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Abstract 

The current lithium-ion batteries (LIBs) technology has allowed the spread of portable electronic 

devices such as cameras, laptops, and smartphones, and at the same time has triggered the 

development of the electric vehicles (EVs). In order to increase LIBs mass diffusion and meet the 

market demands, a reduction in costs and environmental impact are required. Graphite is the 

conventional anodic material, but because of its relatively low specific capacity (372 mAh g-1), and 

its implementation in the list of critical raw materials of European Union, it has to be replaced by 

more performant and environmentally-friendly materials. Since graphite has a capacity limitation due 

to its lithium storage mechanism (insertion process), the use of materials based on different lithium 

storage mechanisms, such as alloying and conversion materials, has been taken into consideration. 

Silicon is one of the most studied alloying materials because of its low cost, relatively low working 

potential, and high theoretical specific capacity of 3579 mAh g-1 (corresponding to the formation of 

Li15Si4 phase). Since the formation of the most lithiated phase is associated with a huge volume 

expansion (≈ 300%), silicon is plagued by structural instability resulting in poor performances and 

safety. Thus, it is mandatory to stabilize its structure in order to have it commercialized in the future. 

Several strategies have been proposed such as the use of nanosize active materials, the 

implementation of carbonaceous and inorganic matrices, the use of tailored electrolyte and additives, 

and the use of more elastic and eco-friendly binders. In this thesis, different approaches have been 

used in combination, in order to buffer the silicon volume expansion, thus enhancing its capacity, 

safety and long-term perfomances. The perfomances of two silicon-based composites (Si@V2O5 and 

Si@TiO2) have been evaluated by the means of structural, morphological and electrochemical 

characterizations. A whole chapter of this thesis will be focused on the scale-up of typical laboratory 

scale processes, where an in-depth study of silicon-based electrodes processing has been carried out. 

This study has been performed in a pre-industrial plant, starting from the electrode slurry preparation 

up to the electrochemical characterization of the assembled full cell. Different aspects have been 

taken into consideration, demonstrating that the scale-up of established laboratory-scale processes 

reserves important problems at an industrial level. At last, the use of a conversion material has been 

evaluated. These materials suffer from issues similar to those of alloying materials. Indeed, a big 

volume expansion associated with a low electronic conductivity and a large hysteresis in the first 

cycle hinder their commercialization. Fe2O3 nanoparticles have been synthesized using vanillin as 

soft template, in a cheap and very reproducible way. The electrochemical characterization showed 

remarkable cycling perfomances even at high currents. 
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Chapter 1 – Introduction 

 

The sudden increase in energy consumption due to population growth is having a very significant 

impact on our planet. The daily emission of pollutants (e.g. greenhouse gases) is changing our climate 

resulting in unexpected natural phenomena such as storms, floods, and rising seas. Therefore, it is 

mandatory to reduce pollutant emissions trying to develop renewable energy sources that are 

accessible to everyone [1]. Solar and wind energies are the most common renewable energy sources, 

but since they are intermittent, the research and development of reliable Energy Storage Systems 

(ESS) is needed.  

 

 

Fig. 1.1 – Renewable and non-renewable energy sources. 

 

Lithium-Ion Batteries (LIBs) meet all the prerequisites to be considered as possible candidates, since 

they are characterized by high energy and power densities, but their currently high production costs 

make their capillary use on a large scale virtually unfeasible. However, their implementation together 

with electric engines in electric vehicles (EVs) could reduce the greenhouse gases emission replacing 

the traditional internal combustion engine.   
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Fig. 1.2 – Discharge times and power ratings of different energy storage systems. 

 

At the moment, EVs globally diffusion is held back by their limited range of kilometers [2], and for 

this reason efforts have to be done to meet consumer demands such as high energy density, high 

power density, low cost and safety [3,4]. A key role in obtaining this result is undoubtedly the use of 

more performing materials (high capacity anode and/or high-voltage cathode) to replace traditional 

electrode materials. 

 

1.1 Fundamentals 

Lithium-ion batteries are galvanic secondary cells that can be charged and discharged many times 

before being discarded. A typical LIB consists of two electrodes connected through an external 

circuit, separated by a microporous polymer membrane soaked in a liquid electrolyte. During the 

charge process, lithium ions are extracted from the cathode and inserted into the anode structure, 

while the opposite mechanism takes place during the discharge process. In order to balance the 

lithium migration, electrons flow through an external circuit causing the oxidation or the reduction of 

the electrode material.  
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A single cell is characterized by two half-reaction occurring at 2 different electrodes, namely the 

cathode and the anode. In order to measure the potential of a single half-reaction, a reference electrode 

with a fixed potential can be used. In systems where lithium is involved, it is common to refer the 

redox potentials to the Li+/Li redox couple, where E = -3.04 V vs. SHE (Standard Hydrogen 

Electrode). 

𝐿𝑖+ + 𝑒− → 𝐿𝑖0          (1) 

Each electrode consists of a thin layer casted onto a metal current collector such as copper for the 

anode and aluminum for the cathode. The use of copper at the anode side is mandatory, since lithium 

reacts with aluminum at the low anodic potentials [5]. The deposition of the electrodic material onto 

the current collector is done by preparing the slurry. It includes the active material, at least one 

polymeric binder to ensure electrode integrity, and a conductive agent to improve the overall 

electronic conductivity. A typical anode material is the graphite, which is characterized by a layered 

structure and a low working potential, while a typical cathode material like LiCoO2 is a lithiated 

transition metal oxide characterized by a rather high working potential. The charge/discharge 

mechanism is shown in Fig. 1.3. 

 

 

Fig. 1.3 – Schematic representation of LIBs working mechanism. 
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In details, the following half-reactions take place during charge using a graphite-based anode and a 

lithium cobalt oxide-based cathode: 

𝐶6 + 𝑥𝐿𝑖
+ + 𝑒− → 𝐿𝑖𝑥𝐶6          (2) (negative electrode)       

𝐿𝑖𝐶𝑜𝑂2 → 𝑥𝐿𝑖
+ + 𝑥𝑒− + 𝐿𝑖1−𝑥𝐶𝑜𝑂2          (3) (positive electrode) 

In this case, the cell is assembled in a fully discharged state and needs to be charged by applying an 

external current. When the charged cell is connected to an external load, the current will start to flow 

from the anode to the cathode together with lithium ions, and the cell potential will change going 

toward the equilibrium. 

Each active material can store a defined amount of charge defined capacity (Q). This value is 

expressed in Ah and can be normalized by weight, volume or mol. The theoretical gravimetric 

capacity (mAh g-1) of a certain material can be derived by Faraday’s Law: 

𝑄 =
𝑛 ∙ 𝐹

𝑀𝑤
∙ (
1000

3600
)          (4) 

where, n is the number of exchanged electrons per mole of active material, Mw is the molecular 

weight, and F is the faraday constant (96485 C mol-1). From the experimental charge and discharge 

capacity values obtained during a single charge/discharge cycle, it is possible to calculate the 

coulombic efficiency % related to that cycle: 

𝜂 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑄𝑐ℎ𝑎𝑟𝑔𝑒

∙ 100          (5) 

 

Another important parameter is the charge/discharge rate (C), where a 1C-rate is the current necessary 

to fully charge/discharge a battery in one hour. As an example, applying a 2C-rate the battery will be 

fully charged/discharge within 30 minutes. Other important parameters are listed below: 

- Voltage: It is the potential difference between the cathode and the anode, and it is expressed 

in volts (V); 

- State of Charge (SOC): It is the percentage amount of charge stored in a battery relative to 

the total capacity; 
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- State of Health (SOH): It reflects the general condition of a battery. It can be determined 

taking into considerations parameters such as impedance, conductance, capacity retention etc.  

- Cycle Life: It is the number of cycles performed by a battery under specific conditions before 

its performance decay below a predetermined threshold value. A battery is usually considered 

as depleted when the reversible capacity falls below 80% with respect to the initial value. 

- Energy: it is related to the capacity and the voltage of the battery. It is expressed in 

Watt*hours (Wh) and can be normalized by mass (Wh kg-1) or volume (Wh l-1): 

𝐸 = ∫𝐼 ∙ 𝑉(𝑡) 𝑑𝑡

𝑡

0

          (6) 

 

 

 

1.2 Anode Materials 

Immediately after the first studies on the metallic lithium as an anodic material during the late 60s, it 

was soon realized that the use of this active material led to the growth of potentially hazardous 

dendrites, resulting in serious safety issues because of possible internal short-circuits triggering 

thermal runaway of the cells [6,7].  

In order to replace this anode, intercalation compounds were proposed to overcome these problems. 

Anodic active materials should have the following characteristics: 

- low working potential with respect to Li+/Li redox couple; 

- low atomic number and density; 

- inactivity and insolubility in electrolytes; 

- fast lithiation/delithiation kinetics 

- low cost and environmental impact. 
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Graphite is undoubtedly the most used material in the anode side, but in the early days of lithium-ion 

battery research it did not appear to be a feasible material, since the electrolyte used at that time 

(mostly propylene carbonate) [8] would result in structural degradation phenomena because of the 

solvent co-intercalation and its bad film-forming ability. The development of a feasible electrolyte 

formulation, based mostly on cyclic carbonate solvents led to the use of graphite and others carbon-

based materials [9]. Graphite has a theoretical specific capacity of 372 mAh g-1 and an average 

working potential around 0.15 V, associated to step-wise lithium intercalation/deintercalation 

processes inside its graphene layers. The formation mechanism of the graphite intercalation 

compounds (GICs) are schematized in Fig. 1.4.  

 

 

Fig. 1.4 – Graphite lithiation: galvanostatic curve (at left) and voltammetric curve (at right). 
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Each stage corresponds to a different GIC and a different number of lithium ions inside two adjacent 

graphene layers. All the plateaus correspond to two-phase regions where the Li+ transport follows a 

phase boundary inside graphite structure [10]. Only during stage IV there is a one-phase region (solid-

solution) where the Li+ ions move by a solid-state diffusion process [11]. 

A fundamental feature of the materials that are cycled at lower potentials than the electrolyte stability 

window, is the formation of a passivation layer on the surface of the anode. Indeed, electrolytes are 

usually a mixture of aprotic organic carbonates in which a lithium salt is dissolved, where the 

oxidation and reduction potentials of these carbonates are respectively around 4.7 V and 1.0 V [12]. 

This passivation layer formed around 0.8 V vs. Li+/Li is called Solid Electrolyte Interphase (SEI), 

and is electronically insulating and ionically conductive. Morphology and chemical composition of 

this passivation layer mainly depend on the anodic material and electrolyte formulation [13–15], 

which greatly influence SEI mechanical features. However, several studies have confirmed that the 

most frequent SEI components are Li2O, Li2CO3, LiF, and polyolefins [16,17] (Fig. 1.5). 

 

 

Fig. 1.5 – Solid Electrolyte Interphase (SEI) structure. 
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It often happens that, due to structural anode instabilities such as volume expansion upon cycling and 

dendrites growth (especially when metallic lithium is used as anode), the SEI becomes mechanically 

instable leading to cracks. Since these cracks expose “fresh” active material to the electrolyte, the 

solvent decomposition reaction starts again leading to an extra Li-consumption and thus a higher 

irreversible capacity. Therefore, it is of paramount importance to try to stabilize this passivation layer 

in order to increase cycle life and cell performances. 

Another class of anode materials is represented by active materials that form alloy with lithium. These 

alloying materials were first studied for thermally activated batteries since the heat required to melt 

the electrolyte would also melt lithium forming stable metal alloys at high temperatures.  

For obvious reasons of application to the Li-ion batteries, the most studied elements are those able to 

form stable Li-alloys at room temperature such as Si, Sn, Sb, Zn, Bi, Mg, Al, Ag, and Pb [18,19]. The 

lithiation/delithiation mechanism of these materials generally shows high theoretical specific 

capacities and relatively low voltages [20]. Regrettably, they show huge volume change upon cycling 

and are characterized by a high initial irreversible capacity [21]. These drawbacks are the main 

obstacles to alloying materials commercialization on a large scale, and must be mitigated in order to 

replace the more traditional graphite-based anodes. Different strategies have been applied trying to 

reduce the initial irreversible capacity, such as anode pre-lithiation processes [22][23] and synthesis 

of over-lithiated cathodes [24] yielding during the first charge the excess Li at anode needed to 

compensate irreversibility.  

The greatest efforts were spent trying to buffer the volume expansion and stabilize the SEI layer upon 

cycling. Four major strategies are taken into account: 

 

- Size reduction: the use of nanoparticles increases the specific capacity and the capacity 

retention. This could be addressed to the reduced size that shows smaller tendency to cracking 

[25].   

- Buffering matrices: Carbon- [26,27] and inorganic-based matrices [28] can be used to buffer 

the huge volume change. Obviously, the use of an electrochemical active matrix is preferred 

in order to reduce the so called “dead/inactive weight” inside the composite. The application 

of a carbon coating is also another common strategy that helps to increase the overall 

conductivity of the active material [29]. 
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- Electrolytes: the use of additives or co-solvents such as Vinylene Carbonate (VC) [30] or 

Fluoroethylene Carbonate (FEC) [31] may result in a better capacity retention and cycling 

performances due to the formation of a more uniform and stable SEI layer. 

- Binders: The use of elastic binders can enhance the electrode mechanical stability avoiding 

delamination and active material segregation [32,33]. Water-based binders have already 

proven to be essential for this purpose compared to the traditional Polyvinylidene Fluoride 

(PVdF) [34]. In fact, the use of water as a solvent allows to replace the traditional organic 

solvent (e.g. NMP), thus reducing the costs related to the collection and recycling plants. 

As already said, these strategies used alone or in a synergistic way have shown remarkable 

improvements and have paved the way for a possible battery based solely on alloying materials at the 

anode side. 

Certainly, the most studied and used alloying material is the silicon. Its environmentally- friendliness, 

low cost, high theoretical specific capacity, and low charge/discharge potential, make it one of the 

viable candidates to replace graphite in lithium-ion batterie. Regrettably, the big volume change 

plaguing silicon resulted to be around 300% [35]. The gravimetric capacity of silicon is 3579 mAh g-

1 when Li15Si4 phase is considered as the end-member of lithiation at room temperature. Its lithiation 

mechanism is shown below: 

 

𝑐 − 𝑆𝑖
+𝐿𝑖+

→  𝑎 − 𝐿𝑖𝑥𝑆𝑖
+𝐿𝑖+

→  𝑐 − 𝐿𝑖15𝑆𝑖4          (7) 

𝑐 − 𝐿𝑖15𝑆𝑖4
−𝐿𝑖+

→  𝑎 − 𝐿𝑖𝑦𝑆𝑖
−𝐿𝑖+

→  𝑎 − 𝑆𝑖          (8) 

𝑎 − 𝑆𝑖
+𝐿𝑖+

→  𝑎 − 𝐿𝑖𝑥𝑆𝑖
+𝐿𝑖+

→  𝑐 − 𝐿𝑖15𝑆𝑖4          (9) 

𝑐 − 𝐿𝑖15𝑆𝑖4
−𝐿𝑖+

→  𝑎 − 𝐿𝑖𝑦𝑆𝑖
−𝐿𝑖+

→  𝑎 − 𝑆𝑖          (10) 
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During the first cycle lithiation (Eq. 7), an amorphization of the crystalline silicon (c-Si) together with 

the formation of LixSi phase take place. This is a two-phase mechanism where the two phases are 

separated by a reaction front. Since the Si-Si crystalline bonds require a high activation energy to be 

broken, a high lithium concentration at the reaction front is required for good lithiation kinetics [36]. 

As demonstrated by Obrovac and Christensen [37,38], this amorphous lithiated phase suddenly 

crystallize to Li15Si4 at potential lower than 50 mV.  

At temperature below 85 °C, Li15Si4 metastable phase is formed [39] instead of the thermodynamic 

stable Li22Si5. Since this crystalline phase is associated to the big volume variation of about 300%, 

several studies have been made to limit its formation, such as capacity limitations [40] and different 

working potential window [41]. The subsequent de-lithiation (Eq. 8) leads to the formation of 

amorphous silicon. From the second cycle on, the processes described by Equations (9) - (10) are 

repeated upon cycling. 

In Figure 1.6, it is possible to notice how the volume variation during charge/discharge cycles leads 

to electrode pulverization, active material isolation, and SEI breakage [42]. This means that part of 

silicon will become unavailable, hindering a full active material utilization and leading to a fast 

capacity loss. 

 

 

Fig. 1.6 – Silicon-based electrode pulverization mechanism. 
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Another important class of anode materials is represented by the conversion-based materials. This 

introduces a completely different reactivity concept, as regards the lithium storage ability, with 

respect to intercalation and alloying mechanisms. They were studied for the first time during the 80s, 

but because of the high reaction irreversibility, they have been abandoned.  

Nevertheless, more recent studies found out that the use of nanosized materials could help to improve 

this reversibility [43]. The general conversion reaction is the following: 

𝑀𝑎𝑋𝑏 + (𝑏 + 𝑛)𝐿𝑖 ↔ 𝑎𝑀0 + 𝑏𝐿𝑖𝑛𝑋          𝑋 = 𝑂, 𝐹, 𝑃, 𝑆, 𝑁          (11) 

Since the most studied conversion compounds are transition metal oxides (TMOs), here we will talk 

only about them. Taking into consideration, as an example, a generic bivalent transition metal, the 

previous reaction will become: 

𝑀𝑂 + 2𝐿𝑖+ + 2𝑒− ↔ 𝑀𝑜 + 𝐿𝑖2𝑂          (12) 

During the first discharge the crystalline structure of pristine metal oxide is lost because of the 

amorphization process. At the end of the discharge, the reduced metal is dispersed inside an 

amorphous Li2O inactive matrix in the form of nanoparticles [44]. In the following charge, the lithium 

oxide matrix is decomposed and a metal oxide is obtained again (Fig. 1.7). 

 

 

Fig. 1.7 – Voltage vs. Composition profiles of a generic conversion-based anode. 
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TMOs are plagued by several issues, such as a large coulombic efficiency at the first cycle, a relatively 

high working potential, a large voltage hysteresis, a low electronic conductivity, and a big volume 

change due to the structural re-organization during charge/discharge cycles [45]. Nevertheless, their 

high specific capacities, due to the multiple-electron reaction and the relatively low molecular weight, 

make them promising candidate anode materials for LIBs. Considering also that manganese and iron 

oxides are particularly cheap and environmentally-friendly [46–48], new strategies should be 

evaluated in order to minimize the aforementioned issues. 

 

 

 

1.3 Cathode Materials 

In this chapter a general overview on the cathodes is presented, with a particular attention on the 

lithium nickel manganese cobalt oxide-based cathodes (NMC) used in this thesis. An ideal cathode 

material for lithium-ion batteries should be stable, cheap and non-toxic. In addition, different 

properties are requested in order to obtain high stability and energy density. The main requirements 

are enlisted in Table 1: 

 

Properties of an ideal cathodic material 

High discharge potential 

Lithiation reaction should be fast and fully reversible 

High lithium diffusivity 

High lithium storage capacity 

Small volume variation upon cycling 

 Table 1a – Cathode material requirements. 
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Scrosati et al. developed a lithium-ion battery prototype in the 70s using TiS2 as cathode [49]. This 

material has many of the characteristics listed above, but its low average working potential of 2.5 V 

[50], and the need to use a perchlorate-based electrolyte limited its utilization and diffusion. After 10 

years, the John B. Goodenough’s research group at the Oxford University developed a lithium cobalt 

oxide (LiCoO2) insertion cathode [51] with a layered structure similar to that of TiS2. It has a rock-

salt structure composed by alternating CoO6 and LiO6 layers. 

 

 

Fig. 1.8 – LiCoO2 structure. 

 

The lithium insertion process is highly reversible only if the material retains a lithium content x (in 

LixCoO2) in the range 0.5 < x < 1 resulting in a theoretical specific capacity of about 140 mAh g-1. 

Indeed, the full lithium extraction from the structure results in high structural instability and 

electrochemical inactivity.  

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖(1−𝑥)𝐶𝑜𝑂2 + 𝑥𝐿𝑖
+          (13) 
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To prevent possible cathode oxidation, a cut-off potential around 4.1 V is recommended. Despite its 

good electrochemical performances, the presence of cobalt makes this material highly expensive and 

toxic. In order to solve this issue, cobalt was replaced by more environmentally friendly elements 

such as manganese and nickel. LiNiO2 is a lithium cobalt oxide isostructure with a higher specific 

capacity of 200 mAh g-1, but with a limited thermal stability leading to safety issues. Since the layered 

phase with manganese is not stable, LiMn2O4 spinel phase (Fig. 1.9) was synthesized, but despite the 

use of the cheap and non-toxic manganese, the resulting material is not structurally stable since 

manganese dissolution in the electrolyte leads to irreversible phase transition and capacity decay [52]. 

Recent efforts to prevent this dissolution provides for the use of metal oxides such as Al2O3 [53]. 

 

 

Fig. 1.9 – LiMn2O4 structure. 

 

Ternary systems of lithiated mixed metal oxides have been proposed to overcome these issues. In 

2001, Ohzuku and co-workers synthesized a LiNi1/3Mn1/3Co1/3O2, which was an immediate success 

[54]. This material shows a layered structure where nickel has an oxidation number of +2, manganese 

of +4, and cobalt of +3. 

