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Abstract 

Concerning prospective energy storage in hybrid and battery electric vehicles, lithium-ion batteries 

(LIBs) are one of the most outstanding technologies due to their high energy density as well as great 

cycle stability. However, before a systematic replacement of fossil fuels proceeds, the achievement 

of high energy densities and acceptable life time of LIBs must be granted to be able to compete with 

the driving ranges of combustion engines.  

One possibility to enhance the energy density is the application of high voltage cathode materials. 

Hence, one aim of this doctoral thesis is the development of an energy-saving, microwave-assisted 

solvothermal synthesis of phospho-olivines and solid solutions thereof like LiMPO4/C, LiMM‘PO4/C 

and LiMM‘M‘‘PO4/C (M= Fe, Mn, Co). This synthesis method is compared to a conventional solid 

state procedure. The physical properties of all synthesized materials are analyzed and their influence 

on electrochemical performance is investigated. It has been noticed that there is a correlation 

between solid solution formation and the different steps within material preparation. The solid 

solution formation of LiFexMn1-xPO4/C as well as LiFexMnyCo1-x-yPO4/C definitely improves the 

electrochemical performance compared to LiMnPO4/C and LiCoPO4/C. A trend regarding the 

isovalent doping of LiFexMn1-xPO4/C and higher stability of the cell against high charge and discharge 

rates becomes apparent. 

Not only the hydrolysis sensitivity, but also the thermal instability of the most common conductive 

salt lithium hexafluorophosphate LiPF6 in the presence of organic carbonates is directly connected to 

the cycle stability and cycle life of the LIB. Therefore, another scope of this thesis is the 

characterization of a thermally aged state-of-the-art electrolyte as well as its impact on the 

electrochemical performance in a LIB. A measurement setup is developed that avoids the external 

influences on the thermal electrolyte degradation. The applied analysis techniques show that n-SiO2 

powder and glassware (e.g Duran®) definitely promote the electrolyte decomposition, whereby also 

polypropylene of the pouch bag is partly degraded. Even the addition of n-Si powder leads to an 

enhancement of the thermal electrolyte degradation. Hence, its application as anode material might 

be problematic. As far as glass surface is absent, the addition of protic impurities mainly leads to the 

development of hydrofluoric acid HF and difluoro phosphoric acid O=PF2(OH). The influence of the 

thermally aged electrolyte on the electrochemical performance can be ascertained due to the 

assembly of battery test cells. This method is still used to study the influence of different battery 

components on the thermal aging of the electrolyte and their consequences for electrochemical 

performance. 
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Kurzfassung 

Aufgrund ihrer vergleichsweise hohen Energiedichte und Zyklenfestigkeit gelten Lithium-Ionen 

Batterien (LIBs) als eine der bedeutsamsten Technologien zur elektrochemischen Energiespeicherung 

in Hybrid- und Elektrofahrzeugen. Bevor jedoch ein systematischer Ersatz fossiler Brennstoffe 

erfolgen kann, müssen hohe Energiedichten sowie eine akzeptable Lebensdauer der LIBs 

gewährleistet sein, um mit den Reichweiten von Verbrennungsmotoren in Konkurrenz treten zu 

können.  

Eine Möglichkeit, deren Energiedichte zu erhöhen, stellt die Applikation von Hochvolt-

Kathodenmaterialien dar. Deshalb ist ein Ziel dieser Dissertationsarbeit die Entwicklung einer 

energiesparenden und mikrowellenunterstützen Solvothermalsynthese von (Misch)Phosphaten 

LiMPO4/C, LiMM‘PO4/C und LiMM‘M‘‘PO4/C (M= Fe, Mn, Co). Diese Synthesemethode wird mit einer 

konventionellen, festkörperchemischen Synthesemethode verglichen. Alle synthetisierten 

Materialien werden hinsichtlich ihrer physikalischen Eigenschaften untersucht und deren Auswirkung 

auf die elektrochemische Performance getestet. Eine Abhängigkeit der Mischkristallbildung zwischen 

Übergangsmetallen von den unterschiedlichen Schritten in der Präparationsmethode kann 

festgestellt werden. Die Mischkristallbildung verbessert eindeutig die elektrochemische Performance 

von LiFexMn1-xPO4/C sowie LiFexMnyCo1-x-yPO4/C im Vergleich zu LiMnPO4/C sowie LiCoPO4/C. Es zeigt 

sich, dass isovalentes dotieren von LiFexMn1-xPO4/C die Stabilität der Zelle gegenüber hohen Lade- 

und Entladeraten erhöht.  

