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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF CARBON-SILICON
NANOCOMPOSITE ANODE MATERIALS FOR SECONDARY LITHIUM
BATTERIES

Miser, Burcu
Ph.D., Department of Micro and Nanotechnology
Supervisor  : Prof. Dr. M. Kadri Aydinol
Co-Supervisor: Prof. Dr. Mehmet Parlak

September 2016, 167 pages

Amongst other anode materials, silicon has the highest capacity (for Li22Sis: 4200
mAh.g 1), whereas; the commonly used graphite has only a capacity of 320 mAh.g™.
Although this property of silicon makes it a worthwhile subject, there are technical

issues which makes it difficult for commercial use.

In this study, the aim is to investigate methods of producing silicon anode materials
from a readily available powder via top down nano-particle forming methods for next
generation lithium ion batteries which have higher capacity, longer cycle life, and are
safer. These methods are high energy ball milling, metal assisted chemical etching,
thermal plasma synthesis and sol-gel methods. Readily available silicon powder was

converted into Si/C nanocomposite anode materials by using these methods and their



electrochemical performances were tested. For this purpose, cycle life, impedance and
power density of the cells were determined.

According to the obtained results, the produced powders showed high capacity in the
first few cycles and then lost their capacity. In particular, metal assisted chemical
etching and induction plasma synthesis have yielded promising results to increase the
cycle life of the readily available silicon powder. By applying these methods the
surface area of silicon powder was increased from 2.4 m?.g* to around 7 m2.g. The
sol-gel method selected for coating was not homogeneous and can not be obtained
uniformly on all surfaces, so that it has not been successful in terms of cycle life

increment except for ball-milled powder.

Keywords: Lithium ion batteries, silicon anodes, high energy ball milling, metal

assisted chemical etching, induction plasma synthesis, sol-gel coating.
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IKINCIL LITYUM BATARYALAR ICIN KARBON/SILIKON ANOT
MALZEMELERININ URETIMI VE KARAKTERIZASYONU

Miser, Burcu
Doktora, Mikro ve Nanoteknoloji Boliimii
Tez Yoneticisi : Prof. Dr. M. Kadri Aydinol
Ortak Tez Yoneticisi: Prof. Dr. Mehmet Parlak

Eyliil 2016, 167 sayfa

Diger anot malzemeleri arasinda grafit sadece 320 mAh g? kapasiteye sahip iken
silikon en yiiksek kapasiteye sahiptir (Li22Sis icin 4200 mAh g't). Bu 6zelligi silikonu
ilgi ¢ekici kilmasina ragmen silikonun ticari kullanimi1 i¢in bazi1 engeller

bulunmaktadir.

Bu calismayla amaglanan, yeni nesil lityum iyon bataryalar icin; daha yiiksek
kapasiteli, uzun ¢evrim Omriine sahip, giivenli, yukaridan-asagiya nano-pargacik
olusturma yontemleri kullanilarak ve hazir bir tozla iiretilmis silikon anot malzemesi
tretim metotlariin arastirilmasidir. S6zii gecen yontemler; yliksek enerjili bilyeli
degirmenle 0giitme, metal destekli kimyasal asindirma, endiiksiyon termal plazma
sentezi ve sol-jel kaplamadir. Hazir alinan silikon tozu, bu yontemler kullanilarak Si/C

nanokompozit anot malzemesi haline getirilip, elektrokimyasal performanslar test
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edilmistir. Bu amagla, hiicrelerin dongiisel Omiirleri, empedanslar1 ve giic

yogunluklari belirlenmistir.

Elde edilen sonuglara gore firetilen tozlar, ilk c¢evrimlerde yliksek kapasite
gdstermislerdir sonrasinda ise kapasite kayb1 yasamuslardir. Ozellikle hazir silikon
tozunun ¢evrim Omriiniin arttirilmast icin metal destekli kimyasal asindirma ve
endiiksiyon plazma sentezi umut vaad eden sonuglar vermistir. Bu metodlar
uygulanarak siliconun yiizey alan1 2.4 m%.g™1’dan 7 m2.g™>’a yiikseltilmistir. Kaplama
icin secilen sol-jel metodu ise kaplamanin homojen ve her yiizeyde esit elde
edilememesi sebebiyle bilyeli degirmende ogiitiilen tozlar disinda ¢evrim Omriinii

artirmak acisindan basaril1 bir sonu¢ vermemistir.

Anahtar Kelimeler: Lityum-iyon batarya, silikon anot, yiiksek enerjili bilyeli
degirmenle 6giitme, metal destekli kimyasal agindirma, endiiksiyon plazma sentezi,

sol-jel kaplama.
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CHAPTER 1

INTRODUCTION

The current civilization is getting its lion’s share of the energy from fossil fuels.
However, global warming primarily the result of extended fossil fuel usage during the
last few decades. Also the limited nature of that resource type inflicts both financial
and social problems. Therefore, it is essentially unavoidable if we continue to consume
energy in that way; energy and environmental issues will become the most important
problems of the world in the near future. Therefore, humanity is in need of developing
more sustainable systems such as solar cells, fuel cells, and improved batteries. Figure
1.1 shows the simplified Ragone plot (the energy storage spectrum for a variety of
systems.) Ragone plot reveals that fuel cells are at the top of the list among the
electrochemical energy conversion systems while super-capacitors are deemed as high
power systems. On the other hand, batteries are regarded with moderate power and
energy ratios. Figure 1.1 also shows that none of the electrochemical energy
conversion systems can reach to the characteristics of internal combustion engines
(ICE) at today's circumstances. As can be understood from the Ragone plot, batteries
are powerful candidates to take the place of ICE [1, 2].

There are many different battery technologies commercially available for different
types of applications such as cell phones, cameras, remote controlled devices,
flashlights, hearing aids, wireless mouse, fans, lamps (Figure 1.2-a, b). There are even
automobiles, which are operated by the electrical energy stored in batteries. For
example, many electric vehicles (EV) or plug-in vehicles (Figure 1.1-c) derive at least

some of their power from battery packs.
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Figure 1.1 Simplified Ragone plot [1].

Figure 1.2 Examples of some common devices which use batteries.

Figure 1.3 compares different battery technologies from the point of their energy and
power densities. Current Li-ion battery technologies outperform most other
commercially manufactured batteries, such as Ni-MH and NiCd based batteries. Their

statistics are proof. Their safety, power, cycle life, zonal temperature performances are



indeed superior. However the optimization of the design of electrode makes their usage
for portable applications more feasible [2, 3].
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Figure 1.3 Different battery technologies comparison with regard to energy and
power densities [3].

As indicated in Figure 1.3 the driving range target for electric vehicles would be 350
miles (~560 km) per charge by 2020 to take on the ICEs [3]. Therefore, the need in the
development of lithium ion batteries with better characteristics rises day by day.
Although there are many research efforts from the last decade, there is much room for
development of lithium-ion batteries for usage in full and hybrid electric vehicles.
Particularly, capacity, the power density, energy density, operating voltage, cost of the
included materials, cycle life (deep discharge cycles) and safety have to be optimized

for the dynamic load profile of an electric vehicle.



The aim of this research project is to find a silicon based nanocomposite anode material
for lithium ion batteries from a readily available powder using easy to scale up, top

down approaches, which are also cost-effective methods.

To achieve this, strategies (size reduction of silicon and coating with inactive matrix
materials) were employed and different methods (metal assisted chemical etching,
ball-milling, induction plasma synthesis) were applied to readily available silicon
powder. After producing various powders, coating them with inorganic materials (such
as LisPOs4, LisVOs, ZrP207, ZrV207, MnWOQO4) was studied to improve the
electrochemical stability using sol-gel techniques. Additionally, carbon coating was
applied. After applying these methods, obtained processed powders then were
characterized using x-ray diffraction method (XRD), scanning electron microscopy
(SEM), Brunauer—Emmett—Teller method (BET), focused ion beam method (FIB), x-
ray photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM)
structurally and morphologically. Moreover, potentiometric measurements were
performed to investigate electrochemical performance of the anodes made from these
processed powders in a constructed cell. In addition, cycle life, impedance and cyclic

voltammetry of the cells were determined.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A battery can be described as a device that converts electrical energy from chemical
redox reactions at its anode and cathode. This occurs through an electric circuit with
the transfer of electrons from one electrode to the other. A rechargeable battery has the

capability to reverse and repeat these reactions multiple times.

There are three forms of batteries. Primary (single-use or "disposable™), secondary

(rechargeable) batteries and reserve batteries.

A battery is called primary when the battery is used up after its discharge and needs to
be discarded. In the beginning, they are manufactured in a charged state. Though they

are inexpensive, their non-usable nature exhaust the ecosystem.

Secondary batteries are the batteries which can be charged/discharged repeatedly.
They do this by turning into their original state when the current passes in the other
direction. Secondary batteries have found widespread usage for the last few decades.
Automotive (especially newly developed hybrid and electric cars) and aircraft
industry, portable consumer electronics, (UPS) power sources, stationary energy
storage (SES) systems for electric utility load leveling, many power tools, and high
capacity requiring electrical power applications that would drain the primary batteries
too quickly can be listed as their usage areas. Lead-acid, NiCd, Ni-MH, alkaline and

Li-ion batteries are the main examples of secondary batteries.
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Additionally, reserve batteries are mainly preferred for high energy demanding
situations, for a long operational time and/or severe environmental conditions. In this
type, one of the main components of the battery is insulated from other components.
This insulation restricts the deterioration chemically and self-discharging. Generally,
electrolyte is the isolated component. Military applications are their main usage areas
that need to meet the expectations of high power and harsh conditions.

A battery consists of cells, which are the units with basic electrochemical properties.

Each of these cells consists of four major components:

i. The negative electrode is anode. During discharge, it emits electrons to the
external circuit and is oxidized.

ii. The positive electrode is cathode. During discharge, it receives electrons from
the external circuit.

iii. The ionic conductor is called the electrolyte. It is the medium in which ions
travel from the anode to the cathode. It is usually a liquid solvent like water, in
which salts, alkalis and some other soluble is dissolved.

iv. There is a separator that acts as an electrical insulator. It prevents the contact
of the electrodes thus no short circuit happens. There are some types for

separators like micro porous plastic films or gelled electrolytes.

Figure 2.1 shows the basic components of a battery and electrochemical operation in

discharge.

The cell can be structured in many different geometries and combinations like button
batteries, cylindrical batteries, and in various prismatic shapes. The components in
batteries are designed in such a way to adjust to the cell shape and volume (Figure
2.2). These cells need to be sealed to prevent leakage and active solvents being exposed

to climate [4].
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In an electrochemical cell, the reactions occur on two poles of the battery. These poles
are the electrodes. The reduction reaction can be represented by the following formula:

aA+ne” & cC @

The reaction on the opposite pole is oxidation, its formula is:

bB < dD + ne” 2

The general formula of the complete battery reaction is:

aA+bB & cC+dD 3)

A rechargeable batteries thermodynamic energy equation is:

AG = AH —TAS (4)
And
AG® = AH® — TAS® (5)

Where Gibbs free energy is AG, AH represents the enthalpy, AS is the entropy and T
is the absolute temperature of the system. AG is the net useful available energy of a

given reaction; it can be calculated by the following formulas;

AG = —nFE (6)
And
AG® = —nFE° (7)

AG provides electrical energy to an external circuit (the driving force of a cell
reaction). “n” is transferred electrons number per mole of reactants. The Faraday
constant is represented by F, it is equal to charge of 1 equivalent of electrons. Lastly,
E is the voltage of the cell (electromotive force — emf). From these equations, it can be

derived that spontaneous reactions have negative free energy and positive emf. This
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formula is for the forward direction. The voltage of the cell is unique for each reaction
couple.

When conditions differ from the standard conditions, the cell voltage is calculated by

Nernst equation:

RT, aSal

b (8)

a
nr ayap

E=E°-

aj gives the activity of relevant species and R is the gas constant (8.314J.K™*.mol™%).

Reaction and current flow relationship is determined by Faraday’s law:

t(Mw)

g=— (9)

g is the amount of material reacted (in grams), I is the current (amps), t is the time
(seconds or hours), MW is the atomic or molecular weight of the reacted material, and

n is the number of electrons in the reaction.

The cell reaction being assumed reversible and with the help of equations 4 and 6, the
reversible heat effect can be calculated from:

AG = —nFE = AH —TAS = AH —nFT(3) (10)

While dE/AT is positive, the cells will heat up when charged and cooled during
discharge (e.g. NiCd batteries). While dE/dT is negative, the cells will cool down
during charge and heat up during discharge (e.g. Lead acid batteries). The total heat
released by the cell discharge happens on the surface of the electrodes. For low-rate
charge/discharge situations, heat release is not an issue; on the other hand, for high
rate applications precautions and provisions for heat dissipation must be taken.
Otherwise total failure by heat build up and even more problems caused by the failures

might happen [1, 4].



The thermodynamics reflects the feasibility under equilibrium conditions for a given

reaction. When current is drawn from the cell during operation, the voltage drops off

due to kinetic limitations. This phenomena is known as polarization (1)) and given by

N =Eyy—Er

where Eocv IS the open circuit voltage. Et represents the terminal cell voltage during |

current is drawn. In general, there are mainly three types of polarization:

Activation polarization: Related with the redox reactions kinetics on the
electrode/electrolyte interfaces of anode and cathode, it follows the Tafel

equation:

1
o =a—blog(p) (1)

In this equation, a and b are constants, | is current flow of the reaction, and lo
is the exchange current density.

. Ohmic polarization: It pertains with the resistance of the individual

components of the cell and to the resistance due to contact problems between

these components. Ohm’s law dictates:
Mo = IR (12)

Concentration polarization: Mass transportation restrictions occurring in the

cell during operation generates this type of polarization. It can be calculated
by:

ne = (5) ) (13)

Here. C denotes the concentration on the surface of the electrode and C, is the

bulk solution concentration.
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Figure 2.3 shows the standard voltage profile of a battery and the effects of polarization
[1,4]

OCP
1R; drop

(M), T (), Activation polarization
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Output potential

Cell potential —

Current —»

Figure 2.3 Cell voltage during discharge[6].

2.2 General Information about Lithium-ion Batteries

Lithium, is the most electropositive (-3.04V against the hydrogen electrode (SHE)),
the lightest (Mw=6.94 g mol?) and the least dense (p=0.53 g.cm™3) metal located in the
top corner part of the periodic table. Therefore, lithium batteries deliver highest energy
density among all the existing batteries mentioned before [5]. Lithium-ion batteries are
belong to secondary battery group and electrodes of the battery comprises lithium
intercalation compounds. Rocking chair batteries are also called to this type of
batteries. Because during charge-discharge processes lithium ion rock back and
forward between the two electrodes, while chemical energy is released or replenish
inside the cell [5].

Compared with other battery systems, lithium ion batteries show distinct advantages
that can be listed as:

e Maintenance is not required

e High specific energy and energy density
11



e Broad operation temperature range
e Extended shelf life

e Low rate of self-discharge

e Quick charging capability

e High rate and powerful discharge
e High columbic efficiency

e No memory effect

o Design flexibility

e Long cycle life [4].

A commercial lithium ion battery system generally consists of LiCoO; as cathode,
graphite as anode and an electrolyte. The electrolyte can be liquid, a gel or a solid
polymer Dimethyl Carbonate (DMC), Ethylene Carbonate.(EC), Diethyl Carbonate
(DEC), and Propylene Carbonate containing a lithium salt, such as LiPFg, LiClOs4,

LiBF4, LiBC4Og are the most commonly used electrolytes.

Figure 2.4 represents the reaction mechanism of lithium ion batteries. During
discharge, Li ions move from anode (graphite) to the cathode (LiCoO2) via the
electrolyte, which contains lithium ions, while electrons spontaneously go through the
external circuit, giving up the energy stored. During the charge process, energy is
supplied through the external circuit to the system and Li ions go back to the anode
(graphite) and the electrical energy is stored as chemical energy. Reaction mechanisms

during charge are shown as follows [4]:

charge
Cathodic Reaction:  LiM0O, = Li;_,MO, + xLi* + xe~ (15)
discharge
charge
Anodic Reaction: C+xLi* +xe” = Li,C (16)
discharge
charge
Overall Reaction: LiMO,+C = Li;_ MO, + Li,C (17)
discharge

12
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Figure 2.4 Reaction mechanism in a rechargeable lithium ion battery during

discharge process [7].

Nowadays lithium-ion batteries are widely used in every area. Besides, with the
revolution in portable devices and with the hit of micro-hybrid, hybrid, plug-in electric
and all-electric vehicles to the market, expectations for high energy and power density
batteries with longer lasting and safety are needed. However, despite there is a huge
interest on the studies for the development of high-performance rechargeable lithium-
ion batteries, the advancement is not as fast as expected by the market. As shown in
Figure 2.5, the electrical output required to supply power to mobile devices is expected
to increase around 20% yearly, whereas the improvement in the energy density of Li-
ion batteries is predicted to be 10% annually. The main challenges and areas that need
improvement can be listed as:
13



o Stability problems related to mechanical and chemical issues, which stem
from electrochemical reactions of the electrolyte, changes in phase,
deterioration of materials.

e Moderate energy and power density

e Cycle life (capacity loss with cycling)

e Operation temperature range

¢ Need for protective circuitry (battery management system is crucial for LIBs
for operation)

o Safety issues related to overcharging and crushing

e Moderate initial cost (it needs to be decreased for especially automobile

applications) [4, 8, 9]

If we generalize, the demand for next-generation lithium-ion batteries are to increase
energy density and power density, increase safety, enhance cycle life, reduce cost, and
achieve sustainable and greener Li-ion batteries. As the electrode materials play the
key role in a battery, in order to increase the electrochemical performance and reduce

the cost, designing better electrode materials is the main task.

10
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2.3 Lithium lon Battery Electrodes

2.3.1 Positive Electrode Materials (Cathode)

Lithium-ion cells work by a chemical reaction mechanism called “intercalation”
wherein lithium ions penetrate to the molecular structure of the electrode. Lithium-ion
positive electrode materials are metal oxides or phosphate compounds. Cathode
materials are prepared and built into cells in their discharged states. Commercialized
batteries contain graphite as anode and positive electrodes are synthesized containing
lithium. General requirements for Li-ion positive electrodes can be listed as:

e High Gibbs free energy (higher voltage than lithium metal potential)
e High lithium incorporation capability

e Lithium ions can travel without too much mechanical damage

e High diffusivity of lithium ions

e High conductivity

e Insoluble

e Low cost synthesis, manufactured from cheap sources[4].

