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Abstract 

Li-ion batteries technology dominates the market today because it exhibits both high 

gravimetric and volumetric energy density as well as a long lifespan. However, to satisfy 

current demands, especially for electrical vehicle application, many improvements on Li-ion 

batteries are necessary. Increasing the energy density of Li-ion batteries requires the 

development of new electrode materials with higher charge capacities. On the anode side, 

silicon (Si) has attracted interest due to its high theoretical capacity of 3579 mAh g-1, which 

is ten times higher than the conventional graphite used in commercial Li-ion batteries. 

However, practical application is limited because of poor cycling stability. 

In this dissertation, the development of a Si-based anode which meets a rational design for a 

full cell configuration has been studied. The first approach has been the development of 

Si/mesoporous carbon (Si/MC) composites as an active material. Si/MC composites were 

synthesized by dispersing Si nanoparticles in a 3D Resorcinol-Formaldehyde (RF) polymer, 

followed by carbonization and HF etching. The second approach has been the selection of 

the proper commercial conductive additives to improve the electrical conductivity of Si/MC 

anodes. Graphite, Super C65, Super C45, and a combination of graphite and Super C65 were 

compared. The third approach for dealing with the initial capacity loss has been the use of 

electrolyte additives. The effect of three different electrolyte additives : vinyl carbonate 

(VC), succinic anhydride (SA), and lithium bis(oxalato)borate (LiBOB) on the 

electrochemical performance of Si/MC anodes were investigated. 

The as-prepared Si-based anode by using a facile synthesis exhibited a discharge capacity of 

> 800 mAhg-1 with average columbic efficiency of 99% over 400 cycles. Additionally, the 

as-prepared Si/MC anode was coupled with a commercial Li[Ni1/3Mn1/3Co1/3]O2 (NMC) 

cathode to see the limiting working potential in a full cell configuration. 
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Chapter I 

Introduction 

 

1.1 Motivation 

Energy storage technologies play an important role in shifting the consumption of fossil 

fuels into renewable energy. Particularly, Li-ion batteries dominate the market of portable 

devices for their outstanding specific capacity and long lifespan. However, to fulfill current 

requirements, in particular for electrical vehicle application, further improvements are still 

required. The development of Li-ion batteries requires to consider not only their technical 

aspects such as energy capacity and rate capability, but also economic, environmental, and 

safety aspects. 

Increasing the energy density of Li-ion batteries requires the development of new electrode 

materials with higher specific capacities. On the anode side, silicon has attracted interest 

due to its high theoretical capacity of 3579 mAh g-1, which is ten times higher than that of 

the conventional graphite used in commercial Li-ion batteries today. However, practical 

application is limited because of poor cycling stability of Si anode. The large volume changes 

of Si anodes during lithiation/delithiation is a main shortcoming to be solved. They cause 

continuous loss of electrical contact between Si particles and current collector which leads 

to increasing internal resistance of the electrode. To improve the cycling stability of the 

electrode, continuous electrical conducting pathways and stable Solid-Electrolyte 

Interphases (SEI) are also required. Several strategies have been reported to reduce the 

volume change and improve the stability of silicon electrodes, either by using 

nanostructured particles, polymeric binders, conductive additives, or applying specific 

cycling conditions (pre-cycling, adjusted cut-off voltages, and current rates). However, 

despite these improvements, cycling performance of Si electrodes remains unsatisfactory 

for use in practical Li-ion batteries. 

1.2 Research objectives 

The main goal of this research was to design a Si-based anode which exhibits stable 

electrochemical performance discharge capacity of 800 mAhg-1 over 400 cycles using a 

facile synthesis. This dissertation has the following aims and objectives; 

1. To optimize the synthesis method of silicon/mesoporous (Si/MC) composites. 
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2. To improve the electronic conductivity of the as-prepared Si/MC electrodes. 

3. To reduce the initial charge loss of the as-prepared Si/MC electrodes. 

4. To assess the as-prepared Si/MC-based anode in a full cell configuration. 

1.3 Methodological approaches 

To meet aforementioned objectives, these following approaches have been done: 

1. An in-depth investigation of the difference in physicochemical and electrochemical 

properties of Si/MC composites before and after HF etching. 

2. A comparative study of commercial conductive additives (carbon black of Super C65, 

carbon black of Super C45, graphite, mixture of carbon black and graphite) for Si/MC 

elctrodes.  

3. Modification of SEI layer by using electrolyte additives (VC with different 

composition, succinic anhydride, and lithium bis(oxalate)borate). 

4. Coupling the Si/MC negative electrode with commercial Li(Ni1/3Co1/3Mn1/3)O2 

(NMC) positive electrode and testing the cell with charge-discharge tests. 

1.4 Structure of the work 

This dissertation will summarize the work focusing on the development of Si-based anodes. 

It is divided into five main chapters. Chapter one states the introduction describing the 

problem, the objectives of the research, the methodological approaches which have been 

conducted, and the structure of the dissertation. 

Chapter two provides a general overview of Li-ion batteries; such as main component, 

general reactions during charge/discharge, and materials for positive and negative 

electrodes. The advantages and drawbacks of each materials are pointed out. Special 

attention is devoted to silicon-based negative electrodes and current approaches to improve 

their electrochemical performance. 

Chapter three describes the experimental methods which have been applied, from the 

material preparation and characterization to electrochemical tests. In addition, the 

synthesis process of silicon/mesoporous carbon (Si/MC) composites is described. Material 

characterization  has been done using XRD, SEM, TGA,  and N2 adsorption. Electrochemical 

tests used are cyclic voltammetry, charge/discharge test and electrochemical impedance 

spectroscopy. 
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Chapter four reports the experimental results and discussion. This chapter is divided in to 

five parts. First part focuses on the approach in optimizing the manufacture of the Si/MC 

composite by HF etching. The differences of structural, morphological  and electrochemical 

properties of Si/MC before and after etching are explained. The second part is focused on 

the improvement of Si/MC electrode with the conductive additives. Three different 

conductive additives have been used : carbon black (Super C65 & Super C45) and graphite. 

The third part is focused on decreasing the initial charge loss of Si/MC by using electrolyte 

additives. The effect of 3-10 wt% vinyl carbonate (VC), 5 wt% succinic anhydride (SA), and 

5 wt% lithium bis(oxalato)borate (LiBOB) was investigated. X-ray photon spectroscopy has 

been applied to understand the influence of electrolyte additives on the formation of the 

SEI-layer. The fourth part correlates the findings with the reported realistic design of Si/MC-

based anodes. The fifth part shows the assembling of full cell compartments containing 

Si/MC anodes in combination with commercial Li[Ni1/3Mn1/3Co1/3]O2 (NMC) cathodes. 

Differential capacity (dQ/dV) and differential voltage (dV/dQ) analysis were applied to 

determine the cut-off voltage window for NMC/Si/MC full cell. 

Chapter five summarizes the results and discussions regarding this work. The highlights of 

the findings will be pointed out.  
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Chapter II 

Theoretical Background 

 

2.1 Introduction into Li-ion batteries 

Nowadays Li-ion batteries dominate the market of portable electronics and penetrate the 

market of transportations, such as hybrid electric vehicles (HEVs) and plug-in hybrid 

electric vehicles (PHEVs). Most investments are largely focused on Li-ion batteries, as they 

are forecasted as the most used system for at least 15 years. Figure 1 displays the energy 

density and power density comparison between different type of secondary batteries [1]. In 

spite of the tremendous success in the portable electronic market, Li-ion batteries still face 

great challenges for the transportation vehicle application. Many efforts have been done to 

improve the aspects of energy/power density, cycling life, safety and overall costs to 

compete with the internal combustion engine and fossil fuel energy. 

 

Figure 1. Schematic representation of the different secondary batteries in terms of power 

density and energy density [1]. 
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2.2 Principle of Li-ion batteries 

In 1991, Sony commercialized Li-ion battery with LiCoO2 as positive electrode and graphite 

as negative electrode. The active materials are deposited on current collectors  (copper for 

negative and aluminium for positive electrode). Both electrodes are separated by a 

separator  which contains the immersed liquid electrolyte. A separator made of a 

microporous polyethylene or polypropylene is used as physical barrier between the 

electrodes. In Li-ion batteries, like in all batteries the conversion of chemical energy into 

electrical energy is the result of two half-cell redox reactions. By definition, the electrode 

where a reduction takes place is the cathode, while the electrode where oxidation takes 

place is the anode. A schematic representation of the operating principle of a Li-ion battery 

can be seen in Figure 2. During charge, lithium ions are extracted from the positive electrode 

(oxidation) and intercalate into negative electrode (reduction). The lithium ions travel 

through the electrolyte while the electrons travel through external circuit to maintain the 

neutrality of the electrodes. During charge, these reactions are not spontaneous so an 

external power source is necessary. During discharge, the opposite redox reactions occur 

spontaneously. 

 

Figure 2.  A schematic representation of the operating principle of a Li-ion battery [2]. 

 

2.3 Electrochemical evaluation of  Li-ion battery performances. 

The performance of the battery can be expressed by different parameters, as following : 
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 Cell voltage 

The cell voltage (in volts) is defined as the potential difference between two electrodes : 

 
 

( 1 ) 

This voltage can refer to open circuit voltage (OCV) when there is no current applied or to 

specific load conditions (nominal voltage). 

 Capacity 

The capacity is a measure of the total amount of charge that can be stored in the battery. It is 

defined by the equation ( 2 ):  

 

 

( 2 ) 

Where  I : the current (in Ampere) 

  t : the time while the current is delivered (in seconds) 

  Q : the capacity in Coulomb (C) or in Ampere-hours (Ah), (1 Ah = 3600 C) 

The theoretical capacity of a material can be calculated from the number of electrons 

exchanged per formula unit of the host material (the number of Li+ inserted per mole of 

active material using the equation ( 3 ): 

 

 

( 3 ) 

Where  m : weight of the active material (g) 

F : Faraday’s constant (96,485 C.mol-1) 

x : number of electrons exchanged per formula unit of the host material  (= 

number of Li+ inserted in the host material) 

  M : molecular weight of the active material (g. mol-1) 

The specific capacity is defined as the capacity per unit of weight of active material 

(gravimetric specific capacity in mAh.g-1) or per unit of volume (volumetric specific capacity 

in mAh.dm-3). For the areal capacity, the capacity is divided by the electrode area A (cm2). 
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Practical capacity values are in principle lower than the theoretical values due to energy 

losses by side reactions, resistance etc. and depend on the charing and discharging 

conditions. 

To normalize the battery specifications, C-rate is used to express the battery performance 

upon galvanostatic testing. C-rate is a measure of the time taken to deliver the full capacity 

of the battery. For example, C/n means the theoretical capacity C is delivered upon a 

discharge (or charge) of n hours. 

 Energy 

The energy of a battery is the measure of the amount of energy that the battery can deliver. 

It is defined by the equation ( 4 ): 

 W = U.I.t = U.Q ( 4 ) 

Where  U : the cell voltage (in Volt) 

  I : the current applied through battery (in Ampere) 

  Q : the capacity (in Coulomb or Ah) 

  T : the time while the current is delivered (in seconds) 

The specific energy is expressed per unit of mass (in Wh.g-1), the energy density per unit of 

volume (in Wh.dm-3). 

 Power 

The power represents the ability of the battery how fast to deliver the lithium ions. It is 

defined as the energy per time unit and can be calculated by using the equation ( 5 ).  

 
 

( 5 ) 

The value depends on the “internal resistance” of the battery, which is determined by the 

electronic and ionic conductivity and polarization. For the batteries, the specific power (W 

kg-1) and the power density (W dm-3) are generally used. 

 Cyclability or cycle life 
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The cyclability corresponds to the number of charge/discharge cycles that can be carried 

out before a lower limit of the capacity is reached ( 80 % of the initial capacity). 

 Coulombic efficiency 

The coulumbic efficiency (CE) reflects the contribution of side reactions and is defined as 

the ratio of the charge capacity over the discharge capacity (equation ( 6 )). A battery should 

have the coulumbic efficiency as close as possible to 100% to be used in commercial 

application. 

 

 

( 6 ) 

 Capacity retention 

The capacity retention (CR) can mathematically show the capacity fading in the battery. 

Capacity retention of the nth cycle is calculated by : 

 

 

( 7 ) 

2.4 Main drawbacks and challenges for Li-ion batteries 

The progress in battery research is far from following Moore’s law (doubling of the storage 

capacity in 18 months). Since the first commercial Li-ion batteries produced, approaches 

have been done on improving the system performance, increasing the safety, decreasing 

costs and improving the sustainability. Despite the breakthrough from nanomaterials, 

present Li-ion technology does not satisfy the requirements for large volume application, 

such as renewable energy and electric transportation fields. To satisfy the current needs, 

increasing their energy and power density are required. One effort to be done is improving 

the active materials for positive and negative electrodes. The materials should be capable to 

absorb much lithium, thus delivers a larger capacity. In addition, the anode and cathode 

materials should present a large electrochemical potential difference (5V).  

In addition, the structure and composition of the electrodes are determining the battery 

performance to a large extent. The choice of binder, conductive additives, and the internal 

structure have a strong impact on the global performance of a Li-ion batteries. 
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2.5 Materials for Li-ion batteries 

The selection of the electrode materials for Li-ion batteries is based on intercalation 

compounds that can reversibly host lithium ions. For commercial Li-ion batteries, the 

positive electrode consists of a lithium containing transition metal oxide whereas the 

negative electrode uses carboneous materials. An overview of the investigated materials is 

presented in Figure 3. Most of the current and future promising materials for cathode and 

anode will be discussed further. 

 

Figure 3. Potential vs. Li/Li+ and specific capacity of selected cathode and anode materials 

for Li-ion batteries [3]. 

2.6 Materials for positive electrodes 

In Li-ion batteries, positive electrodes are referred as cathodes. They are typically 

intercalation compounds made of lithium metal oxides to provide lithium. The general 

formula of intercalation materials is LixMyXz, where M is a metal (usually transition metal), X 

is an anion (oxides or polyanions (XO4)n-). Whittingham reviewed that the material for 

positive electrodes has to fulfill following requirements [4]: 

1) The material contains have a multi-steps valence change, for example a transition 

metal. 

2) The material reacts reversibly with lithium and causes minimal structure changes 

during insertion/extraction of  the lithium. 
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3) The material may host several Li-ions per formula unit which can deliver high 

capacity. The insertion/extraction process should operate at high voltage (around 

4V vs. Li/Li+). 

4) The material should have a good electronic and Li-ion conductivity. 

5) The material should be thermally and chemically stable, low cost and 

environmentally benign. 

LiCoO2 has been the standard electrode in commerial Li-ion batteries. However, LiCoO2 

cathode material is expensive due to the high cost of cobalt and thermally unstable at 

elevated temperature. Thus, several substitute cathode materials have been studied. The 

cathode materials used in Li-ion batteries can be classified into three categories : 

 One-dimensional structure in which Li-ions are inserted into a single direction or via 

a first-order phase transition  (for e.g : LiFePO4). This type of  reaction exhibits a flat 

potential profile. 

 Two-dimensional structure referred as layered structure (for e.g : LiCoO2, LiNiO2, 

and LiNi1/3Mn1/3Co1/3O). This type of reaction exhibits a sloping potential profile. 

 Three dimensional structure in which Li-ions are inserted into a 3D framework (for 

e.g :  LiMn2O4): 

LiFePO4 offers high safety and cycle life, but less energy. LiMn2O4 (LMO) costs less, but it 

delivers lower energy and degraded electrochemical performance at elevated temperature. 

While LiNi1/3Mn1/3Co1/3O (NMC) offers lower cost, high energy density, and higher safety 

compared to LiCoO2. Thus, NMC is a promising cathode material in Li-ion batteries for 

electrical vehicle application. 

2.7 Materials for negative electrodes 

The negative electrodes are referred as anodes. Metallic lithium was firstly used as negative 

electrode. However, the use of metallic lithium causes the formation of dendrites upon 

cycling leading to loss of capacity and safety problems. Therefore, the metallic lithium was 

replaced by a lithium intercalation compound which has a electrochemical potential close to 

that of lithium metal [5]. The materials for negative electrode should have to fulfill the 

following requirements : 

1) The material reacts reversibly with lithium.  
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2) The material accommodates several Li-ions per metallic atom to provide high 

capacity. 

3) Insertion/extraction processes should operate at a low potential close to Li/Li+ (-

3.04V vs. SHE) to obtain a wide cell voltage window. 

4) The material should have a good electronic and Li-ion conductivity. 

5) The material should be low cost and environmentally benign. 

There are three types of reaction involved at the negative electrode of batteries ; (1) 

insertion/intercalation, (2) alloying/dealloying, (3) conversion. 

Commercial Li-ion batteries currently use carbonaceous materials. Yazami et al. were the 

first to use graphite in an electrochemical cell [6]. Graphite consists of graphene sheets 

stacked in ABAB (hexagonal) or ABCABC (rhomboedral) patterns. Lithium can be reversibly 

intercalated between these sheets. At room temperature, one lithium reacts with six atoms 

of carbon giving a theoretical capacity of 372 mAhg-1.  

 Li+ + e-1 + 6C → LiC6 [ i ] 

In addition, graphite is used also because it has a low insertion voltage ( 0.2 – 0.05 V vs. 

Li/Li+). It has good reversibility as the volume expansion is  10%. 

The second type of the negative electrodes is metals and semi metals which react with 

lithium. The electrochemical formation of alloys between lithium and a metal can be 

explained by following general equation [ ii ]: 

 M + xLi+ + xe- → LixM [ ii ] 

Alloying elements are mainly in group 13 (Al, Ga, In), 14 (Si, Ge, Sn, Pb), and 15 (As, Sb, Bi) 

of the periodic table. Alloys generally provide higher volumetric and gravimetric capacities 

than the insertion materials (graphite, Li4Ti5O12, etc). However, these materials suffer from 

volume expansion upon cycling. The volume expansion can destroy the electrode structure 

leading to the contact loss between active material, the current collector, and the conductive 

material [7]. 

The third type of materials investigated as candidates for the negative electrode in Li-ion 

batteries are conversion materials. They contain a transition metal coupled with an anion. 

The conversion reaction takes place during lithiation following general question [ iii ]: 
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 MyX + nLi+ + ne-  yM + LinX [ iii ] 

Where M = transition metal, X = anion, and n = formal oxidation of X. 

The conversion reaction involves the complete reduction of the transition metal to the 

metallic state. When Li is removed from the structure, the MyX phase is transformed into a 

nanosized phase that is maintained upon further cycles. Most of the 3d transition metals 

belong to this type such as Co, Cu, Fe. 

2.8 Electrolyte 

2.8.1 Requirement of electrolytes 

The electrolyte should ensure sufficient charge transport by high ionic conductivity and fast  

(mass-) transport of the lithium ions. In general, electrolytes for Li-ion batteries should have 

these requirements: 

 Large electrochemical potential window 

 A Li+-ion conductivity Li > 10-4 S cm-1 over the temperature range of battery 

operation 

 An electronic conductivity e < 10-10 S cm-1 

 A transference number Li/total  1, where total is Li + e 

 Chemical stability over ambient temperature ranges and temperatures in the battery 

under high power (25 – 160C) 

 Chemical stability with respect to the electrodes, in order to prevent corrosion of 

both electrodes and current collector 

 Preferably nonflammable and nonexplosive if there is a short-circuit 

 Low toxicity and low cost 

In addition, immobilized electrolytes or separators should provide a physical barrier 

between the negative and positive electrodes in  order to prevent electrical or chemical 

short circuits. Immobilized electrolytes can be formed in two ways. First, adsorbed 

electrolyte which is fabricated from microglass fibers and partially filled with electrolyte. 

