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ABSTRACT

Electrochemical energy storage systems are becoming increasingly impor-
tant with respect to their use in portable electronic devices, medical im-
plantable devices, hybrid electric (HEV) and electric vehicles (EVs), and stor-
age of solar and wind energies. Rechargeable lithium–ion battery is one of the
most promising systems for them due to its high energy density and long cycle
life. However, the sustainable development of new anode material with higher
capacity or energy density remains one of the major challenges for lithium-
ion batteries. Silicon nanowires (SiNWs) are drawing attention as a promising
candidate for the anode material in lithium-ion batteries due to its huge high
specific capacity of 4,200mAh·g−1 (10 times higher than conventional graphite
anode), as well as stress accommodation for reversible lithiation and delithia-
tion.

One dimensional (1D) silicon nanowires (SiNWs) and black silicon (b–Si)
fabricated via metal assisted chemical etching (MaCE), and inductively cou-
pled plasma reactive ion etching (ICP–RIE) methods respectively, are inves-
tigated as new anode material in lithium-ion batteries. The electrochemical
studies of the SiNWs and b–Si have been performed in half–cells using LiPF6

in EC–DEC as electrolyte with a glass fiber separator.

Both SiNW and b–Si electrodes can maintain their structure during Li–
insertion and extraction processes despite large volume expansion. The high–
resolution electron microscopy analysis shows the composition of lithiated
SiNWs consist of the unreacted crystalline silicon core and the reacted amor-
phous Li−Si alloy shell. In particular, the Li−Si shell is comprised of a mixture
of amorphous silicon oxide and crystalline silicon, leading to hindrance during
Li−Si alloying/dealloying upon cycling.

In case of the b-Si electrodes, the cycle life of the nanostructured Si elec-
trode is heavily influenced by the constant reformation of the SEI layer de-
pending upon the surface composition. In the fast lithiation experiments, it is
important to maintain balance in the chemical kinetics between the lithium
ion diffusion and the electron injection during the lithiation of nanostructured
Si.

The metal–coated nanostructured Si electrodes deliver stable capacity re-
tention and cycle life. In particular, the Cu-coated b–Si shows the most promis-
ing electrochemical performance enhancements for the initial specific capacity
as well as their cyclability compared to pristine b–Si. The electrochemical and
microstructural properties before and after cycling of the metal-coated nanos-
tructured Si will be discussed in detail.
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Chapter 1

Introduction

1.1 Motivation

Energy storage and production is one of the greatest challenges facing mankind
in the 21th century. The rapid depletion of fossil fuel reserves, rising fuel costs,
increasing greenhouse gas emission, and global climate changes are driving the
development of sustainable clean energy technologies like fuel cells, solar cells,
high energy density batteries, and supercapacitors. While fuel cells and solar
cells are energy conversion devices, batteries and supercapacitors are energy
storage devices.

Especially today, with the proliferation of various wireless communication
devices, electric vehicles (EVs), and implantable devices arising from remark-
able developments, the 21th century is moving toward the information-rich,
mobile society, where high-quality information services are available regard-
less of time and place. Therefore, energy storage development becomes one of
the most important topics. Energy storage, an intermediate step to the ver-
satile, clean, and efficient use of energy, has received worldwide concern and
increasing research interest. Rechargeable lithium ion batteries are appealing
for these needs because of their high energy density, wide range of operating
temperatures, and long shelf and cycle life.

Currently, rechargeable lithium ion batteries use graphite as anodes for re-
versible lithium intercalation and deintercalation. Graphite reaches the limits
for the development of high capacity lithium ion batteries with a maximum
theoretical specific capacity of ≈ 372mAh ·g−1 corresponding to the formation
of LiC6. With that, silicon is drawing attention as upcoming noteworthy can-
didate for an anode material in rechargeable lithium ion batteries owing to its
high theoretical specific capacity of ≈ 4, 200mAh · g−1 at fully lithiated state
of Li4.4Si and low operating voltage of ≈ 0.4V(vs. Li/Li+). Hence, the need
for the fundamental understanding of the lithium reaction mechanism with
silicon and phase transformation of Li−Si alloys during cycling arises. Novel
nanostructured silicon anodes will be presented in this work.

1



2 1. Introduction

1.2 Rechargeable lithium ion batteries

1.2.1 Introduction

Rechargeable lithium ion batteries have both the highest volumetric and gravi-
metric energy density among known technologies applied, including lead-acid,
nickel-cadmium, nickel metal hydroxide and other systems as plotted in Fig.
1.1 [1, 2].

Rechargeable lithium batteries involve a reversible insertion/extraction of
lithium ions into/from a host electrode material during the charge/discharge
process. The lithium insertion/extraction process occurring with a flow of ions
through the electrolyte is accompanied by a reduction-oxidation (redox) reac-
tion of the host matrix assisted with a flow of electrons through the external
circuit [3, 4]. A schematic presentation of a rechargeable lithium ion battery
is shown in Fig. 1.2.

Figure 1.1: Comparison of the different battery technologies in terms of volu-
metric and gravimetric energy density. The share of worldwide sales
for Ni–Cd, Ni–MH and Li-ion portable batteries is 23, 14 and 63%,
respectively [1].

The anode is the electropositive electrode from which electrons are gener-
ated to do external work. In a lithium cell, the anode contains lithium, com-
monly held within graphite in the well-known lithium ion batteries. The cath-
ode is the electronegative electrode to which positive ions migrate inside the cell
and electrons migrate through the external electrical circuit. The electrolyte
allows the flow of positive ions, for example lithium ions, from one electrode
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Figure 1.2: Scheme of a common rechargeable lithium ion battery.

to another. It allows the flow only of ions and not of electrons. The electrolyte
is commonly a liquid solution containing a salt dissolved in a solvent.

The electrolyte must be stable in the presence of both electrodes. The
current collectors allow the transport of electrons to and from the electrodes.
They are typically metals and must not react with the electrode materials.
Typically, copper is used for the anode and aluminum for the cathode (the
lighter-weight aluminum reacts with lithium and therefore cannot be used for
lithium-based anodes).

The cell voltage is determined by the energy of the chemical reaction occur-
ring in the cell. The anode and cathode are, in practice, complex composites.
They contain, besides the active material, polymeric binders to hold the pow-
der structure together and conductive diluents such as carbon black to give the
whole structure electronic conductivity so that electrons can be transported
to the active material. In addition these components are combined so as to
leave sufficient porosity to allow the liquid electrolyte to penetrate the powder
structure and the ions to reach the reacting sites.



4 1. Introduction

1.2.2 Electrochemical processes

An electrochemical cell is the smallest unit of a device that converts chemical
energy to electric energy, or vice versa. The three primary functional partici-
pants in the electrochemical reactions in a lithium ion battery are the anode,
the cathode and the electrolyte.

During the discharge process, lithium ions (Li+) carry the current from
the negative to the positive electrode, through the nonaqueous electrolyte and
separator. During charging, an external electric power source applies a higher
voltage than that produced by the battery, forcing the current to pass in the
reverse direction. The lithium ions then migrate from the positive to the nega-
tive electrode, where they become embedded in the porous electrode material
in a process known as intercalation. The following equations, (eq. 1.1), (eq.
1.2) and (eq. 1.3), are the corresponding reactions of anode and cathode upon
charging and discharging, and the reactions are reversed during discharging
[5]:

The anode half-reaction is

xLi+ + C + xe− ←→ LixC (1.1)

The cathode half-reaction is

LiMO2 ←→ Li1−xMO2 + xLi+ + xe− (1.2)

The overall reaction is

LiMO2 + C ←→ LixC + Li1−xMO2 x ∼ 0.5, voltage ∼ 3.7V (1.3)
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1.2.3 Basic battery components

The total capacity of a rechargeable lithium ion battery strongly depends on
capacities of anode, cathode and other components. Therefore, the role of bat-
tery components is important in a lithium ion battery. The most commercially
popular anode material is graphite.

Li metal is attractive as an anode material due to its most negative poten-
tial (−3.045 vs. standard hydrogen electrode) and the lowest material density
(0.534 g · cm−3) [1]. However, it encounters the shortcomings of a Li–liquid
electrolyte combination. By contrast, carbonaceous anodes offer a stable mor-
phology resulting in consistent safety properties over their useful life.

The cathode is generally one of three materials: a layered oxide (such as
lithium cobalt oxide), a polyanion (such as lithium iron phosphate), or a spinel
(such as lithium manganese oxide).

The electrolyte is typically a mixture of organic carbonates such as ethylene
carbonate (EC) or diethyl carbonate (DEC) containing complexes of lithium
ions. These nonaqueous electrolytes generally use non-coordinating anion salts
such as lithium hexafluorophosphate (LiPF6), lithium perchlorate (LiClO4),
lithium hexafluoroarsenate monohydrate (LiAsF6), and lithium tetrafluorobo-
rate (LiBF4) [6].

The battery separator is a porous sheet placed between the negative and
positive electrodes in a liquid electrolyte, a gel electrolyte, or a molten salt
electrolyte. Its function is to prevent physical contact of the negative and
positive electrodes while serving as an electrolyte reservoir to enable free ionic
transport.

A current collector is the key component of electron conduction between
the electrode materials and the external circuit in lithium ion batteries. As
the name implies, the function of current collector is assembling up current
from active materials to form a large current output, which should have a low
resistance.
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1.3 Silicon anodes: An overview

1.3.1 Advantage and challenge

Following the commercialization of lithium ion batteries in 1991, graphite and
other carbon materials have been used as anode materials. As electric devices
become increasingly lightweight, compact and multifunctional, the energy den-
sity of lithium ion batteries should be enhanced to achieve long operating times.
However, the lithium storage capacity (LiC6) has been limited to 372mAh·g−1

(or 830mAh · cm−3). This problem can be overcome by using anode materials
with a lager lithium storage capacity. Among the candidates as anode ma-
terials, Si and Sn have been considered as one of the most attractive anode
materials for lithium ion batteries.

Li can be electrochemically alloyed with a number of metallic and semi-
metallic elements in groups IV and V of the periodic table, such as Si, Sn,
Ge, Pb, P, As, Sb, and Bi [7, 8, 9], and also some other metal elements, such
as Al, Au, In, Ga, Zn, Cd, Ag, and Mg [10, 11, 12]. Comparison of several
anode materials including density, theoretical specific capacity, charge density,
volume change and onset potential for lithium insertion are tabulated as follows
in Table 1.1. In particular, C, Si and Sn have been studied extensively [13].

Other elements such as Al, Ge and Pb have low reversible efficiency re-
actions and high average working potentials, making them inappropriate as
anode materials. In this respect, Si is drawing attention as upcoming note-
worthy candidate for an anode material in lithium ion batteries owing to its
high theoretical specific capacity of ≈ 4, 200mAh · g−1 at fully lithiated state
of Li4.4Si and its low operating voltage of ≈ 0.4V (vs. Li/Li+) [14, 15, 16].
Moreover Si is also abundant, cheap, and environmentally benign.

These metals react with lithium at a specific voltage range during charg-
ing to become alloys and return to their original state when discharged, thus
allowing continuous reversible charge/discharge cycles. Reversible reactions oc-
cur upon alloying/dealloying with lithium unlike intercalation/deintercalation
reactions in graphite. The capacity per unit mass/volume of metal elements
known to form alloys with lithium (LixM) is shown in Fig. 1.3 [17].

The charge/discharge reaction mechanism of silicon anode is as follows at
room temperature [18, 19, 20]:

Discharge process:

Si(crystalline) + xLi+ + xe− → LixSi(amorphous)→ Li15Si4(crystalline)
(1.4)

Charge process:

Li15Si4(crystalline)→ Si(amorphous) + yLi+ + ye− + Li154Si4(residual)
(1.5)
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Table 1.1: Comparison of various anode materials for lithium ion battery including:
density, theoretical specific capacity, charge density, volume change
and onset potential for lithium insertion [13].

Materials Li C Li4Ti5O12 Si Sn Sb

Density (g ·cm−3) 0.53 2.25 3.5 2.33 7.29 6.7

Lithiated phase Li C Li7Ti15O12 Li4.4Si Li4.4Sn Li3Sb

Theoretical specific
capacity (mAh · g−1)

3862 372 175 4 200 994 660

Theoretical charge
density (mAh · cm−3)

2047 837 613 9,786 7246 4422

Volume change (%) 100 12 1 320 260 200

Potential vs. Li (∼ V ) 0 0.05 1.6 0.4 0.6 0.9

In the two-phase region during the lithiation process, crystalline Si becomes
an amorphous Li−Si alloy and the amorphous phase suddenly crystallizes as
a Li15Si4 phase when the potential of the Si electrode is around 50mV (vs.
Li/Li+) at room temperature [18, 21, 22]. There is another two-phase region
during the delithiation process, consisting of amorphous Si and residual Li15Si4
phase. In this context, the phase of each compound can be conjectured from
the phase diagram shown in Fig. 1.4.