According to the above requirement list, there are many cathode materials that have
unique and varied crystal structures (Figure 2.6), some of them are listed as:
e LiCoO: (layered structure) — (cathode of most commercial batteries)
e Li  mixed metal oxides (LiNiogC00202,  LiNiogC00.15Al0502,
LiNio.33C00.33Mno.3302)
e LiMn2Og4 (spinel structure)

e LiFePO4 (olivine structure) [4]
As improvement of cathode materials is not a concern of this study, detailed

information will not be given on cathode materials. Literature review will focus on

anode materials.
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Figure 2.6 Crystal structures and electrochemical reactions of various cathodes: (A)
layered LiMO2, (B) spinel LiM204, (C) olivine LiMPO4, (D) Li2MSiOs, (E)
LiMBOs, (F) LiV30s, (G) V20s, (H) FeFs [10].

2.3.2 Negative Electrode Materials (Anode)

As mentioned earlier, anode is the reducing electrode and is the oxidation source. The
electrons are released from anodes into the external circuit during discharging process.

It means that during discharge anode is the negative pole.

The first stages of research studies on lithium-ion batteries focused on lithium metal
as anode material. Those batteries were outstanding in terms of their high specific
capacity. However, lithium plating problem caused safety issues and lithium metal
gave up its place to graphite anodes in 1990s with the invention that made by Sony.
Although graphite is a good lithium intercalation material because of its low cost, low
operation voltage and safety issues compared to the lithium ion itself its capacity (372
mAh.g?1) is not sufficient for next-generation applications’ requirements [4, 11].
Desired properties of a good anode electrode can be listed as; easily transferring
lithium ions, high capacity, conductivity, chemical potential and sound stability that
withstands mechanical damage due to changes in volume after cycling. Figure 2.7
shows the theoretical capacities of various anode materials. Group IV elements have
16



the highest capacity values, and metal oxides have the most diversity. These have been

studied thoroughly as anode materials over the past decade [12].
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Figure 2.7 Lithium-ion batteries anode alternative material sources and capacities

comparisons [12].

Any of the positive active material described in section 2.3.1 could be combined with
either of the negative materials to form a discrete electrochemical system. Figure 2.8
shows some of more common combinations and their operating voltages for around
the middle of discharge. Every combination has its own advantages and disadvantages.
For example, LiFePOs - LisTisO12 couple is one of the safest combinations with their
lower cell voltage, however this results to lower energy and power density. On the
other hand, carbonaceous anodes have a voltage closest to the lithium metal but, on
the first charge intercalated lithium ions react with the solvent of the electrolyte and a
permanent layer (SEI) is formed on the negative electrode surface [5, 13]. Below
sections, indicate details about various anode materials.
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are given. [5].

2.3.3 Lithium as Anode Material

One of the essential factors to develop a battery with high energy density is that the
usage of electrode materials with high capacity. Being the most electro-positive alkali
metal in the group as well as being light weight makes it primary. It has a density of
0.534 g.cm, which means having a 3.86Ah.g™* specific capacity, and energy density
(1470Wh.kg?), which stands exceptional.

The anode reaction of metallic lithium:

discharge
Li 2 Lit+ e~ (18)
charge
In spite of remarkable properties of lithium metal, there are vital problems on the
commercial usage of lithium metal at lithium-ion batteries. Two main barriers can be
mentioned. The enlargement of Li dendrites during cycling processes, and the other
18



issue is their low Coulombic efficiency (CE). First problem raises safety issues
because it can cause short circuits internally and create higher surface area, also it may
lead to a short cycle life. At the early stages, there were efforts to compensate low
Coulombic efficiency by putting an excess amount of Li to the batteries, the rise of Li-
ion batteries has postponed after the safety problems occurred. Figure 2.9 (a) and (b)
respectively illustrate typical Li ion battery and a Li metal battery diagrams.
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Figure 2.9 (a) Li ion battery schematic diagram; (b) Li metal battery schematic

diagram; (c) Li dendrite generalized morphology and related main issues (c)[14].

2.3.4 Carbonaceous Anode Materials

Carbonaceous materials allows the intercalation of Li within its layers reversibly,
which lead to commercial usage of them in every existed battery system. Carbon has
good capacity, moderate conductivity and electrochemical potential. It also
advantageous in terms of cost and availability. Its specific capacity is 372mAh g™.The
maximum number of lithium atoms that can be intercalated within the graphite
structure is 1 per 6 carbon atoms (LiCs). Another advantage is that there is no
significant swelling after cycling and therefore little pressure is generated by the
carbon based electrodes even after numerous cycles and this allows Li-ion cells to be

constructed in many shapes and sizes with thin-walled cases such as button, prismatic
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cells or in many other configurations [11]. The intercalation of lithium within carbon
in discharging process is given as:
discharge
xLit +xe” + C, S Li,.C, (19)
charge
During intercalation process, the lithium reception and the state it will be stored
depends mainly on its crystallinity, the microstructure of the compound, and also the
morphology of the carbonaceous materials in micro scale. The graphite term is used
only for carbons having a lattice layered structural shape with a perfectly stacked order
among graphene layers, either the prevalent AB (hexagonal graphite, Figure 2.10) or
the less common ABC (rhombohedral graphite). The small transformation energy of
AB into ABC stacking (and vice versa), means perfectly ordered graphite crystals are
not readily available. Therefore, the term “graphite” is often used regardless of
stacking order. There are mainly two types of carbons which can accommodate
reversible lithium intercalation, graphitic and non-graphitic (disordered). Graphitic
carbons have a layered carbonaceous structure but also come with structural distortions

and defections.

The intercalation reaction occurs only at prismatic surfaces (arm-chair and zig-zag
faces). Through the basal planes, intercalations are said to be possible only at defected
zones. In intercalation process, the order of stacking of the carbon layers (named
graphene layers) shifts towards AA form. Therefore, the adjacent graphene layers
inside LiCs are directly faced to each other (Figure 2.11-a). The distance between the
graphene layers are increased to some extent due to lithium intercalation (10.3% in
LiCe). aa is the order of stacking of the lithium inter-layers (a chain of Li-Ce-Li- Ce-
Li alongside the c-axis). In the LiCs the lithium is scattered in such a way that it avoids

the occupation of the adjacent sites (Figure 2.11-b).
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Figure 2.10 Left-side: The crystal structure of hexagonal graphite showing AB
layer stacking order with the unit cell. Right-side: Perpendicular look at the basal
plane of the hexagonal graphite layers. The prismatic surfaces may be further

divided into armchair and zig-zag faces [15].

Theoretically, Li* intercalations are fully reversible into carbon. However, in practice
the charge consumed in the first cycle significantly exceeds the theoretically stated
specific charge of the first stage LiCs of 372 mAh g compared to the mass of carbon
(Figure 2.12). The subsequent deintercalation of Li* recovers only about 80-95% of
this mentioned charge. During the second and subsequently following cycles,
however, charge consumed because of Li* intercalations are lowered and recovery of

the charge gets closer to fully charged state.

One of the main problems of carbon anodes is ageing. It might happen during shelving
(e.g., impedance build-up, self-discharging) and could reduce the useful cycle life of
these batteries, in addition to the defects and deteriorations which happen during active
use (e.g., mechanically occurring degradations, plating of lithium metal). The ageing
of batteries through time and usage causes changes (i) in the electrodes/on the
electrolyte interfaces/the electrolytes, (ii) the active materials, and also (iii) in the
compound electrodes (current collector, active materials, conductive additives, binder,

porosity, etc.) [16].
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Figure 2.11 Schematic drawings of the structure of LiCe. a) AA layer stacking order
and the aa interlayer sequencing of inserted lithium. b) Perpendicular view of the
basal plane of LiCs [15].
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The alterations of the electrodes and electrolyte interfaces due to reactions of anode
with the electrolyte are shown in Figure 2.13. These reactions are the main source of
aging of/at anode. The anodes of Lithium-ion batteries function at electrical potentials
exceeding the electrochemically stable zones of their electrolyte components.
Therefore, irreversible consumption of lithium ions occurs with the reductive
electrolyte decomposition at the interface of the electrolytes while the electrode is
polarized to low potentials in the charged state. The byproducts accumulate and form
“protective layers” that insulate the electrode’s surface. This phenomenon significantly
takes place in the first cycle, but also during the initial cycling phase. Here, these
protective layers have to behave in such a manner that it is called "solid electrolyte
inter-phase”, SEI, which is permeable to lithium cations but highly impermeable to
different components of the electrolyte and electrons. Significantly decreases (i)
further reduction of the electrolyte compounds and also(ii) the corrosion of charged
electrodes. [16].

Film formation takes place on metallic Li upon contact with the electrolyte on LixCs
surfaces as a charge-consuming reaction in the first few Li"
intercalation/deintercalation cycles. This reaction happens mostly during the first
cycle as mentioned before. Even after the formation of these films, the self-discharge
rates in LixCe electrodes are considerably high because of the reactivity of LixCs with

the organic electrolyte.

The solvated intercalation of lithium into carbon electrodes is a serious problem.
Particularly in the initial cycles, before the formation of these protective films on LixCs
are finished, there is a high tendency for solvent co-intercalation. Moreover, owing to
the self-discharge of LixCe, the SEI film on the carbon electrode grows, thus increasing
the internal resistance of the cell. Therefore, the power density of lithium ion cells with

carbonaceous negative electrodes gradually decreases with the number of cycles.

Various researchers have focused on the development of these "protective films™ and
the tried to suppress solvent co-intercalation. This was tested either choosing

potentially proper electrolyte components or by pre-conditioning the carbon
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electrodes. Significant improvements have been achieved by adding inorganic
components to the base electrolyte, for example CO2, N2O, SO, and Sx?. The additives
promoted more compact and probably thinned inorganic films, which allow the
selective penetration of unsolvated Li* cations. Films formed from organic
decomposition compounds were supposedly easily penetrated by the organic solvent
molecules.[15, 16].

Graphene layer o9 Graphite exfoliation, cracking
4 80 (gas formation, solvent co-intercalation)

Electrolyte decomposition
and SEI formation

\ Donor solvent

SEIl conversion,
< stabilization and growth

!= SEl dissolution, precipitation

° Positive / Negative interactions

Lithium plating and
subsequent corrosion

Figure 2.13 Changes at the anode/electrolyte interface [16].

2.3.5 Lithium Alloys as Anode Materials

Because there is a high demand for safe Li-ion batteries with high power capacities,
high output, and high rate capabilities are improved daily, researchers worldwide have
investigated various electrode materials in order to develop better materials. Li has the
ability to alloy and de-alloy with other metals electrochemically even at room
temperatures in an organic electrolyte. For the past few decades, Li-alloying reactions
with metallic or semi-metallic elements (e.g., Sn, Sb, Al, Si, Ge, Pb, P, As, Bi, Au, In,
Ga, Zn, Cd, Ag, Mg and their alloys) and various compounds have been investigated

(Figure 2.16). Even though these alloying materials can provide a better specific
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capacity than graphite (except some transition metal oxides, see Figure 2.7), they
usually lack in irreversible capacity at the first cycle and unimpressive cycling life
because of significant damages stemming from huge volume changes during cycling.
That is why materials to manufacture anode alloys with high capacities (with respect
to graphite) are still studied. But many have been unsuccessful to create commercially
feasible products due to failed capacity retention after cycling or due to phase
transformations and/or huge volume expansion related electrode cracking and
pulverization problems after repeated Li alloying—dealloying. In other words, the more
the host anode material accommodates Li, the worse the mechanical degradation issues

and hence, the larger the volume expansion and with perpetual cycling [17, 18].

Figure 2.14 Different alloying metals for lithium [18].

Amongst other metals, Sn and Si seem to be the most promising anode materials as
alternatives to graphite thanks to their high specific capacities (993 mAh g* for Lis4Sn
and 4200 mAh g* for Lis.4Si) and decent operating electrochemical potentials (Sn: 0.5-
0.6 V and Si:: 0.3 V vs. Li*/Li) [19].
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In this study work, the aim was to produce new generation silicon anode materials,

thus a detailed literature review on silicon anodes will be given in the below section.

2.3.5.1 Silicon Anodes

Silicon is a strong anode material alternative to graphite in terms of its high energy
and power capacity. It has other properties like being cheap, abundant and

environmentally safe; this makes it unique for research studies.

Silicon anodes have received lots of interest because of the fact that a single atom of
silicon can accommodate 4.4 lithium atoms, forming Li2.Sis. As a result, silicon has
the highest theoretical capacity (4200 mAh.g?) of any alloying element and attractive
operating voltage (~0.3V vs versus Li/Li*) (Figure 2.15). This means that silicon
anodes could possibly have over ten times the gravimetric capacity with respect to
graphite based anodes.
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Figure 2.15 Gravimetric/volumetric capacity graph for some alloying reactions.

Capacities are given in comparison with graphite as a reference[20]

On the other hand, the insertion of 4.4 lithium atoms per silicon atom has some cons.

The full lithiation of silicon results in a 400 % increase in volume from cubic silicon
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(20.0 A3 per silicon atom) to cubic Li2,Sis (82.4 A® per silicon atom) [21]. This drastic
volume change causes diffusion-induced stress, which may lead to fragmentation,
disintegration due to fractures and bonding problems of the current collectors with
active materials. It also damages the solid-electrolyte interface (SEI) which protects
electrodes from further deterioration. The degradation and loss of electrical
conductivity lead to significant losses in capacity and hence, poor cycle performance
(Figure 2.16) [22]. Many approaches have been proposed to overcome these problems

of silicon based anode materials.
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Figure 2.16 Main degradation mechanisms of Si anodes stemming from the large

volume expansion of Si during lithiation process[23].

The general strategies of creating silicon-based anode materials with good cycle
performance can be categorized as follows: (i) controlling the structure and
morphology (e.g. minimization of particle size or creating a hollow nanostructure
which has a small volume to limit the volumetric expansion) (Figure 2.17-a), (ii) active

or inactive matrix compositing (also prevents aggregation) (Figure 2.17 b-c), (iii)
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blending with various binders (e.g. elastomeric binders which expands during
lithiation and shrinks during delithiation process) (Figure 2.17-d), (iv) controlling of
the cycling voltage window, (v) use of different salts such as LiFSI and introduction
of electrolyte additives, such as vinylene carbonate (VC) to form a more stable SEI
[23, 24].
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Figure 2.17 Examples of various types of Si-based anode material production
strategies; (a) various morphologies of Si-active materials and their composites. (b)
reversible lithiation—delithiation process of SiOx (c) compositing (d) Various binder

concepts for Si anodes. SEI, solid electrolyte interphase [23].
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Some researchers have been able to attain specific capacity of 1400 and 1000 mAh g
L at 1/4 C and 1/2 C after 200 cycles [25]. Through the use of silicon nanoparticles,
gravimetric capacities close to the theoretical limit have been acquired. For example,
Kim et al. claimed a capacity of 3380 mAh.g™* with a coulombic efficiency of 80%

through the use of silicon nanoparticles with the size of <10 nm [26].

Huang et al. worked on the effect of elastic binders. They compared binders of LA132
(whose major co-polymerization chain is polyacrylonitrile-polyacrylic acid (PAN-
PAA)) and polyacrylic acid (PAA) with a commercial PVDF binder. SiOx powder was
used as anode active material. The electrochemical tests showed that SiOx-PAA delivered
1090 mAh.g? discharge capacity after 50 cycles, whereas, PVDF could not lessen
rapid capacity decay in the first ten cycles. The degree of crystallization of the binder
improved the adhesion and strength of polymer. The low adhesion property of PVDF
could not support large volume expansion of SiOx due to its high crystallinity.
Compared with SiOx-PVDF, the capacity of SiOx-LA132 decayed with twenty cycles and

subsequently the decay gradually slowed down with more cycling tests [27].

Another research of interest is amorphous silicon usage, instead of crystalline silicon
as the active anode material. Bourderau et al. worked on cycling behavior of
amorphous silicon thin films (1.2 pm thick) depositing on the substrates of porous
nickel by low pressure chemical vapor deposition using silane as the precursor gas. In
the first three cycles they measured 1000 mAh.g™* discharge capacity, however, the
films had insufficient results after 20 cycles which was due to mechanical damages on
the electrodes. This was because of the severe active material loss during the
electrochemical cycling, porous current collector was not capable to prevent these
losses [28]. At another study, capacity decay of amorphous silicon thin films were
overcame and the mechanical stability was preserved for more than 400 cycles by
lowering the limit of the voltage window from 0 to 0.2 V. In this state their discharge

capacity was about 400 mAh.g* [29]
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To summarize, the progress in advanced nanoscience and nanotechnology contributed
to the improvement in cycle performance of silicon anodes. Yet, there is plenty room

for improvement.
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CHAPTER 3

GENERAL EXPERIMENTAL PROCEDURES

3.1 Materials used in the experiments

As-received silicon powder (Beijing Haoyun Industry Co. Ltd, -325 mesh, 99.99%
purity) was used as the starting material at all the processes. Figure 3.1 shows particle

size measurement of the powder.

T T T
6 - — As-received Si Powder

Volume (%)

0.01 0.1 1 10 100 1000
Particle Size (um)

Figure 3.1 Particle size distribution graph of the as-received silicon powder

The surface area of the as-received powder was measured via Brunauer—-Emmett—

Teller (BET) technique. 2 m2.g* was the result of the measurement.
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The above measurement shows that the average particle size of the powder is around
17 pm and ninety percent of the powders are smaller than 50 micrometer. In addition,

SEM micrographs were taken. Figure 3.2 shows SEM images of the powder.

50 m —
METE-METU

(b)
Figure 3.2 SEM images of the as-received silicon powder, (a) 2500X, (b) 5000X

To verify the purity of the purchased silicon powder XRD data was taken. Figure 3.3
shows the pattern. It is seen that all the peaks are belong to silicon element which has
a diamond cubic crystal structure with a lattice spacing of 0.5435 nm (calculated with
MAUD program). Its space group is Fd-3m (227).

Final investigation was X-ray photoelectron spectroscopy (XPS) (further explanation
on XPS study is provided in section 3.3.1). The aim was to understand the surface
properties of the as-received powder. Firstly, full spectrum (survey spectrum) test was
done to see all the surface elements. It was observed that peaks for oxygen, silicon and
carbon existed at the atomic ratios of 61.2, 30.3 8.4, respectively. After that, a high
resolution scan was applied to the silicon spectrum to understand binding states. Figure
3.4 shows the XPS spectrum of the as-received silicon powder. Before beginning the

process of peak identification, the peak shifting due to specimen charging was
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corrected by taking reference of C 1s peak as 285 eV. Two distinct peaks appeared at
the Si 2p spectrum. One is at the 98.85 eV and other one is at the 103.4 eV. At the XPS
data, Si-Si bonds is located at around 99.4 eV however, overlapping of Si 2psz and
2p12 components, possible existing impurities, environmental effects during test
conditions could have caused this shift. Second peak is due to +4 oxidation state and
this shows that there is SiO> structure existent. Surface native oxide is a necessary film
layer for the passivation of silicon from further oxidizing. During preparation for some

cases, to eliminate this oxide layer, the sample was washed with hydrofluoric acid.
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Figure 3.3 XRD pattern of as-received silicon powder.