Nicht nur die Hydrolyseempfindlichkeit, sondern auch die thermische Instabilität des 

gebräuchlichsten Leitsalzes Lithiumhexafluorophospat LiPF6 in Gegenwart von organischen 

Carbonaten steht im direkten Zusammenhang mit der Zyklenfestigkeit sowie der Lebensdauer von 

LIBs. Daher stellt ein weiteres Ziel dieser Arbeit die Charakterisierung der thermisch bedingten 

Alterung eines konventionellen Elektrolyten sowie dessen Auswirkung auf das elektrochemische 

Verhalten von LIBs dar. Es kann ein Messsetup entwickelt werden, das die Einwirkung äußerer 

Einflüsse auf die thermische Elektrolytalterung exkludiert. Mit den angewandten Analysetechniken 

zeigt sich, dass n-SiO2 Pulver sowie Glas (z.B. Duran®) die Elektrolytalterung signifikant 

beschleunigen, wobei auch die Polypropylenschicht der Verbundfolie teilweise angegriffen wird. 

Auch die Zugabe von n-Si Pulver führt zu einer Erhöhung der thermischen Elektrolytzersetzung. 

Daher können Probleme beim Einsatz als Anodenmaterial entstehen. Die Zugabe von protischen 

Verunreinigungen führt hauptsächlich zur Entstehung von Flusssäure HF sowie auch 

Difluorophosphorsäure O=PF2(OH), sofern der Einfluss von Glasoberfläche vermieden wird. Durch die 

Assemblierung von Batterietestzellen kann die Auswirkung der thermisch gealterten Elektrolyten auf 

die elektrochemische Performance festgestellt werden. Der Einfluss unterschiedlicher 

Batteriekomponenten auf die thermische Elektrolytalterung sowie deren Konsequenzen für die 

elektrochemische Performance wird weiterhin mittels dieser Methode untersucht.  
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1 Introduction 

As delicacy wielded in French cuisine, frog legs were often fried until crisp, seasoned and served on a 

plate with a slice of lemon. Provided that an electrochemist observes the citron as well as the frog 

legs with his profound expertise, he would definitely talk 

shop about Luigi Galvani and Alessandro Volta, metals, 

electrolytes and the electrochemical cell. Whereas it is 

possible that Parthians and Egyptians already applied 

electroplating long before Christ, the first recorded proof 

accrued in 1791 [1][2]: Luigi Galvani realized that frog legs 

showed movement once they got in touch with two 

different metals. Only his interpretation was misleading, 

since he attributed this movement to ‘animal electricity’. 

Alessandro Volta instead found out that the movement of the leg was caused by the flow of electrical 

current and developed the voltaic pile in 1800 [1][3]. This first battery consisted of stacked zinc and 

copper electrodes, which were linked externally through a wire and separated by salt solution soaked 

cardboard slices. Growing interest in the galvanic processes led to the development of the first 

device that produced electricity uniformly. This so-called Daniell Element was developed in 1836. In 

1859 the lead-acid battery, which is used until today, was invented by Gaston Planté, followed by a 

lot of different cell chemistries. Just to mention a few of them, Leclanché cells, nickel-cadmium 

batteries Ni-Cd, alkaline batteries and nickel metal hydride Ni-MH batteries were explored. All of 

them used an aqueous electrolyte and thus theoretic stability was limited up to 1.23 VNHE [4] due to 

the decomposition of water. This limit might be exceeded by e.g. the formation of a corrosion film of 

lead within the lead-acid battery [5]. During the 20th century, the lead-acid and the nickel-cadmium 

battery became the most widespread applications [6]. Nevertheless, the steady demand of an 

increase in energy density and the application of high voltage electrode materials force the battery 

community to the development of electrolytes other than aqueous ones. 

