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ABSTRAK

Tungsten trioksida memiliki prospek yang bagus untuk dijadikan material
anoda baterai ion lithium karena temperatur leleh yang tinggi, stabilitas mekanik
yang tinggi, biaya rendah, kapasitas teoritis dan volumetrik yang besar. Tujuan
penelitian ini adalah untuk memperkenalkan material anoda baru dengan performa
yang tinggi sebagai pengganti grafit pada baterai ion lithium. Heksagonal WO3 telah
disintesis menggunakan metode hidrotermal dan kemudian material tersebut
dievaluasi sebagai material anoda untuk baterai ion lithium. Rasio molar
Na; WO04.2H,0/Na-EDTA dan temperatur reaksi diketahui mempunyai peranan
penting terhadap morfologi dan sifat elektrokimia dari produk WOjs.

Morfologi WOs3 tanpa penambahan NaCl atau Na-EDTA (WO _HI180T20)
adalah nanopartikel, sedangkan morfologi WO3; dengan penambahan NaCl dan Na-
EDTA yang disintesis pada temperatur 210°C (WO_H210T20_CEO0.8) adalah rod
like structure. WO _H180T20 mempunyai kapasitas discharge awal sebesar 814.3
mAh/g dengan efisiensi pertama sebesar 53.7%. Di sisi lain, WO_H210T20 CEO0.8
mempunyai performa elektrokimia yang bagus dengan kapasitas discharge awal
558.9 mAh/g dan effisiensi pertama sebesar 86.9%.

Hal ini membuktikan bahwa h-WO3 adalah salah satu kandidat material yang
potensial untuk anoda baterai ion lithium. Peningkatan performa elektrokimia WOj3
dapat disebabkan oleh struktur morfologi yang teratur. Na-EDTA tidak hanya
diketahui berpengaruh pada keseragaman dan kekristalan yang tinggi pada produk,
tetapi juga berperan penting dalam perilaku pertumbuhan WO; selama proses
sintesis.

Nanokomposit tungsten trioksida/reduced grafena oksida (WO;3/rGO) juga
telah disintesis dengan menggunakan metode hidrotermal dan dievaluasi sebagai
material anoda untuk baterai ion lithium. Pada siklus yang pertama, elektroda
nanokomposit (WO _H180T20 GO8%) mengasilkan kapasitas discharge sebesar
987.4 mAh/g dengan efisiensi sebesar 64.6%. Selain itu, pada densitas arus 700
mA/g, elektroda ini mampu menghasilkan kapasitas sebesar 219.5 mAh/g setelah
100 siklus. Peningkatan performa elektrokimia pada material ini dapat disebabkan
oleh kombinasi struktur yang unik antara WO3 dan rGO.

Kata kunci: Tungsten trioksida, material anoda, baterai ion lithium, efisiensi.
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ABSTRACT

Tungsten trioxide (WO3) is expected to be profitable in improving of LIBs due
to enhanced safety because of high melting temperature and mechanical stability,
low cost, large theoretical capacity (693 mAh/g) and high volumetric capacity. The
objective of the contribution is to introduce a high performance anode alternative to
graphite for lithium-ion batteries. = Hexagonal WOs; was synthesized via
hydrothermal route using NaCl and/or Na-EDTA as structure directing templates and
then these materials were evaluated as an anode material for lithium ion batteries.
The Na; WO4.2H,O/Na-EDTA molar ratio and the reaction temperature are found to
play important roles in determining the morphologies and electrochemical properties
of the WO; product.

The morphology of WO3; product without adding either NaCl or Na-EDTA
(WO_H180T20) is nanoparticle whereas that of WO3 product with adding NaCl and
Na-EDTA synthesized at 210°C (WO _H210T20 CEO0.8) is rod like structure.
WO _H180T20 has initial discharge capacity of 814.3 mAh/g with a first coulombic
efficiency of 53.7%. On the other hand, WO H210T20 CE0.8 has ag ood
electrochemical performance with initial discharge capacity of 558.9 mAh/g and a
high first coulombic efficiency of 86.9 %. These proved that h-WOs is one of good
candidate materials for lithium ion battery anode. The improved electrochemical
performance of WO; could be ascribed to the highly ordered self-assemble
structures. Na-EDTA is not only found to be responsible for the especially good
uniformity and high crystallinity of the products, but also play important role in
restricting the natural growing habit of WO3 due to the possible selective interaction
between EDTA and certain crystal facets, thus having a great impact over its final
morphology.

Tungsten trioxide/reduced graphene oxide (WO3/rGO) nanocomposites also
were synthesized via hydrothermal method and evaluated as an anode material for
lithium batteries. At first cycle the nanocomposite electrode (WO _H180T20 GO8%)
exhibits a discharge capacity of 987.4 mAh/g with a coloumbic efficiency of 64.6%.
And at a current density of 700 mA/g it can delivers as high as 219.5 mAh/g after
100 cycles. The improved electrochemical performance could be attributed to the
incorporation of GO and the unique structure of the nanocomposite.

Keywords: Tungsten trioxide, anode materials, lithium ion batteries, coulombic
efficiency
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CHAPTER 1
INTRODUCTION

1.1 Research Background

Lithium-ion batteries play a significant role as energy storage devices in the
communications, transportation and renewable-energy sectors. Graphite is current
choice of anode materials for lithium-ion batteries due to its relatively low cost,
abundant material supply and long cycle life. However, the low energy density
(375mAh/g) and safety issues related to lithium deposition become disadvantages
of graphite(Shukla and Prem Kumar, 2013). Thus, there has been a great
challenge in developing alternative anode materials with high energy density, long
cycle life, enhanced safety, and low cost (Larcher et al., 2007).

Tungsten oxide (WO3) has received wide attention owing to its promising
application for gas sensors, electrochromic and photochromic devices, secondary
batteries, photocatalysts, heterogeneous catalysts, solar energy devices, field
electron emission and electrocatalyst (Ham et al., 2010). Hexagonal form of
tungsten trioxide (h-WO3) is of great interest owing to its well-known tunnel
structure and a promising material for negative electrodes of rechargeable lithium
batteries(Gu et al., 2007).

WOj; is expected to be profitable in improving of LIBs due to enhanced
safety because of high melting temperature and mechanical stability, low cost and
large theoretical capacity (~700 mAh/g). More importantly, a very high
volumetric capacity can be expected considering its high theoretical density of
7.61 gem (Yoon et al., 2011). However, the low 1™ coulumbic efficiency and
the poor cyclability of this material during the continuous charge/discharge
cycling are the main disadvantages that restrained the application of WO; as
anode material for lithium-ion batteries. This problem is mainly attributed to the
formation of solid electrolyte interface layer (Wang et al., 2014).

Although substantial progress has been made in different material system,
there is less reports for WOs5 in the field of energy conversion/storage such us Li-
Ion battery(Sasidharan et al., 2012). Gu et al., 2007 have prepared hexagonal

tungsten trioxide nanowires in a large scale by a simple hydrothermal method




without any templates and catalysts. However it only delivers a low discharge
capacity of 218 mAh/ with a coulombic efficiency of 75.6% for the first cycle.
Meanwhile an ordered mesoporous WO3.« with high electrical conductivity (m-
WO;) was prepared by Yoon et al., 2011 as an anode material for lithium ion
batteries (LIBs). It exhibits a reversible capacity of 748 mAh/g with 1% coulombic
efficiency is only 53%.

Furthermore, Yin et al., 2012 had synthesized y-WOs3 hierarchical
nanostructures by using a biomolecule-assisted hydrothermal approach between
Na,WO4-2H;0 and glycine acid. However it has only discharge capacity of 515.1
mAh/g and coulombic efficiency of 62.4% for the first cycle.

To understand the effect of nanostructure to the elecrochemical performance
of WO3, we investigate the preparation of WO3 via hydrothermal synthesis under
various structure directing agents. Hydrothermal process offers significant
advantages in controlling over the product shape and size at low processing
temperature, extreme homogeneity, and low cost. NaCl was used as a crystal
modifier to control the growth rate of the product and Na-EDTA was used as a
chelating ligand and structure-directing agent to produce h-WO3 nanocrystal. In
the last part, tGO was added into WO; to improve its electrochemical
performance. rGO could not only induce formation of fine particles with uniform
dispersion and control its morphology through high chemical functionality, but
also shorten lithium ion transporting distance and increase electronic conductivity,
then the metal oxides could display longer cycle life and better rate performance.

Subsequently, the structures and morphologies of WO3; were analyzed by
using X-ray Difraction (XRD), Scanning Electron Microscopy (SEM), Thermo
gravimetric  analysis (TGA) and Raman Spectroscopy. Meanwhile,
electrochemical properties were analyzed by using galvanostatic charge-discharge

and cyclic voltammetry.




1.2 Research Objectives
The objectives of this work are to:

a. Study the effect of sodium salts as structure directing agents on the
morphologies and electrochemical performances of WOs.

b. Study the effect of reaction temperature on the morphologies and
electrochemical performances of WOj5.

c. Study the effect of Na-EDTA molar ratio on the morphologies and
electrochemical performances of WOj5.

d. Study the effect of GO weight ratio on the morphologies and electrochemical

performances of WO3.

1.3 Research Advantages
This work is expected to produce WOs3 that can be applied as anode
material for lithium ion battery which has a high capacity, high reversible

capacity, high capacity retention and long cycle life.
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CHAPTER 2
LITERATURE REVIEW

2.1 Lithium lon Battery Anode

2.1.1 Li-ion cell design and components
There are three main parts of lithium ion batteries: anode, cathode, and

electrolyte. Figure 2.1 shows a rough schematic of a lithium ion cell. During
discharge, the cathode (typically a lithium metal oxide such as LiFePOg,
LiMn, 04, LisV,(PO4)s and LiCoO;) acts as the positive terminal of the battery
and the anode (commercially composed of graphitic carbon) acts as the negative
terminal. The cathode reacts according to the following half reaction (de las
Casas and Li, 2012):

LiMO; < Li; \MO, + xLit+ + xe
Similarly, the anode reacts according to the following half reaction:

xLi" + xe + 6C <> Li,C

During charging Li" ions move from cathode to anode via electrolyte,

whereas during discharging they move reversely. The electrolyte is typically a
lithium salt such as LiPF¢ dissolved in organic solvent (ethylene carbonate and/or
diethylene carbonate). Importantly, the electrolyte does not enable the conduction
of free electrons; instead, the electrons that complete the half reaction move via an
external wire. Commercially, the most common cathode material has been lithium
cobalt oxide since its introduction by Sony in the early 1990s, due to its high
energy density. Lithium manganese oxide is also commonplace in cathodes where

higher current density is a concern (Ohzuku and Brodd, 2007).

Figure 2.1 Schematic of lithium ion cell(de las Casas and Li, 2012)




Depending on their Li-ion battery performances and reaction mechanism,

anode materials could be classified into three groups (Table 2.1):

a) Intercalation/de-intercalation materials,

such

as carbon based

materials, graphene, carbon nanotubes, porous carbon, TiO, and
b) Alloy/de-alloy materials, such as Si, Ge, Sn, Al, Bi, SnO2, etc

c) Conversion materials, such as metal oxide (Mn,Oy, NiO, Fe,O,,

CuO, Cu,0, MoOetc.), metal sulphides, metal phosphides and metal
nitrides (M, Xy; here X =S, P, N)(Goriparti et al., 2014).

Table 2.1 Most common anode materials used for lithium ion batteries(Goriparti et al., 2014)

Reaction
Mechanism
Insertion/de-

insertion

materials

Alloy/de-
alloy

materials

Conversion

materials

Active anode
material
1. Carbonaceous
a. Hard carbons
b. CNTS
c. Graphene

2. Titanium oxides
a. LiTi4O5
b. TiO,

a. Silicon

b. Germanium

c. Tin

d. Antimony

e. Tin oxide

f. SiO

a. Metal oxides
(Fe,03, Fe504, CoO
,C0304, Mn, Oy ,Cu,O
/Cu0, NiO, Cr,03,

Advantages

® Good working
potential
e Low cost

® Good safety

Extreme safety

Good cycle life

Low cost

High power capability
Higher specific
capacities

High energy density
Good safety

High capacity
High energy
Low cost

Environmentally

Common issues

e Low coulombic
efficiency
e High voltage

hysteresis

e Very low capacity

e Low energy density

e Large irreversible
capacity
e Huge capacity fading

e Poor cycling

e [.ow coulumbic
efficiency
e Unstable SEI

formation




Ru0O,, M00,/M003, compatibility e Large potential
etc.) hysteresis

e Poor cycle life

b. Metal phoshides/ e High specific e Poor capacity
sulfides/ nitrides capacity retention
(MXy; M =Fe, Mn, e Low operation e Short cycle life
Ni, Cu, Co etc. and potential and Low e High cost of
X=P, S, N) e polarization than production

counter oxide

Active materials, in order to be considered suitable candidates for LIBs
anode, should fulfil the requirements of reversible capacity, good ionic and
electrical conductivity, long cycle life, high rate of lithium diffusion into active

material and conclusively low cost and ecocompatibility(Goriparti et al., 2014).

