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ABSTRACT

Wastewater pollution has always been a major problem throughout the world. The

availability of suitable water used for drinking, agriculture, farming etc. has been decreased

through the years. 4-nitrophenol is one of the artificially created pollutants through industries

such as, leather, pharmaceutical, paint colorings. It is one of the hazardous and toxic pollutants,

which is known to cause adverse health effects in living organisms. The decay time for these

chemicals in air and water takes long time and it is easily soluble in water. Out of many methods,

catalytic reduction is one of the easy way to reduce the 4-nitrophenol to environmental friendly

4-aminophenol.

In the growing trends of advanced nanostructured materials, nickel sulfide is one of the

important materials in the metal sulfide family because of the variety in its phases and diversity

in applications. It is an abundant and cheap material, therefore nickel sulfide is a good candidate

for catalytic reduction application. There are several reports exist on synthesis of nickel sulfide

nanostructures by controlling the concentration, pH, growth period, temperature and surfactants.

However synthesis of well-defined growth processes and the parameters affecting its phase and

morphology has never been investigated for the synthesis of nickel sulfide nanomaterials.

Specifically, structural and morphological changes and its effects on catalytic applications has

not been studied yet.

The objective of the thesis is to investigate (1) the role of source concentration on the
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formation of hierarchical nickel sulfide nanostructures by hydrothermal method, (2) the effect of

organic ligand for the phase control by hydrothermal and temperature assisted hot injection

method, (3) synthesis of phase dependent nickel sulfide by temperature controlled injection

method, (4) the effect of addition of graphene on nickel sulfide phase formation and (5) the

reaction rate and catalytic activity of 4-nitrophenol reduction with the synthesized nickel sulfide

nanomaterials.

Monodispersed hierarchical architectures of nickel sulfide nanomaterials were

synthesized by hydrothermal method using ethylynediaminetetraaceticacid (EDTA) as a capping

agent. The molar concentration of the source material such as nickel nitrate and thiourea was

varied as 0.5, 0.75 and 1.0 M. The role of EDTA was investigated by varying its concentrations

for the phase and morphological behavior. The number of phases was restricted for the

interaction of EDTA with nickel source. Concentration of 1:2 nickel to sulfur ratio yielded a

highly monodispersed hierarchical structures of Ni3Ss and Ni17S1s phases. To study the phase

formation of hierarchical structures, whole precursor concentrations were varied by keeping the

constant growth temperature and period. Catalytic reduction of 4-nitrophenol was carried out

with the fabricated nickel sulfide nanostructures and good catalytic activity was achieved by the

sheet composed and ball-like architecture of Ni17S1s and Ni3S4 phases.

Highly structure controlled nickel sulfide nanoparticles with an average size of less than

20 nm were prepared using oleylamine as a solvent by temperature assisted hot injection method.
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The complexity on the formation of single phase nickel sulfide was overcome by forming the
sulfur-amine mixture for the controlled reaction. The effect of concentration ratio such as 1:1,
1:2, 3:4 and 3:2 was studied for the formation of highly uniform nanoparticles of NiS, NiS»,
Ni3Ss and Ni7Se phases. The NiS phase exhibited high reaction rate as 8.949 x 103 s! for the
reduction of 4-nitrophenol to 4-aminophenol. The stability of the NiS phase was investigated and
there was no phase change observed even after its catalytic reduction and the repeated reaction
rate was well matched with the initial experiments.

Reduced graphene oxide (rGO) functionalized nickel sulfide nanoparticles with uniform
phase control were prepared using mixed solvent such as, oleylamine, octadecine, oleic acid by
hot injection method. The reduction of graphene oxide was confirmed in the presence of
oleylamine by XRD and TEM analysis. Single solvent as oleylamine experiments for rGO/nickel
sulfide hybrid structures had less control on nickel sulfide phases. The excess of sulfur source
concentration was required to achieve a single phase nickel sulfide nanoparticles on rGO
supports. The multi solvents experiments resulted the better phase control of nickel sulfide on
rGO sheets over the single solvent method. The particle dispersion on rGO nanosheets was
uniform with the sizes less than 20 nm for all the nickel sulfide phases. The higher surface of
rGO/nickel sulfide hybrid was utilized for the catalytic reaction because of its higher adsorption
sites, which increases the contact between the 4-nitrophenol and nickel sulfide. The catalytic

activity was enhanced for the rGO/NiS phase with the best reaction rate of 16.332 x 107 s™!.

ix



The above results clearly confirmed that source concentration and capping agent played

an important role on the formation of phase controlled nickel sulfide nanostructures. NiS and

rGO/NiS had enhanced catalytic activity. The phase dependent catalytic activity of nickel sulfide

was investigated for the first time.



Chapter 1
Introduction
1.1 Background

Modern era of science and technology often coins a term “nano” in every field of
new invention. When it comes to the history of nano, it exists in nature with different forms
of matter around us. One of the earliest nano-sized objects known to us was made of gold. In
ancient Egypt over 5,000 years ago, nano gold was used for medicinal purposes. Several
thousand years later by modern chemical methods, Faraday first prepared colloidal gold in
1952 and he called as “divided state of gold”. In 1890 German bacteriologist Robert Koch
found that compounds made with gold inhibited the growth of bacteria. He won the Noble
prize for medicine in 1905. The use of gold in medicinal properties is not new. In the Indian
medical system called Ayurveda, gold is used in several preparations. One popular
preparation is called ‘Saraswatharishtam’ prescribed for memory enhancement.

The first use of the concepts in nano-technology was in “There’s a plenty of room at
the bottom”, a talk given by physicist Richard Feynman at an American physical society
meeting at Caltech in the year 1959. Feynman described a process by which the ability to
which manipulates individual atoms and molecules might be developed. Later the term
“nanotechnology” was defined by Norio Taniguchi of Tokyo Science University Professor in

a 1974 paper as follows, “’Nano-technology’ mainly consists of the processing, separation,



consolidation and deformation of materials by one atom or by one molecule”. In the 1980s

the basic idea of this definition was explored in much more depth by different group of

researchers all around the world. The birth of cluster science and the invention of scanning

tunneling microscope (STM) boosted the technology to the next level. The initial discovery

of Fullerenes and carbon nanotubes led many number of researches to work in the

development of synthesis and properties of semiconductor nanocrystals. Researchers of the

increase in the metal oxide, metal sulfide and quantum dots were followed and

nanotechnology becomes a most popular and important technology.

A twenty first century, technology requires miniaturization of devices into

nanometer sizes while the ultimate performance is drastically enhanced. This raises many

issues regarding to new materials for achieving specific functionality and selectivity.

1.2 Water purification

Clean water is essential for living a healthy life as everyone should have access for it.

Drinking water conditions have great impacts on people’s everyday life, especially in the

developing countries where access to safe drinking water is very crucial. Surface water is the

only source, thus water contaminations are very difficult to avoid it due to rigorous and

reckless use of surface water. Water is susceptible to contaminant exposure at almost every

stage of its transport. During and prior to collection, surface water or water to found in rivers

and lakes, is vulnerable by interaction with acid rain, storm water runoff, pesticide runoff and



industrial waste. Human contact many contaminants such as perchlorates and phenols. The
other hazardous materials (Ex: Arsenic, Radium and etc.) may result in number of acute and
chronic illness.
1.3 Catalytic activity

Catalysis as a scientific discipline originated in the early part of the 20" century.
Catalytic substance is that when added in small quantities to the reaction it affects reaction
rate and selectivity. Thermodynamics would define the proper conditions at which catalysts
should be utilized for catalytic reactions. Based on the reaction system and the phase of
catalysts it can be distinguished as homogeneous catalysts and heterogeneous catalysts.
Homogeneous catalysts function in the same phase as reactants (Ex: catalysts and the reactant
both are liquid medium). There are many advantages of homogeneous catalysts. For instance,
they are all exposed to the reactant, promotion of diffusion and heat transfer; possess well
defined active sites. The reaction mechanisms are well understood by scientists. However,
separation and recycling of homogeneous catalysts are extremely difficult, especially when
expensive and toxic heavy metal complexes are employed. On the other hand, heterogeneous
catalysts act in the different phases of reactants. They are generally solids with metallic
nature and exhibit catalytic activity in a liquid or gas reaction system so that the filtration and
removal processes are easier than homogeneous catalysts. But the reaction occurs only on the

surface of heterogeneous catalysts.



There are various factors which affect the performance of the catalysts. The most
important factors are size, shape, support materials and bimetallic synthetic effects. The
catalysts are generally selected by considering reaction rate, adsorption energy and cost.

Fig. 1.1 shows relationship of cost and activity measure of the catalysts'.
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Fig. 1.1 Pareto plot of activity measure and the cost of elemental metal.

Here the most active catalysts fall in the expensive category such as platinum,

palladium and rhenium. A large number of research papers were published on the catalytic

activity of these materials for different applications such as solid oxide fuel cells, batteries,

solar cells and etc.



1.3.1 Para-nitrophenol (4-nitrophenol)

Nitrophenols are a family of nitrated phenols with the formula of HOCsH4NO:.
These isomeric nitrophenols exist in three different forms; Ortho-nitrophenol
(1-hydroxy-2-nitrobenzene), Meta—mnitrophenol (1-hydroxy-3-nitrobenzene),

Para-nitrophenol (1-hydroxy-4-nitrobenzene).

OH OH OH
NO,

NO,
NO,

Ortho-nitrophenol  Meta-nitrophenol  Para-nitrophenol

Fig. 1.2 Structures of Nitrophenols family

Out of these three structures, para-nitrophenol (4-nitrophenol) is one of the
hazardous and toxic pollutants, which is known to cause adverse health effects in living
organisms. In 1992 U.S public health service has mentioned these nitrophenols in “Toxic
substances and Disease registry””. Human exposure to nitrophenols by three pathways,
inhalation, ingestion (eating and drinking) and dermal contact. These are the man-made
chemicals with no evidence of their formation from any natural source. The main sources of
the chemicals are industrial manufacturing and processing.  2-nitrophenols

(Ortho-nitrophenols) is used mainly to produce dyes, paint coloring, rubber chemicals, and



substances that kill molds (fungicides). 4-nitrophenol is used mainly for manufacture drugs,
fungicides, dyes and darkens leather. It is an intermediate material in the synthesis of most
common medicine of paracetamol. The decay time needed for these chemicals to disappear
chemically in air is not known. These nitrophenols are highly soluble in and stable in water
bodies such as fresh water, marine environments and in industrial wastewaters. The
breakdown takes long at shallow soil depths and groundwater. Therefore, they are expected to
stay longer in the deep soil of dump sites compared to surface soil.

Due to its solubility, traditional water purification methods to remove 4-nitrophenol
from contaminated waste water are not effective. Scientists have therefore developed many
techniques for 4-nitrophenol removal such as absorption®, microwave assisted catalytic
oxidation, microbial degradation, and etc. The reduction of 4-nitrophenol is the most often
used reaction to study the catalytic activity of metal nanoparticles in aqueous solution. Many
researchers work on free or immobilized nanoparticles to study the catalytic activity through
reduction method. The advantage of the catalytic activity measurements using 4-nitrophenol
is that it can be monitored easily by ultraviolet (UV) - visible spectroscopy measurements
with respect to time. The decrease in the strong absorption of 4-nitrophenolate ions at 400 nm
can be readily monitored and thus determination of rate constant Kapp from the slope of linear
correlation of In (A/A,) with time t is straightforward®. After the time t, in which no reaction

takes place, the reaction starts and reaction rate can be described by first-order state law. The



apparent rate constant Kapp is proportional to the total surface area S of metal nanoparticles.

Hence, two kinetic constants kapp and ki can be defined by,

ac,

T = ‘El‘r:};-p Cf = ‘[l'l‘gcf

Where, C; is the concentration of 4-nitrophenol at time t, ki is the rate constant normalized to
S, the total surface area of metal nanoparticles normalized to the unit volume of the solution.
Fig. 1.3 (a) and (b) shows the typical 4-nitrophenol reduction to 4-aminophenol by gold
nanoparticle. Fig. 1.3 (a) indicates to the absorption spectra as a function of time. The time
between the consecutive curves is 2 min. Full conversion takes place in 20 min. Fig. 1.3 (b) is
the typical time trace of the absorption of 4-nitrphenolate ions at 400 nm during their

reaction®.
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Fig. 1.3 (a) Reduction of 4-nitrophenol to 4-aminophenol (b) Time trace of absorption of

4-nitrophenolate ions”.



