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ABSTRACT  

 

Environmental concerns, limitation of resources and the guarantee of prospective energy 

supply are among the main issues that currently attract great public attention. Therefore, 

technological improvements in rechargeable electrochemical power sources are driven by an 

ever-increasing demand of energy associated with rapid population growth. Lithium-ion 

battery technology has become very attractive and is the technology of choice for most of 

todays portable devices, such as laptops, digital cameras and cell phones. Furthermore, they 

attract great attention as power source for electric vehicle applications due to high energy 

density, high power density as well as prolonged life time. Nevertheless, state of the art 

lithium-ion batteries do not have sufficient energy density to compete with the performance of 

internal combustion engines. Approaches to enhance the energy density of these batteries are, 

among others, the development of high voltage cathode materials and high capacity anode 

materials. Moreover, the refinement of the cell design, focussing on reducing weight of the 

battery, is a potential approach to further increase the energy density of the final device.  

This doctoral thesis deals with two topics: (i) the improvement of the battery cell design to 

enhance the capacity of the cathode and/or reduce the weight of the battery and (ii) the 

development of high capacity silicon/graphite composite anode materials. 
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 KURZFASSUNG 

 

Klimawandel, Ressourcenknappheit und Sicherstellung der zukünftigen Energieversorgung 

zählen zu den zentralen Themen, die vermehrt im Brennpunkt der Öffentlichkeit stehen. Auf 

Grund des rapiden Bevölkerungswachstums strebt man, aus technologischer Sicht, unter 

anderem eine Verbesserung von wiederaufladbaren elektrochemischen Energiequellen an. 

Lithium-Ionen Batterien dienen bereits als Energiequelle für die meisten portablen Geräte wie 

Laptops, Digitalkameras oder Handys, nichts desto trotz ist das Potential dieser Technologie 

noch lange nicht ausgeschöpft. Die Elektromobilität zählt zu einem zukunftsträchtigen 

Anwendungsbereich, der den Marktanteil von Lithium-Ionen Batterien zu weiterem 

Wachstum verhelfen kann. Der Vorteil der Lithium-Ionen Batterie gegenüber anderen 

Batterietechnologien liegt in der hohen Energie- sowie Leistungsdichte und der langen 

Lebensdauer. Um aber auch nur annähernd mit dem Verbrennungsmotor konkurrieren zu 

können ist eine Verbesserung in Hinblick auf eine erhöhte Energiedichte von essentieller 

Bedeutung. Zu den Konzepten zur Erhöhung der Energiedichte von Lithium-Ionen Batterien 

zählen vor allem die Entwicklung von neuen Kathodenmaterialien die eine größere Spannung 

ermöglichen bzw. die Entwicklung von neuen Anodenmaterialien mit höherer Kapazität und 

die Verbesserung bereits bekannter hochkapazitativer Anodenmaterialien. Zudem wird auch 

eine Verbesserung des Zelldesigns zur Reduktion der Masse der Einzelzelle angestrebt, um 

eine erhöhte Energiedichte der Batterie zu gewährleisten.  

In dieser Doktorarbeit werden zwei Ziele verfolgt: (i) eine Verbesserung des Zelldesigns um 

die Kapazität der Kathode zu erhöhen bzw. das Gewicht der Zelle zu reduzieren und (ii) die 

Entwicklung eines Silicium/Kohlenstoff Komposit als Anodenmaterial mit erhöhter 

Kapazität. 
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1. INTRODUCTION 

Lithium-ion batteries (LIBs) are a fast-growing technology being applied in portable 

electronics such as cell phones and laptops, due to their light weight and high power. Because 

of environmental concerns, they are believed to be a major power source for future electrical 

vehicle applications and energy storage [1] [2]. Examples for applications of lithium-ion 

batteries in dependence of their capacity as function of battery power are shown in figure 1.       
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Figure 2: Global lithium-ion battery market revenue forecast (redrawn from [130]) 
[124] 

Figure 1: Lithium-ion battery application in dependence of the total battery capacity as function of the battery power [125] 
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As mentioned before, lithium-ion batteries already find wide usage in mobile electronic 

products (e.g. cell phones or lap tops) and usage in cars will fuel the bulk of sales growth 

(figure 2). In automotive application, required batteries should store energies of 5-60 kWh for 

electric cars and up to 100 kWh for electric buses [3] [4]. Therefore, it is necessary to reduce 

the size, volume and cost of lithium-ion batteries and simultaneously, to improve their energy 

density. 

One approach is to look for new cathode and anode materials with higher capacities, but there 

is also a need to improve the battery cell design to maximize energy density [1] [2]. A 

reduction of inactive components could be achieved by increasing the mass load of the 

electrodes. In return there is the common practice to reduce layer thickness to enhance cell 

power density, which however comes at the expense of energy density, because of an 

unfavourable mass ratio of active to inactive components [5]. However, the traditional 

architecture of battery electrode materials on flat metal current collectors does not allow 

higher mass loadings due to a few difficulties, like delamination of electrode material from 

the flat current collector or electrolyte penetration through a thick electrode, which causes a 

loss of energy efficiency [6]. These problems could be overcome by the development of a 3D 

current collector. Examples of 3D current collectors include nanotubes grown on metal foils 

[7], porous conductive textiles [6], carbon and metal foams [8] [9] and metal meshes [10].  

This work focuses on the development of a 3D current collector for the positive electrode in 

lithium-ion batteries, based on a non-woven polymer, which is plated with a thin layer of 

nickel by chemical reduction followed by electrodeposition of an aluminium layer from ionic 

liquid. Alternatively, the non-woven polymer was aluminised by physical vapour deposition. 

Electrodes were produced with the metallised non-woven polymers and these electrodes were 

electrochemically characterised in half cells. Finally, electrodes with 3D current collectors 

were successfully implemented in full cells, where both electrodes cathode as well as anode, 

contained aluminium respectively copper plated non-woven polymers.   

On the other hand, synthesis of active materials for the negative electrode with higher 

capacities, based on nano-silicon, coated by different decomposable polymers, was carried out 

in the scope of this doctoral thesis. Electrodes with these active materials were 

electrochemically characterised in half cells and an improvement in cycleability, compared to 

common silicon-graphite composite electrodes, could be observed. 
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2. ELECTROCHEMICAL SYSTEMS 

 
2.1. HISTORY & GENERAL ASPECTS OF ELECTROCHEMISTRY 

The electrochemical scientific community pays attention to chemical reactions at the 

solution/electrode interface, where an electron transfer is involved. A battery is a chemical 

device for the storage of electricity, since batteries convert chemical energy into electrical 

energy.  

The smallest conceivable unit of a battery is called the electrochemical cell. Depending on 

desired voltage and capacity, a battery consists of a certain amount of these electrochemical 

cells. Batteries could be classified into two broad categories: (i) primary batteries, which 

could be discharged just once and (ii) secondary batteries, which may be recharged until the 

secondary battery deteriorates and its storage capacity fades below a practical level [11]. 

The first battery was invented in 1800 by Alessandro Volta, which consisted of a stack of 

galvanic cells, where each cell was composed of two electrodes, one made of copper and the 

other made of zinc. These electrodes were separated by a textile, soaked in acidic solution 

[12]. Another important step in development of batteries was the invention of the Daniell cell 

by John Daniell in 1836. It consisted of a copper vessel, filled with copper sulphate solution, 

where he immersed a gullet of an ox. This tube contained a solution of sulphuric acid and a 

vertical zinc rod. During discharge, this cell gave a voltage of 1.1 V, where the zinc electrode 

was dissolved and copper was deposited at the positive electrode [11].  

In 1866 the French chemist George Lechlanchè developed a primary cell, which bears his 

name. The Lechlanchè cell was composed of a zinc rod as negative electrode and a carbon rod 

as positive electrode, both immersed in a solution of ammonium chloride. All components 

were packed in a glass jar and this cell gave a voltage of 1.5 V. A further advantage took 

place in the 19th century, where the glass jar was replaced by a zinc cane, used as both, 

container and electrode [11].                                                                        

In battery science and technology major advances have been made in the 20th century. The 

invention of alkaline batteries significantly improved the primary Lechlanchè cell while 

advances in materials technology and cell design revolutionized the performance of lead-acid 

batteries. Furthermore, several secondary batteries have been developed and commercialized, 

including the nickel-metalhydride battery and the lithium-ion battery [11].      
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Every electrochemical cell consists of three major components [13]: 

� Negative electrode or anode: is oxidized during the electrochemical reaction; gives up 

electrons to the external circuit 

 
� Positive electrode or cathode: is reduced during the electrochemical reaction; accepts 

electrons from the external circuit 

 
� Electrolyte: ionic conductor; could be liquid (water or other solvents with dissolved 

salts, acids or alkalis), solid or a gel-type polymer. The electrolyte must not be 

electrically conductive but should provide good ionic conductivity. Both electrodes are 

usually isolated by a separator. The separator is electronically insulating but 

permeable for the electrolyte to ensure ionic conductivity.  

The operation principle of a battery should be demonstrated on the basis of the Leclanchè cell 

(figure 3).  

During discharge, when the cell is connected to an external circuit, the electrons move from 

the negative electrode (anode) to the positive (cathode). The anode, which consists of zinc in 

this case, is oxidized by meaning that zinc will be dissolved and donates electrons for the 

reduction of MnO2. The cathode of this cell is made of graphite [13].   

 

 

 

 

 

 

 

 

 

 

Figure 3: Schematic representation of a Leclanchè cell  
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Negative electrode:  Zn                                                   →   Zn2+   +   2 e-  [I]   

Positive electrode:    2 MnO2   +   2 H+   +   2 e-            →   2 MnO(OH)   [II] 

Electrolyte:               Zn2+   +   2 NH4
+   +   2 Cl-           →   [Zn(NH3)2Cl2]   +   2H+ [III]    

               Zn   +   2 MnO2   +   2   NH4Cl   →   [Zn(NH3)2Cl2]   +   2 MnO(OH)  [IV] 

 

In principle, during recharge the current flow is reversed. Oxidation takes place at the positive 

electrode and reduction at the negative electrode. Due to the definition that the anode is the 

electrode, at which oxidation takes place and the cathode the one, where reduction occurs, the 

positive electrode is now the anode and the negative electrode the cathode [13]. 

As mentioned before, the Leclanchè cell is a primary battery, which couldn`t be recharged 

again. Examples for rechargeable batteries (secondary batteries) are the nickel-metal hydride 

battery or the lithium-ion battery (LIB). The LIB will be discussed more in detail in chapter 3. 

The standard potential of a cell is determined by the type of active materials combined in the 

cell. Whenever a reaction occurs, the Gibbs free energy (∆G [J mol-1]) of the system will be 

changed, from which the potential will be derived [12]: 

 
                                                        ∆�° = 	−��	°                                         (Eq. 1) 

 
F.........Faraday constant [≈ 96500 C] 
n..........number of electrons involved 
E0........standard potential [V] 
 

For spontaneous reactions the change in free energy will be negative (∆G0 < 0) and therefore 

the standard electrode potential will be positive (E0 > 0).  
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A fundamental mathematical expression for describing the voltage in correlation of 

concentration for all cell reactions is the Nernst equation [12]: 

 

                                                  	 = 	° + ��

� 	��

[��]
[���]                                             (Eq. 2) 

E0........standard potential [V] 
R.........Universal gas constant (8.314472 [J K-1 mol-1] 
T..........temperature [K] 
F..........Faraday constant [≈ 96500 C] 
Ox.......concentration of oxidized species [mol L-1] 
Red.....concentration of reduced species [mol L-1] 
 

 
The Nernst equation is only legal in reactions without mass transport and current flow. 

 
 

Table 1: Standardpotential of some metals against NHE (V) [14] 

Electrode  Electrode reaction E0/V 
        

Au Gold Au3+   +   3 e-   ↔   Au + 1,43 

Ag Silver Ag+     +   e-      ↔   Ag + 0,80 

Cu Copper Cu2+   +   2 e-   ↔   Cu + 0,34  

H Hydrogen  H+    +    e-     ↔   H 0 

Pb Lead Pb2+   +   2 e-   ↔   Pb - 0,13 

Sn Tin Sn2+   +   2 e-   ↔   Sn - 0,14  

Ni Nickel Ni2+   +   2 e-   ↔   Ni - 0,25 

Cd Cadmium Cd2+   +   2 e-   ↔   Cd - 0,40 

Fe Iron Fe2+   +   2 e-   ↔   Fe - 0,44 

Zn Zinc Zn2+   +   2 e-   ↔   Zn - 0,76 

Ti Titanium Ti2+   +   2 e-   ↔   Ti - 1,63 

Al Aluminium Al 3+   +   3 e-   ↔   Al - 1,66 

Mg Magnesium Mg2+  +   2 e-  ↔  Mg - 2,37 

Na Sodium Na+    +   e-     ↔   Na - 2,71 

K Potassium  K+    +    e-    ↔   K - 2,93 

Li Lithium Li +     +   e-     ↔   Li - 3,05 
 

Some selected electrode reduction potentials under standard conditions are listed in table 1. 

Each half cell reaction has a specific standard potential reported as the reduction potential vs. 

the normal hydrogen electrode (NHE). The standard potential of the NHE is arbitrary set to 

zero.  
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The standard potential of a cell could be calculated from the standard electrode potentials 

using following equation [12]: 

 
                                   	°(cell)	 = 	°(���ℎ� !) −		°(��� !)                             (Eq. 3) 

If the current in anodic and cathodic direction is equal (net current is zero), the galvanic cell is 

in equilibrium. In that case the electrode potentials can be evaluated according to the Nernst 

equation (eq. 2).  The current related to an electrode area is called current density or exchange 

current density j0 [A cm-2] [15].  

When a system is charged with current, a shift in the potential of the single half-cell is 

measured, called over-potential ɳ [16]: 

 
                                       ∆"	(#�$%) =	∆"(&) −	∑|ɳ|                                     (Eq. 4) 

 
A system in nonequilibrium conditions, such as current flow resulting from electrode 

polarization (overvoltage), shows an exponential relation between the applied overpotential 

and the current that passes through the circuit and can be described by the Tafel equation [12], 

[15]: 

 

                                                      ɳ = 	��*� ln ,& −	
��
*� log ,                                            (Eq. 5) 

 
ɳ.........overpotential [V] 
j..........current density [A cm-2] 
j0.........exchange current density [A cm-2] 
α.........transfer coefficient 
 
 

 

            Figure 4: Discharge characteristic of a battery [17] 
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A typical discharge characteristic of a battery is shown in figure 4. The shape of such a curve 

results from the various resistances, which occur as a result of different overpotentials. 

The sum of the overpotentials of a system should be kept as low as possible and one can 

distinguish between different types, depending on their origin: 

 

(1) Charge-transfer overpotential 

This type of overpotential is caused by a limitation on the velocity of charge transfer through 

the electrode/electrolyte interface. It depends on the reacting substances, the electrolyte and 

the characteristics of the electrode. The current density at an electrode in terms of the 

overpotential can be described by the Butler-Volmer equation [16]: 

 

                                        , = ,& /exp (23*)�ɳ
�� − exp (3*�)

�� 4                                    (Eq. 6) 

 
j0.........exchange current density [A cm-2] 
ɳ..........overpotential [V] 
α..........transfer coefficient 
 

 

(2) Diffusion overpotential 

In the case of an impoverishment of electro-active species at the electrode surface (Nernst 

diffusion layer) the reaction kinetics is only determined by diffusion processes through this 

region. The diffusion overpotential that occurs can be expressed by the following formula 

[16]: 

                                        ɳ(�566) =	 7��8� �� 91 −
;<

;(=>?>@)
A7                                              (Eq. 7) 

j0..................exchange current density [A cm-2] 
j (limit)............maximum current density [A cm-2] 
 

(3) Reaction overpotential 

This type of overpotential occurs, when adsorption- and desorption processes are the speed 

limiting factors [16].  
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(4) Crystallization overpotential 

The crystallisation is an elementary step in the overall electrode reaction. Crystallisation 

overpotential is caused by surface diffusion of the atom, which is adsorbed onto the surface, 

and the incorporation into the crystal lattice [18]. 

 

 
2.2. IMPORTANT FEATURES OF A BATTERY 

For characterisation and comparison of different battery systems some important key 

parameters have to be defined. 

The open circuit voltage (OCV) is the potential of a working electrode relative to a counter- 

or reference electrode, when no current is applied to the cell or the voltage released in a 

battery at zero net current flow. The terminal voltage U between two electrodes is measured 

during charging and discharging of the cell [16]. The terminal voltage of a cell is fixed by the 

active materials used in the battery and depends on the so called cell chemistry. 

The cycle life of a secondary cell is another important parameter for describing a rechargeable 

battery. It indicates the achievable number of charging- and discharging cycles until a lower 

limit of the capacity of the battery is reached. 

The capacity is described as the amount of electric charge, that could be stored or delivered 

by a battery and is quoted in Ah.  

The resulting diagram of the application of the terminal voltage U as function of the discharge 

current is called current-voltage characteristic. The electric power P [W] or the power 

density [W L-1], delivered by a battery at a given time can be calculated by the following 

formula [16]: 

                                                             B = C ∗ E                                                             (Eq. 8) 

The energy [m2 kg s-2] or the energy density [Wh L-1] can be calculated according to the 

following equation: 

 

                                            F =	G E(�) ∗ C(�) ∗  �HI
HJ                                    (Eq. 9) 
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Generally, the required charge (Qcharge) to load a secondary cell is always higher than the 

charge (Qdischarge), which could be delivered during discharging the battery. The coulometric 

efficiency of a secondary battery can be explained by parasitic side reactions like SEI 

formation and irreversible lithium-ion trapping.  The energy efficiency depends on a few 

parameters like the applied current density, temperature, thickness and porosity of the 

separator and conversion of electric energy into heat [16]. 

Coulometric efficiency:                        KLM =	NO>PQRSTUVNQRSTUV                                      (Eq. 10) 

 

Energy efficiency:                                    KWM = KLM ∗ XO>PQRSTUV
XQRSTUV                            (Eq. 11) 

 

Udischarge/charge.........average terminal voltages during discharge and charge 
 

Usually, the coulometric efficiency is higher than the energy efficiency. The reason for this 

phenomenon is the fact that the discharge voltage is normally lower than the charge voltage, 

due to the internal resistance and overpotential [16]. 

Another important criterion for the assessment of a battery system is the discharge 

characteristic. Such a curve can be obtained by plotting the terminal voltage against the 

discharge capacity (figure 5). For velocity of charging and discharging the c-rate is defined by 

the charge- and discharge current and the nominal capacity of the accumulator [16]:  

 

                                              Y =	 �5Z[M$#\�	[]##�
H
^_5
$%	[$`$[5Ha                                        (Eq. 12) 

 

The obtainable capacity of a battery depends on the c-rate during discharging. The higher the 

c- rate, the lower is the achievable capacity (figure 5) [16]. 
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             Figure 5: Discharge characteristic of a LIB with different c-rates [19]  

The resulting chart after plotting energy density [Wh kg-1] vs. power density [W kg-1] is called 

Ragone plot (figure 6). It is used to compare the characteristics of different energy storage 

devices. It shows that capacitors can deliver very high power density accompanied by a low 

energy storage capacity, whereas fuel cells are able to store large amounts of energy but with 

a relatively low power output. Combustion engines combine both properties: high energy 

density and high power density [20]. 

 

 

 

 

Figure 6: Ragone plot with current and next-generation energy storage technologies [21] 
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2.3. DEPOSITION OF METALS 

Metal coatings of surfaces are of major technological and economic importance. Surface 

finishing processes are used in many fields like mechanical engineering, aircraft and 

spacecraft or automotive and medical technology. Functional coatings can modify the 

properties of different surfaces, for example their hardness, ductility and chemical or 

corrosion resistance. The protection against corrosion, wear and tear of surfaces is of special 

importance [22]. 