2.1.2 Carbon based anodes
Anodes in many commercial grade lithium ion batteries are composed of

graphitic carbons because of their low expansion during lithium insertion. This
low expansion is directly linked to their ability to maintain their charge capacity
after many charge-discharge cycles. The reasons for this will become clear later,
but in any case, their predominance in the market is a result of their cycle over
cycle efficiency, not their capacity. When lithium intercalates in graphite, it
occupies an interstitial site between two planes of graphite (Figure 2.2). Lithium
ions can only combine on every 2" carbon hexagon in the graphite sheet which
limits the amount of lithium ions to 1 for every 6 carbon atom. This is directly
linked to the energy storage density of graphite in Li-ion batteries. The lithium
insertion capacity of graphite (372 mAh/g) is a relatively low capacity, and
lithium ion cells stand to gain much if this value is increased(de las Casas and Li,

2012).
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Figure 2.2 Schematic of lithium intercalation in graphite. (a) Lithium is inserted in every 2™
carbon hexagon and (b) between the graphite layer(de las Casas and Li, 2012)

2.1.3 Metal and Alloy based Anodes
There are some metal that have greater capacities that of graphite such as

aluminum (993 mAh/g for LiAl and 2234 mAh/g for Al4Lio ), tin (994 mAhg™'
Li»Sns ) and antimony (536 mAhg ™' Li;Sb)(Munshi, 1995). The lithium in these
materials is not stored through the intercalation mechanism that graphite uses but
they are capable of forming an alloy with metals. By forming alloys, these metals
are capable of storing far more lithium per gram than graphitic carbon can. For
comparison, whereas it takes 6 carbons in graphite to insert one lithium ion,
whereas one aluminum or tin atom can often alloy itself with 2—4 lithium
atoms(Munshi, 1995).

This large change in volume, sometimes an expansion/contraction of
500%, causes the structural integrity of the anode to be compromised, which then
causes the anode to physically crumble (Obrovac and Christensen, 2004). This
process is called pulverization, and is the primary reason that metal alloys are not
used in rechargeable batteries. Once pulverization occurs, it cannot be reversed
and the battery permanently loses a fraction of its capacity. When a metal alloy
based anode is used repeatedly, it results in an exponential decay of capacity. It is
evident then, that to improve the capacity of a rechargeable battery such as the
lithium ion cell, a simple metal alloy anode will not suffice (de las Casas and Li,

2012).

2.1.4 Conversion based Anodes
There are some transition metal compounds such as oxides, phosphides,

sulphides and nitrides (MyNy; M=Fe, Co, Cu, Mn, Ni and N=O, P, S and N)

which utilized as anodes in LIBs. The electrochemical reaction mechanism




involving these compounds together with lithium, implies the reduction/oxidation
of the transition metal along with the composition/decomposition of lithium
compounds (LixNy; here N=O, P, S and N). Anodes based on these compounds
(included WO3) exhibit high reversible capacities (500-1000 mAh/g) owing to the
participation of a high number of electrons in the conversion reactions. The
electrochemical conversions reactions can be described as follows(Goriparti et al.,
2014):

M Ny+zLi +ze” > Li,Ny + xM (here M= Fe, Co, Cu, Mn or Ni & N= 0O, P or N)

2.2 Tungsten Trioxide (WQO3)

Tungsten oxide (WOy) has received wide attention because it has many
application such as gas sensors, electrochromic and photochromic devices,
secondary batteries, photocatalysts, heterogeneous catalysts, solar energy devices,
field electron emission and electrocatalyst in electrolysis of water for hydrogen
production (Ham et al., 2010). Tungsten has many oxidation states, i.e., 2, 3,4, 5
and 6, thereofore the tungsten compound can exist in many forms. For instance,
the typical forms of tungsten oxides are tungsten (VI) oxide: WO; (lemon yellow
appearance) and tungsten (IV) oxide: WO, (brown and blue appearance)
(Supothina et al., 2007).

WO; with different morphologies such as nanowires, nanorods, nanoplates
and nanoparticles were successfully synthesized by various methods, including
hydrothermal reaction (Li et al., 2006), thermal oxidization (Siciliano et al., 2008),
inorganic—organic hybrid method (Chen et al., 2008), pulsed spray pyrolysis
deposition technique (Bathe and Patil, 2009), and wet chemical precipitation
(Wolcott et al., 2006). Among them, hydrothermal process offers significant
advantages in controlling over the product shape and size at high homogeneity,
low cost and low processing temperature by combining with soft templates as
chelating ligands and capping reagents, such as ethylene diamine tetraacetate acid
(EDTA), polyethylene glycol (PEG) and polyvinyl alcohol (PVA) to produce 1D

nanostructure (Ham et al., 2010).




There are some kinds of precursors for large-scale production of WOj;.
These can use a variety of different precursors, for example: sodium tungstate
hydrate, tungsten oxychloride, tungsten alkoxide, dissolved tungsten metal,
tungsten hexachloride, tungsten oxide and hydrated ammonium metatungstate
(Baker et al., 2002).

Hexagonal form of tungsten trioxide (Figure 2.3) is of great interest owing
to its well-known structural tunnel cavities in which WOg octahedrons shared
their corners with each other thus forming hexagonal tunnel cavities along c-axis.
Among various crystal structures of WO3, hexagonal tungsten oxide (h-WO3) was
widely investigated, especially as an intercalation host to obtain hexagonal
tungsten bronzes M, WO; (M= K", Li", etc.) and as a promising material as anode

material for lithium ion battery (Gu et al., 2007).

hexagonal tunnels

triangular tunnels

Figure 2.3 Arrangement of [W-O6] octahedral in the structure of hexagonal WO;(Gu et al.,
2007)

WOs3 has been examined as an anode material for lithium ion batteries due
to enhanced safety because of high melting temperature and mechanical stability,
low cost and large theoretical capacity (~700 mAh g—1) (Yoon et al., 2011). More
importantly, a very high volumetric capacity can be expected considering its high
theoretical density of 7.61 g/cm3 (Yoon et al., 2011).

Like transition metal oxides (Mn,Oy, NiO, Fe, Oy, CuO, MoO», etc), the
anode charging—discharging mechanism of WOj3 is based on conversion reaction,
which requires formation of a metal and lithium oxide (Poizot et al., 2000). When

WO3 was applied as an anode material for lithium ion battery, ad ischarge
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capacity of 200-600 mAh/g was obtained according to the following conversion
reaction mechanism:

WOs3 +6Li" + 6 > W+3Li,O ... (2.1)

W +3Li,0 > WO3+6Li" + 6 ....... (2.2)
Based on this reaction, the calculated theoretical capacity of WO3 is 693 mAh/g,
and a very high volumetric capacity can be expected considering its high
theoretical density of WO3(Gu et al., 2007). Furthermore, a WO3; anode material
is expected to be profitable in improving the safety of an LIB because of the
strong mechanical stability and its intrinsic high melting temperature (Lide, 2004).

Nevertheless, WO; as an anode material has disadvantage, due to suffers
from large structural and volume variation during the charge/discharge processes,
and the induced structure change breaks the stability of electrode material, leading
to mechanical disintegration and the loss of electrical connection between the
active material and current collector. It can decrease the cycling ability and rate
capability of electrodes. Moreover, after only several tens of cycles even at low
current rates the capacities faded rapidly to lower than 75% of the initial values
(Yu et al., 2013). Therefore, it is desirable to find suitable WO3 properties which
could improve its performance as anode material for lithium ion battery.

Gu et al., 2007 have prepared single-crystal nanowires of hexagonal
tungsten trioxide in a large scale by a simple hydrothermal method without any
templates and catalysts. However the electrode only delivered a low discharge
capacity of 218 mAh/ with coulombic efficiency of 75.6% for the first cycle.
Meanwhile An ordered mesoporous WOs; with high electrical conductivity (m-
WO;.) was prepared and evaluated by Yoon et al., 2011 as an anode material for
lithium ion batteries (LIBs). It exhibited a reversible capacity of 748 mAh/g and
the coulombic efficiency of 53% at 1* cycle.

Yin et al., 2012 had synthesized y-WOj3 hierarchical nanostructures by using a
biomolecule-assisted hydrothermal approach between Na, WO4-2H,0 and glycine
acid. This electrode has discharge capacity of 515.1 mAh/g and coulombic
efficiency of 62.4% for the first cycle.

Nanostructured WOs3 thin film has been successfully fabricated by radio-

frequency magnetron sputtering method. The reversible discharge capacity of
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WO3s/Li cells cycled between 0.01 V and 4.0 V was found above 626 mAh/g
during the first 60 cycles at the current density 0.02 mA/cm, (Li and Fu, 2010).
However, this electrode has a high cost of the deposition process and low active
material loading.

WOs3 hollow nanosphere is reported by Sasidharan et al.,, 2012 using
polymeric micelle with core shell corona architecture. The nanostructured
electrode delivers high initial discharge capacity of 1054 mAh/g at a
charge/discharge 0.2 C. unfortunately, the capacity retention is only 28.4% after
50 cycles.

2.2 Graphene, Graphene Oxide and reduced Graphene Oxide

Graphene is a two dimensional of carbon, consisting of sp> hybridized
carbon atoms arranged in a honeycomb crystal lattice which has a highly unique
electronic structure because of the charge carriers behaving like relativistic
particles(Novoselov et al., 2004). Graphene forms a basic structure of other
carbon materials like graphite, fullerenes and carbon nanotubes. The ballistic
charge transport at room temperature and at high charge carrier concentrations
make graphene interesting for applications such as energy strorage device where
electronic conductivity is of high importance(Geim and Novoselov, 2007).

Graphene can be prepared in various ways: reduction of graphene oxide
(GO) (Li et al., 2008), epitaxial growth (Berger et al., 2006), micromechanical
exfoliation of highly oriented pyrolytic graphite (Novoselov et al.,, 2004) and
chemical vapor deposition (CVD) (Wintterlin and Bocquet, 2009). From the
aforementioned methods, the reduction of GO is the most suitable for large-scale
graphene production. It must also be noted that the vast majority of graphene
composite lithium ion battery cathode materials use g raphene obtained by
reducing GO(Kucinskis et al., 2013).

Currently one of the most popular to produce graphite oxide is the method
first reported by Hummers and Offerman (Hummers and Offeman, 1958).
Oxidized graphite has been prepared by treating graphite with a mixture of three
oxidizing agents: sulfuric acid (H,SO4), sodium nitrate (NaNO3) and potassium

permanganate (KMnQ,). It is then rinsed with water and hydrogen peroxide and
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filtered afterward. After that resinous anion and cation exchangers are used to
remove the remaining impurities.

Although graphite oxide retains the stacked layer structure of graphite, it
incorporates oxygen and hydrogen containing groups. These groups increase the
interlayer distance and due to weakening of the platelete-platelete interactions
make the atom-thick graphite oxide layers hydrophilic (Pei and Cheng, 2012).
One or few monolayers of graphite oxide are called graphene oxide (GO).
Sonicating and/or stirring GO in water are the most common method to exfoliate
graphite oxide to graphene oxide (Dreyer et al., 2010).

D.C. Marcano et al. have been proposed improvement of the original
Hummers method (Marcano et al., 2010). They found that excluding NaNOs,
increasing the amount of KMnOy4 and performing the reaction in a mixture of
H,S04/H3PO4 (9:1) improves the efficiency of the graphite oxidation process.
Some less altered modifications of Hummers method have also been used; in most
of these the main difference lies in the graphene to oxidants mass ratio used or
oxidation times(Ding et al., 2010).

The precise chemical structure of both graphene and graphene oxide is yet
to be fully understood due to its complexity and partial amorphous characteristics

(Dreyer et al., 2010). However, the model was widely accepted is the one

proposed by Lerf and Klinowski (Figure 2.4).

Graphene oxide

Figure 2.4 The structural model of graphene and GO with carboxyl groups at the sides(Lerf
et al., 1998)
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Graphene has a high ionic and electronic conductivity. In other hand, both
graphite oxide and graphene oxide (GO) are electrically insulating materials due
to their disrupted sp” bonding networks(Becerril et al., 2008). Functionalization
present in GO breaks the conjugated structure and localizes p-electrons, resulting
in a decrease of both carrier mobility and carrier concentration (Lerf et al., 1998).
Reduction of GO results in a partial restoration of the electrical conductivity by
restoring the p-network. The material obtained by reducing GO is generally
referred to as reduced graphene oxide (rGO) or simply graphene(Kucinskis et al.,
2013).

GO can be reduced chemically, thermally, electrochemically or by using
combinations of several aforementioned methods. The most common method is
chemically (Dreyer et al., 2010). In chemical reduction, the oxide functionality
from the surface is stripped by using reducing compounds such as hydrazine and
its derivatives (hydrazine monohydrate, dimethylhydrazine), NaBH4 (Shin et al.,
2009), ascorbic acid (Vitamin C) (Fernandez-Merino et al., 2010) hydroiodic acid
(Pei and Cheng, 2012) and oxalic acid(Song et al., 2012).