3.2 Experimental Methods

3.2.1 Ball-milling:

In this study, planetary ball-milling system (PM 400, RETSCH Retsch GmbH,
Germany) was chosen to reduce particle size of the as-received silicon powder. As
grinding media, tungsten carbide was used in order to decrease contamination from
walls and balls. Volume of the jar was 250 ml. Milling medium was ethanol and its

volume was set to a certain value, because, it was shown that increasing the volume of
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the medium changes the ball milling effect. Such that, viscosity of the slurry and
temperature control is dependent on it [30]. So, a standard amount of medium (50 ml
per charge) for 250 ml jar was used during ball milling experiments. 10 and 5 mm ball
sizes were used for the experiments. After that point, an experimental matrix was
derived in such a way that effects of weight ratio of balls to powder, rotational speed,
milling time and mill charge on average particle size were tabulated. Table 3.1 shows
the experimental matrix of ball milling trials. The effect of a single parameters’

variance on the particle size reduction was studied in each experiment.
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Figure 3.4 XPS spectrum of the as-received silicon powder.

Table 3.1: The experimental matrix of ball milling trials.

~ | Weight ratio _ o _ Mill

Balls  size Rotational Milling Time

of Balls to Charge
(mm) Speed (rpm) (Hours)

Powder (vol%o)
10 10:1 75 24 100
5 15:1 150 36 60

27:1 250 48 30

350
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3.2.2 Metal Assisted Chemical Etching

To produce multi-dimensional silicon powder, two-step metal assisted chemical
etching method was applied. Names and properties of the used materials are as follows:
Silver nitrate (AgNO3, 99+%, Alfa Aeser, Germany), hydrofluoric acid (HF, 38-40%,
extra pure, Merck KGaA., Germany), hydrogen peroxide (H202, 30% stabilized,
Merck KGaA., Germany), nitric acid (HNO3z, 65%, Merck KGaA., USA).

Before the etching, silicon powder is always washed with 10% hydrofluoric acid for
ten minutes to remove silicon oxide from the surface of the powder. Then, Si powder
was immersed in an AgNOs and HF containing solution for a controlled time to deposit
Ag nanoparticles onto the Si surfaces. Subsequently, powder is washed with deionized
(DI) water to remove silver salts. Silver deposited Si powder, then, was immersed into
the etching solution, which contains HF and H202 as oxidizing agents. After etching
Ag was removed in concentrated nitric acid. After removal of Ag, powder is washed
with DI water and dried at 70 °C. By controlling the amounts of AgNO3, HF, oxidizing
agents, dwelling time and temperatures, different types of structures were obtained
during experimental studies. Details of the experiments and obtained results will be

given in Section 5.3.

3.2.3 Thermal Plasma Synthesis

The solid state method was chosen for nano-sized silicon powder production. Starting
material was as-received silicon and methane gas (CH4) was used for carbon
encapsulation. The Tekna Plasma Systems Inc PL-35 Plasma Torch system was used.
Induction plasma system was operated at 25 kW under 0.97 bar pressure and typical
duration of the production runs lasted 10-15 minutes. The silicon powder-feeding rate
was 2-3 g/min, it was not possible to feed more precisely because of the irregularities

in the shape of the precursor powders and with a methane flow rate of 1 l.min™.
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Prior to the ignition of plasma, the reactor system was evacuated with argon gas at 60
slpm. After the ignition process, the flow of hydrogen was gradually increased to 6
slpm. In addition, nitrogen gas was used for quenching with flow rate of 150 slpm.
The synthesized Si powder was collected from powder collector at the end of the test

(Figure 3.5). Figure 3.6 was given to show illustration of the torch in detail.

3.2.4 Sol-Gel Coating

Table 3.2 provides the used sources, the information from where they were taken, the

chemical formulas and abbreviations that are used to make ease to tell experimental

method which were given in.

powder Collector Unit—"

powder Collector—"

Figure 3.5 Simple schematic of the induction plasma system.
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Figure 3.6 Schematic illustration of the torch [31]

Table 3.2 The information about the precursor materials used for sol-gel coatings.

Formula
Source Chemical Formula  Abbreviation Company Weight
(g/mol)
Li source LiNOs LiN Merck 68.95
PO4 source
_ H3PO4 (85%) HP Merck 97.99
(for LisPOu)
V source NHsVOs3 (99% min)  AmV Alfa Aesar 116.98
W source (NH4)6W12039.xH.O  AmW Alfa Aesar 2938.41
Mn source MnN20e.4H,0 MnN Alfa Aesar 251.01
Zr(S04)2.4H,0
Zr source ZrS Alfa Aesar 355.41
(98+%)
PO4 source
(NH4)H2PO4 AmP Merck 115.02
(for ZrP207)
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Sol-gel coating was done in two steps. Firstly, gels were produced and after then
powders were coated with appropriate amount of gel. After coating, calcination was
conducted to obtain desired coating materials. XRD measurement and Rietveld
analysis were done to understand obtained phases and quantitative ratios. At the sol
preparation stage, the concentration of precursors was taken according to their molar
ratios of the elements in the alloy. For example, to produce Lithium phosphate
(LisPOa) precursors of LP and HP were mixed in the molar ratio of 3:1. In addition to
precursors, citric acid (citric acid monohydrate, CeHgO7.H2O, Sigma Aldrich, Co.
LLC). and ethylene glycol (EG) (spectrophotometric grade, 99+%, Alfa Aesar,
Germany) were used as complexing agents. Citric acid and metal source was used at
the same molar ratio with 1:1 mol ratio. Ethylene glycol (EG) amount was taken
constant for all batches and 3 ml was used every time. Experimental steps of sol-gel

coating were as follows:

i. 50 ml hot water was poured and citric acid was added to the water and stirred
until completely dissolved.

Ii. First precursor material was added into the water and stirred until completely
dissolved.

iii. After clear solution was obtained, second precursor was added to the solution

and stirred until complete dissolution.

iv. Then EG was added to the solution and stirred at 130°C to evaporate water.
This step was continued until 30 wt% of the beginning solution was remained.
This solution was used to coat silicon powders. Before coating process,
desired solution amount was calculated according to the remaining solution.

v. To coat silicon powders, 1 g of silicon and calculated amount of solution was
taken to mortar. They mixed with each other and a toothpaste like viscosity
was aimed. Additional water was poured in to get the desired viscosity.

vi. The paste was dried at 120°C over night and then taken into the oven for
calcination.

vii. Before calcination, dried mixture was first pre-calcined at 300°C.

Calcination temperatures were adjusted to obtain pure phases. Many trials

were done on sol-gel products before coating. After determining the required
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temperatures, coating and calcinations were made. Table 3.3 gives the
calcination temperatures, times and atmospheric conditions of coating

materials.

Table 3.3 Properties of calcination steps for coating materials.

] ) Calcination Calcination Calcination
Coating Material ] )

Temperature (°C) Times (min) Atmosphere
LisPOa4
LisVOs 600 180
ZrV207 Air
MnWO4

900 120

ZrP207

3.2.5 Carbon Coating

In addition to sol-gel coating of silicon powders, carbon coating; which has been
studied widely in the literature, was also tried as part of this study. In the coating
process, sucrose (C12H22011, 99%, Alfa Aeser, Germany) was used as carbon source.
The reason for this is that sucrose is a cheap and readily found material whose coating

process is also easy and quick.

In pyrolysis process, sucrose was dissolved in water and then powders were added to
the medium and well stirred to obtain homogeneous coating. Subsequently, the
solution was dried and the remainder was pyrolized at 650°C under Argon atmosphere.
The only powder that was not coated with this method was the thermal plasma
synthesized one. Because, base powder was already covered with carbon during the

process for passivation of silicon powder.

Carbon contents’ of the samples were measured by ELTRA CS 800 carbon sulfur

determinator.
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3.3 Characterization Techniques

3.3.1 Structural Characterization Techniques

To clearly understand the morphology of each produced silicon powder, observation
using a field emission type scanning electron microscope (FE-SEM, Nova NanoSEM
430, FEI, Eindhoven, Netherlands) was made. To understand the morphology of
etched and thermal plasma synthesized powders deeply, characterization by
Transmission Electron microscopy (Jeol JEM-2100F UHR/HRP Transmission
Electron Microscope (200 kV)) were done. For multidimensional silicon powders,
Focused lon Beam (UNAM, Bilkent) technique were also used to see porosity and
columnar structures. Brunauer—-Emmett-Teller (BET, MERLAB, METU) method was
used to identify the surface area of all the powders. Particle size assessments were done
on ball-milled powders. They were sonicated in ethanol as dispersant before the
measurement. These measurements were done with the use of the laser diffraction
particle size analyzer (Mastersizer 2000). To make these measurements, the particles
were passed through a focused laser beam. These particles were said to be scattering
coming light at an angle that is inversely proportional to their size. The angular
intensities of these scattered lights are then measured by utilizing a series of
photosensitive detectors. The provided map of this scattered intensity versus angle is
the main informational source used to assess the particle sizes. X-Ray diffraction
patterns were obtained by Bruker D8 Advance Diffractometer (Bruker Corporation,
Billerica, USA) instrument with Cu_Ka radiation. The method of Rietveld was applied
to analyze the X-Ray datasets and to classify structures of their phases. Quantitative
phase analysis and structural refinements (lattice parameters, atomic positions and
occupancy) were achieved by running the MAUD program. The Raman spectrum of
thermal plasma synthesized silicon was taken using the Renishaw inVia Raman
spectrometer (MERLAB, METU) with 532 nm laser.

A detailed investigation on surface chemistry of the produced powders was done using

X-ray photoelectron spectroscopy (XPS/ESCA) technique. XPS spectra are obtained

by beaming a solid surface with a radiation of X-rays, simultaneously measuring the
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kinetic energy of electrons that are emitted from the top 1-10 nm of the surface
material. The analysis begins with producing a survey spectrum to see the existing
surface elements. The energies and their intensities in the photoelectron peaks are used
in identifying and counting of the existing surface elements of the sample material
(except hydrogen). The photoelectron spectrum is registered via counting the ejected
electrons trough different electron kinetic energies. The peaks are then shown in the
spectrum. The chemical states from an XPS spectrum is later assessed with a higher

resolution scan.

In this study, the peak fit, for high resolution scans, was done with software to identify
the different peaks which show different oxidation states of the studied element.
Multiple peak fitting method was applied to fit multiple peaks into the original single
peak which is assumed to be contributing to a shift or distortion in the peak. The values
of the center of the peak and full width at half maximum (FWHM) were compared
with NIST XPS library to find a resemblance.

3.3.2 Electrochemical Characterizations

Cyclic Voltammetry (CV), Galvanostatic tests and Electrochemical Impedance
Spectroscopy (EIS) were done to the cells, which have the produced powders as anode
materials. As anode, lithium foil was used for all the cells. For cathode preparation,
powders were mixed with LA132 (Chengdu Indigo power sources CO., Ltd. Chengdu,
Sichuan) aqueous binder, which is a new alternative to commercial binders like PVDF,
CMC and SBR. The reason for choosing LA 132 as binder is because it is aqueous and
does not need addition of thickeners like CMC and organic solvents such as NMP,
besides; production process is simple, safe, and environmentally friendly. Besides, less
binder is required during this process. Additionally, some recent studies showed that
NCM cathode with LA132 binder exhibited a much higher specific capacity than
cathodes made up with PVDF and CMC [32]. Silicon, binder and carbon black with
the ratio of 75:20:5 was mixed. The slurries were stirred vigorously at the mixer mill

(Retsch MM 400) in order to get uniform distribution of the active materials. Anode
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slurry was coated on copper foil by using Doctor Blade technique. Thickness of the
coating was adjusted to 200 um. The coated sheets were dried at 80°C for a few hours
and then pressed under 0.02MPa pressure. The discs with a diameter of 18 mm were
cut from the previously produced electrodes were further dried in vacuum at 80°C for
overnight. Then, the bunch were kept in a glove box (having 0.1 ppm Oz and 0.1 ppm
H20) and waited there assembly time. During the assembly process, as separator a
glass microfiber filter (GE Healtcare Life Sciences) was utilized. The used electrolyte
was 1 M of LiPFe in a 50:50 EC:DEC solution. Airtight cells were utilized and

assembly was done in the glove box.

Solartron 1470 potentiostat was used for both galvanostatic tests and cyclic
voltammetry. On the other hand, to measure electrochemical impedance spectroscopy

Versastat |11 was used.

3.3.2.1 Cyclic Voltammetry (CV)

From high potential to low potential, in cathodic direction, the first scan was done. At
the first scan, CV was applied at a rate of 0.01 mV.s* between 0.01 and 1.2 V. The

CV tests were started at the charged state.

3.3.2.2 Galvanostatic (Charge-Discharge) Tests

During charge-discharge cycles, a rate of 0.2 mA.cm™ were used. The cells were then
cycled 20 times to see the cyclic performance of anodes. The charge-discharge tests
were conducted between 0.05 to 1.2 V. For all samples, following the CV tests,
precycling was performed with four cycles where the batteries were discharged
successively for 5, 10, 15 hours and charged up to 1.2 V. After the last charging, cell

was fully discharged. Before going back to the cycle tests EIS was applied to the cells.
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3.3.2.3 Electrochemical Impedance Spectroscopy (EIS)

Between the 10 mHz and 100 kHz frequency ranges, at the open circuit potential
(OCV) of the cells Potentiostatic EIS was applied. The AC amplitude was +5 mV.s.
EIS was applied at the discharged state at the end of activation procedure. The main
purpose was to understand the effect of production methods on resistivity of different
silicon anodes. Equivalent circuit of an electrode was consisted from surface layer
(film) resistance (Rsf), charge transfer resistance (Rc), electrolyte resistance (Rei),
constant phase element for surface layer (dsi or ®s) and double layer (®a) and
resistance due to the diffusion of Li through the Si (Ruaiff). Electrical circuit models

used in this study are:

1. LR(QR)(Q(RW)) (Figure 3.7)
2. R(QR)(QR)(QR)W

¥ ¥
LR{DR)(D(RW))
| \ | \
B

Figure 3.7 Schematic of equivalent circuit model for this study.
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CHAPTER 4

PLANETARY BALL-MILLING

4.1 Introduction

Ball-milling is a cheap and efficient top-down method for sub-micron or nano-
structured particle production [30]. The process can be described as the mechanical
wear and brake off larger particles into smaller particles by milling. This process
provides particles of certain size and shapes without actually changing their state of
aggregation. There are several types of mills utilizing balls as milling media with
varying motion and rotation patterns. Figure 4.1 shows some of the different types of

mills and Figure 4.2 shows the motion types in a ball mill [33].

The name of the planetary ball mill comes from its movement of vials. The centrifugal
forces act in alternating like and opposite directions while the vials and the supporting
disc rotate in the opposite directions. This runs down the milling balls towards the
inside wall of the vial, creating friction effects, causing the material being milled
against the inner walls and milling balls wandering randomly inside the milling
chamber of the vial and pushing the material against the walls. Planetary mills makes
use of the centrifugal acceleration forces instead of gravitational acceleration. The
improvement in milling action comes from the fact that the combined action of two
centrifugal fields is utilized on the balls in contrast to the conventional ball milling.
The mill charge is a combined effect of two motions, first a rotary motion around the
mill axis and second a planetary motion around the vial axis. (Fig. 4.3). The advantage

of planetary mills is their high energy density, which is 100-1000 times higher than
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the conventional mills. This makes possible to obtain sub-micron structures with
reduced times [33, 34].

D E F

Figure 4.1 High energy milling types (A) Ball milling, (B) Planetary milling, (C)
Vibrational milling, (D) Attritor-stirring milling, (E) Pin milling, (F) Rolling
milling [33]

Figure 4.2 Motions inside a ball mill: (A) Cascading motion, (B) Falling or

cataracting motions, (C) Centrifugal motion [33]
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supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 4.3 Directions of the movement of working parts and balls in a planetary
mill [33]

Although the milling process has benefits, it also has some weaknesses. Such as,
contamination from the balls and milling chamber, amorphization, agglomeration and
aggregation due to surface, highly polydisperse size distribution of as-prepared
powders. Therefore, to obtain high surface area silicon particles, careful selection of
milling parameters is important. The variables that influence the milling process most
are the material of milling media, weight ratio of balls to powder, balls size, types of
milling medium, rotational speed and milling time [30, 35].

Yim, Chae-Ho et al. used high-energy ball-milling technique to decrease the particle
sizes of their as-purchased powder (325 mesh). When they applied 200 hours milling,
final particle size were reached to 0.73 pm and surface area became 18.3 m2.g™*. Their
XRD results showed that crystal structure of the powder turned to amorphous which
is kinetically and structurally more favorable than crystalline Si. By using only 5 wt%
silicon powder in addition to graphite, they reached to the capacity of 524 mAh.g*
after 350 cycles at C/12 rate with the binder of polyetherimide (PEI). This capacity is
1.6 times higher than the commercial graphite anode [36].
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4.2 Results & discussion of ball-milling studies of silicon powder

Before the production of the powders, an experimental matrix was first generated as
given in section 3.2.1. Findings of the 10 mm experiments were compared with the
results of 5 mm balls. After making the decision of the best milling parameters, it is
then switched to the production of sub-micron structured powder for lithium ion
battery anode production. To build the best parameters for ball-milled powder, particle
size measurements and SEM micrographs were used (the sample was examined with
the use of a microscope; it was a critical step to verify the results from the particle

size analysis).

After finalizing the milling parameters; in order to understand the whole characteristics
of ball-milled powder, XRD, BET and XPS techniques were also applied before

coating of powders. Results of these analyses will be given at the Section 4.3.

Particle size and SEM micrograph of as-received powder were given at Figure 3.1 and
3.2 at Chapter 3. Particle size reduction studies first begin with rotational speed trials.
Four different speeds were tried for 24 hours time. Figure 4.4 shows the effect of
rotational speed on particle size. Weight ratio of balls to powder was set to 15:1. Mill

charge was 100%.

According to the particle size measurement results, there is no correlation with
rotational speed and particle size. The particle size distribution of 75 rpm is more
diverse than other speeds, meaning, larger particles still exist in the structure (over
micron-range particles). Another issue is that further increase of rotational speed
beyond 150 rpm does not lead to a decrease in particle size. Size distribution becomes
more segregated with speed increments. It is probably due to agglomeration problems.
Increasing rotational speed could also increase the temperature and this causes
diminishing of milling medium (ethanol) with time and increases the viscosity of the
slurry. As mentioned in literature [30], media loss effects particle size reduction

adversely. Comparing the rotational speeds for 10 mm balls showed that 150 rpm gave
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the best median result. Fifty percent of the particles were less than 400 nm (See also
Table 4.1). This phenomenon is also approved by SEM images. (Figure 4.5)

— 75 RPM
= 150 RPM
— 250 RPM
— 350 RPM

@
T

Volume (%)

0.01 0.1 1 10 100 1000
Particle Size (um)

Figure 4.4 Comparison of effects of rotational speeds on particle size
distribution: ball-milled powders with 10 mm balls, weight ratio of balls to

powder 15:1 and mill charge 100%.

