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Synopsis

Materials in nano-dimensions show intriguing properties that have led to a wide range of
applications from medicine to device fabrications. In my thesis work, I have focussed in
developing synthetic methodology for main-group nano-materials under relatively benign
reaction conditions. The synthesized nano-materials have been tested for anode performance
in lithium ion battery.More details of different chapters of this thesis are discussed below.

Chapter 1. Introduction: This chapter gives a brief introduction of the work carried out in
this thesis. To begin with, the recent progress of N-doped carbon nanosheets synthesisis
discussed briefly. Subsequently, the fundamentals of widely used protocols of colloidal
synthesis and solid state reactionsare described. Nano Crystals provide more surface to
volume ratio yielding more active sites for catalytic reactions. But this large contribution of
surface sites hiders charge transport in NC solids, which often reduces electrocatalytic
processes in Li-ion batteries and HER water splitting. Therefore, approachesto improve the
charge transport properties of nanocrystalline solids are discussed. In the end thebasic
principles of the experimental methods such as batteries and HER water splitting are

discussed.

Chapter 2. Coherent Solution-phase Synthesis of a Germanium-Graphitic
Nanocomposite and Its Evaluation for Lithium-Ion Battery Anodes: Non-innocent
Role of the Mashima Reagent: In this chapter,Ge-graphitic nano-composites have been
coherently prepared under hot-injection conditions. This is the first report of simultaneously
synthesizing Ge(0) nanocrystals and graphitic carbon in the solution-phase. The concurrent
growth has led to the strong anchoring of Ge nanocrystals onto the graphitic carbon sheets.
Ge has a very high theoretical capacity of 1600 mAhg-1 and hence is much coveted for
constructing high energy density lithium ion battery. However, Ge is not commercially
popular as it suffers from huge volume expansion during lithiation/delithiation process. In our
nano-composite, the graphitic carbon helps to buffer the volume expansion to some extent.
The detailed study of lithium ion battery anode performance of the Ge-graphitic

nanocomposite has been done.

Chapter 3. Synthesis and Characterisation of N-rich Carbon Nanosheets and their
Application as Anode Material in Li-ion Battery: In this chapter,Carbon nano-sheets
have been prepared from organosilicon reagents using a very facile approach. The

synthesized carbon nano-sheets have been characterized using powdered X-ray diffraction
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techniques, Raman spectroscopy, X-ray photoelectron spectroscopy, FT-IR and elemental
analysis. The microstructures have been studied using FE-SEM, HRTEM and AFM
techniques. These graphenic carbons with very high nitrogen content show very good lithium
ion battery anode performance.

Chapter 4. Simultaneous Synthesis and Characterisation of Antimony-Graphitic
Nanocomposite and its anode performance in Li ion Battery: In this chapter, Sb-
graphitic nano-composite has been synthesized. The anode performance of this nano-
composite has been studied for both lithium ion and sodium ion batteries. Although literature
report suggests that the Sb is reputed for sodium ion battery anode application, in our case,
we did not obtain reasonably good battery data. The lithium ion battery data is rather very
promising.

Appendix

Cobalt-Graphitic Nano-Composite, Characterization and HER Performance
Co-graphitic nano-composite has been prepared. The utility of combining Co nano-crystals

along with graphitic carbon has been studied for application in hydrogen evolution reaction.
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Chapter 1. Introduction

1.1 N-doped Carbon nanomaterials

The excellent optical, mechanical, and electrical properties of nanomaterials have attracted
considerable attention for application in improving the next-generation energy storage and
conversion devices. The size, shape, dimensions, surface area, and porosity of materials play
important roles in energy storage and conversion, catalysis, and sensing applications.* The
need for novel materials with outstanding electrochemical properties has increased due to the
rapid growth of energy storage and conversion devices, such as portable electronics devices,
hybrid renewable devices, smart grid devices, and transport sector devices.? The physical and
chemical behaviours of two-dimensional (2D), one-dimensional (1D), zero-dimensional (0D)
carbon materials depend on their inherent properties, size, and structure. These nanostructures
consist of sp’-bonded hydrocarbons, whose properties are different.* Many nanomaterials and
noble metals show superior electrocatalytic properties in hydrogen evolution reaction.”® °
Main-group and transition metal nanoparticles exhibit efficient electrochemical properties
required for energy storage, conversion, gas storage, and electrocatalysis; for example,
graphene-based carbon nanocomposites are good electrode materials. " The
electrochemical energy storage properties of a material are important for developing high-
performance energy storage devices. Nanocomposite materials with high conductivity and
catalytic activity have received much attention from researchers due to their decreased
electron traveling length, surface area, and precise structure. Meanwhile, noble-metal
nanoparticles have been few and have suffered from poisoning.®® Transition and main-group
metals have shown superior electrochemical properties; however, they have poor stability for
potential application in energy storage and conversion.® Therefore, the abundance, stability,
and environment-friendliness of carbon materials have made them promising materials in this
regard. The stability of carbon materials in acidic or basic media over a wide range of
temperatures makes them good electrode materials in device applications. * & °
Consequently, carbon nanomaterials have been used in a wide range of applications, such as
solar cells, '* electrochemical double-layer capacitors, > * fuel cells, and lithium- ion batteries.
Among all carbon allotropes, two-dimensional carbon nanostructures have been prominent in
electrochemical energy storage applications. ** These are composed of a single monolayer of
sp>-hybridized carbons made into a two-dimensional (2D) planar lattice with high mobility of
charge carriers (200,000 cm®/Vs, quantum Hall effect, and huge theoretical surface area
(2630 m%g))."® However, the electrical properties of carbon materials can be altered by

elemental doping.’” Doping can be achieved by either substituting the carbon lattice or
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Chapter 1. Introduction

adsorbing molecules onto the carbon surface. This can generate band gaps in the carbon
materials, resulting in high-performance energy storage and conversion devices. ** *° Various
heteroatoms, like N, B, and S, have been used to impart excellent electrochemical properties
to graphene by doping. Among these, N-doped graphene has shown good electrocatalytic

activity during oxygen reduction in fuel cells, 3 %

32, 33

excellent cycling stability, rate capability
in lithium-ion battery, and suitable capacitance for high performance supercapacitors
applications.”?° The nitrogen atoms in this doped graphene exist as graphitic, pyrrolic,
pyridinic, and oxidised (Figure 1.1), * and are responsible for the properties of the N-doped
graphene. The role of the N atoms in increasing capacitance or producing catalytically active

35-36
l,

sites in N-doped graphene remains controversia and have been studied based on

3739 and experimental investigations,?” *° The capacitance is

quantum mechanical calculations
increased by doping pyridinic, pyrrolic, and graphitic nitrogen atoms, whereas catalysis of
oxygen reduction reaction is enhanced by doping pyridinic and graphitic nitrogen atoms,
which improve the adsorption of O, onto the neighbouring carbon atoms, thereby promoting
the four electron pathway.*** Lithium-ion batteries have been extensively explored for use
in energy storage devices. Fast development of electric vehicles and smart grids have
encouraged further progress in improving the cycling stability, rate capability, and energy
density of lithium-ion batteries. The nitrogen-doping approach is helpful in adjusting the
properties to obtain high-energy-density rechargeable lithium-ion batteries. First, the nitrogen
atom is more electronegative than the carbon element since it has a lone pair. Therefore, it
has higher electrochemical activity. Thus, the negative charge density, which leads to
stronger interaction with positive particles, increases less with increase in the adjacent carbon
atom electron density. This improves the interaction with negative charge. Second, nitrogen-
doping improves the electrical conductivity of carbon nanomaterials, particularly N-doped

graphene and carbon nanotubes (CNTs).*> #°
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Chapter 1. Introduction

/0101:

£ - Catom . - Graphitic N atom
' - Pyridinic N atom ' - Pyrrolic N atom

@ - Oxidized N (N-O)

Figure 1.1 Schematic structure of Nitrogen-doped graphene.
1.1.1 Preparation of N-doped Carbon nanomaterials

Large-scale synthesis of nitrogen doped carbon nanomaterials with a higher atomic
percentage of N is important for achieving a high ratio of pyridinic N and graphitic N. These
sites are responsible for the excellent performance of the N-doped carbon nanomaterials. The
synthesis method and nitrogen source are important in obtaining different types of nitrogen
bonding configurations and required percentage of nitrogen in N-doped carbon
nanomaterials. The nitrogen sources are mostly acetonitrile,*’ pyridine,*® and ammonia,***
with the nitrogen doping achieved through chemical vapour deposition (CVD) or high-
temperature annealing. The resulting nitrogen doped carbon nanomaterials are useful in
lithium batteries, oxygen reduction®® and hydrogen evolution reactions, and in field effect
transistors.”® However, a high percentage of atomic nitrogen in the doped carbon
nanomaterials is difficult to obtain via CVD. Obtaining large quantities of material using this
method is also difficult because it uses gaseous or liquid sources of nitrogen. In addition, the
method also suffers from contamination of the metal catalyst and utilises poisonous starting

materials. Meanwhile, a higher percentage of nitrogen (~9 at%) is obtained from the co-
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Chapter 1. Introduction

pyrolysis of graphene or graphene starting materials with a solid nitrogen source. The solid
nitrogen sources are melamine® and cyanamide.®* Catalysts are not required in this method;
therefore, it is more attractive for producing large quantities of material. > However,
cyanamide requires a surfactant to bind it to the carbon during the synthesis of N-doped
carbon materials, while melamine has alow surface area.>* Meanwhile, the pyrrolic nitrogen®:
plays a vital role in increasing the capacitance,®” which does not occur in N-doped carbon
synthesized from cyanamide. In addition to cyanamide and melamine, urea is widely used as
a solid nitrogen source; however, the properties of materials prepared using urea have not
been investigated. °>>* Enough amounts of pyridinic, pyrrolic, and graphitic nitrogen atoms,
high surface area, and large pore volume are required to enhance the electrochemical activity
and capacitance. The restacking of N-doped carbon sheets by van der Waals interactions
between adjacent carbon sheets results in the loss of surface area, while loading a large mass
on the current collector. Nanoparticles can be used between the N-doped carbon nanosheets
to overcome this challenge. >*°° The reassembling of N-doped carbon sheets is the main
drawback, which prevents the penetration of electrolyte between the sheets and reduces the
surface area, thereby causing reduction in capacitance and electrochemical properties.®
Efforts to increase the capacitance of N-doped carbon sheets by structural modifications are
on-going. *®® Therefore, the large surface area of N-doped carbon materials with metallic
nanoparticles can improve the electrical conductivity by various structural effects, with the
support of conjugated nanocomposites to stop the reassembling of the carbon sheets.®? %
Apart from the noble-metal nanocrystals, main-group and transition metal nanocrystals have
shown better electrocatalytical activity and their low price is appropriate for device
production for profit applications. ® Placing main-group and transition metal nanocrystals
between the doped carbon nanosheets improves the electrochemical surface area, which in
turn increases the catalytic activity of the material through synergistic effects of the
composite. This also aids in building a three-dimensional (3D) structural material; however, it
is difficult to maintain a regular shape with strong bonding between the nanocrystals and the
N-doped carbon sheets surface. The 2D N-doped carbon nanosheets conjugated with one
dimensional (1D) carbon nanotubes (CNTs) utilise C—C bonds, which provide the 3D
structure with improved electrolyte permeation and catalytic properties for good stability in
energy storage and conversion.®® The penetration of ions, which increases with the
formation of 3D N-doped building block carbon structure, enables the increase in capacitance
and metal ion storage of batteries. This also improves the catalytic activity during hydrogen

evolution, oxygen reduction, and oxygen evolution reactions. %
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Chapter 1. Introduction
1.2 Synthesis of Metal Nanocrystals (NCs)

There are different methods for the synthesis of semiconductor or metal nanocrystals (NCs),
reported in literature, such as electron beam lithography, molecular beam epitaxy, colloidal
synthesis,”® and solid-state synthesis.”* The first two methods involve highly complex
instrumentation and need highly controlled atmosphere, high vacuum, and high voltage.
Meanwhile, colloidal synthesis is cost-effective because it takes place in solution phase.”
Solid-state synthesis is also a convenient method because it enables the synthesis of samples
on a large scale. However, a furnace is needed because the reactions take place at high

temperatures.

1.2.1 Colloidal Synthesis

Figure 1.2: LaMer diagram. S is the critical supersaturation, the minimum supersaturation
level for the homogeneous nucleation to occur. Reprinted with permission from ref.”
Copyright 2011 Wiley-VCH Verlag GmbH & Co.

Colloidal synthesis is well known for producing good-quality semiconductors and metal NCs.
Murray et al. introduced for the first time the synthesis of cadmium chalcogenide NCs
through a colloidal synthesis method called hot injection.” Generally, the synthesis of
semiconductor NCs involves multiple steps. First, the metal ion precursors, in the form of
metal complexes and metal salts, are dissolved in high-boiling-point solvents, such as 1-
octadecene or trioctyl phosphine oxide. Then, the dissolved metal precursors are heated to a

~300 °C. Afterward, anion precursors, such as sulfur or selenium, are dissolved in trioctyl
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Chapter 1. Introduction

phosphine and maintained at room temperature. Then, they are quickly injected into the
reaction mixture of metal precursors maintained at high temperatures (Figure 1.2). After the
injection of the anion precursor into the hot metal precursor solution, the concentration of
free monomers in the solution increases rapidly and reaches or exceeds the critical value,
according to the LaMer mechanism. Afterward, the monomers undergo instant nucleation,
thereby reducing the free monomer concentration in the solution. This results in almost no
nucleation occurring due to the low concentration of monomers. However, the nucleated
small clusters begin to grow into bigger sized NCs. Figure 1.2 shows all these stages. Further,
the high surface-to-volume ratio of small NCs re-dissolved into solution leads to continuous
growth of larger NCs at the expense of smaller ones. As a result, the size distribution of NCs
becomes narrower, thereby decreasing the free energy of the overall system. This
phenomenon is known as the Ostwald refining.”