There are several methods available for achieving metal coatings on substrates, like the 

reduction of metal ions from electrolytes through electrochemical or chemical reduction, 

metal deposition from the gas phase (physical or chemical vapour deposition) or coatings 

from melts of the desired metal (hot dipping) [23]. 

Deposition of metals refers to a continuous growth of a metallic film on a substrate by 

reduction of metal ions from a solution, containing the desired metal ions (electrolyte). The 

reduction of metal ions can be achieved either by chemical or by electrochemical reduction. 

Aqueous solvents are often used for the deposition of metal ions, however, metals with a very 

negative standard potential (electrochemical series, table 1) couldn`t be reduced from aqueous 

solution due to water decomposition. In this case, molten salts, ionic liquids or organic 

solutions can be used as electrolytes [24]. 

 

2.3.1. Electroless deposition of metals 

Electroless metal deposition is a tool for making surfaces (e.g. insulating polymers) 

conductive. Autocatalytic metal deposition baths have the capacity to reduce metal ions 

without an external supply of electrons. Usually such a plating bath comprises of a solution of 

the desired metal ions, a reducing agent, capable to reduce these metal ions, a complexing 

agent for the metal ions and a pH regulator [25]. 

To achieve a well adherent metal layer on a non-conductive surface, this surface has to be 

pretreated with an etching- and an activating solution to form crystallisation nuclei on the 

substrate (e.g. an acidic solution of PdCl2) [25]: 

 

PdCl2  +  SnCl2                                Pdx[Sn(OH)]y
+*Cl -   +   SnO(OH)2 

HCl, H2O, SnCl2 
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Two half reactions are taking place during electroless metal deposition: first, the reducing 

agent is going to lose electrons and is being oxidized, whereas the metal ions receive these 

electrons and therefore will be reduced on the surface of the substrate [26].   

Oxidation                         Rn+                      →   R(n+z)  +  z e-            [V] 

Reduction          Mez+   +   z e-       →   Me   [VI] 

                                   Rnn+   +   Mez+    →   R(n+z)   +   Me  [VII]  

 

2.3.2. Electrodeposition of metals 

Electrodeposition or electroplating refers to a process, where metal ions are reduced on a 

substrate, which works as electrode and is therefore connected to an external power source. 

Either an inert electrode like platinum is used, where the oxidation reaction takes place, or a 

sacrificial anode is used as source for metal ions, which consists of the metal to be plated. 

Both electrodes, anode and cathode, are immersed in an electrolyte and when a current is 

applied, the anode works as source for electrons and/or metal ions and is oxidized, whereas 

the metal ions receive electrons at the surface of the cathode (substrate to be coated) and are 

deposited there [24]. 

An important theory for calculating the amount of metal, which is deposited during 

electrolysis or the calculation of the time of electrolysis to achieve a desired thickness is the 

Faraday`s law [24]. It correlates the total charge Q [C], passed through a cell to the amount of 

product [12]: 

                                                     b = ��c                                                         (Eq. 13) 

                                                 d =	NL
�                                                                         (Eq. 14) 

 
Q...........net charge passed through the circuit [C] 
n............number of transferred electrons 
N...........Avogadro constant  
F...........Faraday constant ≈ 96500 C mol-1 
m..........deposited mass of metal [g] 
A...........atomic weight of the metal [g mol-1] 
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Faraday`s first law of electrolysis says, that the changes of the mass of a substance at an 

electrode during electrolysis is direct proportional to the quantity of electricity transferred 

through the electrode. The second law says, that for a given electric charge the mass of an 

elemental material altered at an electrode is directly proportional to its equivalent weight    

(eq. 14) [27]. 

Without an applied external current, equilibrium between the electrode and its metal ions is 

prevailing and the resulting current is equal to the exchange current density j0: 

Me     ↔    Mez+   +   z e- 

An applied external current will disturb this equilibrium, resulting in acceleration or hindrance 

of the reaction. The current density [A cm-2] regulates the rate of the deposition process. At 

thermodynamic equilibrium, the current density is zero and the associated electrode potential 

is called equilibrium potential Eeq of this process. This potential is directly linked to the 

activity of the electro-active species in solution and can be described by the Nernst equation 

(eq. 2). To deposit a metal at a finite rate, it is necessary to polarize the electrode potential in 

negative (cathodic) direction. Therefore, the reduction processes will be accelerated, whereas 

a more positive polarization of the anode will speed up anodic processes (oxidation). The 

value of these potential shifts is called over-potential ɳ (eq. 4). The over-potential, that has to 

be applied, depends on the metal and has a significant influence on the microstructure and 

morphology of the deposits. Metals with high exchange current density values correspond to 

low over-potentials and vice versa [24].  

Usually it is assumed, that the current density is uniform across the surface. However, at 

substrates with complex geometries metal deposition at edges and corners is highly preferred 

due to an inhomogeneous current distribution, called bone effect (figure 7) [24]. 
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Figure 7: Schematic representation of the bone effect in following inhomogeneous current distribution [28] 

 

In most practical processes side reactions may occur during electroplating in order to consume 

current (charge). Examples for these side reactions are hydrogen evolution as result of water 

decomposition, co-deposition of another metal, partial reduction of metal ions or reduction of 

surface oxide layers.  

When side reactions proceed, the determination of the current efficiency [%] is of interest. 

The current efficiency is defined as the ratio of the partial current of the metal deposition 

process and the overall current [24]. 

For practical determination of the current efficiency, the mass of the substrate will be 

determined before and after metal deposition and the current efficiency can be calculated 

according to Faraday`s law (eq. 14). In addition to current density and electrode potential 

many parameters like temperature of the electrolyte, pH value, substrate, concentration of 

electro-active ions or parasitic processes like water decomposition may influence 

electroplating processes, microstructure and morphology of the deposit [24].  

The electrodeposition of metals occurs between the interphase of the electrode surface and the 

electrolyte solution, a region with finite thickness, called double layer. In general, charge 

separation occurs within this region as result of different charged species; on one hand, 

electrons in the solid state of the electrode and on the other hand ions in the solution. The 

simplest model assumes that counter ions bind electrostatically to a charged surface and 

neutralize the surface charges. This model was developed by Helmholtz and is therefore 

called Helmholtz double layer.  
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Here, the electric potential falls from the surface value to zero in the bulk solution over the 

thickness of the layer of counter ions [29]. A further development of this model was made by 

Gouy and Chapman. They assumed that ions are subject of thermal movement and would 

not be immobilized in a rigid layer on the electrode surface. They suggest that the ions which 

neutralize the surface charge are bound in a more diffuse double layer, than mentioned by 

Helmholtz. According to this theory, the surface potential falls more slowly to the bulk 

solution, describing an exponential function. The model of Stern combines these two models 

and suggested a model, where ions are bound on the surface to neutralize parts of the charge 

(Helmholtz layer) but the remaining charge would be neutralized by ions in a diffuse layer 

extended to the solution (figure 8) [30]. 

  

               Figure 8: Stern model of the electric double layer [30] 
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2.3.3. Aluminium electrodeposition from non-aqueous solutions 

Electrodeposition from conventional aqueous solutions is not possible for all metals, due to 

the evolution of hydrogen gas during electrolysis and the narrow electrochemical stability 

window. Aluminium is an example for a metal, which can`t be deposited from aqueous 

solution because of the rather negative standard potential (electrochemical series, table 1, 

figure 9). Therefore, the electrolytes must be aprotic [23] [31]. 

 

 

 

 

 

 

 

The electrolyte for Al electrodeposition has to fulfil a few requirements [23]: 

� The solvent should act as Lewis base and the solute should act as Lewis acid, so that 

co-ordination and dissolution of the solute can take place. 

� The solute should be highly soluble in the solvent and a stable complex must be 

formed in the plating bath. The co-ordination centres of the solute should be weak 

enough that Al could be released during electroplating. 

� The solvent should exhibit a wide electrochemical window to prevent decomposition 

of the solvent during Al deposition.  

� The formed Al complex must release aluminium at a less negative potential than that 

of possible electrode reactions involving the solvent.  

The first developed aluminium plating bath, which worked on industrial scale was the so 

called NBS-bath (National Bureau of Standards). It consists of dissolved AlCl3/LiH or LiAlH 4 

in diethyl ether. Due to a few drawbacks like the low boiling point, volatility and low 

flashpoint of the solvent, diethyl ether was displaced by THF (tetrahydrofuran). Furthermore, 

AlCl 3 was added for improvement of the plating bath (REAL-process) [23] [32].    

-2,0 -1,5 -1,0 -0,5 0,0 0,5 1,0 1,5 2,0

Potential/V vs. H
2
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2
/H

2
SO

4
)

Al/Al 3+
Cu/Cu2+H

2
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Figure 9: Some standard potentials of metal ions and water decomposition vs. NHE 
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Electrodeposition of Al is also possible from so called bromide baths (AlBr3 + MBr and 

R4NBr in aromatic solvents) and from organoaluminium compounds dissolved in toluene 

(AlEt3 + Al(i-Bu)3/KF) called the “SIGAL-process” (Siemens galvanoaluminium) [23] [33]. 

Since the discovering of room temperature ionic liquids (RTIL), this class of electrolytes have 

become very important for aluminium electroplating. Ionic liquids are salts having 

comparative low melting points, resulting in a liquid aggregate state at room temperature. The 

first generation of ionic liquids are based on AlCl3, having a hygroscopic nature, so they have 

to be prepared and handled under an inert-gas atmosphere. The most important IL for 

electrodeposition of aluminium is EMImCl*1.5 AlCl3 (1-ethyl-3-methyl-imidazolium 

chloride). Beside this a variety of ILs were developed and implemented for aluminium plating 

[31] [34]. 

The greatest advantages of ionic liquids are [31]: 

� non-volatility and inflammability 

� good solubility for both organic and inorganic compounds 

� high thermal stability 

� wide electrochemical stability window 

But ionic liquids have also a few drawbacks: 

� low conductivity and high viscosity compared to aqueous electrolytes 

� expensive 

Depending on the ratios of AlCl3 dissolved in EMImCl three different melts can be 

distinguished: acidic ionic liquids with more than 50 mol% AlCl3, basic melts with less than 

50 mol% AlCl3 and neutral ones with a molar ratio of 1 for EMImCl/AlCl 3. The only 

reducible aluminium species within the electrochemical potential window is Al2Cl7
-, which 

occurs only in acidic melt. Therefore, electrodeposition of aluminium is carried out in melts 

with a ratio of more than 50 mol% AlCl3 [35]: 

 

4 Al2Cl7
-     +     3 e-     ↔     Al     +     7 AlCl4

- 
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3. LITHIUM-ION-BATTERIES 

One of the most important challenges of modern electrochemistry is the development of 

advanced rechargeable Li-ion batteries. These batteries show a great promise as power 

sources that can lead to the electric vehicle (EV) revolution. Due to their high energy density 

and enhanced rate capability they power most of today`s portable devices and seems to have 

the best properties for more demanding applications, such as EV (see also the Ragone plot – 

figure 6).  

Table 2: Advantages and disadvantages of LIBs compared to other rechargeable battery systems [36] 

      Advantages of LIBs       Disadvantages of LIBs 

- high energy - high charging times 

- lightest weight - thermal runaway concerns 

- good cycle life - expensive 

- no memory effect - prevention of overcharge and over discharge 

- high energy efficiency - limited resources of cobalt 

- good high rate capability  

 

The working principle of a rechargeable lithium-ion battery is based on the movement of 

lithium ions through the electrolyte and electrons through the outer electrical circuit. The ions 

move from the negative electrode (anode) to the positive electrode (cathode) during discharge, 

and back while charging. Since the metallic lithium anode was displaced by intercalation 

materials for safety reasons the working mechanism is often related to that of a rocking chair, 

because the lithium ions swing between negative and positive electrode through a liquid 

organic electrolyte. In the 1970s, Whittingham was the first who proposed the “rocking chair 

concept” when he discovered the principle of the intercalation reaction. The first, who 

patented LiCoO2 as intercalation cathode was Goodenough in 1980 and Ikeda of Sanyo was 

the first to patent an intercalation material, such as graphite, in an organic solvent in 1981. 

The success story of lithium-ion cells began with the commercial production in 1991 by Sony. 

During the last 20 years LIBs replaced many other commercial battery systems and dominated 

the market by powering modern portable electronics [36]. The electric vehicle revolution 

strongly depends on the development of new generation LIBs that can meet the new 

challenges like higher energy density, prolonged cycle life and sufficient safety features.    
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However, state-of-the-art LIBs with a specific energy of ~200 Wh kg-1 can`t compete with the 

performance of internal combustion engines (Ragone plot, figure 6), which makes a further 

development of different compounds of Li-ion batteries necessary [1] [37] [38].  

Three main options for electric vehicle operation with associated properties of the battery 

system are listed in table 3. 

Table 3: Characterisation of the main three types of EVs in terms of performance and battery properties [4] [37] 

Modes of operation 

Battery 
capacity 
needed 
[kWh] 

Energy 
density 

[Wh kg -1] 

Weight 
of 

battery 
[kg] 

Speed 
[km h -1] 

Distance 
on one 
charge 
[km] 

     

       

<3 
40-50 

 (Ni-MH) 

60  

(Ni-MH) 
100+ 

 

15 

 

 

5.6-18 
90-100 

(Li-ion) 

60-200 

 (Li-ion) 
100+ 10-60 

 

35-57 
90-100 

(Li-ion) 

450  

(Li-ion) 
>100 150-200 

  

3.1. PRINCIPLE BEHIND LITHIUM-ION BATTERIES 

The main components of a typical lithium-ion cell are a negative electrode (anode) and a 

positive electrode (cathode), which are separated by a porous polymer (separator). The 

separator is soaked in an electrolyte, which usually consists of LiPF6, dissolved in a mixture 

of organic solvents such as ethylene carbonate (EC) and diethyl carbonate (DEC).  

 

Plug in Hybrid 

Hybrid 

Full EV 
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The anode is usually composed of a thin layer of powdered graphite, coated on a copper foil, 

although there are several other active materials for the negative electrode available (e.g. soft 

carbons, hard carbons, LTO, etc.). Possible active materials for the cathode are LiCoO2, 

LiFePO4, LiMn2O4 and many more, coated on aluminium foil [36] (figure 10). 

 

Figure 10: Schematic representation of a lithium-ion battery 

Both electrode materials have the ability to intercalate and deintercalate lithium ions 

reversibly. During discharge, electrons pass from the anode to the cathode through an external 

electric circuit. Lithium ions are extracted from the negative electrode, move through the 

electrolyte and intercalate in the lattice of the cathode material. The reverse happens during 

charging, in which lithium ions deintercalate from the positive electrode and get intercalated 

into the negative electrode [36] [39]. 

The positive electrode half-reaction can be represented as: 

LiCoO2     ↔     Li1-xCoO2   +   x Li+   +   xe- 

The negative electrode half reaction (in the case of graphite) is: 

xLi+   +   xe-   +   6 C     ↔     LixC6 

The overall reaction can be represented as: 

LiCoO2   +   6 C     ↔     Li1-xCoO2   +   LixC6 
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After assembling, a lithium-ion battery is always in the discharged state and therefore it has to 

be charged before it can be used. 

For the successful implementation in LIBs, an active material has to fulfil several criteria. The 

mentioned points below are valid for materials for the cathode as well as for the anode [40]: 

� For maximization of the cell capacity, the lithium insertion compound should allow 

insertion/extraction of a large amount of lithium ions. A combination of high capacity 

and cell voltage can maximize the energy density, which is given by the product of 

capacity and voltage. 

� The host material should have good conductivity for electrons as well as for lithium-

ions to minimize polarization losses during the charge/discharge process and to 

support a high current density and power density. 

� In case of a cathode material, the transition metal Mn+, in the insertion compound 

Li xMyXz should have a high oxidation state for a high lithium chemical potential 

(maximization of the cell voltage). If used as anode, the transition metal should have a 

low oxidation state (low lithium chemical potential). 

� To provide a good cycle life for the cell, the insertion compound should have good 

structural stability in order to keep the structural changes during the 

insertion/extraction process to a minimum. The lithium insertion/extraction process 

should also be reversible. 

� The host material should be chemically and electrochemically stable over the entire 

range of lithium insertion and extraction. It should also be inexpensive, environmental 

benign and lightweight. 

For achieving a reasonable energy density, anode and cathode materials should be chosen in 

order to maintain a cell voltage of more than 3 V. Therefore, to maximize the cell voltage, the 

anode and cathode insertion materials should have the lowest and highest voltages versus 

metallic lithium, respectively [40]. Figure 11 provides an overview of possible electrode 

materials and the operating potential of these materials is plotted versus the theoretical 

capacity. 
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Figure 11: Comparison of the energy densities of different active materials for cathodes and anodes in LIBs [41] 

 

3.2. MATERIALS FOR THE CATHODE 

Cathode materials could be assigned to three possible categories according to their insertion 

mechanism (figure 12) [42]: 

� 1 D (olivine type materials) 

� 2 D (layered materials) 

� 3 D (spinel materials) 

Most cathode materials used in lithium-ion batteries are layered materials, which enables a 

two-dimensional diffusion of lithium ions. Three-dimensional diffusion is allowed by spinel 

materials. They have the advantage that they are more stable and that lithium-ion diffusion is 

clearly faster in the 3D framework compared to the two-dimensional cathode materials      

(figure 12).  

“3V”, “4V” and “5V”           
materials see tab. 4 
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Figure 12: Different types of insertion materials for the positive electrode of lithium-ion batteries [43] 

 
A further possibility for dividing cathode materials is according to their working potential 
range: 
 
Table 4: Overview over possible active materials for the positive electrode [43] 

“5 – Volt” 

xLi 2MnO3/(1-x LiMO2) 

(M = Mn, Ni, Co, Cr) 

LiMnPO4, LiCoPO4 

Li 2MxMn4-xO8 (M = Fe, Co) 

layered composite 

mixed insertion-/displacement type 

3D olivine-type, insertion-type 

3D spinel, insertion-type 

“4 – Volt” 

LiCoO2 

LiNiO2 

LiMn2O4 

LiNi 0.33Mn0.33Co0.33O2 

LiFePO4 

2D layered, insertion-type 

2D layered, insertion-type 

3D spinel, insertion-type 

2D layered, insertion-type 

3D olivine, insertion-type 

“3 – Volt” 
V2O5 

MnO2 

2D layered, insertion-type 

3D composites, insertion-type 

 

Subsequently, the most common active materials for the cathode should be discussed briefly. 

 

 

 

1 D insertion material 
(olivine type, e.g. Li3NbSe3) 

2 D insertion material 
 (layered materials, e.g. LiCoO2) 

3 D insertion material 
 (spinel materials, e.g. LiMn2O4) 
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3.2.1. Layered oxide cathodes

One of the most dominant cathode material

availability of cobalt. Goodenough recognized the layered structure of LiCoO

lithium ions could be removed electrochemically in a reversible manner. 

are arranged in a close-packed cubic

layers rearrange themselves to give hexagonal close packing in CoO

The theoretical capacity of LiCoO

achieved due to irreversible struct

is limited to 4.2 V vs. Li/Li+

LiCoO2 as active material for the cathode are good cycling stability, high energy density and 

low self discharge. The disadvantages are safety issues

abundance of cobalt [41] [43] 

 

 

 

Figure 13: Two-dimensional crystal structure of LiCoO
SEM image of LiCoO2 powder (c) 

 

It`s possible to replace cobalt by other transition metals to form a layered structure of 

LiNi 1/3Mn1/3Co1/3O2. This material has 

can be charged to 4.5 – 4.6 V. Cobalt stabilize

fashion and the reason for addition of manganese is reduction of costs. The advanta

material compared to LiCoO

concerns) and lower cobalt content. Among the disadvantages are the poor rate capability and 

the increasing nickel price [41]
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Layered oxide cathodes 

he most dominant cathode materials at this time is LiCoO2, although there is limited 

availability of cobalt. Goodenough recognized the layered structure of LiCoO

lithium ions could be removed electrochemically in a reversible manner. 

packed cubic structure and when lithium ions are removed, the oxygen 

layers rearrange themselves to give hexagonal close packing in CoO2.  

