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1. Abstract 

Silicon-based anodes such as silicon alloy are promising electrode materials for high energy 

density lithium-ion batteries due to high theoretical capacity of 3579 mAh/g. However, the 

implementation of such anodes with high Si content in practical cells remains elusive because of the 

large volumetric and structural changes that occur during Li-Si alloying/de-alloying 

(charging/discharging). As a result, the Si-based materials show the typical aging behavior such as loss 

of electrical contact and formation of a new surface without solid-electrolyte interphase (SEI), which 

then consumes Li to generate new SEI and eventually causes capacity fade. One approach to achieve a 

long cycle life is to incorporate electrolyte additives, which are responsible for the formation of an 

interphase on silicon-based anodes that mitigates continuous growth of SEI and possesses flexible 

nature. Flouroethylene carbonate (FEC) has been known as an effective additive, but recent studies has 

identified the aging behavior of the cells incorporating FEC, which is a continuous consumption of FEC 

during cycling, resulting in a sudden capacity drop. Therefore, monitoring and quantifying the 

consumption of FEC is of importance to estimate a cell failure. The first part of the thesis presents the 

development of a quantitative method to determine the FEC concentration in a cycled cell by attenuated 

total reflectance (ATR) FTIR. The band at 1835 cm-1 from a C=O stretching serves as an identifier, 

which is linearly proportional to the concentration of FEC. The analysis showed that the FEC content 

decreases linearly upon cycling and the complete FEC consumption coincides with a sudden drop of 

the electrode capacity.  

 Another approach to slow down aging and to increase the cycling performance of Si-

containing electrodes is to use more effective polymer binders that are able to maintain the mechanical 

stability of the anodes during repeating volume changes. Thus, the second part of the thesis focuses on 

how the cell aging depends on the choice of binders (i.e. LiPAA, PVdF, and PVA), which was 

investigated by in situ techniques: (i) dilatometry; (ii) optical microscopy. Analysis of electrode 

thickness changes monitored by dilatometer showed that the anodes comprised of LiPAA exhibits the 
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greatest volume expansion but also demonstrates the highest cyclability and reversibility. This is 

tentatively attributed to the strength of the interaction between binder and silicon particles (via ion-

dipole interactions) dominating the electrode properties, rather than the stiffness of binders. It is shown 

with in situ optical microscopy (IOM) that a direct, real-time visualization of electrode thickness 

changes as well as the changes of particles underwent during cycling were enabled. Ex situ SEM 

imaging revealed that the electrode porosity after delithiation increases compared to that after precedent 

lithiation, which might buffer volume expansion at the subsequent cycle. One key finding of this body 

of work is that larger volume expansions are not necessarily harmful to longer term cyclability, and that 

the cohesion strength of the electrode by binder is a critical descriptor which should be considered 

during future research. 
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2. Introduction 

2.1. Li-ion battery (LIB) and electric mobility: Challenges 

 Advancements in battery technologies over recent decades, along with the urgent need to act 

against the on-going climate changes, largely drive vehicle electrification (i.e. electric mobility) with a 

variety of types including hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles (PHEVs), 

and battery-electric vehicles (BEVs)[1]. Nickel–metal hydride (NiMH) batteries, having a cell voltage 

of 1.2 V and an energy content of 80 Wh kg-1, have been chosen for HEVs[2,3]. However, drawbacks 

such as low coulombic efficiency (70%) and energy efficiency (65%) hinder a further employment of 

this battery technology into the advanced electrified vehicles (i.e. PHEVs and BEVs). Nowadays, 

lithium-ion batteries (LIBs) are exclusively used in PHEVs and BEVs for propulsion[3]. 

 Current LIBs exhibit several overwhelming properties such as a specific energy of 260 Wh kg-

1 and an energy density of 600 Wh l-1 at cell level (the standard cylindrical 18650 cell), high Coulombic 

(99%) and energy efficiency (up to 95%)[4,5]. Besides the properties above, a tunability to design a 

various range of power to energy ratios (P:E) for different applications (e.g. P:E = 3 for BEVs) is another 

advantage of LIBs[4,6,7]. Due to the best combination of above mentioned properties, the mainstream 

power solution for EVs today appears to be LIB technology[1].  

 However, the current energy contents in LIBs are still lower than the 350 Wh kg–1 (or 750 Wh 

l–1) at cell level and 235 Wh kg-1 (or 500 Wh l–1) at battery pack level, ensuring a drive range of 500 km 

for BEVs estimated by the US Department of Energy and the Advanced Battery Consortium[2]. Not only 

increasing the energy contents, but the cyclability is also a critical factor that researchers and engineers 

should keep in mind. The cost of the battery pack should fall below 125 US$ kWh–1 to achieve mass 

market penetration[8]. Last but not least, safety of LIBs is another critical issue that should be ultimately 

resolved, which is originated from the formation of Li dendrites on the negative electrode and related 

consequences (e.g. short circuit, thermal runaway, etc.)[9]. Therefore, one could still think of a lot more 
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room for improvement in terms of energy density, cycling stability, cost, and safety. To meet those 

targets, improvements along the whole battery value chain are needed, as depicted in Figure 1. This 

thesis focuses on the first part on the value chain and tries to shed light on the behavior of high capacity 

materials and electrodes. More details on the concept of active/inactive materials and the function of 

electrolyte additives which corresponds to material selection and processing in the early stage of the 

value chain are introduced in the chapter 2.4.2 and 2.6, respectively. 

 

Figure 1 Battery value chain from material processing to recycling. Based on Schmuch et 

al., Nature Energy, 2018, 3, 267[2]. 

 

2.2. Scope of thesis 

 A number of active components regarded as advanced materials is ranging from carbonaceous 

materials (synthetic and natural graphite and amorphous carbon) to lithium alloying materials (e.g. Si 

and Sn).  

 The goal of this thesis is to evaluate aging behavior of silicon alloy-based anode by means of 

electrochemical techniques, Fourier transform infrared spectroscopy (FTIR) and in-situ techniques 

including electrochemical dilatometry (ECD) and optical microscopy (OM). There are a number of cell 

aging factors that influence the capacity fading, including solid-electrolyte interphase (SEI) formation 

and growth, changes in porosity and contact loss of active material due to volume change, 

reduction/oxidation of electrolyte and subsequent surface film formation, and so on[10]. Among those 

factors, the consumption of a commonly used electrolyte additive has been quantified by FTIR. A 

methodology for the quantification is described first, and then the consumption of the additive, namely 
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fluoroethylene carbonate (FEC), is quantified upon cell cycling. The second part of the Thesis deals 

with evaluation of the volume expansion and contraction of the anode and how that depends upon the 

selection of the polymer binder. The binder failure is also regarded as a critical aging factor particularly 

in silicon and silicon alloy-based electrodes due to a drastic volume change during charge/discharge[11]. 

Electrochemical dilatometry is primarily used to determine the extent of expansion/contraction of the 

electrode in real time. In-situ optical microscopy as the proof-of-concept has been established in order 

to directly visualize how the volume variation occurs during cycling. 

2.3. State-of-the-art of LIBs 

 Carbonaceous materials such as graphite and amorphous carbons are regarded as state-of-the-

art anode materials. In particular, graphite (synthetic and natural) is vastly superior to other types of 

anode materials owing to many properties, such as high specific capacity (372 mAh g-1), low working 

potential and hysteresis, good C-rate capability, low irreversible capacity, low volume expansion during 

lithiation, good cycling performance, good electronic conductivity, and so on[12]. Since optimization of 

the different characteristics with respect to a specific application is required, in many cases, mixtures 

of amorphous and graphitic carbons are employed. The current market shares of synthetic graphites 

(SGs) and of natural graphites (NGs) for LIBs are 43% and 46%, respectively, whereas only 7% 

corresponds to amorphous carbon. On the contrary, lithium titanate (LTO) and Si-based materials only 

make up approximately 2% each[2], indicative of the dominance of carbon-based materials for anode. 

 Si- and Si alloy-based material have attracted great attentions as  alternative anode materials 

primarily due to the high specific capacity, hoping to remarkably increase energy content for the last 

decade[13]. Today, a tendency to progressively increase the amount of silicon in graphite or carbon-based 

anodes is observed[2]. However, its intrinsic property of alloying reaction with lithium (i.e. volume 

change upon de-/lithiation and related mechanical degradation[12,14]) hinders its mass market penetration 

as mentioned earlier. Current approach so far is to add low amounts of Si or SiOx to the anode (< 5 

wt.%), instead of entirely replacing the carbonaceous materials[2]. Although many lab-scale attempts for 
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using silicon-related materials have been reported, detailed information about practically suitable 

production processes is not much publicly available. A feasible way of using Si-based anode material 

is to embed it in a carbon matrix, for example by mixing with graphite or carbon precursors followed 

by additional carbonization and milling procedures. In the final step, the composite particles can be 

further optimized, for example by carbon coating to decrease the specific surface area and, thus, reaction 

with the electrolyte[15]. Processing procedure is depicted in Figure 2. 

 

Figure 2 Production processes for Si-C or SiOx-Si-C composite materials for LIB. Based 

on Schmuch et al., Nature Energy, 2018, 3, 267[2]. 

 

 Last but not least, for application in all-solid-state batteries (ASSBs) where ceramic or 

polymeric electrolytes are used, it is foreseen that the most promising anode material is lithium metal, 

in particular; currently it is already practically employed in Li-metal gel polymer batteries by Bolloré[2]. 

Another practical example is Toyota, the most notable proponent among carmakers, which aims to 

commercialize ASSBs for electric vehicles by 2022[16]. However, lithium metal will not be discussed 

here because it is out of the scope in this thesis. 

 With respect to cathode chemistries LiMO2-type layered oxides, where M represents transition 

metals, are most widely used as cathode materials for automotive applications[6,17]. The layered oxides 

incorporate transition metals such as nickel, manganese and cobalt (NMC) or nickel, cobalt and 

aluminium (NCA). Since the cathode has long proven a bottleneck due to relatively lower specific 
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capacity than the anode, main requirements for the cathode include high specific and volumetric 

capacities as well as high discharge potential versus Li/Li+ and high safety. In NMC-type oxides a trend 

today to increase the capacity is to add more Ni and less Co (NMC-811 (LiNi0.8Co0.1Mn0.1O2)), resulting 

in high specific capacity of 200 mAh g-1 compared to around 160 mAh g-1 for NMC-111 

(LiNi1/3Co1/3Mn1/3O2) at an almost unchanged redox potential. When NMC-811 and NCA are compared, 

NCA shows better capacity retention, a lower tendency for Mn dissolution, and higher power capability, 

while maintaining very similar practical capacities. Having a higher Ni content (NMC-811 or NCA 

(LiNi0.8Co0.15Al0.05O2)), however, shortens cycle life and lowers thermal stability, thereby safety issue 

arises[17]. Another issue for Ni-rich layered cathodes is a higher tendency to react with moisture and the 

electrolyte, which indicates that additional cares during synthesis, electrode processing and cell 

operation should be taken into account[2]. 

 Combining the above mentioned anodes and cathodes, energy density (Wh/L) for different 

anode active materials can be calculated as shown in Figure 3. Energy can only be calculated when both 

anode and cathode are present. Current calculation is basically based on a model proposed by Obrovac 

et al.[12], and slightly modified. The model describes a single-side coated anode and cathode, which are 

separated by a polymer separator (Figure 4).  
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Figure 3 Energy density (Wh/L) and cell energy (Wh) based on 18650 cylindrical cell-type 

for different anode active materials. The percent improvement in energy over a graphite is 

denoted on the right-hand side. Reprinted with permission from M. N. Obrovac and V. L. 

Chevrier, Chemical Reviews 2014, 114, 11444-11502[12]. Copyright 2014 American 

Chemical Society. 

 

 

Figure 4 Full cell model for energy density calculation. Adapted with permission from M. 

N. Obrovac and V. L. Chevrier, Chemical Reviews 2014, 114, 11444-11502[12]. Copyright 

2014 American Chemical Society. 

 

 In the next chapter (2.4.), silicon anode material, the material investigated in this thesis, is 

thoroughly explained in terms of its electrochemistry. 

2.4. Silicon negative electrode: Promising candidate 

 A trend to increase energy density of Li-ion batteries to meet the target in electromobility leads 
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research groups to seek new materials with higher capacity and lower cost (or maybe relatively low 

operating potential). As mentioned earlier, silicon has long been a candidate among all mainly due to 

34 % higher energy density than graphite material (976 Wh/L for silicon versus 726 Wh/L for graphite). 

However, it is worth to mention that complete replacement of carbonaceous materials with silicon is 

hindered, or at least, very challenging by the drastic volume change during cycling. In the next two sub-

sections the electrochemistry of silicon will be first discussed in detail and then a way of mitigating the 

main issue (i.e. volume change) in order to implement the material in commercial cells will be described.  

2.4.1. The electrochemistry of silicon 

 Electrochemical lithiation mechanism of silicon depends on electrode potentials (cutoff 

voltages) and the initial Si structure and morphology[12]. The amorphization of crystalline Si upon 

lithiation at room temperature was first identified by Limthongkul et. al. by X-ray diffraction and high 

resolution electron microscopy (HREM)[18]. The phenomenon was referred to as electrochemically-

driven solid-state amorphization, in which a metastable Li-Si glass rather than the equilibrium Li-Si 

phases is formed when a thermodynamically preferred crystalline intermediate compound (e.g. Li12Si7) 

is unable to crystallize. Ex-situ X-ray diffraction (XRD) studies by Obrovac et al. revealed the existence 

of a new Li−Si phase, Li15Si4, based on Rietveld analysis when bulk crystalline silicon is fully 

lithiated[19]. The voltage profile of bulk polycrystalline silicon powder is shown in Figure 5. Labels in 

the voltage profile (I to VIII) indicate regions where different phases are formed during lithium 

alloying/de-alloying reaction. 
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Figure 5 Voltage profile of bulk crystalline Si powder during lithiation and delithiation as 

a function of cumulative capacity. Distinct regions along electrochemical lithium 

insertion/extraction are labeled from I to VIII.  Reprinted with permission from M. N. 

Obrovac and L. J. Krause, Journal of the Electrochemical Society 2007, 154, A103-

A108[20]. Copyright 2006 The Electrochemical Society. 

 

 

Figure 6 Schematic Li-Si phase diagram as a function of specific capacity and of lithium 

content (x) in LixSi alloy. Labels from “I” to “IV” correspond to the electrochemical 

processes marked in Figure 5. The prefix, a, denotes amorphous phase. Reprinted with 

permission from M. N. Obrovac and V. L. Chevrier, Chemical Reviews 2014, 114, 11444-

11502[12]. Copyright 2014 American Chemical Society. 

 

 Figure 6 depicts a schematic phase diagram as a function of lithium content in LixSi alloy (i.e. 



 

 

Introduction: A State-Of-The-Art  

 

 

11 

 

degree of lithiation). The regions labeled in Figure 6(“I” to “IV”) are also denoted in Figure 5. When 

lithiation starts, the voltage quickly reaches to a gently sloping plateau at around 0.1 V, corresponding 

to a two-phase reaction between crystalline Si (cr-Si) and a lithiated amorphous LiySi, marked as “I” in 

Figure 5 and Figure 6. The plateau extents for most of the Si capacity of 3350 mAh/g which was studied 

by in situ XRD[21]. The reaction front of the electrochemical amorphization appears to be extended 

making the Si core smaller as transmission electron microscopy (TEM) research showed[22]. When more 

lithium is inserted, crystalline Li15Si4 is formed, which is identified by a very small voltage plateau near 

50 mV vs. Li (label “II” in Figure 5). The Li15Si4 is metastable phase and has only been found by 

electrochemical lithium insertion into Si (around room temperature)[19]. All silicon atoms in the Li15Si4 

structure are isolated and occupy equivalent crystallographic sites[12].  

 The sudden crystallization of Li15Si4 at the end of lithiation is not a typical feature observed in 

alloy anodes, as crystalline phases are usually reached via two-phase reactions. It is speculated that this 

metastable Li15Si4 phase can accommodate defects (e.g. Si-Si dumbbells) more easily compared to the 

thermodynamic phase Li21Si5 
[23]. Since Li15Si4 is the phase where Si atoms are completely isolated, it 

appears that the similarity in structure between the amorphous LiySi and Li15Si4, and the rapid Li motion, 

allows the system to attain a lower energy state at room temperature[24–26]. 

 At fully lithiated state (Li15Si4) a gravimetric capacity can be calculated as 3579 mAh/g via 

the following equations (2.1) and (2.2) rather than 4008 mAh/g for Li21Si5 or 4199 mAh/g for Li22Si5.  

 4𝑆𝑖 + 15𝐿𝑖+ + 15𝑒− → 𝐿𝑖15𝑆𝑖4       (2.1) 

 𝑄 (C 𝑔−1) =
𝑧∙𝐹

∑ 𝑀𝑑
         (2.2) 

where z is the number of electrons exchanged, F is Faraday constant (96485 C/mol), and Md is the 

molecular weight of a species at discharged state based on full cell configuration. While many research 

papers have reported such phases and specific capacities as the fully lithiated Li-Si alloy, it is likely that 
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the assumption would come from the most Li-rich phase in Li-Si equilibrium phase diagram[18,27]. 

Moreover, some scientific reports show the initial lithiation capacities more than 3579 mAh/g, which 

may originate either from SEI formation or lithiation of surface oxides. In this study Li15Si4 phase is 

taken as the fully lithiated Li-Si alloy and 3579 mAh/g is used as theoretical specific capacity of silicon. 

 The electrochemical delithiation of Li15Si4 yields a clear plateau near 0.45 V, marked as “III” 

in Figure 5 and Figure 6. It means that delithiation is taking place via a two-phase reaction between 

crystalline Li15Si4 and amorphous LizSi where z is approximately 2[21]. When further lithium is extracted 

from the structure, the voltage rises up, which indicates a solid solution reaction where the amorphous 

LizSi phase is uniformly delithiated until it reaches to amorphous Si. Once bulk Si has been fully 

lithiated and delithiated, the resulting amorphous Si is fundamentally independent of the structure of 

the starting materials. In other words, whether the starting material is crystalline Si, amorphous Si, or a 

Li−Si phase, the amorphous Si obtained from a single lithiation and complete delithiation will be 

regarded the same[12].  

 If this amorphous Si is then lithiated, the voltage curve follows two sloping plateaus (also 

called ‘quasi-plateaus’), indicative of single-phase regions (denoted as “IV” in Figure 5 and Figure 6). 