Meanwhile, a different kind of colloidal synthesis method has been used to synthesize the
organic-ligand-free inorganic nanocrystals, such as CdS and AgInS,.”® The films of these
organic-ligand-free NC systems exhibit better charge transport properties than films of the
capped inorganic NCs. However, other materials, such as metal nitrides and metal carbides
are difficult to synthesize using the colloidal synthesis method. These metal nitrides and
metal carbides have received great attention in the research areas of electrocatalysis and

photoelectrocatalysis due to their metallic electronic band structure’” "

and high durability in
electrolyte solution. The solid-state method is the most widely used experimental technique
for the synthesis of metal nitrides, metal carbides, and other different materials, which

requires high temperatures.
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Hot coordinating solvent

Figure 1.3 Schematic of the apparatus for the hot injection synthesis mode.

1.2.2 Synthesis of metal graphenic nanocomposites

98 core-shell nanocrystals, and

Recently, the colloidal synthesis of anisotropic structures,
compositional materials®* 8% 888 has attracted attention. These inorganic nanocrystals have
extraordinary characteristics, which can be obtained by precise size tuning of the material.

They have been used in various device applications, such as solar cells, ® electrochemical

100-103 8 98,99 91-93

energy storage, electrocatalysis, ® electronic circuits photo detectors, and
transistors. % %7 9 % \When synthesising a new targeted material, choosing the molecular
starting materials is difficult. ">® ** During the initial trials, researchers spend much time
choosing the best combination of starting materials, solvents, and capping agents. In addition,
the starting materials must yield pure target materials without any unwanted side reactions
and impurities. These materials must also be able to independently tune the reaction rate and
growth of the nanocrystal producing a final material that is stable at room temperature. The
final material must also dissolve in various solvents and be nonreactive with them. The M-O
bonded starting materials are the most used precursors, e.g. acetylacetonates, *°+%

carboxylates, and organometallic starting materials like carbonyl, alkyl, *®**! and M-Si
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bonded precursors. 2 A clear awareness of the starting material to nanocrystal synthesis
pathway, simplistic experimental understanding, and high atom economy, while providing
high-purity final materials are important qualities. Recently, a one-pot synthesis of
nanocrystals with metal-nitrogen-bonded starting materials has been carried out in situ. Many

reports have suggested that the monodisperse nanocrystals 3

are produced from
LiN(SiMes), and the respective metal chloride. ** % Various methods have been
investigated for germanium nanocrystal synthesis, including the reduction of solution phase
starting material, Ge Zintl phase reaction, organogermanium, and Gel, and Gel, precursors

co-reduction, 116119

Issues during Ge nanocrystals synthesis:

GeCl,, Li naphthalide,
THF, (CH;)SicClI

Room
temperature

Amorphous GeNP

Laser
iHlumination

Partially Crystalline GeNP

Figure 1.4 Schematic representation of the synthesis of germanium nanoparticles at room
temperature by reducing the germanium tetrachloride with alkali metal. TEM images of the
(a) amorphous Ge nanoparticles, (b) five-flashed ruby laser-induced partially crystallized
germanium nanoparticles. ref. 1 (Copyright 2005, American Chemical Society).
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GeCl, dissolved in THF has been reacted with lithium naphthalide at room temperature to
produce a wide range of distributed amorphous germanium nanoparticles. '°® Then, the
dangling bonds on the amorphous Ge nanoparticles are terminated by adding TMSCI
((CH3)sSiCl). The large particles were eliminated by re-dispersion of the dried material in
hexane after filtration and amorphous germanium particles of size ~2 nm were produced
(Figure 1.4a), while also yielding larger particles (Figure 1.4b). The reducing agent used in
this method is highly reactive and flammable, and the method produces amorphous

nanoparticles.

NaGe
or
KGe  Glyme/
or diglyme

Mg,Ge Refiux
+
GeCl,

Figure 1.5 Metathesis reaction to produce germanium nanoparticles using germanium Zintl
salts and GeCl, as precursors. (a) HRTEM of Ge nanoparticles with a size of 15 nm, (b)
histogram of Ge nanoparticles synthesised from NaGe Zintl salt, TEM image. ref. '™

(Copyright 2008, Elsevier Inc.).
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The NaK alloys have been reacted with GeCl, and phenyl-GeCl; in heptane using
ultrasonication under air and moisture-free conditions to produce germanium amorphous
nanoparticles.’”® The amorphous nanoparticles are placed in a sealed vessel and heated to 270
°C for 2448 h. (Figure 1.5a, b) The materials in this method are not easy to handle and are

flammable.

GeCl,
or
Gel,

LAH

Ge nanoparticles

Figure 1.6 GeCl, reacted with lithium aluminium hydride (LAH) to produce amorphous
colloidal Ge nanoparticles. (a) TEM image, small angle electron diffraction (SAED) pattern,

and histogram of the amorphous Ge nanoparticles. ref. *3 (Copyright 2005, Elsevier B.V.)

Gel, reacted with LAH in the presence of cetyl trimethyl ammonium bromide (CTAB)
surfactant in toluene solution produces crystalline hydride-terminated germanium
nanoparticles. Unlike GeCl, which is volatile liquid, Gely is solid and its colour allows the in-
situ observation of the process. (Figure 1.6a, b) However, LAH reacts with Gel, to produce

the highly toxic germane.
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PLQY=1%

Normalized PL Intensity

900 1000 1100 1200 1300 1400 18500
Wavelength (nm)

Figure 1.7 Gel, reduced by n-butyl lithium to produce colloidal germanium nanoparticles (a)
TEM of the germanium nanoparticles (b) Photoluminescence spectra of the octadecene
capped germanium nanoparticles with three different sizes. ref. '** (Copyright 2009,

American Chemical Society).

The crystalline Ge nanoparticles are synthesised by injecting an n-butyl lithium in octadecene
solution into germanium iodide in hexadecylamine at 200 °C. After injection, the temperature
is increased to 300 °C for 1 h. (Figure 1.7a) ** n-BuLi is highly flammable; however, this
method produces amorphous nanoparticles.

All the methods mentioned above use harsh conditions, flammable materials, and produces
low-quality and amorphous nanoparticles. High-quality nanocrystals are important for good-
quality devices. Here, we discuss a new method to produce metal nanocrystals.

The large surface area, chemical stability, flexibility, and conductivity of the carbon
nanosheets make them suitable for hosting active nanocrystals for better electrochemical
applications. Recent reports suggest that a variety of hybrid nanostructures has been designed
for use as electrode materials. ***?® N-doped carbon nanosheets are good candidates
compared with carbon nanotubes, carbon black, and graphite due to their good nanocrystal
dispersion. This improves the electrical conductivity of the overall electrode to achieve high
capacitance. % However, during the electrochemical reactions the nanocrystals still
undergo agglomeration, which leads to capacity fading when active nanocrystals are directly

exposed to the electrolyte.!?% 125129131 Tha hest strategy to tackle this agglomeration problem
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is to confine the nanocrystal in individual carbon shells and then distribute them on the
surface of the carbon nanosheets. ?° These mixed conducting 3D nanocomposite networks are

important for obtaining high-performance electrochemical applications, 2% 13133

1.3 Solid-State Synthesis

Solid-state synthesis is a widely used experimental technique for synthesising various
polycrystalline materials, such as semiconductors, metals, and dielectrics. In this method, the
precursor materials are solids, which do not react together at room temperature. Therefore, to
drive the reaction between them, it is necessary to apply higher temperatures often in the
range 500-1500 °C.*""* The factors which mainly affect solid state reactions are the: (1)
increase in the contact area between the reactant solids, (2) slow rate of nucleation of product,
and (3) diffusion of the ions through various phases, particularly, through the product phase.
The contact area between the solids is increased by fine grinding of the reactant material or
pellets of reactant materials, while the rate of nucleation can be increased by choosing the
reactants and products with similar structural properties. The diffusion rate of ions can be
increased using two processes i.e., increasing the temperature and introducing defects before
or during the reaction.

It is also necessary to choose a suitable sample holder, which does not react with both the
reactants and products under the high-temperature conditions used during the synthesis.
Typically, alumina and quartz-based crucibles or boats, and noble-metal-based sample
holders, such as platinum and gold holders are used. Then, the reactants are heat-treated using
a furnace in the last step. The heating programme used depends on the reactivity of the
reactant solids in the required atmosphere. Finally, the obtained product are characterized
using various experimental techniques. Carbon nanosheets, Ge, Sh, and Co nanocomposites
were synthesised using the solid-state method. The detailed of the synthesis are discussed in
the following chapters.

1.4 Batteries

A battery is a device that stores chemical energy, which is converted into electrical energy
during the discharge process.®*° The major components of a battery are illustrated in Figure
1.4. Unlike supercapacitors, batteries are totally Faradaic devices. The charge storage takes
place via oxidation and reduction processes throughout the electrodes. This implies that

batteries have bulk storage despite having surface storage. The batteries have a specific
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electrochemical potential at which the Faradaic reaction occurs due to the transfer of
electrons. The charging and discharging time for batteries is usually longer than those of the
electrochemical double layer capacitors (EDLCs) and pseudocapacitors. The capacitive
behaviour of the EDLCs is due to the adsorption of ions on the electrode surface; hence, the
time scales are in seconds. Meanwhile, the Faradaic reaction occurs in the pseudocapacitors
along with intercalation, which is reflected in their charge and discharge nature. The charging
and discharging time scales for batteries range from minutes to hours. Batteries have high
energy density and a well-defined potential window, which can be tuned based on the chosen
electrolyte. The power density of batteries can be enhanced using materials with high rate
capabilities. Meanwhile, batteries have wide operating potential range as well. The aqueous
electrolytes-based batteries operate at up to 1.23 V because beyond this, water splitting
becomes thermodynamically feasible. The potential window can be increased up to 4 V using
non-aqueous batteries.

The basic difference between a battery and capacitor is that a capacitor always stores charge
on the electrode surfaces irrespective of the chemical processes involved. In contrast, a
battery always store charge in the electrode bulk making bulk diffusion an important
phenomenon. This results in higher energy density than in supercapacitors. There are various
kinds of batteries, such as primary batteries which are basically galvanic cells in which the
chemical reaction is irreversible, making the batteries non-rechargeable. There are also
rechargeable secondary batteries, such as Ni-Cd, Pb-acid, and Li-ion batteries. Ni-Cd
batteries use nickel oxide/hydroxide and metallic Cd as electrodes, which deliver a
gravimetric specific energy of 40-60 Wh kg™ and works at a nominal voltage of 1.2 V.
Meanwhile, Pb acid batteries use PbO, and Pb as the two working electrodes with an aqueous
H,SO, electrolyte delivering a specific energy of 87-90 Whkg™ at a nominal voltage of 2.1
V. The popularity of the Li-ion batteries over other secondary batteries is due to their nominal
voltage (3.6 V using LiCoO, and graphite as the cathode and anode, respectively) and
specific energy (~230-240 Wh kg™), which results in higher overall energy density. This
energy density can be increased by using Li metal instead of LiCoO,. However, this comes
with different scale-up challenges, such as dendrite formation that causes major safety issues.
There are also reports of aqueous and non-aqueous metal air batteries, such as Z-air, Mg-air,
Al-air, Li-air, Na-air etc. which use oxygen gas and the corresponding metals as the cathode
and anodes, respectively. These batteries have high energy densities, but face major

scalability challenges because they use gaseous cathodes.
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1.5 Types of Batteries

Batteries are broadly classified based on their function and life cycle. They are divided into
two categories i.e., 1) primary batteries and 2) secondary batteries.

Primary Batteries: These batteries have fixed life spans and cannot be recharged once their
cycle life is finished. They stop functioning once the chemicals have been used up. Therefore,

the components need to be replaced to further generation of energy. *°

Secondary Batteries: These are also popularly known as rechargeable batteries. They have
longer life span and can be recharged over multiple cycles. The chemical processes taking

place in such batteries are reversible

1.4.1 Basic Principle of Lithium-ion Batteries (LIB)

The Li ion battery era started in 1980 with the contribution of American scientist John B.
Goodenough, who proposed the use of a Li-containing oxide LiCoO, (LCO) as a cathode
material. During the same year, Rachid Yazami from Morocco discovered a graphite anode
with a solid electrolyte.*>*® The first Li ion battery prototype was built in Japan in 1985;
however, the Li ion battery were commercialised by Sony in 1991. These batteries have an
electromotive force up to 3.6 V and are now commercially used for large-scale as well as
small-scale applications. Li polymer batteries were also developed using a polymer or gel-
based electrolyte to mitigate the issues associated with the use of liquid electrolytes. These
liquid electrolytes are generally carbonate-based and flammable, thereby posing a safety
threat.