The theoretical capacity of LiCoO2 is 274 mAh g-1, but practically this capacity could not be 

due to irreversible structural changes of the material. Therefore, the cut
+ to give a capacity of about 135 mAh g-1. 

as active material for the cathode are good cycling stability, high energy density and 

scharge. The disadvantages are safety issues (oxygen release)

 [44].   

  

sional crystal structure of LiCoO2 (a) [45], cyclic voltammogram of a LiCoO

It`s possible to replace cobalt by other transition metals to form a layered structure of 

. This material has almost the same theoretical capacity 

4.6 V. Cobalt stabilizes the structure in a strictly two

fashion and the reason for addition of manganese is reduction of costs. The advanta

material compared to LiCoO2 are higher capacities, better overcharge resistance (safety 

concerns) and lower cobalt content. Among the disadvantages are the poor rate capability and 

[41] [44]. 
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ural changes of the material. Therefore, the cut-off voltage 
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(oxygen release), costs and low 

  

, cyclic voltammogram of a LiCoO2 electrode (b) and 

It`s possible to replace cobalt by other transition metals to form a layered structure of 

capacity as LiCoO2 and 

the structure in a strictly two-dimensional 

fashion and the reason for addition of manganese is reduction of costs. The advantages of this 

are higher capacities, better overcharge resistance (safety 

concerns) and lower cobalt content. Among the disadvantages are the poor rate capability and 
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3.2.2. Spinel oxide cathodes

Spinel oxide cathodes are associated with three

linked channels, allowing ion insertion. 

bulky species, such as solvent molecules, could be avoided because of steric reasons

subject to a smaller degree of expansion/contraction d

Manganese oxides are the most prominent 3D insertion material for the cathode 

LiMn2O4 works reversible in the +4 V 

practical capacity of 120 mAh g

irreversible structural changes and exhibits rapid capacity fade.

capacity, LiMn2O4 tend to be subject of c

temperatures (>40°C). Some disa

non-equilibrium cycling conditions or 

suggested to be source of capacity f

 

Figure 15: Crystal structure of spinel oxide 
image of LiMn2O4 powder (c) 
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Spinel oxide cathodes 

ociated with three-dimensional host materials, which have cross

allowing ion insertion. This structure has the advantage, that co

bulky species, such as solvent molecules, could be avoided because of steric reasons

ect to a smaller degree of expansion/contraction during lithium-ion storage and extraction

Manganese oxides are the most prominent 3D insertion material for the cathode 

works reversible in the +4 V vs. Li/Li+ potential range and could reach a 

capacity of 120 mAh g-1. At lower potentials (3 V range), LiMn

irreversible structural changes and exhibits rapid capacity fade. But even with a limited 

tend to be subject of capacity fade in the 4 V region at 

Some disadvantages of this material are Jahn-Teller distortion under 

equilibrium cycling conditions or the dissolution of manganese. These effects

source of capacity fade [40] [41] [43].  

 

: Crystal structure of spinel oxide [45] (a), cyclic voltammogram of a LiMn2O4 electrode
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dimensional host materials, which have cross-

This structure has the advantage, that co-insertion of 

bulky species, such as solvent molecules, could be avoided because of steric reasons. It is 

storage and extraction. 

Manganese oxides are the most prominent 3D insertion material for the cathode [43]. 

could reach a limited 

. At lower potentials (3 V range), LiMn2O4 undergoes 

But even with a limited 

apacity fade in the 4 V region at elevated 

Teller distortion under 

of manganese. These effects are 

electrode [43] (b) and SEM 

electrode (a) and SEM image of LiNi1/3Mn1/3Co1/3O2 powder (b) 
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3.2.3. Oxide cathodes with polyanions

Among these types of cathode materials for LIB

crystallizes in the olivine structure and exhibits a 

Li/Li +. However, this material has several advantages 

cathode materials. No oxygen release 

well below electrolyte oxidation and

iron is inexpensive, non-toxic and environmentally benign. 

disadvantages like its low conductivity, low cell voltage and low 

 

Figure 16: Crystal structure of LiFePO
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internal short-circuit and cell failure. This problem could be solved by implementation of 

insertion compounds for the negative 
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pes of cathode materials for LIBs, LiFePO4 is a promising candidate. It 

crystallizes in the olivine structure and exhibits a flat discharge voltage of around 3.3 V

his material has several advantages compared to the previous described 

o oxygen release occurs during discharge, the charge cut

on and it shows excellent cycle- and calendar life

toxic and environmentally benign. Unfortunately, it has also

low conductivity, low cell voltage and low energy density 

 

: Crystal structure of LiFePO4 (a) [45], cyclic voltammogram of a LiFePO4 electrode (b) and SEM image of 

MATERIALS FOR THE NEGATIVE ELECTRODE 

Due to its high energy density and low atomic weight, lithium metal is 

for lithium batteries. However, the dendritic deposition of lithium during 

cycling results in a continuously increasing and highly reactive surface area of the lithium 

electrode. When the dendrites reach the positive electrode, safety problems occur, leading to 

circuit and cell failure. This problem could be solved by implementation of 

insertion compounds for the negative electrode. Since these batteries contain no metallic 

much safer than lithium batteries [46].  
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is a promising candidate. It 

flat discharge voltage of around 3.3 V vs. 

compared to the previous described 

charge cut-off potential is 

and calendar life. Additionally, 

Unfortunately, it has also 

density [40] [41]. 
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3.3.1. Carbon as insertion material for the negative electrode 

The most prominent material for the negative electrode in LIBs is carbon in various 

modifications. The mechanism behind lithium insertion into graphite is well understood. 

Carbon based anodes exhibit higher specific charges and more negative redox potentials than 

most metal oxides. They show better dimensional stability and therefore better cycling 

performances compared to lithium alloys. Other advantages are the relatively low costs of 

carbon, the excellent reversibility for lithium insertion and the formation of a protective 

surface film with many electrolyte solutions [43] [46].  

The reversible intercalation of lithium into carbon proceeds according to the following 

reaction equation, where the maximum uptake is one lithium ion per six carbon atoms (LiC6): 

 

Li xCn      ↔      x Li+   +   x e-   +   Cn 

 

Within carbon materials, a distinction can be made between graphitic and non-graphitic 

carbons. Graphitic carbons possess a layered structure with disordered domains, where non-

graphitic carbons are highly disordered. Non-graphitic carbons are often produced by 

pyrolysis of polymers or hydrocarbon precursors at temperatures below 1500°C. Among these 

precursors two types can be distinguished: graphitizing carbons and non-graphitic carbons. 

Graphitizing carbons, also called “soft carbons”, develop the graphite structure during heat 

processes above 1500°C. It has movable carbon layers and at high temperatures, graphite-like 

crystallites are formed. The other type of non-graphitic carbon is called “hard carbon”. Here,  

the carbon layers are immobilized by crosslinking and they are not able to develop the 

graphitic structure even at very high temperatures (up to 3000°C) [43].  

The intercalation of lithium ions between the graphene layers is a stepwise process, called 

stage formation. This means that at low lithium ion concentration a periodic array of 

unoccupied layer gaps is formed stepwise. This thermodynamic phenomenon is a compromise 

between the energy required for expansion of the van der Waals gap between two graphene 

layers and repelling forces between two guest species with the same kind of charge. It was 

found, that there are existing five stages (figure 17) [43]. 
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Figure 17: Representation of stage formation during electrochemical intercalation of lithium into graphite

 

In general, lithium intercalation into graphite is reversible

formation of a protective film, called solid electrolyte inter

lithium ions are irreversible consumed during the first charge 

 

Figure 18: Schematic representation of li
voltammogram of a graphite electrode
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: Representation of stage formation during electrochemical intercalation of lithium into graphite

In general, lithium intercalation into graphite is reversible. Due to corrosion proce

formation of a protective film, called solid electrolyte interphase (SEI, see section 3.6.) 

irreversible consumed during the first charge – step [43] [47]

representation of lithium intercalation into graphene layers (redrawn from 
electrode [48] (b) and SEM image of the powder (c)       
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: Representation of stage formation during electrochemical intercalation of lithium into graphite [43] 

ue to corrosion processes and 

(SEI, see section 3.6.) 

[47]. 

                                                                      

(redrawn from [43]) (a), cyclic 
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3.3.2. Lithium alloys as negative insertion electrode material 

To obtain a noticeable improvement in the specific capacity of lithium-ion batteries, 

carbonaceous anodes have to be replaced by anodes having capacity in the order of 1000-

1200 mAh g-1. It was found that the total cell capacity of a LIB could be increased, until the 

capacity of the anode reaches 1200 mAh g-1. This is valid for batteries with the same cathode 

material. After reaching this capacity the improvement becomes negligible [49].  

A class of promising anode materials are alloy anodes since they exhibit high capacities and 

good safety characteristics. Silicon and tin are known as the most promising elements, which 

are able to undergo reversible lithium alloying. They can be lithiated up to a stoichiometry of 

Li 4.4 Sn/Si with specific capacities of ~900 and ~4200 mAh g-1 respectively [37] [50] [51]. 

 

Li xM     x Li+   +   x e-   +   M 

 

A major drawback of lithium alloy anodes is their huge volume expansion of up to 300% 

during lithiation. This mechanical stress leads to deterioration of the integrity of the active 

mass followed by tremendous capacity fade. Additionally, surface films are formed, which are 

important for achieving passivation. But the volume expansion in every charge/discharge step 

allows no maintenance of a stable passivation layer, hence irreversible charge consumption 

proceeds with each cycle [37] [50] [51].  

 

3.3.2.1. Silicon for lithium alloying 

Due to its abundance and huge lithiation capacity, Si is considered to be the most promising 

material for alloy anodes. The highest lithiated phase achievable is Li22Si5 with a 

corresponding capacity of 4200 mAh g-1. However, Obravc et al. showed, that the highest 

lithiated silicon phase at ambient temperature is Li15Si4 with an achievable capacity of      

3579 mAh g-1 [49] [52]. Beside this phase, a few other lithium-silicon alloys are known, 

which are listed in table 5. For practical use of silicon anodes, the capacity must be limited 

during cycling to avoid huge volume expansion, which can`t be accommodated by 

conventional composite electrodes.  

 

charge 

discharge 
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Limiting the lithiation of amorphous silicon above 50 mV, the silicon remains amorphous, 

whereas lithiation below 50 mV results in crystallization of the Li15Si4 phase [52]. 

Table 5: Properties of different lithiated silicon phases [49] [53] 

Compound Crystal structure 
Specific capacity      

[mAh g-1] 
Potential range 

[mV] 
Volume per silicon 

atom Å3 
Silicon  cubic   20.0 

Li 12Si7 (Li1.71Si) orthorhombic 1636 332-288 58.0 

Li 13Si6 (Li 2.17Si) rhombohedral 2227 288-158 51.5 

Li 13Si4 (Li3.25Si) orthorhombic 3101 158-44 67.3 

Li 22Si5 (Li4.4Si) cubic 4199 44-2 82.4 

 

Silicon alloy anodes show high initial irreversible capacities. The reasons are considered to be 

the following [50]: 

1. The large volume change during lithiation and delithiation causes cracking and 

pulverization of active material and leads to loss of conductive pathways for lithium 

ions. The consequence is disconnection from the current collector and loss of active 

material. This leads to a sharp rise of internal resistance of the anode with 

uncompleted delithiation reaction. 

2. Due to the constant volume changes, the formation of the solid electrolyte interphase 

(SEI, section 3.6.) is a dynamic process, which means loss of active material and 

electrolyte during every cycle. Therefore it contributes to capacity fade during cycling. 

3. The irreversible trapping of lithium ions due to slow Li release kinetics or formation of 

highly stable lithiated compounds may result in irreversible capacity loss.   

It was found, that nanostructured silicon could accommodate the volume change during 

lithiation in the best way. The choice of the right binder for electrode preparation is also of 

great importance as well as the addition of an active or inactive host matrix to mitigate the 

volume expansion [37] [51]. Such a host matrix must be conductive for electrons and lithium 

ions, it should support the structural stability of the whole electrode and it should help to 

reduce the agglomeration of active particles during cycling [50]. 

 

 

 



 
Theoretical Part Doctoral Thesis Sandra Pötz 

Page | 32  
 

 
1. Inactive host matrix 

This type of composite comprises of active material in an electrochemically inert matrix like 

Fe, Cu, Al2O3, TiN or SiC. It is expected, that the addition of an inactive host matrix could 

improve cycling stability and mechanical stability of the alloy anode at a price of reduced 

specific capacity. Another potential disadvantage is that the inactive matrix may block or slow 

down lithium diffusion kinetics or electron transfer [50]. 

2. Active host matrix 

Here, both the active particles and the host matrix are able to become lithiated. A very 

promising approach is the development of carbon-based composites. They can be prepared by 

ball milling of silicon with graphite and/or carbon black or by pyrolysis of carbon precursors 

[49]. Silicon-carbon composite active materials exhibit better cycling performance compared 

to silicon without host matrix. This is attributed to the improved electronic and ionic 

conductivity of carbon and the buffering effect of carbon to accommodate the volume 

expansion to ensure mechanical stability of the electrode. But the embedding of silicon 

particles into a carbon host matrix comes at a price of reduced specific capacity [50].  

 

3.3.3. Other intercalation compounds for the anode 

Beside graphite, a few other transition metal oxides, phosphides or chalcogenides have been 

investigated as anode hosts. Typically, these materials show rather low specific charges and 

cell voltages, if combined with an oxidic positive electrode. Among them, Li4Ti5O12 (LTO) is 

the most important intercalation compound of this anode types. The capacity of LTO is 

around 150 – 160 mAh g-1 at a potential of 1.5 V vs. Li/Li+. Because of the low specific 

capacity and high voltage vs. Li, this material possesses a relatively low energy density 

compared to graphite. However, LTO is very fast and could be charged and discharged at high 

rates and there are no passivation phenomena and passivating films needed to ensure the 

structural stability of this anode host material. Other advantages of LTO are an excellent low 

temperature performance and a very prolonged cycle life. These properties open the door for 

load-leveling lithium-ion battery technologies based on intercalation materials [37], [40], [43]. 
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3.4. CURRENT COLLECTORS IN LITHIUM

Traditionally, electrodes are composed of a 

with active material through roll coating

conductivity and the ability to form a protective passive layer, a

choice for high voltages (>3.5 V vs. Li/Li

collector for the negative electrode is hindered because of the formation of Li

potentials close to 0 V vs. Li/Li

for the negative electrode [2]. 

Especially, for the application in electric vehicles

volume of lithium-ion batteries and to increase the total ener

could be achieved through reductio

of electrode coating. However, the traditional architecture of lithium

collectors does not allow an increase

delamination of the coated material or the difficulty of electrolyte penetration through a thick 

electrode, which dramatically increases the cell impedance

This leads to the concept of three

development of 3D current collectors can be found in literature. Examples of 3D current 

collectors include the development of nanotube forests grow

porous metal or carbon foams 
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CURRENT COLLECTORS IN LITHIUM -ION BATTERIES  

are composed of a flat metal foil as current collector

through roll coating methods. Due to its low price, good electric 

conductivity and the ability to form a protective passive layer, aluminium is

choice for high voltages (>3.5 V vs. Li/Li+). The application of aluminium foil as current 

collector for the negative electrode is hindered because of the formation of Li

0 V vs. Li/Li+. Therefore, a copper foil is established as current collector

 

the application in electric vehicles it is necessary, to reduce cost, size and 

ion batteries and to increase the total energy stored in the battery. 

could be achieved through reduction of inactive components in LIBs and increased thickness 

. However, the traditional architecture of lithium-ion cells on flat current 

an increased mass loading due to a few difficulties

material or the difficulty of electrolyte penetration through a thick 

electrode, which dramatically increases the cell impedance [5] [6].  

This leads to the concept of three-dimensional battery architecture. Several examples for the 

development of 3D current collectors can be found in literature. Examples of 3D current 

collectors include the development of nanotube forests grown on metal current collectors 

porous metal or carbon foams [5] [54] or conductive textiles [6] (figure 20).
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Figure 20: Forest of nanotubes grown on metal sheets (left) 
(right) [56]                    

 

The advantages of 3D current collectors over traditional 2D current collectors are

demand of metal (sustainability), possibility of higher mass loadings, weight diminution

improved mechanical stability 

surface area, which means higher contact area between

 
3.5. COMMON ELECTROLYTES

Apart from the various characteristics of the insertion materials discussed 

other criteria are important in designing a lithium

with long cycle life. The role of the electrolyte is to serve as a medium for ion transfer 

between a pair of electrodes.  

In most cases the electrolyte is a sol

organic (nonaqueous) solvent 

An electrolyte should meet the following requirements 

� good ionic conductivity but electronically

minimum) 

� wide electrochemical window (electrolyte decomposition should not occur within the 

range of the working potentials of the electrodes)

� it should not react with other cell components like separators or el

� it should be robust against electrical, mechanical or thermal stresses

� the components should be environmentally 
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: Forest of nanotubes grown on metal sheets (left) [55] and porous metal foam as current collector for LIB

The advantages of 3D current collectors over traditional 2D current collectors are

(sustainability), possibility of higher mass loadings, weight diminution

improved mechanical stability and better rate capability of the electrode 

hich means higher contact area between active material and current collector.

COMMON ELECTROLYTES  

Apart from the various characteristics of the insertion materials discussed 

other criteria are important in designing a lithium-ion cell that can offer high performance 

The role of the electrolyte is to serve as a medium for ion transfer 

 

In most cases the electrolyte is a solution, which consists of salts dissolved in a

 [57].   

An electrolyte should meet the following requirements [57]: 

good ionic conductivity but electronically insulating (to keep the self

wide electrochemical window (electrolyte decomposition should not occur within the 

range of the working potentials of the electrodes) 

it should not react with other cell components like separators or electrode substrates

it should be robust against electrical, mechanical or thermal stresses

the components should be environmentally friendly 
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am as current collector for LIBs 

The advantages of 3D current collectors over traditional 2D current collectors are a reduced 

(sustainability), possibility of higher mass loadings, weight diminution, 

of the electrode due to the higher 

active material and current collector. 

Apart from the various characteristics of the insertion materials discussed previously, several 

ion cell that can offer high performance 

The role of the electrolyte is to serve as a medium for ion transfer 

which consists of salts dissolved in an appropriate 

insulating (to keep the self-discharge to a 

wide electrochemical window (electrolyte decomposition should not occur within the 

ectrode substrates 

it should be robust against electrical, mechanical or thermal stresses 
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Electrolytes for lithium-ion batteries can be (a) solutions of one or more lithium salts in 

mixtures of one or more organic solvents with different properties, (b) solid polymer or gel 

polymer electrolytes or (c) ionic liquids. Since organic solvents are commonly used in LIBs, 

this type of electrolyte should be discussed here more in detail [57]. 

There are different demands on the electrolyte solvent for application in LIBs, which can 

hardly be met by just one component. Therefore, a mixture of different solvents and salts is 

normally used [57]: 

� The electrolyte solvent should be able to dissolve salts in a sufficient concentration 

(solvent with a high dielectric constant ɛ). 

� The viscosity should be low enough to ensure facile ion transport. 

� The solvent should be inert to all cell components. 

� The boiling point should be high and the melting point low because the solvent should 

remain liquid in a wide temperature range. 