Second, gelled electrolyte in which fumed silica is added to the electrolyte causing it harden 

into a gel [8]. 
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2.8.2 Types of electrolytes 

In Li-ion batteries, liquid electrolytes are mostly used. They are mainly composed of a 

lithium salt dissolved in mixtures of organic solvents (for e.g : carbonates) [9]. Most 

carbonates exhibit a large electrochemical window and undergo electrochemical oxidation 

at a potential of 4.7 V vs. Li/Li+. Cathodic reduction proceeds at potentials near 1 V vs. Li/Li+ 

[9], [10]. In addition, their viscosity is relatively low, which results in a high diffusivity for 

lithium ion diffusion. Therefore, carbonates or carbonate blends are the most commonly 

used electrolytes for Li-ion batteries. They consist of one or more of the  following 

compounds : propylene carbonate (PC), ethylene carbonate (EC), diethyl carbonate (DEC), 

dimethyl carbonate (DMC), ethylmethyl carbonate (EMC). For graphite anodes, EC is 

preferably used because (1) it forms a passivating SEI layer on the anode surface that 

protects the electrolyte from further decomposition after initial SEI formation [11], (2) its 

high polarity favors salt dissociation for high ionic conductivity.  

The preferred salt for Li-ion batteries, lithium hexafluorophosphate (LiPF6), is used because 

(1) its high ionic conductivity (10 mS cm-1 at room temperature) due to the low charge 

density of the complex anion, (2) it is stable over a wide electrochemical window, (3) it 

participates in the formation of a stable SEI on the graphite surface and (4) it passivates Al 

current collector at high potentials. Lithium bis(oxalato)borate (LiBOB) and lithium 

difluoro(oxalate)borate (LiDFOB) also form favorable SEI at graphite anode. However, these 

two salts are not stable > 4V vs. Li/Li+ due to oxidation of oxalate and have lower ionic 

conductivity in comparison to LiPF6. Meanwhile, lithium bisfluorosulfonyl imide (LiSFI) 

exhibits higher ionic conductivity than LiPF6 and forms stable SEI. However, it does not 

passivate the Al current collector at high potential (3.3 V vs. Li/Li+) [12]. Therefore, LiBOB, 

LiDFOB, and LiSFI can not replace LiPF6 as single salt, but can be used as an additive or a co-

salt in combination with LiPF6.  

Another type of electrolyte used is solid polymer electrolyte (SPE) which consists of lithium 

salts incorporated into a polymer. It can act additionally as a separator between the 

electrodes. However, the high cost and low ionic conductivity make them unsuitable for the 

large size Li-ion batteries to be used in the transportation vehicles. Meanwhile, gel polymer 

electrolyte compromises the liquid electrolyte and solid polymer electrolyte. However, it 

suffers loss of the mechanical strength at elevated temperatures. 
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2.8.3 Solid Electrolyte Interphase (SEI)  

2.8.3.1 SEI models 

During the first lithium insertion into the negative electrode host, lithium reacts and 

decomposes the electrolyte. Thus, forming a passivation layer on the surface of the 

electrode, so-called Solid Electrolyte Interphase (SEI). SEI on anode surface is the key to 

control the power and cycle performance of lithium ion battery. When the SEI reaches a 

critical thickness, the electrolyte no longer decomposes and stops further reduction. The 

typical SEI thicknesses ranges from ∼20 Å to several hundreds of Å [13]. The performance 

of a battery upon long-term cycling is strongly related to the properties of SEI (composition, 

thickness, morphology, density).  

An "ideal" SEI should meet several requirements : 

 Very low electronic conductivity (te-  0) 

 High ionic conductivity (tLi+  1) 

 Uniform and stable composition 

 Good adhesion to the electrode materials  

 Good flexibility and mechanical properties to accommodate the volume expansion of 

the active materials 

 Low solubility in the electrolyte to avoid further electrolyte degradation 

Several factors that affect the SEI properties are the electrolyte composition (solvent, salt, 

additives), the nature of electrode materials (active material and binder), the 

electrochemical cycling conditions (charge- and discharge rate, depth of discharge, etc), and 

the operating temperature [14]. 

2.8.3.2 SEI composition 

The composition of SEI  is complex and still discussed in the literature. A recent study 

described that the SEI consists of a dense layer of inorganic compounds which forms a 

protective layer towards reduction. The SEI layer is the product of electrolyte 

decomposition which may contain Li2CO3, lithium alkyl carbonate, lithium alkyloxide, and 

residues of  an LiF- or LiPF6-based electrolyte [15]. Figure 4 illustrates the composition of 

SEI layer on graphite anode [16]. Two mechanisms have been proposed for the 

electrochemical reduction of carbonate-based solvents [17]. The first stage takes place 
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before the intercalation of lithium ions into graphite. The SEI formed in this stage is 

structurally porous, higly resistive, dimensionally unstable and enriched with inorganic 

components. The second stage occurs simultaneously with the intercalation of lithium ions. 

The SEI formed is more compact, highly conductive, and enriched with the organic 

compounds. When the reduction mechanism of solvents generates more gas, the product 

contains more Li2CO3 and SEI layer is less stable. On the contrary, when the reaction 

generates less gas, the resulting products are insoluble in the electrolyte, and the SEI layer is 

compact and stable. The effect of nonaqueous electrolytes and additives on the performance 

of Si anodes is mainly adopted from electrolytes from graphite-based Li-ion batteries (i.e 

LiPF6 in mixtures of ethylene carbonate (EC) and dimethyl carbonate (DMC). 

 

Figure 4. Scheme of SEI layer [16]. 

2.9 Separator 

Separator physically isolates the cathode and the anode to prevent the electrical and 

physical contact of the electrodes. The separator does not participate actively in 

electrochemical reactions, but it strongly contributes to the battery safety. Separators used 

in the Li-ion batteries are typically a microporous polyethylene (PE) or polypropylene (PP) 

membrane. A trilayer separator which consists of PP-PE-PP is also used for their safety 

feature. The safety feature is based on the different melting temperature ranges between PE 
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(120-130C) and PP (165C). When the battery operation reaches the melting temperature 

range of PE, the PE layer melts and closes its pores to shut down the current. Whereas PP 

remains to isolate the electrodes. Since the pore closing is irreversible, the battery will be 

damaged permanently once the thermal shutdown occurs.  

2.10 Silicon based anode for Li-ion batteries 

Based on Figure 3, Si is an attractive candidate of alloying elements since it presents the 

highest theoretical charge capacity (3579 mAh g-1 at room temperature), which is ten times 

higher than the conventional graphite electrode used for commercial application (372 mAh 

g-1 at room temperature). This is due to capability of one mol Si to host up to 3.75 mol of 

lithium [18]. Table 1 compares the properties of graphite and silicon as anode for Li-ion 

batteries. 

Table 1. Comparison of Si and graphite as anode for Li-ion batteries [19]. 

Anode material C Si 

Density (g.cm-3) 2.25 2.33 

Lithiated phase  LiC6 Li15Si4 

Theoretical specific capacity (mAh g-1) 372 3579a 

Theoretical volumetric capacity (mAh cm-3) 837 8339 

Volume change (%) 12 >280 

Potential versus Li (V) 0.05 0.4 

Conductivity (S.cm-1) 0.61 × 103 2.52 × 10−6 

a The theoretical specific capacity of Si is based on Li15Si4. 

2.10.1 Li-Si alloy 

Huggins et al. showed that during the lithiation of Si at high temperature (415 C), four 

distinct voltage plateaus appear corresponding to Li12Si7, Li7Si3, Li13Si4, and Li22Si5 [20]. The 

formation of  the highly lithiated phase  Li22Si5 (Li4.4Si) gives a theoretical capacity of 4200 

mAh g-1. However, the lithiation of Si at room temperature occured differently. Limthongkul 

et al. showed that continual lithiation took place since the first discharge around 0.1V vs. 

Li/Li+. The crystalline Si particles were converted into Li15Si4 (Li3.75Si) [21]. They also 

showed that this process leaded to partial destruction of the Si crystal lattice forming 

amorphous LixSi phase [22]. 
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2.10.2 Main challenges of Si anode 

Chan et al. [23] and Ji et al. [24] confirmed that anodes made of pure crystalline Si suffered 

from poor capacity preservation. By using scanning electron microscopy (SEM) and high-

resolution transmission electron microscopy (HRTEM), Chon [25] and Liu [26] reported 

that crystalline-amorphous phase transformation during the initial lithiation induces high 

compressive stress of ca. 0.5 GPa. By using ex-situ and in-situ X-ray diffraction (XRD), 

Obrovac et al. [27] and Hatchard et al. [28] investigated that a Li15Si4-phase was formed at 

50 mV vs. Li/Li+. Due to a large internal resistance, the dealloying reaction is not 

completed while Si remains in a lithiated state.  

To summarize, three fundamental challenges of Si-based anode can be outlined, as 

illustrated on Figure 5 [29]. First, the extreme volume change over 280% during lithium 

insertion/extraction induces the large stress of Si (Figure 5a). Second, the drastic change of 

electrode morphology will cause capacity loss (Figure 5b). Third, the low stability of the 

solid electrolyte interphase (SEI) layer on Si anode weakens the electrical contact and 

elongates the Li+ ion diffusion path, as illustrated in (Figure 5c) [30]. SEI is a layer from the 

decomposition product of the organic electrolyte below ∼1 V vs. Li/Li+ which passivates the 

electrode surface. Verma et al. confirmed the formation of this passivating SEI film on the Si 

surface by HRTEM, Fourier Transform Infrared Spectroscopy (FTIR), and X-ray 

Photoelectron Spectroscopy (XPS) [14]. 
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Figure 5. Si electrode failure mechanisms: (a) material pulverization, (b) morphology and 

volume change of the entire Si electrode, (c) continuous SEI growth [29]. 

2.10.3 Improvement of the Si-based electrode materials 

2.10.3.1 Limitation of the capacity 

Several strategies have been followed to improve Si-based anodes including the limitation of 

the capacity for reducing the degradation caused by volume expansion. Because of the close 

(causal) relationship between the Li-insertion and volume expansion, limiting the amount of 

lithium inserted in the host material will limit also the volume expansion. The capacity can 

be limited experimentally by controlling the voltage (lower cut-off voltage) [31]. Jung et al. 

showed that lowering the voltage limit from 0 to 0.2V reduced the capacity fading, however 

the capacity was limited to 400 mAh g-1 [32]. Therefore, the voltage window needs to be 

adjusted. Li et al. proposed the lower limit voltage to 70 mV [33]. Obrovac for the first time 

proposed a constant-current/constant-voltage (CCCV) procedure to reversibly cycle 

crystalline Si particles [34]. This method includes two steps: first, the particles are partially 

lihiated and converted into a desired amount of amorphous silicon, and then the electrode is 

cycled with a lower cut off voltage of 170 mV to avoid over-lithiation and to maintain the 

crystalline core. 
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2.10.3.2  Modification of the Si morphologies 

Stress induced by volume expansion is the main reason for capacity fading of Si-based 

anode. Therefore, the initial morphology of Si plays an important role in determining the 

capacity and cyclability. Since 1996, the transition from large particles to micro-particles 

has shown to improve the cycling performance of alloy-materials [35]. Lately, many 

problems associated with electrochemical alloying have been mitigated with 

nanostructured Si. Their small dimension and high surface area allow nanostructured Si 

particles to accommodate the lithium with minimal internal stress. Moreover, their shorter 

distance of electronic and ionic transport may facilitate Li-ion diffusion and electron 

transfer leading to better electrochemical performances [36]. In the past decade, various 

structural designs of nanostructured Si materials have been investigated in attempt to 

improve the Si-based anodes, such as Si nanoparticles, Si nanoporous, Si nanowires, Si 

nanotubes, and Si thin films. 

2.10.3.3 Si Nanoparticles (SiNPs) 

In 1999, Li et al. firstly reported that SiNPs with ~78 nm size demonstrated greater 

improvement than bulk Si [37]. This improvement was attributed to the smaller volume 

variation of single nanometer alloy particles compared to single large size alloy particles 

during cycles [38]. Besides, nanosized materials often have higher plasticity and 

deformability which prevent the crack and pulverization of the electrode [39]. Liu et al. 

reported that the critical diameter of Si particle without fracture during lithiation was ∼150 

nm [40]. Due to their advantages, SiNPs offer their great potential to fabricate Li-ion 

batteries anodes. In addition, synthesis methods for SiNPs are rather mature. SiNPs are 

already commercially available [41]. However, SiNPs have the drawback to maintain not 

sufficiently the electrical connection to the current collector [42]. Recent strategy deals with 

the utilization of conductive additives and of selected binders that keep the integrity of the 

electrode. 

2.10.3.4 Si Nanowires (SiNWs) 

Silicon nanowires have recently received much attention for application as Li-ion batteries 

anode due to sufficient internal space for large volume changes, robust electrical contacts 

between individual wires and the substrate and high resistance against fracture formation 

[29]. The pioneering work of using SiNWs as anodes of Li-ion batteries was done by Cui’s 

group in 2007 using the vapour–liquid–solid (VLS) process on stainless steel substrates 

using Au catalyst [23]. SiNW electrode maintained a discharge capacity close to 75% of the 

theoretical charge capacity but a low cycle life (10 cycles). For SiNW, the diameter plays a 

important role for their mechanical properties during cycling. Ryu et al. confirmed the exact 
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“critical diameter” of SiNWs ≈ 300 nm by both theoretical calculation and ex situ TEM 

observation [43]. This finding brings a significant improvement in selecting appropriate 

methods for fabrication of SiNWs with suitable diameters for electrodes.  The use of SiNWs 

has a great impact on the design of Si anode materials. However, their use in the near term is 

unlikely because of the high synthesis costs and the presence of impurities and toxic 

compounds. 

2.10.3.5 Si Nanotubes (SiNTs) 

Among various Si nanostructures, SiNTs show great promise because their structure can 

potentially undergo reversible morphological change during lithiation/de-lithiation [44]. 

Compared to SiNWs, the maximum stress in SiNTs is much lower due to the additional free 

inner surface possessed by tubular structures. Park et al. for the first time prepared SiNTs 

for Li-ion batteries anode by reductive decomposition of a Si precursor in an alumina 

template and etching [45]. These SiNTs showed high reversible charge capacity of 3247 

mAh g-1 with coulombic efficiency of 89% at 5C rate. Similarly, Wu et al. designed a double-

walled Si–SiOx nanotube (DWSiNT) anode using electrospun nanofibre templating method, 

in which the inner wall is active silicon and the outer wall is confining SiOx [30]. DWSiNT 

anode demonstrated long cycle life (6,000 cycles with 88% capacity retention) with high 

specific charge capacity (2,971/1,780 mAh g-1 at C/5, 940/600 mAh g-1 at 12C). The 

extremely long cycle life of DWSiNT anode was attributed to the formation of stable SEI 

films associated with the unique double walled structure. These results are considered to be 

the highest specific capacity values among nanostructured Si anodes. However, fabrication 

of SiNTs are often complicated and high-cost, which makes them difficult to be implemented 

in practical battery applications. 

2.10.3.6 Si Thin Film 

As Si thin film anodes do not contain binders and conductive additives, they may offer 

higher specific capacity [31]. The important properties of the Si thin films are the thickness, 

surface morphology, crystallinity, and the bonding between the Si films and the current 

collector. Two common techniques to synthesize Si thin film are physical vapor deposition 

(PVD) [46] and chemical vapor deposition (CVD) [47]. For Li-ion batteries applications, the 

Si thin film is deposited directly on the current collectors, which can be Cu, stainless steel, 

Ni, or Ti metals. The improved electrochemical performance of Si thin film anodes was 

attributed to its small dimensions which permit the micromechanical processes of 

deformation and fracture. Therefore, they are well suited for micro-battery applications. 
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2.10.3.7 Si Nanoporous  

A structure of nanoporous Si is considered as a promising solution by providing enough free 

space for expansion during lithiation. Nanoporous Si can be prepared in a scalable process 

using a novel two-step approach combining controlled boron doping and electroless etching 

[48]. Zhu et al. fabricated Si nanoporous by a scalable electrochemical process in which Si 

wafers were transferred to flexible and conductive substrates [49]. In spite of porous Si 

nanoparticles can improve the cycling performance of the electrode, they will reduce the 

volumetric capacity of the electrode. Most of the 3D porous silicon particles can be 

synthesized by HF etching process [50], chemical etching (HF/H2O2) [51], and 

electrochemical etching [52]. 

2.10.4 Synthesis of nanoporous Si 

Cho et al. prepared three dimensional nanoporous (3DNP) Si by depositing Si particles on 

SiO2 nanoporous templates [53]. This electrode exhibited a high specific capacity > 2800 

mAhg-1 without significant degradation up to 100 cycles. Despite such promising 

performance of porous Si-based electrodes, their preparation required several complicated 

steps, such as fabricating a template, depositing a thin film etc. This makes the preparation 

expensive, slow, and difficult to scale up. Thakur et al. prepared two dimensional porous Si 

particles by electrochemical etching of Si wafers in a HF-based solution, followed by 

sonicating [54]. The Si anode showed an excellent retention capacity of 1000 mAh g-1 for 

over 600 cycles. Park et al. for the first time reported SiNPs in ordered mesoporous carbon 

(OMC) with a scalable process [55]. The Si/OMC composite was synthesized by a self-

assembly procedure using Pluronic F127, a resorcinol–formaldehyde polymer and SiNPs. 

The electrode showed a reversible capacity above 700 mA h g−1 for 50 cycles. Recently, Xu et 

al. fabricated mesoporous C/Si composite via  a similar method. The mesoporous C/Si 

composite anodes retained a capacity of 1018 mAh g-1 at a constant current density of 1000 

mA g-1 for 100 charge/discharge cycles [56].  

2.10.5 Conductive additives for Si-based anodes 

To improve the cycling stability of the Si anodes with respect to their internal resistance, 

continuous electrical conducting pathways are required. Conductive additive plays an 

important role to improve the conductive percolation network of the Si-based anodes as 

undoped silicon basically has a low conductivity (2.52. 10-6 S cm-1) [57]. Si particles coated 

with different conducting materials via different techniques have been studied. Carbon 

nanomaterials are considered as proper conductive additives for Si anodes for several 

reasons. First, they can accommodate the volume expansion of Si anode [57]. Second, they 

have high electrical conductivity (1.25 x 103 – 3 x 105  S m-1) [58]. Third, they can stabilize 
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the SEI layer [59]. Amorphous carbon, graphite, graphene, carbon fiber, carbon nanotubes, 

have been studied as conductive additives for Si anodes. Table 2 summarizes the most 

recent literature data on Si electrodes combined with carboneous material for lithium-ion 

battery devices. 

Table 2. Electrochemical performance of Si/C composites anodes for lithium-ion batteries. 