Working principle:

During the discharge process, Li ions present in the LiCoO; interlayers between the two
CoOg octahedra are pulled when a certain amount of current density is applied. The Li ions
travel through the electrolyte medium across the separator and are intercalated in the graphite
layers forming an intercalation van-der-Waals compound LiCg. Since the separator is
electrically insulating, it keeps the positive and negative electrodes separate and allows the
passage of the Li ions. Meanwhile, the electrons flow through an external circuit. The anode

and cathode materials are coated onto the current collectors (e.g. Cu, Al foils etc.). This helps
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in collecting the electrons that pass through the external circuit. During the charging process,
the reverse mechanism takes place. The Li ions move from the graphite layers and intercalate

again in the LiCoO; layers.?

1.4.1 Basic Principles of the LIB

= e 1 | e —>
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electrolyte

Figure 1.4 Schematic of the electrons and Li" ions transfers during the charge and discharge
steps. Reproduced with permission from ref. * Copyright 2015, J. Mater. Chem. A.
1.4.3 Voltage
The chemical potential difference at each electrode is equivalent to the voltage of the battery.
The voltage across the electrodes is given by equation (1), when the cell is in the discharge
and open circuit states.

NGO NMe)

Hri M

Vo =l ] ®

where n is number of electrons participating in the reaction, F is the Faraday’s constant, and

(HS’)) and (pg)) are the chemical potentials.

1.4.2 Capacity
Capacity is the charge that can be stored by the active material. It is generally reported either
as gravimetric or volumetric, with volumetric capacity representing the size of the battery

instead of its weight. The units of capacity are ampere-hour per gram (Ah/g).
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_ 1000xF
Co —M mAh/g (2)

Cy = pCg Ah/L or mAh/cm® (3)
where F is the Faraday's constant (9.64853 x 104 C), and M,, and p are the molecular weight

and density, respectively.

1.4.3 Energy density

The potential when the reaction with lithium occurs and the specific capacity of the material,
called energy density (E) are related by equation (4).

E=VCs (4)
The unit of energy density is Wh/kg. The equation shows that the energy density increases

with increasing voltage or capacity.

1.5 Basic Principles of the Electrochemical Hydrogen Evolution

Reaction (HER)

by WV

Hydrogen o + Oxygen
Cathode Anode "L

Hydrogen l
Bubbles

Figure 1.5: Schematic of the electrolyser. Reprinted with permission from ref.'® Copyright

W

4 Oxygen
Bubbles

2015, Royal Society of Chemistry.

Figure 1.5 shows a typical electrolyser, which consists of three components, viz. a cathode,
an anode, and electrolyte (H,O). When an external voltage is applied across the electrodes,
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the water molecules are decomposed into hydrogen gas and oxygen gas at the cathode and
anode, respectively. The oxygen gas is released into the environment, while the hydrogen gas
is stored for use as fuel. Therefore, the water splitting reaction is divided into two half
reactions i.e., the OER and HER, occurring at the anode and cathode, respectively. These

reactions can be expressed by the following reactions in acidic, neutral, and basic media.

In acidic solution:
At anode: 2H,0 (1) —>  0,(g) +4H"(aq) + 4¢”

At cathode: 4H* (ag) +26¢ ——>  2H,(0)

In neutral and alkaline medium:
At cathode: 4H,O (1) +4e¢ ——> 2H,(g) + 40H(aq)

At anode: 40H" (aq) —>  2H,0 (1) + O, (Q) + 4e

Overall reaction:
2H,0 (1) —>  2H2(9) + 02(9)

Under standard temperature and pressure (STP) conditions, the thermodynamic potential
required to convert one molecule of water into hydrogen and oxygen is 1.23 V, irrespective
of the media condition i.e., acidic, alkaline, or neutral. This value corresponds to the
reversible electrolysis cell voltage and is sufficient to initiate the water splitting process.
However, to increase the amount of produced gases, a voltage higher than 1.23 V at 25 °C
must be applied from an external source. The excess potential is known as the overpotential
(n), which is mainly useful for overcoming the energy barriers at the cathode (1), anode (1),
and other energy barriers (Noters), like solution resistance and contact resistance. Thus,

practically, the operational voltage of the electrolyser can be described as'*

Eop=1.23 V + Ma+ Nc + Nother
The function of the electrocatalysts is to reduce the n. The external potential helps form
reaction intermediates on the catalyst surface, which increases the electron transfer rate to
overcome the high activation energy barriers. Efficient electrocatalyst materials form reaction

intermediates at lower overpotential values.
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Therefore, the water splitting reaction efficiency can be improved by reducing the
overpotentials. The 1, and n can be reduced by introducing highly active oxygen evolution
and hydrogen evolution catalysts, respectively. Meanwhile, the memer Can be reduced by
optimising the electrolytic cell design. Increasing the active surface area of the electrode by
introducing the nanostructure-based catalysts is a useful strategy to reduce the overpotential.
Likewise, the bubbling effect cannot be ignored. During the electrolysis of water, many
bubbles are generated on the active surface area of the electrode. Some of these bubbles do
not leave the electrode surface, which reduces the active surface area of the electrode and
increases the overpotential.

1.5.1 Mechanism of the HER

Catalyst

Iﬁ Substrate

Figure 1.5.1: HER on the catalyst surface in acidic media.

Figure 1.5.1 shows the HER on the catalyst surface in acidic media. Typically, in acidic
media, the HER involves two major reaction steps, which take place on the surface of
electrode via multiple reaction intermediate pathways, during the production of hydrogen fuel
through water splitting. Step 1 involves the adsorption of hydrogen onto the electrode surface
through the reaction between an electron and proton. This reaction is termed the Volmer

reaction.%

H+ + e- % Hads

In step 2, the electrochemical HER occurs. The hydrogen evolution possibly takes place
through two different kinds of reaction intermediate pathways. As shown in Figure 1.6, the
reaction intermediate path 1 involves the adsorption of hydrogen atoms (Has) onto the
electrode surface coupled with each other, leading to the formation of hydrogen molecule.
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This reaction is termed the Tafel reaction, and the overall mechanism is termed the Tafel-
Volmer mechanism.'%*

2Hags ——> Ho
Meanwhile, in the reaction intermediate path 2, an absorbed hydrogen atom and a proton in
solution react with an electron or both reaction intermediate 1 and 2 occur, leading to the
formation of a hydrogen molecule. This reaction is known as the Hyrovsky reaction, and the
mechanism is termed the \Volmer-Hyrovsky mechanism.*®* Hags is always present during the
HER process regardless of the mechanism by which the HER occurs.

Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

chemical desorption electrochemical desorption
o ﬂ-
f # ~ J
J =
| b H
w L
4 !
M, — m—
e e
Volmer (discharge) reaction

Figure 1.5.2: Electrochemical HER mechanism in acidic medium. Reprinted with permission
from ref.** Copyright 2014, Royal Society of Chemistry.
Has+ H +&& ——> H;

AGy is the free energy change for the adsorption of hydrogen on hydrogen evolution catalyst.
For instance, AGy for Pt is approximately zero; hence, Pt is an ideal electrocatalyst for HER.
If AGy has a large negative value, the Hags was strongly bound to the catalyst surface,
resulting in an easier Volmer step but difficult Tafel or Hyrovsky steps. Meanwhile, when the
AGy is more positive, the Hygs interacts weakly with the catalyst surface, resulting in slower
Volmer step, which limits the overall HER activity.
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To design a new efficient noble-metal-free electrocatalyst for HER, both reaction
intermediate steps should be considered. Therefore, the electrocatalyst is expected to have

AGH ~ 0.

1.5.2 Tafel Slope
To determine the predominant HER mechanism on the electrocatalyst surface, Tafel slopes
are estimated. Typically, the Tafel slope defined as the overpotential (1) is logarithmically
related to the current density (J). The linear portion of the Tafel plot can be fitted with the
Tafel equation.'®

n=a+blog (JJo)
where, b and Jo denote the Tafel slope and exchange current density, respectively.
The above Tafel equation gives information on the (1) Tafel slope (b) which is typically
related to the catalytic mechanism on the electrode surface, and (2) exchange current density
(Jo), which denotes the current density at zero overpotential. The exchange current density
describes the intrinsic catalytic activity of the catalyst under equilibrium conditions.
Typically, an efficient electrocatalyst has a high exchange current density (Jo) and small Tafel
slope (b).

1.5.3 Stability of Catalyst

Good HER activity and stability are crucial parameters of the electrocatalyst in practical
applications. Most of the research on catalysts, especially HER catalysts, is often conducted
in either extremely acidic solution or extremely basic solution (i.e., pH = 0 or 14). Two
methods are used to characterize the stability of HER catalyst.** The first method is to
measure the current density against time (I-T curve). The set current density should be greater
than 10 mA/cm? over a long time (> 10 h). The second method is related to cycling stability.
In this method, the cycles of cyclic voltammetry or linear sweep voltammetry are repeated by
performing cyclic voltammetry. The number of cycles should be maintained above 5000 to

evaluate the stability of the electrocatalyst.
1.5.4 Faraday Efficiency

In an electrochemical system, the Faraday efficiency shows the efficiency of the electrons

participating in the desired reaction. In a HER experiment, the Faraday efficiency is defined
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as the ratio between the experimentally observed H, amount and theoretical estimated H,

101

amount.
Faraday efficiency (%) = E’;ir;if;tla; agsazve;?;t‘il;i:nﬂoo
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The following paper has been published based on the work documented in this chapter.
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Chapter 2.Coherent Solution-phase Synthesis of a Germanium-Graphitic Nanocomposite and

Its Evaluation for Lithium-Ion Battery Anodes: Non-innocent Role of the Mashima Reagent

Oleylamine + GeCl,.Dioxane

SiM93

Annealing

2.1 Introduction

In contemporary research, zerovalent Group 14 element compounds EO (E=Si, Ge) have been
successfully isolated vesting upon the donor-acceptor concept.® The reduction step in their
synthetic methods usually include the use of alkali or alkaline-earth metals and thus involve
inevitable metal salt removal during workup. A smart alternate to ease such isolation and
purification difficulties is the use of the Mashima reagent.? In 1981 Kaim et. al first reported
the bis-silylated nonaromatic reagents.> Mashima et. al have very ingeniously utilized this
organosilicon reagent to reduce early transition metal halides in a salt-free manner and
without the formation of over-reduced impurities. The reaction proceeds due to the
thermodynamically favorable formation of Si-Cl bond and aromatic stabilization of the ring.
Recently, this reduction method has been applied to main group compounds such as
dibismuthene and distibene.> Our group has reported the onepot syntheses of N-heterocyclic
germylene and stannylene using 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene as the
reductant.® The reaction occurs in a single step and the volatile byproducts
trimethylsilylchloride and pyrazine could be easily removed under vacuum yielding
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theheavier carbenes.® This organosilicon reagent proved to be crucial for an elusive reductive
cyclization step from bis(a-iminopyridine) stabilized bis(chlorogermyliumylidene).” In the
nano regime, metal (0) particles have been achieved using this salt-free reduction method for
both transition metal chlorides and also main-group chlorides (Ga, In, Sb and Bi).2 Among
the Group 14 elements, the nanoparticles of Ge are well-reputed to show a wide range of
applications in the fields of optoelectronics, bio-imaging and energy conversion and storage.®
However, the colloidal syntheses of Ge nano crystals (NC) from Ge(IV) precursors suffer
from the requirements of high temperature conditions and strong reducing agents.'® On the
other hand Gel, undergoes disproportionation reaction in the presence of capping ligands to
generate Ge(0) nanoparticles.*! As a matter of fact, the use of the cheaper GeCl,.dioxane as

the Ge(ll) precursor to synthesize Ge nanoparticles has not been sufficiently explored.

In this work, we have considered the reduction of GeCl,.dioxane 1 to Ge(0) particles using
1,4-bis-(trimethylsilyl)- 1,4-diaza-2,5-cyclohexadiene® 2 as the reductant and oleylamine as
the capping agent. Under hot-injection conditions, we have obtained a synchronous growth of
Ge nanocrystals and Ndoped graphitic nanosheets Ge/NG. Till date, there are no reports on
the coherent synthesis of Ge NCs and graphitic nanosheets in the solution phase starting from
small molecules. Further, carbon coated Ge NCs immobilized on the N-doped graphitic
nanosheets Ge/NG/C were obtained by carbonization in the second step. As an exploratory
application, the Ge/NG/C with 57 wt.% of Ge exhibited reasonable anode performance in
LIB half-cell.

2.2 Experimental Sections

2.2.1 General Remarks.

Syntheses: All chemicals were purchased from Sigma-Aldrich and used as it is. Tetra hydro
furan and pentane were refluxed over sodium/benzophenone and distilled prior to use.
Acetone and toluene were distilled prior to use. Oleylamine was stirred overnight at 100°C
under vacuum prior to use. 1,4-Bis-(trimethylsilyl)-1,4- diaza-2,5-cyclohexadiene was
prepared according to literature procedure. Annealation was done in Nabertherm RHTC 80-
710/15.