All these requirements can be met by the introduction of ethers and esters as electrolyte 

solvents. In general, linear carbonates possess lower viscosities, lower boiling points and 

lower dielectric constants compared to cyclic carbonates. The most common electrolyte 

solvents are depicted in table 6. 
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         Table 6: Organic electrolyte solvents for LIBs and their properties [57] 

Solvent Structure m. p. 
[°C] 

b. p. 
[°C] 

ɛ 
(20°C) 

ɳ [cPa] 
(25°C) 

      Cyclic carbonates           

     

Ethylene carbonate (EC) 

 

36 238 95 1.9 

Propylene cabronate (PC) 

 

-54 242 65 2.5 

      Linear carbonates           

     

Dimethyl carbonate (DMC) 

 

3 90 3.1 0.59 

Diethyl carbonate (DEC) 

 

-43 127 2.8 0.75 

Ethyl methyl carbonate (EMC) 

 

-55 107 2.9 0.65 

       m.p....melting point, b.p....boiling point, ɛ...dielectric constant, ɳ...viscosity 

 

             Table 7: Common lithium salts for electrolytes in LIBs and some of their properties [57] 

Salt Structure m. p. 
[°C] 

Tdecomposition 
[°C] 

σ [mS cm-1] (1 M, 25°C) 
in EC/DMC  

LiPF6 

 

200 80 10.7 

LiClO4 

 

236 > 100 8.4 

LiAsF6 

 

340 > 100 11.1 

LiBF4 

 

293 > 100 4.9 

         m.p....melting point, σ.....conductivity  
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The use of possible lithium salts is limited through a few requirements. They should be 

sufficiently soluble in the mixture of carbonates, they must not react with the nonaqueous 

solvents and they must not cause corrosion of other cell components, like separators or 

metallic packing materials. The used lithium salts should help to form a protective layer on 

the surface of the current collector, especially on the cathode side. Table 7 lists some 

examples of common lithium salts used as electrolytes. Among these salts, LiPF6 is applied in 

commercially available lithium-ion batteries due to its oxidation resistance up to 5.1 V, its 

ability to passivate aluminium current collector and its advantage to form a stable SEI [57]. 

 

3.6. ELECTRODE/ELECTROLYTE INTERFACES – SOLID ELECT ROLYTE 

INTERPHASE (SEI) 

It was found that a protective film is formed on the negative electrode of lithium-ion batteries 

during the first charging through reductive decomposition of the electrolyte solution. When a 

certain thickness is reached, this film protects the surface of the electrode from further 

corrosion and the decomposition of electrolyte on the electrode`s surface is stopped. This 

surface film is called “solid electrolyte interphase” (SEI) and this phenomenon occurs not 

only on lithium metal electrodes but also on negative lithium insertion electrodes [43] [58].  

The composition of the SEI strongly depends on the electrolyte used and not every organic 

solvent is able to form stable, insoluble decomposition products. Some studies have shown 

that the choice of an appropriate mixture of solvents, additives and salts is critical to benefit 

from the advantages of the SEI [59]. This layer allows lithium ion diffusion but blocks 

electron transport or co-intercalation of solvent molecules in between the graphite layers and 

hinders the associated destruction of the negative intercalation electrode. In literature, it is 

suggested that the SEI layer consists of a mixture of several phases: an inner part with 

inorganic compounds such as Li2O, LiF or Li2CO3 and an outer organic part, dominated by 

semicarbonates, polyolefins, lithium alkyl carbonates (R-OCO2Li) and lithium alkoxides    

(R-OLi) [60] [61] [62] (figure 22). Ethylene carbonate (EC) is considered to play an important 

role during SEI formation. It is assumed that EC is reduced during the first cycle within the 

voltage range of 0.3 and 0.8 V vs. Li/Li+ at the graphite electrode leading to ethylene gas 

evolution at the surface of the electrode accompanied by Li2CO3 formation [47].  
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Figure 21: Mechanism of electrochemically induced reduction of EC [63] 

Figure 21 shows possible mechanisms, which are present during SEI formation. Mechanism 

(I) leads to formation of more gaseous products and predominant generation of Li2CO3 results 

in a less stable SEI. The products of mechanism (II) are almost insoluble in the electrolyte and 

here, less gaseous products are formed. Both mechanisms compete with each other and they 

are affected by the morphology and chemistry of graphite surface [63]. 

 

 

Figure 22: Schematic drawing of different films forming on an anode in organic electrolytes (SEI) (redrawn) 

 
It is proposed that the SEI is neither ionic conductive nor electronic conductive and it is 

believed, that the ionic conduction in the SEI must origin from the movement of Li+-ions 

through the micro-pores of the SEI. Therefore, the compactness and stability of the SEI can be 

determined through measurement of the ionic conductivity [64]. 
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Electrolyte additives can influence the quality of the SEI and are able to significantly improve 

the cycleability and cycle life of LIBs. Usually, the amount of an additive in the electrolyte is 

not more than 5%. The purposes of electrolyte additives are [63]: 

� enabling formation of solid electrolyte interphase on the surface of graphite 

� reduction of irreversible capacity and gas formation and long term-cycling 

� enhancement of the thermal stability of LiPF6  

� protection of cathode material from dissolution and overcharge 

Most additives with the purpose of improving the quality of the SEI have higher reductive 

potentials than the electrolyte solvents. During electrochemical reduction, the additives are 

preferably reduced to form insoluble solid products on the surface of the anode to deactivate 

catalytic activity, leading to less gas formation and an increased stability of the SEI. These 

additives can be divided in polymerisable monomers and reductive agents. The most 

prominent SEI forming additive is polymerisable vinylene carbonate (VC). Figure 23 shows a 

general equation of the mechanism of electrochemically induced polymerization [63]: 

+ e
-

n

 

Figure 23: General equation of the mechanism of electrochemically induced polymerization of polymerisable 
monomer additives 

 

Generally, the morphology, thickness and composition of the SEI depend on the composition 

of the electrolyte, type of electrode, temperature and applied current density. Because of its 

remarkable importance for stability of the negative electrode and consequently long cycle life, 

many efforts have been made to investigate the SEI.  

Fourier transform infrared spectroscopy (FTIR), x-ray photoelectron spectroscopy (XPS), 

mass spectroscopy (e.g. TOF-SIMS) or atomic force microscopy (AFM) are some available 

techniques for studying composition and thickness of the SEI layer [62] [65].  
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Despite its great importance for the stability of the negative electrode, SEI formation is a 

predominant source of lithium ion loss in LIBs [66]. Beside this, several degradation 

mechanisms are known, which will adversely affect the durability of lithium-ion batteries. 

The various battery components can undergo different aging mechanisms like decomposition 

of binder and electrolyte, corrosion of current collector, structural disordering of the cathode 

or separator melting. Ageing effects like self-discharge or impedance rise occur during 

storage and will affect the calendar life, whereas ageing effects like mechanical degradation 

or lithium metal plating may occur during use, which will affect the cycle life of the battery 

[67] [68].  

Especially carbonaceous anodes are susceptible to undergo a multitude of aging mechanisms 

that negatively affect the electrochemical performance of LIBs (figure 24) [67]: 

� Surface layer formation 

SEI formation as well as formation of other passivating surface layers will contribute to the 

irreversible loss of capacity during cycling. It is considered to be the main source of loss of 

mobile lithium, increase in charge transfer resistance and cell impedance [67].  

� Loss of lithium ions 

Beside SEI-formation and irreversible lithium-ion trapping in the host material, lithium-ion 

loss is attributed to side reactions of lithium with decomposed electrolyte compounds and 

traces of water in the electrolyte [67].  

� Metallic lithium plating   

Lithium plating on the surface of the anode will be initiated by several factors. For example it 

is supported by a high content of EC in the electrolyte. Also, a high cathode capacity 

compared to anode capacity promotes lithium plating as well as low operating temperatures 

(below -20°C) and high charge rates [67]. 
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Figure 24: Changes at the anode/electrolyte interface / aging mechanisms (redrawn from [68]) 

 

In conclusion, many factors are responsible for power fading, cell impedance and capacity 

decay of batteries and these ageing mechanisms will be accelerated at high temperatures. 

Material parameters and surface chemistry as well as cycling and storage conditions are of 

great importance for the performance and life time of a lithium-ion battery [68] [69]. 
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4. EXPERIMENTAL 

 
4.1. MEASUREMENT METHODS AND SETUPS 

This section should give a brief overview over several applied electrochemical and analytical 

techniques, used in this work for the characterisation of prepared cell compounds.  

 
� Electrochemical characterisation 

The cyclic voltammetry experiments were performed with a potentiostat/galvanostat (Biologic 

MPG2) at 293 K and a scan rate of 30 µV s-1. The long term cycling tests and rate capability 

tests were performed with a MACCOR Series 4000 battery tester at 293 K.  

All half-cell electrochemical experiments were performed in a 3 electrode Swagelok®-T-cell 

using metallic lithium as reference- and counter electrode (figure 25a) and full-cell 

experiments were performed using pouch bag cell design (figure 25b). A non-woven 

polypropylene separator (Freudenberg FS2226) was used to separate the working electrode 

from lithium counter- and reference electrode in Swagelok®-T-cells and a monolayer 

polypropylene membrane separator (Celgard® 2400) was used in pouch bag cells. As 

electrolyte a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (EC/DEC 3:7 

v/v) with 1 M LiPF6 as conducting salt and  2 wt% vinylene carbonate (VC) as additive was 

used. All test cells were assembled in an argon-filled glove box. 

 

Figure 25: Schematic drawing of a Swagelok-T-cell (a) and a pouch bag cell (b) 
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The electrodeposition was performed using an Autolab PGSTAT 100 & 10 A Booster under 

inert gas conditions. The deposits were obtained operating in current controlled 

(galvanostatic) conditions at different temperatures, using pure aluminium rods (Goodfellow 

99,999%) as counter and reference electrodes.  

As substrates for electrodeposition, nickel plated non-woven polymer with dimensions of     

20 mm x 20 mm x 0.15 mm was used. The determination of the electrochemical stability 

window of EMImCl*1.5 AlCl3 was performed using a Biologic Potentiostat VMP 3 under 

inert gas conditions at room temperature, using glassy carbon as working electrode (BAS Inc. 

Tokyo, 6.0 mm x 3.0 mm) and platinum as reference- and counter electrode (BAS Inc. Tokyo, 

6.0 mm x 1.6 mm) with a scan rate of 50 mV s-1. 

 
� Scanning electron microscopy (SEM) 

Morphology analysis was performed using a Tescan Vega 3 scanning electron microscope 

(SEM) equipped with an energy dispersive X-ray detector (Oxford Instruments INCAx-act). 

 
� Head space gas chromatography – mass spectrometry (GC/MS) and Py-GC/MS 

A Frontier Laboratory PY2020iD pyrolyser was directly attached to the injection port of a gas 

chromatograph (GC, Agilent 7890 A) equipped with a metal capillary column and an Agilent 

5975 C VLMSD mass spectrometer as detector. Helium was used as carrier gas. For 

identification of the decomposition products, the MS system was utilised in electron 

ionisation mode at 70 eV. The mass scan range was set between m/z 15 and 300. About 10 µL 

of the electrolyte for aluminium deposition was placed in a small sample cup and then 

inserted into the heated centre of the pyrolyser furnace at 368 K, and this temperature held for 

1 h. Afterwards, the pyrolysis technique was switched into the evolved gas analysis (EGA) 

mode, heating the pyrolyser furnace to 853 K, the decomposition products were transferred 

into the mass spectrometer continuously. The flow rate was set to 1 mL min-1, the heat rate 

was 20 K min-1 and the split ratio was 1:100. Headspace GC/MS analysis of the sample head 

space was carried out using a HP5-MS column (5% phenyl methyl silox Agilent) as stationary 

phase for separation. The inlet temperature was set to 523 K and the injection was performed 

manually (split ratio of 1:500). The temperature program started at 313 K, increased to 453 K 

with 10 K min-1 held for 1 min. The mass scan range was set between m/z 20 and 100. 
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� Conductance measurement  

A Knick 703 conductivity meter was used for the determination. The conductivity of the 

samples was determined within a temperature range of 293 K to 368 K divided into 10 K 

steps. The cell constant was determined using aqueous 0.1 mol L-1 NaCl solution. The 

temperature of the samples was controlled by a Julabo F32 thermostat. The cell for 

conductivity measurement was assembled in an argon filled glove box and then carefully 

sealed. 

 
� NMR studies 

The chloroaluminate molten salts were measured with a D2O capillary without any solvent 

and pure EMImCl was dissolved in CDCl3. The samples for NMR measurement were 

prepared in an argon-filled glove box. The 1H and 13C NMR spectra were recorded with a 

Varian Mercury 300 MHz spectrometer using tetramethylsilane as reference, at 300.224 MHz 

and 75.499 MHz respectively. All NMR spectra were recorded at 298 K. 

 

4.2. IMPLEMENTATION OF A 3D CURRENT COLLECTOR FOR T HE 

POSITIVE ELECTRODE OF LIBS 

 
4.2.1. Preparation of the 3D current collector 

For preparation of the 3 dimensional current collectors for the positive electrode of lithium-

ion batteries non-woven polyester was used as template. Polyester is a non-conductive 

polymer and therefore, for successful implementation as current collector, it has to be 

metallised. There are several methods available for metal plating of non-conductive 

workpieces like electroless metal deposition, thermal spray coating, hot dipping or physical 

and chemical vapour deposition (PVD, CVD) [23] [70].  

In this work non-woven polymer was coated with copper or nickel by electroless metal 

deposition followed by aluminium coating through electroplating. As alternative, non-woven 

polymers was coated with different aluminium layer thicknesses by physical vapour 

deposition (PVD).  
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Two generations of non-woven

refers to a template with less homogeneity 

polymer. The homogeneity of the current collector is 

the exact mass of the current collector and mass

about the exact mass of an electrode is of great importance for the calculation of t

The applied rate affects the cycling performance and received capacity of an electrode.

Figure 26: Different kinds of 3 dimensional current collectors 
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Nickel films were deposited from baths containing 3.5 g L-1 Ni2+ ions and sodium 

hypophosphite as reducing agent. The electrolyte for Ni-P deposition was composed of 

NiSO4*6H2O, NaH2PO4*H2O and NH3 (UDIQUETM 891).   

Operating temperature and pH of the baths were 338 K and 9, respectively. Table 8 

summarises all single steps with temperature and duration, which are necessary for successful 

metal reduction on a non-conductive substrate. All baths were supplied by Enthone Cookson 

Electronics and were used as received without further purification. 

Table 8: Steps of electroless metal deposition process with related temperature and time for each step 

 Procedure Duration [min] Temperature [K] 

  Copper Nickel Copper Nickel 

1 Cleaner (EnvisionTM DPS 5625) 5 5 338 338 

 Deionised water 1 1 rt rt 

2 Etching (30% HCl) 1 1 rt rt 

3 Activator (UDIQUETM 879 W) 1 1 313 313 

 Deionised water 1 1 rt rt 

4 Deposition 4.5 20* 328 338 

5 Corrosion protection (for copper only) 1 - 333 - 

*
reaction time depends on Ni2+-concentration (reaction is faster when bath is freshly prepared) 

rt.....room temperature 
 
 

For achievement of a well adherent metal layer on the non-conductive substrate, pretreatment 

of the surface is essential. Therefore, grease was removed from the surface by treatment in 

basic solution followed by etching for better adhesion of the metal layer on the polymer. After 

that, nucleation sites were applied on substrates surface through treatment in acidic 

PdCl2/SnCl2-solution. Finely distributed colloidal palladium was deposited on the substrates 

surface, which initiated electroless metal deposition [71] [72]: 

PdCl2   +   SnCl2     ↔     Pdx[Sn(OH)]y
+
·Cl-   +   SnO(OH)2 

After activation, the surface is ready for electroless metal plating. Copper can be chemically 

reduced from basic solution. Formaldehyde delivers electrons for copper deposition and is 

therefore oxidized [73]:    

CuSO4  +  2 HCHO  +  4 NaOH   ↔   Cu0  +  H2↑  +  2 NaHCOO  +  Na2SO4  +  2 H2O 

     Cu2+   +   2 HCHO   +   4 OH-       ↔       Cu   +   H2↑   +   2 HCOO-   +   2 H2O 
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In most commercially available

from alkaline solution with sodium hypophosphite as reducing agent. 

with different phosphorous content

plating solution. Reduction and oxidation

equations [74]: 

NiSO4  +  NaH2PO4  +  x H2O 

2 NaH2PO2  +  2 Hads               

3 NaH2PO2  +  NiSO4  +  x H2

 
After reduction of both metals on non

could be obtained for each metal

received by adapting the reaction time.

Figure 27: SEM images and EDX spectra 
polymer (c, d) 
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available nickel plating baths, nickel-phosphorous alloys are reduced 

from alkaline solution with sodium hypophosphite as reducing agent. D

us content is possible (2-14%), depending on the 

Reduction and oxidation takes place according to the following reaction 

O     ↔  Ni0  +  2 Hads  +  2 H+  +  SO4
2-  +  NaH

                   ↔  NaH2PO3  +  P0  +  NaOH  +  x H2O 

2O  ↔  Ni0  +  P0  +  2 H+  +  Na+  +  SO4
2-  +  2 NaH

After reduction of both metals on non-woven polymer a dense and well adhere

metal (figure 27). The desired metal layer thickness could be 

by adapting the reaction time. 
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For electrodeposition of aluminium, the bath was constituted of 1-ethyl-3-methylimidazolium 

chloride (EMImCl-AlCl3 molar ratio 1-1.5), supplied by BASF (BasionicsTM Al01 [75]), and 

used as received without further purification. All chemicals were handled under argon 

atmosphere in a glove box, in which the moisture and oxygen content was maintained below 

0.1 ppm. The electrodeposition was performed in an electrochemical cell (100 mL) with three 

electrodes using an Autolab PGSTAT 100 & 10 A Booster under inert gas conditions. The 

deposits were obtained operating in current controlled (galvanostatic) conditions at 368 K, 

using pure aluminium rods (Goodfellow 99,999%) as counter and reference electrodes. As 

substrates for electrodeposition, the already prepared copper and nickel plated non-woven 

polymer were used. 

 

Figure 28 illustrates the conductivities of untreated 1-ethyl-3-methyl-imidazolium chloride 

compared to thermally stressed and electrochemically aged ionic liquid. It was found, that 

conductivity increases with increasing temperature and reaches about 50 mS cm-1 at 368 K 

(figure 28). This is a very low value compared to aqueous electrolytes with thousand-fold 

higher values. As shown in figure 28, thermal and electrochemical treatment seems to have no 

significant effect on the conductivity of the electrolyte. Aluminium deposition from 

EMImCl*1.5 AlCl3 at room temperature occurs only slowly and could be explained by the 

reduced conductivity of the electrolyte at room temperature compared to increased 

temperatures (figure 28). It should be noted that this behaviour could originate from slow 

kinetics of electrode reaction itself as well. The resulting aluminium layer and the current 

yield from electrodeposition at room temperature are very bad. 

 

 

 

 

 

 

 

 Figure 28: Conductivity measurement of EMImCl*1.5 AlCl3 
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Another important property of an electrolyte is the electrochemical stability window. The 

electrochemical window is defined as the potential range between the reduction potential of 

the cation and the oxidation potential of the anion. Most ionic liquids possess a wide potential 

window at many electrodes, up to 4-6 V. That makes ILs to promising electrolytes for 

electrochemical applications [76] [77]. In comparison, the thermodynamic stability window of 

pure water has a value of only 1.23 V due to limitation through water decomposition [78]. 

