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Preface 

 

It is clear that Li-ion batteries will play a prominent role in the energy transition that is taking place, 

where hydrocarbons will be replaced by sustainable energy sources. Due to the increasing demand 

for portable energy (electric vehicles, tablets, portable phones, laptops), there is need for an efficient 

and reliable storage mechanism. Even though its concept is simple, the development of batteries has 

been slow, in comparison to the development of electronics itself (cfr. Wet van Moore). This slow 

development is mainly due to the lack of suitable electrode materials and available electrolytes and 

the difficulties to control the interfaces between them. Silicon appears to be a promising electrode 

candidate, but still experiences a few problems, mainly related to the stability of these interfaces. 

Therefore, the understanding and controlling of these interfaces will play an important role in the 

development of new and improved batteries. In this work, the influence on these interfaces of an 

applied coating on silicon nanoparticles is examined using two techniques. 

Transmission electron microscopy (TEM) is an excellent technique to study such interfaces at very 

local scale. Furthermore, in combination with electron energy-loss spectroscopy (EELS), information 

on the local composition and chemical properties can be collected. Information on the evolution of 

the electrode on a larger scale can be provided by electrochemical impedance spectroscopy (EIS). The 

combination of both techniques allows to characterize a battery material and study its behavior. 

Furthermore, in this PhD work we will study how the results of both techniques can be combined to 

come to a fast and simple procedure to analyze new battery materials. This procedure is validated on 

the coated silicon nanoparticles that are used as a model system. 

 

Chapter 1 offers a general introduction to the world of Li-ion batteries. The basic principles of a 

battery, the recent developments in battery research and the current obstacles that researchers are 

confronted with, are described. 

Chapter 2 describes the different techniques that have been used in this work, such as transmission 

electron microscopy, electrochemical impedance spectroscopy and several procedures to prepare a 

test battery. 

In chapter 3, the study and modelling of the electrolyte-decomposition layer at the surface of the 

electrode is described, using electrochemical impedance spectroscopy. In detail, this chapter provides 

insight in an inductive phenomenon that has been observed with this technique for the first time and 

especially how this phenomenon can be used throughout this PhD work. 

Chapter 4 describes the evolution of the electrolyte-decomposition layer on silicon nanoparticles with 

different coatings applied. Especially the influence of a coating on the decomposition layer and the 

evolution of such a coating itself during electrochemical cycling is studied. Furthermore, the 

combination of the used techniques, that have been optimized, are tested on the commercially 

interesting Si/C composite materials. 

In chapter 5, the mechanical properties of several applied coatings are tested during (dis)charging 

using in situ transmission electron microscopy. 



Voorbeschouwing 

 

Het staat vast dat Li-ion batterijen een prominente rol zullen spelen in de energietransitie die 

plaatsvindt, waarbij koolwaterstoffen als geprivilegieerde brandstof zullen vervangen worden door 

duurzame energiebronnen. Door het toenemende gebruik van draagbare energie – denk maar aan 

elektrische wagens en draagbare elektronica – is er immers nood aan een efficiënt en betrouwbaar 

opslagmechanisme. Desondanks hun eenvoudige concept is de ontwikkeling van batterijen zeer traag 

verlopen, in tegenstelling tot de ontwikkeling van de elektronica zelf (cfr. wet van Moore). Deze trage 

ontwikkeling is vooral te wijten aan het gebrek aan geschikte elektrodematerialen en beschikbare 

elektrolyten en de moeilijkheden om de grenslagen tussen deze twee te beheersen. Silicium blijkt een 

uitstekende elektrode-kandidaat, maar kent nog veel problemen, voornamelijk gerelateerd aan de 

stabiliteit van deze grenslagen Het begrijpen en controleren van deze grenslagen speelt vervolgens 

een cruciale rol in de ontwikkeling van nieuwe en betere batterijen. 

Transmissie-elektronenmicroscopie (TEM) is een uitstekende techniek om zulke grenslagen op een 

zeer kleine schaal te bestuderen. Bovendien kan in combinatie met elektron energieverlies 

spectroscopie (Electron Energy Loss Spectroscpoy, kortweg EELS) informatie verkregen worden over 

de lokale compositie en chemische eigenschappen. Informatie op grotere schaal over de evolutie van 

de elektrode kan bekomen worden met de techniek elektrochemische impedantiespectroscopie (EIS). 

De combinatie van beide technieken laat toe om batterijmaterialen te karakteriseren en hun gedrag 

in batterijen te onderzoeken. 

In deze thesis wordt onderzocht hoe de resultaten van de twee hierboven vernoemde 

analysetechnieken kunnen worden gecombineerd om te komen tot een snelle en eenvoudige 

procedure om batterijmaterialen te evalueren. Als modelelektrode hiervoor wordt een kristallijn 

silicium nanopoeder gebruikt. In tweede instantie wordt de invloed van een coating op dit 

elektrodemateriaal onderzocht. Bovendien wordt de analyseprocedure getoetst op deze 

aangebrachte coatings. 

De opbouw van de thesis is als volgt: 

Hoofdstuk 1 biedt een algemene inleiding tot de wereld van Li-ion batterijen. De basisprincipes van 

een batterij, de recente vooruitgangen in het batterijonderzoek en de huidige obstakels waarmee de 

onderzoekers worden geconfronteerd, worden toegelicht.  

Hoofdstuk 2 licht de technieken toe die gebruikt worden in deze thesis. Zo komen transmissie-

elektronenmicroscopie, elektrochemische impedantiespectroscopie en de procedures voor het 

vervaardigen van testbatterijen aan bod. 

In hoofdstuk 3 wordt de studie en modellering van de elektrolyt-decompositielaag aan het oppervlak 

van de elektrode aan de hand van elektrochemische impedantiespectroscopie beschreven. Specifiek 

gaat de aandacht in dit hoofdstuk uit naar de verklaring van een inductief fenomeen dat werd 

waargenomen met deze techniek en in het bijzonder hoe we hier in het verloop van deze thesis handig 

gebruik van kunnen maken. 



Hoofdstuk 4 beschrijft de evolutie van de elektrolyt-decompositielaag op silicium nanopoeders 

waarop verschillende coatings werden aangebracht. De aandacht gaat uit naar de invloed van zulk een 

coating op de decompositielaag, alsook naar de evolutie van de coating zelf tijdens het gebruik van 

het elektrodemateriaal in een testbatterij. Bovendien worden de technieken die geoptimaliseerd zijn 

in de voorgaande hoofdstukken getoetst aan commercieel interessante Si/C composietmaterialen. 

In Hoofdstuk 5 worden de mechanische eigenschappen van de verschillende coatings getest tijdens 

het op- en ontladen in een in situ transmissie-elektronenmicroscopie experiment. 
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1.1 Why do we need batteries? 

Since the industrial revolution the world energy demand has known a drastic increase. The world’s 

demographic and economic growth, especially in the fast-developing countries results in an ever-

increasing consumption of energy. The international energy agency (IEA) predicts the world energy 

demand to continue to increase in all studied scenarios[1]. Between 2013 and 2040, the energy 

demand is forecasted to increase by one third. Until now, the main source of energy has been the 

combustion of fossil fuels. The consequences of this overconsumption of fossil fuels are well-known 

and accepted: NASA measured a global temperature increase of more than 1 °C over the last 100 years 

(Figure 1)[2]. Furthermore, the global reserves of fossil fuels are limited. Despite the positive progress 

that has been booked over the last few years – mainly the energy efficiency has increased: in 2014 the 

growth in energy demand has decreased by two third –, the efforts will not be enough to reach the 

goal of limiting the global temperature increase to only 2 °C by 2050. The IEA still predicts an increase 

in CO2 emission of 16% between 2013 and 2040[1]. 

 

 

Figure 1: According the measurements of NASA, the global temperature has increased by more than 1 °C 

since 1910[2]. 

 

In order to respond to this global energy problem, and further motivated by depleting reserves of 

fossil fuels, an energy transition towards renewable and sustainable energy sources needs to be made. 

Great progress has already been made over the last years: an energy sector transition has taken place 

in many parts of the world. Renewable energy has become the second most important energy source 

for electricity, after coal. The IEA even predicts renewables to overtake coal as main source for 

electricity in 2030[1].  

Renewable energy sources can have lots of different forms: hydro, solar, wind and a collection of 

renewable combustion fuels. The latter are a direct substituent for their fossil equivalent as a 

combustion fuel. Hydro, wind and solar energy however, have the benefit to be a much cleaner form 

of energy, since they are not linked to a direct formation of CO2. Figure 2 illustrates the distribution of 

renewable energy sources in Belgium for 2013. Hydro, wind and solar energy contribute for more than 

50% of the renewable energy, which is around 14% of the total energy production in Belgium[3]. 
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Figure 2: Distribution of the different renewable energy sources in Belgium for 2013[3]. 

A downside of the aforementioned hydro, wind and solar energy sources is that they can only be used 

to produce electricity. Furthermore, the generation of this renewable electricity is time-dependent. 

Consequently, there is need for a reliable and efficient storage mechanism for this renewable energy 

to answer the ever-increasing demand for portable electrical energy (electric vehicles and portable 

electronics such as tablet, cell phones and laptops). As an example: knowing that in 2013 20% of the 

total energy consumption in Belgium was accounted for by transport, this leaves great room for 

improvement[3]. 

Batteries have proven to be the ideal candidates for most applications. The rapidly-increasing battery 

market is illustrated in Figure 3. It is clear that Li-ion batteries are considered as the most suitable 

candidates for the abovementioned applications, because of their high energy density, reliability and 

energy efficiency. A battery can not only be used as a portable power source for electric vehicles or 

portable electronics, but can also be used in smart electric grids to buffer for the time-dependent 

production of hydro, water and solar electricity. 

 

Figure 3: Evolution and prospects of the world rechargeable battery market until 2020[4]. The size of the 

market is expressed in billion Japanese Yen (JPY) per year. HEV NiMH: hybrid electric vehicles using NiMH 

battery technology; xEV LIB: all types of EV using Li-ion batteries (hybrid and all-electric). A clear increase in 

the Li-Ion Battery (LIB) market, both portable electronics and electric vehicles, is expected. 
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The current interest in the development of electric vehicles is not only caused by its use of a cleaner 

form of energy, but also by its energy efficiency. Figure 4 shows a well to wheel analysis of the most 

commonly used types of vehicles. Electric vehicles clearly present the best total energy efficiency, 

which is almost double that of a diesel-powered vehicle. However, a total well to wheel efficiency of 

only 28.5% leaves plenty of room for improvement. Nevertheless, it is clear that the automotive 

industry is determined to achieve a successful transition towards an electrified fleet. This effort is 

illustrated in the price evolution and prospects of the battery pack (Figure 5). It is expected that over 

a time span of 25 years, between 2005 and 2030, the price of a battery pack will have decreased by a 

factor of six. In order to do so, intensive research and development is needed, not in the least in 

battery technology, to replace the current combustion vehicles. 

 

Figure 4: Well to wheel analysis of the most common automotive vehicle types. Electronic vehicles (EV) 

clearly have the advantage, being almost double as efficient as conventional diesel-powered vehicles[5]. 

 

 

Figure 5: Evolution and prospects of the price (US$/kWh) of battery packs for electric vehicles[6]. 
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1.2 History of the battery 

One of the first observations of the battery effect was probably done by the biologist Luigi Galvani in 

1780. While dissecting a frog, which was attached to a brass hook, Galvani noticed a twitch in the 

frog’s legs when touching the frog with his iron scalpel (Figure 6). Galvani believed that the energy to 

drive this contraction came from the leg itself and called this force “animal electricity”. 

 

Figure 6: Illustration of how Luigi Galvani discovered as first the battery effect: the frog’s legs twitched when 

his scalped made contact with the frog. 

His friend and fellow scientist, Alessandro Volta, disagreed on Galvani’s theory and found that it was 

the two dissimilar metals that produced the electricity. The frog’s legs were just an indicator of the 

presence of electricity. In 1800, Volta’s investigations led to the invention of the first battery: the 

voltaic pile. It consisted of pairs of zinc and silver plates, separated by an insulator soaked in salty 

water. In the years to come, many different electrochemical cells were built. Their common drawback 

however was that they were permanently drained when all their chemical reactions were spent. 

In 1859, Gaston Planté invented the lead-acid battery, which was the first-ever battery that could be 

recharged by passing a reverse current through it. The lead-acid battery consists of plates of both lead 

and lead dioxide, immersed in sulfuric acid (Figure 7). Even until today, the lead-acid battery is still the 

common battery in combustion engine vehicles. The main reason why they are still widely used is that 

they are cheap, reliable, have a high voltage (6 x 2 V) and their high weight is no real limitation for 

their use in vehicles. However, the lead-acid battery is less suitable for deep-cycle applications; a full 

discharge causes strain in the electrode plates and each cycle permanently robs the battery of a small 

amount of capacity. 

 

Figure 7: Illustration of a lead-acid battery: plates of both Pb and PbO2 are immersed in sulfuric acid. 
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One of the main driving forces of battery development has always been to increase the specific energy 

(Wh/g of Wh/L, depending on the application). This can be achieved in two ways: by increasing the 

specific capacity (Ah/g or Ah/L) or by increasing the working potential (V). The specific energy is the 

product of the specific capacity and the working potential. The specific capacity is the amount of 

charge that can be stored in the battery, whereas the working potential is determined by the type of 

electrodes that is being used in the battery. For some applications where fast charges and discharges 

are required (e.g. power tools), the specific power (W/g or W/L) is also an important parameter. 

Apart from lead-acid batteries, three other main battery technologies are currently still being used: 

nickel-cadmium (NiCd), nickel-metal hydride (NiMH) and lithium-ion. Their field of use and advantages 

are summarized in Figure 8.  

 

Figure 8: Overview of the main field of application and advantages of the three most used battery 

technologies. 

The nickel-cadmium battery was invented by Waldemar Junger in 1899. It was the first rechargeable 

battery with an alkaline electrolyte. Since it is the only battery type that performs well under rigorous 

working conditions, it is still used in some power tools that require fast charge/discharges, despite the 

toxicity and scarcity of cadmium. NiCd batteries were replaced for the common use by nickel-metal 

hydride (NiMH) because of their longer lifespan and since no toxic cadmium is used. NiMH batteries 

still find their application in household equipment in their most famous AA and AAA battery type form, 

despite their low working potential (1.2 V). Furthermore, they were used in the first generation hybrid 

electric vehicles due to their good cycling performances. The main reason why they are still used is 

their low fabrication cost. Unfortunately, an important drawback of both NiCd and NiMH batteries is 

the high self-discharge (up to 15% after the first 24 hours, then 10-15% per month). 

However, Figure 3 illustrates that all aforementioned battery technologies are currently being 

overruled by the Li-ion batteries. The term Li-ion comprises a whole family of batteries, where Li-ions 

are the active species. They work at a high potential (3.6 – 3.7 V compared to 1.2 V for NiMH) and are 

famous for their high specific capacity, resulting in a higher specific energy compared to NiMH (160 

Wh/kg vs. 80 Wh/kg). Furthermore they present a much lower self-discharge than NiMH (only 5% after 

the first 24 hours, then 1-2% per month). Their only downside is the higher cost and the need for 

protection circuits (to limit the potential window due to safety issues). Nevertheless, they are the 

number one candidate for use in portable electronics and electric vehicles. However, to reach this 

point, Li-ion technology has come a long way since it was first introduced in 1991[7]. 
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1.3 Li-ion technology 

1.3.1 Development of Li-ion technology 

The essence of a battery is that it converts chemical into electrical energy by means of electrochemical 

redox reactions. Such an electrochemical cell consists of two electrodes – a positive and a negative 

one – which are immersed in an ion-conducting electrolyte (but electronically insulating to avoid self-

discharge). During discharge of the electrochemical cell, electrons pass through an external circuit 

from the negative to the positive electrode, as illustrated in Figure 9. As a result, an oxidation reaction 

will take place at the negative electrode and a reduction reaction at the positive electrode, while ions 

travel from the negative to the positive electrode to balance the electrical charge. If these reactions 

are irreversible, it is called a primary battery, whereas a secondary battery has reversible reactions. 

The principle where Li-ions can reversibly travel from one electrode to the other is called “rocking 

chair”. The interest in Li-containing batteries originates from its high electrochemical potential: lithium 

is the most electropositive element. Furthermore, lithium is the metal with the lowest density and the 

lowest molar weight, which results in a very high energy density. 

The first secondary batteries containing lithium were introduced in the 1970’s, by using lithium metal 

as negative electrode and several disulfides as positive intercalation electrode for lithium ions[8-9]. 

However, the use of lithium metal as negative electrode induced some problems concerning the 

commercialization due to safety issues: dendrites start to grow on the metallic lithium surface during 

prolonged cycling with the risk of causing a short circuit inside the battery. Therefore, the use of a 

negative intercalation electrode for lithium instead of pure lithium metal was introduced[10-11]. They 

used a LiCoO2 positive electrode and a graphite negative electrode, separated by an organic 

electrolyte. Even until today, this battery setup is one of the most used types for portable electronics 

(portable phones, tablets, laptops,…). 

 

Figure 9: Working principle of a battery: during discharge, electrons pass through an external circuit and Li-

ions migrate from the negative (anode) to the positive (cathode) electrode[12]. 

 

1.3.2 Positive electrode materials[13] 

The term positive in “positive electrode material” (often called cathode material) refers to their 

standard potential (vs. Li). Positive electrode materials have a higher working potential compared to 

negative electrode materials (often called anode materials). 



9 

 

The ideal positive electrode material for Li-ion batteries should have the following characteristics: 

• The material should have a good electronic conductivity to facilitate the addition and removal 

of electrons during the electrochemical reactions. Typically, positive electrode materials 

contain transition metals, which can oxidize and reduce. The more electrons that can be 

exchanged per transition metal, the higher the specific capacity of the material. On the other 

hand, the potential at which this reaction takes place determines the specific energy of the 

material. 

• Also the ionic conductivity of the material is important. A fast lithium insertion / extraction 

leads to a high specific power (W/g). 

• In addition, the material must be stable and avoid degradation or structural changes at high 

states of (dis)charge. 

• Finally, an ideal positive electrode material should be cheap and environmentally friendly. 

The commercial positive electrode materials can be divided into three groups, according to their 

structure: layered oxides, spinel and olivine structures (Figure 10). 

 

Figure 10: The three main types of cathode materials, divided by their crystal structure: layered oxides, 

spinels and olivines[13]. The green dots represent the Li+-ions in the material: they intercalate between the 

layered oxide layers (2D), in the 3D structure of spinels or in the 1D channels of olivines. 

 

• Layered oxides were first proposed by Mizushima and Goodenough[14] in 1980 and 

commercially introduced by Sony in 1991[15]. The most famous example is LiCoO2 (LCO), but 

its pure form is limited in terms of specific capacity, toxicity and stability. The structure 

becomes unstable at highly charged state, which can lead to the release of O2 (which can lead 

to inflammation and explosion of the battery). In addition, the price of cobalt fluctuates 

heavily in comparison to e.g. nickel (Figure 11). In order to stabilize the structure, cobalt can 

be partly replaced by other transition metals, e.g. nickel and manganese. The most famous is 

the form LiCo0.33Ni0.33Mn0.33O2 (NMC), which has a theoretical specific capacity of around 200 

mAh/g and is the best choice for power tools and powertrains for electric vehicles[16-17]. 
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Figure 11: Cobalt and nickel price evolution between 2003 and 2011[4]. 

 

• Spinel structures have lithium channels in three dimensions, which increases their specific 

power (good ionic conductivity). LiMn2O4 (LMO) has a comparable specific capacity to LCO, 

but has shown a lack of robustness in its cycle life at elevated temperatures[18]. On the other 

hand, manganese is five times cheaper than cobalt and abundantly available in nature. 

• The olivine LiFePO4 (LFP) is a widely used positive electrode material today. It has a moderate 

specific capacity of 170 mAh/g, but is inexpensive and not toxic. Although it possesses a low 

ionic conductivity, due to the lithium channels being only one dimensional, particle reduction 

to nanosize provides a very short pathway for lithium, making it still highly suitable for high-

power applications. A downside on the one hand, is the lower working potential and the 

corresponding reduced specific energy. This, on the other hand, makes LFP very safe in use, 

which makes it a suitable candidate for the EV industry. 

It is clear that the “perfect” cathode material does not exist. The choice for a specific cathode material 

is dependent on the type of application. The strengths and weaknesses of the different cathode 

materials described above are summarized in Figure 12. LCO (and NMC) is mainly used in portable 

electronics, due to its high energy density and specific power (and long lifetime and low cost in case 

of NMC). The high specific power of LMO makes it suitable for power tools. NMC finds its applications 

in electric vehicles, because of its high energy density and safety, long lifetime and low cost. LFP is 

mainly used in storage systems because of its low cost. 

 

Figure 12: Overview of the strengths and weaknesses of the different cathode materials[19]. 
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1.3.3 The electrolyte 

The electrolyte is one of the main components of a battery. Its function is to serve as a medium for 

the ionic transport between the two electrodes. However, its role is often – unfairly – considered as 

trivial. Nonetheless, the choice of electrolyte is crucial and dependent of the type of battery. One of 

the main problems today in the development of Li-ion batteries, is the dependency on flammable 

liquid organic electrolytes, which cause a risk of unwanted safety issues due to instability and 

decomposition of the electrolyte. To be intrinsically safe, an electrolyte should be stable over a large 

potential region, preferably between 0 and 5 V (vs. Li). When an electrolyte is working outside its 

electrochemical stability window, it will either be oxidized or reduced (depending at which electrode 

the reaction takes place), with the formation of a decomposition layer as result[20]. This layer is called 

the solid-electrolyte interphase (SEI) and forms a protective coating to prevent further reaction with 

the electrolyte, while maintaining the ionic conductivity. 

The most used electrolytes in lithium-ion batteries are liquid mixtures of organic carbonates: dimethyl 

carbonate (DMC), diethyl carbonate (DEC), propyl carbonate (PC) and ethyl carbonate (EC). In order 

to provide sufficient ionic conductivity, a lithium salt is dissolved in the electrolyte mixture (mostly 

LiPF6). It is important to bear in mind that when a liquid electrolyte is used, a physical barrier between 

the two electrodes needs to be maintained, in the form of a separator, which is permeable for Li-ions. 

Unfortunately, the stability window of the best commercial electrolytes DMC, PC and EC is still smaller 

than the working potential window of Li-ion batteries, resulting in decomposition at the surface of the 

electrode. An alternative to liquid organic electrolytes is the use of polymer electrolytes. Poly(ethylene 

oxide) (PEO) for example can act as a host for lithium salts[21]. The lack of a flammable electrolyte that 

can leak out of the battery makes solid-electrolyte batteries intrinsically safer. In addition, they allow 

a more flexible design. On the other hand, their major drawback is the low ionic conductivity at room 

temperature. 

 

1.3.4 Negative electrode materials 

Negative electrode materials or anode materials can be classified into three general types, based on 

the nature of their reaction/interaction with lithium. We distinguish intercalation, conversion and 

alloying materials. 

 

1.3.4.1 Intercalation materials 

Graphite 

Ever since it was first proposed in the 70s, graphite has been the standard for other anode materials, 

thanks to its low cost, low working potential (which results in a high energy density of the battery) and 

excellent performance in terms of lifetime and specific power. 

Graphite materials can reversibly intercalate lithium ions, to reach a theoretical specific capacity of 

372 mAh/g[22]: 

��� + 6� + �� ↔ ���
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The succes of graphite has motivated researchers to also test different carbon materials, such as 

carbon nanotubes (1100 mAh/g). However, their higher lithium storage capacity is in competition with 

the much higher production cost and a lower cycling efficiency compared to graphite[23]. Other 

advantages of graphite are the high chemical stability and the low volumetric expansion during 

intercalation of lithium. 

 

Spinel 

Li4Ti5O12 (LTO) is an example of a spinel structure, similar to the positive electrode spinel materials, 

which can reversibly interact with Li-ions[24-25]. In fact, LTO can be used as both negative and positive 

electrode material, because of its elevated working potential (1.55 V). The good ionic conductivity of 

the spinel structure makes LTO suitable for power tool applications. However, its low specific capacity 

of 175 mAh/g and high working potential limit its applications. It is also often used in storage systems 

since the low gravimetric specific capacity is no real limitation here. 

 

1.3.4.2 Conversion materials 

Transition metal oxides 

The reversible reaction of transition metal oxides with lithium was first described by Poizot[26]. The 

principle of the conversion reaction is based on the formation of Li2O by reducing a metallic oxide MO 

(with M = Fe, Co, Cu, Mn, Ni, Cr)[26-28]: 

2��� +� + 2�� ↔ � + ��� 

Although these materials have a high specific capacity (1100 mAh/g for Fe)[28], they suffer from a high 

irreversible capacity loss in the first cycle[29-30]. 

 

1.3.4.3 Alloying materials 

The ability of several metals and semimetals to react with lithium to form an alloy was proven in the 

1970s and was shown to be highly promising[31]. Both their gravimetric and volumetric specific capacity 

exceeds that of graphite (near 10-fold!) and can go up to 3580 mAh/g in the case of silicon (Figure 

13)[32].  

 

Figure 13: Gravimetric and volumetric capacities of several metallic and semimetallic alloys with lithium[33]. 
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Based on the specific capacity, toxicity, natural abundancy and price, Si is the most promising 

candidate. The reaction with lithium is based on the following equation: 

���� + �� + ��� ↔ ����� 

When the electrochemical alloying reaction takes place at high temperature (450 °C), several distinct 

phases are formed, as is illustrated in Figure 14. During the dealloying process, the same phases are 

generated. However, when cycled at room temperature, no clear phases are generated and there is a 

gentle progression towards Li3.75Si, whereas the highest lithiated phase at 450 °C (Li4.4Si) is not formed. 

In fact, the LixSi compound at room temperature is amorphous and only the fully lithiated state Li3.75Si 

recrystallizes[34-35]. Furthermore, the highest achievable lithiated phase at room temperature (Li3.75Si) 

is not present in the phase diagram at 450 °C. Delithiation of the Li3.75Si phase again results in the 

formation of amorphous silicon. 

A major disadvantage of the use of silicon as a negative electrode material is that upon alloying with 

silicon, a large volume variation takes place; a volume increase of 275% is achieved when lithiated to 

the Li3.75Si phase[36-37]. This is in stark contrast with the mere 10% in volume variation of graphite[38]. It 

is clear that such huge volume changes can lead to problems concerning the lifetime and safety of a 

battery.  

 

Figure 14: The different phases of Li-Si alloy that are generated upon (de)lithiation at 450 °C compared to 

room temperature[39]. 

 

In order to meet the increasing demand for energy density of Li-ion electrode materials, the current 

graphite electrodes need to be replaced by a more energetic electrode material. Even though there 

are some clear issues that need to be tackled, silicon is put forward as the ideal candidate, thanks to 

its high specific capacity, high abundancy and low toxicity. In what follows, several approaches on how 

to circumvent these issues will be discussed. 
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1.4 How can silicon replace graphite as a negative electrode material? 

1.4.1 The negative electrode market 

Today, most Li-ion batteries have their application in portable electronics (portable phones, laptops, 

tablets,...). If we look into the evolution of the rechargeable battery market prospects in Figure 3, it is 

clear that there will be an enormous expansion of the Li-ion market. The growing interest in electronic 

vehicles will clearly have the biggest impact. In 2012, the worldwide anode market was 38.000 tons of 

graphite per year. Due to the increasing demand, the market is expected to grow 5-fold by 2022. In 

2012, 90% of the market was occupied by graphite (natural and artificial), whereas this was only 1% 

for alloying materials (mainly Si)[4]. The expectencies are that a quarter of the share of graphite will be 

replaced by silicon in 2022. Knowing that this part is more or less a $500 million market, the efforts to 

further develop these silicon anodes are justified. 