 

𝐿𝑖𝑁𝑖1/3𝑀𝑛1/3𝐶𝑜1/3𝑂2 ↔ 𝐿𝑖1−𝑥𝑁𝑖1/3𝑀𝑛1/3𝐶𝑜1/3𝑂2 + 𝑥𝐿𝑖
+          (14) 
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At lower potential, nickel is oxidized to +4 (0 ≤ x ≤ 0.67), while at higher potential cobalt is oxidized 

to +4 as well (0.67 ≤ x ≤1) [55]. The above reaction results in a specific capacity of 160 mAh g-1, and 

an average working potential of 4.0 V. In order to reduce cobalt content, several NMC-based cathodes 

have been developed increasing Ni and Mn contents (see Fig 1.10). LiNi0.6Mn0.2Co0.2O2 (NMC 622) 

and LiNi0.8Mn0.1Co0.1O2 (NMC 811) are two of the most studied positive material [56] in order to 

increase the energy density of next-generation batteries together with Li-rich NMC compounds [57]. 

However, the higher capacities of the Ni-rich NMCs are usually accompanied by safety concerns due 

to their lower stability [58]. 

 

 

Fig. 1.10 – Triangular phase diagram of NMC materials. 

 

Another class of cathodic materials is represented by olivine-phase materials such as lithium iron 

phosphate (LiFePO4 – LFP). It is a cheap and non-toxic cathode with a specific capacity of 170 mAh 

g-1 and an average working potential of 3.5 V. Lithium insertion/deinsertion in LFP is mostly 

described by a very flat plateau indicating a two-phase mechanism, while sloped voltage profiles at 

the end and at the beginning of the lithiation describe minor extents of single-phase reaction (solid-

solution). Its main drawbacks are the low electron conductivity, which can be enhanced by carbon 

coating [59], and the Li+ diffusivity, which occurs preferentially along [010] channels. 
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Fig. 1.11 – LiFePO4 structure. 

 

 

1.4 Electrolytes and Additives 

LIBs electrolytes have the task of allowing the passage of Li+ ions between anode and cathode. The 

most common electrolytes are usually liquid, but in recent years’ numerous studies have been done 

to replace them with safer solid electrolytes [60].  An optimal liquid electrolyte for lithium-ion 

batteries should be: 

- cheap and non-toxic; 

- thermally and electrically stable; 

- inert to the others batterie components; 

- good Li+ conductor and electronic insulator; 

- stable in a wide voltage range, in order to avoid side reaction at the anode and cathode; 
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Commonly, the liquid version is a solution of lithium salts in a mixture of organic solvents. The 

lithium salts should possess the same properties listed for a general electrolyte, and of course should 

be completely soluble in the solvent. The most common salts are LiBF4, LiClO4, LiAsF6, and LiPF6. 

Historically, one of the first lithium salts used was LiClO4 that has poor stability and react with the 

aluminum collector. LiBF4 is more stable, but its low dissociation constant results in a poor ionic 

conductivity. LiAsF6 instead has a very high solubility and stability, a very good SEI forming ability, 

but because of the As-based counter ion it is highly toxic. A good choice is represented by LiPF6 salt, 

that is the right balance between performances and drawbacks [61]. For what concerns the solvents, 

organic carbonates are the most used (Fig. 1.12). 

 

 

Fig. 1.12 – Common organic solvents for LIB electrolytes. 

 

Today’s electrolytes use mainly linear carbonate such as dimethyl carbonate (DMC) and diethyl 

carbonate (DEC) as co-solvents. Binary and ternary solvent systems are very common, because 

conductivity, viscosity, thermal stability, and film forming ability can be modulated. Since solvent 

properties directly affect the SEI formation, different solvent combinations have different film-

forming ability. In order to enhance SEI properties, the use of electrolyte additives can be evaluated. 

Indeed, they can lead to a uniform morphology and chemical composition, enhanced thermal stability 

of lithium salts, avoid gas generation and also reduce irreversible capacity [62]. Among them, 

vinylene carbonate (VC) and fluoroethylene carbonate (FEC) are the most studied and used. Because 

of the presence of a carbon-carbon double bond in their structure, they are easily polymerizable under 

reduction forming a surface polymeric coating around 1.0 V vs. Li+/Li redox couple [63]. While VC 

is used more like an additive, FEC resulted to give better results when used as a co-solvent in a 

concentration around 10% [31,64].  
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Recent studies on silicon-based anodes claim that the sudden capacity fade is attributed to a 

concomitant FEC consumption through cycling [64].  

 

Fig. 1.13 – Fluoroethylene Carbonate (FEC) and Vinylene Carbonate (VC) structures. 

 

 

1.5 Binders 

Binders are polymeric materials used in the battery industry with the purpose of keeping together the 

active material, the conductive agent and the metallic current collector (Cu for the anodes, Al for the 

cathodes). An ideal binder should interact with all the electrode components, resulting in a binding 

mechanism like in Fig. 1.14 (a) where all the active material particles and the conductive agent are 

interconnected each other, and well anchored to the current collector. Binding mechanism shown in 

Fig 1.14 (b)-(c) would otherwise result in poor electronic conduction and low adhesion to the current 

collector. 

 

 

Fig. 1.14 – Binding mechanisms. 
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The characteristics of an optimal binder are in line with those of the other battery components, i.e. 

should be cheap, non-toxic, and stable in the battery environment. Stability should refer to 

binder/active material interaction, binder/electrolyte interaction, and binder/working potential 

window interaction. This means that the binder should buffer any active material volume change, it 

should be insoluble in the electrolyte, and that it should be not oxidized or reduced within the potential 

window. For what concern the binder/electrolyte interaction, it is important to say that the binder 

swellability in the electrolyte greatly affects the mechanical strength of the electrode [65]. The 

traditional binder used as industry standard is the Polyvinylidene Fluoride (PVdF), a very stable 

linear-type homopolymer which is widely used with graphite anodes thanks to its good mechanical 

properties and thermal stability. Moreover, its low HOMO energy makes it particularly stable at high 

voltages, and for this reason it can be used also at the cathode side [66].  

 

                            

Fig. 1.15 – Polyvinylidene Fluoride (on the left) and N-methyl-2-pyrrolidone (on the right) structure. 

 

However, PVdF is soluble in the toxic and expensive N-methyl-2-pyrrolidone (NMP), that must be 

treated carefully and recovered during the electrode drying [67]. Moreover, PVdF does not sustain 

the large volume changes of alloying and conversion materials PVdF [68], and for this reason other 

polymeric binders have to be investigated. 

Dahn and co-workers showed that the use of Carboxymethyl Cellulose (CMC) and its sodium salt 

(Na-CMC) can be a viable alternative for alloying anodes [69]. CMC is a cellulose derivative, and it 

is cheap, non-toxic and water-soluble. Because of its brittleness it has to be used together with Styrene 

Butadiene Rubber (SBR), but the resulting electrodes show remarkable mechanical properties with 

respect to PVdF-based electrodes. Recently, it has been proposed that pH could influence the active 

material/CMC interaction in silicon-based anodes, enhancing their current collector adhesion and 

electrochemical performances [70].  
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Fig. 1.16 – Carboxymethyl cellulose (on the left) (R = H, CH2COOH) and Polyacrylic Acid (on the right). 

 

Another interesting binder for alloying and conversion active materials is the Polyacrylic Acid (PAA) 

and its sodium and lithium salts. PAA is soluble not only in water, but also in ethanol. This flexibility 

is important since silicon particles can be quickly oxidized by water during slurry preparation [71]. It 

shows a low swellability with electrolytes and enhanced mechanical properties with respect to PVdF 

binder. It has been proposed that this is most likely due to the high concentration of carboxylic groups 

that interact with active material surface [72]. However, it has a relatively high cost with respect to 

CMC, and in order to obtain appreciable mechanical properties, it has to be used in higher 

concentrations than CMC and PVdF binders. 

Other polymers have been investigated in order to replace PVdF, such as sodium alginate [73], PVA 

[74], self-healing binders [75], and conductive binders [76], but they will not be taken in consideration 

in this thesis. 
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Chapter 2 - Experimental Techniques 

 

2.1 X-Ray Diffraction (XRD) 

X-Ray diffraction is a powerful technique for determining the atomic/molecular structure of materials 

only if they are crystalline (≈95% of solid materials). Among the different phenomena occurring 

when an X-ray radiation interacts within a sample, the atoms (scattering centers), produces spherical 

waves. Due to a vast phenomenon of destructive interference, almost all the waves cancel each other 

out. However, it may happen that this interference is constructive for some specific radiation direction 

or angles. The “condicio sine qua non” for which constructive interference occurs is shown by the 

Bragg’s Law (Equation (15)): 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃          (15) 

where n is a positive integer number, λ is the wavelength of the incident X-Ray radiation, d is the 

spacing distance between two crystal planes, and θ is the angle of the incident and diffracted X-Ray 

(scattering angle). 

 

 

Fig. 2.1 – Graphical representation of Bragg’s Law. 
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In a typical diffractogram, the signal intensity is plotted against the scattering angle θ or 2θ depending 

on the geometrical setup of the instrument. The peak positions are characteristic of a given structure 

and are also dependent on the wavelength of the used source (e.g. Cu, Co, Cr etc.) of the conventional 

X-ray tubes. 

 

Fig. 2.2 – Schematic drawing of a diffractometer. 

 

From the Intensity vs 2θ angle diffractogram (Fig. 2.3) is it also possible to evaluate the crystallites 

mean size applying the Scherrer’s equation. 

𝜏 =
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
          (16) 

Where K is a dimensionless shape factor (value close to 1), λ is the wavelength of the incident X-Ray 

radiation, β is the peak width at half the maximum intensity (FWHM), and θ is the Bragg angle. 

 

 

Fig. 2.3 – Example of diffractogram. 
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2.2 Scanning Electron Microscopy (SEM) 

The Scanning Electron Microscope is a useful tool to determine the surface morphology and/or the 

composition of the specimen. It is based on the interaction of the sample with an accelerated electron 

beam (energies up to 50 KeV) originated from a stable source of electrons (Electron gun – EG). In a 

typical SEM, the electron beam is emitted from a LaB6 or W tip by thermionic effect, or by field 

emission effect. The use of a Field Emission Gun (FEG) is fundamental in order to increase the 

brightness (electron current per unit area per unit solid angle) of the instrument. In this case the 

electrons are extracted from the Tungsten hairpin by electron tunneling and the beam spot size is of 

the order of nanometers. Once extracted from the EG, the electron beam is demagnified by electron 

lenses and projected onto the sample surface. The system operates in high vacuum condition (≈10-4 

Pa) since the molecules in the air would otherwise deviate the electron beam path giving a blurred 

image. 

 

 

Fig. 2.4 – Schematic drawing of a Scanning Electron Microscope. 

 

The interaction between the primary electron beam and the sample generates an interaction volume 

depending on beam energy, atomic number and density of the sample. From the interaction volume 

several signals are emitted (Fig. 2.5). Each signal carries a specific information: 
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 Secondary electrons (SE): generated mainly by inelastic scattering (energies ≈ 50 eV). They 

give morphological information; 

 Backscattered electrons (BSE): They have higher energy than SE. Since their current 

depends on the atomic number Z, they give compositional information of the sample 

(composition map); 

 X-Rays: They are generated as consequence of SE emission. They are element specific and 

give information about the elemental composition of the sample (EPMA – Electron Probe 

MicroAnalysis)   

The electrical conductivity of the sample is a fundamental requirement: the accumulation of 

electrostatic charge on sample surface gives blurred images, and for this reason the sample must be 

electrically grounded. In the case of insulant or poorly conductive specimen, the use of a coating 

applied by low vacuum sputtering (Graphite, Au, Cr, Pt, Os, W, Ir) is mandatory even if part of 

information of elemental composition is lost. 

 

 

Fig. 2.5 – Interaction volume and emitted signals. 
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2.3 Transmission Electron Microscopy (TEM) 

It is a microscopy technique like the Scanning Electron Microscopy where the electrons beam goes 

through the specimen. Because of the de Broglie wavelength of the electrons, the Transmission 

Electron Microscope (TEM) has a very high resolution compared to that of a classic light microscope. 

The use of a very thin specimen is a fundamental requirement for this technique since the sample has 

to be “electron transparent”. 

 

 

Fig. 2.6 – Schematic drawing of a Transmission Electron Microscope. 

 

The electron beam is focused into a small beam by condenser lens and sent to the specimen. As in the 

Scanning Electron Microscopy, a vacuum system is essential to avoid that electrons collide with gas 

atoms. TEM can essentially work in two modes: Imaging and Diffraction. In imaging mode, the 

objective aperture is in a back focal plane where we can select among central beam (Bright Field 

image – BF image) or diffracted beam (Dark Field image – DF image). 



26 
 

The selected signal is then projected onto a detector (screen, camera etc.) and the image is obtained. 

When the SAD aperture is used a diffraction pattern is generated. Single crystal samples will give a 

pattern of dots meanwhile polycrystalline and amorphous samples will give a series of ring as a 

response. In both cases, it is possible to get information about the sample structure and space group 

symmetries. 

 

 

Fig. 2.7 – Imaging (a) and Diffraction (b) modes in Transmission Electron Microscopy. 
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2.4 Thermogravimetric Analysis (TGA) 

TGA is an analytical method belonging to the thermal analysis family in which the mass of a known 

sample is monitored as a function of a temperature scan. The mass change of the sample is related to 

the absorption or release of gases at specific temperatures and controlled atmosphere. The 

instrumentation is composed by a precision electronic balance coupled with a furnace.  

The sample holder is a crucible that can be made of Al2O3, Sapphire or Platinum, depending on the 

operating temperature and reactivity with the sample (e.g. Platinum can easily react with organic 

substances). 

 

                      

Fig. 2.8 – TGA: Schematic drawing (a) and instrument (at right). 

 

The crucible is connected with the high precision balance and located inside the furnace. The 

atmosphere of this closed system can be easily controlled by software. The possibility to use reducing 

(Ar/H2 mixture), oxidant (air or O2) or inert (N2 or Ar) atmosphere allows us to associate specific 

weight change based on the relative atmosphere. The use of a purge gas helps to increase the 

instrument’s life since any corrosive or harmful gas is carried away from the furnace.   
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As well as the atmosphere, even the heating mode can be modulated since we can choose between a 

linear temperature variation (one or more step) or an isothermal measurement where the temperature 

is kept constant over a specific amount of time. 
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Fig. 2.9 – Example of Mass % vs. Temperature thermogram. 

 

The results obtained from these measurements are plotted in a graph called Thermogram, where the 

mass variation or mass percentage (y-axis) is plotted versus temperature or time (x-axis).  

In Figure 2.9, TGA analysis in oxidant atmosphere is shown a for a carbon coated metal oxide. The 

sudden weight loss around 250 °C is attributable to the C + O2  CO2 reaction. The weight increase 

after 500 °C is mainly due to metal oxidation in air/oxygen atmosphere. Other frequent phenomena 

are the humidity evaporation, volatile solvent evaporation, desorption of crystallization water or 

thermal decomposition of the sample (pyrolysis). 
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2.5 IR Spectroscopy (FT-IR) 

 

IR spectroscopy involves molecular vibrational transitions due to the interaction between matter and 

the infrared radiation with wavelength between 0.78 µm and 1000 µm. This technique based on 

absorption spectroscopy allows to detect functional groups in a molecule, and the information is 

mainly of a qualitative nature. The IR radiation absorption is due to the interaction of the oscillating 

electromagnetic field with the molecular chemical bonds.  

 

 

Fig. 2.10 – IR wavelength range. 

 

These chemical bonds can be considered as harmonic oscillators and from a derivation of Hooke’s 

law it is possible to obtain the equation governing this phenomenon: 

ῡ =
1

2𝜋𝑐
√
𝑘

𝜇
          (17) 

where ῡ is the oscillation wavenumber (cm-1), c is the speed of light (m/s), k is the spring constant 

for the bond (corresponding to the strength of the bond), and μ is the reduced mass calculated as 

follow: 

𝜇 =
𝑚𝐴 ∙ 𝑚𝐵
𝑚𝑎 +𝑚𝐵

          (18) 
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where mA and mB are the atomic masses of the bonded atoms A and B. 

The fundamental condition for the IR radiation absorption is a dipolar momentum variation that can 

exchange energy with the radiation producing an oscillating electric field. IR spectra are usually 

reported in a graph with the IR light absorbance (or transmittance) on the y-axis versus wavenumber 

on the x-axis. Different functional groups show different absorption bands in the graph, whereas the 

zone from 400 cm-1 to 1000 cm-1 is known as fingerprint region, which is specific of the analyzed 

molecule. 

 

Bond type Functional group Wavenumber range (cm-1) 

C-H Alkanes 

2850-2960 

1350-1470 

C-H Alkenes 

3020-3080 

675-1000 

C-H Aromatic rings 

3000-3100 

675-680 

C=C Alkenes 1640-1680 

C=C Aromatic rings 1500-1600 

C-O Alcohols, Carboxylic acids, Esters, Ethers 1080-1030 

C=O Aldehydes, Ketones, Carboxylic acids, Esters 1690-1760 

O-H Alcohols, Phenols, Carboxylic acids 

3610-3640 

2500-3000 

Table 2a – IR absorptions table. 

 

The recent application of the Fourier-transform to the Infrared Spectroscopy allowed to have faster 

results with a higher signal-to-noise (S/N) ratio. 
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2.6 Inductively Coupled Plasm Mass Spectrometry (ICP-MS) 

It is an atomic emission spectroscopy technique where the detector is a mass spectrometer. This 

technique allows to detect elements at concentration in the order of ppq (part per quadrillion – 1/1015) 

with higher speed, precision and sensitivity than by Atomic Absorption Spectroscopy (AAS).  

 

Fig. 2.11 – ICP-MS instrument. 

 

This particular type of Atomic Emission Spectroscopy (AES) exploits the high temperature of plasma 

sources (6000 - 10000 K) to ionize and excite the sample aerosol localized in the plasma toroidal 

fireball. The subsequent cooling at 6000-7000 K returns the sample to the ground state emitting 

spectral lines. Because of the plasma fireball, ICP analysis has many advantages compared to the 

other spectroscopic techniques: 

 The plasma toroidal shape increases the sample permanence in the plasma increasing the 

sensibility of the measurement; 

 The temperature homogeneity is higher in the plasma than in the traditional flame 

 The high operating temperature of plasma allows a more complete ionization. Besides, the 

absence of a flame avoids the presence of oxides and hydroxides; 

 The total absence of electric circuits gives a negligible background; 
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The ions ejected from the ICP are analyzed simultaneously by a Mass Spectrometer (MS) and 

separated according to their mass/charge ratio (m/z) thanks to a quadrupole mass analyzer (QMA). 

Typical causes of error are: 

 Isobaric interference, different element with same m/z ratio (e.g. Ca, Ar have m/z = 40) 

 Polyatomic interference, molecular species or ions with double charge (e.g. 40Ar16O+ and 

56Fe+) 

 Matrix effect, due to salts or non-volatile solids. 

 

        

Fig 2.12 – Schematic drawing of a ICP-MS. 

 

A crucial factor is interfacing between CP and MS. This is possible through the use of a skimmer, 

where the ions are subjected to a step by step dispersion, sent to the QMA, analyzed based on their 

m/z ratio, and revealed by a detector that translates their signal in amplified electric current. 
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2.7 Zeta Potential measurement 

The Z-potential (ZP) also known as electrokinetic potential is the measure of the attractive/repulsive 

electrostatic forces between particles in colloidal dispersion (insoluble particles dispersed in another 

substance, e.g. slurry). It is usually denoted with the Greek letter zeta (ζ) and measured in millivolts 

(mV). The ZP is an indicator of the colloidal stability. High ZP values (negative or positive) mean 

great electrostatic repulsion between adjacent particles in a colloidal dispersion. When ZP values are 

low (negative or positive), the attractive forces between particles are predominant, therefore the 

particles tend to coagulate/flocculate. 

Every object exposed to a fluid has an electrical double layer (EDL) that refers to the two ion layers 

surrounding the object surface. The first layer is usually connected to the object trough chemical 

interactions whereas the second (diffuse layer) is loosely connected via coulombic forces. The study 

of this layer is really important since it affects the electrokinetic characteristics of these materials. 

This EDL has a specific differential capacitance (C) which is one of the parameters to characterize 

this phenomenon. The differential capacitance is the ratio between the surface charge of the object 

and its electric surface area [C (farad) = charge (coulomb) / potential (volt)]. 

 

 

Fig. 2.13 – Potential vs. Distance graph for a charged particle in a dispersion medium. 
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Several models have been proposed during years to determine the potential dependence (Helmholtz, 

Gouy-Chapman, Stern). In the case of ζ potential, the electric potential taken in consideration is in 

proximity of the slipping plane (Fig. 2.12) which is a conventional layer that separates the mobile 

fluid from the fixed fluid attached to the object surface. This technique has been used to determine 

the slurry stability since agglomeration has to be avoided. Using the same dilution, it is possible to 

compare different slurries in order to have an idea of possible improvements due to the recipe or 

slurry formulation. Typical ZP values are listed in the table below [77,78]. 

 

Zeta potential [mV] Stability behavior 

from 0 to ±5 Rapid coagulation/flocculation 

from ±10 to from ±30 Incipient stability 

from ±30 to from ±40 Moderate stability 

from ±40 to from ±60 Good stability 

more than ±61 Excellent stability 

Table 2b – Zeta potential ranges table. 

 

 

Fig. 2.14 – Instrument for Zeta potential measurement. 
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2.8 Rheological Tests 

Rheology is a branch of physics which deals with the deformation and flow of liquid or solid materials 

when a force is applied. It is of paramount importance in battery production, since the slurry 

rheological properties greatly influences the coating process and thus the electrode performances. The 

rheological characterization of the slurries has been carried out by the means of a steady state flow 

experiment. Slurries are non-Newtonian fluid where the viscosity is dependent on the shear rate and 

the relationship between viscosity and shear-rate is the following: 

𝜂 = 𝐾 ∙ 𝛾𝑛−1          (19) 

where η is the viscosity (Pa s-1), K is a constant, γ is the shear rate (s-1), and n the flow behaviour 

index. 