Thermal treatment has been used for graphite oxide exfoliation and GO
reduction and can be carried out in vacuum, inert or reducing atmospheres. When
graphite oxide is subjected to high temperature heating, the oxygen-containing
functional groups attached to the carbon plane are decomposed into gas phase
(mostly CO,) that create huge pressure between the stacked layers(Schniepp et
al., 2006).

The thermal treatment can not only exfoliate graphite oxide, but also strip
away some oxide functionalities from the surface of GO(McAllister et al., 2007),
efficiently meaning that graphene can be obtained directly by thermal exfoliation
of graphite oxide. Aside from the reduction of GO, thermal treatment is also found
to remove chemical contaminants that can adhere to the graphene during
processing and degrade its electronic properties(Schultz et al., 2011).

There are some research about graphene based anode material for lithium-
ion batteries. A facile hydrothermal method was employed to prepare
Fe,Os/graphene composites with different contents of graphene by Xiao et al.,

2013. After performed as anode for lithium ion battery, Fe,Os/graphene
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composite with graphene mass content of 30% exhibits outstanding cyclability
with highly reversible charge capacity of 1069 mAh /g after 50 cycles, at current
density of 50 mA/g. And when the current density is increased to 1000 mA/g, it
could still retain charge capacity of 534 mAh/g.

Chen et al, 2012 used a facile ultrasonic method to synthesize
CoO/graphene nanohybrids by employing Co4(CQO);, as a cobalt precursor. The
CoO/graphene nanohybrids display high performance as an anode material for
lithium-ion battery, such as high reversible lithium storage capacity (650 mA-h/g
after 50 cycles, almost twice that of commercial graphite anode), high coulombic
efficiency (over 95%) and excellent cycling stability.

TiO,—graphene nanosheets (GNS) composites are prepared via an in situ
chemical synthesis method, which enables a homogenous dispersion of TiO,
nanoparticles on the graphene nanosheets. The TiO,—GNS composites can deliver
60 mAh/g at a current rate as high as 5000 mA/g and demonstrate negligible fade
even after 400 cycles. The superior electrochemical performances of the TiO,—
GNS composites can be attributed to their unique structures, which intimately
combine the conductive graphene nanosheets network with uniformly dispersed
TiO, nanoparticles(Tao et al., 2012).

MoO;,—graphene composite was synthesized via at wo-step of
hydrothermal-calcination method. When used as anode material for lithium ion
batteries, the MoO,—graphene composite shows an enhanced cyclic performance
and lithium storage property. The first discharge capacity of the composite can
reach 674.4 mAh/g with a reversible capacity of 429.9 mAh/g. Significantly, the
composite can also deliver a reversible capacity of as high as 1009.9 mAh/g after
60 charge/discharge cycles(Yang et al., 2013b).

A new facile approach was proposed to synthesize nitrogen-doped
graphene sheets with the nitrogen doping level as high as 7.04 weight % by
thermal annealing pristine graphene sheets and low-cost industrial material
melamine. The high-level nitrogen-doped graphene sheets exhibit a superhigh
initial reversible capacity of 1123 mAh/g at a current density of 50 mA/g. More
significantly, even at an extremely high current density of 20000 mA/g, highly
stable capacity of about 241 mAh/g could still be obtained (Cai et al., 2013).

15



Three types of graphene papers, with thickness of 1.5, 3and 10um,
respectively, were fabricated by vacuum-assisted filtration of reduced graphene
nanosheets suspended in water. These papers deliver evidently different lithium
storage capacities, with thinner papers always outperform thicker ones. The
1.5um paper gives rise to initial reversible specific capacities (the first 10 cycles)
of 200 mAh/g at a current density of ~100 mA/g, while the 10um paper only
presents ~80 mAh/g at a current density of 50 mA/g. After 100 cycles, a specific
capacity of ~180 mAh/g is retained for the 1.5um paper; in contrast, only ~65
mAh/g remains for the 10um paper(Hu et al., 2013).

A simple urea-assisted, auto-combustion synthesis was used to fabricate
pure Co30O4 nanoparticles and their nanocomposite with 10 w t% reduced
graphene nanosheets. Using the Co304/CoO/graphene nanocomposite as an anode
in lithium ion battery led to a higher lithium storage capacity than using pure
Co304 nanoparticles electrode. The Co3;04/CoO/graphene nanocomposite
electrode delivers an initial charge capacity of 890.44 mAh g—1 and exhibits 90%
of good capacity retention (801.31 mAh.g ") after 30 cycles. While pure Co304
nanoparticles electrode (877.98 mAh g ') fades quickly, retains only 60% (523.94
mAh g—1) after 30 cycles (Rai et al., 2013a).

A ternary nanocomposite based on tin indium oxide (SnO,-In,0O3) and
graphene nanosheet (GNS) was synthesized via a facile solvothermal method as
an anode for lithium ion batteries. The SnO,—In,03/GNS nanocomposite exhibits
a remarkably improved electrochemical performance in terms of lithium storage
capacity (962 mAh/g at 60 mA/g rate), initial coulombic efficiency (57.2%),
cycling stability (60.8% capacity retention after 50 cycles), and rate capability
(393.25 mAh/g at 600 mA/g rate after 25 cycles) compared to SnO,/GNS and
pure SnO,—In, 03 electrode(Yang et al., 2013a).
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2.3 Hydrothermal Method

The controllable synthesis of highly ordered nanostructure has been widely
studied by using kinds of methods, such as low temperature solution based
chemical strategies including electrochemical synthesis method, hydrothermal
method and the sol gel method (Liu et al., 2009); and high-temperature vapor-
phase approaches including chemical vapor deposition and physical vapor
deposition(Saron and Hashim, 2013). Among them, hydrothermal synthetic
strategies on a water system are considered as simple and powerful routes and
become more popular in fabricating ordered nanoarray structures(Yang et al.,
2013b).

The main advantages that hydothermal method offers are: (1) simple and
economical, (2) limited equipment corrosion problems, (3) operation the process
does not require the addition and recovery of chemicals different from water and
(4) the processing can be considered an environmentally friendly fractionation
process(Romani et al., 2010).

Hydrothermal technologies are broadly defined as chemical and physical
transformations in high-temperature, high-pressure liquid or supercritical water
(SCW) (Peterson et al, 2008). Hydrothermal degradation is an effective
technology to decompose polymer derived from plants (Bobleter, 1994) and it is
environment-friendly technologies that can be conceived as a first step for the
chemical utilization of lignocellulose (Garrote et al., 1999).

As a low temperature technology, hydrothermal synthesis is
environmentally friendly in that the reaction takes place in aqueous solutions
within a closed system and using water as the reaction medium (Sayilkan et al.,
2006). This technique is usually carried out in an autoclave (a steel pressure
vessel) under controlled temperature and/or pressure. The operating temperature is
held above the water boiling point to self-generate saturated vapor pressure (Chen
and Mao, 2007). The internal pressure generated in the autoclave is governed by
the operating temperature and the presence of aqueous solutions in the autoclave.

The hydrothermal method is widely applied in metal oxide production
because of its many advantages, such as low energy requirement, simple control

of the aqueous solution, high reactivity and relatively non-polluting set-up (Lee et
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al., 2007). The reaction pathway is very sensitive to the experimental conditions,
such as pH, temperature and hydrothermal treatment time.

ID or 2D nanoarrays like NiO nanorod, Ni(OH), nanowall and Co03;O4
nanowire/nanosheet arrays can be achieved via simple hydrothermal method of
directly putting the substrates into corresponding reaction solutions, maintaining
for a certain time at appropriate temperature and following annealing treatment
(Figure 2.5). The morphology and size of these nanoarrays mainly depend on the
reaction conditions, such as concentration and ratios of the reactants, reaction time

and reaction temperature (Yang et al., 2013b).

Figure 2.5 Schematic diagram of hydrothermal synthesis of 1D and 2D nanoarrays. (a) NiO
nanorod; (b) Ni(OH), nanowall; (c) CozO4 nanosheet and (d) Co;O,4 nanowire(Yang et al.,
2013b)

Tungsten trioxide was synthesized using hydrothermal method. The
chemical reactions that occurred in the preparing process are as follows (Zheng et
al., 2013):

Na, WO, + 2HCl + nH,O — H>,WO4-nH,0 + 2NaCl (2.3)
H,WO,4-nH,O0— WO3 + (n+1)2H;,0 (hydothermal process) (2.4)

At a relatively low pH value (pH of 1.5-2), a great deal of small WO3 nuclei

is quickly generated because heterogeneous nucleation onto a foreign surface
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occurs readily compared to homogeneous nucleation in solution. The nuclei
randomly distribute and scatter in all directions. Small WO3 nuclei spontaneously
aggregate into large spheres owing to the high concentration of H'. The numbers
of nuclei which make up large particles are different. And for each particles, the
sizes of nuclei vary on a large scale. The nucleus begins to grow only when its
size is larger than the critical size. When a large number of nuclei are generated,
the supersaturation of H, WO, reaches a low level, which creates the conditions

for WO3 growth(Zheng et al., 2013).

2.3.1 NaCl assisted Hydrothermal
Sodium chloride is anionic compound with the formula NaCl,

representing equal proportions of sodium and chlorine. Large quantities of sodium
chloride are used in many industrial processes, and it is a major source of sodium
and chlorine compounds used as feedstocks for further chemical
synthesis(Kostick, 2014).

In solid sodium chloride, each ion is surrounded by six ions of the opposite
charge as expected on electrostatic grounds. The surrounding ions are located at
the vertices of a regular octahedron. In the language of close-packing, the larger
chloride ions are arranged in a cubic array whereas the smaller sodium ions fill all
the cubic gaps between them. This same basic structure is found in many
other compounds and is commonly known as the halite or rock-salt crystal
structure(Kostick, 2014). The properties of common NaCl are shown in the Table
2.2(John M. Hills, 2014):

Sodium chloride is readily soluble in water and insoluble or only slightly
soluble in most other liquids. It forms small, transparent, colorless to white cubic
crystals. Sodium chloride is odorless but has a characteristic taste. It is an ionic
compound, being made up of equal numbers of positively charged sodium and
negatively charged chloride ions. When it is melted or dissolved in water the ions
can move about freely, so that dissolved or molten sodium chloride is a conductor
of electricity; it can be decomposed into sodium and chlorine by passing an

electrical current through it(Infoplease, 2014).
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Table 2.2 The properties of NaCl(John M. Hills, 2014)

Mame of compound

sodinm chloride

Chemical formula

Mall

Formula weight

58443

Colour colourless or white when pure; colourad splotches
(2.g., blue, purple) when impure

Lustre vitreons

Phiysical form transparent to translucent cubic
crystals; alse powder or granules

Mohs hardness 22

Densityat 0' C (32" F) 2.17 glem?

Melting point

801" C {1,474 F)

Boiling point

1,465 C (2,669° F)

Solubility

water (s)%; glyecerol (s); aleohol (s5)1;

hydrochloric acid (1)F

* [g) = soluble; 1 (s5) = slightly soluble; £ (1) = insoluble

The chloride ions are also strongly solvated, each being surrounded by an
average of 6 molecules of water. Solutions of sodium chloride have very different
properties from pure water. The freezing pointis —21.12°C (—6.02°F) for
23.31 wt% of salt, and the boiling point of saturated salt solution is near 108.7°C
(227.7°F)(Ullmann and Elvers, 1991).

NaCl was used by Lu et al. (Liu and Aydil, 2009) for the growth of
oriented single-crystalline rutile TiO, nanorods for dye-sensitized solar cells.
When growth was conducted by adding saturated aqueous NaCl solution to the
growth solution, the diameter, density, and alignment of the nanorods could be
changed. The nanorods appear less aligned with the substrate surface normal
because reduction of diameter and density decrease the probabilities of nanorods
growing. The exact role of NaCl in controlling the diameter and density of the
nanorod growth is not fully understood, but several explanations are possible.
First, addition of sodium chloride salt greatly increases the ionic strength of the
growth solution, and higher ionic strength favors the formation of smaller crystals
through electrostatic screening(Vayssieres et al., 1998). Second, a layer of ions

next to the nanorods can act as a diffusion barrier for the nanorod growth and
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retard the precursors from diffusing to the surface(Xu and Zeng, 2003). Finally,
CI could preferentially adsorb and retard the growth rate of (110) surfaces.

The ability to retard the diameter growth rate through NaCl addition helps
grow longer TiO, nanorods while avoiding the side surfaces from coalescing to
form a continuous film. In control experiments, when no NaCl is added to the
solution in the second step of the growth, the nanorods grow taller and wider,
ultimately touching each other to form a continuous film with large grains at the
bottom(Liu and Aydil, 2009).

Mesoporous Zr-incorporated MCM-41 can be synthesized in the acid
conditions self-generated by the hydrolysis of ZrOCl, with the addition of NaClL
In this method, both NaCl and ZrOCl, are necessary for the self-assembly of
surfactant micelle and inorganic species to ordered mesoporous materials(Yang et
al., 2010). The ordering of Zr-MCM-41 could be greatly improved by the addition
of NaCl in the synthesis gel. The optimal molar ratio of NaCl/Si was 1.0. The
ordering decreased when the ratio was greater or smaller than this value. It
revealed that NaCl played an important role in the self-assembly process of
surfactant micelle and inorganic species. With the addition of NaCl, the large
amount of Cl strengthened the electrostatic interaction between the surfactant
micelle and inorganic species, and thus facilitated the formation of ordered
mesostructure. However, too much NaCl seemed to hinder the self-assembly of
the micelle and the inorganic precursors(Yang et al., 2010).

