' §

g o Y I R o b, ) SRR IR IIIE I E R R

o 2 [

t—ﬂ ....... e Lol . , | L S e I I I

5 " | 3

= . =

0 T ' T ' v ' ' ' '

m ! " M . : " “
Zetapotential (mV) Zetapotential (mV)

‘C) pH3, -3.18mV (d) pH4, -447TmV

0 o '
-~ am 3
2 G
- ry
8 - 5 |
: g ‘m‘ ..............................
g m' ....... L e J ' | '-l ' '
O T | [ . .
% o - IE ICCCIJI ...............................
=

' ' i ) Rl f 10 i
Zetapotential (mV) Zetapotential (mV)

L o PUS CASEOMY o PHS, -18.40mv
e Y R (A L
3 I 3 I
L N L S R ISP B P e e e
€ e R L L
;- SO
.2 e \ '§ ] e L I

-100 ] 100 200 P
Zetapotential (mV)
pH 10, - 27.20 mV (h)

{g) B0y - = -+ - = cus s e e /’ ............... 20

OS] - v s e e e e e e s A PE fe e 104
: ;

: P SR N . E o

‘5 S e e .. E 10
Sl o §-
S e R S U N ]
-:ruo 0 100 20 o

Zetapotential (mV)

Figure 5.9: (a-g) are Zeta potential plot of different pH 1,2,3,4,5,8, 10 respectively of AgBi3Ss-
Bi>S3 and (h) represents plot of zeta potential values versus different pH.
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Figure 5.10: (a) Plot of C/Co Vs time for Rh-B (10 ppm) without catalyst, Rh-B with Bi,Ss,
AgBisSs, AgBisSs-Bi2Ss photocatalyst (0.7 gL™) respectively at pH 5 under natural light
illumination (Al 250 x 100 LUX) (b) degradation of Rh-B at different pH with 0.7 g L by
AgBi3S-Bi»Ss. (c) effect of dosage of AgBisSs-Bi2Sz at pH 3 (d)UV-vis spectra of Rh-B
degradation with AgBisSs-Bi2Ss (0.7 g L) at pH 3. (e) effect of pH on the zeta potential of
aqueous solution of AgBi3Ss-Bi»S3 at 25°C.
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5.3.10 Radical quenching experiments

Radical quenching experiments [32, 42, 47] were carried out to detect the photo reactive species
and identify the electron transfer mechanism of photocatalytic degradation of Rhodamine-B by
AgBi3Ss/Bi2S3 n-n heterojunction under natural sunlight exposure. Different radical quencher like
Benzo Quinone (BQ), Isopropyl alcohol (IPA), Ethelene-di ammine tetra acetic acid (EDTA) was
taken in equal amount (0.1 m mole) as a probe to quench °O27, *OH and h* respectively. The figure
9 illustrates that the addition of EDTA into the dye severely arrest the degradation and follows the
order: EDTA (2.22 %) > PBQ (41 %) > IPA (48 %) > No Scavenger (99.95 %) in 25 min exposure.

Therefore, h* plays the key role in the degradation over the others.

1.0 4
0.8 -
0.6
o -
Q
O 044
0.2 4
—@— absence of scavenger
1 —9—BQ
—3—IPA
0.0 - EDTA
T T T v T T T T T T T
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Figure 5.11: Effective contribution of IPA, BQ and EDTA towards photocatalytic
degradation of Rhodamine-B under natural sunlight illumination (Al), 250 x 100 lux.
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Figure 5.12: (a) Plot of In C/Co vs. time for Rh-B (10 ppm) without catalyst, Rh-B with Bi.S3,
AgBisSs, AgBisSs-BizSs photocatalyst (0.7 g L) respectively at pH 5 under natural light
illumination (Al 250 x 100 LUX) (b) In C/Co vs. time for degradation of Rh-B at different pH
with 0.7 g L™ by AgBisS-Bi»Ss () In C/Co vs. time, effect of dosage of AgBisSs-Bi2Sz at pH 3
(d) In C/Co vs. time plot of BQ, IPA, BQ and EDTA towards photocatalytic degradation of
Rhodamine-B under natural sunlight illumination (Al 250 x 100 LUX).
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5.3.11 Mechanism of degradation of Rhodamine-B dye:

The band gap energy of AgBisSs and BiSz photocatalyst calculated by Tauc plot of (ahv)? Vs hv
(as shown in figure 5.4) [43,54] are 1.9 & 2.8 eV respectively. The valance band (VB)
and conduction band (CB) edges of AgBi3Ss and Bi»Ssz are calculated using following equation:

Eve=y—Ee+0.5Eg
Ece =Eve — Eg

Where y is the absolute electronegativity of the semiconductor, obtained by geometric mean of the

electronegativity of the constituent atom by the following expression

=1 x(A). a. x(B). b. x(C). C] (1/ (a + b +c)) where a, b & c are the number of atoms of A, B and
C in the semiconductor [55] Thus y values of AgBi3Ss and Bi>Sz are 2.32 eV and 2.80 eV
respectively. Top of VBs and bottom of CB values of AgBisSs lies at -1.23 eV and -3.13 eV
respectively where same for Bi,Sz lies at -0.29 eV & -3 eV.

On the basis of the stated calculation, a schematic representation of band energy levels is presented
in Scheme 5.2 which shows that VB edges of Bi>Sz is more positive than that of AgBi3Ss whereas

CB edges of AgBisSs is more negative than BiSa.

Thus, electron migrate from CB of AgBisSs to CB of Bi>Sz while holes migrate from VB of Bi2S3
to VB of AgBisSs forming type-Il electron transfer mechanism [56] but in this mechanism the
oxidation ability of holes on AgBisSs- Bi2Ss photocatalyst was decreased which contradict the
trapping experiment. The enhanced degradation rates are further explained by step scheme (S
scheme) electron transfer forum. In Scheme 2, it can be exhibited that electron moves from CB of
Bi»S3 to VB of AgBisSs by columbic attraction which restricts the electrons in the CB of AgBisSs
and holes in VB of Bi»Ss. Thus, S-scheme heterojunction displays significant separation of photo
generated e ~- h* pairs & superiority in the inhibition of charge recombination [57] The electron in
CB of AgBi3Ss reduce O; to O2" ~and produce Oz~ where in the VB, h* & OH" generated that is
(h*+ OH _—» OH") oxidizes Rh-B dye to CO. and H20O which consistent with the result of trapping

experiment.
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Scheme 5.2: Schematic illustration of photocatalytic degradation mechanism of Rh-B through n-n
type AgBisSs-Bi2Ss heterojunction under natural sunlight.

5.3.12 Identification of degradation product of Rh-B:

HR-MS study (Figure 5.13) reveals the intermediate product during the oxidation of Rh-B dye
and the subsequent intermediates are A (m/z = 389), B (m/z =372), C (m/z =372) and J are formed
due to N-de-ethylation product of Rh-B. The Pzc value of AgBisSs-Bi>Ss photocatalyst is 2.95,
obtained from the zeta potential experiment which is less than pH 3, the observance implies that,
the surface of catalyst negatively charged. Therefore, the negatively charged photocatalyst helps
to adsorb the positively charged di-ethylamine group of Rh-B owing to electro static attraction
[47]. The formation of N-de-ethylation products were also supporting from the absorption spectra
where successive shift of absorption maxima i.e., Hypso-chromic shift observed of Rh-B dye from
555 nm to 509 nm. The intermediates, E (m/z = 274), F (m/z = 212), G (m/z = 208), H (m/z =
208), | (m/z = 59) formed due to ring cleavage and oxidizing reaction via the attack of h* and O™
on Rh-B dye.
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The intermediates, B & C were the isomeric in the de-ethylation product of Rh-B and G was
isomerized to obtain intermediates H. The above observance and their subsequent explanation led
to two probable pathways on which Rh-B dye degradation passes through, one is N-de ethylation
and another one is ring cleavage, the final out come from the degradation were CO> and H>O [32,
47, 58-60].

The two types of products of degradation, namely de-ethylation and ring cleavage presented in
scheme 5.3 indicate simultaneous absorption of sunlight by Rh-B and the catalyst and both photo-
sensitization by Rh-B and catalyst excitation are responsible for degradation, as explained in our

earlier study with other materials [32].