In pseudo-elastic materials (n < 1) the viscosity decreases with increasing shear rate, whereas in 

dilatant fluids (n > 1) the viscosity increases with the shear rate [79]. In order to have a comparison 

and meaningful values between the different slurries, in our tests, we took into account the viscosity 

values at a shear rate of 1 Pa∙s. 

 

 

Fig. 2.15 – Rheometer. 
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2.9 Electrochemical Techniques 

2.9.1 Cyclic Voltammetry (CV) 

CV is an electrochemical technique used to get quantitative and qualitative information from an 

electrochemical reaction. In cyclic voltammetry, a potential window is set and scanned linearly in 

cyclic phases by a linear voltage scan (V s-1). This will result in a triangular profile of the potential 

wave (Fig. 2.16, left). When a charge-transfer reaction (CT) occurs, an increase of current will appear 

at a specific voltage.  

During the analysis, the potential is controlled between reference and working electrodes, while the 

current is measured between the working and the counter electrodes. This means that the cell setup 

for this analysis is a three-electrode setup. A typical voltammogram the current response (y-axis) is 

plotted versus the applied potential (x-axis) resulting in characteristics peaks of each redox reaction 

(Fig. 2.16, right). 

 

        

Fig. 2.16 – Potential vs. Time graph (on the left) and Current vs. Potential graph (on the right). 

 

When the electrochemical process is governed by diffusion processes (semi-infinite linear diffusion) 

the peak current values are affected by the concentration gradients and governed by the Randles-

Sevcik equation: 

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶0
∗ (
𝑛𝐹

𝑅𝑇
)
1/2

(𝜈)1/2(𝐷)1/2          (20) 
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where ip is the peak current (A), n is the number of electrons involved in the redox process, F is the 

Faraday constant (C mol-1), A is the electrode surface area (cm2), C0* is the analyte concentration 

(mol cm-3), R is the gas constant (8.311 J mol-1 K-1), T is the temperature (K), ν is the scan rate (V s-

1), and D is the diffusion coefficient (cm2 s-1). 

Using equation 20, it is possible to determine the diffusion coefficient value plotting the peak current 

(ip) against ν1/2. When the diffusion coefficient is known, the slope of the line in the graph gives 

information about the stoichiometry of the redox process. 

In case of reversible process at 25 °C, the anodic and cathodic peak currents have the same absolute 

value (|ipa|=|ipc|) and their potential difference (ΔEp) is given by the following equation: 

∆𝐸𝑝 = |𝐸𝑝𝑎 − 𝐸𝑝𝑐| =
0,058

𝑛
          (21) 

where n is the number of electrons transferred in the process. 

Since many redox processes are not reversible, it can happen that the potential difference between the 

two redox peaks increases. In order to determine the formal redox potential, it is possible to calculate 

the half-wave potential (E1/2): 

𝐸1/2 =
(𝐸𝑝𝑎 + 𝐸𝑝𝑐)

2
          (22) 

 

 

2.9.2 Galvanostatic Cycling with Potential Limitations (GCPL) 

The galvanostatic cycling with potential limitation (GCPL) is a galvanostatic technique where the 

electrochemical cell is charged and discharged under a controlled current within an established 

potential window. The GCPL is very useful to determine the charge/discharge behavior and the cycle 

life of a battery under one or more applied current values. The applied current is controlled between 

working (WE) and counter (CE) electrodes, meanwhile the potential is recorded, between WE and a 

third, reference electrode (RE) for three-electrode cells, or between WE and CE for two-electrode 

cells.  
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The use of a three-electrode setup is required when a more precise monitoring of electrodic potential 

in needed, since the measurement is not affected by iR drop. This technique is based on Nernst 

equation (Equation (23)), which expresses the equilibrium potential assumed by an electrode in a 

given system. 

𝐸 = 𝐸0 + (
𝑅𝑇

𝑛𝐹
) 𝑙𝑛 (

[𝑂𝑥]

[𝑅𝑒𝑑]
)          (23) 

where E0 is the standard potential, R is the universal gas constant (8.311 J mol-1 K-1), T is the 

temperature (K), n is the number of exchanged electrons, F is the Faraday constant (C mol-1), and 

[Ox]/[Red] are molar concentrations of the oxidized and reduced species in solution. 

Figure 2.16 shows the current profile for a galvanostatic cycle: the applied current can be positive or 

negative respectively for the charge and the discharge cycles. The current is applied until the potential 

limit set for the analysis is reached. 

The typical graph obtained from this analysis is an electrode potential vs. time (or amount of charge) 

graph (galvanostatic profiles). Depending on the redox process, the potential (E) vs time (t) curve can 

have different shape. If a single-phase reaction (solid-solution) takes place, the potential changes 

continuously the redox process, whereas in a two-phase reaction the potential remains quite stable 

during the phase transition resulting in a plateau. 

 

 

Fig. 2.17 – Current vs Time graph (on the left) and Potential vs. Time graph (on the right). 
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The differential analysis of the galvanostatic profiles (Fig. 2.18) allows to study the electrode redox 

processes: each peak has a specific potential and area that helps to understand the charge/discharge 

mechanism and the involved exchange of charge. 
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Fig. 2.18 – dQ/dE vs. Potential graph. 

 

The most common way to define the rate at which a battery can be charged and/or discharged is the 

C-Rate (C/h, where h is the number of hours necessary to fully charge/discharge he battery). From 

the galvanostatic cycling other parameters can be evaluated: 

 Practical Specific Capacity, is the weight-normalized capacity value of the material. It is 

usually different from the theoretical specific capacity and it is measured in mAh g-1. 

 Coulombic efficiency (CE), is the ratio between the discharge capacity (Qdischarge) and the 

charge capacity (Qcharge). It is an index of the reversibility of the redox process (CE = 1  

process fully reversible, but only from the charge point of view; for the energy-related 

reversibility also the potentials at which charge and discharge take place have to be 

considered). 
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 Rate capability, is very useful to determine the electrode response to different current. By 

varying the applied C-rate, it is possible to evaluate the capacity response at different current 

and identify possible electrode polarization phenomena. 

 Cycling life, is the life of the cell before it becomes unusable under given testing conditions. 

The threshold value for the cell usability is commonly set at 80% of its initial capacity. The 

main key factors influencing the cycling life are time, temperature, storing conditions and 

number of charge/discharge cycles. 

 

2.9.3 Electrochemical Impedance Spectroscopy (EIS) 

The electrochemical impedance spectroscopy (EIS) is one of the best tools to unravel the interfacial 

kinetics of electrode material and the resistive elements in electric devices. The main processes 

occurring at electrodes interface are charge-transfer reaction, ohmic conduction, interfacial charging 

and mass transfer phenomena. During this analysis, a small sinusoidal AC potential perturbation with 

frequency ν is applied to the electrochemical system. The response is a sinusoidal current with the 

same frequency but shifted in phase. The wave shift (θ) is specific of the circuital elements 

corresponding to the polarization processes involved in the studied system. 

𝐸(𝑡) =  𝐸0 sin(𝜔𝑡)          (24) 

where E(t) is the potential at time t, E0 is the signal amplitude, and ω (radian/second) is the angular 

frequency related to the AC perturbation frequency (Hertz) by the following relationship: 

𝜈 =
𝜔

2𝜋
          (25) 

In order to obtain a linear response, a very small AC perturbation frequency is mandatory, and as 

already said, the current response will have a different value and will be shifted in phase (θ). For 

sufficiently low currents, the impedance depends only on the AC perturbation frequency. 

 

𝐼(𝑡) = 𝐼0 sin(𝜔𝑡 + 𝜃)         (26) 

Since the impedance takes in account the resistance concept in AC circuits, the impedance calculation 

can be obtained from the Ohm’s law: 
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𝑍 =
𝐸(𝑡)

𝐼(𝑡)
=

𝐸0 sin (𝜔𝑡)

𝐼0sin (𝜔𝑡 + 𝜃)
= 𝑍0

sin (𝜔𝑡)

sin (𝜔𝑡 + 𝜃)
          (27) 

where Z0 is the impedance value, and θ its phase shift. 

 

Using the complex number notation, the equation (27) can be written as follow: 

 

𝑍(𝜔) = 𝑍𝑒−𝑗𝜃 = 𝑍0(cos 𝜃 − 𝑗 sin 𝜃) = 𝑍𝑟𝑒𝑎𝑙 − 𝑗𝑍𝑖𝑚          (28) 

where j is the imaginary unit (𝑗 = √−1). 

Plotting the impedance imaginary part (-Im(Z)) versus the real part (Re(Z)), results in a Nyquist plot, 

whereas the length of the |Z| vector correspond to the absolute impedance value. 

 

 

Fig. 2.19 – Nyquist plot. 

 

EIS can be fitted by relating the electrode behavior to the electrical response of a so-called “equivalent 

circuit” model, in which the processes taking place are described by using common circuit elements 

such as those listed in the table: 
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Component Symbol Current vs. Voltage Impedance 

Resistor 

 

V = I ∙ R Z = R 

Capacitor 

 

I = C
dV

dt
 Z =

1

jωC
 

Inductor 
 

V = L
dI

dt
 Z = jωL 

Table 2c – Circuit elements. 

 

From the previous table it is possible to see how the resistor impedance is not dependent on frequency 

and has not imaginary part, the capacitor impedance increases as frequency decreases, and the 

inductor impedance increases as frequency increases. These circuit elements often behave in a non-

ideal way, and thus they can be approximated with a “Circuit Phase Element” (CPE). The CPE value 

is defined by the following equation: 

𝑍 = 𝐴(𝑗𝜔)−𝛼          (29) 

where A and α are system parameters, and α can range from 1 to -1: 

 If α = 0, then Z = R and CPE behaves as a resistor; 

 If α = 1, then Z = 1/jωC and CPE behaves as a capacitor; 

 If α = -1, then Z = jωL and CPE behaves as an inductor; 

 If α = 0.5, then A = RD (1/τ1/2) where RD is the diffusion resistance, τ the time of diffusion 

process, and CPE is called Warburg Impedance (W). 

 

Each interface in the electrochemical system reacts in a different way to the sinusoidal excitation. 

The typical chemical and physical processes that result in an impedance in a Lithium-ion battery are: 
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 Electrolyte resistance (Rel): It is due to the electrolyte, and is usually influenced by 

temperature, electrolyte ionic concentration, ions type and cell geometry. This resistance is 

defined as: 

𝑅 = 𝜌
𝑙

𝐴
          (30) 

where ρ is the resistivity of the electrolyte (Ω∙cm), l is the length (cm), and A is the electrode 

surface area (cm2). 

 Charge-transfer resistance (Rct): due to the electrons transfer at the electrolyte/electrode 

interface. The rate of this electron transfer process depends on temperature, potential, type of 

reaction and concentration of reaction products. The potential and the current in a charge-

transfer process are related by Butler-Volmer equation.  

 

𝑖 = 𝑖0 (exp (𝛼
𝑛𝐹

𝑅𝑇
𝜂) − exp −(1 − 𝛼)

𝑛𝐹

𝑅𝑇
𝜂)           (31) 

Where i is the electrode current density (A m-2), i0 is the exchange current density (A m-2), α 

is the anodic charge transfer coefficient (dimensionless), n the number of electrons involved 

in the reaction, F is the Faraday constant (96485 C mol-1), η is the activation overpotential, R 

is the universal gas constant (8,31 J K-1 mol-1), and T is the absolute temperature (K). 

When the electrochemical system is at equilibrium and the overpotential (η) is small, the 

charge-transfer resistance can be calculated from: 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛𝐹𝑖0
          (32) 

 Double layer capacitance (Cdl): It is due to the charge accumulation at electrode/electrolyte 

interface and it is influenced by potential, temperature, ionic concentrations, ions type, 

electrode roughness, impurity etc. Since this results in an electrical double layer, this element 

will behave like a capacitor; 
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 SEI capacitance (CSEI) and resistance (RSEI): they are due to accumulation at the surface of 

and to migration through the electrode passivation layer. CSEI capacitance is due to the SEI 

geometry at the electrode/electrolyte interface; 

 Warburg Impedance (W): it is due to the ion diffusion and depends on the AC sinusoidal 

frequency. On a Nyquist plot, it usually appears as a diagonal line with a 45° slope. 

When a real system is investigated, the impedance response is the sum of these different elements 

connected in series and/or in parallel. It is important to recall that the impedance of element in series 

is the sum of the single element, meanwhile the impedance of elements in parallels is the reciprocal 

of the sum of the reciprocal impedances. 

 

 

Fig. 2.20 – Impedance values of element in series and in parallel. 

 

The EIS data are usually fitted in terms of an equivalent circuit. The fitting procedure is usually 

performed by software (e.g. Boukamp’s software [80]) where the experimental data are processed to 

obtain the equivalent circuit parameters. The parameter estimation is performed by applying a non-

linear least squares fitting algorithm (NLLS), usually starting from a graphical fit of the Nyquist plots. 

 

 

Fig. 2.21 – Randles equivalent circuit.  
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Chapter 3 – Silicon@V2O5 composite as anode for LIBs 

 

3. 1 Introduction 

The search for increasingly efficient and safe energy storage systems has led to the attempt to replace 

traditional battery materials with new lithium storage chemistries. The demand for greater energy 

density is leading to replace the graphite-based anodes with the more abundant, cheap, performant, 

and environmentally-friendly silicon. Although the high specific capacity (3579 mAh g-1 

corresponding to Li15Si4 phase), the electrochemical performances fade drastically upon cycling, 

because of the huge volume changes experienced by this active material. Several attempts have been 

made to buffer this volume expansion, and the most common is the use of silicon nanoparticles 

dispersed in a buffering matrix such as graphite or the more performing graphene. Because of the 

high cost and instability of the graphene, the use of a cheaper and more stable inorganic matrix has 

been evaluated. Amorphous vanadium pentoxide (a-V2O5) is here proposed as buffering matrix 

because of its layered structure that mimics that of graphene. 

 

3.2 Experimental 

3.2.1 Si@V2O5 synthesis 

Crystalline o-V2O5 was dispersed in 50 mL of ultrapure water, and 50 mL of hydrogen peroxide 

(H2O2 50% w/w solution) were added slowly. To avoid excessive foaming and bubbling, an ice bath 

was used to control and lower the temperature of this very exothermic reaction. A previously 

sonicated silicon nanoparticles aqueous solution was added when the solution color turned clear 

orange and the O2 bubbling stopped. After 3 days of aging, the resulting gelled solution was washed 

several times with acetone and oven-dried overnight at T = 60 °C. Eventually, the obtained powder 

was subjected to a final thermal treatment in a tubular furnace under air atmosphere (T = 220 °C, 24h, 

2 °C min-1). For sake of comparison, bare V2O5 was synthesized with the same procedure without the 

silicon addition step. 



46 
 

 

Fig 3.1 – Synthetic route of Si@V2O5 nanocomposite. (A) Crystalline o- V2O5; (B) [VO2]
+ ions which give 

olation and oxolation processes; (C) Si nanoparticles; (D) Intermediate Si@ V2O5 nanocomposite; (E) Final 

Si@ V2O5 nanocomposite. 

 

3.2.2 Electrodes Preparation 

Electrode slurries have been prepared in a glass vial using a magnetic stirrer overnight. The mass 

ratios are summarized in the table below. 

 

 Si@V2O5-PAA_#1 V2O5-PAA_#1 

Active Material: Si@V2O5 70 % V2O5 70 % 

Binder: 
Poly(acrylic acid) - 

PAA (Mw ≈ 450000) 
10 % 

Poly(acrylic acid) -

PAA (Mw ≈ 450000) 
10 % 

Conductive Agent: Super C65 20% Super C65 20% 

Solvent: Ethanol --- Ethanol --- 

Table 3a – Electrode formulations of Si@V2O5-PAA_#1 and V2O5-PAA_#1 coatings. 

 

The resulting slurry has been spread onto a 10 μm thick copper foil using the “Doctor Blade 

technique” and dried on a heating plate for 2h at 70 °C. 9mm-diameter circular electrodes have been 

cut and calendared at 7 tons cm-1 using a hydraulic press. The average active material loading was ≈ 

1 mg cm-2. 
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3.2.3 Cell Assembly and Cycling 

Three electrode Swagelok-type polypropylene cell were assembled in an Ar-filled glovebox, using 

metallic lithium as counter and reference electrodes, and 12 mm-diameter glass fiber disks (Whatman 

GF/A) as separators. A mixture of Ethylene Carbonate:Dimethyl Carbonate (EC:DMC) 1:1 v/v 

(Solvionic, France) + LiPF6 1M solution has been used as “baseline” electrolyte. The use of different 

amounts of vinylene carbonate (VC) as electrolyte additive has been evaluated. 

The cells have been cycled using a VMP-2Z multi-channel electrochemical workstation (Biologic, 

France) in a 0.01 < E (V) < 1.5 potential window, using specific current ranging from 100 mA g-1 to 

4000 mA g-1. All the cells have been kept 12h at open circuit voltage (OCV) to enable a full wetting 

of separator and electrodes. All the measurements have been recorded at room temperature. All 

potentials are given vs. Li+/Li redox couple. 

 

Fig 3.2 – Scheme of a Three electrode Swagelok-type polypropylene cell. 

 

3.3 Discussion 

When the crystalline vanadium pentoxide reacts with the hydrogen peroxide solution, peroxo- and 

diperoxo-vanadium species are formed, which eventually lead to [VO2]
+ ions as already discussed by 

Livage et al. (Eqns. 33-36) [81,82]. 

𝑉2𝑂5 + 4𝐻2𝑂2 → 2[𝑉𝑂(𝑂2)2(𝑂𝐻2)]
− + 2𝐻+ +𝐻2𝑂          (33) 

𝑉2𝑂5 + 2𝐻
+ + 2𝐻2𝑂2 + 3𝐻2𝑂 → 2[𝑉𝑂(𝑂2)(𝑂𝐻2)3]

+ + 𝑂2          (34) 
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2[𝑉𝑂(𝑂2)2(𝑂𝐻2)]
− + 4𝐻+ + 2𝐻2𝑂 → 2[𝑉𝑂(𝑂2)(𝑂𝐻2)3]

+ + 𝑂2          (35) 

2[𝑉𝑂(𝑂2)(𝑂𝐻2)3]
+ → 2[𝑉𝑂2]

+ + 𝑂2 + 6𝐻2𝑂          (36) 

 

Eventually, [VO2]
+ species gives V2O5 amorphous fibers (V2O5 ∙ nH2O) by olation and oxolation 

reactions. The addition of the silicon nanoparticles allows the vanadium pentoxide gel to grow around 

them providing an optimal silicon dispersion in the resulting composite. The final thermal treatment 

at 220 °C allows to remove part of the characteristic hydration water trapped in the amorphous 

vanadium pentoxide structure [83], and obtain a partial crystallinity of the V2O5 structure, since its 

crystallization start at 216 °C [84]. The diffraction pattern of the Si@V2O5 nanocomposite is shown 

in Fig. 3.3. Panel (A) shows all the bare V2O5 diffraction peaks (panel (B)), together with the principal 

crystalline silicon diffraction peaks (JCPDS 27-1402) corresponding to [111], [220], and [311] 

reflection planes.  

 

Fig 3.3 – XRD pattern of: (A) Si@V2O5 nanocomposite; (B) V2O5.  
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The extra peak labelled with an asterisk (*) is due to the instrument sample holder. The presence of 

broadened peaks is typical of materials lacking a long-range order, furtherly confirming that this 

material has a “lower crystalline domain” of ill-crystalline structure  [85,86]. According to Scherrer’s 

equation [87], an average silicon crystallite size of about 75 nm has been estimated from the peak 

related to the [111] reflection plane. The average silicon crystallite size around 70 nm and their 

dispersion in the vanadium pentoxide nanosheet is confirmed by TEM images (Fig. 3.4 a-b). This 

morphology is furtherly confirmed by SEM micrographs (Fig. 3.4 c-d). The same nanosheet 

morphology is present in the bare V2O5 (Fig. 3.4 e-f), suggesting a good reproducibility for the 

synthesis of this inorganic matrix. The reported morphology is consistent with literature findings [88].  

Si@V2O5 microstructure has been explored using Raman spectroscopy. The silicon crystallinity is 

revealed by the main band around 500 cm-1 and confirmed by the presence of two bands at 295 cm-1 

and 921 cm-1 respectively [89]. The vanadium pentoxide contribution is partially masked by the 

higher intensity of silicon bands, but still traceable by the presence of two bands at 147 cm-1 and 422 

cm-1 [85,86,88]. The Si:V weight ratio in the nanocomposite was revealed by OCP-MS analysis. The 

silicon content of 39% w/w is in a 30% ~ 40% range known as an optimal compromise between high 

specific capacity and matrix buffer ability [90]. 

 

 

Fig 3.4 – Morphological and structural characterization of Si@V2O5 and V2O5: (a) – (b) TEM micrographs 

of Si@V2O5; (c) – (d) SEM micrographs of Si@V2O5; (e) – (f) SEM micrographs of V2O5. 



50 
 

 

Fig 3.5 – Raman spectra of Si@V2O5 nanocomposite. 

 

Several electrochemical tests were carried out to investigate the redox behavior and the lithium 

storage ability of the Si@V2O5 nanocomposite. Fig. 3.6 shows the Si@V2O5 voltammetric curves 

carried out in the 0.01 < E (V) < 1.5 potential range at a 0.1 mV sec-1 scan rate. Peak (A) is a typical 

first-cycle process of the silicon-based anodes: the crystalline silicon is lithiated forming an 

amorphous a-LixSiy phase [91]. Since the lower cut-off value is lower than 50 mV, the formation of 

a crystalline Li15Si4 phase results in the peak (G), which in the first cycle is masked by the prominent 

peak (A). During dealloying, the disappearance of a-LixSiy and c- Li15Si4 phases, to form a-Si, results 

in peak (B) and (C) respectively. From the second cycle on, the a-Si alloying processes (E) and (F) 

are coupled with peaks (B) and (D) during the dealloying of a-LixSiy phases. 