14.9 ym Nov.

(@ 75 rpm (b) 150 rpm

Figure 4.5 SEM images of ball milled powders with 10 mm balls and rotational
speeds of (a) 75 rpm, (b) 150 rpm, (c) 250 rpm, (d) 350 rpm.
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Figure 4.5 Cont’d.

Besides rotational speeds, effect of weight ratio of balls to powder was investigated.
Rotational speed was fixed at 150 rpm and other parameters were kept constant for
both batches. Figure 4.6 shows particle size distributions and Figure 4.7 gives the SEM

images of these two powders, respectively.

10 T
—10:1
—15:1
8 |-
—~ 6
S
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£
>
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Particle Size (um)

(a)
Figure 4.6 Comparison of particle size distributions of ball milled powders with

the weight ratios of 10:1 and 15:1 with 10 mm balls and mill charge 100%.
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(c) 10:1 (d) 15:1
Figure 4.7 Comparison of SEM images of ball milled powders with the weight
ratios of 10:1 and 15:1 with 10 mm balls and mill charge 100%.

Analysis showed that 15:1 weight ratio of ball to powder provides broader particle size
distribution, on the other hand 10:1 had a homogeneous distribution and there was a
shoulder over 10 micron for 15:1 ratio. Furthermore, fifty percent of the total particles
were under 400 micron however for 10:1 ratio average particle size was bigger (0.836
vs 0.384 um). So, after this point, experiments continued with 150 rpm rotational speed

and 15:1 ball to powder weight ratio.

Mill charge was the next parameter to be considered for a) 60% charges and b) full
charges. Comparison of particle size distribution clearly showed that lesser charge
resulted in smaller median diameters; hence, 60% charges are significantly preferable.
That is why; further experiments were continued with 60% charging. Figure 4.8 a, b,
and ¢ show particle size distributions and SEM images of these two powders

respectively.

Next, three different milling durations were investigated (24, 36 and 48 hours). Figure
4.9 shows particle size distributions and Figure 4.10 shows the SEM images of these
three powders. Analysis showed that milling times should be set carefully. The

distribution graph shows that increasing the duration did not yield the expected result.
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First reason was that ethanol evaporates when ball-milling temperature increases as
time passes. This in return results in increased viscosity of the slurry. Another reason
is the agglomeration problem. After reaching a critical size, due to high energy,

particles start to stick back together.

T
— 100%

10
—— 60%
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Particle Size (um)

(a)

HV ‘ HFW

(b) 100% (c) 60%
Figure 4.8 (a) comparison of particle size distributions of ball-milled powders with
mill charges of 60 and 100%, the weight ratios of 15:1, 10 mm balls, 150 rpm (b)

Comparison of SEM images of these powders.
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Figure 4.9 Effect of different milling durations on particle size distribution.
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(b) 24 hours
Figure 4.10 Comparison of SEM images of ball-milled powders with milling times

of 24, 36 and 48 hours, mill charge was 60%, the weight ratios of 15:1, 10 mm balls,
150 rpm.
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Figure 4.10 Cont’d.

Table 4.1 reports the D10, D50, and D90 values based on volume distribution. After
comparing average particle sizes and distribution characteristics it can be said that best
results were obtained with 150 rpm, 15:1 weight ratio of balls to powder, sixty percent

mill charge and minimum 24 hours time.

After studying ball-milling process and the effects of the parameters previously
mentioned, a few more experiments were conducted for 5 mm ball diameter. Particle
size distribution comparison graph was shown at Figure 4.11 and SEM images was
shown at Figure 4.12 a-c, for 5 mm ball size. During these experiments, rotational

speed and durations were increased to enhance the milling effect. Different mill
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charges and weight ratio of ball to powder were also tried. Optimal rpm for these tests
turned out to be 200 rpm as 36 hours duration gave the best results.

Table 4.1 The D10, D50, and D90 values based on volume distribution of all
ball-milled powders.
Modified Process d(0,1) d(0,5) d(0,9)
parameters
75 rpm, 15:1, 100%, 24 h 0.570 1.461 3.502
150 rpm, 15:1, 100%, 24 h 0.141 0.384 3.214
250 rpm, 15:1, 100%, 24 h 0.783 18.466 89.984
350 rpm, 15:1, 100%, 24 h 0.429 3.468 34.811
150 rpm, 10:1, 100%, 24 h 0.422 0,836 1,693
150 rpm, 15:1, 60%, 24 h 0.135 0.254 1.020
150 rpm, 15:1, 60%, 36 h 0.305 0.873 2.196
150 rpm, 15:1, 60%, 48 h 0.377 0.878 2.070

—— 200 rpm, 15:1, 36h, 60%
8 —— 200 rpm, 15:1, 36h, 30%
—— 200 rpm, 27:1, 36 h, 30%

Volume (%)

0 e M S

0.01 0.1 1 10 100 1000
Particle Size (um)

Figure 4.11 Comparison of particle size distributions of 5 mm ball.
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(c) 200 rpm, 27:1, 36 h, 30%

Figure 4.12 SEM images of the samples milled with 5 mm ball size.
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SEM images of 27:1 weight ratios of ball to powder clearly indicate an agglomeration
problem. The other two did not propagate difference in particle size distribution. Table
4.2 gives the D10, D50 and D90 values of these three trials.

Table 4.2 The D10, D50, and D90 values based on volume distribution of all
ball-milled powders.
Modified Process d(0,1) d(0,5) d(0,9)
parameters
200 rpm, 15:1, 60%, 36 h 0.370 0.909 2.696
200 rpm, 15:1, 30%, 36 h 0.368 0.930 3.725
200 rpm, 27:1, 30%, 36 h 13.494 32.733 93.083

Having all the results from the conducted tests, it is found that 10 mm ball size, 15:1
weight ratios of ball to powder, 60% mill charge and 24 hours milling duration yielded
the best results. Sufficient amount of ball-milled powder was produced by applying
these parameters to the as-received powder and an in depth analysis was made before

coating and further electrochemical experiments.

4.3 Structural characterization of ball-milled powder

All the particle size measurements were made from wet samples, which were taken
immediately after milling process so that the effect of agglomeration is minimized.
After the drying process, visual inspection showed that color of the powder turned
from grey to dark brown and big and rigid aggregates were formed. The color change
suggests formation of smaller particles. Similar observations were encountered in the
literature [36]. Attained powders were sieved using U.S standard sieve series before
coating procedure. Sieves were used in this manner; ball-milled powder was put into
the first sieve with the largest screen hole diameter. Sieves beneath had smaller

openings consecutive to each other, so that the one above had slightly bigger screen
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openings. At the bottom lies the receiver, a pan instead of a screen. The largest sieve
mesh was 300 um and the lowest was 25 um. Then, the setup was placed in a
mechanical shaker. After the shaking was completed, there were no particles in the
bottom collector. So, the material accumulated on the smallest sieve was used
(particles over 32 um in this case). Characterization studies were done with this
powder.

Surface area measurement is the first step to understand how successful the ball-
milling was. Unfortunately, BET surface area measurements showed that it only
increased from 2.4 m2.g* to 3.6 m?.g-1. Although ball-milling is a powerful method in
terms of particle size reduction, flocculation problem is unavoidable. This effected the

surface area increase. Figure 4.13 shows the agglomerates before and after sieving.

30 ym
METE-METU

30 ym
METE-METU

Before sieving After sieving

Figure 4.13 SEM images of powders, (a) before sieving, (b) after sieving.

Contamination was another risk of ball-milling, especially for increased milling
durations. To see whether the produced powder was contaminated or not, XRD was
used (Figure 4.14). As seen from the figure, there is four observable broad peaks at

31.4,35.5, 48.1 and 72.8, which belong to tungsten carbide, and coming from the walls
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and balls of the mill. Trace amount of inactive tungsten carbide phase can be negligible

(its amount was calculated ~0.4. wt% from Rietveld analysis).

To understand the surface properties clearly, XPS analysis was carried. Figure 4.15
shows the XPS graph and fitted peaks. Survey spectrum was taken and Si, O, C and F
peaks were observed (with atomic percentages of 49.1, 36.6, 12.5, 1.8, respectively,
Figure 4.15). F in the spectrum is present because of the HF, which was used for
washing the oxide from the surface of the milled powder. After having the results from
the survey spectrum, high resolution spectrum of C1s and Si 2p were obtained. C 1s
spectrum is given in Figure 4.16. Two peaks were fitted to C1s spectrum that shows
carbon contamination components (C-C and C-O-C). Carbon contamination is also
used as a charge reference for Si 2p spectrum. Three peaks were fitted to the Si 2p
spectrum. The peaks at the 103.3 and 101.3 point out the presence of an oxide layer at
the surface of the ball-milled silicon powder (Figure 4.17). Additionally, O 1s
spectrum was examined and the peak appeared at the 532.9 eV belonging to binding

energy of SiO (Figure 4.18).
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Figure 4.14 XRD data of ball-milled powder.
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Figure 4.15 Wide-scan or survey spectrum of ball-milled silicon powder, showing

all elements present with atomic percentages.
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Figure 4.16 High-resolution XPS spectrum of C 1s of ball-milled silicon powder.
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Figure 4.17 High resolution XPS spectrum of Si 2p of ball-milled silicon powder.
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Figure 4.18 High resolution XPS spectrum of O 1s of ball-milled silicon powder.
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CHAPTER 5

METAL ASSISTED CHEMICAL ETCHING

5.1 Introduction

Metal assisted chemical etching method has become a popular method for producing
high surface area structures (e.g. nanowires, nanotubes, nanoparticles, porous
structuring). It is an easy to apply, cheap, and powerful semiconductor etching
technique with relatively precise control of orientation the nano-wire creation (vertical
vs slanted), size (nano vs microscale), shape and density [37]. Metal assisted etching
involves three fundamental agents: (1) a dissolving oxidant for silicon, (2) a proper
complexing agent that removes native silicon oxide surface and dissolves ionic silicon,
and (3) a transition metal that locally enhances silicon dissolution in the vicinity of the
metal. In fact, any oxidant can be used with a reduction potential higher than silicon.
A number of oxidants have been tried, including: Cr.07>", MnO4~, HNO3, S208>, Fe®*,
Pt3*, Au®*, Ag*, and H.02. Among these oxidants, generally HF is preferred as the
complexing agent. HF clears the silicon of insulating surface oxides, additionally it
combines with silicon and produces soluble fluorosilicates, SiFe*". [38].

Ag, Au, Pt, Pd, Cu, etc. have been claimed to be effective catalysts as noble metals.
To formulate high aspect ratio semiconductor array based structures, the catalyst
patterns might be defined by using lithography from evaporated or sputtered
continuous metal films. It can also generate itself chemically by plating from metal
salt solution. As an example, dendrite-like Ag metal network can be self-generated
from AgNOs solution, NOs in this case acts as the oxidizing agent. Obviously, solution

based patterning is easier and cheaper since no evaporation/sputtering and no
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lithography are involved. Still, there is lack of proper control on the manufactured
features such as shape, size, etc. Because the etching conditions, such as the
concentration of oxidant in etchant, etching temperature, and time, alter the
morphology [37]. Nanowire can be produced by using either the “one step” mechanism
or the “two step” mechanism at wafer surfaces. However, as this study is focused on
etching of powder materials with two-step etching, here after, the literature review on

the two-step etching will be mentioned.

Two-step process implies using two different solutions. First solution causes the
deposition of silver particles on the surface of silicon. This solution contains AgNO3
and HF. Ag nanoparticles are deposited on the silicon surface prior to nanowire
formation. This process forces the reaction to occur locally within the nanowires, and

prevents direct oxidation of silicon by solution oxidant, Ag* or H.0.

The second solution contains H2.O> and HF. Peroxide directly reacts with Ag nano-
particles forming again Ag* locally around the nano-particles. Half reactions for two

step method are given below:

H,0, + 2H* + 2e~ - 2H,0 (1)
Agt+e” - Ag (2)
SiFg™ + 4e™ - Si+ 6F~ (3)

The etching of silicon includes two main reactions:
Si+4Ag* + 6F~ — 4Ag + SiFs*~ (4)

24g + H,0, + 2H* > 2Ag™* + 2H,0 (5)

The net etching reaction is:

Si+ 2H,0, + 6F~ + 4H* — SiF,*~ + 2H,0 (6)
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Figure 5.1 shows the two step etching process in detail. In Figure 5.1-a, Ag
nanoparticles (AgNPs) are coated on the surface of Si wafer by reaction 4. After the
removal of Ag™ ion, the wafer is put into an etchant containing HF and H2O2. The Ag
is immediately oxidized and partially dissolved in the solution to form Ag* ions in
accordance with the reactions 2 and 5. Then, the Ag* ions rapidly react with the Si on
the interfaces between the wafer and the Ag nano-particles as in reaction 4, so the
etching is localized in the regions covered by Ag and the AgNPs gradually decrease.
Therefore, SINWSs arrays are formed by the residual Si. The net etching reaction 6 is
shown in Figure 5.1-b, in which the H,O, and HF diffuse into the pores and the SiFs*
and H2O come out. With the continuous etching reaction, the AgNPs go deeper.
Meanwhile, some Ag* ions formed by reaction 5 diffuse out. So the AgNPs become
smaller, which will lead to the formation of gradient and rough pore walls. In addition,
when the concentration of the diffused out Ag™ ions reaches a certain degree, it will
etch the sidewalls of Si again. Because of the accumulation effect at the tips, the
concentration gradient of Ag* ions occurs and decreases toward bottom. Consequently,
more Si dissolves at the top of the pore and leads to the cone-like tips of SINWS. This

etching process also result in roughened surfaces in SINWSs [39],

H;O;+ HF

F.H0.;H" SiE“ HO

Rough walls

(b)

Figure 5.1 Schematic illustrations of the formation mechanism of SINWSs arrays: a)

at the starting point; (b) during the etching process [39].
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5.2 Metal assisted chemical etching of silicon powders

Etching of silicon powders follows the same production route as etching of silicon
wafers. Similarly, one or two-step methods can be used. Silicon powder can be both
un-doped or p- or n- type doped. Ge et al. produced porous silicon nanoparticles using
a two-step approach, combining controlled boron doping and metal assisted chemical
etching. They assigned porous silicon nanoparticles as lithium-ion battery anode
material, with capacities around 1400 mAh.g*. This was done at a discharge current
rate of 1 A.g™%, and 1000 mAh.g* capacity was measured at 2 A.g™* discharge current,
and a stable operation up to 200 cycle was achieved. Figure 5.2 shows the illustration

of their porous silicon nanoparticle manufacturing process [25].

(a)
B doping Ag® etching "a'q
HiBOs3 AgNOs3 HF tt),'r}

(b)

Non-porous

e
Porous .

Figure 5.2 (a) Porous silicon nano-particles preparing procedure. (b) Same weight

non-porous and porous Si samples have volumetric contrast[25].

Bang et al. also worked on a similar experimental method. They employed a bulk
silicon powder, which was commercially available at a low-cost, to produce a multi-
dimensional silicon structure composed of porous nano-wires and micro-sized cores.
This could be used as anode material in lithium-ion batteries, with two step metal-

assisted chemical etching process (Figure 5.3 and 5.4). These anodes showed a high
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reversible charge capacity of 2400 mAh.g™* with an initial coulombic efficiency of
91% and stable cycling performance [40].

Galvanic Chemical
' reaction etching *
... 1 —_—

s Metal-deposited Si Multi-dimensional Si

Figure 5.3 An image of the synthetic route of mSi powder. While the Ag deposited
Si powder is immersed in an etchant, Ag catalyzes the Si etching, when H>O: is used
as an oxidant it improves the etching speed to make the mSi structures [40].

Figure 5.4 (a) A SEM image of mSi. The inset shows Si nano-wires having pores
of 15-20 nm; (b) Cross-sectional SEM image of mSi achieved from the focused ion
beam (FIB) process [40].
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Same research group used SiO2 coating to accommodate volume expansion of their
multi-dimensional Si anode materials. They formed an oxide layer on the nanowire
surfaces, by using thermal annealing under O stream, with different thicknesses such
as 2, 7, 10, 15 nm. The cells with 7 nm coating thickness demonstrated the best
performance and yielded 2000 mAh.g*! capacity. Capacity retention after 50 cycles
was 83%. They claimed that this result was the consequence of Li»Si.Os phase
surrounded by carbon layers, which was participated in the charge/discharge process.
However, increasing its thickness increased the charge transfer resistance and

decreased the rate capability [41].

5.3 Results & discussion of multi-dimensional Si production

The main purpose of this chapter is to determine the proper experimental parameters
of two-step metal assisted chemical etching. In the beginning, each step’s conditions

were specified and given in Table 5.1. The aim was to create an experimental matrix.

Experiments began with the silver deposition step. Table 5.2 shows the conditions of
silver deposition step and details of the experiments to investigate the optimal values
of these variables. At each experiment, only one variable was changed. Other
parameters were kept constant for all solutions. Values, which were used as standard,
were written with bold / bigger font in the table. A standardized etching solution was

used for all experiments.

To understand the effect of these variables on the microstructure of the silicon powder
SEM micrographs were taken from each sample. AgNO3z amount was the first
investigated variable and Figure 5.5 shows the SEM images of the samples with Ag
contents of 0,005 M, 0.02 M, 0.04 M, 0.08 M.

SEM images showed that the AgNO3z amount in the solution is important. 0.05 M was

insufficient, as the images of wires and porous were absent in the structure. Columnar

structure was weak in case of 0.08M. The reason could be the dendritic growth of
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silver particles despite homogeneous deposition on silicon. Dendritic silver particles

could be seen in the solution visually. There was not much difference between 0.02

and 0.04 M. Thus, 0.02 was preferred, since; silver is an expensive, corrosive and

hazardous substance.

Galvanic

' reaction

Bulk Si

‘o

Metal-deposited Si

Chemical
etching

*#

Multl-dlmensaonal Si

Table 5.1 Contents and values of each solutions at the etching step.