The measurement was carried out using a platinum pseudo reference electrode. The 

complexed ionic liquid is electrochemically stable in the potential range between -1.75 V and 

+ 1.00 V vs. Pt which means that the electrochemical window has a value of approximately 

2.75 V (figure 29). Aluminium deposition occurs in the voltage range between -0.5 V and 

+0.4 V vs. Al/Al3+ (figure 32 and figure 33).    

 

 

 

 

 

 

 

 

 

 

Aluminium electrodeposition was carried out at different temperatures (room temperature, 

348 K and 368 K) and different current densities (20, 30 and 40 mA cm-2). The current yield 

was calculated according to eq. 14 and compared as function of reaction time (figure 30).  
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Figure 29: Electrochemical stability window of EMImCl*1.5 AlCl 3 vs. Pt pseudo reference electrode 
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The aluminium layers, deposited at room temperature and 348 K are very bad and 

inhomogeneous. The current yield for deposition at room temperature is very low (≤ 20%). 

Although the current yields at 348 K and 368 K are comparable, the appearance of the 

aluminium layer at a deposition temperature of 348 K is very bad. Therefore, further 

experiments were carried out with a temperature of 368 K. 

 

 

 

 

 

 

 

 

 

Figure 31: Current yield as function of reaction time for aluminium plating on copper and nickel plated non-woven 
polymer with different current densities 
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Figure 30: Current yield as function of reaction time for aluminium deposition at different reaction temperatures 
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The results for investigation of the current yields for Al electrodepositi

nickel plated non-woven polymer

copper plated polymer are in general a bit higher compared to nickel plated polymer. The 

highest current yields could be reached 

30 mA cm-2. However, the highest current yields with nickel plated polymer could be 

achieved with a current density of 20 mA cm

conductivity of the nickel-phosphorous alloy

In general, the current yields for electrodeposition at a current density of

low due to formation of aluminium 

substrate and therefore, it is difficult to determine the exact current yield due to

losses. 
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Figure 32: Cyclic voltammograms of alumini
EMImCl*1.5 AlCl 3 with a scan rate of 10 mV s
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Figure 33: Cyclic voltammograms of aluminium electrodeposition on nickel plated non
EMImCl*1.5 AlCl 3 with a scan rate of 10 mV s
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Typical cyclic voltammograms for deposition and stripping of aluminium from the complexed 

ionic liquid at 368 K are shown in figure 32 and figure 33. Figure 32 (a) shows deposition and 

stripping on copper plated non-woven polymer as working electrode. The cathodic and anodic 

peaks beginning at -0.2 V and +0.1 V vs. Al/Al3+ respectively, can be attributed to the 

reversible deposition and dissolution of aluminium and correlates with already published data 

in literature [7] [79] [80] [81]. The cyclic voltammogram with the copper plated working 

electrode shows additional reduction and oxidation peaks at +0.4 V and +0.5 V vs. Al/Al3+ 

respectively. They can be attributed to copper reduction and oxidation.  

Interestingly, the reduction and oxidation potentials of Al2Cl7
- species slightly shift to more 

negative potentials with ongoing cycling.  

Figure 33 shows the cyclic voltammogram of electrodeposition on nickel plated polymer as 

working electrode. Nickel seems to be more stable than copper. No additional peaks as 

indication for deposition and stripping of nickel can be observed within the chosen potential 

range. Also, the shift of Al stripping and reduction peaks toward more negative potentials is 

not that tremendous compared to the cyclic voltammogram, using copper plated non-woven 

polymer as working electrode.  

Morphology, thickness and quality of the deposited metal layer can be adjusted by controlling 

experimental parameters. Beside reaction temperatures, applied current densities or bath 

additives strongly influence the appearance of deposit.  

In this work it was found, that rough surfaces could be achieved with low current densities 

and the higher the applied current density, the smoother the surface of the deposited metal 

layer becomes (figure 34). The EDX spectrum after aluminium electrodeposition on nickel 

plated substrate (figure 35) shows a pure aluminium layer. The detected oxygen could be 

attributed to passivation of aluminium on air during the transfer of the sample to the vacuum 

chamber of the SEM. The nickel peak derives from the substrate itself. 
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Figure 34: SEM images of deposited aluminium layer
densities (10 mA cm-2 (a), 20 mA cm-2 
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Figure 35: EDX spectrum of electrodeposited Al on Ni plated 
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4.2.3. Evaluation of the corrosion resistance of the new 3D current collector 

For successful implementation of the new 3D current collector in lithium-ion batteries the 

electrochemically stability is extremely important. This means, no reduction or oxidation 

reactions concerning the current collector should take place within the operating potential 

window of the electrodes active material.  

Due to its ability to form a protective surface layer (passivation), aluminium is known for its 

superior corrosion resistance at high voltages (>3.5 V vs. Li/Li+). In the case of the present 

current collector, the metal layer beneath the aluminium layer must be shielded from 

electrochemical attack. If this metal layer is oxidised, a deterioration of the mechanical 

stability takes place.  

 

 

 

 

 

 

 

 

First of all, cyclic voltammograms of pure copper and nickel were recorded. Electrodes of 

these metals with 12 mm diameter were prepared, dried under vacuum at 393 K and 

assembled in 3 electrode Swagelok®-T-cell using metallic lithium as reference- and counter 

electrode. As electrolyte, the standard electrolyte (section 4.1.) was used. The left image in 

figure 36 shows a cyclic voltammogram of copper metal in a voltage range between 2.0-4.0 V 

vs. Li/Li+. At 2.0-2.5 V vs. Li/Li+ a small cathodic current is observed, which could derive 

from CuO reduction, LiO2 building and formation of a SEI-like layer [82]. The polarisation in 

anodic direction results in an increase in current at 3.6 V vs. Li/Li+ and is primarily the result 

of copper dissolution into the electrolyte. 
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Figure 36: Cyclic voltammograms of copper metal (left) and nickel metal (right) at room temperature; 
scan rate: 10 µV s-1 
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As suggested in literature, copper metal is stable at lower potentials vs. Li/Li

applied as current collector for the negative electrode 

Figure 36 (right image) shows a cyclic voltammogram of nickel metal in a voltage range 

between 2.0-4.5 V vs. Li/Li+. 

oxidation and reduction peaks

electrochemically stable in the desired potential range vs. Li/Li

the anodic limit of nickel is 4.5

For further corrosion experiments, aluminium foil was coated with copper or nickel followed 

by electrodeposition of aluminium. 

assembled in a 2 electrode glass cell using lithium metal as counter electrode and the stand

electrolyte. A constant voltage

electrodes were washed in ethylene carbonate and examined by SEM and EDX. 

 

      

Figure 37: SEM images of copper plated working electrode before (a) and after (b) one week at constant voltage of 
4.3 V vs. Li/Li+ 
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As suggested in literature, copper metal is stable at lower potentials vs. Li/Li

applied as current collector for the negative electrode [82]. 

ws a cyclic voltammogram of nickel metal in a voltage range 

. Here, negligible anodic and cathodic currents

oxidation and reduction peaks are observed. Although it is not expected,

cally stable in the desired potential range vs. Li/Li+. As suggested

5 V vs. Li/Li+ in the presence of LiPF6 [83] [84]

experiments, aluminium foil was coated with copper or nickel followed 

electrodeposition of aluminium. The substrates were heat treated at 573 K before they were 

assembled in a 2 electrode glass cell using lithium metal as counter electrode and the stand

constant voltage of 4.3 V vs. Li/Li+ was applied for one week

were washed in ethylene carbonate and examined by SEM and EDX. 
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As suggested in literature, copper metal is stable at lower potentials vs. Li/Li+ and is therefore 

ws a cyclic voltammogram of nickel metal in a voltage range 

Here, negligible anodic and cathodic currents with very small 

Although it is not expected, metallic nickel is 

suggested in literature, 

[84].  

experiments, aluminium foil was coated with copper or nickel followed 

The substrates were heat treated at 573 K before they were 

assembled in a 2 electrode glass cell using lithium metal as counter electrode and the standard 

was applied for one week, before the 

were washed in ethylene carbonate and examined by SEM and EDX.  
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Figure 38: EDX elemental mapping of Al (a) and Cu (b) of the copper plated working electrode after one week at 
constant  voltage of 4.3 V vs. Li/Li+ 

       

Figure 39: SEM images of nickel plated working electrode before (a) and after (b) one week at constant voltage
4.3 V vs. Li/Li+ 

        

  Figure 40: EDX elemental mapping of 
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Ni 
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of Al (a) and Cu (b) of the copper plated working electrode after one week at 

   

: SEM images of nickel plated working electrode before (a) and after (b) one week at constant voltage

of Ni before (a) and after (b) one week at constant  voltage of 4.3 V
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: SEM images of nickel plated working electrode before (a) and after (b) one week at constant voltage    of 

 

voltage of 4.3 V vs. Li/Li + 
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Copper will be oxidised within the working potential range of active materials for the positive 

electrode and is therefore only used for negative electrodes in LIBs. Although, the copper 

layer is covered by a protective aluminium layer, copper is exposed to electrolyte at the 

cutting edges of the electrode. Figure 37b shows, that copper will be oxidised completely when 

the electrode is exposed to higher voltages and the current collector loses its mechanical 

integrity. No stable alloy is formed during heat treatment at 573 K. The elemental distribution 

imaging from EDX mapping shows, that nearly no copper is detectable at the working 

electrode after exposure to 4.3 V vs. Li/Li+ for one week (figure 38b).  

In contrast, nickel seems to be much more resistant against oxidation during long time 

exposure at 4.3 V vs. Li/Li+. As shown from SEM images in figure 39, there is no obvious 

difference between the working electrode before and after electrochemical treatment. Nickel 

could also be detected after the corrosion experiment with EDX spectroscopy (figure 40). 

Therefore, further experiments were carried out using nickel plated non-woven polymer, 

covered with a layer of aluminium by electroplating.  

Electrodes of nickel plated non-woven polymer were used for cyclic voltammetric 

experiments. They were placed as working electrode in a 3 electrode Swagelok®-T-cell using 

metallic lithium as reference- and counter electrode. As electrolyte, a mixture of ethylene 

carbonate (EC) and diethyl carbonate (DEC) (EC/DEC 3:7 v/v) with 1 M LiPF6 as conducting 

salt and 2 wt% vinylene carbonate (VC) as additive was used.  In a voltage range from 2.5 to 

4.2 V vs. Li/Li+ 100 cycles were recorded with a scan rate of 1.0 mV s-1 (figure 41a). The 

same experiment was carried out using working electrodes of non-woven polymer coated with 

nickel under a layer of aluminium (figure 42a).  

Chronoamperometric measurement was performed in a 3 electrode Swagelok®-T-cell, using 

metallic lithium as reference- and counter electrode and nickel plated non-woven polymer or 

nickel- and aluminium plated non-woven polymer as working electrode and the electrolyte as 

described before. A constant voltage of 4.2 V vs. Li/Li + was applied for 240 hours and 

changes in current over time was recorded (figure 41b and figure 42b). The current flow of an 

electrochemical cell without working electrode (reference) was recorded and subtracted. 
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Figure 41: Cyclic voltammogram of nickel plated non-woven polymer at room temperature; scan rate: 1 mV s-1 (a) and 
charge as function of time (b) 
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Table 9: Average values of the charge flow of different 3D current collectors during chronoamperometric 
measurement (for 240 hours) 

sample average value [C*s] standard deviation 

   

galv. aluminised PET 7000000 ± 1100000 

nickel plated PET 6800000 ± 630000 

PVD aluminised PET 37000 ± 4000 

aluminium foil 18000 ± 3000 

 

The cyclic voltammograms show, that the current flow resulting from reduction or oxidation 

reactions involving the current collector, is negligible within the potential range between    

2.5-4.2 V vs. Li/Li+ (figure 41a and figure 42a). The flow of charge during the 

chronoamperometric experiment at a constant voltage of 4.2 V vs. Li/Li+ for 240 hours 

derives from different reactions like oxidation of impurities, electrolyte decomposition, the 

test cell itself or passivation reactions involving the current collector [82]: 

Al 2O3  +  2 HF     →     2 AlOF  +  H2O 

2 AlOF  +  2 HF    →     Al2OF4  +  H2O 

Al 2OF4  +  2 HF     →     2 AlF3  +  H2O 

 

The charge flow in test cells with substrates, produced by galvanic deposition of aluminium 

and chemical deposition of nickel, is significantly higher compared to substrate, prepared by 

PVD of aluminium and aluminium foil (table 9). However, this can be an indication for not 

completely removable impurities that derive from the plating baths. It is also possible, that 

oxidation of the non-woven polymer contributes to an increased flow of charge.     

In conclusion it can be said, that nickel and aluminium plated non-woven polymer is 

electrochemically stable up to 4.2 V vs. Li/Li+. Therefore, it can be implemented as current 

collector for the positive electrode in LIBs. 
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4.2.4. Determination of electrochemical and thermal decomposition products of 

EMImCl*1.5 AlCl 3 during Al electrodeposition 

 
Ionic liquids tend to decompose after being exposed to elevated temperatures, catalytically 

active molecules or the influence of an electric field [85] [86]. Beside the continuous loss of 

ionic liquid the resulting decomposition products can change the desired physico-chemical 

properties and may impact the plating process as well. 

Figure 43 illustrates the thermal degradation pathways of EMImCl based on literature [85]. 

The most abundant decomposition products during thermal treatment of the ionic liquid are 

imidazole derivates and alkylated anions as can be seen in reaction (1). Either one alkyl chain 

can be abstracted or even both [86]. Other considerable decomposition products are diethyl- 

or dimethyl imidazole, which will be formed during re-alkylation of a dealkylated cation, or 

by direct exchange of the alkyl chains of two cations (2) [85] [87].  A further possibility for 

decomposition reaction is the deprotonation of the C2-atom by strong nucleophiles, which 

results in the formation of carbenes (3). Carbenes are reactive components that can react with 

other molecules of the ionic liquid or any dissolved decomposition products present [88] [89]. 

 

Figure 43: Possible thermal decomposition path of 1-ethyl-3-methylimidazolium chloride [85] 

 

 

Possible electrochemical decomposition products of 1-ethyl-3-methylimidazolium chloride 

are shown in figure 44. In electrochemical processes, 1,3-dialkylimidazolium radicals are 

formed in analogy to carbenes. These radicals can react with each other to form neutral 

molecules (radical-radical coupling) [90]. 
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Figure 44: Possible electrochemical decomposition mechanism of EMImCl [90] 

 
It is also very important to mention that humidity-sensitive species like AlCl3, will undergo 

hydrolysis in contact with even traces of water.  

Halogenaluminates show strong exothermic reactions with water and decompose to 

aluminium oxides and aluminium hydroxides releasing HX [91]. 

In this work, a methodic approach was developed to identify decomposition products of        

1-ethyl-3-methylimidazolium chloride in combination with AlCl3, using head space gas 

chromatography-mass spectrometry, pyrolysis gas chromatography-mass spectrometry 

analysis [92] and NMR studies. Samples of the complexed ionic liquid were treated thermally 

and electrochemically respectively. 

An electrochemical cell was filled with a certain amount of electrolyte and nickel-plated 

polymer as working electrode as well as aluminium wires as counter- and reference electrodes 

were mounted. The cell was assembled and sealed under argon atmosphere. For thermal stress 

only, EMImCl*1.5 AlCl3 was heated to 368 K and the temperature was held for 100 hours. 

For electrochemical treatment, the aluminium deposition was carried out at constant voltage 

mode with -0.1 V vs. Al/Al3+ at 368 K up to 100 hours. These samples were prepared for 

NMR analysis in an argon-filled glove box. 
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4.2.4.1. NMR analysis 

For NMR studies, the samples were prepared in an argon-filled glove box without any solvent 

(D2O capillaries) except for the measurement of thermally treated pure EMImCl, which was 

dissolved in CDCl3. 
1H and 13C NMR spectra of the fresh, untreated EMImCl*1.5 AlCl3 were 

also recorded (table 10). 

Table 10: 1H NMR data (300 MHz, D2O) for EMImCl*1.5 AlCl 3 and EMImCl (300 MHz, CDCl3) before and after 
electrochemical and/or thermal treatment [93] [94] 

  t, 3H s s s, 3H q, 2H s, 1H s, 1H s, 1H 

1* δ (ppm)  1.03 - - 3.42 3.73 6.83 6.87 7.85 

2* δ (ppm)  0.91 2.12 - 3.30 3.62 6.71 6.76 7.73 

3* δ (ppm)  1.08 - 3.00 3.46 3.78 6.88 6.92 7.89 

4* δ (ppm)  1.01 2.30 2.91 3.39 3.71 6.81 6.85 7.82 

5* δ (ppm)  1.01 2.29 2.58 3.40 3.71 6.81 6.86 7.83 

6* δ (ppm) 1.30 - - 3.82 4.13 7.44 7.44 10.16 

*1 = EMImCl*1,5 AlCl3 before treatment                                                                                                                                                              
*2 = EMImCl*1,5 AlCl3 after thermal treatment at 368 K                                                                                                                                    
*3 = EMImCl*1,5 AlCl3 after electrochemical and thermal treatment at 368 K for 10 h                                                                                         
*4 = EMImCl*1,5 AlCl3 after electrochemical and thermal treatment at 368 K for 50 h                                                                                         
*5 = EMImCl*1,5 AlCl3 after electrochemical and thermal treatment at 368 K for 100 h                                                              
*6 = EMImCl after thermal treatment at 368 K for 100 h 

 

EMImCl*1.5 AlCl 3 (before treatment): 13C NMR , (D2O): δ  14.81 (s, CH3), 36.53 (s, CH3), 

45.11 (s, CH2), 121.84 (s, 1C), 123.53 (s, 1C), 134.11 (s, 1C) ppm. 

 

4.2.4.2. Pyrolysis-GC/MS and headspace GC/MS analysis 

For determination of volatile decomposition products of the electrolyte, static headspace 

GC/MS analysis was carried out. Therefore, the EMImCl*1.5 AlCl3 was thermally aged at 

368 K for 100 h in a glass vial fitted with a septum. Samples (4.0 mL) of the gaseous phase 

above the solution were taken using a 10 mL gas-tight syringe (Hamilton) and injected into 

the gas chromatograph system.  

Chloromethane, dichloromethane and hydrochloric acid could be identified as volatile 

decomposition products after thermal treatment of EMImCl*1.5 AlCl 3 at 368 K (figure 45).  
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The silicon containing compound with a retention time of 2.10 min. derives from the reaction 

of chlorine with the stationary phase of the column. 

 

 

 

 

 

 

 

 

 

 

 

 

 

For Py-GC/MS analysis fresh EMImCl*1.5 AlCl3 was dropped into a small sized vertical 

furnace. The temperature was set to 368 K for one hour after which time the evolved gas was 

analysed. The results of Py-GC/MS indicate that chloromethane (figure 46a), hydrochloric 

acid (figure 46b), methylimidazole (figure 46c), ethylimidazole (figure 46d) and deprotonated 

ethyl-methylimidazole (figure 46e) are the main thermal decomposition products of the 

complexed ionic liquid. No products reflecting decomposition of the imidazole rings at this 

temperature could be found in the thermogram. Extracted ion thermograms are shown in 

figure 46. The mass spectra of the certain degradation products of the ionic liquid show 

typical fragmentation pattern of imidazole [95] [96] and could therefore be identified.  
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Figure 45: Chromatogram of volatile decomposition products of EMImCl*1.5 AlCl 3 (a) and accompanied mass spectra 
of hydrochloric acid (b), chloromethane (c) and dichloromethane (d) 
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The mass spectrum allocated to figure 46f includes peaks with high masses (m/z 193 and       

m/z 207) and could be assigned to injection liner bleeding due to massive HCl development 

during sample degradation. The origin of the peak with m/z 179 couldn`t be clarified until 

now. 
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Figure 46: Extracted ion thermograms of chloromethane (a), hydrochloric acid (b), methylimidazole (c), 
ethylimidazole (d) and ethyl-methylimidazole (e) and the accompanied mass spectra (f) 
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It is also possible, that the peaks with the masses m/z 179, m/z 193 and m/z 207 derive from 

dimerisation of reactive imidazolium intermediates (figure 44).   