 



51 
 

 

 Fig 3.6 – Cyclic voltammogram of Si@V2O5 nanocomposite. 0.01 < E (V) <1.5 potential range. Scan rate = 

0.1 mV sec-1. Electrolyte: LiPF6 1M in EC:DMC 1:1. 

 

Peak Potential Description 

(A) 0.015 V 1st cycle alloying : c-Si → a-LixSiy 

(B) 0.35 V Dealloying : a-LixSiy → a-Si 

(C) - (D) 0.47 V Dealloying : c-Li15Si4 → a-Si 

(E) - (F) 0.26 V – 0.08 V Alloying : a-Si → a-LixSiy 

(G) 0.04 V Formation of c-Li15Si4 phase 

Table 3b – Peaks description of the Si@V2O5 cyclic voltammetry (Fig. 3.6). 
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In the studied potential range, V2O5 electrochemical activity is not evidenced. Nevertheless, low-

potential lithium intercalation by vanadium pentoxide has been reported in literature [92], and from 

the bare V2O5 cyclic voltammetry (Fig. 3.7) it is possible to confirm a minor contribution to redox 

processes. 

In order to estimate the charge/discharge ability of the Si@V2O5 and the possible contribution of bare 

V2O5 to the electrochemical activity, electrodes based on both materials have been subjected to 

galvanostatic cyclations. Figure 3.7a shows the capacity values comparison between the composite 

and the bare vanadium pentoxide in the 0.01 < E (V) < 1.5 potential range, at a specific current I= 

500 mA g-1.  

The Si@V2O5 electrode shows an initial specific capacity of 1840 mAh g-1, then a reversible capacity 

around 1150 mAh g-1 with a capacity retention of 43% at 50th cycle. After an initial specific capacity 

of 645 mAh g-1, the V2O5 electrode shows a reversible capacity around 100 mAh g-1. In both cases, 

the high initial irreversible capacity is most likely due to the SEI formation on the anode surface, and 

in the case of the Si@V2O5 electrode to the silicon amorphization in the first cycle. This confirms 

that the capacities of the V2O5 nanosheets and of the conductive agent are only a minor contribution 

of the total nanocomposite capacity. Part of the vanadium pentoxide electrochemical activity in the 

nanocomposite is evidenced in figure 3.7b. A sloping plateau is visible around E = 2.5 V probably 

due to the Li+ insertion inside the V2O5 nanosheets. Eventually, a long sloping plateau is visible from 

0.1 V to the lower cut off potential, due to the amorphization of the c-Si nanoparticles to a-LixSiy 

phase.  

The dQ dE-1 vs. E plot in figure 3.7c are consistent with the behavior observed in the cyclic 

voltammetry of Si@V2O5 (Fig. 3.6).  
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Fig. 3.7 – (a) Discharge capacity values of Si@V2O5 and V2O5 electrodes. (b) Galvanostatic E vs. Q profiles 

of SI@V2O5 electrode. (c) Differential profiles dQ dE-1 vs. E of Si@V2O5 electrode. I = 500 mA g-1. 0.01 < E 

(V) < 1.5 potential range. 

 

For the sake of comparison, Fig. 3.8 reports the E vs. Q profiles at 500 mA g-1 specific current (b) 

and the corresponding differential dQ dE-1 vs. E plot (c) of the bare V2O5 electrode. This confirms 

that this inorganic matrix can contribute to the initial irreversible capacity, meanwhile its contribution 

to the reversible capacity is negligible. We should say that the capacity fade of the Si@V2O5 

nanocomposite could be ascribed to a poor interfacial stability of the composite. 
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Fig. 3.8 – (b) E vs. Q and (c) differential dQ dE-1 vs. E profiles of V2O5-PAA anode. 0.01 < E (V) < 

1.5 potential range. I = 500 mA g-1. 

 

When the electrode/electrolyte interface is not optimized, the stability of the solid electrolyte 

interphase can be affected resulting in breakage and re-formation processes during cycling. For this 

reason, a more stable and uniform passivation layer is fundamental to increase cycle efficiency and 

capacity retention. The use of electrolyte additives is one of the most used and common method to 

this aim. The addition of different amount of vinylene carbonate (VC) to the standard LiPF6 1M in 

EC:DMC 1:1 electrolyte has been evaluated. Vinylene carbonate is a cyclic alkyl carbonate with a 

polymerizable double bond. It is known as a reduction-type additive [93] since its higher reduction 

potential than the standard electrolyte component [94] allows the pre-formation of a smoother and 

stable passivation layer. VC has already shown to be effective in improving the SEI stability on 

silicon-based anodes [30,95,96]. 
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Fig. 3.9 – Discharge capacity values of Si@V2O5 electrode in LiPF6 1M in EC:DMC 1:1, LiPF6 1M in 

EC:DMC 1:1 + 2% VC, LiPF6 1M in EC:DMC 1:1 + 5% VC. 0.01 < E (V) < 1.5 potential range. (a) I = 

500 mA g-1; (b) I = 1000 mA g-1. 

 

The discharge capacity values at 500 mA g-1 and 1000 mA g-1 for the three different electrolyte 

formulation are shown in Figure 3.9 and listed in the Table 3b. At both applied currents, the addition 

of VC results in better capacity retention values than the standard electrolyte. This confirms that the 

use of VC in silicon-based electrodes can help mitigating the performance decay thanks to the 

improved electrode/electrolyte interface. Fig. 3.10 shows the rate capability test result of Si@V2O5 

anode for the three different electrolyte formulations. When the applied current is in the 100 mA g-1 

to 500 mA g-1 range, the specific capacity values are comparable to the galvanostatic cycles in figure 

3.9. The use of the two VC-based electrolyte results in similar behaviors and provides better results 

than standard electrolyte.  
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When the current is in the 1000 mA g-1 to 4000 mA g-1 range, the 2% VC formulations shows slightly 

better results than the 5% VC formulation. This is most likely due to the higher VC amount which 

forms a thicker SEI passivation layer resulting in a higher cell polarization at higher current. 

Nevertheless, both VC-based formulations contribute in SEI stabilization giving reversible capacities 

of about 850 mAh g-1 and 770 mAh g-1, respectively for 2% VC and 5% VC formulation at 4000 mA 

g-1 current. It is worth noting that restoring the specific current of 500 mA g-1, both electrodes cycled 

in the VC-based formulations show a good capacity recovery. 

 

Electrolyte 
Charge/Discharge 

current 

Discharge 

Capacity at 

50th cycle 

Capacity 

retention 

LiPF6 1M in EC:DMC 1:1 500 mA g-1 504 mAh g-1 42.5% 

LiPF6 1M in EC:DMC 1:1 + 2% VC 500 mA g-1 932 mAh g-1 79.5% 

LiPF6 1M in EC:DMC 1:1 + 5% VC 500 mA g-1 991 mAh g-1 87.9% 

LiPF6 1M in EC:DMC 1:1 1000 mA g-1 512 mAh g-1 44.3% 

LiPF6 1M in EC:DMC 1:1 + 2% VC 1000 mA g-1 759 mAh g-1 80% 

LiPF6 1M in EC:DMC 1:1 + 5% VC 1000 mA g-1 842 mAh g-1 91% 

Table 3c – Specific discharge capacity values for galvanostatic cycling in electrolytes with 0%, 2%, 5% w/w 

VC contents. I = 500 mA g-1; 1000 mA g-1. Capacity retention values are calculated with respect to the 

reversible capacity obtained at 2nd cycle. 
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Fig. 3.10 – Rate capability behaviour of Si@V2O5 anode in electrolyte formulations at different VC % 

contents. 0.01 < E (V) < 1.5 potential range. (A) I = 100 mA g-1; (B) I = 200 mA g-1; (C) I = 500 mA g-1; (D) 

I = 1000 mA g-1; (E) I = 2000 mA g-1; (F) I = 4000 mA g-1; (G) I = 500 mA g-1. 

 

This behavior is confirmed by E vs. Q profiles of selected cycles (3rd cycle at 200, 500, and 1000 mA 

g-1) for the Si@V2O5 electrodes in the three electrolyte systems. In Figure 3.11, all the Li-Si 

alloying/dealloying features are practically overlapped, highlighting that the differences in rate 

capability behavior do not arise from different redox processes. Considering the capacity values at 

low currents, the presence of a thicker SEI could increase the anode polarization and result into lower 

capacity values. Nevertheless, at higher currents the VC stabilizing effect becomes more relevant. 

The electrode cycled in the standard electrolyte shows a more pronounced capacity fade, most likely 

associated with electrode pulverization and electrical isolation of active material. The electrode 

cycled in the 2% VC-modified electrolyte appears to be the best trade-off between low polarization 

and cycling stability. 
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Fig. 3.11 - Selected E vs. Q profiles of Si@V2O5 anode. 0.010 < E (V) < 1.500. (a) I = 200 mA g-1; (b) I = 

500 mA g-1; (c) I = 1000 mA g-1. 

 

The different electrode/electrolyte interfacial behaviors of the Si@V2O5 composite in the three 

electrolyte formulations have been examined as well by the use of post-mortem scanning electron 

microscopy. Fully discharged electrodes, that underwent 50 galvanostatic cycles in the three different 

electrolyte formulations, have been disassembled in an Ar-filled glovebox and washed repeatedly 

with pure dimethyl carbonate (DMC). Fig. 3.12 shows the post mortem SEM micrographs of these 

three electrodes compared to a pristine electrode. The morphology of the pristine electrode (Fig. 

3.12a) is characterized by a compact surface with a relevant number of pores in line with the 

PAA/ethanol slurry processing [72]. The post mortem SEM of the Si@V2O5 electrode cycled in the 

VC-free electrolyte (Fig. 3.12b) shows a high degree of grain agglomeration together with deep 

cracks, a clear signature of the mechanical stress due to the silicon volume expansion.  
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However, electrodes cycled in 2% VC- and 5% VC-modified electrolyte (Fig. 3.12 c-d) show a much 

lower aggregation degree and less cracking. Particularly, the electrode cycled in the 2% VC-modified 

electrolyte shows a lower degree of clustered particles on its surface, confirming the great impact of 

the VC on the morphology of the electrode surface. 

 

Fig. 3.12 – Scanning electron microscopy of Si@V2O5 electrodes. (a) Pristine electrode; (b) electrode cycled 

in LiPF6 1M in EC:DMC 1:1; (c) electrode cycled in LiPF6 1M in EC:DMC 1:1 + 2% VC; (d) electrode 

cycled in LiPF6 1M in EC:DMC 1:1 + 5% VC. 

 

3.4 Conclusion 

A reproducible and easy synthetic route for the wrapping of silicon nanoparticles inside an amorphous 

V2O5 nanosheets matrix has been presented. The Si@V2O5 nanocomposite has been structurally and 

morphologically characterized, and the electrodes have been prepared following an optimized and 

low-impact procedure based on Polyacrylic Acid and ethanol. The addition of VC-modified 

electrolyte resulted in a greater cycling stability respect the VC-free electrolyte.  
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This optimized system delivered capacity values higher than 900 mAh g-1 through 50 cycles at 500 

mA g-1 current. Also, an outstanding rate capability was obtained in the 100 mA g-1 to 4000 mA g-1 

range. Electrochemical and post-mortem SEM characterizations confirmed that the best Si@V2O5 

electrode performances can be obtained adding a 2% VC to LIPF6 1M in EC:DMC 1:1 electrolyte. 

These preliminary results, together with the possibility of future improvements, make the Si@V2O5 

nanocomposite a good candidate for high-energy anode materials for Li-ion batteries, and pave the 

way to the use of alternative and inexpensive inorganic buffering matrixes for alloying anodes. 
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Chapter 4 – Silicon@TiO2 composite as anode material 

for LIBs 

 

4.1 Introduction 

In order to avoid the typical issues and improve electrode performance of silicon-based anodes, 

several strategies have been adopted to overcome their main problems, such as the volume expansion 

which can cause cracking, pulverization, loss of contact with the current collector and, ultimately, 

cell failure. The stabilization of the silicon morphology upon cycling is mandatory for a longer cycle 

life, and the use of inorganic buffering matrices has been already discussed in chapter 3. Anatase 

TiO2 has been largely studied as anode material in lithium-ion batteries and it is a cheap, easily 

synthesizable, and environmentally friendly material. For this reason, the use of anatase TiO2 as 

buffering filler for silicon anodes has been proposed. To our knowledge, there are no reports of the 

use of TiO2 nanoparticles as a buffering filler in Si anodes. 

 

4.2 Experimental 

4.2.1 Si@TiO2 Synthesis 

Commercial Si nanoparticles (Alfa Aesar, average diameter ~ 100nm) were weighted and dispersed 

in isopropanol via magnetic and ultrasonic stirring (40 W power; continuous mode). Triton X-100 

was used as dispersant and added to the suspension. After 2h of stirring, Titanium (IV) Isopropoxide 

was added setting the heating plate temperature at 80 °C. After the addition of aqueous ammonia 

solution (30% w/w) and ultrapure water, the formation of a pale grey precipitate was observed. In 

order to remove the remaining solvent, the residues were dried overnight at 70 °C. The resulting 

powder was heated in a tubular furnace in Ar atmosphere (600 °C, 4h, 5 °C min-1 heating ramp) 
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Fig. 4.1 – Synthetic route of Si@TiO2. 

 

 

4.2.2 Electrodes Preparation 

The active material and the conductive agent were finely ground in an agate mortar, added in a glass 

vial containing the binder solution and magnetically stirred overnight. The mass ratios are 

summarized in the table below. 

 

 Si@TiO2-PAA 

Active Material: Si@TiO2 70 % 

Binder: PAA (Mw ≈ 450000) 10 % 

Conductive Agent: Super C65 20% 

Solvent: Ethanol --- 

Table 4a – Electrode formulation of Si@TiO2-PAA coating. 

 

The slurry was casted over a copper foil using the “Doctor Blade” technique (thickness of wet coating 

= 100 μm), dried at 70 °C for 2 h. 9mm-diameter circular electrode have been cut and calendared at 

5 tons cm-1 using a hydraulic press. The average active material loading was ≈ 1 mg cm-2. 
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4.2.3 Cell assembly and cycling 

Three-electrode Swagelok-type polypropylene cells were assembled using metallic lithium (Aldrich) 

disks as counter and reference electrodes, glass fiber Whatman GF/A separators and 1M LiPF6 in 

EC:DMC (1:1 v/v) + 2% vinylene carbonate (VC) additive as electrolyte (Solvionic). The cells have 

been cycled using a VMP-2Z multi-channel electrochemical workstation (Biologic, France) in a 0.01 

< E (V) < 1.0 potential window, using specific current ranging from 100 mA g-1 to 5000 mA g-1. All 

the cells have been kept 12 h open circuit voltage (OCV) to enable a full wetting of separator and 

electrodes. Electrochemical impedance spectroscopy (EIS) has been carried out every tenth cycle in 

the 101 kHz - 9 mHz frequency range, by applying a bias potential of E = 1.0 V and a sinusoidal 

amplitude ΔE = ±5 mV. All the measurements have been recorded at room temperature. All potentials 

are given vs. Li+/Li redox couple. 

 

4.3 Discussion 

The active material was prepared dispersing the silicon nanoparticles in isopropanol thanks to the 

help of the ultrasound treatment and the addition of Triton X-100 as surfactant. The subsequent 

addition of Titanium (IV) isopropoxide, ammonia solution and ultrapure water starts the base-

catalyzed hydrolytic-reaction [97] shown in equation (37): 

 

𝑇𝑖(𝑂𝐶3𝐻7)4 + 𝑛𝐻2𝑂 → 𝑇𝑖(𝑂𝐶3𝐻7)4−𝑛(𝑂𝐻)𝑛 + 𝑛𝐶3𝐻7𝑂𝐻          (37) 

 

After the thermal annealing, the precursor is transformed into anatase titanium dioxide (TiO2) that 

acts like a buffering filler for the dispersed silicon nanoparticles. The XRD pattern of the Si@TiO2 

powder is shown in Fig. 4.2, together with the reference diffraction patterns of anatase TiO2 (Fig. 

4.2b) and crystalline silicon (Fig. 4.2c). The silicon-related peaks are located at 28°, 47°, and 56° and 

are in good agreement with the 27-1402 JCPDS card.  

The main anatase peaks located at 25.3°, 38.0°, 48.2° are broadened thanks to the very small size of 

the TiO2 crystallites; the peaks between 53° and 55° are partially overlapped with other peaks owing 

to line broadening. 
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Fig 4.2 – XRD analysis of Si@TiO2 material: a) Experimental Si@TiO2 diffraction pattern; b) anatase-TiO2 

diffraction data from JCPDS 21-1272; c) Crystalline Si diffraction data from 27-1402. 

 

Scherrer equation [87] for TiO2 revealed an average crystallite size of 5.5 nm (peak at 25.3°), which 

is in good agreement with the TEM image shown in Figure 4.3 a-b. SEM images in Fig. 4.3 c-d 

indicates that TiO2 crystallites are uniformly distributed on the Si nanoparticles, confirming again the 

results obtained with the TEM analysis. 
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Fig. 4.3 – Morphological characterization of Si@TiO2 active material. (A)-(B) Transmission electron 

microscopy micrograph of Si@TiO2 powder; (C)-(D) Scanning electron micrographs of Si@TiO2 powder. 

 

Further structural information about Si@TiO2 composite has been obtained using the Raman 

spectroscopy (632 nm laser). Several bands are clearly visible in Fig. 4.4, with the TiO2 bond vibration 

modes located at 151 cm-1 (Eg), 425 cm-1 (B1g), and 611 cm-1 (Eg). Silicon bands are visible at 511 

cm-1 and at 926 cm-1. The slight shift of TiO2 bands with respect to literature findings is most likely 

due to nanometric nature of its particles [98,99]. A similar behavior has been proposed for the silicon 

nanoparticles: the higher surface area strengthens the scattering as a combination of bulk and size 

distribution effects [100]. 
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Fig. 4.4 – Si@TiO2 Raman spectrum (* refers to Si bands, and + refers to TiO2 bands). 

 

Several electrochemical tests have been carried out to assess the electrochemical perfomances of 

Si@TiO2 composite as anodic material for lithium-ion batteries. Fig. 4.5 shows the cyclic 

voltammogram of a Si@TiO2-PAA electrode. Peak (A) at 1.72 V can be assigned to the Li+ insertion 

in the TiO2 structure [98]. 

 

𝑇𝑖𝑂2 + 0.5𝐿𝑖
+ + 0.5𝑒− → 𝐿𝑖0.5𝑇𝑖𝑂2          (38) 

𝐿𝑖0.5𝑇𝑖𝑂2 + 𝑥𝐿𝑖
+ + 𝑥𝑒− → 𝐿𝑖0.5+𝑥𝑇𝑖𝑂2     (0 < 𝑥 < 0.3)          (39) 
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Fig. 4.5 – Cyclic voltammetry scan of the first cycle of a fresh Si@TiO2-PAA electrode.; Scan rate = 0.1 mV 

sec-1; 0.01 < E (V) < 1.0 potential range 

 

Peak Potential Description 

(A) 1.72 V Li+ insertion in TiO2 structure 

(B) 1.15 V VC decomposition 

(C) 0.69 V SEI formation 

(D) 0.01 V 1st cycle alloying : c-Si → a-LixSiy 

(E) 0.34 V Dealloying : a-LixSiy → a-Si 

(F) 0.48 V Dealloying : c-Li15Si4 → a-Si 

Table 4b - Peaks description of the Si@TiO2 cyclic voltammetry (Fig. 4.5). 
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Equations (38) and (39) are related to the first lithium insertion within TiO2, which induces an 

irreversible structural conversion from a tetragonal to an orthorhombic structure. Region (B) and (C) 

can be assigned respectively to vinylene carbonate reduction [101] and SEI formation. The peak (D) 

located in proximity of the lower cut-off potential was attributed to the amorphization of crystalline 

silicon during the first cycle. The peak related to the Li15Si4 formation is not visible being overlapped 

by the (D) peak. In the reverse scan, the presence of (E) and (F) peaks, respectively at 0.34 V and 

0.48 V are due to the dealloying process of a-LixSiy and c-Li15Si4. In order to investigate the cycling 

behavior of Si@TiO2-based electrodes, galvanostatic tests have been carried out at several specific 

currents. Fig. 4.6a shows the cycling behavior at 500 mA g-1 specific current. The first-cycle lithiation 

capacity was 1822 mAh g-1 with a coulombic efficiency of 37%. This is mostly due to TiO2 lithiation 

together with irreversible processes such as SEI formation and VC decomposition. After the second 

cycle, the capacity was 785 mAh g-1 with a capacity retention of 83.4% after 100 cycles. E vs. Q 

galvanostatic profiles confirm the features observed in the cyclic voltammetry.  

 

 

Fig. 4.6 – Si@TiO2 galvanostatic cycling. 0.01 < E (V) < 1.0 potential range; I = 500 mA g-1. 
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In the first discharge profile, a short sloping plateau at 1.7 V is consistent with the peak attributed to 

the TiO2 lithiation. A sloping line until 0.15 V confirms the decomposition phenomena described in 

the CV experiment. Eventually, a long sloping plateau until 0.01 V indicates the Si amorphization, 

and finally the possible formation of c-Li15Si4. The presence of a high amount of conductive agent 

(20%) should enable the storage of Li+ via intercalation and surface adsorption as well. These 

phenomena could give a capacity contribution that cannot be excluded. Figure 4.6c shows the dQ dE-

1 vs. E plot for selected cycles where the peak positions are consistent with the CV results. Moreover, 

the presence of a small peak at E = 0.027 V could be assigned to the formation of c-Li15Si4 phase, 

which become less relevant upon cycling. In the anodic scan two broad signals at E = 0.25 V and E 

= 0.45 V are assigned to the dealloying processes, where the latter is specifically assigned to the 

Li15Si4 crystalline phase dissolution. The electrode response at different polarization levels was 

evaluated by the means of rate capability tests. 