2.2.2 Synthesis of Ge/NG: GeCl,.dioxane (0.5 g, 2.16 mmol) dissolved in oleylamine (8 mL,
24.3 mmol) was heated to 200 ° C under argon atmosphere taken in a three-necked flaskfitted

with a reflux condensor. When the reaction mixture attains the temperature, an oleylamine (4
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mL, 12.16 mmol) solution of 1,4-Bis- (trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (0.75 g,
3.31 mmol) was rapidly injected. The solution colour instanteneously turned intense brown-
red. The reaction temperature was increased to 300 ° C (ramp rate = 10 °C/min) and kept for
one hour at this temperature. Subsequently, the reaction mixture was cooled to room
temperature. The solution was then transferred to a centrifuge tube with 2-3 mL of toluene.
The Ge/NG was precipitated by adding 20 mL of acetone and separated by centrifugation
(9000 rpm for 10 minutes). After decanting the supernatant, the precipitate was resuspended
in 5 mL of toluene and 25 mL of acetone was added as the non-solvent. The Ge/NG was
separated by centrifugation. This process of dissolution/precipitation/centrifugation was
repeated several times until all impurities were removed. This yielded 350 mg of the red-

brown solid which was stored in the glove box.

2.2.3 Synthesis of Ge/NG/C: Ge/NG (200 mg) was annealed at 700 ° C for two hours under
argon containing 5% of hydrogen in a furnace to yield a black powder Ge/NG/C (110 mg).
The rate of heating was 2 degree/min.

2.2.4 Characterization: Powder X-ray Diffraction (XRD) of Ge-Graphenic nanocomposites
were recorded using a Bruker D8 Advance X-ray diffractometer equipped with Cu Ka
radiation (1.54 A). Raman spectra of the nanocomposites were analysed by using LabRAM
HR800 from Yvon Horiba. X-ray photoelectron spectroscopy (XPS) data were collected by
using PHI 5000 Versa Probe Il, FEI Inc. Scanning Electron Microscopy (SEM) was done
using FEI Nova Nano 450 SEM. The Brunauer-Emmett- Teller (BET) adsorption
measurements for surface area calculation were carried out using Quadrasorb automatic
volumetric instrument. Atomic Force Microscopy (AFM) data were collected using Keysight
atomic force microscope (model: AFM 5500) by using tapping mode technique. Fourier
Transformed Infrared spectroscopy (FTIR) measurements were collected on the pellet of
nanocomposites and KBr using Thermo scientific NICOLET 6700 FTIR spectrophotometer.
Transmission Electron Microscopy (TEM) images were taken using a JEOL JEM 2100 FS
field emission transmission electron microscope at 200 k. CHN analyses were performed on
Elementar vario EL analyzer. Thermogravimetric analysis was performed in air using TGA
Perkin-Elmer STA6000.

2.2.5 Electrochemical Measurements: The electrodes were prepared by making a slurry of

Ge/NG/C, conducting carbon, and polyvinylidene fluoride (PVDF) binder in the weight ratio
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80:10:10 using N-Methyl-2-Pyrrolidone (NMP) solvent. The slurry was coated onto a Cu foil
and kept for drying overnight at 80 °C. The foil was then punched into 1 cm2 circular discs.
The CR-2032 coin half-cell was assembled using this composite as the working electrode and
metallic lithium foil as the counter and reference electrode. The mass of active material
loaded on the electrode was 1.0 mg. Whatmann was used as the separator and a commercial
electrolyte 1M LiPF6 in ethylene carbonate: dimethyl carbonate EC: DMC (1:1 volume). All
the cells were assembled inside an Argon-filled glove box. Galvanostatic charge-discharge
measurements were performed with BTS-Neware (China) 5V-10mA battery tester. The
impedance and cyclic voltammetry were performed with VMP3 Biologic system equipped

with potentiostat and galvanostat channels.

2.3 Results and Discussion
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N
GeCl,-Dioxane + EN] THF, RT 12 h Ge Nanoparticles
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Scheme: Ge nanoparticles formation.
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Figure 2.1 PXRD pattern Ge nanoparticles
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Under inert atmosphere, the 2.16 mmol of GeCl,.dioxane dissolved in THF in a shlenk flask
at room tempature. A solution of 3.3 mmol of 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-
cyclohexadiene* in THF was rapidly injected leading to an immediate colour the solution
turns dark brownish-red instantaneously, stirred for 24h at room temperature. The dark brown
solid was isolated using the solvent/non-solvent technique.*® The washing and centrifugation
were repeated until all impurities were removed and dried. The dark brown powder further
chareatarised for XRD, Raman, TEM, TGA.

O 1s

Intensity (a.u)

0 100 200 300 400 500 600
Binding energy (eV)

Figure 2.2 survey spectrum of the Ge nano particles

The powder X-ray diffraction (PXRD) pattern (Figure 2.1) of the Ge nanoparticles two broad
peaks displays at 26=27.5°, 47.7° which can clearly tell the formation of amourphous Ge
nanoparticles. The survey X-ray photoelectron spectroscopy (XPS) scan shows four obvious
signals which can be assigned to Ge, C, N and O elements (Figure 2.2). Raman spectroscopy
(Figure 2.3) shows presence of amourphous graphitic nanosheets in the Ge/NG
microstructure and there is no clear Germanium crystalline peak at 290 from this whis
supports the PXRD, conforms the amourphous Ge nanoparticles. The two characteristic
peaks at 1355 and 1570 cm ™ are in good agreement with the typical optical modes of D band
(disorder induced phonon mode) and G band (graphitic band) of C respectively from this the

along with there is amourphous carbon also present.
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Figure 2.3 Raman spectra of Ge nanoparticles

Figure 2.4 (a) TEM image of the amourphous Ge nanoparticles (b) TEM image of the

amourphous carbon nanosheets.
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Transmission electron microscopy of Ge nanoparticles (Figure 2.4a, 2.6 a,b) shows the
nanoparticles are agglomarated because there is no any capping agent along with Ge
nanoparticles there are carbon nanosheets also present which well agreement with Raman
spectroscopy. The carbon nanosheets are also aglomarated and the sheets are separated with

Ge nanoparticles (Figure 2.4b) FESEM of the Ge nanoparticles also shows the nanoparticles

are aglomarated. (Figure 2.5)

Figure 2.6(a) HRTEM image of the amourphous Ge nanoparticles (b) TEM image of the

aglomarated Ge amourphous nanoparticles.
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Figure 2.7 (a) TGA of Ge nanoparticles (b) Cycling performance of the Ge nanoparticles in
Li ion battery as anode material.

Ge nanoparticles further charectarised for thermogravimetric analysis, from this experiment
the amount of Germanium 38% (Figure 2.7a). Ge amourphous nanoparticles use as electrode
in Li ion battery as anode material. The cycling stability of the material in Li ion battery
capacity showed 730 m Ahg® and it decreased continuously, at 20™ cycle the capacity
decresed to 5 m Ah™.(Figure 2.7b)

The Ge amourphous nanoparticles are not a good candidate for Li ion battery as anode
material, due to its amorphous in nature and aglomarisation of the nanoparticles which leads

to poor conductivity and cycling performance, to get for better formance, need crystaline
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nanoparticles with carbon nanosheets. Carbon nanosheets are not only improves the

conductivity with increses the cycling performance and rate capability.

2.3.1 Preparation of Ge/NG Nanocomposite
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Figure 2.8: Schematic representation of synthesis of Ge/NG and Ge/NG/C nanocomposites.

In a typical reaction under inert atmosphere, the 2.16 mmol of GeCl,.dioxane 1 dissolved in
24.3 mmol of oleylamine taken in a three-necked round bottomed flask was heated to 200 °C.
When the reaction temperature reached 200°C, a solution of 3.3 mmol of 1,4-bis-
(trimethylsilyl)-1,4-diaza-2,5- cyclohexadiene® 2 in 12.16 mmol of oleylamine was rapidly
injected leading to an immediate temperature drop to ca. 170°C and the solution turns dark
brownish-red instantaneously. After recovery to 200°C, the reaction temperature was raised
to 300°C (ramp rate=10 °Cmin 1) and held for one hour at 300°C. After subsequent cooling
to room temperature, the dark brown solid was isolated using the solvent/non-solvent
technique.*? The washing and centrifugation were repeated until all impurities such as
unbound oleylamine etc. were removed. This method is gram-scalable and the resulting dark
brown solid Ge/NG was dried and stored in a glove box. Ge/NG forms stable colloidal
suspension in toluene. The burst of homogeneous nucleation followed by steady controlled
growth in the hot-injection method led to a high quality monodispersed Ge/NG
nanocomposit.(Figure 2.8)
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2.3.2 Structural and Microscopic Analysis

— Before annealing
- Ge (Ref.)

- After annealing
= Graphite (Ref.)

(111) (220) (311) (400) (331)
1 1 .

Intensity (a.u.)

(002)
|
10 20 30 40 50 60 70 80
20 (degree)

b D — Before annealing
G — After annealing

Intensity (a.u.)

700 1400 2100 2800 3500
Raman shift (cm™)

Figure 2.9 (a) PXRD pattern and (b) Raman Spectra of Ge/NG (before annealing) and
Ge/NG/C (after annealing)

The powder X-ray diffraction (PXRD) pattern (Figure 2.9a) of the as-synthesized Ge/NG
displays clear peaks at 20=27.5°, 45.7° and 53.9° which can be well-indexed to the diamond
cubic Ge (JCPDS card No. 04-0545)."® No GeO2 phase has been detected in the diffraction
pattern. The calculated d-spacing based on the (111) peak is 0.32 nm. A broad diffraction
(002) peak in the range 20°-26° was observed, indicating low degree of graphitization.'*
Left-shift of this peak suggests widened plane spacing due to the defects and disorders of the
graphitelike sheet structure.”> Raman spectroscopy (Figure 2.9b) further authenticated the
crystalline phase of Ge and presence of graphitic nanosheets in the Ge/NG microstructure.
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The three characteristic peaks at 290, 1342 and 1530 cm 1 are in good agreement with the
typical optical modes of crystalline Ge, D band (disorder induced phonon mode) and G band

(graphitic band) of C respectively.
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Figure 2.10 (a) survey spectrum; High resolution XPS (b) Ge 3d

The integrated area ratio of D/G 1.86 indicates that the graphitized structure has defects and
disorders.'® A distinct broad 2D peak which is the second order of the D band appears at 2635
cm 1 in the Raman spectrum. The survey X-ray photoelectron spectroscopy (XPS) scan
shows four obvious signals which can be assigned to Ge, C, N and O elements (Figure 2.10a).
The high resolution XPS spectra of Ge 3d shows two broad peaks, one below 30 eV
assignable to Ge(0) and the other around 32 eV due to Ge4+ 3d (Figure 2.10b) which arises

due to easy surface oxidation of Ge in air.*°
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Figure 2.11 High resolution XPS (a) C1s; (b) N1s sp

The fitted XPS spectra of C1s displays four peaks (Figure 2.11a). The main peak at 284.3 eV
is assigned to the graphite-like sp2 C.}’ The other three peaks centered at 284.9 and 285.9 eV
correspond to the C=N, and C N groups respectively and at 286.9 corresponds to C O
group.!” The N1s spectra could be de-convoluted into two sub peaks at 398.8 and 400.1 eV
corresponding to the pyridinic N and pyrrolic N respectively (Figure 2.11b).*® The N contents
of the graphene is about 3.4 wt.% obtained from CHNS elemental analysis and XPS. It has
been well studied that doping graphene with N manipulates the electronic and
physicochemical properties of pristine graphene with improved applicability.*® Thus, put
together solid evidence of Ge nano-crystals immobilized on multilayer N-doped graphenic

nano-sheets has been procured. It is apparent that in this method graphitization occurs at a
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relatively lower temperature in solution phase without any additional requirement of catalyst
or pre-polymerization, template and etching steps, tedious synthesis of precursors, vacuum
systems etc. as involved in the conventional routes.”® Under the hot-injection conditions, the
precursors undergo a series of complex events. The precursor 2 plays the binary role of
reducing Ge(ll) and the generation of graphitic nanosheets through intermolecular cross-
linking""** process. This gives rise to polyaromatic systems and ultimately into extended
graphitic nano-sheets onto which the oleylamine capped Ge NCs are impregnated. The
purification step is trivial involving no metal salt or catalyst removal. The volatile by-product
MesSiCl escapes out out from the medium, while any other plausible silylated products®
formed and excess oleylamine are removed during washing. Therefore, the Ge/NG isolated
after precipitation and repeated washing is free from any impurities as characterized and
confirmed from PXRD and XPS analyses. This is the first example where Ge nanocrystals
and graphitic nanosheets have been grown simultaneously in the solution-phase from small

molecules.

The transmission electron microscopy (TEM) image (Figure 2.12a) reveals that the Ge NCs
are fairly uniformly and densely anchored 2 on the graphitic nano-sheets. The mean size of
Ge NCs is around 5 nm which could be clearly observed from HRTEM (Figure 2.13b). The
lattice fringes have interlayer spacing of 0.32 nm (Figure 2.9b), which agrees well with the
(111) plane of diamond cubic Ge and matches with the interlayer spacing calculated from
PXRD. The selected area electron diffraction (SAED) pattern also reveals that the Ge NCs
have a diamond cubic structure. No diffraction patterns associated with the graphitic sheets

indicates poor degree of graphitization.