Thereafter, the demand of portable electronic devices was steadily increasing. Moreover, utmost 

interest evoked in the replacement of internal-combustion engines by electrically driven vehicles due 

to environmental concerns. For this application, new technologies with higher energy and power 

densities were needed. The breakthrough of the lithium-ion secondary battery LIB (LixC6/non-

aqueous liquid electrolyte/Li1-xCoO2) in 1991 by Sony Corporation [7] puts other technologies steadily 

out of the market due to its favorable high gravimetric and volumetric energy density. Since then a 

lot of research activities have focused on the advancement of the LIB. The capacity of the first 186501 

                                                           
1 Meaning that the casing of the cell has a diameter of 18 mm and a length of 65 mm. 

Figure 1: Graphic representation of Galvani’s frog 
leg experiment [2]. 
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LIB cell could be improved from 0.9 Ah to 2.6 Ah till 2012 [8]. Nowadays, this cell format is able to 

reach a capacity of 3.35 Ah [9]. Figure 2 gives an overview of the power and energy densities of 

different energy storage systems. It is evident that full performance battery electric vehicles (FPBEV) 

can only be realized by the application of LIBs. Full hybrid electric vehicles (HEV) can either be driven 

by Ni-Cd or Ni-MH, whereas plug-in hybrid electric vehicles (PHEV) need the energy supply from at 

least Ni-MH. 

 

Figure 2: Ragone Plot. Redrawn and modified from [10]. 

As suggested by the international energy agency’s (IEA) world energy outlook 2014 [11], the energy 

requirements will increase by 37 % until 2040. To diminish the global warming and decrease the 

carbon emissions through replacing combustion engines by battery electric vehicles (BEV), the total 

environmental impact of the LIB in BEVs (cf. eq. 1) needs to be considered  [12] [13]. 

 ∑ ∑ ++=
Components Components

LIB processSynthesisncompositioChemicalI  

∑ ∑+
Components Components

cyclingsystemtheinonplementati ReIm  
eq. 1 

I  . . . . . . . . . . . . . . . . . . .  Total environmental impact of  the LIB 

 

Other important factors influencing the commercialization of LIBs in BEVs are their lifetime, costs and 

energy density [14]. The publication „The electrification of the Vehicle and the Urban Transport 

System” [15] from EUCAR, summarizes important prerequisites for the use of LIBs in BEVs until 2020 

(cf. Table 1). 
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Table 1: Comparison of the prerequisites of LIBs for the application in BEV. 

 2015 2020 

Energy density / Wh kg-1 150 200 

Lifetime - 15 years or 5000 deep charge/discharge cycles 

Costs / € kWh-1 300 150 

Driving range / km 150 / 250* 200 / 300* 

*Under ideal conditions 

Within this thesis the focus is on decreasing the energy input and costs during production of positive 

electrode materials for LIBs. Therefore, an energy saving synthesis method is shown for next 

generation positive electrode materials. Microwave-solvothermal synthesis is used to obtain doped 

and undoped LiFexMn1-xPO4 (with x= 0, 0.1, 0.2, … 1.0). Carbon coating of the samples leads to a 

superior electrochemical performance. The ideal value for x is determined as 0.5 molar equivalents. 

It turned out that solid solution formation between Fe and Mn within the phospho-olivine crystal 

lattice greatly depends on the preparation method. A detailed XRD study on synthesized phospho-

olivine powders is demonstrated. To further enhance the energy density of next generation positive 

electrode materials, partial substitution of Fe occurs not only with Mn, but also with Co.  