Metal Deposition Solution

The contents of metal deposition solution
can be listed as:

e HF

e AgNO3

e Water

Critical variables of deposition step:

e AgNOs3(mol)/Si(mol) ratio

e Temperature

e Time

e Type of metal

Etching Solution

The contents of etching solution can be
listed as:

e HF

e HXO»

o Water

Other critical variables of etching step:
e Temperature

e Time

e Type of oxidizing agent

Table 5.2 Experimental details of Ag deposition step

Conditions of Ag deposition step:

Values:

AgNO;3 (M)

0.005, 0.02, 0.04, 0.08

HF (M) 4,5,10

AgNO3z(mol)/ Si(mol) 0.01,0.1,0.2,1
Temperature (°C) Room temperature, 50°C
Time (minute) 1,5,30
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Figure 5.5 SEM images of the samples which show the effect of AgNQOs, (a, b)
0,005M, (c, d) 0.02 M, (e, f) 0.04 M, (g, h) 0.08 M at x1000 and x2500

magnifications.
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Figure 5.5 Cont’d.

After determining AgNOs concentration, experiments were focused on the
investigation of molarity of HF. Figure 5.6 shows the SEM images of the samples.
Concentration of HF was set as 4, 5 and 10 M. When HF concentration is set as 4 M,
some particle surfaces were etched. Obtained wires were shorter when compared to
the other two concentration setups. On the other hand, 5 M and 10 M HF
concentrations resulted in different architectural structures. These structures have very
different pore sizes as seen from SEM (Figure 5.6-c-f). Also, when 5 M solution was
used, more wires were found then that of 10 M. More importantly, 10 M solution
concentration proved to be too abrasive for the smaller sized surface particles such that
only larger particles remained at that concentration level. Only a small amount of
usable silicon powder remained due to this abrasion. According to these results
obtained from HF concentration tests, 5 M was selected as the optimal value in terms

of wired/porous structure formations and usable material.

The effect of AgNOz(mol)/Si(mol) ratio was investigated. Three different ratio were
studied, 0.01, 0.1 and 0.2. Figure 5.7 shows the SEM images of these samples. Etching
could not be obtained on all the particles when ratio was as low as 0.01. When ratio is
increased to 0.2, homogeneity of porous structure on particles disappeared, probably
due to the dendritic growth of Ag particles on each other instead of Si. The best results
in terms of porosity and wire generation were obtained with 0.1 mol ratio. However,
there were too much abrasion loss which counter balanced surface increase.
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(e) ()
Figure 5.6 SEM images of the samples which show the effect of HF, (a, b) 4M, (c,
d) 5M, (e, f) 10M, at x1000 and x2500 magnifications.
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Figure 5.7 SEM images of the samples which show the effect of
AgNO3(mol)/Si(mol), (a, b) 0.01, (c, d) 0.1, (e, f) 0.2, at x1000 and x2500

magnifications
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Then, trials to determine the effect of deposition duration were conducted (Figure 5.8).
SEM images showed that 1 minute is not enough to deposit Ag particles
homogeneously. On the other hand, there was not a significant difference between 5
and 30 minutes deposition duration. Some porous structure is produced as can be seen

in the Figure 5.8 c-f. As a result, 5 min is chosen to conduct as standard.

WD | mag | HV

i ] — 100 pm
“|6.4 mm[1000x|15.0 kV METU-METE

Figure 5.8 SEM images of the samples which show the effect of deposition duration,
(a, b) 1 minute, (c, d) 5 minute, (e, f) 30 minute, at x1000 and x2500 magnifications.
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Figure 5.8 Cont’d

Finally, the effect of the test temperature was explored. It is found that there was not a
big difference in terms of silver deposition between RT and 50°C. Deposition could be
conducted at room temperature without any difficulty, so, it is decided not to increase

the testing temperatures any further (Figure 5.9).

‘U ym
METU-METE

(b)

Figure 5.9 SEM images of the samples which show the effect of temperature, (a, b)

room temperature, (c, d) 50°C, at x1000 and x2500 magnifications

75



100 pm
METU-METE

—_— 50

50 p
METU-METE

(d)
Figure 5.9 Cont’d

According to these results, selected parameters of Ag deposition step are summarized
in Table 5.3.

Table 5.3 Silver deposition step’s obtained best results

Name of the variable Selected Values
AgNO, (M) 0.02
HF (M) 5
AgNO,(mol)/Si(mol) 0.1
Time (min) 5
Temperature (°C) Room temperature

After determining the optimal test parameters and values, experiments were continued
with etching step. Table 5.4 shows the variables of etching step. Values, which were
used as constant, are pointed out in bold and bigger.

Experiments started with the molarity of HF and H.O: since this is a top-down
approach involving redox reactions. At Figure 5.10, the SEM images of the samples
are shown. Increasing HF concentration seemed to have a positive effect. However,
increasing HF concentration is problematic due to sudden increases in temperature,

which can reduce the amount of produced powder.
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Table 5.4 Experimental details of etching step

Variables of etching step: Test Values:
H202 (ml) 05,15,2,5
HF (M) 4,5,10
Temperature (°C) Room temperature, 50°C
Time (minute) 60, 300

50 pym
METU-METE

i
LN ‘
sfz| WD mag HV HFW — 100 ym——— |
2] 7.0 mm 1000 x| 18.0 kV [ 208 pm METU-METE

*16.4 mm 1000 x

(d)
Figure 5.10 SEM images of the samples which show the effect of HF, (a, b) 4M, (c,
d) 5M, (e, f) 10M at x1000 and x2500 magnifications.
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Figure 5.10 Cont’d

Second investigated parameter was H2O. concentration. 0.5 ml was not enough to
generate a porous structure. On the other hand, 5 ml H20- did not improve the sample.
At 5 ml with 10 minutes etching, all of the powder vanished. When the 1.5 and 2 ml
volume were tested, the porosity of the silicon became obvious and an improved
structure was formed around silicon particles. In the case of 1.5 ml, wires with the
length of 3-5 um were clearly seen in the SEM. 2 ml case also produced a porous
structure, but, with larger pore sizes. Because, increasing the H.O volume can lead to

high rate etching. Figure 5.11 a-f shows the SEM images of these experiments.

(b)
Figure 5.11 SEM images of the samples which show the effect of H202, (a, b)
0.5ml, (c, d) 1.5ml, (e, f) 2ml, at x1000 and x2500 magnifications.
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Figure 5.11 Cont’d

The next focused parameter was duration. Figure 5.12 shows the SEM images of the
samples. Prolonging etching duration improves the surface properties, but also

decreases the amount of usable powder dramatically.

Another factor having a direct influence on the structure is the temperature of the
etching solution. It has an impact on the kinetics of the reduction—oxidation reactions.
In the 0-50°C range, the effect of the temperature was observed and the length of the
wires were proportionally linked with the temperature of the solution (Figure 5.13).
Temperatures that exceed of 50°C were avoided for safety concerns and to regulate a

stable solution concentration. From SEM images, it seems that increasing etching
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temperature did not create a dramatic difference on etching. Further experiments
showed that controlling of temperature yields a homogeneous structure.

y £ o =3 s
| wbD W 100 pm ! ods 40 pm ————
*|6.4 mm |1000x|15.0 2 METU-METE e l 0.0 kV| 118 pm urr METE-METU

| HV HFW } —.'1 |11 ]
15.0 kV | 119 um

WD | mag | HV | HFW }

"S.Gmm 1030):‘15.0!(\/ 298 ym *[6.6 mm |2 500 x

Figure 5.12 SEM images of the samples which show the effect of time, (a, b) 60
minute, (c, d) 300 minute, at x1000 and x2500 magnifications.

According to these SEM images, results of etching step on the production of mSi were
summarized in Table 5.5.
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40 ym ——

METE-METU

HV | HFW 100 pm
000 x| 18.0 kV | 298 ym METU-METE

Figure 5.13 SEM images of the samples which show the effect of temperature, (a,

b) 50°C, (c, d) room temperature, at x1000 and x2500 magnifications.

Table 5.5 Etching step’s obtained best results

Name of the variable Selected Values
H20: (M) 0.02
HF (M) 5
Time (min) 60
Temperature (°C) 50
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5.4 Structural Characterization of mSi

Before electrochemical tests, detailed SEM images of produced powder under
different magnifications are given in Figure 5.14 in order to understand the structure.
SEM images shows that porous/columnar structures could not be obtained on all of the

particles. Some of them seem to have porous structure and others seem non-etched.

| WD mag

x e
HFW vac mode 40 pym ——— ——
* 8.7 mm | 5000 x 59.7 | METE-METU

x 20.0 kV | 118 pm | High vacuum METE-METU

(d)
Figure 5.14 SEM image of produced Silicon particles with porous and columnar

surfaces (mSi).

The most important aspect of anode material production for this study is to increase
the surface area of the as-received silicon powder. Surface area of mSi was measured
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as 7.135 m2.g which is three times larger than that of as-received powder (mentioned
in chapter 3.1). Surface area of this processed powder was not as high as expected.
This implies that the particles were not sufficiently etched. To see the formation of
pores, focused ion beam (FIB) technique was used and cross-sectional SEM images of
the particles were taken (Figure 5.15). Cross-sectional observations verified the
findings. Porous structures are not homogeneous throughout the structure and the open
pores are up to 3-4 um deep. This is also consistent with other SEM images. Also, not
all the surfaces of the particles seem to be etched. At image (e), inner wire formations

are visible.

To investigate the existence of columnar structure, etched powder were dispersed in
ethanol and ultra-sonication was applied for 10 minutes. After that, the suspension was
rested for a couple of minutes and then a drop of the suspension was transferred onto
a copper grid. The images of the detached wires are in Figure 5.16. EDS analysis were
done on all the wires to make sure that they were silicon. Images show that the average
diameter of the wires is smaller than 100 nm and their lengths vary. The longest tube

height measured is 3 micron.

curr mag |mcds WD tilt

(b)
Figure 5.15 Cross sectional SEM images of mSi obtained from the FIB process, (a)
10000x, (b) 30000x, (c) 40000x, (d) 160000x and (e) 15000x — it shows the

columnar structure.

Wi v
#2[15.00 kV 0.58 nA 30 000 x
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Figure 5.15 Cont’d.

Particle size distribution analysis was done to these samples, because an important
factor of lowered surface area could be due to the abrasion of smaller sized particles
after etching (all SEM images). Particle size distribution verified that during etching

most of the particles under 10-micron range vanished and average particle size
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increased up to 26 um. Figure 5.17 gives the comparison of particle size distribution
graph of mSi with the as-received powder.

(a) (b)

(©) (d)

(€) (f)

Figure 5.16 TEM images showing the wires that were cut off from etched silicon

particles.
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Figure 5.17 Particle size distribution comparison of mSi and as-received Si

powders.

At the end of etching, surface of the powder becomes oxide free, however, its surface
oxidized again under exposure to oxygen and humidity at the atmospheric conditions.
As mentioned in section 5.2, thickness of silicon dioxide (SiOy) is critical because this
native silicon dioxide is an electrical insulator and causes high charge transfer
resistance in the Si electrode and causes low rate capability. XPS was conducted to see

the existence of SiO2 and/or SiOx phases on the surface.

First; survey spectrum (Figure 5.18) was taken and Si, O, C and F peaks were observed
with atomic percentages of 39.0, 47.1, 10.1, 3.8, respectively. F in the spectrum is
present because of the HF. After having the results from the survey spectrum, high
resolution spectrum of C1s and Si 2p were obtained. C 1s spectrum is given in Figure
5.19. Two peaks were fitted to Cls spectrum that shows carbon contamination
components (C-C and C-O-C). Carbon contamination is also used as a charge
reference for Si 2p spectrum. Two peaks were fitted to the Si 2p spectrum. The peak
at the 103.2 points out the presence of an oxide layer at the surface of the etched silicon
powder and the peak at 99.5 eV match with elemental Si 2p peak. (Figure 5.20).
Additionally, O 1s spectrum was examined and the peak appeared at the 532.9 eV
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belongs to binding energy of SiO. (Figure 5.21).Effect of the oxide layer on the
electrochemical performance will be discussed in Chapter 8.

30000
O 1s — mSi
Atomic %
25000 - O1s47.1
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Figure 5.18 Wide-scan or survey spectrum of multi-dimensional silicon powder,

showing all elements present with atomic percentages.
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Figure 5.19 High-resolution XPS spectrum of C 1s of mSi powder.
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Figure 5.20 High-resolution XPS spectrum of Si 2p of mSi powder.
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Figure 5.21 High-resolution XPS spectrum of O 1s spectrum of mSi powder.
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5.5 Additional studies on metal assisted chemical etching of silicon

In order to increase the surface area of silicon with MACE technique, additional
studies were carried out with different metals and oxidizing agents other than AgNO3
and H20». Alternative metals and oxidizing agents as well as surfactant materials were

also investigated.

If the electonegativity of a metal nanoparticle is higher than silicon it can attract
electrons from Si to become negatively charged [42]. As shown in the Figure 5.22, Ag
has a superior etching performance over other elements (Au, Pt, Cu, or Fe), on the
other hand it is an expensive and environmentally unfriendly material compared to its

alternatives.
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Figure 5.22 Comparisons of electrochemical electron energy levels of five redox
systems in HF solution between Si band edges (Ec and Ey are the conduction and

valence band energies, respectively) [42].

[Cu (Copper(ll) nitrate hemi(pentahydrate) (Cu(NOz)2) and Fe (iron (II1) nitrate
(Fe(NO3)3.9H20) ingredients were used as the metal content for the first solution.
However, they did not deposit on the surface of the silicon powder that is why two-

step etching was not successful. Best deposition metal was silver.
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Cu and Fe were also used for one step etching. Porous structure was obtained using
Fe(NOs)3 as oxidizing agent with the solution parameters of 0.135M Fe(NO3)z and 5M
HF, solution temperature was 50°C and etching duration was set to 60 minutes. Figure
5.23 shows the images of the etched powders with different oxidizing agents. Bigger
pores were obtained by using Fe source. There was some scratches on the particles
(Figure 5.23-a and b). However, copper did not successfully generate a porous
structure (Figure 5.24 —a and b).

.g|wn’ mag | HV ‘HFW_
®|6.0mm |2500x|18.0kV | 119 ym

(b)

Figure 5.23 SEM images of the sample produced using one-step etching with
Fe(NOs)3, (a) x1000, (b) x2500 magnifications.

18.UW|MW I

mag | HV | HFW | ———————30 ym-
6.9 mm | 5000 x| 18.0 kV |59.7 ym METU-METE

WD mag HV HFW

[ ——. A 01
£ 6.8 mm |5 000 x| 18.0 kV [59.7 ym METU-METE

(b)

Figure 5.24 SEM images of the sample produced using one-step etching with

Cu(NO3)z2, (a) and (b) at xX5000 magnifications.
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After obtaining remarkable porous structure with Fe(NOs)s, etching duration was
studied and the structure like in Figure 5.25 was achieved after three hours of etching.
Surface area was measured as 7.8 m2.g™* after etching which is close to the two-step

etched powder.

HFW - um
.5 mm | 5 000 x 0 kV [59.7 pm

Figure 5.25: SEM images of the etched samples with the solution parameters of
0.135M Fe(NOs)s and 5 M HF, solution temperature was 50°C and etching duration

was set to 180 minutes.

This powder was tried as the base powder for multi-dimensional silicon etching.
Standardized etching was applied, Figure 5.26 shows the images of processed
particles. Surface area of this powder was 11.4 m2.gX. The difference between standard
mSi production and three step etching was unsubstantial when the etching time is taken
into consideration. As a result, two-step etching was preferred over three-step etching.

Inhomogeneous structure of the etched particles were showed by FIB method in
Section 5.4. To increase homogeneity, anionic surfactants were used as additives. At
both silver deposition steps and etching steps, Cetrimonium bromide (CTAB), 90% 2-
amino-2-methyl-1-propanol solution (AMP-90, ANGUS Chemical Company),
Disperbyk-180 (BYK-Chemie Gmb, Germany), Sodium dodecyl sulfate (SDS) and
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Benzotriazole (BTA) were tried as agents. Results were not promising to change the
experimental method. So, etching operation continued without surfactants.

HV | HFW — 10y ———

mag v
1|10 000 x | 20.0 kV [29.8 pm METE-METU

Figure 5.26 SEM of three step etched silicon powder, (a) 2500x, (b) 10000x

magnifications.

Lastly, other oxidizing agents with the etching solutions were tried, such as
H202/K2S208/KCl04/K2Cr207/Fe(NOs)3. Experimental procedure for these oxidants
were the same with the standardized etching solution. Among these oxidants, only the
results of Fe(NO3)3 were decent enough. . Figure 5.27 shows the images of this sample.
In Figure 5.27 — b columnar structure is obvious. Other oxidants did not produce any

substantial oxidizing effect.

After these trials, it was concluded that Fe(NO3)s can be used both at the metal
deposition solution to create bigger pores and at the etching solution for oxidation of
silicon powder. Despite of this; because 3-step etching was dismissed and hydrogen
peroxide was preferred due to being more economical, etching studies were continued

with conventional two-step etching method.
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Figure 5.27 SEM images of the sample produced by two-step etching using AgNOs
at metal deposition step and Fe(NO3)s at etching step, (a) x1500, (b) x10000

magnifications
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CHAPTER 6

INDUCTION PLASMA SYNTHESIS

6.1 Introduction

Most of the matter is in plasma state in the universe. A plasma consists of ionized
particles interacting with each other. Plasmas are widely used in the fields of

astrophysics, laser-matter interaction, technology, fusion, and so on [43].

With the development in nanomaterials, the use of plasma torches triggered an
evolution in the field of nano-powder production. Among all the alternative processes,
thermal plasma technology has the most potential for low-cost and large-scale
production. Another benefit that promotes thermal plasma method is its ability to
synthesize materials using both gas, liquid and solid precursors and to allow size
reduction of a solid precursor (metal or non-metal powders). For example, Aktekin et
al. did produce Mg2Ni nanoparticles around 100 nm in size with thermal plasma. As
starting materials, they used micron sized Mg (300 mesh) and Ni (325 mesh) powders
[31].

Typical examples of thermal plasma torches are (1) transferred DC plasma torch, (2)
non-transferred DC plasma torch and (3) RF plasma torch. Figure 6.1 shows the

diagrams of these torches.
Transferred DC plasma torches use target metals as electrodes. Target metal (anode

electrode) evaporates by the transferred arc plasma during the process. The main

characteristic of this method is that the rate of generated nano-sized metal particles is
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strongly dependent on physical properties (such as heat of vaporization and melting
point) of target metals. The system is usually non-continuous due to the nature of the

anode electrodes being consumable.

Non-transferred DC plasma torch emerged as an alternative to the transferred DC
plasma system. At this type, precursor materials are injected to the torch flame.
Electrodes are used only for plasma torch formation. The disadvantage of this system

is to provide full evaporation of precursor materials during their flight in plasma flame.