1.4 Nanomaterials

Nanomaterials are materials processing grain sizes on the order of a billionth of a
meter. These materials often called as nanocrystalline materials. The extremely fascinating
and useful properties of these materials exploited for a variety of structural and non-structural
applications. Nanophase or nanostructured materials, a new branch of materials research,
are attracting a great deal of attention because of their potential applications in areas such as

5, optics®, catalysis’, magnetic®, nanocomposites’ and biology'®. The unique

electronics
properties and the improved performances of nanomaterials are determined by their sizes,
surface structures and inter-particle interactions. The nanometer size covers a wide range
between several nanometer (nm) and several hundred nanometer. To distinguish
nanomaterials from bulk, it is vitally important to demonstrate the unique properties of
nanomaterials and their perspective impacts in nanotechnology.

Diversity of nanomaterials can be found depending on its chemical nature and its
synthesis procedures. Nucleation and growth are two important processes in synthesizing
particles. Nucleation is a process in which an aggregation of atoms is formed, and is the first
step of phase transformation. The growth of nuclei results in the formation of large crystalline
particles. Therefore, the study of size-dependent structures and properties of a nanoparticle is

a key in understanding the nucleation and growth of crystals.

In general, synthesis methods of nanocrystalline materials classified into two groups,



top-down approach and bottom-up approach. The miniaturization of components for the

construction of useful devices and machines has been pursued by top-down approach. An

alternative and most-promising strategy to exploit science and technology at the nanometer

scale is offered by the bottom-up approach, which starts from nano or sub-nano scale objects

(atoms or molecules) to build up nanostructures. Imperfection of the surface structure and

defects can be minimized by bottom-up approach. The main driving force behind the

bottom-up approach is reduction of Gibb’s free energy. Therefore, the materials produced are

closer to their equilibrium state with more homogeneous chemical composition, better short

and long range ordering.

1.5 Inorganic nanomaterials

The field of nanomaterials is loosely organized into organic nanomaterials such as

fullerenes, carbon nanotubes and etc., and inorganic nanomaterials based on their elements,

such as silicon, transitional metals and etc. Group II-VI members are vital materials for

high-performance optoelectronics devices such as light-emitting diodes (LEDs) and laser

diodes (LDs) operating in the blue or ultraviolet spectral range. II-VI category includes,

transitional metal oxides (such as ZnO, TiO; and etc.,), transitional metal sulfides (such as

NiS, CuS, PbS and etc.,), metal selenides (such as ZnSe, CdSe and etc.,), metal telluride’s

(such as ZnTe, SnTe and etc.,) and various other materials. This group of materials includes

metallic, semiconducting and insulating nature, which attracts more attention towards
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application.
A synthesis method lays an important role in the practical uses of inorganic

nanomaterials for commercial applications. While inorganic nanomaterials have been

11,12 13-15

generated by physical methods such as laser ablation' "', arc discharge and evaporation',
Chemical methods have been proved to be more effective as they provide better control of
sizes, shapes and functionalization. Chemical synthesis of inorganic nanomaterials has been

1718 innumerable improvements have been reported continually in

reviewed by several groups
the last few years.

Several chemical methods such as wet chemical, chemical bath deposition,
sonochemical —growth!”, microwave-induced deposition?®, hydrothermal —method?!,
temperature controlled injection method and etc., have been used to synthesize the
nanocrystals. Most of the methods produce irregular shape, size and structure. Out of all the
above methods, hydrothermal and temperature controlled injection method have unique
advantages controlling the size and shape. It is possible to grow semiconducting as well as
metallic quantum dots. Temperature controlled injection method offers a greater control over
the physical and chemical properties. It is possible to finely control the growth and thus
obtain quantum dots with small and narrow size distribution and desired stoichiometry. The
growth can be size selective by varying parameters as temperature, precursor’s type and

concentration, surfactant type and concentration, and the reaction time. Hydrothermal and

11



temperature injection methods have several other advantages such as low cost facilities,
possibilities of production of large amount of material, small size, high crystallinity and
formation of surface modifiable nanoparticles.
1.5.1 Transitional metal sulfides

Nanostructured metal sulfides have been extensively studied due to their importance
in interpreting quantum size effects and applications in emerging devices, such as solar

cells?> 2

, sensors, light-emitting diodes (LED’s), fuel cells, nonvolatile memory devices,
thermoelectric devices® and lithium-ion batteries?® 2%, These are the major group of minerals
that provide the crystal chemist a rich field for investigation due to their diverse structural
types. They are abundant and cheap since they exist as minerals such as heazlewoodite
(Ni3S2), pyrite (FeS»), Chalcocite (CuzS) and so on.

Zinc sulfide (ZnS) nanostructures have versatile potential applications as
optoelectronic devices due to their excellent properties of luminescent and photochemistry.
ZnS has a very wide bandgap of ~3.7 eV energy and considered to be one of the well-studied
important semiconducting materials®>*°. Copper sulfide (Cu2S) is an another important 1I-VI
metal sulfide which has an ideal bandgap of 1.2 eV for the use in solar cells as an extremely
thin absorber’!. A p-type Cu.S semiconductor has great potential applications as cathode
materials for lithium-ion batteries, nonlinear optical materials and solar radiation absorbers®2,

Cobalt sulfide (CooSs) is found to have the highest catalytic activity for dioxygen reduction in

12



acidic solution among a variety of transitional metal sulfides. Because of this property it is
promising for the anode material for solid oxide fuel cells (SOFC)***, dye sensitized solar

3537 rechargeable lithium-ion batteries*® and super-capacitors®>. Magnetic susceptibility

cells
results suggest that it is of Pauli paramagnetism used for magnetic devices. Colloidal Lead
sulfide (PbS) nanocrystals has been utilized for optical switching and photonic applications™°.

3940 1t is also utilized for

PbS is one of the earliest synthesized and well-studied quantum dots
IR detector applications.
Nickel sulfide is of another metal sulfide. Because of its complications in its phases, it has not
studied in detail toward structural control. In this work, I report the detailed study on nickel
sulfide.
1.5.2 Nickel sulfide

Nickel sulfide is of importance in the metal sulfide family*'~** because of the variety
in its phases and diversity in applications such as in lithium ion batteries*, supercapacitors*S,
and dye-sensitized solar cells*’. The relatively complex nickel sulfide system was first
investigated by Kullard and Yard in 1962* . Fig.1.4 showed the binary nickel sulfide phase
diagram. The nickel sulfide system contains a number of phases including NiS, Ni3S4, Ni7Ss,
NioSs, o- Niz+xS2, NizSz, NiS, Ni7Sis and NiS»*. Most of the phases are present at low
temperature, which is one of the major advantages for nickel sulfide as a next generation

material. According to the phase diagram of nickel sulfide, the sulfur-rich part of the system

13



appears to be rather simple with only a few phases compared with the complex nickel-rich

phases. In recent years, many research groups have attempted to prepare different nickel

sulfide phases for specific applications.

Weight Percent Sulfur
0 10 20 30 40 50 60 70 80 90 100

1200

1000

800

Temperature, °C

600 -

400

200 -

LT . TP

0 10 20 30 40 50 60 70 80 90 100
Ni Atomic Percent Sulfur S

Fig.1.4 Binary phase diagram of nickel sulfide (Ni-S)
1.5.3 Review of Literature
1.5.3.1 Nickel sulfide
Many researchers have reported that the hexagonal nickel monosulfide (NiS) phase
undergoes a metal-to-insulator transition at low temperature (~265 K)**33, When the Ni3S4
phase was grown on N-doped graphene, it showed a high electrolytic resistance compared
with other nickel sulfide phases ** and ferrimagnetic in nature 3. Ohtani et al. investigated the
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importance of Ni deficiency on the formation of nickel sulfide which leads to a
non-stoichiometric form of Ni;S°°. It is challenging to synthesize nickel sulfide by the
low-temperature chemical route with controlled phases from complex source materials.

Several nickel sulfide nanostructure such as nanorods, nanotubes, nanowires,
nanosheets, nanoprisms, layered structures®’, flower-like*’, and ball-like hollow spheres have
been reported. Higher nanostructure (or microstructure) dimensions that compose the
building blocks in hierarchical morphologies have shown potential use in many fields
including gas sensing®® and catalytic applications. Weiquan Cai et.al reported the structure
transformation of Boehmite by mediating the sulfate under hydrothermal conditions to
achieve morphologies from nanoflakes to hollow microspheres®. The synthesis of nickel
sulfide hierarchical structures has been reported previously by several research groups®®¢!. Li
et al. discussed the formation of B-NiS flower-like architectures in the presence of the citrate
anion as a capping agent at various growth temperatures*’. Wang et al. explained the effect of
temperature on the formation of NiS, spherical cuboids™.
1.5.3.2 Catalytic activity

Pradhan et.al is the first person to identify the reaction mechanism in 2002%2. Esumi

et.al®

investigated a series of size controlled nanoparticles (silver, platinum and palladium)
for the reduction of p-nitrophenol to p-aminophenol. Gold in its bulk state is inactive to

catalytic reactions. Composites composed of polyelectrolyte brushes with size controlled

15



nanoparticles of gold less than 2 nm was used to study the catalytic reduction activity by

Wunder et.al*. Further, the size of ruthenium nanoparticles for the CO oxidation reaction was

investigated by Sang Hoon Joo et.al®*. They observed 8 fold higher activities in 6 nm

particles than 2nm particle. Not only the size, there have been numerous articles

investigated on the shape of nanoparticles which affects its catalytic activity®>®.  Zhou et.al

found that the high energy surfaces have an open surface structure and possess exceptional

properties for high catalytic activity. Ghosh et.al, investigated the bimetallic effects of Pt-Ni

and its catalytic activity. They found that the effects were superior compared to monometallic

platinum®. The kinetic prediction®* of CosSs as a catalyst for electrochemical reduction of O,

and battery performance’® of CoS; as a catalyst were investigated in recent years.

1.6 Problem statement

1.6.1 Catalytic activity

1. The catalytic activity for the p-nitrophenol reaction was investigated by many
researchers!+36%71-77- however the better active material has not been investigated yet.

2. Catalysts removal is considered to be a major problem in the industry. Feasible removal
of catalyst toward application is limited.

3. Most of the catalysts materials were related to platinum based composite and other
expensive materials such as ruthenium, gold, silver, and etc. (see Fig. 1.1) The
investigation of abundant availability of nickel based metallic catalysts was limited.
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1.6.2 Importance of nickel sulfide synthesis

Several other researchers have explained the hierarchical structure formation of

nickel sulfide; however structural control has not been investigated yet.

1. Size control of nanoparticle with structural control is highly unclear for the nickel sulfide

synthesis.

2. Achieving phase controlled nickel sulfide towards the morphological control is necessary

to understand the properties such as catalytic activity.

1.7 Purpose of the research

The aim of the research is as follows:

1. To synthesize monodispersed nickel sulfide hierarchical structures using organic ligand

by hydrothermal method.

2. To investigate on the effect of source concentration for phase control by various

characterization techniques.

3. To synthesize the phase dependent nickel sulfide by temperature controlled injection

method.

4. To synthesize graphene incorporated phase controlled nickel sulfide by injection method.

5. To investigate the catalytic property with respect to the phase changes of nickel sulfide.
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Chapter 2
Synthesis of hierarchical nickel sulfide by hydrothermal method and its

catalytic activity

2.1 Background

Recently, many researchers have been playing more attention to the control of
morphologies of nanostructures, because the performances not only depend on their size and
shape but also on their organizations'. The formation of highly monodispersed hierarchical
architectures is of great interest in advanced applications such as solar cells*, chemical
sensors>, catalysis6’7, lithium-ion batteries® and etc. Jong-heun Lee first made a detailed
review in the formation of hierarchical structures and its effective need on advanced
applications such as gas sensors and etc., in 2009°. The bottom-up design has been widely
recognized to prepare well-defined architectures, because it can easily control the miro/nano
scale growth of materials. Metal chalcogenides nanostructures have wide range of potential

1713 and biological

applications such as photocatalysts®, gas sensors!®, photovoltaic devices
imaging'.