However, one has to bear in mind that not just every electrode material can be used for any 

application. Power tools will need materials that have a high specific power (fast discharges), whereas 

portable electronics and electric vehicles demand materials with a high energy density, both 

volumetric (Wh/l, small batteries) and gravimetric (Wh/kg, light batteries). The great advantage of 

silicon is that it has a much higher both volumetric and gravimetric capacity than graphite, making it 

a suitable replacement for use in portable electronics and EVs. 

The current prospects do not take the full – 10-times higher compared to graphite – specific capacity 

into account. It is expected that silicon/carbon-based anode materials (more on this later) will be used 

by 2022, with a specific capacity of around 1000 mAh/g, which is still 3 times higher than graphite (372 

mAh/g).  

The impact of the replacement of graphite by a silicon-based electrode material is illustrated in Figure 

15. A specific capacity increase of almost 30% is achieved by using the silicon-based anode. This allows 

to make thinner anodes, which improves the energy density (more energy per volume).  

 

Figure 15: The impact of replacing graphite (350 mAh/g) with silicon (1000 mAh/g) as anode material in a Li-

ion battery: an almost 30% increase in battery capacity. 

 

On the other hand, one might argue that the biggest improvement potential lies at the positive 

electrode side, since these materials have the lowest specific capacity. Furthermore, the cathode is 

the largest cost of the Li-ion battery, illustrated in Figure 16. The cathode takes up more than one fifth 

of the total cost, whereas this is only 7% for the anode. However, 20 years have passed since the last 

new cathode material was introduced (LFP in 1995). With no real breakthrough expected in the near 

future, it is best to focus on the anode. Especially when a large specific capacity increase can be 

achieved – such as replacing graphite with silicon – the investments are worth the effort.  
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Figure 16: Distribution of the average Li-ion cell cost[4]. 

 

1.4.2 Challenges in the use of silicon as a negative electrode material 

In order to use silicon as a commercial electrode material in applications such as portable electronics 

and electric vehicles, the material should be intrinsically safe and long lasting. As already explained, 

the electrochemical reaction of lithium with silicon does create some problems. The first is the volume 

increase of 275% upon full lithiation. These volume changes are responsible for strong mechanical 

strains inside the silicon particles, which causes pulverisation of the particles and disintegration of the 

electrode, resulting in loss of electrical contact between the active material and the current collector 

(Figure 18)[33, 40-41]. Secondly, due to the low working potential of silicon, the electrode material will be 

active outside the stable potential window of the organic electrolyte. This will result in the formation 

of a solid-electrolyte interphase (SEI) at the surface of the electrode material. This layer forms a 

protective film at the surface of silicon. The SEI layer is composed of decomposition products from the 

electrolyte, such as lithium carbonates, Li2O, LiF[42]. Its exact composition is still not clear and is the 

subject of many studies[43-46]. On the one side, this protective layer can be seen as an advantage, since 

it prevents further reaction with the electrolyte, while retaining the ionic conductivity. On the other 

hand, unfortunately, the volume expansion that is associated with the (de)alloying reaction of silicon 

with lithium, causes new silicon surfaces to be exposed every electrochemical cycle, as is illustrated in 

Figure 18. This results in a continuous formation of SEI, consumption of active lithium and 

consequently capacity loss[47-48]. This is the main reason for the poor cyclability of pure silicon as a 

negative electrode material. In order to overcome these issues, several approaches have been tested, 

which are discussed below.  
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Figure 17: Illustration of the solid-electrolyte interphase that forms a protective film at the surface of silicon, 

upon reaction with the electrolyte. 

 

 

Figure 18: Illustration of the continuous SEI formation upon cycling due to the volume changes of silicon. 

 

1.4.3 Approaches to increase the cyclability of Si-based electrodes 

1.4.3.1 Basic approaches 

• The volume expansion is intrinsic to the alloying reaction of lithium with silicon and has to be 

accepted. The only way to limit the volume changes during lithiation, is by limiting the 

potential window in which the electrode is active, by introducing a voltage cut-off and 

avoiding the highest lithiated states and the corresponding volume expansion and 

pulverization[49]. By doing so, specific capacities of around 1000 mAh/g have been achieved 

for more than 100 cycles[50]. 

• To limit the loss of electrical contact due to pulverization of the electrode, a conductive 

additive (mainly carbon) can be added to the electrode mixture[49]. Its principle is illustrated 

in Figure 19. 
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Figure 19: Illustration of how a conductive additive can improve the electrical contact in a Si-based electrode 

mixture. 

 

• In addition to a conductive additive, a polymeric binder is added to the electrode mixture. The 

polymer ensures a good adhesion of the electrode particles on the current collector, creates 

texture, increases the porosity and keeps the electrode particles in contact (Figure 20). The 

increased porosity offers each silicon particle more space to expand upon reaction with 

lithium.  

Several binders have been proposed and tested. PVDF (poly(vinylidene fluoride)) is frequently 

used as a binder in graphite electrodes. However, due to its low elasticity, PVDF appeared to 

be no suitable binder for the Si-based electrodes[51]. Several natural polymers with a higher 

elasticity were introduced. PEG (poly(ethylene glycol)) offered a high deformation capacity 

but only cycled stable during a few cycles[52]. SBR (styrene butadiene rubber) in theory offers 

a high flexibility as well, but in practice failed to exceed the performance of PVDF[53]. CMC 

(carboxymethyl cellulose) on the other hand does not exhibit a very high elasticity, but did in 

fact result in a highly improved cyclability[54-55]. In addition, CMC offers a good affinity for 

silicon, due to hydrogen bonding between the hydroxyl groups of CMC and silanol groups on 

the silicon surface[55]. Furthermore, the water solubility and low toxicity of CMC is an 

important benefit for potential commercialization.  

 

Figure 20: Illustration of how a polymeric binder increases the integrity of Si-based electrodes. 
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1.4.3.2 Electrolyte additives 

In order to improve the quality of the SEI layer, organic additives can be added to the electrolyte 

(Figure 21). Vinylene carbonate (VC) is often used as electrolyte additive, because it favors the 

formation of a more stable SEI layer[56]. Upon reaction at the silicon surface, the heterocyclic structure 

of VC will open and react to form a polymer, which gives the SEI a more flexible nature. 

The monofluorinated derivate of VC, fluoroethylene carbonate (FEC), has the benefit to reduce at 

higher potentials than EC and DEC electrolyte. As a result, FEC will decompose to form a thin, more 

stable SEI, while limiting additional SEI formation due to reaction with EC and DEC[57-58]. 

 

Figure 21: Illustration of the improved properties of the SEI layer (more flexible and thinner SEI layer) after 

the addition of electrolyte additives. 

 

1.4.3.3 Changing the morphology of silicon 

• In order to cope with the (de)lithiation-induced volume changes of silicon, it is beneficial to 

reduce the size of the Si particles to the nanoscale. Nanostructurization has proven to result 

in an improved resistance against fracture, induced by plastic deformation[39, 59-60]. In fact, a 

threshold diameter of 150 nm has been observed, below which silicon nanoparticles do not 

have the tendency to fracture[41]. Although the Li-diffusion path is drastically shortened when 

using nanosized silicon particles, the increased surface area results also in a higher irreversible 

capacity loss due to formation of SEI. 

• The use of silicon nanowires has also been described, where the volume increase is mainly 

limited to only one dimension, resulting in an improved mechanical stability (Figure 22)[36, 39, 

44, 61-64]. Furthermore, there is an efficient electron transport along the nanowires and a short 

Li-diffusion length. Because the nanowires are grown straight onto the current collector, there 

is a good electrical contact. However, the stacking density of silicon nanowires is low 

compared to nanoparticles and their production is expensive. 

 

Figure 22: Illustration of the benefits of using Si nanowires as a negative electrode material[39]. 
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1.4.3.4 Si-based composite electrodes 

A downside of both silicon nanowires and nanoparticles is the high surface area and corresponding 

available surface for irreversible side reactions with the electrolyte. An approach to tackle the problem 

of high surface area is to shield the free silicon surface by the application of a coating or incorporation 

into a composite (Figure 23). A composite consists of active particles dispersed into a host matrix. 

Thanks to the incapsulation of silicon, the volume expansion of the active particles can be buffered, 

preventing electrode disintegration and loss of electrical contact between the components. Besides 

protecting silicon from exposure to the electrolyte, a coating can provide improved conductivity or 

altered surface chemistry to reduce the formation of SEI. It is even reported that an applied coating 

can restrict volume expansion during the lithium insertion reaction due to mechanical confinement[65-

67]. 

A carbon coating is known to increase both the electrical and ionic conductivity and protect the surface 

against SEI formation by shielding it from the electrolyte[68-70]. An Al2O3 coating, on the other hand, 

can protect against the formation of SEI, due to a slowed down electron transfer, inhibiting the 

reduction of the electrolyte. Furthermore, a thin layer of AlF3 is formed at the outer surface, which 

increases the Li-conductivity[71-73]. 

 

Figure 23: Illustration of a Si-based composite electrode: a conformal coating at the surface of Si increases 

the conductivity, influences the formation of SEI and provides mechanical confinement. 

A more advanced step, and most probably the most likely approach to be introduced commercially, is 

to combine all actions to improve the cyclability of silicon described above. A pure silicon electrode 

will probably never be used in a commercial battery. The current approach is to incorporate silicon 

nanoparticles in a carbon matrix, mixed with graphite particles, to come to a total specific capacity of 

around 1000 mAh/g (which is still 3 times higher than the current graphite electrodes). The key to 

success is to keep the silicon particles covered as much as possible in this carbon matrix, to protect 

them against reactions with the electrolyte. The application of a polymeric binder, conductive 

additives and electrolyte additives help to achieve this. Such a type of silicon-carbon composite is 

illustrated in Figure 24. 
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Figure 24: Illustration of a silicon-carbon composite electrode: silicon and graphite particles are 

encapsulated in a carbon matrix. 

 

1.5 The contribution of this thesis 

This work fits in the development of a new, high-value anode material for Li-ion batteries, where Si-

based materials are replacing the current graphite electrodes thanks to their high energy density. In 

this specific work, the influence of coating silicon nanoparticles on the electrolyte decomposition is 

studied. Three types of coating are investigated (carbon, alumina and silica) and compared to an 

uncoated reference material. We chose to focus on these relatively simple model systems, since they 

are the first step towards the commercially more interesting silicon-based composite electrodes.  

The worldwide research has focused on synthesizing a whole spectrum of new Si-containing anode 

materials that are tested in a battery in many different and non-optimized ways. Unfortunately, there 

are not many techniques that allow to study nanopowders and their surface in detail. It is however of 

key importance to investigate the interphases that are present and that play a key role in the 

performance of Si-based electrodes: the interphase between the applied coating and silicon and 

between the coating and the SEI layer. These interphases are very complex and their dimensions are 

in the nanoscale. 

Advanced transmission electron microscopy (TEM) is very suitable to visualize the interphases and 

layers of interest and characterize them at the nanoscale, both for the initial materials and post 

mortem after reaction in a test battery. However, a downside of TEM is that it operates only on a very 

local scale. A battery electrode is of micrometer thickness and there is a need to extrapolate this local 

TEM information to the electrode scale. Therefore, electrochemical impedance spectroscopy (EIS) is 

used, since it provides information about interphase layers, averaged over the total electrode.  

It is worth emphasizing that the combination of TEM and EIS is unique and provides fundamental 

information on the surface chemistry of Li-ion electrodes. The aim is to optimize the link and 

communication between both techniques to allow in the future a fast screening of new electrode 

materials. The results of this work will be usefull in the search for a suitable coating and will also be 

transferrable to new generations of Si-based or other types of anode materials. 
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The specific goals of this thesis are two-fold:  

• Investigate the effect of a surface coating on the internal processes that play a key role in the 

performance of Si-based electrode materials, using TEM and EIS. 

• Optimize the combination of TEM and EIS to allow a fast screening of new electrode 

materials. 

The outlook of this thesis is illustrated in Figure 25. The different interphases (coating and SEI layer) 

are evaluated by TEM (on a very local scale) and EIS (on the electrode level). 

 

Figure 25: Illustration of the goals of this thesis: the interphases (coating, SEI layer,…) of coated silicon 

nanoparticles are studied both by TEM on a very local scale and EIS averaged over the entire electrode. 
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2.1 Battery setup 

2.1.1 Types of batteries[1] 

Two main types of batteries can be distinguished: the half cells and full cells. Half cells use Li-metal 

as counter electrode – they are in essence Li-batteries – and are mainly used to study new materials 

as they get access to their specific capacity, voltage profile, etc. Full cells do not contain Li-metal – 

and are Li-ion batteries – and are mainly used to study the cycle life in the final applications. 

A battery can have lots of different shapes and sizes, depending on their application (e.g. coin cell, 

cylindrical cell and prismatic cell, Figure 1). In a lab environment, coin cells and Swagelok cells are 

most frequently used. A coin cell (Figure 1a) is the most simple setup and is mainly used to perform 

basic electrochemical tests such as capacity testing. Swagelok cells are very suitable to build three-

electrode setups (Figure 1d) and are used for electrochemical impedance measurements. Because of 

their shape, Swagelok cells are also the most convenient to cycle pure electrode materials, used for 

ex situ transmission electron microscopy experiments. 

 

Figure 1: Different types of battery setups: a) coin cell, b) cylindrical cell, c) prismatic cell and d) Swagelok 

cell. 

 

2.1.2 Electrode paste formulation 

Except when used in ex situ transmission electron microscopy experiments, electrode powders are 

never used in pure form in a battery. The electrode material is mixed into an electrode paste, of 

which the solvent is evaporated afterwards. An electrode paste typically consists of three 

components (Figure 2): the electrode material (also referred to as active material, AM), a polymeric 

binder and a conductive additive. In this thesis, carboxymethyl cellulose (CMC) (described in chapter 

1 in more detail) is used as polymeric binder and carbon black as a conducting agent. The ratio of the 

different components is variable, depending on the application. All components are added to a 

solvent (water in this case) and mixed in a ball mill until a nice dispersion is obtained (30 minutes at 

250 rpm). Afterwards, the paste is coated onto a copper foil current collector with a lab coater (125 

µm). The spread out slurry is dried in a furnace to evaporate the water, until a flexible electrode 

coating is obtained. Circular electrodes are punched and dried in a vacuum oven in order to remove 

all water, before they are transferred to an argon-filled glovebox for battery assembly. 
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Figure 2: The different components of an electrode paste: silicon particles, conductive carbon and a 

polymeric binder. 

2.1.3 Battery assembly 

All batteries are assembled in an argon-filled glove box (<3 ppm H2O and O2) to avoid contamination 

with water and air and consequently undesired reactions with lithium. In a half cell setup, lithium is 

used in the battery as a counter electrode (and reference electrode in a three-electrode setup). An 

electrode punch (working electrode) and lithium punch (counter electrode) are placed opposite to 

each other, separated by a piece of separator. In this study, both glass fiber and poly(propylene) are 

used as separator. The image (Figure 3) illustrates the assembly of a three-electrode Swagelok cell. 

The working electrode and counter electrode are pushed together by a spring. Afterwards, the cell is 

filled up with electrolyte and the third current collector is mounted, with or without the presence of 

a small piece of lithium as reference electrode. After the battery voltage is tested, the battery is 

ready for electrochemical testing. 

 

Figure 3: Assembly of a Swagelok cell. 

 

Batteries intended for ex situ transmission electron microscopy measurements contain pure 

electrode powder that is inserted through the reference electrode opening in the Swagelok cell. 

They do not contain a piece of lithium as reference electrode however and are built in a two-

electrode setup. 
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2.2 Transmission electron microscopy[2] 

2.2.1 Background 

General 

The electron microscope is in essence not so different from a conventional optical microscope. In 

optical microscopy, light photons pass through and are focused or diverged by glass lenses to form a 

magnified image of a given sample. In the case of the electron microscope, electrons instead of 

photons are focused by electromagnetic lenses; they cannot be diverged. Since the electrons are 

traveling at high speed, their wavelength is far shorter than the typical wavelength of light, making 

the resolving power of an electron microscope far greater than that of its optical counterpart. 

Two main types of electron microscopes can be distinguished: the Transmission Electron Microscope 

(TEM) and the Scanning Electron Microscope (SEM). The Transmission EM is the original form of the 

electron microscope and was invented by Ernst Ruska in 1931[3]. The first commercial TEM was built 

in 1939. A TEM is mostly constructed in a top-down setup (Figure 4). The illuminating system at the 

top is composed of an electron source (mostly a field emission gun – FEG) and condenser lenses to 

control the size, intensity and convergence angle of the electron beam. The generated electrons are 

accelerated in vacuum, typically by several hundred kV. The accelerated electron beam is 

transmitted through a thin specimen, which is placed in a dedicated sample holder. Afterwards, the 

electron beam passes through a set of lenses (such as the objective lens system and the projector 

lens system) before the final magnified image is generated on a retractable fluorescent viewing 

screen or a charge coupled device (CCD). After interaction with the specimen, the exit-wave carries 

information on the structure of the sample. In order to be electron transparent, the sample needs to 

be ultra-thin, which requires advanced and intensive sample preparation. However, nanosized 

materials, like nanoparticles, can be studied without further manipulation. 

 

Figure 4: A typical transmission electron microscope. 
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Unlike in TEM, the image in the SEM is not generated by the transmitted electron beam. The sample 

is instead probed with a focused electron beam that is scanned across the surface. Secondary or 

backscattered electrons, formed by interactions with the sample, are used to generate the image. 

SEM images do not contain information on the bulk of the sample and are mainly used to investigate 

surface morphology.  

 

Bright-field TEM 

An electron microscope can operate in several different modes. The most commonly used mode is 

the bright-field imaging mode. In this mode, the sample is probed using a parallel incoming electron 

beam. To eliminate electrons that are scattered under large angles, and that are most affected by 

lens aberrations are cut off by placing an objective aperture in the back focal plane of the objective 

lens. An additional advantage is that it provides bright-field images with an enhanced contrast. 

Contrast in the bright-field mode is generated by two processes: mass-thickness contrast and 

diffraction contrast. For non-crystalline materials, mass-thickness contrast or absorption contrast is 

the dominant process. Regions with high mass-density will absorb or scatter many incoming 

electrons off axis that will be blocked by the objective aperture and cause the regions to appear dark 

in the image. In crystalline materials, this amplitude-type contrast is in direct competition with 

diffraction contrast, which originates from elastic Bragg scattering in the crystal and is dependent 

upon the orientation of the crystalline specimen with respect to the incoming electron beam. A 

diffraction pattern will be generated in the back focal plane of the objective lens. The reflections 

around the central (non-diffracted) spot correspond to specific crystal planes in the material and can 

be used to determine the crystal structure and the crystallographic orientation of the specimen. This 

technique is referred to as electron diffraction (ED). A TEM is designed in such a way that 

intermediate lenses can be adjusted so that the diffraction pattern instead of the image is projected 

on the viewing screen. As image space and diffraction space are each other’s Fourier Transform, this 

means that the electron microscope can switch between real space and Fourier space by a simple 

press of the diffraction button.  

 

Scanning transmission electron microscopy (STEM) 

Another popular operation mode of the electron microscope is STEM mode. In STEM, the electron 

beam is focused to a fine probe and is scanned over the sample, similar to what happens in the SEM 

(Figure 5). The probe can vary from several nanometers down to approximately half an angstrom in 

modern instruments. In contrast to bright-field TEM, the resolution in STEM-mode is determined 

solely by the scan dimensions on the specimen. The image is created by the electron detector that 

records the electron intensity per scan position. The most-used detector in STEM-mode is by far an 

annular detector, used to form annular dark-field images. In high-angle annular dark field (HAADF) 

STEM, only the electrons that have been scattered under large angles by the specimen are collected 

on the annular detector, as is illustrated in Figure 5. This type of imaging provides an atomic number 

dependent Z-contrast, since the Rutherford-like scattering of the electrons to high angles leads to an 

image where the intensity is approximately proportional to the square of the atomic number (Z²) 
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and to the thickness of the specimen[4]. HAADF-STEM images display both Z- and thickness contrast, 

and the technique is widely used in imaging both hard and soft materials[5-7]. A main advantage of 

the use of an annular detector is that the forward scattered electrons can pass through the circular 

inner hole in the detector and can be used for additional, simultaneous measurements, e.g. EELS-

measurements (more on this below). 

 

Figure 5: Illustration of scanning transmission electron microscopy. The incoming electron beam is focused 

onto the specimen and can scan a desired area using scan coils. The high-angle elastically scattered electrons 

are detected with a high-angle annular dark-field detector. The collection angle and camera length 

determine the amount of detected electrons. 

 

The electron beam – sample interaction[8] 

When the electron beam illuminates the specimen, there will be an interaction with the atomic 

potential of the material. The different possible interactions are illustrated in Figure 6. While the 

main part of the incoming electrons will simply pass straight through the material without being 

scattered, some of the electrons will be scattered by interaction with the material. We can 

distinguish two types of scattering: elastically scattered electrons only have a change in the direction 

of their momentum (billiard-ball model), whereas inelastically scattered electrons will have an 

altered momentum (different magnitude). Most of the elastically scattered electrons – used for 

conventional TEM – are scattered under low angles, due to interaction with the electron clouds of 

the atoms. Some incoherent quasi elastic scattering of electrons under higher angles also occurs due 

to interaction with the positively charged nuclei of the specimen. This Rutherford-like scattering is 

used for HAADF-STEM imaging. 

However, not all electron scattering in the specimen occurs elastically. Sometimes, energy is 

transferred to the specimen by the incoming fast electrons during inelastic scattering events. The 

transferred energy can be used to excite an inner-shell electron of the specimen. When this electron 

subsequently falls back to a lower energy level, the generated energy can be released as X-ray 

photons or can be transferred to other atomic electrons as kinetic energy generating Auger 

electrons. During an inelastic scattering event, energy can also be transferred to a valence electron 

that – if the excited electron has enough energy to reach the surface – can be emitted as a 

secondary electron. This type of electron can also fall back to a lower energy level in the solid, 
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resulting in the emission of visible light called cathode luminescence. Besides single electron 

excitations, the energy lost during an inelastic scattering event can also be used to excite phonons, 

plasmons and surface plasmons in the specimen. 

In short: when the electron beam interacts with the specimen, many other signals besides the 

elastically scattered electrons are generated, which contain a lot of information about the specimen. 

In the next parts, different operation modes will be discussed that make use of these additional 

signals in the electron microscope. 

 

Figure 6: Schematic representation of the possible interactions of a fast electron beam with a thin specimen. 

 

Electron energy-loss spectroscopy (EELS) 

During an inelastic scattering event, energy is transferred from the incoming electron beam to the 

specimen, in the form of a single-electron excitation or the excitation of a phonon or plasmon. The 

amount of energy that is transferred, depends on the type of atom that is interacting with the 

electron beam. Hence, by measuring the energy-loss of the fast primary electrons, information on 

the internal structure of the specimen (explaining the S for Spectroscopy in EELS) can be obtained by 

passing the transmitted beam into a spectrometer attached at the bottom of the electron 

microscope. 

The principle of EELS can be best illustrated by considering a typical EEL-spectrum, as presented in 

Figure 7. This is characterized by three major regions: 

- The zero-loss peak at 0 eV originates from electrons that are transmitted without 

measurable energy loss. Elastically scattered electrons (the majority of the fast electrons) 

and electrons that excite phonon modes, for which the energy loss is less than the 

experimental energy resolution (approximately 1 eV) are also included in the zero-loss peak. 

- The low-loss region from 5 to approximately 50 eV corresponds to inelastic scattering from 

outer-shell electrons and the excitation of bulk and surface plasmons. The thickness of the 

sample has a big influence on the plasmon peak. When the sample is sufficiently thin, a peak 

in the EEL-spectrum corresponds to one specific excitation process. In thicker samples, a 
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transmitted electron can be scattered inelastically more than once, with a total energy loss 

equal to the sum of the individual losses, resulting in a series of peaks at multiples of the 

plasmon energy. 

- The core-loss region above ~50 eV shows the element-specific ionization edges on top of the 

decaying background, which can usually be approximated by a power-law function (A.E-r). 

The edges represent inner-shell excitations that are excited to a higher, unoccupied state. 

The fine structure of an edge (energy-loss near edge structure - ELNES) is determined by this 

unoccupied density of states. The fine structure contains information about the 

crystallographic structure and the electronic state of the probed region and can be used to 

distinguish between allotropes of the same material and to determine local bonding. 

 

Figure 7: A typical EEL-spectrum, containing three major regions: the zero-loss peak (0 eV), the low-loss 

region (5-50 eV) and the core-loss region (>50 eV). The intensity of the core-loss region was increased to 

make the image clearer. 

 

Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray analysis is another technique that can be used to determine the elemental 

composition of a specimen. As described above, X-rays can be emitted upon interaction of the 

electron beam with the specimen through excitation of an inner-shell electron[9]. The energy of the 

emitted X-ray corresponds to the energy difference between the above lying shell from where the 

relaxation took place and the inner-shell. Since the energy levels in an atom are discrete and unique 

for each element, measuring the energy of the emitted X-ray can reveal the nature of its emitter. An 

EDX spectrum is acquired by a silicon semiconductor detector (Si(Li)-type). Commonly, the detector 

is placed under a specific specimen tilt angle. Recently, however, a new detector geometry was 

designed, placing four X-ray detectors (Si drift type) symmetrically around the specimen, which 

enhances the detection sensitivity and allows for faster element mapping with improved light 

element detection[10]. EDX mapping is achieved by combining EDX analysis with STEM imaging. In this 
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way, the chemical elements in the specimen can be mapped in 2D. With the introduction of this new 

detector setup, 3D EDX-mapping has also become feasible[11]. 

 

Beam damage[12] 

An unfortunate side effect of using fast electrons in electron microscopy is electron beam damage, 

often referred to as radiation damage. The inelastic collisions can drastically change the structure 

and/or chemistry of the specimen. Although the impact of beam damage is dependent on the type 

of material under investigation, it is present for almost every material. Therefore, damage 

represents a real physical limit on what can be achieved with TEM.  

Three types of radiation damage can be distinguished: radiolysis, knock-on damage and sample 

heating. Radiolysis has the highest impact on organic materials; covalent bonds and Van de Waals 

bonds are broken by beam degradation through electron inelastic scattering. Radiolysis is somewhat 

temperature dependent and can be reduced by cooling the sample as well as lowering the electron 

dose or increasing the acceleration voltage. Knock-on damage displaces atoms in the specimen and 

mainly occurs at high beam energies. The knock-on damage is element-dependent and can be 

particularly severe for light elements. Finally, most of the energy that is transferred during inelastic 

scattering ends up as heat. This process is strongly dependent on the electrical conductivity of the 

material and can be reduced by using higher acceleration voltages, doing so minimizing the electron 

beam-sample interaction.  

Lowering the dose is always advantageous in relation to beam damage. In that optic, STEM imaging 

can also be considered a low-dose technique, since it produces more contrast for lower electron 

doses compared to BF-TEM[4]. 