Since these next generation positive electrode materials generally possess a higher operating voltage 

compared to the state-of-the-art cathodes, it is crucial that the electrochemical stability window of 

the electrolyte ensures a safe and long cycle life performance of the LIB. Latter greatly depends on 

the condition and composition of the electrolyte. Further, the utilization of manganese in next 

generation positive electrode materials might lead to a higher energy density of the LIB since the 

redox potential of Mn2+/Mn3+ is higher compared to Fe2+/Fe3+. Anyway, the substitution of iron with 

manganese can trigger additional aging effects, caused by well-known dissolution of Mn2+-ions into 

the electrolyte. Further enhancement is possible by traces of HF, which could be contained in the 

electrolyte as adsorbed species on the conductive salt LiPF6 or develop through infiltration of water 

by insufficient drying of active materials. All these effects are enhanced at elevated temperatures 

and therefore, the application of LIBs is limited to a certain temperature range.  

To examine the thermal degradation of state-of-the art electrolytes used in LIBs, existing methods 

are first evaluated and further developed. Another scope of this work is to present a method that 

ensures that the environmental impact on thermal electrolyte aging such as e.g. housing materials is 

avoided. Therefore, this method allows the identification of key factors, which influence the thermal 

degradation of state-of-the-art electrolytes used in LIBs. The thermal degradation products in the 

electrolyte are presented to achieve profound understanding for an enhancement of the cycle life 

and safety of the LIB. Further, the influence of thermal aging on the electrochemical performance of 

the LIB is shown by the assembly of battery test cells.  
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2 Theoretical Background 

2.1 The galvanic cell 

The basic principle of every electrochemical cell is the donation and acceptance of electrons, termed 

as oxidation and reduction, respectively. These redox-reactions occur either in electrolytic or in 

galvanic cells2. The main difference between these cell types is that redox-reactions happen 

spontaneously for galvanic cells (ΔG is negative), whereas electrolysis needs the supply of electrical 

energy (ΔG is positive) [16]. 

The conversion of chemical energy in electrical energy in galvanic cells leads to the generation of a 

current. To gain higher capacity or higher voltage from these cells, they are connected parallel and in 

series, respectively. The connection of cells is referred to as battery. Galvanic cells are divided into 

three different cell types [16][17]: 

 Primary cells: This cell type can only be discharged once. The electrochemical reaction is 

irreversible and hence they are not rechargeable. Alkaline manganese dioxide batteries and 

zinc carbon batteries are two examples with a non-rechargeable mechanism.  

A special case of primary cells are reverse cells, wherein one part is not active when the cells 

are assembled. Usually, the electrolyte is separated from the other cell parts. The battery 

becomes active as soon as the electrolyte is released by e.g. heat.  

 Secondary cells: After discharge, the cells are charged by an external electrical force. The 

electrical potential applied to the cell needs to be at least as high as the standard potential 

ΔE0 of the entire cell to achieve the initial situation. Since the electrochemical reaction is 

reversible, these cells are termed as rechargeable. Secondary cells are e.g. lithium-ion 

batteries or nickel-metal hydride batteries.  

 Fuel cells: Whereas primary and secondary cells are closed systems, fuel cells need a steady 

supply of fuel such as e.g. hydrogen and oxygen. 

Generally, galvanic cells consist of three parts: the positive electrode, the negative electrode and the 

electrolyte [1][17]. The electrode, where reduction occurs during discharge, is further called positive 

electrode or cathode. The counterpart (negative electrode or anode) is the electrode, which is 

oxidized during discharge. Even if the oxidation and reduction reactions are reversed upon charging, 

and therefore the term cathode and anode should be swapped, most literature about LIBs still uses 

cathode for the positive and anode for the negative electrode. Therefore, this terminology is adopted 

within this thesis. The electrolyte is ionically conductive and electronically insulating. Therefore, its 

task is to deliver ions between the positive and negative material upon charge and discharge, 

                                                           
2 Herein, the term „cell” is used as the smallest unit of a battery.  
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0 log303.2 ×
×
××+=  

eq. 5 
        

E . . . . . . . . . . . . . . . . . .  Potential  / V 

E
0
 . . . . . . . . . . . . . . . . .  Standard potential  / V 

R . . . . . . . . . . . . . . . . . .  Universal gas constant / 8.3145 J K
- 1

 mol
- 1

 

T . . . . . . . . . . . . . . . . . .  Temperature /K 

z . . . . . . . . . . . . . . . . . . .  Number of electrons exchanged 

F.. . . . . . . . . . . . . . . . . .  Faraday constant / 96485 C mol
- 1

 

aO x  or aR e d  . . . . .  Activities of oxidized or reduced species 

 

By using eq. 5 it is possible to calculate the potential of the lead-acid battery at different acid 

concentrations. Therefore, the potential can be calculated for other conditions than standard 

conditions.  