Figure 1.3: Specific capacities of lithium metal alloys (charge capacity per unit
volume includes the change in volume after alloying with lithium) [17].
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Figure 1.4: (a) Si-Li equilibrium phase diagram [23] and (b) Si electrochemi-
cal lithiation and delithiation curve at room temperature and high
temperature. Black line: theoretical voltage curve at 450 ◦C. Red and
green line: lithiation and delithiation of crystalline Si at room tem-
perature, respectively [24].
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1.3.2 Approaches for improving Si anode performance

Despite attractive features of silicon as anode material, the practical use of
Si-based anodes suffers from poor capacity retention associated with its severe
volume change (∼ 320%) during Li insertion into and extraction from silicon.
This feature leads to cracking and pulverization of Si–based anodes induced by
the large mechanical stresses, resulting in a loss of electric contact and even-
tually capacity fading during cycling (see Fig. 1.5) [11, 12, 13, 21, 22, 23, 24,
25, 26, 27, 28, 29]. Moreover, the formation of a solid/electrolyte interphase
(SEI) at the interface layer between Si anode and electrolyte is an obstacle for
practical applications. Previous studies in which Si films and micro-sized par-
ticles are used as anodes in lithium batteries have shown large capacity fading
and short battery cycle life. The reason for this lies in the pulverization and
loss of electrical contact between the active material and the current collector
(see Fig 1.6) [18, 30, 31, 32]. Therefore, the main issue of improvement of Si
anodes cyclability is how to overcome the volume change problem.

Figure 1.5: Illustration of Si volume expansion from Si to the full-discharge state
of Li22Si5. During the whole charge and discharge process, the volume
of Si undergoes a volume change of about 320% [27].

Various approaches have been carried out to overcome this issue, includ-
ing the use of nano-sized active materials, active/inactive composite materials,
and siliconcarbon composites [28, 30, 34, 35, 36, 37, 38]. Cui and co-workers re-
cently published a seminal paper [33] that demonstrated that anodes comprised
of silicon nanowires (SiNWs) are able to accommodate large strain without
pulverization, and provide good electronic contact (see Fig. 1.6). One dimen-
sional (1D) nanomaterials such as nanowires and nanotubes have exhibited
the enhanced electrochemical properties compared to bulk materials. This is
because 1D nanostructures allow better accommodation of the huge volume
change without the physical fracture. In addition, 1D nanostructures provide
direct electronic path way allowing sufficient electron transport. Lastly, large
surface areas of nanostructures allow reactions between the lithium ion and
the silicon during cycling. Although this approach should show the enhanced
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Figure 1.6: Schematic illustrations for comparison of structural changes that oc-
cur in Si anodes during electrochemical cycling in the form of film,
particles and nanowires [33].

capacity and long cycle life for lithium ion batteries, the fast capacity fading
is still present and the lithium reaction mechanisms and morphology changes
are not yet fully understood. To understand the reasons for the poor cycling
stability of Si anodes, the fundamental understanding of the lithium reaction
mechanism and phase transformation during cycling should be investigated.
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1.4 The aim and outline of this work

The aim of this dissertation is to understand the fundamental reaction mech-
anism between lithium ions and one dimensional (1D) nanostructured silicon
as anodes, including deformation mechanism, mechanical stress caused by vol-
ume change, fracture of electrodes, and a good way to improve in lithium ion
batteries.

After the motivation of the study in this chapter 1, chapter 2 demonstrates
the mechanism of nanostructured Si fabrication, including the metal-assisted
chemical etching (MaCE) and inductively coupled plasma reactive ion etch-
ing (ICP-RIE). The electrochemical analysis and measurement methods for
lithium ion batteries are described.

In chapter 3, SiNWs prepared by MaCE are applied as anode material for
lithium ion batteries, and investigated by the electrochemical measurements
including cyclic voltammetry, charge/discharge cycling, and the material char-
acterization of Li-Si alloys such as XPS, TEM, SAED, and EELS analysis.

Chapter 4 demonstrates the structural and electrochemical properties of a
new type of well-ordered 1D nanostructured black silicon (b-Si) fabricated by
ICP-RIE process as an anode material for rechargeable lithium ion batteries.
The lithium storage characteristics and the morphology change of the b-Si elec-
trode are investigated, and the critical factors influencing the charge/discharge
(lithiation/delithiation) behavior are discussed.

Chapter 5 discusses the potential of a fully CMOS-compatible technology
for metal-coated 1D silicon nanostructures using MaCE and ICP-RIE, and
successive coating by metal magnetron sputtering. For comparison and evalu-
ation of metallic additive materials, gold (Au) as a representative active metal
material and copper (Cu) as an inactive metal material are used, respectively.
Discussions including specific capacity, capacity retention, and cycle life of
metal-coated silicon nanostructures compared with pristine silicon nanostruc-
tures will be presented.

Chapter 6 is the conclusion of this dissertation, including characteristics of
the 1D SiNWs anodes prepared by MaCE and ICP-RIE, respectively, and elec-
trochemical properties as Si anode material for lithium ion batteries. Several
suggestions and recommendations are proposed for the improvement of future
work in lithium ion batteries, covering high specific capacity, long-term cycle
life, and stable capacity retention for practical application.



Chapter 2

Experimental and Technical
Methodologies

In this chapter, I discuss methods for nanostructured Si fabrication via metal-
assisted chemical etching (MaCE) and inductively coupled plasma reactive
ion etching (ICP-RIE) techniques, and introduce electrochemical analysis and
measurement methods with battery cell setup for lithium-ion batteries.

2.1 Fabrication methods for nanostructured

silicon

2.1.1 Introduction and mechanism of metal-assisted
chemical etching (MaCE)

Introduction The wet etching into bulk Si substrates can give a nano-
and micro geometrical Si structure, which is a relatively easy and econom-
ical method. The resulting structure has a high aspect ratio comparable to
the Si dry etching which needs generally expensive vacuum equipment. Hence,
the metal-assisted chemical etching (MaCE) method is a simple and low-cost
approach to fabricate the silicon nanowires (SiNWs) with designable doping
grade. The MaCE method proposed by Peng and co-workers can fabricate
SiNWs by electroless etching in hydrofluoric acid solutions with metal cata-
lysts [39, 40, 41, 42, 43]. MaCE method can generally be classified into two
types: one-step (MaCE-I) and two-step (MaCE-II) reactions. Fig. 2.1 shows
the schematic diagrams of MaCE-I and MaCE-II. Both MaCE procedures are
composed of two processes: a metal catalyst involving noble metals (e.g., Au,
Ag or Pt) or coinage metals (e.g., Cu, Ni) is deposited partly onto Si sub-
strate, followed by electroless etching of silicon derived by the metal catalysts.
As a result, the detail geometries of silicon structures depend on the initial
morphology of metal catalysts.

12
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In this work, I focus on the etching reactions on the basis of MaCE-I. As for
MaCE-I, only second etching processes occur sequentially in etching solutions,
and the generation of SiNWs is much faster than MaCE-II using H2O2 as the
oxidant.

Figure 2.1: Schematic diagrams of the fabrication process for SiNWs via MaCE. (a)
One-step (MaCE-I) and (b) two-step (MaCE-II) reaction processes.

Mechanism The reaction mechanism is a complex electrochemical process
even though MaCE-I consists of a one-step reaction only. The SiNWs are
produced by immersing the Si wafer into an aqueous solution with hydrofluoric
acid and silver nitrate (HF/AgNO3). A spontaneous reduction of Ag ions and
oxidation of silicon takes place [44, 45, 46, 47]. The nucleation of Ag+ ions
preferentially occurs at the Si surface. An Ag ion in the environs of the Si
substrate captures an electron from Si, leading to the reduction of the Ag+ ion
consuming only one electron (eq. 2.1). Afterwards, silicon is oxidized to SiO2

(eq. 2.2), which is dissolved by HF (eq. 2.3). The excess oxidation is permissible
to accumulate electrons on the nuclear surfaces and electrically drive Ag+ ions
toward the nuclei for reduction. Hereby, consequent reaction brings about the
growth of Ag particles. The reactions repeatedly take place, resulting in a
downwards motion of the Ag particles into the Si substrate. Therefore, Ag+

ions are reduced and formed consistently in a dendrite layer and amassed on
the top of SiNWs, which lead to repetitive and successive reaction.

This mechanism can be possible because the reduction potential of Ag+/Ag
is more positive than the flat band potential of silicon. The cathodic reaction
for Ag reduction and anodic reaction for silicon oxidation are as follows [42, 48]:

Ag+ + e− −→ Ag E0 = +0.79 (V vs. SHE) (2.1)

Si+ 2H2O −→ SiO2 + 4H+ + 4e− E0 = −0.84 (V vs. SHE) (2.2)
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In addition, silicon oxides are etched by HF and dissolved in solution:

SiO2 + 6HF −→ H2SiF6 +H2O (2.3)

The Ag particles sinking direction governs the crystalline structure and
surface orientation of the as-generated SiNWs [44, 49, 50]. As a result, highly-
ordered SiNW arrays are created on the Si substrate (see Fig. 2.2).

Figure 2.2: Schematic representation of the formation of highly-ordered SiNWs
on the Si substrate in aqueous HF/AgNO3 solution (MaCE-I).
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2.1.2 Introduction and mechanism of inductively cou-
pled plasma reactive ion etching (ICP-RIE)

Introduction The dry etch can be associated with the use of plasma re-
actions. Plasma etching techniques are one of the essential cornerstones of
modern semiconductor fabrication [51, 52, 53]. These etching systems are rou-
tinely employed in industry for fabrication of integrated circuits and micro-
electromechanical systems. In general, plasma etching is done by ionizing a
gas mixture to obtain ions reacting with the target material. The process de-
pends, of course, on its parameters, such as gas flow, pressure and R.F. power.
The balance between gas flow and R.F. power controls the ionization rate of
the gases, while a higher pressure increases the probability of ions to get in
contact with the target material. Also note that the gases flows control the
rate at which products are evacuated from the chamber [54].

In this section, I describe the application of plasmas including etching and
depositing methods to fabricate the nanostructured silicon. All these processes
rely on the reactive ion etching (RIE). For treating Si and SiO2 substrates it
is used usually with the inductively coupled plasma (ICP) (see Fig.2.3).

Figure 2.3: Schematics of the inductively coupled plasma reactive ion etching
(ICP-RIE).
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Mechanism The ICP-RIE chemistry is based on the well-known Bosch pro-
cess [55, 56, 57], wherein deep reactive ion etching (DRIE) is an extension of
RIE to indicate that the etching is anisotropic and can be used to etch pattern
very deeply in the substrate. In order to achieve deep etches in silicon, two
basic etch requirements must be met, which is the temporal separation of the
etching and deposition reaction. This idea was first described by Tsujimoto et
al. in 1986 for etching of tungsten or silicon using SF6 [58]. Later, this tech-
nique was applied for the etching of silicon, using SF6 as etching gas and CHF3

as deposition gas [59, 60]. The principle of this etching technique is depicted
in Fig. 2.4.

At first a deposition step,

(1) Polymer deposition: passivation layer is deposited, resulting in nothing
or only little ion induced polymerization. The process gases used are a
mixture of CHF4 and CH4.

After this step, alternating plasma steps continue as the etching cycle:

(2) Polymer removal (sputtering): the polymer layer has to be removed at
the bottom using gas mixture of SF6, Ar and O2.

(3) Etching (RIE): etching of silicon proceeds at the bottom of trench. These
process conditions are usually the same as the polymer removal step.

Since the process gases required for the deposition and the etching cycle
are different, they are continuously switched during the complete recipe or
process. This DRIE of the process gases is one major distinction to conventional
continuous-flow etching techniques, where the process gas mixture is constant
during the complete etching process, and is the reason for its special name:
gas chopping etching technique.



2.1 Fabrication methods for nanostructured silicon 17

Figure 2.4: Schematic diagrams of the fabrication process for deep black silicon
via the inductively coupled plasma reactive ion etching (ICP-RIE)
method.
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2.2 Battery cell setup

The wafer–scale nanostructured Si is cut into small pieces of suitable size and
cleaned to remove oxides and impurities using a dilute hydrofluoric solution
(see Fig. 2.5). To investigate the electrochemical properties of the nanostruc-
tured Si as anode, a lithium–ion half-cell is set up as a typical three-electrode
cell (Swagelok cell) with excess electrolyte, nanostructured Si with 10mm–
diameter pieces as working electrode and a lithium foil as reference and counter
electrode. A glass fiber (GF) separator is placed between the two electrodes.
The back of the working electrode is placed in mechanical contact with the
copper foil as a current collector, with no binder or conducting material. The
reason for this is to investigate the effect of pure silicon only upon lithia-
tion/delithiation (see Fig. 2.6). All of the Swagelok R⃝ cells are assembled and
disassembled in an argon-filled glove-box (< 0.1 ppm oxygen, SylaTech GmbH)
at room temperature. The electrolyte is 1M LiPF6 (lithium hexafluorophos-
phate) dissolved in 1:1 (w/w) mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) (Merck).