The reaction steps involved in this photocatalytic degradation of Rh-B are as following
Path-1

Rh-B+hv — » Rh-B*

Rh-B* —————» Rh-B** + N-dethylated products

Path-2

AgBi3zSs - Bi2Sg + huv ———» AgBiIsSs (¢7) + Bi2S3 (h*)

Bi,Ss (h*) + Rh-B » CO;+H,0

AgBisSs (e-) +0 —————» O02' ™

O2’~+ Rh-B -+ CO; + H20 + Other carbonaceous products

Here both the Bi based compounds are n-type in nature as their valence and conduction band
potentials are both below zero in the standard hydrogen scale. From this one can expect that their
electrons in the conduction bands have relatively higher energy so that they can effectively produce
"O7” radical for degradation. Moreover, the hole, h* in these materials is relatively stable, so it is
easily produced in large number and can subsequently react with H2O to produce "OH that oxidizes

Rh-B according to the equations:

h* + H0 » H" + "OH

‘OH+ Rh-B

v

CO2 + H20 + Other carbonaceous products
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Figure 5.13: Mass spectrum (HRMS) of degradation product of Rhodamine- B dye.
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Scheme 5.3: The possible fragmentation of product formed from the Rhodamine-B
degradation with AgBi3Ss-Bi>S3 under natural sunlight.
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5.3.13 Reusability and fate of photocatalyst:
To justify the reusability of the synthesized AgBisSs-Bi,S3 photocatalyst towards degradation of

Rh-B under natural sunlight, the used catalyst of the reaction mixture was collected after
centrifugation followed by washing with water and alcohol for several times and then dried in a
hot air oven at 70 °C. Then the procedure of kinetic measurements was repeated followed by the
same experimental purification treatment for each of 5th times. The figure 5.15(a) represents the
degradation profiles of the photocatalyst used at different extents(cycles). The profiles reveal that
the degradation efficiency decreases by only about 5% after 5th cycle of operation of the used of
photocatalyst. This is plausibly due to loss of very little amount of catalyst during washing after
each cycle. (Completed which may be the probable reason to bring modification in pores of the
photocatalyst.) The fate of the catalyst was investigated after collecting the catalyst at the end of
5th cycle of the degradation using XRD, FTIR, BET and FESEM techniques. The XRD study of
the used catalyst reveals in figure 5.15(b) that the planes (113), (310), (312), (403), (313), (314),
(405), (007), (116) arise at the corresponding 26 values (°): 28.53, 29.92, 31.39, 32.52, 34.913,
36.430, 37.165, 38.447, 40.82 respectively. The most intense peak designated by (312) matches
well in XRD profiles of synthesized and used catalyst. But most of other peaks are shifted towards
higher angle which might be due to the tensile strain of the catalyst arising by irradiation. It might
be also due to mixing or/and adsorption of dye and its fragments/products (which can’t be removed
by washing several times with water and alcohol) on the catalyst surface and the change of the
morphology of the catalytic surface, which is normally responsible for the change in the relative
intensity of the peak. Besides, a new peak marked -by* is also developed here at 26 value of 46.9°
corresponding to 112 planes of orthorhombic Bi>Ss demonstrating the change of morphology of
the catalyst during the photochemical reaction. Since several differences are found in XRD profiles
of the catalyst mixture before and after use, the stability of them cannot be overstated at the present
stage of the study. More detail and sophisticated studies which include in-situ dynamics study are
necessary for that. Figure 5.15(c) exhibits all the characteristic vibration modes of used AgBizSs-
Bi.S3, which are present in the FTIR profiles of synthesized mixed catalyst. The surface area and
the corresponding average pore diameter found for the photocatalyst before degradation were
25.79 m?g and 5.29 nm respectively from the N adsorption-desorption isotherm where after
degradation the surface area became 31.77 m?/g and the respective pore diameter 5.45 nm. The

enhancement of the surface area and pore diameter as presented in figures 5.15(d-e) reflect that
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the pores become more open due to the movement of the reactants to the catalyst surface along
with the subsequent washing of the used catalyst for several times with water and alcohol to
remove the adsorb dye and products from the surface of the photocatalyst after degradation. The
above experimental evidence complements the catalyst fate remaining almost same even after 5th

cycle of degradation.