The higher sloping plateau indicates a feature for lithium entering a Si-rich environment or equivalently 

for Si atoms that are mainly bonded to other Si atoms. The lower sloping plateau is characteristic of 

lithium entering a Li-rich environment or equivalently of Si atoms with an environment dominated by 

Li neighbors. If the lithiation of the amorphous silicon is limited to be above 50 mV, the silicon remains 

amorphous and two sloping plateaus are also present during delithiation (V in Figure 5). If the lithiation 

potential is allowed below 50 mV (VI in Figure 5), the crystalline Li15Si4 phase happens to form, which 

is evidenced by a small peak in the differential capacity (dQ/dE) and its characteristic plateau during 

the next delithiation (VII in Figure 5).  
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2.4.2. Si Alloys with inactive elements 

 The complete lithiation of Si at room temperature (Li15Si4) causes an expansion of 

approximately 280% leading to significant concerns related to crack formation and pulverization of 

particles. A long-standing approach to control pulverization and to reduce particle disconnection has 

been the optimization of particle size, in particular, being down to a nanosize[28]. Even if large 

dimensional changes on the crystal structure due to insertion or removal of Li occur, it has been assumed 

that active particles with nanometer sizes are not necessarily cracked and pulverized, as the absolute 

changes in their dimensions are still small[28]. Nanosized particles were believed to limit particle fracture 

and pulverization and the idea has been confirmed in recent in situ TEM experiments. The size 

dependence of silicon fracturing according to their morphologies (nanowires, nanopillars, and 

nanoparticles) has been reported in literature[13,29] and they showed that there is a critical size for 

avoiding fracturing.  

 Besides the issue of pulverization, two-phase reactions (e.g. between Li15Si4 and amorphous 

Si) encountered during lithium insertion and de-insertion should also be taken into account because 

capacity fade is often coincident with two-phase regions. It is reported that two-phase reactions are 

detrimental to cycling stability since a sharp reaction front along which the two phases with 

considerably different molar volumes is created. Experimental and theoretical approaches showed that 

two-phase boundaries in Si cause additional particle fracturing because of inhomogeneous volume 

change[12]. Sn-oxide glasses (e.g. SnO2) in which both single-phase and two-phase behaviors are 

observed showed better cycling performance when the materials were cycled in single-phase. As cycling 

was repeated, Sn phase became aggregated and its lithiation was governed by two-phase mechanism, 

resulting in capacity fade [30,31]. However, there are examples where materials are cycled over two-phase 

regions and show excellent cycling performance. For example, Li-Pb alloys dispersed in conductive 

polymers have been cycled >100 times along with multiple phase transitions. Therefore, one should 

keep in mind that the detrimental effect of two-phase regions on cycling is material- and/or experimental 
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condition-dependent.  

 A promising industry-relevant approach to use silicon is alloying the active element with 

inactive elements (e.g. Al or Fe) so that the formation of Li15Si4 is suppressed and thereby the material 

remains in a single-phase region. The introduction of inactive elements can also allow a total volume 

expansion tolerable[12,32,33]. For example, when the active silicon phase is surrounded by an inactive 

matrix (e.g. FeSi2), which it is completely inactive against Li-alloying reaction, cycling stability is 

improved since two-phase regions are often prevented. It is speculated that the matrix phase (e.g. FeSi2) 

in active/inactive alloy may play a role in suppressing the formation of Li15Si4 by generating high 

mechanical stresses as similar as does the substrate in silicon thin films[34,35]. It has also been found that 

nanostructured active Si/inactive alloy where crystalline domain sizes are less than 15 nm suppresses 

the formation of Li15Si4
[33,36]. It is proposed that stress-potential coupling contributes significantly to the 

voltage hysteresis of silicon, on the magnitude of 100-125 mV/GPa[34]. The compressive stress is likely 

to limit the depth of lithiation[35] as suggested by Sethuraman et al.  

 In contrast to common belief, additions of an inactive phase in active element (e.g. Si) can also 

lead to higher energy densities compared to that in pure active element that its capacity is limited in 

order to achieve a tolerable amount of volume expansion. The reason behind is that the average voltage 

of active/inactive alloy is lower than that of pure active element at a limited capacity. The detailed 

concept will be described below. The main idea of designing alloy derives from the detrimental effects 

of volume change on cycling[37]. In general, cycling performance of alloy materials becomes worse 

when volume expansion is increased. Taken these into consideration, an alloy should be designed in 

order to maximize cell energy at a given volume expansion that is tolerable to a cell format during 

cycling[12]. 

 There are basically two ways to limit the volume expansion of a-Si (amorphous). The one is 

to dilute silicon with inactive phase as mentioned above. If it is assumed that the maximum volume 

expansion tolerable is 100 %, though it depends on the cell format, alloy particle size, binder, and 
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coating, at full lithiation, the material is then comprised of 36% active silicon and 64% an inactive 

component by volume based on the following equation that was proposed by Obrovac et al.[37] 

 %𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
𝜉𝑓

𝜉0
× 100%     (2.3) 

where ξf is the expansion of the total alloy at full lithiation and ξ0 is the expansion of the active phase 

in the total alloy. This equation can be equivalently written as 

 %𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 =
𝜌𝑎𝑙𝑙𝑜𝑦×𝑄𝑎𝑙𝑙𝑜𝑦

𝜌𝑎𝑐𝑡𝑖𝑣𝑒×𝑄𝑎𝑐𝑡𝑖𝑣𝑒
× 100%    (2.4) 

where ρalloy is the density of the unlithiated alloy in g/mL, Qalloy is the specific capacity of the alloy in 

Ah/g, ρactive is the density of the active phase (i.e. 2.32 g/mL for Si), and Qactive is the specific capacity 

of silicon (3.579 Ah/g) [37]. As an example, if taking the Si(active)/SiFe(inactive) alloy with a density 

of 6 g/mL for SiFe by Fleischauer et al.[38], the density of the final alloy can be calculated 4.67 g/mL as 

follows 

 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑎𝑙𝑙𝑜𝑦 = (𝜌𝑆𝑖 × 36%) + (𝜌𝑆𝑖𝐹𝑒 × 64%)    (2.5) 

and the specific capacity of the final alloy can be estimated 640 mAh/g by using (2.4). Therefore, it has 

a volumetric capacity of 1494 Ah/L. Because the inactive phase is not involved in a reaction with lithium 

during the lithiation of the active phase, the voltage curve should not be affected. In this regard, the 

voltage curve of a 36/64 v/v Si/inactive alloy is drawn against volume expansion as shown in Figure 7. 

Because the silicon phase is supposed to be fully lithiated, the average voltage is simply the average 

voltage of Li-Si de-alloying reaction (i.e. ~ 0.41 V), where the Si phase is assumed amorphous. 

 Another strategy to achieve the same amount of volume expansion (i.e. 100 %) is to limit its 

capacity during lithiation. The voltage curve of a pure amorphous Si is also displayed in Figure 7. As 

illustrated in the figure, a pure a-Si particle might have the same volumetric capacity (mAh/cc) when 

cycling is restricted to the same amount of volume expansion as a Si/inactive alloy. However, the entire 
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voltage range of the active Si phase is used in the Si/inactive alloy to reach 100 % volume expansion, 

whereas the top of its voltage curve is utilized for pure amorphous Si (down to 0.45 V) due to capacity 

limitation. Thus, the average voltage of pure amorphous Si is much higher than that of the Si/inactive 

alloy, which then leads to the higher energy density of a Si/inactive alloy than that of pure amorphous 

Si, when the total volume expansion is limited during cycling. In this sense, adding an inactive phase 

into active element has an effect of increasing the energy density. Moreover, limiting the volume 

expansion as well as capacity of a pure amorphous Si electrode may not be a practical solution because 

high capacity alloy electrodes are usually blended with graphite, which is active at much lower voltage 

(0.2 V or below). When the voltage of the amorphous Si stays high during cycling, the graphite is not 

active[12]. 
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Figure 7 Voltage profile of amorphous Si (a-Si) that is lithiated such that its volume 

expansion (%) is restricted to 100 %, compared with the voltage profile of a 36/64 v/v a-

Si/inactive alloy that also expands up to 100 % even though the alloy is cycled over its 

entire voltage range. Reprinted with permission from M. N. Obrovac and V. L. Chevrier, 

Chemical Reviews 2014, 114, 11444-11502[12]. Copyright 2014 American Chemical 

Society. 

 

2.5. Binders used in silicon electrodes and their influence 

 Generally recognized properties for good binders are: 1) good adhesion to active particles and 

to the current collector; 2) ability to entirely coat the surface of active particles to prevent excessive 

film formation (i.e. SEI), while maintaining fast Li+ ion conduction; 3) ability to withstand dimensional 

changes by stretching or self-healing; and 4) good electrical conduction[12]. Interestingly, it is claimed 

that silicon is an ideal standard material to test new types of polymer binders due to its remarkable 

volume change during lithium insertion/extraction[20]. 

 The good adhesion between the surface of silicon materials and polymer binders is closely 
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related with their chemical nature[39]. The native surface of silicon consists of silicon oxide (−Si−O−Si−) 

and silanol (−Si−OH) groups[40,41]. It is shown in Figure 8 that the chemical bonds are classified into 

three categories in terms of their reversibility and bond strength: weak supramolecular interactions (e.g. 

with PVdF), strong supramolecular interactions including coordination bonds, and covalent bonds[39]. 

 

Figure 8 Chemical interactions between silicon and polymeric binder are classified into 

weak and strong supramolecular interaction and covalent crosslinking. Adhesion behaviors 

of the three interactions are illustrated. Reprinted with permission from T. Kwon, J. W. 

Choi, and A. Coskun, Chem. Soc. Rev. 2018, 47, 2145[39].Copyright 2018 The Royal 

Society of Chemistry. 

 

 These chemical interactions respond differently to external mechanical stress[39]. Weak 

supramolecular interactions, for example the one between silicon and PVdF, can easily dissociate under 

small mechanical stress although their reversibility is the highest among the three. This is because the 

driving force to return to the original state is also weak. Strong supramolecular interactions (e.g. 

hydrogen bonding and ion–dipole interaction), however, are strong enough to preserve the network of 

active materials and exhibit self-healing effect due to their stronger bonds and reversibility. For example, 

silicon anode incorporating C100 (derived from a Meldrum’s acid)[42] showed an improved cycling 

stability owing to the self-healing property coming from ion-dipole interactions. The Si anode with 
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covalent network exhibited better cycling performance than PVdF-Si case as it has a stiff three-

dimensional network, which can suppress large volume change. However, the performance is worse 

than the anode with C100 due to its irreversible bonding nature, resulting in plastic deformation over 

cycles. In this regards, a strategy in polymer binder research with Si-containing electrodes can be to 

optimize the strength of supramolecular interactions in a way that the efficiency of recovering reaches 

the highest. 

 On the contrary to a general belief, brittle poly(carboxylic acid)s binders (e.g. CMC or PAA) 

have been reported to better withstand the large volume expansions encountered during Si lithiation and 

delithiation[12]. This might be partly interpreted and understood that “the mechanical properties of a 

polymer in the bulk can be much different than the mechanical properties of a bundle of a few chains 

of the same polymer. For example, gelatin is a stiff polymer, however a few chains of gelatin have been 

shown to be able to extend over extraordinary large surface- to-surface distances up to five times their 

full stretched length” as pointed out by Lestriez et al. [43] The cycle life of the cells with poly(carboxylic 

acid) binders improves as the density of carboxylic acid groups increases[41]. Therefore, PAA-based 

binders having a much greater carboxylic acid density than CMC have been much studied and have 

shown much improved cycling performance[44–47]. When PAA-based binders are in contact with 

electrolyte, they do not swell and strong adhesion to alloy surfaces are achieved. The PAA binders tend 

to form an artificial SEI by covering the alloy surface entirely, which then impedes further SEI 

growth[44,48]. Figure 9 illustrates the proposed mechanism that explains the excellent performance of 

PAA binders [49]. Due to severe swelling of PVdF binder in contact with electrolyte, the through-

thickness resistance of the electrode increases and the interfacial area between active materials and 

electrolyte also increases, resulting in substantial electrolyte decomposition during lithium insertion. 

However, amorphous nature of PAA binder leads to maximize cross-linked structures and to uniformly 

cover the active particles. As a result, the through-thickness resistance is significantly decreased and the 

adhesion to the current collector is strengthened.  
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 Another engineering polymer in research is polyimide[50,51], which shows higher reversible 

thickness change compared to the electrode with PVdF or CMC[50]. Denis Yu et.al. pointed out that 

vertical dimensional changes are associated with the intrinsic volume expansion of Si as well as a 

rearrangement of the active particles[50]. The former is unavoidable, but the latter can be optimized by 

changing parameters (e.g. binder type). 

 

Figure 9 Comparison of binding mechanisms between PVdF and PAA binders. (a) SiO 

coating with PVDF binder is severly swollen when electrolyte is present, resulting in an 

increase in through-thickness resistance and poor adhesion. During lithiation, electrolyte 

decomposition occurs in a large extent partly due to large interface area between SiO and 

electrolyte. During delithiation, PVdF binder does not keep the SiO particles in contact, 

resulting in the loss of electrical network. (b) SiO coating with PAA binder uniformly 

covering electrode particles exhibits no swelling in the presence of electrolyte and forms a 

so-called ‘artificial SEI layer’. Due to amorphous nature of PAA, cross-linked structures 

are maximized, which leads to strong adhesion between particles and to current collector. 

Reprinted with permission from Komaba et al., J. Phys. Chem. C, 2011, 115, 13487 [49]. 

Copyright 2011 American Chemical Society. 

 

2.6. Electrolyte additives 

 Electrolyte additives are considered as a viable solution to improve cycling performance of 
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lithium-ion batteries without entirely changing the major components of the current electrolytes[52]. If 

one compares the formation chemistry and processes of solid-electrolyte interphase (SEI) on graphitic 

and Si anodes, it is found that certain similarities were shared as follows. Operating potentials for both 

materials are around 0.05−0.5 V vs Li/Li+, which is outside the thermodynamic stability window of 

most electrolyte components. Therefore, reductive decomposition of these electrolyte components is 

unavoidable and directly influences on the interphasial chemistry. Second, both materials are in the 

unlithiated state when first assembled, and hence the SEI forms in a stepwise manner, where there is 

opportunity for interphase additives to play a role. However, since the reductive reactions on silicon 

surfaces are significantly affected by the native layers such as SiO2 and Si-OH as mentioned earlier, as 

well as by the irreversible morphological alteration during the formation process including the phase 

change and the large volume variation, the SEI chemistry on Si is more unique than similar as the one 

on graphite. The large dimensional change at each lithiation creates/exposes new silicon surfaces by 

breaking the already formed SEI, resulting in a new round of the SEI formation. Such a continuous 

growth of SEI is thought to be one of the reasons for the much faster fade in capacity when Si-based 

materials are in use[53].  

 Vinyl carbonate (VC) and lithium bis(oxalate)borate (LiBOB) have been natural candidates 

when silicon electrodes are in focus due to their successful usage with graphitic anodes[53]. However, 

VC and LiBOB appear to be less common with Si anodes as assumed from the limited literature 

available. Fluoroethylene carbonate (FEC) appears to be the most common additive for Si and Si-

containing anodes[54–56]. Although various Si materials were used and diverse techniques were utilized 

to propose possible mechanisms in literature, a general agreement is that FEC-derived interphases are 

likely to be denser and thinner, whereas FEC-free interphases tend to be more porous and permeable by 

electrolytes. Si materials in those FEC-containing electrolytes were found to outperform in terms of the 

capacity retention (% decrease in capacity with respect to that of the first cycle) as well as coulombic 

efficiency. However, the presence of LiF in the interphase is controversial and its advantage to 
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electrochemical performances is under discussion[53]. 

 When FEC and VC are compared, it is proposed that FEC follows a reduction path which 

produces LiF and VC followed by subsequent polymerization of VC to end up with poly(VC) as shown 

in Figure 10[57]. Both additives were decomposed to produce HCO2Li, Li2C2O4, Li2CO3, and poly(VC), 

whereas the first three compounds were found in smaller quantities when FEC was in use. Despite its 

novel approach by synthesizing decomposition products of FEC and VC as a reverse order, it is not 

clearly accounted whether a direct use of VC is even more beneficial than using FEC since a part of 

reaction product of FEC is VC according to the proposed mechanism.  

 

Figure 10 FEC and VC reduction products when they are decomposed. A possible structure 

of one of reduction products, poly(VC) is shown. Reprinted with permission from Michan 

et al., Chem. Mater., 2016, 28, 8149[57]. Copyright 2016 American Chemical Society. 
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3. Techniques 

3.1. Electrochemical Methods  

 When the steady current, i, is applied to an electrode, the potential of the electrode moves to 

values characteristic of a redox couple and varies with time since the concentration ratio of the redox 

couple changes at the electrode surface. Here, the current is controlled (i.e. the independent variable), 

which is often held constant, while the potential of an electrode (i.e. the dependent variable) is 

determined as a function of time (Figure 11a). After an electrochemical reaction terminates due to a 

deficiency of reactants (i.e. the concentration of that chemical close to zero at the electrode surface), 

the flux of the species is insufficient to accept all of the electrons being forced across the electrode-

solution interface and the potential of the electrode will rapidly shift until another electrochemical 

process starts if any exist. The time that the electrochemical process occurs after application of the 

constant current is called transition time, τ. The experiment is carried out with a current source called a 

galvanostat and the potentials between two electrodes (the working versus the reference electrode or 

the working versus the counter electrode) are recorded. The current applied can also be reversed after 

an amount of time as shown in Figure 11b. If the current is suddenly changed from a cathodic to an 

anodic current of equal magnitude, or vice versa, a chemical species formed during the first step will 

start oxidizing (or reducing) and the potential moves in an opposite direction. This potential response 

is equal to the voltage profile usually obtained in galvanostatic charge-discharge experiment of lithium-

ion batteries[58]. 
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Figure 11 (a) Constant-current chronopotentiometry. The time after application of the 

constant current is called transition time, τ. (b) Current reversal chronopotentiometry. 

 

3.2. Attenuated Total Reflectance (ATR) Infrared (IR) Spectroscopy 

 If a sample (e.g. a diatomic molecule CO) is irradiated by light as illustrated in Figure 12, 

transmittance, T, of the sample is defined as the ratio of the transmitted intensity, I, to the incident 

intensity, I0: 
[59,60] 

 𝑇 =
𝐼

𝐼0
           (3.1) 

The transmitted intensity is described with the length, l, of the sample and the molar concentration, c, 

of the absorbing medium as [60,61] 

 𝐼 = 𝐼0 × 10−𝜀𝑐𝑙          (3.2) 



 

 

Techniques  

 

 

25 

 

 

Figure 12 Mechanism of infrared absorption by a molecule. I0 and I represent the intensity 

of incident light and transmitted intensity. 