In this work, all specific capacity data of charge and discharge are normal-
ized by the geometric anode surface area that is exposed to the electrolyte.
Thus, the current density is based on the average active material per anode
area (µA · cm−2). In addition, the discharge sequence represents lithiation due
to silicon anode cell.
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Figure 2.5: Images of materials: copper foil (current collector), nanostructured Si
(working electrode), glass fiber (separator), and Li foil (counter and
reference electrode).

Figure 2.6: Scheme for self-designed Lithium-ion cell and Swagelok R⃝ cell.
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2.3 Electrochemical analysis methods

2.3.1 Cyclic voltammetry

In describing batteries, cyclic voltammetry is a key electrochemical analysis
method, giving information on the current available at any given cell volt-
age [61, 62, 63]. The voltage is swept between two values at a constant scan
rate, however when the voltage reaches V2 the scan is reversed and the volt-
age is swept back to V1, as is illustrated in Fig. 2.7(a). Therefore, the scan
rate, (V2-V1)/(T2-T1), is a critical factor, since the duration of a scan must
provide sufficient time to allow for a meaningful chemical reaction to occur.
Thus, a low scan rate is recommended for detailed analysis of electrochemi-
cal reactions. Cyclic voltammetry repeats the same experiment for each cycle.
Current-voltage curves obtained from cyclic voltammetry are different from
liner plots, providing information on redox reactions occurring within the cell,
including (1) potential, (2) quantity of electricity, (3) reversibility and (4) con-
tinuity. The scan rate alters depending on the purpose of experiments.

Fig. 2.7(b) is a typical cyclic voltammogram showing changes in current
with varying applied potential. Oxidative reactions are induced by the anodic
current when the scan direction is (+), while reductive reactions occur for
(−). At sufficiently oxidizing or reducing potentials, where the ratio of electron
transfer between the electrode and the redox species in solution is sufficiently
fast, the Faradaic current is controlled by the rate of diffusion to the electrode.
Hence, for the reversible reduction of redox species O and R, respectively

O + ne− ←→ R (2.4)

Therefore, it is possible to gain an estimate for the electron transfer rate
constants by analyzing the variation of peak position as a function of the scan
rate.

2.3.2 Galvanostatic methods

In general, the galvanostatic charge-discharge technique is widely used for char-
acteristic of active materials in the electrochemical analysis method. When an
electrochemical cell is assembled, this method can accurately provide the per-
formance evaluation of active materials and the result data is based on reaction
characteristic of active materials used in Lithium–ion batteries. The parame-
ters are discharge curve, charge curve, coulombic efficiency, and cycle life. The
discharge and charge curves are another important feature of battery system
in determining the specific capacity and efficiency. The current rate can also
have a significant effect on the performance of the battery system.
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Figure 2.7: (a) Cyclic voltammetry potential function and (b) schematic diagram
of a typical current-voltage cycle.

Cycle life Cycle life is the numbers of charge and discharge cycles that a
battery can achieve before its capacity is depleted. A high performance battery
should be able to maintain its capacity even after thousands of charge and
discharge cycle. The cycle life of lithium ion batteries strongly depends on
the structural stability of electrode active material during the charging and
discharging process. Irreversible capacity, which is the amount of charge lost,
is usually observed after the first cycle and results from the formation of a new
layer at the interface of electrode and electrolyte such as a solid/electrolyte
interphase (SEI).

Discharge curves The discharge curve is a plot of the voltage against the
percentage of the capacity discharged. A flat discharge curve is desirable as this
means that the voltage remains constant as the battery is used up. Repeated
cycles affect the discharge characteristics of a battery, allowing the discharge
curve to take various forms depending on discharge conditions, electrical prop-
erties, and other measurement variables. With the same battery consisting the
same materials and cell design, various discharge curves can be produced ac-
cording to measurement conditions. It is essential to compare these discharge
curves to obtain a more accurate understanding of battery properties. The
typical discharge curves of batteries are shown in Fig. 2.8.

In this work, galvanostatic charge-discharge measurements for the nanos-
tructured Si electrode are performed using a battery testing system (Neware
Co., Ltd.).
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Figure 2.8: Comparison of the different discharge curves. The X axis shows the
cell characteristics normalized as a percentage of cell capacity so that
the shape of the graph can be shown independent of the actual cell
capacity [64].
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2.4 Characteristic analysis methods

2.4.1 Scanning Electron Microscopy (SEM)

Morphology characterizations of nanostructured Si electrodes are investigated
by using scanning electron microscopy (SEM, JEOL–6700F) as well as field-
emission scanning electron microscopy equipped with energy-dispersive spec-
troscopy (FE-SEM/EDX, Hitachi S-4300).

2.4.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an imaging method whereby a
beam of electrons is transmitted thorough an ultra-thin specimen, interacting
with the specimen as it passes through. Therefore, TEM is a useful tool in
material characterization and nanotechnology, which can provide nanometer
scale high-resolution images for crystal lattices and atomic layer structures.
From TEM, bright field (BF) images, dark field (DF) images, and selected
area electron diffraction (SAED) patterns can be obtained.

An SAED aperture is used to observe diffraction patterns in a limited
area. By restricting the observation region, diffraction patterns seen on the
fluorescent plane correspond to the selected area only. In addition, electron
energy-loss spectroscopy (EELS) is an analytical technique that measures the
change in kinetic energy of electrons after they have interacted with a specimen.
When carried out in a modern TEM, EELS is capable of giving structural
and chemical information about a solid, with a spatial resolution down to the
atomic level in favorable cases.

The microstructures and crystallographic orientations of nanostructured Si
are evaluated by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM, FEI Titan 80-300) and field-emission transmis-
sion electron microscopy (FE-TEM, JEOL JEM-2100F) equipped with SAED
and EELS analysis.

2.4.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a technique used to characterize the crystallographic
structure, crystallite size (grain size), and preferred orientation of a polycrys-
talline or solid specimen.

XRD patterns of the specimens are obtained the device from RIGAKU
company, D/MAX-2200V/PC with Cu–Kα radiation. The instrument is fully
automated at room temperature and operates in conjunction with a compre-
hensive database.
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2.4.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is performed by irradiating the speci-
men with a beam of X-ray and measuring photoelectrons emitted by the mate-
rial. Each element produces a characteristic set of XPS peaks at characteristic
binding energy values, which gives direct evidence of each element that exists
in or on the surface of the active material being analyzed. Thus, XPS analysis
has been widely applied to investigate the silicon surface and SEI chemical
composition.

XPS characterization for specimens is carried out via an Axis Ultra instru-
ment (Kratos Analytical). XPS spectra are obtained with a monochromatic
Al–Kα X-ray source. Survey scans and high-resolution photoelectron spectra
of the F 1s, O1s, C 1s, and Si 2p peaks are acquired with a pass-energy of
20 eV in hybrid (electrostatic and magnetic lens) mode with a slot aperture.



Chapter 3

Silicon Nanowires (SiNWs) as
Anode Material

In this chapter, I present the fabrication for well-oriented silicon nanowire ar-
rays (SiNWs) on Si substrate via one-step MaCE and study their potential
as anodes for lithium-ion batteries. In Section 3.1, the fabrication and char-
acterizations of as-prepared SiNWs electrodes are shown. Afterwards, the gal-
vanostatic charge/discharge cycles of SiNWs electrodes related to lithium-ion
insertion and extraction electrochemically are demonstrated in Section 3.2.
Furthermore, the fundamental phenomenon of the reaction between lithium
ions and silicon at the initial stage of lithiation is investigated in more depth.
These researches can provide a better understanding of the electrochemical
process Li-Si system for lithium-ion batteries using nanostructured Si, and
may support an optimal design of nanostructured Si electrodes to increase the
efficiency and cycle life of lithium-ion batteries.

3.1 Experimental

3.1.1 Silicon nanowires (SiNWs) fabrication via MaCE
method

Single crystal, n-type Si (100)-oriented wafers, 525µm in thickness, with a re-
sistivity in the range of 1−5Ω·cm were used in this work. Highly ordered silicon
nanowire arrays (SiNWs) were fabricated via the one-step MaCE method con-
sisting of aqueous hydrofluoric acid (49% HF) and silver nitrate (0.1M AgNO3)
solutions in a 1:1 volume ration mixed at room temperature (≈ 25 ◦C). Follow-
ing electroless etching, the species were treated in de-ionized (DI) water and
then they were immersed in a nitric acid (HNO3) aqueous solution to dissolve
the metallic silver dendrites from the SiNWs electrode. After that, the Si sam-
ples were rinsed with DI water and dried by nitrogen (N2) gas blowing. Lastly,

25



26 3. Silicon Nanowires Anode

the wafer scale SiNWs were cut into small pieces of suitable size (dia. 10mm)
and dipped into diluted HF solution to remove the oxide and impurities.

Fig. 3.1 shows the 4-inch Si wafer before and after the one-step MaCE
method. The SiNWs are formed uniformly on the Si substrate, which changes
color during the MaCE process. To further elucidate the SiNWs fabrication
according to the different etching time, Si substrate is etched in the same
amount of aqueous solution containing 49% HF and 0.1M AgNO3 (1:1 v/v)
from 5 to 240min.

By SEM observation, the SiNW lengths are obtained and plotted in Fig.
3.2. The Ag nanoparticle penetration depth increases linearly with time at
a rate of about 1µm/min till about 50min. After that, the etching velocity
drops gradually by half (about 0.5µm/min) after 60min. It is probably due to
the exhaustion of metal (Ag) catalyst in the etchant and the thick metal (Ag)
layer on the top of SiNWs. Furthermore, the SiNWs growth rate of one-step
MaCE is much faster than that of two-step MaCE (about 0.4µm/min) [43].
The remnant of Si substrate can be etched when there is ample etchant during
etching.

Figure 3.1: A photo with reflections of 4-inch Si wafer before and after one-step
MaCE process.

3.1.2 Silicon nanowires (SiNWs) properties

The typical SEM images of SiNWs by the one-step MaCE method are shown in
Fig. 3.3(a), (b), showing uniform long SiNWs. Sufficient free space between
nanostructures for the large volume change during cycling is shown in Fig.
3.3(a). Furthermore, Fig. 3.3(b) shows the cross-section details of the SiNWs:
All SiNWs with a length of 28µm are distinguishable and most of them are
vertically aligned on the Si substrate. The vertical direction of the SiNWs is
(100), which is perpendicular to the original Si wafer surface used. As-prepared
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Figure 3.2: Fabricated SiNWs length versus etching time for n-type Si wafer. The
etching is conducted in the same amount of aqueous solution in 48%
HF + 0.1M AgNO3 (1:1 v/v).

SiNWs are a component of the Si substrate and therefore have direct electric
pathways via the Si substrate allowing efficient charge transport. As confirmed
by TEM observation as shown in Fig. 3.3(c), the surface of the SiNWs is
somewhat rough and the diameters of the SiNWs range from 50 to 200 nm
caused by the distribution of silver catalyst [65]. These nanowires are single
crystalline, retain the electrical characteristics and crystallographic orientation
of the original Si substrate.

The energy-dispersive X-ray spectroscopy (EDX) analysis of the SiNWs
(see Fig. 3.4(a)) proves that the SiNWs are composed of Si with a small
amount of oxygen, which is attributed to the surface oxidation covering the
nanowires. The X-ray diffraction (XRD) pattern of the SiNWs is shown in
Fig. 3.4(b). It can be seen that the only peak at 69.82 ◦ attributed to the
SiNWs is completely indexed as (400) of the standard cubic phase silicon,
according to Ref. [66], which indicates the axes direction of the SiNWs has
a preferred orientation of [100]. Furthermore, no diffraction peaks from SiO2

or any impurities are detected, indicating the high purity of the as-prepared
SiNWs electrode.
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Figure 3.3: SEM images of silicon nanowire arrays (SiNWs) prepared via metal-
assisted chemical etching, (a) top view and (b) cross-sectional view.
(c) TEM image of a single silicon nanowire.

Figure 3.4: (a) EDX spectrum and (b) XRD patterns corresponding to as-prepared
SiNWs.