 

 

Fig. 4.7 – Si@TiO2 rate capability. 0.01 < E (V) < 1.0 potential range; 100 < I (mA g-1) < 5000 specific 

currents. 
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The tests were carried out with specific currents ranging from 100 mA g-1 to 4000 mA g-1. Then, the 

current was restored at 500 mA g-1 to assess the Si@TiO2 capacity recovery and long-term cycling 

performances. The results reported in Table 4c show a very good tolerance to the increasing currents 

and specific capacity values. The capacity values at 500 mA g-1 are higher than the capacity values 

shown in Figure 4.6a at the same specific current. This is most likely due to the low-current steps 

applied before 500 mA g-1, that could kinetically favor the initial lithium storage in a slower and more 

reversible way, rather than lithium irreversible uptake by interfacial storage and SEI formation. 

 

Plot label Specific current Specific capacity Coulombic efficiency 

(A) 100 mA g-1 1080 mAh g-1 92.8 % 

(B) 200 mA g-1 1030 mAh g-1 96.2 % 

(C) 500 mA g-1 990 mAh g-1 97.6 % 

(D) 1000 mA g-1 970 mAh g-1 98.4 % 

(E) 2000 mA g-1 930 mAh g-1 98.7 % 

(F) 5000 mA g-1 860 mAh g-1 98.6 % 

Table 4c – Rate capability test specific capacity values in the 0.01 < E (V) < 1.0 potential range. The 

coulombic efficiency is extrapolated by the charge and discharge capacity values of the third cycle at every 

applied rate. 

 

Figure 4.7 b-c shows respectively E vs. Q galvanostatic profiles and dQ dE-1 vs. E differential plots 

of selected cycles, where all the processes related to Li-Si alloying/dealloying remain well defined at 

different currents. This polarization tolerance can be related to the stabilizing effect of TiO2 

crystallites and to the electrode morphology. From TEM images, very small TiO2 crystallites (≈ 5 

nm) uniformly surround the Si nanoparticles. 
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Their presence could enhance the electrolyte wetting of silicon nanoparticles, ensuring higher Li+ 

concentration at electrode surface and thus avoiding diffusion limitations. This could result in 

electrode kinetics enhancement with a minimization of concentration overpotential. Moreover, the 

porous electrode morphology derived by PAA/ethanol processing [102,103] could help ensuring 

structural stability and avoid pulverization phenomena. The electrode/electrolyte interfacial processes 

have been investigated by electrochemical impedance spectroscopy (EIS).  

 

 

Fig. 4.8 – Nyquist plots of Si@TiO2 nanoparticles at the 1st, 10th, 50th, and 100th cycle. The inset in panel (b) 

shows the enlargement of the high-frequency region. 
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Figure 4.8 shows the Nyquist plot recorded at E = 1.0 V at selected cycles. The plots show common 

features from high-frequency to low-frequency region: a sloping line at low-frequencies (I in Fig. 

4.8b), a large semicircle (II in Fig. 4.8b), and a smaller semicircle overlapped to the previous one (III 

in Fig. 4.8b). These features can be ascribed to diffusion to a blocking electrode (I), a resistance due 

to the charge transfer process and formation of an electrical double layer (II), and polarization due to 

the passivation layer formation (III). The intercept on the x-axis is assigned to the electrolyte 

resistance. These features result in an equivalent circuit such as Rel(RSEICSEI)(RctCdl)WCi in 

Boukamp’s notation [80,104]. The equivalent circuit elements correspond to the electrolyte resistance 

(Rel), SEI resistance (RSEI), SEI capacitance (CSEI), charge-transfer resistance (Rct), electric double-

layer capacitance (Cdl), Warburg resistance (W) and differential intercalation capacity (Ci), where the 

latter two describe the diffusion to a blocking electrode. A thorough analysis of the impedance spectra 

is beyond the aims of these studies, but from the Nyquist plots it is possible to observe a change in 

the slope of the diffusive part. Upon cycling, this almost vertical line, typical of blocking behavior, 

tend to 45° slope, typical of pure diffusive behavior. This transition can be tentatively related to the 

presence of lithiated TiO2 crystallites that act as a “lithium reservoir” toward silicon. The higher Li+ 

availability, could enhance their migration toward the silicon nanoparticles reducing the diffusion-

related processes. The increase of impedance in the medium-to-low frequency region upon cycling 

can be assigned to Si nanoparticles aggregation and/or possible cracks on electrode surface. The 

morphology deterioration exposes “fresh” active material to the electrolyte, worsening the charge-

transfer kinetics, because of fresh surface portions lacking TiO2 coverage TiO2 buffering ability.  

 

 

Fig. 4.9 – Post-mortem SEM micrographs of the Si@TiO2 electrode at different magnification level. 
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Post-mortem SEM micrographs show the electrode surface after 100 cycles at 500 mA g-1 specific 

current. At low magnification (Fig 4.9a), the electrode surface shows no peculiar morphological 

features. When the magnification is increased (Fig 4.9b) a good integrity is still maintained and only 

few cracks are visible. 

 

4.4 Conclusion 

A simple, cheap and environmentally-friendly synthesis has been proposed for the Si@TiO2 material 

as anode material for lithium-ion batteries. The synthesis provides an optimal distribution of TiO2 

nanocrystallites around silicon nanoparticles confirmed by SEM and TEM analysis. The use of an 

optimized PAA-based electrode processing and the use of Vinylene Carbonate as electrolyte additive 

enabled the resulting electrodes to give very good capacity values and capacity retention at different 

specific currents. EIS measurements revealed a moderate worsening of charge-transfer kinetics upon 

cycling due to possible structural problems. At the same time, a reduction of the concentration 

polarization by TiO2 was suggested. The obtained results suggest that Si@TiO2 could be an 

innovative and sustainable candidate for the next-generation anode material for LIBs. 
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Chapter 5 - Si@Graphite Composite as Industrial 

Relevant Anode for LIBs 

 

5.1 Introduction 

This chapter describes the research activity carried out in the Zentrum für Sonnenenergie- und 

Wasserstoff-Forschung, Baden-Württemberg (ZSW) within the German project LIB.DE (Lithium-

Ionen-Batterie aus Deutscher Wertschöpfung), funded by the Federal Ministry for Economic Affairs 

and Energy. LIB.DE is a consortium of five industrial partners (BASF SE, BMW AG, SGL Carbon 

GmbH, Wacker Chemie AG and ZSW) coordinated by the Zentrum für Sonnenenergie- und 

Wasserstoff-Forschung, Baden-Württemberg (ZSW). 

 

5.1.1 LIB.DE Project 

The vast majority of Lithium-ion cells are produced in Asia and the expertise for their production is 

hardly available in Germany and other European countries. In addition to this, many electrode 

materials are produced in Asia: it is assumed that 70-80% of the world’s natural graphite is extracted 

in China. Natural Graphite is included in the list of the Critical Raw Material drawn up by the 

European Union (EU) because of its high price, delivery risks, and at last but not least, the poor 

working conditions of workers in this area of competence. Therefore, it is mandatory to replace these 

materials with synthetic derivatives in ordered to reduce or stop the European dependence on Asia.  

The current state-of-the-art on LIB anodes involve the use of graphite as active material due to its 

low cost, good kinetics, high availability and stability. Because of graphite limited theoretical 

capacity (372 mAh g-1) [105] together with the recent progress on the cathode capacity, the anode is 

becoming the capacity bottleneck of the future batteries. A viable alternative to graphite and 

carbonaceous materials seems to be given by elements like Sn, Si or Al, which can store higher 

amount of lithium by forming alloys. Among them, silicon has the highest theoretical specific 

capacity of 3579 mAh g-1 (Fig. 5.1) corresponding to the formation of Li15Si4 lithiated stage [106].  
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The aim of this project is to improve the technical scalability and economical implementation of 

processes, in order to produce prototype series in the standardized PHEV1 format under serial 

conditions. The key points addressed by this project are: 

 Next generation materials with better energy density and specific capacity, by the use of 

Nickel-rich NMC materials (NMC 622 and 811) as cathode active materials, and Si-based 

composites as an anode active materials; 

 A greater use of cost saving and environmentally-friendly battery material by reducing the 

use of critical raw material as Cobalt; 

 Reduction of dependency on Asian suppliers for natural graphite; 

 Development of a scalable industrial process for a future cells production based in Germany; 

 Replacement of the traditional PVdF/NMP system with a water-based binder; 

 Use of electrolyte additives optimized to the active materials. 

 

The presence of a Research Production Line (FPL) at the ZSW allows the study and optimization a 

possible scalability and the possibility to industrialize the cells production process. 

 

 

Fig 5.1 – Gravimetric capacities of Li-ion anode materials. 
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The use of silicon or silicon-based composites, often results in volume expansion issues. Since the 

breaking and the formation of new chemical bonds result in huge volume change during 

charge/discharge cycles (up to 300%), we must deal with the problems arising from this expansion. 

1) Electrochemical grinding: Micrometric silicon particles cannot withstand the stress due to 

the volume change, resulting in silicon particles isolation and loss of capacity [107]. The use 

of nanoscale silicon can be a solution to this issue [108]. 

2) Electrode damage: Since graphitic anodes experience relatively small volume variations, a 

viable approach to use silicon in LIBs is to use a porous carbonaceous matrix with dispersed 

silicon nanoparticles in order to reduce the mechanical stress in the electrode structure [90]. 

The use of aqueous binders and the optimization of slurry recipe can also help to buffer the 

volume change [66].  

3) Irreversible capacity due to SEI effects: Because of silicon expansion, the Solid Electrolyte 

Interphase (SEI) that covers the anode surface is subject to sudden breakages [109]. The use 

of well-known electrolyte additives such as Vinylidene Carbonate (VC) and Fluoroethylene 

Carbonate (FEC) can improve the SEI-forming ability of the electrolyte, resulting in reversible 

capacity gain [30,110]. 

 

5.1.2 Electrodes production - Laboratory scale vs Industrial scale 

One of the fundamental requirements for the industrialization and production of lithium-ion cells is 

the scalability between laboratory and industrial scale. As it is easy to imagine, producing LIB 

electrodes on an industrial level presents totally different and new issues compared to the laboratory 

scale.  

A generalized electrodes process chain provides for some basic steps listed below:  
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Dry and/or Wet Mixing: The most common strategies for industrial mixing process are the dry and 

the wet mixing. While the dry mixing is often an optional step where the solid components are blend 

together in a dry state, the wet mixing is a mandatory step where the optimal dispersion is achieved 

by mixing in the presence of a suitable solvent. In a typical laboratory approach, the slurry is in many 

cases prepared by magnetic stirring. This method usually does not provide a good dispersion of the 

components that will result in a low coating homogeneity and then poor and not reproducible 

electrochemical performance. Depending on the available amount of active material the laboratory 

scale preparation can also be carried out by the application of a dissolver mixer or a planetary mixer. 

Because of the quantity and quality required by the industry, an optimized mixing process is 

mandatory. In this regard, the industry mainly uses mixing systems such as planetary mixers that 

allow a complete homogenization of the slurry components. Further rheological analyses allow a 

precise adjusting of slurry parameters such as viscosity, rheological yield point, stability over storage 

etc. All of them are influenced by active material, solvent and binder type, mixing parameters (time, 

mixing speed, sequences order etc.) and slurry formulation. 

The main characteristics of the dissolver mixing are listed below: 

 

DISSOLVER MIXER 

Slurries from 50 ml to 3 l 

Low viscosity mixing 

The mixing process starts from solvent or binder solution. 

Eventually the addition of active material and conductive agent 

takes place. The target viscosity is reached by addition of proper 

solvent. 

The presence of Doughnut Effect (see Fig 5.2 central image) assess 

a good operating condition. 

Table 5a – Dissolver Mixer characteristics.  
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Dissolver mixing is mainly used for laboratory scale preparations usually involving low viscosity 

slurries. To optimize the dispersion effect and removal of aggregates under these conditions, the 

rotation speed and the position of the dissolver disk are two important parameters. When they are set 

correctly, the so-called Doughnut Effect appears. This phenomenon is due to circular movement of 

the slurry inside the mixing vessel and, if adjusted correctly, the maximum mechanical power and 

shear force is transferred to the particles of the slurry, leading to a thorough de-agglomeration thereof. 

Too high solid matter content leads to only partial movement of the mixture, too low solid matter 

content is ineffective due to a too low particle-particle contact.  

 

 

 

 

 

 

 

Fig 5.2 –Dissolver mixer (left image); Doughnut effect (central image); Slurry flow during mixing (right 

image).  

 

Planetary mixing is the method of choice for pilot and industrial scale slurry preparation of aqueous 

anodes, since it is suitable for the preparation of high viscosity slurries with higher solid content. In 

the initial step, the dry components are mixed together and subsequently the addition of solvent or 

binder solution takes place. At the beginning, the slurry is kept in a dough-like state with a very high 

viscosity. This favors the efficiency of the kneading phase, which is the most important step of the 

preparation process, since in this phase the de-agglomeration of the hydrophobic carbonaceous 

components in the aqueous medium takes place. Subsequent slurry sampling during preparation 

allows to monitor its rheological properties and to adjust them according to the requirements of the 

final electrode. At the end of process, a degassing step is applied: the removal of free gas by vacuum 

provides a stable and homogeneous slurry ready to be coated. 



79 
 

This method has several advantages with respect to the dissolver mixing: 

 Possibility to process large quantities of slurries at once. 

 In order to be effective, planetary mixing requires less time than dissolver mixing. 

 Since the applied stirring force is dissipated more effectively when the particles are in intense 

contact and sheer vs. each other, the energy input in a planetary mixer results in a lower extent 

of particle destruction and less local stress on particles which are in direct contact to the 

stirring tool compared to a dissolver mixer. 

 

PLANETARY MIXER 

Slurries from 1.5 l to 10 l 

High viscosity mixing 

The mixing process starts from the dry mixing of solid 

components. 

More effective energy dispersion 

Faster process than dissolver mixing 

Table 5b – Planetary mixer characteristics. 

 

In both mixing techniques, we must be careful about the mechanical stability of the components. The 

mixer rotation speed is related to the energy transferred to the particles, therefore delicate and fragile 

compounds (e.g. SBR – Styrene-butadiene rubber) have to be treated in a mild manner or added 

during the last steps of the process where usually the rotation speed is decreased. 
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Fig 5.3 – Planetary mixer. 

 

Coating/Drying: Once the slurry rheological properties match the required coating parameters, the 

coating step can start. One of the most used coating technique in laboratory scale is the Doctor Blade 

technique. The film applications can be manual or automatic (see Fig. 5.4).  

 

 

 

 

 

 

Fig 5.4 – Manual film applicator (left image); Automatic film applicator equipped with a heating plate (right 

image). 
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Using an automatic film applicator, you can set specific coating speed, wet film thickness, drying 

temperature and drying time. For pre-industrial and/or industrial use, a coating machine is required. 

This device combines coating and drying in one machine and allows to vary many parameters in order 

to optimise the processes and to adapt them to the specific slurry properties and the targeted electrode 

parameters. Once properly adjusted, a homogeneous mass loading througout the coating avoiding 

wrinkle, streaks, holes and cracks is feasible. Since inhomogenities in electrodes are the primary 

drivers of failure, an efficient control of these parameters is fundamental. The stored and degassed 

slurry is feeded to the coater through a pulsation pump connected to a filtering system. The two main 

application systems are the Commabar and the Slot Die System. Their typical features are listed in 

the table below. 

 

COMMABAR SYSTEM 

 

SLOT DIE SYSTEM 

 

Combination of knife and roller 

applications 

Coating loading defined by pump flow 

Universally applicable Each slurry requires different settings 

Problematic slurries can be processed Very precise only with optimized design 

No intermediate coating Possiblity of intermittent coating 

High mechanical stress Coating without mechanical contact 

Table 5c – Main features of Commabar and Slot die coating systems. 
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Every coater is usually coupled to a drying zone which is usually composed of several hot air ovens 

or infrared (IR) oven segments. The presence of different oven segments helps to precisely adjust the 

drying procedure since each oven can have a different drying temperature. A not optimized drying 

process can lead to binder migration, coating defects, low homogeneity and curled current collectors 

due to a fast drying rate. 

 

Fig 5.5 – Pre-industrial automatic coater equipped with a mass load scanner. 

 

Calendering: The manufactured electrode is compressed in a calender machine in order to yield a 

specific coating density, porosity and adhesion and to increase electronic conductivity, by 

intensifying the particle-particle contact. 

 

Electrode Cutting: The calendered coating is slit to a specific width and length according to the cell 

format to be assembled. 
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Final Drying: The electrodes can undergo an additional and final drying step to adjust the moisture 

(H2O < 500 ppm) since high water content in the cell can negatively affect the cell lifetime and 

performance. 

 

PARAMETER 
PILOT SCALE 

PREPARATION 

LABORATORY SCALE 

PREPARATION 

Mixing technique Planetary mixing Dissolver Mixing 

Final solid content aqueous 

[wt%] 
35-50 20-45 

Final solid content organic 

preparation [wt%] 
65-75 50-75 

Final viscosity range aqueous 

preparation [Pa∙s @ 1 s-1] 
1-20 20-80 

Final viscosity range organic 

preparation [Pa∙s @ 1 s-1] 
15-30 30-60 

Drying technique Air flow  Hot Plate 

Drying temperature [°C] 50-110 40-80 

Table 5d – Comparative table: Pilot scale vs. Laboratory scale. 
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5.2 Aqueous slurry preparation and optimization 

 

The work done at ZSW was mainly focused on the preparation and optimization of aqueous slurries 

using silicon/graphite composites.  

One of the materials chosen for this project was a Silicon/Graphite composite (Si@Gr) synthesized 

and provided by a project partner. The relatively small amount of silicon in the composite should be 

a right balance between high specific capacity and graphite buffering ability [111,112]. The use of 

graphite as buffering matrix has the advantages of using a highly conductive material, which also 

contributes to the total specific capacity of the composite. The absence of inactive materials will help 

to increase the energy density of the cell. 

 

 

Fig 5.6 – Si@Gr schematized morphological structure. 
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The most important features of this composite are listed in the table below. 

 

PARTICLE SIZE D50 15 μm 

SPECIFIC SURFACE BET 11 m2 g-1 

SILICON CONTENT ----- 8% 

SPECIFIC CAPACITY (@C/10 rate) 3rd cycle 575 mAh g-1 

SPECIFIC CAPACITY (@1C rate) 5th cycle 550 mAh g-1 

FORMATION EFFICIENCY 1st cycle 91% 

Table 5e – Si@Gr main characteristics.  

 

Further information about its synthesis are protected by industrial secrecy and will be not discussed 

in this chapter. 

In the attempt of replacing the organic solvent and go toward a more environmental-friendly 

approach, the use of aqueous binder for anode preparation has been proposed in the LIB.DE project. 

Since the battery energy density and calendar life are two of the most important parameters for a 

battery, it is desirable to minimize the binder amount and at the same time maintain electrode stability 

and conductivity [113]. A mixture of Carboxymethyl Cellulose and Styrene Butadiene Rubber (Na-

CMC/SBR) dissolved in water (H2O) have already shown good stability and performances together 

with a good processability [33,114]. In addition to this, Na-CMC shows the presence of polar groups 

and a not polar carbonaceous backbone in its structure, which make this amphiphilic polymer a sort 

of surfactant [115] that helps to disperse uniformly the different slurry components. 
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Fig 5.7 – Sodium Carboxymethyl Cellulose (Na-CMC) chemical structure. 

 

The final addition of SBR block co-polymer increases the flexibility, the adhesion, and heat resistance 

of the final coating.  

 

 

Fig 5.8 – Styrene Butadiene Rubber (SBR) chemical structure. 

 

All the slurry preparations have been made using a planetary mixer or a dissolver mixer. Regarding 

the coating/drying step, an automatic tabletop coater and a pilot scale coater have been used 

depending on the purpose. All the preparations have been realized and designed in order to transfer 

the process knowledge to the production line (FPL).  

As a starting point the anode slurry was manufactured with a standard formulation (Formulation A) 

in a planetary mixer. The dry components were first thoroughly mixed at low speed and after the 

subsequent addition of small quantities of solvent the kneading phase was initiated. After a specific 

kneading time, further solvent addition has been taken out to achieve a specific slurry viscosity. After 

reducing the rotation speed of the mixer, finally SBR was added at the end of the process. This is 

important, because the initial high mixing rate of the process could have damaged its structure and 

function. In the last step, the mixer was evacuated to remove air bubbles. The zeta potential and 

density measurements were taken out at the end of this process. 
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FORMULATION A 

Si@Gr Super C65 Na-CMC SBR 

94% 2% 2% 2% 

Table 5f – Weight percentage of Formulation A components. 

 

Optimizing the recipe of a slurry is the starting point for obtaining excellent electrodes, and therefore 

better performances. For this reason, several attempts have been made to improve this fundamental 

part of the electrode-making process. Changing the mixing process, using additives, or using different 

percentages of slurry components can help to achieve better results such as: 

 A more homogeneous active material and conductive agent distribution in the slurry. This 

results in a superior electrical conductivity and electrochemical performances; 

 An increased mechanical stability of the coating, which ensures a homogeneous coating 

concerning the mass loading as well as the composition of the coating. Moreover, the fine 

tuning of binder concentration could increase the adhesion of the coating to the current 

collector, which also improves the electrode performances; 

Obtaining a coating without imperfections such as agglomerations, streaks, holes, and cracks was one 

of the main objectives for the success of the project, since inhomogeneities in batteries are the primary 

drivers of failure [116].  