Shortcomings of both transferred and non-transferred plasma torches were solved by
RF plasma systems. In this method, precursors are preheated before injecting along the
centerline of the torch. There is no need for electrodes at this system which is
advantageous in terms of high purity nano-particle production. Besides, axial feeding
of precursors increases the residence time and decreases the required torch lengths.
This feature allows many micron-sized metal and ceramic powders with high melting
points to be heated up and brought to the evaporation point by the RF plasma torch
system. Any kind of gas can be used in RF plasma systems to generate the plasma,
regardless of its oxidative, reductive, or reactive properties. The applied power and
consequently the reaction temperature can be independently controlled from the gas
composition and flow rate. Heating process of the injected precursors is dependent on
various operation parameters like plasma input power, feeding rate and size of the
precursor material [44, 45].

Target Materials

(G.‘L.S)
Plasma
Plgsma Cathode Forming Gas
Forming Gas
‘ . Induction
L Nozzle . . Coils
.
Arc Target . .
" Materials . s .
Target L J . T
Matagrials Plasma - Confinement
= 4 B
Anode Gas RF plasma
(a) (b) (c)

Figure 6.1 Different types of thermal plasma torches, (a) Transferred DC Plasma
Torch, (b) Non-transferred DC Plasma Torch and (c) RF Plasma Torch[45]
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Production of metal nano-powders has difficulty in terms of handling. They should be
passivated before exposure to atmosphere. Core-shell structured nano-materials, such
as nano-metal particles encapsulated by carbon cage, could be easily produced by
thermal plasma systems [46-48]. However, silicon was not successfully processed by
this system because of its strong tendency of carbide formation. Lee, Chang-Hyun et
al. synthesized Si/SiC nano-powder via non-transferred arc thermal method with Si/C
mol ratios of 1/1 and1/1.5. They obtained 20-60 nm sized Si/SiC nano-composites in
both specimens. In the XRD data, both a.and B SiC peaks existed [49]. Another study
was done to produce SiC powder from elemental silicon and methane by using
induction plasma technique. This reaction route involves evaporation of the injected
pure silicon powder and carburization of silicon vapor using methane. Their silicon
feed rate was 4 g.min"* and Si/C molar ratio was 0.7. Mean particle diameter of silicon
powder was 100 um and final composition of the product was 49.2 wt% Si and 50.8
wt% SiC. They increased the SiC content by using smaller particle sized silicon
powder (45 um) up to 98 wt%. Particle size of these processed powders were between
40-80 nm. XRD results showed that the obtained powders contain metallic silicon, free

carbon (graphite) and SiC (o and  polymorphous) [50].

Zhong, L. et al. produced an anode material that contains thermal plasma synthesized
silicon quantum dots, PVP and carbon nanotubes. Their anodes maintained 1000
mAnh.g* capacity for 200 cycles. To produce silicon, silane was used as base material.
Final silicon quantum dots had a particle size of 10 nm. They said that plasma process
yields 14-52 mg.h*! nano-silicon particles and is easily scalable through parallelizing.
In this case, PVP had an important role, which was annealed at 500°C and restructured
the anode material. Without PVVP addition, anodes showed smaller capacity and fast
decay in the performance. After 200 cycles the capacity fell to 200 mAh.g™. Annealing
of PVP acted as a carbon source for the formation of an amorphous carbon matrix,
which surrounds the silicon nano-particles, and at the same time creating a bond with
the carbon nanotube. PVP also improved the carbon nano-tube dispersion in the non-
polar solvent of choice, and had been claimed to be very successful regarding
improving the cycle lives. The only problem about the produced anode was the

presence of amorphous silicon carbide. The formation of silicon carbide is claimed to
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lower initial cycle capacity of the structure (~1600 mAh.g™) because; silicon carbide
Is rendered inactive during the lithiation process. [51, 52]

6.2 Structural Characterization of Induction Plasma Synthesized Silicon

Powder

In Section 3.2.3 synthesis route was described in detail. Only one experiment was
conducted with induction plasma method and characterization was made for the
obtained powder by using XRD, SEM, TEM, XPS, BET, Raman, carbon
determination and particle size measurement techniques. After characterization,
powder was coated by sol-gel method and electrochemical performances were
measured. Thermal plasma method was applied to the as-received silicon powder in
order to reduce the particle size below the micron range. Carbon coating was preferred
for passivation although, methane gas is known to cause silicon carbide formation
during the process [50]. Since the SiC is chemically stable and electrochemically inert
it could help to restrict the volume expansion of silicon as shown in literature [53].
Besides, as explained in section 2.2.5.1, the inactive carbon matrixes function for
either buffering the strain produced during electrochemical cycling or a uniform
distribution of Si particles, which is desirable to accommodate isotropic volume
expansion. To lower the SiC amount molar ratio of C/Si was set to 0.5, which is much

smaller than the usual [50].

First characterization was done to understand the chemical composition of produced
powder via XRD technique. Peaks were determined by Match program and after that
quantitative analysis were done by Maud. Figure 6.2-a gives the peak identities and b
gives graph after obtaining the Rietveld analysis. Table 6.1 summarizes the results. It
showed that approximately 63 wt% of the total powder is made from silicon phase and
33 wt% is B and a SiC. Silicon dioxide amount was found ~0.9 wt% and the remaining
is carbon/graphite (Note that to understand the bond structure of the carbon phase in
detail, Raman spectroscopy was also used). Carbon content was less than 3 wt%.

However, the peak of carbon is very broad and close to the oxide peak, therefore
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successful refinement was not possible. Carbon content was measured with carbon-
sulphur-determinator. The carbon was at 6 wt%. However, it calculates all the carbon

content, including graphitized or disordered carbons and carbides.
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Figure 6.2 Phase identification of induction synthesized silicon powder (a) XRD

patterns of the powder, (b) Rietveld analysis obtained by MAUD program.
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Table 6.1 Results of the Rietveld refinement.
Rwp value (%) 14.84
Existing Phase Amount Symmetry Space -Unit c-eII
(Wt%0o) Group dimensions

a(A) c(A)

Si 62.99 cubic Fd-3m 5.4403

SiO2 (Quartz low) 0.88 trigonal P3121 4.965 5.424

B - SiC (3C) 31.17 cubic F-43m 4.3595

a - SiC (6H) 2.02 hexagonal P63mc 3.1136 | 15.1248

Graphite 2.94 hexagonal | P63/mmc 2.43 6.94

A typical Raman spectrum taken from the sample is shown in Figure 6.3-a, b. The
peaks at 301, 517 and 932 belong to crystalline silicon. The main peak for bulk silicon
is normally located at 521 cm™ and the shift to 517 cm™ is related with the reduced
crystallite size. This is consistent with the literature [54, 55]. The peaks at 1340 cm™
are labeled as the D-band, and this band is associated with the vibrations of carbon
atoms with dangling bonds for the in-plane terminations of disordered graphite. The
peak at 1586 cm™ (G-band) is closely related to the vibrations in all sp? bonded carbon
atoms in a 2-dimensional hexagonal lattice, as in a graphite layer. Generally, a ratio of
I(D)/1(G) reflects relative disorder and high graphitic crystallinity. The intensity ratio
of the D to G band is 0.92, reflecting high graphitic crystallinity of carbon layer. The
peaks around 795 and 970 cm™ correspond to the TO and LO phonons of 3C-SiC,
respectively, as explained by Xi, G. et al. [56]. The last peak of the spectrum is at 2651
cm?, in the G' band which is also labeled 2D band. Both the D and G' bands are results
from second-order Raman scattering processes in which the D band consists of one-
elastic and one-inelastic scatterings, while the G' band consists of two inelastic
scatterings. Ordered peaks are probably belongs to carbons coated around silicon
particles and disordered peaks are probably belongs to the free carbon that were

produced during non-continuous feeding of silicon powder.
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Figure 6.3 Raman spectra of induction plasma synthesized powder, (a) typical single

spectrum obtained, (b) closer look to D and G bands.
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Survey spectrum was taken and Si, O, and C peaks were observed with atomic
percentages of 30.3, 61.2, and 8.4, respectively (Figure 6.4). After having the results
from the survey spectrum, high-resolution spectrum of C1s and Si 2p were obtained.
Si 2p spectrum is given in Figure 6.5. The XPS data presented here are in good
agreement with the results obtained by XRD analysis. The Si 2p spectrum displays a
first Si 2p peak (composed of 2ps2 and 2p1/2 due to spin—orbit coupling) assigned to
bulk silicon (98.5 eV in red) and another one assigned to surface oxide SiOz (103.4 eV
in green). Some other Si oxides are also present (peak at the binding energies of around
102 eV). Peak 5, located around 101.6 may belong to silicon carbide. When C 1s
spectrum was investigated, similar results with both XRD and XPS Si 2p data were
seen. The first peak belongs to SiC (282.97 eV in red) and second peak belongs to C-

C bond, which proves the existence of carbon phase (Figure 6.6).
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Figure 6.4 XPS data of induction plasma synthesized silicon (Full spectrum).
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After phase determination, morphological properties of the produced powder needed
to be investigated with SEM and TEM. Figure 6.7 and 6.8 shows the images,
respectively. SEM micrographs show that small particles within the range of 100 —
200 nm diameter exist in the form of agglomerates (Figure 6.7 — a, b, c). They are
spherical which is expected in this technique. When TEM images are checked,
individual particles can be spotted, also a carbon layer around the particle has been
found using HRTEM mode. Lattice fringes inside the particle are shown in Figure 6.8-

C.

Finally, the particle sizes were measured (Figure 6.9). The average particle size after
plasma synthesis process became 2.3 pum which is due to small particles
agglomerating. 90 % of the particles were smaller than 5 um. Surface area of the
powder was also found as 7.72 m2.g™. It is three times larger than that of the as-

received silicon, and similar to the multi-dimensional silicon powder.

As can be seen from this chapter, induction plasma synthesis is a powerful technique
in terms of particle size reduction. The average particle size decreased from 17 micron
to 2 um and the surface area increased from 2.4 to 7.7 m2.g™. Carbon encapsulation
was successful, however 33 wt% of existed silicon turned into SiC phase which is
electrochemically inert and this means that some of the silicon became inactive which

in return lowers the energy density of the anode.
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Figure 6.7 SEM micrographs of produced powder, (a) x10000, (b) x50000 and (c)
x240000 magnifications.
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Figure 6.8 TEM micrograph of produced powder, (a) general view of the particles,
(b) closer look at the carbon layer, (¢) HRTEM of the scene of carbon layer and

lattice fringes inside the particle

e W

Figure 6.8 Cont’d.
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Figure 6.9 Particle size distribution of induction plasma synthesized silicon

powder.
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CHAPTER 7

SOL-GEL COATING OF PRODUCED POWDERS

7.1 Introduction

Six different types of coating materials were produced by sol-gel method to improve
the cycle performance of silicon powders. Steps and details of the sol-gel method were
mentioned in the experimental chapter. Selected materials were LizPO4, LizVOg,
MnWOys, ZrP>07 and ZrV»0y7. This chapter contains information about sol-gel method

and detailed results of each coating materials, especially Pechini Method.

7.2 Fundamentals of Sol-gel method

Simple definition of sol-gel processing starts with the generation of colloidal
suspensions (sols) which then are subsequently converted to viscous gels and
eventually to solid materials. Powders, fibers, coatings and thin films can be easily
produced by using sol-gel method. Figure 7.1 gives a simplified chart of sol-gel
process. The main advantages of the sol-gel process are listed below:

e Required temperatures for all stages are low (apart from densification for bulk
ceramics). Hence, thermal negative effects of both the coating itself and coated
material is reduced, and high purity and stoichiometry can be achieved,

¢ High purity products can be produced by choosing precursors carefully,

e Doping the product using many soluble organometallic precursors is
achievable,

¢ Highly porous and nano-crystalline materials can be prepared,
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By adjusting chemical modification porosity, pore size and pore wall chemistry
of the final product are controlled,

Use of liquid precursors makes it possible to cast ceramic materials into various
shapes without machining or melting,

The temperature of sol-gel process is usually under the crystallization
temperatures of the oxide materials, which enable the production of amorphous

materials.

Despite outstanding advantages of the sol-gel process, there are some limitations and

disadvantages, such as:

Expensive precursor materials increase the total cost,
Careful ageing and drying required, the process becomes time-consuming,
Dimensional changes upon densification, shrinkage and cracking due to stress

during drying process require attention.[57]
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Figure 7.1 Simplified chart of the sol-gel process
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7.2.1 Pechini Method

Pechini method is used widely for the production of many complex oxide
compositions. Precursors consisting of metal ions (such as metal nitrates, carbonates,
sulphates and alkoxides) are complexed in an aqueous solution with a stoichiometric
amount of a-carboxylic acid like citric acid. The resulting solution is stirred and then
poured on a hot plate, at that time ethylene glycol is added at a mass ratio of 40:60
with respect to citric acid. The temperature needs to be maintained at a constant to
allow the resin formation. The resin is then heated to decompose the organic
constituents, then ground and calcined to produce the required powder up to several
hours at various temperatures. This method enables to manufacture homogeneous and
low crystalline products at relatively low temperatures. Yet they usually call for
complicated synthesis procedures and/or expensive initial compounds. The resin
obtained could be applied on a substrate as a film or as a powder for coating to obtain

homogeneous oxide powder [58, 59]

7.3 Coating of High Surface Area Silicon Nanoparticles

Electrochemical degradation is the main hindrance of silicon anodes becoming
commercial. Different from the situation with graphite anodes, there is no self-
passivating in the natural solid electrolyte interphase (SEI) films generated from
carbonate electrolytes. This leads to decomposition of electrolytes and loss of Li ions
[60]. To improve the electrochemical stability of silicon, many coating materials are
being tried by researchers. A wide variety of methods are being used for coating which
can be listed as sol-gel, pyrolysis, mechanical milling, vapor deposition methods, spray
pyrolysis, hydro-thermal methods, electro-plating, etc. Some of the most important
and widely used coating materials for silicon anodes can be listed as:

e Carbonaceous coatings (e.g. soft and hard carbons) [61-64]

e Inorganic materials (such as Al,03[65], TiO, [66, 67], SiO and SiO [68, 69],

ZrO; [70], etc.)
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e Composites (such as Mg/Mg»Si [71], Si/Sn-Ni/C [72], Si/C/B203 [73], Si-C-O
glass-like compounds [74])

7.3.1 Properties of selected coating materials in this study

7.3.1.1 Lithium Phosphate (LisPO4)

Lithium phosphate is a fast, solid lithium ion conductor which is often used as a coating
for cathodes of lithium-ion batteries. It has two different crystal forms: 3 and y-LisPOa.
v-LisPO4 form is more common with its orthorhombic structure and the space group
is Pmnb. The lattice parameters are a = 6.1147 A, b =10.475 A, ¢ = 4.9228 A. Figure
7.2 shows the crystal structure of y-LizPOa.

Figure 7.2 The crystal structure of y-LisPOa.

In the literature, LisPO4 has attracted attention as a coating, which possess good
capacity retention in a wide range voltage window. Song et al. enhanced discharge
capacity, rate capability and cyclic performance of their Li(Nio.4C003Mno3)O2
cathodes in the voltage range of 3.0-4.8 V [75]. Li et al. also achieved a similar result

with LisPO4 coating for LiMn204 cathodes. They showed that LisPO4 coating reduced
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the charge transfer resistance between cathode and electrolyte and resulted in the
suppression of Mn dissolution during cycling due to the protection effect. The capacity
retention was 85% after 100 cycles, higher than 66% of their pristine cathode material
[76].

7.3.1.2 Lithium vanadate (Li3VOa)
LisVVOs is also a good Li ion conductor. The crystal structure is orthorhombic and

space group is the P12/c1 and the lattice parameters are a = 6.3259A, b = 5.4460A, ¢
=4.9469 A. The structure is isotypic with that B-LisPOa (Figure 7.3).
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Figure 7.3 The crystal structure of LisVOa.

In the past, LisVOs have been studied for the solid electrolyte, nonlinear optical
materials, synthesis, and crystal chemistry. Recently, the intercalation properties of
lithium vanadates start to attract interest. In literature, it is both used as anode material
and for surface modification of cathode materials. For example, Pu and Yu coated
LisVVO4to the surface of LiCoO> cathode material and improved the performance. With

5.5 wt% coating, 85% of the first discharge capacity was preserved for 100 cycles,
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whereas it was only 67% for the bare cathode. Coating also enhanced the high-rate
capability [77].

Another study showed that pure phase of LisVO4 might be worthy as an insertion
anode material for lithium ion batteries with a considerable reversible specific capacity
(~323 mAh.g?) and a low and safe discharge voltage (~0.75 V vs. Li/Li*). It could
retain its structural integrity even after repeated charge/discharge and exhibited
promising stability for several tens of cycles [78].

7.3.1.3 Manganese tungstate (MnWO,)

Manganese tungstate (MnWOQOyg, also known as the mineral huebnerite) is a wolframite
type tungstate. It is a multi-ferroic material which combines magnetism and

ferroelectricity.

The crystal structure is monoclinic and space group is the paramagnetic phase P2/c.
The lattice parameters are a = 4.8237 A, b =15.7552 A, ¢=5.0019 A and = 91.0838°.
It consists of edge-sharing oxygen octahedrals that make zig-zag chains along the ¢
axis, with the Mn atoms located inside the distorted octahedra and the W atoms located
between the chains [79, 80] Figure 7.4 shows the crystal structure of MnWOsa.

Figure 7.4 The crystal structure of MNWOQa.
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The lithium insertion characteristics of MnWO4 has been studied previously and found
that the compound accommodated only 1 lithium atom while discharging to 0.3V vs

Li*/Li also this reactional phase was not reversible [81].

In a previous work done in our laboratory, MnWO4 was tested as anode material for
lithium ion batteries. MnWO4 was first synthesized and used in the battery without
utilizing lithium. Manganese tungstate had 1000 mAh.g initial discharge capacity and
inserted lithium atoms numbers were 8 for the first discharge. After that, lithium atoms
gradually decreased to 4 and then to 2 at the following five cycles carried at room
temperature. This can be interpreted that inserted lithium atoms do not return from the
structure. Consequently, the capacity dropped dramatically to 350 mAh.g™* at the end
of the sixth cycle. Almost complete amorphization was observed at the end of the

cycling procedure [82].

7.3.1.4 ZrP,07 and ZrV.07

The Pa3 space group is typical of many MeX07 compounds, such as the ZrP,O7 and
ZrV,07 structure. The ZrP,07 structure consists of a NaCl-like distribution of Zr** and
P,07* ions. Each Zr*" ion is surrounded by six O% ions. The crystals belong to the
cubic crystal system, space group Pa3 (No. 205) with values of 8.2928, 8.8969 A
ZrP>07 and ZrV207 structures, respectively [83, 84]. Figure 7.5 shows the crystal

structure of both materials.