3.2 Results and Discussion 29

3.2 Results and Discussion

3.2.1 Electrochemical investigation of SiNWs anodes

The SiNWs electrode on Si substrate is tested in a lithium-ion half-cell. A cyclic
voltammogram (CV) of the SiNWs electrode in the potential range from 0.01
to 2.0V (vs. Li/Li+) at a scan rate of 0.5mV s−1 is shown in Fig. 3.5. The first
cycle profile has only one broad peak at about 0.6V during the first discharging,
which is associated with the formation of a solid/electrolyte interphase (SEI)
on the surface of the SiNWs induced by the reduction of the electrolyte. In
general, a SEI layer is considered to be formed during the first discharging
in the potential range of 0.5−0.7V [33]. Subsequent cycles do not show the
same peak. Following the SEI formation, the redox pair peaks appear, which
shows the phase transition of Li−Si phase upon Li insertion into and extraction
from the crystalline Si, respectively. A big discharge current peak indicating a
large double-layer capacity caused by the big surface area starts at 0.12V and
charge current peaks emerge at 0.35 and 0.52V. Such redox behavior of the
SiNWs electrode is consistent with lithiation/delithiation of microstructured
Si electrodes due to the cycling rate, the electrolyte type, and the shape of
SiNWs [28, 67, 68, 69]. The same redox peaks appear from the 1st cycle until
the 50th cycle, reflecting that the same procedure takes place in all cycles. In
addition, the increasing intensity of the redox peaks could be associated to the
gradual activation of the SiNWs to react with lithium ions because CV profile
meaning active surface area of SiNWs electrodes increases according to cycles.

The images of SiNWs electrode before and after CV experiment are shown
in Fig. 3.6. The SiNW electrode clearly shows a transformation caused by the
SEI formation and amorphization. To further elucidate the change of SiNWs
electrode, the cycled SiNWs electrode is investigated by XRD analysis (see Fig.
3.7(a)). It can be seen that new peaks, (111), (220), (311), and (331), relating
to new crystalline Si structures are detected. These crystalline Li-Si phases
indicate the Li-trapping in silicon, leading to significant irreversible capacity
loss even though original Si has a highest theoretical specific capacity. Through
SEM observation, it confirms the deformation of SiNWs including the SEI
formation caused by electrolyte decomposition, and structure transformation
induced by amorphization (see Fig. 3.7(b)).

The SiNWs electrode is cycled in the potential range from 0.1 to 2.0V (vs.
Li/Li+) for 70 consecutive cycles at a current density of 50µAcm−2. The lower
cutoff voltage should be above 0.06V to prevent the formation of the crystalline
Li15Si4 phase and to maintain the two-phase region composed of amorphous
silicon and crystalline silicon [20, 70, 71]. The discharge/charge profiles for the
SiNWs electrode are shown in Fig. 3.8(a) from the first cycle until the fifth
cycle. The SiNWs electrode provides a capacity of 636.5µAhcm−2 during the
first discharge and had a charge capacity of 304.0µAhcm−2 with an initial
coulombic efficiency of 47.8%. This high irreversible capacity loss of 52.2%
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Figure 3.5: Cyclic voltammogram for the SiNWs electrode between 2.0 and 0.01V
(vs. Li/Li+) at a scan rate of 0.5mV s−1.

in the first cycle may be mainly due to the formation of a SEI layer on the
surface of SiNWs electrode, resulting in the irreversible lithium insertion into
the crystalline SiNWs. The discharge/charge capacity versus cycle number for
the SiNWs electrode is shown in Fig 3.8(b). It is observed that the discharge
capacity of the SiNWs electrode drops drastically within a few cycles. However,
after the initial capacity drop, the capacity profile is comparatively stable with
a high coulombic efficiency, confirming that the initial lithiation/delithiation
cycles play a major role in the following or overall cycle performance of Si
electrode.

The cycled SiNWs electrodes are investigated in order to understand the

Figure 3.6: Photograph of the SiNWs electrode before and after CV experiments.
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Figure 3.7: (a) XRD patterns comparison before and after CV experiment and
(b) top-view SEM image measured for the cycled SiNWs electrode.

transformation of the morphology of SiNWs through cycling. Fig. 3.9 shows
SEM images of a SiNWs electrode after 70 cycles. It is observed that most
SiNWs retains much of the original structure in spite of the repetitive large
volume change during lithiation/delithiation cycles. Moreover, the thick SEI
layer is formed mostly on top of SiNWs in comparison with the middle and
bottom region of SiNWs (see Fig. 3.9(b)). Basically, Li-ions would be in-
corporated into the Si substrate, leading to local fracture and failure during
cycles. Fig. 3.9(c), however, shows that Si substrate is not involved in lithia-
tion/delithiation. One possible reason is the limited penetration of the viscous
electrolyte into long Si nanostructures, despite the strong capillary effect [68].
Consequently, the available surface of the long Si nanostructure is only par-
tially active.

This is confirmed by TEM observations. Fig. 3.10 shows the TEM images
of the cycled SiNWs electrode (after charging to 2.0V). It shows that the
cycled SiNWs electrode is comprised of virtually non-transformed crystalline
SiNWs despite continuative cycles (see Fig. 3.10(a)) and totally transformed
amorphous SiNWs as indicated by the amorphous rings in the SAED (see Fig.
3.10(b)). It suggests that only a part of the pristine SiNWs of the electrode
do react with lithium ions during lithiation/delithiation cycles. This means
that the surface charge of individual SiNWs is clearly different. One possible
reason is the various degrees of individual SiNWs dimensions. But this is not
the case for our electrodes: All SiNWs have a similar diameter around 100 nm.
Actually, we have figured out an approximate distribution profile of cycled
SiNWs in TEM sampling. The amount of changed SiNWs is about 60%. That
is because the LiSi phase is usually formed by lithium ion transfer to the
stronger electric charged regions of nanowires at the initial stage of lithiation.
Thus, the formation of the LiSi phase is different depending on the surface
charge distribution in the individual SiNWs. At the initially lithiation, the
reaction between lithium ions and silicon is not only limited to a thin layer
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Figure 3.8: (a) Galvanostatic charge/discharge profile of the SiNWs electrode
between 0.1 and 2.0V (vs. Li/Li+) at a constant current density of
50µAcm−2. (b) Plot of coulombic efficiency and charge/discharge ca-
pacity of the cell vs. cycle number for the SiNWs electrode.
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Figure 3.9: (a) SEM images of the SiNWs electrode after 70 cycles (the cell was
delithiated to 2.0V). High-resolution SEM images of (b) top and (c)
bottom of the SiNWs corresponding to (a).

induced by the lithium diffusion near the electrolyte interface but also limited
by the electrons provided from crystalline SiNWs core. Upon the subsequent
lithiation, Li-ions prefer amorphous Si instead of crystalline Si to form the
Li−Si phase, probably because of the homogeneous volume expansion and
higher reactive potential (≈ 220mV ) of amorphous Si [18, 72, 73].

This means a significantly diminution of the available surface area of cycled
SiNWs in spite of its original large surface area. Consequentially, the cyclability
of SiNWs electrode is in fact determined at the initial lithiation/delithiation
cycles depending on how much crystalline Si could be converted into amor-
phous Si. In addition, the structural deformation of cycled SiNWs consisting
of amorphous and crystalline Si is much less intense, and only a little fragmen-
tation is observed despite the progressive volume change.

3.2.2 Lithium intercalation in individual SiNWs

In the interest of observing the formation of Li−Si phase, the morphology
change of individual SiNWs at the first cycle is investigated because the first
lithiation in individual SiNWs plays a quite important role in Li−Si cells as
mentioned above. The first discharge/charge profile of the SiNWs electrode
lithiated at a low constant current density is shown in Fig. 3.11. The electrode
is lithiated at 25µAcm−2 for 25h to ensure the complete reaction between the
lithium ions and all SiNWs on the electrode, followed by delithiation at the
same flux to the upper limit potential of 2.0V (vs. Li/Li+). During discharging
(lithiation), a peak of SEI formation is detected at the potential of about 0.6V
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Figure 3.10: TEM images of the SiNW electrode after 70 cycles (the cell was
delithiated to 2.0V). (a) non-transformed SiNW, (b) totally trans-
formed SiNW. The corresponding SAED patterns are shown in the
insert of the figures.

(see Fig. 3.5), and the first lithiation of silicon begins at 0.15V after about 4h.
Subsequently, a voltage plateau at about 0.1V appears, which corresponds to
the alloying of lithium ions with SiNWs. After the first discharging, the sub-
sequent charge process (delithiation) is taking place in the linear regime of
0.3−0.5 V, reflecting the de-alloying of lithium ions from SiNWs. The SiNWs
electrode provides an initial coulomb efficiency of 67.2% at the first cycle.

Figure 3.11: Voltage profile as a function of time during lithiation (discharging)
and delithiation (charging) of the SiNWs electrode at the first cycle
with low constant current density (25µAcm−2).
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Fig. 3.12(a) shows a TEM image of a single SiNW at the end of lithia-
tion. In comparison with an as-prepared single SiNW (see Fig. 3.3(c)), the
morphology becomes clearly rough, most likely due to the amorphization in-
duced by volume expansion after lithium insertion. Fig. 3.12(b) shows a high-
resolution TEM image of the SiNW sidewall corresponding to Fig. 3.12(a).
It is noted that the crystalline Si of the sidewalls is converted into an amor-
phous lithiated phase of about 10 nm in thickness, resulting in the revelation
of obvious phase boundary between crystalline and amorphous phase as well.
It also confirms that the phase transition takes place at different rates of reac-
tion near the electrolyte interface due to the different surface charge of SiNWs,
even if the lithium injection into silicon is constant. Thus, the lithiated SiNWs
are composed of a crystalline Si core and an amorphous Li−Si alloy shell with
various thicknesses. Consequently, the initial surface charge distribution would
determine the formation of Li-Si phase related to overall cycle performance,
involving previous studies [74].

Figure 3.12: (a) TEM images of lithiated single SiNW. (b) High-resolution TEM
image of the sidewall on lithiated single SiNW. The corresponding
SAED pattern in c-Si regime is shown in the insert of the figure.
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In order to figure out the surface reaction during the first lithiation/delithia-
tion, the surface composition of SiNWs electrode is determined using X-ray
diffraction (XPS) analysis. As shown in Fig. 3.13, the high-resolution spec-
tra for the C (1s), Si (2p), O (1s), Li (1s) and F (1s) peaks are investigated
concerning lithiated and delithiated SiNWs compared to pristine SiNWs, re-
spectively.

In general, the SEI layer on silicon electrode is considerably different from
thin layers typically formed on carbon electrodes. The main reason is that the
silicon surface has vigorous reaction to electrolyte than carbon, resulting in
the formation of a multi-compound SEI compound. The C (1s) spectra show
increased peaks at lithiation/delithiation stages. In particular, the peaks of
O−C=O at 289.9 eV increase significantly in comparison with pristine SiNWs,
probably due to the formation of a SEI. For such a reason, the Si (2p) and O
(1s) spectra of lithiated SiNWs decrease significantly, indicating that SiNWs
surface is covered by the SEI.

In addition, fluoride has derived from electrolyte reduction such as PF6
−,

which causes formation of silicon fluorides. The Li (1s) and F (1s) spectra prove
the production of LiF or other fluorinated species. These results may lead to
irreversible reactions with fluorine and thus a capacity fading. And finally, such
an electrolyte decomposition reaction leads to a higher the consumption of Li
ions and a higher production of silicon compound. This hinders the Li ions
transport, resulting in further capacity fading.
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Figure 3.13: High-resolution X-ray photoelectron spectroscopy (XPS) spectra
of SiNWs electrodes at the lithiation/delithiation stages of the first
cycle compared with a pristine SiNWs electrode. All electrodes were
exposed to ambient conditions for about 10min.
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Table 3.1: Comparison of XRD spectra peak positions (eV) of C, Si, O, Li and F
of pristine, lithiated and delithiated SiNWs at the first cycle, respec-
tively.

C 1s Si 2p O 1s Li 1s F 1s

pristine SiNWs 285.16 99.38 / 103.38 532.45 − −

Lithiation 285.05 / 289.88 − 531.61 55.39 684.77

Delithiation 285.18 / 289.78 99.28 / 103.08 532.01 55.40 685.01

The lithiation at the high C-rate is investigated as well. Fig. 3.14(a)
shows a TEM image of a lithiated single SiNW after the SEI layer is removed
by dissolution in acetonitrile. Lithiation experiment is performed at a higher
constant current density of 100µAcm−2 for 24h. A similar phenomenon is
detected as in the previous lithiation experiment at low current density: The
sidewall morphology of lithiated SiNW becomes rather rough and its volume
is expanded. Furthermore, a thick amorphous lithiated phase of 20−40 nm is
formed. The bonding state and chemical composition of the lithiated single
nanowire are investigated by electron energy loss spectroscopy (EELS) in Fig.
3.14(b). The detected peaks are situated around 56.5 and 101 eV, indicating
the presence of Li and Si, respectively. The EELS spectra show that the Li K–
edge comes out remarkably around 56 eV and then the Si L2,3–edge diminishes
(onset at ≈ 99 eV) [75].