2.1.2 Thermodynamic and kinetic basics 

The potential of galvanic cells can either be measured directly or calculated with the aid of 

thermodynamic data. Within this chapter some thermodynamic basics of galvanic cells are treated 

[16][17][18][20][21]. The Gibbs-Helmholtz equation plays a key role in thermodynamics that 

describes the equilibrium of a chemical reaction and its preferential reaction process. 

 STHG ∆×−∆=∆  eq. 6 

      

ΔG .. . . . . . . . . . . . . . .  Gibbs free energy or rather uti l izable electric energy / J  mol
- 1

 

ΔH . . . . . . . . . . . . . . . .  Reaction enthalpy / J  mol
- 1

 

T×ΔS . . . . . . . . . . . . .  Product of temperature and entropy / J  
 

A change in the Gibbs free energy is the driving force for the release of electrons into an external 

circuit upon discharging of a galvanic cell. If equilibrium conditions, thus an infinitesimal current and 

the same concentration of oxidation and reduction species occur inside the cell, eq. 6 can be defined 

for the standard free energy ΔG0: 

 00 EFzG ××−=∆  eq. 7 

    

ΔG
0
 . . . . . . . . . . . . . . .  Standard Gibbs free energy or rather uti l izable electric energy / J  mol

- 1  

z . . . . . . . . . . . . . . . . . . .  Number of electrons exchanged 

F.. . . . . . . . . . . . . . . . . .  Faraday constant / 96485 C mol
- 1  

E
0
 . . . . . . . . . . . . . . . . .  Standard potential  / V 

 

Therefore, eq. 7 describes the maximum utilizable electrical energy of a galvanic cell under standard 

conditions. 
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Since electrodes and electrolyte are in direct contact within the galvanic cell, an equilibrium proceeds 

at the phase boundaries. Therefore, the anions within the electrolyte interact with the positively 

charged electrode and vice versa. Consequential, an electrical double layer (EDL) develops at the 

electrode-electrolyte interface. The chemical potential μi differs at the phase boundary for the 

electrode and the electrolyte and is further influenced by the potential of the EDL ϕi. The 

electrochemical potential inside the cell μi
* is unique for its constituents i and is defined according to 

eq. 8. 

 
iiii Fz ϕµµ ××+=*
 eq. 8 

     

µ i
*
 . . . . . . . . . . . . . . . . . .  Electrochemical potential  inside the cel l  of  component i/ J  mol

- 1
 

µ i  . . . . . . . . . . . . . . . . . . . .  Chemical potential  of component i  /  J  mol
- 1

 

z  . . . . . . . . . . . . . . . . . . . . .  Number of electrons exchanged 

F.. . . . . . . . . . . . . . . . . . . .  Faraday constant / 96485 C mol
- 1  

ϕ i  . . . . . . . . . . . . . . . . . . . . . . . . . . .Potential  of the EDL / V 

 

Whereby μi is constituted by 

 
iii aTR ln0 ××+= µµ  eq. 9 

     

µ i  . . . . . . . . . . . . . . . . . . . .  Chemical potential  of component i  /  J  mol
- 1

 

µ i
0
 . . . . . . . . . . . . . . . . . .  Chemical potential  of component i  at standard conditions / J  mol

- 1  

R .. . . . . . . . . . . . . . . . . . .  Universal gas constant / 8.3145 J K
- 1

 mol
- 1

 

T . . . . . . . . . . . . . . . . . . . .  Temperature /K 

a . . . . . . . . . . . . . . . . . . . .  Activity of species i  

 

and directly linked to the Gibbs free energy via the stoichiometric factor vi by eq. 10. 