cps/e
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Figure 5.14: EDS spectrum of AgBi3Ss-Bi»S3 after degradation.
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Figure 5.15: (a) Robustness of photo-catalytic efficacy of AgBisSs/Bi2Ss (0.7 g L) under
natural sunlight exposure (Al= 250x100 lux) in 10 ppm) Rh-B solution at pH 3 even after 5%
cycle of degradation (b-e) represent the fate of photo-catalyst using analyzing tools like XRD,
FTIR, N2 adsorption-desorption isotherm, pore size distribution respectively with this used
AgBi3sSs-Bi,Ss after 5" cycle of catalytic run.
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5.4 Conclusions:

Nano spheres of monoclinic AgBisSs, nanorods of orthorhombic Bi.Ss and their nanocomposite
were separately synthesized in glycolic medium by hot chemical process at 90 °C. Diffraction,
spectrophotometric and microscopic studies reveal that the synthesized particles have average
dimensions below 10 nm. All the synthesized catalysts exhibit significant photocatalytic
degradation of pollutant dye Rh-B at pH 3 where optimum adsorption of dye is expected to occur.
Among the catalysts, the nanocomposite of AgBisSs-Bi.S3 display excellent and synergistic
catalytic activity. With it the degradation of Rh-B is almost (99.99%) completed on exposure to
natural sunlight within 25 minutes at pH 3 using 0.7 g L™ of the catalyst in the dye solution (10
ppm). The degradation efficiency is somewhat better or comparable among the S based catalysts
found in the literature. The superiority of the catalyst might be due to judicious synthesis of two
n-type semiconductors whose valence and conduction band potentials are above zero in the
standard hydrogen scale and suitable for charge separation through z-scheme and S-S transition,
which help charge separation and generation of photo-catalytically active radicals: *O2~ and “OH,
responsible for degradation. The retention of 95% catalytic activity after 5th cycle of operation,
might be due to modification of the morphology with an increase of porosity and surface area of
the catalyst. The identified products reveal simultaneous de-ethylation and ring-opening reactions.

The study may open new strategy for getting very highly efficient mixed catalyst.
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CHAPTER 6

6.1 Conclusions

Our main goal as stated in the thesis title has been objectified with our findings. All the findings
complement each other’s in terms of catalytic efficacy in electrochemical, photochemical and
photoelectrochemical applications and the outcomes throw light on the path is relatively mitigate

the adverse effects of energy consumption to maintain environmental sustainability.

In chapter 2, hydrogen evolution reaction with newly synthesized AgBisSs catalyst was

demonstrated.

In the study, we designed a new time-efficient environment-friendly synthesis route to prepare a
low-cost, free-of-toxic element, versatile sulfur-based ternary bismuth chalcogenide, AgBizSs as
ABS nano catalyst for mainly hydrogen evolution reaction. Ag and Bi compounds possess low
band gaps. So, charge separation and availability of electrons for reduction are easy. The presence
of two nuclei causes the molecule to be more defective in the nature of the crystal and S vacancy
develops, which is responsible for greater H" adsorption required for HER. S possesses a slightly
negative charge compared to Ag and Bi in the compounds. Due to S vacancy conduction
capabilities of Ag and Bi increase. Moreover, greater S vacancy in ABS (due to the presence of
two atoms of different sizes and valency) compared to AS and BS, causes S to become the potential
centers of H* adsorption in ABS. So, a synergistic effect is found between Ag, Bi, and S. This
study further advances the knowledge in this particular field. Following the same synthesis
procedure, we also prepared AgzS as (AS), Bi2Ss as (BS), and CuBiS; as (CBS). Here in this study,
AgBisSs was chosen because AgBisSs is quite stable and it occurs in nature as a pavonite mineral
compared to the other intermates of Ag2S and Bi2Ss.In general, CuBiS2 was chosen which are new
compound in this application along with another specification as Cu is present in the same period
of Ag and mixed catalysts often show synergistic behavior. It may also contain more defects and
S-vacancies which will enhance the catalytic capabilities of synthesized materials. Pertaining to
this investigation, it is explored that ABS performed better as a catalyst compared to others in an

electrochemical hydrogen evolution reaction.