NaCl was also used for synthesis of radially aligned single-walled carbon
nanotubes on a Si0,/Si substrate(Rao et al., 2009). They showed that by using
ferritin in NaCl solution as catalyst precursor, cristobalite could be identified on
the Si0,/Si substrate after the growth of SWCNTs. The addition of NaCl
concentration in the solution could increases the signal intensity of cristobalite.
The cristobalite peak is not observed if only a ferritin aqueous solution was used.
Cristobalite is believed to be formed from the crystallization of amorphous SiO,.

Lee et al. (Lee et al, 2009) had synthesized gold icosahedra and
nanoplates using Pluronic P123 block copolymer and NaCl. They observed that
the shape of the gold crystals could be changed from icosahedra to plates by
introducing NaCl. NaCl promoted the growth perpendicular to the [111] direction
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required for producing gold nanoplates. The concentration of NaCl could control
the ratio of gold icosahedra to nanoplates. As the molar ratio of NaCl to the gold
salt increases from 0 to 10, the size and shape of the gold icosahedra become
smaller and more irregular, respectively, and their content in the product

decreases, while that of the gold nanoplates increases(Lee et al., 2009).

2.3.2 Na-EDTA assisted Hydrothermal
Ethylenediamine tetraacetic acid (EDTA) and its salts are substituted

diamines. These ingredients function as chelating agents by combining with
polyvalent metal cations in solution to form soluble ring structures. EDTA and its
salts have uses in pharmaceutical products, foods, and manufacturing and treat
heavy metal poisoning(Lanigan et al., 2002).

EDTA is a white, odorless, nonhygroscopic crystalline powder. It
decomposes over a melting range of 234 to 250°C. The molecular weight of this
compound is 292.24 gr/mol. EDTA is slightly soluble in water and solutions of
alkali hydroxides, but it is insoluble in common organic solvents (Longer et al.,
1990).

EDTA and its salts are chelating agents. They are neutralized by alkali-
metal hydroxides to form water-soluble salts, or chelates, that contain metal
cations(Budavari et al., 1989). Chelating agents such as EDTA are anionic. EDTA
forms at etranegative anion, and is strongly attracted to alkaline earth and
transition metal ions. The metal ion is converted to an anionic form as part of a
metal-EDTA complex during a reaction with EDTA; thus, the oxidation-reduction
potential of the metal ion is altered and the partitioning of the metal to the aqueous
phase is enhanced. The chelating action of EDTA occurs at alkaline pH as long as
metallic ions are available, until all the EDTA molecules are utilized. One mole of
EDTA chelates one mole of metallic ions(Saquy et al., 1994).

Generally, EDTA is stable as a solid and in aqueous solution. Only strong
oxidizing agents can attack it chemically. The stability of EDTA-metal chelates

increases according to the order(Heindorff et al., 1983) :
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Disodium EDTA is aw ater-soluble, almost odorless, white crystal or
crystalline powder with a molecular weight of 336.21 to 372.24 gr/mol. Disodium
EDTA decomposes at 252°C. The melting point of disodium EDTA is 240°C, the
ash point is >100°C, and it is soluble in water (~100 g/1) at 20°C (Longer et al.,
1990).

Disodium EDTA has some characteristics of weak acids; it displaces carbon
dioxide from carbonates and reacts with metals to form hydrogen(Budavari et al.,
1989). Disodium EDTA was prepared by dissolving EDTA into a hot solution that
contained two equivalents of sodium hydroxide. The solution then was allowed to
crystallize(Longer et al., 1990).

EDTA and its salts have been effectively employed in the hydrothermal
process as a structure-directing agent and chelating ligand to produce nano
crystals with different morphologies (Ha et al., 2009). Among the complexing
agents, EDTA and Na,-EDTA are known to be particularly efficient due to the
presence of amine groups in these molecules. Such molecules can effectively
complex metal ions of different sizes, and help in achieving chemical
homogeneity in the end products. However the high chelating abilities of EDTA
and Na-EDTA has not been widely used as a fuel in solution combustion
reactions(Hari Krishna et al., 2014).

Krishna et al. (Hari Krishna et al., 2014) used EDTA and Na,EDTA for
synthesis of Y,0O3 as photo- and thermo-luminescent applications. They show that
lowest crystallite size is observed for sample prepared using EDTA fuel due to
amorphous nature of the product. Whereas, crystallinity and crystallite size
increases for sample prepared using Na,EDTA.

Wang et al. (Wang et al., 2009) used Na,EDTA mediated hydrothermal to
synthesis of YVO4:Eu®". They show that the addition of additive agents can affect
the nucleation and growth of particles, which consequently can modify particle
morphology and size. The different pH value can induce different modality of
NaEDTA. When the pH value of synthesis solution ranged from 1 to 4, the
EDTA” ions are few, the process of formation YVO4:Eu®" structures are mainly
the homogeneous precipitation process. When the pH value was increased to 7

and 14, the Na,EDTA leads to the anisotropic growth of nano-particles. Because
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it is clear that a strong ligand (Na,EDTA) is not only needed to form a stable
complex with Y**, but also the ligand binds to the surface of the crystal, which
directly affects the growth direction and crystal structure of the nano-
crystals(Wang et al., 2009).

LaPO4 had been synthesized by Dong et al. (Dong et al., 2010) using
EDTA assisted hydrothermal method. They show that the as-prepared sample
prepared with 1 mmol EDTA consist of rod-like particles with the size range of
500-1000 nm in width and about 1 mm in length. Moreover, the aspect ratio of the
phosphors increases with the increase of EDTA concentration. Finally, the rod-
like shape of the sample is changed to the wirelike morphology when the EDTA
amount was increased from 1 mmol to 3 mmol(Dong et al., 2010).

Hariharan et al. (Hariharan et al., 2011) reported that the use of EDTA
during the microwave hydrothermal synthesis of Wi3O49 nanoplate resulted
oxygen vacancy. This is due to the fact that Na' ion of disodium salt of EDTA has
a strong tendency to react with oxygen and forms intermediate Na,O during the
anneling process. This phenomenon decreases the concentration of oxygen in the
WOs lattice and creates oxygen vacancy (Adhikari et al., 2014).

WOs; hierarchical structure was synthesiszed by Rajesh et al. (Adhikari et
al., 2014) using EDTA mediated microwave hydrothermal. The result revealed
that the addition of EDTA leads to the controlled aggregation of WOs;
nanoparticles having high crystallinity with monoclinic structure and creates
oxygen vacancy in the WOj3 lattice. Moreover, at high concentration of EDTA,
cauliflower like hierarchical  structure was formed when the optimum
concentration of EDTA reaches to 0.5 mol (Adhikari et al., 2014).

EDTA has a significant effect on the size, morphology and aggregation of
the product. EDTA also play an important to control the degree of crystalinnity
(Ha et al., 2009). As the concentration of EDTA increases, the effect of chelation
increases that controls the aggregation of WO3 nanoparticles and forms the
hierarchical structure(Adhikari et al.,, 2014). Furthermore, the surface area of
WOj; prepared in presence of EDTA is lesser than that of WO; preapared in

absence of EDTA which is attributed to the formation of hieracrchical
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structure(Adhikari et al.,, 2014). The schematic illustration for the formation of

hierarchical WO3 structure is show in Figure 2.6.

Figure 2.6 Schematic illustration of formation of hierarchical WO; structure in presence of
disodium salt of EDTA under microwave hydrothermal condition(Adhikari et al., 2014)
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CHAPTER 3
EXPERIMENTAL

Materials

Materials which be used in this work are:
Na,WO04.2H,0

NacCl

Na EDTA

HC1

Distilled water

Graphite powder KS-4 (Timcal)
H3;PO4 (>95%)

H,S04 85%

KMnOy4

H,0,

PVDF

NMP

Carbon black (Super P)

Cu foil

Coin cell part

3.2 Instruments

ISHE

S

-

= @ oo

Instrument which be used in this work are :
Analitic balance

Beaker Glass

Measuring tube

Dropper

spatula

stirrer

two neck bottle

ultrasonicator

Centrifuge machine and centrifuge tube
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J- Autoclave
k. Oven
. Glove box
m. Material characterization and electrochemical measurement:
a) X-Ray Difraction (XRD) : Bruker D2 phaser
b) Scanning Electron Microscope (SEM) : JEOL JSM 5800
c) Thermal gravimetric Analysis : TA Instruments Q500 TGA
d) Raman Measurement : Protrustech ProMaker Raman
e) Cyclic Voltammetry (CV) : EC Lab V10.34
f) Charge discharge : Acutech system Bat-750B (Ubiq machine)

3.3 Experiment Procedures
3.3.1 Synthesis of WO3 via Hydrothermal Method

Na,W04.2H,0O was used as tungsten source, NaCl was used as crystal
modifier to promote of the WO; nanoparticle, whereas Na-EDTA has been
effectively employed in the hydrothermal process as chelating ligand and capping
reagent to ptoduce one-dimensional nanostructure of WOj3.

WO; was synthesized by using different sodium salts. While other
parameters were fixed, such as WO, concentration =3 mmol/40 ml, HCI
concentration = 5 mmol/40 ml, identical reaction temperature =180°C and
identical reaction time =2 Oh. The detailed process for synthesis was a
follow(Figure 3.1). In a typical synthesis, 1 g Na;,WO4.2H,O and a specified
amount of NaCl and/or Na-EDTA were dissolved in 40 ml distilled water and
kept stirring for 0.5 h. Hydrochloric acid solution was added dropwise to the
above solution under stirring vigorously until the pH value of the solution was
adjusted to approximate 1.5. The solution was then transferred into a stainless
steel autoclave heated at 180°C for 20h, and then cooled down to room
temperature naturally. The precipitate was centrifuged, washed with ethanol and
deionized water several times and finally dried at 80°C for further

characterization. For comparison purposes, bare WO3 was prepared through the
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similar procedure above without adding either NaCl or Na-EDTA precursor in the
process.

In the second section, WO3; was synthesized with different temperature, but
other parameters were fixed, such as WO,4>" concentration = 3 mmol/40 ml, NaCl
concentration= 3.3 mmol/40 ml, Na-EDTA= 3.3 mmol/40 ml, HCI concentration
=5 mmol/40 ml, and identical reaction time = 20 h. The temperatures were varied
at 150°C, 180°C and 210°C. Subsequently, in the third section, WO3; was
synthesized with different amount of Na-EDTA, but other parameters were fixed,
such as WO,4* concentration= 3 mmol/40 ml, NaCl concentration= 3.3 mmol/40
ml, HCI concentration= 5 mmol/40 ml, identical reaction temperature= 210°C and

identical reaction time= 20 h.

Start

v : I : v

1 gr of Na;WO,.2H20 Added NaCl and/or Na-EDTA

» Stirred for 30 min '«
v

‘ Added HCI until pH 1.5

v ‘
Transferred into Autoclave

v
Heated at 180°C for 12 hour

\ 4

Centrifuged

v
Washed with distilled water and ethanol

v
’ Dried at 80°C for 12 h

v
WO, obteined

v
End

Figure 3.1 Flow chart of synthesis of WO; by using NaCl and/or Na-EDTA
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3.3.2 Synthesis of WO3/rGO composites

Graphene oxide was added into synthesis process of WO3 to improve its
cyclability and rate capability as anode material for lithium ion battery. This work
was started by synthesis of graphite oxide (GO) and then mixed GO into WO3

precursors via hydrothermal process to form WO3/rGO nanocomposite.

Start

v - I i v
Added 40 ml of H;PO,, 360 ml of
H,SO, and 18 gr of KMnO, gradually

3 gram of graphite powder

Stirred at 55°C for
12h
v

Added 400 ml of DI water

v
Added 5 ml of H,0O,

\
Stirred at room temperature for 1 day
v
Centrifuged at 8500rpm for 40 minute

v
Kept in ion exchanger plastic for some days
until pH about 7
v

Concentrated in concentrator machine

_ v

. Graphite oxide (GO) obtained
. .
End

Figure 3.2 Flow chart of synthesis of graphite oxide

Graphite oxide is prepared from graphite powder KS-4 (Timcal) according
to a modified Hummers method(Marcano et al., 2010). In a typical synthesis
(Figure 3.2), 3.0 g of graphite powder was poured into two neck bottle which
placed on ice bath cold (0°C). Then, 40 ml of H3PO4, 360 ml of H,SO4 and 18 gr
KMnO4 were added gradually under stirring. Subsequently, the mixture was

moved on oil bath and heated at 55°C for 12h under vigorous stirring. Then, the
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mixture was diluted with 400 mL of deionized water. Because of the addition of
water in concentrated sulfuric acid medium released a large amount of heat, the
addition of water was performed in an ice bath to keep the temperature below
100°C. The reaction was terminated by adding 5 mL of H,O, solution and stirred
for 1 day. The solid product was separated by centrifugation at 8500 rpm for 40
minute. For further purification, the resulting solid was kept in ion exchanger
plastic which submerged in DI water until pH about 7. The suspension was
concentrated by using concentrator machine to get x weight% graphite oxide
(GO). Finally, GO suspension was dispersed in deionized water to create a
homogeneous dispersion through ultrasonication for half an hour.