 

2.2.2 Sample preparation 

Pristine electrode materials 

All pristine electrode materials are nanopowders and therefore do not require an intensive sample 

preparation. Several µg of electrode powder is gently crushed in a mortar with a pestle and 

dispersed in a few ml of ethanol. A few drops of the dispersion are dropped onto a holey carbon 

film, supported by a copper mesh grid, and dried in air until the ethanol is evaporated. Afterwards, 

the sample grid is mounted onto a TEM sample holder and inserted into the electron microscope.  

Ex situ TEM experiments 

After reaction in a battery, the electrode materials for ex situ TEM experiments are extremely 

sensitive to air and water. In order to avoid contamination, the cycled battery is always opened 

inside an Ar-filled glovebox. The cycled powder is collected from the Swagelok cell, washed for a few 

minutes in diethyl carbonate to remove Li-salts and filtered on a filtration paper. Several µg of the 

recovered powder is crushed and dispersed in diethyl carbonate with a pestle and mortar inside the 

glovebox. A few drops of the dispersion are dropped onto a holey carbon film on a copper mesh grid 
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and mounted on a dedicated vacuum-transfer TEM sample holder. This holder allows to transfer the 

specimen to the electron microscope without contact to air, because of a retractable tip (Figure 8). 

 

Figure 8: Vacuum transfer TEM holder with a retractable tip. 

 

In situ TEM experiments 

The electrode materials are vacuum-dried to remove all water remains and inserted in an Ar-filled 

glovebox and dispersed in diethyl carbonate with a pestle and mortar. A fine copper mesh grid is 

scratched with a lithium metal tip to deposit fine particles of lithium onto the copper grid. A few 

drops of the diethyl carbonate dispersion is then dropped onto the copper grid, which is mounted on 

a special TEM sample holder with a built-in heating element to allow experiments at elevated 

temperature. The sample holder is then transferred to the microscope in an airtight tube to avoid 

exposure to air and water. 

 

2.3 Electrochemical Impedance Spectroscopy[13-15] 

2.3.1 Background 

Introduction 

Electrochemical Impedance Spectroscopy (EIS) is not a true spectroscopic technique in the sense 

that there is no interaction between matter and a form of radiation. The term spectroscopy refers to 

the fact that electrical signals with different frequencies are used (more on this will follow later). EIS 

is a technique that provides information on the kinetic limitations of an electrochemical system and 

its interfaces (with a kinetic constant below the MHz region) as well as information on mass 

transport (diffusion and migration in the bulk, with a kinetic constant in the mHz region). A great 

advantage of EIS is that it is a relatively fast, non-destructive technique that is performed in situ. 

However, the fact that the acquired signal is an average over the whole electrode and a sum of all 

processes occurring in the electrochemical system can be seen as a limitation. EIS can be used in a 

wide field of applications, but is most commonly used to study reaction mechanisms and the 

electrode-electrolyte interface in batteries, fuel cells and electrodeposition. 
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General principles 

 

Figure 9: illustration of the general principle of impedance spectroscopy. A sinusoidal perturbation potential 

will give a sinusoidal response current, with equal frequency but shifted in phase. 

 

Impedance spectroscopy is based on the application of a sinusoidal potential (or current) signal on 

an electrochemical system (Figure 9). If the system is pseudo-linear (more on this later), the 

response of the cell to the sinusoidal perturbation is a sinusoidal current (or potential), which has 

the same frequency as the perturbation but can be shifted in phase. The excitation signal (for 

example a potential), can be expressed in function of time as follows:  

���� = �� cos�
�� 

where ω is the angular frequency (rad.s-1), which is related to the frequency f of the signal as follows: 


 = 2� 

In the approximation of a linear system, the response signal (in this case a current) will be shifted by 

an angle Φ: 
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The impedance is calculated according to Ohm’s law: 
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It is clear that the impedance is expressed in terms of an amplitude Z0 and a phase shift Φ. If we 

write the expression in complex notation, it can be simplified to: 

���� = �� exp��
�� 
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where Z’ is the real part and –Z” the imaginary part of the impedance. The impedance can be seen as 

a sort of transfer function, with the real part the in-phase response and the imaginary part the out of 

phase response to the perturbation. Note that the impedance is independent of I and E, but only 

depends on their ratio. In a complex plane, with –Z” in function of Z’ (Nyquist plot), the impedance 

can be presented as a vector with norm |Z| and angle Φ with the real axis (Figure 10). Every point 

represents the impedance of the system at a given frequency. The different electrochemical 

processes inside an electrochemical cell respond to the applied perturbation with different response 

times (corresponding to their characteristic time constant). If the frequency of the oscillation is 

varied, the different processes can be separated and the relative magnitude of each can be seen. 
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Therefore, the recording of a single impedance spectrum involves a frequency sweep typically in the 

MHz to mHz region. 

 

Figure 10: Nyquist representation of the impedance. The impedance is a complex number with length |Z| 

and phase Φ. 

 

Linearity 

All the above equations were derived for a linear system and we have to be careful extrapolating it 

to a more complex system, such as an electrochemical cell. Mathematically, a system is linear if it 

has the properties of superposition and proportionality. Analytically, the response signal to a 

perturbation λx1(t) +x2(t) should be: λy1(t) +y2(t). An electrochemical cell is however not a linear 

system. Doubling the applied potential does not automatically double the response current, because 

the faradic processes do not obey linear laws; e.g. electronic transfer is described by the Butler-

Volmer law: I ~ exp(E-E0) 

Therefore, most electrochemical systems are non-linear. In order for the above approximations to 

be valid, we have to limit our self to a pseudo-linear zone, by applying a perturbation signal with a 

small amplitude (± 10 mV). A too high perturbation amplitude will result in a strong deviation from 

linearity. A perturbation amplitude that is too low will result in a bad signal-to-noise ratio. Therefore, 

the ideal perturbation amplitude is dependent on the system under investigation. Another 

important parameter to keep in mind is the steady-state regime of the system. Impedance 

measurements take time, especially measurements at low frequencies. Every process is defined by 

its own time constant and if this is large, the phenomenon is kinetically slow. To investigate these 

processes (typically diffusion), we need to measure the impedance at low frequencies. Therefore, 

the studied system must be in steady-state regime during the entire measurement. 
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Electrical components 

Complex impedance spectra are mainly modelled by an electrically equivalent circuit, constructed 

with electrical components such as resistors, capacitors and inductors. However, these electrical 

components must have a physical meaning in the electrochemical system. The three most important 

components are the following: 

- Ohmic resistor: 

� = �. � 

� = � 

The impedance only has a real contribution and is therefore always in phase and independent of the 

frequency. 

- Capacitor: 

� = �
��

��
 

� =
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�
 

The impedance decreases as the frequency increases (high-pass filter) and only has a negative 

imaginary contribution, with a phase shift between potential and current of -90°. 

- Inductor: 

� =  
��

��
 

� = � 
 

The impedance increases with the frequency (low-pass filter) and only has a positive imaginary 

contribution, with a phase shift between potential and current of 90°. L is the induction coefficient 

of the inductor. 

An additional electrical component is the constant-phase element (CPE) and is analog to the 

capacitor.  

�!"# =
1

���
�%
 

The impedance response of electrodes rarely shows the ideal response expected for single 

electrochemical reactions. The impedance response typically reflects a distribution of reactivity (and 

hence a distribution of time constants). A CPE is therefore typically used in equivalent circuits when 

there is electrode roughness. A normal RC-circuit (α = 1) will result in a semi-circle in Nyquist 

representation. In the case of a CPE, the semi-circle will be depressed. However, it is sometimes 

difficult to differentiate a real CPE from a superposition of phenomena with similar time constants. 

Both will look like a depressed semi-circle in a Nyquist plot, but the latter will in fact be an overlap of 

two separate semi-circles (Figure 11). The difference, however, can be distinguished in a log|Z”| vs 

logω plot: a real CPE element will have slope ±α, whereas this will not be the case when there is a 

superposition of semi-circles. 
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Figure 11: A constant phase element will be a depressed semi-circle in a Nyquist representation. In a log|Z| 

vs logω plot, the slope of the curve will be the CPE-coefficient α. 

 

Interface phenomena[16-17] 

Several different electrochemical reactions take place at the interface between electrolyte and 

electrode. Every phenomenon will have its own time constant. The most important phenomena are 

described below (Figure 12): 

- Electrolyte resistance: 

In order to run an electronic current through the external circuit, an ionic current needs to flow 

through the electrochemical cell to balance out the reaction. As soon as a current starts flowing 

through the cell, we will run into internal resistance (also referred to as Ohmic resistance). There are 

many factors that contribute to the internal resistance and the simplest one is ionic conductivity. 

The electrolyte will offer a resistance to the passing current due to the finite mobility of the ions in 

the electrolyte solution. The high concentration of salt (LiPF6 in our case) makes the electrolyte 

solution highly conductive. Therefore, the impedance linked to the electrolyte is purely resistive and 

we refer to it as Rel. The electrolyte resistance can be found at very high frequencies in the 

impedance spectrum. Note that the resistance from the wires, current collectors, etc also 

contributes to Rel. Since their contributions are very small and constant during the battery activity, 

the electrolyte resistance can be considered as the most dominant process. 

- Charge transfer: 

The reversible electrochemical reaction Li+ + e- ↔ Li takes place at the electrolyte-electrode 

interface. In a first approximation, the relation potential-current follows the law of Butler-Volmer 

and is characterized by a charge transfer resistance (Rct) that indicates the ease of electron 

exchange. This charge transfer process is inherently coupled to the formation of a charged double 

layer at the interface between electrode and electrolyte. The electric double layer consists of a thin 

layer where electrons and ions gather at the surface but do not react; it is a small region where 

electroneutrality does not apply. The charge imbalance at the interface creates an electric field, 

which can be used to get a potential distribution; it is physically impossible to have a discrete change 

in potential over the interface. The double layer (Helmholtz layer) and the surface of the electrode 
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form the two ends of a pseudo-capacitor with a very small thickness (several Angstrom), with 

capacity Cdl. Even if the charging current (over the capacitor) and the faradic current (over the 

resistor) are not completely independent, Cdl and Rct are placed in parallel in the equivalent circuit. 

The charge transfer resistance and double layer capacity are active in the mid-frequency region in 

the impedance spectrum. 

- Diffusion: 

The diffusion of electroactive species towards and/or from the electrode is a separate phenomenon: 

it limits the supply of matter and consequently the faradic process. The diffusion process is 

presented as a diffusional Warburg impedance, ZW. It is observable in the impedance spectrum at 

low frequencies, when the vicinity of the electrode is sufficiently depleted with Li-ions to induce a 

concentration gradient. The diffusion can take the form of a straight line at 45° in the Nyquist plane 

(semi-infinite diffusion of the Warburg type), a semi-circle (semi-finite diffusion) or a vertical line 

(restricted diffusion) and is active in the low-frequency region in the impedance spectrum. 

- Passivation layer: 

Other interfacial phenomena can take place at the same time as the previously described processes. 

The SEI layer for example is considered as an additional interface at the electrode surface. It is 

characterized by a resistance RSEI, depending on the ionic conductivity σ, thickness d and active 

surface S: 

�&#' =
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The passivation layer can also be considered as a polarizable environment with permittivity ε and is 

characterized by a capacitor CSEI: 

�&#' = *�*
)

�
 

Where ε0 is the permittivity of vacuum. The presence of the SEI at the surface of the electrode has 

an impact on the double layer capacity Cdl. The thickness of the SEI is typically in the order of several 

nanometer, whereas the double layer is confined to a very small fraction of the thickness. Therefore, 

the relation Cdl >> CSEI can already be anticipated, justifying the series connection of RSEI//CSEI with 

Rct//Cdl. The passivation layer will be visible in the impedance spectrum as a semi-circle in the high-

frequency region 

 

Figure 12: Illustration of the electrochemical processes taking place at the electrode surface. Li+-ions migrate 

through the electrolyte and SEI layer to react at the electrode surface. 
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The equivalent circuit 

The above described electrochemical processes are active at an electrochemical interface. Each 

process has its characteristic time constant and is therefore active at a corresponding frequency. The 

corresponding impedance spectrum of the different processes active in Figure 12 are illustrated in 

Figure 13. As already mentioned, they can be described with an equivalent electrical circuit. The 

typical circuit for these electrochemical processes is also shown in Figure 13. For an RC-circuit, a 

characteristic frequency, at which the process is activated the most, can be defined and corresponds 

to the top of the semi-circle:  =
+

,-.!
. 

 

Figure 13: A typical equivalent electrical circuit, describing the processes of migration, passivation film, 

charge transfer and diffusion. 

 

Interpretation 

One always has to be careful when assigning an equivalent circuit to an electrochemical system. 

Several different equivalent circuits can be used to model the same impedance spectrum. The main 

requirement for a valid equivalent circuit however, is that it is physically relevant. EIS is a powerful 

technique that can give a lot of information about different processes, but is also easily 

oversimplified, leading to wrong conclusions. Therefore, it is always advised to start from a physical 

and mathematical model, instead of building an equivalent circuit by intuition. The flowchart below 

illustrates the advised method for building an equivalent circuit (Figure 14). Fitting software can be 

used to estimate values for the different electrical components in the equivalent circuit. In this 

manner, impedance spectra can be easily quantified and evaluated. 

 

 

Figure 14: Flowchart for data analysis. 
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2.3.2 Experimental setup 

A three-electrode Swagelok cell setup was used to perform the EIS measurements. If a two-

electrode setup would be used, the measured impedance would be the sum of the impedance of the 

working and the counter electrode. To filter out the influence of the counter electrode, a three-

electrode setup is needed. Note that we have to assume that the surface of the reference electrode 

remains stable during the measurements. The reference electrode is oriented as illustrated in Figure 

15[18]. The small piece of lithium as reference electrode is best placed right outside and not in 

between the working and counter electrode, in order to avoid a negative influence on the current 

and potential distribution between the working and counter electrode. The current is applied 

between working and counter electrode, whereas the potential is measured between working and 

reference electrode (Figure 15). 

 

Figure 15: Schematical illustration of the orientation of the working, counter and reference electrode in a 

three-electrode Swagelok setup.  

 

All the acquired spectra were imported into the Zview software for analysis. 

 

2.4 Electrochemical testing 

In addition to electrochemical impedance spectroscopy, three types of electrochemical tests were 

performed. 

 

2.4.1 Galvanostatic cycling[16] 

Galvanostatic cycling is the most straightforward electrochemical test and is mainly used to 

determine the basic performance characteristics of an electrode material (when tested as a half-cell 

with lithium metal as counter electrode). Parameters such as capacity and Coulombic efficiency (CE) 

can be easily determined. The specific capacity (in mAh/g) is the amount of electrical charge (in 

mAh) that a material can store/release per unit of mass during charge/discharge of the cell, whereas 

the Coulombic efficiency (in %) is the ratio between the charge and discharge capacity and is a 

measure for the amount of irreversible capacity loss upon each cycle. Therefore, galvanostatic 

cycling is very useful to study the lifetime of an electrode material. Galvanostatic cycling is 

performed by applying a constant current to the electrochemical cell and measuring the potential 

and is visualized by plotting the potential in function of the capacity (Figure 16). 
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Figure 16: Illustration of a galvanostatic cycling curve. The Ohmic drop, due to an increased lithiation rate is 

indicated. 

 

Figure 16 illustrates that much more information can be collected from a galvanostatic curve. The 

blue curve illustrates the thermodynamic galvanostatic curve (in case of a very slow Li-insertion 

rate). Increasing the lithiation rate will lower the potential from equilibrium state (polarization), due 

to the ohmic and kinetic resistance (overpotential) in the electrode. Furthermore, solid-phase 

diffusion will result in a decrease in capacity[16]. 

The polarization that occurs when a battery is brought out of equilibrium state is thermodynamically 

illustrated in image (Figure 17). The potential difference between the negative and positive 

electrode determines the thermodynamical equilibrium potential (Epos + neg). The ohmic drop (ΔΦohm), 

due to internal resistance and electrolyte resistance (Rel in EIS) will cause the potential to decrease. 

In addition, the overpotential at both electrode surfaces (due to kinetic resistance) also lowers the 

potential (ηn and ηp). 

 

Figure 17: Thermodynamical illustration of the voltage drops in an electrochemical cell 

 

2.4.2 Differential capacity[19] 

The differential capacity curve is calculated from the galvanostatic cycling curve and is visualized by 

plotting the differential capacity (dQ/dV) in function of the potential. A differential capacity plot is 

analogous to a traditional cyclic voltammogram and is very useful to study phase changes during the 

alloying reaction of lithium with silicon and the SEI-formation. 
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2.4.3 Galvanostatic Intermittant Titration Technique (GITT)[16, 20-21] 

GITT is an electrochemical technique that is designed to determine the lithium diffusion coefficient 

of an electrode material, but also provides valuable information on the ohmic and kinetic losses 

inside a battery (polarization or overpotential present in a battery). Up to a certain extent, GITT 

provides similar information to electrochemical impedance spectroscopy. A GITT curve is recorded in 

a similar way as a galvanostatic curve, with the difference that the applied current is pulsed. After 

every pulse, the system is relaxed until the potential reaches equilibrium. In this way, the 

polarization, as illustrated in Figure 16, can be measured. Processes like the formation of a 

passivation layer will also cause the overpotential to increase and can consequently be evaluated 

with GITT. 

In this work, the collection of GITT data is combined with the EIS measurements. Before every EIS 

measurement, the electrochemical cell is left to relax until the equilibrium potential is reached. The 

difference in potential between the start of the rest period and equilibrium is the same information 

as would be acquired in a real GITT measurement. 
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3.1 Introduction 

The main obstacle in increasing the lifetime and battery performance of silicon-containing electrode 

materials is undoubtedly the lack of control over side reactions and in the first place the formation of 

the solid-electrolyte interphase (SEI). Consequently, determining what those reactions are, at what 

potential they occur and how fast they occur will be crucial in order to predict and control the lifetime 

of the battery. Electrochemical impedance spectroscopy (EIS) has proven to be a powerful technique 

to study the different aspects of electrode kinetics, interfacial changes and especially the SEI 

formation[1-9]. However, only few studies that focus on the formation of a SEI on silicon anodes are 

available in the literature. Most studies focus on the commercially preferred graphite electrodes. The 

goal of this chapter is to further develop electrochemical impedance spectroscopy as a tool to study 

the SEI formation in Si-containing electrode materials in the aim of using it as a screening tool for new 

electrode materials. 

EIS measurements can be very specific to the type of active material (morphology, surface treatment, 

particle size, etc.) and depend highly upon the experimental conditions of the fabrication, the 

electrochemical testing and the EIS measurements. The results recorded in this study are compared 

with results from colleagues from CEA in Grenoble, France who performed measurements on a 

comparable silicon powder. For both cases, the active material, the electrode formulation and the 

experimental conditions to acquire the spectra are comparable, yet not identical. In this way, 

experimental artefacts can be excluded from the spectra. The analysis of the results from both 

experiments has been performed in cooperation with professor Franger from the University Paris-Sud. 

 

3.2 Experimental 

3.2.1 Materials 

Two different crystalline silicon nanopowders, here called c-Si and c-Si-CEA, are used. c-Si is a nano-Si 

powder synthesized by Umicore, whereas the measurements on c-Si-CEA have been performed by the 

colleagues from France, hence the name c-Si-CEA for the material.   

Both active materials are investigated by Transmission Electron Microscopy (TEM) and Scanning 

Electron Microscopy (SEM) to study their morphology. Figure 1 shows a high resolution TEM image (a) 

and an energy dispersive X-ray (EDX) image (b) of c-Si. The c-Si nanopowder consists of 

monocrystalline nanoparticles with an average diameter of 50 nm, a specific surface area of 23 m2/g 

and an average oxide layer thickness of ~2 nm. This oxide layer is clearly visible in the EDX composition 

map in Figure 1b (in red).  

Figure 2 shows a SEM image of c-Si-CEA nanoparticles. c-Si-CEA is made of 150 nm diameter particles. 

The c-Si-CEA particles are polycrystalline and have a specific surface area close to 13 m².g-1 and a very 

thin oxide layer (<1 nm). 
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Figure 1: (a) TEM image and (b) Energy dispersive X-ray image of a crystalline c-Si nanoparticle, with an 

average oxide layer thickness of 2 nm. 

 

 

Figure 2: SEM image of polycrystalline c-Si-CEA nanoparticles. 

 

3.2.2 Electrode fabrication and electrochemical testing 

Electrode pastes have been made for both c-Si and c-Si-CEA powders. The c-Si-slurry is an aqueous 

mixture of c-Si silicon (80 wt %), super P conductive carbon (12 wt %), and CMC (8 wt %) whereas the 

CEA-slurry consists of CEA silicon (65 wt %), carbon fibers (25 wt %) and CMC (10 wt %). By using a 

doctor blade, both slurries are coated to a thickness of 100 µm on a copper foil current collector and 

dried for 24 h at 80 °C. For both electrodes, the loading is ~2 mg of Si per cm². For c-Si, the electrodes 

are cut into a 11 mm diameter disk shape, dried for 3h at 150 °C and transferred into an argon-filled 

glove box. Afterwards, 3-electrode Swagelok-type batteries are assembled. For c-Si-CEA, 17 x 35 mm² 

rectangular electrodes are cut, dried for 48 h and assembled in 3-electrode pouch-cells in an 

anhydrous room. For both types of cells, the counter and the reference electrodes are made of 

metallic lithium. The electrodes are separated by glass fiber separators soaked with a liquid electrolyte 
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(1 M LiPF6 in ethylene carbonate (EC): diethyl carbonate (DEC) (wt % of 1:1)). In specific cases, 10 wt% 

of FEC is added.  

Galvanostatic charges and discharges have been carried out with a Maccor® battery tester for the 

Swagelok cells (c-Si) and a VMP3 Biologic system for the pouch cells (c-Si-CEA). 

 

3.2.3 EIS measurements 

All the EIS measurements are performed after relaxing the cell until the derivation of the potential is 

inferior to 1 mV.h-1. For c-Si, the perturbation amplitude is 5 mV and the frequency is scanned from 

100 kHz to 100 mHz whereas for c-Si-CEA, the perturbation amplitude is 10 mV and the frequency 

range from 200 kHz to 10 mHz. 

Table 1 summarizes the experimental conditions for c-Si and c-Si-CEA. 

Table 1: Summary of the experimental conditions for c-Si and c-Si-CEA. 

 

 

 

3.3 Results and discussion 

3.3.1 Electrochemical signatures 

Even though both studied silicon electrodes are made of comparable materials, they differ in some 

distinct ways. c-Si has a smaller average particle diameter, larger specific surface area and a thicker 

native oxide layer than c-Si-CEA. This difference has an influence on the galvanostatic signatures of 

the first electrochemical cycle, which are shown in Figure 3. Both galvanostatic curves show 
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comparable features and present a plateau around 0.10 V during the Li-insertion process in silicon. 

The fully lithiated capacity for c-Si is 3850 mAh.g-1, compared to 3800 mAh.g-1 for c-Si-CEA. Both values 

exceed the theoretical capacity for silicon of 3579 mAh.g-1. This can be explained by the additional 

consumption of lithium ions to form the SEI layer at the surface of the electrode [10]. c-Si only reaches 

a coulombic efficiency of 83 %, whereas c-Si-CEA reaches 92 %. The difference in coulombic efficiency 

can be explained by the larger production of SEI, due to a larger surface area and thicker oxide layer, 

which makes the surface of c-Si more reactive and consequently increases the irreversible capacity 

loss[11]. The less steep decrease in potential in the beginning of the lithiation also confirms the more 

reactive surface of c-Si. 

 

 

Figure 3: Galvanostatic curve of the first cycle of c-Si (solid line) and c-Si-CEA (dashed line) at a cycling rate of 

C/20. 

 

To compare in more depth the processes of SEI formation and charge transfer of both silicon materials, 

an EIS study was performed. Several impedance spectra were recorded during one representative 

electrochemical cycle. Since the very first electrochemical cycle, which results in a complete 

amorphization of the active material[12-13] and transformation of the surface oxide layer into lithium 

silicate structures[14-15], is very specific for Si-based electrodes, these measurements were actually 

carried out upon the second electrochemical cycle. 

Both the galvanostatic curves of cycle 2 as the evolution of the impedance spectra for c-Si and c-Si-

CEA are compared in Figure 4. Even though both electrodes differ in active material, electrode 

composition and surface area, the impedance signals are comparable. All the spectra show two semi-

circles in the high frequencies (HF) region, i. e. f > 1 Hz and straight lines in the low frequency (LF) 

region, i. e. f < 1 Hz. The HF region is the typical area for interfacial phenomena: the two observed 

semi-circles in that domain can be associated with the presence of the SEI at the electrode surface 

and the charge transfer (CT) process. The characteristic frequency associated with the first HF semi-
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circle remains constant upon cycling (~50 kHz for both c-Si and c-Si-CEA) suggesting that this semi-

circle corresponds to a passivation surface layer and is here related to the SEI, of which the 

composition is almost independent of the state of charge of the electrode[16-17]. The characteristic 

frequency of the second HF semi-circle evolves with the voltage: for both c-Si and c-Si-CEA it varies 

from 300 to 1,500 Hz. Thus, this second semi-circle can be attributed to the CT process. The straight 

lines, in LF region, can be easily related to the Li+-diffusion processes in the Si bulk. However, in 

addition to these relatively standard semi-circles, the EIS spectra exhibit, for both systems, an 

inductive loop at lower potentials. In the EIS study of both materials, the inductive loop is only 

observed below 0.35 V vs Li. However, this kind of inductive phenomenon has never been reported 

before in the literature for silicon electrodes. Moreover, as the experimental conditions for c-Si and c-

Si-CEA are not equal, it is very hard to believe that the presence of this loop is due to an instrumental 

artefact.  

To further exclude the presence of experimental artefacts, the impedance spectra obtained with a 

different perturbation amplitude are shown in Figure 5: 5, 10, 20 and 30 mV. Changing the excitation 

amplitude has a direct influence on the inductive part of the spectrum, since the different curves are 

not superimposable at these medium frequencies. Conversely, the HF and LF part of the different 

spectra are superimposed, indicating that the change in perturbation amplitude only has an influence 

on the inductive part. Consequently, the inductive phenomenon is surely a parasitic reaction, intrinsic 

to the electrochemical system under investigation.  

An inductive loop has rarely been reported for EIS spectra in the entire LIB research field. Two main 

hypotheses have been proposed in the literature to explain this particular phenomenon: (i) a phase 

change that takes place in the active material during the measurement or (ii) a heterogeneous lithium 

distribution inside the electrode which creates concentration cells between the different particles[18]. 

Since the lithiation and delithiation of silicon in cycle 2 are of a solid solution type[13, 19] (the 

amorphization of silicon already took place in the first electrochemical cycle), the first hypothesis can 

hardly explain the inductive loop and can consequently be eliminated. However, in addition to the last 

hypothesis, it is also known that the SEI layer on the surface of silicon electrodes is very unstable and 

continuously consumes electrons and lithium ions. It is thus possible that this process results in a 

change of current flowing through the system during the EIS measurement, causing an electromotive 

force superimposed to the lithium intercalation and potentially explaining the inductive loop[18].  

In the following, several complementary experiments are described that have been performed on 

both c-Si and c-Si-CEA systems to discriminate between the two most probable hypotheses: a 

heterogeneous lithium distribution or an instability of the SEI layer. 
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Figure 4: Impedance spectra obtained at different stages of the second electrochemical cycle, for (a) c-Si and 

(b) c-Si-CEA. The spectra in red (lithiation) and green (delithiation) are acquired after a relaxation step until 

dE/dt < 1 mV/h.  
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Figure 5: Impedance spectra recorded at different perturbation amplitudes for a c-Si-CEA electrode, lithiated 

until a capacity of 1200 mAh.g-1 (and a potential of 0.28 V) in the third electrochemical cycle, at C/20. 