 

where ε is molar absorption coefficient. This correlation, which is found empirically, is called Beer-

Lambert law. It is usually expressed in its logarithmic form 

 log (
𝐼0

𝐼
) = 𝐴 = 𝜀𝑐𝑙          (3.3) 

where A is called absorbance. When a molecule absorbs light, a transition from an energetic ground 

state to a particular excited state occurs, which depends on the energy of light and on the chemical 

nature of the interacting constituents. In particular, rotational and vibrational excitations take place in 

the infrared spectral range. The infrared region is extended by the near infrared (NIR) from 12500 cm-

1 (λ = 800 nm) to 4000 cm-1 (2.5 µm), the mid infrared (MIR) from 4000 cm-1 to 400 cm-1 (25 µm) and 

the far infrared (FIR) from 400 cm-1 to 10 cm-1 (1 mm) as shown in Figure 13. In vibrational 

spectroscopy, the reciprocal wavelength is often used and denoted as wavenumber, k[61,62] 

 𝑘(𝑐𝑚−1) =
10000

𝜆(𝜇𝑚)
          (3.4) 
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Figure 13 The electromagnetic spectrum from radio frequency to gamma ray with 

increasing wavenumber and decreasing wavelength. Infrared region including far-, mid-, 

and near-infrared is enlarged.  

 

 There is a selection rule for absorption of light by a molecular vibration. The interaction of 

infrared radiation with the molecule is only possible if the electric dipole moment of the molecule 

changes when atoms of the molecule are displaced relative to one another[62]. For example, the stretching 

motion of a homonuclear diatomic molecule (e.g. H2) does not affect the molecule’s dipole moment, 

and thus it neither absorbs nor generates radiation. However, heteronuclear diatomic molecules such as 

CO are infrared active[62]. 

 With respect to the molecular motions, one could start with a molecule comprised of n atoms 

in a Cartesian coordinate system. Each atom in the molecule can move independently along x-, y-, and 

z-axes (three degrees of freedom), and thereby the molecule has 3n degrees of motional freedom. Figure 

14 displays the different motions of the water molecule. Three of the degrees are the translational 

motions (Ti) in that all atoms in the molecule move in the same direction at the same time. This does 
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not change the interval between atoms. Another three degrees are the rotational motions (Ri) where the 

distance between atoms also remains unchanged. The rest of the degrees of freedom 3n-6 are the 

motions that influence on the distance by changing either the lengths of the atomic bonds or the angels 

between the bonds[63]. Vibrational movements may be divided into stretching and deformation 

vibrations. Deformation may be subdivided into bending modes, twisting modes, wagging modes, and 

rocking modes[61]. 

 

Figure 14 Schematics of motional degrees of freedom of the water molecule. Ti is 

translational motions and Ri is rotational motions, i = x, y, and z. νa and νs represent the 

antisymmetric and symmetric stretching vibration and δ is deformation vibration. 

 

 Organic compounds exhibit characteristic vibrations between 4000 and 1500 cm-1. When 

heavy atoms are involved (e.g. inorganic compounds), characteristic vibrations occur at much lower 

frequencies[59]. These vibrations can be used for qualitative analysis of polyatomic molecules. As 

described earlier in this section, in the Beer-Lambert law the intensities of the bands in pure substances 

and in mixtures are proportional to the concentrations of the substances. Therefore, quantitative analysis 

can be carried out by methods based on heights of the bands or preferably by methods based on 
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integrated intensities[61]. 

 When studying thick or highly absorbing solid and liquid samples, the reflection measurement 

technique using attenuated total reflectance (ATR) accessories is particularly useful. ATR uses internal 

reflection where light propagates within the optically dense medium as shown in Figure 15. When the 

angle of incident light, α, exceeds the critical angle, the light propagating in an optically dense medium 

with the refractive index n2 undergoes total reflection at the interface between the optically rare medium 

(n1) and the dense medium. Upon total reflection, the incident light (i.e. the electromagnetic wave) 

propagates through the optical interface and generates an evanescent field, which penetrates the rare 

medium as shown in Figure 15b. The penetration depth zp is expressed as follows. 

 z𝑝 =
𝜆0

2𝜋𝑛2√sin2 𝛼−(
𝑛1
𝑛2

)
2
        (3.5) 

The typical depth of penetration is in the order of a few micrometers between 0.5 µm for 4000 cm-1 and 

5 µm for 400 cm-1 (assuming refractive index of dense medium of 2.4, sample refractive index of 1.5, 

and 45 degree angle of incidence).  
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3.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDX/EDS) 

 When an accelerated electron beam is irradiated on a specimen, the electron beam is deflected 

by the specimen in an elastic scattering or inelastic scattering mode. These elastic and inelastic 

scattering events cause a penetration of electrons into the specimen in a certain depth and form an 

interaction volume as shown in Figure 16. A variety of imaging and microchemical information is 

extracted from the volume of the specimen by examining different signals such as secondary electrons, 

backscattered electrons, Auger electrons, and characteristic X-rays[64]. 

 

Figure 15 (a) Measurement of internal reflection at a flat interface with n2 > n1. (b) Strength 

and penetration of the evanescent field when incident light propagates from optically dense 

medium (n2) Based on G. Gauglitz et al. Handbook of Spectroscopy, Wiley, 2014[61]. 
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Figure 16 Interaction volume of upon scattering of the electron beam with a material. 

Several cubic micrometers of volume where signals originate from is created on the base 

of the beam diameter of a few nanometers. 

 

 Elastic scattering results from the deflection of the electron beam by the atomic nuclei of the 

specimen or by electrons on an outer shell of similar energy. When this type of interaction occurs, any 

losses of kinetic energy during the collision is negligible and the scattered electron changes its direction 

in a wide-angle. Incident electrons that are elastically scattered through an angle of more than 90 ̊ are 

called backscattered electrons (BSE), and the BSEs provide both compositional and topographic 

information. Since elements with higher atomic numbers have more positive charges on the nucleus, 

more electrons are backscattered, resulting in a higher backscattered signal. As an example, the BSE 

yield is ~6% for a light element such as carbon, whereas it is ~50% for a heavier element such as 

tungsten or gold[65]. 

 In inelastic scattering there is a loss of energy and the kinetic energy of the incident electrons 

is transferred to the atoms of the specimen causing electrons of the atoms in the specimen knocked out 
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of shell. These escaped electrons are called secondary electrons (SE). As they have low energy, typically 

an average of around 3–5 eV, they can only escape from a space up to a few tenths of nanometers below 

the specimen surface. Therefore, secondary electrons give topographic information with good 

resolution[65]. 

 Another class of signals generated by the interaction of the electron beam with the specimen 

is characteristic X-rays. The whole processes are depicted in Figure 17. When the incident electron 

beam strikes the specimen, inner-shell electrons of the specimen atoms are ejected from their orbits and 

leave a vacancy in the orbital (Figure 17a). This vacancy is immediately filled when an outer shell 

electron is transferred to the inner shell (Figure 17b), which accompanies a release of energy equal to 

the difference in the binding energy of the two shells (Figure 17c). This excessive energy is released in 

the form of an X-ray photon, which represents a characteristic energy of a specific element. The energy 

dispersive X-ray spectrometer (EDX/EDS) is the most commonly used detector for characteristic X-ray 

in the modern SEM[64]. 



 

 

In situ Dilatometry 

 

32 

 

 

Figure 17 Schematic showing processes of generating characteristic X-rays. (a) The 

incident electron strikes an inner shell electron and knocks the electron out of the K shell. 

(b) When the vacancy is created, an electron from the L shell fills the void. (c) Since the 

electron from the L shell has higher potential energy, the energy difference between the 

shells is released as an X-ray photon. Based on A. Ul-Hamid, A Beginners’ Guide to 

Scanning Electron Microscopy, Springer Nature Switzerland AG 2018[64]. 

 

3.4. In situ Dilatometry 

 Dilatometry has been used to study swelling behavior of various samples since 1980s[66]. The 

working principle of the dilatometer system is based on measuring the resonance frequency shift of an 

oscillator circuit (e.g. a type of LC circuit) composed of a ferrite coil with a variable slit as shown in 

Figure 18a. This type of dilatometer was used to investigate intercalation of HSO4
‒/H2SO4 into graphite 

and K+/H2O into 2H-TaS2
[66], and also used for lithium intercalation into graphite electrodes in LiClO4 

in EC-DME electrolytes[67]. Winter et. al. investigated solvated and unsolvated lithium intercalation into 
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graphite electrodes in various nonaqueous electrolytes by the same dilatometer setup[68].   

 

Figure 18 (a) Schematic of the dilatometer using a ferrite coil with a variable slit. Reprinted 

from Mat. Res. Bull., 17, Biberacher et al., A high resolution dilatometer for in situ studies 

of the electrointercalation of layered materials, 1385, Copyright (1982), with permission 

from Elsevier. (b) Schematic of a dilatometer where working and counter electrodes are 

separated by polymer membrane and a displacement transducer is mounted on a rigid 

frame. Reprinted from J. Power Sources, 97-98, Ohzuku  et al., Direct evidence on anolaous 

expansion of graphite-negative electrodes on first charge by dilatometry, 73, Copyright 

(2001) with permission from Elsevier. 

 

 Ohzuku et al. used another type of dilatometer where a linear voltage displacement transducer 

is mounted on a rigid frame and anomalous expansion of graphite electrodes in PC- and EC-based 

electrolytes was investigated. The schematic of the dilatometer is shown in Figure 18b. Graphite 

working electrode and lithium metal counter electrode are separated by polypropylene membrane and 

the electrodes were under a constant pressure by a defined weight[69]. 

 Hahn et al. used the system which has similar operating principle as that of Ohzuku, but a stiff 

glass frit was employed as a separator (Figure 19)[70]. In their dilatometer setup, a thin metal foil is 

placed on top of working electrode, which allows sealing of the entire system as well as transmitting 

any height change of the working electrode (WE) via the movable plunger to the displacement 
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transducer. A commercially available dilatometer from EL-Cell® (ECD-1) was used in this study, which 

has the same working principle as the apparatus developed by Hahn et al. More details about 

experimental parameters on the ECD-1 are found in Chapter 4. 

 

Figure 19 Schematic of a dilatometer used by Hahn et al. The working electrode (WE) is 

placed on top of a rigid glass frit which is fixed in position and serves as a separator. A 

constant load can be applied by means of a spring. A reference electrode is placed close to 

the edge of the counter electrode at the lower face of the glass frit[70]. Reprinted from 

Carbon, 44, Hahn et al., A dilatometric study of the voltage limitation of carbonaceous 

electrodes in aprotic EDLC type electrolytes by charge-induced strain, 2523, Copyright 

(2006) with permission from Elsevier. 

 

3.5. In situ Optical Microscopy 

 There are two types of microscopes in use: the traditional finite tube length (typically 160 mm) 

microscopes and the infinity-corrected microscopes that are now widely produced[71–73]. Both 

microscopes are shown in Figure 20. For finite tube length microscopes, the objective lens forms a 

magnified, real image of the specimen at a specific distance from the objective known as the 

intermediate image plane, IIP (Figure 20a). The specimen is located at a defined distance from the front 
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lens element of the objective (the working distance of the objective lens) so that the intermediate image 

formed is located at the front focal plane of another magnifying lens called an ocular. The human eye 

takes the image projected to infinity and forms a real image on the retina. In practice, this means that 

one can observe the specimen as if it is at infinity and the eye is relaxed[71].  

 

Figure 20 Optical trains of (a) finite tube length and (b) infinity-corrected microscope 

system. The specimen is projected through the objective and an intermediate image is 

formed. This image is further magnified by the ocular and projected onto the retina of the 

eye. 

 

 For infinity-corrected microscopes, the objectives are designed to project the image of the 

specimen to infinity and do not form a real image of the specimen (Figure 20b). A real image of the 

specimen is formed at the intermediate image plane by using another lens known as the tube lens placed 

behind the objective lens. As for the finite tube-length microscopes, the intermediate image is located 

at the focal length of the ocular, and the specimen image is projected to infinity[71]. In this design the 

rays between the objective and the tube lens are parallel and it is called the infinity space. This is the 
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space utilized by microscope manufacturers to add optical accessories such illuminators[72]. 

 In the standard infinity-corrected microscope the total magnification of the specimen is 

achieved by two steps: the first magnification (M1) by the objective and the second magnification (M2) 

by the ocular. The first magnification is calculated by focal length of tube lens (ftube) divided by focal 

length of the objective (fob), 

 𝑀1 =
𝑓𝑡𝑢𝑏𝑒

𝑓𝑜𝑏
          (3.6) 

The intermediate image is further magnified by the ocular with a factor of the viewing distance from 

the eye to the image (dview) divided by focal length of the ocular (focular), 

 𝑀2 =
𝑑𝑣𝑖𝑒𝑤

𝑓𝑜𝑐𝑢𝑙𝑎𝑟
          (3.7) 

Thus, the total magnification is the product of the two magnifying factors. 

 𝑀 = 𝑀1 × 𝑀2         (3.8) 

In digital microscope the ocular is replaced by CMOS camera chip and a flat screen monitor. Video 

magnification (M3) is calculated by a ratio of monitor active screen diagonal (dmonitor) to the camera chip 

diagonal (dchip), and thus the total magnification is accomplished by the product of M1 and M3. 

 𝑀3 =
𝑑𝑚𝑜𝑛𝑖𝑡𝑜𝑟

𝑑𝑐ℎ𝑖𝑝
         (3.9) 

 In situ optical microscopy has been used to obtain time-dependent Li spatial maps of the 

graphite porous electrode[74]. Harris et al. developed a system which allows to measure lithium transport 

in an operating cell by observing color changes of the graphite as shown in Figure 21a. Depending on 

the degree of lithiation, the color of graphite electrodes changes from dark blue at LiC18 phase, followed 

by red at LiC12, and then to gold at LiC6 phase (the full lithiation stage), which are displayed in Figure 

21b. They modelled the current-voltage data by observing the motion of lithiation front in the graphite 
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electrode with a diffusion equation which does not contain any microstructural information.  

 

Figure 21 (a) Photograph showing the main components of the in situ optical cell. (b) A 

captured image showing three graphite stages: blue (LiC18), red (LiC12), and gold (LiC6). 

Reprinted from Chemical Physics Letters, 485,  Harris et al., Direct in situ measurements 

of Li transport in Li-ion battery negative electrodes, 265, Copyright (2010) with permission 

from Elsevier. 
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4. Experimental 

4.1. Electrode Preparation  

 Si alloy (3M, L-20772 CV7) was used as an active anode material as received. Prior to produce 

a slurry for electrode coatings, a binder solution was prepared as follows. Polyacrylic acid (PAA) (35 

wt.% in H2O, MW = 250K, Aldrich) was neutralized to pH=7 by lithium hydroxide and then diluted to 

obtain a resulting solution of 10 wt.% LiPAA[33]. Next, Si alloy and binder solution were blended to 

achieve a final weight ratio of 91:9 between Si alloy and the binder in a 45 mL planetary ball-mill 

(Pulverisette 7, Fritsch) made of zirconium oxide for 60 minutes at 160 rpm to produce a slurry. Four 

zirconium oxide balls were used for mechanical mixing. The resulting slurry was then casted by the 

“doctor blade” technique on copper foil (12µm, Schlenk), achieving the areal capacity of 3.6±0.1 

mAh/cm2. For binder research by in situ dilatometry (see Chapter 7) a copper foil of 35µm thick was 

used instead due to rupturing issue of the current collector during repeated lithiation/delithiation. The 

coating was left to air dry at ambient temperature for >2 hours and then punched using a hand punch 

with an 8 mm for the dilatometer, a 12 mm for cycling tests in a coin cell, or a 16 mm diameter for 

cycling in EL-Cell® and for in-situ optical microscopy. Finally, the punched electrodes were dried under 

vacuum overnight at 120°C by using a glass oven (Buechi, Switzerland) before cell assembly. 

Electrodes were assembled in electrochemical cells in an Ar-filled glove box (MBraun <0.1 ppm both 

O2 and H2O). 

 For the experiments with three binders (see Chapter 7), three types of negative electrodes were 

fabricated by mixing active material and binder in the same weight ratio of 91 to 9 above. The binders 

used in this chpater were LiPAA, polyvinylidene fluoride (PVdF), and polyvinyl alcohol (PVA). 5 wt. % 

PVdF solution was manufactured by dissolving PVdF (P5130, Solvay Solexis) in N-methyl-pyrrolidone 

(anhydrous, Sigma-Aldrich) by means of magnetically stirring overnight. PVA (MW = 130K, Sigma-

Aldrich) was vigorously stirred for 1 hour with a magnetic stirrer in deionized water by using water 

bath (85°C ) to obtain an uniform binder solution with a concentration of 6.5 wt. %. The same planetary 
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mill was used to mix the active material and the corresponding binder under the above-mentioned 

mixing conditions (at 160 rpm for 60 minutes). In the case of slurry with PVA binder the slurry was 

mixed longer for 4 hours (10 minutes pause after each 60 minutes shaking at 160 rpm) in order to reduce 

agglomerates. The rest procedures from the slurry casting to final drying before cell assembly are the 

same as above. The final loadings of three negative electrodes is 3.7 ± 0.2 mAh/cm2.   

  

4.2. Electrolyte Preparation 

 Ethylene carbonate (EC), ethylmethyl carbonate (EMC), fluoroethylene carbonate (FEC) and 

lithium hexafluorophosphate (LiPF6) were obtained from BASF and used as received. Compositions of 

electrolytes are summarized in Table 1. For the experiments with a dilatometer and an optical 

microscope (cf. Chapter 7) 1M LiPF6 in EC:EMC:FEC (27:63:10 by weight) was used exclusively. 

  Name Electrolyte Composition 

  0% FEC 1M LiPF6/EC:EMC (3:7, w/w) 

  2% FEC 1M LiPF6/[98 wt.% EC:EMC (3:7, w/w)+2 wt.% FEC] 

  6% FEC 1M LiPF6/[94 wt.% EC:EMC (3:7, w/w)+6 wt.% FEC] 

  10% FEC 1M LiPF6/[90 wt.% EC:EMC (3:7, w/w)+10 wt.% FEC] 

 

4.3. Electrochemical Characterization 

 Cycling performance tests were carried out in 2032 coin cells with Celgard®2325 separators 

and a lithium counter electrode. For quantitative analysis of electrolyte additives EL-Cell® (ECC-Std, 

2-electrode) was used with a 16-mm electrode, glass fiber (Whatman®, GF/A) separators, and a Li 

metal electrode since the test cell can be easily dismantled and thus the collection of a separator is also 

uncomplicated. Because the amount of soaked electrolyte in the glass fiber is sufficient for further 

quantitative IR analysis, the glass fiber separator was chosen instead of the Celgard® separator. The 

Table 1 Electrolytes used in this study and their compositions. 
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designs of both the 2032 coin cell and the EL-Cell are depicted in Figure 22. 

 

Figure 22 Schematic of commercially available test cells used in this study. (a) 2032 coin 

cells. Adapted from [75], CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ (b) ECC-

Std from EL-Cell®. Adapted with permission from [76]. 