Figure 2.12 (a) TEM image of Ge/NG;
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Figure 2.14 (a) AFM image; (b)—(c) height profiles for lines I and Il in the AFM image of Ge

nanocrystals.
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The profile height in atomic force microscopy (AFM) study (Figures 2.14a-c) shows
nanosheet thickness of around 4 nm, characteristic of approximately 10 stacked graphene
layers. Ge/NG was subsequently annealed at 700 °C for 2 hours under Ar containing 5% H..
The carbonization led to the formation of a carbon coated Ge/NG/C with 57 wt.% of Ge as
confirmed from the thermogravimetric analysis®* in air. The XRD pattern of Ge/NG/C shows
intense and sharp peaks well-corresponding to the diamond cubic phase of Ge (Figure 2.9a).
It is likely that the (002) diffraction peak for N doped graphitic sheets is eclipsed by the
Ge(111) peak and hence not observed. The AD/AG ratio in the Raman spectra of Ge/NG/C
(Figure 2.9b) decreases to 1.46 when compared with the value for Ge/NG, reflecting the
structural restoration of graphitic framework in Ge/NG/C.?*? The positional shift of the 2D

band and a slight decrease in the A2D/AG ratio also echoes the graphitization.
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Figure 2.15 High resolution XPS analysis of (a) Ge 3d for Ge/NG/C, (b) C1s for Ge/NG/C
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The high resolution XPS spectra (Figure 2.15a) of Ge 3d**?® for Ge/NG/C plainly shows the

substantial decrease in Ge O groups after carbonization; other features (Figure 2.15b) of the
survey spectra remaining similar as Ge/ NG. The level of surface oxidation of Ge NCs
reduces substantially upon annealing. The N 1s peak was not very distinct probably due to
their abundance only in the bulk.?® The amount of N doping in Ge/NG/C is about 1.5 wt.%.

The decrease in doping level arises due to high reaction temperature making most of the C N

23,28

bonds vulnerable to bond cleavage.

Figure 2.16 (a) TEM; (b) HRTEM,;
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The post-anneal TEM images are very informative. The major discernable change is the
increase in NC size and their polycrystalline nature.?® The Ge NCs with an increased average
particle size of 26 nm could be clearly observed distributed on the transparent crack-free
nanosheets (Figure 2.16a). No Ge NCs were found outside the nanosheets. No agglomeration
was observed in the nanocomposite. Similar to the as-synthesized nanocomposite, Ge/NG/C

shows highly crystalline Ge NCs with a (111) interplanar spacing of 0.32 nm (Figure 2.16b).

Figure 2.17 (a) SAED images of Ge/NG/C; (b) TEM image of the anode material taken after
100 cycles.
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Figure 2.18 FTIR spectra of Ge/NG and Ge/NG/C

The diffraction rings in the SAED pattern (Figure 2.17a) was perfectly indexed to the crystal
planes of cubic Ge phase in accordance with the PXRD data. The specific surface area of
Ge/NG/C, as determined from BET analysis is 176 m?g™” and the volume of mesopores is
0.241 cm®g™ as calculated using BJH® method. The as synthesized Ge/NG capped with
oleylamine which conforms with FTIR (Figure 2.18), after annealation the capped ligand
removed in Ge/NG/C.

2.3.3 Electro chemical properties

The electrochemical performance of Ge/NG/C was thus evaluated with cyclic voltammetry
(CV) (Figure 2.19a) and charge-discharge galvanostatic voltage profile (Figure 2.19b) in a
CR2032 coin cell. The peak potentials in the cyclic voltammogram?® and the observation of a
distinct plateau at around 0.3 V in charge-discharge voltage profile®* confirmed that the Li
alloying/dealloying occurs with Ge nanocrystals. The initial discharge and charge specific
capacities are 1447 and 1049 mAhg™ respectively based on the total mass of the Ge/NG/C,
corresponding to initial Coulombic efficiency of 72.5%. However, the capacity deteriorates in
the subsequent cycles up to about 100th cycle (Figure 2.11a). This electrochemical instability
arises due to the probable volume expansion of the larger sized (>20 nm) Ge NC and the high
surface area of graphene-like sheets where more solid electrolyte interface (SEI) are
irreversibly formed.?*** In addition, the SEI layer formed in this case continuously ruptures
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and reforms thereby consuming Li+ during the first 100 cycles. Worth mentioning, a SEI-free

surface is advantageous in terms of obtaining high initial Coulombic efficiency and stable
long-term cycling as has been reported in the case of ZnO porous nanocomposite with
surface/interface organic encapsulation.®® After 250 cycles, 88% of the discharge capacity at
100th cycle= 456 mAhg 1 is retained (Figure 2.19a). On the basis of 57 wt.% of Ge NCs in
the nano-composite, the calculated reversible capacity of Ge NCs was 705 mAhg 1 at the
250th cycle.
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Figure 2.19 (a) Cyclic Voltammogram (scan rate = 0.1 mV/sec); (b) Discharge-charge
Voltage profile of the electrode containing Ge/NG/C nanocomposite in the half-cell w.r.t.
Li/Li*
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The TEM image (Figure 2.17b) of the electrode after running 100 cycles®® at 500 mAg 1

show that the Ge NCs have transformed into fine NCs with an average size of 5 nm, similar
to the size of the NCs before carbonization.”® A stable battery data after 100" cycle has been
obtained possibly due to these smaller sized Ge NCs with potentially alleviated volume
change during Li insertion/de-insertion. To this point, we have investigated the anode
performance of the smaller sized Ge/NG nanocomposites. It shows a declining specific
capacity in the first 25 cycles collected, probably due to the oleylamine encapsulation around
the Ge(0). This is on contrary to the recently reported case where the surface/interface
organic encapsulation of manganese oxide has led to excellent battery performance through

morphology reshaping.*

1500 1008
a e Discharge c
g)l250- (a) m Charge |80 g
<C1000 =)
S5 7501 QCurrent density : 500 mAg'l'60 g
2 20 =
o 500 0
S 250 20 8
O <

0L . . . . 0o
0 50 100 150 200 250
o
Cycle number ~
~1200] (b) o Discharge
o m Charge
L 1000+ 100
< 100
£ 800 .h
2 600 2500
'O 3000
@ 400
Q , , .
8 2004 Current density units: mAg

0 10 20 30 40 50
Cycle number
Figure 2.20 (a) Cyclic Cycling performance; (b) Rate Capability profile of the electrode

containing Ge/NG/C nanocomposite in the half-cell w.r.t. Li/Li".
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The morphology reshaping has been realized from the N-methyl-2- pyrrolidone (NMP)-
soluble organic functional groups which uniformly encapsulated the sub-3 nm nanocrystals.
There are also other reported examples where the sub-3 nm monodisperse nanocrystals with
organic modified surface/interfaces and abundant pores has led to ultra-steady cycling
performance.” However, in our case the Ge/NG does not form any uniform colloidal

dispersion in NMP.

The rate capability of Ge/NG/C was evaluated under a wide range of current densities (100
mAg™ to 3 Ag™) (Figure 2.20b). A capacity of 402 mAhg™ was obtained even at a high
current density of 3 Ag 1. The capacity was recovered to a value similar to the initial one
when the current density was reverted back to 100 mAg 1, demonstrating the stability and
reversibility of the composite.’* The LIB application study done using Ge/ NG/C is still
inchoate. A smaller sized Ge NCs and crystalline graphenic sheets enriched with N-doping
are necessary for a better anode performance which should be achievable targets through

synthetic manipulations of our current methodology.

2.4 Summary

We have developed an easily implementable chemical strategy and large-scale coherent
production of amalgamated Ge-graphitic nanocomposites. Essentially, the organosilicon
compound has proven to be a promising precursor for making nanostructures with tunable
composition and electronic properties. The preparation of novel nanocomposites using this
modular synthetic approach suitable for applications in energy and storage devices is

currently underway in our labrotary.
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Pyrazine

) ——

Enthalpy of sublimation 56.2 kJ/mol

Temperature 303 °C
Boiling point 115 °C

3.1 Introduction

The doping of a heteroatom into a carbon framework to control the different properties of
materials has emerged as a major research area. *2N,* S,° B,® and P ° are some of the atoms
used for doping. Among these heteroatoms, it is easiest to dope N to adjust the relationship
between the structural properties and electrical properties of the material, while maintaining
the intrinsic properties of the carbon network. “* " Nitrogen doping leads to the formation of
n-type semiconducting materials, which are similar to typical semiconducting materials. This
indicates that the different C-N bonding networks can be utilised in several electrical
applications. Nitrogen is adjacent to carbon on the periodic table and its introduction into the
graphitic network can modify the number of electrons depending on the amount of the carbon
replaced with nitrogen. Consequently, there are no major lattice mismatches with carbon
because the atomic radius of nitrogen is approximately similar to that carbon. Therefore, N-
doped graphitic materials have received considerable attention for technical and scientific
applications. * 1° There are two ways to synthesise N-doped grapheme, i.e., post treatment
using N, plasma treatment, * arc-discharge methods, or ** thermal annealing in ammonia;

18 solvothermal, or ** segregation

and direct synthesis using chemical vapour deposition,
growth approach methods. However, post treatment methods have low efficiency, while
direct methods use toxic organic starting materials. *” In addition, control over compositional
homogeneity and morphology is difficult to achieve using the above methods. *2

Therefore, it is important to develop an easy and environmentally friendly procedure to
synthesis effective N-doped carbon nanosheets. *®

The Mashima reagent has been used to synthesis low-valent transition and main-group metal

complexes. Our group has reported the one-pot synthesis of N-heterocyclic germylene and
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stannylene using 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene as the reductant.
Metal(0) nanoparticles have been produced using this salt-free reduction method from both
transition metal chlorides and main-group chlorides (Ga, In, Sh, Ge, and Bi).”> % Here, we
report for the first time the room-temperature synthesis of N-rich carbon nanosheets using
this organosilicon reducing agent. The reducing agent reacted with O, at room temperature to
yield nitrogen-rich carbon nanosheets. These carbon nanosheets contained 22.7% nitrogen,
which is the highest reported in literature to the best of our knowledge. These carbon
nanosheets were annealed at 700 °C and 500 °C for 4 h in an inert environment and then both
materials were characterised. Then, the materials were used as anode materials in Li ion

battery.
3.2 Experimental Sections

3.2.1 General Remarks.

Synthesis: All the chemicals were purchased from Sigma-Aldrich and used as is.
Tetrahydrofuran and pentane were refluxed over sodium/benzophenone and distilled prior to
use, while acetone and toluene were simply distilled prior to use. 1,4-Bis-(trimethylsilyl)-1,4-
diaza-2,5-cyclohexadiene was prepared according a procedure obtained from literature.[S1]
The annealing was carried out in a Nabertherm RHTC 80-710/15.

3.2.2 Synthesis of the CRT (Carbon at room temperature) : 1,4-Bis(trimethylsilyl)-1,4-
diaza-2,5-cyclohexadiene (2 g, 8.8 mmol) dissolved in pentane was poured in a petri dish and
kept in open air at ambient temperature. The yellow solution immediately changed to brown,
while the temperature of the solution increased to 80 °C. The reaction mixture was slowly

concentrated and produced a brown powder after 2 h.

3.2.3 Synthesis of the C500: The CRT (400 mg) was annealed for 4 h under argon in a
furnace to yield a black powder, C500 (160 mg). The heating rate was 2 °C/min.

3.2.4 Synthesis of the C700: The CRT (400 mg) was annealed for 4 h under argon in a
furnace to yield a black powder, C700 (120 mg). The heating rate was 2 °C/min.

3.2.5 Characterisation: The powder X-ray Diffraction (PXRD) of the material were
recorded using a Bruker D8 Advance X-ray diffractometer equipped with Cu Ka radiation
(1.54 A). Meanwhile, the Raman spectra of the nanosheets were analysed using LabRAM

HR800 from Yvon Horiba. The X-ray photoelectron spectroscopy (XPS) data were collected
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using PHI 5000 Versa Probe Il, FEI Inc, while scanning electron microscopy (SEM) was
done using FEI Nova Nano 450 SEM. The Brunauer-Emmett-Teller (BET) adsorption
measurements for calculating the surface area were carried out using a Quadrasorb automatic
volumetric instrument. The atomic force microscopy (AFM) data were collected by a
Keysight atomic force microscope (model: AFM 5500) using the tapping mode technique.
The transmission electron microscopy (TEM) images were taken using a JEOL JEM 2100 FS
field-emission transmission electron microscope at 200 kV. The CHN analyses were

performed using an Elementar vario EL analyser.

3.2.6 Electrochemical Measurements: The electrodes were prepared from a slurry of C500,
C700, conducting carbon, and polyvinylidene fluoride (PVDF) binder mixed at a weight ratio
of 80:10:10 using an N-methyl-2-pyrrolidone (NMP) solvent. The slurry was coated onto a
Cu foil and allowed to dry overnight at 80 °C. Then, the foil was punched into 1-cm? circular
discs. The CR-2032 coin half-cell was assembled using this composite as the working
electrode and metallic lithium foils as the counter and reference electrode. The mass of the
active material loaded onto the electrode was 1.0 mg. A Whatmann was used as the separator,
while a commercial electrolyte of 1 M LiPFg in a 1:1 (v/v) mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) was used. All the cells were assembled inside an argon-
filled glove box. The galvanostatic charge and discharge measurements were performed using
a BTS-Neware (China) 5 V, 10 mA battery tester. The impedance and cyclic voltammetry
were analysed using a VMP3 Biologic system equipped with potentiostat and galvanostat

channels.
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3.3 Results and Discussion

3.3.1 Preparation of the CRT

An 8.8 mmol of 1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene dissolved in pentane in
a Schlenk round-bottomed flask in inert atmosphere gave yellow colour solution, was added
to petri dish under ambient conditions. The yellow solution slowly turned brown. After 2 h, a

dark brown solid was collected and characterised (Figure 3.1)

RT, O,

Pentane

1000 nm

Figure 3.1: Schematic of the synthesis of the CRT.
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3.3.2 Structural and Microscopic Analysis of CRT
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Figure 3.2 (a) PXRD pattern and (b) Raman spectra of the CRT.