As an important class of metal chalcogenides, metal sulfide nanostructures have
received much attention for their excellent energy storage devices for example, Bi2S3

combined with bismuth oxide heterostructure for lithium storage application!® and

26



sponge-like NisS> as a good energy storage devices'. The study of well-defined hierarchical
structures has been increased over the years by other metal sulfides such as molybdenum

1819 " indium sulfide mixed bismuth

sulfide!”, cobalt sulfide*, nickel cobalt sulfide composites
sulfide?® and etc. Up until several researchers have synthesized nickel sulfide and other metal
sulfide hierarchical structures?'*. However, the synthesis of well-defined growth process
and the parameters affecting the formation of hierarchical architectures have less been studied.
Specifically, structural changes with respect to the concentration and formation of
hierarchical morphologies by the hydrothermal method have not yet been investigated. For
the surfactant, ethylenediaminetetraaceticacid (EDTA) is a well-known chelating agent and
crystal growth modifier. However, nickel sulfide synthesis using EDTA has not yet been
discussed.

In this chapter, I report on the synthesis of nickel sulfide hierarchical structures with
EDTA as a capping agent using nickel nitrate hexahydrate (Ni(NO3)2:6H20) and thiourea
(CH4N>S) as precursors by the hydrothermal method. EDTA was chosen as the capping agent
because of its good anionic interaction with metal sulfides and control of morphology?* %’
The effects of precursor material concentration (i.e. Ni(NO3)2:6H20, CH4N»S, and EDTA) on
the formation mechanism of nickel sulfide hierarchical structures and phase control were
investigated. The effect of individual concentrations such as sulfur source and nickel source

was investigated for the phase and morphological control.
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2.2 Synthesis procedure of hierarchical structures

All reagents (analytical-grade purity) were purchased from Wako Chemicals, Japan
and were used without further purification. To synthesize the nickel sulfide hierarchical
structures, 1 mol CH4N2S was added to a 5 mol L™! Ni(NOs)2-6H20 solution. EDTA (0.2 mol)
was added as a capping agent under vigorous stirring. Experiments were carried out with and
without EDTA addition. EDTA addition resulted in a solution color change from dark green
to a pale-blue with an increased solution viscosity. The precursor material concentration is
abbreviated as A (0.5 mol Ni(NO3)2:6H20, 1 mol CH4N>S and 0.2 mol EDTA). A mixture of
these materials was stirred continuously for 60 min, and the solution was then transferred to a
0.1 L Teflon-lined autoclave for hydrothermal reaction at 160°C for 10 h. The schematic of
the experimental view is shown in Fig. 2.1. The nickel sulfide precipitate was filtered,
washed with distilled water three times and dried at 60°C. To understand the formation
mechanism of the hierarchical structures, low concentrations of precursor materials, such as
A/10 and A/S, were prepared under identical conditions. These synthesized materials were
collected and dried at the same temperature. All other conditions (100 mL distilled water,
160°C reaction temperature, and 10 h reaction time) were kept constant. To avoid the
possibility of coordination of the S* anion with the nickel complex and the formation of more

complex phases, the reaction temperature was fixed at 160°C.
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Distilled water 100 mL

EDTA

Thiourea
SC(NH,),

Nickel (Il) Nitraté
Hexahydrate
Ni(No,);.6H,0

2%

Stirred for 15 h

@ Transferred to autoclave

160 °Cfor 10 h

Fig. 2.1. Schematic experimental view of hydrothermal method.
2.2.1 Characterization techniques
The crystal structure was characterized by powder X-ray diffraction (XRD) with a

1

scan rate of 0.04° s= in the 20 range from 10 to 80° using a Rigaku (Japan) X-ray

diffractometer (RINT-2200, CuK o radiation, A =1.54178 A) as shown in Fig. 2. 2.
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Fig. 2. 2. Rigaku X-ray diffractometer at Center for Nanodevice Fabrication and

Analysis, Shizuoka University

Field emission scanning electron microscope (FESEM) images were taken with a

JEOL JSM 7001F instrument to observe sample surface morphology as shown in Fig. 2. 3.
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Fig. 2. 3. JEOL — JSM 7001F field emission scanning electron microscope at Center

for Instrumental Analysis, Shizuoka University

High resolution transmission electron microscope (HRTEM) images were recorded

using a JEOL JEM 2100F microscope at an accelerating voltage of 200 kV as shown in

Fig. 2. 4.
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Fig. 2. 4. JEOL JEM 2100F transmission electron microscope at Center for

Nanodevice Fabrication and Analysis, Shizuoka University.

Quantitative analysis was conducted by X-ray photoelectron spectroscopy (XPS)

using a Shimadzu ESCA 3100 spectrophotometer as shown in Fig. 2. 5.
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Fig. 2. 5. Shimidzu ESCA 3100 spectrophotometer X-ray photoelectron spectroscopy

UV-visible absorption analyses were performed using a Shimadzu (Japan) 3100 PC

spectrophotometer with ethanol as dispersing medium as shown in Fig.2.6.
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Fig.2. 6. UV 3100PC — UV visible absorptions spectrophotometer at Center for
Nanodevice Fabrication and Analysis, Shizuoka University

2.3 Results and discussion
2.3.1 Effect of EDTA

When the reaction was carried out in water, the sulfur to nickel molar ratio (S: Ni)
was maintained at 2:1 in all experiments. Fig. 2.7 and 2.8 show the XRD pattern and FESEM
images of samples prepared with the 0.5 mol nickel source and the 1 mol sulfur source
concentrations, where (a) is EDTA-uncapped and (b), (c¢) are EDTA-capped nickel sulfide as
0.2 mol and 0.4 mol, respectively. The EDTA-uncapped nickel sulfide particles consist of
improper hierarchical morphologies hundreds of nanometers to several micrometers in size
(see Fig. 2.8 (a)). The XRD pattern of uncapped material contains mixed of three phases of
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nickel sulfide. From the TEM and HRTEM images of Fig. 2.9 (a,b), confirmed the presence
of Sheet-composed morphology. The distance between the atomic layers of 6.1 A was well
matched with the (011) peak of Ni17S1s phase. The EDTA-capped (0.2 mol) sample contains
sheets composed of ball-like structures with cube composed architectures. Fig.2.7 (b) shows
two phases of nickel sulfide (Ni17S1s and Ni3S4). Further increase in the concentration of
EDTA to 0.4 mol resulted with cube composed ball architectures and the corresponding XRD

pattern shows single nickel sulfide phase.

Table 2.1 Different concentrations of capping agent experimental conditions.

Experiment  Nickel nitrate Thiourea Phases observed from
(mol) (mol) XRD analysis
1 0.50 1.00 0 (upcapped) Ni,;S,5, NiS, and Ni;S,
2 0.50 1.00 0.20 Ni;-S;gand Ni;S,
3 0.50 1.00 0.40 NiS,

Addition of the EDTA anion controlled the reaction between the sulfur and nickel
ions, and resulted in the formation of monodispersed hierarchical structures. The addition of
EDTA to the Ni*" solution produced a Ni** complex and slowed down the effect of CHsN>S

during the reaction?!.
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A | ——0.4 mol EDTA |

Intensity (a.u)

(01-076-2306) Ni,,S,,

(01-076-1813) Ni.S

20 (degree)
Fig. 2.7 XRD patterns for different EDTA concentrations (a) 0 mol - uncapped

(b) 0.2 mol (c) 0.4 mol

Fig. 2.8 FESEM images of different EDTA concentrations (a) 0 mol - uncapped

(b) 0.2 mol (c) 0.4 mol
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Fig. 2.9 (a) TEM and (b) HRTEM images of uncapped nickel sulfide

2.3.2 Effect of precursor concentrations

To understand the formation mechanism of hierarchical ball-like structures with

respect to the phase changes, further experiments were carried out with different precursor

material concentrations such as A/5 and A/10. Table 2.2 shows details of the phases present in

the synthesized products with respect to concentration. At the lower A/10 concentration, the

nickel source was fixed at 0.05 mol, the sulfur source at 0.1 mol and the EDTA capping agent

at 0.02 mol. A typical XRD pattern of the as-prepared nickel sulfide samples is shown in

Fig. 2.10. All the diffraction peaks of the A/10 sample were well matched with the Joint

Committee on Powder Diffraction Standards (JCPDS) card number 01-075-0613 for the NiS»

and 03-065-3419 for the NiS phase.
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Table 2.2 Phases observed with different experimental conditions.

Phases from XRD analysis

NiS (03-065-3419)

A/10(0.05 mol: 0.1 mol: 0.02 mol)
NiS, (01-075-0613)

A/5 (0.1 mol : 0.2 mol : 0.04 mol) Ni;S,s (01-089-3058)
NiS, (01-075-0613)

A (0.5 mol : 1.0 mol : 0.2 mmol) Ni;; S5 (01-089-3058)
Ni,S, (01-076-1813)

@ Ni.s,Cubic

A 0.5 mol Ni(NO,) .6H,0
O Ni_S, Hexagonal

1.0mol CHN S =
0.2 mol EDTA A NiS Cubic
V NiS Hexagonal

(211)

O (132)
| g
P> (222)
> (023)
> (321)
O (066)
> (024)

Intensity (a.u)
>

» (024)
p (421)
< (104)

10 20 30 40 50 60 70 80
20 (degree)
Fig. 2.10 XRD patterns for different stoichiometric precursor material concentrations.

For the A/5 concentration, a large change was observed in the XRD pattern. A phase
transformation was observed from NiS to Nij7Ss, which can be seen from a shift in the

dominant peak positions from 30.06°, 34.55°, and 45.73° to 30.16°, 34.62°, and 45.70°,
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respectively (see Fig. 2.10). Along with the Ni;7S1s, a NiSz phase also appeared and matched
the JCPDS card number 01-089-3058 closely. A further increase in concentration (A) resulted
in a phase change from NiS; to Ni3S4. The new Ni3S4 phase matched the JCPDS card number

01-076-1813 closely.

A/10

Nis, is | Nij,S;s  Nis, | Nijs,  NiyS

Fig. 2.11 FESEM images for (a,b) A/10, (¢,d) A/S, and (e,f) A source material

concentrations.

Figures 2.11 (a)—(f) and 2.12 (a)—(f) show the FESEM and TEM images, respectively,
of the nickel sulfide samples with different precursor concentrations (a and b) A/10, (c and d)
A/5 and (e and f) A. For the A/10 concentration, the product was composed of cubic and
rod-like structures, which were nanometers to hundreds of nanometers in size. The TEM
images support the observation of mixed morphologies of cubic and rod-like structures as
shown in Fig. 2.12 (a). The 2.5 A interplanar spacing matched the distance between the
crystal planes of (210) of the NiS, phase as mentioned in Fig. 2.12 (b). The corresponding
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Fast-Fourier-Transform (FFT) pattern showed that the synthesized product was crystalline.

A/10 A/5 A

Fig. 2.12 TEM and HRTEM images for (a,b) A/10, (c,d) A/5, and (e,f) A source material

concentrations.

When the concentration was increased to A/5, the product was flower-like with a few
cubic structures as shown in Fig. 2.11 (c). As can be seen from Fig 2.12 (d), nanosheet-like
structures were arranged in flower-like architectures for the sample with A/5 concentrations.
Figure 2.12 (c¢) and (d) are the TEM and HRTEM images, respectively, of the A/5 sample.
The TEM images indicate the presence of cubic-shaped nanocrystals and the HRTEM images
show that the product is crystalline. The interplanar spacing of 3.4 A corresponds to the NiS
(111) phase. These results are in agreement with the XRD results and show that the product

morphology is affected significantly by concentration. The TEM results confirm the mixed
40



NiS phase. At the A concentration, monodispersed hierarchical morphology was observed as
shown in Fig. 2.11 (e) and (f). The monodispersed hierarchical structures were composed of
nanosheets and the ball —like structures were composed of cubic nanoparticles. The average
diameter of nanosheets was 6—8 um and that of cube balls diameter was 3—4 pum. Figure 2.12
(e) and (f) show the TEM and HRTEM images of the A sample. The interplanar distance of
2.3 A matched the (400) crystalline plane of cubic Ni3Ss closely. The clear lattice fringes and

FFT pattern confirmed the quality of the prepared materials.
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Fig. 2.13 XPS spectra of nickel sulfides after Ar ion etching: (a) S and (b) Ni peaks.