 

3.3.2 Influence of the cycling rate 

If the inductive loop in the impedance spectra, present at low potential states, is caused by a 

heterogeneous lithium distribution, an altered cycling rate should have an influence on the presence 

of the inductive phenomenon. Since a slower lithiation favors the diffusion of lithium towards a more 

homogeneous distribution of lithium, a disappearance or at least a decrease of the phenomenon is 

expected. On the other hand, if the inductive loop is caused by instability of the SEI layer, changing 

the cycling rate should only have a minimal effect. To illustrate this, the impedance spectrum of a cell 

with a slower cycling rate (C/50, compared to C/20 before) was recorded, using a c-Si electrode. The 

spectra at fully lithiated state (40 mV) in the second cycle are shown in Figure 6. The inductive effect 

is still clearly present in the spectrum at a cycling rate of C/50, suggesting that the source of the effect 

does not depend on the cycling rate. This first experiment is rather in favor of a certain instability of 

the SEI layer. 
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Figure 6: Impedance spectra recorded with a c-Si electrode at fully lithiated state (40 mV vs Li) in the second 

cycle, at a cycling rate of C/50 and C/20. 

 

3.3.3 Influence of the temperature 

The temperature is one of the key parameters for an impedance measurement, since it has a great 

influence on the viscosity of the electrolyte, the ionic conductivity and on the electrochemical kinetics 

processes[20]. Multiple measurements at different temperatures have been performed on a quasi-

steady state c-Si-CEA electrode, after a long relaxation in the sixth electrochemical cycle. The 

equilibrium potential before measurement was 0.30 V vs Li, which corresponds to a capacity of 1200 

mAh.g-1. The first measurement was performed at a temperature of 25 °C. The cell was than heated 

to 50 °C, afterwards cooled again to 25 °C and further cooled to 0 °C. Afterwards it was heated up 

again to 25 °C. The temperature profile is illustrated in Figure 7. 

 

 

Figure 7: Temperature profile of the heating experiment, executed at the sixth electrochemical cycle of a c-

Si-CEA electrode at a potential of 0.302 V vs Li. At every temperature step, an impedance spectrum was 

recorded. 

After heating to 50 °C, the global impedance of the system decreases. An elevated temperature 

improves the viscosity and the ionic conductivity of the electrolyte. Furthermore, the kinetics of the 

charge transfer and the diffusion in the active material are enhanced. On the other hand, the 

formation of SEI is also favored. Studies on graphite electrodes have shown that elevated temperature 

increases the kinetics of electrolyte degradation[21-22]. Subsequently, since the high temperature 
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increases both the ionic mobility (favoring homogeneity of the lithiation) and the formation of the SEI, 

it is difficult, at this stage, to conclude on the origin of the inductive loop which is still clearly present. 

However, the second measurement at 25 °C, after heating to 50 °C, is not superimposable with the 

original spectrum at 25°C, indicating that an irreversible phenomenon has occurred at 50°C. 

Concerning the repartition of lithium in the silicon electrode: increasing the temperature has favored 

a more homogeneous distribution of lithium. Taking Fick’s law into account, it would be very 

surprising, that the lithium distribution will return to its possible heterogeneous state after lowering 

the temperature. If the heterogeneity of the lithiation is indeed the origin of the inductive loop, the 

stay of the electrode at 50 °C would have caused the inductive phenomenon to now have disappeared 

or at least to have decreased. Since the inductive loop is still clearly visible, the hypothesis of the 

instability of the SEI is more relevant. Moreover, the first HF semi-circle (related to the SEI layer) is 

bigger, suggesting the electrolyte degradation is clearly activated at high temperature. 

Furthermore, lowering the temperature to 0 °C results, as expected, in an increase of the total 

impedance, since the electrolyte viscosity increases whereas the ionic mobility in both the electrolyte 

and the active material decreases[23]. Note also the perfect superposition of the spectra recorded at 

25 °C, before and after the stay at 0 °C indicating that no irreversible (electro)chemical process occurs 

at 0 °C (in contrast to what happens at 50 °C). As a side note, this temperature experiment illustrates 

that it is best to store a battery in a cool location and avoid exposure to high temperatures. 

 

 

Figure 8: Impedance spectra recorded at different temperatures with a c-Si-CEA electrode after a lithiation 

until 1200 mAh.g-1 (0.30 V) after 6 cycles. 

 

3.3.4 Influence of the electrolyte 

As a final parameter, the influence of the electrolyte on the inductive phenomenon in the impedance 

spectrum has also been investigated. Since the type of electrolyte has a great influence on the 

composition of the SEI layer, it will also play an important role in its behavior during cycling. The 

influence of fluoroethylene carbonate (FEC) as an electrolyte additive is investigated here, since it is 

known to produce a smoother and more stable SEI layer[24-26]. 
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Two impedance spectra, with and without FEC additive, at the 10th cycle after lithiating to 1200 mAh.g-

1 in capacity are compared in Figure 9. The addition of FEC results in an increase in characteristic 

frequency of the semic-circle associated with the SEI, from 50 kHz to 100 kHz, indicating a modification 

of its chemical composition, in good agreement with XPS results obtained elsewhere[25]. Note also that 

the size of the inductive loop has decreased. Since the composition of the electrolyte has no known 

influence on the diffusion behavior of lithium in silicon, these results confirm that the inductive 

phenomenon is more likely caused by the instability of the SEI at the surface of the silicon particles.  

 

 

Figure 9: Impedance spectra recorded with a c-Si-CEA electrode after a lithiation until 1200 mAh.g-1 at the 

10th cycle with and without FEC. 

 

3.3.5 Proposed (electro)chemical mechanism 

The results from the three complementary aforementioned experiments indicate that the main origin 

of the inductive phenomenon on the impedance spectra must be the instability of the SEI on the 

surface of the silicon particles. During the impedance measurement, part of the electrons and Li+-ions 

are involved in the irreversible reduction of electrolyte with the formation of the SEI layer as a result. 

Furthermore, the reaction of lithium with silicon is an electro-insertion reaction, associated with a 

charged double layer together with the charge transfer process, will here be in competition with the 

reduction of the electrolyte. Figure 10 shows a schematic representation of the mechanism for such a 

reaction at the silicon-electrode/electrolyte interface.  

To explain the appearance of inductive impedance, the reduction reaction is assumed to contain a 

two-step process based on a Volmer-Heyrovsky-type reaction[27]. The first step is an adsorption of 

lithium ions at the surface together with reduction products of the electrolyte at the electrode surface. 

The second step is a combination of the latter adsorbed species to form the final SEI layer. This two-

step process occurs in competition with the electro-insertion reaction. The electrochemical 

derivations of these competitive processes revealed an inductive term, explaining the inductive loop 



61 

 

in the impedance spectra (the detailed electro-kinetic equations and their mathematical treatments 

are handled in the next section). From the analytical resolution of these kinetic equations, an electrical 

equivalent circuit could be deduced to model the proposed mechanism and finally to fit the recorded 

impedance data. The HF part of the equivalent circuit (related to interfacial reactions) is shown in 

Figure 11. 

As already extensively described in literature[1, 6, 8-9, 28-29], the high frequency part contains the 

resistance of the electrolyte (Rel) and the RSEI//CSEI system, corresponding to the impedance of the SEI 

layer. In the proposed model, the mid-frequency part of the spectrum contains the double layer 

capacitance (Cdl), the charge transfer resistance (Rct) and an RSEI formation//LSEI formation couple 

corresponding to the inductive loop, related to the formation of SEI on silicon surfaces. Note also that 

the equivalent circuit in Figure 11 was only used to model spectra containing the inductive loop. 

Obviously, for other spectra, RSEI formation//LSEI formation was left out. The quality of the fitting of the spectra 

is illustrated in Figure 12. 

One has to bear in mind that it is delicate to interpret the physical meaning of RSEI formation and LSEI formation 

individually. From their analytical expressions, both are linked to the formation process of the SEI 

layer. RSEI formation could be seen as the ease to form the SEI. The meaning of LSEI formation is slightly more 

delicate, since it is coupled to both contributions of the faradic current (IF): Rct and RSEI formation. Actually, 

the faradic current, shown in Figure 11, is divided between two processes: charge transfer (CT) and 

SEI building (passivation). If the contribution of SEI formation is small, IF will be determined by the 

charge transfer resistance solely. Hence, no inductive loop will be observed. During the process of SEI 

formation, IF
 will also have a RSEI formation//LSEI formation contribution, resulting in the presence of an 

inductive loop in the impedance spectrum. The inductive phenomenon was only observed at low 

potentials. Consequently, the process of SEI formation, and accordingly the adsorption of lithium ions, 

takes place at low potentials on silicon electrodes. According to literature, with graphite electrodes 

the decomposition of electrolyte and formation of SEI occurs at higher potentials, generally between 

1 V and 0.5 V vs Li and separated from the lithiation of the electrode. Literature also described this to 

be the case for silicon electrodes [1, 30-32]. Different values for the potential range have been reported, 

but generally the SEI formation takes place between 1.5 V and 0.25 V vs Li, after which lithiation occurs 

between 0.25 V and 0 V vs Li. 

The results presented in this chapter indicate that both processes (SEI formation and lithiation of the 

silicon electrode) do take place simultaneously at low potentials.  
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Figure 10: Schematical representation of the reaction mechanism. Li+-ions and electrons are involved in a 

competition between Li-alloying reaction with silicon and a two-step adsorption process at the surface of 

silicon. 

 

 

Figure 11: Equivalent electrical circuit for the high frequency region (interface electrode/electrolyte), used to 

model the presented data. 
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Figure 12: Experimental and modelled spectrum obtained during cycle 2 of c-Si-CEA after a lithiation of 2400 

mAh.g-1 (0.21 V). 

 

3.3.6 Addendum: Electro-kinetic equations for the proposed model 

For the completeness of this manuscript, the mathematical derivation of the equivalent electrical 

circuit is added below. The mathematical manipulations were performed by Professor Sylvain Franger.  

The global mechanism, depicted in Figure 10, is composed of one standard electro-insertion reaction 

coupled with a 2-steps adsorption process based on a Volmer-Heyrovsky type reaction: 
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The current of the system is then mathematically described by: 

( ) ( ) ( )
,

dt

tdE
Ctiti dlf +=  

( ) ( ) ( ) ( ) ( ) ( ) ( )( )tvtvtvFtitititi ffff 321321 ++−=++= , 

where if(t) indicates the faradic current, Cdl the double layer capacity, E(t) the potential, F the faraday 

constant and ν(t) the reaction rate. 

The electro-insertion rate reaction is given by: 
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( ) ( ) ( ) ( ) ( ) ( ),,0,0,0 111 tLitKttLitKtv or ><−<>= +  

where <> indicates a host site for insertion and >< Li  represents the inserted specie in the host 

lattice. Kx represents the respective reaction constant: 

( ) ( )[ ],exp 111 tfEktK ooo α=  

( ) ( )[ ],exp 111 tfEktK rrr α−=  

where RTFf /= and 111 =+ ro αα . 

One considers that the interfacial concentration of lithium ions remains constant and equal to that in 

solution (justified by the fact that the electrolyte commonly used is very concentrated in lithium ion 

species): 

( ) *,0 ++ ≈ LitLi . 

The inserted specie’s concentration is a solution of the Fick’s diffusion equation: 

( ) ( )
,

,,
2

2

x

txLi
D

t

txLi
Li

∂
><∂=

∂
><∂

 

where DLi is the diffusion coefficient. 

The following boundary conditions are considered: 

• At the outer interface ( )0=x  where the charge transfer reaction takes place, 0≥∀t  : 

( ) ( ) ( ) ( ) ( ) Ftitvtv
x

tLi
DtJ fLi

x
LiLi /

,0
,0 11

0
−===

∂
><∂−= ><

=
>< , 

• At the inner interface ( )Lx =  considering a blocking electrode, 0≥∀t  : ( ) 0, =>< tLJ Li . 

 

For the Volmer-Heyrovsky type reaction, the reaction rates are given by:  

( ) ( ) ( ) ( ) ( )( ),1,0,022 ttOtLitKtv r θ−Γ= ++
 

( ) ( ) ( ),,033 ttOKtv r θΓ= +  

where θ  represents the amount of surface covered with the adsorbed specie sOLi ,,+
 and θ−1  

represents the still free surface available, and Γ  is the total available sites per surface unit. With: 

( ) ( )[ ]tfEktK rrr 222 exp α−= , 

( ) ( )[ ]tfEktK rrr 333 exp α−= . 
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For simplicity, one also considers that the interfacial concentration of adsorbed +O  is close to that in 

solution: 

( ) *,0 ++ ≈ OtO . 

The equation corresponding to the covering rate evolution is then: 
( ) ( ) ( )tvtv

dt

td
32 −=θΓ . 

In steady state conditions, the inserted specie’s diffusion equation becomes: 

( ) ( )
,

,
0

,
2

2

x

txLi
D

t

txLi
Li

∂
><∂==

∂
><∂

 

Furthermore, the blocking electrode wall leads to: ( ) xcxLi ∀=>< ; .  

The continuity equation gives: 

( ) ( )
0

0
0 1

0
===

∂
><∂−= ><

=
>< vv

x

Li
DJ Li

x
LiLi , 

which leads to 01 =fi . 

If maxc is the maximum available host sites concentration, then the concentration at the interface of 

non-occupied sites is equal to ( ) cc −=<> max0 . The rate equation ( )01 =v  allows to deduce the 

concentration c: 
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LiKK

cLiK
Lic

ro
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In steady state condition: 032 =−=Γ vv
dt

dθ
.  

Then: 
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r
f  . 

The faradic impedance is then deduced from these first results: 

( ) ( ) ( )( ) ( ) ( ) ( )
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( ) ( ) ( ) ( )titLiitEiti ffLifEf θθ ∆∂+><∆∂+∆∂=∆ ><  
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After Laplace’s transform, we obtain: 

( ) ( ) ( ) ( )pipLiipEipi ffLifEf θθ ∆∂+><∆∂+∆∂=∆ ><  

It suggests that the faradic impedance is the sum of a charge transfer resistance, Rt, a concentration 

impedance related to the inserted specie >< LiZ  and a concentration impedance related to the 

adsorbed specie θZ :  

( ) ( ) ( ) ( ) ( )pZpZRpipEpZ Litff θ++=∆∆= ></  

with:  
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( ) ( ) ( ) ( )[ ]pipLiiipZ ffEfLiLi ∆><∆∂∂−= ><>< /,0/

( ) [ ] ( ) ( )[ ]pipLiKLiKFRpZ fortLi ∆><∆+−= +
>< /,01

*
1  

( ) ( ) ( ) ( )[ ]pipiipZ ffEf ∆∆∂∂−= // θθθ  

( ) [ ] ( ) ( )[ ]pipKLiKOFRpZ frrt ∆∆−Γ−= ++ /3
*

2
* θθ  

Then, linearization of the electro-kinetic equations gives: 

( ) ( ) ( )pvpvpp 32 ∆−∆=∆Γ θ  
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( ) ( ) ( ) ( )pipLiipEipi ffLifEf θθ ∆∂+><∆∂+∆∂=∆ ><  

( ) ( ) ( )pEAiAiipi fLifLifEf ∆∂−∂−∂=∆ ><>< θθ  

 

The resolution of the linearized equations in the Laplace’s plane gives: 
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The electrode’s impedance can thus be expressed as: 

( ) ( ) ( )pZpZRpZ Litf θ++= ><  

( ) ( ) ( )( )pZpCpZpZ fdlf += 1/) , 

resulting in the equivalent electrical circuit for this global mechanism depicted in Figure 11.  
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A direct result of the electro-kinetic equations is that in the equivalent electrical circuit Rct and RSEI 

formation // LSEI formation are placed in a series connection. Intuitively, however, one might find a parallel 

connection to be more logical. The above described temperature experiment shows that the inductive 

effect is more pronounced at low temperatures; RSEI formation increases as the temperature decreases 

(or the formation of SEI is promoted at higher temperatures). This is the reason why charge transfer 

and SEI formation are placed in series connection, because both are linked and follow the same 

evolution. If one would place SEI formation in parallel connection with charge transfer, it would mean 

that SEI formation is promoted at low temperatures (RSEI formation decreases when T decreases). This is 

illustrated in Figure 13 (left: series connection, right: parallel connection).  

From a pure mathematical point of view, both parallel and series circuits are "equivalent" (since it is 

possible to find parameters that link each other) but, from a phenomenological point of view, they are 

completely different since one (series) describes a thermally activated SEI formation occurring in 

competition with charge transfer, whereas the other one (parallel) describes an anti-Arrhenius SEI 

formation (occurring also in competition with charge transfer). It is well established that SEI formation 

is an Arrhenius-type reaction (degradation is improved at high temperatures) and it completely 

justifies then to consider the proposed model as the correct one, even if it is not the most intuitive 

one. 

 

Figure 13: Schematical representation of the evolution of the inductive loop in case of a series or parallel 

connection of the charge transfer part and the inductive part in the equivalent circuit. 
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3.4 Conclusion 

This electrochemical impedance study, performed on the second electrochemical cycle of two 

different silicon powders, has allowed the identification of several interphase phenomena, which are 

associated to semi-circles at different characteristic frequencies in the EIS spectra: 

• the presence of the SEI layer on the surface of the silicon particles around 50 kHz 

• the charge transfer process between 300 and 1500 Hz (varying with the working potential) 

This work has also highlighted the presence, below a specific voltage (0.35 V), of an inductive loop: a 

particular phenomenon, rarely observed in the field of Li-ion batteries, and to the best of my 

knowledge, never mentioned for silicon-based electrodes. Several complementary and independent 

experiments suggest that the inductive loop in the corresponding EIS spectra is a result of a 

competition between the Li-alloying reaction and the formation of SEI. A reaction mechanism and an 

equivalent electrical circuit, associated to this phenomenon, is proposed to model this effect.  

The results in this chapter prove that SEI is being formed during the Li-insertion process in silicon 

(below 0.35 V), whereas it is described in literature that the main SEI is formed above this potential. 

The volume changes that accompany the (de)lithiation process, are expected to cause the SEI layer to 

break, resulting in the exposure of fresh silicon surface to the electrolyte. As a result, new SEI will be 

formed on these surfaces. The Li+-ions consumed by this reaction will be in competition with the Li-

alloying process and result in an inductive loop in the EIS spectra. 

The presence of such an inductive loop indicates that EIS is an ideal technique to study the stability 

and/or coverage of the SEI layer on the surface of silicon electrodes. It will even allow in the future to 

evaluate very fast the behavior of silicon that is present in a covering matrix, e.g. in a Si/C composite 

material. When free silicon surface is exposed to the electrolyte, an inductive loop will be present in 

the EIS spectra. However, when the silicon is protected by a covering matrix, no inductive loo will be 

present. As a result, the presence or even better the lacking of this inductive loop in the impedance 

spectrum immediately provides information about the state of silicon present in a matrix and can be 

used as a fast screening tool for new electrode materials. These findings will be used and handled in 

detail in the following chapters. 
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Chapter 4 

Monitoring of the SEI-evolution of coated 

Si nanoparticles 
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4.1 General introduction 

As already described in the general introduction in 1.4.3, several approaches are possible to 

overcome the issues created by the volume changes and continuous SEI formation that take place in 

Si-based electrodes. Today, the main effort for commercialization is oriented towards the use of 

coatings and composites. This strategy is known to improve the conductivity of the electrode while 

retaining the capacity by limiting the SEI formation. However, many parameters such as the impact of 

a coating on the silicon anode material and on the SEI formation are still unknown and are of crucial 

importance for further development and/or improvement. 

To use these materials on an industrial scale, the interface between a coating or composite matrix 

and silicon on the one hand and the electrode matrix on the other hand has to be completely 

understood, paying particular attention to the influence on the SEI formation and stability. As the 

interface between silicon and the composite matrix is on the nanoscale and is extremely sensitive to 

exposure to air, it is definitely not straightforward to investigate. A wide range of techniques has 

already been used, each one with its own advantages and disadvantages. Examples of techniques 

that are frequently used are: scanning electron microscopy (SEM)[1-3], X-ray diffraction (XRD)[4-6], X-ray 

photoelectron spectroscopy (XPS)[1, 7-9] and infrared spectroscopy (IR)[1, 8]. The main drawback of the 

mentioned techniques is that they are active on the electrode level and less suitable for the particles 

surface level. 

In this work, two dedicated techniques, transmission electron microscopy (TEM) and electrochemical 

impedance spectroscopy (EIS), are used to investigate the impact of an applied coating on silicon 

during electrochemical cycling. Advanced TEM is a technique that can give a unique insight into the 

mechanisms that are of importance at the electrode interface, at the nanoscale and even with 

atomic resolution. EIS on the other hand is a powerful analysis tool to study the different aspects of 

electrode kinetics, interfacial changes and the SEI formation[2-4, 10-18]. The combination of both 

techniques gives us the opportunity to link information on the nanoscale (TEM) with more averaged 

data on the electrode scale (EIS).  

This in-depth study is performed on a crystalline silicon reference nanopowder and several 

derivatives of this product with different applied coatings (carbon, alumina and silica coating). Thanks 

to the system’s simplicity, the materials are ideal to study the processes that are important at the 

electrode interface. In addition, a first step towards commercially applicable Si/C composites is made. 

The transferability of the TEM-EIS combination towards these more complex composite electrodes, 

which has been optimized on the core-shell nanoparticles systems, is evaluated. 
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4.2 Carbon coating[19] 

4.2.1 Introduction 

A carbon coating is probably the most intensively studied coating for silicon nanoparticles for Li-ion 

battery electrodes. The main reason is that the carbon coating improves the conductivity in the 

electrode matrix. In the simplest case, without the use of a coating, a conductive carbon additive is 

mixed with the silicon nanopowder and held together by a polymeric binder[20]. However, a chemical 

linkage between the conductive carbon and the silicon surface improves the cycling performance of 

the electrode. Silicon nanoparticles have for example been grafted by graphite to improve the 

conductivity of each individual particle[21]. Alternatively, a graphite-like coating was applied to Si 

nanoparticles by thermal vapor deposition (TVD) to retain the integrity of the particles during cycling, 

in addition to improving the conductivity. However, even though the coating improved the cycling 

performances of the electrode, an irreversible accumulation of Li-ions in the material was reported[6]. 

A carbon coating can be used to protect against capacity fading on both the individual particle as 

global electrode level[2]. A diamond-like coating, applied over the entire electrode was reported to 

buffer for the volume expansion of silicon and protect against the reaction with electrolyte[3]. This 

lead to the most advanced types of carbon silicon-carbon composites, where a mixture of silicon 

particles and conductive carbon additives (e.g. nanotubes and/or graphite particles) are carbonized 

and transformed in one matrix[10, 22]. Note that the more carbon is present in a Si/C composite, the 

smaller the contribution of the high capacity of silicon will be. It is obvious that a balance must be 

found between capacity, robustness and conductivity of the composite material. 

In this part, the influence of a simple, graphite-like coating applied on the nanoparticle level, is 

investigated. This specific coating is chosen because it is the first step towards a more complex Si/C 

composite. The coated material is intensively compared to an uncoated crystalline silicon reference 

material, using both TEM and EIS. TEM is used to study the surface on a very local scale, whereas EIS 

provides information on the electrode level. The outline of this part is illustrated in Figure 1. The 

integrity of the applied carbon coating is evaluated during cycling as well as its influence on the 

formation of SEI and the Li (de)-alloying process. 
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Figure 1: Schematical overview of the outline of this part: the formation of cracks and the influence of a 

carbon coating and volume changes on the formation of SEI is investigated using TEM (information on a very 

local scale) and EIS (averaged over the entire electrode). 

 

4.2.2 Experimental 

Materials: Two silicon nanopowders were used for this case study. The crystalline nanopowder from 

Umicore (c-Si) was used as a reference material to evaluate the carbon-coated variant (c-Si-C), 

synthesized by a thermal vapor deposition of toluene on c-Si.  

Electrode fabrication and battery assembly: Both silicon powders were used to make battery 

electrodes. For the electrochemical tests, an aqueous mixture of c-Si powder (80 wt %, Umicore), 

carbon black (12 wt %, Timcal C-NERGY SuperP) and CMC (8 wt %, Alfa Aesar) was used to produce a 

battery paste. In the case of c-Si-C, carbon black was left out of the mixture, while maintaining the 

ratio of active material and CMC. By using a doctor blade, the paste was coated onto a copper foil 

current collector at a thickness of 100 µm. After initial drying at 70 °C, electrodes of 0.95 cm2 were 

punched and dried overnight at 110 °C under vacuum, after which they were transferred into an 

argon-filled glove box. Here, 3-electrode Swagelok®-type cells were assembled. Metallic lithium was 

used as both counter and reference electrode. The electrodes were separated by glass fiber 

separators, soaked with electrolyte (1 M LiPF6 in a 1:1 wt % mixture of ethylene carbonate (EC) and 

diethyl carbonate (DEC)).  

For the TEM experiments, only silicon powder was used to make 2-electrode Swagelok®-type cells in 

a similar way as described above. In the case of c-Si, 13% of conducting carbon nanofibers (Showa 

Denko) were added to the electrode mixture in order to improve the conductivity. 
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Galvanostatic cycling was carried out with a Biologic® VMP3 machine at a C-rate of C/50 between 

0.01 V and 1.5 V. 

TEM measurements: TEM measurements were performed at several stages during lithiation and 

delithiation. 2-Electrode batteries were cycled at a C-rate of C/100, after which they were transferred 

to an argon-filled glove box and opened. The reacted electrode powder was soaked for 1 minute in 

pure DEC to wash off remaining Li-salts. Afterwards, the powder was dispersed in DEC and dropped 

onto a holey carbon film, coated on a copper mesh TEM grid. This grid was mounted onto a 

specialized Gatan TEM holder, to transfer the sample from glove box to microscope without contact 

to air. 

All battery samples were investigated on an FEI TITAN 80-300 “cubed” microscope equipped with an 

aberration-corrector for the probe forming lens and operated at 120 kV acceleration voltage. 

Electron energy-loss spectroscopy (EELS) measurements were performed in scanning transmission 

electron microscopy (STEM) mode. Typical experimental settings used were; convergence angle α of 

22 mrad, EELS collection angle β of 61 mrad, spectra acquired at an energy dispersion of 0.5 eV/pixel. 

To generate the chemical maps, the EELS spectra in the acquired “spectrum image” datacubes were 

fitted in the EELSModel[23] software package using a power-law background AE-r combined with 

reference spectra (for Si0, Si4+, the carbon coating and the carbonaceous SEI). The intensities of the 

reference components as well as the power-law background were fitted to the acquired spectra, and 

the signal intensities were plotted to generate the component maps. The model was fitted using a 

Levenberg-Marquardt method for Poisson statistics. Energy-dispersive X-ray (EDX) measurements 

were performed with a Tecnai Osiris microscope, equipped with a Super-X detector and operated at 

200 kV acceleration voltage. 

EIS measurements: The 3-electrode batteries for EIS measurements were cycled at a C-rate of C/50, 

using a Biologic® VMP3 machine. All EIS measurements were performed after a CV-step at the 

desired potential for 2 hours, after which the deviation of the current was smaller than 5 µA.h-1. The 

perturbation amplitude was 10 mV and the frequency was scanned in a range from 100 kHz to 100 

mHz. Zview software was used to fit the acquired impedance spectra. 