Although EMIm halides (Cl-, Br- or I-) exhibit temperatures for onset decomposition between 

553 K – 583 K [97], we have found additional peaks in the 1H-spectra of the thermally treated 

sample at 368 K. A possible explanation could be the thermal decomposition of the 

complexed ionic liquid indicating the presence of alkyl chlorides and HCl in the thermal 

stressed sample. On the other hand the 13C-NMR spectra don`t show additional peaks, but this 

could be due to a less sensitiveness of the 13C-NMR compared to 1H-NMR or GC/MS 

analysis. According to literature, heating of EMImCl at 373 K does not increase the imidazole 

content in the sample which can be an indication for decomposition of alkylated imidazoles 

[87]. In our observations there are no additional peaks in the 1H-spectra of heat treated 

EMImCl without AlCl3 (table 10). It seems that AlCl3 initiates the decomposition of the IL 

and decreases this onset temperature dramatically.  

On the other hand, in the electrochemically treated sample at room temperature, no additional 

peaks could be observed in the NMR spectra of the electrolyte. However, the 

electrochemically stressed samples at elevated temperatures (368 K) show these additional 

peaks too and are in agreement with this theory. In further consequence, AlCl3 can be deemed 

as the crucial factor for degradation of 1-ethyl-3-methyl-imidazolium chloride used for 

aluminium electrodeposition at elevated temperatures which would be optimised conditions in 

terms of electroplating [98]. 
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4.2.5. Comparison of mass, conductivity and contact surface area of different 

current collectors 

The mass, conductivity and BET surface area of various 3D current collectors and Al foil are 

compared in table 11. The conductivity of the samples was determined according to the         

4-point probe [99]. The conductivity of the metallised non-woven polymer is about 7-8 times 

lower compared to aluminium foil. It is believed that the reduced conductivity of the metal 

plated 3D current collector could derive from Al2O3 formation on the aluminium surface in 

contact with air. Pure aluminium naturally forms a thin surface layer in contact with oxygen 

with a thickness of about 0.1 µm-0.5 µm [100]. The higher the surface area, the more Al2O3 

will be created on the surface of the working piece. Since aluminium oxide is an insulating 

material the conductivity will be reduced. Additionally, the template of the 3D current 

collector is an insulating material, and therefore, it will reduce the overall conductivity too. 

Also the complex geometry of the 3D current collector will affect the accuracy of calculation.  

As inferred from the BET surface area the used non-woven polymer increases the contact 

surface by five times compared to conventional aluminium foils. The unusual unit [m2 m-2] 

derives from the calculation of the surface area of the current collector from the value of the 

BET surface [m2 g-1]. 

The mass of Al foil is relatively high, which increases the mass of inactive components in 

LIBs and therefore reduces the energy density of the battery. The mass of first generation 3D 

current collector is slightly lower compared to Al foil. As can be seen from standard 

deviation, this non-woven polymer is very inhomogeneous (table 11). The homogeneity could 

be improved with the second generation non-woven polymer and also the mass of this current 

collector could be significantly reduced.   

Table 11: Comparison of mass and conductivity of various current collectors 

  Al foil non-woven 
0.3µm Al 

non-woven 1µm     
Al 

non-woven 2µm 
Al 

mass [mg cm-2] 7.54 ± 0.03 6.97 ± 0.53 3.31 ± 0,09 3.93 ± 0.22 

conductivity [S cm-1] 380000 ± 21000 25000 ± 40 49000 ± 3000 68000 ± 7000 

thickness [µm] 33.07 ± 0.93 149 ± 7.46 97.38 ± 2.29   100.25 ± 1.20   

BET surface area [m2 m-2]*  2.0 - 10.3 - 

*received from determination of the BET surface area [m2 g-1]; the surface area of the current collector [m-2] was calculated 
from the BET surface [m2 g-1] 
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4.2.6. Electrode preparation and electrochemical characterisation

4.2.6.1. Electrodes with 1. generation current collector 

For implementation of the new 3D current collector in LIB

woven polymer were coated with nickel by chemical reduct

described in section 4.2.2. (table 

with aluminium from EMImCl*1.5 AlCl

for 60 min. Due to apparatus limitations just small pieces of non

plated with aluminium. The thicknesses of the deposited metal layers 

scanning electron microscopy

thickness of about 700 nm. Due to variation of current density 

effect), the thickness of Al varies 

mm) were punched out just in the middle of the current collector and the variation in mass of 

Al is therefore not that tremendous. Afterwards, an electrode slurry was prepared (

and the current collector was coated with by doctor blade method. 

rough aluminium deposit could be achieved using a current density of 10 mA cm

   

Figure 47: Surface of current collector (a) and cross sec

 
Table 12: Electrode slurry composition

 

active material lithium iron phosphate (LiFePO

binder polyvin

conducting additive 

solvent 

 

(a) 

Doctoral Thesis 

Electrode preparation and electrochemical characterisation 

Electrodes with 1. generation current collector  

new 3D current collector in LIBs, 20 mm x 20 mm pieces of non

coated with nickel by chemical reduction according to the proced

table 8). Afterwards, the nickel plated pieces were electroplated 

with aluminium from EMImCl*1.5 AlCl3 [75] with a current density of 10 mA cm

. Due to apparatus limitations just small pieces of non-woven

The thicknesses of the deposited metal layers were

scanning electron microscopy (SEM). The deposited nickel film is almost uniform and ha

thickness of about 700 nm. Due to variation of current density at the edges and planes 

the thickness of Al varies in the range between 10 µm and 20 µm. But electrodes (

mm) were punched out just in the middle of the current collector and the variation in mass of 

Al is therefore not that tremendous. Afterwards, an electrode slurry was prepared (

nt collector was coated with by doctor blade method. As figure 

rough aluminium deposit could be achieved using a current density of 10 mA cm

             

: Surface of current collector (a) and cross section of a LiFePO4-electrode (b)
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s, 20 mm x 20 mm pieces of non-

ion according to the procedure 

. Afterwards, the nickel plated pieces were electroplated 

current density of 10 mA cm-2 at 368 K 

woven polymer could be 

were determined using 

almost uniform and has a 

at the edges and planes (bone 

But electrodes (ᴓ12 

mm) were punched out just in the middle of the current collector and the variation in mass of 

Al is therefore not that tremendous. Afterwards, an electrode slurry was prepared (table 12) 

figure 47a indicates, a 

rough aluminium deposit could be achieved using a current density of 10 mA cm-2. 
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 Table 13: Corresponding lithiation and delithiation capacities of CV measurement (fig. 48 above) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

sp56_k18_LFP_6 mass active material/ mg       6.73 

cycle delith. capacity/mAh g-1 lith. capacity/mAh g-1 rev./% 

1 169.9 177.4 95.8 

2 172.8 170.1 101.6 

3 171.3 171.5 99.9 
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Figure 48: Cyclic voltammogram ((a), scan rate: 30 µV s-1) and constant current cycling ((b), rate: 1 C) of LFP with 
3D current collector 
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The same electrode was used for both measurements. After the CV experiment, the same test 

cell was subsequently used for constant current cycling. It was not possible to determine the 

mass of the current collector due to inhomogeneity of the non-woven polymer. Therefore, the 

mass of active material of the electrode is calculated from the second lithiation capacity, 

obtained from CV measurement, according to the following equation:  

                                                   d =	 ([=>@R∗2&&&)
Z`�[.[$`f>gVhij

                                     (Eq. 15) 

 
m.........................................mass of active material [g] 
clith.......................................lithiation capacity [mAh] 
spec. cap. LiFePO4.............specific capacity of LiFePO4; ~170 mAh g-1 

 

For this kind of capacity determination it should be noted, that a slow scan rate has to be 

chosen or that the kinetics of the material is sufficient fast. Otherwise the obtained capacity is 

not accurate. The cyclic voltammogram (figure 48a) shows significant oxidation and reduction 

peaks of LFP. Delithiation and lithiation of this material occurs at 3.6 V and 3.3 V vs. Li/Li+, 

respectively. According to this equation, the electrode was loaded with 5.92 mg of active 

material (total mass load: 6.81 mg or 6.02 mg cm-2). With electrodes prepared in this manner, 

the theoretical capacity of LiFePO4 of 170 mAh g-1 could be reached only in the first few 

cycles of CV measurement. During constant current cycling the electrode could reach a 

relative stable capacity of about 130 mAh g-1 over 200 cycles.  

One possible reason for the reduced utilisation of the capacity of LiFePO4 could be that the 

chosen c-rate was too high. This active material has a relatively slow lithium ion diffusion 

rate at room temperature that makes it not possible to utilise the whole active material at 

higher rates [101]. Because of the lavishly production of these electrodes, no further 

experiments with lower rates were carried out. 

Another reason for not fully exploited capacity could origin from reduced conductivity of the 

current collector due to Al2O3 formation during electrodeposition. 
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4.2.6.2. Electrodes with 1. generation current collector

The non-woven polymer was plated with aluminium by physical vapour deposition (PVD).

The diameter of the fibres is about 20 µm and the thickness of the non

to 150 µm. Figure 49 shows 

polymer. The detected carbon derives from the polymer
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(composition according to table 

 

Table 14: Electrode slurry composition
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Figure 49: SEM image (left) and EDX spectrum (right) of with Al PVD plated non
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trodes with 1. generation current collector (PVD of Al (300 nm)

was plated with aluminium by physical vapour deposition (PVD).

about 20 µm and the thickness of the non-woven

 a SEM image (left) and an EDX spectrum (right)

. The detected carbon derives from the polymer and the carbon tape.

polymer as well as from passivation of aluminium on air

s 300 nm. The current collector was coated with a 

table 14) by doctor blade method. 

 

: Electrode slurry composition 

components composition [%]

lithium cobalt oxide (LiCoO2) 

polyvinylidene fluoride (PVDF) 

carbon black (Super P) 

n-methyl-2-pyrrolidon 
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potential / V
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Figure 51: SEM images of the cross section of LCO electrodes with 3D current collector (
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In the SEM images of figure 51 the cross section of a LiCoO2-electrode with aluminium plated 

non-woven polymer and aluminium foil as current collector are compared. As shown in figure 

51a, the electrode material penetrates into the pores of the 3D current collector. The higher 

surface area leads to higher contact area of active material and current collector. The 3D 

current collector could be loaded with much higher masses of active material. This leads to an 

improvement in capacity with a better rate capability compared to electrodes with a 2D 

current collector. However, the increased contact area between active material and current 

collector leads to an improved mechanical stability of these electrodes in contrary to 

electrodes with a flat 2D current collector.  

Although the thickness of the 3D current collector is much larger than that of a typical 

aluminium foil (~150 µm compared to ~30 µm), the areal weight of the 3D aluminium plated 

non-woven polymer is about 20% less than that of aluminium foil (table 11). As mentioned 

before, the active material penetrates into the voids of the 3D current collector while it is 

connected on the surface of the 2D current collector. Therefore, the difference in thickness of 

the final electrodes is much less tremendous. This, and the possibility of higher mass loading, 

will contribute to a higher specific energy of the final device.  

Due to the high flexibility of the conductive non-woven polymer with the embedded active 

material, it can be easily cut into various shapes. For comparison reasons, thick LiCoO2 

electrodes with aluminium foil as current collector were fabricated and treated as the 

electrodes with the 3D current collector. The film of the thick 2D electrodes often delaminates 

from the current collector and had bad final film morphologies.  

Because of the inhomogeneous current collector, determination of the exact mass of the 

electrode and the c-rate is difficult. To evaluate the c-rate, the 2nd lithiation capacity of 

electrodes from the cyclic voltammetry experiment was used for the cycling study (figure 52). 

With both current collectors the theoretical capacity for half lithiation of LiCoO2                      

(136 mAh g-1) could be reached in the first cycles. As seen in figure 52 (left), the electrode 

with the 3D current collector could reach a remaining capacity of 118 mAh g-1 after 100 

cycles (1C rate) with a capacity loss of 13% and reversibilities near 100%. For the electrode 

with aluminium foil as current collector, a capacity of just 106 mAh g-1 is left with a capacity 

loss of 22% after 100 cycles (1C rate).  
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A rate capability test of a 3D electrode compared to an electrode with a metal foil as current 

collector is shown in figure 52 (right). The performance of the electrode with the metallised 

non-woven polymer as current collector is much better compared to the conventional under 

lab conditions produced electrode. When this electrode is charged with a rate of 5 C, the 

capacity drops to zero. The remaining capacity of the electrode with the 3D current collector 

is still above 60 mAh g-1. 

The poorer reversibilities, performance and the tremendous capacity fade of the electrode with 

the 2D current collector could be accounted to the poorer mechanical stability and higher 

resistivity compared to the electrode with a 3D current collector. 
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Figure 53: SEM image of with Al PVD plated non

Figure 54: SEM image of with Al PVD plated non
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The diameter of the fibres is less than 10 µm and the thickness of the non

100 µm. Figure 53 shows a SEM image and 

woven polymer. The detected carbon derives from the polymer and 

the oxygen could be assigned to the polymer as well as to passivation of aluminium on air.

was prepared, as described before (table 14) and the current collector was 

coated by doctor blade method. 
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Table 16: Capacities of electrodes with different current collectors at different c-rates from rate capability test (fig.56) 
and corresponding capacity losses compared to the first cycles 

cycle 
no. 

c-rate 1 µm Al layer 
[mAh g-1] 

capacity 
loss [%] 

2 µm Al layer 
[mAh g-1] 

capacity 
loss [%] 

Al foil              
[mAh g-1] 

capacity 
loss [%] 

1. 0.5 C 132  140  126  

11. 2.0 C 113 14 126 10 111 12 

16. 3.0 C 104 21 118 16 102 19 

21. 5.0 C 87 34 92 34 78 38 

26. 0.5 C 120 9 134 4 113 11 
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Figure 55: CV measurement (scan rate: 30 µV s-1) of LCO electrodes with two different 3D current collectors 
compared to aluminium foil as current collector 

Figure 56: Rate capability tests of LCO electrodes with two different 3D current collectors compared to aluminium 
foil as current collector 
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Figure 57: Lithiation capacities (above) and delithiation capacities (below) received from CCC measurement    
(1 C) of LCO electrodes with 3D current collectors (different Al layer thicknesses) compared to aluminium foil  

Figure 58: Irreversible cumulative efficiencies of LCO electrodes with two different 3D current collectors and 
aluminium foil for comparison 
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The second cycles of the cyclic voltammetric experiment of LiCoO2 electrodes with three 

dimensional current collectors compared to an electrode with aluminium foil as current 

collector are shown in figure 55. An improvement with 3D current collectors can be achieved 

as the oxidation- and reduction peaks of LCO are much sharper compared to the 2D current 

collector. Due to the higher surface area and thereby the better connection between active 

material and the 3D current collector, the lithium transport at high mass loadings is much 

faster. Also, an improvement in cycling stability at higher c-rates can be observed with the 

new current collector (rate capability test figure 56). The capacity loss of electrodes with Al 

foil as current collector is more tremendous when higher c-rates are applied (table 16). The 

rapid capacity drop at c-rates beyond 3C can be attributed to increased internal resistances due 

to non-ideal measurement setup for electrodes with such high masses.  

Figure 57 shows a comparison of the lithiation- and delethiation capacities of electrodes with 

different current collectors. Because of inhomogeneous mass loading into the voids of the 3D 

current collector, the determination of the exact mass of the electrode and the c-rate is 

difficult. Therefore, the 2nd lithiation capacity from the cyclic voltammetry experiment was 

used for the cycling study. With both current collectors the theoretical capacity for half 

lithiation of LiCoO2 of around 137 mAh g-1 could be reached in the first cycles. As seen in 

figure 57, the electrodes with the 3D current collectors could reach a remaining capacity of    

110 mAh g-1 after 100 cycles (1.0 C rate) with a capacity loss of 17% and reversibility close 

to 100%. The remaining capacity of the electrode with the 2D current collector after 100 

lithiation- and delithiation cycles was just 76 mAh g-1 with a capacity loss of 39% (1.0 C 

rate). 

The irreversible cumulative efficiencies of the cycling study are shown in figure 58. The 

electrode with aluminium foil as current collector had the highest irreversible cumulative 

efficiency and therefore the highest loss of electrochemical active lithium ions during cycling. 

This leads to tremendous capacity fade.  

Due to limited resources of electrochemically active lithium ions especially in full cells, 

continuous lost has an adverse effect. 
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4.2.6.4. Full cell assembling with electrodes composed of 3D current collectors 

 

Graphite anodes and LCO cathodes were prepared, using copper plated (POLYMET® XII-1) 

and 2nd generation aluminium plated non-woven polymer as three dimensional current 

collectors. These electrodes had dimensions of 15 cm2 and average capacities of                 

1.02 mA cm-2 (anode) and 0.90 mA cm-2 (cathode), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: Lithiation- and delithiation capacities received from CCC measurement (0.5 C) of full cells with 3D 
current collectors. Graphite and LCO were used as active materials. 

Figure 60: Voltage profiles of lithiation and delithiation received from constant current cycling of full cells with 
electrodes composed of 3D current collectors. Graphite and LCO were used as active materials. 
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Figure 59 shows the cycling study of a full cell with electrodes coated on 3D current 

collectors in pouch bag configuration. In the first few cycles the capacity drop is tremendous. 

A possible reason is the poor contact between the 3D current collector and current collector 

tap. The capacity drop between first and second cycle amounted 24%. In contrary, the 

capacity fade afterwards is 23% during 100 cycles.  

The voltage profiles of charging and discharging the full cell are shown in figure 60. It 

illustrates the impact of lithium ion loss, especially during the first charge and discharge 

cycle. This vast capacity loss can be mainly attributed to SEI-formation.   

 

Additionally, full cells were prepared by an industrial process. LiCoO2, coated on 2nd 

generation aluminium-plated non-woven polymer was used as cathode and graphite coated on 

copper foil as anode. The characterisation was carried out in pouch bag configuration with 

electrode dimensions of 30 mm x 50 mm and a capacity of 2.10 mAh cm-2. Figure 61 shows 

the constant current cycling study of the industrial prepared full cell after one cycle of 

formation. It depicts, that this cell reveals an excellent cycling stability. 

 

 

 

 

 

 

 

 

 

 

 

Figure 61: Lithiation- and delithiation capacities received from CCC measurement (0.1 C) of full cells, where LCO coated 
on the 2nd generation 3D current collector was used as cathode and graphite, coated on copper foil as anode. 
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The predicted capacity of the cell could be reached very well. The voltage profile (figure 62) 

illustrates distinguished capacity retention. After one cycle of formation the capacity fade 

amounts 4 %. This means, that almost the whole capacity could be retained after 80 charge 

and discharge cycles.    

An explanation for the better performance of the industrial produced full cell compared to the 

under lab conditions produced full cell is on one hand the optimised production conditions in 

terms of reproducibility. On the other hand, the improved contact between the 3D current 

collector and current collector tap could be responsible for the outstanding cycle performance. 
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Figure 62: Voltage profiles of lithiation and delithiation received from constant current cycling of full cells, where 
LCO coated on the 2nd generation 3D current collector was used as cathode and graphite, coated on copper foil as 
anode. 
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4.2.7. Conclusion 

Within this doctoral thesis, a novel type of flexible and lightweight three dimensional current 

collector for the positive electrode of LIBs was developed to replace the widely used heavier 

flat metal current collectors. Aluminium was successfully deposited on non-woven polymers 

from an ionic liquid for application as 3D current collector. Active material was embedded 

into the voids of the 3D current collector and it was found, that such architecture leads to 

much better cycling performance compared to conventional electrode architecture, with mass 

loadings in the same range. In addition, the gravimetric energy density of a battery could be 

improved, when the heavier flat metal substrate is replaced by the novel 3D current collector. 