The powder X-ray diffraction (PXRD) pattern (Figure 3.2a) of the CRT displays a broad peak
which indicates the amorphous carbon nanosheets. The Raman spectroscopy (Figure 2.2b)
shows three characteristic peaks at 1355, 1573, and 2880 cm™ which are in good agreement
with the typical optical modes of the D band (disorder induced phonon mode) and G band
(graphitic band), respectively. The integrated area ratio of the D and G bands was 1.78,
indicating that the graphitised structure had defects and disorders.?? A distinct broad 2D peak,
which is the second-order D band, appeared at 2680 cm™ in the Raman spectrum.
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Figure 3.3 (a) Survey spectrum of the CRT; High resolution XPS of the (b) C1s; (c) N1s sp
of the CRT.

The survey XPS scan shows four signals, which can be assigned to the elements C, N, Si, and
O (Figure 3.3). The fitted XPS spectra of the C1s display three peaks (Figure 3.4a). The main
peak at 284.3 eV was assigned to the graphite-like sp2 C,% while, the other two peaks centred
at 284.9 and 285.9 eV corresponded to the C=N and C N groups, respectively.?® The N1s
spectra could be de-convoluted into four sub peaks at 397.9, 400.3, 402.1, and 403.2 eV
corresponding to the pyridinic N, pyrrolic N, quaternary N, and N-oxides, respectively
(Figure 3.4b).%* The N contents of the CRT obtained from the CHN elemental analysis and
XPS was ~22 wt.%. The doping of graphene with N manipulates the electronic and
physicochemical properties of pristine graphene, which improves the applicability of
graphene.?® Here, the carbon nanosheets were synthesised at a lower temperature in solution
phase without any catalyst or pre-polymerization. To our knowledge, this is the first example
in which nitrogen-rich carbon nanosheets have been synthesised in the solution phase from

small molecules at room temperature.
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Figure 3.4 High-resolution XPS of the (a) C1s; (b) N1s sp of the CRT.

The field-emission scanning electron microscopy (FESEM) image of the CRT shows the

sheet-like structure of the samples (Figure 3.5a). The energy-dispersive X-ray spectrum

(EDS) mappings agreed well with the CHNS analysis on the percentages of the C and N

elements. The TEM image of the CRT also shows a sheet-like shape, thereby supporting the

FESEM observation (Figure 3.5b).
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Figure 3.5 (a) FESEM elemental mapping; (b) HRTEM image.
3.3.3 CRT formation mechanism

In general, when trityl chloride reacts with silver metal it yields the trityl radical, which at
room temperature is at equilibrium with its dimer. However, at low temperature, the trityl
radical is the most dominant, while at high temperature its dimer becomes more dominant.
Here, (Figure 3.6) 1,4-bis- (trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene was used as the
reducing agent to react with trityl chloride instead of the silver metal to produce trityl radical.
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Figure 3.6 Reaction of the 1,4-bis- (trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene reducing
agent with trityl chloride.

The trityl radical was detected by variable-temperature *H NMR. At low temperatures, the *H
NMR peak intensity decreases; however, at high temperatures, the intensity of the peak
increased to 7.3 & (Figure 3.7). From these observations, it can be concluded that the
formation of carbon nanosheets follows the radical-mediated path way, further explorations

are required to be done for a concrete understanding.
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Figure 3.7 Variable-temperature *H NMR spectra of 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-

cyclohexadiene reacted with trityl chloride.
3.3.4 Characterisation and properties of the C700 and C500

The CRT annealed at 500 and 700 °C under inert conditions for 4 h, viz. C500 and C700,
respectively, were characterised using PXRD, Raman, XPS, BET, and HREM analyses. The
PXRD patterns (Figure 3.8a) of C500 and C700 show a broad peak, indictaing the presence
of amorphous carbon nanosheets. Raman spectroscopy (Figure 3.8b) revealed that the
graphitisation of C500 and C700 improved, as shown by the three characteristic peaks at
1351, 1571, and 2830 cm™, which were in good agreement with the typical optical modes of
the D band (disorder-induced phonon mode) and G band (graphitic band). The integrated area
ratio of the D and G bands was 1.67, indicating that the graphitised structure had defects and
disorders.?? The broad 2D peak, which is the second-order D band, appeared at 2830 cm™ in

the Raman spectrum.
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Figure 3.8 (a) PXRD pattern and (b) Raman spectra of the C500 and C700.

The survey XPS scan shows four signals which can be assigned to the elements C, N, Si, and
O (Figure 3.9). The fitted XPS spectra of the C1s has three peaks (Figure 3.10a). The main
peak at 284.3 eV was assigned to the graphite-like sp2 C,%® while the other two peaks centred
at 285.2 and 286.3 eV corresponded to the C=N and C-N groups respectively.?® The N1s
spectra de-convoluted into three peaks at 398.5, 399.9, and 401.5 eV corresponding to the
pyridinic N, pyrrolic N, and quaternary N, respectively (Figure 3.10b).>* The N contents of
the C500 determined by CHN elemental analysis and XPS was approximately 20.1 wt.%.
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Figure 3.9 (a) Survey spectrum; High resolution XPS of the (b) C1s; (c) N1s sp of the C500
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Figure 3.10 High resolution XPS of the (a) C1s; (b) N1s sp of the C500

The specific surface area of C500, determined by BET analysis using the BJH method, was
23 m?g* (Figure 3.9a). The HRTEM image shows that C500 had a sheet-like structure
(Figure 3.11).
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Figure 3.11 (a) BET isotherm; (b) HRTEM image of C500.

The survey XPS scan shows four signals, which can be assigned to the elements C, N, Si, and
O (Figure 3.12). Meanwhile, the fitted XPS spectra of the Cls shows three peaks (Figure
3.13a) The main peak at 284.1 eV was assigned to the graphite-like sp2 C,%* while the other
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two peaks, centred at 285.4 and 286.8 eV, corresponded to the C=N and C-N groups,
respectively.?
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Figure 3.13 High-resolution XPS of the (a) C1s; (b) N1s sp of the C700

The N1s spectra was de-convoluted into three peaks at 398.6, 399.6, and 401.1 eV,
corresponding to the pyridinic N, pyrrolic N, and graphitic N, respectively (Figure 3.13b).%*
The N contents of C700, determined by the CHN elemental analysis and XPS, was ~14.1

wt.%.
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Figure 3.14 (a) BET isotherm; (b) HRTEM image of the C700.
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The specific surface area of C700, as determined by the BET analysis, was 20 m?g™ (Figure
3.14a). The HRTEM image of C700 shows that it had a sheet like structure (Figure 3.14b).

Figure 3.16 FESEM elemental mapping of the C700
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The FESEM images of both C500 and C700 show that they had sheet-like structures. The

elemental mapping of both materials also showed the presence of C, N, and O (Figure 3.15,

3.16).

Carbon nanosheets CHNS XPS FESEM
CRT(Carbon at room temp) | N (22.2%) | N (19.8%) N (38.22%)
C (45.84%) | C (53.72%) | C (43.18%)
C500 N (20.1%) N (18.4%) N (25.2%)
C (56.36%0) | C (53.74%) | C (46.28%)
C700 N (14.1%) N (11.4%) N (14.72%)
C (65.36%0) | C (63.34%) | C (59.54%0)

3.3.3 Electrochemical properties

3.3.3.1 Electrochemical performance of the C500
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Figure 3.17 Cyclic voltammogram (CV) (scan rate = 0.1 mV/s)

The CV measurement was carried out to characterize the electrochemical performance.
Figure 3.15 shows the first five CV curves of the C500 electrode at room temperature
between 0.005 and 3 V at a scanning rate of 0.1 mV/s. The CV curve of the first cycle was
different from the subsequent cycles, especially during discharging. A cathodic peak at 0.2 V
due to lithiation and delithiation appeared at 0.4 V vs. Li/Li*. The anodic peak at 1.2 V
indicated breaking of Li bonds with defect sites during the charging process.?® The CV curves
almost overlapped from the second cycle onwards, indicating the stable and superior

reversibility of the prepared carbon materials. To get further insight into the electrochemical
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process, EIS was carried out using a three-electrode system to obtain the Nyquist plot (Figure
3.16a). The results showed that the charge transfer impedance (R;) of the material was 114 Q

between the electrode and electrolyte.
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Figure 3.18 (a) Nyquist plots the electrodes containing C500; (b) Discharge-charge voltage
profile of the electrode containing C500 in the half-cell with respect to Li/Li".

The first charge-discharge curve (Figure 3.16b) shows a slopy plateau at 0.8 V, which arises
from the formation of the solid electrolyte interphase (SEI). The initial discharge and charge
specific capacities were 1187 and 680 mAhg™, respectively, based on the total mass of the
C500. This corresponded to an initial Coulombic efficiency of 57.25% at a low current of 100

mAg™’ for the C500 nanosheets electrode.?® The discharge capacity of the second cycle
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decreased to 679.4 mAh/g. The irreversible capacity loss of 507.6 mAh/g could have been
caused by both the decomposition of the electrolyte on the graphene surface and strong Li ion

adsorption.
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Figure 3.19 (a) Rate capability profile; (b) cyclic cycling performance of the electrode
containing C500 nanosheets in the half-cell with respect to Li/Li".

The rate capability of the C500 nanosheets was evaluated under a wide range of current
densities (from 100 mAg ™ to 2 Ag™) (Figure 3.17a). A capacity of 36 m Ahg™ was obtained
at a high current density of 2 Ag™. The capacity was recovered to the initial level when the
current density was reverted to 100 mAg™, demonstrating the stability and reversibility of the

C500 nanosheets. The cycling performance of the C500 nanosheets electrode was measured
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at 100 m Ag™ over 370 cycles (Figure 3.17b). The initial charge and discharge capacities
were 1187 and 670 m Ahg™, respectively, while the Coulombic efficiency was 56.5%. After
370 cycles, the reversible capacity of the C500 nanosheets electrode was maintained at 470 m

Ahg; however, the Coulombic efficiency increased to 100%.%°
3.3.3.2 Electrochemical performance of the C700
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Figure 3.20 cyclic cycling performance of the electrode containing C700 nanosheets in the
half-cell with respect to Li/Li".

The CV (Figure 3.18) of C700 shows a peak at 0.5 V during the Li-insertion process,
attributed to the occurrence of the side reactions on the electrode surface due to the SEI film
formation.?” The impedance performance of the C700 was evaluated from the Nyquist plot of
the electrodes (Figure 3.19a) and charge-discharge galvanostatic voltage profile (Figure
3.19b) in a CR2032 coin cell. The results show that the R of the material was 39.5 Q
between the electrode and electrolyte. The charge-discharge curve had a shape similar to
those of other carbon materials. The initial discharge and charge specific capacities were
1180 and 654 mAhg™, respectively based on the total mass of the C700. This corresponds to
an initial Coulombic efficiency of 55.45% at a low current of 100 mAg™ for the C700
nanosheet electrode.
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Figure 3.21(a) Nyquist plots of the electrodes containing C700 material; (b) Discharge-
charge voltage profile of the electrode containing C700 in the half-cell with respect to Li/Li".

The rate capability of the C700 nanosheets was evaluated under a wide range of current
densities (from 100 mAg ™ to 3 Ag™’) (Figure 3.20a). A capacity of 223 m Ahg™ was
obtained at a high current density of 3 Ag™. The capacity was recovered to the initial level
when the current density was reverted to 100 mAg™, demonstrating the stability and
reversibility of the C700 nanosheets. The cycling performance was measured at 100 m Ag™
for 400 cycles (Figure 3.20b). As shown in figure 3.20b, the initial charge and discharge
capacities were 1075 and 655 m Ahg™, respectively, while the Coulombic efficiency was
60.5%. After 400 cycles, the reversible capacity of the C700 nanosheets electrode was

maintained at 400 m Ahg™*; however, the Coulombic efficiency increased to 100%.
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Figure 3.22 (a) Rate capability profile; (b) cyclic performance of the electrode containing the
C700 nanosheets in the half-cell with respect to Li/Li".