Figure 2.13 (a) and (b) show the XPS spectra of nickel sulfide prepared from
different precursor concentrations A/10, A/S, and A. The doublet peaks at 162.5 and 169.2 eV
(Fig. 2.13 (a)) correspond to the S 2ps3» and 2pi1» binding energies, and agree closely with
literature values®®. The doublet peaks of S 2p indicate the presence of mono- and polysulfide
for all concentrations tested. Two distinct peaks at 853 and 870 eV correspond to the 2p32 and

2p1» states of Ni in nickel sulfide, respectively®*’. The absence of a satellite region of 856
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eV at the A concentration supports the fact that there was no nickel sulfate peak (NiSO4)*!.

2.3.3 Effect of sulfur source concentrations

— 1 00 mol
*
L ]
. &
[ ——0.75 mal |
-
&
=} %
©
“;; g &
= _
S'CJ NiS,
=
| | | | | ‘ L |
N (01-076-2306) Ni,, S,
l | l | 11
& (01-076-1813) Ni334
| | ‘ | I | L 1|
I 1 ¥ I d | | 1 I I

26 (degree)

Fig. 2.14 XRD patterns for different sulfur source concentrations a) 0.50 mol b)
0.75 mol and c) 1.00 mol.

To understand the importance of thiourea as a sulfur source, different experiments
were carried out by fixing the nickel source concentration as 0.50 mol and capping agent

concentration as 0.20 mol. Sulfur source was varied as 0.50, 0.75 and 1.0 mol. Fig. 2.14 and
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Fig. 2.15 show the XRD patterns and FESEM images of samples with different sulfur source

concentrations.

Table 2.3 Different concentrations of sulfur source experimental conditions.

Experiment  Nickel nitrate EDTA Phases observed from
(mol) (mol) XRD analysis
1 0.50 0.50 0.20 NiS, and Ni;S,
2 0.50 0.75 0.20 Ni;5S,5and Ni;S,
3 0.50 1.00 0.20 Ni;-S;gand Ni;S,

Fig. 2.15 FESEM images a) 0.50 mol b) 0.75 mol and c) 1.00 mol of sulfur source

concentrations.

When the concentration was fixed as 1:1 ratio of sulfur to nickel ions, it resulted in

the formation of two different phases of nickel sulfide (NiS2 and Ni3S4). When the sulfur

concentration was increased to 0.75 mol, reaction between the nickel-EDTA complex and

sulfur was increased. This resulted in the appearance of new phase of Nii7Sig. Presence of

more sulfur ions was favored to react with more number of nickel ions, which resulted the

formation of Nii7Sigs phase with sheet-like morphology as observed in the FESEM images

(Fig. 2.15 (b)). Further increase in the concentration of sulfur with the nickel to sulfur ratio
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1:2, stable phases of nickel sulfide (Ni17S18 and Ni3S4) with thick sheets composed hierarchy

morphologies were formed.

Fig. 2.16 HRTEM images a) 0.50 mol b) 0.75 mol and c¢) 1.00 mol of sulfur source

concentrations.

Fig.2.16 (a) and (b) show the HRTEM images of different sulfur source
concentrations. In Fig. 2.16 (a), the interplanar distance of 2.9 A was well matched with the
(311) peak of Ni3S4 phase, similarly, interplanar distance of 2.6 A from Fig.2.16 (b) was well
matched with the (244) peak of Ni3S4 phase.

2.3.4 Effect of nickel source concentrations

The influence of nickel concentration on the formation of hierarchical structure
evolution was studied with the help of different nickel source concentrations experiments and
the final phases were shown in table 2.4. Other parameters such as, capping agent,
temperature and reaction period and sulfur source were kept constant. The synthesized
products XRD patterns are shown in Fig. 2.17 with the corresponding JCPDS reference
patters. When the concentration ratio of nickel to sulfur source 1:2, two different phases were

synthesized as NI3S4 and Nii7Sis. The corresponding FESEM images were well discussed
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with the previous section (see Fig. 2.15 ¢ and Fig. 2.18 a). The increase in concentration of
nickel source as 0.75 mol resulted in the phase change of Ni3S4 to NiS> observed from the
XRD pattern of Fig. 2.17 (b). Morphological changes appeared in the FESEM images of Fig.
2.18 (b). i.e, the sheet composed architectures of Nii7Sig phase appeared with cube
constructed architectures of NiS>. The TEM and HRTEM images of 0.75 mol concentration is
shown in Fig. 2.19 (a and b). The distance between the atomic planes 5.7 A was related to the
sulfur peak which is present at 22° of 20 (see Fig. 2.17 b). The small traces of sulfur were
synthesized with nickel sulfide phases. The increase of more nickel source with 1.0 mol (2:2
nickel to sulfur ratio), single phases of nickel sulfide (NiS2) was synthesized as shown in
Fig. 2.19 (c). The FESEM image was observed as cube constructed hierarchical architectures
in Fig. 2.18 (¢). TEM image and HRTEM image shows that the cubic nanoparticles were
assembled as microstructures of hierarchical morphology. The lattice distances of 2.5 A in

Fig. 2. 19 (d) was well matched with the (200) plane of NiS> in the XRD pattern.

Table 2.4 Different concentrations of sulfur source experimental conditions.

Experiment Thiourea EDTA Phases observed from
(mol) (mol) XRD analysis
1 0.50 1.00 0.20 Ni;-S;gand Ni;S,
2 0.75 1.00 0.20 NiS, and Ni;;S;5
3 1.00 1.00 0.20 NiS,
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Fig. 2.17 XRD patterns for different nickel source concentrations a) 0.50 mol
b) 0.75 mol and ¢) 1.00 mol.

Fig. 2.18 FESEM images of different nickel source concentrations a) 0.50 mol
b) 0.75 mol and ¢) 1.00 mol.
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Fig. 2.19 (a, b) TEM and HRTEM images of nickel source concentration of 0.75 mol
(c and d) TEM and HRTEM images of nickel source concentration of 1.00 mol.

2.3.5 Catalytic activity of nickel sulfide catalysts for the reduction of 4-nitrophenol

The catalytic property of the synthesized nickel sulfide architectures was evaluated
by employing the reduction of 4-nitrophenol into 4-aminophenol*?2?. During the reaction,
active hydrogen species are firstly transferred to the surface of synthesized products and then
the reduction of 4-nitrophenol was taken place by the reaction of adsorbed 4-nitro phenol
molecules. The kinetic process was monitored by UV-vis spectroscopy measurements.
Fig.2.20 shows the absorbance spectra of 4-nitro phenol and the catalytic reduction with the
nickel sulfide products such as A, A/5 and A/10. The absorbance peak at 400 nm was directly

associated with the concentration of 4-nitrophenolate ions.
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Fig. 2.20 UV-vis spectrum of reduction of 4-NP using nickel sulfide architectures.

Absorbance nature of the catalyst was measured as a function of time. The addition
of A/10 and A/S resulted in a steady decrease in the concentration of 4-nitrophenolate ions in
solution as seen in the absorbance spectra. The sample A showed complete disappearance of
Absaoonm compared to the other sample A/10 and A/5 (see Fig.2.20 inset). In addition, the
appearance of new peak at 293 nm indicated the formation of 4-aminophenol. All the
catalytic reaction was observed with 4-NP for the period of 3 min. The above results clearly
demonstrated that the existence of the phases of Ni3Ss and Nij7Sis greatly enhanced the

catalytic property.
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2.3.6 Mechanism of hierarchical structures evolution:

Fig. 2.21 (a) and (b) shows the schematics of reaction mechanism and growth

process of different nickel sulfide architectures. At the A/10 concentration, the limited

availability of nickel and sulfur ions in the precursor solution resulted in simple and near

stoichiometric phases of NiS» and NiS. Further increase in the concentration of source

material in A/5 increased the availability of more molecules for reaction, which leads to the

formation of different sulfur-rich phases as shown in Fig. 2.10.
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Fig. 2.21 Schematics of (a) reaction mechanism and (b) growth process of different

nickel sulfide architectures
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The rod-like morphology was changed to sheet-like morphology due to the addition
of source materials. The growth was taken place on the rods and thus the morphology was
changed. Further increase of source material (A), the morphology of the sample eventually
changed to three dimensional hierarchical structures (Fig. 2.11 (e) and (f)). This is mainly due
to the Oswald ripening mechanism?*. The high concentration of precursor solution resulted in
the formation of different phases of nickel sulfide (Ni3S4 and Nii7S;15) confirmed by XRD
analysis (Fig. 2.10).

From the catalytic activity of the nickel sulfide catalysts, the reduction ability of
sample A was better than the samples A/5 and A/10. Sample A was consisted of two different
phases of Ni3S4 and Ni17S1s. N. Mahmood et.al, demonstrated the importance of Ni3S4 as a
catalytic material for the application of lithium ion batteries®. Nii7Sis was a pure metallic
phase with the advantage of having two different catalytic phases in a synthesized product A,
therefore the activity was enhanced. The sample A/5 and A/10 consisted of semiconducting
phase of NiS» along with NiS.

From the different sulfur source concentrations, it is well understood that all
different higher concentrations were feasible to form hierarchical architectures. However,
amount of sulfur concentration played significant role in the formation of building blocks.
When the amount of sulfur concentration was very less or equal ratio of sulfur to nickel ions,
reaction between the nickel-EDTA complex and sulfur anion was dominant for the formation
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of Ni3S4. A small quantity of NiS, was also retained with Ni3S4 phases. When the amount of

sulfur source was increased to 0.75 mol, thin-sheets composed hierarchical structures

(Ni17S18) were formed with cube constructed balls (Ni3S4). The ratio of nickel to sulfur ions

of 1:2 resulted in the thick sheets composed balls with cube composed architectures.

Table 2.4 Different phases of hierarchical nickel sulfides.

Experiment Nickel Thiourea EDTA PhasesfromXRD Observed Morphologies
Nitrate (mol) (mol)

(mol)

1 0.50 |0.50 0.20 NiS, & NisS,

Ni;S, & Nip;S;

NiS, & Nij;Sg

5 1.00 1.00 0.20 NiS,

The corresponding results of different nickel concentrations showed the linear change in

the synthesized phases as well as morphology. NiS> phase was formed when the nickel source

concentration varied from 0.50 to 0.75 mol. The increase in more amount of nickel source

(1.0 mol) reduced to a single nickel sulphide phase with uniform morphology. These resulted
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were well agreed along with different sulphur source concentration experiment. In table. 2.4

different hierarchical structures were summarized with their corresponding source

concentrations. The experimental results demonstrate that the precursor concentration plays a

significant role in the formation of hierarchical structures and different nickel sulfide phases.