WO3/rGO nanocomposite was synthesized through an in situ
hydrothermal process. In a typical process (Figure 3.3), 1 g N a;WO4.2H,0 and
0.2 gNaCl were dissolved in 40 ml GO solution and kept stirring for 0.5 h.
Hydrochloric acid solution was added dropwise to the above solution under
stirring vigorously until the pH value of the solution was adjusted to approximate
1.5. The solution was then transferred into a stainless steel autoclave heated at
180°C for 20 h, and then cooled down to room temperature naturally. The
precipitate was centrifuged, washed with ethanol and deionized water several

times and finally dried at 80°C for further characterization.
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Start

v . ! - v

Ultrasonicated Added 1 gr of Na,W0O,.2H20 and
of 40 ml GO solution 0.2 gr of NaCl

» Stirred for 30 min <«
v

Added HCI until pH 1.5 ‘
]

v

Transferred into Autoclave

]
v

Heated at 180°C for 20 hours ‘

v

‘ Centrifuged ‘

;

Washed with distilled water and ethanol ‘

v

Dried at 80°C for 12 h ‘

v

WO,/rGO obtained
End )

Figure 3.3 Flow chart of synthesis of WO;/rGO
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3.4 Material Characterization

Material characterizations of WO3 were investigated using several common
techniques such as X-Ray Diffraction (XRD), Field Emission Scanning electron
Microscopy (FE-SEM), Thermal Gravimetric Analysis (TGA) and Raman

spectroscopy.

3.4.1 X-ray Diffraction

The purity of synthesized samples were characterized by X-Ray
Diffraction : Bruker D2 Phaser (Figure 3.4) . The Spectra from Cu Ka (A= 15.406
Amstrong) A= 1.5406 A, Ni filter, 40 kV and 100 mA was recorded between the
diffraction angle (20) from 20° to 70°. Low scanning rate was chosen with step
size of 0.05° and time of 0.5 second per step. The obtained XRD patterns were
then compared with JCPDS reference from PCPDFWIN 2.1 software. For

crytalline size calculation, Scherrer equation (eq. 3.1) was applied.

K.A

" Bu.cos 0
where : d = crytalline size (A)
K = shape factor (throughout this study K = 0.9)
A = X-ray wavelength (Cu Ko = 1.5406 A)
B = full width at half height maximum, FWHM

..... 3.1

0 = angle (degree)

Figure 3.4 Bruker D2 Phaser XRD
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3.4.2 Scanning Electron Microscopy

Scanning Electron Microscopy (FE-SEM) was used to visualize very small
topographic details on the surface or entire or fractioned objects. SEM produces
clearer, less electrostatically distorted images with spatial resolution down to 1.5
nm which it is 3 to 6 times. Smaller-area contamination spots can be examined at
electron accelerating voltages compatible with Energy Dispersive X-ray
Spectroscopy. Reduced penetration of low kinetic energy electrons probes closer
to the immediate material surface. Moreover, SEM can obtain high quality, low
voltage images with negligible electrical charging of samples.

The morphology of samples were investigated by SEM - JEOL JSM 5800
(Figure 3.5) using 15keV of energy with different magnification from 1k times to

10k times enlargement.

Figure 3.5 SEM- JEOL JSM-5800
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3.4.3 Thermo gravimetric analysis

Thermogravimetric analysis (TGA) is commonly used to determine
selected characteristics of materials that exhibit either mass loss or gain due to
decomposition, oxidation, or loss of volatiles. TGA can provide information about
physical phenomena, such assecond-order phase transitions, including
vaporization, sublimation, absorption, adsorption, and desorption. Likewise, TGA
can provide information about chemical phenomena including chemisorptions,
desolvation, decomposition, and solid-gas reactions

Samples were measured under air flow with a TA Instruments Q500 TGA
(Figure 3.6) to know graphene content in samples. Sample sizes of 5-10 mg
WO;/graphene were loaded into platinum pans and heated from room temperature

to 900°C at air atmosphere with a heating rate of 10°C/min.

Figure 3.6 TA Instruments Q500 TGA
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3.4.4 Raman Spectroscopy

Raman spectroscopy uses a monochromatic laser to interact with molecular
vibrational modes and phonons in a sample, shifting the laser energy down
(Stokes) or up (anti-Stokes) through inelastic scattering. Identifying vibrational
modes using only laser excitation, Raman spectroscopy has become a powerful,
noninvasive method to characterize graphene and related materials.

To investigate the result of doping process of graphene, the Raman spectra
of the samples were obtained by Protrustech ProMaker system (Figure 3.7)
from Raman shift of 500 to 2000 cm.

Figure 3.7 Protrustech ProMaker Raman
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3.5 Electrochemical Measurement
3.5.1 Preparation of Electrochemical Measurement

For electrochemical measurement, a composite electrode was prepared as
follows: a mixture of 70wt% active material, 10 wt% carbon black (Super P) and
20 wt% polyvinylidinedifluoride (PVDF) was dissolved in N-methylpyrrolidone
(NMP), stirred vigorous for 1.5 h. Then the slurry was coated onto a Cu foil
current collector with a blade. The electrode was dried for 12 h at 80°C in a
vacuum oven, followed by pressing compactly with a roller press machine. The
CR2016 coin type cells (Figure 3.8) were assembled in an Argonfilled glove box
(MBraun Lab Master 130, Germany). Lithium metal foil was used as the cathode
and a polypropylene membrane was used as a separator. The electrolyte was
composited of 1 M LiPF¢ in ethylene carbonate (EC) : dimethyl carbonate (DMC)
(1:1, v/v).

Figure 3.8 Schematic arrangement of coin cell assembly(Felix, 2012)

3.5.2 Galvanostatic charge-discharge

Galvanostatic charge-discharge of electrodes were measured by using Ubiq
machine (Acutech System Bat-750B) between 0.01-3.0 V (vs Li/Li") with
different current rate (Caee) every 5 cycles from 0.1C, 0.2C, 0.5C, 1C, 2 C, 3C to
4 C (1C=693 mA/gr). And then to investigated the cycle life performance, the
current density of 700mA/gr was applied on electrodes for 100 cycles.

3.5.3 Cyclic voltametry
Cyclic voltammetry tests were conducted by using an electrochemical
workstation EC Lab V10.34 with range voltage 0.01-3.0 V (vs SCE) and scan

rate 1 mV/s for 3 cycles.
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 WOs; via hydrothermal method using different sodium salts

4.1.1 Material Characterization of WO3 via a hydrothermal method using
different sodium salts
The objective of this study is to obtain WO3 nanostructure as anode material

for lithium ion battery. WO3 was synthesized via hydrothermal method using
different sodium salts: NaCl and Na-EDTA. The as-synthesized WO3 using NaCl
only, WO3 using Na-EDTA only and WO3 using both of NaCl+Na-EDTA are
labeled as WO _HI80T20 C, WO HI180T20 E and WO _HI180T20 CE,
respectively. While the as-synthesized WO3; without using either NaCl or Na-
EDTA is labeled as WO _H180T20. Label of H180T20 represent that the products
are synthesized at temperature of 180°C for 20 hours.

Figure 4.1 shows the XRD patterns of the as-synthesized products at
180°C for 20 h with different sodium salts. All the diffraction peaks can be
indexed to hexagonal tungsten oxide (h-WOs3) with the space group P6/mmm
(JCPDS 75-2187). No peaks of any other phases or impurities were observed
from the XRD patterns, indicating that h-WOs5 crystalline phase with high purity
could be obtained using the present synthetic process. However, the location of
the strongest diffraction peaks is obviously different. In XRD pattern of
WO _H180T20 and WO _H180T20 C, the intensity of diffraction peaks of (200)
crystal plane is much higher than that of other peaks, suggesting that the WO;
grows along [200] direction which it is due to NaCl effect. In other hand, when
Na-EDTA are added, the intensity of the (001) diffraction peak greatly increases,
suggesting that the WO3 grows along [001] direction for WO _H180T20 E and
WO _HI180T20 CE. Subsequently, the crystalline size was estimated by Scherrer
equation (eq.3.1) based on (001) and (200) plane and shown in

Table 4.1. It is seen that the crystalline size in (200) plane grows bigger
when NaCl was added meanwhile the crystalline size in (001) plane grows bigger

when Na-EDTA was added.
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Figure 4.1 XRD pattern of WO; synthesized at 180°C for 20 h with different sodium salts:
WO _H180T20 (without NaCl/Na-EDTA), WO _H180T20 C (NaCl only), WO _H180T20 E
(Na-EDTA only) and WO_H180T20 CE (NaCl &Na-EDTA)

Table 4.1 The crytalline size of WO3 synthesized at different sodium salts

D (nm)
Sample Label Heat Treatment
(001) plane | (200) plane
WO _H180T20 180°C, 20 h 17.9 24.1
WO H180T20 C 180°C, 20 h 21.6 34.5
WO _H180T20 E 180°C, 20 h 26.1 27.9
WO H180T20 CE 180°C, 20 h 14.2 22.6

The morphology of the as-synthesized products observed using SEM,
shown in Figure 4.2. It seen that the morphology of the as-synthesized WOj;
without using either NaCl or Na-EDTA is nanoparticle with huge agglomeration
(Figure 4.2a). When NaCl was introduced into sample, the nanoparticle was still
obtained but the aggregation was decreased (Figure 4.2b). From Fig. 4.2 (a) and
(b), these are noted that the primary product of WO _HI80T20 and
WO _H180T20 C are nanoparticles, so the intensity of diffraction peak of (200)
crystal plane is much higher than that of other peaks as shown in Figure 4.1.

With adding NaCl, the WO3 nuclei grow along the direction which is
vertical to the crystal surface with high surface energy. Furthermore, NaCl plays
an important role in inducing the growth along [200] direction and in the mean

time, reducing the growth along other directions. Then the larger nuclei grow into
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nanoparticles along the [200] direction and act as “leader crystals” (Gu et al.,
2005) for the growth of subsequent nanoparticles in parallel with the leader
crystals.

When Na-EDTA are added, flake like structures are gained as shown in
Figure 4.2 (c¢) which the intensity of the (001) diffraction peak in the XRD
patterns greatly increases, suggesting that the WO3; nanoflake grow along [001]
direction. Furthermore, the nano crystal of WO3; grows up with good aggregation
and ultimately form the microflakes.

With adding of NaCl and Na-EDTA, the orientation of the WO; gets
better (Figure 4.2d). Evidently, the presence of NaCl and Na-EDTA can affect the
formation of well aligned WO3, that is to say, the amount of NaCl and Na-EDTA
added into the precursor solutions plays a key role in controlling the orientation of
the synthesized WOs3. And it reveals that the WO3 assumes the flake like structure
composed of numerous microspheres which further composed of WO;
nanoparticles. It can be seen that the NaCl and Na-EDTA have significant effect
on the morphology, size and aggregation of the products (Adhikari et al., 2014).

Figure 4.2 SEM Images of the synthesized WO; with diferrent sodium salts: (a)
WO_H180T20, (b) WO_H180T20_C, (c) WO_H180T20_E and (d) WO_H180T20_CE
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4.1.2 Electrochemical characterization of WO3; via a hydrothermal method
using different sodium salts

Figure 4.3 (a-d) show the galvanostatic charge/discharge pattern of WO3 electrodes at a
current rate of 0.1 C at 1% five cycles. Electrochemical reaction of WO; with lithium involve
multi step for its decomposition and form_atiqn. T_he electrochemical performance evaluation

Table 4.2. It can be seen that IS\%%TPII?8OT2O_CE has the best performance
towards 1% coulombic efficiency (85.3%) compared to others, and this can be
attributed to its surface area and electronic conductivity. Meanwhile,
WO H180T20 and WO H180T20 C have a low 1% coulombic efficiency that
indicated large initial capacity loss. The large initial capacity loss of the samples
can be partly attributed to the formatton of solid electrolyte interphase (SEI) layer
on the electrode surface during the first discharging step, as well as the storage Li"

in hollow WO3;, which are difficult to be extracted(Yin et al., 2012).
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Figure 4.3 Charge/discharge curves of (a) WO_H180T20, (b) WO_H180T20_C, (c)
WO_H180T20_E, (d) WO_H180T20_CE at 0.1C between 3.0V and 0.01V (vs. Li/Li+).