High-surface carbon-based materials are commonly employed as conductive additives in lithium ion 

batteries. Their size, morphology, amount and dispersion can heavily influence the charge/discharge 

behaviour of LIBs. The tendency of carbonaceous materials to agglomerate in polar solvents (e.g. 

water, ethanol, etc.) is given by the apolar C-C bond. This results in their hydrophobicity that does 

not allow for a homogeneous dispersion leading to poor electrochemical perfomances and safety. The 

addition of additives such as surfactants is a possible strategy for obtaining a good dispersion of slurry 

components.  
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Fig 5.9 – Surfactant and Micelle structure (left image); most common surfactants type (right image).  

 

Surfactants (short for surface-active-agent) are compounds formed by a polar head (hydrophilic) 

linked to a non-polar tail (hydrophobic). In a polar solvent, several surfactant molecules surround the 

hydrophobic particles (e.g. graphite) exposing the hydrophilic heads to the polar environment. This 

particular structure called micelle helps to avoid agglomeration and flocculation phenomena. 

According to their use they can be classified as emulsifiers, foaming agents, detergents and dispersant. 

Surfactants can be classified according to the composition of their head that can be non-ionic (e.g. 

Triton X-100), anionic (e.g. Sodium Dodecyl Sulfate, SDS), cationic (e.g. Cetyltrimethylammonium 

Bromide, CTAB), and amphoteric (e.g. Imino acetates).   

 

 

Fig 5.10 – Effect of surfactant concentration on particles dispersion. 
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The dispersive ability could become less effective due to too high concentrations of surfactant: if the 

surfactant concentration is higher than a threshold value called Critical Micelle Concentration (CMC), 

the repulsive forces between micelles can again lead to agglomerates (see Fig. 5.10). 

The nature of surfactant stabilization can be electrostatic or steric. Since the steric stabilization is 

predominant in concentrated solution, two high-molecular weight dispersants have been chosen as 

slurry additives. Polyvinylpyrrolidone (PVP) and Polyvinyl Alcohol (PVA) are water-soluble 

polymer used also as binders [74,117]. In Formulations B and C, they were used in a 1% 

concentrations reducing the amount of SBR rubber. 

 

FORMULATION B 

Si@Gr Super C65 Na-CMC SBR PVP 

94% 2% 2% 1% 1% 

Table 5g - Weight percentage of Formulation B components. 

 

FORMULATION C 

Si@Gr Super C65 Na-CMC SBR PVA 

94% 2% 2% 1% 1% 

Table 5h – Weight percentage of Formulation C components. 

 

The binder/active material interaction can strongly influence the electrode charge/discharge 

behaviour. During cycling, our active material (Si@Gr) is subjected to the typical volume expansion 

of silicon, despite the graphitic matrix is supposed to buffer the expansion of a small percentage of 

silicon (8%). When Na-CMC is used as binder at neutral pH (pH = 7), the carboxyl groups in its 

structure bind to the hydroxyl group on silicon surface, since it is naturally coated by a thin layer of 

silicon oxides (SiOx) [66].  
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In presence of very small amount of water, the resulting hydrogen bond can exhibit a self-healing 

behaviour during cycling, helping with the reconstruction of electrical network [118]. Several groups 

have tried to lower the natural pH of the CMC solution using acids [119] or buffer solution [120]. 

While the former resulted in poor performances due to an inaccurate pH control, the use of buffer 

solutions has been shown to promote an esterification reaction between Na-CMC and Si. At pH = 3, 

carboxylic and hydroxyl groups are both fully protonated, and after drying a covalent bond is formed. 

This stronger bond seems to better support the volume expansion resulting in a more efficient 

collector/coating adhesion and longer cyclability [40]. The use of a citrate buffer as solvent has been 

evaluated in Formulation D to assess the impact of slurry pH on the final electrode. 

 

 

Fig 5.11 – Interaction of Silicon and Na-CMC at different pH levels. 
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A citrate buffer has been prepared dissolving citric acid and potassium hydroxide in ultrapure water. 

The reaction is shown below: 

 

CITRIC ACID + KOH → K-CITRATE + H2O 

0.173 mol + 0.074 mol → ………... + ………... 

0.099 mol + ………... → 0.074 mol + 0.074 mol 

 

With the Henderson-Hasselbalch equation (Eq. 40) it is now possible to calculate the pH: 

 

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔10
[𝐴−]

[𝐻𝐴]
= 3.1 + 𝑙𝑜𝑔10

0.074

0.099
= 2.97          (40) 

 

The buffer solution pH has been adjusted to 3 with a NaOH 1M solution monitoring the pH with a 

Mettler-Toledo SevenGo pHmeter. The use of a buffer solution introduced also citric acid and 

potassium citrate in the slurry. From calculations 12.53 g of salts has been introduced resulting in a 

high percentage of inactive and insulant material in the final coating. The final composition of 

Formulation D is shown in table 5i: 

 

FORMULATION D 

Si@Gr Super C65 Na-CMC SBR Salts 

90% 2% 2% 2% 4% 

Table 5i - Weight percentage of Formulation D components. 
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This salts percentage is not negligible, and together with the resultant lower amount of active material 

will not make this approach attractive for large-scale production. 

Since the mixing process and the sequence of steps can greatly influence the success of the slurry, for 

a further experiment the mixing order was inverted. For this purpose, a dissolver mixer has been used, 

since starting with the binder solution leads to relatively low initial viscosities. In Formulations E 

and F, first a binder solution from Na-CMC and water was prepared. After the addition of the 

conductive agent, the mixture was stirred for 6 h to ensure a thorough de-agglomeration. Eventually 

the active material was added in small batches in order to improve the homogeneity of the slurry ant 

the dispersion of the particles. Except for the use of a dissolver mixer, and except for the final solid 

matter content, Formulation E (Table 5j) is identical with Formulation A.  

Additionally, in order to evaluate the impact of the amount of binder on the dispersion of components 

and on the slurry stability, another slurry was prepared based on Formulation E and increasing the 

amount of binder to 7 wt% at the expense of the active material content, while not using SBR 

(Formulation F, see Table 5k). 

 

FORMULATION E 

Si@Gr Super C65 Na-CMC SBR 

94% 2% 2% 2% 

Table 5j - Weight percentage of Formulation E components. 

 

FORMULATION F 

Si@Gr Super C65 Na-CMC 

91% 2% 7% 

Table 5k - Weight percentage of Formulation F components. 
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All these formulations and the respective slurries have been coated with a laboratory scale automatic 

coater using the doctor blade technique. Based on the solid content and the slurry density values, it is 

possible to calculate the wet film thickness for a given loading: 

 

𝑊𝑒𝑡 𝑓𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝜇𝑚) =  
𝐿𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑔 𝑐𝑚−2)

(
𝑆𝑙𝑢𝑟𝑟𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔 𝑐𝑚−3)
𝑆𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 % ∗ 1000

)
          (41) 

 

The coatings obtained from these formulations have been made by trying to obtain an areal capacity 

range around 2 to 4 mAh cm-2.  

All the specification of these slurry formulations are enlisted in the following table: 
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Table 5l – Summary table: Formulations and their components. 
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The final step in optimizing slurry formulation has been the use of a pilot scale coater. The scale-up 

of this process was of fundamental importance, because it was necessary to confirm the feasibility 

and transferability of the coating processes. Formulation G was applied to realize a slurry in the 

planetary mixer. There have been some small modifications to the process, such as a higher molecular 

weight Na-CMC and a slower approach to a more energetic kneading phase. For the application of 

the slurry onto the current collector a Commabar system was used. The drying procedure was realized 

by running the coated electrode through 4 separate drying zones, as depicted in figure 5.5. Humidity 

and drying temperature controls allow to avoid latex and binder migration toward the coating surface 

[121,122] and to ensure a homogeneous coating. Scientific evidences have shown that the edge drying 

rate is higher than the central area drying rate resulting in a current collector curling. The humidity 

control can help reducing this effect: 1~2% of residual water content in the coating improves its 

processability and handling. Thus, it was possible to obtain a very homogeneous longitudinal and 

transverse mass loading and the achievement of the desired thicknesses. The application of a mass 

load scanner equipped with a Kr-85 source ensured the monitoring of the mass loading of the 

electrode. Figure 5.12 depicts the evaluated mass loading data: 

W
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Fig 5.12 – Mass load scanner results of Formulation G with legend expressed in g m-2. 
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3 different loading zones have been obtained from the slurry with Formulation G: 

 

Zone 
Loading 

[mg cm-2] 

Loading 

Name 

Active Material Loading 

[mg cm-2] 

 Capacity 

[mAh cm-2] 

Blue 5.99 L1 5.63 3.25 

Green 6.87 L2 6.46 3.83 

Red 7.94 L3 7.46 4.26 

Table 5m – Formulation G: target loadings and their main features. 

 

All the coatings made from formulations (A → G) have been calendered to a target density (≈1.3 mg 

cm-2) in order to increase the particle/particle contact and increase the adherence to the current 

collector.  

Figure 5.13 shows the results of the viscosity measurements of the slurry manufactured in this work. 

During measurement, an increasing shear rate is applied to the slurry and the corresponding viscosity 

is recorded. Depending on the studied system, it is possible to choose different shear rate values to 

evaluate a meaningful viscosity value. In this case the shear rate that equals to 1 s-1 at 25 °C was 

chosen as a reference value for all slurries. Depending on the coating system, the viscosity is adjusted 

to a specific range. For the Doctor Blade coating, a higher value is used (20 – 60 Pa∙s), since the slurry 

would otherwise creep away beneath the blade.  For the pilot coater, a lower viscosity is technically 

preferred (2 – 15 Pa∙s), since the slurry would otherwise dry too fast. Viscosity values are shown in 

Table 5n together with other slurry parameters. 
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Fig. 5.13 – Viscosity curves of the anode slurries (Shear rate vs. Viscosity): formulation A (purple); 

formulation B (red); formulation C (blue); formulation D (green); formulation E (yellow); formulation F 

(light blue). 

 

Formulation Mixing method Viscosity [Shear rate 1 s-1 at 25 °C] 

A Planetary mixer 36 Pa∙s 

B Planetary mixer 45 Pa∙s 

C Planetary mixer 36 Pa∙s 

D Planetary mixer 33.5 Pa∙s 

E Dissolver mixer 16 Pa∙s 

F Dissolver mixer 14 Pa∙s 

Table 5n – Viscosity values of different slurries as a function of shear rate (T = 25 °C). 
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After drying and calendering, the electrodes have been subjected to peeling tests in order to measure 

the adhesion strength on the coating/current collector interface. The results are shown in Fig. 5.14.  
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Fig 5.14 – Peeling test results in term of max. traction (upper panel) and max. tension (lower panel). 
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The obtained results show that the coating obtained from Formulation A and G have the strongest 

adhesion. Although they have the same slurry formulation and mixing method, formulation G shows 

better results, which are most likely due to the drying process and the use of different Na-CMC with 

a higher molecular weight. The use of surfactants (Formulation B and C) seems to weaken the coating 

adhesion, as it appears also in the case of the use of a buffer solution (Formulation D). From the direct 

comparison of two different mixing methods with the same recipe (Formulation A and F), it is 

possible to conclude that in this case, the mixing method do not greatly affect the adhesion values of 

the different coatings. 
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Table 5o – Summary table: Slurries and their main characteristics. The name of the slurry corresponds to 

the name of the formulation. 
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5.3 Electrochemical characterization: Coin cells 

5.3.1 Cell Assembly 

In order to investigate the electrochemical performances of the Si@Gr negative electrodes, CR 2016- 

and CR 2032-format coin cells (Hohsen Corporation) have been assembled in an argon-filled 

glovebox (M-Braun), using metallic lithium disks (Ø 16mm) as counter electrode, two glass fiber 

separators (Whatman GF/A, Ø 16mm), and a LiPF6 1M solution in EC:DEC (3:7) + 10% FEC 

(BASF). 12-mm diameter (1.131 cm2 area) working electrodes have been cut and dried at 130 °C 

overnight. Coin cells were cycled using a VMP-3 multichannel electrochemical workstation 

(Biologic, France) in a 0.02 < E (V) < 1.5 potential range. The main difference between CR 2016 and 

the CR 2032-coin cell formats is the position of the stainless steel spacer and the presence of a disk 

spring in the CR 2032 format. 

 

 

Fig 5.15 – Coin cell setup: CR 2016 (left); CR 2032 (right). 

 

Two electrochemical tests were applied: 
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 ANODE LONG-TERM PROTOCOL: 3 formation cycles at C/10 rate with a potential step 

(CC-CV mode) at the end of the anode lithiation until current reaches C/20 rate. After 

formation, 100 cycles are performed using a C/2 rate during lithiation (CC-CV mode until 

current is lower than C/20) and 1C during delithiation (CC mode); The current rate is referred 

to the Si@Gr composite. 

 ANODE RATE CAPABILITY PROTOCOL: 3 formation cycles at C/10 rate with a 

potential step (CC-CV mode) at the end of the anode lithiation until current reaches C/20 rate. 

After formation, 5 cycles at C/5, 5 cycle at C/2, 5 cycles at 1C, 5 cycles at 2C, 5 cycles at 3C, 

5 cycles at 5C, and again 5 cycles at C/5 are applied during delithiation. Finally, a C/5 rate 

lithiation (CC-CV mode until current is lower than C/20) is applied. The current rate is 

referred to the Si@Gr composite. 

 

5.3.2 Electrochemical characterization 

Figure 5.16 shows the long-term protocol delithiation results of selected electrodes in terms of 

gravimetric (mAh g-1; upper graph) and areal (mAh cm-2; lower graph) capacities. Table 5p 

furthermore supplies the most important electrode parameters. 

From the capacity plots, it is clearly visible that, from about 50th cycle, during the delithiation step 

the capacity starts to scatter. Because of the large areal capacity of the anode, a relatively high 

delithiation current is applied at 1C. Due to the lower active surface of the lithium disk compared to 

the anode, a (local) polarization of the counter electrode can occur, which leads to an incomplete 

delithiation process of the anode. After a specific amount of cycles this can cause dendritic growing 

from the anode to the Li-disk, generating micro-short-circuits, which affect the lithiation- and 

delithiation processes and lead to the scattering of the recorded capacities. The capacity scattering is 

observable for all the tested electrodes depicted in graph 5.16 and can be traced back to this 

phenomenon. 

 



103 
 

Formulation 

Active Material 

mg/1.131 cm2 

Active Material 

mg/cm2 

Capacity @0.1C 

mAh/1.131 cm2 

Coating Density 

mg/cm3 

Capacity 

mAh/cm2 

A 4.69 4.15 2.71 1.26 2.40 

B 4.55 4.02 2.63 1.25 2.33 

D 4.41 3.90 2.55 1.34 2.56 

F 3.15 2.79 1.82 1.09 1.61 

Table 5p – Characteristics of some selected coatings. 
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Fig 5.16 – Gravimetric and areal capacities of some selected coatings (CR 2016-coin cell format). 
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The dQ dE-1 vs. E plot of a Si@Gr electrode (Formulation A) is shown in Figure 5.17 and compared 

to the dQ dE-1 vs. E potential plot of a graphite-based electrode. Both plots have the characteristic 

graphite peaks shown by the dotted curve, and all those peaks correspond to the graphite 

lithiation/delithiation processes [11]. The silicon electrochemical reactivity is highlighted by the 

presence of only two fundamental peaks (E and I), since the others are most likely overlapped by 

those of the graphite. As already confirmed by Obrovac et al., whenever the potential drops below 

0.05 V, there is the formation of the Li15Si4 crystalline phase [37]. The presence of peak E at 0.04 V 

is a confirmation of this phenomenon together with the respective delithiation peak at 0.45 V. 

 

 

Fig 5.17 – dQ dE-1 vs. E plot of Formulation A electrode (CR 2016-coin cell format). 
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Peak  Potential Description 

A 0.20 V Graphite Lithiation: LiC72 + Li  2 LiC36 

B 0.14 V Graphite Lithiation: 3 LiC36 + Li  4 LiC27 

C 0.11 V Graphite Lithiation: 4 LiC27 + 5 Li  9 LiC12 

D 0.07 V Graphite Lithiation: LiC12 + Li 2 LiC6 

E 0.04 V Silicon lithiation: a-LixSi  Li15Si4 

F 0.12 V Graphite Delithiation 

G 0.15 V Graphite Delithiation 

H 0.23 V Graphite Delithiation 

I 0.45 V Silicon Delithiation: Li15Si4  4 Si + 15 Li (two-phase region) 

Table 5q – Summary of the main features evidenced by dQ dE-1 vs. E plot in Fig 5.17. 

 

The rate-capability protocol of some selected formulations are shown in Figure 5.18. Up to a current 

rate of 2C the performance is quite comparable. Applying a 5C current, a clear gap in capacity occurs 

indicating that Formulation A has the highest capacity retention at high currents. The low capacity at 

5C current of Formulation D is most likely due to the presence of the 4% of insulating salts arising 

from the buffer solution. Their presence could hinder a complete utilization of the active material 

since some areas could be electrically isolated. The capacity scattering observed after ≈ 40 cycles in 

the long-term protocol is not present here, suggesting that the limited amount of cycles is not enough 

to detect this phenomenon. 
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Fig 5.18 – Rate capability behaviour of some selected coatings (CR 2016-coin cell format). 

 

For these reasons Formulation A was chosen as the definitive recipe for our slurry, and later optimized 

to obtain Formulation G. Considering the capacity scattering, further studies have been carried out to 

understand the origin of this phenomenon. The so far used CR 2016-coin cells have been replaced by 

CR 2032-coin cells to investigate the application of a different coin cell format and trying to find the 

solution for that problem.   

CR 2016 and CR 2032-coin cell setup has the same width but different height. This means that in the 

case of CR 2016-coin cell, the working electrode is subject to a higher internal pressure. Taking a 

closer look at a close CR 2016-coin cell, a slight curvature of the cap (casing top) near the outer 

circumference of the coin cell is visible. This could lead to an uneven pressure distribution on the 

working electrode, which could affect the cell kinetics. 
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Fig 5.19 – Pressure distribution on the working electrode in the CR 2016-coin cell format. 

 

First, the spacer position in the CR 2016-coin cell setup has been evaluated, then with the use of a 

CR 2032-coin cell format, we tried to understand the effect of the pressure applied on the working 

electrode. As a proof of concept, coin cells have been assembled replacing the working electrode with 

a pressure-sensitive paper. The red marks that appear on the surface of the paper identify the areas 

subject to a greater pressure. The post-mortem disassembly of selected CR 2016-coin cells (Fig 5.21) 

shows how the coin cell format together with other variables (glove-box contamination, lithium purity 

etc.) can affect the electrochemical performances. As we can see from the Figure 5.21, the capacity 

scattering seems to be related to the presence of lithium dendrites grown trough the separators. The 

absence of capacity scattering and lithium dendrites on the CR 2032 format seems to confirm the 

hypotheses. The higher pressure on the external part of the working electrode decreases the 

counter/working electrode distance resulting in a lower resistance and thus a higher local current 

density that starts the Li dendrites growth. The spacer position can also help to avoid these Li 

dendrites. Using a pressure-sensitive paper, it is possible to see how the spacer adjacent to the working 

electrode (Fig. 5.20 (B)) redistributes the pressure homogeneously across the electrode. Without the 

metallic spacer near the working electrode, it experiences a higher pressure on the circular external 

part near the cap, resulting in the appearance of red marks, see figure 5.20 (A).  

 

 

Fig 5.20 – Pressure-sensitive paper results in the CR 2016-coin cell format. 

x V 

EVEN PRESSURE 
UNEVEN PRESSURE 
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Fig 5.21 – Correlation between used coin cell format and Li dendrites growth. 

• Black Circle (Li dendrites) 

• Huge Capacity scattering 

• Few black spots (Li dendrites) 

• Lower Capacity scattering 

• No Li dendrites 

• No capacity scattering 
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The absence of Li dendrites and the more stable capacities of CR 2032-coin cells made them the 

format of choice for our 2-electrodes electrochemical measurements. 

The long-term protocol results of the CR 2032-coin cells are shown in figure 5.22. 

 

Fig 5.22 – Long-term behaviour of some selected coating (CR 2032-coin cell format): areal (A) and 

gravimetric (B) capacities. 
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Formulation A shows very good results in terms of capacity and stability through cycling compared 

to other formulations with similar density and active material loading. Formulation G, which is the 

optimized version of Formulation A, show the best stability and capacity, which can be referred to 

the optimized coating and drying process. Figure 5.23 shows the delithiation capacities (in terms of 

mAh cm-2 and mAh g-1) of Formulation G electrodes with different loadings ranging from 5.63 to 

7.46 mg cm-2 of active material. 

 

Fig 5.23 – Long-term behaviour of Formulation G’s loadings (CR 2032-coin cell format): areal (A) and 

gravimetric (B) capacities. 
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The three electrodes have different areal capacities according to their different loadings, (Fig. 5.23A) 

whereas L2 and L3 are subjected to capacity fade and scattering after 70 cycles. These phenomena 

are also observable when plotting the gravimetric capacity (Fig. 5.23B). As aforementioned, the 

polarization of the lithium counter electrode becomes crucial at higher current densities, which might 

be the reason that, among the three tested electrodes, only the one with the lowest areal capacity, L1 

shows very good stability. 

Rate capability tests (Fig 5.24) confirm the long-term protocol results. Anyway, they all show good 

capacity retention at different C-rates with the L1 revealing the highest rate capability (Fig 5.25). 

 

 

Fig 5.24 – Rate capability behaviour of Formulation G’s loadings (CR 2032-coin cell format).  
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Fig 5.25 – Galvanostatic profiles of formulation G electrodes: L1 (upper panel), L2 (central panel), and L3 

(lower panel) loadings. 
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5.4 Electrochemical characterization: Pouch cells 

 

The first milestone of this project was the assembly of a single-layer pouch cell with the generation 

II materials (Si@Gr // NMC 811), whereas the energy density of this cell (Wh l-1) should be 10% 

higher than its generation I analogue (reference cell), i.e. approximately 550 Wh l-1. (Fig. 5.26). 