 

4.2.3 The initial materials 

In order to investigate the cycled materials, the characteristics of the initial materials need to be 

well-documented. Size distribution measurements estimated the average particle diameter of both 

powders to be around 50 nm with a wide distribution (nm to µm). BET measurements showed a 

specific surface area of 23 m2.g-1 and 20 m2.g-1 for c-Si and c-Si-C respectively. A TEM image of both 

initial materials is presented in Figure 2. The crystallinity of the silicon particles is confirmed with the 

diffraction pattern as inset in Figure 2a. c-Si has a native oxide layer thickness of 2 nm (Figure 2a), 

whereas c-Si-C presents a native oxide layer of 4 nm and a carbon coating with a thickness of 11 nm. 

The thick carbon coating at the surface of c-Si-C can be observed in Figure 2b. The inset in the image 

shows that the carbon coating has a layered structure, with a graphite-like morphology. 
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As can be seen from Figure 2c, both silicon powders have a similar galvanostatic behavior in the first 

cycle of lithiation/delithiation and feature an amorphization plateau during lithiation around 50 mV. 

During delithiation there is a plateau in the galvanostatic curve at 420 mV. It is clear that c-Si (3850 

mAh.g-1) reaches a higher capacity than c-Si-C (2600 mAh.g-1), because c-Si-C consists of almost 30% 

of carbon material, contributing to a lower theoretical capacity (3304 mAh.g-1 for c-Si compared to 

2340 mAh.g-1 for c-Si-C). Note that both measured capacities exceed the theoretical value, indicating 

an additional irreversible capacity due to SEI formation. Furthermore, c-Si has a much higher 

irreversible capacity loss in the first cycle compared to c-Si-C (442 mAh.g-1 and 298 mAh.g-1 resp.). 

The carbon coating provides a better protection of the silicon surface, changing the surface chemistry 

and resulting in less and/or different SEI formation. In addition, the good conductivity of the carbon 

coating will also improve the electrical integrity of the electrode. 

 

Figure 2. (a, b) TEM images of (a) c-Si with a clear indication of the amorphous oxide layer at the surface and 

the crystallinity of the Si core (FFT in inset) and (b) c-Si-C with the layered, graphitic carbon coating (higher 

magnification of the carbon coating in inset). 

(c) galvanostatic curve of the first complete electrochemical cycle of both c-Si and c-Si-C. The electrodes were 

cycled between 0.01 V and 1.5 V at a C-rate of C/50. Numbers 1 and 2 indicate the stages of TEM 

measurement in the first cycle. The TEM measurements in the second cycle were performed at similar 

potentials. 
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4.2.4 Local study by TEM 

Study of the pure electrode materials 

c-Si 

Both silicon powders, c-Si and c-Si-C, were electrochemically cycled and stopped at four selected 

points (Figure 2c), namely at the end of lithiation and delithiation in the first two cycles, for a 

detailed TEM investigation. Figure 3a and b show a TEM image and an electron energy-loss 

spectroscopy (EELS) chemical map respectively of some c-Si particles in fully lithiated state (0 V) in 

the first cycle. The chemical maps were generated using the program “EELSModel”[23]. This approach 

can provide insight into the bonding and/or valency of the probed elements through the fine 

structure of the acquired EELS edges. For example, the shape of the Si L2,3 edge allows to 

differentiate between  Si0 and Si4+[24]. By fitting the Si L2,3 edge with a reference for Si0 and Si4+, the 

distribution of both can be mapped out.  

Compared to the initial material in Figure 2a, a large surface modification has taken place. The 

lithiated silicon particles have become partly amorphous[25] and the oxide layer at the surface has 

become much thicker (average 16 ± 1 nm). A crystalline core remains, indicating an incomplete Li-

insertion process. It is interesting to mention here that a polygonal shape of the crystalline silicon 

core, originating from the preferential lithiation of certain facets in crystalline silicon, can be 

observed[26-27] (see Chapter 5).  

The chemical map shows the distribution of the various elements present in the sample and indicates 

that the surface layer is composed of oxidized silicon products. This observation is in agreement with 

reports in literature where the native oxide layer is converted in lithium silicates (Li4SiO4) due to 

reactions with the electrolyte and SiOxFy due to reaction with the lithium salt LiPF6
[7-9, 28-29]. The 

presence of Li4SiO4 is further supported by the quantification of the EELS signal. Figure 4a shows the 

EELS quantification results of a cross section through an initial c-Si particle. At the surface, the 

oxidized silicon is present in the SiO2 composition, with a small transition layer of SiOx. The cross 

section through the particle in Figure 3h after two electrochemical cycles (Figure 4b), shows a change 

in composition: at the surface there is a 20/80 atomic percent Si/O ratio, corresponding to Li4SiO4. It 

is important to keep in mind that the acquisition of the EELS data involves an intense interaction of 

the electron beam with the electrode material under investigation. As a result, there is the possibility 

that some of the volatile components, especially in the SEI, are altered or evaporated during data 

acquisition. Although this makes the technique less suitable to study the exact composition of the SEI, 

it remains well-suited to visualize the chemical distribution at the surface of the electrode materials.  
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Figure 3. TEM images (a, c, e, g) and chemical maps (b, d, f, h) of c-Si particles at different states in the 

(de)lithiation process. (a, b) lithiated state (0 V) in the first cycle; (c, d) delithiated state (1.5 V) in the first 

cycle; (e, f) lithiated state (0 V) in the second cycle; (g, h) delithiated state (1.5 V) in the second cycle. 
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Figure 3c and d show TEM images of the c-Si powder when cycled for one complete first cycle, from 

OCV to 0 V and back until 1.5 V. The SEI layer at the surface of the particles was observed to be 

slightly thinner (14 ± 1 nm) but less stable under the electron beam as compared to the lithiated 

state. A similar phenomenon has been reported for graphite surfaces[30], where a dynamic behavior 

of the SEI layer was observed, with thickening of the SEI at lower potentials and a thinning-out of the 

layer at 1.5 V. Although the composition of the SEI on carbon surfaces is different from that on silicon 

surfaces, their behavior is similar. The distribution map in Figure 3d indicates that the surface of the 

particles is composed of oxidized silicon components (Li-silicates). Furthermore, a specific carbon 

signal can be observed at the extreme surface of the particles (see Figure 5 and Figure 6). This signal 

originates from carbon-containing components of the SEI, such as Li2CO3 and/or lithium alkyl 

carbonates[31-33]. It is described in literature that the outer part of the SEI layer is composed of 

organic components, whereas the inner part consists of inorganic species (silicates)[33].  

During lithiation in the second cycle, the thickness of the SEI layer continues to increase (Figure 3e 

and f). The presence of the SEI layer makes the surface of the particles very rough. Furthermore, we 

managed to observe a trace of lithium at the surface, indicating that this SEI layer is composed of Li-

containing structures (Li4SiO4, Li2O, LiF)[34]. Si-Li alloy has not been observed, as lithium in this state 

evaporates immediately upon illumination by the electron beam. Furthermore, a carbonaceous SEI is 

also observed. Finally, the SEI layer again decreases in thickness in the delithiated state of the second 

electrochemical cycle (Figure 3g and h). Here, no lithium is detected at the surface. This is again in 

accordance with literature, where it is reported that some Li-containing components are only present 

in the lithiated state.[29] 

 

Figure 4: EELS quantification results of a cross section through (a) an initial c-Si and (b) the c-Si particle of 

Figure 3h after 2 electrochemical cycles. 

 

c-Si-C 

Similar results for the carbon coated electrode powder (c-Si-C) are shown in Figure 5. As mentioned 

previously, 150 nm is known as the lower limit of crack formation in Si nanoparticles. However, 

cracks are observed in carbon-coated particles with a diameter lower than the previously mentioned 

limit (arrows in Figure 5a and g). We suggest that, during the lithiation-induced volume increase, the 

carbon coating applies some additional stress on the surface, causing the coating and particle to 

crack faster (see Chapter 5). The composition map in Figure 5b indicates that the initial oxide layer 
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between the silicon and the carbon coating is kept intact during lithiation and still has the initial 

thickness of 4 nm. In addition, EELS quantification shows a 33/67 atomic percent ratio of Si/O, 

corresponding to SiO2 composition. However, outside the carbon coating, Si4+ is also observed close 

to the crack in the coating. In these areas, electrolyte is able to react with the silicon surface, 

resulting in the conversion of the native oxide layer into lithium silicate Li4SiO4 (20/80 Si/O atomic 

percent ratio using EELS quantification). In the areas where the carbon coating shields the silicon 

surface from the electrolyte, the native oxide layer is kept intact. These observations clearly prove 

the creation of electrolyte-silicon interfaces at the level of the carbon crack. Consequently, the 

carbon coating is no longer fully protective even after only one electrochemical cycle.  

 

Furthermore, we managed to differentiate between the EELS signal of the carbon coating (Figure 6a) 

and another carbon source that has been observed at the outer surface of the particles (Figure 6d). 

The signal of the carbon coating is very similar to the signal of a graphite reference (Figure 6b) and 

clearly different from an amorphous carbon reference (Figure 6c). Consequently, the carbon coating 

has a graphite-like structure. The signature signal of the other carbon source at the outer surface of 

the particles is very similar to the signal of pure Li2CO3 (Figure 6e). The similarity of both EELS signals 

suggests that the unknown signal originates from a compound (or family of compounds) very similar 

to Li2CO3. This indicates that the signal originates from alkyl carbonates in the SEI, formed by 

electrolyte decomposition. As a result, this fingerprint signal could be used in the future as a 

reference to map the presence of SEI in a carbon-based matrix, such as composite materials, making 

this a very powerful analysis tool.  

 

At the end of the first cycle, in the delithiated state (1.5 V), the initial oxide layer is still intact (Figure 

5c and d). Furthermore, the morphology of the SEI layer has become increasingly inhomogeneous. 

The thickness of the surface layer (SEI + coating) appears to be larger in the lithiated than in 

delithiated state (24 ± 1 nm vs. 18 ± 1 nm), as is also the case with c-Si. The same evolution is 

observed in the second electrochemical cycle. The results of the thickness evolution of the SEI are 

displayed in Figure 7. For both c-Si and c-Si-C, the TEM-measured SEI thickness is higher in the 

lithiated state compared to the delithiated state. A similar evolution has been observed for the EIS 

results (discussed in more detail below). An estimation of the resistance of the SEI, which is extracted 

from the recorded EIS spectra during the first two cycles, can be correlated to the SEI thickness, since 

the resistance of a layer is proportional to its thickness. The SEI resistance results in the bottom 

graph in Figure 7 also indicate a higher resistance for the lithiated states, which confirms the 

dynamical behavior of the SEI. 
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Figure 5. TEM images (a, c, e, g) and chemical maps (b, d, f, h) of c-Si-C particles at different states in the 

(de)lithiation process. (a, b) lithiated state (0 V) in the first cycle; (c, d) delithiated state (1.5 V) in the first 

cycle; (e, f) lithiated state (0 V) in the second cycle; (g, h) delithiated state (1.5 V) in the second cycle. 
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Figure 5e and f show the carbon coated electrode material during the second cycle, in the lithiated 

state (0 V). The carbon coating shows more and more cracks and the morphology of the SEI has 

become rougher. At the right side of Figure 5f, a separated piece of carbon coating with SEI at the 

surface is observed, indicating the process of degradation where the carbon coating detaches from 

the silicon surface. Also, similar to the case with c-Si, a lithium signal is observed at the surface of the 

particle. At the end of the second cycle, in the delithiated state (1.5 V), more cracks in the coating 

and particles can be observed (Figure 5g). Figure 5h nicely summarizes the shielding effect of the 

carbon coating. In areas where the carbon coating is still attached to the silicon surface, the native 

oxide layer is preserved. In areas where the coating was removed during the lithiation-induced 

volume changes, a lot of Si4+ is observed at the silicon surface, originating from silicates. A detached 

piece of the SEI can also be observed, highlighting the changes in morphology of the surface. In the 

delithiated state, no lithium signal was observed in the SEI layer. 

 

 

Figure 6. EELS fingerprint spectrum of (a) the carbon coating of c-Si-C, (b) a graphite reference, (c) an 

amorphous carbon reference, (d) the carbonaceous SEI and (e) a pure Li2CO3 reference. 
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Figure 7: Evolution of the SEI thickness, measured by TEM (upper) and estimated by EIS (lower). 

 

Study of the materials in electrode paste composition 

The measurements above have all been performed on electrode powder without the presence of a 

polymeric binder. However, in a real battery electrode, the powder is mixed with a polymeric binder, 

to improve the unity and connectivity between the electrode particles. Adding CMC as binder 

drastically increases the complexity of the TEM measurements, because the polymer introduces an 

additional source of carbon. Figure 8 shows the TEM results after 1 electrochemical cycle. On a 

morphological point of view, there seems to be no difference with or without CMC binder (Figure 8a 

vs. Figure 5c). The elemental composition map in Figure 8b indicates that similar surface reactions 

have occurred compared to when no CMC was used. An oxygen signal was observed both on the 

inside and outside of the carbon coating. EELS quantification of the inside signal showed a 33/67 

atomic percent Si/O ratio, corresponding to a SiO2 composition, similar to the case without CMC. 

Near a crack in the left particle, the composition was changed to 20/80 atomic percent Si/O ratio, 

suggesting a conversion of SiO2 into Li4SiO4. The oxygen signal at the outside of the carbon coating 

can have two origins: both CMC and carbonate structures from the SEI contain oxygen. However, by 

fitting reference spectra for CMC, carbon coating and carbon from the SEI to the recorded carbon 

edge, using the EELSModel[23] software, we were able to map out the different carbon components. 

The reference spectra that were used, are presented in Figure 9. The main contributor of the oxygen 

signal at the outside of the carbon coating appeared to be CMC. Only a small amount of SEI was 

detected and is therefore not shown in Figure 8c. The reduced SEI formation is in accordance with 

literature[35]. CMC forms a nicely covering film at the surface of the carbon coated particles. Note also 
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that both particles have reacted completely. The left particle has cracked (the green carbon coating 

in Figure 8c presents a big gap), whereas the right particle presents a porous structure, which can be 

noticed by the lower contrast in the core of the particle (see Chapter 5). The CMC film at the surface 

helped to preserve their uniformity. 

 

Figure 8: STEM image (a) and chemical maps (b, c) of c-Si-C particles in an electrode formulation with CMC as 

polymeric binder, after 1 electrochemical cycle. 

 

 

Figure 9: EELS reference spectra for CMC polymeric binder, carbon coating and carbon from the SEI. 
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In summary, TEM confirmed that the initial SiO2 layer at the surface of silicon is converted into Li4SiO4 

upon reaction with the electrolyte. An applied carbon coating effectively protects against this 

conversion as long as the coating remains intact. The SEI that is formed upon reaction with the 

electrolyte as well, has a dynamical nature and is thicker in the lithiated state. The amount of the SEI 

that is formed can be suppressed and the preservation of the uniformity of the particles can be 

improved by using a polymeric binder in the electrode formulation. Part of the lithiated species in the 

composition of the SEI layer migrate out of the layer during the Li-extracion process. Finally, 

advanced TEM measurements resulted in the discovery of a fingerprint EELS signal of carbonate 

structures from the SEI, which allows to identify the SEI layer from a carbon-containing matrix. 

 

4.2.5 Study by EIS 

c-Si and c-Si-C three electrode cells are electrochemically cycled over two charge-discharge cycles. At 

specific potentials, EIS spectra are recorded. Figure 10 compares the impedance spectra of both 

electrode materials at 0.2 V in delithiated state of the first electrochemical cycle. Several regions in 

the impedance spectra can be differentiated: a semi-circle in the high-frequency region (~30 kHz) 

originating from a film at the surface (SEI, SEI + coating, …), a mid-frequency semi-circle (100-2000 

Hz) characterizing the charge transfer at the silicon surface and a low-frequency region associated 

with diffusion of Li+ into silicon bulk. An equivalent electrical circuit (inset in Figure 10) is used to fit 

the recorded impedance spectra, by calculating values for the different parameters in the equivalent 

circuit. The evolution of the three most important parameters that are extracted from the recorded 

impedance spectra, RSEI formation, Rct and Rfilm is discussed below.  

 

Figure 10. Typical impedance spectrum for c-Si and c-Si-C, recorded at 0.2 V during delithiation in the first 

electrochemical cycle. Inset: equivalent electrical circuit used for spectra fitting. 
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RSEI formation 

As illustrated in Figure 10, the impedance spectra present an inductive loop at low potentials, in both 

coated and uncoated samples. The inductive loop is explained by a mechanism that states that both 

Li+-ions and electrons are involved in a 2-step competitive reaction of the Volmer-Heyvrovsky-type, 

where lithium-insertion and SEI formation are both interdependent (see Chapter 3)[36]. Via a set of 

analytical equations, the parameter RSEI formation is introduced in the equivalent circuit. RSEI formation 

(Figure 11) can be interpreted as the thermodynamical ease to form SEI. Since RSEI formation is related to 

the formation of SEI, it can be used as a tool to monitor at which potentials the SEI is likely to be 

formed. To be clear: the couple RSEI formation//LSEI formation in the equivalent circuit in Figure 10 solely 

describes the process of SEI formation on silicon surfaces and not the irreversible capacity loss due to 

SEI formation. The irreversible character of the SEI formation is introduced by the Rfilm//Cfilm circuit 

(SEI-deposit on the surface of the electrode) that highlights the fact that some compounds are kept 

on the electrode surface, whereas some are dissolved or removed from the surface. 

In the beginning of the first lithiation of both the c-Si and c-Si-C electrode, RSEI formation has a high value 

until the potential reaches 0.15 V (Figure 11). A high value of RSEI formation means that SEI formation on 

silicon surfaces is difficult in this potential region. This, however, does not mean that no SEI is formed 

in the potential regions above 0.15 V (in fact, the initial SEI layer is formed in this potential region). 

Unfortunately, the inductive loop is only present when there is a competition between Li-insertion 

and SEI formation (Chapter 3) and it is the former that is mostly active only below 0.15 V. 

Furthermore, this parameter does not give any information on other kinds of SEI formation, such as 

the conversion of surface SiO2 into silicates and SEI formation on carbon surfaces.  

The galvanostatic cycling curve of the first lithiation of c-Si is shown in Figure 12 and illustrates the 

region where the first SEI is formed (1.5 V – 0.15 V) and where the Li-insertion reaction and 

additional SEI formation takes place (below 0.15 V). This is further highlighted with the differential 

capacity curve (dQ/dV) in the inset of Figure 12, which is calculated from the galvanostatic cycling 

curve. The zoomed-in dQ/dV graph shows the fingerprint area where the first SEI is formed. Indeed, 

several peaks in the region between 1.5 V and 0.15 V can be observed, corresponding to 

decomposition of electrolyte products and formation of SEI. 

Figure 12 also illustrates that the first Li-insertion reaction of the pristine silicon material starts at 

0.15 V. Below 0.15 V for both c-Si and c-Si-C, RSEI formation drops to a constant, low value. During the Li-

insertion reaction, SEI formation will become easier, until the lithiation ends at 0 V. The constant 

volume expansion in the potential region creates new surface, which allows continuous SEI formation 

and explains the constant low value of RSEI formation.  

During the delithiation and in the next cycle, the value of RSEI formation decreases with increasing 

potential. There are actually two possibilities for a low value of RSEI formation: or SEI formation is 

becoming easier (the inductive phenomenon is no more limiting and the inductive loop is becoming 

smaller) or the SEI formation is stopping (the phenomenon is progressively disappearing and the 

inductive loop is becoming smaller). In this case, SEI formation will stop for both electrode materials 

around 0.4 V in the delithiation (both cycle 1 and cycle 2) and start in the lithiation around 0.15 V 
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(cycle 2). In other words, besides from the initial SEI that is formed above 0.15 V during the first 

lithiation, additional SEI will only be formed in the subsequent cycles during the Li-insertion and Li-

extraction (below 0.15 V). The lithiation-induced volume changes will cause fresh silicon surface to 

be exposed to the electrolyte, resulting in a continuous SEI formation as long as the volume changes 

are occurring (below 0.15 V). 

 

Figure 11: Evolution of RSEI formation obtained for the EIS spectra of c-Si and c-Si-C during the first two 

electrochemical cycles. 

 

 

Figure 12: Galvanostatic cycling curve of the first lithiation of c-Si, at a C-rate of C/50 and the corresponding 

differential capacity curve (inset). 
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Rct 

The second parameter extracted from the impedance spectra is the charge transfer resistance 

(Figure 13). This parameter indicates the resistance that Li-ions encounter during the electron 

exchange when forming a Li-Si alloy. This resistance will be high at potentials where the Li-insertion 

process is not favored, as is the case above 0.15 V for both silicon materials during the first lithiation 

(due to the amorphization process). The curves of Rct present a sharp decrease at 0.15 V, indicating 

once more the start of the Li-insertion process at this potential. In addition to the similarities with c-

Si, c-Si-C also has an additional decrease in Rct around 0.8 V in the first cycle, which is linked to the Li-

insertion reaction of the carbon coating[2]. Hence, the Li-insertion reaction will take place in a two-

step process. 

Before the acquisition of every EIS measurement, the battery is left to relax during a resting period 

until equilibrium is reached. Measuring the difference in potential before and after the relaxation 

period is actually a GITT measurement. The potential difference (or overpotential) during relaxation 

is displayed in the bottom of Figure 13. The start of the Li-insertion process at 0.15 V causes an 

increase in the relaxed potential, because the build-up of Li-ions at the surface of silicon introduces a 

concentration gradient which increases the overpotential of the battery. 

During the Li-insertion process in silicon, below 0.15 V, Rct remains constant for both electrode 

materials. Ideally, the value should increase near 0 V; when fully lithiated, charge transfer will 

become more difficult, because the system will be almost saturated with lithium. Since the value of 

Rct does not increase here (also the overpotential does not increase), we can conclude that a fully 

lithiated state is not achieved. This is confirmed by the presence of a crystalline core in the TEM 

image in Figure 3b.  

The delithiation process is similar. Around 0.45 V, the curves for both electrode materials show an 

increase in charge transfer resistance, indicating that the Li-extraction process will become more 

difficult, since almost all Li-ions have been extracted from the silicon system. The overpotential 

during delithiation follows the same evolution as Rct in the case of c-Si. The increase in charge 

transfer resistance is less pronounced in the case of c-Si-C. The reason for this is the shielding effect 

of the carbon coating, which keeps the initial oxide layer intact. This SiO2-layer is known to be 

insulating for Li-ions, acting as a trap for Li-ions during the Li-extraction process[8]. Since the charge 

transfer process is dependent upon the active surface area and especially the concentration gradient 

of the involved species (Li+), the Li-extraction process will be favored, resulting in a low value of Rct. 

This build-up of the trapped Li-ions will also cause the overpotential to increase during the 

delithiation, with a maximum value around 0.45 V. 

The second electrochemical cycle has similar evolutions for Rct as the first. However, there is no 

sudden decrease during the lithiation as in the first cycle. Rct decreases gradually from 1 V until 0.2 V. 

The difference is that, after the first cycle, Si has become mainly amorphous, whereas it was 

crystalline before the first lithiation. Since the extra energy barrier for charge transfer caused by the 

amorphization process is not present in the second cycle, Li-insertion will already start at higher 

potentials. In the case of c-Si-C, the lithiation in the second electrochemical cycle starts at the same 
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low value of Rct where the lithiation in the first cycle ended. Since the Li-extraction process is not 

completely finished, Li-insertion in the second cycle will start with less resistance.  

 

Figure 13: Evolution of Rct obtained for the EIS spectra of c-Si and c-Si-C during the first two electrochemical 

cycles and the corresponding relaxed potential difference before equilibrium was reached during the first 

electrochemical cycle. 

 

Rfilm 

The evolution of the surface film resistance (Rfilm) is shown in Figure 14. The term ‘film’ represents 

every layer at the surface of silicon (i.e. SEI layer, coating, etc.). Since the resistance is proportional to 

the thickness of the film (as well as proportional to the resistivity and inverse proportional to the 

electrode surface), this parameter is a useful tool to monitor the evolution of this surface film during 

cycling. Unfortunately, it is not possible to differentiate between the carbon coating and the SEI 

layer[2, 4, 10]. Both will contribute to a suppressed semi-circle in the impedance spectrum.  

The value for Rfilm is low during the first lithiation step in both electrode materials. In the case of c-Si, 

Rfilm increases suddenly around 0.2 V until a maximum value is reached at 0.15 V. The increase is a 

result of both the Li-insertion taking place, accompanied by the formation of SEI and the conversion 

of surface SiO2 into lithium silicates, a process that typically takes place in this potential window[12]. 

This conversion results in a thicker surface film and hence a higher value for Rfilm. In the case of c-Si-C, 

Rfilm already starts increasing between 0.8 V and 0.2 V, the potential window where the SEI is formed 

on a carbon surface. This illustrates that the SEI-formation here also follows a two-step process, with 

a formation on carbon surface between 0.8 V and 0.2 V and a formation on silicon at lower potentials.  

During the Li-insertion process, below 0.15 V, the value of Rfilm decreases slightly with both electrode 

materials. Bear in mind that this value is inverse proportional to the electrode surface. If one would 

normalize the value by the electrode surface, thus correcting for the volume increase, the value of 



93 

 

 

 

 

Rfilm would remain constant during the Li-insertion process. During the delithiation step in the first 

cycle, Rfilm shows a sudden decrease around 0.45 V, the potential at which the Li-extraction process 

stops for both electrode materials (cfr. Rct,). The dynamical behavior of the SEI at this point results in 

a decrease of Rfilm.  

The second electrochemical cycle is comparable to the first in the case of c-Si, with the exception 

that in the lithiation step there is a more gradual increase in Rfilm starting from 0.6 V, as the Li-

insertion reaction also starts at higher potentials compared to the first electrochemical cycle (cfr. Rct). 

Since SEI formation is not yet active at this potential (see RSEI formation), the increase in Rfilm can be 

explained by the increase in surface area, due to the volume expansion and the dependence of Rfilm 

on this surface area. The delithiation step in the second cycle is very similar to the first cycle. In the 

case of c-Si-C, the second electrochemical cycle is somewhat different. The sharp increase in Rfilm 

during the lithiation appears only at very low potentials. This is also caused by the insulating effect of 

the unreacted oxide layer at the surface of silicon, due to the shielding effect of the carbon coating.  

 

Figure 14: Evolution of Rfilm obtained for the EIS spectra of c-Si and c-Si-C during the first two electrochemical 

cycles. 

 

In conclusion, we have monitored that in the first lithiation, in the case of c-Si, the surface SiO2-layer 

is converted into lithium silicates around 0.2 V. In the case of carbon-coated silicon, SEI formation 

and Li-insertion in the coating take place between 0.8 V and 0.15 V. The alloying reaction between 

lithium and silicon and SEI formation on silicon surface is active below 0.15 V. The dealloying reaction 

during the delithiation is active until 0.45 V. However, when a carbon coating is present, the native 

oxide layer at the surface of silicon will not be converted in lithium silicates and will block the Li-

extraction process, resulting in very low values for Rct and an increased overpotential. 
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4.2.6 Interface evolutions upon cycling 

EIS results are also consistently acquired at the end of the lithiation (10 mV) and the end of 

delithiation (1.5 V) during 30 electrochemical cycles. Figure 15 compares the evolution of the three 

impedance parameters of c-Si with c-Si-C. 