Anode Cycling stability Synthesis method 

n-Si/C Reversible capacity of 500 mAhg-1
 

using constant currents of 3.7 mA g-1
 

CVD [60] 

Si/C  Reversible capacity of 1066 mAhg-1 

with current density 0.05 mA cm-2 

mechanical milling [61] 

n-Si/amorphous 

C 

capacity retention 84% after 30 cycles 

at rate of 0.2C 

butyl-capped Si annealing [62] 

Si/OMC 700 mAh g−1 for 50 cycles at rate of 1C self-assembly using Pluronic F127, 

resorcinol–formaldehyde polymer 

and Si nanoparticles [55] 

Si/CB 1590 mAhg−1 and 870 mAhg−1 at rates 

of rates of 1C and 8C, respectively 

CVD [63] 

C/Si/C reversible capacity of 2000 mAhg-1 at 

50 mAg-1, and 100% capacity 

retention at 500 mAg-1 after 300 

cycles 

self-rolling technique [64] 

SiNW/C 2000 mAhg-1 for 100 cycles at C/10 

and over 1200 mA h g-1 at 1C 

supercritical fluid-liquid-solid 

(SFLS) [65] 

SiNP- graphene storage capacity >2200 mAh g-1 after 

50 cycles and >1500 mAh g-1 after 

200 cycles at rate of 100 mA g-1 

dispersing SiNPs between 

graphene sheets [66] 

Si- graphene 

composite 

reversible capacity of 1300 mAh g-1 

(the charge rates from 100 mA g-1) 

sonochemical method and  

magnesiothermic reduction [67] 

Si–graphene The capacity retention of 90% after 

500 cycles and an average coulombic 

efficiency in excess of 99.5% at C/5  

CVD [68] 

G/Si–C specific capacity of 3.2 mAh cm-2 after 

100 cycles with coulombic efficiency 

99.51%  

dispersing SiNPs in Graphite Oxide 

[69] 



23 

 

Si- graphene 

composite 

specific capacity of 1000 mAh g-1 at 

current density of 1000 mA g-1 

solvent exchange method [70] 

porous 

SiNWs/graphene 

specific capacity of 2041 mAh g-1 at 

the 20th cycle. 

liquid-phase graphite exfoliation 

method and an electroless 

HF/AgNO3 etching process [71] 

Si-CNT  de-alloying capacity of ∼480mAh g-1 

at C/5 for 150 cycles 

vapor deposition routes [72] 

Multiwalled 

Carbon Nano 

Tube (MWCNT)-

embedded SiNP 

1510 mAh g-1 at a current density of 

840 mA g-1 for 100 cycles 

CVD and spin coating process [73] 

VA-CNTs/Si rate capability of 1900 mAh g− 1 at 5C 

and 760 mAh g− 1 at 15C 

two-step CVD process [74] 

C-Si core-shell 

NWs 

specific capacity of ∼2000 mAhg-1 and 

coulombic efficiency of 98-99.6% at 

the rate of C/5 over 30 cycles 

CVD of a-Si on CNT films [75] 

SiNPs-CNF specific capacity of 2500 mAhg-1 at a 

current density of 500 mA g-1 over 50 

cycles 

pyrolysis [76] 

Silicon- vertically 

aligned carbon 

nanofibers (Si-

VACNF) 

3000 to 3650 mAh g-1 at the C/10 and 

89% of the capacity was retained after 

100 cycles at the 1 C rate 

 

magnetron sputtering [77] 

 

Besides carboneous material, Yao et al. prepared a core-shell TiC/C/Si, in which the inactive 

TiC/C nanofibers acted as a conductive additive [78]. The TiC/C/Si nanocomposite anode 

showed ∼3000 mAh g-1 discharge capacity and 92% capacity retention after 100 cycles.  

In order to sum up, the addition of a conductive additive can enhance the electrochemical 

property of Si anodes. However, the amount of conductive additives should be compromised 

as it reduces the volumetric and gravimetric capacity of Li-ion batteries. 

2.11 Binder for Si-based anode 

For powder-based Si anodes, the type of binder has a major impact on cycle life as it 

maintains the electrode`s intregity. The performance of a polymer binder depends on at 

least four parameters : (i) adhesion strength between the electrode and the current 
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collector, (ii) interface between the polymer and the active material, (iii) interaction of the 

binder with the electrolyte, and (iv) the binder`s mechanical properties [79]. 

Polyvinylidene Fluoride (PVdF), a conventional binder, exhibits a good elastic properties for 

graphite anodes. However, it suffers from fast capacity fading in Si anodes due to its poor 

elastomeric property [80]. Significant improvement of cycle performance was found using 

styrene butadiene rubber (SBR) or binders containing carboxyl groups such as 

carboxymethyl cellulose (CMC), carboxymethylcellulose sodium (Na-CMC), polyacrylic acid 

(PAA), and alginic acid (alginate). The molecular structures of those polymer binders are 

presented in Figure 6.  Most of these binders improve adhesion forces between their 

carboxyl groups and the hydroxyl groups on the Si surface. In addition, they have less 

interaction with electrolyte solvent.  

  

(a) Polyvinylidene Fluoride (PVdF) (b) Polyacrylic Acid (PA) 

 

 

(c) Carboxymethyl Cellulose (CMC) (d) Carboxymethylcellulose sodium (Na-

CMC) 
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(e) Styrene Butadiene Rubber (SBR) (f) Alginic Acid (Alginate) 

 Figure 6. Molecular structures of polymer binders used for Si-anode materials: (a) 

Polyvinylidene Fluoride (PVdF), (b) Polyacrylic Acid (PAA), (c) Carboxymethyl Cellulose 

(CMC), (e) Styrene Butadiene Rubber (SBR), (f) Alginic Acid (Alginate). 

Li et al. showed that CMC is a good binder which improves  the stability of the Li-Si alloy 

[81]. The hydrogen bonding between the carboxymethyl groups in CMC and the Si surface 

can accommodate the strong volumetric modification during cycling. Later they also 

investigated the advantage of  combining SBR and Na-CMC for Si anodes which showed an 

even improved  stability with significantly lower amounts compared to bare CMC [82]. The 

second advantage is the solubility of SBR in ethyl acetate and Na-CMC in water, instead of 

more harmful organic solvents. However, aqueous solvents can increase surface oxidation of 

Si, thus affecting the coulombic efficiency and long-term stability of the anode. Besides, the 

mechanical properties of Na-CMC can not be adjusted by chemical modification for optimal 

use for Si anodes. Another binder, pure PAA, offers superior performance as a binder for Si 

anodes. Magasinski et al. reported for the first time that pure PAA showed mechanical 

properties comparable to those of CMC [79]. PAA contains a higher concentration of 

carboxylic functional groups than that of CMC. In addition, another study showed that PAA 

binder had less interaction with electrolyte solvents compared to PVdF which allowed the 

formation of a stable SEI [83]. Recently, Murase et al. examined binders based on 

biomaterials, in particular polysaccharides (amylose, amylopectin, and glycogen) for Si-

based electrodes [84]. Similarly, Kovalenko et al. studied alginate, a natural polysaccharide 

extracted from brown algae, which yields a stable Si nanoparticles anode [85]. Alginate 

macromolecules which are much more polar than the CMC polymer chains can ensure better 

interfacial interaction between the polymer binder and the particles. They also provide 

stronger adhesion between the electrode layer and Cu substrate.  

In summary, polymer binders for Si anodes should have unique properties, such as sufficient 

binding to the active material, adhesion to current collectors, insolubility in electrolyte 

solutions, high melting points, and chemical/electrochemical stability over a wide potential 
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range. All the binders described above are considered as polymeric and non-conductive. 

Conventional approaches for maintaining the electrical and mechanical integrity of powder 

based Si electrode can be done by adding conductive additives combined with polymer 

binders. 

2.12 Electrolyte additives  

Electrolyte additives can improve Li-ion batteries effectively. By using no more than 5% 

either by weight or by volume of the electrolyte, they improve the cyclability of Li-ion 

batteries. There are numbers of electrolyte additives for Li-ion batteries. The additives are 

selected to be able to : 1) stabilize the SEI layer, 2) reduce irreversible capacity loss caused 

by SEI formation during the first cycle, 3) enhance thermal stability of the electrolyte [86]. 

For Si anodes, vinyl carbonate (VC) [24], [87]–[92], fluoroethylene carbonate (FEC) [87], 

[88], [93], lithium bis(oxalato)borate (LiBOB) [87], [94], lithium difluorooxalatoborate 

(LiDFOB) [87], lithium bis(oxalato)borate [87], succinic anhydride (SA) [95], [96], and 

tris(pentafluorophenyl)borane (TPFFPB) [97], have been studied. The structure of each 

addtive can be seen in Figure 8.  

VC can reduce effectively the irreversible capacity loss and enhances the stability of the SEI 

layer. XPS studies showed that the addition of VC results the formation of poly(VC) on the 

electrode surface which makes SEI denser and more stretchable [90]. However, excess VC 

decreases the cells cycling efficiency and promotes self discharge, so the amount should be 

compromised. 

FEC forms a favorable SEI on the surface of Si anodes [87], [88], [93]. There are two possible 

mechanisms of FEC reduction proposed in the literature. First, FEC converts into VC through 

defluorination following the reaction in Figure 7. The resulting VC polymerizes, while HF 

effectively improves the cycleability of metallic lithium. The main products are LiF and 

poly(vinylene carbonate). Second, FEC is reduced through opening the five-membered ring 

to form a (CH2CHFOCO2Li)2 dimer. 

 

Figure 7. Decomposition reaction of FEC. 
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The addition of LiBOB generates surface films with a higher concentration of oxalates and 

LixPFyOz, but lower LiF providing a modest improvement in cycling performance on Si thin 

film [87]. Based on XPS analysis, LiBOB reacts with the major SEI components such as 

lithium alkyl dicarbonate and lithium alkoxide to form a more stable oligomer [98]. In 

addition, LiBOB has several additional functions; (1) it contributes to SEI formation and 

stabilizes SEI, (2) it reduces dissolution of the cathode materials, (3) it provides overcharge 

tolerance, and (4) it facilitates Al passivation in the electrolyte solution. 

Li et al showed that the use of SA could help improve the interfacial properties of Si/C 

nanofiber by preventing the decomposition of LiPF6 salt and preserving the integrity of the 

electrode electrode [96]. The addition has been reported to improve the electrochemical 

performance of Si thin film [95]. 

  

(a) vinylene carbonate (VC) (b) fluoroethylene carbonate (FEC) 

 

 

( c) succinic anhydride (SA) (d) tris(pentafluorophenyl)borane 

(TPPB) 
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( e) lithium bis(oxalato)borate (LiBOB) (f) lithium difluorooxalatoborate (LiDFOB) 

 

Figure 8. Chemical structure of SEI modifier additives. 

2.12.1 Rational design of silicon based electrode for a full cell configuration 

Lee et al reviewed the rational design of silicon-based composites for high-energy storage 

devices [99]. The total specific capacity of the electrode material of batteries is calculated as 

a function of the specific capacities of the anode (QA) and cathode (QC) using equation ( 8 ).  

 

 

( 8 ) 

 

Figure 9 displays the total specific capacity of a Li-ion battery as a function of the specific 

capacity of anode and cathode. The total specific capacity increases significantly with an 

increasing specific capacity of anode up to about 800-1200 mAhg-1 and afterwards it 

reaches a saturation. The total specific capacity can be also increased by using a high 

capacity cathode. The total specific capacity of current commercial Li-ion batteries in the 

range of 101-117 mAhg-1, as a combination of  a LiCoO2 cathode (140-170 mAhg-1) and a 

graphite anode (372 mAhg-1). When a high capacity cathode material (200 mAhg-1) 

combined with a capacity anode of 1000 mAhg-1, it will yield 52% increase in the total 

specific capacity. However, the shift from graphite to silicon is more critical for reducing 

volume of the Li-ion batteries, especially for electrical vehicle applications. 
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Figure 9. Total specific capacity of a Li-ion battery as a function of the specific capacity of (a) 

anode and (b) cathode [99]. 

Recently, Dash et al. reported the theoretical limits of specific capacity of silicon-carbon 

composite anode [100]. Figure 10 displays the relationship between specific capacity of 

silicon carbon composites anode and amount of Si in the anode. The specific gravimetric 

capacity of anode increases linearly with the Si content. However, the specific volumetric 

capacity of anode increases with the Si content up to a limiting value and then it decreases. 

This is because any further Si will lead to increased volume expansion which requires higher 

porosity. From Figure 10, the treshold value was determined to be 11.68 wt.% and the 

maximum capacity of the SCC anode with no volume expansion constraint was determined 

to be ~935 mAh.cc-1 and ~712 mAh.g-1. 
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Figure 10. Relationship between specific capacity of anode and the amount of Si in the 

anode, wSi-A and porosity of anode [100]. 

2.12.2 Full cells containing Si-based anodes 

 

For full evaluation of the electrochemical performance of Si-based anodes, tests in a full-cell 

configuration are required. This is an essential step that must be taken before 

commercialization. However, studies of full cells containing Si-based anodes are still rare. 

Several studies using Si-based anodes with different standard cathodes such as LiCoO2 [53], 

[101], [102], LiFeO4 [103], LiNi1/3Mn1/3Co1/3O2 [104], Li1.2Ni0.2Mn0.6O2 [105], LiMn2O4 [106], 

have been done by many groups. Yang et al. fabricated a amorphous Si film with an average 

thickness of 2 m coupled with commercial LiCoO2 cathode [101]. In the voltage range 2.5–

3.9 V at 0.2C, this full cell retained 1159 mAh g−1 after 300 cycles. Full cells using 4 µm and 6 

µm thick Si films as the anodes and standard commercial LiCoO2 as the cathodes (70 µm 

thick) delivered stable capacity of about 1.8 mAh cm-2 for 200 cycles [102]. A Li-ion full cell 

with LiCoO2 as cathode and SiNTs as anode delivered  a specific capacity above 3000 mAhg-1 

and a capacity retention of 89% at a rate of 1C [53]. 
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Chapter III 

Experimental Methods 

This chapter will focus on the experimental methods. It consists of : i) synthesis 

optimization of Si/MC composite anodes, ii) material characterization of Si/MC powder iii) 

Si/MC electrode preparation, iv) electrochemical tests of Si/MC anodes in a half cell and a 

full cell. 

3.1 Synthesis optimization of Si/MC composites 

 

Silicon nanoparticles (SiNPs) with particle size of 30–50 nm were purchased from 

Nanostructured and Amorphous Materials Inc., USA. The commercial SiNPs were originally 

prepared by laser driven reaction of silane gas (SiH4). Table 3 lists the physical properties of 

the commercial SiNPs. Resorcinol (Merck KGaA) 0.29 M and formaldehyde solution (Merck 

Schuchardt) 0.57 M were used for preparing the gel, following a previous method [107]. As 

formaldehyde was used as precursor, the reaction rate would be too slow at low pH. 

Therefore, the pH value was adjusted in the range of 6.5 – 7.4 by adding 5vol% NH3 (Carl 

Path GmbH) in H2O. The solution was put into a sealed vial, while the temperature was 

maintained at 85°C. Figure 11 illustrates the mechanism of the sol gel polymerization of 

resorcinol and formaldehyde. Resorcinol (1,3-dihydroxybenzene, C6H4(OH)2 is a phenolic 

tri-functional  compound, which is capable of adding formaldehyde (HCHO) in the 2-, 4-, 

and/or 6- positions of the aromatic ring. The reactions include an addition reaction to form 

hydroxymethyl derivatives (-CH2OH) of resorcinol and a condensation reaction of 

hydroxymethyl derivatives forming a 3-dimensional network (so-called RF gel), crosslinked 

by methylene (-CH2-) and methylene ether (-CH2OCH2-) groups. 

Table 3. Physical properties of commercial Si nanopowder. 

Bulk density ~0.08 g/cm3 

True density  2.33 g/cm3 

Specific surface area 70-80 m2/g 

Average particle size  30 - 50 nm 

Morphology Spherical 
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Figure 11. Reaction mechanism of sol-gel polymerization of resorcinol with formaldehyde 

[108]. 

Resorcinol-Formaldehyde (RF) gel was chosen to envelope SiNPs since the shape of carbons 

after pyrolysis from RF gel can be easily controlled [109]. The polymer-like elasticity of the 

fibrous carbon matrix which is obtained from pyrolysis of the RF polymer could further 

mitigate the induced stress of Si. When solution became viscous with a milky orange white 

appearence, SiNPs with particle size 30-50 nm were dispersed. The obtained gel was dried 

in a vacuum oven overnight. The dried n-Si/RF was calcined at 650°C for 10 h under flowing 

Argon to yield Si/MC composites. The pyrolysis step transformed the organic gel into a pure 

carbon structure by removing remaining oxygen- and hydrogen containing groups at an 

elevated temperature. The temperature of 650°C was used to adjust the surface area. The 

received powder was mixed using ball milling for better homogenization. The obtained 

samples were immersed in 1M HF solution for 1 h. Then, the powders were filtered, rinsed 

off with distilled water to remove any residual HF, and dried in an oven at 120C for 24 h. 

HF etching aimed to increase the porosity of Si/MC composites. Si contains oxide layer 

because it is thermodynamically unstable in air. The Si-F bond (158 kcal mol-1) is the only 

bond stronger than Si-O (123 kcal mol-1). The higher Si-F bond enthalpy drives the main 

chemical dissolution reaction used to make porous silicon. In the presence of aqueous HF, 

SiO2 spontaneously dissolves as SiF6
2- following the equation [ iv ] [110]. Finally, Si atoms 

are etched away from the Si surface by reaction with HF, thus, it generates pores. The 

schematic diagram of the preparation of Si/MC composites can be seen in Figure 12. 

 SiO2 +  6HF → SiF6
2- + 2H+ + 2 H2O [ iv ] 
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3.2 Analytical method and material characterization of Si/MC materials 

Characterization of Si/MC composite materials was conducted to understand their 

distinctive properties. They were aimed to control the synthesis process and to analyze the 

reason of materials fail during cycling. 

3.2.1 Structural characterization 

 

The crystalline structure of the materials  was characterized by X-ray Diffraction (XRD) 

technique. XRD is based on the constructive interference of monochromatic X-rays and a 

crystalline sample. The constructive interference occurs when the conditions applied satisfy 

Bragg’s Law : 

 n = 2 d sin ( 9 ) 

where    : the wavelength of the rays 

    : the angle between the incident rays and the surface of thecrystal 

d : the spacing between layers of atoms 

Conversion of the diffraction peaks to d-spacings can be used to identify the material 

because each material has a unique d-spacings. This is achieved by comparison with the d-

spacing of the standard reference. In this work, the structure of material was determined 

using a X´PERT (PRO) POWDER–Panalytical. X-ray was generated by Cu-Kα radiation (λ = 

1.5418Å). The data fitting was carried out by HighScore Plus software. 

3.2.2 Physical adsorption characterization 

 

 

 

 

 

 

Figure 12. The schematic diagram of the preparation process of Si/MC composites. 
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The porosity of the materials and electrodes was characterized by using N2 adsorption-

desorption. The specific surface area was calculated based on the amount of gas adsorbed as 

a monomolecular layer on the surface using the Brunauer-Emmett-Teller (BET) adsorption 

isothern equation : 

 

 

( 10 ) 

where  P : partial vapour pressure of adsorbate gas in equilibrium with surface at 

77.4 K of liquid nitrogen. 

P0 : saturated pressure of adsorbate gas. 

Va : volume of gas adsorbed at standard temperature  

Vm : volume of gas adsorbed to produce apparent monolayer on the sample 

surface 

C : constant which is related to the enthalpy of adsorption of the adsorbate 

gas on the powder sample 

 The pore volume and pore size distributions were derived from the desorption branches of 

the isotherms using the Barrett–Joyner–Halenda (BJH) method [111]. N2 adsorption-

desorption was carried out using a Quantachrome Instruments Autosorb iQ, US. 

3.2.3 Material composition characterization 

 

The composition of the synthesized Si/MC composite materials was determined by thermal 

gravimetric analysis (TGA). TGA is a technique in which mass of a substance is monitored as 

a function of temperature or time. The analysis was conducted on a STA409 C/PC-PFEIFFER 

VACUUM TGA-7 analyzer (NETZSCH-Gertebau GmbH, Germany) in air atmosphere from 

20C to 1100C with a heating rate of 5°C min−1.  

3.3 Electron Microscopy 

3.3.1 Scanning Electron Microscopy (SEM) 

 

The surface morphology of the samples has been observed using SEM. SEM uses a focused 

beam of high-energy electrons which carry a significant amount of energy to generate a 
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variety of signals at the surface of solid specimen. The signals that derive from electron-

sample interactions reveal information about the external morphology (texture), chemical 

composition, and crytalline structure and orientation of materials. SEM analysis was 

conducted by FEI/Philips XL-30 Field Emission ESEM coupled with an energy dispersive X-

ray spectroscopy (EDX). In this work, no prior metallization step was required because the 

samples were sufficiently conductive for characterization. SEM analysis was carried out in 

AIT Austrian Institute of Technology, Vienna University of Technology, and FELMI-ZFE 

Institute for Electron Microscopy of the TU Graz. 

3.3.2 Transmission Electron Microscopy (TEM) 

 

TEM is a characterization  tool for imaging nanomaterials to obtain quantitative measures of 

particles and/or grain size, size distribution, and morphology. An electron source at the top 

of the microscope emits electrons that travel through a vacuum in the column of the 

microscope. In order to visualize the specimen, the sample must be thin enough (typically 

<200 nm) to allow the electrons to pass through it. To get information on the inner 

structure of the particles, a thin cross-section of the electrode was prepared by Focused Ion 

Beam (FIB). In this study, TEM analysis was carried out on a FEI Tecnai F20 TEM/STEM.  