 

Alluminium 

 CATHODE 

Separator 

ANODE 

Copper 

 

Fig 5.26 – Generation I single-layer pouch cell used as reference. 

 

This reference single-layer pouch cell has a Graphite-based anode and an NMC 622-based cathode. 

Its parameters are listed in the table below: 

 

Nominal 

Voltage 
Balancing 

Stack 

volume 

Capacity 

@C/10 
Energy 

Energy 

density 

3.65 V + 13,7 % 0,413 ml 56.6 mAh 0.207 Wh 500,41 Wh l-1 

Table 5r - Generation I single-layer pouch cell electrochemical features. 

 

Material = NMC 622 
AM% = 94% 

Loading = 14,8 mg/cm
2
 

Capacity @C/10 = 178 mAh/g 

Areal capacity = 2,48 mAh/cm
2
 

Material = Graphite 
AM% = 94% 

Loading = 8,6 mg/cm
2
 

Capacity @C/10 = 355 mAh/g 

Areal capacity = 2,87 mAh/cm
2
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5.4.1 Cathode preparation and characterization 

Because of the lower Cobalt content and the higher specific capacity and energy density, NMC 811 

replaced NMC 622 as next generation cathode material [123]. The cathode formulation (Formulation 

H) is shown in Table 5s. For the preparation, a dissolver mixer (3 liters) was used. The electrode was 

coated and dried with the pilot coater. Three different loading have been obtained for balancing 

experiments (B1, B2 and B3, see Table 5t). 

 

FORMULATION H 

NMC 811 Super C65 PVdF Graphite 

94% 2% 2% 2% 

Table 5s - Weight percentage of Formulation H components. 

 

 

Loading 

[mg cm-2] 
Loading Name 

Active Material Loading 

[mg cm-2] 

Capacity 

[mAh cm-2] 

12,95 B1 12,17 2,37 

14,01 B2 13,17 2.57 

15,47 B3 14,51 2,83 

Table 5t -  Formulation H: target loadings and their main features. 

 

CR 2032-coin cells were assembled to evaluate the cycling performances and stability of the cathodes. 

The cells were cycled using a VMP-3 multichannel electrochemical workstation (Biologic, France) 

in a 3.0 < E (V) < 4.3 potential range, while the applied long-term protocol is described below: 
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 CATHODE LONG-TERM PROTOCOL: 2 formation cycles at C/10 rate with a potential 

step (CC-CV mode) at the end of the anode lithiation until current reach C/20 rate. Using the 

current value after formation, 100 cycles have been performed using a C/2 rate during 

delithiation (CC-CV mode until current is lower than C/20) and 1C during lithiation (CC 

mode). 
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Fig 5.27 - Long-term behaviour of Formulation H loadings (CR 2032-coin cell format): areal (A) and 

gravimetric (B) capacities. 

 

Long-term cycling results of 2 different Formulation H loadings are reported in Fig. 5.27. All of them 

have a good stability and capacity retention upon cycling, with loadings B2 and B3 having 94% and 

93.2% of capacity retention after 100 cycles, respectively. dQ dE-1 vs. E plot of a NMC 811-based 

cathode is shown below (Fig. 5.28). 
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Fig 5.28 – dQ dE-1 vs. E plot of Formulation H electrode (CR 2032-coin cell format). 

 

During delithiation, the cell shows a sharp peak (A) and three secondary peaks (B, C, D) attributable 

to a multiphase transition already reported in literature by Dahn et al [124]. From the second cycle 

on, the sharp peak A becomes smaller but the oxidation peaks positions are perfectly overlapped as 

well as the corresponding reduction peaks (E, F, G). As in the case of LiNiO2-based materials, the 

peaks correspond to three different phase transitions: hexagonal to monoclinic (H1  M; Peak B), 

monoclinic to hexagonal (M  H2; Peak C) and hexagonal to hexagonal (H2  H3; Peak D) 

[125][126]. The peak maxima are listed in Table 5u. 
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Formulation H [dQ dE-1 vs. E plot] 

Peak A B C D E F G 

Potential 3.68 V 3.77 V 4.03 V 4.23 V 4.13 V 3.92 V 3.67 V 

Table 5u – Summary of the main features evidenced by dQ dE-1 vs. E plot in Fig 5.28 
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5.4.2 Full Cells assembly and characterization 

For this purpose, single-layer pouch cells have been assembled in a battery dry room (T = 21 °C, dew 

point < -62 °C) using different combination of Formulation G anodes (L1 - L2 - L3) and Lithium 

Nickel Cobalt Manganese Oxides (NMC 811 – LiNi0.8Mn0.1Co0.1O2 and NMC 622 - 

LiNi0.6Mn0.2Co0.2O2) cathodes. The steps of the cell assembly are shown in Fig. 5.28. A trilayer 

polypropylene-polyethylene-polypropylene membrane (Celgard 2325) was used as separator. 900 μl 

of LiPF6 1M solution in EC:DEC (3:7) + 10% FEC (BASF) was applied as electrolyte. Anode and 

cathode areas were respectively 26 cm2 and 23.94 cm2 in order to help electrodes alignment during 

assembly (Fig. 5.29), and avoid lithium plating due to the higher electromagnetic field nearby the 

anode edges [127]. Before assembly, anode and cathode were selectively dried in a vacuum oven at 

130 °C. After assembly, the pouch cell was again dried in a glove-box oven. Before the final welding, 

the pouch was filled with the electrolyte under vacuum. In order to check if the anode is negatively 

polarized respect to the metallic lithium electrode, a custom reference electrode has been inserted in 

the anode side of the pouch bag. This helps to evaluate the maximum charging rate for an optimized 

test plan without causing Li deposition. Single-layer pouch cells were cycled using a VMP-3 

multichannel electrochemical workstation (Biologic, France) in a 2.7 < E (V) < 4.2 potential range. 

The effect of a pouch cell holder during cycling was also a topic of investigation. 

 

 

 

 

 

 

 

                                                                                                       

 

Fig. 5.29 – Schematized single-layer pouch cell electrodes. 
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Fig 5.30 – Assembly procedure of single-layer pouch cell stack. 

 

In order to finely monitor the electrodes potential during cycling, EL-CELL ECC-Ref full cells have 

been assembled using some of the previous anode/cathode combinations. In this case, 400 μl of the 

above-mentioned electrolyte were applied.  



122 
 

The separator was a 1.5 mm thick glass fiber membrane (Ø 18mm) which separated the anode (Ø 

16mm) from the cathode (Ø 15mm). The cells were cycled using a VMP-3 multichannel 

electrochemical workstation (Biologic, France) in a 2.7 < E (V) < 4.2 potential range. 

 

 

 

 

 

 

 

 

 

Fig 5.31 – EL-CELL ECC-Ref cell. 

 

The test plans for the single-layer pouch cells and EL-CELL ECC-Ref full cells are stated below: 

 FULL CELL LONG-TERM PROTOCOL: 3 formation cycles at C/10 rate with a constant 

voltage step (CC-CV mode) at the end of the anode lithiation until current reach C/20 rate. 

Using the current value after formation, 100 cycles have been performed using a C/2 rate 

during lithiation (CC-CV mode until current is lower than C/20) and 1C during delithiation 

(CC mode) 

 FULL CELL RATE CAPABILITY PROTOCOL: 3 formation cycles at C/10 rate with a 

potential step (CC-CV mode) at the end of the anode lithiation until current reach C/20 rate. 

Using the current value after formation, 3 cycles at 0.1C, 3 cycle at 0.33C, 3 cycles at 0.5C, 3 

cycles at 0.7C, 3 cycles at 1C were applied during delithiation (CC-CV mode until current is 

lower than C/20). A 1C rate delithiation (CC mode) was applied. 
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For the sake of clarity, the full cells results will be shown referring the gravimetric capacity (mAh g-

1) to the cathode active material. All the single-layer pouch cells have been tested using a tailored 

pouch cell holder. 

 

Fig 5.32 – Single-layer pouch cell: cell configuration (a), and the plexiglass holder used for the cycling (b).  

 

Once the anode (Formulation G) and the cathode (Formulation H) have been analyzed and 

characterized, single-layer pouch cells have been assembled according to different loading 

combinations (Table 5v). In order to improve cell safety and reduce lithium plating, an oversizing of 

anode capacity respect the cathode capacity is mandatory. Adjusting the negative electrode to positive 

electrode reversible capacity ratio is called balancing, and it can be expressed as N/P ratio or as anode 

percentage excess. 

 

𝐴𝑛𝑜𝑑𝑒 𝐸𝑥𝑐𝑒𝑠𝑠 % =
𝑞𝑎𝑛𝑜𝑑𝑒 − 𝑞𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝑞𝑎𝑛𝑜𝑑𝑒
∗ 100          (42) 

 

5

a) b)
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where qanode and qcathode are respectively the anode and cathode areal capacities expressed in mAh cm-

2. 

Since oversizing leads to an increase of active material mass, and thus to a decrease of the cell energy 

density, an optimal trade-off between safety and performance is required. Since the kinetics of stage 

I are very sluggish compared to II and III, the increasing overpotential would lead to a fast drop into 

lower or even negative potentials, if areal capacities of cathode and anode were identical. This would 

mean either Li deposition or at least incomplete charging process, if the cell reaches a certain cut-off. 

Otherwise, if anode >> cathode, a lot of capacity is lost during SEI formation. 

 

Combination Anode (Formulation G) Cathode (Formulation H) Balancing 

 Loading  Capacity / mAh cm-2 Loading Capacity / mAh cm-2  

#1 L1 3.25 B2 2.57 + 21% 

#2 L2 3.83 B3 2.83 + 26% 

#3 L3 4.26 B2 2.57 + 40% 

#4 L1 3.25 B3 2.83 + 13 % 

Table 5v – Anode and cathode combinations and their respective balancing. 

 

The first results of combinations #1, #2, #3, and #4 (Fig. 5.33) show a counterintuitive behaviour. 

The increase of the cell balancing should provide a better stability since could avoid possible plating 

phenomena.  Figure 5.32 shows a random correlation between balancing and stability, revealing the 

presence of other variables that could influence the cell behaviour. In addition to the poor stability, it 

is possible to observe a rapid capacity fading for all combinations. 
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Fig 5.33 – Balancing influence of the single-layer pouch cells on the electrochemical stability.  

 

The cycling of these pouch cells is carried out with the use of a plexiglass-made holder, which should 

ensure the electrodes stack contact and optimal working condition. Since the screws fixing force is 

difficult to adjust, often it ends up having different pressures that act on the pouch cells.  

For this reasons, the measurements are not very reproducible, especially in the case of single-layer 

pouch cells where the pressure has a greater impact than regular stacked pouch cells. Too low pressure 

results in a bad contact, and thus in poor electrochemical performances. On the other hand, too high 

pressures could initiate plating phenomena. Since this silicon-based composite proved to be very 

sensitive to pressure compared to traditional graphite, an optimal pressure management is therefore 

required for a correct and reproducible electrochemical characterization of these cells. 
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In the attempt to investigate the reasons of such unpredictable performance variability, the electrodes 

water content has been evaluated by the means of a Karl-Fisher titration. Indeed, a high water amount 

in the electrodes can negatively affect the pouch cell performances reacting with electrolyte, lithium, 

and other cell components. Taking into account the combination #1, it is possible to see how the 

drying of the only anode or the drying of both anode and cathode do not greatly affect the resulting 

single-layer pouch cell performances (Fig. 5.34). The uncertainty of the results is most likely due to 

assembly process and to the operator. 

 

 

Fig 5.34 – Anode/cathode drying influence of the single-layer pouch cells on the electrochemical stability. 

 

To confirm the obtained results, Karl Fisher titrations have been made on the assembled electrodes. 

The results are listed in the Table 5w. 
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 Name Active Material H2O content 

ANODE Formulation G Si@Gr 47.7 ppm 

CATHODE Formulation H NCM 811 257.7 ppm 

Table 5w – Karl Fisher titration results. 

 

From the commercial point of view, cells should have a water content lower than 500 ppm, thus these 

moisture levels could be considered average, and should not negatively affect performances.  

In order to further investigate this source of instability and poor performances, post-mortem 

disassembly of fully charged single-layer pouch cells have been carried out. Figure 5.35 revealed how 

many of them show localized lithium plating on the anode side. 

 

    

Fig 5.35 – Post-mortem disassembly of a fully charged single layer pouch cell. 
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Without any kind of pattern, disassembled anodes shows lithium plating in proximity of the current 

tab, whereas the current density is higher. The assembly of three-electrode pouch cells allowed to 

check the anode potential during cycling. 

Fig. 5.36(A) shows that combination #1 and #2 have a good capacity retention at different C-rate 

ranging from 0.1 to 1C, but a lower gravimetric capacity (respect the cells sown in Fig. 5.33) probably 

due to the presence of the reference electrode in the stack. Fig 5.36(B) shows instead the anode 

potential vs. time plot, where it is shown that anode potentials reach values lower than zero at the end 

of lithiation. These values are most likely influenced by the pouch cell format.  

 

Fig 5.36 – Rate capability behaviour of single-layer pouch cells (combinations #1 and #2): gravimetric 

capacities (A) and their galvanostatic profiles (B). 
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The presence of a lithium reference electrode can greatly affect the system under consideration. Since 

the lithium RE is placed near the anode side, this could result in a higher lithium activity at the anode 

surface resulting in lithium deposition especially at the critical spots. For the sake of clarity, it is 

important to say that Li deposition might also be reversible during charge/discharge cycles, and part 

of lithium can react with the electrolyte too. If the potential goes below 0 Volts, one should notice the 

presence of a plateau due to the lithium plating. Since we do not detect such plateau, the idea was that 

the potential curve was just shifted below zero because of the increased lithium activity in proximity 

of the reference electrode.  

In order to find out the cell setup influence, the same combination has been studied in an EL-CELL 

ECC-Ref cell. It is important to say that the absence of a reference electrode between anode and 

cathode should exclude the setup influence, giving information about the studied combination. But, 

because of the local lithium activities, a full cell with a reference electrode placed outside the 

electrodes stack will experience a different potential. 

The use of a thick glass fiber separator allows the use of a lithium-covered metallic pin as reference 

electrode directly inside the separator (Fig. 5.37). This should not disturb the electrode kinetics 

between anode and cathode.  

 

 

Fig 5.37 – Electrodes stack in the EL-CELL ECC-Ref cell. 

 

From the EL-CELL results (Fig 5.38) it is possible to observe that the anode potential never reaches 

0 V. This could confirm that the potential is influenced by the lithium activity of reference electrode. 
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Fig 5.38 – Galvanostatic profiles of the EL-CELL ECC-Ref cell (Combination #1). 

 

In order to compare the obtained results with another cell format, the 4 different combinations 

assembled in the single-layer pouch cells have been assembled on CR 2032-coin cell too. The 

assembly specifications are the same described in 5.3.1 chapter, while WE and CE were electrodes 

from Formulation G and Formulation H respectively. These full coin cells have been tested using the 

single-layer pouch cell long-term protocol described above. 



131 
 

 

Fig 5.39 – Comparison between gravimetric capacities of the different anode/cathode combinations (CR 

2032-coin cell format). 

 

In Figure 5.39 it is possible to notice an interesting detail. Besides the already discussed capacity 

fading always present in the tested pouch cells, it is possible to observe how the use of coin cells 

gives a good results reproducibility. Any abnormal behaviour, such as capacity scattering, is not 

present, most likely due to the more reproducible cell assembly and the more controlled and constant 

pressure inside the cells. As in the single-layer pouch cells, the initial capacities are much lower than 

expected while the stability is the same. The conclusion that anode material may be the cause of this 

behaviour can be proven by evaluating the role of the cathode. 

NMC 811 and NMC 622 have been used as cathodes in order to find out the cathode role in the single-

layer pouch cells results. Applying the same settings and components, different pouch-cells have been 

assembled and cycled, using a graphite-based and a Si@Gr-based formulations. The use of NMC 811 

as cathode ensure higher capacity than NMC 622 (Fig 5.39A), thus higher energy density can be 

reached in the full cell. Regardless the used cathode, full cells using a reference graphite-based anode 

shows remarkable cycling stability and very good capacity retention values.  
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When instead Si@Gr composite is used as anode, it is possible to notice a fast capacity fade that 

reaches capacity retention values lower than 80% after about 60 cycles. This could confirm that the 

problem could reside on the anode side. Si@Gr composite could have compatibility problems with 

NMC-based cathodes, in additions to the problems discussed above. 

 

Fig 5.40 – Evaluation of the cathode material role in the single-layer pouch cell format: gravimetric 

capacities (A), and capacity retention values (B). The dotted line in graph (B) represents the 80% SOH. 
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5.5 Dilatometric Tests 

 

In-situ electrochemical dilatometry was used to determine the macroscopic expansion of Si@Gr-

based anodes (Formulation G-L1) during lithiation/delithiation processes. The thickness change can 

be recorded simultaneously with electrode potential, current, temperature, and time. In the past it was 

mainly used to determine the thickness change due to Li+ insertion process, or assess the thickness 

change due to the solvated lithium intercalation in graphite-based electrodes [128][129][129]. The 

silicon has a theoretical volume expansion of 311% during the 4Si + 15Li+ + 15e-  Li15Si4 reaction 

[130]. This volume change, in addition to the previously described problems (electrode pulverization, 

loss of electrical contact, etc.) can also affect the cell energy density and safety. For this reason, the 

study of the volume change is of paramount importance, since the quantification of the anode volume 

change is a starting point to determine the full battery volume change. 

 

5.5.1 Cell Assembly and Cycling 

An EL-CELL ECD-3-nano cell (Fig 5.41A-B) was assembled using a Ø 17mm-diameter lithium disk 

as counter electrode, metallic lithium as reference electrode, and Ø 8mm-diameter Si@Gr-based 

anodes as working electrode. 2 ml of LiPF6 1M solution in EC:DEC (3:7) + 10% FEC (BASF) was 

used as electrolyte, and 3 layers of Whatman GF/A glass fiber (Ø 20mm) serve as 

separator/electrolyte reservoir. These cells were cycled using a Verstat 3F/Ametek (Princeton 

Applied Research) (Fig. 5.41C) in a constant climate chamber in a 0.02 < E (V) < 1.5 potential range. 

The dilatometric test has been performed by cycling the cells with the following protocol: 

 12h of open circuit voltage period (OCV); 

 3 cycles at C/10 rate with a potential step (CC-CV mode) at the end of the anode lithiation 

until current reach C/20 rate, and C/10 rate delithiation until 1.5 V. 

 

The thickness change % (Δh %) has been calculated by using the following equation: 

∆ℎ % =
ℎ(𝑡) − ℎ𝑖
ℎ𝑖

∙ 100          (43) 



134 
 

where h(t) is the electrode thickness at the time t, and hi is the initial electrode thickness. The thickness 

values taken into account here correspond to the coating height, whereas the collector foil is not 

included. 

 

Fig 5.41 – (A) EL-CELL ECD-3-nano cell; (B) Cell setup; (C) Verstat 3F/Ametek (Princeton Applied 

Research). 

 

The characteristics of the two tested electrodes are listed in the Table 5y. Electrodes coming from the 

same coating and with similar densities have been chosen to have comparable results. 

 

# Formulation Coating 
Thickness 

[μm] 

Density 

[g cm-3] 

Capacity 

[mAh cm-2] 

1 G L1 60 1.23 3.29 

2 G L1 60 1.26 3.37 

Table 5y – Characteristics of the tested electrodes. 

 

Figure 5.42 shows the results of the electrode #1, where the maximum thickness is reached during 

the silicon alloying reaction with lithium as confirmed by previous studies [131].  
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The anode potential may vary slightly from literature values, since the three separators and the glass 

frit can increase the ohmic resistance. The greater thickness change occurs during the first cycle, and 

then decreases through cycling. This behaviour has been evidenced by other studies regarding silicon 

and graphite-silicon composites [130]. The large swelling during the initial OCV phase is, however, 

an unexpected observation.  

 

Fig 5.42 – Height change of electrode #1 according to potential. 

 

This 30% thickness increase cannot be ascribed to the alloying/dealloying reactions, because no 

current is applied to the cell. Such an increase cannot be due solely to the electrode swelling by the 

electrolyte. Several researchers attributed this feature to problems concerning the dilatometry cell 

such as: 

 Electrode swelling; 

 Electrolyte creeping between the tested electrode and the current collector (piston); 



136 
 

 Electrolyte degradation and subsequent gassing; 

 Electrode bending due to a high coating tension. 

All these factors can randomly contribute to the final results, making a good and consistent assembly 

necessary. The test repetition with electrode #2 shown similar features, showing the difficulty to 

obtain reproducible results, but at the same time giving an idea of the order of magnitude of the 

thickness change. Figure 5.43 shows the comparison between the two tested electrodes in terms of 

height increase (A) and height increase percentage (B). During the first lithiation a thickness increase 

of 123% and 86% are present, respectively for electrodes #1 and #2. For the subsequent cycles these 

values decrease for both electrodes and their values are listed in the table 5x. 

 

 Electrode #1 Electrode #2 

 Thickness / μm Δh % Thickness / μm Δh % 

Start 49 0% 49 0% 

After OCV step 64.9 32.4 % 56.4 15.1 % 

1st lithiation 109.6 123.7 % 91.9 87.6 % 

1st delithiation 71.3 45.5 % 66.2 35.1 % 

2nd lithiation 99.2 102.4 % 88.7 81.0 % 

2nd delithiation 74.1 51.2 % 69.1 41.0 % 

3rd lithiation 92.8 89.4 % 84.9 73.3 % 

3rd delithiation 74.1 51.2 % 70.2 43.3 % 

Table 5x – Summary of the results obtained from electrodes #1 and #2. The thickness values are referred 

only to the coating thickness (copper foil excluded). 