 

 Cell testing procedures are summarized in a Table 2. Galvanostatic constant current – constant 

voltage (CCCV) cycling has been carried out for the experiments described in Chapter 5. The first cycle 

(i.e. formation) was conducted with a constant current of C/10 (based on theoretical capacity of 1110 

mAh/gsilicon alloy) down to the cutoff voltage of 5 mV. After that, a potentiostatic step was applied until 

the current decays to C/40. De-lithiation was carried out applying a constant current of C/10 until a 0.9 

V cutoff. The subsequent cycles were carried out with a constant current of C/4 and a constant voltage 

at 5 mV until a trickle current of C/20 for lithiation and a constant current of C/4 for de-lithiation up to 

0.9 V. The electrochemical measurements were conducted using BaSyTec CTS system.  

 Electrochemical cycling with the dilatometer (see Chapter 4.4.) was carried out at a laboratory 

battery testing unit VersaSTAT 3F (Princeton Applied Research) by constant current charging and 

discharging with a defined C-rate of C/20. Note that the terms “charge” and “discharge” refer to Li 

uptake (i.e. lithiation) and Li release (i.e. delithiation) to and from the Si-alloy electrode, respectively. 

 The galvanostatic cycles of cells for the optical microscope (see Chapter 7.2.3.) were collected 
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by applying a C/20 current in the voltage window ranging from 3.0 to 4.2 V using a 

potentiostat/galvanostat (Vertex.One, IVIUM).  

Test cells Electrolyte 
Amount of 

electrolyte 
Cycling conditions 

Coin cell 

0% FEC 

2% FEC 

6% FEC 

10% FEC 

Either 100 or 

150 µl 

First cycle 

Lithiation: constant current (C/10) – constant 

voltage held at 5 mV until a current decay to C/40 

Delithiation: constant current (C/10) 

 

Subsequent cycles 

Lithiation: constant current (C/4) – constant 

voltage held at 5 mV until a current decay to C/20 

Delithiation: constant current (C/4) 

Cut-off potentials: 5 mV – 0.9 V  

EL-Cell® 

0% FEC 

2% FEC 

6% FEC 

10% FEC 

200 µl 

Dilatometer 

(ECD-1) 
10% FEC 1.5 ml 

Constant current (C/20) lithiation and delithiation 

Cut-off potentials: 5 mV – 0.9 V  

IOM cell 10% FEC <200 µl 
Constant current (C/20) charge  

Cut-off voltage: 4.2 V  

 

4.4. In situ Dilatometry 

 Electrochemical dilatometry measurements were carried out in the ECD-1 cell (EL-CELL 

GmbH). The design of the ECD-1 cell is shown in Figure 23[77]. In the cell core, a stiff glass frit is used 

as separator and placed in a fixed position to measure solely the height change of the working electrode 

by a high-resolution displacement transducer. The glass frit further prevents any influences coming 

from the counter electrode. The dilatometer can detect dimensional changes of the working electrodes 

in a range of 20 nm up to 500 μm. A dried electrode with 8 mm in diameter was used as working 

electrode and lithium metal was used as counter and reference electrodes. The dilatometer cells were 

assembled in the argon-filled glovebox. The electrochemical measurements were performed in a climate 

chamber (Binder GmbH) where temperature inside was maintained at 25 °C. More details about 

Table 2 Experimental conditions for different test cells. 
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theoretical background of dilatometry is found in Chapter 3. 

 

Figure 23 Schematic showing the dilatometer cell ECD-1. (a) The complete cell body and 

(b) the cell core magnified. 1: Metal membrane, 2: Working electrode (WE), 3: Glass T-

frit, 4: Li metal counter electrode (CE), 5: CE plunger, 6: Sensor tip, 7: Spacer disc made 

of stainless steel, 8: Reference electrode pin where a piece of metallic lithium is loaded. 

Reprinted from Electrochimica Acta, 257,  Huesker et al., In situ dilatometric studz of the 

binder influence on the electrochemical intercalation of Bis(trifluoromethanesulfonyl) 

imide anions into graphite, 423, Copyright (2017) with permission from Elsevier.. 

 

4.5. In situ Optical Microscopy (IOM) 

 Figure 24 shows an optical cell core as seen from the side (schematic) and the whole cell (IOM 

cell) (photograph). The cell has a two-electrode set-up as same as the conventional coin cell where the 

negative and positive electrodes are faced each other and separated by a separator. Thus, the results give 

more insights into practical applications. The cell was assembled in a dry room (dew point of -60 °C). 

Si alloy electrodes with three different binders act as the negative electrode, while LiNi0.5Mn0.3Co0.2O2 

(denoted “NMC” hereafter, Umicore, Belgium) cathodes serve as the positive electrode (3.5 mAh/cm2). 

The detailed coating procedures of NMC cathode were reported elsewhere[36]. For our system, round 

electrodes and a separator (Celgard® 2325) were stacked in between the two sample blocks and then 

the half the stack was cut by a scalpel so that a cross-section of the stack is subjected to a measurement 

(Figure 24a). The stack was then covered with optically transparent quartz window (a diameter of 25 

mm and 1.0 mm thick) as shown in Figure 24b. Finally, the cell was filled with electrolyte 1M LiPF6 in 
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EC:EMC:FEC (27:63:10, w/w) inside Ar-filled glove box and sealed hermetically (Figure 24c). The 

stack was first soaked with the electrolyte overnight before a measurement start.  

 

Figure 24 (a), (b) Schematic of IOM cell core and its assembly and (c) a picture of the 

whole cell. (a) Once a stack is inserted in between block #1 and #2, the part of the stack 

that is higher than the top surface of those blocks is cut. (b) Afterwards, an optically 

transparent window made of quartz is placed on top. The cell core is then inserted into (c) 

the outer cell and hermetically sealed. 

 

 After the soaking procedure, the cell was placed under the optical microscope (PreciPoint M8, 

Germany) employed with 40× objective lens (Olympus UIS2) as shown in Figure 25. The overall 

magnification can be obtained by the following equation,  

 𝑀 = 𝑀1 × 𝑀2 = (𝑓𝑡𝑢𝑏𝑒/𝑓𝑜𝑏) × (𝑑𝑚𝑜𝑛𝑖𝑡𝑜𝑟/𝑑𝑐ℎ𝑖𝑝)     (4.1) 

where the first magnification (M1) is obtained by dividing a focal length of tube lens (ftube) by a focal 

length of microscope objective lens (fob) and the second magnification (M2) is computed by dividing 

monitor active screen diagonal (dmonitor) by camera chip diagonal (dchip). 
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Figure 25 Digital optical microscope (M8, PreciPoint) equipped with automated x-y-stage 

and z-stacking function along z-axis. Reprinted with permission from [78]. 

 

The resolving power (i.e. resolution), r is given by Rayleigh formula, 

 𝑟 = 0.61 ×
𝜆

𝑁𝐴
          (4.2) 

where λ is wavelength of radiation light (550 nm) and NA is numerical aperture of objective lens. The 

numerical aperture of the 40× lens used in this study is 0.60, leading to the resolving power of 0.56 µm, 

which is the physical limit of light microscopy depending on a given sample situation. On the other 

hand the resolution of a camera at the objective side is calculated by dividing the first magnification M1 

(12.44 = 56 mm/4.5 mm) by the pixel size of the camera chip (2.2 µm), which results in 0.18 µm.  

However, in the current design of color camera (each pixel includes 4 pixels of red, two greens, and 

blue) a common practice to determine the resolution is to multiply by two, which gives the final camera 

resolving power of 0.36 µm. 

 Digital micrograph images of the electrodes were collected every 50 seconds, with a focus 

stacking technology (HeliconSoft), which takes several shots at different focal distances instead of just 
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one and the software combines the stack into a fully focused image. Experiments typically ran for a day 

or two. The series of images was combined to create a time-lapse video. For the colors of the images 

shown in this study were enhanced for displaying better material contrast. Fundamentals of optical 

microscopy is found in Chapter 3.5. 

 

4.6. Attenuated Total Reflectance (ATR) Infrared Spectroscopy (IR) 

 FTIR spectra of electrolyte-soaked glass fiber separators for a calibration curve were acquired 

on a Bruker spectrometer (ALPHA Platinum ATR, Figure 26), equipped with diamond crystal, in 

attenuated total reflectance (ATR) mode inside the glove box. After being cycled, the cells were 

carefully disassembled in the Ar-filled glove box where FTIR spectrometer is located and wet separators 

used to obtain IR spectra without further treatments. Theoretical details about infrared spectroscopy is 

found in Chapter 3.2. 

 

Figure 26 FTIR equipped with a single reflection attenuated total reflection (ATR) module. 

The ATR crystal is made of diamond which is chemically and mechanically robust. 

Reprinted with permission from [79] Copyright 2014 BRUKER OPTIK GmbH. 
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4.7. SEM and EDX/EDS 

 Scanning electron microscopy (SEM) investigations with high resolution were performed, 

using a scanning electron microscope LEO 1530V (Carl ZeissNTS GmbH) equipped with a thermal 

field emission electron source and an Everhart-Thornley secondary electron detector. Energy dispersive 

X–ray spectroscopy (EDX/EDS) was used to determine the sample’s atomic composition (X–MaxN 50, 

Oxford Instruments).  

 The silicon alloy powders were investigated directly without further treatments. The uncycled 

and cycled electrodes retrieved from the dilatometer were investigated. The applied acceleration 

voltages were 5 kV allowing up to 75,000-fold magnifications with secondary electron detector and 10 

kV with backscattered electron detector.  

 EDX analysis was carried out with an acceleration voltage of 10 kV. A series of elements (C, 

O, F, Si, Fe, and Cu) was selected and elemental mapping characterization was carried out to investigate 

local enrichment of elements. 
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5. Basic Characterization on the Silicon Alloy 

5.1. Redox reaction and cycling performance of the silicon alloy  

 To evaluate electrochemical properties of silicon alloy (L-20772 CV7, 3M), electrodes only 

containing the alloy and LiPAA binder were fabricated. After the evaluation of the alloy, composite 

electrodes comprising of Si alloy, graphite, conductive carbon, and binder were prepared and assessed 

in Chapter 5.3, which is more commercially relevant electrodes. Figure 27a shows the voltage profile 

for the first ten cycles obtained from the electrode including the alloy and binder. The first cycle 

reversible capacity is 1160 mAh/g, which is ~200 mAh/g higher than the value for the similar type of 

alloy material that is reported in literature [33,80]. Since silicon is the only material contributing to the 

capacity, it is likely that the present alloy contains more silicon and less inactive materials. Irreversible 

capacity for the first cycle is 200 mAh/g corresponding to coulombic efficiency (CE) of 85.3 %. The 

physical properties of the silicon material as well as the first lithiation capacity, a reversible (i.e. 

delithiation) capacity to 0.9 V, and the first cycle CE are summarized in Table 3.  

 By inspecting the shape of voltage curve, two noticeable features are: (i) a voltage plateau at 

0.1 V during the first lithiation (also shown as a negative peak in differential capacity curve in Figure 

28a); and (ii) two sloping plateaus during following cycles (i.e. lithiation and delithiation). It is known 

that the initial lithiation of crystalline silicon proceeds through a two-phase region where lithiated 

amorphous silicon is formed (a-LixSi) [19,20]. If the lithiated amorphous silicon is delithiated, two sloping 

plateaus appear in voltage curve (also shown in Figure 28b), indicative of single-phase regions[20,33].  
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Figure 27 (a) Voltage profile as a function of specific capacity (mAh/g) for the first ten 

cycles. At the end of constant-current lithiation, cell voltage is held at 0.005 V and current 

is monitored until it decays to C/40. (b) Delithiation capacity normalized to cycle 2 and 

coulombic efficiency. 
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True 

Density* 
Surface Area† 

Lithiation 

Capacity 

Reversible 

Capacity‡ 

Coulombic 

Efficiency 

L-20772 CV7, 

3M 
3.67 g/cm3 11.0 m2/g 1360 mAh/g 1160 mAh/g 85.3 % 

* From literature (V.L. Chevrier et. al. Journal of Electrochemical Society 161 (2014) A783) 

† Measured B.E.T. surface area by Sorptomatic from Thermo Electron Corporation 

‡ The first cycle delithiation capacity that is calculated with respect to the active material 

 

 Figure 27b shows the capacity retention and coulombic efficiency (CE) of the silicon alloy for 

50 cycles. Delithiation capacity of the electrode was normalized to the 2nd cycle because the very first 

cycle (i.e. formation step) was conducted with a slow C-rate of C/10 and a constant voltage step of a 

current decay by C/40. This electrode exhibits cycling characteristics with 83% capacity retention over 

50 cycles, which is lower than the value reported [33]. This might be attributed to higher silicon content 

in the current material that is evidenced by ~200 mAh/g higher specific capacity, which supposedly  

causes larger volume variation (i.g. expansion and contraction) during alloying/de-alloying processes. 

Within four cycles, CE reaches to above 99 % and the average CE between cycle 4 and cycle 50 is 

99.59 %. Note that the calculation excludes values from cycle 28 to cycle 32 due to unexpected higher 

numbers above 100 %. The coulombic efficiency is one of very important parameters to assess electrode 

performance in full cells. As pointed out by Obrovac et al., capacity fade in a full cell is strongly 

influenced by small difference in the CE [12]. For example, when the CE of anode varies from 99.99 % 

to 99.95 %, it results in capacity loss of 5 % to 22 % after 500 cycles (the CE of cathode was assumed 

to be 100 %). Therefore, the CE of the current electrode should be further improved by diluting the 

composition with state-of-the-art graphite material (i.e. composite electrodes), which has higher CE. 

This will be discussed in Chapter 5.3. 

 Figure 28 shows differential capacity curves corresponding to the electrode shown in Figure 

27 for the first lithiation and selected delithiation cycles. Semiempirical rule is that by examining the 

Table 3 Physical and electrochemical properties of the silicon alloy used in this study. 
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energy level of lowest unoccupied molecular orbital (LUMO) of an electrolyte component one can 

judge the readiness of the component to be reduced on the negatively charged surface of the anode[52]. 

In other words, a molecule with possessing a lower energy level of its LUMO is more reactive toward 

reduction  and, therefore, the SEI-forming component because the molecule should be a better electron 

acceptor. The LUMO level of FEC (1.45 eV) is lower than that of EC (1.51 eV) [81]. Based on this 

information, it is expected that FEC is likely reduced first on the silicon alloy anode. The first lithiation 

dQ/dE curve for the whole voltage range (inset in Figure 28a) shows that the reductive decomposition 

of the electrolyte yielded two peaks at 1.28 V and 1.14 V, which can be assigned to FEC decomposition 

[82]. Further lithiation of the anode results in electrochemical amorphization of silicon in the alloy to 

form lithiated silicon (a-LixSi) via a two-phase region which is evidenced by a sharp negatively-going 

peak approximately at 0.1 V in Figure 28a, corresponding to a voltage plateau near to 0.1 V shown in 

Figure 27a [18,19]. During the first delithiation (Figure 28b), two broad humps are observed at 0.28 V and 

0.45 V. The absence of a sharp narrow peak at 0.45 V indicates silicon microstructure being cycled in 

amorphous phase without forming Li15Si4 during the lithiation step [19,33]. As cycling proceeds, two 

humps become smaller and the position of the humps is shifted to more positive voltage, indicative of 

a capacity fade and an increase in electrode resistance, respectively. 
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Figure 28 Differential capacity versus voltage plot for a coin cell for (a) the 1st lithiation 

and for (b) selected delithiations (1st, 2nd, 10th, 20th, 30th, 40th, 50th). An enlarged dQ/dE for 

the entire voltage window from ~3 V is displayed in the inset of (a) to make reduction peaks 

clear. Dashed lines in (b) indicate shifts of two humps from the 1st to 50th delithiation. 

 

5.2. Effect of calendering on cycling performance 

 Figure 29a shows the voltage profile of both uncalendered and calendered electrodes for the 

first two cycles.  The voltage curves of both electrodes were almost identical, indicating that impedance 

of the electrode was unchanged at these cycling rates (C/10 at cycle 1 and C/4 at cycle 2) after 
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calendaring, that is in agreement with Du et al.[80] Delithiation capacities versus cycle number for both 

uncalendered and calendered electrodes are displayed in Figure 29b. Capacity fade rates of both 

electrodes are similar until ~15 cycles. Afterwards, the capacity of the uncalendered electrode decreases 

slower than that of the calendered electrode. A detrimental effect on cycling performance by calendering 

on silicon alloy has been reported by Du et al.[80] They interpreted in a way that after calendering a part 

of Si alloy particles can be fractured and new surface that is not covered with binder can be exposed or 

smaller particles that are not connected (i.e. isolation) can be created, resulting in a severe capacity fade. 

However, capacity fade for the calendered electrode in Figure 29b was not as drastic as reported in 

literature. It is likely that much lower pressure of ~0.2 GPa (converted from 2 tons per 1.131 cm2) was 

used to press the electrodes in this study, whereas the relatively high pressure (at least >0.5 GPa) was 

applied to calender the electrode reported. Such a high pressure resulted in a decrease in the average 

particle size and caused fracturing of the particles, which led to the poor cycling performance. Another 

feature in Figure 29b is that a capacity fade rate is rather linear in the calendered electrode, while an 

inflection point is observed in the uncalendered electrode at about cycle 55. Beyond the inflection point, 

the capacity fade is accelerated. This is attributed to a consumption of electrolyte additive FEC, which 

will be discussed in Chapter 6. 

 To examine the influence of calendering on electrode morphology, both uncalendered and 

calendered electrodes were investigated with SEM. The SEM micrographs in Figure 30show that 

particles are more closely packed in calendered electrode and therefore less void space is observed. 

Since silicon expands and contracts during alloying and dealloying reaction, respectively, the presence 

of empty space (i.e. pores) inside the electrode that can serve as buffer space is suggested to be beneficial 

to some extent[83]. In commercial electrode design calendering is often a necessary procedure to achieve 

high energy density (Wh/cc) to compact more active materials in unit volume. However, since 

calendering can also result in a decrease in porosity, cycle performance is likely to be limited when 

silicon is incorporated. Therefore, one has to carefully design an electrode in order to achieve a balance 

between energy density and cycle performance.  
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Figure 29 (a) Voltage profile of uncalendered and calendered electrodes for the first two 

cycles. (b) Delithiation capacity of the uncalendered and calendered electrodes versus cycle 

number. 
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Figure 30 Scanning electron microscope images of (a-b) uncalendered and (c-d) calendered 

electrodes. The images of calendered electrode show particles more closely packed than 

those in the uncalendered electrode. 

 

5.3. Composite electrodes 

 Addition of graphite to the coating formulation usually improves the cycling life [80] mainly 

due to reduced overall volume change and a physical property of graphite acting as lubricant. In order 

to confirm the effect of introducing graphite on cycling performance, the worse performing electrode 

(i.e. the calendered) was chosen to make composite electrodes with different ratios between silicon alloy 

and graphite. As graphite is active material with lithium contributing capacity, the addition of graphite 

to the anode may fill pore space and is expected to increase volumetric capacity[80]. Figure 31displays 

the delithiation capacity and coulombic efficiency of three composite formulations, which are referred 

to as Si/Gr (Si alloy/Graphite) (8/2), (5/5), and (3/7), and their voltage profiles for the first five cycles.  