However, it contains 50% of the mass of the conventional current collector. Such an 

aluminium plated current collector can be used with a variety of cathode materials. Another 

benefit is the reduced effort of metals to save resources. 

During aluminium deposition from the imidazolium based ionic liquid, thermal degradation, 

initiated by AlCl3, could be figured out to be the main reason for electrolyte aging. No 

evidence for electrochemical decomposition of this electrolyte could be found. The presented 

analytical approach, combining pyrolysis chromatography coupled with mass spectrometry 

incorporated and headspace gas chromatography-mass spectrometry enables the identification 

of decomposition products of ionic liquids.  

Thermal degradation of EMImCl*1.5 AlCl3 produces chloromethane, dichloromethane, 

hydrochloric acid, imidazole, alkylimidazole and 1-ethyl-3-methylimidazole based on the 

formation of a reactive carbene intermediate. Cl- ions are irreversible consumed and the 

obtained data can be explained by an equilibrium, shifts from excess of reducible Al-species 

[Al 2Cl7]
- to excess of the not reducible Al-compound [AlCl4]

-. Another consideration that has 

to be taken into account is the potential drift to more negative potentials during electroplating, 

until the limit of the electrochemical stability window of IL is exceeded. All these factors will 

contribute to irreversible decomposition of ionic liquid and damage of the plating bath.  

Physical vapour deposition of aluminium has been scaled up to meet industrial requirements 

and mass production of lightweight and flexible current collectors for the cathode of LIBs is 

potentially feasible [102]. 
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4.3. SYNTHESIS OF AN ACTIVE MATERIAL FOR THE NEGATI VE               

ELECTRODE BASED ON SILICON AND DECOMPOSABLE POLYMER S 

 
To meet the ever increasing demands in energy density for various applications, graphite has 

to be replaced by anode materials with higher theoretical capacities. Silicon is a prominent 

candidate as active material for the anode with a theoretical capacity of 4200 mAh g-1 [49]. 

However, this electrode material exhibits a few difficulties. During repeated alloying and de-

alloying processes, silicon undergoes massive volume expansions followed by cracking and 

disintegration of the electrode. This leads to poor cycle performance and significant capacity 

loss [103] [104]. Characteristics, benefits and problems of silicon as active material for the 

negative electrode are discussed more in detail in chapter 3.3.2. Although numerous research 

groups are dedicated to this problem and many efforts have been made up to date but no 

commercially viable silicon anode had been attained until now [103]. 

Several strategies have been developed to improve the cycling performance of silicon-based 

anodes (chapter 3.3.2.). In this work, Si/C composites were prepared through high-

temperature pyrolysis. Nano-silicon particles were embedded in a matrix of carbon, based on 

graphite and decomposable polymers as adhesive. 

Three types of polymers were used: 

1. PolyHIPE 

This polymer was prepared by ring opening metathesis polymerisation (ROMP) of 

dicyclopentadiene (DCPD) [105]. 

 

Figure 63: Reaction equation of polymerisation of DCPD via ROMP [105] 
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2. Polydicyclopentadiene (PDCPD) 

The polymerization of PDCPD was initiated by a cationic system, using AlCl3 [106]. 

3. Polymethyl methacrylate / Polyethylenglycol dimethacrylate 

A crosslinked polymer was prepared by radical chain polymerisation, using benzoyl peroxide 

(BPO) as initiating agency [107] [108] [109]. 

                                                           

 

 

4.3.1. PolyHIPE as decomposable polymer for preparation of Si/C composites 

PolyHIPE, synthesised from DCPD (figure 63) exhibits a typical architecture with cavities 

and interconnecting pores [105]. The results from TG/DSC-MS measurement (figure 65) 

show, that decomposition of the polymer takes place at 773 K. At 973 K, the whole polymer 

is converted into carbon. When the temperature is further increased, no significant mass loss 

is observable. After decomposition, about 30% carbon can be obtained from PolyHIPE. 

According to the mass spectra, the main decomposition products are H2O, O2+, CO2, CH3
+ 

und OH-. 

 

Figure 65: TG/DSC-MS curve for thermal decomposition of polyHIPE (provided by Sebastijan Kovacic) 

Figure 64: Structures of polymethyl methacrylate (left) [129] and polyethyleneglycol dimethacrylate [108] 
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For preparation of active material, 40% nano

Inc., 50-70 nm) was encapsulated in the porous structure of the polymer during polymeri

The raw material was provided by Sebastijan Kovacic from Institute for Chemistry and 

Technology of Materials at TU Graz. 

dispersed in acetone with different ratios of graphite (Qingdao)

out at 1173 K for 2 hours under argon atmosphere.

gradually increased with increasing amount of polymer (18.6 % for the ratio 30% 

Si/polyHIPE and 70% graphite, 24.5% for 40:60 and

inhomogeneous distribution the determination of the real amount of silicon in the active 

material is critical. For electrochemical characterisation a

(table 17) and it was coated on copper foil by 

and finally dried at 393 K under vacuum

Table 17: Electrode slurry composition

 

active material 

binder 

conducting additive 

solvent 

 

Figure 66: SEM image of the active material 
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Technology of Materials at TU Graz. The polymer was dried and ball milled before it was 
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at 1173 K for 2 hours under argon atmosphere. The mass loss after thermal decomposition 

gradually increased with increasing amount of polymer (18.6 % for the ratio 30% 

Si/polyHIPE and 70% graphite, 24.5% for 40:60 and 31.7% for 50:50). Due to 

geneous distribution the determination of the real amount of silicon in the active 

For electrochemical characterisation an electrode slurry was prepared 

on copper foil by doctor blade method, pre-dried at 

under vacuum (10-3 mbar) for 24 h. 

slurry composition 

components composition [%]

Si/C 

NaCMC 

carbon nano tubes 

H2O 
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Table 18: Comparison of the theoretical and practical capacity of active material with different graphite contributions 

graphite 
contribution [%] 

theoretical capacity 
[mAh g-1] 

practical reached capacity  
[mAh g-1] 

[%] of theoret. 
capacity reached 

70 981 589 60 

60 1268 615 49 

50 1542 814 53 
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Figure 68: Comparison of CCC of active material with different graphite/silicon ratios; c-rate: 0.5 C 

Figure 67: CV measurement (second cycles; scan rate: 10 µV s-1) of electrodes with three different graphite 
contributions 
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Figure 67 shows the second cycles from CV measurement for different graphite contributions. 

The reduction peaks, appearing in the potential range between 0.0-0.3 V correspond to the 

insertion of lithium ions into the silicon/graphite host structure. The anodic peak at around 0.4 

and 0.5 V could be attributed to the de-alloying process of LixSi alloys [110] [111]. It is 

obvious that this peaks are increasing with decreasing graphite content.  

Constant current cycling of active material with different graphite/silicon ratios is shown in 

figure 68. As expected, the higher the silicon content the more tremendous becomes the 

capacity fading. Table 18 shows, that the practically reached capacity is about 50-60% lower 

than the calculated theoretical capacity of these active materials. It is believed, that during 

manufacturing process of the polymer, active silicon may be turned into inactive silicon 

components like SiOx or SiC. Therefore, no further investigations were carried out with Si/C 

composites based on polyHIPE as decomposable polymer. 

 

4.3.2. Polydicyclopentadiene as decomposable polymer for preparation of Si/C 

composites 

DCPD was polymerised by a cationic initiating system (AlCl3 dissolved in dichloromethane). 

The monomer contains two polymerisable double bonds, the norbornenic and the 

cyclopentenic double bonds [112]. PolyHIPE is produced by ring opening polymerisation, 

whereas in this case the polymerisation was carried out through breaking the double bonds. 

Investigations have found, that structural units, produced during polymerisation, are 

depending on the solvent used [112] (figure 69).      

 

Figure 69: Predicted structural units produced during polymerisation of DCPD with AlCl3 in CH2Cl2 

 

The polymerisation was carried out in a glass flask under argon atmosphere. The monomer 

was dissolved in dichloromethane and the polymerisation was initiated by adding 0.015 M 

AlCl 3.  

 



 
Experimental Part Doctoral Thesis Sandra Pötz 

Page | 88  
 

 

The solution was stirred for 15 min. at room temperature before a mixture of nano-silicon and 

graphite (Qingdao) was added. After 200 hours, PDCPD was precipitated by adding an excess 

of methanol and the obtained solid was washed with methanol and dried to constant weight 

[112]. Afterwards the polymer/Si/graphite mixture was pyrolysed under argon atmosphere at 

1173 K for 2 hours with a heating rate of 5 K min-1. For characterisation, PDCPD was 

produced without silicon/graphite mixture according to the previous procedure. 

 

 

 

 

 

 

 

 

 

 

FTIR-ATR spectra of the polymer in comparison to the monomer are shown in figure 70. The 

signals at 1610 cm-1 can be attributed to the cyclopentenic double bond and the vibration at    

1580 cm-1 to the norbornenic double bond [112]. The weak signal between 2800 and        

3200 cm-1 in the spectrum of PDCPD indicates, that most of the double bonds are broken, 

which is evidence for the presence of unit II (figure 69). The signal at 1700 cm-1 might 

indicate the rapid oxidation of the polymer on air.   

 

 

 

 

 

Figure 70: FTIR-ATR spectra of DCPD and PDCPD prepared in CH2Cl2 
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According to TG/DSG-MS measurement

thermal decomposition of PDCPD. The first step occurs at 423 K, which can be contributed to 

decomposition of remaining monomer. The second step at 773 K can be assigned to 

conversion of the polymer into ca

obtained from the polymer. The main decomposition products are CO, H

 

                         

                                                                   

 

 

Figure 72: EDX spectra of the active material before (a) and after (b) pyrolysis and SEM image of the active mate

after pyrolysis (c) 
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MS measurement (figure 71), a two step reaction is occur

thermal decomposition of PDCPD. The first step occurs at 423 K, which can be contributed to 

decomposition of remaining monomer. The second step at 773 K can be assigned to 

to carbon black. After pyrolysis, 13-17% carbon black c

obtained from the polymer. The main decomposition products are CO, H2O, OH

                                                                    

                                                                                            

: EDX spectra of the active material before (a) and after (b) pyrolysis and SEM image of the active mate
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, a two step reaction is occurring during 

thermal decomposition of PDCPD. The first step occurs at 423 K, which can be contributed to 

decomposition of remaining monomer. The second step at 773 K can be assigned to 

17% carbon black could be 

O, OH- and CH2+. 

                                                                            

: EDX spectra of the active material before (a) and after (b) pyrolysis and SEM image of the active material 
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The EDX analysis of the Si/C composite before pyrolysis indicates the presence of impurities 

(Al, Cl, S), that can be attributed to the initiating system of the polymerisation (figure 72a). 

As revealed in the EDX spectrum of the material after pyrolysis (figure 72b), all impurities 

disappear.  Figure 72c shows a SEM image of the active material after decomposition of the 

polymer at 1173 K. Graphite particles, coated with a mixture of nano-silicon and amorphous 

carbon can be identified. 

 

 

 

 

 

 

 

 

 

In the XRD spectra of active material after decomposition (figure 73) no indication for the 

formation of electrochemical inactive silicon compounds like SiC or SiOx can be found. As 

stated in literature, SiC formation takes place even at relative low temperatures of around 

1173 K, mainly influenced by the chemical composition of the decomposable polymer [113] 

[114] [115] [116]. For the calculation of the specific capacity of the active material it is 

important to know the amount of SiC since it is an electrochemically inactive compound. 

 

An electrode slurry was prepared (table 17), copper foil was coated with the slurry by doctor 

blade method, predried at 333 K (air) and finally dried at 393 K under vacuum (10-3 mbar) for 

24 h. Several active materials were prepared with variation of different parameters, like 

silicon content and particle size of the nano-silicon particles (table 19). 
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Figure 73: XRD spectra of Si/C composite with PDCPD as decomposable polymer after pyrolysis at 1173 K; full 
spectrum (a) and detailed view (b) 
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Table 19: Different active materials with DCPD as decomposable polymer, prepared for electrochemical 
characterisation 

  ratio si:graphite:C si particle size 

50% DCPD 50% Si/graphite/C 20:80:0 50-70 nm 

50% DCPD 50% Si/graphite/C 20:70:10 30-50 nm 

50% DCPD 50% Si/graphite/C 20:80:0 30-50 nm 

50% DCPD 50% Si/graphite/C 30:60:10 30-50 nm 

50% DCPD 50% Si/graphite/C 30:70:0 30-50 nm 

 

 

4.3.2.1. Active material with a silicon:graphite ratio of 20:80 and silicon particle size 

of 50-70 nm 

 

 

 

 

 

 

 

 

 

 

 

Table 20: Corresponding lithiation and delithiation capacities of the second cycle of CV measurement (figure 74) 

 delith. cap./mAh g-1 lith. cap./mAh g-1 rev/% mass/mg 

Si/gra 20:80; 1173 K 708.1 737.6 96.0 1.08 

reference 694.2 773.5 89.7 0.90 

 

Figure 74: CV measurement (scan rate: 30 µV s-1) of active material composed of PDCPD and silicon/graphite (20:80) with 
silicon particle size of 50-70 nm 
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Figure 75: CCC measurement (0.5 C) of active material composed of PDCPD and silicon/graphite (20:80) with silicon particle 
size of 50-70 nm 

Figure 76: Irreversible cumulative efficiency of active material based on DCPD and Si/graphite (20:80) with silicon 
particle size of 50-70 nm  
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As shown in the cyclic voltammogram (figure 74), the oxidation peak of silicon (0.4 – 0.5 V 

vs. Li/Li+) is very distinctive after heat treatment of the active material at 1173 K. Therefore it 

is assumed, that no inactive silicon compounds were formed during heat treatment. The lower 

capacity compared to the constant current cycling study can be explained by the higher 

current load during the CV measurement. A reversible capacity (0.5 C) of 850 – 900 mAh g-1 

could be achieved with this composition during the first 25 cycles and it is slightly higher 

compared to the reference. A possible explanation is the improved connection between the 

particles when the active material is embedded in a carbonaceous matrix through 

decomposition of a polymer. The capacity fade during 50 cycles is 19% for the active material 

with decomposable polymer and 27% for the reference material. Figure 76 shows the 

irreversible cumulative efficiencies of the cycling studies. The lowest irreversible cumulative 

efficiency and therefore the best capacity retention exhibits the electrode with the new 

silicon/graphite composite.  

The calculation of the theoretical achievable capacity is critical due to losses of silicon and 

graphite during different preparation steps. Therefore, the accurate amount of polymer 

couldn`t be determined. When the polymerisation of DCPD was carried out without a mixture 

of silicon and graphite, about 60% of the monomer was converted into the polymer.  

 
After decomposition of polymer without silicon and graphite, a carbon yield of about 15% 

could be achieved, independent of the decomposition temperature. Therefore, the real amount 

of polymer and the carbon content after decomposition could just be estimated. The mass loss 

during decomposition at 1173 K comes to 32%.  
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4.3.2.2. Active materials with a silicon:graphite:C ratio of 20:80:0 and 20:70:10 and 

silicon particle size of 30-50 nm  

 

 

 

 

 

 

 

 

 

 

 

Table 21: Corresponding lithiation and delithiation capacities of the second cycle of CV measurement (figure 77) 

 delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra 20:80; 1173 K 915.5 950.2 96.3 0.90 

Si/gra/C 20:70:10; 1173 K 723.8 774.4 93.5 1.17 

Reference 632.5 673.0 94.0 1.14  

 

 

 

 

 

 

 

Figure 77: Second cycles of CV measurement (scan rate: 30 µV s-1) of active materials composed of PDCPD and 
silicon/graphite (20:80) with silicon particle size of 30-50 nm, pyrolysed at 1173 K 
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Figure 78: CCC measurement (0.5 C) of active materials composed of PDCPD and silicon/graphite (20:80) with silicon 
particle size of 30-50 nm, pyrolysed at 1173 K 

Figure 79: Irreversible cumulative efficiencies of active materials based on DCPD and Si/graphite (20:80) with silicon 
particle size of 30-50 nm  
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As stated in chapter 4.3.2.1., the calculation of the theoretical capacities of the active 

materials is quite complicated. The mass loss of the active material with 10% carbon content 

amounts 4%, whereas the mass loss of active material without addition of amorphous carbon 

is at least 16% after decomposition at 1173 K.  

The active material composed of silicon/grahite 20:80 and pyrolysed PDCPD shows the 

highest reversible lithiation- and delithiation capacities with the slightest capacity fade (13% 

over 50 cycles) and the lowest irreversible cumulative efficiency (figure 78 and figure 79). 

This also applies for the rate capability test (figure 80).  

The capacity fade of the other material, where amorphous carbon was added is comparable 

(15%). This material shows lower reversible lithiation- and delithiation capacities as well as 

the highest irreversible cumulative efficiencies. The results of the rate capability tests 

continue this trend. 

The worst performance is delivered by the reference electrode. It contains no decomposable 

polymer for cushioning the volume expansion of silicon during lithiation. It shows the lowest 

capacities as revealed in the cycling study and in the rate capability test. 

As the results show, smaller nano-silicon particle sizes are more favourable in terms of 

capacity retention and rate capability. Therefore, further active materials were prepared with 

nano-silicon with a particle size of 30-50 nm. 

Figure 80: Rate capability test of active materials based on DCPD and Si/graphite/C (20:70:10) with silicon particle 
size of 30-50 nm  
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4.3.2.3. Active materials with a silicon/graphite:C ratio of 30:70:0 and 30:60:10 after 

heat treatment at 1173 K  

 

 

 

 

 

 

 

 

 

Table 22: Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure 81) 

 delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra/C (30:60:10) 482.7 519.9 92.8 1.18 

Si/gra (30:70) 843.7 897.4 94.0 0.87 

reference 703.7 824.1 85.4 1.23 
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Figure 81: Second cycles of CV measurement (scan rate: 30 µV s-1) of active materials composed of                                         
PDCP and silicon/graphite (30:70) with silicon particle size of 30-50 nm, pyrolysed at 1173 K  

Figure 82: CCC measurement (0.5 C) of active materials composed of PDCPD and silicon/graphite (30:70) and
silicon/graphite/C (30:60:10) with silicon particle size of 30-50 nm, pyrolysed at 1173 K  
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As mentioned before, the determination of the capacity of this active material is difficult, due 

to material losses during different polymerisation steps and unknown amount of carbon, that 

is formed during heat treatment at 1173 K. Figure 82 reveals the reversible lithiation- and 

delithiation capacities of active material composed of a mixture of PDCPD and 

silicon/graphite/carbon 30:60:10 and silicon/graphite 30:70, respectively. 

The lowest capacity fade during 50 cycles exhibits the material composed of silicon/graphite 

30:70 and decomposed PDCPD with 15% followed by the carbon containing material with a 

capacity fade of 20%, while the capacity fade of the reference material amounts 25%. The 

irreversible cumulative efficiencies continue this trend (figure 83). 

 

 

 

 

 

 

Figure 83: Irreversible cumulative efficiencies of active materials based on DCPD and Si/graphite (30:70) and 
Si/graphite/C (30:60:10) with silicon particle size of 30-50 nm, pyrolysed at 1173 K  
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Comparison of the results: 

According to the results the lowest irreversible cumulative efficiencies can be achieved with 

active material without addition of carbon black. Also reduction of nano-silicon particle size 

has a positive effect on cyclability and capacity retention. The best results and lowest capacity 

fade can be achieved with the material composed of 30-50 nm silicon particles and a silicon to 

graphite ratio of 20:80, pyrolysed at 1173 K for two hours. Increasing the amount of nano-

silicon doesn`t lead to higher capacity but raises the capacity fade and negatively influences 

the capacity retention at higher rates. 