Nanoparticles of different sulfides like Ag.S, Bi2Ss, and particularly their composites AgBisSs,
and another variant CuBiS> are synthesized for the first time by similar facile liquid phase hot
chemical treatments and are used as catalysts also for the first time for electrochemical hydrogen

evolution reaction in aqueous acid solution and are characterized by various microscopic and
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spectroscopic techniques. Amongst the various catalysts developed (such as ABS, AS, BS, and
CBS), ABS shows the lowest overpotential value of 47 mV and the lowest Tafel slope value of
75.99 mV/dec compared to others. The catalytic capability of the synthesized materials follows
the sequence: ABS > AS > BS > CBS which are in the same order as that of the electrochemical
surface area of the materials and EIS values. ABS is a quite stable compound as confirmed from
the post studies of the catalyst. Thus, at room temperature more charge separation, conductivity,
and S vacancy are expected. These may increase H* adsorption. So, it shows more electrochemical
surface area than others. Moreover, Bi of ABS may upshift the Centre of the d-band in ABS. Hence
the desorption of adsorbed hydrogen in the VVolmer- Heyrovsky step is facilitated. Thus, ABS
outperforms the other components. The dynamic stability study reveals little deterioration of the
best electrode made by AgBisSs, even after 500 cycles in the AD study. Thus, the electrode based
on AgBisSs can be used as a superior catalyst for HER in an acidic medium for the fabrication of
green hydrogen fuel on a large scale. The study also provides a promising strategy to develop
excellent stable Pt-group-metal-free multinuclear nano-catalysts. The study will also initiate the

use of more ternary sulfide nanoparticles as catalysts in various energy studies in the near future.

In chapter 3, the as synthesized photocatalyst AgBizSs-Bi>Sz nano composite was characterized by
Rietveld analysis of XRD data along with FTIR and XPS studies. The morphological study like
FESEM, TEM, EDS also support the characteristic data analysis and formation of nano composite
and their elemental constitution. The performance of this nano composite in the hydrogen
production reaction is convincible due to its catalytic ability revealed first time in absence of light
as well as in presence of light where all the major determinates factors well synchronized and
outperformed in presence of light compare to that in absence of light. The catalytic efficacy along
with the robustness and longtime durability are also proved by the result outcome from the studied
parameters like overpotential, Tafel slope, electron charge transfer kinetics, double layer

capacitance, electrochemical surface area and chronoamperometric analysis, etc.

In chapter 4, the CusSs nanomaterial was synthesized following designing of a new reaction
scheme, within a short time in an environment friendly atmosphere and the used material was
economically viable. The synthesized nanomaterial was characterized by XRD, FTIR, FESEM,
EDS, TEM like techniques and the outcome confirmed so the successful formation of the
synthesized nanomaterial. We used CugSs as an alternate catalyst of highly expensive noble metal
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like Pt, Pd in the valuable application of fuel oxidation for the first time and the electrochemical
and photochemical results open a new door in the field of energy research though still a few
limitations are still there for its improvement. Electrochemical experiment like cyclic voltammetry,
chronoamperometry, photocurrent response measurement, electrochemical impedance spectral
studies reveal that graphite carbon supported synthesized CusSs performs better in presence of
light compare to absence of light in anodic oxidation of 1 M CH3OH in 1 M KOH. Moreover, it’s
better than 10 wt.% commercial platinum. The stability of the synthesized material is measured
through continuously repeating cyclic voltammetry cycles at 50 mV/sec vs. SCE. The current
density initially increases and remain constant around 70 cycles and after that little fall in current
density is observed. But the result seems to be impressive in absence of any noble metal in the
catalyst system current per surface area was impressive. This result is thus attractive to the
researcher for providing a new in sight to improve the catalyst design of alkaline fuel oxidation
reaction. The HPLC measurement identified the products in alkaline methanol oxidation in
presence of light. The probable mechanism is also proposed on the basis of the product formation

in this photo-assisted oxidation process.