 Although graphite was added to the coating, capacity retention was not improved, but 
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worsened as shown in Figure 31a compared to the electrode without graphite (c.f. Figure 27b). In 

addition, it is somewhat surprising that the electrode with the highest graphite content, Si/Gr (3/7) shows 

the fastest capacity fade rate of 10 mAh/g per cycle (except cycle 1, the formation cycle) until cycle 22 

compared to 4 mAh/g per cycle for the Si/Gr (8/2) electrode as shown in Figure 31a. The introduction 

of graphite also results in lowering coulombic efficiency. CEs of the first cycle for the three composite 

electrodes are the following order: Si/Gr (8/2) > Si/Gr (5/5) > Si/Gr (3/7). Si/Gr (8/2) shows the highest 

CEs for the rest cycles despite the highest content of silicon. Higher silicon content in the composite 

electrode usually causes faster capacity fade owing to larger amount of volume variation and repeating 

SEI formation/breakage processes during cycling. Therefore, the resulting poor capacity retention for 

graphite-containing electrodes might be more related to interaction between LiPAA binder and graphite 

particles (i.e. adhesion to the current collector and/or among graphite particles) and/or a role of 

conductive additive instead of intrinsic volume change of silicon. It is often observed that conductive 

additives (e.g. Super P Li) are used when composite electrodes containing different active materials are 

fabricated [33,84]. Key roles of conductive additives are: (i) improved cycle performance; (ii) increased 

electrochemical reaction rate; and (iii) enhanced conductivity all over the electrode [85]. Therefore, the 

rather poor electrochemical performance of the composite electrodes shown in Figure 31 might be in 

part attributed to lack of electrically conductive paths among active materials due to the absence of 

conductive additives. 

 Voltage profiles for the first five cycles are shown in Figure 31c-31e. The more graphite is 

added to the coating formulation, the clearer lithium (de)intercalation plateaus with respect to graphite 

appear (Figure 31e). The intercalation plateaus are observed at 0.212 V, 0.135 V, 0.122 V, and 0.084 V 

in voltage profile and also shown in dQ/dE curve as negative-going peaks in Figure 31e, which are in 

agreement with typical voltage plateaus for graphite [86]. The amorphization of silicon and lithium 

intercalation into graphite (stage II → I) are superimposed at the voltage plateau at 0.084 V.  
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Figure 31 (a) Delithiation capacity of composite electrodes with different formulations and 

(b) coulombic efficiency. Voltage profiles for the first five cycles of the composite 

electrodes with the ratio between silicon alloy and graphite of (c) 8/2, of (d) 5/5, and of (e) 

3/7. The differential capacity curve of the first lithiation for Si/Gr (3/7) is displayed in (e). 
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 When conductive additive was added in the composite electrodes, cycle performance was 

remarkably improved as shown in Figure 32. The average coulombic efficiency between cycle 6 and 

cycle 100 is 99.7%. The capacity retention at cycle 100 referred to cycle 2 is 97.6 %. Here, the ratio 

between silicon alloy and graphite is 62.5:37.5. A conductive additive, Super P Li (Timcal) is added to 

the coating formulation with 2 wt.%. The result confirms that the introduction of conductive additive 

into silicon composite electrodes is required to improve cycle performance and to reduce irreversible 

capacity loss.   

 

Figure 32 Specific capacity and coulombic efficiency of the composite electrode comprised 

of silicon alloy, graphite, conductive additive (Super P Li), and LiPAA binder with a ratio 

of 55:33:2:10. 

 

 Figure 33a shows the surface morphology of the composite electrode containing silicon alloy, 

graphite, and conductive additive. The morphologies of each component are well matched to single 

components: pure silicon alloy shown in Figure 33b; conductive additive shown in Figure 33c; and 

graphite shown in Figure 33d. The SEM micrograph exhibits that all components are homogeneously 

mixed.  
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Figure 33 SEM micrographs of (a) the composite electrode (not pressed), (b) pure silicon 

alloy, (c) conductive additive (Super P Li), and (d) graphite (SMG-A3). 
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6. Influence of FEC as Electrolyte Additive on the Si Alloy 

6.1. Capacity Fading 

 As mentioned earlier in Chapter 2.6, electrolyte additives are regarded as an economically 

feasible solution to improve cycling life of Li-ion batteries [52]. The main function of the additives on 

Si-based anodes is to be “sacrificed” to form solid-electrolyte interphase (SEI), the protective film on 

the active materials to prevent further electrolyte decomposition [53]. Fluoroethylene carbonate (FEC) 

has been gaining much attention in the last decade particularly on Si-based anodes due to its superior 

cycling performance[36,54–57,87–90]. Although addition of FEC improves the cycling performance of 

silicon-based material, earlier reports show that the additive is continuously consumed over cycles and 

a sudden capacity fading occurs when FEC in electrolyte no longer remains [91,92]. Therefore, 

quantitative determination of remaining FEC is of great importance to assess cycle life of Si-based 

anodes. In this chapter, the following issues will be addressed: 1) if the amount of FEC impacts on 

cycling performance of silicon alloy anode and what features are shown, 2) if a dominant factor 

influencing capacity fade and irreversibility is distinguished, 3) if Fourier transform infrared 

spectroscopy (FTIR) can be used to determine the quantity of FEC in the standard electrolyte, 4) if 

remaining FEC in the cycled cells can be quantified by FTIR.  

6.1.1. Amount of Fluoroethylene Carbonate (FEC) 

 Figure 34 shows a trend that a cell with more FEC exhibits prolonged cycle life of silicon alloy 

anode.  A series of coin half cells (silicon alloy electrodes were cycled versus Li metal anode) were 

constructed with three different FEC contents (2, 6, and 10 wt.%) and all cycled under the same 

conditions (constant current constant voltage (CC-CV) lithiation/constant current delithiation). A quick 

capacity drop is observed at about cycle 30 and 50 in cells containing 2 and 6 wt.% FEC, respectively 

(Figure 34a). Interestingly, coulombic efficiency (CE) has also dropped when the severe capacity fade 

occurred (Figure 34b). Jung et al. reported a similar decay in CE when cells containing 5 wt.% FEC 
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were cycled, but no decay with cells containing 10 wt.% FEC[92]. They interpreted that such a CE drop 

for 5 wt.% FEC indicates significant alterations in the parasitic reactions caused by SEI formation on 

silicon. On the other hand, the capacity drop was much delayed to occur at cycle 225 for the cells with 

10 wt.% FEC, in which case already thick SEI is supposed to form during > 200 cycles and the complete 

consumption of FEC might have a less dramatic effect on the coulombic efficiency. It is found, however, 

that in this study there is more contribution of contact loss of active materials to CE and thereby to the 

irreversible capacity than that of SEI formation. More details to better understand reasons for the 

irreversible capacity will be discussed in Chapter 6.1.2. 
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Figure 34 (a) Specific delithiation capacity and (b) coulombic efficiency versus cycle 

number of three coin cells filled with 2 wt%, 6 wt%, and 10 wt% FEC in 1M LiPF6 in 

EC:EMC (3:7, w/w). Adapted from [93], CC BY 4.0, https://creativecommons.org/licen-

ses/by/4.0/ 

 

 For the cell with 10 wt.% of FEC the capacity fades continuously, no clear indication of the 

sudden capacity drop for 100 cycles. However, one can notice that a slope of capacity fading begins to 

fall sharply at ca. cycle 60. Overall, it suggests that the more FEC the electrolyte contains, the longer 

cycling performance is obtained. It is, however, worth noted that increasing further the FEC 
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concentration is not a viable solution as its decomposition, in particular at high temperatures, generates 

gaseous products that will be problematic for larger cell formats such as a pouch cell with larger amount 

of electrolyte, as reported by Wang et. al. [94]. 

 

6.1.2. Contributions to the Irreversible Capacity 

 In order to distinguish irreversibility due to either SEI formation or active particle 

disconnection, as proposed by Gauthier et. al. [95] and Wachtler[96], we also calculated two different 

irreversible capacities, namely relative irreversible capacity related to SEI formation (RICSEI) and to 

particle disconnection (RICDisconn.). First, the irreversible capacity (IC) is defined as the difference 

between the lithiation and delithiation capacity, 

 IC = 𝑄𝑛
𝐿 − 𝑄𝑛

𝐷          (6.1) 

where QL
n and QD

n are the lithiation and delithiation capacity at nth cycle, respectively. Since IC of each 

electrode often varies slightly in real experiments, the relative irreversible capacity (RIC) is suggested, 

as a function of the delithiation capacity at a given cycle, to be independent of each cell (i.e. 

normalization) [95]: 

 RIC =
𝑄𝑛

𝐿−𝑄𝑛
𝐷

𝑄𝑛
𝐷            (6.2) 

 Next, two different irreversible capacities are determined based on the following assumptions: 

(1) Capacity loss caused by SEI formation is almost exclusively generated during the lithiation (i.e. 

reductive decomposition of electrolyte).  

(2) Capacity loss due to disconnection of active particles is mostly created during the delithiation 

when silicon particles shrink upon de-alloying.  
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Figure 35 illustrates above mentioned two cases where irreversibility originates from. The relative 

irreversible capacity associated to SEI formation is derived as: 

 𝑅𝐼𝐶𝑆𝐸𝐼 =
𝑄𝑛+1

𝐿 −𝑄𝑛
𝐷

𝑄𝑛
𝐷          (6.3) 

where QL
n+1 is the lithiation capacity at (n+1)th cycle and QD

n is the delithiation capacity at nth cycle. 

As shown in Figure 35a, the difference between the delithiation capacity of the 1st cycle and the 

lithiation capacity of the 2nd cycle represents the charge that is consumed for SEI formation. Taking the 

second assumption above into account, the relative irreversible capacity due to disconnection of 

particles is defined as: 

 𝑅𝐼𝐶𝐷𝑖𝑠𝑐𝑜𝑛𝑛. =
𝑄𝑛

𝐷−𝑄𝑛+1
𝐷

𝑄𝑛
𝐷         (6.4) 

where QD
n and QD

n+1 is the delithiation capacity at nth and (n+1)th cycle, respectively. 

 It is, however, possible that some SEI can be generated at the beginning of the delithiation (i.e. 

oxidative decomposition) when the potential is lower than the electrolyte stability window and when 

new surfaces are accessible to the electrolyte after the shrinkage of silicon active particles. Furthermore, 

disconnection is not solely due to contact loss of electrical network. It could also happen when thick 

SEI is formed and lithium ions are hindered from accessing to particles [95]. Particles may also be 

disconnected during the inflation of the particles upon lithiation. These phenomena were proposed to 

represent only a minor contribution to the irreversibility [95]. However, particle disconnection during 

expansion seems to frequently overwhelm the contribution of capacity due to SEI formation in this 

study. This will be discussed below. 
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Figure 35 Schematic representation of irreversible capacity loss due to (a) SEI formation 

during lithiation and (b) disconnection of active particles. 

 

 RIC, RICSEI, and RICDisconn. for the cells shown in Figure 34 are displayed in Figure 36. As 

pointed out by Wachtler, the variation of IC from cycle to cycle is usually observed and thus cumulated 

irreversible capacities over cycles may allow to average the straying phenomena to some extent. Thus, 

cumulated relative irreversible capacities are shown instead. 
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Figure 36 Evolution with cycling of cumulated relative irreversible capacities (RIC), RIC 

related to SEI formation (RICSEI), and RIC related to the disconnection of particles 

(RICDisconn.) for the cell (a) with 2 wt.% FEC, (c) with 6 wt.% FEC, and (e) with 10 wt.% 

FEC. RICSEI is separately displayed by a scattered plot for the corresponding FEC 

concentration (b, d, f). Grey patterned boxes in (b), (d), and (f) highlight negative values of 

RCISEI and the right side of the patterned rectangles ends at the cycle number where a 

sudden capacity fading occurs. 

 

  The slopes of cumulated RIC for the three cells in Figure 36a, 36c, and 36e are all very similar 

until a severe fade begins. When the sudden capacity fading occurs, the irreversibility becomes 

markedly increased as evidenced by a rapid increase in cumulated RIC. In all three cases, regardless of 
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FEC concentration, the main contribution to cumulated RIC is disconnection of active particles 

(cumulated RICDisconn.), which is assumed to occur during the delithiation process. However, very small 

or even negative contribution of SEI formation  (cumulated RICSEI) is observed for all three cases. To 

understand cumulated RICSEI, absolute values for RCISEI at each cycle are also shown in Figure 36b, 

36d, and 36f. A patterned rectangle is overlaid on the graphs in order to visualize a negative contribution. 

For the cell with 2 wt.% FEC there are more positive values calculated rather than negative values up 

to cycle 30 where the sudden capacity fade starts to occur. For the cells with 6 wt.% and 10 wt.% 

population of the negative RICSEI is close to that of the positive RICSEI. Basically, the negative RICSEI 

means that the delithiation capacity at nth cycle is larger than the lithiation capacity at (n+1)th cycle (QD
n 

> QL
n+1). The Si alloy electrodes used in this chapter did not contain conductive carbon additives (e.g. 

carbon black), whereas Gauthier et al. added 12 wt.% Super P carbon black in their electrodes [95], which 

indicates a larger electrochemical surface area, and thus larger capacity loss due to decomposition of 

electrolyte. This might explain that the values for cumulated RICSEI in their publication is in the range 

from 0.3 to 0.5 at cycle 50, while in our cases the values are lower than 0.1 as shown in Figure 36. 

Overall, lower capacity loss for SEI formation is expected in the current study compared to the work 

by Gauthier et al. mainly due to the absence of conductive carbon additives. 

 Last but not least, it is worth to mention that loss of electrical contact during contraction is not 

solely responsible for disconnection of particles[95]. The continuous growth of passivation layers on 

particles due to electrolyte decomposition may block the lithium ions to enter the particles, which is in 

turn no longer accessible.  

 

6.1.3. Refilling of the Additive 

 To further confirm that addition of FEC prolongs cycle life, two identical cells filled with an 

exact volume of electrolyte containing 10 wt.% FEC were constructed and cycled under the same 
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condition. While the one cell was cycled without any interruptions (Cell A), the other cell was stopped 

at cycle 134 (Cell B), which is the moment right before the sudden capacity drop is shown, and carefully 

opened in glove box, and then additional 100μl electrolyte containing 10 wt.% FEC was filled in extra 

(Figure 37). After refilling, the cell was cycled under the same condition. A capacity fading rate is shown 

similar as before for additional 40 cycles and then a sign of the sudden capacity fade appears. This 

clearly demonstrates that FEC plays a key role to extend the duration of cycling of silicon alloy anode. 

 

Figure 37 Specific delithiation capacity (mAh g-1) versus cycle number of Cell A and B. 

Cell B is stopped at the 134th cycle and additional 100μl electrolyte containing 10 wt.% 

FEC is refilled. The sudden capacity fade is observed after additional 40 cycles (red dot). 

Adapted from [93], CC BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

 

6.2. Validation of FTIR as a Method to Quantify FEC 

 Although FTIR has been widely used to determine decomposition products on the surface of 

electrodes when the additive FEC is used [54,97][Etacheri12, Nguyen14], a direct quantification of 

remaining FEC in cycled cells has not been studied by FTIR yet. At first, to validate FTIR technique as 
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a suitable method to quantify FEC content, a series of reference electrolytes with known FEC 

concentration (0, 2, 6, and 10 wt.%) was measured with IR spectrometer and the corresponding spectra 

are shown in Figure 38a. Pure FEC and LiPF6 salt were also measured with FTIR in order to identify 

IR bands (Figure 38b). 
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Figure 38 (a) Infrared spectra of 1M LiPF6 in EC:EMC (3:7, w/w) electrolytes containing 

0, 2, 6, and 10 wt.% FEC and of (b) FEC and LiPF6 salt. Characteristic FEC bands visible 

in the electrolyte are marked with a dash line in (a). The measurements were carried out 

with drops of liquid electrolytes and solvent FEC and with solid LiPF6. 
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Figure 39 The reference spectra of (a) EC provided by Bruker Optics (Bruker/Merck 

library) and of (b) EMC downloaded from spectral database for organic compounds 

(national institute of advanced industrial science and technology, Japan) [98]. EMC spectrum 

is displayed by transmittance (%). 

 

 There are several characteristic bands, which correspond to each electrolyte component, LiPF6, 

EC, EMC, and FEC. The band assignment is carried out as follows. At first, the bands corresponding to 

pure EC and EMC were identified from the reference spectra as shown in Figure 39. Since pure FEC 

and LiPF6 are not available from a commercial spectral library, those bands were assigned from the 
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measured spectra (Figure 38b). Next, characteristic changes upon varying FEC concentration (from 0 

to 10 wt.%) were identified (dash lines in Figure 38a), which are observed in 1M LiPF6 in a mixture of 

EC, EMC, and FEC. The bands corresponding to FEC appear at 1835, 1221, 1108, and 1075 cm-1. While 

the bands centered at 1835, 1108, 1075 cm-1 show systematic changes based on Beer-Lambert law, the 

band at 1221 cm-1 is intrinsically very weak and the absorbance change upon FEC concentration is 

barely discernible. Therefore, the former three bands can be used to quantitatively determine the amount 

of FEC in the electrolyte. 

 Since the electrolyte in a coin-type cell is gradually dried out over tens of cycles, which makes 

the extraction of electrolyte (1 – 2 drops) difficult, the electrolyte soaked separators were examined to 

obtain reference IR spectra instead (Figure 40a). Indeed, there is minor changes between IR spectrum 

of liquid electrolyte and that of electrolyte soaked separator (Figure 41), which validates the fact that 

soaked separators can be also used for quantitative analysis. The most prominent change in the 

measurement of soaked separators is shown at 1835 cm−1, which is assigned to the v(C=O) stretching 

band of FEC[82]. The other variations also exhibit concentration dependent changes shown at between 

1200 and 900 cm−1, but those bands overlap with a broad band from the separator (Figure 41), which 

potentially interferes the quantitative analysis.  