Figure 3.14: (a) TEM image of the lithiated SiNW at a constant current density
of 100µAcm−2. (b) EELS spectra corresponding to (a).
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The results are consistent with the high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image of the lithiated
SiNW as shown in Fig. 3.15(a). This clearly shows that an untransformed
crystalline silicon core in the central bright region is surrounded by the lithi-
ated amorphous silicon shell in the outer wing of the lithiated SiNW. This is
probably due to deficient electron transport through the Li−Si alloy shell or
poor electrical conductivity of the crystalline Si core induced by the charge
starvation on the surface of the SiNW [76, 77]. Fig. 3.15(b) shows an EELS
spectrum at the edge and core of the lithiated SiNW corresponding to Fig.
3.15(a).

At the core of the lithiated SiNW, a strong peak of Si L2,3–edge at 99.5 eV
is detected, followed by a broadened region. The EELS spectrum obtained
at the edge of lithiated SiNW (Li−Si alloy shell) includes elemental silicon
peaks at 99.2 and 107.7 eV, referring to Si and SiOx, respectively. Moreover,
another two resonances are lightly present at 110.7 and 119.5 eV marked by
(↓). The amorphous SiOx can be essentially described by the characteristic of
the spectrum from the near edge of SiO2 [78]. This indicates that the Li−Si
alloy shell is a mixture of amorphous and crystalline Si. This amorphous SiO2

phase in the outer wing could gradually interrupt the lithium ions movement
and electron transport during cycles. Therefore, the formation of Li−Si alloy is
hindered, leading to a fast capacity fading and a poor cycle life [79]. The EELS
studies at the high C-rate also confirm that the lithiated SiNWs are composed
of a crystalline Si core and an amorphous lithiated Si. In particular, Li−Si alloy
shell contains a certain amount of amorphous silicon oxide. However, the exact
amorphous/crystalline silicon ratio in the Li−Si phase is not known during the
first lithiation because the detail atomic structure could not be obtained from
the amorphous phase. Therefore, the understanding of their mechanical stress
and phase transition will require further work and discussion of the lithiation
reaction in the silicon.
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Figure 3.15: (a) High angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) image of the lithiated SiNW. (b) Electron
energy loss spectra (EELS) obtained at edge and center corresponding
to (a).
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3.3 Summary

In this chapter, the experimental studies on lithium-ion battery applications
were shown using the SiNWs electrode prepared via direct metal-assisted
chemical etching of silicon wafer. The observation shows that the SiNWs elec-
trode, having good conductivity and large surface area, can maintain its struc-
ture during the Li−insertion and extraction processes. However, it does not
reach the high theoretical specific capacity of silicon material during long-term
charge/discharge cycles. Only part of as-prepared SiNWs was transformed into
amorphous SiNWs after continuative cycles, resulting from the different surface
charge distribution in the individual SiNWs. Therefore, all SiNWs of the elec-
trode should be activated to increase the specific capacity and cycling stability.
Consequently, a silicon anode should be of nano-size structure, but also have
the uniform surface charge distribution to achieve performance enhancement.
By doing this, it would lead to better transport and electrical conductivity
between lithium ion and silicon structure.

In addition, the lithiation and delithiation process was analyzed in detail by
high-resolution electron microscopy. By TEM observation with EELS analysis,
the morphology change and the chemical composition of individual SiNWs were
identified during the lithiation process. The SiNWs obtained an amorphous
lithiated silicon shell, yet their core still remains crystalline. Also the Li−Si
alloy shell of the nanowire was analyzed, which is a mixture of crystalline Si
and amorphous SiO2. This composition might lead to constraints in Li−Si alloy
formation and limit the cycling performance. Non-cylindrical nanostructures
like mesoporous nanowires might be a better design as recently suggested in
literature. These results confirm that a uniform surface charge distribution on
reactive layers is needed to enhance the specific capacity and cycle life during
Li insertion.



Chapter 4

Nanostructured Black Silicon
(b-Si) as Anode Material

In this chapter, the focus is on the nanostructured Si as an anode material for
lithium-ion batteries produced for the first time by inductively coupled plasma
reactive ion etching (ICP-RIE) of Si wafers with a black silicon (b-Si) surface.
The microscopic structure strongly resembles other types of nanostructured
silicon, with a well-arranged nanostructure possessing a sufficient porosity for
accommodating large volume expansions. In Section 4.1, the fabrication of
b-Si electrode via ICP-RIE technique is shown and the characteristic of the
b-Si structure is illustrated. Afterwards, the structural and electrochemical
properties of b-Si electrode according to surface condition are investigated. In
addition, the fast lithiation is demonstrated before and after surface treatment
in Section 4.2. These results can explain the function of surface properties and
the interrelation between high current rate and failure of cycle life, which could
improve the understanding of the substantive lithium reaction mechanism in
nanostructured Si anodes.

4.1 Experimental

4.1.1 Nanostructured black silicon (b-Si) fabrication via
ICP-RIE technique

The Si substrate used in this work was a single-crystal n-type Si (100) wafer,
525 ± 25µm in thickness with a resistivity of 1−5 Ω·cm. Nanostructured black
silicon (b-Si) was fabricated via ICP-RIE using gas mixtures comprising SiF6 as
the etching gas and C4F8 as the deposition gas. I prepared three b-Si electrodes
with a length of 5, 10 and 25µm, respectively. Thereupon, the wafer-scale b-Si
was cut into small pieces of suitable size and cleaned to remove oxides and
impurities using a dilute hydrofluoric solution.

42
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Fig. 4.1 shows the 4-inch Si wafer after ICP-RIE. The nanostructured Si
region shows clearly a color change. Nanostructured Si was formed evenly on
the Si substrate (see Fig. 4.1(b)).

Figure 4.1: (a) Photograph of a 4-inch Si wafer and (b) SEM image correspond-
ing to the nanostructured black silicon (b-Si) produced by ICP-RIE
etching technique.

4.1.2 Nanostructured black silicon (b-Si) properties

Fig. 4.2 shows a typical SEM image of the pristine b-Si prepared by the ICP-
RIE technique. The used Si nanostructures have three different geometries:
5µm in length and about 300 nm in diameter, 10µm in length and about
450 nm in diameter, and 25µm in length and about 730 nm in diameter, re-
spectively. The randomness observed in the nanostructure diameter may be
induced by the repeated short deposition and etch steps, leading to the some-
what indented surface of the b-Si (see Fig. 4.2(b)) [59]. The Si nanostructures
are well separated from each other in morphologies that are vertically aligned
and fairly straight. This is expected that the morphology of the b-Si will create
an improvement in the battery cycle performance owing to its sufficient free
space to accommodate the volume expansion/contraction that occurs during
lithium insertion/extraction. More importantly, one of the advantages of us-
ing Si nanostructures is to have large surface areas that will be able to react
further with lithium ions in the battery system.
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Figure 4.2: SEM images of nanostructured black silicon (b-Si) prepared by ICP-
RIE technique.

4.2 Results and Discussion

4.2.1 Electrochemical measurements of b-Si anodes

Fig. 4.3 shows the cyclic voltammetry profiles of the pristine b-Si electrode in
the potential range from 0.01 to 2.0V at a scan rate of 0.5mV s−1 for seven dif-
ferent cycles. Generally, the solid-electrolyte interphase (SEI) is formed during
the first discharge cycle in the potential range of 0.5−0.7V [33]. But no peak
in the profile indicating this formation on the pristine b-Si electrode is ob-
served in this potential range, probably because the electrolyte decomposition
does not occur or is insignificant on the surface of the pristine b-Si electrode
during the initial cycle. It can be seen that the discharge current peak, indi-
cating the formation of the Li−Si phase, increases drastically for the first 20
cycles. Similarly, the charge current peak, indicating the transition between
Li−Si phase and amorphous Si, increases and then decreases after the 20 cy-
cles, which suggests that the active surface area begins to diminish after the
20th cycle. This diminishment is probably because the b-Si electrode is influ-
enced by a side reaction, such as considerable electrolyte decomposition. This
redox behavior of the b-Si electrode is not consistent with previous studies
observing the lithium alloying/dealloying process of micro/nano-structured Si
electrodes [68, 80, 81]. The observed redox phenomenon in this study may be
attributed to the influence of the electrolyte contact with the b-Si electrode
upon its surface condition.

The initial galvanostatic charge/discharge curves of the pristine b-Si elec-
trode from the 1st to the 10th cycle are shown in Fig. 4.4. The lower cut-
off voltage is kept above 0.06V (vs. Li/Li+) to avoid the crystallization of
the Li15Si4 phase [20], but still allowing a two-phase coexistence composed of
amorphous LixSi and amorphous Si. Therefore, the b-Si electrode is cycled
in the potential range from 0.07 to 2.0V (vs. Li/Li+) at a constant current
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Figure 4.3: Cyclic voltammogram for the pristine b-Si electrode from 2.0 to 0.01V
(vs. Li/Li+) at scan rate of 0.5mV s−1.

density of 80µAcm−2. With increasing length of the b-Si, the first discharge
capacities of the 5, 10 and 25µm-long b-Si increases significantly, reaching 206,
1,170 and 5,730 µAhcm−2, respectively. This can be explained by the nonlin-
early increasing active surface area. However, the first coulombic efficiencies of
the shorter b-Si (5 and 10µm lengths) are quite low, with values of 20.0 and
23.9%, respectively, although that of the 25µm-long b-Si electrode is 68.4%.
The high first-cycle irreversible capacity loss may be related to the length of b-
Si. If the vertical length of b-Si is small the coulombic efficiency becomes quite
low, though the reaction between lithium ions and silicon is likely stronger.
This confirms that the coulombic efficiency is more influenced by the state
of the surface condition than by the structure shape. For the same reason, a
negligible peak for SEI formation is observed at the first discharging on each
b-Si electrode.
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Figure 4.4: Initial galvanostatic charge/discharge curve of the pristine b-Si elec-
trode with a length of 5, 10 and 25µm at a constant current density
of 80µAcm−2.
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Fig. 4.5 compares the surface morphology change between lithiated and
delithiated b-Si electrodes at the first cycle. Fig. 4.5(a) shows that the sur-
face morphology becomes smooth and the nanostructure swells in volume after
Li–insertion, probably owing to the amorphization on the nanostructure sur-
face. As shown in Fig. 4.5(b), the surface morphology becomes rough and
the nanostructure volume decreases after Li–extraction. Consequentially, such
a morphology change observation shows that the b-Si electrode has reacted
definitely to lithium ions, and b-Si electrodes could be used a candidate for
anode material in lithium-ion batteries.

Figure 4.5: SEM images of (a) lithiated and (b) delithiated b-Si during the first
cycle.

The discharge capacity versus cycle number for the b-Si electrode is shown
in Fig. 4.6(a). It is noted that the discharge capacity of the 25µm-long b-
Si electrode decreases dramatically within 10 cycles despite its highest first
coulombic efficiency compared to the other samples. However, the fading of
the discharge capacity of the shorter b-Si (5 and 10µm lengths) electrodes is
not severe, though the coulombic efficiency level is low. As a result, all of the
three prepared b-Si electrodes have a poor cycle life in spite of the presence
of highly-ordered nanostructures with sufficient porosity. Thus, the capacity
retention of the b-Si electrode is influenced not only by the structure shape, but
by the boundary reaction on the surface of b-Si. Fig. 4.6(b) shows an SEM
image of b-Si electrode (25µm length) after 100 cycles. It can be observed that
the entire nanostructured Si is filled with an SEI, and a thick SEI layer forms
on the top of the nanostructured Si as well. This indicates that the electrolyte
is decomposing severely with continuous cycling of the pure b-Si electrode,
resulting in a low cycling efficiency and poor capacity retention.
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Generally, the SEI layer increases the internal cell impedance and reduces
the possible electric conductivity. Because of this, the discharge capacity is al-
ways higher than charge capacity. This result shows that the overall cyclability
and capacity retention of the b-Si electrode are determined by many factors,
not the least of which is the formation of the SEI layer during cycles. Thus,
it is necessary to investigate boundary reactions between the b-Si surface and
the electrolyte.

Figure 4.6: (a) Plot of discharge capacity (filled symbols) and coulombic efficiency
(open symbols) of the cell vs. cycle numbers for the pristine b-Si elec-
trode. (b) SEM image of the pristine b-Si electrode after 100 cycles
(the cell is charged to 2.0V).
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4.2.2 Surface modifications of b-Si anode materials

In order to figure out the surface phase transformation at first lithiation, a
b-Si (25µm length) electrode is lithiated at a low constant current density of
50µAcm−2 for 25h to allow a complete reaction between the lithium ions and
the b-Si on the electrode. Fig. 4.7(a) shows a TEM image of lithiated b-Si
which demonstrates that the surface morphology of b-Si is transformed into
an amorphous LixSi phase evenly. Such a behavior is consistent with our pre-
vious experiment concerning the SiNWs electrode prepared by MaCE method.
As shown in Fig. 4.7(b), however, the partial amorphous LixSi phase is not
formed uniformly on the b-Si surface when the applied constant current den-
sity is set to 100µAcm−2. Small ball-like shapes arise on the surface. There is
also no appreciable transition of b-Si, which is characterized using the electron
energy loss spectroscopy (EELS) as shown in Fig. 4.7(c). The single detected
EELS peak from all of the ball-like shapes (A, B and C) is situated around
56.5 eV, indicating the presence of lithium alone. This confirms that the main
component of the ball-like shapes is not a Li−Si alloy, but metallic lithium.
From these experimental observations, it is readily concluded that the forma-
tion of metallic lithium is related to the surface charge density and composition
because most reactions occur at the area of a strong electric field.