In literature, this structure is studied mostly for its thermal expansion properties. There
are few attempts on ZrP.O- for battery applications. Sacks et al. used it as solid
electrolyte for the diffusion of Na*, K*, Ag* and Li" ions [85].

As mentioned before, a broad range of ceramic materials are used to improve cyclic
performance of cathode materials. Wu et al. used ZrP>07 and ZrO> with the amount of
1wt%. Their ZrP>07 coating was amorphous. At 25°C, both coated and non-coated

samples proved to have decent cycle stability without major capacity fade even after
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50 cycles. When temperature is increased to 55°C the pristine and ZrP,O7 coated
cathodes experienced capacity fading after 150 cycles. ZrP,O7 modification did not
give the expected effect because at the surface of the high voltage cathode, particles
aggregated and scattered. This produced limited cover against surface reactivity

especially at elevated temperatures [86]

Figure 7.5 The crystal structures of ZrP,0O7 and ZrV,0y.

7.3.1.5 Carbon

Silicon/carbon composite anode materials have had considerable attention. Carbon is
an attractive candidate matrix material because of its superior features. It provides high
conductivity, prevents agglomeration of silicon particles, has little volume expansion,
and its elastic structure helps to improve cycle life. Another one of its major
advantages is that coating it is relatively easy. Numerous methods can be used such as
chemical vapor deposition, spray pyrolysis, chemical reaction of gels, combining ball-

milling with pyrolysis of a pitch, citric acid or sugar [87]. Below are some examples.
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Zuo et al. have reported that the composite of equal amounts of silicon and graphite
coated with thermally decomposed pitch exhibit a first discharge capacity of 485
mAh.g* with a coulombic efficiency of 70% [88].

Si et al. proclaim a discharge capacity of 1335 mAh.g! and charge capacity of 923
mAh.g could be obtained for a carbon-nano-Si (average size 50 nm) composite with
48 wt% carbon during first cycle, giving 69.2% coulombic efficiency. Amorphous
carbon coating was done by pyrolysis of polyvinyl chloride (PVC) with chlorinated
polyethylene (CPE) at 900°C for 2h. The degradation rate upon cycling was 0.24% per
cycle. Their anode could retain 880 mAh.g* discharge capacity after 40 cycle [89].

Gu et al. produced Si/C anode material via pyrolysis of citric acid as the carbon source.
They used high energy ball-milling method for particle size reduction of their silicon
powder and suppressing the aggregation of fine silicon particles. Anodes had 13-15
wt% carbon ratio after thermal treatment and their anode retained 626.7 mAh.g™

discharge capacity after 30 cycles with their 5h ball-milled sample [87].

Yang et al. prepared silicon/carbon composites at room temperature by dehydration of
a mixture of sucrose and silicon powders using concentrated H.SO4 with the particle
size of silicon less than 100 nm. The composite demonstrated a high initial coulombic
efficiency of 82% and a large charge capacity above 560 mAh gt after over 75 cycles.
The improved electrochemical characteristics are attributed to the uniform distribution
of silicon particles in an amorphous carbon matrix, which could buffer the volume

change during cycling [90].

7.4 Results & discussion of the coating studies

In this chapter, Rietveld analysis of the coated samples and some SEM images of them

will be provided in addition to detailed information about the coated powders.
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Four individually processed silicon powders were each coated with six different
coating materials. The experimental procedure was described in Section 3.2.4. Coating
of different powders was considered successful only if the crystalline phase was

present in the X-ray pattern.

Multi-dimensional silicon powders are selected to give detailed information. For other
powders, results of the Rietveld analysis are only tabulated to compare the existing

phases.

The first coating test was done with LisPO4 gel. Figure 7.6 shows the refinement graph
and results are given as inset. The aimed LisPOg ratio was 3 wt%, but it turned out to
be 9.22 wt%. This may have been due to the complications experienced during the
coating process. In addition, there was a small amount (0.7 wt%) quartz phase
(oxidation of silicon). Figure 7.7 shows the SEM micrographs of coated sample and
no change was observed in the structure. The existence of coating material on the Si

surface was verified by EDS analysis during SEM session.

The similar experimental procedure was applied to coat LisVOa. Figure 7.8 shows the
refinement graph and results. Rietveld analysis showed that LizVVO4 ratio was 5.54
wt% and the amount of quartz phase was higher than the LisPO4 coating. Figure 7.9
demonstrates the SEM micrographs of the coated sample and according to these results

there was no change in the structure.

MnWO; ratio is 5.18 wt% which is similar to the LizVVOas test results. There was no
oxide formation (Figure 7.10). SEM image in Figure 7.11. MnWO; peaks are broad

which indicates that crystallinity is low.

Hardships of the production process affected the final coating amounts, even though
all the calculations of gel coatings were made to obtain 3 wt% ratio. In the case of
ZrP,07 and ZrV»07 coating, ratios are 0.99 and 1.84. Oxidation of silicon did not occur
even at 900 degrees which means the silicon powder was fully insulated and there was

no contact with the atmosphere.
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Figure 7.6 XRD pattern of LisPO4 calcined at 600°C for 3 hours.
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Figure 7.8 XRD pattern of LisVVO4 calcined at 600°C for 3 hours.
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Figure 7.10 XRD pattern of MNnWO4 calcined at 900°C for 2 hours.

Figure 7.11 SEM images of MnWO, coated multi-dimensional silicon powder.
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Figure 7.15 SEM images of ZrV20- coated multi-dimensional silicon powder.

Transmission electron microscope was used to investigate the morphology of the
LisPO4 coated multi-dimensional silicon powder in detail. Ultrasonication was used to
pull the columnar structure off. Figure 7.16 shows the images. EDS analysis were
made to make sure that the structures belonged to the coated silicon before the images
were taken. Figure 7.16-a and b gives a general look. The coating is clear at Figure

7.16-c and its thickness was around 10 to15 nm. A smooth coating layer was created.

200 nm

@ (b)

Figure 7.16 TEM images of LisPO4 coated multi-dimensional silicon powder.
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Figure 7.16 Cont’d.

Another TEM image of the LisPO4 coating layer was taken of the induction plasma
synthesized powder (Figure 7.17).

Figure 7.17 TEM images of induction plasma synthesized silicon powder with
LisPO4 coating
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Figure 7.17 Cont’d.

TEM images indicate that the thickness of the coating layer increased compared with
the bare induction plasma synthesized powder. According to the XRD results the
LisPOg4 coating is in the crystalline form. At the HRTEM images, there seems to be
epitaxial growth at the interface region. It is difficult to determine whether lattice
fringes belong to the coating material or carbon/oxide/SiC. An amorphous layer is seen
at the outer shell. Previously, a similar structure was found to be present at the bare
powder. At that time, this structure was interpreted as carbon layer. Maybe the fringes
inside belong to carbides and LizPOs is at the outer shell, and its lattice fringes cannot
be seen. This is so because coating layer is thin (a few nanometers) which makes it
difficult to see.

Same procedures on the base and other processed powders were also followed with
similar results. Here, the ratios of existing phases are listed in Table 7.1. The important
revelation was; even though the production procedure and used gels were the same,
the coating weight ratio changed each time. This is an important finding in terms of
the electrochemical performance of anodes. It is important, because all the coating
thicknesses will differ and their electrical conductivities will be lower. Hence, the
charge transfer resistance of the anode material will be increased. A more detailed

discussion will be held at Section 8.
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Another important outcome of XRD results was; when mSi/ ball-milled silicon were
coated with LizVVO4 and when MnWO4 was used to coat induction plasma synthesized
silicon powders, high oxidation has occurred. Especially, induction plasma
synthesized silicon powder with MnWO4 coating was affected from this. Furthermore,
all the SiC and half of the Si transformed to cristobalite phase. Also, the MnWO4 ratio
was lower than expected (0.59 wt%). The increase in temperature was the main reason
of the oxidation of Si during calcination. Argon and nitrogen atmospheres were also
tested to overcome this issue. However, no phase formation was occurred under these

conditions, because; for calcination, available oxygen was needed.

Table 7.1 Rietveld analysis of the powders

Li;P0, LiyVO,

Rep%h LP S S0, BSIC  oSiC Rep% LV S Si0, BSC eSC

BaseSi 1390 297 913 : : BuseSi 1723 473 %527 = | -
mSi DY 90 WM oM - : mSi 1084 54 8667 779

BMSi D06 %8 085 019 - : BMLSi 207 207 54 04 - -

S 2460 702 672 03 2656 036 S 1390 471 ®14 255 2136 2
ZPP107 ZI'VQO';

Ripe I Si S0, SIC  oSiC Repe IV Si BSIC oSiC Si0,
BaseSi 1465 108 %872 020 - : BaseSi 1592 438 956 :
mSi 1 0% w0l - : : mSi 1057 152 9848 :
BMSi B 403 %553 oM - : BMSi 1602 160 %2 - - 01
S 1406 293 6137 - 2% 0M S B2 15 757 B 23

MnW04 Carbon

Rip%h MaW i pSiC C"fsg'i';;]’te Cossite C s
BaseSi 1295 577 WD - : : BaseSi 163 9837
mSi BB S8 u; - : : mSi 19 9801
BM.Si 1230 920 8602 - 230 248 BM.Si 201 9709
TPSi 1439 059 2967 18 640 050 S 29 9710
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CHAPTER 8

ELECTROCHEMICAL RESULTS & DISCUSSION

8.1 Introduction
Following the production of active materials, all the anode materials were tested
electrochemically to see their performance improvement. Cycle life, cyclic

voltammetry and impedance measurements were performed.

In this section, abbreviations in table 8.1 are used to facilitate narration.

Table 8.1 Abbreviations of powders

As-received silicon A.R. Si

Ball-milled silicon powder B.M. Si

Metal assisted chemically etched silicon Si
mSi
powder (multi-dimensional silicon)

Induction plasma synthesized silicon powder | P. Si

LisPO4 LP
LisVO4 LV
MnWO4 MnW
ZrP,07 ZrP
ZrV,07 ZrVv
Carbon C
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8.2 Galvanostatic charge-discharge tests

As the aim of this study is to improve the cyclic performance of a readily available
powder, tests began with cycle tests. To gauge the change in the performance, as-
received powder was also tested with a rate of 0.2 mA.cm during cycling. The cells
were cycled for 20 times. Charge-discharge tests were conducted between 0.05 to 1.2
V. To calculate the capacity, only the weight of silicon powder was considered as

active material.

The results of the first test is shown in Figure 8.1. It compares the cyclic performances
of plain silicon powders. Even though there is a carbon coating layer outside of the
induction plasma synthesized powder, it is included in this comparison. Another one
will be held with carbon coated powders. The value at the end of pre-cycling is taken
as the first discharge capacity. Then, 20 consecutive cycles were carried out.

3000

m AR.Si
® B.M.Si
2500 |- A mSi
L 9 v P.Si

—~ 2000 [ A

2

< °

< A

E 1500} "

2

i3] v 4

S 1000

g L

O v A

v oa
500 |- . "v¢‘
. x
. a IxxIxXXXXIYITY
0 " m g gmEn .
0 5 10 15 20

Cycle Number

Figure 8.1 The discharge capacity graph of plain powders.

The capacity graph shows that the highest capacity was achieved with mSi powder
(2900 mAh.g ). In the above graph, the first capacity of mSi is lower than the second,
although in reality, time was insufficient to fully discharge the material at the end of

128



the pre-cycling procedure. First capacities of P. Si and A.R. Si were very close (~1300
mAh.g?1). Although initial capacities of these three powder were in an acceptable
range, there was a sharp decrease in their capacity after cycling. The capacity of mSi
fell under 1000 mAh.g* after 5 cycles, whereas it was 3 cycles for A.R. Si and P. Si.
After 8 cycles, mSi and P. Si reached to similar capacity values and capacity retention
increased after that; especially for P. Si powder. Carbon coating layer helps P. Si to
keep cycling. At the end of the 21st cycle, it still had a capacity of 280 mAh.g™~. On
the other hand, the capacity of the as-received silicon dropped under 100 mAh.g* after
10 cycles, which means the battery was failed. As the particle size of A.R. Si was the
biggest while its surface area was the smallest, this failure was expected. What is
remarkable in here is that the success of the etching method. Without any coating layer,

it resulted in the highest capacity and continued to so till the end of the test.

Although, two of the three top-down approaches were successful in terms of increasing
cyclic behavior, ball-milling did not provide the expected improvement. Even at the
first cycle, it had the lowest capacity and battery failed at the second cycle. This is
attributed to huge agglomerates of the powder. At the first discharge, Li ions are
assumed to seep into the aggregates and caused fragmentation, disintegration fractures

and debonding between the current collectors and the active materials.

At the first cycle, the number of lithium atoms inserted in the per unit formula of silicon
were evaluated according to Faradays law (see equation 9) and tabulated in Table 8.2

assuming that all silicon powders are involved in the lithiation reaction.

Table 8.2 Number of lithium atoms
inserted in plain powders at the initial

cycle per unit formula per Si.

15t cycle
AR.Si 2.4
mSi 3.04
B.M. Si 1.83
P. Si 2.4
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The calculated theoretical capacity of silicon is 4200 mAh.g* according to Lis4Si
compound. However, at room temperature, maximum lithium amount that one silicon
atom can accept is reported to be present at LiisSis phase (3.75 lithium atoms per
silicon at around 3600 mAh.g* capacity). Only mSi sample with the capacity of 2900
mAh.g* came close to full lithiation. On the other hand, the reversibility of the lithium
insertion reaction is either very limited since most of the lithium atoms cannot be

extracted during charge or shedding of particles has occurred.

Therefore, in order to find out what structural changes took place after 21 cycles, all
cells were disassembled after the final discharge and the active materials were
analyzed implementing XRD. The XRD patterns of the electrodes were given in Figure
8.2.
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Figure 8.2 XRD spectrum of electrodes after final discharges.

XRD results proved the existence of both crystalline Li-Si phases (especially for mSi)
and amorphous structure after galvanostatic cycling. At a previously carried study,
Beaulieu et al. claimed that inhomogeneous expansion occurs in the crystalline

materials due to the presence of coexisting phases with different Li concentrations; on
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the other hand, the amorphous phases undergo reversible shape and volume changes.
They attributed this difference to the homogeneous expansion and contraction that
happens within the amorphous structure [91]. With that knowledge, XRD results
indicates a big gap in the intensity of amorphous regions of the powders. Amorphous
regions of mSi and P.Si are wider than the other two, which could be the reason of
their better cyclic performance.

In addition, there is silicon peaks at B.M. Si, A.R. Si and P. Si electrodes, which means
some of the active material did not undergo electrochemical reaction. For B.M. Si
electrodes, this could be due to lack of the insertion of lithium ions through the big
aggregates. For A.R. Si, the reason was similar to B.M. Si. Existence of particles in
the micron range aggravated fully lithiation. For P.Si, there was electrochemically
inactive SiC phase, which inhibited the diffusion of lithium ions through some inner

silicon regions.

As mentioned earlier, the production of high surface area powder without any coating
layer would not be sufficient to restrict the volume expansion problem. Therefore,
further study on the effect of each coating material on cyclic performance for all the

processed powders was investigated in detail.

Figure 8.3-a shows the comparison of different coating materials on the cyclic
performance of the as-received powder. At the first discharge cycle, capacities are
2309 mAh.g? for A.R. Si, 2219 mAh.g* for A.R. Si-LP, 2078 mAh.g* for A.R. Si-
LV, 2178 mAh.g* for A.R. Si-MnW, 2031 mAh.g* for A.R. Si-ZrP, 2387 mAh.g™* for
AR. Si-ZrV, 1889 mAh.g! for A.R. Si-C. These values were close to each other,
which means 2.5 lithium was bonded with each silicon atom. However, there was a
tendency towards a decrease in capacity with all the powders. The lowest value
belonged to carbon coated powder which could stem from SEI layer. This layer
increased the impedance of the battery during the first discharge, which will be
mentioned at section 8.3. On the other hand, the best capacity retention performance
also came from carbon coated anodes. Advantages of carbon coatings were mentioned

in Section 7.3.1.5. Figure 8.3-b shows the capacities after 101 cycle. It was noted that
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all coating materials had a positive effect on the capacity. Without any treatment after
nineteenth cycle, A.R. Si electrode was dead while the worst result of the coated bunch
was 50 mAh.g* (ZrP coated powder). The highest capacity achieved with coating, at
the final cycle was 171 mAh.g? (carbon coating). Surrounding carbon/inorganic
coating layers preserved the integrity of the structure and enhanced the cyclic
performance of the cell.
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Figure 8.3 The comparison of different coating materials on the cyclic performance
of base powder (a) cycles from 1-21, (b) cycles from 11-21 (Lines drawn to facilitate
tracking).
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After discharge tests, XRD data was taken from all the electrodes. Figure 8.4 shows

the spectrum of each electrode.
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Figure 8.4 XRD spectrum of coated base powder electrodes after final discharges.

Although plain ball-milled powder did not vyield any promising capacity,
electrochemical performances of coated materials were also compared, in order to see
whether any improvement could be achieved. Figure 8.5 gives the discharge capacity

comparison of processed powders.