137 
 

 

Fig 5.43 – Comparison between electrode #1 and electrode #2: (A) Height vs. Time; (B) Δh % vs. Time. 
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In both cases, at the end of the delithiation, the initial electrode thickness is never restored, reaching 

thickness values around the 43% of the pristine electrode thickness after 3 cycles. This is a very useful 

data, because it is possible to have an idea of the thickness variations of this Si@Gr composite. Post-

mortem cross section SEM of Si@Gr-based electrode (Formulation G) have been carried out to 

evaluate the volume expansion after a long-term cycling protocol.  

Fig. 5.44 shows the thickness change comparison between a pristine Si@Gr electrode (A) and a fully 

discharged Si@Gr-based electrode after 100 cycles (B). The pristine electrode shows an average 

coating thickness of 46.3 μm, while the fully discharged electrode shows an average coating thickness 

of 77.53 μm. The resulting 67.4% thickness change respect to the pristine electrode is a value even 

greater than that observed at the end of the third cycle using the ELL-CELL setup.  

This further confirms that the electrode no longer recovers the initial thickness, but also that the 

thickness of the electrode in the delithiated state increases with the number of cycles. This could be 

due to a failure of the Si@Gr structure, together with a binder deterioration, which cannot longer 

support the silicon volume variation. 

The situation that would be created in a real system is obviously different and more articulated than 

these created in those experiments. The presence of multiple double-coated electrodes in a closed 

environment such as a metallic can (e.g. 18650 format) or a coffee bag (e.g. pouch-cell format) can 

really give a completely different response since the expansion could be directly linked to the cell 

volume and the relative pressure experienced by those electrodes. Moreover, the still incomplete 

characterization of structural and morphological evolution of silicon-based electrodes upon cycling 

sets limits for the complete understanding of the obtained dilatometry results. 
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Fig 5.44 – Post-mortem cross section SEM micrographs: (A) Pristine Si@Gr-based electrode; (B) Fully 

discharged Si@Gr-based electrode after 100 cycles. 
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5.6 Conclusion 

This study tried to show and get more information about the implementation of a silicon based 

composite in a pre-industrial lithium-ions battery manufacturing process. The process steps from 

slurry preparation to single-layer pouch cell assembly have been explored. The obtained results and 

finding are listed below. 

- SLURRY PREPARATION: The application of dispersant such as PVP and PVA has been 

evaluated, but further studies on its concentration and implementation are required to make 

them a feasible option to obtain a good slurry homogeneity. Moreover, the use of a buffer 

solution to change the binder/active material interaction has not proven to be an achievable 

approach. The final presence of roughly 4% buffer-derived salts, in addition to the use of a 

relative low specific capacity material, leads to an active material content below 94%. 

Formulation A has shown the easiest preparation and the best results. It has shown good 

reproducibility in terms of rheological and mechanical properties, and the possibility of 

scaling up using a pilot line coater. 

- HALF-CELL FORMAT: Due to a more uniform pressure distribution, the CR 2032-coin 

cell format has proven to be the most performant and reproducible cell format for the tested 

lithium half-cells. The capacity scattering observed with the CR 2016-coin cell format has 

shown to be a consequence of the lithium dendrites formation. 

- SINGLE-LAYER POUCH CELLS: The single-layer pouch cells assembly has 

demonstrated the problems connected to this cell format. The needs to have a good contact 

between anode and cathode requires the use of a cell holder during the electrochemical tests. 

The difficulty in applying the same pressure to all cells seems to be a fundamental parameter 

when pursuing optimal performance. Different combinations and different drying methods 

have been evaluated, but due to an inhomogeneous pressure distribution, it is impossible to 

assess a meaningful correlation between these variables. Testing the same anode/cathode 

combinations on a different cell format (CR 2032) has shown better and more reproducible 

results, confirming the necessity for a different cell format or the development of a new pouch 

cell holder. 
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- DILATOMETRY TESTS: Because of the silicon volume change upon cycling, dilatometry 

measurements were performed on the Si@Gr composite. During the first charge, we reached 

a maximum thickness increase of 123.7% respect to the initial thickness, a lower expansion 

values than pure silicon (≈ 311 %). After the first charge, the initial thickness has never been 

recovered as already shown by others studies.  
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Chapter 6 – Vanillin-templated Fe2O3 nanoparticles as 

conversion anode material for LIBs 

 

6.1 Introduction 

The fast development of electric vehicles and portable devices requires Li-Ion batteries with higher 

energy densities, lower weight and better electrochemical performances [132]. Alongside the 

traditional carbon-based anode materials such as graphite (mass and volume capacities of 372 mAh 

g-1 and 975 mAh cm-3), the research of new lithium-storage chemistries has been taken into 

consideration in the last decades. As already said, alloying [133] and conversion materials [44] have 

been deeply studied in order to make their marketing possible within few years. Conversion materials 

have emerged as feasible LIBs active materials because of their high capacities, low cost and 

relatively low environmental impact, and among them, transition metal oxides (TMOs) could be used 

as anode materials. Particularly, iron oxides such as Fe2O3 have been taken into consideration owing 

to its high capacity (1007 mAh g-1), low toxicity, and high abundance. The use of conversion material 

is plagued by structural problems due to the volume change upon cycling, and low electronic 

conductivity. A common approach used to overcome this issue is the use of nanoparticles in order to 

buffer volume variations, reduce Li+ diffusion path length, and improve reaction kinetics [134,135]. 

The use of vanillin as renewable and sustainable templating agent is evaluated here. Vanillin is a 

cheap and water-soluble aromatic aldehyde where the presence of oxygen and functional groups make 

it suitable as possible capping agent for nanoparticles synthesis. Electrode processing has been 

optimized as well. The use of Poly(acrylic acid) (PAA)/Ethanol system has been preferred instead of 

the PVdF/NMP system. PAA has already shown outstanding mechanical features in mechanically-

stressed anodes (e.g. Si NPs), and its solubility in water and ethanol allows to avoid the use of the 

toxic and expensive NMP solvent. This chapter reports the synthesis and the structural, 

morphological, and electrochemical characterization of vanillin-templated Fe2O3 nanoparticles 

(FeVan) as candidate material for lithium-ion battery anodes.   
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6.2 Experimental 

6.2.1 Synthesis 

A cheap and simple co-precipitation method was used. FeCl2∙4H2O and FeCl3∙6H2O were added to 

40 mL of ultrapure H2O in a 1:2.7 mass ratio. After the addition of 1 g of vanillin dissolved in 20 ml 

of H2O, the solution pH was brought approximately to 11 by adding about 30 ml of ammonia solution 

(30%). The reaction was kept under stirring overnight at 70 °C. The resulting powder was collected 

and washed with water, ethanol and acetone at different steps. Eventually, after the complete solvent 

removal at 80 °C under vacuum, the resulting powder annealed at 800 °C for 8 h in Ar atmosphere (2 

°C min-1 heating ramp) in a tubular furnace.  

 

Figure 6.1 – Synthetic scheme of the FeVan nanoparticles. 

 

6.2.2 Electrodes preparation 

Electrodes slurry has been prepared by finely grounding the active material and the conductive 

additive (Super C65) in an agate mortar. The resulting mixture was added to a Poly(acrylic acid) 

(PAA) solution in ethanol and left to stir overnight.  

The slurry has been spread onto a 10 μm-thick copper foil using the “Doctor Blade” technique and a 

wet thickness of 100 μm. The electrode foil has been dried 2h at 70 °C on a heating plate and 

calendared with a roll press. 9 mm-diameter circular electrodes have been cut and furtherly dried at 

120 °C for 12h under vacuum before being transferred in the glovebox. The average active material 

mass loading was around 1.4 mg cm-2. 
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 FeVan-PAA 

Active Material: FeVan 70 % 

Binder: PAA (Mw ≈ 450000) 10 % 

Conductive Agent: Super C65 20% 

Solvent: Ethanol --- 

Table 6a – Electrode formulation of FeVan-PAA coating. 

 

6.2.3 Cell Assembly and Cycling 

Three-electrodes “T-shaped” cells have been assembled in an Ar-filled glovebox using metallic 

lithium (Sigma-Aldrich) as counter and reference electrode and Whatman GF/A glass-fiber disks as 

separators. A solution of LiPF6 1M in EC:DMC 1:1 v/v (Solvionic, France) was used as electrolyte. 

All the cells have been cycled with a VMP-2Z multi-channel galvanostat-potentiostat (Bio-Logic, 

France) in a 0.005 < E (V) < 3 potential window at specific currents ranging from 0.2 A g-1 to 10 A 

g-1. An OCV period (12h) has been used to enable a full wetting of electrodes and separator before 

cycling. Electrochemical Impedance Spectroscopy (EIS) has been performed in the 200 KHz – 9 mHz 

frequency range with a sinusoidal amplitude of ± 5 mV and applying a bias potential of E = 0.8 V for 

the first cycle and E = 1.0 V for the subsequent cycles. All the measurements have been recorded at 

room temperature. All potential values are given vs. Li+/Li redox couple. 

 

6.3 Discussion 

The synthesis of Fe2O3 nanoparticles has been carried out on the assumption that vanillin could act 

as a soft templating agent during synthesis [136], since its hydroxyl and methoxy moieties have metal-

coordinating ability. 
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Fig 6.2 – Vanillin structure. 

 

Beyond that, it has been reported that high pH values could favor the formation of small and spherical 

particles [137]. The products formed during the synthetics involving vanillin have been examined by 

FTIR spectroscopy. 

 

 

Figure 6.3 – FTIR spectroscopy analysis: (a) Pristine vanillin vs. FeVan precursor; (b) FeVan precursor vs. 

FeVan. 



146 
 

Panel (a) in Fig. 6.3 shows the normalized FTIR spectra of pristine vanillin and FeVan precursor. 

Pristine vanillin shows a large band centered at 3164 cm-1 assigned to O-H stretching vibration, while 

the weak bands at 2948 cm-1 and 2858 cm-1 have been assigned to the C-H stretching of the aldehyde 

group and the C-H bond stretching of –CH3 group. The sharp peak at 1662 cm-1 has been assigned to 

the stretching of the carbonyl C=O moiety and the peaks at 1585 cm-1 and 1508 cm-1 have been 

assigned to the C=C aromatic bond stretching. FeVan precursor exhibits similar bands but with a 

much lower intensity and two features that hint an iron-vanillin interaction: a broadening of O-H band 

due to a possible hydrogen bonding, and a band centered at 550 cm-1 due to the iron oxide particles. 

Moving to panel (B), it is possible to observe how the final product shows no sign of functional bands 

due to vanillin, but instead there is an increasing and a sharpening of the band (550 cm-1) due to the 

formation of iron oxide particles.  

 

 

Fig 6.4 – Thermogravimetric analysis (TGA) of FeVan (upper panel), and TGA comparison with FeVan 

precursor (lower panel). 
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From the thermogravimetric analysis (TGA) in Fig. 6.4, it is possible to notice a 3.4% weight loss. 

Since the analysis has been carried out in oxygen atmosphere, we can assume that this loss is due to 

the pyrolysis of the vanillin-derived carbon obtained during the thermal annealing at 800 °C in Ar 

atmosphere. 

X-ray diffraction pattern of the synthesized FeVan is shown in Figure 6.5. All the peaks are in good 

accordance with the JCPDS card no. 33-064 corresponding to the α-Fe2O3 phase. This Fe2O3 

polymorph has the rhombohedral structure where the central iron atom is bound to six oxygen ligands. 

The absence of additional peaks suggests the presence of an α-Fe2O3 pure phase, whereas the peak 

sharpness is the signature of a good crystallinity degree. The low amount of carbon detected during 

TGA analysis is not visible using X-Ray diffraction. 

 

 

Fig 6.5 – X-Ray diffraction pattern of the FeVan powder. 
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In order to further confirm FeVan structure, Raman spectroscopy has been carried out. Using a 532 

nm green laser as excitation source, a Raman spectrum was recorded. Comparing the obtained results 

with an Fe2O3 reference spectrum [138], it is possible to notice a good overlap of the bands. For the 

sake of clarity, it must be said that the shift of the bands with respect to the reference bands may be 

due to the instrument setup, to the synthesis, and to the annealing conditions. 

 

 

Fig. 6.6 – Raman spectra of the FeVan powder. 

 

From the morphological point of view, it is possible to observe how the annealing process influences 

the FeVan particles shape. Figure 6.7 (a-b) shows the SEM micrographs of the FeVan before the 

thermal treatment. This precursor is made up of irregularly aggregated particles, but immediately 

after the annealing it is possible to notice that the final product (FeVan) is composed by regular 

spherical nanoparticles around 100 nm (Fig 6.7 (c-d)). 



149 
 

 

Fig. 6.7 – SEM micrographs of (a)-(b) FeVan precursor, and (c)-(d) FeVan annealed nanoparticles. 

 

Cyclic voltammetry (CV) experiments have been performed to provide a characterization of the redox 

processes. Fig. 6.8 shows the results obtained of the first two cycles in a 0.005 < E (V) < 3 potential 

range at a scan rate of 0.05 mV s-1. During the cathodic scan, the first cycle shows the presence of 

three different peaks labelled respectively as A (E = 1.63 V), B (E = 0.96 V) and C (E = 0.85 V). 

Peaks A and B are assigned respectively to a preliminary α-Fe2O3 lithiation (Eq. 44) and to an 

irreversible phase transition to a cubic Li2Fe2O3 (Eq. 45) [139,140]. 

 

𝛼 − 𝐹𝑒2𝑂3 + 𝑥𝐿𝑖
+ + 𝑥𝑒− → 𝛼 − 𝐿𝑖𝑥𝐹𝑒2𝑂3          (44) 

𝛼 − 𝐿𝑖𝑥𝐹𝑒2𝑂3 + (2 − 𝑥)𝐿𝑖
+ + (2 − 𝑥)𝑒− → 𝐿𝑖2𝐹𝑒2𝑂3 (𝑐𝑢𝑏𝑖𝑐)          (45) 
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Peak C is assigned to the reduction of Fe+++ to Fe0 nanoparticles with the contemporary formation of 

the Li2O inorganic matrix (Eq. 46). 

 

𝑐 − 𝐿𝑖2𝐹𝑒2𝑂3 + 4𝐿𝑖
+ + 4𝑒− → 2𝐹𝑒0 + 4𝐿𝑖2O          (46) 

 

During the anodic step, the presence of the large peak D (1.5 < E (V) < 2.1) is attributed to a two-step 

oxidation of Fe0 to Fe++ and to Fe++ to Fe+++ [141]. From the second cycle on, the cathodic region 

shows only the peak E (E = 1.0 V), confirming the irreversibility of the first cycle discussed in the 

literature [142,143] 

 

 

Fig. 6.8 – FeVan cyclic voltammetry experiment; Scan rate = 0.050 mV s-1; 0.005 < E (V) < 3 potential 

range. 
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Galvanostatic cycling tests were carried out to investigate electrochemical stability of the synthesized 

FeVan nanoparticles. 

 

Fig. 6.9 – FeVan galvanostatic cycling test (I= 500 mA g-1). 0.005 < E (V) < 3 potential range. 

 

Fig. 6.9a shows the cycling results obtained by cycling FeVan nanoparticles at 500 mA g-1 specific 

current for 250 cycles in the 0.005 < E (V) < 3 potential window. They reveal a first cycle discharge 

capacity of 1153 mAh g-1 with a relatively high coulombic efficiency of 71%. At the second cycle, a 

specific capacity of 815 mAh g-1 is observed. Taking into account this value, a capacity retention of 

86.4% after 250 cycles can be calculated, together with an coulombic efficiency increasing beyond 

99% during cycling.  
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In Figure 6.9b the galvanostatic profiles of the first two cycles are reported. During the first-cycle 

lithiation, it is possible to note a plateau at E = 0.83 V due to the Fe0 nanoparticles/Li2O matrix system 

formation. The sloping line that reaches the 0.005 V lower cut-off potential can be assigned to the Li+ 

insertion inside the conductive agent structure. During the first-cycle delithiation, the conversion 

mechanism-related plateau is located at high potential (E = 1.69 V), which is consistent with the large 

hysteresis frequently observed in the conversion-based materials. Figure 6.9c confirms the results 

already obtained with the cyclic voltammetry shown in Figure 6.8. 

In order to investigate the FeVan nanoparticles capacity retention at different specific currents, a rate 

capability test was conducted. Specific currents ranging from 200 mA g-1 to 10000 mA g-1 have been 

applied. Each step of the rate capability test consisted in 5 cycles at a fixed charge/discharge rate, 

restoring at the end a specific current of 1000 mA g-1 for 100 cycles. The respective capacity values 

are listed in Table 6b. 

 

Specific Current Capacity 

200 mA g-1 925 mAh g-1 

500 mA g-1 835 mAh g-1 

1000 mA g-1 730 mAh g-1 

2000 mA g-1 615 mAh g-1 

5000 mA g-1 450 mAh g-1 

10000 mA g-1 320 mAh g-1 

1000 mA g-1 715 mAh g-1 

Table 6b – Rate capability experiment: summary of the capacity values at different specific currents. 
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The obtained results show outstanding capacity values at all current rates. Finally, when the current 

is restored to 1000 mA g-1, a remarkable capacity value of 715 mAh g-1 and a very stable cycling 

behavior is obtained. 

 

Fig. 6.10 – Rate capability experiment. Specific currents: (A) 200 mA g-1; (B) 500 mA g-1; (C) 1000 mA g-1; 

(D) 2000 mA g-1; (E) 5000 mA g-1; (F) 1000 mA g-1; (G) 1000 mA g-1. 0.005 < E (V) < 3 potential range. 

 

The outstanding performances shown by this material could be due to a synergistic interplay of the 

FeVan porous-structure and the stabilizing effect of the Poly(acrylic acid) (PAA) used as binder. The 

possibility of H-bonding with the metal nanoparticles has already demonstrate to be beneficial for the 

electrode mechanical stability in conversion and alloying materials [72]. 

Because of the good performances evidenced by the rate capability test, long-term cycling at high 

rates have been carried out. Figure 6.11 shows the results of this electrochemical test using a long-

term cycling, overlapped to the results obtained at a reference specific current of 500 mA g-1 (cell a). 
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Fig. 6.11 – High-rate galvanostatic cell experiment. (a) Discharge capacity at 500 mA g-1; (b) Discharge 

capacity at 1000 mA g-1; (c) Discharge capacity at 2000 mA g-1. 0.005 < E (V) < 3 potential range. 

 

Cell b) shows an initial specific capacity of 1178 mAh g-1 with a capacity retention of 83% after 200 

cycles (taking into account the 2nd cycle capacity), while cell c) shows an initial specific capacity of 

1291 mAh g-1 with a capacity retention of 66.5% after 200 cycles (taking into account the 2nd cycle 

capacity). 

Because of importance of electrode/electrolyte interfaces, electrochemical impedance spectroscopy 

(EIS) was carried out at different cycles with a 500 mA g-1 specific current. Nyquist plot (Figure 6.12, 

upper panels) shows a high frequency semicircle assigned to the solid electrolyte interphase (SEI), a 

depressed semicircle at medium frequency assigned to charge-transfer and double-layer formation 

processes, and a sloping line due to diffusion at low frequency (f < 1 Hz).  
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There is a clear impedance increase in the charge-transfer region upon cycling, most likely due to 

electrode/electrolyte interface degradation phenomena such as aggregation and active material 

pulverization. In order to quantify the different resistance values, the Boukamp’s software [80,104] 

was used for the fitting of the Nyquist plot equivalent circuit shown below: 

Rel(RSEICSEI)(RctCdl)W 

Where, Rel is the electrolyte bulk resistance, RSEI and CSEI are the resistance and the capacitance 

associated to the SEI layer, Rct is the charge-transfer resistance, Cdl is the double-layer capacitance, 

and W represents the diffusion. It is worth noting that all the capacitive elements have been fitted 

using a Constant Phase element (CPE) [144] that takes into account the roughness and inhomogeneity 

effects. All the obtained χ2 values were in the order of 10-4-10-5. 

 

Fig. 6.12 – FeVan nanoparticles Electrochemical Impedance Spectroscopy (EIS) experiments. 200 KHz < f 

< 10 mHz; ±5 mV oscillation amplitude (upper panels); Electrochemical Impedance Spectroscopy (EIS) 

equivalent circuit element fit. Resistance Values vs. Cycle Number (lower panel). 
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The fitted resistance values associated to SEI layer (RSEI) and charge-transfer processes (Rct) are 

reported in the lower panel of Figure 6.12. 

Both resistance values show an increasing trend upon cycling. The higher resistance values associated 

to charge-transfer processes hint a progressive electrode degradation leading to low capacities and 

coulombic efficiencies, which mean poor cycling performances. 

 

 

6.4 Conclusion 

A vanillin-templated iron oxide material was successfully synthesized. Several structural and 

morphological studies have shown the purity of the Fe2O3 nanoparticles (< 100 nm). In addition, 

infrared spectroscopy provided information about the iron-vanillin interaction, while 

thermogravimetric analysis revealed the presence of 3.4% of vanillin-derived carbon that could 

increase the active material overall conductivity. The electrochemical characterization revealed good 

capacity values of 701 mAh g-1 at 500 mA g-1 after 250 cycles together with remarkable rate 

capabilities. Resistance values obtained from the EIS experiments highlighted also good resistance 

values indicating a good SEI stability upon cycling. The obtained results, together with the use of an 

environmentally benign synthesis and electrode processing, enable this material to be considered as 

a potential candidate for the next-generation sustainable anode materials for lithium-ion batteries. 
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