 Once the band for the quantitative analysis is selected, the band area centered at 1835 cm−1 

was calculated by integrating between 1873 and 1825 cm−1. Figure 40b shows a correlation of the band 

area and FEC concentration, which proves that absorbance by FEC is directly proportional to the 

concentration of FEC (Beer-Lambert law). Thus, FEC concentration in the electrolyte in cycled cells 

can be precisely determined by FTIR as long as the separator is retrieved. 
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Figure 40 Infrared spectra of separators soaked in electrolytes with different FEC 

concentration. (b) Calibration curve based on integrated absorbance centered at 1835cm−1, 

where the characteristic FEC band appears. The weight percentages of FEC are also noted 

on the graph. y = 0.0130x + 0.5621. R2 = 0.999 Reprinted with permission from [93], CC 

BY 4.0, https://creativecommons.org/licenses/by/4.0/ 

 

 

Figure 41 IR spectra of glass fiber (GF/A) separator, liquid electrolyte with 10 wt.% FEC, 

and the same electrolyte soaked in the glass fiber separator. The prominent band at 1835 

cm−1 resulting from FEC is marked by dashed line. Reprinted with permission from [93], CC 

BY 4.0, https://creativecommons.org/licenses/by/4.0/ 
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6.3. Consumption of FEC upon Cycling 

 In order to understand the correlation between the remaining FEC and capacity fading, a series 

of sister cells (namely Cell A to E) with 10 wt% FEC were cycled and stopped at the different cycle 

number (30th, 50th , 87th , 134th , and 224th , respectively), and then the wet separators were harvested 

for IR analysis. Figure 42a shows the delithiation capacity of the cells versus cycle number where the 

capacity drop appears between cycle 140 and 180 (see Cell E). Cell D shown in cyan was stopped right 

before the sudden capacity drop. All cells from Cell A to E show similar behavior of capacity fading, 

which is indicative of reproducibility. Note that the capacity drop is delayed compared to the coin cell 

with 10 wt% FEC in Figure 34a since the electrode here contains small quantity of graphite, which 

reflects less volume expansion and lower electrode capacity. As the ratio of moles FEC to anode 

capacity in Figure 42a (31.7 μmolFEC mAhelectrode
−1) is higher than that in Figure 34a (28.6 μmolFEC 

mAhelectrode
−1), the rapid drop is also expected FEC electrode to occur later. Detailed calculation for the 

ratio normalized by silicon alloy anode capacity is given by 

 𝑚𝐹𝐸𝐶 (𝜇𝑚𝑜𝑙/𝑚𝐴ℎ) =
𝑉𝑒𝑙∙𝜌𝑒𝑙∙𝜙𝐹𝐸𝐶

𝑀𝐹𝐸𝐶∙𝑄𝐴𝑛𝑜𝑑𝑒
       (6.5) 

where Vel is volume of electrolyte filled in a cell, ρel is density of electrolyte (1.228 g/cm3), ϕFEC is 

weight percent of FEC in electrolyte (%), MFEC is the molecular weight of FEC (106.1 g/mol), and QAnode 

is nominal anode capacity in mAh. The capacity for constant voltage step begins to increase at cycle 90 

and peaks at cycle 150, which translates an increase in internal resistance of the cell. It is likely that 

side reactions occurring to passivate the silicon alloy after FEC is nearly consumed can cause the 

increase in internal resistance. 

 Figure 42b shows the characteristic FEC band at 1835 cm−1 gradually decreasing over cycles, 

which indicates a continuous consumption of FEC. For a better comparison the spectra of electrolytes 

with 10 and 0 wt.% FEC are also displayed. Figure 42c shows the concentrations of FEC derived from 

the calibration curve (Figure 40b) at different cycle number. Assuming that the consumption of FEC is 



 

 

Consumption of FEC upon Cycling 

 

76 

 

linear, as demonstrated by the linear regression shown in Figure 42c, a complete consumption of FEC 

occurs at approximately cycle 160, which well agrees with the sudden capacity decay in Figure 42a. 

When the cell is cycled 224 times, the FEC content calculated based on the calibration curve falls 

slightly below zero. That is due to baselines of spectra increasing with cycle number as shown in Figure 

42c. Averaged baseline increases over cycles, resulting in a decrease in integrated FEC band. Therefore, 

the amount of FEC after 224 cycles determined by the standard calibration curve is obtained lower than 

zero. 
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Figure 42 (a) The specific delithiation capacity versus cycle number (solid lines) and the 

specific capacity for constant voltage (CV) step for the cell cycled 224 times (dash line). 

(b) Infrared spectra of separators collected after cycling and of the standard 10 and 0 wt.% 

FEC for comparison. (c) FEC concentration (dot) at different cycle number. A linear fit 
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(solid line) between cells at 30th and 134th and extrapolation (dash line) to the both ends 

are displayed. Averaged baseline between 1970 and 1930 cm−1 for each spectrum is plotted 

(blue) Reprinted with permission from [93], CC BY 4.0, https://creativecommons.org/licen-

ses/by/4.0/ 

 

6.4. Conclusions 

 In this work, a consumption of FEC on the silicon alloy anode was quantitatively investigated 

by FTIR. The band centered at 1835 cm−1 serves as an identifier to derive a calibration curve, which 

exhibits a linear relation between the band area and the concentration of FEC. It is shown that the 

retrieved separators from the cycled cells can be directly used for the quantification of FEC, which 

allows a facile determination of the quantity of FEC. One key finding of this body of work is that the 

content of FEC is linearly decreased upon cycling and a complete consumption of FEC coincides with 

a sudden capacity drop. FTIR is a facile technique, enabling quantitative analysis of electrolyte additives. 

Furthermore, the two factors influencing irreversible capacity of cells were discussed, namely particle 

disconnection (RICDisconn.) and SEI formation (RICSEI). The main contribution to the irreversibility in 

the current study is believed to be the particle disconnection, which is assumed to occur mainly during 

contraction (i.e. delithiation). It is reasonable that the electrodes tested here, having no conductive 

additives, might show relatively low capacity loss due to SEI formation because of low electrochemical 

surface area.  
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7. Binder Influence on Expansion/Contraction Behavior 

7.1. Selection of the Binder 

 A polymeric binder plays a key role in cohesively combining active (e.g. silicon) with inactive 

(e.g. conductive agent) materials, but also in adhering the materials to a current collector[39,46,50,99–101]. 

Therefore, a proper choice of binder is strongly desirable to enhance the mechanical stability of silicon-

based electrodes as well as their cyclability during cell operation. One of the crucial properties of binder 

on the battery performance is an adhesion strength, which is closely related to its chemical nature. The 

chemical natures of binder can be classified three types of chemical bonds in terms of the strength and 

reversibility against external stress: weak supramolecular interactions (e.g. van der Waals force), strong 

supramolecular interactions (e.g. ion-dipole interactions and hydrogen bonding), and covalent bonds[39]. 

For example, polyvinylidene fluoride (PVdF) exhibits weak supramolecular interactions, which have 

the highest reversibility among the above-mentioned chemical bonds, but also possess the weak driving 

force to return back. Carboxymethyl cellulose (CMC), polyacrylic acid (PAA), and polyvinyl alcohol 

(PVA) have strong supramolecular interactions, which are able to recover dissociated bonds more 

efficiently due to their reversibility and stronger bonds. In contrast to the supramolecular interactions, 

covalent bonds tend to form a relatively stiff network structure that can suppress the detachment of 

active particles upon repeated volume change. However, too strong adhesion strength of the covalent 

bonds impinges on self-healing properties, which eventually leads to electrode failure.  

 The binder with the strong supramolecular interaction is believed to be most suitable for Si 

and Si-alloy anodes, since the strong supramolecular bonds “tend to be dissociated rather than ruptured” 

[39] under external stress such as repeated volume change of silicon and inherently possess a reversible 

bonding nature that helps improving cycling performance. While CMC has been widely studied with Si 

based electrodes due to its superior adhesion properties, CMC-containing electrodes are more 

complicated to investigate the influence of the chemical interactions in binders on volume change and 

cyclability since CMC has both carboxylic and hydroxyl functional groups. Thus, PAA and PVA were 
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first considered in this study for simplicity. PAA is composed of only carboxylic groups, which interact 

with active particles via hydrogen bonding whereas PVA has only hydroxyl groups, which also interact 

via hydrogen bonding. Often, improved cycling performances have been reported when PAA was 

neutralized with LiOH to form LiPAA[33,45,102], which was chosen in this study. An average Li 

substitution in LiPAA after the neutralization was reported 80%[102]. Previous IR study of PAA and 

LiPAA revealed that a characteristic C=O stretching band at ~1700 cm-1 from PAA becomes 

significantly reduced in intensity, but still remains after neutralization[103]. It is here found that 

neutralized LiPAA film cast on Cu showed a weak band at 1714 cm-1 and a broad band from O-H 

stretching with a band maximum of 3316 cm-1, implying the presence of both -COOH and -COO-Li+ 

(see Appendix 10.1). Therefore, LiPAA is believed to exhibit mainly polymer/polymer and polymer/Si 

ion-dipole interactions. However, hydrogen bonding interaction from -COOH moiety in PAA cannot be 

completely excluded. Lastly, PVdF was chosen to investigate as a reference bonding system.  

 In this study, the influence of binder type on volume change of the silicon alloy anodes during 

lithiation and delithiation was systematically investigated. The volume change of the electrodes with 

different binders (LiPAA, PVdF, and PVA) was primarily monitored real-time by electrochemical 

dilatometry upon lithiation/delithiation. To support the results obtained from the dilatometry, ex situ 

cross-sectional SEM was used. Furthermore, proof-of-concept in situ optical microscopy was developed 

to directly visualize volume change of the electrodes upon lithiation.   

 

7.2. Dilatation behavior of the Si alloy with different binders 

7.2.1. Dilatometry measurements 

 In the electrochemical dilatometer, as described in Chapter 3 and 4, the Si alloy anode, which 

acts as the working electrode, is mounted on top of a glass frit that mechanically isolates the electrode 

from Li metal counter electrode and the real-time thickness variation (i.e. vertical expansion and 
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contraction) is monitored through the thin metal membrane by a linear voltage displacement transducer. 

The measured changes of the electrode thickness are then converted to the percentage thickness change 

(%) by using equation (7.1): 

 ∆ℎ (%) =
ℎ𝑓−ℎ𝑖

ℎ𝑖
× 100         (7.1) 

where hf and hi are the final and initial thickness of the electrode. 

 The thickness changes of the electrode composed of LiPAA binder and of the electrodes with 

PVdF and PVA binders are shown in Figure 43 and Figure 44, respectively. The first and second cycle 

capacities and thickness changes (%) of the electrodes with different binders after each half cycle are 

also summarized in Table 4. Note that thickness changes here are set as zero after the electrodes remain 

fully soaked in electrolyte (i.e. the initial state). A brief observation in Figure 43 and Figure 44 is that 

all electrodes severely expand (>180%) upon lithiation (Li-Si alloying) and contract upon delithiation 

(de-alloying) [50,99,101,104] although the extent and behavior of expansion/contraction of the electrodes 

differ depending on binders used. Thickness changes versus run time, that is proportional to capacity, 

are not simply linear, which is contradictory to the expected linear behavior of Li-Si alloying [20]. Linear 

volume expansion of alloy anode materials as a function of lithium content has been reported by 

Obrovac et al., which derives from binary phase diagrams of lithium-hosting metals such as Si or Sn 

with lithium. In the case of Si, addition of lithium at temperature near 400 ºC forms a series of crystalline 

Si-Li phases, whereas lithiation of silicon at near or room temperature did not show those phases. 

Instead, silicon becomes amorphous upon lithiation and a metastable Li15Si4 phase was obtained at the 

end of lithiation. Nevertheless, room temperature lithiation of silicon is expected to follow the linear 
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expansion. Therefore, the nonlinearity of thickness change reflects an effect of binder.  

 

 

Figure 43 Thickness change (black bold solid line) of the electrode composed of LiPAA 

and the electrode potential (red thin solid line) versus run time. The run time is proportional 

to specific capacity. The equivalent specific capacity of 500 mAh/g is denoted. The 

electrode is cycled with a current of C/20 without a constant voltage step. 
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Figure 44 Thickness changes (black bold solid line) of the electrodes composed of (a) PVdF 

and (b) PVA and the electrode potential (red thin solid line) for three galvanostatic cycles 

with C/20. The equivalent specific capacity of 500 mAh/g is denoted. Photographs of the 

corresponding electrodes after three cycles (inset). 

 

 For the electrode with LiPAA (Figure 43), the electrode does not show significant swelling for 

the first 2 h (stage I in Figure 43) and thereafter a fast and linear thickness increase is observed (stage 

II). Expansion rate becomes smaller as the first lithiation reaches to the end criteria (ECutoff = 0.005 V, 

stage III), resulting in 490 % swelling at full lithiation, which is in line with some of the previous 

measurements carried out by dilatometer in literature [50,101]. Yu et al. reported 450 % expansion at the 

end of lithiation (3400 mAh g-1) when CMC and micro silicon (5 μm) are used in a weight ratio 20:60. 

In their publication, expansion regimes are divided into three stages and approximately 300 % 

expansion during stage III is attributed to “the breakdown of the binder and cracking of the particles”. 

Table 4 First and second cycle (de)lithiation capacity and thickness change of LiPAA, 

PVdF, PVA-incorporated electrodes. 
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Another example is that Tranchot et al. showed 350-500 % expansion for the first two cycles when 8 

wt.% CMC and 80 wt.% silicon with 85 nm particles are used. The rupture of the cohesive Si-CMC 

bond was pointed out for the reason of such an expansion. When the very small amount of lithium (10 

mAh/g) is extracted from the electrode and the potential reaches to an onset, the electrode starts to 

shrink down to 115 %. 

 During the first delithiation, a fast contraction of the electrode (stage IV) occurs for 2.8 h (150 

mAh/g) followed by a dramatically slow decrease in thickness (stage V, 0.029 % per mAh/g). At the 

end of the first cycle, the amount of remaining expansion (i.e. irreversible volume change, Virr) is 94 %, 

exhibiting the highest reversibility (81 % of total expansion is recovered) among the three electrodes 

tested here. The first cycle coulombic efficiency (CE) is 73.7 %, which is lower than the result from an 

electrode with same composition in a coin-type cell [93]. This is most likely due to lower pressure present 

in ECD-1 cell that is originated from the intrinsic concept of measuring the out-of-plane volume change 

by a displacement sensor without applying excessive pressure[77,105], which cannot sufficiently prevent 

particle movements and coating detachment during a course of expansion and contraction. 

 When the second lithiation starts, the expansion behavior is altered. A slow and continuous 

volume expansion (stage VI) occurs for ~8 hours (440 mAh g-1) followed by a steep increase in 

thickness (stage VII) up to 441 % at the end of lithiation. During the second delithiation, as comparable 

as shown in the first delithiation, a fast contraction (stage VIII) is observed for the first 2.6 hours. After 

such a shrinkage, the electrode contraction becomes much slower (stage IX) again until the end of 

delithiation (97%). The irreversible expansion after the second cycle is only increased by 3%, indicative 

of a reversible volume change of the electrode. CE for the second cycle is also increased to 89.8%, 

indicating that the electrode is better passivated (after SEI formation). 

 The expansion behavior of PVdF-integrated electrode is different from the one with LiPAA. 

The electrode shows a similar lithiation capacity of 1193 mAh/g for the first cycle (Figure 44a). When 

the electrode is fully lithiated, however, the out-of-plane expansion only reaches to 230% that is 
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approximately half the expansion of LiPAA case. One could divide the expansion into three regions: 1) 

a slow and small increase for 3.1 hours, 2) a linear and faster increase for the next 8 hours (0.161% per 

mAh/g), and 3) an even faster rise until the end of lithiation. The slow expansion at the beginning is 

attributed to the capability of the initial pores present in the electrode, which can accommodate volume 

change[50,101,106]. The second region may represent an intrinsic expansion due to the Li-Si alloying 

process [50,101]. The last ramp-up in thickness is presumably due to the binder breakdown, which can 

accelerate both de-cohesion of particles (i.e. isolation of lithiated silicon, LixSi) and delamination of the 

coating (see Figure 44a inset). After the ramp-up, the slope of thickness increase is levelled at run time 

of 20h and then the thickness increases again until the end of the lithiation. A repeated measurement of 

the PVdF electrode (not shown here) even exhibits a slight decrease in thickness (i.e. a contraction) 

followed by the thickness increase again during the first lithiation. Tranchot et al. observed the similar 

feature when silicon was prepared with neutralized CMC (see Figure 5c in Reference 101)[101]. They 

attributed the observation to the collapse of the electrode structure originated from its poor cohesive 

nature. As seen in the picture of the cycled electrode taken after three cycles with the dilatometer (inset 

in Figure 44a), the PVdF electrode was cracked and delaminated from the current collector. Although 

binders used are different in this comparison, it can be concluded that the binder which possesses a poor 

cohesive property can lead to crack formation, delamination, and collapse of its structure, which results 

in a decrease in thickness during lithiation. All those effects translate into reduced delithiation capacity 

(526 mAh/g), low coloumbic efficiency (44.1 %) and high irreversible expansion after the first cycle. 

Indeed, only 70% of the total expansion is recovered whereas 81% is recovered for the one with LiPAA. 

During the second cycle, lithiation capacity of 465 mAh/g is only obtained and CE plummets to 25.6 %, 

indicative of a disconnection of electrical network (i.e. particles isolation). Furthermore, the electrode 

is no longer cyclable after the second cycle, which there is almost no capacity during the third cycle. 

 Figure 44b shows the expansion/contraction behavior of PVA-containing electrode, which is 

also different from the previous two electrodes. It exhibits a slow increase for 1.3 hours, which is 

attributed to the initial pores to accommodate volume expansion as similar as the other electrodes. 
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However, the expansion rate for the next 5 hours (280 mAh/g) is higher (0.291 % per mAh/g) than the 

second region in PVdF-integrated electrode. Possible explanation is that rather strong hydrogen bonding 

(i.e. strong supramolecular interaction) between binder and active material[39] allows less particle 

rearrangement compared to the electrode with PVdF, which is more flexible due to the weak van der 

Waals interaction with silicon. This will be further discussed with a model below. At the end of lithiation, 

the expansion rate for the electrode with PVA becomes lower, which is resemble to the trend that the 

electrode with LiPAA exhibits, as each particle expands from its original location and might leave pore 

spaces, which can then accommodate the expansion by filling the voids. The expansion due to the first 

lithiation is 169 %, which is the lowest amount of expansion among the three electrodes tested, which 

is partly due to less capacity obtained (827 mAh/g). Comparing the potential profiles, Li-Si alloying 

reaction in electrodes with LiPAA and PVdF occurs at approximately 0.14 V vs. Li/Li+ where a potential 

plateau starts, whereas the reaction in PVA electrode takes place at 0.03 - 0.04 V (see Figure 43 and 

Figure 44) that indicates slow kinetics of the PVA electrode. Since the lithiation was carried out under 

constant current scheme without a voltage limitation and the overpotential of PVA electrode was large, 

the capacity gained for the first lithiation of PVA electrode is lower than the previous two electrodes. 

When the constant current-constant voltage (CCCV) lithiation was carried out in the PVA electrode in 

a coin cell, the comparable lithiation and delithiation capacity to LiPAA electrode are obtained as 1137 

mAh/g and 870 mAh/g, respectively (see Appendix 10.2). 

 Figure 45 shows ideal expansion model of silicon particles within an electrode upon lithiation. 