2.4 Conclusion

Monodispersed nickel sulfide hierarchical structures were synthesized by the

hydrothermal method. The effect of EDTA capping agent and different concentrations of

source materials on the phase, morphology, and stoichiometric ratio were investigated. The

addition of an EDTA capping agent resulted in uniform size and morphology. Different

precursor material concentrations of A/10, A/5, and A were used to observe the phase changes

in the synthesized products. Single phase nickel sulfide (NiS2) hierarchical structures were

synthesized by controlling nickel source. Morphological phase change behavior of all of the

synthesized materials was studied using FESEM and TEM analysis. Flower- and ball-like

sheet architectures were visible. A significant change in the nickel sulfide phases was

observed with respect to source material concentration by XRD analysis. The sulfur-rich

Ni3Ss and Ni17S1s phases consisted of two different hierarchical structures which enhanced

the catalytic activity.
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Chapter 3
Single-step synthesis and catalytic activity of structure-controlled nickel
sulfide nanoparticles

3.1 Background

Size effect brings about large effects on the properties of nanoparticles over the bulk
materials. Engineering nanoparticles or any intentionally produced nanoparticles less than
100 nm in size with the same chemical composition result in higher orders. There are many
studies on the properties of nanoparticles such as, optical!, magnetic?, electrical®, electronic*
properties and applications such as catalysis® and biological imaging®. Among the various
nanocrystals, size-confined metal sulfides have been attracting attention because of its
quantum confinement effects’. Jin Joo et.al, have investigated the synthesis of various
semiconducting nanocrystals (PbS, ZnS, CdS and MnS) by temperature dependent
thermolysis method®.  Synthesized chalcogenide nanoparticle must be environmental

friendly in energy applications’ ',

Synthesis of nickel sulfide nanoparticles has more complexity due to its availability
of number of phases. Nickel sulfide has more complex phases such as NiS (a-NiS and B-NiS),
NisS2, NiSz, Ni3Ss, NioSs, and NizSe!®>. A wide range of morphology and shapes were

14-19

investigated by different methods in the recent years'™ . Previous chapter, 1 have
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synthesized phase controlled hierarchical structures of nickel sulfide?’. The synthesis of
nickel sulfide phases such as Ni3S4 requires a two-step reduction process®! to control the
phase and morphology. For the better understanding and control of single phase nickel sulfide
along with structural and size effects, I have developed a single-step injection process using

oleylamine as a solvent.

Temperature-controlled injection reactions have several advantages in the synthesis
of nanoparticles, such as low cost and better productivity?’. Shape control of sulfur-based
nanocrystals by injecting a molecular precursor into high-boiling-point solvents was reported
by Lee et al®>. Recently, many groups have focused on using different amines for the size-
and structure-controlled synthesis of individual metal sulfide phases'?*?®. The use of
oleylamine—metal complexes has been well studied by Joo et al.; they had reported the
synthesis of various size-controlled metal sulfides such as PbS, ZnS, CdS, and MnS, with
particle sizes of 6—13 nm?’. Sulfur—oleylamine interactions lead to the formation of H,S,

which reacts with a metal precursor to form metal sulfide nanoparticles®’.

In this chapter, I describe the single-step, structure-controlled synthesis of nickel
sulfide nanoparticles with different phases, using a precursor hot-injection (temperature
assisted) method with oleylamine as the soul solvent. The catalytic properties of the different

phases of nickel sulfide were investigated.
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3.2 Synthesis procedure of phase controlled nickel sulfide

3.2.1 Materials

Ni(NO3)2:6H20 (purity 98 %), elemental sulfur, ethanol (99.5%), 4-nitrophenol,

NaBHs, and acetone (purity 99.9%) were purchased from Wako Pure Chemical Industries,

Ltd., Japan. Oleylamine (70%) was purchased from Sigma Aldrich. The reagents were used

without further purification.

3.2.2 Experimental procedure

A typical procedure for nickel sulfide particle synthesis was as follows. Fig. 3.1

shows the schematic view of experimental procedure. Ni(NO3)2:6H20 (1 mmol) was mixed

with oleylamine (10 mL) in a 100 mL three-necked flask (A). The solution was heated at

100 °C for 1 h to remove moisture and O in the oleylamine. Elemental sulfur (I mmol) and

oleylamine (10 mL) were placed in a separate 100 mL three-necked flask (B) and heated at

70 °C for 30 min to form a sulfur—amine mixture. The transparent yellow sulfur—oleylamine

solution (B) was loaded into a glass syringe and injected into the nickel-oleylamine solution

mixture (A). This mixture of the sources in a concentration ratio of 1:1 gave the NiS phase.

The temperature was raised to 240 °C and the mixture was continually stirred for 1 h under a

N> atmosphere to initiate the reaction. After cooling, the particles were collected by
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centrifugation, washed with ethanol, and dried under vacuum for 1 h. The particles were

dispersed in an organic solvent and stored in a tightly closed container.

Oleylamine
(10 mL) +
Elemental sulfur
(1 mmol)

Vacuum line

-

Oleylamine
(10 mL) +
Nickel nitrate
(1 mmol)

Valve Nﬁgen
line

Magneticbar

:

Heater

Fig. 3.1 Schematic view of the experimental procedure

60



Table 3.1 Different concentration ratios of nickel and sulfur sources and the

corresponding phases of synthesized materials

Name Nickel source Sulfur source Concentration Phase
(® (® ratio
I-1 0.290 0.032 1:1 NiS
[-2 0.290 0.064 1:2 NiS2
-3 0.435 0.064 3:4 NizS4
-4 0.435 0.032 3:2 Ni7S6

When the temperature was raised to 210 °C, the sulfur—amine mixture released HaS,
which reacted with the metal—oleylamine complex to form a nickel sulfide product?’. These
procedures were repeated using Ni(NOz)2-6H>O:elemental sulfur concentration ratios of 1:2,
3:4, and 3:2 to synthesize nickel sulfide nanoparticles with different phases. The oleylamine
acted as both a solvent and a capping agent. Table 3.1 shows details of the phases present in

the synthesized products with respect to concentration.
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3.2.3 Catalytic Study

The catalytic activities of the synthesized nickel sulfide nanoparticles were
investigated as follows. Aqueous solutions of 4-nitrophenol (10 mg in 50 mL of distilled
water) and NaBHs (750 mg in 200 mL of distilled water) were freshly prepared.
4-Nitrophenol and NaBH4 in a concentration ratio of 1:10 were mixed with nickel sulfide
nanoparticles (4.0 mg). The mixture was placed in a quartz cuvette and the reaction was
monitored using UV-vis spectroscopy. This step was repeated several times to study the

stability of the nanoparticles.

3.2.4 Characterizations

The crystalline phases of the final precipitates were identified by powder X-ray
diffraction (XRD) performed at a scan rate of 0.04 s™! in the 2@ range 10° to 80° (RINT-2200
diffractometer, Rigaku, Japan, CuKo radiation, 4 = 1.54178 A). The particle sizes and
morphologies of the final precipitates were determined using transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM; JEOL JEM 2100F) at an accelerating
voltage of 200 kV. Binding energies were investigated using X-ray photoelectron
spectroscopy (XPS; Shimadzu ESCA 3100). Fourier-transform infrared spectroscopy (FTIR)

was performed using a JEOL JIR-WINSPEC 50 spectrometer.
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3.3 RESULTS AND DISCUSSION

3.3.1 NiS Phase

g = =®
=) =] N =
g 2 g s ——NiS-®
® ® =
®

[ NiS (JCPSDS no : 01-075-0613) |

Intensity (a.u)
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20 (degree)

Fig. 3.2 (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS phase.

A typical XRD pattern of the nickel sulfide particles prepared using the
temperature-dependent injection method is shown in Fig. 3.2(a). The pattern shows that the

sample is crystalline. The pattern in Fig. 3.2(a) corresponds to the a-NiS phase. The use of a
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1:1 concentration ratio of nickel to sulfur in the presence of oleylamine resulted in formation
of a nickel monosulfide phase. JCPDS reference 01-075-0613, i.e., a-NiS, matched the
synthesized sample well. Fig.2 (b) and (c) show TEM and HRTEM images of the NiS
nanoparticles. The TEM image shows that the sizes of the spherical nanoparticles ranged
from 8 to 10 nm. The high-magnification image shows that the distance between the atomic
layers was 2.94 A, which matches the d-spacing of the (100) plane of the NiS phase
(Fig. 3.2a). A single phase with good crystallinity was obtained in a single step at 210 °C.

Oleylamine helped to make the particle size distribution uniform.

3.3.2 NiSz Phase

The XRD pattern shown in Figure 3.3(a) matched JCPDS reference 00-011-0099,
1.e., the NiS, phase. A source material concentration ratio of 1:2 resulted in formation of
nickel disulfide nanoparticles. Fig. 3.3(b) and (c) show the sample morphology. The TEM
image shows that the cubic particles were well distributed, and of size 6—8 nm. The distance

between the atomic layers of the cubic nanoparticles was 2.77 A (Fig. 3.3¢), which matches

that of the (200) plane of the NiS; phase.
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Fig. 3.3 (a) XRD pattern, and (b) TEM and (c) HRTEM images of NiS: phase.

3.3.3 NizS4 Phase

A concentration ratio of 3:4 (nickel source 1.5 mmol, 0.435 g; sulfur source 2 mmol,

0.064 g) gave the sulfur-rich phase Ni3S4. The XRD pattern, shown in Fig. 3.4(a) matched
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JCPDS reference 00-047-1739 well. The TEM and HRTEM images in Fig. 3.4(b) and (c)
show that the particles had a bulging spherical morphology. The d-spacing observed from the
HRTEM image, 2.78 A, was close to that of the (311) plane (see Fig. 3.4a). The d-spacing

value of 2.33 A corresponded to the (220) plane of the NizS4 phase.
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—
o
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Ni,S, (JCPDS no : 00-047-1739)
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Fig. 3.4 (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni3S4 phase.
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3.3.4 Ni7S¢ Phase

The XRD pattern of the material synthesized using a source concentration ratio of
3:2 matched that of the nickel-rich phase Ni;Ss (Fig. 3.5 (a); JCPDS reference 00-014-0364).
Fig. 3.5(b) and (c) show the TEM and HRTEM images of Ni7S¢. The TEM image shows that
the well-distributed particles consisted of spherical and elongated spherical particles of size
8-20 nm. The broad particle size distribution is caused by the high nickel concentration in the
source. The HRTEM image shows that the distances between the atomic layers in spherical
and elongated spherical nanoparticles were different. The spherical nanoparticle d-spacing,
2.85 A, corresponds to the (121) plane and the elongated spherical particle d-spacing, 3.12 A,

corresponds to the (042) plane.
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Fig. 3.5 (a) XRD pattern, and (b) TEM and (c) HRTEM images of Ni7S¢ phase.

3.3.5 FTIR Analysis

Fig. 3.6 shows the FTIR spectra of the synthesized nickel sulfide nanoparticles with

different phases. The peaks from the C—H stretching modes are observed at 2921 and
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2852 cm %30 the broad peak at 3400 cm ™' corresponds to the N-H stretching®! of free
amines, and the peak at 1653 cm™! is related to N—H rocking vibrations. The absence of the
peaks at 1389 and 3400 cm ™! in the spectrum of the Ni7S¢ sample indicates lower reactivity’s

of the C-N and N—H bonds in organic ligands>'.

2920.6 1653.6 1467.5

1081.8

Transmittance (a.u)

——Ni S, /A
/o .

T I T T Ll Ll Ll
4000 3500

| | T T | T
3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig. 3.6 FTIR patterns of different nickel sulfide phases.
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3.3.6 XPS Analysis
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Fig. 3.7 (a) Ni 2p and (b) S 2p XP spectra of different nickel sulfide phases.

The X-ray photoelectron spectra (XPS) of the different phases of the synthesized

nanoparticles are shown in Fig. 3.7. Table 3.2 shows the binding energies of the synthesized
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phases. The binding energy of 852.8 eV (Ni 2p 32) for the NiS and Ni;S¢ samples matched
the reported values*>. The binding energies for NiS; and NizSs, i.e., 852.5 and 853.1 eV,
respectively, were close to the reported values of 852.85 and 854.3 eV. All the Ni 2pi»
binding energies matched the reported values®>**3*. The difference between the binding
energies of Ni 2pi1» and Ni 2p3» is approximately equal to the standard value for nickel
doublet peaks (17.4)*°, but this difference is 18.4 eV in the case of NiO bonds. This confirms
that the materials are protected from oxidation by oleylamine capping of the particles.
Doublet peaks of S 2p32 and S 2p12 for NiSy, i.e., 161.2 and 162.8 eV, matched the reported
NiS; data*®. These values are similar to those for the nickel-rich phase NisSe. The other

phases such as NiS and Ni3S4 had sulfur doublet peaks consistent with the reported values™.