3.4 X-ray Photoelectron Spectroscopy (XPS) 

 

Surface compositional analysis was conducted using ex-situ XPS. XPS is a technique for 

analyzing the surface chemistry of a material. XPS can measure the elemental composition, 

empirical formula, chemical state, and electronic state of the elements. Spectra of XPS are 

obtained by irradiating a solid surface with a beam of X-rays and simultaneously measuring 

the kinetic energy of emitted electrons. When an atom or molecule absorbs an X-ray photon, 

an electron is ejected. The kinetic energy (KE) of the electron depends on the photon energy 

(hv) and the binding energy (BE) of the electron following this equation : 

 KE = hν – BE ( 11 ) 

This study used XPS Monochromatised Al-K alpha (1486.7 eV) at 88 W. The pressure during 

measurements was 10-8 mbar. Maximum energy resolution of the survey measurements in 

the configuration was 500 meV (at 100 eV Pass Energy). Detailed spectra have been 

recorded with a maximum resolution of about 50 meV (at 80 eV Pass Energy). For 

postmortem analysis, samples were prepared by extracting the electrodes from the coin 
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cells in an Ar-filled glove box. The electrodes were washed gently in extra pure DMC four 

times to remove Li salts and dried overnight in vacuum. All samples were mounted onto the 

sample holder inside a glove box and transported inside a desiccator where the samples 

have been exposed to air for no more than 1 minute before being entered into the ultra-high 

vacuum chamber of the XPS system. CASA-XPS software was used for data analysis. 

Quantification of the detected elements was carried out from survey scans using 

transmission corrections, Scofield sensitivity factors and Tougaard backgrounds [112]. XPS 

analysis was conducted at Analytical Instrumentation Center, Vienna University of 

Technology.  

3.5 Electrochemical test procedures 

3.5.1 Si/MC electrode preparation 

For the base electrode, Si/MC composites (92 wt%) were mixed with polyacrylic acid (PAA, 

8 wt%), and dissolved in N-methyl-2-2pyrrolidinone (NMP) solution. PAA was purchased 

from Sigma-Aldrich, USA. PAA was selected because of its high concentration of carboxylic 

function groups which interact strongly with the Si anode [63]. In addition, PAA adheres 

more strongly to the copper (Cu) collector than PVdF and CMC. This was proved by using a 

180 peel test [113]. The test was based on measurements of the load (N cm-1) required to 

peel the anode off the Cu collector. PAA binder has less interaction with the electrolyte 

solvent compared to PVdF which allowed the formation of a stable SEI [83]. NMP solution 

was selected as solvent instead of aqueous solvent to prevent SiO2 formation during slurry 

preparation. The resulting slurry was casted onto a 0.01 mm copper foil current collector. 

The coated electrode was dried under vacuum at 60°C for 2h, then at 120°C for 4h. The 

dried film was hot pressed at 120°C to adjust volume density of the electrode. The film was 

punched into 15 mm diameter discs to form working electrodes. The thickness of the active 

material without current collector was 0.05 mm with an amount of about 0.7 mg Si in the 

working electrode. 2032 type coin cells were then assembled in an Argon filled MBraun 

glove box using Li metal as a counter electrode and three layers of  a polypropylene 

separator manufactured by Freundberg (thickness: 25 µm). The schematic configuration of 

the lithium coin cell is described in Figure 13. The schematic diagram of the whole 

preparation procedure of the electrodes is illustrated in  Figure 14. 
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Electrode formulation 

Electrode coating 

Drying in vacuum oven 

Calendering 

Electrode punching 

Cell assembly in a glove box 

 

Figure 13. Schematic configuration of coin cell. 

 

 

Figure 14. The schematic diagram of the whole preparation procedure of Si/MC 

composite electrodes. 
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For the investigation of the effect of conductive additives on Si/MC electrodes, the used 

electrode compositions are summarized in Table 4. 

Table 4. The composition of Si/MC electrodes with different conductive additives. 

electrode Active material Conductive additive Binder 

Si/MC Si/MC composites (92 wt%) no conductive additive PAA (8 wt%) 

Si/MC/G Si/MC composites (75 wt%) graphite (15 wt%) PAA (10 wt%) 

Si/MC/CB65 Si/MC composites (75 wt%) Super C65 (15 wt%) PAA (10 wt%) 

Si/MC/CB45 Si/MC composites (75 wt%) Super C45 (15 wt%) PAA (10 wt%) 

Si/MC/CB&G Si/MC composites (75 wt%) graphite (7.5 wt%) & 

Super C65 (7.5 wt %) 

PAA (10 wt%) 

 

For the investigation of the electrolyte additives on SEI film formation, two sets of 

experiments have been carried out. Table 5 shows the composition of the standard 

electrolyte and electrolytes with different electrolyte additives. While, Table 6 shows the 

composition of the standard electrolyte and electrolyte with different concentrations of  VC 

additive. 

Table 5. The composition of standard electrolyte and electrolyte with additives. 

Electrolyte Composition 

Standard 1 M LiPF6 in EC : DMC (1:1) 

5 wt% VC 1 M LiPF6 in EC : DMC (1:1) + 5 wt% VC 

5wt % SA 1 M LiPF6 in EC : DMC (1:1) + 5 wt% SA 

5wt% LiBOB 1 M LiPF6 in EC : DMC (1:1) + 5 wt% LiBOB 

 

Table 6. The composition of standard electrolyte and electrolyte with different 

concentrations of VC additive. 

Electrolyte Composition 

Standard 1 M LiPF6 in EC : DMC (1:1) 

3 wt% VC 1 M LiPF6 in EC : DMC (1:1) + 3 wt% VC 

5 wt% VC 1 M LiPF6 in EC : DMC (1:1) + 5 wt% VC 

10 wt% VC 1 M LiPF6 in EC : DMC (1:1) + 10 wt% VC 
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3.5.2 Cyclic voltammetry 

Cyclic voltammetry is widely used for gaining qualitative information about electrochemical 

reactions. The technique allows us to identify the redox reactions and to determine rate 

constants and transfer coefficients of an electrode process. It can be used for in-situ analyses 

of electrode processes inside a battery. The potential of a working electrode versus a 

reference electrode is linearly shifted at a constant scan rate and the resulting current is 

measured. A cyclic voltammogram is obtained by recording the current at the working 

electrode over time during the potential scans. Figure 15 shows the curve of voltage as a 

function of time and of the current as function of the voltage. The reduction process occurs 

from the initial potential to the cathodic reverse potential. In this region, the potential is 

scanned negatively to cause a reduction. The resulting current is called cathodic current. 

After the reverse potential has been reached, the potential scans positively to cause 

oxidation. In this work, cyclic voltammetry measurement of electrodes was conducted on a 

VersaSTAT at a scan rate of 20 µV/s in the potential range of (0.01-1) V vs. Li/Li+. To study 

the diffusion coefficient of Li-ion, cyclic voltammetry with different scan rates (0.02, 0.05, 

0.2 and 0.5 mVs−1) was performed on a Biologic VMP3 multichannel system in the potential 

range of (0.01-1) V vs. Li/Li+. 

 

  

Figure 15. Voltage as a function of time and current as a function of voltage for CV. 

3.5.3 Charge/Discharge tests 

Charge/discharge tests were performed using the constant current-constant voltage (CCCV) 

mode. The CCCV test is the most widely used for lithium cells because it provides safe 

charge/discharge by limiting the cut off voltage. Current as a function of time for CCCV mode 

is illustrated in Figure 16. To avoid lithium plating, the charging process proceeded to 0.01V 

vs. Li/Li+ with a constant-current (CC) mode. After the potential set point is reached, the cell 

potential is proceeded with a constant-voltage (CV) mode at 0.01 V until the current density 
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decreased to 1/10 of initial specific capacity. Afterwards, the discharging process proceeded 

to 1 V with CC mode.  

 

Figure 16. Current as a function of time for CCCV mode. 

 

The charge/discharge test can give information about the electrode’s specific capacity and 

stability, the quality of electrode material, the presence of side reactions (shifted specific 

potential plateaus), and the life time of the cell. The rate was calculated based on theoretical 

specific capacity for Si (1C = 3850 mAhg-1). The rate for carbon was calculated based on 

theoretical specific capacity of graphite (1C = 372 mAhg-1). The theoretical specific capacity 

of Si/MC composites (CSi/MC) is determined as follows : 

 

 

( 12 ) 

Where  mSi : mass of Si 

  mC : mass of carbon 

 

3.5.4 Rate capability tests 

 

The rate capability test is a useful technique to asses the electrochemical performance of an 

electrode. It measures the amount of charge stored in an electrode under various 

experimental conditions with increasing cycle numbers. So basically, the test ensures the 

stability of a battery under relatively high current density. The specific current can be 

expressed in terms of a C-rate, as used for charge/discharge test. The rate capability of the 
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electrodes was evaluated in a constant current (CC) mode at various C-rates of C/10, C/5, 

C/3, 1C, and 2C. The test was performed at room temperature using a Maccor Series 4000 

battery tester. 

3.5.5 Electrochemical impedance spectroscopy 

 

Electrochemical Impedance Spectroscopy (EIS) is a powerful tool to study the 

electrochemical processes at the electrodes of Li-ion batteries. This method is based on a 

frequency () dependent resistance of electric circuits. The system is excited from the 

equilibrium due to a voltage (U) or current (I) perturbance. The impedance can be 

calculated according to Ohm’s Law (R = U/I). The impedance consists of a real part, which is 

attributed to ohmic resistances and an imaginary part. These values are plotted in a so-

called Nyquist plot with a real  axis (ZRe; x-axis) and an imaginary axis (-(Zim); y-axis). By 

using EIS, the kinetics of different reaction steps during the electrochemical reaction on the 

electrode can be observed by recording the impedance over a wide range of frequencies. EIS 

measurements were performed before and after charge-discharge tests within a frequency 

range of 500 kHz to 0.1 Hz. The applied AC voltage was 10 mV. The EIS data were fitted with 

EC-Lab® software, so-called Z Fit. Z Fit automatically determines the successive EIS values 

of the EC components for a series of impedance diagrams [114]. 

3.6 Full cell with Si-based anodes 

3.6.1 Cell fabrication 

In this study, a Silicon/mesoporous carbon (Si/MC) negative electrode and a commercial 

Li(Ni1/3Co1/3Mn1/3)O2 (NMC) positive electrode were used for assembling a full cell. This 

study was carried out in Applied Electrochemistry laboratory in KTH Royal Institute of 

Technology. To investigate the contribution from each electrode, a NMC half cell and a 

Si/MC half cell were assembled and coupled with Li metal as reference. All cells were 

fabricated as pouch-type cells with the dimension shown in Table 7. The cell chemistry used 

in this study can be seen in  

Table 8. A cross sectional view of the pouch cell can be seen in Figure 17.  
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Figure 17. A cross sectional view of pouch cell configuration 

 

Table 7. Pouch cell construction. 

Cell dimensions 80 mm x 80 mm 

Electrode dimensions Cathode diameter : 15 mm 

Anode diameter : 15 mm 

Tabs Anode : copper 

Cathode : aluminium 

Reference for the half cell : nickel 

 

Table 8. Cell chemistry of a pouch cell. 

Component Composition 

Negative electrode 75% Si/MC 

15% Super C45 

10% Polyacrylic Acid (PAA, Sigma Aldrich)  

15 µm Cu foil 

Loading density : 0.95 mg.cm-2 

Positive electrode Li(Ni1/3Co1/3Mn1/3)O2 (Electrodes and more) 

Loading density : 10 mg.cm-2 

Electrolyte 1 M LiPF6 in EC:DEC in a 1:1 weight ratio (LP40, BASF, 

battery grade) 

Separator Whatman glass microfiber 

Thickness: 260µm 

3.6.2 Electrochemical characterization 
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Electrochemical measurements were conducted under galvanostatic mode at room 

temperature. To characterize the NMC half cell, the test was performed at C/10 with a cut-

off voltage 2.6 – 4.1 V vs. Li/Li+ using the Biologic VMP3 multichannel system. The Si/MC 

half cell was cycled with CCCV mode at C/10 (for 4 cycles) and 1C (for subsequent 20 cycles 

after long resting) with a cut-off voltage 0.005 – 1 V vs. Li/Li+ using the PARSTAT. To 

investigate the electrochemical performance of the full cell, charge-discharge tests were 

performed at C/10 for the first cycle and 1C for subsequent cycles with a cut-off voltage 2.6 

– 4 V using the Biologic VMP3 multichannel system. Charge-discharge current used for the 

full cell was the same with the Si/MC half cell. 

3.7 Data calculations 

The charge and discharge data were analyzed by differential capacity (dQ/dV) and 

differential voltage (dV/dQ) analysis. The dQ/dV is calculated by the equation ( 13 ). 

 

 

( 13 ) 

 

Where, Qt, Vt are capacity and voltage measured at a given time t. Qt-1, Vt-1 are capacity and 

voltaged measured at a previous time. 

In this study, the dQ/dV curves was introduced by the Differential Capacity Analysis (DCA) 

tool in EC-Lab. The DCA tool transforms the voltage plateus on potential vs. capacity curves 

into identifiable peaks. These peaks can be associated with the phase transitions of 

electrode material. 

On the other hand, the derivative of voltage with respect to capacity (dV/dQ) is suited for 

graphical analysis of battery data [115]. It can predict the capacity of battery, since the 

voltage of a full cell can be calculated from : 

 Vcell = Vcathode – Vanode ( 14 ) 

 (dV/dQ)cell = (dV/dQ)cathode - (dV/dQ)anode ( 15 ) 

Therefore, the contributions from anode and cathode add linearly. 

Since the charge and discharge data were too noisy, mathematical filtering was required to 

emphasize the peaks. The filtering was performed using OriginLab software. A comparison 

of half cell and full cell was made. The half cell data were used as a basis for assigning the 

peaks in the full cell to the cathode, anode or a combination of both. The dV/dQ can be used 
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to analyze the capacity fading in a cell, however, in this work, it was used only to balance the 

cut-off voltage. 
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Chapter IV 

Results and Discussions 

Chapter IV will discuss about results and discussion of the thesis. It is divided into five main 

parts; (1) optimized method to synthesize silicon/mesoporous carbon (Si/MC) composites 

with HF etching, (2) investigation of three commercial conductive additives for Si/MC 

electrodes (Super C45, Super C65, graphite, mixture of Super C45 and graphite), (3) 

investigation of three additives (vinyl carbonate with different composition, succinic 

anhydride, and lithium bis(oxalate)borate) for reducing initial charge loss, (4) analysis of  a 

realiability of the as-prepared Si/MC-based anodes, (5) electrochemical test of a full cell 

containing Si/MC/CB45 anode with commercial LiNi1/3Mn1/3Co1/3O2 cathode. 

4.1 Si/MC composites for Li-ion Batteries anode material 

The first subchapter will focus on the optimized method to synthesize Si/MC composites. 

The physicochemical and the electrochemical properties of the synthesized material will be 

discussed. 

4.1.1 Structural and morphological properties of Si/MC composites 

 

The XRD pattern of Si/MC before and after etching can be seen Figure 18. Figure 18a&b 

display XRD data for Si/MC before and after etching, respectively. Si/MC before etching 

presents diffraction peaks at 2θ of about 28.4, 47.4, 56.2, and 69.2, corresponding to the 

(111), (220), (311), (400) planes of crystalline Si, respectively [116]. Two broad peaks at 

around 23 and 44 can be assigned to the (002) and (100) planes for carbon materials 

[117]. Si/MC composites after etching show similar diffraction peaks which means that 

etching process did not change the structure of the composites. 
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Figure 18. XRD patterns of the Si/MC composites before (a) and after etching (b). 

The morphology of the as-synthesized Si/MC composites was investigated by SEM, shown in 

Figure 19a&b. The non-etched Si/MC composite (Figure 19a) shows that SiNPs with 30-50 

nm sized are dispersed into the amorphous carbon network with 50 nm - 1m sized. The 

etched Si/MC composite (Figure 19b) shows similar morphology. EDAX analysis was carried 

out to see the distribution of SiNPs and carbon in the powder, as presented in Figure 19c&d. 

The result shown in Figure 19c indicates that the non-etched Si/MC composites contain Si, 

C, and O. Oxygen can be derived from the Si-O layer from the native layer of commercial 

SiNPs. Similar spectrum can be seen in the etched Si/MC composites with less Si content 

(Figure 19).  

  

Si 

(a) (b) 

Si 
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Figure 19. SEM images of the Si/MC composites before (a) and after etching (b), EDAX 

spectrum of the Si/MC composites before (c) and after etching (d). 

 

The morphology of the composites was further investigated by TEM, shown in Figure 20. 

The dark color of the images corresponds to SiNPs and the grey color corresponds to 

amorphous carbon layer. The TEM image of the non-etched Si/MC (Figure 20a) shows that 

the Si agglomerates are completely enveloped by an amorphous carbon. For the etched 

Si/MC (Figure 20b), SiNPs  with 50 nm are enveloped by the carbon layer with pores of 

ca.10 nm.  

  

Figure 20. TEM images of Si/MC composites before (a) and after etching (b). 

4.1.2 The composition of Si/MC composites 

 

To check the different fractions of Si/MC composites, TGA was performed. Figure 21 

presents TGA curves of the Si/MC composites before and after etching. The TGA curve of the 

Si/MC composites before etching (Figure 21a) shows three decomposition stages in the 

 Si 
 

 

Si 

Pore 

Si 
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temperature ranges of 25-150C, 150-450C, and 450-800C. The decomposition stage at 

≥150C corresponds to the loss of free water. From 450-800C, the oxidation of carbon into 

CO2 and evaporation of CO2 takes place, then, it is completed at 800C. The increasing mass 

above 800C is caused by the oxidation of Si into SiO2. The curve for the Si/MC composites 

after etching (Figure 21b) shows only slight differences. Slightly higher mass loss at 150C 

corresponds to a higher water content in Si/MC after etching from the rinsing process. 

Another difference is the percentage of mass loss. Si content in the Si/C composite before 

etching was estimated to be 25 wt%, whereas in the Si/C composite after etching it was 12 

wt%, which confirmed some Si removal. This result is in good agreement with the EDAX 

measurements. 
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Figure 21. TGA curves of Si/C composites before (a) and after etching (b). 

4.1.3 Physicochemical properties of Si/MC 

 

The mesoporous structure in the Si/MC was further characterized by N2 

adsorption/desorption isotherms, shown in Figure 22a. At high pressures, the slope shows 

increased uptake of adsorbate as pores become filled and hysteris point occurs near the 

completion of the first monolayer. Such a plot is classified as type IV isotherm according to 

the IUPAC classification of the sorption isotherms. The type IV isotherm is typical for 

mesoporous adsorbents. Multipoint BET analysis yields a surface area of 432.95 m2g-1 and 

the total pore volume of 0.140 cm3g-1 for Si/MC before etching. The Si/MC composites after 
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etching have a surface area and a total pore volume of 526.32 m2g-1 and 0.187 cm3g-1, 

respectively, higher than those of before etching. The BJH analysis gives an average pore 

diameter of Si/MC before etching of 3.733 nm (Figure 22b). The pore size distribution of the 

Si/MC composites after etching shows two maxima centered at 3.804 and 11.109 nm. The 

porous structures which are vulnerable to chemical etching due to their high specific surface 

area [118], resulted in increased pore diameter, which is also confirmed by the TEM analysis 

(Figure 20).  
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Figure 22. N2 adsorption/desorption isotherm plots (a) and pore size distribution curve (b) 

of Si/MC composites before and after etching. 
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4.1.4 XPS measurement of Si/MC powder 

 

4.1.4.1 Quantification of the sample content 

 

The chemical composition of Si/MC powders before and after etching was investigated using 

XPS technique. Table 9 shows the relative contents (%) of the samples’ surface regions 

(<10nm), while Figure 23 shows the survey spectra with the regions used for 

quantification. In addition to the elements C, O and Si, traces (<0.4 at %) of nitrogen have 

been detected in both samples. Traces of nitrogen can be derived from ammonia as a pH 

controller during synthesis. From the data in Table 9, it can be seen that after HF etching the 

O 1s and Si 2p Si/MC are attenuated, concomitant to a 10% decrease in O and a 20% 

decrease in Si content.  As result, the content of C (at%) increases. 