Silicon particles are drawn as 2D spheres for simplicity and they are closely packed to minimize volume 

occupancy in the electrode (Figure 45a) in the ideal case. A horizontal dash line at the top represents 

vertical displacement which was, in fact, monitored by the dilatometer as shown in Figure 43 and Figure 

44. Since crystalline Si becomes amorphous during initial lithiation and then another crystalline phase 

Li15Si4 is formed at the end of lithiation[19], lithiated silicon particles are drawn with two sizes (Figure 

45b and 45c). Note that silicon alloy used in this study does not form the final phase Li15Si4 at full 

lithiation. Fully lithiated silicon spheres in Figure 45c are scaled from the initial size in Figure 45a based 
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on 280% (3.8 times larger) theoretical expansion[37]. If the radii of the initial and fully lithiated spheres 

are xi and xf, respectively, the relation between two is expressed as follows.  

 
4

3
𝜋𝑥𝑓

3 (𝑓𝑢𝑙𝑙𝑦 𝑙𝑖𝑡ℎ𝑖𝑎𝑡𝑒𝑑) =
4

3
𝜋𝑥𝑖

3 × 3.8       (7.2) 

The schematic models in Figure 45 and Figure 46 are constructed accordingly. If particles are assumed 

to stay their original places upon expansion, despite the expansion of 280% at full lithiation, the vertical 

displacement only exhibits about 55% in this simplified schematic.   

 

Figure 45 Ideal expansion model of silicon particles in an electrode during lithiation. The 

particles are expanded from (a) initial Si to (c) final lithiation state Li15Si4 through (b) an 

intermediate state, expressed here as LixSi. It is assumed to be arranged close packed 

structure. Particle sizes are drawn to scale with respect to expected volume change of 280 % 

at full lithiation based on Li15Si4. 2D cross sections are displayed instead of 3D. 

 

 However, in reality, particles are rather randomly arranged within an electrode as modelled in 

Figure 46. Again, note that the final lithiation phase Li15Si4 is not formed in this study with Si alloy. 

However, to be consistent with the ideal model in Figure 45, maximum expanded particles are drawn 

as Li15Si4 phase with the same color. For the electrode with LiPAA or PVA, silicon particles might 

expand upon lithiation in a way that their original structure is relatively maintained because the strong 

interaction originated from LiPAA or PVA binders tightly binds particles. In contrast, particles in the 
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electrode with PVdF might be allowed to rearrange upon expansion (i.e. lithiation) in a way that they 

are relatively more closely packed, resulting in a lower increase in total thickness. Due to the weak 

interaction in the PVdF electrodes, some active particles may also be disconnected from the electrical 

network, which results in low coulombic efficiency. This concept is illustrated in Figure 46. 

 

 

Figure 46 Real expansion model of silicon particles in an electrode with different binders 

during lithiation. The initial (pristine Si) and the final state (Li15Si4) are only drawn. An 

isolated particle that is no longer connected to the rest structure is shown in the electrode 

with PVdF. 

   

 Height changes of the electrodes and differential capacity (dQ/dE) during the first and second 

cycles are depicted in Figure 47. In the vicinity of the SEI formation (Figure 47a, 47b, and 47c) the 

reductive decompositions of the electrolyte components are observed at different potentials depending 

on the electrode examined. As reported in literature [57,87,91–93], FEC plays a key role as a film forming 

agent on silicon- and silicon alloy-based electrodes and decomposes to form SEI earlier than other 

components of the main electrolyte. Two pronounced peaks at 1.34 V and 1.16 V vs. Li/Li+ for LiPAA-

containing electrode and at 1.46 V and 1.14 V for PVdF-containing electrode are observed, which are 
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in accordance with the literature [82,107,108], although the peaks in LiPAA-integrated electrode are more 

pronounced than the ones with PVdF (Figure 47a and 47b). The reason why the reduction peaks in 

LiPAA electrode are more visible is not known. As shown in Figure 47a and 47b, the reductive 

decomposition peaks of the main electrolyte component are also observed at ~0.8 and ~0.5 V vs. Li/Li+. 

When SEI is formed on the surface of silicon alloy particles, there is no clear indication of volume 

expansion at these potentials at the electrode level. Traditional SEI on lithium metal is a nanometer-

scale film with 25 - 100 Å [109,110], having properties of electronic insulator and ionic conductor, while 

the total thickness of SEI on SiNWs (silicon nanowires) was reported 22 nm after the first cycle [111], 

which is significantly thicker, but still in nanometer-scale. Therefore, the early stage of the film 

formation in the Si-alloy anodes is unlikely to contribute out-of-plane expansion at the electrode level 

as evidenced in Figure 47. It is, however, difficult to completely exclude the fact that SEI formed on 

the surface of particles may fill the pores present inside the electrodes. 
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Figure 47 Evolution of thickness change and differential capacity (dQ/dE) versus electrode 

potential of the first lithiation for the potential window from open circuit voltage (~3.0 V) 

to 0 V for (a) LiPAA, (b) PVdF, and (c) PVA electrode. The complete first and second cycles 

for (d) LiPAA, (e) PVdF, and (f) PVA are shown.  

 

 Contrary to the previous two electrodes, a reductive decomposition peak for the electrolyte 

components when PVA was used is extremely small (Figure 47c), and found at ca. 1.3 V. When the PVA 

electrode was cycled in a coin cell, the reduction peak was more discernible at 1.24 V (see Appendix 

10.2). This suggests that PVA may form an insulating film on the active materials, leading to a large 

overpotential as evident in the voltage profile and/or SEI formation on the PVA electrodes is sluggish[112]. 

Again, there is no clear indication of vertical expansion on PVA-used electrode during SEI formation 

as observed on LiPAA- and PVdF-used electrodes.  

 When the 1st Li-Si alloying reaction (i.e. lithiation) begins to occur at 0.15 V vs. Li/Li+ for the 

LiPAA-containing electrodes (Figure 47d) and 0.16 V for PVdF-containing electrode (Figure 47e), the 

volume expansion for both cases is delayed to occur at 0.14 V for LiPAA  and 0.14 V for PVdF. As 

described before, the electrode pores seem to offer free space for particles to expand, and thereby the 
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early stage expansion of the electrode is buffered by filling the empty volume inside the electrode. 

Lithiation for PVA-containing electrode begins at much lower potential (~ 0.04 V vs. Li/Li+) than the 

former two, possibly due to a considerable slow electrode kinetics. As similar as before, the vertical 

expansion of PVA electrode starts at even lower potential (Figure 47f). Overall, the expansion onsets 

for the first lithiation are slightly shifted to lower potentials owing to pores present in the pristine 

electrodes. 

 When delithiation occurs (during de-alloying reaction), LiPAA-containing electrode shows a 

slow decrease in thickness and after at around 0.16 V vs. Li/Li+ a fast contraction begins. The sudden 

shrinking ends at 0.29 V, leaving 115 % expansion, which coincides with a peak in dQ/dE plot (see 

Figure 47d). As potential increases further, the thickness decreases in a mild regime until the end of the 

first delithiation (94 % and ECutoff = 0.9 V). Only about an additional 10 % decrease in thickness is 

recorded during this mild regime. Although the phenomena observed here are not clearly explained at 

the present moment, our results are consistent with some of previous reports that abrupt contraction of 

the electrode is observed during delithiation. Tranchot et al. attributed such a thickness decrease to 

electrode decohesion resulting from the rupture of the Si-binder bonds during lithiation-induced volume 

expansion. The acoustic emission (AE) activity that is originated from cracking of the active material, 

SEI formation, and gas evolution is also observed intensively at the beginning of delithiation of 85 nm 

silicon electrode[101]. Kumar et al. reported a similar contraction for silicon (average particle size 100 

nm) electrode with Na-Alginate or CMC during early stage of the first delithiation [99], though the 

reasons for that contraction were undiscussed. 

 PVdF-containing electrode does not display such a strong transition from a mild to a quick 

contraction during the first delithiation, but the trend is similar to the LiPAA-containing electrode, 

which a fast shrinking starts to occur at ~ 0.18 V followed by a smooth contraction after at 0.34 V. At 

the end of delithiation, 70% of expansion compared to the pristine electrode remains. The PVA-

containing electrode starts to shrink at 0.21 V vs. Li/Li+ and a transition of contraction rate over the 
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entire potential is not as clear as LiPAA- and PVdF-used electrodes during the first delithiation. PVA-

used electrode shows the highest hysteresis among three electrode examined.   

 Another features in delithiation curves are two smooth humps centered at 0.29 V and at 0.46V 

in Figure 47d, 47e and 47f and the absence of a sharp peak at 0.45 V vs. Li/Li+ as reported about this 

material in literature [33], indicating silicon in this alloy is being cycled in a single phase. The metastable 

final phase for silicon at room temperature (Li15Si4) is avoided to form at the end of lithiation 

presumably due to stress induced from the presence of the inactive phase in this silicon alloy [113].   

 Upon the second lithiation, expansion onset is further delayed in all three cases as the 

electrodes leave pores during delithiation, which then provides the space for accommodating the 

subsequent volume expansion, after they shrink during the first delithiation. Cross section micrographs 

by SEM support this hypothesis that porosity of the electrodes increases after delithiation compared to 

that of the lithiated electrodes, which will be discussed in Section 7.2.2. Due to the sloping potential 

coming from single phase de-alloying reaction, it is not trivial to define the onset potential of the 

delithiation. For example, the 2nd lithiation occurs at approximately 0.38 V for LiPAA, whereas the 

volume expansion begins at 0.11 V vs. Li/Li+, which is much delayed when compared to the feature in 

the 1st lithiation. This is further proved by ex-situ cross-sectional SEM investigations of the pristine, 

lithiated, and delithiated electrodes (Section 7.2.2.). 

 During the second delithiation, LiPAA-containing electrode again contracts after little amount 

of lithium is taken out (1x mAh/g). The onset of contraction is visible (0.16 V vs. Li/Li+) and similar 

as the one in the first delithiation. PVdF-containing electrode contracts only 36% (from 156% to 117%), 

since most active particles is likely electrically disconnected at this stage.  Irreversible volume 

expansion after the second delithiation is further increased to 117% (c.f. 70% after the 1st delithiation). 

On the contrary to PVdF-containing electrode, PVA electrode shrinks back to 60%, which is almost the 

original state at the beginning of 2nd lithiation (57%) although delithiation capacity is only obtained 

150 mAh/g. 
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 We did more investigation on the most reversible electrode, LiPAA-incorperated. To better 

understand why the quick contraction occurs at the beginning of each delithiation and if a current-free 

relaxation is associated with the behavior of electrode contraction, a series of OCV periods is imposed 

after a certain amount of lithium is inserted in the electrode (Figure 48). After the first full lithiation 

(Ecutoff = 0.005 V), 3 hours of OCV was imposed before the first full delithiation (Ecutoff = 0.9 V). During 

the subsequent cycle (2nd cycle), lithiation was limited by 8 hours and then the second delithiation 

started after 3h of OCV period. More lithium was inserted in the third cycle, where the lithium amount 

is controlled again by time (11 hours). Then, no capacity limitation was applied in the fourth cycle (only 

cutoff potential limited).  

 At first, it is worth to mention that PAA has a property of taking up water to significantly swell. 

Swelling of PAA depends on pH and temperature[114]. The polymer swells more in alkaline solution 

because carboxylic groups in PAA tend to be more ionized in solutions with a pH that is above its pKa 

value of 4.7[115] and the carboxylic groups exhibit ionic repulsion, resulting in swelling. PAA is also 

well-known electroactive polymer which changes its volume and shape in response to electric field 

[114,116,117]. It has been reported that swollen PAA polymers tend to contract under electric field. However, 

electric field exerted into LiPAA electrode in the current dilatometer is not enough to induce such 

contraction. In addition, LiPAA electrodes here are assumed to contain minimal water contents because 

they were overnight dried before use, which in turn may not swell. Therefore, the interpretation based 

on the fact that PAA is an electroactive polymer is unlikely to be the case that explains the quick 

contraction at the beginning of delithiation. Nevertheless, some discussions regarding electroactive 

properties of PAA are found in Appendix 10.3.  

 When the LiPAA electrode here is fully lithiated first time and then 3 hours of OCV is imposed, 

the electrode contraction is just 22 %. The rate of thickness decrease is ~7 % per hour, which is 

significantly lower than the first region in the subsequent 1st delithiation (127% per hour). A reasonable 

interpretation on contraction/expansion behaviors of the LiPAA electrode would probably be deduced 
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from a recent study by Kumar et al.[99]. Kumar and co-workers showed in-plane stress measurements 

and out-of-plane expansion/contraction measurements of silicon-carbon composite electrodes by using 

a multi-beam optical sensor technique and the dilatometry, respectively. During the first delithiation, 

regardless of the silicon content in the composite electrodes, a rapid decrease in compressive stress is 

observed at the initial stage of the delithiation. After the fast decay of the stress within short time, the 

rate of the stress decrease becomes significantly slower until the end of the delithiation. The stress 

measurements for the subsequent delithiation cycles (the 2nd and 3rd) exhibit such a clear transition, too. 

Dilatometry results also showed that during the early stage of the first delithiation, the electrode 

thickness substantially decreases, which is then followed by a slow decrease in thickness. Kumar et al. 

attributed these abrupt decreases in stress and in thickness at the early stage of delithiation to ‘elastic 

unloading of the binder’. In other words, the binders examined (CMC and Na-alginate), which are 

supposedly sandwiched between the active particles, exhibit elastic recovery when a part of the load 

originating from silicon particle expansion is removed. Perhaps, most portion of the binders at this stage 

does not break down and their elastic properties are still retained. Since our dilatometry results exhibit 

similar trends during delithiation (the 1st, 3rd, and 4th), despite the difference of the binder used here (i.e. 

LiPAA), the sudden decrease in thickness can be attributed to the elastic response of the binder, which 

is triggered not by the current-free relaxation during 3 hours of OCV, but by a removal of small quantity 

of lithium. 
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Figure 48 (a) Electrode thickness and potential response during galvanostatic cycles (C/20) 

with open circuit interrupts for 3 hours at full lithiation (ECutoff = 0.005 V vs. Li/Li+), at 

capacity limited lithiation (8 h), at 11 h lithiation, and at full lithiation (Vcutoff = 0.005 V 

vs. Li/Li+) again. (b) The second, (c) third, and (d) fourth lithiation and delithiation cycles 

are enlarged. 

 

 Another feature in Figure 48 is that a fast rise in thickness during lithiation processes, except 

that for the 1st lithiation, occurs after a certain amount of lithium is supplied (~420 mAh/g). Figure 48b 

shows that lithiation is carried out only for 8 hours, and then delithiation occurs after an OCV period of 

3 hours. In this case, the sudden increase in thickness is not observed and as a consequence a sudden 

shrinkage is also not observed. In the subsequent cycle (Figure 48c), lithiation is stopped after 11 hours, 

where a slow expansion proceeds to gain a capacity of 419 mAh/g, followed by a fast volume expansion 

until the end of lithiation based on time-limited criteria (11h). During 3 hours of OCV interruption, a 

mild electrode contraction takes place as similar as the first cycle. Upon delithiation, the fast contraction 

is observed for ~ 1h, followed by the slow decrease in thickness as much resembled as the first cycle. 

When the lithiation is not limited by time (i.e. capacity), but by lower cutoff potential (0.005 V vs. 
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Li/Li+) as shown in Figure 48d, two features, a slow increase in thickness for a lithiation capacity of 

423 mAh/g and a fast electrode expansion afterwards, are detected. Features during delithiation are also 

similar as the previous cycles. Although the exact reason for this result is unclear, it is believed that 

there might be a threshold capacity, which can cause the quick increase in electrode thickness. 

Furthermore, expansion/contraction behavior for the 2nd, 3rd, and 4th cycles is similar, whereas the first 

expansion clearly differs from the subsequent expansions. Since Si-based materials including this Si 

alloy undergo electrochemical amorphization at the first lithiation and then are cycled in amorphous 

phases, the changes in microstructure of the alloy during the 1st lithiation differs from those during the 

subsequent cycles. Therefore, the similarity observed might be associated with similar microstructural 

changes of the Si alloy, which occur in a single phase. The different expansion behavior between the 

first and the rest cycle might also be related to the structural changes. 

 

7.2.2. Ex situ investigation by scanning electron microscopy 

 To better understand how the porosity changes before and after lithiation/delithiation three 

LiPAA-containing electrodes were prepared: the pristine, the fully lithiated, and the fully delithiated, 

and investigated by scanning electron microscopy (SEM) incorporating digital image processing. Note 

that the electrodes were electrochemically lithiated/delithiated in the same dilatometer apparatus in 

order to achieve a fair comparison with the results of the previous section. Once the electrochemical 

tests were finished, the cells were disassembled and the electrodes were carefully washed three times 

with dimethyl carbonate (DMC) (each time fresh solvent was used) in an Ar-filled glove box. The 

washed electrodes were then dried under vacuum before being milled by Ar ion beam to obtain a cross-

section. In the case of the lithiated electrode, a specially designed transfer chamber was used to insert 

the electrode into the ion-milling chamber for both safety and avoiding exposure to air. After cross-

sectioning of the samples, they were directly inserted in SEM chamber for further investigations. The 

lithiated sample mounted on the transfer chamber was directly inserted into the main SEM chamber and 
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then the door of the transfer chamber was opened afterwards under vacuum.  

 The key for accurate digital porosity analysis is to generate a threshold image which separate 

the pore from the rest of the objects in the image. General procedure of such analysis is found in 

Appendix 10.4. In principle, the secondary electrons (SE) signals give information on the surface 

topography whereas the backscattered electrons (BSE) provides complementary information of the 

chemical composition [118]. Therefore, segmentation of pores and the rest can be more easily achieved 

by the BSE images since the images contain higher chemical contrast than SE images. In the current 

setup, however, the BSE detector was blocked by the transfer chamber in which the lithiated sample 

was mounted, and thus the BSE images of the lithiated electrode could not be obtained. Instead, the SE 

images of all three electrodes were used for porosity analysis by using an image processing software, 

AvizoTM 9. It should be noted that digital porosity analysis by 2D cross-sectional SEM is semi 

quantitative approach. In other words, a trend in porosity changes before and after (de)lithiation is more 

meaningful than its absolute values. It is assumed that calculated porosity from 2D images (i.e. the 

proportion of a pore area to an entire sample area) can also be expanded pore volume in 3D structure. 

It is also assumed that coating is homogeneous. Therefore, the porosity from 2D image analysis can 

presumably project as similar as that from 3D structure analyzed by micro X-ray computed tomography 

or focused-ion beam SEM.  
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Figure 49 Secondary electron images of the cross section of (a) pristine, (b) lithiated, and 

(c) delithiated electrode with LiPAA binder. Porosity of each electrode is calculated via the 

image analysis with the aid of AvizoTM. Three images (each of 2048 x 1536 pixels) are 

attained for each electrode and porosity of each image is calculated. The values in (d) are 

attained from an average of three images. 