Table 4.2 First discharge capacity and coulombic efficiency of WO; with different Na salts
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Hydrothermal = dlscharge 1st coulombic

SENMPNS et Treatment capacity efficiency (%0)
(mAh/g) y
WO_H180T20 180°C, 20h 814.27 53.73
WO H180T20 C 180°C, 20h 750.40 51.85
WO _HI180T20 E 180°C, 20h 635.06 63.47
WO _HI180T20 CE 180°C, 20h 418.50 85.30

Figure 4.4 (a—b) shows the cyclic voltammograms of WO H180T20 and
WO H180T20 C electrodes for the 1% three cycles. In the 1% cycle for
WO _HI180T20 and WO_H180T20_C, a reduction peak at ~0.98 V and oxidation
peak at ~1.2 V are attributed to the lithium intercalation/ deintercalation according
to the reaction: WO3 + xLi" + xe” ® Li,WOs. The reduction peak at ~0.5 V is
ascribed to the formation of Li, O resulting from the conversion reaction: LiyWO3
+ (6-x)Li = W + 3Li,O(Yin et al., 2012) and accompanying decomposition of
nonaqueous electrolyte. From 2™ cycle onwards the reduction peak at 0.5 V
disappears while new reduction peak appear at ~1 V. This change can be
accounted by the formation of a gel-like polymer layer formed out of the
dissolution of the Li,O in the electrolyte. Importantly, a pair peak at 1 V (cathodic
sweep) and 1.2 V (anodic sweep) shows a good reversible capacity of electrodes
after 2™ cycle. The cathodic and anodic peaks of the electrodes in general show a
much more stable profile and tend to overlap each other. The CV curves are well

consistent with the galvanostatic cycling profile.

Figure 4.4 Cyclic voltammogram of (a) WO_H180T20 and (b) WO_H180T20_C
for the 1st three cycles at scan rate 1 mV/s
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Figure 4.5 (a) shows rate performance of WO HI180T20,
WO _HI180T20 C, WO_H180T20 E and WO _H180T20 CE at different current
rate from 0.1C to 4C (1C = 693 mA/gr) between 3.0V and 0.01V (vs. Li/Li"). The
electrodes have been discharged and charged for 5 cycles at each current rate. At
0.1 C rate (corresponding to a time of 10 h to fully discharge the capacity), the
WO _H180T20 CE electrode discharges to an averaged capacity of 410 mAh/g,
while it reaches about 40 mAh/g at the highest rate tested (4 C), corresponding to
a time of 900 s to fully discharge the capacity. Obviously, the capacity decreases
stepwise when the rate increases. When the rate returns back to 0.1 C, the
WO _H180T20 CE electrode discharges to 370 mAh/gr in averaged. This result
indicates that the WO _H180T20 CE material presents the excellent structure
stability. That means the capacity retention of WO_H180T20 CE is excellent due
to the hierarchical structure of WO3; which can storage more lithium. Whereas,
WO _HI180T20 shows drastic reduction in the capacity when the current rate

increased to 0.5 C.

(a (b)

(c)

Figure 4.5 (a) Rate cycling performance with increasing current density of the synthesized WO,
with diferrent sodium salts; (b) Cyclability and (c) coulombic efficiency at current density = 700
mA/g of WO_H180T20, WO_H180T20_C, WO_H180T20_E and WO_H180T20_CE
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The cycling and stability testing of products were tested by measuring the
cycle-life performance of electrodes up to 100 cycles at a current density of 700
mA/g (Figure 4.5 (b)). The specific capacity of WO H180T20 CE material
reaches 160 mAh/g for the tenth cycle while it remains 150 mAh/g for the 100th
cycles. It show that WO _H180T20 CE also has a good stability and cyclability.
In contrary, WO _H180T20 electrode shows extremely worse cycle performance
which may be due to collapse of partial structure after 100 cycles. This result
indicates that the WO3 nanoparticles electrode (WO _H180T20) is unstable during
electrochemical test compared to the WOs; hierarchical structure electrode
(WO_H180T20 CE). It can be concluded that WO H180T20 CE has better

electrochemical performance compared to WO3 nanoparticles.
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4.2 WO;3 via a NaCl & Na-EDTA-assisted hydrothermal with different
reaction temperature
4.2.1 Material characterization of WO; via a NaCl & Na-EDTA-assisted
hydrothermal with different reaction temperatures
The further investigation is to study the effect of reaction temperature on

the morphologies and electrochemical properties of WOs3. For this section, the
experiment was carried out in identical concentration (WO,> concentration= 3
mmol/40 ml, NaCl concentration= 3.3 mmol/40 ml, Na-EDTA= 3.3 mmol/40 ml,
HCI concentration = 5 mmol/40 ml) and the identical reaction time of 20 h, but
with different reaction temperatures, those are 150, 180 and 210°C and the
corresponding  final products were labeled as WO _H150T20 CE,
WO _H180T20 CE and WO_H210T20_CE, respectively.
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Figure 4.6 XRD pattern of WO;synthesized at different temperatures: WO_H150T20_CE
(150°C), WO_H180T20_CE (180°C) and WO_H210T20_CE (210°C)

Figure 4.6 shows the XRD patterns of the WOs3 products at different
temperatures. All the diffraction peaks can be indexed to pure hexagonal phase of
WO; which agree well with JCPDS card no. 75-2187. It can be seen that the
hydrothermal temperature has great effect on the crytalline size and crystallinity
of the products. The diffraction peaks of samples become stronger with the raise
of hydrothermal temperature (150, 180 and 210°C), while the relative intensity of
diffraction peak of (200) plane weakened, instead the (001) planes increased,
suggesting that both the crystalline degree and orientation of as-prepared WOs3
could be improved accordingly. That is to say, the nanoflake arrays grow along ¢

axis and the orientation gets better along with the increasing temperature.

46



At the same time, the WOj3 crytalline size gradually grow smaller as
shown in Table 4.3, which were calculated by Scherrer’s equation based on (200)
plane. Moreover, the crystallinity of the products becomes higher when
hydrothermal temperature rises. It is known that crystal growth involves two
stages: nucleation and growth. In this process, the higher the temperature
reached, the more nucleation and growth would obtain, the more mature the
crystals would grow. Consequently, a smaller crytalline size of WO3 powders is

obtained as the hydrothermal temperature rises (Huang et al., 2012).

Table 4.3 The crytalline size of WO; synthesized at different reaction temperatures

Sample Code Heat Treatment 2Theta D (nm)
WO HI150T20 CE 150°C, 20 h 28.21 28.0
WO_H180T20 CE 180°C, 20 h 28.11 22.6
WO H210T20 CE 210°C,20 h 28.25 21.3

The SEM images of WO_HI150T20 CE, WO _H180T20 CE and WO _
H210T20 CE are shown in Figure 4.7 (a-c). There appears a spot of flake like
nanostructure, dominantly irregular flakes for WO_H150T20 CE, while there are
a lot of regular flake like nanostructures for WO HI180T20 CE and
WO _H210T20 CE. With the temperature further increasing, the well oriented
WO3 can be gained and the average diameter of nanoflakes gets larger
simultaneously. That means the reaction temperature has some effect on the
morphologys; i.e., the higher temperature favors more flakes like nanostructures. It
is known that there are two general types of chemical synthesis, i.e., kinetic
control or thermodynamic control synthesis. At low temperature, the less stable
kinetic product is favored because the intermediate is generated via a route that
needs lower energy, while at elevated temperatures the thermodynamically stable
product with higher activation energy is obtained via another intermediate. That
means the flake-like nanostructures synthesized at higher temperature (180 or
210°C) are thermodynamically stable products, while the irregular flakes
synthesized at lower temperature (150°C) are a less stable kinetic product in the

synthesis process(Yin et al., 2012).
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Figure 4.7 Images of WO; synthesized at different temperatures: (a) WO_H150T20_CE (150°C), (b)
WO_H180T20_CE (180°C) and (c)WO_H210T20_CE (210°C)
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4.2.2 Electrochemical characterization of WO3; via a NaCl & Na-EDTA-
assisted hydrothermal with different reaction temperatures
Galvanostatic charge discharge performances of WO _H150T20 CE,

WO H180T20 CE and WO H210T20 CE at a current rate of 0.1C for 1* five
cycle were shown in Figure 4.8 (a), Figure 4.3 (d) and Figure 4.8 (b), respectively.
In the first cycle, the discharge capacity of WO_H210T20 CE is 533.5 mAh/gr
with coulombic efficiency 80.4%. Its 1* discharge capacity is higher than that of
WO HI180T20 CE due to the higher crystalinity of WO _H210T20 CE.
Meanwhile WO_H150T20 CE delivers discharge capacity of 692.38 with a
coulombic efficiency of 44.3%, which it is lower than coulombic efficiency of
WO H180T20 CE (See Table 4.4). The lower 1% coloumbic capacity of
WO _H150T20_CE could be resulted from incomplete reverse conversion reaction

and the formation of solid electrolyte interface film.
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Figure 4.8 Charge/discharge curves of (a) WO_H150T20 and (b)
WO_H?210T20_C at a current rate of 0.1C at 1st five cycles

Table 4.4 First discharge capacity and coulombic efficiency of WO; with different reaction
temperatures

sample Code Hydrothermal 1st discharge 1st coulombic
Treatment capacity (mAh/g) efficiency (%)
WO HI150T20 CE 150°C, 20h 692.38 44.3
WO H180T20 CE 180°C, 20h 418.50 85.3
WO H210T20 CE 210°C, 20h 533.50 80.4
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Figure 4.9 (a) Rate cycling performance with increasing current density of WO; synthesized at
different reaction temperatures, (b) Cyclability and (c) Coulombic efficiency at current density
=700 mA/g of WO_H150T20_CE, WO_H180T20_CE and WO_H210T20_CE
The rate cycling performances of WO_H150T20 CE, WO_H180T20 CE
and WO_H210T2 CE were performed at different current rate from 0.1C to 4C
as shown in Figure 4.9(a). All electrodes have been discharged and charged for 5
cycles at each current rate. This measurement proved that WO _H210T20_CE has
the best performance compared to WO_H150T20 CE and WO _H180T20_ CE.
When cycled at 0.1 C and 0.2 C, WO H210T20 CE could delivers stable
discharge capacity of 446.1 mAh/g and 355.2 mAh/g, respectively. The discharge
capacity slowly decrease to 214.2, 129.3, 85.4, 52.9 and 33.5mAh/gr at current
rate of 0.5, 1, 2, 3 and 4C, respectively. And then, a good capacity recovery of
399.5 mAh/g was obtained when the current rate reduced back to 0.1C.
Figure 4.9(b) and (c) illustrated the cycle life performance and coulombic

efficiency of WO_H150T20 CE, WO H180T20 CE and WO H210T20 CE ata
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current density of 700 mA/g for 100 cycles. It can seen that all of electrodes
show a good stability and cyclability. The coulombic efficiency is near to 97-
99% after 20 cycles. Furthermore, WO_H210T20_CE has capacity retention of
180 mAh/g after 100 cycles. It is proved that WO H210T20 CE has the best
performance compared to WO_H150T20 CE and WO _H180T20 CE.

The hydrothermal temperature has significant effect on the structure,
morphology and electrochemical properties of WOs3. It has been found that the
WOj; synthesized at 210°C (WO_H150T20 CE) reveals the best electrochemical
properties, due to pure hexagonal phase, well grown, small crystalline size, high

crystallinity and high homogeinity.
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4.3 WO3via a NaCl & Na-EDTA-assisted hydrothermal with different Na-
EDTA molar ratio

4.3.1 Material characterization of WO3; via a NaCl & Na-EDTA-assisted
hydrothermal with different Na-EDTA molar ratio

To investigate the role of EDTA in determining the phase and crystallinity
of the product, WO3 was synthesized by varying the molar ratio of Na-EDTA and
keeping other parameters constant. Due to WO _H210T20 CE which be
synthesized at temperature of 210°C has the best performance, so in this section
WOj; products have been synthesized at temperature of 210°C too. Samples with
code of WO H210T20 _CE0.4, WO H210T20_CE0.8, WO _H210T20 CE and
WO _H210T20 _CE1.6 are corresponded to WO; products which synthesized by
using molar ratio of Na-EDTA to NaCl of 0.4, 0.8, 1 and 1.6, respectively.
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Figure 4.10 XRD pattern of WO; synthesized at different molar ratio of Na-EDTA to
NaCl: 0.4, 0.8, 1and 1.6

Figure 4.10 shows XRD pattern of the WO; samples prepared in presence of
different Na-EDTA molar ratio. All the diffraction peaks are well indexed to the
JCPDS card no. 751287 (h-WO3). It is revealed from Figure 4.10 that the
synthesized materials have a high intensity with sharp peaks indicating that the
degree of crystallinity of WO; has been increased with increasing Na-EDTA
concentrations. Moreover, no peaks for Na,O were detected in XRD analysis.
This suggest that EDTA plays important to control the degree of crystallinity
which accordance with the literature reported (Ha et al., 2009). The crytalline size

was calculated by using Scherrer’s equation which leads to the average crytalline
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size of 229, 214, 213 and 241 nm for WO _H210T20 CE0.4,
WO H210T20 CEO0.8, @ WO _H210T20 CE and WO _H210T20 CEL1.6,
respectively (see Table 4.5).