 

i
i v

G

∂
∂=µ  

eq. 10 
      

µ i  . . . . . . . . . . . . . . . . . . . .  Chemical potential  of component i  /  J  mol
- 1

 

ΔG .. . . . . . . . . . . . . . . . .  Gibbs free energy or rather uti l izable electric energy / J  mol
- 1

 

v i  . . . . . . . . . . . . . . . . . . . .  Stoichiometric factor of component i  

 

If equilibrium conditions exist within the galvanic cell, a difference between the potential of the 

electrode and the electrolyte, the so-called Galvanipotential Δϕ, develops. As already mentioned in 

chapter 2.1.1, the direct determination of the Galvanipotential of one phase is impossible. The 

rationale for this is simple: Every time a device is applied to determine the potential of e.g. the 

electrode, a new EDL accompanied by the generation of another Galvanipotential is created and 

hence only a potential difference is recorded.  
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The current i of a galvanic cell is composed of an anodic iA and a cathodic iC part. At equilibrium 

conditions of the cell, the current i0 (A) or the current density j0 (A cm-2) of the anode and the 

cathode are equal. 

 
AC jjj ==0  eq. 11 

             

j0  . . . . . . . . . . . . . . . . . . . .  Current density / A cm
- 2

 

jC  . . . . . . . . . . . . . . . . . . . .  Current density of the cathode / A cm
- 2

 

jA  . . . . . . . . . . . . . . . . . . . .  Current density of the anode / A cm
- 2

 

 

Under non-equilibrium conditions, when current flows, a shift of the potential compared to its 

theoretical value can be registered. The difference in theoretical and experimentally determined 

potentials for the galvanic cell is caused by the impact of an overpotential η. 

 ∑−∆= η0EEreal  eq. 12 
      

E r e a l  . . . . . . . . . . . . . . . .  Experimentally determined potential  / V 

ΔE
0
 . . . . . . . . . . . . . . . . .  Difference in standard potential  / V 

η . . . . . . . . . . . . . . . . . . . .  Overpotential  / V 

 

The term „overpotential” implies different kinds of polarization (cf. Figure 4 (b)). The three main 

contributions to the overpotential are charge transfer polarization, concentration polarization and 

ohmic polarization. Since the reaction and crystallization overpotentials show a minor influence on 

the decrease of the cells potential they are not treated within this thesis. 

 Charge transfer polarization: The reason for charge transfer or activation polarizations is the 

limited speed of the redox reactions at the phase boundary. It depends on the cell 

components and the kind of EDL. 

 Concentration polarization: At high current densities, the mass transport of the reactants to 

the electrode/electrolyte interface diminishes. Concentration polarization originates since 

active species for the redox processes are not available anymore. 

 Ohmic polarization: On load of the galvanic cell, a resistance of individual cell components 

emerges that is typical for the cell components used and is called IR drop. The IR drop is 

dependent on ionic, electronic and contact resistances of the cell. 

Figure 4 (a) clearly shows the difference of the calculated, ideal curve compared to the 

experimentally determined curve 1 according to eq. 12. Curve 2 results either if the cell possesses a 

higher resistance or if a higher discharge rate is used. Therefore, polarization effects are only minor if 
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the cell is cycled with a very low current density and if the inner resistance of the cell is as low as 

possible.  

 

Figure 4: (a) Voltage against time plot. The ideal voltage curve and two real curves influenced by the overpotential are 
shown. Redrawn from [16]. (b) Characteristic discharge behavior of a battery showing the influences of η. Redrawn from 
[20] and [22]. 

 

To sum up, one could define eq. 12 more precisely:  

 ( ) ( )[ ] ( ) ( )[ ] RiRiEE icCcCtaCaCtreal ×=×−+−+−∆= ηηηη0  eq. 13 
  

E r e a l  . . . . . . . . . . . . . . . .  Experimentally determined potential  / V 

ΔE
0
 . . . . . . . . . . . . . . . . .  Difference in standard potential  / V 

ηC t  and ηC  . . . . . . . .  Charge transfer polarization and concentration polarization 

a and c . . . . . . . . . . . .  Anodic and cathodic part 

i  . . . . . . . . . . . . . . . . . . . . .  Operating current on cel l  load / A 

R i  and R . . . . . . . . . . .  Internal resistance and total resistance of the cel l  /  Ω 
 

 

During discharge of the cell, electrons are withdrawn from the anode moving into an external circuit. 