 

 Cross-sectional SEM micrographs of the pristine, the lithiated, and the delithiated electrodes 

are shown in Figure 49. Three representative SEM images were chosen for each electrode, as one of 

each case are shown in Figure 49a, 49b, and 49c. Porosity of each entire image was calculated by Avizo 

and average values for each electrode are displayed in Figure 49d. Si alloy particles and pores, as well 

as the Cu current collector are clearly identified in the pristine electrode (Figure 49a). When the 

electrode is lithiated (i.e. expansion), pores are reduced and most space between particles are covered 

by a dark contrasted layer comprising light elements such as O, and F. In addition, a dark layer with the 

thickness of 1-2 µm is found on the surface of the electrode, which is not observed in the delithiated 

electrode (Figure 49c).   
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 As described in Chapter 7.2.1, particle expansion by Li-Si alloying process during lithiation is 

buffered by filling pore volume at the early stage. Once initial pores are filled by expanded particles, 

further alloying reaction leads to a vertical electrode expansion by pushing neighboring particles as 

measured by dilatometer. Therefore, the porosity after lithiation is expected to decrease as compared to 

that of the pristine electrode. During delithiation, Si alloy particles shrink and may leave empty volume, 

which results in an increase in porosity compared to the porosity for lithiated electrodes as evidenced 

in Figure 49d. The calculated porosities by Avizo for the pristine, the lithiated, and delithiated electrodes 

are in accordance with the above-mentioned interpretation as presented in Figure 49d. 

 EDX mapping of the lithiated and delithiated electrodes was carried out and is shown in Figure 

50. For the lithiated electrode (left column in Figure 50), the dark contrasted layer on the surface of the 

electrode is mainly consisted of oxygen (Figure 50g). Since lithiated Si is highly reactive and vulnerable 

to oxidation even under vacuum condition [119], the layer found on the surface may be attributed to 

oxidation of lithiated silicon alloy, comprising O-containing chemicals such as Li2O. Below this, F-rich 

layer is found on the lithiated silicon and fully covers the surface of the electrode, which might be 

explained by the formation of a SEI layer (see white arrows in Figure 50e). Possible chemical 

compounds of the SEI layer include LiF and LixPOyFz 
[120]. However, when the electrode is delithiated 

(right column in Figure 50), more pores are observed presumably due to the contraction of the particles, 

which allows electrolyte to further access to the bulk of the electrode, resulting in F and O distributed 

all over the cross-section of the electrode (Figure 50f and 50h). However, the O signal of the delithiated 

electrode can also be, in part, the result of exposure of the electrode to air while transferring, although 

the delithiated electrode is supposedly less sensitive compared to the lithiated electrode.  
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Figure 50 EDX analysis of the lithiated (left column) and delithiated electrodes (right 

column) with selected elements Si (c and d), F (e and f), and O (g and h). The brightness 

of the elemental mapping images is enhanced. Scanning area of (a) the lithiated and (b) 

delithiated electrode for EDX mapping analysis is shown.  
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7.2.3. Optical microscopy measurement: Proof-of-concept 

 Although in-situ electrochemical dilatometry provides in depth information on the time-

resolved volume changes of the electrodes, in the current dilatometer there is no stacking pressure that 

is present in a practical coin cell, which might cause an overestimation of the electrode thickness[121]. 

While ex situ cross-sectional SEM approach enables a visual observation of the volume changes, it was 

carried out from recovered (i.e. disassembled, washed, and dried) and relaxed (i.e. without the stacking 

pressure) electrodes. The conditions with which the above mentioned two methods were carried out 

might not forecast correctly practical cases. Therefore, the present work aimed at developing in-situ 

technique featuring the existence of the stacking pressure as well as real time visualization of volume 

changes by using an optical microscope.  

 In situ optical microscopy (IOM) has been used for different purposes. Timmons et. al. 

developed a system that can monitor particle motion on alloy negative electrodes[122]. Another IOM was 

demonstrated by Harris et al. in 2010 to describe Li transport in the graphite electrode under operating 

conditions[74]. Both studies observed negative electrode surfaces instead of cross-sections of the 

electrodes. Sawaki et al. developed a system that cross-sections of all cell components are viewed and 

deposited Li on graphite was investigated[123]. However, it was not easy to discern electrode particles 

presumably due to a limit of the resolution in their system. Since we are interested in thickness changes 

of the electrodes upon (de)lithiation during battery cell operation, the stack comprising an anode, a 

separator, and a cathode was placed vertically, sealed, and then cross-sections were observed by optical 

microscope. Detailed experimental setup is described in Experimental Section 4.5.   

 Figure 51 depicts evolution of cell voltage and selected images taken during the first lithiation 

of LiPAA-containing anode against NMC cathode in full cell. Figure 51a shows that the thickness of 

the silicon alloy anode gradually increases upon constant current lithiation. Note that the thickness of 

the silicon alloy anode was determined by measuring the total length from the Cu collector to the 

interface between separator and NMC cathode and then subtracting a sum of Cu and separator from the 
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length measured because the interface between anode and separator becomes rougher[51] and thereby 

being hard to define it. It is here assumed that the thickness of Celgard® separator remains constant. As 

lithiation of the anode proceeds, a film-like structure is formed at the interface between the anode and 

separator, as shown in Figure 51b from No.5 to 7. Ex situ SEM image taken after full lithiation (Figure 

49b) also shows a film with a darker contrast on top of the anode, which is assumed to be originating 

from electrolyte decomposition products. At 470 mAh g–1 based on anode active material (No.7), the 

thickness becomes 102 %, which is significantly lower than 328% at equivalent specific capacity 

obtained from dilatometer measurement (Figure 43). This clearly indicates that the stacking pressure in 

the cell has a great influence on electrode expansion when silicon is used.  

 

Figure 51 (a) Cell voltage and thickness increase of Si alloy anode optically measured and 

(b) corresponding optical micrographs (No.1 to 7) showing cross-section of the anode in a 

full cell configuration. Capacity was calculated based on anode active material which is in 

contact with cathode. 

 

 Assuming that the amount of pure silicon in the alloy material is 31 wt.% based on the obtained 
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alloy capacity and the theoretical Si capacity (i.e. 3579 mAh g–1) [19], the thickness increase is redrawn 

with respect to the silicon specific capacity, mAh gSi
–1 as shown in Figure 52. A linear fit from 

experimental data shows a slope of 0.0693 % per mAh gSi
–1, which is in line with the theoretical 

expansion 0.0737 % per mAh gSi
–1 obtained from molar volume changes in crystalline phases of Li–Si 

alloying reaction[50]. It is hypothesized that external pressure that is normally present in practical cells 

hinders expansion (as well as contraction) behavior resulting from binder itself, whereas the absence of 

the pressure displays more characteristic volume change of binder. 

 

Figure 52 Thickness increase versus silicon specific capacity based on an assumption that 

silicon alloy anode contains 31 wt.% pure silicon. Linear fitting is made as shown a solid 

line, indicating 0.0693% per  mAh g-1
Si. 

 

 It should be noted that there are several challenges that will be addressed in future work. 1) 

Cutting a sample with having a smooth cross section is critical. For example, a sharp cut allows a precise 

and reliable thickness measurement. Ion-beam milling technique will be implemented. 2) The stack 

pressure is not yet defined in the current setup. Inner sample blocks should be modified and the re-

design of the parts is in progress. Nevertheless, development of IOM technique was undertaken and 

these proof-of-concept experiments confirm the validity of this technique and provide more realistic 
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volume change of silicon alloy anode. 

  

7.3. Conclusions 

 In this work, we have used in situ dilatometry and optical microscopy in order to investigate 

the effect of the selected binder (i.e. LiPAA, PVdF, and PVA) on the volume changes of Si-alloy 

containing anodes. The results demonstrate that the electrode with LiPAA which exhibited the greatest 

volume expansion also demonstrated the highest cyclability and reversibility during lithiation and 

delithiation. We tentatively attribute this result to the strength of the interaction between binder and 

silicon particles (via mostly ion-dipole interactions) dominating the electrode properties, rather than the 

stiffness of binders (normally determined by Young’s modulus). While SEI formation is not directly 

visible due to resolution limitations of the current cell setup, the volume changes resulting from 

(de)lithiation are easily observed. It was observed that the 1st complete cycle of the LiPAA-containing 

electrode (i.e. expansion and then contraction) resulted in an increase in electrode porosity, which 

buffered against subsequent volume changes. This was also verified semi-quantitatively via cross 

sectional SEM analysis using the AvizoTM.  

 Development of an in situ optical microscopy (OM) technique was also undertaken, and the 

best performing LiPAA system (with the largest volume changes) was selected for validation 

experiments. Our approach not only enabled measurement of electrode thickness changes during 

cycling, but also a direct, real-time visualization of the changes particles underwent. It was found that 

the expansion of LiPAA appeared to initiate at the anode-separator interface, before evolution towards 

the separator (resulting in an apparent increase in surface roughness). It should be noted that a 

discrepancy in measured electrode thickness between in situ OM and SEM was observed, which may 

be attributed to a delayed time of measurement in post-mortem SEM investigation (while in situ 

techniques, such as the OM, provide a more direct evidence).  
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 One key finding of this body of work is that larger volume expansions are not necessarily 

harmful to longer term cyclability, and that the cohesion strength of the electrode (a function of binder 

choice) is also a critical descriptor which should be considered during future research. It should also be 

noted that dilatometry is an important method for the facile evaluation of silicon alloy anodes with a 

range of binders, and will be a useful tool during the development of new binder systems with improved 

properties. Finally, in situ optical microscopy is a novel technique, enabling real-time visualization of 

changes in the anode, cathode, and separator. While some challenges, such as a smooth cross-sectioning, 

have yet to be addressed, these proof-of-concept experiments provide confirmation of the validity of 

this technique.  

 In summary, this study provides a comprehensive understanding of the expansion and 

contraction behavior of silicon alloy anodes with a range of hitherto uninvestigated binders, as well as 

offering valuable insights into future approaches to instrument and electrode development. 
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8. Summary and Outlook 

 Aging behavior of silicon alloy negative electrodes regarding with (i) a continuous 

consumption of electrolyte additive FEC and (ii) volumetric changes upon (de-)lithiation have been 

studied by means of FTIR and in situ techniques: dilatometry and optical microscopy, respectively.  

 In the first part of this thesis, it has been demonstrated that ATR-FTIR is a powerful and facile 

means to determine a concentration of the electrolyte addictive, FEC, which is the key element to 

improve cycling performance in Si alloy anodes. A cell initially having a higher FEC concentration 

exhibits prolonged cycle life and a quick capacity drop is delayed. As FEC was refilled in the cell which 

has been already cycled for 134 cycles but before appearing a sudden capacity drop, the cycle life was 

extended up to 180 cycles (ca. 40 more cycles) and concomitantly the sudden capacity drop was delayed. 

Furthermore, an influence of consumption of FEC upon cycling was quantitatively investigated by ATR 

equipped FTIR, using a band centered at 1835 cm-1 resulting from a ν(C=O) vibration in FEC. The area 

of the band at 1835 cm-1 is linearly proportional to the concentration of FEC, which allows 

quantification of the additive in cycled cells. For a facile and reliable FTIR measurement, IR spectra 

were acquired from the retrieved separator (e.g. glass fiber) from cycled cells without post-processing. 

The content of FEC is linearly decreased upon cycling and a sudden capacity drop occurs when FEC is 

completely consumed (between cycle 140 and cycle 160). The capacity for constant voltage step started 

to rise at cycle 90 and peaked at cycle 150, which interprets as an increase in internal resistance. 

 In the second part, the effect of selected binders (i.e. LiPAA, PVdF, and PVA) on the volume 

changes of silicon alloy anodes, which cause a breakdown of electrical network, resulting in a short 

cycle performance, was investigated by means of in situ techniques: (i) dilatometry and (ii) optical 

microscopy. In situ dilatometry measurements reveal that the electrode with LiPAA exhibits the largest 

volume variation during cycling compared to the ones with PVdF or PVA, but interestingly shows the 

longest cycle life. This result is tentatively attributed to the strength of the interaction between polymer 

binder and silicon alloy particles (via ion-dipole interactions), rather than the stiffness of binders. In 
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situ optical microscopy (IOM) developed in this work enabled a real-time visualization of electrode 

expansion. The electrode with LiPAA, which was selectively measured by IOM, reveals that expansion 

of the electrode initiates from the interface between the anode and separator, resulting in an increase in 

roughness. It was shown that during lithiation the distance between Si alloy particles increases, i.e. the 

expansion of the anode occurs, in a good agreement with the results measured by dilatometry. Ex situ 

cross sectional SEM analysis shows that porosity of the electrode increases after delithiation with 

respect to that of the electrode after lithiation, which might accommodate subsequent (de)lithiation 

volume changes partially. A discrepancy in measured electrode thickness between IOM and cross 

sectional SEM was observed, which may be attributed to a delayed time of measurement in post-mortem 

SEM investigation. It is worth noting that the image analysis on cross sectional SEM micrographs by 

AvizoTM is valid as complementary technique to IOM, giving an insight to understand a trend of 

porosity changes during the electrode expansion/contraction. While some challenges, such as smooth 

cross-sectioning, have yet to be addressed, these proof-of-concept experiments with IOM provide 

confirmation of the validity of this technique. 
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10. Appendix  

10.1. IR spectra of LiPAA film 

 

Figure 53 Infrared spectra of LiPAA film without active materials cast on Cu current 

collector in the region from 4000 to 1600 cm-1 (upper panel) and from 1800 to 400 cm-

1(lower panel). Typical bands of COO- stretching (1548 and 1408 cm-1) from LiPAA are 

observed, whereas small bands  corresponding to PAA (OH stretching in the region between 

3200 and 3100 and combination bands between 2700 and 2500 cm-1) are also discernible, 

which might suggest a combination of ion-dipole interaction and hydrogen bonds in LiPAA 

binder. 

 IR spectroscopy was used to determine whether neutralized PAA (i.e. LiPAA) has a hydrogen 
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bonding. Figure 53 shows IR spectrum of only LiPAA film cast on copper current collector. The film 

was dried at 120 °C under vacuum before the measurement. The spectrum shows strong bands at 1548 

and 1408 cm-1, which correspond to COO- in LiPAA. However, the bands related to hydrogen bonding 

from PAA still remain in the range of 3200-3100 and at 2653 cm-1 although the intensity is very small. 

It is concluded that fully neutralized LiPAA might not lose hydrogen bonding interaction completely.  

 

10.2. Cycling performance test 

 Cycling stability of LiPAA, PVdF, and PAA electrodes was tested in a coin cell format, as 

shown in Figure 54. As expected from the results by dilatometer, LiPAA electrode shows the highest 

cycling performance for 50 cycles compared to PVdF and PVA electrodes. This might be attributed to 

the strong ion-dipole interaction of LiPAA binder. PVA electrode exhibits rather fast fading for the first 

5 cycles and then the capacity decreases monotonically until 50 cycles, but one can still obtain >200 

mAh g-1 after 50 cycles. It is likely that strong hydrogen bonding from PVA enables the Si alloy 

electrode cycleable, but the initial capacity losses should be compensated with any means in order to 

use this electrode in a practical application. In contrast, PVdF electrode in a coin cell was not cycleable 

even from the second cycle. The first delithiation capacity is the lowest (760 mAh g-1) amongst as well 

as the second delithiation capacity is almost close to zero. This dramatic capacity fade is attributed to 

poor adhesion of the binder due to weak van der Waals interaction and subsequent delamination of the 

coating from current collector as had been seen in Figure 44.  
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Due to very slow kinetics, the PVA electrode has large overpotential during the first lithiation and 

extremely extended constant voltage (Figure 55a). Reductive decomposition of FEC is signaled at 1.24 

V in dQ/dE profile during the formation (Figure 55b). 

 

Figure 54 Cycling stability of LiPAA, PVA, and PVdF-used electrodes. 
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Figure 55 (a) Voltage profile of PVA electrode and (b) differential capacity for the first 

lithiation. Formation cycle was carried out with constant current-constant voltage (C/10 

and C/40 trickle current). 

 

 

10.3. Electroactive polymer 

 In this chapter the electroactive property of PAA is discussed as an attempt to understand the 

sudden shrinking when delithiation starts. Kim et al. showed that swollen PAA-containing copolymer 

strips contract by 35 – 39 % depending on pH under the constant electric field (10 V dc across two 

parallel electrodes 10 cm apart from each other)[114]. Khandaker showed that the contraction of 

PVA/PAA polymer increases proportionally with the increase of voltage ranging from 0 to 30 V dc 
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between two parallel electrodes[117]. Overall, when the swollen PAA is placed in electric field, the 

polymer tends to contract within a short period of time (0 to 40 minutes) due to the transport of hydrated 

ions and water out of the polymer network [114]. When the electric field is removed, the polymer becomes 

expanded again (i.e. recovery mechanism). 

 The initial assumption to interpret the sudden shrinking of LiPAA-containing electrodes was 

that LiPAA as an electroactive polymer might shrink substantially when current is reversed (i.e. from 

lithiation to delithiation). However, the potential difference between WE and CE (or RE) is less than 3 

V and even less than 1 V after the 1st delithiation onward, which does not provide enough electric field 

(electromotive force). Based on the following equation, electric field strength, E between WE and CE 

is calculated.  

 𝐸 (𝑉/𝑚) =
∆𝑉

𝑑
           (10.1) 

where ΔV is voltage difference and d is distance between two electrodes. The electric field strength is 

proportional to applied voltage between two parallel electrodes and inversely proportional to the 

distance. Unless the distance is changed, which is the case of the current dilatometer setting, the electric 

field is the largest when the cell is in open circuit voltage of ~3 V, corresponding to ~375 V/m (assuming 

that the working electrode is 0.8 cm apart from the counter electrode (i.e. lithium) by the glass frit). 

When the potential of WE reaches to the lower cutoff (0.005 V), E becomes the smallest (0.625 V/m). 

Moreover, the LiPAA electrodes were dried under vacuum overnight before use. Therefore, it is unlikely 

to imagine a large quantity of swollen LiPAA at the beginning of cycling, which is, in turn, difficult to 

expect its dramatic contraction occurring due to extraction of hydrated ions and water from the electrode. 
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10.4. Porosity analysis by SEM and AVIZO 

 

Figure 56 Original image (a) and threshold image (b) of pristine LiPAA electrode used in 

Chapter 7. 

 

 Binarization and porosity analysis of the images was conducted using AvizoTM. Analysis 

procedure is as follows. First, the region of interest on the SEM image was cropped using Photoshop as 

shown Figure 56a. The grey-scale threshold segmentation was carried out using Avizo and the ratio of 

pore area to the total area (i.e. 2D porosity) was then calculated. Bright region in Figure 56b represents 
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pores, whereas black region corresponds to the materials.  
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