 

c-Si 

The evolution of RSEI formation of c-Si has two drops: a first around cycle 4 and a second around cycle 18. 

The first drop around cycle 4 can be attributed to a first pulverization of the electrode due to the 

drastic volume changes taking place every cycle. Fresh silicon surface will be exposed to the 

electrolyte, resulting in a decrease in RSEI formation and consequently the formation of new SEI. 

The pulverization of the electrode also translates into a decrease in Rct (Figure 15c), because the 

electrode reaction surface will increase.[37] Due to additional SEI formation in the following cycles 

(cycle 5 until cycle 10), Rct and RSEI formation will increase again. After cycle 10, both RSEI formation and Rct 

decrease until cycle 18. Every electrochemical cycle, the electrode will pulverize more and new SEI 

will be formed. As described by Radvanyi et al.[9] and illustrated in Figure 3 and Figure 5, the 

interaction between the silicon particles and the SEI will no longer be purely core-shell. The SEI will 

start to detach from the surface and fill up bigger gaps in the electrode. In addition, the increased 

reaction surface will result in a decrease in Rct. After a certain point, the 18th cycle in this case, the 

matrix will become more or less saturated with SEI.[9] Additional cycling will then not generate new 

SEI. Consequently, the inductive phenomenon attributed to the formation of SEI will go away and RSEI 

formation will become small or ultimately disappear. 

 The evolution of Rfilm of c-Si is shown in Figure 15g. Rfilm increases gradually until cycle 18, after which 

the value decreases again. This first increase confirms that the electrode is fractionated upon cycling 

and that every cycle new SEI will be formed. The decrease after cycle 18 could be explained with 

electrode material that loses connectivity with the electrode due to volume changes and 

pulverization, thus no longer participating in the electrochemical reaction and contributing to the 

averaged value of Rfilm. 

 

c-Si-C 

In the case of c-Si-C, RSEI formation has a sudden decrease at cycle 2. The main SEI formation on silicon 

surfaces will occur in the first cycle. In the consequent cycles, the inductive phenomenon will become 

small, since only new SEI on silicon surface will be formed when a crack appears in the carbon 

coating. The carbon coating will protect the silicon surface against most SEI formation. Even though 

the carbon coating will crack, it will still cover most of the silicon surface.  

A small increase in RSEI formation can be observed around cycle 12, suggesting a small re-activation of the 

inductive phenomenon. At this point, the carbon coating will have degraded enough to make the 

surface behave more like the surface of c-Si. To confirm this, an energy-dispersive X-ray (EDX) map 
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was recorded after 30 electrochemical cycles (Figure 16a and b). The results for c-Si-C (Figure 16b) 

are very similar to c-Si (Figure 16a). It is no longer possible to distinguish a carbon coating at the 

surface of c-Si-C. For both the coated and uncoated electrode material, the silicon particles are 

completely fractionated after 30 cycles and covered with SEI.  

Besides from the first cycle where the value of Rct (Figure 15d) is higher, there is a gradual increase 

over cycling. This evolution of Rct confirms that the carbon coating exhibits a shielding effect on the 

silicon particle. The Li-insulating native oxide layer is protected by the carbon coating and blocks the 

Li-insertion process of silicon, causing an incomplete lithiation which results in a lower value for Rct. 

When the coating is degraded during cycling, less Li-ion blocking will occur, resulting in a general 

increase of Rct during cycling.  

This theory is strengthened further with the evolution of Rct in the delithiated state (1.5 V) (Figure 

15f). The values here are low, whereas they are high and constant with c-Si (Figure 15e). The slight 

increase during cycling is attributed to the general aging of the cell: active material being 

disconnected and the build-up of concentration gradients, which result in an increase in charge 

transfer resistance. As already described above, in a normal Li-extraction process, the charge transfer 

resistance is high in the delithiated state (Li-insertion process is thermodynamically inactive at this 

potential). In the case of c-Si-C however, the charge transfer resistance is low and gradually increases 

over cycling, since the shielding carbon coating is being destroyed during cycling and thus hindering 

the Li-extraction process less and less.  

The evolution of Rct can therefore be used to monitor the degradation of the carbon coating. As the 

coating degrades, the charge transfer resistance will increase in both the lithiated and delithiated 

state. It is expected that Figure 15f will reach a plateau around 250 Ω, the value of c-Si, indicating the 

carbon coating has degraded completely and the charge transfer process behaves as a silicon-like 

system. Rfilm increases gradually (Figure 15h), indicating once more that the carbon coating is being 

degraded during cycling. The thickness of the SEI layer will hence increase accordingly. The loss of 

electrode material, as was the case for c-Si, is avoided here because the (fractured) carbon coating 

will retain the conductivity and connectivity of the electrode. 
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Figure 15. Evolution of the parameters obtained for the EIS spectra during the first 30 electrochemical cycles 

of c-Si (a, c, e, g) and c-Si-C (b, d, f, h). (a, b) RSEI formation (10 mV); (c, d) Rct (10 mV); (e, f) Rct (1.5 V) and (g, h) 

Rfilm (10 mV).  
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Figure 16. EDX map of (a) c-Si and (b) c-Si-C at the end of 30 electrochemical cycles. 

 

4.2.7 Conclusion 

TEM observations confirm that the surface SiO2-layer of the silicon nanoparticles is immediately 

converted into lithium silicate structures during the first lithiation. However, the application of a 

carbon coating effectively shields the native silicon surface from the electrolyte, avoiding a 

conversion into silicates. The unreacted SiO2-layer appears to have an insulating effect for lithium, 

hindering the (de)alloying reaction of silicon, which is confirmed by both TEM and EIS. Despite the 

coating being 11 nm thick, the integrity is destroyed after just 2 cycles, causing a gradual conversion 

of SiO2 into silicates and an exposure of the silicon surface to the electrolyte during further cycling. A 

thicker coating could be a valid approach but with consequences for the capacity.  

These observations are also confirmed by EIS measurements. The impedance parameters Rct and Rfilm 

prove to be a simple tool to monitor the degradation of the carbon coating over cycling. Parameters 

RSEI formation and Rct can be used to monitor the pulverization of the electrode. In this study, the 18th 

electrochemical cycle shows to be a critical point for the pulverization of the electrode and the 

formation of SEI, which can easily be monitored via RSEI formation and Rct. The main SEI layer is formed 

during the first lithiation of the electrode, above 0.15 V, whereas during further electrochemical 

cycling, SEI is only formed on newly exposed silicon surfaces due to lithiation-induced volume 

changes, between 0.15 V and 0 V. In the case of carbon-coated silicon, a two-step process is active, 

where SEI formation on the carbon surface takes place between 0.8 V and 0.15 V in the first lithiation.  

Both TEM and EIS observations confirm that the SEI is a dynamical layer, as the thickness is not 

constant during one electrochemical cycle. Furthermore, a trace of lithium ions is observed in the SEI 

only in lithiated state, whereas this is not the case for delithiated state. However, the exact 

composition of the SEI is still unknown, despite the amount of research that has already been 

performed on the topic. It would be very interesting to gain more insight in this topic, to understand 

which products are dissolved again in the electrolyte during the delithiation and cause the dynamical 

effect of the SEI layer. 
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Finally, we managed to detect an EELS fingerprint for carbonate structures in the SEI layer, making it 

possible to map the SEI and differentiate it from a carbon matrix. 

 

4.3 Alumina & silica coating 

4.3.1 Introduction 

An alumina coating has a more complex function than a carbon coating: whereas a carbon coating 

improves the conductivity and provides a certain mechanical stability, an Al2O3 coating can be 

considered as an artificial SEI layer. It is chemically stable and has a very good Li-conductivity. The 

Al2O3 layer is partly converted into AlF3 upon electrochemical reaction with the electrolyte. Thanks to 

this conversion, the Li-conductivity is increased. In addition, a small layer of LiAlO2 is formed at the 

surface, which helps the Li-insertion by reducing the associated energy barrier (charge transfer 

resistance). Furthermore, the alumina coating suppresses the chemical reaction between silicon and 

the electrolyte, reducing the amount of SEI. Also, the coating can mitigate mechanical degradation, 

which results in an improved cycling performance[38-41]. 

A silica coating is almost always present as a very thin layer at the surface of silicon, due to natural 

oxidation in air. As a thick layer, however, it is considered to be a negative property of the electrode, 

as SiO2 is Li-insulating and does not react with Li[8]. It is reported however, that in thin films and at 

low potentials SiO2 is converted to the more stable and Li-conductive silicate structure (Li4SiO4)[42]. A 

difference in reactivity is reported for different oxide compositions: the reversible capacity decreases 

as x in SiOx increases[43-44]. This could explain the generally unharmful initial oxide layer at the surface 

of silicon, since it is mainly present as SiOx (see chapter 5.2). In a thick oxide layer however, almost all 

silicon oxide is present as SiO2. A silica layer is expected to have a similar positive effect on the SEI 

formation as an alumina coating. Although the removal of the silica layer, after treatment with HF, 

increases the conductivity, a thicker SEI layer is observed with more organic components and Li2O in 

the composition[45-46]. It was also reported that the presence of Li2O does not originate from SiO2, 

since this reduction is kinetically impossible[8]. 

In order to further investigate the influence of these two coatings on the very complex surface 

chemistry that takes place during electrode cycling, a detailed TEM study is performed in 

combination with several electrochemical techniques. Especially the affinity with the polymeric 

binder is evaluated and compared to the uncoated reference material. 

 

4.3.2 Experimental 

The two materials that are used in this part are derived from c-Si. The Al2O3 coating of c-Si-Al is 

generated by an Atomic layer Deposition (ALD) process of 15 cycles on c-Si. The thick oxide layer of c-

Si-O is thermally generated by heating c-Si in air at 700 °C during 40 minutes. 
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The experimental settings of the TEM, galvanostatic and EIS measurements are similar to the settings 

described in 4.2.2. The differential capacity (dQ/dV) curve is directly extracted from the galvanostatic 

curve. EIS measurements are only recorded in the delithiated state at 1.5 V during the first 20 

electrochemical cycles. 

 

4.3.3 The materials 

The materials used in this study are all derived from the c-Si crystalline silicon reference material. 

Figure 17 shows the initial materials before they are used in a test battery. Both c-Si-Al (Figure 17a) 

and c-Si-O (Figure 17c) still display crystallinity after the application of their coating. The alumina 

coating in c-Si-Al is present as a uniform, amorphous coating of 2.1 nm (Table 1), which is illustrated 

in the EDX composition map in Figure 17b. The specific surface area is 20 m²/g. The oxide layer of c-

Si-O has a thickness of 4.1 nm (Table 1) and is uniformly distributed over the silicon surface (Figure 

17d). The specific surface area of c-Si-O is 23 m²/g. The similarity in specific surface area of the three 

materials is important to be able to compare and evaluate their electrochemical performances. 

 

Figure 17: TEM images (a, c) and EDX compositional maps (b, d) of the initial materials c-Si-Al (a, b) and c-Si-O 

(c, d) 
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Table 1: Coating thickness and specific surface area of the initial materials c-Si, c-Si-Al and c-Si-O. The error 

on the coating thickness is the standard deviation after measuring more than 20 particles. 

Material Coating thickness (nm) BET (m²/g) 

c-Si 1.8 ± 0.1 23 ± 0.5 

c-Si-Al 2.1 ± 0.1 20 ± 0.5 

c-Si-O 4.1 ± 0.1 23 ± 0.5 

 

c-Si-O is part of a series of powders with a different oxide layer thickness, that is generated by 

heating c-Si at a certain temperature and for a certain time. Their relation is shown in Table 2 and 

Figure 18. c-Si-O is the material that is generated after a heat treatment at 700°C during 40 min. The 

thickness of the surface coating linearly increases with the oxygen content. The theoretical capacity 

of the heat treated material decreases linearly with the thickness of the coating because part of the 

available silicon is converted into SiO2, which does not take part in the Li-alloying reaction with 

silicon[8]. The measured capacity after one electrochemical cycle does not decrease linearly with 

increasing oxygen content; the capacity decreases as the oxygen content increases. c-Si-O has a 

theoretical capacity of 2930 mAh/g, but only reaches a capacity of 1620 mAh/g after the first 

lithiation reaction. The reason for the low capacity of c-Si-O (lower that the theoretical capacity) is 

the bad conductivity because of the thick SiO2 layer present at the surface of the material, resulting 

in a non-optimal use of the available active material. 

c-Si-Al has a theoretical capacity of 3150 mAh/g, whereas the measured capacity after the first 

lithiation reaction was 3086 mAh/g. 

 

Table 2: Relation between the heat treatment of c-Si and the resulting oxygen content 

Treatment of c-Si Oxygen content (wt %) 

untreated 4 

700°C 40 min 10 

900°C 15 min 17 

900°C 30 min 26 
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Figure 18: Relation between the oxygen content and the thickness of the surface oxide layer, the theoretical 

capacity and the capacity after 1 electrochemical cycle 

 

4.3.4 Surface chemistry of coated surfaces 

c-Si-Al 

The galvanostatic cycling curves of c-Si-Al and c-Si-O, recorded during the first two electrochemical 

cycles, are displayed in Figure 19. Both materials present a very low coulombic efficiency (CE), due to 

a high irreversible capacity loss every cycle. C-Si-Al has a CE of 72% in the first and 62% in the second 

cycle, whereas c-Si-O has a CE of only 61% in the first and 54% in the second cycle. Compared to 

normal silicon, which is known from literature to have a low coulombic efficiency[47], especially in the 

first cycles (c-Si has a CE of 89% in the first and 85% in the second electrochemical cycle), the values 

of c-Si-Al and c-Si-O can be considered very low.  

Irreversible capacity loss can have two origins: consumption of lithium-ions due to the formation of 

SEI, or loss of material by silicon particles being isolated and disconnected from the electrode matrix. 

The formation of SEI consumes Li-ions during the Li-insertion process that are not all recovered in the 

Li-extraction process.  However, it is known from literature that an Al2O3 coating is beneficial for the 

cycling performance of the electrode, since this artificial SEI layer suppresses the chemical reaction 

between the active material and the electrolyte[38]. As a result, less SEI will be formed at the surface 

of c-Si-Al compared to c-Si. Consequently, the higher irreversible capacity loss in c-Si-Al must be 

explained by active material being disconnected during electrochemical cycling. One way to verify 

this is to calculate the capacity retention (CR) of both materials, which gives the fraction of the 

capacity that remains after a certain amount of cycles. Since in a half-cell setup, there is an 

abundancy of Li+-ions, the CR is not determined by irreversible capacity loss due to consumption of 

Li+-ions and solely depends on disconnectivity of material. c-Si presents a capacity retention after 10 

cycles of 93%, whereas this is only 34% for c-Si-Al, confirming the hypothesis that c-Si-Al suffers from 

a higher loss of active material. 
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 One origin of material loss can be a bad interaction between the active material and the polymeric 

binder CMC, which is responsible for maintaining the unity of the electrode during the volume 

changes that take place during cycling. 

 

c-Si-O 

As already mentioned, the first cycle capacity of c-Si-O is considerably lower than the theoretical 

value. This is attributed to a bad conductivity in the electrode, causing not all active material to react. 

Actually, the conversion of the thick SiO2 layer into Li4SiO4, comparable to SEI formation, results in an 

additional capacity increase, since the conversion irreversibly consumes Li-ions[34]. As a result, the 

conversion from SiO2 to Li4SiO4 highly contributes to the irreversible capacity loss. However, this does 

not exclude other sources of irreversible capacity loss. In order to further study the origins of 

irreversible capacity loss and to evaluate the interaction with the CMC binder, several experiments 

were performed. 

One way to look into the formation of SEI is by calculating the differential capacity curve (dQ/dV) 

from the galvanostatic curves in Figure 19 and Figure 2c (for c-Si). The results are displayed in the 

bottom part of Figure 19. Because every material has a different overpotential, the curves are not 

aligned completely. However, three different zones can be differentiated in the area between 1.2 V 

and 0.15 V, where the main SEI is formed. Below 0.15 V, there is a steep increase in the curves, 

because at this potential the Li-insertion process starts. The first region, between 1.2 V and 0.5 V, is 

attributed to the decomposition of the electrolyte and the formation and deposition of the SEI 

products. The peak is this region is much less pronounced for c-Si-Al, confirming the reduced SEI 

formation for this material. A second region is a sharp peak around 0.2 V. At this point, SiO2 is 

converted into Li4SiO4
[12]

. Accordingly, this peak is the biggest for c-Si-O and almost not present for c-

Si-Al, since no free SiO2 is present here. The third region in the dQ/dV curves is around 0.4 V. A peak 

is present for both c-Si and c-Si-Al, but is missing for c-Si-O. The origin of this peak is not entirely clear. 

However, all samples that were generated with a thick oxide layer, do not present this peak at 0.4 V. 

Since at this potential only surface reactions take place (the formation of Li2CO3 is known to take 

place in this potential region[48] and Li-insertion only starts at lower potentials), it is expected that the 

surface chemistry changes when the initial oxide layer on c-Si is increased to form c-Si-O. A changed 

surface chemistry can also influence the interaction with the CMC binder, similar to what we suggest 

for c-Si-Al. 
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Figure 19: Galvanostatic cycling curves of the first two electrochemical cycles for c-Si-Al and c-Si-O, and 

dQ/dV derivative curves of c-Si, c-Si-Al and c-Si-O calculated for the first cycle. 

 

In order to further investigate the interaction with CMC and the behavior of SEI formation on the 

treated silicon surfaces, both c-Si-Al and c-Si-O are investigated by TEM after the first electrochemical 

cycle, at the end of delithiation. The results for the Al2O3-coated sample are displayed in Figure 20. 

The survey image in Figure 20a illustrates that the particle under investigation has cracked during the 

reaction with lithium. The alumina coating is still present as a uniform layer (Figure 20b), proving that 

the coating successfully withstands the drastic volume changes that take place during the Li-

(de)alloying reaction with silicon. Since the Al-signal is not very clear in the STEM-EELS chemical map 

in Figure 20b, an EDX chemical map was acquired as well (Figure 20d) and confirms the uniformity of 

the Al2O3 coating after one electrochemical cycle. The main carbon signal (indicated in green in 

Figure 20b) originates from the conductive carbon additive which is present in the electrode 

formulation to provide sufficient electrical conductivity in the mixture. However, a small carbon 
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signal was also observed, covering the c-Si-Al particle in Figure 20b. This carbon signal can have 

several possible origins, such as the CMC polymeric binder, carbon from the SEI or the conductive 

carbon additive. Using the EELSModel[23] software, the acquired carbon EELS edge was fitted to 

reference spectra of CMC, conductive carbon and carbon from the SEI. The result is shown in Figure 

20c. All three components are present in the sample. It appears to be mainly the SEI that is covering 

the c-Si-Al particle. Some CMC is present at the surface on the left side of the c-Si-Al particle. 

However there is certainly no layer of CMC that uniformly covers the surface of c-Si-Al, as was the 

case for c-Si-C (Figure 8c). These results suggest that the interaction between c-Si-Al and CMC is less 

intense than was the case for c-Si-C. 

 

Figure 20: a) ADF-STEM image of a cycled particle; b, c) STEM-EELS chemical maps and d) EDX chemical map 

of c-Si-Al after one electrochemical cycle, at the end of delithiation. 

 

The results for c-Si-O are quite similar. Figure 21a and b show a c-Si-O particle that is covered by a 

conductive carbon additive agglomerate. The composition map in Figure 21a indicates that the oxide 

layer has been converted into lithium silicate at the right side of the c-Si-O particle, where it has been 
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exposed to the electrolyte. The STEM-EELS chemical map in Figure 21b reveals that the conductive 

carbon additive is covered by both SEI and CMC, just like it was the case for c-Si-C (Figure 8c). The c-

Si-O particle however, in only covered by SEI, not by CMC. This is confirmed by the chemical maps in 

Figure 21c and d, where no CMC on the c-Si-O surface is observed. There results suggest that there is 

also no good interaction between c-Si-O and CMC, just like with c-Si-Al. 

 

Figure 21: STEM-EELS chemical maps of c-Si-O after one electrochemical cycle, at the end of delithiation. 

 

In addition, electrochemical measurements are performed to further evaluate the surface chemistry 

taking place at the modified surfaces of c-Si-Al and c-Si-O. Both materials present a similar evolution 

of the overpotential during the first 20 electrochemical cycles (left graph in Figure 22). There is a 

gradual increase, until a constant value is reached. This is in agreement with the scenario where 

material is being disconnected from the active electrode matrix during cycling. The disconnection of 

active material will create more and more instability in the electrode, causing the overpotential to 

increase every cycle until a constant value in reached when almost no capacity is left. This constant 

value is reached faster in the case of c-Si-O due to the lower initial capacity and conductivity of the 

material. The right graph in Figure 22 shows the evolution of the resistance of the electrolyte, 

measured by EIS during the first 20 electrochemical cycles. Since we are dealing with material that is 

being disconnected, the other EIS parameters are difficult to evaluate because they are heavily 

dependent on the active surface. The resistance of the solvent is independent of the surface and 

gives an indication of how the electrolyte changes in time (viscosity, concentration, etc.) and 

consequently the formation of SEI. Rsol is stable for c-Si-Al, confirming the reduced SEI formation on 

the Al2O3 surface. In the case of c-Si-O, there is a small increase in electrolyte resistance in the first 

cycles, indicating that some SEI is formed. These results confirm the predictions of the dQ/dV curves.  
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Figure 22: Relaxed potential difference (left) before and after a relaxation step at 1.5 V during the first 20 

cycles. The resistance of the solvent (right) measured by EIS during the first 20 cycles at 1.5 V. 

 

Literature describes the interaction between CMC and the active material to be mainly hydrostatic, 

rather than an ester-like covalent bond between the carboxymethyl groups and the silanol groups at 

the silicon surface[49-50]. Thanks to the thin oxide layer present at the surface of c-Si, there is a strong 

interaction between CMC and a good water solubility. On order to test the hydrophilicity of c-Si, c-Si-

Al and c-Si-O, they were mixed in water and observed after one minute of rest. The results are 

displayed in Figure 23. The good dispersibility of c-Si in water is clearly visible; the powder is still very 

well dispersed, even after 1 minute of rest. c-Si-O presents a lower dispersibility in water than c-Si 

and starts to precipitate out of the solution after 1 minute. C-Si-Al clearly has the worst affinity for 

water because it precipitates immediately after it was immersed in the solvent. Intuitively however, 

and according to literature[51], Al2O3 and SiO2 should be hydrophilic and form hydrogen bonds with 

water and/or CMC in our case. In the case of c-Si-O, it would be strange that a thick layer of SiO2 

forms less hydrogen bonds than a thin layer of SiO2 (c-Si). The origin of this bad interaction between 

CMC and c-Si-Al and c-Si-O yet remains unresolved. One possibility might be a thin passivation layer, 

possibly carbon, which inactivates the –OH groups at the surface of c-Si-Al and c-Si-O. A detailed XPS, 

IR or zeta potential study could resolve this, but does not lie within the scope of this thesis. 

It is also important to note that there is a good interaction between CMC and the graphite-like 

surface of c-Si-C, illustrated in Figure 8 and Figure 21b. Since the coating is generated via a thermal 

process, it is very likely that the interaction with CMC is governed by the oxidized surface of the 

carbon coating. CMC is even used in industry as a dispersing agent for carbon nanotubes, since the 

long CMC molecules can wrap around the carbon nanostructures and disperse them in water. 

Nevertheless, it will be very important in the future to further study the interaction between CMC 

and carbon, especially for the use of Si/C composites in commercial Li-ion electrodes. 
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Figure 23: c-Si, c-Si-Al and c-Si-O mixed with water and after 1 minute of rest: c-Si remains nicely dispersed in 

water due to a strong interaction (hydrophilic), whereas c-Si-O and especially c-Si-Al present a weak 

interaction with water and precipitate (hydrophobic). 

 

4.3.5 Conclusions 

The influence of an applied Al2O3 and SiO2 coating on the surface chemistry of silicon nanoparticles 

has been studied. In order to explain the origin of the high irreversible capacity loss of both c-Si-Al 

and c-Si-O, and to investigate the process of SEI formation on these materials, several experiments 

have been performed. 

Both TEM, EIS, capacity retention and dQ/dV measurements confirm, in agreement with literature, 

that the SEI formation is suppressed on alumina surfaces. Since irreversible capacity loss can only be 

explained by SEI formation or loss of active material, the latter must be the case for c-Si-Al. In 

particular, the weak interaction with the CMC polymeric binder is expected to cause the material loss, 

which is confirmed by TEM. Due to the low capacity of c-Si-O, it is difficult to evaluate the SEI 

formation on c-Si-O, but both TEM and dQ/dV suggest a similar weak interaction with CMC. A 

wetting test of both materials in water confirms a difference in surface chemistry as compared to c-Si, 

which indirectly confirms the weak interaction with CMC, since the interaction is mainly hydrostatic. 

The origin of the changed surface chemistry is still not entirely understood and would require 

additional experiments, such as XPS, IR or zeta potential measurements in order to study the surface 

groups at the extreme surface of the particles. Unfortunately, this study does not fall in the scope of 

this work. In the future, it would also be interesting to study the interaction of CMC with carbon 

surfaces, as this is pivotal in the performance of Si/C-based composite electrodes. 
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4.4 Si/C composite electrodes 

4.4.1 Introduction 

One of the goals of this thesis is to develop the combination of EIS and TEM as a tool to evaluate new 

Si/C-based electrode materials. The previous parts described how EIS and TEM can be used to 

evaluate SEI formation and the evolution of electrode interfaces during cycling and was 

demonstrated on simple systems, such as (coated) silicon nanoparticles. However, the current anode 

development focuses on Si/C composites, where silicon nanoparticles are encapsulated in a thick 

carbon matrix. In order to verify the transferability of the TEM-EIS combination from simple core-

shell systems towards Si/C composite materials, several composites with increasing complexity have 

been investigated. 

 

4.4.2 Experimental 

The studied materials in this chapter were all provided and synthesized by Umicore. The Si/C 

composite materials were prepared in a thermal process. 

The galvanostatic measurements were performed in a coin cell setup, where the first 3 cycles 

functioned as conditioning cycles (slow C-rate of C/50, with voltage cutoff at 10 mV and 1.5 V). For 

the c-Si reference material, the next cycles were performed at a C-rate of C/5, whereas for the 

composite materials the C-rate was increased to C/2, because of their higher conductivity and lower 

specific capacity. Every 20 cycles, a reference cycle at C/10 was performed. Based on these 

galvanostatic measurements, values of coulombic efficiency (CE) and capacity retention (CR) were 

calculated. 

The experimental settings of the TEM and EIS measurements were similar to the settings described in 

4.2.2. 

 

4.4.3 The materials 

Four different materials, with increasing complexity are investigated and are schematically presented 

in Table 3. Again c-Si is used as a reference material. Two Si/C composites are studied (Si-comp1 and 

Si-comp2), both with a different degree of coverage of the silicon nanoparticles present in the carbon 

matrix. Both composites are composed of a mixture of graphite and silicon particles, covered by a 

thick carbon matrix (with a 10/90 Si/C ratio). Their only difference is that Si-comp2 almost completely 

covers the silicon particles, whereas Si-comp1 provides only a partial covering (the free silicon 

determination was performed by Umicore). The silicon particles in the two composite materials are 

synthetized in another way as c-Si and are not as spherical. As a bridge between pure silicon and Si/C 

composites, a blend material made of a mix of pure silicon and graphite (10/90 ratio) is added to the 

series of materials (Si-blend). The electrode paste formulation (Table 3) of Si-blend, Si-comp1 and Si-

comp2 is chosen such that they have a comparable Si/C ratio.  
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Table 3: The four Si/C composite materials with different degree of silicon coverage: pure c-Si, a blend of c-Si 

and graphite and silicon + graphite incorporated in a carbon matrix with partial and full covering of silicon. 