Table 3.2 XPS binding energy values

Phase Ni 2p32 Ni 2pi2 Ni 2p3/2 - Ni 2p12 S 2p3n S 2p12
(eV) (eV) (eV) (eV) (eV)

NiS 852.8 870.4 17.6 161.4 162.8
NiS> 852.5 870 17.5 161.2 162.8
Ni3S4 853.1 870.4 17.3 161.6 162.8
Ni7Se 852.8 870.1 17.3 161.2 162.8
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The different materials obtained using different molar concentrations of the source
materials (Table 3.1) show that the availability of the nickel source for reaction with the
sulfur—amine mixture is very important in synthesizing single-phase nickel sulfides. The local
nickel concentration increased during the reaction to form the more stable Ni3S4 phase. In this
case, all the sulfur source molecules reacted with the metal precursor. The complex phases in
the nickel sulfide phase diagram, such as NizS4 and Nis;Se, were obtained without sulfur
impurities. The results for the NiS and NiS; phases clearly show that any stable phase of
nickel sulfide can be synthesized by single-step temperature-controlled synthesis with the

help of oleylamine.

3.4 Catalytic Activities of Nickel Sulfide Catalysts

I investigated the reduction of 4-nitrophenol to 4-aminophenol to understand the
catalytic activities of the synthesized nickel sulfide phases®®*’. No reduction reaction was
observed without the presence of nickel sulfide catalysts. Fig. 3.8 shows photographs of
4-nitropheneol reduction and the chemical equation. Fig. 3.9 shows the UV-vis absorbance
spectra with respect to time. During the reaction, hydrogen species were first transferred to
the surface of the synthesized products and then 4-nitrophenol was reduced to
4-aminophenol®. In Fig. 3.9, the absorption peak at 400 nm represents the 4-nitrophenolate

ion and the peak at 293 nm is related to 4-aminophenol.
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Fig. 3.8 Catalytic reduction of 4-nitrophenol to 4-aminophenol.

When NiS nanoparticles were added to the solution, reduction to 4-aminophenol was

complete in about 300 s (Fig. 3.9a). The catalytic activities of the sulfur-rich phases were

lower than that of the NiS phase. The reduction times using NiS> and Ni3S4 were both 400 s

(Fig. 3.8b and c). For the Ni7S¢ phase, reduction was complete in 500 s. The NiS phase had

much higher catalytic activity.

Fig. 3.10 shows the reduction rates with different nickel sulfide phases. The reaction

rate increased linearly with respect to time. The reduction rate constant (Kqbs) was calculated

using the absorption vales for the 4-nitrophenol reduction reaction®®-’.

1 [Ae = A
Koy = n [Aoot_— At]
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Where Ao, A:;, and A« are the initial absorbance, absorbance at time ¢, and absorbance at

infinite time, respectively. The calculated Kqbs values for NiS, NiS, Ni3S4, and Ni7Se are

NiS —— 0 min NiS ——0sec
—— 100 sec 15, ——100 sec
——200 sec —+—200 sec
= —— 300 sec 5 —— 300 sec
8 < (b) - 400 sec
8 3
c c
g g
(=] (=]
w (72}
e <
T T T I
300 400 500 300 400 500
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. — Ni.S 0 sec
Ni,S, 0 FeL e —— 100 sec
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S ——— 400 sec & sec
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(8] Q
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8 8
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Wavelength % (nm) Wavelength & (nm)
Fig. 3.9 UV-vis spectra of 4-nitrophenol reduction with (a) NiS, (b) NiS2, (¢) Ni7zSs, and

(d) Ni3S4 phases.

8.949 x 1073, 3.030 x 1073, 3.728 x 1073, and 2.737 x 107 s~!, respectively. Among the four
synthesized nickel sulfide phases, NiS gave the highest rate of degradation of 4-nitrphenol
because of its higher metallic nature'>. To study the structural change after its catalytic
reduction, nanoparticles of NiS phase were collected by centrifugation and investigated the

structure by XRD analysis. Fig.10 shows the XRD pattern of NiS phase after its catalytic
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activity. The corresponding JCPDS reference 00-001-1286 was well matched with the NiS
phase. No phase change was observed even after its catalytic reduction but the crystal system
was changed from hexagonal to rhombohedral of NiS phase. The repeated catalytic activity

of NiS phase was well matched with the initial experiment of Fig.3. 11 and its reduction time

of 4-nitrophenol to 4-aminophenol is 300 sec.

—a— NiS
—o— NiS2
S
{
<O
T T T T T 1 T I T
0 100 200 300 400 500

Time (s)

Fig. 3.10 Effects of different nickel sulfide phases on reduction of 4-nitrophenol.
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Fig. 3.11 XRD pattern for NiS phase after its catalytic activity

3.5 CONCLUSION

I have successfully synthesized nickel sulfide nanoparticles with different phases via a simple
temperature-controlled injection method in oleylamine solvent. The products were
uniform-sized nanocrystals. The injection method enabled the sulfur ions to react slowly with
the well-dispersed nickel ions in the presence of oleylamine, to form nickel sulfide
nanoparticles. This enabled formation of the desired phase instead of mixed phases. The
complications in the synthesis of Ni3S4 were overcome by adjusting the source concentrations.
XRD and TEM analyses confirmed the presence of single-phase nanoparticles of sizes less
than 15 nm for all the synthesized products. The presence of sulfur and nickel and the peak

shifts with respect to phase formation were observed using XPS. The catalytic activities of
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the synthesized nickel sulfide nanoparticles were investigated; the NiS phase had the best

activity and the phase was stable even after its catalytic reduction experiment.
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Chapter 4
Synthesis of reduced graphene oxide functionalized nickel sulfide
nanoparticles and its catalytic activity

4.1 Background

More than 90% of the commercially producing chemical products use catalysts at
some stages, to contribute the human society. However concerns have been raised on the cost,
stability, biocompatibility and availability of the catalysts. On the other hand, recent
advancement in the field of colloidal nanocrystals made it possible to synthesize various
types of metal sulfides such as nickel, cobalt, iron, zinc, copper and various other sulfides,
with controlled size-dependent characteristics. But the uses of these nanoparticles for the
protection of environment are most important factors to be considered. Removal of
environment pollutions has been a major issue in recent years to avoid the inhibition into
water and soil resources. 4-nitrophenol! is a common pollutant in wastewater. Many different
processes have been developed such as adsorption®, microbial degradation®*, catalytic
reduction®, photocatalytic degradation®’, electrochemical treatment® and etc. to remove or
reduce 4-nitrophenol. Catalytically reduced 4-nitrophenol into 4-aminophenol has number
of uses in the production of drugs, photographic developer, corrosion inhibitor and
anti-corrosion lubricants’.

Graphene or graphene based materials are considered as very promising material
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because of their excellent physical, chemical and mechanical properties!’. Specifically,
graphene based materials have been utilized as counter electrodes'!, electrochemical sensor'?
and supercapacitor electrodes'?. In the field of catalysis, different graphene based materials

114716

such as gold nanoparticles incorporated graphene materia , platinum incorporated

I7.18 " palladium with graphene!® and etc. have shown very good catalytic

graphene sheets
activity.  Liu et.al analyzed the 4-nitrophenol reduction with the help of magnetically
recoverable Pt/Ni bimetallic nanoparticles doping on graphene supports'’”. Zhu et.al,
synthesized ternary hybrid nanostructures with Pt/SnOz/graphene and the reduction along
with the platinum and metal oxide hybrid were carried out in one-pot chemical synthesis
method'®.

Metal-free catalysts are encouraged because of the environmental friendly need.
Kong et.al studied N-doped graphene as a metal-free catalyst for the reduction of
4-nitophenol and proposed the pseudo-zero order kinetics*’. However, on the understanding
of its kinetics, research is limited. For the Industrial demand such as low cost and high
availability, the following materials are encouraged. i.e., metal, metal oxides, metal sulfide
based graphene composites.

Towards the finding of new catalyst with better catalytic activity and reduction rate, [
have investigated phase controlled nickel sulfide nanoparticles. Several researchers attempted

to synthesize nickel sulfide/ graphene oxide hybrid nanostructures for the application of solar
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2224 supercapacitors®®>? and etc. But due to the difficulties in

cells?!, lithium-ion batteries
control of phase along with graphene reduction, the research is limited. To utilize the vast
property of graphene with the binary phase controlled nickel sulfide, I have developed two
different synthesis processes. One is to synthesis of reduced graphene oxide/phase controlled
nickel sulfide nanoparticles using single solvent, and second is to use multi-solvent through
hot injection method. The catalytic properties of the synthesized materials were studied with
4-nitrophenol reduction experiments.

4.2 Experimental procedures

4.2.1 Materials

Graphite powder (particle size-150 um) was prepared from the graphite rod (purity
99.99%). Sulfuric acid H2SO4 (purity 99%), phosphoric acid (purity 99%), potassium
permanganate KmNO4 (purity 99.9%), hydrogen peroxide (H20), hydrochloric acid HCI
(purity 37% assay), nickel nitrate hexahydrate Ni(NO3)2-6H>O (purity 98%), elemental sulfur,
ethanol (99.95%), 4-nitrophenol, NaBH4, and acetone (purity 99.9%) were purchased from
Wako Pure Chemical Industries, Ltd., Japan. Oleylamine (purity 70%), octadecine (purity
99%,), oleic acid (purity 99 %) were purchased from Sigma Aldrich. The reagents were used

without further purification.
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4.2.2 Synthesis of graphene oxide by improved Hummer’s method

Graphene oxide was synthesized from the graphite flakes of 150 microns by
improved Hummers method®!. Fig. 4.1 shows the schematic view of the experimental
procedure of improved Hummer’s method. A mixture of concentrated HoSO4/H3PO4 (135
mL) was added to the graphite flakes (1.0 g) under stirring for 30 min. KMnOg4 (6 g) was

added to the above mixture at the temperature 0 °C.

[ Graphite powder (1 g) ] [ KMnO, (6g) was added at 0 °C J

Stirred for 0.50 h

EE:' B Stirred for 0.50 h

Concentrated H,S0, &
H;PO, in 9:1 ratio (135 mL)

Temperature was increased
to 35-400 °C

Stirred for 12 h

[ H,0, (3 mL) was added ] <:| [ Distilled water (135 mL) was J

Stirred for 0.50 h added slowly

e

bR LS

Fig. 4.1 Schematic experimental procedure of improved Hummer’s method

The mixture was raised to the temperature 40-45 °C and maintained for about 15 h. It was

cooled down to room temperature and poured into 120 mL of distilled water. With the
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addition of distilled water, oxidation reaction was initiated into the mixture. To terminate the

oxidation reaction, H>O> (3 mL) was added into the mixture. The mixture was filtered and the

filtrate was washed with the succession of 100 mL of water and 100 mL of 1 mol HCI (37 %)

for several times. The resultant product was vacuum-dried for 12 h at room temperature to

obtain the final graphene oxide powder.

4.2.3 Synthesis of reduced graphene oxide/nickel sulfide by hot injection method

4.2.3.1 Single-solvent:

Graphene oxide powders were dispersed by oleylamine (10 mL) as a single-solvent

and ultrosonicated for 1 h. In a separate conical flask, elemental sulfur (I mmol) was taken

with oleylamine (5 mL) and preheated at 70 °C for 30 min to form a sulfur-amine mixture.

For the reaction ratio of 1:1 (nickel to sulfur ratio), Ni(NO3)2:6H>0 (1 mmol) was taken with

dispersed graphene of single-solvent oleylamine (10 mL) in a 100 mL three-necked flask (A).

The solution was heated at 100 °C for 1 h to remove moisture and O: in the oleylamine. The

transparent yellow sulfur—oleylamine solution (B) was loaded into a glass syringe and

injected into the nickel-oleylamine solution mixture (A). The temperature was raised to

220 °C and the mixture was continually stirred for 1 h under a N2 atmosphere to initiate the

reaction. After cooling, the particles were collected by centrifugation, washed with ethanol,

and dried under vacuum for 1 h. The particles were dispersed in an organic solvent and stored
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in a tightly closed container. The similar different concentration ratios of experiments 1:2, 3:4

and 3:2 were carried out with the above procedure.