Table 4.5 The crytalline size of WO; synthesized at different amount of Na-EDTA

D (nm)
Sample code Heat Treatment
(001) plane | (200) plane
WO H210T20_CEO0.4 210°C,20 h 29.1 22.9
WO H210T20_CEO0.8 210°C,20 h 22.3 21.4
WO H210T20 _CE 210°C,20 h 26.3 21.3
WO H210T20 CEL.6 210°C,20 h 12.8 24.1

Figure 4.11 shows the SEM micrographs of as synthesized WO3 samples at
different amount of Na-EDTA. It seen that the EDTA has a significant effect on
the morphology, size and aggregation of the products. As seen in Figure 4.11 (a-
b), the WO; powders (WO _H210T20 CE0.4 and WO _H210T20_ CEO0.8) are
composed of nanoparticle which tend to aggregate. However, in high
magnification, it is seen that the morphology of WO _H210T20 CEO.8 is rod like
structure. Whereas, In Figure 4.11 (c-d), the nanocrystal grow up in uniform size
with good aggregation and ultimately form the flake like structures for
WO _H210T20 CE and WO H210T20 CE1.6 respectively. It reveals that the
WOs; assumes the hierarchical flake-like structure composed of numerous
microspheres which further composed of WO; nanoparticles. Moreover, it is
suggest that hierarchical flake like morphology is obtained due to the effect of
complexation induced by EDTA. As the concentration of EDTA increases, effect
of chelation also increase that controls the aggregation of WO3 nanoparticles and
forms the hierarchical nanostructure(Adhikari et al., 2014).

Tungsten can be chelated well with EDTA and forms a stable complex of
W-EDTA. The presence of sodium ion (Na') in EDTA plays a crucial role in
modifying the morphology of the product by adsorbing oxygen quickly in the
synthesis process. Thus, it appears that Na' based EDTA salt results self
assembled tungsten oxide and provides a driving force in producing hierarchical
nanostructures(Hariharan et al., 2011). During the synthesis process, W-EDTA

complex is formed which gradually releases W or W’* ion to react with OH™ jon
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and forms the hydrated WOs nanoparticles. As seen from the experiment,
hydrothermal treatment temperature and EDTA concentration produce the
synergy effect in determining the overall morphology of WOs;

nanostructure(Huang et al., 2012).

(e)

Figure 4.11 SEM Images of WO; synthesized at different molar ratio of Na-EDTA to NaCl:
(a) WO_H210T20_CEO0.4, (b) WO_H210T20_CEO0.8, (c) WO_H210T20_CE,
(d) WO_H210T20_CEL1.6 and (e) WO_H210T20_CEO0.8 ( high magnification)
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During the hydrothermal process, EDTA plays a vital role for the
formation of hierarchical structure and the formation of hierarchical structure may
be ascribed to the dissolution-recrystalization process through Ostwald
ripening(Luo et al., 2005). In this process, at the expense of small crystallites,
large crystallites grow by means of dissolution, diffusion and recrytalization.
During the continuous hydrothermal process, these tiny particle in the presence of
EDTA could dissolve and re-grow to large self assembled microspheres through
Oswald ripening process (Xu et al., 2010). In the presence of higher concentration
of EDTA, the microspheres thus formed further assembled to hierarchical
structure through controlled aggregation(Adhikari et al., 2014).
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4.3.2 Electrochemical characterization of WO;3; via a NaCl & Na-EDTA-
assisted hydrothermal with different Na-EDTA molar ratio
Figure 4.12(a), Figure 4.12(b), Figure 4.8(b) and Figure 4.12(c) show the

galvanostatic charge discharge at 1% five cycles at a current rate of 0.1C for
WO _H210T20_CE0.4, WO H210T20 CE0.8, @ WO_H210T20 CE  and
WO _H210T20_CEL1.6, respectively. The electrochemical performance evaluation
of the samples can be seen in Table 4.4. WO _H210T20 CEO0.4 electrode delivers
discharge capacity of 767.1 mAh/g with a coulombic efficiency of 58.7% in the
first cycle. Particularly, the irreversible capacity in first cycle could be resulted
from incomplete reverse conversion reactions and the formation of solid
electrolyte interface film (Xiao et al.,, 2013). In other hand, the first discharge
capacity of WO H210T20 CEO0.8 is 558.93 mAbh/g, with a high coulombic
efficiency of 86.9% which is higher than that of others electrodes. Importanly, the
higher first coulombic efficiency for WO _H210T20 CEO0.8 could be due to the

smaller particle size of WO3 and the lower surface area of WOj3.

a) b)

Figure 4.12 Charge/discharge curves of (a) WO_H210T20_CEO0.4, (b) WO_H210T20_CEQ.8,
and (c) WO_H210T20_CEL1.6 at a current rate of 0.1C. (d) Cyclic voltammetry of
WO_H210T20_CEO0.8
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Table 4.6 First discharge capacity and coulombic efficiency of WO; with different Na-EDTA
molar ratio

Sample Code Hydrothermal 1st (_Jlischarge 1st_ c_oulombic
Treatment capacity (mAh/g) | efficiency (%)
WO H210T20 CEO0.4 210°C, 20h 767.10 58.70
WO H210T20 CEO0.8 210°C, 20h 558.93 86.90
WO H210T20 CE 210°C, 20h 533.50 80.37
WO H210T20 CE1.6| 210°C,20h 582.86 75.74

Cyclic voltammetry of WO H210T20 CE0.8 based -electrode was
recorded between 0.01 and 3.0 V and are shown in Figure 4.12(d). For the first
cycle, in the cathodic polarization process, a strong reduction peak at 0.6 V and
0.3 V (vs Li'/Li) were observed; while in the following anodic polarization, only
one broad oxidation peak with peak maximum at 1.1 V was observed. However,
during the second cycle, only one broad reduction peak was noticed at about 0.97
V and the other reduction peak that appeared in the first cycle disappeared
completely, whereas the anodic polarization process showed only one broad peak
centered at 1.1 V. The pair of peaks at 0.97 V (cathodic sweep) and 1.1 V (anodic
sweep) indicate the reversible lithium insertion and deinsertion processes. The
disappearance of cathodic peak at 0.6 and 0.3 V indicates some irreversible
lithium insertion into the crystal structure, which is believed to be caused by
unrecoverable phase transformation, leading to irreversible capacity
loss(Sasidharan et al., 2012).

The rate cycling performance of as-synthesized WO3; with different Na-
EDTA molar ratio at different current rates is shown in Figure 4.13(a). In
generally, the discharge/charge capacities decrease with increase of current rates
similar to other electrodes. As shown in Figure 4.13 (a), WO_H210T20 CEO0.8
exhibits much higher specific capacities than others electrode at all investigated
charge discharge rates. WO H210T20 CEO0.8 constructed electrode deliver
discharge capacities of 483.9, 422.3, 272.3, 170.5, 101.8, 71.4 and 56.2 mAh/g
during the second cycle as the current rates vary from 0.1C to 4C. With gradually

increasing the current rate, the capacity drops steadily but the electrode regains its
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original capacity when the rate was again lowered to 0.1 C (405.4 mAh/g). In
contrary, WO _H210T20 CEO0.4 faded rapidly during increasing the current rate.

a) b)

Figure 4.13 (a) Rate cycling performance of WO; synthesized at different Na-EDTA molar ratio
with increasing current density, (b) Cyclability and (c) coulombic efficiency at current density =
700 mA/g of WO_H?210T20_CEO0.4, WO_H?210T20_CEO0.8, WO_H210T20_CE and
WO_H210T20_CE1.6

Figure 4.13(b) and (c) exhibit cycling life performance and coulombic
efficiency of as-synthesized WO; with different Na-EDTA molar ratio up to 100
cycles of repeated discharge/charge at a current density of 700mAh/g in the
voltage window 0.01-3.0 V (vs. Li'/Li). The discharge-charge capacities decrease
gradually that it is more pronounced in the first few cycles. This phenomenon is
attributed to the formation of stable electrolyte films and complete coverage and
structural organization of nanospheres may require several cycles of
charge/discharges (Sasidharan et al., 2012). WO _H210T20 CEO.8 has the best
performance which the initial discharge capacity of 708.5 mAh/g and the capacity
retention of 218.1 mAh/g after 100 cycles. The coulombic efficiency after 20
cycles is more than 97% hence it suggests that the electrodes are highly stable

during lithium insertion and extraction kinetics.
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44 WO3/rGO via a hydrothermal method with different amount of
graphene oxide
4.4.1 Material characterization of WO3/rGO via a hydrothermal method with
different amount of graphene oxide
To enhance the electrochemical performance, graphene oxide was

introduced into synthesis of WOs3;. WO3/rGO was synthesized by using
hydrothermal method at different amount of graphene oxide. The weight persen
of GO were 4%, 6% and 8%, which corresponding WOs3/graphene samples were
donated as WO_HI180T20 GO4%, WO_HI180T20 GO6% and
WO_HI180T20 GO8%, respectively.

Figure 4.14 shows the XRD patterns of the as-synthesized products at
180°C for 20 h with different amount of GO. All the diffraction peaks also can be
perfectly indexed to hexagonal tungsten oxide crystalline phase (h-WO3) with
the space group P6/mmm (JCPDS 75-2187). No obvious diffraction peaks of
rGO can be observed due to the strong signal from WOs;. It can be seen that the

rGO content has no influence on the crystal structure of WOs.
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Figure 4.14 XRD pattern of WO3/graphene synthesized at different amount of graphene oxide

The characteristic absorption peaks of WOs5 are also revealed in the XRD
pattern of WO3/rGO, demonstrating the formation of WO3 on surface of rGO
without impurities. And the increase of grain size match positively with
decreasing mass ratio of WOs3 to rGO, which may be ascribed to the
increasing amount of rGO in WOs/graphene composites. GO has contribution
for the formation of particles. The higher rGO content, the bigger crytalline size
like shown in Table 4.7. below.
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Table 4.7 The crystalline size of WO3/rGO synthesized at different amount of GO

Sample no. Heat Treatment 20 D (nm)
WO _H180T20_ _GO4% 180°C, 20 h 28.44 36.2
WO _H180T20_GO6% 180°C, 20h 28.36 43.9
WO _H180T20_GO8% 180°C, 20h 28.32 48.5

The Raman spectra of WO3/rGO composites with different amount of GO
is shown in Figure 4.15. Raman Scattering peaks observed at 676.1 cm” and
807.7 cm™ refer to O-W-O stretching mode and these bands can be assigned to the
fundamental mode of crystalline h-WO;(Ha et al., 2009). Whereas peak at 945.3
cm-1 refer to W=0 stretching mode of terminal oxygen atoms that are present on
the surface of the cluster (dagling bond) or at the bounderies of nanometer
grains(Huirache-Acufa et al., 2009). Furthermore, all WO3/rGO samples display
peaks at which are in good correspondence with disordered (D) band and graphitic
(G) band of graphene(Xiao et al., 2013). With the increasing amount of rGO in
composite, the intensity of peaks corresponding to WOs3 is decreasing comparing

to that of D and G band.
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Figure 4.15 Raman Spectra of as-synthesized WO; with different amount of graphene oxide

To calculate the mass ratio of WO3 to rGO, TG analysis is conducted from

temperature of 100°C to 900°C at heating rate of 10°C/minute in air atmosphere.
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In Figure 4.16, the mayor weight loss appeared between 400°C and 550°C is
resulted from decomposition of rGO. And rGO content in samples of
WO _H180T20_GO4%, WO _H180T20 GO6% and WO _H180T20 GO8% are
4.6%, 5.8% and 8.1%, respectively.
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Figure 4.16 TGA curves of (a) WO_H180T20_GO4%, (b) WO_H180T20_GO6% and (c)
WO_H180T20_GO8%

Figure 4.17 shows the morphologies and structures of WO;3;/rGO
composites with different GO composition. While the average crytalline size of
the WOs is all about 0.5 um, the amount of WO3; embedded into rGO change as
content of rGO changes. And the rGO could effectively prevent the aggregation of
WOj; particles and disperse them uniformly. The studies in the literature indicate
that the introduction of rGO in the composite is helpful to suppress the
aggregation and hindering the growth of nanoparticles to a certain extent, possibly
due to the partition effect of the graphene (Rai et al., 2012). The small particles
sizes are a key to enhance the electrochemical performances because it shortens
the distance of Li" ion diffusion in the solid phase. The nanoparticles are anchored
on the surface of rGO with a high density, and they facilitate rapid electron
transport between the underlying graphene nanosheets. It is also reasonable to
suggest that the random hybridization between nanoparticles and graphene can
form 3-D porous structure of the nanocomposite, which is beneficial for achieving

high rate performances (Rai et al., 2013a).