3.4 Summary

A simple low-cost method for the direct large-scale production of nitrogen-rich carbon
nanosheets from 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene under ambient
conditions at room temperature was demonstrated. The as-prepared carbon nanosheets (CRT)
had a high nitrogen doping level (22.2 at.%) and contained unique nitrogen doping species
(pyridinic N and pyrrolic N). After annealing the CRT at 500 and 700 °C, the nitrogen
content was reduced to 20.1 and 14.1%, respectively. These results show that carbon

nanosheets have a promising electrochemical performance as an anode material in Li-ion
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batteries. Therefore, this study provides general guidance for the development of high-

performance carbon-based electrode materials for energy conversion and storage

applications.
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Chapter 4. Simultaneous Synthesis and Characterisation of Antimony-Graphitic
Nanocomposite and its anode performance in Li ion Battery

4.1 Introduction

The high energy density and long cycle life time of Li ion batteries have enabled them to be
extensively used for energy storage in multiple devices. However, Li ion batteries are
expensive and have safety problems. In addition, lithium is a limited resource. 2 Therefore,
an inexpensive energy storage devices is desirable. Sodium is more naturally abundant than
lithium. Its lower cost also makes it a good alternative to Li ion batteries at room temperature.
> However, the sodium ion is larger than the lithium ion; hence, its insertion into graphite is
considerably less than that of the lithium ion used in commercially available Li ion batteries.
Therefore, graphite is less used in sodium ion batteries. ®® Finding an appropriate anode
material for sodium ion batteries is challenging; however, hard carbon materials have had
most of the attention due to their low price, high natural abundance, and environment-
friendliness. ° However, most of the capacity of the material is obtained between 0 and 0.1 V
which is at a low plateau. This causes safety issues during the fast charging of the device. & *°
Furthermore, the low rate capability of the hard carbon materials is not favourable for
application in commercial batteries. ® ** ' To overcome these issues, other high-capacity
materials can be used along with carbon materials to increase the overall volumetric capacity
of the composite. Sb has emerged as a suitable candidate for use in sodium ion battery due to
its suitable insertion potential and theoretical capacity of 660 m Ahg™ (NasSb).”**° Sb also
has better stability and conductivity than P, which is in the same group, which is addition to
the electrochemical application. '’ The volumetric expansion of the antimony electrode
material causes capacity fading due to its pulverization. *® ** % Several attempts have been
made to solve this problem, such as decreasing the size of Sb and preparing different types of
Sb nanomaterials. *® There have been many reports on several Sh nanocomposites, such as

22 monodisperse Sb nanocrystals, % Sb-

Shb@C nanocomposites, > hollow Sb spheres,
graphite nanocomposites,?* hollow Sb particles, %* and Sh yoke shell composites, for efficient
Li ion storage. 2> 2 However, the methods for the synthesis of these Sb nanocomposite
materials are complicated and require expensive starting materials. 2* 3% 3L 4750 Therefore, a
simple, low-cost, and eco-friendly synthesis method is required. Herein we report the
colloidal synthesis method, which uses 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene,
and SbCl; as precursors. The resulting nanocomposite had better electrochemical

performance characteristics, good rate capability, and reversible capacity.
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4.2 Experimental Sections

4.2.1 General Remarks.

Synthesis: All chemicals were purchased from Sigma-Aldrich and used as received.
Tetrahydrofuran and pentane were refluxed over sodium/benzophenone and distilled prior to
use. Acetone and toluene were simply distilled prior to use. Oleylamine was stirred overnight
at 100 °C under vacuum prior to use. Meanwhile, 1,4-bis(trimethylsilyl)-1,4-diaza-2,5-
cyclohexadiene was prepared according to a reported procedure . The annealation was done
in Nabertherm RHTC 80-710/15.

4.2.2 Synthesis of the Sb/NG: 1,4-Bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene
dissolved in oleylamine (4 mL, 12.15 mmol) was heated to 150 °C in argon atmosphere in a
three-necked flask fitted with a reflux condenser. When the temperature was reached, a
toluene (2 mL) solution of SbCl; was rapidly injected. Antimony is metallic in nature and
forms bulk Sb crystals at low temperatures; hence, SbCl; was injected here instead of the
reducing agent. The solution colour instantaneously turned intense brown-red. The reaction
temperature was increased to 165 °C (ramp up rate = 10 °C/min) and maintained for 1 min.
Subsequently, the reaction mixture was quenched to room temperature. The solution was then
transferred to a centrifuge tube containing 2—3 mL of toluene. The Sb/NG was precipitated by
adding 20 mL of acetone and then separated by centrifugation (9000 rpm for 10 min). After
decanting the supernatant, the precipitate was re-suspended in 5 mL of toluene, with 25 mL
of acetone added as the non-solvent. This process of dissolution/precipitation/centrifugation
was repeated several times until all the impurities were removed to yield 150 mg of a black
solid.

4.2.3 Synthesis of the Sb/NG/C: The Sb/NG (150 mg) was annealed at 500 °C for 2 h under
argon containing 5% hydrogen in a furnace to yield a black powder Sb/NG/C (85 mg). The
heating rate was 2 °C/min.

4.2.4 Characterisation: The powder X-ray Diffraction (XRD) of the Sb-graphenic
nanocomposites were recorded using a Bruker D8 Advance X-ray diffractometer equipped
with Cu Ka radiation (1.54 A). The Raman spectra of the nanocomposites were analysed
using the LabRAM HR800 from Yvon Horiba. Meanwhile, the X-ray photoelectron
spectroscopy (XPS) data were collected using the PHI 5000 Versa Probe Il, FEI Inc. SEM
analysis was carried out using a FEI Nova Nano 450 SEM. The BET adsorption

measurements for surface area calculations were carried out using a Quadrasorb automatic
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volumetric instrument. The AFM data were collected by the Keysight atomic force
microscope (model: AFM 5500) using the tapping mode technique. The Fourier-transform
infrared (FTIR) spectra were collected using nanocomposites pellets and KBr on a Thermo
scientific NICOLET 6700 FTIR spectrophotometer. The TEM images were taken using a
JEOL JEM 2100 FS field-emission transmission electron microscope at 200 kV. The CHN
analyses were performed using Elementar vario EL analyser. The thermogravimetric analysis
was performed in air using TGA Perkin-Elmer STA6000.

4.2.5 Electrochemical Measurements: The electrodes were prepared from a slurry of
Sb/NG/C, conducting carbon, and PVDF binder at a weight ratio of 80:10:10 using NMP as
solvent. The slurry was coated onto a Cu foil and dried overnight at 80 °C. Then, the foil was
punched into 1-cm? circular discs. The CR-2032 coin half-cell was assembled using this
composite as the working electrode and metallic Li foil as the counter and reference
electrode. The mass of active material loaded on the electrode was 1.0 mg. A Whatmann was
used as the separator, while 1 M LiPFg ina 1:1 (v/v) mixture of EC and DMC was used as the
commercial electrolyte. All the cells were assembled inside an argon-filled glove box. The
galvanostatic charge-discharge measurements were performed using BTS-Neware (China) 5
V, 10 mA battery tester. The impedance and cyclic voltammetry were performed using

VMP3 Biologic system equipped with potentiostat and galvanostat channels.

4.3 Results and Discussion

4.3.1 Preparation of Sb/NG Nanocomposite

In a typical reaction in inert atmosphere, 2.16 mmol of 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-
cyclohexadiene was dissolved in 24.3 mmol of oleylamine in a three-necked round-bottomed
flask and was heated to 150 °C. When the reaction temperature reached 150 °C, a 3.3 mmol
solution of SbCl3 solutionin toluene was rapidly injected leading to an immediate temperature
drop to ~130 °C. The solution turned dark brownish-red instantaneously. After the
temperature had recovered to 150 °C, the reaction temperature was raised to 165 °C (ramp up
rate = 10 °C/min) and maintained for 1 min. After subsequent cooling to room temperature,
the dark brown solid was isolated using the solvent/non-solvent technique.* The washing and
centrifugation were repeated until all the impurities, such as unbound oleylamine, were
removed. This method is gram-scalable and the resulting dark-brown solid Sb/NG was dried.
The Sb/NG forms a stable colloidal suspension in toluene. A burst of homogeneous
nucleation followed by controlled growth from the hot injection method led to a high-quality
monodispersed Sb/NG nanocomposite.
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N doped graphene Sb nanocrystals
o

1 Sb/NG

Scheme: Schematic of the synthesis of the Sb/NG and Sh/NG/C nanocomposites.

4.3.2 Structural and Microscopic Characterisations
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Figure 4.1 (a) TEM image; (b) HRTEM image;
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The TEM image (Figure 4.1a) reveals that the Sb NCs are uniformly and densely anchored *°
on the graphitic nanosheets. The mean size of the Sb NCs was approximately 10 nm which
could be determined from the HRTEM (Figure 4.1b). The lattice fringes had interlayer
spacing of 0.31 nm (Figure 4.3a), which agrees well with the (012) plane of the diamond

cubic Sb and matches with the interlayer spacing calculated from the PXRD.
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Figure 4.2 (a) AFM image; (b) height profiles for the lines I and Il in the AFM image of
Sb/NG

The selected-area electron diffraction (SAED) pattern also reveals that the Sb NCs had a
diamond cubic structure. No diffraction patterns associated with the graphitic sheets were

observed indicating thepoor degree of graphitisation. The profile height obtained from the
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AFM images (Figures 4.2a, b) shows a nanosheet thickness of ~8 nm, characteristic of

approximately 26 stacked graphene layers.
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Figure 4.3 (a) PXRD pattern; (b) high-resolution XPS of C1s

The PXRD pattern (Figure 4.3a) of the as-synthesized Sb/NG display clear peaks at 20 =
28.8°, 40.3°, and 42.3°, which can be well indexed to the diamond cubic Sb (JCPDS card No.
35-0732). The calculated d-spacing based on the (012) peak was 0.31 nm. The XPS (Figure
4.7a) shows three signals, which can be assigned to Sh, C, and N. The fitted XPS spectra of
the C1s display three peaks (Figure 4.3b). The main peak at 284.2 eV was assigned to the
graphite-like sp2 C.**
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Figure 4.4 High-resolution XPS of the (a) C1s; (c) N1s sp (b) Sb 3d3/2 of the Sb/NG (before
annealing).

Meanwhile, the other two peaks, centred at 285.2 and 286.4 eV, corresponded to the C=N
and C-N groups, respectively.®® The N1s spectra de-convoluted into three sub peaks at 398.8,
400.3 eV, and 401.6 eV corresponding to the pyridinic N, pyrrolic N, and graphitic N,
respectively (Figure 4.4a).®* The Sb 3/2 spectra showed peaks at 539.6 and 540.1 eV,
corresponding to Sb 3d (Figure 4.4b). The N contents of the graphene obtained from CHN
elemental analysis and XPS was ~8.7 wt.%. The doping of graphene with N adjust the
electronic and physicochemical properties of the pristine graphene and improves its potential
for application in devices.® The graphitization of carbon occurred at a low temperature (150
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°C), indicating that the method is suitable for producing nanocomposites from highly metallic

elements for electrochemical application.
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Figure 4.5 (a) Raman spectra of the Sb/NG/C; High resolution XPS of the (b) N1s sp;

The Sb/NG was subsequently annealed at 500 °C for 2 h under Ar containing 5% H,. The
carbonization led to the formation of carbon-coated Sb/NG/C with 70.8 wt.% Sh, as
determined by thermogravimetric analysis *° in air (Figure 4.6b). Meanwhile, the XRD

pattern of the Sb/NG/C shows intense and sharp peaks corresponding to the diamond cubic
phase of the Sb (Figure 4.3a).
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Figure 4.6 (a) C1s; (b) TGA of the Sb/NG/C in air.

The Raman spectra of the Sb/NG/C (Figure 4.5a) showed three characteristic peaks at 1342
and 1530 cm™, which were in good agreement with the typical optical modes of D band
(disorder-induced phonon mode) and G band (graphitic band) of C, respectively. A distinct
broad 2D peak, which is the D band second order, appeared at 2635 cm™ in the Raman
spectrum. Meanwhile, the XPS (Figure 4.7b) shows three signals which can be assigned to
the Sb, C, and N. The fitted XPS spectra of the C1s display three peaks (Figure 4.6a). The
main peak at 284.3 eV was assigned to the graphite-like sp2 C.** The other two peaks centred
at 285.6 and 286.4 eV corresponded to the C=N and C-N groups, respectively.” The N1s

spectra de-convoluted into two sub peaks at 398.7 and 401.1 eV, corresponding to the
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pyridinic N and graphitic N, respectively (Figure 4.6b).® The N content of the graphene,
obtained from the CHN elemental analysis and XPS, was approximately 3.14 wt.%. The
doping of graphene with N helped adjust the electronic and physicochemical properties of

pristine graphene, and improved its potential for application in devices.*
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Figure 4.7 XPS survey spectrums of the (a) Sb/NG and (b) Sb/NG/C
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Figure 4.8 (a) TEM image; (b) HRTEM image;

The TEM image (Figure 4.8a) reveals that the Sb NCs were anchored “° on the graphitic
nanosheets. The mean size of the Sb NCs was ~30 nm, as determined from HRTEM (Figure
2.4b). The lattice fringes had an interlayer spacing of 0.31 nm (Figure 4.8b), which agrees
well with the (012) plane of the diamond cubic Sb and matches with the interlayer spacing
calculated from the PXRD. The SAED pattern also reveals that the Sb NCs had a diamond
cubic structure (Figure 4.8a). No diffraction patterns associated with the graphitic sheets were

observed indicating the poor degree of graphitisation.
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4.3.3 Electrochemical properties
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Figure 4.9 (a) CV (scan rate = 0.1 mV/s); (b) Discharge-charge voltage profile of the

electrode containing the Sb/NG/C nanocomposite in the half-cell with respect to Li/Li*

The electrochemical performance of the Sb/NG/C was evaluated from the CV (Figure 4.9a)
and charge-discharge galvanostatic voltage profile (Figure 4.9b) in a CR2032 coin cell. The
scan rate of the Sb/NG/C electrode CV was 0.1 mV/s, between 0.01 and 1.5 V in the first
three cycles of the Li ion batteries. The broad peak between 0.7 V and 0.4 V was attributed to
the SEI films. Meanwhile, the first cycle was attributed to the lithiation reaction from
antimony to Li,Sh. * #? In the following two cycles, the peak at 0.8 V corresponded to the
lithiation of the crystalline antimony. ** The anodic peak at 1.1 V was attributed to the
delithiation reaction of the Li,Sh. ** * The voltage profiles of the Sb/NG/C during the first

cycle revealed that the voltage plateaus on the discharge and charge curves were stable, with
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cathodic and anodic peaks on the CV curves. The first discharge and charge capacities were
995.5 and 723.3 mA h g* at a current density of 100 mA g™.
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Figure 4.10 (a) Cycling performance and (b) rate capability profile of the electrode

containing Sb/NG/C nanocomposite in the half-cell with respect to Li/Li".