4.2.3.2 Multi-solvent:

The multi-solvent experiments were carried out for the dispersion of graphene oxide

powder. Instead of oleylamine as a single-solvent, graphene oxide powders were dispersed by

oleylamine (10 mL), oleic acid (10 mL), Octadecine (7.5 mL) mixture and ultrosonicated for

1 h. In a separate conical flask, elemental sulfur (1 mmol) was taken with octadecine (5 mL)

and preheated at 70 °C for 30 min to form a sulfur—octadecine mixture. The other procedures

were followed to the single-solvent experiment to get the final products of 1:1 (nickel to

sulfur ratio) graphene/nickel sulfide product. The other concentration ratios of 1:2, 3:4 and

3:2 experiments were carried with the similar procedure.

4.2.4 Catalytic Study

The catalytic activities of the synthesized nickel sulfide/graphene nanoparticles were

investigated as follows. Aqueous solutions of 4-nitrophenol (10 mg in 50 mL of distilled

water) and NaBHs (325 mg in 200 mL of distilled water) were freshly prepared.

4-Nitrophenol and NaBH4 in a concentration ratio of 2:3 were mixed with nickel sulfide

nanoparticles (5.0 mg). The mixture was placed in a quartz cuvette and the reaction was
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monitored using UV-vis spectroscopy. This step was repeated several times to study the

stability of the nanoparticles.

4.2.5 Characterization techniques

The samples were characterized by powder X-ray diffraction (XRD) performed at a
scan rate of 0.04 s™! in the 26 range 10° to 80° (RINT-2200 diffractometer, Rigaku, Japan,
CuKoa radiation, A = 1.54178 A). The particle sizes and morphologies of the final precipitates
were determined using transmission electron microscopy (TEM) and high-resolution TEM

(HRTEM; JEOL JEM 2100F) at an accelerating voltage of 200 kV.

4.3 Results and discussion
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Fig. 4.2 XRD patterns of graphene oxide (GO) and reduced graphene oxide (RGO)
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Before the synthesis of nickel sulfide in graphene oxide dispersion, the
as-synthesized graphene oxide (GO) was characterized by XRD analysis. To confirm the
reduction process with oleylamine, a separate experiment was carried out. The synthesized
graphene oxide powders were taken in oleylamine solvent at 210° C. The synthesized
products were vacuum dried to get the reduced graphene oxide (rGO) powder. Fig. 4.2 shows
the XRD patters of GO and rGO samples. The interlayer distances of GO and rGO was
calculated from the XRD patterns. From 20 peak of GO at 9.48°, the interlayer distance was
calculated as 9.32 A. It indicates that the graphite powder was fully oxidized into GO
through chemical oxidation by Improved hummer’s method. In contrast to the GO powder,
the rGO yielded a broad peak at 24.70°, suggesting that the rGO was fully reduced. The
interlayer distance of rGO was 3.60 A, which was nearly close to the literature value of
graphite powder (3.34 A)*>*3, Fig. 4.3 shows the TEM images of (a) reduced graphene oxide

sheet and (b) nickel sulfide/rGO hybrid nanostructure.

Table 4.1 shows details of the phases present in the synthesized products with
respect to concentration. The samples GN-1 to GN-4 were synthesized with the single solvent
oleylamine. The concentration ratios were determined from the previous chapter of structure
controlled nickel sulfide nanoparticles. Where four different phases NiS, NiS», Ni3Ss and

Ni7S¢ were synthesized with respect to the concentration ratios 1:1, 1:2, 3:4, 3:2. To study the
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phases formation on graphene support, the experiments were carried out in single-solvent

(oleylamine) and multi- solvent (oleylamine, octadecine, oleic acid).

Table 4.1 Different concentration ratios of nickel and sulfur sources and the phases of

synthesized materials with reduced graphene oxide

Name Nickel source Sulfur source Concentration Phases
(2 (®@ ratio

GN -1 0.290 0.032 1:1 NiS and NigSs

GN -2 0.290 0.064 1:2 NiSz and NiS

GN-3 0.435 0.064 3:4 NiS

GN -4 0.435 0.032 3:2 NizS4
G-1 0.290 0.032 1:1 NizS2
G-2 0.290 0.064 1:2 Ni3Ss
G-3 0.435 0.064 3:4 NiS
G-4 0.435 0.032 3:2 NizS2
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4.3.1. Concentration ratio of 1:1

Fig.4.4 shows XRD pattern of single solvent synthesized rGO functionalized nickel
sulfide nanoparticles. In this method, oleylamine was utilized to reduce the graphene oxide to
become reduced graphene oxide nanosheets. The nickel sulfide nanoparticles were well
attached on the sheets, and the TEM image of Fig. 4.5 (a, b) shows uniform dispersion
throughout the nanosheets. The XRD pattern was well matched with the JCPDS references of
two different phases NiS and NioSs. The corresponding phase change was observed from the
TEM images. The particles had different morphologies such as rod-like and spherical shape.
From the HRTEM image (Fig. 4.4 c); the distance between the atomic layers of spherical
nanoparticles was 2.8 A, matched well with (100) plane of NiS phase. The measured distance
between the atomic layers of 2.9 A of rod-like nanoparticle was related to (222) plane of
NigSg phase. The sizes of the spherical nanoparticles ranged from 10 to 15 nm, and rod-like
particles length varied from 15 to 20 nm. For the synthesis with the single solvent of
oleylmine the products were sulfur deficient. This led to the formation of two different phases

of NiS and NioSs.
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Fig. 4.3 TEM images of (a) reduced graphene oxide (rGO) and nickel sulfide/rGO

Intensity (a.u)

hybrid (NisS: phase)

| JCPDS - 03-065-3419 |

| JCPDS - 00-022-1193|

| || |
20 30 40 | 5|0 ' 6l0
20 (degree)

10

T
70

Fig. 4.4 XRD pattern of NiS and NioSs phase (GN-1).
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To improve the phase controlled nickel sulfide on graphene support, mixers of three
solvents were used. The XRD pattern of the synthesized nickel sulfide on graphene is shown
in Fig. 4.5. The synthesized product for the concentration ratio of 1:1 consisted of single
phase nickel sulfide (Ni3S2) with rGO. The peak broadness at 20° was related to the presence
of rGO nanosheets. It is well matched with the reference pattern of 00-044-1418.
Fig. 4.6 (a, b) shows the TEM images of synthesized product over the rGO supports. The
shape of the particles was elongated spherical and size ranged from 8 to 10 nm. From the
HRTEM image of Fig. 4.6 (c), the distance between the atomic layers of 2.7 A was well

matched with the (110) plane of Ni3S; phase.

Fig. 4.5 (a, b) TEM and (¢c) HRTEM images of NiS and NioSs phase (G-1).
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Fig. 4.5 XRD pattern of Ni3S: phase (G-1).

Fig. 4.6 (a, b) TEM and (c) HRTEM images of NizS: phase (G-1).
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4.3.2. Concentration ratio of 1:2

For the concentration of 1:2 in single solvent, the synthesized product consisted of
two phases of nickel sulfide such as NiS; and NiS. The reference patterns were well matched
with the observed pattern as shown in Fig. 4.7. These phases were also observed in the TEM
and HRTEM images in Fig. 4.8. The nanoparticles were well dispersed on rGO supports and
two different morphologies were observed from the TEM and HRTEM images. The cubic
nanoparticles atomic layers distances of 2.6 A was well matched with (210) plane of NiS;
phase. The rod-like particles of 2.0 A was related to (102) plane of NiS phase. These planes

corresponded to the dominant peak positions in XRD pattern.

Intensity (a.u)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 4.7 XRD pattern of NiSz and NiS phase (GN-2).
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Fig. 4.8 (a, b) TEM and (c) HRTEM images of NiS: and NiS phase (G-2)

When the same concentration experiment was performed under multi-solvent
condition, the synthesized product resulted in Ni3S4phase as seen in XRD pattern of Fig. 4.9.
The morphologies of the well dispersed particles were spherical and elongated spherical. The
sizes of the nanoparticles were in the range of 6 to 8 nm. From the HRTEM images of
Fig. 4.10 (c), lattice distances 2.5 A and 2.9 A were well matched with (400) and (311) planes
of the dominant peak positions in the XRD pattern (NizS4 phase). The phase control of single

phase nickel sulfide/rGO was possible by the multi-solvent synthesis process.
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Fig. 4.9 XRD pattern of Ni3S4 phase (G-2).
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Fig. 4.10 (a, b) TEM and (¢) HRTEM images of Ni3S4 phase (G-2)
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4.3.3. Concentration ratio of 3:4

In the presence of oleylamine single solvent, 3:4 concentrations resulted in single
phase nickel monosulfide (NiS). The XRD pattern was well matched with the JCPDS
reference of 01-075-0613 as shown in Fig. 4.11. Fig. 4.12 (a, b) shows the well dispersed
nanoparticles of nickel sulfide on rGO sheets. The sizes of the nanoparticles were from 10 to
12 nm. From the HRTEM image (Fig.4.12 c) atomic layers distance 2.6 A was well
matched with (101) plane of NiS phase. From this experiment, it was found that the excess of

sulfur content was required to synthesize the uniform single phase of nickel sulfide on

graphene supports.

- A —
Fe 2 : GN3
\ a
3 5 s
c ggs g§9
S TE8 S A
= AA A AN
3 "\ omaipuratl vl
2
Q JCPDS reference : 01-075-0613
) A - NiS
; I I ' ! ' ! J T ! |: T T T :
10 20 30 40 50 60 £ 80

20 (degree)

Fig. 4.11 XRD pattern of NiS phase (GN-3).
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Fig. 4.12 (a, b) TEM and (c) HRTEM images of NiS phase (GN-3)

Similarly, for the concentration ratios of 3:4 in the presence of multi-solvent, nickel
monosulfide (NiS) phase was retained. The XRD pattern was well matched with the JCPDS
reference of 01-075-0613 as shown in Fig. 4.13. From the TEM images of Fig. 4.14 (a, b),
nickel sulfide nanoparticles were well dispersed throughout the graphene support. The shapes
of the nanoparticles were spherical morphologies and the sizes were ranging from 8 to 10 nm.
From the HRTEM image in Fig. 4.14 (c), lattice distance 1.9 A and 2.5 A were well related to
the planes of (102) and (101) of NiS phase, respectively. In the presence of multi-solvent, to
synthesize the graphene functionalized nickel sulfide nanoparticle with the phase of NiS,

excess of sulfur concentration source was required.
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Fig. 4.13 XRD pattern of NiS phase (G-3).

Fig. 4.14 (a, b) TEM and (c) HRTEM images of NiS phase (G-3)
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4.3.4. Concentration ratio of 3:2

Fig 4.15 shows the XRD patterns of synthesized product with the concentration ratio
of 3:2 under single solvent. The presence of broad peak at 20° was related to reduced
graphene oxide (rGO). The peaks of synthesized nickel sulfide nanoparticles were well
matched with the JCPDS reference of 00-047-1739 for Ni3S4 phase. The TEM images of
Fig. 4.16 (a, b) show that the synthesized nanoparticles were well dispersed on the sheets of
rGO. The HRTEM image of Fig. 4.16 (c) shows the particles with spherical shape
morphologies and the sizes 6 to 10 nm. The lattice distance 2.7 A matched with the dominant
plane of (311) from the XRD pattern (see Fig. 4.14). In the presence of single solvent, excess
amount of nickel concentration was not reacted completely with all the sulfur source atoms

and resulted in sulfur deficient Ni3S4 phase.
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Fig. 4.15 XRD pattern of NizS4 phase (GN-4).

Fig. 4.16 (a, b) TEM and (¢) HRTEM images of Ni3S4 phase (GN-4).

In the presence of multi-solvent with the same concentration ratio 3:2, the expected

nickel sulfide phase of Ni3S; was synthesized. The XRD patterns in Fig. 4.17 was well
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matched with the JCPDS reference of 01-073-0698. The peak broadness at 20° was related to

the presence of reduced graphene oxide.
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Fig. 4.17 XRD pattern of NizS2 phase (G-4).