Table 9. Relative C, O and Si contents (at%) from XPS survey measurements (see also Fig. 6) 

for 3 different positions on Si/MC samples before and after HF etching. 

  Element(at%)     

Sample C O Si 

before etching 1 85.3 11.6 3.1 

before etching 2 85.2 11.6 3.3 

before etching 3 85.3 11.5 3.2 

before etching 85.3 11.6 3.2 

after etching 1 87.0 10.1 2.9 

after etching 2 87.4 10.2 2.4 

after etching 3 87.1 10.2 2.7 

after etching 87.2 10.2 2.6 
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Figure 23. Normalised XPS survey spectra of Si/MC powders before and after HF etching. 

Blue areas show the regions used for quantification as shown in Table 9. 

 

4.1.4.2 Determination of the chemical states  of C, O, and Si 

 

Each spectra line has been fitted using multiple peaks corresponding to components of 

different chemical states, depicted in Figure 24. C 1s spectra show several components 

visualized by dashed lines in Figure 24a. The large peak at 284.3 eV binding energy (BE) 

corresponds to C-C bonds that most probably stem from sp2 carbon, resulting in the overall 

asymmetric shape of the C 1s signals. Components at 286.3 eV, 287.5 eV and 289 eV can be 

assigned to C-O/C-N, C=O and O-C=O bonds. The peak around 290 eV is usually attributed 

to CO3 [119]. Most importantly, no significant changes caused by the etching process have 

been detected in the C 1s signal with the exception of a minor decrease in C-O/C=O/O-C=O 

signals. Thus, reduction of C/O groups is not the main reason for the overall decrease in O 

content after HF etching.   

The Si 2p detail spectra (Figure 24b) show distinctly different peak structures for the Si/MC 

before and after etching. Symmetrical Gauss-Lorentz (70%-30%) curves have been used to 

discern the components of the Si 2p signal. While no major shifts in BE could be detected, 

the full width at half maximum (FWHM) of all peaks is larger by approximately 50% for the 
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non-etched sample. This behavior points to the non-etched sample being more insulating 

than the etched one. 

 

Figure 24. Normalised a C 1s and b Si 2p XPS detail spectra of Si/MC before and after HF 

etching. Dashed lines in a show the positions of different C/O components. Gaussian-

Lorentzian line fits in b represent the Si components as noted on top. SiO2 signals are shown 

in dark blue/red, other components in dark grey and the Tougaard background in light grey. 

 

Table 10 summarizes the results of this analysis showing the component’s relative 

abundance and possible assignments of the components. 

Table 10. Relative abundance (at%) and possible assignments of the components found in 

XPS Si 2p detail spectra of Si/MC powder samples before and after HF etching. 

  Component (at%)   

Sample Si I Si II Si III 

before etching 20.3 11.0 68.6 

after etching 35.6 5.8 58.6 

Assignment Si SiO/Si3N4 SiO2 

 

4.1.5 Electrochemical characterization of the Si/MC anodes 
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4.1.5.1 Contribution of MC to the specific capacity  of Si/MC composite anodes 

The electrochemical performance of the mesoporous carbon without Si, prepared by same 

recipe was evaluated further with charge-discharge test. As shown in Figure 25, the 

synthesized mesoporous carbon exhibited an initial specific capacity of 325 mAhg-1. The 

discharge capacity decreased to 55 mAh g-1  after the  first cycle. As reported in a previous 

study [120], a significant amount of the initial capacity was consumed during SEI formation. 

The specific capacity of the mesoporous carbon electrode remains at 30 mAhg-1 after 50 

cycles. This result shows that the mesoporous carbon can be lithiated during cycling and 

contributes to the total specific capacity of Si/MC composites.  
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Figure 25. Discharge capacity vs. cycle number of synthesized mesoporous carbon with a 

charge/discharge current of C/10 from 1 to 0.005 V. 

4.1.6 Cyclic voltammetry on Si/MC composite electrodes 

 

Cyclic voltammetry plots from  Si/MC electrode before and after etching are shown in Figure 

26. The CV curves of Si/MC composite electrode before etching show a pronounced and 

broad peak at 0.5 V vs. Li/Li+ during the first cycle which disappears in the following cycles 

(Figure 26a). This peak can be assigned to the decomposition of the electrolyte, forming a 

SEI layer on the surface of electrode. The following cycles show reversible 

lithiation/delithiation signals. The peak at 0.2 V vs. Li/Li+  in the cathodic scan corresponds 

to the reduction of Li+ and the subsequent conversion of crystalline Si to amorphous () -

LixSi phase [63]. The two peaks at 0.35V and 0.5V vs. Li/Li+  in the reverse scan correspond 

to delithiation of -Li8.8Si to -Si. The delithiation current peaks exhibit an incrementally 

enhanced intensity from the first cycle to the following cycles. This phenomenon can be 

attributed mainly to the gradual breakdown of the silicon structure which accelerates Li ion 
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migration into Si due to reduction of the diffusion lengths. For the etched Si/MC (Figure 

26b), a broad peak at 0.6 V vs. Li/Li+ during the first cycle is less pronounced, indicating less 

decomposition reaction of SEI formation. In addition, the constant delithiation current peaks 

indicate that the structure of Si after etching is more stable. The additional porosity may 

play a role as voids to accomodate the volume expansion of Si. In consequence, they may 

reduce the degradation of active material during lithiation/delithiation.  
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Figure 26. Cyclic voltammograms of Si/MC electrodes before (a) and after etching (b) at a 

scan rate of 20 µVs-1 over the potential window of (0.01-1) V vs. Li/Li+. 

To assess the kinetics of Li absorption/desorption in mesoporous carbon in Si/MC 

electrodes, additional cyclic voltammetry tests  on MC without Si were performed. Figure 27 

shows the cyclic voltammograms of the synthesized mesoporous carbon electrode in a LiPF6 

1M in EC:DMC 1:1. An increase of the cathodic current starting at 0.85 V vs. Li/Li+ is 

(a) 

(b) 
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observed in the first cycle of cathodic process and less pronounced also in subsequent 

cycles. This current indicates the irreversible capacity of SEI formation in inter-particles of 

mesoporous carbon [121]. A hump at 0.25 V vs. Li/Li+ corresponds to the reversible 

lithiation of amorphous graphitic structures. In anodic direction, the peak at 0.4 V vs. Li/Li+  

can be attributed to the delithiation reaction of LiC6 structures. This result confirms the 

results of the charge-discharge test that the as-synthesized mesoporous carbon is 

electroactive towards lithium. 
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Figure 27. Cyclic voltammograms of synthesized mesoporous carbon in the potential 

window 0.01 – 1 (V vs. Li/Li+) 

 

4.1.7 Galvanostatic charge/discharge cycles on Si/MC composite electrodes 

 

The cycling performance of the Si/MC electrode before and after etching is compared in 

Figure 28. The non-etched Si/MC electrode shows a first discharge capacity of 3646 mAh g-1 

with an initial CE of 18.26% (Figure 28a). The irreversible capacity loss of 81.74% during 

the first cycle can be assigned to intensive parasitic reactions between the active material 

and the electrolyte in forming the SEI layer. The reversible capacity decreases to 237 mAh g-

1 after 135 cycles. The etched Si/MC composite electrode reveals an initial specific capacity 

of 4649 mAh g-1 with a CE of 29.14%. The initial specific capacity of the etched Si/MC is 

higher than the theoretical specific capacity of silicon (4200 mAhg-1). This excess can be 

explained by a contribution of mesoporous carbon matrix material to the overall capacity of 

the composite electrodes. It has been reported that mesoporous structure of carbon 

provided “cavities” to capture extra Li-ions [122]. The irreversible capacity loss of 70.86% 
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during the first cycle is lower than for the non–etched Si/MC electrode, indicating less side 

reaction from SEI formation. In addition, the CE profile of the non-etched Si/MC shows 

fluctuation. The reversible capacity of the etched Si/MC remains at 1027 mAh g-1 and 585 

mAh g-1 after 50th and 135th cycles. Compared to the non-etched Si/MC, the cycling 

performance of the etched Si/MC is improved. The non-etched Si/MC showed an 

electrochemical performance better than previously reported RF coated Si anodes which 

have been synthesized using phenolic resolcinol precursor  (700 mA h g-1 after 50 cycles) 

[123].  
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Figure 28. Cycling performance of the Si/MC electrodes before and after etching with a 

charge/discharge current of C/10 from 1 to 0.005 V. 

To be noted that the etched Si/MC electrodes exhibited relatively good performance even 

without using conductive additive and electrolyte additives. The enhanced capacity of 

porous Si/MC can be explained by their highly accessible surfaces and short diffusion 

distances for Li ion. Thus, more SiNPs are involved in the reaction with Li ions. This 

improvement can be attributed to the reduced destruction of SiNPs during 

lithiation/delithiation. The pore structure plays a role in accomodating the stress that arises 

from volume expansion of the Si. The etched Si/MC was used as the base active material for 

the further optimizations. 

4.1.8 Conclusions 

 

Si/MC composites were synthesized by dispersing SiNPs into RF gel and subsequent 

carbonization. HF etching of the composites was conducted to remove passive layers and to 

produce a porous matrix between the Si and the carbon layer. The etched Si/MC electrode 

exhibits a reversible capacity of 585 mAh g-1 with Coulombic efficiency of 99.57% after 135 
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cycles. This material exhibits an improved lithium storage performance, capacity retention, 

and rate capability compared to a non-etched Si/MC electrode (237 mAh g-1 after 135 

cycles). The improved cycling performance of the etched Si/MC composite can be attributed 

to its enhanced structural stability. The porous structure not only buffers the stress that 

arises from the volume change of Si but also facilitates the contact of the electrolyte with Si. 

In general, this preparation method is relatively simple and has a good potential for up-

scaling. 

4.2 Conductive additives and electrolyte additives for Si/MC electrodes 

 

This second subchapter consists of the investigation of conductive additives for the as-

prepared Si/MC electrodes. In order to improve the electrical conductivity of Si/MC anodes, 

the addition of proper conductive additives is necessary. In this study, three commercial 

conductive additives have been used: graphite, carbon black Super C65, carbon black Super 

C45, and the combination of graphite and Super C65. The main aspects for the investigations 

were: (i) the physicochemical and electrochemical properties of conductive additives, (ii) 

the effect of conductive additives on the morphology of Si/MC and (iii) the electrochemical 

performance of Si/MC anodes with different electrolyte additives. All the electrodes used for 

these experiments were prepared with equal overall compositions: Si/MC composites (75 

wt%), conductive additive (15 wt%) and PAA (10 wt%) dissolved in NMP solvent. The 

composition of Si/MC electrodes with different conductive additives can be seen Table 4. 

The electrolyte used was LiPF6 1M in EC:DMC 1:1. 

4.2.1 Physicochemical properties 

 

Physicochemical properties of conductive graphite, Super C65, Super C45 were measured by 

using N2 adsoprtion/desorption and presented in Table 11. The BET measurement shows 

that the specific surface area of Super C65 (62.062 m
2 

g
-1

) and Super C45 (43.547 m
2 

g
-1

) are 

higher than that of graphite (16.531 m
2 

g
-1

). According to the BJH calculation, the pore 

diameters were 2.735 nm, 2.741 nm, and 0.879 nm, for Super C65, Super C45, and 

conductive graphite, respectively. Super C65 has a size distribution that peaks at 70 m 

with a size range of 0.2 – 600 m. The wide range in particle sizes of Super C65 may be 

caused by its structure which tends to aggregate. Super C45 has a size ditribution that peaks 

at 2 m with a size range of 0.04 – 15 m.  On the other hand, conductive graphite has a 
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size distribution that peaks at 6 µm with a size of 0.4-20 m. It can be seen that conductive 

graphite is more homogeneous in size compared to carbon black. 

Table 11. The physicochemical properties of three commercial conductive additives: 

Conductive Graphite, Super C65, and Super C45.* 

Name Specific surface area  (m
2 

g
-1

) 

Pore diameter 

(nm) 

Particle size (m) 

Super C65 62.060 2.735 0.2 – 600  

Super C45 43.547 2.741 0.04 - 15 

Conductive Graphite  16.531 0.879 0.4-20 

* The data were obtained from our measurement 

4.2.2 Graphite vs. carbon black  

 

First, it may be interesting to discuss the distinct properties of graphite and carbon black in 

terms of stucture, morphology and electrochemical properties. 

4.2.2.1 Structural and morphology 

 

Figure 29 shows X-Ray diffractograms of the three carbon samples ; Super C65, Super C45, 

and conductive graphite. The XRD pattern of conductive graphite exhibits three peaks at 

25.6, 44.2, and 52.8, which correspond to planes (002), (011), and (004), respectively, 

whereas the XRD pattern of Super C65 features broad peaks at 24 and 44.2, which 

correspond to (002) and (011) planes, respectively [124]. The presence of a broad peak at 

24, instead of a narrow diffraction peak, is associated with the disordered structure of 

carbon black. Super C45 shows similar XRD pattern with that of Super C65. Conductive 

graphite has an ABABAB stacking arrangement, while carbon black is mainly amorphous 

and exhibits random rotations and translations as characteristic of turbostratic disorder. 

The degree of crystallinity was proven to influence the capacity, kinetics, and the first cycle 

irreversible capacity loss [125]. 
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Figure 29. XRD patterns of three commercial conductive additives: Conductive Graphite (a), 

Super C65 (b), and Super C45 (c). 

4.2.3 Electrochemical activity of conductive additives 

The electrochemical lithiation/delithiation characteristics of carbon black (Super C65) and 

conductive graphite were determined using CV. Figure 30 presents CV curves for graphite 

and Super C65 at first cycle and fifth cycle. The CV curve (Figure 30a) shows a broad 

reduction peak at 0.8 V vs. Li/Li+ for conductive graphite and Super C65 at first cycle. This 

peak is attributed to the formation of an SEI layer during the first cycle, in which the 

ethylene carbonate (EC) based electrolyte decomposition normally takes place [126]. Due to 

the larger surface area of Super C65, the corresponding reduction peak is more pronounced 

(blue line), compared to that of graphite (red line). On graphite the SEI formation peak 

starting from 0.8 V vs. Li/Li+ looks slightly weaker, which indicates less electrolyte 

decomposition. Compared to Super C65, the low surface area of conductive graphite is 

depressing SEI growth. The CV curves for the fifth cycle (Figure 30b) show two reduction 

peaks at 0.2 V and 0.1 V vs. Li/Li+ for conductive grahite, which do not appear on Super C65 

electrodes. The peaks correspond to the intercalation of Li into graphite, i.e. the formation of 

LixC6 compounds [127]. The sharp oxidation peaks at 0.25 and 0.3 V vs. Li/Li+ correspond to 

lithium extraction. These peaks are hardly expressed on the curve of Super C65. Clearly, 

conductive graphite is involved in the electrochemical redox process. It not only improves 

electronic conductivity, but also contributes to the capacity and energy density of Si/MC 

composite electrodes. 
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Figure 30. Cyclic voltammogram of conductive graphite and  Super C65 at a scan rate of 20 

µVs-1 over the potential window of (0.01–1)V vs. Li/Li+ at 1st (a) and 5th cycle (b). 

4.2.4 The effect of conductive additives (super C65 vs graphite) on the morphology of 

Si/MC electrodes 

 

The morphology of the Si/MC/CB65 and Si/MC/G electrodes was compared by SEM 

analysis, presented in Figure 31. The fresh Si/MC/CB65 electrode exhibits an uneven and 

rough surface. The aggregates of Super C65 might result an inhomogeneous slurry which 

had an impact on the morphology of the electrodes. SEM analysis was also conducted on the 

electrodes after cycling in order to investigate any changes in the morphology of the 

particles during the intercalation and de-intercalation processes. It can be seen that 

Si/MC/CB65 after 200 cycles (Figure 31b) has similar morphology. The fresh Si/MC/G 

electrode (Figure 31c) has a more even and uniform surface than the fresh Si/MC/CB65 

electrode. The smaller particle size range of the conductive graphite resulted a more 

homogeneous slurry and coating. After 200 cycles, the Si/MC/G (Figure 31d) electrode has 

bigger particles and white color. The white color appeared can be caused by a low 

conductivity of cycled Si/MC/G when it was scanned by electron beams. The less structure 

changes on Si/MC/CB can be explained by the chain-like, highly elastic structure of Super 

C65, which improves its cycling stability. 

a) b) 
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Figure 31. SEM images of the Si/MC/CB65 before cycling (a) and after cycling (b), Si/MC/G 

before cycling (c) and after cycling (d). 

In-depth investigation of the effect of conductive additive structures on stress absorption 

during volume expansion and of the morphology of Si/MC/CB65 and Si/MC/G before and 

after cycling was carried out  by TEM analysis, presented on Figure 32(a-d). TEM images 

were taken from thin film electrode samples which were prepared via FIB cross-section. 

According to Electro energy loss spectroscopy analysis, the Si/MC/CB65 electrode before 

cycling (Figure 32a) reveal that Si appears in dark grey with a size of 50 nm, the amorphous 

carbon layer in light grey and Super C65 in small dark dots. X-ray analysis revealed an 

amorphous structure of Si/MC/CB65 after cycling (Figure 32b), but the particles are still 

connected to each other. Fresh Si/MC/G electrodes (Figure 32c) look similar like 

Si/MC/CB65 in Figure 32a. However, the Si/MC/G electrode after cycling (Figure 32d) has 

more cracks. A stable SEI formed on the Si/MC/CB65 electrode is expected to prevent 

continual rupturing. 

 

(a) (b) 

(c) (d) 
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Figure 32. TEM images of a thin slice prepared via FIB cross-section of the Si/MC/CB65 

before cycling (a) after cycling (b), Si/MC/G before etching (c) and after cycling (d). 

 

Figure 33 shows the measured pore size distribution of the Si/MC/CB65 and Si/MC/G 

electrodes. A mean pore radius of 3.786 nm and 90.808 nm for Si/MC/CB65, 3.845 nm and 

111.620 nm for Si/MC/G electrodes, was obtained. By integrating the area under the curve, 

the pore volumes of 0.244 cm3g-1 for Si/MC/CB65 and 0.081 cm3g-1 for Si/MC/G electrodes, 

respectively, were obtained. 

(a) (b) 

(d) (c) 
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Figure 33. Pore size distribution of the Si/MC/CB and Si/MC/G electrodes. 

The physicochemical properties of both electrodes were summarized in Table 12. Porosity 

of the electrodes was calculated by dividing measured pore volume by total volume by 

following equation: 

 Porosity = Vp/Vtotal ( 16 ) 
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Vp is the pore volume measured by N2 adsorption/desorption (in cm3g-1). Vtotal is calculated 

from the dimension of the electrode excluding the current collector (in cm3), then divided by 

the mass of active material (in g). The Si/MC/CB and Si/MC/G electrodes have a porosity of 

52.53% and 32.50%, respectively. Both values are higher than 30% which is typically 

applied in real cells. Lower porosity in Si/MC/G can be ascribed to the high crystallinity of 

conductive graphite which may cause the high compressibility of the electrodes. 

Table 12. The physicochemical properties of Si/MC/CB65 and Si/MC/G electrodes 

Electrode Mean pore size diameter (nm) Pore volume (cm3g-1) Porosity (%) 

Si/MC/CB65 1.786 and 90.808 0.244 52.53 

Si/MC/G 3.845 and 111.620 0.081 32.50 

 

4.2.5 Electrochemical performance of Si/MC with conductive additive 

 

The electrochemical lithiation/delithiation characteristics of the Si/MC electrodes with 

different conductive additives were assessed using CV. Figure 34 shows CV curves for 

Si/MC/CB45. A virtually constant reduction current starting from 1.0 V vs. Li/Li+ in the first 

cycle can be attributed to the formation of an SEI layer. The peak appearing at 0.2 V vs. 