Their paste formulation for the electrochemical measurements is also indicated. 

 

 

The performance of the four materials is tested in a galvanostatic cycling test, of which the results 

are shown in Table 4. The capacity after one electrochemical cycle indicates that even a small 

amount of silicon (10%) can increase the total capacity of a Si/C composite material drastically; the 

capacity of Si-comp1 and Si-comp2 is double that of pure graphite (350 mAh/g). It is clear that the 

cycling performance of such composites will be determined by how well the silicon particles are 

encapsulated and protected in the carbon matrix. Free silicon will react with the electrolyte to form 

SEI and/or get detached due to the volume expansions.  

The capacity retention (CR) results verify the increasing coverage of silicon when going from c-Si to 

Si-comp2. The well-covered silicon particles in the host matrix of Si-comp2, lead to an improved 

buffering of the particles expansion, a more homogeneous electrode swelling and a better electrode 

integrity, with a high capacity retention after 100 cycles as a result.  

The coulombic efficiency (CE) after 100 cycles is related to the formation of SEI. Except from the first 

cycle, where SEI is formed on both silicon and carbon surfaces, SEI will be mainly formed on silicon 

surfaces in subsequent cycles since the volume expansion of silicon is much higher compared to 

graphite. A higher degree of silicon coverage will result in a higher coulombic efficiency. Indeed, Si-

comp2 presents the highest CE after 100 cycles, because the protective carbon covering around the 

silicon particles prevents the formation of SEI. 
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Table 4: The results that are extracted from the galvanostatic measurements of the four Si/C composite 

materials. The capacity is calculated after the first electrochemical cycle. The capacity retention (CR) is 

measured after 100 cycles. The coulombic efficiency (CE) is an average of the first 100 cycles. 

 

 

4.4.4 Verification with EIS and TEM 

This series of Si/C composites with decreasing amounts of free silicon, form the ideal test system to 

evaluate the validity of the EIS-TEM model which was proposed in the previous parts of this thesis. 

As already discussed, the electrolyte resistance is a measure to evaluate the amount of electrolyte 

decomposition. When SEI is formed every electrochemical cycle, the viscosity and composition of the 

electrolyte will change, increasing the electrolyte resistance. The results of the electrolyte resistance, 

extracted from the EIS measurements, are presented in Figure 24. It is clear that c-Si experiences the 

biggest increase in electrolyte resistance, since a lot of SEI will be formed every cycle on the fully 

exposed silicon surface. Furthermore, Si-comp2 has the most constant value, followed by Si-comp1 

and Si-blend. All four materials give the expected results, based on their degree of silicon coverage. 

As a result, we can conclude that the electrolyte resistance is a good measure to evaluate the 

amount of irreversible capacity loss during cycling. One could even say that the electrolyte resistance 

provides similar information as the coulombic efficiency. 

 

 

Figure 24: The electrolyte resistance of the four Si/C composite materials during the first 20 electrochemical 

cycles, recorded at 1.5 V. c-Si presents the largest increase, whereas Si-comp2 has the most constant value. 
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The evolution of a second parameter that is extracted from the EIS measurements, the charge 

transfer resistance, is shown in Figure 25. The charge transfer resistance of c-Si has the largest 

increase during cycling, because the electrode kinetics become slower due to concentration 

gradients that build up and materials that get disconnected due to side reactions and volume 

changes. The evolution of Rct for Si-blend is stable, however, a small increase in the last cycles can be 

observed. It is expected that Si-blend will evolve toward a similar scenario as c-Si. In the case of Si-

comp1 and Si-comp2, no degradation of the electrode kinetics is observed during the first 20 cycles 

because of the successful covering of the carbon matrix on the silicon particles, resulting in a 

constant value of Rct. Again, the result of the charge transfer resistance are in line with the degree of 

silicon covering of the four materials. 

 

 

Figure 25: The charge transfer resistance of the four Si/C composite materials during the first 20 

electrochemical cycles, recorded at 1.5 V. c-Si presents the largest increase, whereas both Si-comp1 and Si-

comp2 have the most constant value. 

 

The inductive loop in the impedance spectra, described in detail in Chapter 3, is the third feature that 

can be used to evaluate the Si/C composite materials. The inductive loop is only visible when SEI is 

being formed on silicon surfaces (at low potentials). As a result, it can function as a visual tool to 

identify whether free silicon is present in a composite material. Indeed, an inductive loop was 

observed for both c-Si and Si-blend, since in these materials the silicon surface is not protected by a 

carbon matrix and is exposed to the electrolyte. In the case of Si-comp1, a small inductive effect was 

observed because of the only partial covering of the carbon matrix. No inductive loop was observed 

for the Si-comp2 material. 

TEM measurements were performed on a composite material very similar to Si-comp2 (with an even 

better coverage of silicon), in order to observe its evolution during cycling. The TEM images are 

shown in Figure 26, where images a and b correspond to the initial state of the composite material 

and images c and d to the material after 20 charge/discharge cycles (at C/5). In the initial state, the 
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silicon particles (blue) are well covered with carbon (green) and are incorporated nicely in the carbon 

matrix. After 20 cycles, the composite structure remains intact, with a carbon coating still present. An 

SEI layer (red) can be observed at the surface of the carbon matrix. However, on the silicon particles 

there is also an SEI layer present, corresponding to electrolyte decomposition products containing O, 

such as Li2O and Li2CO3. Based on all previous results, no SEI should be formed on the silicon surface. 

Unfortunately, we have to conclude that TEM might not be the most suitable technique to evaluate 

these composite materials after cycling. The strength of a Si/C composite is that it is robust. 

Unfortunately, this is also the reason why these type of materials are hard to investigate with TEM, 

which is a technique that requires very thin samples, especially for post mortem analyses. The 

requirement for thin samples forces us to measure near the edges of Si/C particles, the only places 

where Si is not perfectly covered. As a result, no representative information was obtained using TEM. 

 

 

Figure 26: a) STEM image and b) STEM-EELS chemical map of an initial composite, very similar to Si-comp2. c) 

STEM image and d) STEM-EDX chemical map of the same composite after 20 cycles. The initial material 

proves a good covering of silicon, whereas part of the covering has been destroyed during cycling. 
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4.4.5 Conclusion 

In order to verify the transferability of the developed TEM-EIS analysis procedure towards 

commercial Si/C composite electrodes, a series of four Si/C composite materials with increasing 

degree of coverage of silicon has been investigated. The two parameters that are extracted from the 

EIS measurements, electrolyte resistance and charge transfer resistance, have an evolution during 

the 20 first electrochemical cycles that is in agreement with the degree of silicon coverage of the four 

Si/C materials. In addition, the inductive loop in the impedance spectra, observed at low potentials, 

can be used as a fast tool to evaluate the degree of silicon coverage in a Si/C composite. The 

inductive loop will only be visible when free silicon surface is exposed to the electrolyte. As a result, 

no inductive loop is observed in fully covered Si/C composites. 

Unfortunately, TEM measurements appeared to be less suitable to accurately predict the degree of 

silicon covering. The size of the Si/C composite particles exceed the acceptable sample thickness limit 

of TEM to make representative conclusions for the bulk material.  

On the other hand, the strength of the TEM technique does not lie in fast screening of new electrode 

materials. It is a technique that is most suitable for studying and understanding complex interfaces 

that are of great importance for the function and improvement of Li-ion electrode materials. This 

again emphasizes the complementarity of both TEM and EIS. EIS can function as a fast screening tool 

for new electrode materials, whereas TEM offers valuable insights in the specials cases when 

problems occur and EIS fails. 

 

4.5 General conclusion 

In short, the impact of several coatings, applied on silicon nanoparticles, on the process of SEI 

formation during electrochemical cycling has been evaluated using a combination of transmission 

electron microscopy and electrochemical impedance spectroscopy. A carbon coating has proven to 

increase the conductivity in the electrode and provide a chemical protection against the reaction of 

silicon with the electrolyte. Unfortunately, the native silicon oxide layer, which is Li-insulating and is 

normally converted into a Li-conducting lithium silicate structure upon reaction with the electrolyte, 

is preserved as well. On the other hand, the carbon coating degrades fast upon cycling, losing its 

shielding effect but maintaining the improved conductivity in the electrode. 

An alumina coating appears to have a smarter function, since it reduces the amount of SEI that is 

formed. A silica coating is expected to have similar properties, but suffers from a high irreversible 

capacity loss due to the conversion of the silicon oxide surface layer into lithium silicate structures. 

However, the improved properties of these smart coatings are not reflected in the results. A bad 

interaction between the coating surface and the polymeric binder is discovered, resulting in a very 

low capacity retention during cycling due to the continuous disconnectivity of active material.  

Furthermore, the TEM-EIS combination that has been optimized during the first two parts of this 

chapter, is tested on more complex Si/C composite materials. EIS proved to be a suitable fast 
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screening tool to evaluate the degree of coverage of silicon by the carbon matrix, whereas the 

strengths of TEM lie in studying the interfaces and surface reactions in detail that take place during 

the lithiation reaction. 
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Chapter 5 

The lithiation mechanism 
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5.1 Introduction 

Various approaches to cope with the volume changes of silicon and the corresponding continuous loss 

of battery capacity due to irreversible side reactions have already been described in the general 

introduction. One approach is the use of nanosized silicon particles, since the volume changes are 

relatively less severe in the case of nanostructures[1-3]. A downside, on the other hand, is the increased 

surface area and available surface for irreversible side reactions. An additional approach to tackle the 

problem of high surface area is to shield the free silicon surface by the application of a coating or 

incorporation into a composite. The application of coatings has been widely reported in literature. A 

carbon coating is known to increase the (Li+-) conductivity and protect the surface against SEI 

formation[4-6]. An Al2O3 coating, on the other hand, can protect against the formation of SEI, due to a 

slowed down electron transfer, and increase the Li-conductivity[7-9]. Additionally, an applied coating 

can restrict volume expansion during the lithium insertion reaction due to mechanical confinement[10-

12]. 

In order to implement a coating or composite as a modification of silicon in a commercial product, the 

detailed mechanism of lithiation and the accompanying kinetics need to be understood. Several in situ 

TEM experiments have been performed on silicon materials (such as nanowires and nanoparticles) 

because it is a very powerful tool to visualize and study the lithiation reaction. It was first believed 

that the lithiation reaction was dominated by lithium diffusion in the structure and that it was a single-

phase process. McDowell et al[13-14] however, showed with in situ TEM experiments that in both 

crystalline and amorphous silicon a two-phase process is active. The rate determining step is not the 

diffusion of Li but the progression of the reaction front due to Si-Si bond breaking. McDowell[13] 

showed the fundamental differences between the lithiation reaction in crystalline and amorphous 

silicon. It is proven that the lithiation of amorphous silicon is an isotropic process, whereas it is highly 

anisotropic in the case of crystalline silicon: the speed of lithiation is much higher along the <110> 

crystallographic direction than along the other directions[15-17]. The anisotropic volume expansion in 

crystalline Si is accompanied with large mechanical stresses. As described by Liu et al[18] and McDowell 

et al[14], these stresses can be relieved by crack formation. Liu et al[18] observed that a particle size of 

150 nm is the limit above which particles crack under the stress of volume expansion. Smaller particles 

tend not to crack. Amorphous particles, however, are more fracture resistant and do not have the 

tendency to crack[19]. Additionally, a constant lithiation speed is monitored in amorphous silicon, 

whereas the reaction front slows down in crystalline silicon when approaching the core. According to 

McDowell et al[14], the reaction front slows down due to changing reaction conditions at the interface 

between the crystalline core and the lithiated shell. The changing mechanical stress at the reaction 

front as lithiation proceeds, alters the total driving force for reaction and results in slowing down of 

the reaction front. 

In this chapter, the mechanical properties of applied coatings on silicon nanoparticles are investigated 

using in situ transmission electron microscopy. Furthermore, their influence on the lithiation 

mechanism is evaluated. In as last step, the lithiation behavior of amorphous silicon nanoparticles is 

compared to that of crystalline silicon. 

 

 



122 

 

5.2 Experimental 

5.2.1 Materials 

For this in situ study, c-Si, c-Si-C, c-Si-Al and c-Si-O are used. Their experimental details are provided 

in Chapter 4. In addition to these materials, an amorphous silicon nanopowder (a-Si) from the 

University of Duisburg with an oxide layer of around 1 nm is used. 

 

5.2.2 In situ transmission electron microscopy 

The in situ TEM experiment is performed in a chemical lithiation setup, similar to the setup described 

by Liu et al[18]. Inside an Ar-filled glovebox, a finely meshed copper TEM grid is scratched by a needle-

shaped piece of lithium to deposit small particles of lithium. The copper grid is briefly exposed to air 

to create a thin layer of Li2O which serves as the solid electrolyte. The desired silicon nanopowder is 

dispersed in diethylene carbonate and a few drops of the dispersion are deposited onto the copper 

grid. Afterwards, the grid is mounted onto a TEM sample holder with a built-in heating element. To 

transport the sample to the microscope without contact to air, the holder is protected by an airtight 

tube. In the case of a chemical lithiation process, no voltage is applied and the Li-insertion reaction is 

initiated by the electron beam, which decomposes LiO2 and creates elemental Li. In the process 

described by Liu et al, an electron beam intensity of ~100 A/cm² was sufficient to initiate the reaction. 

In this experiment however, only an electron beam intensity of ~80 A/cm² is obtained, even with the 

highest achievable beam brightness. To initiate the reaction, the temperature of the sample holder is 

elevated to 130 °C.  

The in situ TEM experiments are performed on a FEI Tecnai Osiris microscope, operated at an electron 

acceleration voltage of 200 kV and equipped with a high solid angle Super-X detector for EDX 

measurements.  

 

5.3 in situ TEM 

Several modified silicon nanopowders are investigated by in situ TEM. In order to evaluate the 

behavior of an applied coating (carbon, alumina and silica) on the lithiation mechanism, the reference 

material c-Si is studied as well. Furthermore, an amorphous silicon nanopowder (a-Si) is investigated 

to compare with c-Si. 

The first lithiation reaction of a bare c-Si nanoparticle is shown in Figure 1, which is composed of stills 

of an in situ video that has been acquired. The initial particle is shown in Figure 1a. The end of lithiation 

is shown in Figure 1b. A small reaction front can be observed in the form of a change in contrast in the 

outer layer (the lithiated phase displays lower image contrast compared to the core). Similar as 

described by McDowell et al.[20], the reaction front is a sharp interface of only several nm in thickness. 

Note that the reaction has not completely finished; a faceted crystalline core remains after reaction. 

The origin of the incomplete reaction is described by McDowell et al.[14]: the stress associated with the 

volume expansion that arises during lithiation acts in thermodynamic opposition to the 

electrochemical driving force for the reaction between Li and Si. The faceted nature of the crystalline 

core originates from the preferential lithiation along the crystallographic <110> direction in crystalline 
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silicon[15-16, 21]. Due to the same reason, the morphology of the entire particle has also changed to a 

faceted shape, since the amorphous shell has grown thicker along the preferential growth direction 

of the crystalline core. The average volume increase of the lithiated particles is measured to be 220%. 

However, when only taking into account the lithiated amorphous shell, the volume expansion is 

around 300%, illustrating that a highly lithiated phase is reached. In contrast to earlier reporting of in 

situ experiments with beam-induced chemical lithiation, we observed a delithiation step as well. The 

heavy working conditions – very bright electron beam combined with elevated temperature – cause 

Li to evaporate from the Li-Si alloy, resulting in a delithiation reaction. The delithiated particle, where 

the contrast difference between the crystalline core and the amorphous shell can be observed, is 

shown in Figure 1c. The faceted morphology of both particle and core has been preserved. The 

measured diameter of the delithiated particle is similar to the diameter of the initial particle. This is in 

contrast to what McDowell et al.[13] reported; they observed a 25% volume increase between the initial 

and firstly delithiated particle. 

 

Figure 1: Initial reaction of a c-Si particle, with its accompanying volume changes and (partial) 

amorphization: (a) beginning of lithiation, (b) end of lithiation, (c) end of delithiation. 

 

The faceted nature of the crystalline core is also shown in Figure 2a. A similar result is shown in Figure 

2b, acquired in the ex situ experiment in Chapter 4, where a battery was cycled in an electrochemical 

tester and opened in a glove box for electron microscopy studies. Both images are recorded in the 

delithiated state. The great similarities between the in situ and ex situ results allow us to conclude that 

the beam-induced chemical (de)lithiation is a good approach to learn more about the influence of the 

volume changes on an applied coating during the (de)lithiation reaction in silicon nanoparticles. The 

exact kinetic and thermodynamic origin of the in situ reaction might differ from the electrochemical 

process, but will still give a good approximation of the end product. 

Figure 2b clearly indicates the crystalline nature of the faceted core. The inset in Figure 2b shows a 

low-pass filtered high resolution image of the crystal structure together with the according Fourier 

transform pattern, indicating that the silicon core is viewed along the [111] axis. Accordingly, the side 

facets are of the (110) type, which is in correspondence with literature[13]. Contrarily to the in situ 

experiment (Figure 2a), the ex situ experiment (Figure 2b) has the SEI as an additional layer at the 

outside of the particle. 
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The fact that in a real battery experiment (Figure 2b) crystalline cores are also observed has an 

important consequence on the capacity of the material under investigation. The lack of reaction of the 

core means a direct loss in potential capacity. 

 

Figure 2: Comparison of an in situ and ex situ reacted c-Si particle: (a) in situ reacted c-Si particle in the 

delithiated state; (b) ex situ reacted c-Si particle in delithiated state. The upper inset in (b) is a low-pass 

filtered image of the silicon core and the lower inset is the Fourier transform pattern of the crystalline core. 

 

McDowell et al.[13] describe that the first lithiation reaction is different from the first delithiation and 

further (de)lithiation reactions. Whereas the first lithium insertion reaction follows a two-phase 

mechanism with a sharp reaction front and is not diffusion-limited (even for a-Si), the first lithium 

extraction appears to be single-phase as no concentration boundary is visible. They explain this by the 

fact that no Si-Si bond breaking (the rate limiting step for the Li-insertion process) occurs during the 

Li-extraction reaction and Li-diffusion becomes the dominating process. Also the second and following 

(de)lithiation reactions are observed to follow a single-phase mechanism, due to possible trapping of 

Li in the a-Si matrix after the first delithiation[22] or structural changes that cause extra Si dangling 

bonds to be present in the a-Si[23].  

A similar observation is illustrated in Figure 3; three consecutive (de)lithiation reactions were 

recorded. No change in contrast in the amorphous phase (shell), or phase boundary, is observed 

during the volume increase of the particles, confirming the single-phase mechanism. Furthermore, 

both the particle and crystalline core size of the particles remain the same during the consecutive 

cycles. The stable size of the crystalline core illustrates that the change from two-phase to single-phase 

mechanism, or crystalline to amorphous silicon, has no influence on the limitation of the reaction due 

to volume change-induced stresses. The amorphous shell has a volume increase of around 300%, 

meaning that a highly lithiated phase is formed. Note that the surface of the particles seems to 

become smoother upon cycling (Figure 3a compared to Figure 3e). Only in the first lithiation reaction, 

the amorphous shell takes a faceted shape due to preferential lithiation along the <110> 

crystallographic directions. In the subsequent cycles the crystalline core no longer participates in the 

reaction and the amorphous shell lithiates isotropically. As a result, and thanks to the high ductility of 

highly lithiated silicon[24], the faceted nature of the shell disappears and the surface becomes 
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smoother. The particles in Figure 3e, after three cycles, are near-spherical. The arrows in Figure 3e 

even indicate the merging of the amorphous shells of two particles. Additionally, Figure 3d shows the 

presence of two lithium bubbles at the surface of a particle, illustrating how the particles are 

delithiated. Similar Li-bubbles were observed in the ex situ TEM study of silicon nanoparticles in 

Chapter 4. 

 

Figure 3: 3 consecutive (de)lithiation reactions: (a, c, e) lithiated states and (b, d, f) delithiated states. The 

volume of the crystalline core remains constant, whereas the surface becomes smoother. 
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An amorphous silicon nanopowder (a-Si) is investigated as well, in order to compare the lithiation 

behavior of amorphous silicon to crystalline silicon (Figure 4). Measurements of the diameter of the 

particles show that a maximal volume expansion of around 300% is achieved between the initial 

material (Figure 4a) and the fully lithiated material (Figure 4b). This is in contradiction with earlier 

reports[13], where it is claimed that the volume expansion is limited in the case of amorphous silicon. 

In contrast to the reaction with crystalline silicon, no unreacted Si core remains after the reaction; the 

particles react completely. Due to isotropic swelling (because there is no favored crystallographic 

lithiation direction), less internal stress is generated and the lithiation reaction does not slow down. 

The reaction of amorphous silicon is also faster than that of crystalline silicon, which is why no clear 

reaction front is observed during the Li-insertion. The smaller or better distributed generated internal 

stress also has an influence on the formation of cracks in the surface of the particles. In contrast to 

the threshold value of ~150 nm above which crystalline silicon particles tend to crack upon reaction 

with lithium[18], no cracking of amorphous particles is observed in this study. This is a confirmation of 

the conclusions of Berla et al.[19], who observe no fracturing of micrometer-sized amorphous silicon 

particles. We do, however, observe fractured c-Si particles bigger than 150 nm in diameter in both in 

situ and ex situ experiments (Chapter 4). 

 

Figure 4: In situ reaction of amorphous silicon nanopowder (a-Si): (a) initial powder, (b) fully lithiated 

powder. All particles react completely, without a remaining unreacted core. 

 

To further investigate the behavior of lithiation-induced crack formation in crystalline (nano)particles, 

in situ experiments on carbon-coated silicon nanoparticles (c-Si-C) are performed. A carbon-coated 

silicon nanoparticle that has fractured during an in situ lithiation reaction is shown in Figure 5a. The 

diameter of the initial particle is smaller than the threshold value of 150 nm for c-Si. The same 

observation is made in the ex situ experiment in Chapter 4 (Figure 5b), where cracks appear in particles 

with a diameter smaller than 100 nm. It is also important to notice that the fractured nanoparticles 

do not have a remaining crystalline core after reaction; the particles have completely lithiated. This 

effect is also observed for c-Si.  
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Carbon-coated particles that do not show cracks during lithiation (Figure 5c), have a remaining faceted 

crystalline core after lithiation. The formation of a crack in the surface of silicon creates a stress relief 

that prevents the reaction front from slowing down and allows the alloying reaction with lithium to 

complete. This is also reported in literature[14]; the stresses in the shell and core that are built up during 

reaction with lithium are substantially relaxed due to crack formation, and the crack forms a fast 

trajectory for Li-diffusion to the core. However, the fact that particles with a diameter lower than 150 

nm also crack must be caused by the presence of the carbon coating. Our hypothesis is that first the 

carbon coating will crack, due to the tensile stress that is generated on the coating during the volume 

expansion of the silicon particle. The crack in the coating will lower the local surface tension and 

initiate a crack in the underlying silicon surface. Figure 5c illustrates a crack initiating from the carbon 

coating. In the case of Figure 5c, a crack in the carbon coating was observed, on top of an unreacted 

crystalline core without any fracture initiation in silicon. The crucial factor here must be the quality of 

attachment between coating and silicon. The coating in Figure 5c is partially detached from the 

surface, suggesting a poor adhesion of the coating near the crack. In Figure 5b however, the carbon 

coating is still very well attached to the silicon surface. If the bond between coating and silicon is 

strong enough, it can initiate a fracture in the surface of silicon when the coating cracks.  

 

Figure 5: (a) cracked in situ reacted c-Si-C particle, (b) cracked ex situ reacted c-Si-C particle and (c) crack 

initiation in the carbon coating of an in situ reacted c-Si-C particle with an unreacted crystalline core. The 

contrast of (a,b,c) was artificially increased. 
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In addition to c-Si-C, two other types of coatings are investigated. Figure 6 shows the results of the in 

situ experiment of an Al2O3-coated silicon sample (c-Si-Al). Again, a lithiation mechanism comparable 

to c-Si is observed, with a faceted crystalline core remaining after the lithiation reaction. In contrast 

to c-Si-C, it is difficult to see a difference between the alumina coating and the silicon particle. The 

presence of the alumina coating is evidenced by EDX elemental mapping in the image inset to Figure 

6a. Whereas the carbon-coated material shows cracks upon volume expansion after the reaction 

between Li and Si, the alumina coating proves to be very flexible, which is in stark contrast with earlier 

reports[25]. No cracks in the coating are observed during the in situ experiment. As a result, no particles 

with a diameter below 150 nm have been observed to fracture. The same kinetics regarding crack 

formation as in the c-Si system seem to be valid. Larger particles (also comparable to c-Si) do 

demonstrate crack formation (Figure 6b) and react completely without a remaining crystalline core. 

Unfortunately, we are not able to estimate a threshold value for the diameter above which c-Si-Al 

particle starts to demonstrate cracks. More data is needed to make a statistically justified conclusion. 

 

Figure 6: (a) in situ reacted c-Si-Al particle with crystalline core in delithiated state and (b) completely 

reacted and pulverized in situ c-Si-Al particle. The inset in (a) is an EDX composition map of an initial c-Si-Al 

particle. 

 

The third investigated applied coating is a thick silicon oxide layer (C-Si-O). Similar observations to c-

Si and c-Si-Al are made. No cracks in the SiO2 coating are observed and only large particles tend to 

fracture. Again it is not possible to determine a threshold for fracturing from the limited data acquired. 

However, no fractured particles smaller than 150 nm in diameter are observed. It is worth mentioning 

that the reaction of c-Si-O with Li seems to be slower than in the previous materials. As SiO2 is a bad 

Li-conductor, the reaction is slowed down. This has allowed us to record a nice example of the 

reversibility of the (de)lithiation reaction, shown in Figure 7. In this reaction, lithium seems to be 

exchanged between different particles. The blue-marked regions in Figure 7 represent the lithiated 

shell of the particles. The lithiated particle in Figure 7a is delithiated in Figure 7b, to be lithiated again 

in Figure 7c and delithiated again in Figure 7d. During delithiation, the moving lithium does not seem 

to disappear but to be exchanged between other particles. Also, the surface seems to smooth out 

upon cycling. 
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Figure 7: False-coloured illustration of the migration of lithium in the amorphous silicon shell. The lithiated 

phase is indicated in blue. Furthermore, when comparing (a) with (c), the surface has become smoother. 

 

Based on the observations made with the different coatings applied to silicon nanoparticles, we can 

conclude that the presence of a coating definitely influences the lithiation reaction. The mechanical 

confinement provided by the coating is able to slow down and even stop the Li-insertion reaction, 

resulting in an incomplete lithiation and a remaining faceted crystalline core. Similarly, Yu et al. 

reported a restricted expansion of Si NPs confined in carbon nanotubes[26]; the generated tension 

reduced and stopped the Li-diffusion and resulted in an incomplete lithiation without crack formation. 