The cycling performance of the Sb/NG/C nanocomposite electrode was measured at 100 and
500 m Ag™ (Figure 4.10a). The initial charge and discharge capacities were 993.9 and 725.05
m Ahg™, respectively, at 100 mAg™, while the Coulombic efficiency was 72.5%. The current
density was increased to 500 mAg™ after 20 cycles and the capacity was 477 m Ahg™ at 50
cycles with a Coulombic efficiency of 98.9%. Meanwhile, the rate capability of the Sb/NG/C
nanocomposite was evaluated under a wide range of current densities (from 50 mAg™ to 3

Ag™) (Figure 4.10b). A capacity of 290 m Ahg™ was obtained at a high current density of 3
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Ag™. The capacity was recovered to the initial level when the current density was reduced
back to 100 m Ag™, demonstrating the good stability and reversibility of the Sb/NG/C

nanocomposite.

4.4 Summary

We successfully synthesized an Sb/NG/C nanocomposites using a facile method, in which the

active materials, i.e. Sb nanoparticles, were well encapsulated in an interconnected carbon

matrix. This method also enables the large-scale synthesis of the Sb/NG/C nanocomposites

owing to its simplicity and utilisation of cheaper raw materials.
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5.1 Introduction

It is necessary to develop an efficient, cost-effective, and environment-friendly water
electrolysis system to produce hydrogen fuel, which is non-polluting. Hydrogen is favourable
for sustainably satisfying the clean energy demands of modern society.* Typically, in a water
electrolysis system, oxygen gas and hydrogen gas are evolved at anode and cathode via the
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), respectively. To
overcome the energy barrier (1.23 V) of the water splitting reaction, an external voltage is
applied to the system. Currently, hydrogen production through water splitting contributes
approximately 4% of the total H, production worldwide, which is a small fraction.**™* This is
mainly due to the high cost of the electrocatalysts and photoelectrocatalysts. In practise, the
energy conversion efficiency of hydrogen production through water splitting is 50—70%." To
further enhance this energy conversion efficiency, it is necessary to develop efficient
catalysts. Currently, excellent energy conversion efficiency has been achieved using noble
metal-based catalysts for the HER.™ Pt is particularly the best electrocatalyst for the HER.*
However, it is not an abundant material in the earth’s crust. Therefore, the development of
catalysts from abundantly available materials, with activity comparable to that of the noble-
metal catalysts, is required. Consequently, researchers have devoted considerable effort into
synthesizing different kinds of non-noble metal-based catalysts from different types of
conceptual designs. 3d transition metals, which are abundant in the earth’s crust, have
attracted significant interest in recent years for HER catalysis. This is also because of their
low cost and excellent theoretical activity. *°*°* However, in strong acidic or alkaline
medium, bare transition-metal materials are unstable and their electrocatalytic activity decay
severely. However, a carbon layer on the transition metal nanocrystal prevents the decay of
the nanocrystal under harsh oxidation conditions. This also increases the conductivity of the
nanocomposite. 2> Therefore, the encapsulation of nanocrystals with carbon layer gives
new insights into improving the activity, conductivity, and stability of materials, which are
already being used in ORR, ¢ and HER. 233 The H-bonding energy of metallic cobalt is
important for HER. ** In addition, carbon shells covered with cobalt nanocrystals reduce the

corrosion of the nanocrystal material. 3*

Therefore, cobalt-nitrogen-doped carbon
nanocomposites are good candidates for the HER over a wide pH range. CNT-based Co-
NRCNT material have been used to catalyse the HER,*** while Co-N-C composites to have
been used for the overall water splitting,*®* as well as Co nanoparticles in N-doped carbon

(Co@N-C). Co-N-graphene).*” These studies give excellent results; however, there are
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challenges that need to be overcome. Herein we report the synthesis of N-doped carbon-
encapsulated cobalt nanocrystals scattered on carbon nanosheets (Co/NG/C). The cobalt
nanocrystals were placed in close contact with the N-doped carbon layers, which can offer
several catalytically active sites.*” ® Moreover, these nanocrystals are unified by the structure
of the carbon nanosheets formed during a colloidal hot injection synthesis process. This
enables the electron and mass transport through catalytic tests.® As a result, the Co/NG/C
nanocomposite was an efficient and durable HER electrocatalyst under both acidic and
alkaline conditions, which is an important property for HER catalysts.>** An overpotential of

310 mV was required to achieve 10 mA c¢m ™2 under acidic conditions.
5.2 Experimental Sections

5.2.1 General Remarks.

Synthesis: All chemicals were purchased from Sigma-Aldrich and used as is. Tetra hydro
furan and pentane were refluxed over sodium/benzophenone and distilled prior to use.
Acetone and toluene were also distilled prior to use. Oleylamine was stirred overnight at 100
°C under vacuum prior to use. 1,4-Bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene was
prepared according to a procedure reported in literature. The annealation was carried out in a
Nabertherm RHTC 80-710/15.

5.2.2 Synthesis of the Co/NG: 1,4-Bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene
dissolved in oleylamine (4 mL, 12.15 mmol) was heated to 200 °C in an argon atmosphere in
a three-necked flask fitted with a reflux condenser. When the reaction mixture reached 200
°C, an acetonitrile (2 mL) solution of CoCl, was rapidly injected. The colour of the solution
instantaneously turned intense brown-red. Then, the reaction temperature was increased to
250 °C (ramp up rate = 10 °C/min) and maintained there for 1 h. Subsequently, the reaction
mixture was quenched to room temperature. Then, the solution was transferred into a
centrifuge tube containing 2-3 mL of toluene. The Co/NG was precipitated by adding 20 mL
of acetone and separated by centrifugation (9000 rpm for 10 min). After decanting the
supernatant, the precipitate was resuspended in 5 mL of toluene and 25 mL of acetone was
added as the non-solvent. This dissolution/precipitation/centrifugation process was repeated
several times until all the impurities were removed to yield 150 mg of a black solid.

5.2.3 Synthesis of the Co/NG/C: The Co/NG (80 mg) was annealed at 900 °C for 2 h under
argon containing 5% hydrogen in a furnace to yield a black powder Co/NG/C (40 mg). The
heating rate was 5 °C/min.
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5.2.4 Characterization: The powder X-ray diffraction (PXRD) patterns of the Ge-graphenic
nanocomposites were recorded on a Bruker D8 Advance X-ray diffractometer using Cu Ka
radiation (1.54 A). The Raman spectra of the nanocomposites were analysed by using
LabRAM HRB800 from Yvon Horiba. SEM images were recorded on FEI Nova Nano 450
SEM. The AFM data were collected by Keysight atomic force microscope (model: AFM
5500) using the tapping mode technique. The TEM images were taken using a JEOL JEM
2100 FS field-emission transmission electron microscope at 200 kV.

5.2.5 Electrochemical Measurements for Hydrogen Evolution Study

All the electrochemical measurements were carried out by PAR Potentiostat/Galvanostat
(PARSTAT 2273) using a typical three electrode system. A graphite rod and Ag/AgCl (3 M
KCI) were used as the counter and reference electrodes, respectively. Meanwhile, a glassy
carbon electrode loaded with catalyst was used as the working electrode. Co/NG/C (20 mg)
and 10 pL Nafion were added to 2 mL ethanol and sonicated (at least 2 h) to prepare the
catalyst ink. A 2-pL aliquot of catalyst ink was carefully drop-casted on the glassy carbon
electrode of 3 mm diameter and dried under vacuum. All the measurements were performed
in 0.5 M H,SO, solution. Linear sweep voltammetry (LSV) measurements were carried out at
a scan rate of 5 mV/s and the polarization curves were corrected for the iR contribution
within the cell. The potentials were converted and reported with respect to the reversible
hydrogen electrode (RHE) using equation; Erpe = E vs Ag/AgCI + 0.059°" + E° (Ag/AgCl).

The geometric surface areas of electrodes were used to calculate the current density.

5.3 Results and Discussion

5.3.1 Preparation of the Co/NG Nanocomposite

A 2.16 mmol solution of 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5- cyclohexadiene 1 dissolved in
24.3 mmol of oleylamine under an inert atmosphere in a three-necked round bottomed flask
was heated to 150 °C. When the reaction temperature reached 200 °C, a 3.3 mmol solution of
CoCl; in toluene was rapidly injected leading to an immediate temperature drop to ~170 °C.
The solution also turned dark brownish-red instantaneously. After the temperature recovered
to 150 °C, the reaction temperature was raised to 250 °C (ramp up rate = 10 °C/min) and
maintained there for 1 h. After subsequent cooling to room temperature, the dark brown solid
was isolated using the solvent/non-solvent technique. The washing and centrifugation were

repeated until all the impurities, such as unbound oleylamine were removed. This method
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was gram-scalable and the resulting dark brown solid Co/NG was dried. The Co/NG formed
a stable colloidal suspension in toluene. A burst of homogeneous nucleation followed by
steady controlled growth using the hot injection method led to the formation of high-quality

monodispersed Co/NG nanocomposites.

N doped graphene Co nanocrystals

/CoCIz % °

250°C % 900° C, 2h
—>

1h, Ar Ar/Hz
E— Me3S|—N‘ N-SiMe; + Oleylamine
Co/NG Co/NG/C

Figure 5.1: Schematic representation of the synthesis of the Co/NG and Co/NG/C

nanocomposites.

5.3.2 Structural and Microscopic Analysis

Co/NG

Co/NG/C

Intensity (a.u.)

| : Co ref.

40 50 60 70 80
20 Degree

Figure 5.2 PXRD pattern of the Co/NG and Co/NG/C
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The PXRD pattern (Figure 5.2) of the as-synthesized Co/NG displays clear peaks at 20 =
44.2° which could be well-indexed to the diamond cubic Co (JCPDS card No. 15-0806). The
XRD pattern of the Ge/NG/C shows intense and sharp peaks corresponding well to the
diamond cubic phase of Co (Figure 5.2).

0

2D

Intensity (a.u)

1000 1500 2000 2500 3000 3500
Raman shift (cm™)

Figure 5.3 Raman spectra of the Co/NG/C

The Raman spectra of the Co/NG/C (Figure 5.3) shows three characteristic peaks at 1345 and
1533 cm™, which are in good agreement with the typical optical modes of the D band
(disorder induced phonon mode) and G band (graphitic band) of C, respectively. A distinct
broad 2D peak, attributed to the second-order D band, appeared at 2645 cm™ in the Raman

spectrum.
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Figure 5.4 (a) TEM; (b) HRTEM,; (c) SAED images of the Co/NG/C,;

The TEM image (Figure 5.4a) reveals that the Co NCs were anchored on the graphitic
nanosheets. The mean size of Co NCs was 40 nm as determined from the HRTEM (Figure
5.4b). The lattice fringes had an interlayer spacing of 0.23 nm (Figure 5.4b), which agrees
well with the (111) plane of the diamond cubic Co and matches with the interlayer spacing
calculated from the PXRD. The SAED pattern also revealed that the Co NCs had a diamond
cubic structure. No diffraction patterns associated with the graphitic sheets were observed
indicating the poor degree of graphitisation.
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5.3.3 Electrochemical HER Using the Co/NG/C Nanocomposite

The HER was carried out using a typical three electrode system. The working electrode was
prepared by drop-casting 0.28 mg/cm? of Co/NG/C nanocomposite on the glassy carbon (GC)
electrode. The Ag/AgCl (3 M KCI) and graphite rods were used as the reference and counter
electrode, respectively. The overpotential at a current density of 10 mA/cm? was 310 mV
(Figure 5.5a).
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Figure 5.5: (a) LSV polarisation curve of the Co/NG/C nanocomposite (b) Tafel plot of the
Co/NG/C in 0.5 M H,SO4,
The Tafel plot (Figure 5.5b) of the Co/NG/C nanocomposite catalyst had a Tafel slope of 142

mV dec™. The Tafel slope of the Co/NG/C shows that the moderate kinetics of the HER.**
36b
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5.4 Summary

We developed a simple chemical strategy for the large-scale production of the amalgamated

Co-graphitic nanocomposites. The organosilicon compound proved to be a promising

precursor for producing nanostructures with tuneable composition and electronic properties.

The preparation of novel nanocomposites suitable for the application in energy storage

devices using this modular synthetic approach is currently underway in our laboratory.
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