Li/Li+ in the following cycles corresponds to the formation of LixSi alloys via a multi-stage 

mechanism. Obrovac et al. studied the lithiation and delithiation in crytalline silicon powder, 

shown in Table 13 [34]. 
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Figure 34. Cyclic voltammogram of Si/MC/CB45 at a scan rate of 20 µVs-1 over the potential 

window of (0.01–1) V vs. Li/Li+. 
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Table 13. The identification of peak in the voltage curve of silicon powder anode [34]. 

Lithiation I (0.2 V) High-voltage lithiation of amorphous silicon  

(-Si + x’Li → -Lix’Si) 

 II ( 0.1V) Low-voltage lithiation of amorphous silicon 

(-Lix’Si + x’’Li → -Li(x’+x’’)Si 

Delithiation III (0.35 V) Low-voltage delithiation of amorphous silicon  

-Li(x’+x’’)Si → -Lix’Si + x’’Li 

 IV (0.5 V) High-voltage delithiation of amorphous silicon 

-Lix’Si → -Si + x’Li) 

 

Figure 35a&b present CV curves for Si/C/CB65 and Si/MC/G. Compared to CV curves of 

Si/MC/CB45 (Figure 34), similar patterns can be seen for CV of Si/MC/CB65. On the other 

hand, the Si/MC/G electrode (Figure 35b) exhibited a different profile. However, a similar 

reduction current within the 1st cycle, starting from 1.0 V vs. Li/Li+, corresponds to the 

initial formation of an SEI layer. Two reduction peaks appear at 0.2 V and 0.1 V vs. Li/Li+. 

The peaks correspond to the intercalation of Li into graphite, i.e. the formation of LixC6 

compounds [127], and the intercalation of Li into silicon to LixSi alloys. Three peaks appear 

at 0.2 V, 0.3 V, and 0.5 V vs. Li/Li+ at oxidation process. At 0.2 and 0.3 V vs. Li/Li+, the 

lithium extraction from LixC6 take place, as agreed with the CV of pure graphite on Figure 

30b.  While, the peaks 0.35 and 0.5 vs. Li/Li+ correspond to the lithium extraction from -

LixSi  
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Figure 35. Cyclic voltammogram of Si/C/CB65 (a) and Si/MC/G (b) at a scan rate of 20 µVs-1 

over the potential window of (0.01–1) V vs. Li/Li+. 
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In order to examine the cyclability performance of the electrodes, charge-discharge tests 

were conducted from 1 to 0.01 V at C/10 for the first cycle and 1C for the following cycles. 

Figure 36a shows the curves of gravimetric discharge capacity versus cycle number of 

Si/MC electrodes with different conductive additives. The Si/MC/G electrode reveals an 

initial reversible capacity of over 3220 mAh g-1 and maintains a reversible capacity of 380 

mAh g-1 after 100 cycles. The Si/MC/CB65 electrode reveals an initial reversible capacity of 

2900 mAh g-1 and maintains a high reversible capacity of  760 mAh g-1 after 100 cycles. 

The capacity fading from cycle to cycle can be assigned to a successive destruction of the 

electrodes by longer cycling, which is confirmed by SEM and TEM images in Figure 32. The 

Si/MC/CB45 electrode exhibits an initial specific capacity of 3720 mAh g-1 and reversible 

capacity of 458 mAh g-1. The Si/MC composite with the combination of conductive graphite 

and super C45 exhibited 2400 mAh g-1 and 420 mAh g-1. 

Figure 36b shows the curves of columbic efficiency versus cycle number of Si/MC electrodes 

with different conductive additives. The Si/MC/G electrode reveals an initial coulombic 

efficiency of 52.99%. A significant amount of charge of 47.01% was consumed for the SEI 

formation during the 1st cycle, which took place at potential < 0.85 V. The CE of Si/MC/G 

electrode decreases after first cycle until 50 cycles and increases gradually during the 

following cycles. The Si/MC/G exhibits the average CE of 96.95% over 100 cycles. The initial 

coulombic efficiency of Si/MC/CB65 and Si/MC/CB45 is 20.60% and 40.87%, respectively. 

In general, a higher amount of charge has been consumed for SEI formation in the Si/MC 

electrode with carbon black compared to the Si/MC with conductive graphite. This is 

because carbon black have higher specific surface area than graphite. Compared to the 

specific surface area on Table 11 (Super C65 > Super C45 > graphite), differences in the 

specific surface areas cause an increasing initial capacity loss of the electrodes (Si/MC/CB65 

> Si/MC/CB45 > Si/MC/G). 

The Si/MC/CB65 and Si/MC/CB45 maintain the average CE of 97.44% and 98.76%, 

respectively. Carbon black particles which are attached at the surface of the active material 

can absorb and retain electrolyte. This attachment may allow an intimate contact between 

the lithium ions and Si nanoparticles. The Si/MC/CB45 electrode exhibits both a higher 

initial and average coulombic efficiency over 100 cycles. The stability of the SEI layer helps 

the Si/MC with carbon blacks electrode to achieve higher average coulombic efficiency. 
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A Si/MC composite with the combination of conductive graphite and super C45 was also 

investigated. The electrode exhibited an initial columbic efficiency of 49.26% and average 

CE  of 97.84% over 100 cycles. Carbon black improves the contact between particles of 

active material, whereas graphite creates the conductive path through the electrode. It is 

observed that some CEs in Figure 36b sometimes exceed 100%. Which may be due to 

“accumulated” lithium from preceeding cycles. This means that some residual Li stored in 

the previous cycles can be extracted additionally. These phenomena can be due to the 

continous changes of SiNPs which cause some fluctuation in ionic and electric conductivities 

from cycle to cycle. Thus, the varying arrangement of Si nanoparticles also can cause 

fluctuations in the capacities leading to a “virtual” CE greater than 100%. The summary of 

the electrochemical performance of Si/MC electrodes with different conductive addtives is 

given in Table 14. 

Table 14. The electrochemical performance of Si/MC with different conductive additives. 

Electrode Initial discharge 

capacity 

Discharge 

capacity at  100th 

cycles 

Initial CE Average CE over 100 

cycles (without 1st 

cycle) 

Si/MC/G 3220 mAhg-1 381 mAhg-1 52.99% 96.95% 

Si/MC/CB65 2899 mAhg-1 764 mAhg-1 20.60% 97.44% 

Si/MC/CB45 3088 mAhg-1 459 mAhg-1 40.87% 98.76% 

Si/MC/C&G 2401 mAhg-1 428 mAhg-1 49.26% 97.84% 
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Figure 36. Charge/discharge test (a) and columbic efficiency (b) of Si/MC with different 

conductive additives under charge/discharge cycles from 1 to 0.01 V with a 

charge/discharge current of 1C. 

 

4.2.6 Electrochemical Impedance Spectroscopy (EIS) 

 

To verify the effect of the conductive additives on the charge transfer resistance, EIS has 

been carried out for all electrodes at 0.05 V vs. Li/Li+ after the first lithiation. As presented 

in Figure 37, the EIS curve is composed of small intercept in the high frequency region (500 

kHz), a semicircle at the medium frequency region (100 kHz to 200 mHz), and a straight 

sloping line at the low frequency (<200 mHz). Such a pattern of EIS can be fitted by an 

equivalent circuit as shown in Figure 37b. The small intercept corresponds to the ohmic 

resistance, representing electrolyte resistance (Re), as well as any contact resistances of the 

current collectors and electrode materials [128]. The semicircles appearing in the medium 

frequency represents charge–transfer resistance (Rct) and double-layer capacitance (Cdl). 

The straight sloping line is related to Warburg impedance (W) which is associated with 

lithium ion diffusion in the active particles.  

The proposed fitting results of each EIS parameter are presented in Table 16. It can be seen 

that the electrodes have distinct Re and Rct. Re which is related to the ohmic drop depends 

on the current distribution in the electrolyte and the geometry of the electrode. The larger 

Re of Si/MC/CB65  can be assigned to the less homogeneous surface, which is agreed well 

b) 
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with SEM image in Figure 37a. Guo et al. proposed that the value of Rct for the anode of a 

lithium ion batteries reflects the compaction of particles in the composite anodes or inter-

particle contacts [129]. Compared to other electrodes, the Si/MC/CB65&G has smallest first 

depressed semi circle which correspond to the smallest Rct. It is attributed by the 

combination of both super C65 and graphite. The small particle size of carbon black may 

improve the charge transfer interparticles and graphite improves the compaction of the 

particles of the electrode.  
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Figure 37. Nyquist plot of Si/MC with different conductive additives at discharged potential 

of 0.005 V vs. Li/Li+ from the first cycle from 500 kHz to 100 mHz (a) electrical circuit (b). 

Table 15. Re andn Rct of Si/MC with different conductive additives at discharged potential of 

0.005 V vs. Li/Li+ from the first cycle. 

Electrode Si/MC/G Si/MC/CB65 Si/MC/CB45 Si/MC/C&G 

Re (ohms) 13.5 28.2 9.8 13.9 

Rct (ohms) 65.04 193.4 98.3 61.5 

 

In addition to the electronic conductivity, high ionic conductivity is required for building a 

better cell. Solid state diffusion and migration of lithium ions are the keys to advancing Li 

ion batteries [130].  Thus, it is interesting to compare Li-ion diffusion coefficient (DLi) in 

Si/MC with different conductivities. Ding et al. determined DLi in nano-Si by using cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS), galvanostatic 

intermittent titration technique (GITT) [131]. While Dokko et al. applied CV and EIS on 

mesocarbon microbead [132]. So far, there is limited study on the Li-ion diffusion in 

silicon/mesoporous carbon. In this work, the DLi was examined by using EIS method from 

the Warburg part according to equation ( 17 ) proposed by Ho et al. [133]: 

W 

(a) 
(b) 
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( 17 ) 

 

Where VM is the mole volume of silicon, S is the surface area of the electrode (1.766 cm2 was 

calculated from the area of the electrode for simplicity), F is the Faraday constant (96,486 C 

mol-1), A is the plot slope of imaginary resistance (Zim) vs. inverse square root of angular 

frequency (1/  which is obtained from the Warburg impedance, and (E/x) is the 

slope of galvanostatic charge-discharge curves, x is the composition in LixSi. Figure 38 shows 

the galvanostatic charge-discharge curves of Si/MC with different conductive additives. The 

presence of two regions indicates that x in -LixSi does not change smoothly. 
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Figure 38. The galvanostatic discharge curves of Si/MC with different conductive additives. 

 

From the XRD analysis, Si nanoparticles are found to be crystalline. The lattice distance of Si 

nanoparticles  (111) can be calculated from the diffraction pattern to be 3.13 Å. While 

silicon has a cubic symmetry (Z = 8), the unit cell parameter can be calculated by (Vcell = 

 = 5.42  Å). Molar volume (VM = 11.99 cm3mol-1) was calculated 

by following equation : 

 

 

( 18 ) 
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To obtain the Warburg coefficient (A), the linear fitting of Zim vs. -1/2  in the low frequency 

region was done, which can be seen in Figure 39.  

  

  

Figure 39. The relationship between Zim and ω-1/2 at low-frequency region of the Si/MC/G 

(a), Si/MC/CB65 (b), Si/MC/CB45 (c), and Si/MC/G&CB (d). 

Table 16. Warburg coefficient (A) and diffusion coefficient of Si/MC with different 

conductive additives. 

Electrode Si/MC/G Si/MC/CB65 Si/MC/CB45 Si/MC/C&G 

 274.81 443.56 111.26 211.8 

DLi (cm2 s-1) 3.30 10-16 1.26 10-16 1.97 10-15 5.56 10-16 

 

(a) (b) 

(c) (d) 
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All values of the calculated diffusion coefficient of lithium ions are lower than the reported 

diffusion coefficient of lithium ions in SiNPs (10−14–10−13 cm2s−1) [131]. To be noted that 

this calculation is based on the 1st cycle, thus, it gives much lower than the reported the 

diffusion coefficient. However, these results can be taken as additional consideration for 

selecting the proper conductive additive for Si/MC electrodes. The higher DLi of Si/MC/CB45 

electrode, compared another electrodes, indicates faster kinetics of the cell reactions. In the 

composite electrode, the Li-ion diffusion is governed mostly by the pore distribution which 

controls electrolyte access to the active material [131]. One of the barriers to calculate the 

DLi is the difficulty to measure the real surface area of the active material on the electrodes. 

The Si/MC/CB45 electrode was used for further optimization due to its higher coulombic 

efficiency over 100 cycles and faster kinetics. 

4.2.7 Conclusion 

An investigation of various conductive additives for Si/MC electrodes was performed. 

Structural, morphological, and electrochemical characterization of the electrodes indicated 

several differences between Si/MC with conductive graphite and with carbon black (Super 

C65 and Super C45). The morphological characterization showed that the smaller particles 

of Super C65 combined with the complex aggregate structure resulted in an Si/MC/CB65 

electrode with less homogeneous surface compared to the Si/MC/G electrode. 

Electrochemical tests showed that the highly structured conductive additive had a double 

function: as an enhancer of conductivity and as an active electrode component. In spite of its 

higher specific area, Super C65 presented the Si/MC electrodes with better cyclability than 

conductive graphite. However, the use of Super C45 can minimize the initial charge loss of 

Si/MC electrode better than Super C65. 

4.3 The selection of electrolyte additives for Si/MC anodes 

Although volume expansion can be minimized by the dispersion of nanostructured Si in the 

carbon network and the conductivity problem can be overcome by the conductive additives, 

some issues related to the initial capacity loss are still present. A prevalent strategy for 

dealing with this problem is the use of electrolyte additives. This third subchapter will focus 

on the investigation of the electrolyte additives for Si/MC electrodes. Despite the high 

performance of vinyl carbonate (VC) which have been reported [24], [87]–[92], however, VC 

is difficult to synthesize and expensive (416 EUR/25 grams). Thus, succinic anhydride (SA) 

(14 EUR/25 grams) and lithium bis(oxalato)borate (LiBOB) (120 EUR/25 grams) were 

investigated as electrolyte additive and compared with VC. The beneficial roles of those 

aforementioned electrolyte additives on the Si electrode/electrolyte interfaces have been 

demonstrated [96][134]. However, there is no comparative study on the effects of LiBOB, 
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SA, and VC so far. In addition, most previous studies regarding these electrolyte additives 

focus on the Si thin film which might behave differently from Si nanoparticles-based anodes. 

The study was divided into; (i) electrochemical performance of Si/MC electrodes with 

different electrolyte additives, (ii) dV/dQ analysis and (iii) XPS analysis of SEI layer on 

Si/MC anodes with electrolyte additives. The electrodes were prepared by mixing the Si/MC 

composites (75 wt%), Super C45 (15 wt%), PAA (10 wt%) and dissolved in NMP solvent. 

The previous results showed that the electrodes with this composition exhibited the least 

initial charge loss of Si/MC electrode and performed faster Li-ion diffusion. 1M LiPF6 in 1:1 

vol mixture EC and DMC without additive was used as standard electrolyte. The composition 

of the standard electrolyte and electrolyte with different electrolyte additives can be seen in 

Table 5.  

The composition of the standard electrolyte and electrolyte with different concentrations of 

VC additive is given in Table 6. 

4.3.1 Electrochemical performance of Si/MC electrodes with different electrolyte additives 

The discharge capacity versus cycle number curve of Si/MC electrodes with different 

electrolyte additives is presented in Figure 40a. The experiment with standard electrolyte 

(red curve) shows an initial discharge capacity of 3487 mAhg-1 which decreases to 692 

mAhg-1 at 100 cycles. The decrease in capacity at the first several cycles is attributed to the 

decomposition of electrolytes and the formation of the SEI. Over cycles the discharge 

capacity shows fluctuations which can be due to some changes in ionic and electric 

conductivities. On the other hand, the Si/MC electrodes with electrolyte additives show 

distinct SEI formation cycles and deliver a discharge capacity higher than the one with 

standard electrolyte. The electrode with 5wt% SA shows a decreasing discharge capacity 

from 3796 mAhg-1 to 807 mAhg-1 after 100 cycles. With the addition of 5wt% LiBOB, the 

electrode exhibits a higher initial charge loss of 2461 mAhg-1. However, it shows a stable 

discharge capacity after 20 cycles (970 mAhg-1). A previous study proposed that the 

decomposition reaction of LiBOB was relatively fast with respect to LiPF6 and inhibited the 

continuous reactions of lithiated Si with the electrolyte [134]. Thus, LiBOB is more effective 

in forming a stable SEI layer. 

Compared with other electrodes, the electrode with 5wt% VC has a more stable 

performance with a discharge capacity of 1100 mAhg-1 after 20 cycles which remains stable 

in the subsequent cycles. This distinct electrochemical performance may be related to the 

particular composition of SEI which is later discussed based on XPS analysis. 
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To check the irreversible capacity loss of the electrodes, columbic efficiency is compared in 

Figure 40b. The initial columbic efficiency of the electrode in standard electrolyte is 44.79% 

and shows fluctuations over the cycles. The electrode with standard electrolyte, SA, and 

LiBOB reach the stable CE of over 99% after 80 cycles. Meanwhile, the electrode with the VC 

additive reaches CE over 99% after around 20 cycles. It can be seen that with LiBOB, the 

discharge capacity decreases but the CE increases. This phenomenon can be explained by 

the thickening SEI layer which increases the internal resistance of the cell. Table 17 

summarizes the discharge capacity and coulombic efficiency at the 1st and the 20th cycle for 

Si/MC electrodes with different electrolytes. The electrode with 5wt% VC exhibits a 

relatively high capacity retention and CE at 20th cycle. 
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Figure 40. Electrochemical discharge capacity (a) and coulombic efficiency (b) vs cycle 

number of Si/MC electrodes with different electrolyte additives under charge/discharge 

cycles from 1 to 0.01 V with a charge/discharge current of C/10. 

Table 17. Electrochemical performance of Si/MC electrodes with different electrolytes at 1st 

and 20th cycles. 

Electrolyte 

additive 

Discharge capacity 20th  

cycle  

Capacity retention at 

20th cycle 

Coulombic 

efficiency at 20th 

cycle 

standard 758 mAhg-1 21.73% 97.91% 

5wt% VC 1193 mAhg-1 30.52% 98.62% 

5wt % SA 1189 mAhg-1 31.32% 97.98% 

5wt% LiBOB 919 mAhg-1 21.72% 98.30% 
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The stability of the electrodes was assessed by rate capability tests. Figure 41 shows the 

capacity vs. cycle number at various C-rates. The average discharge capacity for this test can 

be seen in Table 18. Discharge capacity gradually decreases with increasing C-rate from 

C/10 to 2C and increases again when C-rate is lower. Upon cycling, the experiment with the 

standard electrolyte shows a relatively poor rate capability. At C/10, the discharge capacity 

of the electrode is 1880 mAh.g-1 and 750 mAh.g-1 for 2nd and 110th cycle, respectively. On 

the other hand, the addition of 5wt% VC affected a higher rate capability than SA and LiBOB. 

The experiment with 5wt% VC shows 1500 mAh.g-1 at 2nd cycle and maintains at 1100 

mAh.g-1 at 110th cycle.  

The columbic efficiency at various C-rate was also calculated and depicted in Figure 41b. 

After 20 cycles, all electrodes reach a high CE of >96%. After 110 cycles at C/10, the CE of 

the electrodes with standard electrolyte, VC, SA, and LiBOB reaches 97.34%, 99.34%, 

98.98%, and 98.50%, respectively. These results confirm that the addition of 5wt% VC 

improves the electrochemical performance more than the other electrolyte additives. It is 

interesting that some CE`s are greater than 100% for the electrode with standard 

electrolyte. These phenomena can be due to the continuous changes of SiNPs which cause 

some fluctuation in ionic and electric conductivities from cycle to cycle. Thus, the varying 

arrangement of Si nanoparticles also can cause fluctuations in the capacities by casual 

charge retention or release leading to a “virtual” CE greater than 100%. It other words, some 

residual Li stored in the previous cycles can be released additionally in following cycles. 