An advantage of this polymer is the cheap raw material and the good carbon yield after 

polymerisation. A disadvantage is the toxicity of the monomer. 
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4.3.3. Polymethyl methacrylate/polyethylenglycol dimethacrylate as decomposable 

polymer for preparation of Si/C composites 

The polymer was prepared via in-situ bulk polymerisation, using a radical chain initiating 

system. Ethylenglycol dimethyacrylate acted as cross-linking agent. The synthesis was carried 

out in a glass flask under argon atmosphere by mixing the monomers (50 mol% of MMA and 

50 mol% of EGDMA) together with 0.1 weight% of the radical chain starter (BPO) and a 

nano-silicon/graphite mixture. The ratio of monomer mixture and nano-silicon/graphite 

mixture was 67:33 w/w. The mixture was allowed to polymerise for 3 hours at 358 K. 

Afterwards the polymer/silicon/graphite mixture was post-cured at room temperature for 48 

hours under vacuum [117] [118]. Polymer/Si/graphite mixtures with different ratios of nano-

silicon and graphite were prepared (table 23) and these mixtures were heat treated under 

argon atmosphere at 1173 K for 2 hours with a heating rate of 5 K min-1. For characterisation 

the polymer was produced without silicon/graphite mixture according to the previous 

procedure. 
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A FTIR-ATR spectrum of the polymer without nano-silicon/graphite mixture is shown in 

figure 84. The range between 3000 cm-1 – 2800 cm-1 contains C-H-stretching vibrations of 

aliphatic carbon hydrates.  

As reported in literature, characteristic vibration bands for PMMA are stretching vibrations of 

CH2 at 2958 cm-1, 2933 cm-1 and 2860 cm-1, alpha-methyl stretching vibrations at 3000 cm-1, 

2958 cm-1 and 2930 cm-1 and ester-methyl stretching vibrations at 2995 cm-1 and 2948 cm-1. 

At 1730 cm-1 a characteristic signal for vibration of the carbonyl group is occurring and in the 

range between 1500 cm-1 and 1400 cm-1, bands indicating the appearance of O-CH3 can be 

observed. The signals between 1300 cm-1 and 1100 cm-1 can be accounted to C-O-C 

vibrations of the ester group [119].  

According to TG/DSG-MS measurement (figure 85), a two step reaction was occurring during 

thermal decomposition of PMMA/PEGDMA. The first step took place at 623 K and could be 

attributed to decomposition of remaining monomer. The second step at 723 K could be 

assigned to conversion of polymer into carbon black. At 773 K, the whole polymer was 

decomposed. After pyrolysis, 4-7% carbon black could be obtained from the polymer. The 

main decomposition products were CO2, H2O, OH-, CH2+, C3H8, methyl methacrylate 

(monomer) and allylacetate (figure 85). 
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Figure 85: TG/DSC-MS curve for thermal decomposition of PMMA/PEGDMA  
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Figure 87 shows a XRD spectrum

is no indication for the formation of electrochem

SiOx [114]. An electrode slurry was prepared (

blade method, predried at 333 K

24 h. Several active materials were prepared with variation of different p

silicon particle size and silicon

 

Figure 86: SEM image and EDX spectrum
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XRD spectrum of the active material after decomposition at 1173 K. There 

is no indication for the formation of electrochemical inactive silicon compounds

An electrode slurry was prepared (table 17), it was coated on copper foil

333 K (air) and finally dried at 393 K under vacuum

Several active materials were prepared with variation of different parameters, like 

particle size and silicon to graphite ratio (table 23). 

EM image and EDX spectrum of the active material after pyrolysis
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Table 23: Different active materials prepared with MMA/EGDMA as decomposable polymer 

  ratio si:graphite:C si particle size 

67% Polymer 33% Si/graphite/C 20:80:0 50-70 nm 

67% Polymer 33% Si/graphite/C 20:70:10 30-50 nm 

67% Polymer 33% Si/graphite/C 20:80:0 30-50 nm 

67% Polymer 33% Si/graphite/C 30:60:0 50-70 nm 

67% Polymer 33% Si/graphite/C 30:70:0 30-50 nm 

67% Polymer 33% Si/graphite/C 40:60:0 50-70 nm 

 
 

4.3.3.1. Active material with a silicon/graphite ratio of 20:80 and 50-70 nm silicon 

particle size  

 

 

 

 

 

 

 

 

 

 

 

 

Table 24: Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure 88) 

 delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra 20:80, 1173 K 840.3 921.1 91.2 1.08 

reference 694.2 773.5 89.7 0.90 

 

Figure 88: Second cycles of CV measurement (scan rate: 30 µV s-1) of active material composed of PMMA/PEGDMA and 
silicon/graphite (20:80) with silicon particle size of 50-70 nm 
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Figure 89: CCC measurement (0.5 C) of active material composed of PMMA/PEGDMA and silicon/graphite (20:80) with 
silicon particle size of 50-70 nm 

Figure 90: Irreversible cumulative efficiency of active material based on PMMA/PEGDMA and Si/graphite (20:80) with 
silicon particle size of 50-70 nm  

0 5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

60

70

80

90

100

110

120

 67% PMMA/PEGDMA + 33% si/graphite (20:80), 50-70 nm; 1173 K; 1.05 mg
 Reference: si/graphite (20:80) without decomposable polymer; 1.04 mg

 

 

ir
r.

 c
um

. e
ff

ic
ie

nc
y 

/ 
%

cycle number

0 10 20 30 40 50
0

100

200

300

400

500

600

700

800

900

1000

1100

1200

 67% PMMA/PEGDMA + 33% si/graphite (20:80); 50-70 nm; 1173 K; 1.05 mg; lithiation capacity
 67% PMMA/PEGDMA + 33% si/graphite (20:80); 50-70 nm; 1173 K; 1.05 mg; delithiation capacity
 Reference: silicon/graphite without decomp. polymer; 1.04 mg; lithiation capacity
 Reference: silicon/graphite without decomp. polymer; 1.04 mg; delithiation capacity

 

 

sp
e

ci
fic

 li
th

ia
tio

n 
ca

pa
ci

ty
 /
 m

A
h 

g
-1

cycle number



 
Experimental Part Doctoral Thesis Sandra Pötz 

Page | 105  
 

 

The calculation of the carbon content after decomposition of this polymer/silicon/graphite 

mixture is easier compared to the active material in the section before. The polymerisation is 

carried out via bulk polymerisation and the whole mixture is transferred into the oven for 

decomposition. A critical factor here is the homogeneity of the material after polymerisation. 

Domains, containing more or less silicon and graphite are formed. Therefore, the c-rate 

couldn`t be calculated that accurate. The mass loss after heat treatment amounts between 50% 

and 60%.  

A capacity of 920 mAh g-1 could be achieved with the material after decomposition at 1173 K 

(figure 89). The capacity fade after 50 cycles amounts 6% for the Si/C composite with 

decomposed polymer and 27% for the reference material, respectively.  

 
The lowest irreversible cumulative capacity (figure 90) exhibit the new active material. The 

results clearly show that an improvement in cycling stability and capacity retention could be 

achieved. 
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4.3.3.2. Active material with silicon/graphite ratio of 30:70 and 50-70 nm silicon 

particle size  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 25: Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure 91) 

  delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra 30:70, 1173 K 680.9 737.9 92.3 1.02 

reference 939.0 1050.2 89.4 0.95 

 

 

 

 

 

Figure 91: Second cycles of CV measurement (scan rate: 30 µV s-1) of active material composed of PMMA/PEGDMA and 
silicon/graphite (30:70) with silicon particle size of 50-70 nm 
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Figure 92: CCC measurement (0.5 C) of active material composed of PMMA/PEGDMA and silicon/graphite (30:70) with 
silicon particle size of 50-70 nm 

Figure 93: Irreversible cumulative efficiency of active material based on PMMA/PEGDMA and Si/graphite (30:70) 
with silicon particle size of 50-70 nm  
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The mass loss after heat treatment amounts between 50% and 60%. A delithiation capacity of 

about 1170 mAh g-1 could be achieved in the first cycle with the new active material and 

about 1050 mAh g-1 with the reference electrode (figure 92). The capacity fade after 50 cycles 

amounts 16% and 24%, respectively. 

The lowest irreversible cumulative efficiencies (figure 93) reveals the active material with 

nano-silicon, embedded in a matrix of the decomposed polymer. 

Again, the worst performance shows the reference material, Si/C composit without 

decomposable polymer. 

 

 
4.3.3.3. Active materials with a silicon/graphite ratio of 20:80 and silicon particle size 

of 30-50 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 94: Second cycles of CV measurement (scan rate: 30 µV s-1) of active materials composed of PMMA/PEGDMA 
and silicon/graphite (20:80) and silicon/graphite/carbon (20:70:10) respectively, silicon particle size: 30-50 nm  
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Table 26: Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure 94) 

  delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra 20:80, 1173 K 781.9 732.4 93.9 1.26 

Si/gra/C  20:80:10, 1173 K 551.7 597.0 92.4 1.10 

Reference 632.5 673.0 94.0 1.14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 95: CCC measurement (0.5 C) of active materials composed of PMMA/PEGDMA and silicon/graphite (20:80) and 
silicon/graphite/carbon (20:70:10) respectively, silicon particle size: 30-50 nm  

Figure 96: Irreversible cumulative efficiencies of active materials based on PMMA/PEGDMA and Si/graphite (20:80) and 
Si/graphite/C (20:70:10) respectively, silicon particle size: 30-50 nm 
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The mass loss after heat treatment for the material containing amorphous carbon amounts 

60% and the mass loss of material without carbon amounts 40%. 

As expected, the lowest capacities could be achieved with the carbon black containing 

sample. Interestingly, this Si/C composite material reveals a superior cycling stability with a 

capacity fade of 11% after 50 cycles (figure 95) and the lowest irreversible cumulative 

efficiency (figure 96). The capacity fade for the other electrodes amounts 17% for each. 

Rate capability tests show (figure 97), that the capacity retention at higher c-rates could be 

improved by embedding silicon nano-particles into a carbonaceous matrix through 

decomposition of a decomposable polymer. Also, the addition of carbon black before 

decomposition improves the rate capability of the electrode but at the expense of capacity.     

 

 

 

 

Figure 97: Rate capability test of active materials based on PMMA/PEGDMA and Si/graphite (20:80) and Si/graphite/C 
(20:70:10), silicon particle size: 30-50 nm 
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4.3.3.4. Active materials with a silicon/graphite ratio of 30:70 and silicon particle size 

of  30-50 nm 

 

 

 

 

 

 

 

 

 
 
Table 27: Corresponding lithiation and delithiation capacities of the second cycles of CV measurement (figure 98) 

 delith. cap./mAh g-1 lith. cap./mAh g-1 rev./% mass/mg 

Si/gra 30:70, 1173 K 778.9 825.5 94.4 1.04 

reference 703.7 824.1 85.4 1.23 

 

 

 

 

 

 

 

 

 

 

Figure 98: Second cycles of CV measurement (scan rate: 30 µV s-1) of active materials composed of PMMA/PEGDMA 
and silicon/graphite (30:70) with silicon particle size of 30-50 nm 

Figure 99: CCC measurement (0.5 C) of active materials composed of PMMA/PEGDMA and silicon/graphite (30:70) 
with silicon particle size of 30-50 nm 
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Figure 101: Rate capability test of active materials based on PMMA/PEGDMA and Si/graphite (30:70) with silicon 
particle size of 30-50 nm  

Figure 100: Irreversible cumulative efficiencies of active materials based on PMMA/PEGDMA and Si/graphite (30:70) 
with silicon particle size of 30-50 nm  
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The mass loss after heat treatment amounts about 40%. As expected, the highest capacities of 

1220 mAh g-1 could be achieved with the new active material after decomposition at 1173 K 

(figure 99). The capacity fade of this material is 22% after 50 cycles. The reference electrode 

could achieve a first delithiation capacity of 1040 mAh g-1 and a capacity fade of 25% during 

50 cycles. The rate capability of active material containing 30% nano-silicon can clearly be 

improved when silicon particles are embedded in a carbonaceous matrix through 

decomposition of polymers (figure 101). With this high silicon content the reference electrode 

exhibits a bad cycling stability at higher c-rates. 

 

Comparison of the results: 

In general, a tendency can be observed, that active material with silicon to graphite ratio of 

20:80 and a silicon particle size of 30-50 nm shows the better electrochemical performance. A 

decomposition temperature of 1173 K and decomposition duration of two hours also seems to 

be beneficial for the electrode performance.  

Nevertheless, the results clearly show that an improvement of cycling stability and rate 

capability could be achieved when silicon particles are embedded in a carbonaceous matrix 

through high temperature pyrolysis of decomposable polymers compared to conventional 

produced silicon/graphite composite electrodes.  

Advantages of the used polymer are that it enables an easy production with cheap raw 

materials. 
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4.3.4. Conclusion 

 

In this doctoral thesis, silicon-graphite composite materials were developed, based on three 

different at high temperatures decomposable polymers. These active materials for the anode 

of LIBs consisted of graphite particles, coated with nano-silicon and embedded in a 

carbonaceous matrix. Such architecture serves the particular purpose to accommodate huge 

volume changes, silicon particles are undergoing during repeated lithiation and delithiation 

processes. In addition, carbon is an important dispersing agent to prevent particle-particle 

interactions of nano-silicon, also known as electrochemical sintering.    

It was found, that pyrolysis of polydicyclopentadiene (PDCPD) and polymethyl methacrylate 

(PMMA) crosslinked with polyethylenglycol dimethacrylate (PEGDMA) could provide 

appropriate carbon matrices to prevent pulverisation of silicon during extensive cycling. 

However, nano-silicon encapsulated in polyHIPE structure didn`t show sufficient capacities. 

It is believed, that inactive silicon compounds were produced during the polymerisation 

process. 

The carbon coated silicon nanocomposite electrodes showed an improved cycle life and rate 

capability at higher rates compared to conventional produced Si/C composite electrodes, 

without implementation of decomposable polymers. It is strongly believed that the carbon 

layer after decomposition of the polymer is responsible for enhanced dimensional stability of 

the silicon particles during lithiation and delithiation processes and the improved cycle life of 

the electrode. Additionally, the carbon layer improves the electrical conductivity of the 

composite.  

Nevertheless, the efforts in research and development of high capacity electrodes need to be 

continued to find utilisation in commercial energy storage systems. 
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5. APPENDIX 

 

5.1. LIST OF CHEMICALS 

 

chemicals supplier purity 

   Aceton Merck ≥ 99.8 %  

Aluminium wire (Ø ~ 1.5 mm) Aldrich 99% 

Aluminiumchloride Aldrich 99.99 %  

BasionicsTM Al01 BASF 

Chloroform Sigma Aldrich ≥ 99.5 %  

Dichlormethane Roth ≥ 99.0 %  

Dicyclopentadiene Aldrich 

ENPLATE Cu 872-A Enthone Cookson Electronics 

ENPLATE Cu 872-B Enthone Cookson Electronics 

ENPLATE Cu 872-C Improved Enthone Cookson Electronics 

Ethylene Glycol Dimethacrylate Sigma Aldrich 98% 

Ethyl-methyl-imidazoliumchloride Alfa Aesar 

Graphit  Nanshu graphite high purity 

Hexadecyltrimethylammoniumchloride Aldrich ≥ 98 % 

Hydrochloric acid Merck 37% 

Lithiumcobaltoxide 

Lithiumironphosphate 

Luprex® A75 Benzoyl Peroxide Sigma Aldrich 75% 

Methyl Methacrylate Sigma Aldrich 99% 

N-methyl-2-pyrrolidone Alfa Aesar 99.5 %  

Polyvinylidenfluorid 

Potassium hydroxide Roth ≥ 85 % 

Silicon nano powder, 30-50 nm Nanostructures & Amorphous Materials Inc. 98% 

Silicon nano powder, 50-70 nm Nanostructures & Amorphous Materials Inc. 98% 

Sn(II)chloride 

Sodium carboxymethylcellulose 

Sodium chloride 

Sulfuric acid Sigma Aldrich 95-97 %  

Super PTM Li 

UDIQUE 879 W Enthone Cookson Electronics 

UDIQUE 891 Nickel concentrate Enthone Cookson Electronics 

UDIQUE 892 Reducer Enthone Cookson Electronics 

UDIQUE 893 Stabilizer Enthone Cookson Electronics 
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5.2. LIST OF DEVICES 

 
Agilent 5975 C VLMSD mass spectrometer 

Agilent 7890 A gas chromatograph 

Agilent HP5-MS 5% phenyl methyl silox column 

Autolab PGSTAT 100 & 10 A Booster 

Biologic Potentiostat/Galvanostat VMP3 and MPG2 

Braun Labmaster sp glove box 

Frontier Laboratory PY2020iD Pyrolyzer 

Glassy carbon electrode (BAS Inc. Tokyo, 6.0 mm x 3.00 mm) 

Julabo F32 thermostat 

Knick 703 conductivity meter 

MACCOR Series 4000 battery tester 

Nabertherm RHTC 80-230/15, Controller B180 (Oven) 

Oxfort Instrument INCAx-act 

Platinum electrode (BAS Inc. Tokyo, 6.00 mm x 1.6 mm) 

Tescan Vega 3 scanning electron microscope 

Varian Mercury 300 MHz NMR spectrometer 

 

 

5.3. LIST OF ABBREVIATIONS 

 
Al 3+ ...................................................... aluminium ion 

BET ..................................................... Brunauer, Emmet and Teller theory 

BPO ..................................................... benzoyl peroxide 

CCC ..................................................... constant current cycling 

CNT ..................................................... carbon nano tubes 

CV ....................................................... cyclic voltammetry 

DCPC .................................................. dicyclopentadiene 

DEC ..................................................... diethyl carbonate 

DMC .................................................... dimethyl carbonate 

EC ........................................................ ethylene carbonate 

EDX ..................................................... energy dispersive x-ray spectroscopy 

EGA ..................................................... evolved gas analysis 
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EGDMA/PEGDMA ............................ ethylene glycol dimethacrylate 

EV ........................................................ electric vehicle 

EMImCl ............................................... 1-ethyl-3-methylimidazolium chloride 

FTIR-ATR ........................................... fourier transform infrared spectroscopy - attenuated total 

                                                               reflectance 

GC/MS ................................................ gas chromatography/mass spectrometry 

IL ......................................................... ionic liquid 

LCO ..................................................... lithium cobalt oxide 

Li + ........................................................ lithium ion 

LIB ...................................................... lithium ion battery 

MHz ..................................................... mega hertz 

MMA/PMMA ...................................... methyl methacrylate 

NaCMC ............................................... sodium carboxymethylcellulose 

NHE ..................................................... normal hydrogen electrode 

NMR .................................................... nuclear magnetic resonance spectrometry 

OCV .................................................... open circuit voltage 

PE ........................................................ polyester 

PET ...................................................... polyethylenterephthalat 

Pt .......................................................... platinum 

PVD ..................................................... physical vapour deposition 

PVDF ................................................... polyvinylidene fluoride 

Py-GC/MS ........................................... pyrolysis gas chromatography mass spectrometry 

RTIL .................................................... room temperature ionic liquid 

SEI ....................................................... solid electrolyte interphase 

SEM ..................................................... secondary electron microscopy 

Si .......................................................... silicon 

SiC ....................................................... silicon carbide 

Si/C ...................................................... silicon carbon composite 

TG/DSC ............................................... thermogravimetry-differential scanning calorimetry  

VC ....................................................... vinylene carbonate 

XRD .................................................... x-ray diffraction 
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