One would expect that the size of the remaining crystalline core in the in situ experiments is related 

to the flexibility of the applied coating. A more flexible coating should be able to withstand a bigger 

volume increase and consequently end up with a smaller crystalline core. The average crystalline 

core/shell ratio for each material (c-Si, c-Si-C, c-Si-Al and c-Si-O) is calculated. c-Si and c-Si-Al have a 

comparable ratio (0.8 and 1 respectively). The core was systematically bigger for c-Si-O and even 

bigger for c-Si-C (ratio of around 2 and 2.5 respectively). However, based on the values of the Young’s 

modulus, one would expect the opposite relation. Graphitic carbon has the lowest value (e.g. the most 

easily strained material, 27,6 GPa), followed by SiO2 (74,8 GPa) and alumina the highest (413 GPa). 

These values are for bulk materials and probably the nanosized nature of the coatings has an influence 

on the physical properties. Our findings are further supported by the fact that indeed the carbon 

coating does show cracks and the silica and alumina coatings do not and seem to be more flexible. 

In addition to the observation of cracks during the in situ experiments, another phenomenon is 

observed: the creation of a porous structure during the lithiation reaction. This has already been 

reported in literature as the formation of nanosized pores during the amorphization process in silicon 

nanowires[7, 16, 27]. Apart from the formation of cracks, the porous amorphization of silicon after 

reaction with lithium is another way to relieve stress, generated during the volume increase. 

Generation of porous structures has been observed for all of the studied materials. Similar to crack 

formation, no crystalline core is observed when a porous structure is formed. This is illustrated in 

Figure 6b, where both a crack and porous structure is formed. Remarkably, in the case of c-Si-O (Figure 

8), the thick oxide layer is still present at the surface of the porous structure, illustrating that the 

coating does not participate in the lithiation reaction. Also, the morphology of the particles is 

preserved, despite the lack of both a crystalline core and a crack in the particles. Consequently, we 

can conclude that the generation of nanovoids is a valid form of stress relief. 
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Figure 8: Illustration of in situ reacted c-Si-O particles in delithiated state, after nanovoid formation. Both 

the morphology of the particles and the silica coating has remained intact during the lithiation reaction. 

 

5.4 Conclusion 

In this chapter, the (de)lithiation kinetics of amorphous and crystalline silicon nanoparticles with 

different applied coatings (carbon coating, Al2O3 coating, SiO2 coating) has been presented. Two 

mechanisms to relieve the stress generated by Li-induced volume expansion are reported: the 

initiation of cracks or the formation of nanovoids. However, due to the isotropic nature of the Li-

insertion reaction in amorphous silicon, no cracks or nanovoids have been observed. 

The crack initiation and nanovoid formation behavior of a material should be considered as a very 

important property and should be taken into account in order to decide whether a material is 

commercially suitable or not. Figure 9 gives an overview of the different possibilities. Both crack and 

nanovoid formation result in an optimal use of the available capacity of the material because the 

silicon particles react completely, without a remaining crystalline core. However, crack formation will 

cause pulverization of the material and lead to a drastic increase in the surface area and irreversible 

capacity loss. Nanovoid formation has the advantage that it limits the irreversible capacity loss 

because the initial morphology of the particles is better preserved.  

Alternatively, when no cracks or nanovoids are formed, it is shown here that an unreacted crystalline 

core will remain in the silicon particles and limit the potential capacity of the material. On the positive 

side, the preservation of the morphology of the particles avoids drastic increases in surface area and 

consequently SEI formation. Additionally, it also limits the absolute volume expansion of the particles 

(220% with unreacted core in c-Si, 300% when fully reacted), which can have a positive influence on 

applications in e.g. composites. It is shown here that the size of the crystalline core (and consequently 

the total volume increase) can be tuned by the type of coating. Both an alumina and silica coating 

have proven to be very flexible and withstand the drastic volume changes that take place during 

reaction with lithium. Thanks to its flexibility, the alumina and silica coating only have a moderate 

effect of slowing down the reaction front of the lithiation reaction, resulting in a small crystalline core. 

A carbon coating on the other hand exercises a higher mechanical confinement, with a bigger 

crystalline core as a result. Furthermore, a carbon coating appears to initiate cracks more easily and 

lowers the threshold particle diameter above which cracks occur, as compared to uncoated crystalline 

silicon. 
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Furthermore, it is clear that the formation of nanovoids is the most beneficial situation, since it 

combines both advantages and avoids the downsides. If one would be able to tune the formation of 

nanovoids, this would be a very promising tool to increase the lifetime and capacity of a material. 

 

Figure 9: Schematical overview of the possible scenarios during lithiation of silicon particles. Crack formation 

leads to a full reaction but with increased surface area, whereas no crack formation results in an incomplete 

reaction with no increase in surface area. 
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Summary 

General conclusion 

The ever-increasing demand for portable electrical energy craves for an increase in battery capacity. 

In order to replace the current graphite anodes with high-capacity silicon anodes, two main drawbacks 

need to be overcome: huge volume changes associated with the alloying reaction with lithium and an 

unstable electrolyte-decomposition layer. The use of silicon nanoparticles, with an applied coating 

protecting the surface of silicon, has proven to be a valid approach. However, the phenomena taking 

place at the surface of silicon need to be better understood. 

The general goal of this work is to gain more insight into the interfaces and surface chemistry that take 

place in silicon-based negative electrode materials for Li-ion batteries, in order to increase their 

lifetime and safety. The approach that is used here has a double objective: on the one hand, the aim 

is to investigate the influence of a coating, applied on silicon nanoparticles, on the electrochemical 

reactions that take place in a battery, by means of detailed transmission electron microscopy (TEM) 

and electrochemical impedance spectroscopy (EIS). On the other hand, the coated silicon particles are 

used as a model system to optimize the combination of TEM and EIS. Both are powerful techniques, 

yet their combination is unique: TEM allows a detailed study of the electrode interfaces on a very local 

scale and EIS provides information averaged over the entire electrode. The goal is to develop a tool 

which allows a fast screening of new electrode materials. 

A carbon coating has proven to increase the conductivity of the electrode as well as to chemically 

protect the surface of silicon nanoparticles against reactions with the electrolyte. Unfortunately, this 

carbon coating degrades during cycling due to Li-induced volume changes of silicon, while maintaining 

the improved conductivity of the electrode. An alumina and silica coating have an inhibiting effect on 

the formation of the electrolyte-decomposition layer, but present a weak interaction with the 

electrode binder with a low capacity retention as a result. The combination of TEM and EIS has proven 

to be a suitable tool to evaluate the electrode interfaces. An inductive loop in the impedance spectra 

has been discovered, which allows a fast analysis of silicon in silicon-carbon based electrode materials. 

Furthermore, a specific signal of carbon structures in the electrolyte-decomposition layer has been 

observed by TEM. As a result, the detection of these decomposition products in a carbon matrix is 

made possible and offers promising opportunities for the study of new electrode materials. 

 

Summary by chapter 

In chapter 3, a detailed EIS study has been performed on two different silicon nanopowders. Several 

complementary and independent experiments highlighted the presence, below a specific potential 

(0.35 V), of an inductive loop: a particular phenomenon which has not been reported before for 

silicon-based electrodes. Our work pointed out that the inductive loop in the EIS spectra is the result 

of a competition between Li-ions participating in the alloying reaction with silicon and the formation 

of a solid-electrolyte interphase (SEI). The SEI is a passivation layer that is formed due to 

decomposition of the electrolyte at the silicon surface. The fact that an inductive loop is only present 

when the SEI is formed on silicon surfaces (and at low potentials, during the Li-alloying reaction) offers 

great opportunities for the use of EIS in the commercially interesting Si/C composite electrodes. In 
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these kinds of composites, it is requested to have silicon nicely covered by the carbon matrix, in order 

to avoid side reactions with the electrolyte. The presence of an inductive loop in the EIS spectra 

immediately detects whether free silicon surface is present in an electrode material or not. 

 

Since the current anode research and development is focused on composite electrodes containing 

silicon, the influence of a coating applied on silicon nanoparticles, as a first approach towards such 

composites, is investigated in chapter 4 using a combination of TEM and EIS. In a first part, the 

influence of an applied carbon coating is compared to uncoated silicon nanoparticles. TEM 

observations confirm that the native silicon oxide layer at the surface of uncoated silicon is converted 

to lithium silicate upon reaction with the electrolyte. A carbon coating has been proven – by both TEM 

and EIS – to successfully protect the silicon surface against reaction with the electrolyte. In addition, 

it provides a good conductivity to the electrode matrix. Unfortunately, the silicon oxide layer, which 

is preserved by the carbon coating, is Li-insulating and slows down the electrode kinetics. However, 

the carbon coating is unable to withstand the drastic volume changes that are associated with the Li-

(de)alloying reaction with silicon and is destroyed upon cycling of the electrode. This gradual decay of 

the carbon coating upon cycling allows a conversion of the Li-insulating silicon oxide to the Li-

conducting lithium silicate, while still maintaining the improved conductivity in the electrode matrix. 

The EIS measurements allowed to follow the evolution of the carbon coating degradation. Using 

advanced TEM we also detected a carbon component of the SEI layer, different from the carbon 

matrix, which is promising with regards to the use in Si/C composite electrodes. 

In a second part, an applied alumina and silica coating have been investigated. In contrast to a carbon 

coating, which provides chemical protection against the electrolyte, the alumina and silica coating are 

‘smarter’ coatings in the sense that they reduce the amount of SEI that is formed at the surface. 

Unfortunately, their improved characteristics are tempered by their weak interaction with the CMC 

binder, which we confirmed by several techniques including TEM. The low affinity for the polymeric 

binder results in a continuous disconnectivity of active material, resulting in a low capacity. 

In a final part, the transferability of the optimized TEM-EIS combination towards a commercially more 

interesting Si/C composite is validated. A series of four Si/C composite materials with increasing 

degree of silicon coverage has been investigated. Using EIS we succeeded in predicting the correct 

degree of silicon coverage, which confirms that this technique can be used as a fast screening tool for 

new electrode materials. TEM on the other hand has proven to offer valuable insight in the special 

cases where a standard EIS measurement fails and additional, specific information is needed. 

 

In chapter 5, the mechanical properties of the aforementioned applied coatings are investigated by in 

situ TEM experiments. Two mechanisms to relieve the stress that arises during the Li-induced volume 

changes, have been reported: the initiation of cracks or the formation of nanovoids. Such a stress-

relief mechanism is not observed for all particles: when no cracks or nanovoids are formed during the 

volume increase, the generated stress will cause the lithiation reaction to stop, with an unreacted core 

as a result. Such an unreacted core lowers the practical capacity of an electrode, since not all active 

material reacts with lithium. The type of coating clearly influences the size of this unreacted core; the 

most flexible coating can cope with the biggest volume expansion and results in the smallest 
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unreacted core. A threshold value of 150 nm, below which no cracks occur in the case of uncoated 

silicon, is confirmed. In the case of carbon coated silicon however, nanoparticles with a smaller 

diameter have been observed to crack, suggesting that a carbon coating initiates pulverization more 

easily. An alumina and silica coating on the other hand have shown to be more flexible than a carbon 

coating.  

In the case cracks or nanovoids occur, no unreacted core remains after the reaction with lithium, fully 

utilizing the available capacity of the silicon nanoparticles. A downside however, is that when cracks 

occur, additional surface area is generated which can react with the electrolyte. This negative effect 

is avoided with the formation of nanovoids, where the morphology of the particles is preserved. If one 

would be able to tune the formation of nanovoids, this would be a very promising tool to increase the 

lifetime and capacity of a material. 
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Samenvatting 

Algemene conclusie 

Om de steeds toenemende vraag naar draagbare elektrische energie te kunnen beantwoorden, is een 

verhoging van de huidige batterijcapaciteit nodig. Vooraleer de huidige grafiet anodes kunnen worden 

vervangen door silicium anodes met een hogere capaciteit, moeten twee problemen worden 

opgelost: de grote volumeveranderingen die gepaard gaan met de legeringsreactie van silicium met 

lithium en de onstabiele elektrolyt-decompositielaag. Het gebruik van silicium nanodeeltjes met een 

aangebrachte coating is gebleken een goede aanpak te zijn. Echter, de fenomenen die plaatsvinden 

aan het oppervlak van silicium dienen beter begrepen te worden. 

Het opzet van deze thesis is meer inzicht krijgen in de interfases en oppervlaktereacties die 

plaatsvinden in silicium-gebaseerde elektrodematerialen voor Li-ion batterijen, om ze uiteindelijk 

veiliger te maken en hun levensduur te verhogen. De aanpak die hier gehanteerd wordt, is tweeledig: 

langs de ene kant wordt er beoogd de invloed van het coaten van silicium nanodeeltjes op de 

elektrochemische reacties die plaatsvinden in een batterij te onderzoeken door middel van 

transmissie elektronenmicroscopie (TEM) en elektrochemische impedantiespectroscopie (EIS). Langs 

de andere kant worden de gecoate partikels gebruikt als modelsysteem om de combinatie van TEM 

en EIS te optimaliseren. Desondanks beide krachtige technieken zijn, is hun combinatie uniek. TEM 

laat toe om de grenslagen in de elektrode te bestuderen op een zeer lokaal niveau, terwijl EIS 

informatie uitgemiddeld over de gehele elektrode biedt. De doelstelling is om deze combinatie te 

ontwikkelen zodat ze een snelle analyse van nieuwe elektrodematerialen toelaat. 

Het is aangetoond in dit werk dat een koolstofcoating zowel de geleidbaarheid van de elektrode 

verbetert als een chemische bescherming biedt aan het oppervlak van de silicium nanopartikels tegen 

reactie met het elektrolyt. Spijtig genoeg degradeert deze coating tijdens het cycleren omwille van de 

volumeveranderingen die gepaard gaan met de legeringsreactie van silicium met lithium. De 

verbeterde geleidbaarheid van de elektrode blijft echter wel behouden. Een alumina en silica coating 

hebben een inhiberend effect op de vorming van de elektrolyt-decompositielaag, maar vertonen een 

zwakke interactie met de polymere binder in de elektrode, met een groot capaciteitsverlies tijdens 

het cycleren als gevolg. De combinatie van TEM en EIS heeft bewezen geschikt te zijn om de 

verschillende interfases in de elektrode te analyseren. Een inductieve lus in de impedantiespectra is 

ontdekt, waardoor het siliciumoppervlak snel kan worden geanalyseerd in nieuwe silicium-koolstof 

gebaseerde elektrodematerialen. Bovendien is er via geavanceerde TEM een specifiek signaal van 

koolstofstructuren uit de elektrolyt-decompositielaag geobserveerd. Hierdoor wordt de detectie van 

deze ontbindingsproducten in een koolstofmatrix mogelijk, wat opportuniteiten biedt voor de analyse 

van nieuwe elektrodematerialen. 

 

Samenvatting per hoofdstuk 

Hoofdstuk 3 beschrijft een gedetailleerde impedantiestudie van twee verschillende silicium 

nanopoeders. Verschillende complementaire en onafhankelijke experimenten hebben de 

aanwezigheid van een inductieve lus aangetoond, onder een potentiaal van 0.35 V. Dit fenomeen is 

nog nooit eerder gerapporteerd voor silicium-gebaseerde elektrodematerialen. Deze studie heeft 
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bepaald dat de inductieve lus in de impedantiespectra wordt veroorzaakt door een competitie tussen 

lithium ionen die enerzijds deelnemen aan de legeringsreactie met silicium en anderzijds aan de 

vorming van een elektrolyt-decompositielaag (SEI; solid-electrolyte interphase). Deze SEI wordt 

gevormd omdat het elektrolyt onstabiel is bij lage potentialen en ontbindt aan het oppervlak van 

silicium, waarmee het reageert. De inductieve lus, die enkel aanwezig is in de impedantiespectra 

wanneer de SEI wordt gevormd op siliciumoppervlakken (bij lage potentialen, tijdens de 

legeringsreactie van lithium met silicium), biedt opportuniteiten om EIS te gebruiken als 

analysetechniek voor de commercieel interessante Si/C composietelektrodes. In zulke composieten is 

het gewenst om de silicium partikels zo volledig mogelijk te bedekken in een koolstofmatrix om zo 

nefaste reacties met het elektrolyt te vermijden. De aanwezigheid van een inductieve lus in de 

impedantiespectra kan bijgevolg dienen om te detecteren of het oppervlak van silicium al dan niet 

volledig bedekt is. 

 

Het huidige onderzoek naar negatieve elektrodematerialen voor Li-ion batterijen heeft zich 

toegespitst op koolstof composietelektroden die silicium bevatten. Als eerste stap richting deze 

materialen, is de invloed van een coating, die werd aangebracht op silicium nanodeeltjes, bestudeerd 

aan de hand van TEM en EIS en beschreven in hoofdstuk 4. In een eerste deel is de invloed van een 

koolstofcoating vergeleken met ongecoate nanopartikels. De TEM resultaten hebben bevestigd dat de 

siliciumoxidelaag, die altijd aanwezig is op het oppervlak van silicium, omgezet wordt tot lithium 

silicaat na reactie van ongecoat silicium met het elektrolyt. TEM en EIS hebben beide bevestigd dat 

een koolstofcoating het oppervlak van silicium succesvol beschermt tegen het elektrolyt en bovendien 

de geleidbaarheid in de elektrode verbetert. Echter, de siliciumoxidelaag die behouden blijft dankzij 

de koolstofcoating, is een slechte geleider voor Li-ionen, waardoor de kinetiek van de electrode 

vertraagd wordt. Hoewel, doordat de koolstofcoating de volumeveranderingen, die gepaard gaan met 

de legeringsreactie van lithium met silicium, niet kan weerstaan, zal de coating beschadigd worden 

tijdens het cycleren van de elektrode. Deze graduele degradatie van de koolstofcoating zorgt voor een 

omzetting van het Li-isolerende siliciumoxide naar het Li-geleidende lithium silicaat, terwijl de 

verbeterde geleidbaarheid in de elektrode gevrijwaard blijft. De evolutie van de degradatie van de 

koolstofcoating kon worden gemonitord dankzij impedantiespectroscopie. Bovendien werd een 

signaal voor een koolstofcomponent van de SEI ontdekt via TEM, waardoor deze kan gedetecteerd 

worden in een koolstofmatrix. Deze bevinding biedt mogelijkheden om TEM te gebruiken als 

analysetechniek voor Si/C composietelektroden. 

In een tweede deel werd de invloed van een alumina en silica coating bestudeerd. In vergelijking met 

een koolstofcoating, die voornamelijk chemische bescherming biedt tegen het elektrolyt, zorgen een 

alumina en silica coating voor een verminderde vorming van SEI aan het oppervlak van silicium. Spijtig 

genoeg komen deze verbeterde eigenschappen niet tot uiting in de batterijresultaten. Verschillende 

technieken, waaronder TEM, toonden aan dat deze coatings een verminderde affiniteit hebben met 

de polymere binder CMC, waardoor de integriteit van de elektrode vermindert met een verlies van 

actief materiaal tijdens het cycleren tot gevolg. 

In een laatste deel wordt de transfereerbaarheid van de geoptimaliseerde TEM-EIS combinatie van de 

simpele systemen met silicium nanodeeltjes naar de meer gesofisticeerde en commercieel 
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interessantere Si/C composietmaterialen gestaafd. Een serie van vier Si/C composieten met een 

toenemende graad van bedekking van silicium met koolstof werd onderzocht. De 

impedantieresultaten lieten toe om de correcte graad van bedekking te voorspellen. Deze 

bevindingen bevestigen dat EIS kan gebruikt worden als een snelle analysetechniek voor nieuwe, 

complexere elektrodematerialen. TEM heeft langs de andere kant bewezen waardevolle inzichten te 

kunnen bieden in de gevallen waar EIS tekort schiet en een meer gedetailleerde analyse noodzakelijk 

is. 

 

In hoofdstuk 5 worden de mechanische eigenschappen van de hierboven vermelde coatings 

bestudeerd aan de hand van in situ TEM experimenten. Twee mechanismen die de spanning in de 

silicium partikels, die ontstaat tijdens de volumeveranderingen van silicium, kunnen ontlasten, 

worden beschreven: de vorming van barsten en nanocaviteiten. Niet in alle partikels worden de 

spanning ontlast. In dat geval, zal de gegenereerde spanning de lithiëringsreactie doen stoppen, met 

een niet-gereageerde kern tot gevolg. Zulk een niet-gereageerde kern verlaagt de praktische capaciteit 

van een elektrode, aangezien niet al het actieve materiaal reageert met lithium. Het type van 

aangebrachte coating blijkt een invloed te hebben op de grootte van deze niet-gereageerde kernen: 

de meest flexibele coating kan het meeste spanning weerstaan en resulteert in de kleinste niet-

gereageerde kern. Een grenswaarde van 150 nm is bevestigd, waarbij deeltjes met een kleinere 

diameter geen barsten vertonen in niet-gecoat silicium. In het geval van koolstof-gecoat silicium 

echter, zijn deeltjes met een kleinere diameter geobserveerd met barsten. Dit doet vermoeden dat 

dankzij de koolstofcoating de deeltjes sneller barsten. Een alumina en silica coating daarentegen 

hebben aangetoond meer flexibel te zijn dan een koolstofcoating. 

In het geval dat barsten of nanocaviteiten voorkomen, blijft er geen niet-gereageerde kern over. 

Hierdoor wordt de volledige capaciteit van de silicium deeltjes benut. Een negatief aspect is echter 

dat wanneer barsten voorkomen, extra specifiek oppervlak wordt gevormd, dat kan reageren met het 

elektrolyt. Dit nadeel wordt vermeden wanneer nanocaviteiten worden gevormd, waarbij de 

morfologie behouden blijft. Indien het mogelijk zou zijn om de vorming van nanocaviteiten te 

bevoordelen ten opzichte van de vorming van barsten, zou dit zeer belangrijke gevolgen hebben om 

de levensduur en capaciteit van silicium-gebaseerde elektrodematerialen te verhogen. 
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What does the future hold? 

 

It is clear that industry has focused on replacing the current graphite electrodes with silicon-based 

electrodes for lithium-ion batteries. Mainly Si/C composite materials are put forward as promising 

candidates, with an improved capacity expected to be three times higher than that of graphite. The 

first commercial products of this kind are becoming available on the market today and many more are 

expected to follow. However, it is realistic to say that these materials will not be the end point of the 

development of Li-ion batteries. Many new materials are being investigated, both negative and 

positive electrode materials, in the hope to increase the capacity or lifetime of the Li-ion battery. On 

the other hand, one has to be careful not to blank stare at these new materials: every month, a high-

impact journal paper claims to have found the solution to the energy problem, by discovering a new 

battery material, which then appears to be highly toxic or expensive, or only last for a few cycles. I 

would like to quote one of the leading authorities in Li-ion research, Claude Delmas, who said the 

following on this topic: “on the one hand you have materials that are published in Nature and on the 

other hand you have materials you want in a real battery”. 

I would also like to add an anecdote by Jeff Dahn, another authority in the field. When on a conference 

he stopped at an exhibition booth of Tesla Motors and asked the representative what we, the battery 

community, could do for him. The representative responded: “Do you see this car?” while pointing to 

a Tesla car that was exhibited there. “Can it comfortably transport 4 adults?” Yes. “Does it have a trunk 

space which is sufficient to go on a holiday?” Yes. “Is a range of 400 kilometers with a full charge 

sufficient for daily use?” I suppose. “But how can we help you then”, Jeff Dahn replied. “By making 

the batteries a lot cheaper”, the representative replied. The cost of Li-ion batteries is the main problem 

for electronic vehicles today. The safety issues have evolved to a level where is does no longer need 

to be solved on an electrode-level, but on a battery pack-level. Therefore it is suggested to focus on 

the existing materials and try to improve them, use them in a more optimized way and make them 

cheaper, instead of developing new, exotic materials. 

 

Beyond Li-ion 

It is also clear that Li-ion technology will not be the end point. The highest energy storage possible for 

Li-ion batteries is insufficient for the long-term needs of society. Li-air technology is one of the possible 

successors, where O2 acts as an electrode: it is a “breathing” battery where oxygen from the air is 

consumed. The main advantage is that an expensive positive electrode, like in Li-ion technology (e.g. 

Li2CoO2), is avoided. This results in much lower manufacturing costs. However, these cells require 

much more complicated interfaces, since the Li-metal anode cannot be in contact with air (and water). 

As a result, this technology is still in a research-phase and it is not yet clear if it will become a 

commercial success[1]. Besides Li-air, lithium-sulfur and all-solid state batteries are also promising 

technologies. 

 

[1] P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J. M. Tarascon, Nat Mater 2012, 11, 172-172. 
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Dankwoord 

 

Een doctoraatsthesis maak je uiteraard niet alleen. Ik zou dan ook graag van deze mogelijkheid gebruik 

willen maken om enkele mensen, die ertoe hebben bijgedragen dat deze doctoraatsthesis tot stand is 

gekomen, uitvoerig te bedanken.  

Als eerste zou ik graag mijn promotor Staf Van Tendeloo bedanken om mij de kans te geven dit 

doctoraat uit te voeren in de onderzoeksgroep EMAT. Hij bracht me in contact met Umicore en 

moedigde me aan om een IWT-Baekeland mandaat aan te vragen. Bedankt ook aan mijn co-promotor 

Stijn Put om mijn doctoraatsaanvraag te ondersteunen en mijn te introduceren in het batterij-team 

van Umicore. 

Graag zou ik ook Stuart Turner uitvoerig willen bedanken. Hij heeft waarschijnlijk de grootste bijdrage 

aan deze doctoraatsthesis. Bedankt om dagen met mij aan de microscoop te zitten en de hele thesis 

in sneltempo door te lezen! 

Speciale dank gaat ook naar Kris Driesen. Hij heeft me zeer intensief opgeleid in het veld van Li-ion 

batterijen en me klaargestoomd voor de verdediging bij IWT. Het is zeker dankzij hem dat ik dit project 

heb kunnen starten. Bedankt om me steeds zeer constructief te begeleiden gedurende de eerste jaren 

van mijn doctoraat. Bedank ook aan Nicolas Marx om het laatste jaar deze taak van Kris over te nemen 

en mijn thesis grondig door te lezen (zelfs na je drukke werkdag of in het weekend!). Verder zou ik ook 

zeker Jean-Sébastien Bridel willen bedanken. Zonder jou en onze interessante discussies zou ik 

waarschijnlijk nooit wegwijs geraakt zijn in de elektrochemie achter Li-ion batterijen.  

Verder zou ik ook graag Etienne Radvanyi en Dr. Sylvain Franger willen bedanken voor de waardevolle 

discussies over onze impedantiespectroscopie resultaten, die zeker bijgedragen hebben tot het succes 

van deze doctoraatsthesis. 

Bovendien mag ik zeker alle collega’s van EMAT niet vergeten. Bedankt aan iedereen die me ooit 

geholpen heeft aan de microscoop of met andere problemen. En onder het motto “de boog kan niet 

altijd gespannen staan”, bedankt ook iedereen voor de gezellige discussies tijdens de lunchpauzes en 

koffiepauzes. 

Uiteraard wil ik ook zeker het batterij-team van Umicore niet vergeten. Daan, Jef, Steven, Peter, Gerry, 

Lex en Boaz, bedankt voor alle hulp en de ontzettend leuke sfeer, zeker tijdens de sporadische 

zoektochten naar de geheimzinnige chemische verbinding CHOCO of tijdens lunchpauzes bij Lulu. 

Tot slot mag ik uiteraard mijn ouders niet vergeten. Dankzij hun steun gedurende de vele studiejaren 

sta ik waar ik nu sta. Bedankt. 
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