This noticeable phenomenon was also observed in the Si nanoparticles wrapped by a carbon 

shell by Hwang et al [41]. 
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Figure 41. Rate capability (a) and columbic efficiency (b) vs. cycle number of Si/MC 

electrode with different electrolyte additives at various C-rate (C/10, C/5, C/2, C/3, 1C, 2C). 

Table 18. Average capacity of Si/MC electrode with different electrolyte additives at various 

C-rate (C/10, C/5, C/2, C/3, 1C, 2C). 

Electrolyte 

additive 

Average discharge capacity (mAhg-1) 

C/10 C/5 C/3 C/2 1C 2C C/10 

standard 1881 1375 1106 925 753 567 812 

5 wt% VC 1718 1332 1164 1032 903 683 1082 

5wt % SA 1777 1235 985 830 616 448 957 

5wt% LiBOB 1657 1184 995 859 645 508 928 

 

In order to investigate the electrochemical behavior in more detail, differential capacity 

(dQ/dV) analysis has been performed. The dQ/dV vs. voltage plots for Si/MC electrodes 

with various electrolytes at 1st, 2nd, 110th cycles are presented in Figure 42. In particular, the 

peaks at 1st cycle indicate the potential at which the additives initially are reduced. The 

broad cathodic peak at 0.6 V vs. Li/Li+ during 1st cycle (Figure 42a) which disappears on 

2nd and 110th cycles (Figure 42b&c) may be attributed to the electrolyte decomposition and 

SEI formation. The reduction of the standard electrolyte starts at 1.0 V vs. Li/Li+ and shows 

a cathodic maximum at  0.6V vs Li/Li+. This reduction starts at a different potential with SA 

(1.15 V vs Li/Li+) and LiBOB (1.2 V vs. Li/Li+). With VC as an additive, the starting potential 

is slightly shifted to a lower value (0.8 V vs. Li/Li+). This indicates a higher overpotential 

which is attributed to increased resistance in the SEI [135]. For the LiBOB containing 

electrolyte, another reduction peak appears at a much more positive potential of 1.7 V vs. 

Li/Li+. Previous study demonstrated that the reduction of the BOB-anion to oxalate 

occurred at a high potential ( 1V) and did not contribute to the formation of SEI layer on 

the graphite anode [136]. This reduction may explain why the electrode with LiBOB 

exhibited an initial charge loss higher than those with other electrolyte additives (2461 

mAhg-1 at first cycle). 

The cathodic peak at 0.1 V can correspond to the lithiation of crystalline Si. Obravac et al. 

reported that the anodic peak at 0.45 V vs. Li/Li+ is the dQ/dV signature of Li15Si4 phase 

during delithiation [34]. The presence of the Li15Si4 was originally identified by XRD, and 

then confirmed by in situ HRTEM [40]. The presence of Li15Si4 was associated with capacity 

fading due to inhomogeneous volume changes. While, Chevrier et al. suggested that the 
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magnitude and the sharpness of the peak could be a measure of the Li15Si4 phase at full 

lithiation [137]. In Figure 42a, the presence of Li15Si4 (anodic peak at 0.45 V vs. Li/Li+) is 

easily identifiable by dQ/dV, especially for the Si/MC electrode with standard electrolyte. It 

can be noted that the electrode with 5wt% VC shows a slight shift of the peaks to a less 

positive potential for lithiation and to a more positive potential for delithiation which gives 

a hint to some kinetic hindrance.  

The dQ/dV plots for the following cycles are different from the first cycle. During the 2nd 

cycle (Figure 42b), all the electrodes have two peaks at 0.25 V vs. Li/Li+ and 0.1 V vs. Li/Li+. 

These peaks correspond to the stepwise lithium insertion into amorphous silicon forming 

amorphous LixSi ((-Si + x’Li → -Lix’Si) and (-Lix’Si + x’’Li → -Li(x’+x’’)Si) [34]. At 110th 

cycle after applying high C-rate (Figure 42c), the intensity of the peaks at 0.25 V at lithiation 

and 0.5 V vs. Li/Li+ at delithiation significantly decreased. This indicates the Li15Si4 phase 

gradually decomposes with cycling. All electrodes show the decreasing intensity of the 

peaks at 0.25 V vs. Li/Li+ and 0.1 V vs. Li/Li+ during lithiation which means the less insertion 

of lithium into amorphous silicon. In addition, compared to the 2nd cycle, the electrodes at 

the 110th cycle show significant peak shifts towards lower voltage for the lithiation and 

towards higher voltage for the process of delithiation which can be assigned the increasing 

overpotential. The increasing overpotential between delithiation and lithiation voltages 

with during the cycling is assigned to a loss of kinetic activity. Contrary to the electrode with 

standard electrolyte which shows the highest overpotential, the electrode with 5wt% VC 

exhibits lowest overpotential. 
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Figure 42. Differential capacity (dQ/dV) vs. potential plots of Si/MC electrodes with 

different electrolytes at (a)1st, (b) 2nd, and (c) 110th cycle. 

4.3.2 Electrochemical performance of Si/MC electrodes with different concentrations of VC 

 

Compared to LiBOB and SA, VC improved the electrochemical performance of Si/MC 

electrodes more effectively. As VC is relatively difficult to synthesize and expensive, the 

effective amount of VC is also interesting to investigate. Figure 43a shows the 

electrochemical discharge capacity vs. cycle number of the Si/MC electrodes with different 

amounts of VC. It shows that electrodes with VC additives regardless the concentrations 

exhibit a discharge capacity higher compared to that with standard electrolyte. It is 

interesting to see that increasing the amount of VC does not necessarily increase the 

discharge capacity. In fact, the electrode with 5wt% VC still shows the best electrochemical 

performance. However,  the coulombic efficiency profile (Figure 43b) shows that the 

(b) 

(c) 
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electrode with 10wt% VC reaches 99% after 5 cycles. So far, there is no study about the 

effect of different concentrations of VC on Si/C-based composites. 
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Figure 43. Electrochemical discharge capacity (a) and coulombic efficiency (b) vs cycle 

number of Si/MC electrodes with different amounts of VC under charge/discharge cycles 

from 1 to 0.01 V with a charge/discharge current of C/10. 

Table 19. Electrochemical performance of Si/MC electrodes with different concentrations of 

VC at 1st and 20th cycles 

Electrolyte 

additive 

Discharge capacity 20th  

cycle  

Capacity retention at 

20th cycle 

CE at 20th cycle 

standard 758 mAhg-1 21.73% 97.91% 

3 wt% VC 911 mAhg-1 23.94% 98.92 % 

5 wt% VC 1193 mAhg-1 30.52% 98.62% 

10 wt% VC 918 mAhg-1 23.16% 99.45% 

 

Rate capability tests for the Si/MC electrodes with different concentrations of VC were also 

performed and can be seen in Figure 44a. The average discharge capacity from this rate 

capability test can be seen in Table 20. At C/10, the electrode with VC 3wt% exhibits 1300 

and 750 for the 2nd and 110th cycles, respectively, while the electrode with 10wt% VC 

exhibits 1300 and 1000 mAhg-1 for the 2nd and 110th cycles, respectively. Compared to the 

electrode with 5wt% VC (1718 mAhg-1 and 1082 mAhg-1 for the 2nd and 110th cycles), the 

electrodes with 3wt% and 10wt% of VC showed less stable performance. The rate capability 

tests confirm previous results that the electrolyte with 5wt%VC shows better 

electrochemical performance than at other concentrations (3wt% and 10wt%). To be noted 

also from Figure 44b that the electrodes with VC additives reach CE values >98% after 20 

(a) (b) 
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cycles, while that with standard electrode shows coulombic efficiency below 98% upon 

cycling.  
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Figure 44. Rate capability (a) and columbic efficiency (b) vs. cycle number of Si/MC 

electrode with different concentrations of VC at various C-rate (C/10, C/5, C/2, C/3, 1C, 2C). 

 

Table 20. Average capacity of Si/MC electrode with different concentrations of VC at various 

C-rate (C/10, C/5, C/2, C/3, 1C, 2C). 

Electrolyte 

additive 

Average discharge capacity (mAhg-1) 

C/10 C/5 C/3 C/2 1C 2C C/10 

standard 1881 1375 1106 925 753 567 812 

3 wt% VC 1396 917 768 663 534 370 785 

5 wt% VC 1718 1332 1164 1032 903 683 1082 

10 wt% VC 1487 1103 940 765 564 450 1000 

 

Differential capacity (dQ/dV) vs. potential plots of Si/MC electrodes with different 

concentrations of VC can be seen in Figure 45. The electrode with the VC 3wt% and 5wt% 

showed the initial decomposition starting at 0.8V vs. Li/Li+, lower than those with the 

standard electrolyte and VC 10wt% (0.9V vs. Li/Li+). 

From the 2nd cycle (Figure 45b) to 110th cycle (Figure 45c), Si/MC electrode with standard 

electrolyte shows a shift of the reduction potential from 0.25 V vs. Li/Li+ to 0.2 V vs. Li/Li+. 

On the other hand, the electrodes with VC additives show no reduction potential shift. Their 

(a) (b) 
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reduction peaks remain at 0.25 V vs. Li/Li+. At 110th cycle, the peaks are less pronounced for 

the electrode with standard electrode and most pronounced with 5wt% VC. Hausbrand et al. 

reviewed that the degradation can be characterized by the irreversible capacity loss, voltage 

loss and increase in cell impedance [138]. Thus, it is concluded that the addition of 5wt% VC 

delivered the most stable electrochemical performance. 
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Figure 45. Differential capacity (dQ/dV) vs. potential plots of Si/MC electrodes with 

different concentrations of VC at (a)1st, (b) 2nd, and (c) 110th cycle. 

4.3.3 XPS analysis on SEI modifications 

 

The detailed mechanism of the SEI layer formation is difficult to understand due to 

complicated nature of SEI layers. However, XPS is conducted as an effort to understand the 

composition differences between SEI layers on the Si/MC/CB45 electrodes with and without 

additives. 

4.3.3.1 SEI modification on Si/MC electrodes with different electrolyte additives 

 

XPS analysis was conducted in this work as an effort to understand the compositions of SEI 

layers on the cycled Si/MC electrodes with different electrolytes. Figure 46 shows the XPS 

spectra with the regions used for quantification for different samples with standard 

electrolyte (a), 5wt% VC (b), 5wt% LiBOB (c), and 5wt% SA (d). The relative contents (in 

%) of the samples are depicted in Figure 47. In comparison to the electrode with standard 

electrolyte, those with electrolyte additives show an increased C and O concentrations. This 

can be related to the increasing concentration of Li2CO3 which is confirmed by the XPS C1s 

and O1s spectra (discussed below). The electrode with standard electrolyte shows a higher 

F and Li, which are significantly lower on the samples with LiBOB and SA. The sample with 

VC shows a higher P content than other additives. The distinct concentrations of Li, F, and P 

can be related to the decomposition of the LiPF6 electrolyte. No Si content is found on the 

samples with LiBOB and SA which may due to a thicker layer of SEI. 

(c) 
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Figure 46. XPS survey spectra of the cycled electrodes with standard electrolyte (a), VC (b), 

LiBOB (c), SA (d). The light blue areas represent the regions, which have been used for 

quantification.  
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Figure 47. Relative contents of C, F, Li, O, P and Si (in %) for the samples with different 

electrolyte additives. 
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Figure 48 shows the XPS C 1s (a), F 1s (b) and P 2p (c) detail spectra of all samples. Several 

different species can be assigned to the C 1s spectra (dashed lines in Figure 48a). 

The C1s spectra (Figure 48a) show 3 to 4 distinct peaks which can be assigned to chemical 

states as follows. The peak at 284.4 eV can be assigned to C-C and C-H bonds from the 

carbon substrates. The peak at 286.6 eV is characteristic for CO- and at 285.5 eV is 

characteristic for CO2-. The peak at 289.5 eV corresponds to O-C=O/CO3. The samples with 

standard electrolyte as well as with VC show a high amount of C-C and C-H bonds. However, 

the addition of VC increased the amount of CO- and decreased the amount of CO3. In 

contrast, the samples with SA and LiBOB show a higher abundance of O-C=O/CO3 

contributions. This can be explained by the presence of SA and LiBOB additives which both 

contain these bonding environments pointing to deposition of these additives on the SEI 

during cycling processes. These results confirm the formation of different concentrations of 

carbonaceous species at the electrode/electrolyte interface. The component of CO2- at 289.5 

eV reveals the decomposition of species like lithium carbonate (Li2CO3), and/or lithium 

alkyl carbonates (ROCO2Li) on the electrode surface [139]. Li2CO3 and ROCO2Li are the 

result of the degradation of EC following these chemical reactions:  

 EC + 2e- → Li2CO3 + CH2 = CH2 [ v ] 

 2EC + 2e- + 2Li+ → (CH2OCO2Li)2 + CH2=CH2 [ vi ] 

 

It can be noted that compared to another electrolytes, electrodes with standard electrolyte 

and VC show less intense of peak at 289.5 eV which means they contain less Li2CO3 and 

ROCO2Li. According to reaction [ vi ], producing more ROCO2Li consumes the lithium ion 

which is supposed to be cycled. This can explain why the electrode with VC 5wt% shows a 

higher discharge capacity, compared to those with other electrolytes. 

The O1s spectra (Figure 48b) show 2 distinct peaks in all samples. The peak at 531.5 eV can 

be assigned to CO2 and CO3- like oxygen environment, while the peak at 533 eV can be 

assigned to CO-. It can be noted that the sample with VC shows a higher CO/ CO3 ratio in 

comparison to the sample with standard electrolyte. The CO-like oxygen environment can 

correspond to poly(VC). Poly(VC) is formed on the electrode surface when VC is added in 

the electrolyte [90]. While, the sample with LiBOB shows even much stronger peak intensity 

of CO-, indicating LiBOB increases the content of semicarbonate (ROCO2Li) in SEI layer. In 

the case of the sample with SA, the CO-like oxygen environment is significantly low which 

can be the cause of capacity fading. 
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The F1s and P2p spectra which allow for the investigation of electrolyte are presented on 

Figure 48b&c. The F1s spectra (Figure 48c) shows two peaks at 687 eV and 685 eV which 

can be attributed to LiPF6 and LiF, respectively. Larger amounts of LiF detected in the 

sample with standard electrolyte suggest significant decomposition of LiPF6 occurring. On 

the other hand, the samples with VC and LiBOB show a higher amount of LiPF6. The 

degradation mechanism for LiPF6 is suggested to be [140] :    

 LiPF6  LiF + PF5 [ vii ] 

 PF5 + H2O  POF3 + 2HF [ viii ] 

The P2p spectra (Figure 48b) show two peaks for all cycled electrodes. These two peaks 

correspond to the LiPF6 at 137.2 eV and phosphate compounds at 133.9 eV. Phosphate 

compound is the decomposition product which is found on LiPF6-based electrolyte. It can be 

noted that the sample with SA has a higher content of LiPF6. The relative abundance of the 

components found in each spectra can be seen in Table 21 - Table 28 (see Appendix).                                          

 

Figure 48. Normalised C1s (a), F1s (b) and P2p (c) XPS detail spectra of cycled Si/MC 

electrodes with different electrolytes. Dashed lines in (a) show the positions of different C/O 

components. Gaussian-Lorentzian line fits in (b) and (c) represent the F and P components 

as noted on top. 
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SEI modification on Si/MC electrodes with 5wt% VC additive for different cycles. 

 

XPS analysis for the Si/MC with and without 5wt% VC additive for 20 and 50 cycles were 

also performed to see the generation of the compounds in SEI layer over the cycles. 

Figure 49 shows the XPS spectra of the samples. The relative contents (at %) of samples 

with and without 5wt% VC additive can be seen in Figure 50 a&b. During XPS 

measurements, the pristine sample has been found to be conducting, while the cycled 

samples showed an insulating behaviour due to organic material found on the surface. A 

non-conducting sample was detected when all peaks are broadened and shifted to higher 

binding energies from their expected positions. 

Figure 50 shows the pristine sample shows C, O, Si contents. Compared to the pristine 

sample, the cycled samples show a higher content of Li, F, O, and P which were generated 

from the electrolyte decomposition. The F and P contents increase with the number of cycles 

in the samples with VC, while they have behaved opposite in the samples without VC. Ca has 

been found in both samples where VC has been used in the electrolyte (0.8 – 0.9%). This 

impurity may come from the VC because it is not found in the samples with LiBOB and SA. 

 

 

 

 

 

 

 

 

Figure 49. XPS survey spectra of samples ; pristine (red), 20 cycles VC (black), 20 cycles NO 

VC (green), 50 cycles VC (purple) and 50 cycles NO VC (turquoise). The blue areas represent 

the regions, which have been used for quantification. 
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Figure 50. Relative C, F, Li, O, P and Si contents (in %) on the pristine electrode, the cycled 

electrodes (a) with VC and (b) without VC. 

All spectra have been corrected in binding energy according to the oxygen and carbon 

signals. Table 25-27 summarize the results of this analysis showing the relative abundance 

(in %) of the components found in C, O, F, and P spectra. 

The C1s spectra (Figure 51a) show 3 distinct peaks. As discussed before, the large peak at 

284.4 eV can be assigned to C-C and C-H bonds from the carbon substrate. The peak at 286.6 

eV can be assigned to CO-, while the peak at 290.0 eV is characteristic of CO2. The 

component at 290.0 eV reveals the decomposition of species like lithium carbonate Li2CO3, 

and/or lithium alkyl carbonates ROCO2Li on the electrode surface [50]. To explain the 

stronger peak detection of C-C/C-H at the electrode with VC, it is assumed that the SEI layer 

remains stable without any thickening.  

The O1s spectra (Figure 51b) show 2 distinct peaks in all samples. A peak is observed at 

531.7 eV and corresponds to CO2 and CO3-like oxygen environment. A peak at 534 eV can be 

assigned to CO- which corresponds to poly(VC). The instability of sp2 orbital on VC triggers 

the ring-opening reactions. The presence of vinyl group allows polymerization and produces 

a stable protective layer [141]. It can be seen that the samples without VC show a CO3/CO 

ratio higher than in the one with VC. 

(a) (b) 
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Figure 51. XPS C1s (a) and O1s (b) detail spectra of samples pristine (red), 20 cycles VC 

(black), 20 cycles NO VC (green), 50 cycles VC (purple) and 50 cycles NO VC (turquoise). 

The F spectra (Figure 52a) show two peaks at 687 eV and 685 eV which are attributed to 

LiPF6 and LiF, respectively, as seen also before on Figure 48. The sample with VC shows a 

lower ratio of LiPF6/LiF. It means less significant decomposition of LiPF6 is occurring on the 

samples with VC. On the other hand, the samples with VC show a larger amount of LiPF6.  

 

The P2p spectra (Figure 52b) also show two peaks for all cycled electrodes. These two peaks 

correspond to the LiPF6 at 137.2 eV and phosphate compounds at 133.9 eV. Phosphates 

which are the decomposition products of LiPF6 are found higher on the samples with VC. 

This result is contrary to the previous one that presumed less decomposition on the samples 

with VC. Thus, it is assumed that the decomposition product of LiPF6 with VC additive is in 

the LiF form instead of phosphates. 
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Figure 52. XPS F1s (a) and P2p (b) detail spectra of samples 20 cycles VC (black), 20 cycles 

NO VC (green), 50 cycles VC (purple) and 50 cycles NO VC (turquoise). 