In the interest of further cause analysis, the surface composition of a pris-
tine b-Si electrode is determined using XPS analysis. Its spectra are plotted
with that from an etched SiNWs electrode for comparison in Fig. 4.8. The
XPS spectra of the pristine b-Si electrode exhibits a large peak at 688.9 eV
attributed to F (1s) that is insignificant in the etched SiNWs electrode spec-
tra, indicating the presence of strong C−F bonds in carbonates on the pristine
b-Si surface related to the C (1s) spectra.

The high-resolution spectra for the C (1s), F (1s), O (1s) and Si (2p) peaks
for pristine b-Si are shown in Fig 4.9. The C (1s) spectra exhibits shoulders,
suggesting the presence of –CHF–, –CF2– and –CF3 at 289.75, 291.65 and
293.73 eV, respectively, while a peak at 285.5 eV corresponds to C−C and
C−H in the carbonates [82, 83]. Thus, the XPS spectra study confirms that
the surface of the pristine b-Si electrode is composed of stable fluorine atoms or
groups (–CF2– and –CF3) despite the fact that the samples are cleaned during
preparation. These atoms and groups can therefore be thought to result from
the mixture gas of the ICP-RIE technique. The fluorinated groups, however,
can generate a hydrophobic surface for the b-Si electrode [84, 85], leading to a
significant decline of the reaction between lithium ions and the nanostructured
Si at the interface because the electrolyte is hydrophilic (see Fig. 4.10).

Therefore, the pristine b-Si electrode should be preprocessed to decom-
pose these strong fluorinated groups (–CxFy–) on the surface [86, 87]. This
treatment process includes two distinct reaction mechanisms. At temperatures
below about 525 ◦C (eq 4.1), the main decomposition product is –CF3 . At
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Figure 4.7: TEM images of the lithiated b-Si (25µm length) electrode at a constant
current of (a) 50µAcm−2 and (b) 100µAcm−2 for 24h. (c) Electron
energy loss spectra (EELS) obtained at the ball-like shapes on the
surface of b-Si corresponding to (b).
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Figure 4.8: X-ray photoelectron spectroscopy (XPS) spectra for a comparison
between the pristine b-Si electrode and the etched SiNWs electrode.

temperatures above about 525 ◦C (eq 4.2), the –CF2– decomposes mainly into
gaseous CO and F following the chain reaction:

CF3 −→ CF2 + F (4.1)

CF2 +O2 −→ CO + 2F +O (4.2)

After this reaction, a large amount of the continuously developing oxygen
and residual fluorine can be removed easily using diluted hydrofluoric acid. Fig
4.9 includes the XPS spectra of the b-Si electrode after removing the fluorine
atoms and groups in the above pretreatment process. After pretreatment, the
Si (2p) and O (1s) signals of the b-Si surface are increased as well, indicating
that the pristine b-Si surface is covered with a thin oxide layer. Furthermore,
the Si peak at 99.5 eV increases significantly, and that of the native oxide at
103.65 eV decreases relative to the untreated pristine b-Si surface. Consequen-
tially, this XPS analysis suggests that the application of b-Si electrodes requires
not only a nanostructure to withstand the volume expansion/contraction, but
also suitable surface conditions for making the redox-active compound.
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Figure 4.9: High resolution XPS spectra before and after surface pretreatment of
b-Si electrodes.
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Figure 4.10: Schematic illustration of comparison for surface properties of pristine
b-Si and etched SiNWs electrodes.

To find out the differences of redox reactions and morphology change, a
CV experiment of the pretreated b-Si electrode is carried out in the same con-
dition as a CV of pristine b-Si electrode as shown in Fig. 4.11(a). In contrast
with the behavior of pristine b-Si electrode (cf. Fig. 4.3), the pretreated b-Si
electrode showed a slightly broad peak of SEI formation in the potential range
of 0.5−0.7V during the first discharge process, probably due to the removal
of fluorine atoms or group. Subsequently, the redox peaks of pretreated b-Si
electrode looked similar to the pristine b-Si electrode.

Fig. 4.11(b) and (c) show SEM images of pristine and pretreated b-Si
electrodes after CV experiments with 30 cycles. It can be seen that the differ-
ence in two electrodes morphology is evident. The morphology of the pristine
b-Si electrode had a little change due to the fluorinated group on the surface,
while the pretreated b-Si electrode had lots of structural transformations in-
duced by more active amorphization. As a result, application of silicon anode
material needs not only suitable structure and shape, but also appropriate sur-
face composition and condition to make a strong reaction between silicon and
lithium ions
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Figure 4.11: (a) Cyclic voltammogram of the pretreated b-Si electrode from 2.0
to 0.01V (vs. Li/Li+) at a scan rate of 0.5mV s−1. SEM images after
the CV experiment of 30 cycles: (b) pristine and (c) pretreated b-Si
electrode.
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To compare the cycle performance of a pretreated b-Si electrode with that
of a pristine b-Si electrode under the same conditions, the pretreated b-Si
electrode (25µm in length) is also cycled in the potential range from 0.07 to
2.0V (vs. Li/Li+) at a current density of 80µAcm−2 (cf. Fig. 4.4). The first
galvanostatic charge/discharge profiles for the pristine and pretreated b-Si are
shown in Fig. 4.12(a). The pretreated b-Si provides a discharge capacity of
4,320µAhcm−2 and has a charge capacity of 2,840µAhcm−2 with a coulombic
efficiency of 65.7%. It is noted that the pretreated b-Si electrode reaches a
slightly lower charge/discharge capacity than that of the pristine b-Si electrode
during the first cycle despite the decomposition of the fluorinated groups (–
CxFy–) on the surface. This might come from fewer side reactions and the
formation of an SEI layer on the pretreated b-Si surface. Moreover, the charge
curve of the pretreated b-Si exhibits two distinct regions, labeled the A and
B regions, which may be the result of a phase change between crystalline and
amorphous in the nanostructured Si region, or of two amorphous Si transitions
in the nanostructured Si and the Si substrate region [20, 37].

Fig. 4.12(b) shows the galvanostatic charge/discharge capacities of the
pristine and pretreated b-Si as a function of cycle number. The discharge ca-
pacity of the pretreated b-Si electrode decreases rapidly with a few cycles, like
that of the pristine b-Si electrode. However, after this initial capacity drop,
the pretreated b-Si electrode exhibits a comparatively stable capacity that is
at least twice as high as that of the pristine b-Si electrode. The results from
this study confirm that the pretreated b-Si electrodes are slightly influenced by
the lithiation of the Si substrate region, leading to the capacity enhancement
compared to pristine b-Si electrodes.
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Figure 4.12: (a) First charge/discharge profile of pristine and pretreated b-Si
electrodes at a constant current density of 80µAcm−2 (lower cutoff
voltage is 0.07V). (b) Plot of discharge (filled symbols) and charge
(open symbols) capacity of the cells vs. cycle numbers for the pristine
and the pretreated b-Si electrodes



4.2 Results and Discussion 57

4.2.3 Si substrate influence at a high C-rate

In the interest of minutely observing the influence of the Si substrate upon lithi-
ation, an accelerated experiment in the voltage range from 0.01 to 2.0V at a
high current density of 150µAcm−2 is carried out with both the pretreated and
pristine b-Si samples. The first galvanostatic charge/discharge curves of the
samples are shown in Fig. 4.13(a). The first discharge and charge capacities
of the pretreated b-Si electrode reach 6,910 and 5,220µAhcm−2, respectively,
indicating that the first coulombic efficiency is 75.5%. In comparison, the first
discharge and charge capacities of the pristine b-Si electrode reaches 6,640
and 4,630µAhcm−2, respectively, with a first coulombic efficiency of 69.6%.
The capacity and efficiency of both samples are similar, though the potential
profiles of each is quite different at the initial lithiation.

As shown in Fig. 4.13(b), the potential drop and rise at the first stage of
lithiation is observed, reflecting a large overpotential, or IR–drop, induced by
a Si substrate influence. Such behavior of the overpotential can be attributed
to a high resistivity and low reaction kinetics during lithium ion insertion
into the crystalline Si, leading to the decline of electrical conductivity upon
subsequent cycling [27, 88]. The potential of the pretreated b-Si electrode drops
initially to around 0.02V, which is much less than that of the pristine b-Si
electrode of around 0.06V. This demonstrates that it is important to consider
the condition of the surface composition and the current rate regarding the
lithiation. For this reason, when the low cutoff voltage is kept above 0.07V to
prevent the formation of a crystalline Li−Si phase, a high current rate (like
the used 150µAcm−2) is not possible due to its large potential drop below this
crystallization limit of 70mV . Such overvoltage at the initial lithiation stage
may restrict the current rate range of application for these electrodes.
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Figure 4.13: (a) First charge/discharge profile of pristine and pretreated b-Si
electrode between 0.01 and 2.0V (vs. Li/Li+) at a high constant cur-
rent density of 150µAcm−2. (b) First potential profile of pristine and
pretreated b-Si electrode in the potential range from 0.0 to 0.12V.
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Fig. 4.14 shows the discharge capacity cycles of both samples with regard
to the accelerated experiment. The pristine and pretreated b-Si electrodes have
a similar discharge capacity at the first cycle, but subsequent cycles exhibit a
different behavior. The second discharge capacity of the pretreated b-Si elec-
trode greatly increases and then drops significantly within a few cycles, whereas
that of a pristine b-Si electrode drops to one-third of the first charge capacity
until the sixth cycle, and then increases to about double the capacity (marked
by ⇓) followed by a significant second drop.

The reason for this abruptly rising charge capacity of both samples is the
similar formation of Li−Si alloys in the Si substrate in spite of the difference
in their surface conditions. In other words, it can be ascribed to the kinetics
difference between the lithium ion diffusion and the electron injection at a
high current rate. First of all, only the nanostructured Si can be converted
to an amorphous Li−Si phase during the initial charge process because of its
high electrical conductivity compared with that of the Si substrate. However,
as more lithium ions are inserted with the increasing number of cycles, the
electrical conductivity will decrease owing to the phase transformation from
crystalline Si to amorphous Li−Si embedded in the nanostructure Si. Thus,
more lithium ions move deep into the Si substrate to react with crystalline Si.
This is confirmed by the fact that the breakage of Si−Si bonds is an essentially
slower process than the diffusion of lithium ions in the Li−Si phase (Li ions
diffusion coefficient in Si: 10−13 cm2 ·s−1) [89, 90, 91]. As the reaction progresses
with the number of cycles, the gap in kinetics becomes wider, causing more of
the Si substrate to be involved in lithiation at the high current rate (see Fig.
4.15).

Eventually, the Si substrate experiences significant cracking that provokes
a failure of the b-Si electrode because the bulk Si substrate cannot endure the
mechanical stress induced by a large volume expansion, unlike the nanostruc-
tured Si [75, 92, 93].
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Figure 4.14: Plot of discharge capacity of the cell vs. cycle numbers for the pristine
and the pretreated b-Si electrode at a high constant current density
of 150µAcm−2.

Figure 4.15: Schematic illustration of the failure of the b-Si electrode at a high
C-rate when the low cutoff voltage is 0.01V (vs. Li/Li+).
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This result is corroborated by the SEM image of the b-Si electrode after
the accelerated cycling experiment (see Fig. 4.16), which clearly shows that
the cycled b-Si electrode split into a detached nanostructure Si part and Si
substrate part. It is probably due to volume expansion at the boundary be-
tween the nanostructured Si and the Si substrate. Consequentially, the facture
of the b-Si electrode is related to the fast lithiation of the nanostructure and
not to a strong potential caused by the influence of the Si substrate upon lithi-
ation. Therefore, a balance between the electrical resistance and the current
rate during the lithiation process is a key factor for a better cycle life and for
stable capacity retention of pure b-Si electrodes.