The oleylamine single solvent was used as reducing agent for graphene oxide
nanoparticles, which less reacted with sulfur ions. The interaction between the oleylamine
and graphene oxide was better than nickel and sulfur ion, which lead to the formation of
uncontrolled nickel sulfide phases on reduced graphene oxide. To overcome this problem,
multi-solvent experiment was preferred to form nickel sulfide on rGO supports. All the

solvents were belongs to the family of octadecine with high boiling surfactant nature. In
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addition to the phase control, the particle sizes were uniform in the multi-solvent experiment.

In all the experiments on rGO sheets, the excess sulfur concentration was required to achieve

the phase controlled nickel sulfide/rGO structures.

Fig. 4.18 (a, b) TEM and (c) HRTEM images of Ni3Sz phase (G-4).

4.3.5 Growth Process

Fig. 4.19 shows the schematics of growth process of rGO/nickel sulfide hybrid

nanostructures prepared by different solvent methods. During the in-situ growth, the

influence of multi-solvents were clearly resulted with the formation of phase controlled

nickel sulfide nanoparticles on reduced graphene oxide (rGO) sheets over the single-solvent

methods. The parameters such as temperature and concentration of the source materials were

kept constant for both single-solvent and multi-solvent experiments is shown in Fig. 4.19.
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Fig. 4.19 Schematics of growth processes of rGO/nickel sulfide hybrid structures by

different solvent methods

4.4 Catalytic Activities for the reduction of 4-nitrophenol

The investigation of 4-nitrophenol to 4-aminophenol reduction was carried out for
the reduced graphene oxide/nickel sulfide nanoparticles prepared with mixed solvent method
to understand the catalytic activities of the synthesized products'®. Fig. 4.20 shows
photographs of 4-nitropheneol reduction and the chemical equation. Fig. 4.21 shows the
UV-visible absorbance spectra with respect to time. Because of the addition of reduced

graphene oxide, the reaction rate increased in rapidly. Therefore monitoring with UV visible
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spectroscopy became very difficult. The concentration of NaBH4 was intentionally reduced to

335 mg in 200 mL water to compare the results in the previous chapter. The activity of

rGO/nickel sulfide and pure nickel sulfide (NiS phase) nanoparticles were compared.

The addition of nickel sulfide was preferred on reduced graphene oxide because of

its two dimensional high surface area property. In addition, the mechanical stability, excellent

conductivity and thermal stability will improve the catalytic activity. Fig. 4.21 shows the

schematic of nickel sulfide on reduced graphene oxide sheets. The reduction process of

graphene oxide and the formation of nickel sulfide/reduced graphene oxide hybrids were

synthesized in a single-step formation process.

Fig.4.23 shows the UV-visible spectroscopy measurements for the reduction of

4-nitrophenol to 4-aminophenol. The reduction measurements of rGO/NiS, rGO/Ni3S, and

rGO/Ni3S, were carried out and compared with pure NiS phase. The reduction of absorption

peak at 400 nm was measured for about 30 min. The corresponding appearance of

4-nitrophenolate ion was observed from the peak position of 400 nm. The peak position of

293 nm was related to 4-aminophenol. For the same concentration of NaBH4 in 4-nitrophenol

solution, rGO samples were tested. Fig.4.23 (a) shows that the complete reduction of

4-nitrophenolate ions required about 300 s for the sample rGO/NiS phase of nickel sulfide.
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Similarly, for the nickel-rich phase of rGO/Ni3S,, reaction completed less than 500 sec and

sulfur-rich phase of rGO/Ni3S4 were finished within 260 s.

NO, NH,

Nickel sulfide
nanoparticles

—
NaBH,

OH OH

Fig. 4. 20 Catalytic reduction of 4-nitrophenol to 4-aminophenol.

Fig. 4.24 shows the reduction rate percentage with respect to time for different

materials. The reaction rate linearly increased with respect to time. The reduction rate

constant (kobs) was calculated using the absorption values for the 4-nitrophenol reduction

reaction.

In[G2=%¢]

Kobs = t

Where Ao, A:;, and A« are the initial absorbance, absorbance at time ¢, and absorbance at
infinite time, respectively. The calculated Kops values for pure NiS, rGO/NiS, rGO/Ni3Ss, and

rGO/NizSy are 1.127 x 1073, 16.332 x 1073, 14.456 x 1073, and 9.975 x 1073 57!, respectively.
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Fig. 4. 21 Schematic of nickel sulfide nanoparticles on reduced graphene oxide
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Fig. 4.22 UV-vis spectra of 4-nitrophenol reduction with (a) NiS, (b) rGO/NiS,

(¢) rGO/Ni3S2, and (d) rGO/Ni3S4 phases.
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The function of reduced graphene oxide in the catalytic activity is schematically
given in Fig. 4.23. Reduced graphene oxide (rGO) has a good water solubility, which is
inducing an efficient contact between nickel sulfide and 4-nitrophenol. It has an abundant
absorption sites due to m-n stacking between 4-Np and rGO, resulting in a high concentration
of 4-Np near nickel sulfide nanoparticles. The hybrid rGO/nickel sulfide has a smaller
particle sizes than unsupported nickel sulfide nanoparticles providing more nickel sulfide

active sites because of its higher surface area.

Reduced graphene oxide

Fig. 4. 23 Schematic of 4-nitrophenol adsorption of rGO/nickel sulfide hybrid structures
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Fig. 4.24 Effect of 4-nitrophenol reduction with different materials

4.5 Conclusion

I have successfully synthesized rGO/nickel sulfide nanoparticles with different
phases via a simple temperature-controlled injection method in mixed solvent. The products
were uniform-sized nanocrystals. Multi-solvent experiment was preferred to form structure
controlled nickel sulfide on rGO supports. The injection method enabled the sulfur ions to
react slowly with the well-dispersed nickel ions in the presence of multi-solvent, to form
nickel sulfide nanoparticles on rGO. This enabled formation of the desired phase instead of
mixed phases. The complications in the synthesis of rGO functionalized nickel sulfide

nanoparticles were overcome by adjusting the solvent and source concentrations. XRD and
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TEM analyses confirmed the presence of single-phase nanoparticles of sizes less than 20 nm

for all the synthesized products. The catalytic activities of the synthesized rGO/nickel sulfide

nanoparticles were investigated and it was found that the rGO/NiS phase had the best

activity.
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Chapter 5
Summary and Future work

5.1 Summary

The phase dependent catalytic activity of nickel sulfide and hybrid rGO/nickel
sulfides were investigated for the first time. Hydrothermal growth and temperature assisted
hot injection synthesis method were carried out for the preparation of nickel sulfide nano and
microstructures. The growth conditions were optimized to obtain the desired phase and
morphologies of nickel sulfide. Various capping ligands such as, ethylenediaminetetraacetic
acid (EDTA), oleylamine, oleic acid, octadecine were used as a surface passivating ligands
and solvents to achieve the monodispersity in size and morphology. Functional properties of
the synthesized nickel sulfide nanostructures were characterized by variety of instrumentation
techniques such as powder X-ray diffractometer (XRD), field emission scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM), Fourier transform infra-red
(FTIR) measurements and X-ray photoelectron spectroscopy (XPS) analysis. In addition to
that the synthesized nickel sulfide nanostructures were utilized to reduce the 4-nitrophenol for
the catalytic applications and the reduction characteristics were performed by UV visible
absorption analysis.

The molar concentrations of EDTA on the formation and functional properties of
nickel sulfide hierarchical architectures by hydrothermal method were studied. The sulfur
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source and nickel source concentration were fixed as 0.5 and 1.0 molar. The obtained results

were compared with the uncapped nickel sulfide. It was found that the addition of EDTA

concentration influences the growth of uniform phase controlled hierarchical structures and it

restricted the addition of sulfur source to react with Ni-EDTA complex.

Table.S. Summary of hydrothermal method results

Experiment Nickel Thiourea EDTA PhasesfromXRD Observed Morphologies
Nitrate (mol) (mol)

(mol)

1 050 |0.50 0.20 NiS, & NisS,

Ni5S, & Niy;Sys

NiS, & Ni;;Ss

5 1.00 1.00 0.20 NiS,

On the other hand, molar concentrations of thiourea (sulfur source), nickel nitrate

(nickel source) and whole precursor concentrations were varied by keeping its growth

temperature and period as constant. The XRD and TEM analysis confirmed the changes in its

phase with respect to the source concentrations. The obtained results of nickel sulfide
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nanostructures phase and morphological results were summarized in table.5. Highly
monodispersed sheet composed Ni7Sig and ball-like Ni3Ss phases of hierarchical
architectures were synthesized. The catalytic activity of synthesized nanostructures were
investigated by the reduction experiments of 4-nitrophenol to 4-aminophenol. It is found that
Ni17S1s and Ni3S4 phases exhibited better catalytic performance than the other phases.

Facile synthesis of phase controlled nickel sulfide nanoparticles with the sizes less
than 20 nm were fabricated via temperature assisted hot injection method. This method
enabled the sulfur ions to react slowly with nickel ions in the presence of oleylamine, to form
desired nickel sulfide phases with respect to its initial concentration. The complications for
the synthesis of specific phases were overcome by adjusting the source concentrations. The
presence of nickel and sulfur and the peak shifts with respect to the phase formation were
observed using X-ray photoelectron spectroscopy. The functional properties of nickel sulfide
nanoparticles were investigated for the reduction of 4-nitrophenol applications. The better
catalytic activity and the reaction rate of 8.949 x 107 s! was achieved for the NiS phase. The
stability of the NiS phase was investigated and there was no phase change observed even
after its catalytic reduction and the repeated reaction rate was well matched with the initial
experiments.

Reduced graphene oxide (rGO) functionalized nickel sulfide nanoparticles were
synthesized through a one-step hot injection method. Investigations of solvents and phase
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control of nickel sulfide nanoparticles on rGO supports were studied. Multi-solvent
(oleylamine, octadecine, oleic acid) method was preferred over single solvent (oleylamine)
method, because of its better control on size and structure. Phase controlled rGO/NiS;
rGO/Ni3S; and rGO/Ni3S4 hybrid nanostructures were synthesized with uniform dispersion of
nanoparticles. TEM analysis confirmed presence of single-phase nanoparticles of sizes less
than 20 nm for all the synthesized products. The schematics of the in-situ growth processes
were discussed between phase controlled nickel sulfide and reduced graphene oxide sheets.
The higher surface area of rGO/nickel sulfide was utilized for the catalytic reaction because
of its higher adsorption sites (n-  stacking between rGO and 4-nitrophenol), which increases
the high concentration of 4-nitrophenol near the nickel sulfide sites. The catalytic activities of
the synthesized nanostructures were investigated and it was found that rGO/NiS phase had

the best activity with the highest reaction rate of 16.332 x 1073s™!.

5.2 Future works

In the present work, the influences of materials source concentrations on the
formation of phase controlled nickel sulfide nanostructures have been investigated. The
catalytic applications of 4-nitrophenol reduction were carried out and the performances were
evaluated.

In future, it is aimed to utilize the synthesized catalytic materials of nickel sulfide for
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the fabrication of photo cathodes in dye sensitized solar cells applications. During the

fabrication and device characteristics the following factors such as, thickness, stability and

efficiencies of the photocathodes will be evaluated with respect to its phases of nickel sulfide

nanostructures. The characterizations such as FESEM and atomic force microscopy (AFM)

will be utilized for the control on roughness factors of photocathodes. The synthesized

rGO/nickel sulfide hybrid structures will also be aimed to replace the commercial platinum

photocathode in dye sensitized solar cells.

Another focus is to investigate the effect of addition of cobalt in the formation of

ternary nanostructures by controlling their phase and morphology by hydrothermal and

temperature assisted hot injection method. The functional properties of ternary nanostructures

will be analyzed with the characterizations such as, FESEM, XRD, TEM and XPS analysis.

The effect of catalytic reduction of bimetallic chalcogenides will be investigated with

4-nitrophenol reduction experiments. The synthesized materials will be utilized as a

photocathode for dye sensitized solar cells applications.
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