 

4.3.4 SEM analysis 

The SEM images of Si/MC with different electrolytes after 20 cycles are depicted in Figure 

53. The electrode with standard electrolyte shows agglomerate particles. A similar 

morphology can be seen for the electrodes with different electrolytes. Meanwhile, the 

electrodes with electrolyte additives show white colors which can be assigned to deposited 

Li-salts. This white color is more pronounced on the electrode with LiBOB which also 

explain the more decomposition of electrolytes. 
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Figure 53. SEM images of Si/MC electrodes after cycling with standard electrolyte (a), VC 

5wt% (b), SA 5wt%, (c), LiBOB 5wt% (d) 

The SEM images of the Si/MC with VC additive with concentration after 20 cycles are 

depicted in Figure 54.  
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Figure 54. SEM images of Si/MC : standard electrolyte (a), cycled with VC 3wt% (b), VC 

5wt% (c), VC 10wt% (d)  

4.3.5 Conclusions 

A comparative study has been conducted for the Si/MC electrodes with different electrolyte 

additives: VC, SA, and LiBOB with the same concentration (5wt%). The electrochemical test 

showed that the electrode with VC showed the best reversible capacity and rate capability, 

compared to that with SA and LiBOB and standard electrolyte. The electrode with 5wt% VC 

delivered a stable capacitiy of 1100 mAhg-1 up to 100 cycles. At 1C and 2C, the electrode 

exhibited a high discharge capacity of 903 mAhg-1 and 683 mAhg-1. Ex-situ XPS analysis 

showed distinct differences of SEI chemical composition on Si/MC electrode with different 

electrolyte additives. With standard electrolyte, the SEI contains more LiF and less amount 

of Li2CO3 and lithium alkyl carbonate. With VC additive, the generation of poly(VC), Li2CO3 

and ROCO2Li on the surface and the reduced LiF content improved the cycling performance 

of Si/MC electrode. The addition of LiBOB increased the content of semi-carbonate  in SEI 

layer. With SA, the sample showed less LiPF6 which means less decomposition of the 

electrolyte. 

4.4 Towards realistic design of Si/MC-based anodes 

As discussed above, the Si/MC electrode with the addition of Super C45 in the electrode and 

5wt% VC in the electrolyte exhibits a relatively stable electrochemical performance. As 

shown in Figure 55, the Si/MC/CB45 electrode exhibited 800 mAh g-1 for 400 cycles. Rate 

capability tests on Figure 44a showed that the electrode retained a discharge capacity of 

877 mAg h-1 at 2C. This electrode performs better than the reported mesoporous C/Si with 1 

M LiPF6 in a mixture of FEC–DMC (1 : 1 by volume) which exhibited 1018 mAh g-1 after 100 

cycles [56].  
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Figure 55. Electrochemical performance of the as-synthesized Si/MC with super C45 

additive with 1M in a mixture of EC–DMC (1 : 1 by volume) with 5wt% VC. 

From the synthesis point of view, the precursors used (Si nanoparticles, resorcinol, 

formaldehyde, ammonia, and HF) are produced industrially at relatively low costs. Second, 

the conversion of mesoporous carbon was done by a single heating step at 650°C to save the 

energy. Third, HF etching was used to create the voids without using additional template. 

Thus, this synthesis route has a good potential for mass production. The next question is, 

does this meet the realistic design for commercial Li-ion batteries? 

4.4.1 Reliability of the as-prepared Si-based anode realistic for commercial Li-ion battery 

anode 

 

The ratio of silicon nanoparticles in the prepared Si/MC/CB45 electrode is 12.98 wt%. This 

value is close to the theoretical threshold values of Si in silicon carbon composite based 

anode, calculated by Dash et al. [100]. The reported threshold value of Si amount to 

maximize the volumetric energy density was determined to be 11.68 wt%. The maximum 

capacity of the silicon carbon composite anode with no volume expansion constraint was 

determined to be ~712 mAh g-1. In comparison to the aforementioned study, the prepared 

Si/MC/CB45 electrode has a potential to be applied in the Li-ion batteries systems. 

In addition, according to a review reported by Lee et al. [99], a specific capacity of the anode 

up to about 800-1000 mAhg-1 could increase total specific capacity up to 21–25% higher 
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than graphite-based Li-ion batteries, when coupled with cathodes with specific capacity of 

140–170 mAh g-1.  

4.4.2 Study of the diffusion coefficient of lithium ions in Si/MC electrode 

 

The diffusion coefficient of lithium ions is a common physical quantity to characterize 

mobility of Li-ion batteries. Of course, lithium ion’s mobility changes depending on many 

parameters, such as the electrode’s geometry and the cycling rate. However, assessing the 

diffusion coefficient of lithium ions on the prepared Si/MC/CB45 can be useful to see the 

perfomance.  In this work, EIS and CV techniques have been used to estimate macroscopic 

chemical Li-ion diffusion. The results from both techniques are compared. Figure 56a shows 

Nyquist plot of Si/MC/CB45 with 5wt% VC additive at 1.0 V vs Li/Li+. With the assistance of 

the relationship Zim and square root of angular frequency (Figure 56b), the diffusion 

coefficient was calculated by following equation ( 19 ), giving 5.68 x 10-14 cm2s-1. This value 

is still considered high in the range of the reported diffusion coefficient of Li+ in Si (10-14 – 

10-17 cm2s-1) [131]. The difference comes from the area of electrode used in the calculation. 

In this electrode, the real contact area should be higher than the one used in the calculation. 

Thus, this calculated diffusion coefficient is considered as “apparent diffusion coefficient”. 
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Figure 56. Nyquist plot of Si/MC/CB45 with 5wt% VC additive after 20 cycles (a) and the 

relationship of Zim vs -1/2 (b) 

CV measurements with varying scan rates of 0.02 mVs-1, 0.05 mVs-1, 0.2 mVs-1, and 0.5 mVs-1 

were performed on the Si/MC/CB45 electrode with 5wt% VC. The CV curves are shown in 

Figure 57. As already discussed, the reduction peak at 0.2 V vs. Li/Li+ corresponds to lithium 



94 

 

insertion into amorphous silicon. The peak current increases with the increasing scan rates 

which can be a sign for fast electron transfer process with diffusion limitation.  
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Figure 57. Cyclic voltammetry curves of Si/MC/CB45 with 5wt% VC in LiPF6 in EC:DMC 1:1 

with different scan rates: 0.02, 0.05, 0.2 and 0.5 mVs−1. 

Figure 58 shows that the peak current increases linearly with the square root of scan rates 

which confirms it is a reversible system.  
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Figure 58. The relationship of the peak current and square root of scan rate from cyclic 

voltammetry curves of Si/MC/CB45 with 5wt% VC in LiPF6 in EC:DMC 1:1 with different 

scan rates: 0.02, 0.05, 0.2 and 0.5 mVs−1. 

Afterwards, the diffusion coefficient was calculated by using linear regression from the peak 

current and the square root of scan rates and following Randles-Sevcik equation [142]: 
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( 19 ) 

Where ip is the peak current (A), n is the charge concentration in LixSi (n = 2.2), A is the 

contact area between Si and electrolyte (calculated from the geometric area of the electrode, 

1.766 cm2), CLi is the bulk concentration of lithium in electrode (0.0753 mol.cm-3, calculated 

from Li7Si3), and v is the scan rate. The diffusion coefficient was calculated and giving 1.62 x 

10-13 cm2s-1. This value is higher than the one calculated with EIS. 

4.4.3 Conclusion 

Looking at the composition of the Si nanoparticles in the Si/MC/CB45 electrode (12.98 

wt%), the cycling stability of the electrode (800 mAh g-1 for 400 cycles), and the diffusion 

coefficient of lithium ions in silicon (5.68 x 10-14 cm2s-1 based on EIS and 1.62 x 10-13 cm2s-1 

based on CV), this electrode configuration meet the rational design for anodes for Li-ion 

batteries application. 

4.5 Full cells containing Si/MC/CB45 anode and commercial NMC cathode 

To assess the electrochemical performance of Si/MC/CB45 in a full cell, the Si/MC/CB45 

anode was coupled with a commercial NMC cathode in a pouch cell configuration. The cell 

chemistry used in this study can be seen in  

Table 8. The discharge capacity is given in electrode areal capacity (mAh.cm-2) to easily 

balance both electrodes. 

4.5.1 Electrochemical performance of commercial NMC cathode 

 

LiNi1/3Co1/3Mn1/3O2 (NMC) is common and widely used as a cathode material in the Li-ion 

battery market. Besides, it is a strong alternative of cathode materials for electrical vehicle 

application. Figure 59a&b show the discharge profile and dV/dQ curve for a NMC electrode 

half cell during the first cycle at C/10. The NMC electrode delivers an initial discharge 

capacity of 0.8 mAh.cm-2. Essentially, any slopes in the voltage profile during charge or 

discharge will yield a peak in the dV/dQ curve. Figure 59b shows a broad hump for a 

capacity of 0.1 mAh.cm-2 which is the representative of the initial slope in the potential vs. 

capacity curve.  
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Figure 59. Discharge profile (a) and dV/dQ (b) vs. capacity curves of first discharge from 

NMC half cell with a voltage range 2.6 - 4.1 V vs Li/Li+. 

To monitor at which voltage the lithiation and delithiation takes place, the dQ/dV curve is 

also plotted. Figure 60 shows the potential profile and dQ/dV from the first lithiation and 

delithiation of the NMC half cell. In this case, the plateus in the potential profile will be 

presented as peaks in the dQ/dV curve. The peak at  3.8 V is due to the oxidation of Ni2+ to 

Ni4+ [143]. 
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Figure 60. Cell potential (a) and dQ/dV vs. cell potential (b) curves of first charge-discharge 

from NMC half cell with a voltage range 2.6 - 4.1 V vs Li/Li+. 

4.5.2 Electrochemical performance of a full cell containing a Si/MC anode and a NMC 

cathode 

 

(a) (b) 

(a) (b) 
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The Si/MC/CB45 half cell was built using the pouch configuration and 1 M LiPF6 in EC:DEC 

in a 1:1 weight ratio (LP40) electrolyte to easily compare with the results from the full cell. 

The charge-discharge profiles for C/10 for the first four cycles and 1C for subsequent cycles 

(1st and 20th after resting) are presented in Figure 61a&b, respectively. During the first 

cycle, an amount of 0.8 mAh.cm-2 was consumed for SEI formation. At C/10, the Si/MC/CB45 

electrode exhibits a reversible discharge capacity of 0.6 mAh.cm-2. At 1C, the discharge 

capacity decreases up to 0.2 mAh.cm-2.  
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Figure 61. Charge-discharge profile of Si/MC half cell with a voltage range 0.005 - 1 V vs 

Li/Li+ at C/10 (a) and 1C (b). 

Figure 62 shows the dV/dQ curve of the first delithiation from full cell which is plotted 

against the first delithiation of the NMC half cell and the first lithiation of the Si/MC/CB45 

half cell at C/10. These curves can be used to determine the operating potential range for 

the cell. The peaks of the full cell are assumed to be the sum of both half cells. Since the NMC 

half cell shows no significant peak, the contributions of the peaks can be assigned mostly 

from the Si/MC/CB45 half cell. However, there is an additional peak at the capacity of 0.15 

mAh.cm-2 which may correspond to the hump of NMC half cell at 0.1 mAh.cm-2 (Figure 59b).  

(a) (b) 
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Figure 62. dV/dQ vs. capacity density curves of first delithiation of half cells and full cell 

with C/10. 

Figure 63a shows the initial charge-discharge profiles of the full cell at C/10. The cell 

exhibited a charge capacity of 1.4 mAh.cm-2 and discharge capacity of 0.7 mAh.cm-2 during 

the first cycle. Discharge capacity and columbic efficiency (CE) for different cycles can be 

seen in Figure 63b. The cell showed  a decreasing discharge capacity to 0.2 mAh.cm-2 up to 

80 cycles. To be noted that the cell was cycled at high rate (1C) and no electrolyte additive 

was used for this measurement. The electrochemical performance may be improved by 

using vinyl carbonate additive. Figure 63b shows that the discharge capacity decreases, 

however, CE increases over the cycles. The reason can be that the SEI layer thicken and 

parasitic reactions between the electrode and the electrolyte slow down, as investigated by 

Fathi et al [144]. 
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Figure 63. Charge-discharge profile of the first cycle at a rate of C/10 (a) and discharge 

capacity vs. cycle number profile at a rate of 1C (b) from a full cell containing Si/MC anode 

and NMC cathode with a voltage range 2.6 – 4.0 V. 

(a) (b) 
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To get some information about the capacity fading, the capacity variation can be monitored 

by visualizing the dQ/dV curves. Figure 64 shows the differential capacity curves of the full 

cell for 1st, 2nd, and 80th cycles. First cycle shows three distinct peaks around 2.75 V, 3.4 V, 

and 4.0 V during delithiation. The intensity of the peaks weaken over the cycles. This 

indicates that the active materials are less active because of the thickening of SEI formation. 

The peaks shift to the higher voltage in the lithiation and the lower voltage in the 

delithiation can be assigned to increasing cell impedance upon cycling.  This phenomena can 

be explained by the contact loss of active materials due to the electrode material 

degradation since a relatively high C-rate was applied. However, it is difficult to distinguish 

the contributions from which electrode with the two-electrode set-up. 
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Figure 64. dQ/dV vs. potential for the 1st, 2nd and the 80th cycles for the NMC/Si-MC full cell 

with C/10 (first cycle) and 1C (subsequent cycles). 

4.5.3 Conclusions  

 

A full cell containing  a Si/MC/CB45 anode and a commercial NMC cathode was assembled 

in a pouch cell configuration. The full cell exhibited a discharge capacity of 0.7 mAh.cm-2 in 

the first cycle at a rate of C/10 and 0.5 mAh.cm-2 at a rate of 1C between 2.6 – 4.0 V. To 

investigate the reason of capacity fading of the full cell, the electrochemical performance of 

each half cell should be looked and analyzed more. In addition, further investigations on 

different cut-off voltage and mass balance of the electrodes could improve the 

electrochemical performance of a NMC and Si/MC full cell. 
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Chapter V 

Summary 

 

Si/MC composites were successfully synthesized by dispersing silicon nanoparticles into a 

Resorcinol-Formaldehyde (RF) gel and by subsequent carbonization. HF etching of the 

composites was conducted to remove passive oxide layers from commercial Si nanoparticles 

and produce a porous matrix between the Si and the carbon layer. This synthesis route has 

been chosen due to three advantages. First, the precursors (Si nanoparticles, resorcinol, 

formaldehyde, ammonia, and HF) are produced industrially at relatively low costs which has 

a good potential for mass production. Second, the conversion of mesoporous carbon was 

done by one single heating step at 650°C to save the energy. Third, HF etching was used to 

create the voids without using additional template.  

The etched Si/MC electrode exhibits a reversible capacity of 585 mAhg-1 with a Coulombic 

efficiency of 99.57% after 135 cycles, which is better compared to the non-etched Si/MC 

electrode (237 mAhg-1 after 135 cycles). The improved cycling performance of the etched 

Si/MC composite can be attributed to its enhanced structural stability. The additional pores 

which were proven by BET and TEM analysis could buffer the mechanical stress that arises 

from the volume change of Si. 

 

The effect of the conductive additives on the electrochemical performance of Si/MC anodes 

was also investigated. Electrochemical tests showed that the highly structured conductive 

graphite had a double function: as conductivity enhancer and as an active material for 

electrode component. In spite of its higher specific area, Super C65 improved Si/MC 

electrodes better than conductive graphite. Meanwhile, Super C45 can minimize the initial 

charge loss of Si/MC electrode better than Super C65.  

 

As further step to decrease the initial charge loss of the Si/MC/CB45 electrode, electrolyte 

additives have been used: VC, SA, LiBOB. The electrochemical tests showed that the 

electrode working with the electrolyte with VC showed the best reversible capacity and rate 

capability, compared to that with SA and LiBOB and standard electrolyte. The electrode with 

5wt% VC delivered a relatively stable electrochemical performance, better than those with 

3wt% VC and 10wt% VC. The XPS investigations exhibit distinct differences of SEI chemical 

composition between Si/MC electrodes with and without VC. Without additives, the SEI 
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contains more LiF and less Li2CO3 and lithium alkyl carbonate. When VC is added, the 

generation of poly(VC), Li2CO3 and ROCO2Li on the surface and a reduced LiF content cause 

an improvement in cycling performance. The addition of VC in 1M LiPF6 in EC:DMC (1:1) 

electrolyte can improve the performance of Si/MC-based electrodes.  

 

The Si/MC/CB45 electrode which contains 12.98 wt% Si from the total electrode working 

with 5wt% VC showed an excellent performance. The electrode exhibited a discharge 

capacity of 1100 mAhg-1 up to 100 cycles. At 1C and 2C, the electrode exhibited a high 

discharge capacity of 903 mAhg-1 and 683 mAhg-1, respectively. 

 

A full cell containing Si/MC/CB45 combined with a commercial NMC cathode was also 

assembled. The full cell exhibited a discharge capacity of 0.7 mAh.cm-2 (736 mAhg-1) in the 

first cycle at a rate of C/10 and 0.5 mAh.cm-2 (526 mAhg-1) at a rate of 1C between 2.6 – 4.0 

V. 

 

In summary, these findings hopefully bring a significant improvement in selecting 

appropriate synthesis methods, conductive binders, and electrolyte additives for fabricating 

Si-based anodes with a rational design to be used in commercial Li-ion batteries for 

electrical vehicle application. 
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Appendix 

 

Table 21. Relative abundance (at %) of the components found in C spectra 

Sample Component (%) 

C-C/C-H 

(at 284.8 eV) 

C-O 

(at 286.3 eV) 

C=O 

(at 288.5 eV) 

O-C=O/CO3 

(at 289.5 eV) 

Standard 

electrolyte 

45.3 26.6 - 22.6 

VC 5wt% 51.0 39.6 - 9.4 

LiBOB 5wt% 18.3 17.9 37.4 26.4 

SA 5wt% 37.9 12.9 19.5 29.7 

 

Table 22. Relative abundance (at %) of the components found in O spectra 

Sample Component (%) 

CO3 (at 531.5 eV) CO (at 533 eV) 

Standard electrolyte 80.1 19.9 

VC 5wt% 51.5 48.6 

LiBOB 5wt% 16.9 83.1 

SA 5wt% 90.5 9.5 

 

Table 23. Relative abundance (at %) of the components found in F spectra 

Sample Component (%) 

LiPF6 (at 686.6 eV) LiF (at 684.4 eV) 

Standard electrolyte 29.3 70.7 

VC 5wt% 68.5 31.3 

LiBOB 5wt% 75.2 24.8 

SA 5wt% 54.9 45.1 

 

Table 24. Relative abundance (at %) of the components found in P spectra 
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Sample Component (%) 

Phosphates (at 133.5 eV) LiPF6 (at 136.7 eV) 

Standard electrolyte 59.4 40.6 

VC 5wt% 74.2 25.8 

LiBOB 5wt% 60.1 39.9 

SA 5wt% 53.2 46.8 

 

Table 25. Relative abundance (at %) of the components found in C spectra 

Sample Component (at %) 

C-C C-O CO3 C=O 

pristine 68.0 18.6 2.3 11.1 

20 cycles with VC 51.0 39.6 9.4  

20 cycles without VC 45.3 26.6 22.6  

50 cycles with VC 74.0 21.3 4.7  

50 cycles without VC 21.1 42.8 36.1  

 

Table 26. Relative abundance (at %) of the components found in O spectra 

Sample Component (at %) 

 CO3 CO 

20 cycles with VC 51.5 48.6 

20 cycles without VC 80.1 19.9 

50 cycles with VC 56.1 43.9 

50 cycles without VC 89.0 11.0 

 

Table 27. Relative abundance (at %) of the components found in F spectra 

Sample Component (at %) 

 LiPF6 LiF 

20 cycles with VC 68.5 31.3 

20 cycles without VC 29.3 70.7 

50 cycles with VC 66.6 33.4 

50 cycles without VC 44.7 55.3 
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Table 28. Relative abundance (at %) of the components found in P spectra 

Sample Component (at %) 

 Phosphates LiPF6 

20 cycles with VC 74.2 25.8 

20 cycles without VC 59.4 40.6 

50 cycles with VC (92.9) (7.6) 

50 cycles without VC 52.0 48.0 
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