Figure 4.16: Photograph and SEM image of b-Si electrodes after accelerated cycle
experiments.
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4.3 Summary

In this chapter, the electrochemical properties of an original nanostructured
black silicon (b-Si) anode without binder or conducting materials were inves-
tigated. The b-Si was prepared by inductively coupled plasma reactive ion
etching (ICP-RIE) technique in rechargeable lithium-ion batteries. The poor
cycle life is likely caused by the constant reformation of a SEI layer on the
b-Si surface, leading to a reduction of the electric conductivity. Moreover, the
formation of a Li−Si alloy during subsequent cycles is dependent upon the
surface composition condition and, in particular, upon whether the surface is
hydrophobic or hydrophilic. Additionally, metallic lithium is observed on the
b-Si surface at high current rates, which is likely due to a nonequilibrium elec-
tric charge distribution induced by the presence of fluorinated groups covering
the surface of the pristine b-Si. These results show that the cycle life of b-Si
electrodes is stronger influenced by the formation of SEI layers and the related
surface conditions than by the nanostructure shapes chosen to accommodate a
large volume expansion. In regard to the fast lithiation experiment, the nanos-
tructured Si section of the electrode is detached from the Si substrate, induced
by the kinetics difference between the diffusion of the lithium ions and the
electron injection and phase transformation in nanostructured Si. As a result,
a high current rate and the lithiation of the Si substrate are strongly related,
though the nanostructured Si has a high electrical conductivity

The results illustrate the major factors of the surface properties relating to
the formation of SEI layers and the correlation between the high current rate
and the failure in cycle life. In addition, their role in electrochemical processes
is presented regarding nanostructured Si on a Si substrate for understanding
the fundamental lithium reaction mechanism in pure Si anodes. The noble b-Si
electrode may not be used directly as an anode material, but the presented
data can increase the understanding of the electrochemical process and the
optimal design of a b-Si electrode to increase efficiency and cycle life in Li−ion
batteries.



Chapter 5

Metal-coated Nanostructured
Silicon (M-Si) as Anode
Material

In this chapter, the properties of fully complementary metal-oxide semiconduc-
tor (CMOS) compatible metal-coated nanostructured silicon anodes for Li–ion
microbatteries will be studied. Microbatteries are required to drive small de-
vices such as smartcards, medical implants, sensors, etc. [94, 95, 96, 97]. To
date, the electrochemical performances of these all-solid-state batteries are lim-
ited because planar thin films are employed as electrode and electrolyte ma-
terials. In order to develop improved electrochemical performances new ma-
terials and CMOS-compatible high-throughput manufacturing processes are
required. Therefore for comparison and evaluation of metal material addi-
tives [98, 99, 100], gold (Au) as a representative active metal material and
copper (Cu) as an inactive metal material are used, respectively. The active
materials can be influenced by Li ions, whereas the inactive materials are
impervious to Li ions. In Section 5.1, the fabrication and characteristics of
metal-coated nanostructured silicon electrodes are shown. Afterward, the gal-
vanostatic charge/discharge measurements are demonstrated in Section 5.2.
Furthermore, the electrochemical and microstructural properties before and
after cycling of the metal-coated nanostructured silicon compared to their pris-
tine counterparts are investigated in detail. This study suggests that for the
improvement of Li-ion batteries, the electrolyte stability has to be enhanced
more urgently than the variation of Si nanostructures.
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5.1 Experimental

5.1.1 Metal-coated nanostructured silicon (M-Si) fabri-
cation via sputtering

Highly ordered silicon nanowire arrays (SiNWs) are fabricated via the one-
step MaCE method on Si substrate, and nanostructured black silicon (b-Si)
is prepared by the ICP-RIE method as discussed in chapter 3 and charter 4,
respectively. Both specimens use the same Si substrate that is a single crystal
n-type Si (100) wafer, 525µm in thickness with a resistivity of 1 − 5Ω · cm.
Afterward, the wafer-scale SiNWs and b-Si are cut into small pieces of suitable
size, about 10mm in diameter. Gold (Au, 99.99%) and copper (Cu, 99.98%)
are deposited onto the surface of SiNWs and b-Si electrodes using a sputter
coater (108auto, Cressington), equipped with a high resolution thickness mon-
itor system (MTM10, Cressington). Eight metal (Au, Cu)-coated SiNW and
b-Si electrodes with a thickness of 20 and 50 nm were prepared, respectively
as shown in Fig. 5.1.

Figure 5.1: Photograph of metal-coated nanostructured silicon electrodes. (a)
metal-coated silicon nanowires (SiNWs) and (b) metal-coated nanos-
tructured black silicon (b-Si) electrodes.
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5.1.2 Metal-coated nanostructured silicon (M-Si) prop-
erties

Fig. 5.2 shows SEM images of the as-prepared Au- and Cu-coated SiNWs
electrodes, respectively. The vertically aligned Si nanostructures with a length
of 25µm and 50–100 nm in diameters are obtained by one-step MaCE method
and then magnetron sputtering technique on Si substrate. The average distance
between the nanowires is in the range of 0.1 to 0.3µm. As an original part of
the Si substrate, the SiNWs ensures an effective charge transport through
direct electric pathways. The element distribution of the metal coating was
characterized by energy-dispersive X-ray spectroscopy (EDX) mapping. The
Au and Cu images show that the most metal is deposited on the upper part
of nanostructure. The main reason for this feature is that the metal elements
can only penetrate into the top part of the SiNWs due to physical nature of
the sputtering process and the high density of Si nanostructures, whereas the
Au and Cu images of b-Si electrodes with a length of 28µm and about 730 nm
in diameter show the uniform distribution of metal along the Si nanostructure
with hardly any agglomeration (see Fig. 5.3).

This means the b-Si prepared via ICP-RIE method offers wider free space
between Si nanostructures compared to SiNWs fabricated by MaCE method,
leading to the performance improvement by accommodating the volume ex-
pansion of Li−Si alloy. The average distance between the nanowires was about
1µm. The oxygen images of both specimens are attributed to the surface
oxidation covering Si nanostructures and the Si images correspond to the mor-
phology of SiNWs and b-Si electrodes in the SEM images, respectively. These
results confirm that the metal-coated Si electrode is composed of nanostruc-
tured Si covered with a uniform Au and Cu coating with a small amount of
oxides on surface of nanostructured Si.



66 5. Metal-coated Nanostructured Silicon Anode

Figure 5.2: Characterization of the morphology of metal-coated SiNWs electrodes.
SEM images of (a) Au-coated and (b) Cu-coated SiNWs showing
where the elemental maps are obtained and corresponding element
mapping images of Au, Cu, O and Si. The upper right images show
the summarized elemental signals.
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Figure 5.3: Characterization of the morphology of metal-coated b-Si electrodes.
SEM images of (a) Au-coated and (b) Cu-coated b-Si showing where
the elemental maps are obtained and corresponding element mapping
images of Au, Cu, O and Si. The upper right images show the sum-
marized elemental signals.
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To determine the structural properties of metal-coated nanostructured Si,
X-ray diffraction (XRD) patterns of the metal-coated SiNWs and b-Si are
compared with those of the pristine nanostructured Si.

Fig. 5.4 shows XRD patterns of metal-coated and pristine SiNWs, and
metal-coated and pristine b-Si electrodes. The XRD patterns of metal-coated
SiNWs indicate that diffraction peaks are associated crystalline structures with
Au (111), (200), (220) and (311) regarding Au-coated SiNWs and Cu (111)
regarding Cu-coated SiNWs, respectively (see Fig. 5.4(a)).

In addition, peaks of crystalline silicon are detected, such as (111), (220)
and (311). The intensity of the Si (400) peak at about 70◦ is high compared
to others induced by the large crystalline Si substrate. The diffraction peaks
of metal-coated b-Si show similar crystalline structures of Au and Cu metal.
However, the intensity of the Si (311) at 56.3◦ of metal-coated b-Si decreases
significantly compared with that of metal-coated SiNWs, confirming that the
Au and Cu metal are uniformly deposited in the sufficient free space of b-Si
as mentioned before.
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Figure 5.4: X-ray diffraction (XRD) patterns of metal-coated nanostructured Si
electrodes. (a) XRD patterns of (a) Au-coated, Cu-coated and pristine
SINWs electrodes, and (b) Au-coated, Cu-coated and pristine b-Si
electrode.
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5.2 Results and Discussion

5.2.1 Electrochemical measurements of M-Si anodes

To investigate the cycling performance of metal-coated nanostructured Si elec-
trodes, the galvanostatic electrochemical technique is used in the voltage range
from 0.1 to 2.0V (vs. Li/Li+) at a constant current density of 50µAcm−2.

Fig. 5.5(a) shows the first charge/discharge curves of 20 nm and 50 nm
Au-coated SiNWs. The first discharge capacity of Au(20) and Au(50)-coated
SiNWs reaches 2,520 and 2,280µAhcm−2, the charge capacity is 1,100 and
580µAhcm−2 with a coulombic efficiency of 43.6 and 25.5%, respectively.
Both capacities of discharge and charge are vastly higher than that of pris-
tine SiNWs. However, the first coulombic efficiencies show a little high and
a similar value to that of pristine SiNWs, 26.6%, indicating that the first
irreversible capacity loss is still high.

In addition, the discharge capacity of thin Au(20)-coated SiNWs is higher
than thick Au(50)-coated SiNWs. In the same manner as these results, the dis-
charge capacity of thin Cu(20)-coated SiNWs, 1690µAhcm−2, is higher than
that of thick Cu(50)-coated SiNWs, 1,110µAhcm−2 (see Fig. 5.5(b)). How-
ever, both specimens have similar charge capacities of 383 and 414µAhcm−2,
giving a coulombic efficiency of 22.7 and 37.4%, respectively.

These specific capacities are still slightly high compared to pristine SiNWs.
But, the capacity increase of Cu-coating is not as strong as in the case of Au-
coating. Consequently, metal coating is able to improve the charge/discharge
capacity, but a high coulombic efficiency is still required to reduce irreversible
capacity loss at the first cycle in case of SiNWs electrodes.
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Figure 5.5: The galvanostatic charge/discharge voltage profiles obtained with
metal (Au, Cu)-coated SiNWs electrodes between 0.1 and 2.0V (vs.
Li/Li+) at a constant current density of 50µAcm−2. (a) Au-coated,
(b) Cu-coated SiNWs electrodes compared to the pristine SiNWs elec-
trode.
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In contrast, metal-coated b-Si shows somewhat different behaviors. Fig.
5.6 displays the charge/discharge curves of Au-coated and Cu-coated b-Si at
its first cycles. The first discharge capacity of Au(20) and Au(50)-coated b-Si
reaches 706 and 1,160µAhcm−2 with a coulombic efficiency of 44.3 and 47.2%,
respectively (see Fig. 5.6(a)). Both specific capacity and coulombic efficiency
is significantly higher than that of pristine b-Si. Moreover, the discharge capac-
ity of Au(50)-coated b-Si is higher than that of Au(20)-coated b-Si contrary
to results of Au-coated SiNWs. This is because Au could contribute to form
Au–Li–Si alloys as an active material for lithium-ion battery systems.

In comparison, the first discharge capacities of Cu(20) and Cu(50)-coated
b-Si are 716 and 633µAhcm−2, giving a coulombic efficiency of 56.6 and 47.9%,
respectively (see Fig. 5.6(b)). This is still slightly higher compared to pristine
b-Si as well. However, the increase is not as strong as in the case of Au-
coating since Cu is an inactive material. In addition, the discharge capacity
of thin Cu(20)-coating is slightly higher than that of thick Cu(50)-coating in
contrast to the Au-coatings. As a result, the Au-coating shows a significant
enhancement in capacity with increasing thickness of Au in case of metal-
coated b-Si.

Consequently, metal coating can help the capacity increase of SiNWs and
b-Si electrode. Regarding the influence of the different thicknesses of Au and
Cu, Au-coating shows a great variation in capacity according to the deposited
thickness. On the other hand, the thickness of Cu-coating has hardly any
influence on the specific capacity at the first cycle. Instead, the coulombic
efficiency of Cu-coating shows a slightly improvement compared to that of Au-
coating. However please note that all prepared metal-coated nanostructured Si
show a relative low coulombic efficiency of around 50%, mainly resulting from
the slow reaction paths along the huge specific surface area.
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Figure 5.6: The galvanostatic charge/discharge voltage profiles obtained with
metal (Au, Cu)-coated b-Si electrodes between 0.1 and 2.0V (vs.
Li/Li+) at a constant current density of 50µAcm−2. (a) Au-coated,
(b) Cu-coated b-Si electrodes compared to the pristine b-Si.
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5.2.2 Cyclability for M-Si anodes

Fig. 5.7 shows the discharge capacity versus cycle number for metal-coated
nanostructured Si electrodes in the voltage range from 0.1 to 2.0V (vs. Li/Li+)
at a constant current density of 50µAcm−2. The metal-coated SiNWs elec-
trodes show a significantly capacity drop upon cycles along with pristine
SiNWs (see Fig. 5.7(a)). The possible reason is that metal elements are only
deposited on the upper part of Si nanostructures, resulting in the fact that
specific capacity of metal-coated SiNWs electrodes can increase at the initial
cycle. Shortly afterwards, however, reaction between Li ion and Si occurs along
the pristine nanostructures. In contrast, metal-coated b-Si electrodes show high
capacity retention upon cycles (see Fig. 5.7(b)). In particular, the 50 nm Cu-
coated specimen has still about 70% after 20 cycles (Table 5.1), whereas
pristine b-Si has a remaining capacity of only 24%. This happens because
metal coating is uniformly distributed according to nanostructures having a
sufficiently large free space against the volume expansion/extraction.