61



Figure 4.17 SEM images of (a) WO_H180T20_GO4%, (b) WO_H180T20_GO6% and (c)
WO_H180T20_GO8%
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4.4.2 Electrochemical characterization of WO3/rGO via a hydrothermal
method with different amount of graphene oxide
Fig. 42 (a—<c) shows the charge/discharge of

WO_HI180T20 _GO4%, WO _HI180T20 GO6% and WO_HI180T20 GO8%,
respectively, for 1%, 2™ and 3" cycle at 0.1 C between 3.0V and 0.01V (vs.
Li/Li"). The first discharge of WO H180T20 GO4% is 635 mAh/g with a
coloumbic efficiency of 64.8% and WO HI180T20_ GO6% exhibits first discharge
of 832.3 mAh/g with a coloumbic efficiency of 63.8%. While The first discharge
of WO _H180T20 _GO8% is 987.4 mAh/g with a coloumbic efficiency of 64.6%

(see Table 4.8). Particularly, the irreversible capacity loss in first cycle could be

curves

resulted from incomplete reverse conversion reactions and the formation of solid
electrolyte interface film. The higher first cycle columbic efficiency could be

attributable to good attachments between rGO and WOj;.
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Figure 4.18 Charge/discharge curves of (a) WO_H180T20_GO4%, (b)
WO_H180T20_GO6% and (c) WO_H210T20_GO8% at a current rate of 0.1C. (d)
Cyclic voltammetry of WO_H210T20_G0O4%.
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Importantly, as the theoretical capacity of WOs3 is only 693 mAh/gr, the
higher discharge capacity of WO3/rGO could be not only resulted from
decomposition of electrolyte in lower potential region, but also from
electrochemical reduction of some remained oxygen-containing functional
groups on the surface of reduced graphene oxide. Meanwhile, positive interaction
between rGO and WOs, accessible sites on rGO to insert/extract Li ion as well as
interfacial lithium storage reactions occurring at surface of WOs3 or rGO,

contribute to the extra charge capacity(Xiao et al., 2013).

Table 4.8 First discharge capacity and coulombic efficiency of WO; with different amount
of graphene oxide

Sample Code Hydrothermal 1st fiischarge 1st_c?ulombic
Treatment capacity (mAh/g) efficiency (%)
WO_H180T20_G04% 180°C, 20h 635.8 64.6
WO_H180T20_G0O6% 180°C, 20h 832.3 64.8
WO_H180T20_GO08% 180°C, 20h 987.4 63.8

Figure 4.18 (d) shows CV of WO H180T20 GO4% electrode at 1¥ three
cycles. At first cycle, this electrode exhibits three cathodic peaks at 1.5, 1.2 and
0.5 V and one main anodic peak at 1.2 V, which are corresponding to the
extraction and insertion of lithium ions along with the formation of amorphous
Li,O and a partially irreversible SEI layer on the surface of the nanoparticles.
However, these peaks can be attributed to the multistep reversible electrochemical
reactions between WO3 and W/Li,O (e.g. WO3 + 6Li" + 6 < 3Li,O + 3W)
and reversible oxidation of metal tungsten to tungsten oxide, respectively. In
addition, all the peaks were absent from the second cycle. From the second cycle,
the reduction peak shifted to 1 V, which was possibly related to the insertion of
Li" ions into the nanocomposite at different stages (Rai et al., 2013b). The pair of
cathodic peak at 1 V and anodic peak at 1.2 V after second cycle indicates the
reversible capacity of WOs.
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Figure 4.19 (a) Rate cycling performance with increasing current density of WOz/graphene
synthesized at different amount of graphene oxide, (b) Cyclability and (c) coulombic efficiency at
current density = 700 mA/g of WO_H180T20, WO_H180T20_G04%, WO_H180T20_GO6% and

WO_H210T20_GO8%

The rate cycling performances of WO HI180T20 GO4%,
WO _H180T20 _GO6% and WO_H180T20 GO8% which be compared with bare
WO; (WO _H180T20) are shown in Figure 4.19 (a). These are performed at
different current rate from 0.1C to 4C (1C = 693 mA/gr) between 3.0V and 0.01V
(vs. Li/Li") for 5 cycles for each current rate. The capacity of bare WO;
(WO_HI180T20) fades rapidly and cannot recover to initial specific capacity
values when reverting back to lower charge/discharge currents following cycling
at high current rates. On the contrary, when the testing currents are regularly
returned to a lower rate, the discharge capacities for WO H180T20 GO4%,
WO _H180T20 _GO6% and WO _H180T20 GO8% electrodes could be recovered
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to approximately the initial capacity values. This result indicates that the
WO;3/rGO material present the excellent structure stability. That means the
capacity retention of WO3/rGO is excellent due to the structure of material which
can storage more lithium.

Figure 4.19 (c¢) and (d) show cycle life performance and coulombic
efficiency of WO_H180T20, WO_H180T20_GO4%, WO _HI180T20 _GO6% and
WO _H180T20 GO8% at current density of 700mAh/g for 100 cycles. The
discharge capacity of WO _H180T20 electrode decreased significantly and is
equal to 62.5 mAh/g after 100 cycles. On the contrary, after 100 cycles the
discharge capacity of WO HI80T20 GO4%, WO _H180T20 GO6% and
WO _H180T20_GO8% electrodes delivered as high as 194.7, 172.5 and 219.5
mAh/g, repectively, indicating excellent electrochemical performance.
Furthermore, all of electrodes show good coulombic efficiency. After 20 cycles,
they can reach a coulombic efficiency of 96% or higher. The enhancement of
reversible lithium storage may be synergistic in nature arising from the electronic
interactions involving rGO and WO3(Shiva et al., 2013).

The good structure stability of the WO3/rGO composites, its superior rate
and cycle performance are also resulted from the enhanced -electronic
conductivity, shortening lithium ion diffusion distance, as well as decreasing inner
resistance of lithium ion batteries via effective combination of rGO and WO3 for
composite(Shiva et al., 2013).

For further investigation of electrochemical properties, some WO3 based
electrodes were conducted cycle life test at current rate of 0.2 C. Figure 4.20
shows cycle life performance of WO; based anode material with different
composition and heat treatment at current rate of 0.2 C for 50 cycles. The bare
WOs3 electrode (WO _H180T20) fades rapidly upon cycling. The discharge
capacity decrease to only 127.1 mAh/g after 50 cycles due to the severe
pulverization. In other hand, WO;3/rGO electrode (WO _HI180T20 GO4%)
exhibits better cycling performance and reversibility which delivers a discharge
capacity of 347.5 mAh/g after 50 cycles. The enhancement lithium storage
capacity of electrode is related to the synergistic effect between WO3 and rGO,

resulting in the decrease of the irreversible capacity of WOs3. In second position,
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WO _H210T20_CE delivered a discharge capacity of 301.7 mAh/g after 50 cycles.

It demonstrating that the nanosized particles are able to expand much more easily

and have better accommodation of the structural strain for electrochemical

reasction of lithium, resulting in improving cycle life(Gu et al., 2007).
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Figure 4.20 Cycle life performance of WO3; based anode materials with different composition
and heat treatment at current rate of 0.2 C for 50 cycles
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

Hexagonal tungsten trioxide (h-WOs3) with improved reversible capacity
and cyclic stability has been successfully synthesized via hydrothermal method
using different sodium salts. The morphologies of WO3; were obtained are
nanoparticle (WO_H180T20 and WO_H180T20 C) and flake like nanostructure
(WO _H180T20 E  and WO _HI180T20 CE). Compared to  others,
WO _H180T20 CE has the best electrochemical performance owing to its good
homogeneity, high crystallinity and small grain size. It can be attributed to the
effect of NaCl and Na-EDTA. WO _H180T20 CE electrode delivers discharge
capacity of 418.50 mAh/g with a coulombic afficiency of 85.3% at the first cycle
at a current rate of 0.1 C. Furthermore, it remains 150 mAh/g after 100 cycles at a
current density of 700 mA/g.

Synthesis of WO3 via NaCl and NaEDTA assisted hydrothermal with
different temperatures have been carried out. All of samples morphologies are
flake like nanostructure. As the reaction temperature was increased, the
crystallinity of WOj3 also increased. It has been found that the WO3 synthesized
at 210°C (WO_H150T20_CE) reveals the best electrochemical properties, which
obtain pure hexagonal phase, well grown, small crystalline size, high crystallinity
and high homogeinity. The discharge capacity of WO _H210T20 CE is 533.5
mAh/gr with a coulombic efficiency of 80.4% at first cycle. Furthermore,
WO _H210T20 CE has a capacity retention of 180 mAh/g after 100 cycles at
current density of 700 mA/g.

Subsequently, WO; was synthesized by varying the molar ratio of Na-
EDTA to investigate the role of EDTA in determining the phase and crystallinity
of the product. The different EDTA molar ratio, the different morphology was
obtained. The morphologies of WO _H210T20CE0.4 and WO _H180T20_ CEO.8
with NaEDTA molar ratio of 0.4 and 0.8 are nanoparticle and rod-like structure,
respectively. On the other hand, WO H210T20CE and WO H210T20CE1.6 with

NaEDTA molar ratio of 1 and 1.6, the nanocrystal grow up in uniform size with
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good aggregation and ultimately form the flake like structures.
WO _H180T20 CEO0.8 has the best electrochemical performances. Its electrode
delivers discharge capacity of 558.93 mAh/g with a high coulombic efficiency of
86.9%. Moreover, this electrode has capacity retention of 218.1 mAh/g after 100
cycles at a current density of 700 mA/g due to the hierarchical nanostructure and
lower surface area of WO3.

In the last part, WO3/rGO was synthesized by using hydrothermal method
at different amount of graphene oxide to enhance its electrochemical
performance. The rGO could effectively prevent the aggregation of WOj3 particles
and disperse them uniformly. The first discharge of WO H180T20 GO8% is
987.4 mAh/g with a co loumbic efficiency of 64.6% due to good attachments
between rGO and WOs;. Furthermore, at acurrent density of 700 mA/g the
discharge capacity of WO _H180T20 _GO8% electrode delivers as high as 219.5
mAbh/g after 100 cycles, indicating excellent electrochemical performance. The
good structure stability of the WO3/rGO, its superior rate and cycle performance
are resulted from the enhanced electronic conductivity, shortening lithium ion
diffusion distance, as well as decreasing inner resistance of lithium ion batteries
via effective combination of rGO and WOs;.

This work proved that WO; based anode materials exhibit ah igh
reversible capacity, excellent cycling performance and remarkable rate capability

when used as anode electrode materials for lithium ion batteries.

5.2 Suggestions
There are some suggestions for the next work about synthesis WO3 based
anode materials for lithium ion battery, such as:

1. Introducing graphene into synthesis of WO3 via a NaCl and Na-EDTA
assisted hydrothermal to improve its discharge capacity and rate
capability.

2. Optimizing the amount of graphene oxide added to WO3/graphane.
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3. Adding sulfate ion like Na,SO4 to enhance the one dimensional growth of
the final product. Na,SOj4 also play important role in the formation of self
assembled nanostructures.

4. Optimizing the reaction temperature because it looks that the higher

temperature shows better performances
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ENCLOSURE

A. Theoritical Capacity of Materials for Battery Anode
The theoretical capacity of a battery is the quantity of electricity involved in

the electrochemical reaction. It is denoted Q and is given by:

)= xnk

where x = number of moles of reaction, n = number of electrons transferred per
mole of reaction and F = Faraday's constant (96500 C/mol)

The capacity is usually given in terms of mass, not the number of moles:

nF
M

¥

=

where M; = Molecular Mass. This gives the capacity in units of mili-Ampere
hours per gram (mAh/g).
Example: Calculate Theoritical capacity of WOs5:
According to the following conversion reaction mechanism:
WO3 + 6Li" + 6¢ <> W +3Li,O

So,

n=06

F =96500 C/mol

Mr = 232 gr/mol

6 x 96500 C,/mol

***Theoritical capacity of WO3; =2 Q = 232 g7 /mol

= 2297.62 C/gr

Because | mAh =3.6 C, so 2297.62 C/g = 638.23 mAh/gr
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B. Current rate (Cyate)

Crate 1s the current amount which applied in an electrode during charging or
discharging. 1 C means that for charging or discharging a sample in one hour, we
apply a positive or negative current that is equivalent to the capacity of the
material. It means that we will charge a battery to full capacity in one hour. A
battery performs best if it is charged and discharged slowly. If a battery is charged
too quickly, then it will be hindered from reaching full capacity. The reason for
this is that upon charging and discharging, there is reduction/oxidation going on
both at the anode and cathode, this means there is literally a structural transition
happening. If a battery is charged too quickly not all of the material will release
Li+ or will not undergo the proper structural transition.

In this work, the batteries were charged at 1C, so it should take one hour to
charge each battery and it should take one hour to discharge each battery.
However, we will find that the battery actually took less than one hour to charge,
and less than one hour to discharge.

Example: a WO3; electrode with loading of 10 mg=0.01 g would be charged at I C
(h™), so the current should be applied is :
1=0.01 x693 mAhx 1 h' =6.93 mA
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C. Coulombic efficiciency

Coulombic efficiency is the comparison between charge capacity to
discharge capacity in the same cycle multipled by 100%. In the first cycle, an
electrode has discharge capacity of D and charge capacity of C, so its coulombic

X 0

Example :
WOj; electrode has discharge capacity of 600 mAh/gr with charge capacity of 400
mAh/gr in the 1¥ cycle, So its coulombic efficiency is:

E—400 100% = 66.67 %
—600x o = 66. 0
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