In chapter 5, nano spheres of monoclinic AgBisSs, nanorods of orthorhombic Bi.Ss and their
nanocomposite were separately synthesized in glycolic medium by hot chemical process at 90 °C.
Diffraction, spectrophotometric and microscopic studies reveal that the synthesized particles have
average dimensions below 10 nm. All the synthesized catalysts exhibit significant photocatalytic
degradation of pollutant dye Rh-B at pH 3 where optimum adsorption of dye is expected to occur.
Among the catalysts, the nanocomposite of AgBisSs-Bi.S3 display excellent and synergistic
catalytic activity. With it the degradation of Rh-B is almost (99.99%) completed on exposure to
natural sunlight within 25 minutes at pH 3 using 0.7 g L™ of the catalyst in the dye solution (10
ppm). The degradation efficiency is somewhat better or comparable among the S based catalysts
found in the literature. The superiority of the catalyst might be due to judicious synthesis of two
n-type semiconductors whose valence and conduction band potentials are above zero in the
standard hydrogen scale and suitable for charge separation through z-scheme and S-S transition,
which help charge separation and generation of photo-catalytically active radicals: *O;"and"OH,
responsible for degradation. The retention of 95% catalytic activity after 5th cycle of operation,

might be due to modification of the morphology with an increase of porosity and surface area of
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the catalyst. The identified products reveal simultaneous de-ethylation and ring-opening reactions.

The study may open new strategy for getting very highly efficient mixed catalyst.
6.2 Scope and Future Prospect

Earth-abundant, transition metal-based multinuclear and mixed sulfides, in the nanoscale range
have emerged as potential electrocatalysts which are also economically feasible and better
alternatives to precious metal-based catalysts for the application of electrochemical water splitting
reactions. Mixed ion metal sulfide shows excellent characteristics of enhancing performance
compared to mono metal sulfides in terms of higher electronic conductivity, higher specific
capacitance, higher surface area, and inherent higher redox properties. The characteristics
improvement of performance along with synergistic effect in metal ion metal sulfide emerged as
a promising electrode material in the field of water splitting like application and their dynamic
feature unveils the wings in the field of bifunctional electrocatalyst. Catalytic activity plays a
pivotal role in bringing the best result out of water splitting. It depends on the variety of
composition and structure of the catalyst and their adjustability features. Water splitting
performance is greatly enhanced by varying stoichiometric adjustability of these materials.
Electrocatalytic improvement in hydrogen evolution reaction is affected by some of the exposed
S atoms and vacancies created because of that atom on the edges of the transition metal sulfide-
based catalyst. As a consequence, S vacancies help to introduce new active sites on the inert basal
plane of 2H-metal sulfide where the gap near the fermi level permits hydrogen binding directly
with exposed metal sites. Another important role of the S atom in the case of the hydrogen
evolution reaction is the formation of a place for hydrogen adhesion and separation when the metal
atom is in the place of the effective site of the plane and the S atom can participate indirectly.
Mononuclear and binuclear metal sulfides also be used as anode catalyst in fuel oxidation in
presence and absence of visible light. It may have tremendous applications in future.

In addition to Ag, Bi, and S elements, other cost-effective earth-abundant elements like Ni, Mn,
Fe, etc. can be used in our synthesized materials and the plenty of composition made from these
elements. These will have versatile applications towards photocatalysis, solar cells, photovoltaic
devices, photodynamic capabilities, efficiency in high optothermal conversion, synergistic
imaging, photothermal driven anticancer treatment, applicable as an antibacterial agent,

demonstrated in the treatment of multi-model malignant tumor.
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Chemistry (ESMAC-2023) & Interdisciplinary Science for Sustainability as a part of the
diamond jubilee celebration of Indian Photobiology Society at Kalinga Institute of
Industrial Technology (KIIT) Deemed to be University and CSIR-IMMT, Bhubaneswar,
Odisha, India on 18" -20™" November, 2023.

3. Poster presented entitled ‘“Natural-light driven AgBisSs-Bi>Sz S-scheme photocatalyst for
organic pollutants removal from waste water” in International Symposium on Modern
Perspectives of Chemistry in Biology, held by the department of chemistry, St. Xavier’s
College (Autonomous), Kolkata on January 6, 2024
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