These electrochemical cycling results of metal-coated b-Si show that the
metal coating can improve not only the discharge capacity but also the capacity
retention compared to pristine b-Si confirming previous results on other silicon
nanostructures [101, 102, 103, 104] and extending it to CMOS compatible
processes. This improved stability might be explained by the fact that the
metal layer has better electronic and electrochemical interfacial properties than
the SEI / silicon interface in the case of pristine b-Si.

To further verify the improved behavior of the morphology and volume
changes of metal-coated b-Si, particularly Cu-coated specimens, SEM analysis
of the metal-coated b-Si at a fully delithiation after 50 cycles compared to a
pristine one is performed (see Fig. 5.8). Most of the metal-coated b-Si retained
its original shape without cracking or fracturing. The metal coated b-Si shows
only slight deformations and volume changes, resulting from the amorphization
during continuous cycling.
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Figure 5.7: The comparison of discharge capacity vs. cycle number for (a) metal-
coated SiNWs and (b) metal-coated b-Si electrodes, both in compar-
ison with pristine electrodes. The cycle condition is the same as for
Fig. 5.5 and Fig. 5.6.
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Table 5.1: The discharge capacity and capacity retention of pristine b-Si, metal-
coated b-Si electrodes after 20th and 30th cycles at constant current
density of 50µAcm−2.

Samples
Discharge capacity (µAhcm−2) Capacity retention

1st cycle 20th cycle 30th cycle 20th cycle 30th cycle

Pristine b-Si 582 142 98 24.4% 16.8%

Au(20) b-Si 705 389 231 55.2% 32.8%

Au(50) b-Si 1,160 352 87 30.3% 7.5%

Cu(20) b-Si 716 363 217 50.7% 30.3%

Cu(50) b-Si 633 440 316 69.5% 49.9%

Figure 5.8: SEM images of (a) Au-coated and (b) Cu-coated b-Si electrode ob-
tained after 50 cycles (the cell was charged to 2.0V).
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5.2.3 Electrochemical characterization of M-Si anodes

Recently, it has been reported that metal silicide alloys composed of active or
inactive metal material can supply a capacity enhancement and better cycle
life of Si-based electrodes [101, 102, 103, 104, 105]. The metal coating can
provide better electrical conductivity and less mechanical stress, which leads
to the reversible reaction with Li ions at room temperature. In addition, it has
been shown by those researches that the expected influences of metal coating
are a stable SEI and alloy formation, resulting in the improvement of specific
capacity and battery cycle life.

Therefore, the cyclic voltammetry (CV) the metal-coated nanostructured
Si electrode is investigated in the potential range from 0.01 to 2.5V (vs. Li/Li+)
at a scan rate of 0.5mV s−1. Fig. 5.9 shows cyclic voltammogram (CV) profiles
of Au-coated, and Cu-coated SiNWs electrodes. Both specimens have no peak
in the potential range of 0.5−0.7V during the first discharge process, indicating
that a SEI layer is not formed on the SiNWs surface. Afterwards, the redox
pair peaks appear, relating Li–insertion and extraction into silicon. The redox
current peaks increase drastically upon cycles compared with that of pristine
SiNWs (cf. Fig. 3.5). This clearly shows that the metal coating can provide
better electrical conductivity and active reversible reactions between Li ions
and silicon.

To further investigate the morphology and volume changes, metal-coated
SiNWs are investigated by SEM imaging (see Fig. 5.10). Most of Si nanos-
tructures become bent and twisted in structural morphology induced by amor-
phization due to volume expansion.
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Figure 5.9: The Cyclic voltammogram for (a) Au-coated and (b) Cu-coated SiNWs
electrode from 2.5 to 0.01V (vs. Li/Li+) at scan rate of 0.5mV s−1.
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Figure 5.10: SEM images of (a) Au-coated and (b) Cu-coated SiNWs electrode
obtained after 50 cycles (the cell was charged to 2.0V).

In Fig. 5.11(a) for Au-coated b-Si, a characteristic peak at about ≈ 0.15V
indicates the onset of formation of Li−Si alloy during discharging and a peak at
≈ 0.5V implies the Li−Si de–alloying during charging without a peak of SEI
formation. These peaks have shifted to slightly higher potentials of ≈ 0.25,
and ≈ 0.6V, respectively, during cycling. In the same manner, the Cu-coated
b-Si electrode shows a similar phenomenon at the first cycle as shown in Fig.
5.11(b). However, the following cycles show a different behavior. In case of
Au-coated b-Si electrode, the current peak increased rapidly within about 15
cycles since Au as an active material leads to an increasing specific capacity by
forming Au–Li–Si alloys, as mentioned before, and then stagnated or decreased
a little after subsequent cycles. In contrast, the current peak of Cu-coated b-
Si electrode increased gradually up to the 30th cycle. Note that Au metal is
more active with Li−Si alloying/de–alloying than Cu metal at the beginning
of cycles, resulting in the initial high specific capacity.
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Figure 5.11: The Cyclic voltammogram for (a) Au-coated and (b) Cu-coated b-Si
electrode from 2.5 to 0.01V (vs. Li/Li+) at scan rate of 0.5mV s−1.
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Figure 5.12: SEM images of (a) Au-coated and (b) Cu-coated b-Si electrode
obtained after 50 cycles (the cell was charged to 2.0V).

Through the SEM observation after cycling (see Fig. 5.12), I could confirm
that influences of metal coatings are a stable SEI and alloy formation, and less
mechanical stress, resulting in the improvement of specific capacity and battery
cycle life.
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5.3 Summary

In this chapter, complementary metal-oxide semiconductor (CMOS) compati-
ble technology for fabrication of metal-coated nanostructured silicon electrodes
as anodes on lithium–ion battery application was used. The Au and Cu coat-
ings on silicon nanowire (SiNW) anodes, fabricated by one-step MaCE method
and successive magnetron sputtering of metals, show rising specific capac-
ity during the initial cycles. However, the capacity retention of metal-coated
SiNWs is poor regardless of thickness of metal-coating in common with that
of pristine SiNWs. The main reason for this result is that metal elements are
only deposited on the upper part of the SiNWs due to the physical nature of
the sputtering process caused by the high density of SiNWs.

In contrast, the metal coatings on nanostructured black silicon (b-Si) an-
odes, prepared by directly ICP-RIE method and successive magnetron sput-
tering of metals, show the enhancement of capacity and stability compared to
conventional carbon-based technologies since metal coating is relatively uni-
form along the Si nanostructures with hardly any agglomeration. In particular,
Cu-coated (50nm) b-Si has the lowest capacity fading and the most stable ca-
pacity retention during cycling. The difference of the electrochemical properties
of Cu and Au can be explained by the better adhesion of copper on silicon in
line with recent in-situ experiments [106]. Furthermore, CV measurements con-
firm that redox activity and reactions regarding to Li–insertion/extraction of
the metal-coated nanostructured Si increase significantly compared to pristine
ones in both specimens.

Consequently, these results indicate that metal-coating on nanostructured
Si can supply a capacity enhancement and better cycle life of Si-based elec-
trodes by withstanding the mechanical stress caused by large volume expan-
sion. However, metal elements should be distributed evenly along the nanos-
tructures. In addition, a long-term cycle performance is influenced by the SEI
formation than by the deformation and disruption of nanostructured Si. There-
fore, the electrolyte stability has to be enhanced primarily for the improvement
of Li–ion batteries instead of varying the Si nanostructures. This study sug-
gests that the further improvements of the capacity can be made by continuing
to optimize the electrolyte / anode interface.



Chapter 6

Conclusions and Outlook

6.1 Conclusions

Silicon has the highest theoretical specific capacity for lithium storage of
4,200mAh·g−1 (10 times higher than conventional graphite anode at 372mAh·
g−1), and is drawing attention as a promising candidate for the anode mate-
rial to achieve higher capacity and energy density demanded by ubiquitous
power sources for mobile applications. However, the commercial use of sili-
con in lithium–ion batteries has been limited by the low cycle-life stability of
bulk silicon. The large volume change during lithiation and delithiation (over
300%) and the solid electrolyte interphase (SEI) on the Si surface lead to high
internal stress, electrode pulverization and subsequent electrical loss. Moving
from bulk to nanoscale morphologies of silicon anode has the potential to solve
these limitations by managing the large stress associated with the expansion
and contraction during electrochemical alloying. In this work, one dimensional
(1D) nanostructured silicon was fabricated, aiming to understand the funda-
mental behavior of a reaction between lithium ions and silicon and to improve
the capacity and long cycle life for lithium-ion rechargeable batteries.

I fabricated 1D silicon nanowires (SiNWs) via one-step metal assisted chem-
ical etching (MaCE) in hydrofluoric acid with silver nitrate aqueous solution.
The SiNWs electrodes were investigated in detail by high-resolution electron
microscopy concerning the lithiation and delithiation process. After long–term
charge/discharge cycles, only part of SiNWs was transformed into amorphous
SiNWs induced by the different surface charge distribution in the individual
SiNWs. Furthermore, the morphology change and the chemical composition
of individual SiNWs were identified by TEM observation with EELS analysis,
showing in the fact that lithiated SiNWs were composed of a crystalline Si core
and an amorphous Li−Si alloys shell that is a mixture of crystalline Si and
amorphous SiO2 as well. This composition might lead to constraints in subse-
quent formation of Li−Si alloys, resulting in limiting the cycling performance.
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We also prepared 1D nanostructured black silicon (b-Si) via inductively
coupled plasma reactive ion etching (ICP-RIE) using mixture gases compris-
ing SiF6 as the etching gas and C4F8 as the deposition gas. The microscopic
structure strongly resembled other types of nanostructured silicon, with well-
arranged nanostructures including large active surface area. However, the b-Si
electrode showed a high irreversible capacity loss during the initial charge/dis-
charge cycles and low capacity retention. The main reason for these poor fea-
tures is the constant reformation of the SEI layer on the b-Si surface, suggesting
that the cycle life of nanostructured Si electrodes is heavily influenced by the
surface conditions compared to the nanostructure shapes. In regard to high
C-rate (fast lithiation), the nanostructured Si region was detached from the Si
substrate caused by mechanical stress in bulk Si substrate owing to the kinetics
difference and phase transformation.

Lastly, I fabricated metal-coated nanostructured Si via successive mag-
netron sputtering of metals as anodes for lithium–ion microbatteries. For com-
parison and evaluation of metallic additive materials, gold (Au) as a represen-
tative active metal material and copper (Cu) as an inactive metal material were
used, respectively. The metal coatings on b-Si anodes show the enhancement
of capacity and cycle stability compared to metal-coated SiNWs anodes since
metal coating is relatively uniform along the Si nanostructures with hardly any
agglomeration. In particular, Cu-coated (50nm) b-Si has the lowest capacity
fading and most stable capacity retention during cycling. The results indicate
that metal-coating on nanostructured Si can supply a capacity enhancement
and better cycle life of Si-based electrodes by withstanding the mechanical
stress and increasing the electric conductivity.
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6.2 Suggestions and Recommendations

The potential scope for nanostructured Si anodes is great in capacity enhance-
ment and long-term cycle life for lithium–ion batteries considering conventional
cathodes and electrolytes. However, the larger surface–to–volume ratio can ag-
gravate the reaction with the electrolyte and increase the SEI layer formation
during charge/discharge processes. Based on the outcome of this study, future
research should explore in the flowing areas:

(1) Nanoscale complex design: Si–based anodes should offer more struc-
turally and compositionally complex nanostructures with void/free space. In
addition, the existence of conductive material such as black carbon allows an
increased electrical contact and serves as a barrier to further electrolyte de-
composition.

(2) Stable SEI layer: the nature of the SEI on Si–based anodes needs to be
thoroughly studied, which will lead to improvements in coulombic efficiency.
Furthermore, using electrolyte additives for build–up of stable artificial SEI
layer could assure the long–term cycle life of Si-based anodes.

(3) Practical application: methods of packing nanostructured Si and un-
derstanding degradation mechanisms at the whole cell are necessary. The scal-
ability, manufacturability, and cost of the nanostructured Si will also be im-
portant concerning the potential large-scale energy applications of lithium–ion
rechargeable batteries, such as EVs, HEV, and electrical power storage.

It is believed that the present results and continual development of these
and other strategies and associated electrochemical analysis will lead to the
practical and advanced applications of Si-based anodes in real lithium-ion
rechargeable batteries.
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