In terms of cyclic performances, best results were obtained with LV coating among
ball-milled powders. MnW and ZrP coated powders had no capacity, their thick
coating insulated them increasing their impedances. (MnW and ZrP ratios were 9.20
and 4.03 wt%, respectively). Other first discharge capacities for coated materials were
1745 mAh.g! for B.M. Si, 1228 mAh.g* for B.M. Si — LP, 1779 mAh.g™* for B.M. Si
- LV, 2313 mAh.gt for B.M. Si - ZrV and 2157 mAh.g* for B.M. Si-C. Carbon and
ZrV coatings improved the first discharge capacity; the reason might be low
resistances of the electrodes providing constant voltage profiles and longer discharge

time.
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Coating of the powder inhibited the failure of battery after the first cycle. Although for
all the coatings, second capacities suddenly dropped, yet they could still continue
cycling. In Figure 8.5-b, the anode material with LV coating has still a capacity over
200 mAh.gt. This may be due to the safe discharge voltage of LV which is around
0.75 V vs. Li/Li* [78].
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Figure 8.5 The comparison of different coating materials on the cyclic performance
of ball-milled powder, (a) cycles from 1-21, (b) cycles from 11-21 (Lines drawn to

facilitate tracking).
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After discharge tests, XRD data was taken from all the ball-milled electrodes. Figure
8.8 shows the spectrum of the ball-milled electrodes. Except LV coating, all spectra
are identical. LV coated sample has SiO2 peak. This silicon dioxide phase occurred
during coating process and detailed XRD results were given at Section 7.4. In
literature, it was mentioned that silicon dioxide can accept lithium ions and contribute
to the capacity. However, XRD study showed that SiO, phase remained unchanged
after 20 cycles. Also, contaminated inactive tungsten carbide (WC) phase can be
clearly observed. For the MnW, ZrP and LP coated samples; there are distinct silicon
peaks which prove lithium did not react with the silicon entirely. This explains their
low discharge capacities. Neither the peaks of coating phases nor their lithiated
structures’ peaks can not be identified in the spectra. There is an amorphous region.
From here, it is difficult to interpret whether they contribute to the reaction, as their
specific peaks were not observed on the amorphous region. They may have been
covered by the background noise of the XRD, rendering them unidentifiable. On the
other hand, except carbon and ZrV coated silicon powders, there was considerable
unreacted silicon phase. Intensity comparison of Si (111) peaks show a reverse relation
with the discharge capacities of the electrodes. The lower the capacity, the higher the
unreacted silicon phase.
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Figure 8.6 XRD spectra of coated ball-milled powder electrodes after final

discharges.
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Figure 8.6 shows the discharge capacity comparison of mSi powders. The highest
capacities belonged respectively to mSi, mSi—ZrV and mSi—C with the numbers of
2906 mAh.g?, 2735 mAh.g? and 2683 mAh.gl. However, after the first two
discharges, capacities dropped dramatically and after the fifth cycle, all capacities were
under 1000 mAh.g,
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XRD study was also done for mSi electrodes. The peaks located at the spectrum
belong to LiisSis, copper and silicon phases, but there were no peaks from the
coating materials. Besides the crystalline Li-Si phase there is an amorphous region.
The amorphous state provides the reversible capacity, since the diffusion of lithium
ions inside the structure becomes easier. However, from XRD data, the presence of
crystalline LiisSis indicates that lithium ions were trapped in this form at the
beginning of cycling and became unavailable for extraction. This could be the

reason of capacity loss during cycling.
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Figure 8.8 XRD spectra of multi-dimensional Si electrodes after final discharge
cycles.

Last tested powder was induction plasma synthesized silicon powder. Plain powders’
first discharge capacity was same as mSi and A.R. Si powders, however; its capacity
retention was better. Figure 8.7 shows the comparison of all the coated P. Si electrodes.
After the first discharge cycle, capacities were 2277 mAh.g* for P. Si (coated with
carbon, C), 1217 mAh.g* for P. Si-LP, 1911 mAh.g* for P. Si-LV, 477 mAh.g™* for
P. Si-MnW, 198 mAh.g™* for P. Si-ZrP, 2156 mAh.g* for P.Si-ZrV.
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Figure 8.9 The comparison of different coating materials on the cyclic performance
of induction plasma synthesized powder, (a) cycles from 1-21, (b) cycles from 11-

21 (Lines drawn to facilitate tracking).

Similar to previously achieved test results, there was a decline in the capacities due to
shedding of the particles. The plain powder (carbon coating) had the best performance.

The plasma synthesized powder capacities were low, especially after 10" cycle all
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dropped under 300 mAh.gt. The number of lithium atoms inserted in the per unit
formula of silicon at the first cycle are tabulated in Table 8.3 which shows that outside
coating layer restrained the lithium ion diffusion and lowers lithium intake which

decreases the discharge capacity of the electrode.

Table 8.3 Number of lithium atoms inserted in the per unit
formula of plasma synthesized silicon powders at the initial
discharge.
1t cycle

P. Si (C) 2.39

P.Si-LP 1.28

P.Si-LV 2.00

P.Si - MnW 0.50
P.Si-ZrP 0.21
P.Si-ZrVv 2.26

XRD data taken after cycling is given in Figure 8.10. No crystalline peak of Li-Si alloy
were observed for any of the electrodes. Amorphization of silicon with alloying
occurred. However, for all the seven electrodes there were unreacted silicon peaks
observed. Cristobalite phase for MnW coated silicon remained unreacted after cycling,
this means that SiO2 did not contribute to electrochemical reactions. Besides, it
increased impedance of the cell and obstructed the lithium ion insertion in to silicon.

To understand the cyclic behavior of the electrodes, detailed investigation was needed.

For this purpose, impedance spectroscopy and cyclic voltammetry techniques were

used. Section 8.3 & 8.4 give the results of these tests.
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Figure 8.10 XRD spectra of plasma synthesized silicon powder electrodes after final

discharge cycles.

8.3 Electrochemical Impedance Spectroscopy

The effect of coating materials on impedances were studied for silicon based powders.
First; pre-cycling was applied, then the impedances were measured (between 100 kHz-
10 mHz) at a scan rate of £5 mV/s.

In the beginning, the impedances of the as-received silicon and its coatings were
measured and compared. According to this study, the highest impedance value got
measured on carbon coating, while lithium phosphate had the lowest value. The high
impedance in the carbon stems from the hindrance of charge transfer due to the SEI
film layer. Table 8.4 &8.5 gives the calculated resistance values of as-received and

ball-milled powders, respectively.
When the impedances of the ball-milled powders were checked, as-received powder

had better impedances than processed powder. This means ball-milling worsened the
powders potential (Figure 8.11 & 8.12).
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Figure 8.11 Impedance spectra comparisons of as-received silicon powders
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Figure 8.12 Impedance spectra comparisons of ball-milled silicon powders

Multi-dimensional Silicon powder tests revealed slightly lower impedances with
respect to as-received and ball-milled powders. Similar to mSi, carbon coating had the
best results. SEI formation on the electrodes were observed (Figure 8.13). Table 8.6

gives the calculated impedance values of mSi powders.
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Table 8.4 Calculated resistance values of as-received silicon
powders

Ry Rct Ruifr x
AR.Si 6.17 | 54.15 7.613e-05
AR.Si-LP | 10.71 | 33.38 1.073e-04
AR.Si-LV | 1595 | 3363 1.134e-04
AR.Si-MnW | 14.83 | 66.32 3.939-05
AR.Si-ZrP | 868 | 53.93 2.31 3.463e-05
AR.Si-Zrv | 1161 | 4543 2.78 1.765e-05
AR.Si-C | 3063 | 68.79 6.199e-04

Table 8.5 Calculated resistance values of ball-milled silicon
powders

R¢ Ret Ruitf 1
B.M. Si 6.73 61.02 2.957e-04
B.M.Si-LP 9.00 41,52 1.74 7.142e-05
B.M.Si-LV |20.68 45.61 3.73 2.522e-05
B.M. Si - MnW | 309,4 1442 2.673e-04
BM.Si-ZrP | 670 | 46.90 1582 | 2.769-05
B.M. Si - ZrV 0.47 50,59 13,03 1.159e-05
B.M.Si-C 9.44 44 .91 27,78 1.368e-04

Table 8.6 Calculated resistance values of mSi powders

Ry Rct Ruitf

mSi. Si 17.59 20.09 8.11
mSi - LP 30.09 32.27

mSi - LV 7.25 31.51 4.12
mSi - MnW 26.30 3.45
mSi - ZrP 25,3 3.75

mSi - ZrV 20,48

mSi - C 25,97 3.35
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Figure 8.13 Impedance spectra comparisons of multi-dimensional silicon powders

Lastly, powders produced by induction plasma method were studied. Uncoated silicon,
LV and ZrV had similar behaviors/values, but none were sufficient. The worst case
was that of MnW, because of its high cristobalite phase (highly insulative). Below,
Figure 8.14 shows the comparison of impedance graphs of the cells and Table 8.7 gives
the calculated resistance values.
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Figure 8.14 Impedance spectra comparisons of plasma synthesized silicon powders
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Table 8.7 Calculated resistance values of induction plasma
synthesized Si powders
Ry Rct Ruaift »
P. Si (C) 43.33 6.20 9.206e-05
P.Si-LP 16.43 47.65 12.95 9.120e-06
P.Si-LV 4.94 40.59 6.83 8.940e-06
P. Si - MnW 2.44 61.28 22.94 1.574e-05
P.Si-ZrP 7.10 56.72 8.786e-05
P.Si-ZrV 6.94 41.85 3.54 4.889e-06

The research on the impedance results of different powders/methods revealed that only
mSi had an improvement whereas the rest either had similar (negligible) or even worse

values. Another revelation was that on carbon coated samples SEI formation occurred.

Figure 8.15 shows the impedance spectra of plain powders. So, the only notable
improvement was with mSi due to three phenomena. In the high frequency zone the
half-semi circle results from film resistance (SEI). In the mid-range, the semi circle
was formed by charge transfer resistance. In the low frequency zone between 40 and
55 ohms in real axis, resistance mainly resulted from the diffusion of lithium ions that

pass through Si.
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Figure 8.15 Impedance spectra comparisons of uncoated silicon powders
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8.4 Cyclic voltammetry and Voltage profiles of samples

Alloying (lithiation) and dealloying (delithiation) are the main electrochemical
mechanisms of the silicon based anode materials. As stated before, CV was tested at a
scan rate of 0.01 mV/s between 0.01 and 1.2 V and applied towards the cathodic
direction from higher to lower potential. CV response for the anodes was checked at
the beginning of the tests. First comparison was made between plain powders. CV

graphs are given in Figure 8.16.
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Figure 8.16 Cyclic voltammograms of produced silicon powders.

At the cathodic scan, no clear peaks were observed except plasma synthesized powder.
At this stage, only crystalline silicon phase existed and lithiation of silicon takes place.
On the other hand, for the plasma synthesized silicon powder, there is a carbon layer
outside of the powder. So, there is a broad peak at around 0.5 to 0.7 V. this peak is
generally attributed to the formation of SEI layer for carbon coated silicon powders.
[92]. The other peak at ~0.25V corresponds to the lithiation of crystalline silicon to

form amorphous Li-Si alloys. In literature, anodic peaks are usually observed at around
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0.35 and 0.5 for delithiation [90, 93, 94]. These two peaks are clearly observable for
mSi, because it had the lowest impedance value among the four powders. The
discharge curves of these four powders are also given in Figure 8.17. As seen from the
figure, during the initial discharge there are several voltage plateaus at certain values.
As mentioned earlier, there are different crystalline Li-Si intermetallic phases (LiSi,
Li1oSiz, LisSis, Li2oSis). The plateaus can be attributed to two phase equilibrium
regions. XRD studies showed that beside the crystalline LiisSis phase there are also

amorphous LixSi alloys. Each of these different plateaus could be representing these

reduction voltages.
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Figure 8.17 The first discharge curves of produced silicon powders.

To understand whether coating materials contribute to the lithiation/delithiation
process or not, CV were applied to each specimen. Figure 8.18 gives the CV of LP
coated powders. Anodic side of the voltammograms are similar with the previous
graphs of cycling voltammetry. There was only a slight shift at the anodic peaks for
different types of powders that can be explained with Ohm’s law (varying impedances
results different voltages and current values). However, at the cathodic side there are
three peaks at the values of 1V, 0.6 VV and 0.25 V. first two is generally attributed with

the decomposition of electrolyte and formation of SEI layer and last one shows the
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alloying of silicon. All four graph have the exact peaks. There is not an obvious peak
for the reduction of LP phase. However, XRD data does not contain any LP peaks after
cycling. There is only amorph phase. Either LP may be contributing to the lithium
intercalation, or its structure turns into amorph due to diffusion of lithium ions inside,

despite of not having involved in insertion reactions.
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Figure 8.18 Cyclic voltammetry of LP coated powders.

The discharge curves of LP coated powders are given in Figure 8.19. As-received
powder had the highest capacity and plasma synthesized had the lowest. However in

terms of capacity retention, the situation is reversed.

Figure 8.20 shows the CV curves of LV coated samples. The voltammogram is very
similar to the LP coated powders. Peaks belong to SEI formation and
lithiation/delithiation of silicon. Different from the LP coating, LV coated silicon
powders had SiO> phase after calcination. However, there is not a peak that shows the
oxidation or reduction of oxide phase. There is not any reduction peak at the
voltammogram, although silicon dioxide is an electrochemically active material. SiO>
peaks still existed at the end of the cycling at the XRD spectrum. The discharge curves
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of LV coated samples are given in Figure 8.21. The best capacity was observed for

mSi powder and the worst is ball-milled silicon.
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Figure 8.19 The first discharge curves of LP coated silicon powders.
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Figure 8.20 Cyclic voltammetry of LV coated powders.
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Figure 8.21 The first discharge curves of LV coated silicon powders.
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Figure 8.22 Cyclic voltammetry of MnW coated powders.

In the case of MnW, the situation is different. there is a dual drop at the tail part of the
cathodic sweep for mSi and P. Si. A.R. Si powder had one sharp drop which looks like
that of the LP and LV coatings however, there is a sharp undefined drop around 0.1 V.
It can be said that MnW took part in the lithiation reactions. However, as mentioned

earlier inserted lithium atoms do not return from the structure upon cycling which
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probably resulted from the consumption of some of the lithium ions in the first
discharge and this reduced the reversible capacities. When the voltammogram of ball-
milled powder investigated, only the capacitive behavior was observed. It was so
because of the high amount of MnW, which increased the impedance drastically.
Figure 8.23 shows the discharge curves. B.M. Si did not give any capacity and P. Si
has a poor capacity value compared to the other two. However, in terms of capacity
retention it was not too bad. Although diffusion of lithium through MnW, SiO> and Si

phases was very slow and difficult, they helped the silicon to stay stable during volume

expansion.
—— B.M. Si - MnW
—— mSi - MnW
Lof ——P. Si - MnW
0.8
@
ke
S 06
L
0.4
0.2
00 L 1 L 1 L 1 L 1 L
0 500 1000 1500 2000 2500
Capacity (mAh/qg)

Figure 8.23 The first discharge curves of MnW coated silicon powders.

When CV graphs of ZrP coated powders were investigated, cathodic sides involved
four different peaks for all the four systems. However the voltages of each peak shifted
a little bit, which is related to the impedances of the electrodes. The voltage needed for
the corporation of Li ions changes accordingly. Different from the other coated
powders there is a third peak at the anodic part at around 0.9V which indicates a third
oxidation reaction. According to this finding it can be said that ZrP contributes to

electrochemical reaction. However, the CV tests were only measured for the first cycle
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and reversibility of ZrP-Li reaction is not clear. On the other hand, it may be reversible
but the ZrP amount on the produced powders was so small (4wt% for ball-milled
powder is max.) its contribution to capacity was negligible. This may be the reason for
the poor cycling performance. During lithiation, the structure of the ZrP probably was

deformed and expected protection was not met resulting poor cycling of silicon

powders.
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Figure 8.24 Cyclic voltammetry of ZrP coated powders.

Unfortunately, ZrV coating did not give a good confinement result as expected in the
beginning. Capacity retention of the powders was poor and after seven cycling
capacities dropped under 300 mAh.g. CV of ZrV coated ball-milled powders showed
capacitive behavior. Other three had standard lithiation/delithiation peaks of silicon
with small voltage shifts. The peaks under 0.25 V corresponds to the formation of
amorphous LixSi phase. (Figure 8.26) the discharge curves of all powders had similar
shapes (Figure 8.27). The first discharge capacities of powders were above 2000
mAh.gL.
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Figure 8.25 The first discharge curves of ZrP coated silicon powders.
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Figure 8.26 Cyclic voltammetry of ZrV coated powders.
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Figure 8.27 The first discharge curves of ZrV coated silicon powders.

Figure 8.28 shows the CV graphs of carbon coated powders. Comparisons showed that
carbon coated samples had a peak at the cathodic side at around ~0.4 V for B.M. Si
powder and at 0.6 V for P.Si powder. These peaks were attributed to the formation of

SEI layer resulting from the decomposition of electrolyte. Carbon did not contribute

to the lithiation process.
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Figure 8.28 Cyclic voltammetry of carbon coated powders.

ol —AR.Si-C
——B.M.Si-C
—mSi-C
10F ——P. Si (C)
0.8 |
A
o
> 06
L
0.4
0.2
Oo L 1 L 1 L 1 L 1 ‘.
0 500 1000 1500 2000 2500
Capacity (mAh/g)

Figure 8.29 The first discharge curves of carbon coated silicon powders.
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CHAPTER 9

CONCLUSIONS

To use readily available silicon powder as anode material for LIBs, particle size
reduction and coating with inorganic material strategies were employed. For size
reduction metal assisted chemical etching, ball-milling and induction plasma synthesis
were applied. After production of various powders, they were coated with LisPOa,
LisVOs, ZrP207, ZrV2,07, MNWO4 and carbon to improve the electrochemical stability.
Inorganic and carbon coating was achieved by sol-gel and pyrolysis techniques,

respectively.

In ball-milling approach, optimum milling parameters were found to be the following
10 mm ball size, 15:1 weight ratios of ball to powder, 60% mill charge and 24 hours
milling time. Average particle size is reduced from 17 um to 0.2 um and surface area
increased from 2.4 to 3.6 m?gl Sub-micron particles were obtained but
agglomeration and contamination problems have occurred. Ball-milled silicon powder
did not show superior electrochemical results compared to the raw powder. The
highest first discharge capacity has belong to zirconium vanadate coated powder with
the value of 2313 mAh.g. On the other hand, in terms of capacity retention lithium
vanadate coating has shown better cycle life. After 20 cycles lithium vanadate coated

sample could maintain 200 mAh.g* capacity.

Metal assisted chemical etching is a successfully utilized method in order to produce
nanowires on top of silicon wafers. Our studies confirmed the applicability of the
method to powders as well. It produces a high surface to volume ratio structure.
Surface area was increased to 7.1 m2.g. Coating the etched structure with LisPOs,
LisVOs, ZrP207, ZrV,07, MnWO4 and carbon had a negative effect on the
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electrochemical properties because of ineffective coating on columnar structure. On
the other hand, multi-dimensional silicon yielded the highest first discharge capacity
with the value of 2900 mAh.g* and even after 20 cycles, its capacity was around 200
mAh.g* without any coating material. This method was the optimal solution studied

during this study.

As a promising and high-tech powder processing method, induction plasma synthesis
was applied to the as-received powder. The average particle size decreased to sub-
micron rage and the surface area increased to 7.7 m2.g. Carbon encapsulation was
successful; however, an electrochemically inert SiC phase is formed around silicon
particles up to approximately 30 wt. %. The highest fist discharge capacity was belong
to as-produced powder with 2277 mAh.g* capacity. Among various coating materials
lithium vanadate and carbon were the top contenders. But, carbon had a higher end
capacity after 20 cycles. The reason may be the existence of double coating layer at

lithium vanadate coated structure. Secondary coating layer may slow ion diffusion.

In general, sol-gel coating silicon powders with LisPO4, LisVOs, ZrP207, ZrV-0y,
MnWOg4 and carbon did not produce the desired effect. As in induction plasma method,

carbon and lithium vanadate coating gave the best results.

Combining structural improvement with coating did little good because of
deterioration of the compounds’ impedance leveled out the benefits. However,
capacity fade during cycling was improved by synthesizing nano-structures because

the mechanical wear of lithiation&delithiation was restricted.
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