Faraday realized that there is a dependence of the electronic current i on the mass of substance m 

that is oxidized, referred to as Faraday’s 1st law.  

 ticonstQconstm ×== ..  eq. 14 
     

m ... . . . . . . . . . . . . . . . . .  Mass of the substance / g 

Q . . . . . . . . . . . . . . . . . . . .  Electric charge / As or C 

i  . . . . . . . . . . . . . . . . . . . . .  Current / A 

t . . . . . . . . . . . . . . . . . . . . .  Time / s 
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According to eq. 14, the theoretical capacity (As g-1) of a material can be calculated by eq. 15: 

 

M

Fz

m

Q ×=  
eq. 15 

      

Q .. . . . . . . . . . . . . . . . . . .  Electric charge / As or C 

m .. . . . . . . . . . . . . . . . . . .  Mass of the substance / g 

z . . . . . . . . . . . . . . . . . . . . .  Number of electrons exchanged 

F.. . . . . . . . . . . . . . . . . . . .  Faraday constant / 96485 C mol
- 1  

M ... . . . . . . . . . . . . . . . .  Molar mass/ g mol
- 1

 

 

The Faraday constant of eq. 15 is defined as the electric charge of one mole n of monovalent ions 

and is the product of the Avogadro constant NA and the elementary charge e. 

 
eN

n

Q
F A ×==  

eq. 16 
    

F.. . . . . . . . . . . . . . . . . . . .  Faraday constant / 96485 C mol
- 1  

Q .. . . . . . . . . . . . . . . . . . .  Electric charge / As or C 

n . . . . . . . . . . . . . . . . . . . .  Mol / mol 

NA  . . . . . . . . . . . . . . . . . . .  Avogadro constant / 6.022*10
2 3

 mol
- 1  

e . . . . . . . . . . . . . . . . . . . .  Elementary charge / 1.602*10
- 1 9

 C 

 

Another important fact is that if the same amount of charge is involved during the redox-reactions at 

different electrodes, one mole of monovalent ions is discharged by one mole of electrons. If bivalent 

ions occur during the reaction, 2 moles of electrons are needed to discharge them. This fact is 

summarized by Faradays 2nd law: 

 

AB

BA

B

A

zM

zM

m

m

×
×

=  
eq. 17 

 

mA , B  . . . . . . . . . . . . . . . .  Active mass of component A or B /  g 

MA , B  . . . . . . . . . . . . . . . .  Molar mass of component A or B / g mol
- 1

 

zA , B  . . . . . . . . . . . . . . . . .  Number of electrons exchanged for component A or B 

 

2.1.3 Glossary 

This subchapter gives an overview of the most important battery characteristics used within this 

thesis. The battery features are explained according to [16], [17] and [23]. 

 OCV and nominal voltage: The obtained voltage under no load conditions and the typical 

operating voltage of a cell are called OCV [V] and nominal voltage [V], respectively. They 

depend on temperature, concentration and transport limitations. 
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 Capacity: The theoretical capacity is based on Faradays law according to eq. 15 and is typical 

for the size and the chemistry of the cell. The amount of charge per unit weight is called 

specific capacity [Ah kg-1]. The more charge carriers that are involved in the redox reactions 

and the lower the weight of the material, the higher the capacity. 

 Energy density: This term implies the energy contained in a material or a device. It is the 

product of cell voltage and capacity. The energy density refers to unit volume [Wh L-1], 

whereas the specific energy density states the energy per unit weight [Wh kg-1]. 

 Power density: The power density is the product of current and operating voltage. It depends 

on the materials used and the cell design. The units are either [W L-1] or [W kg-1], for the 

power referred to unit volume and unit weight, respectively. 

 nC and C-rate: nC defines the time for a complete charge or complete discharge of a battery 

or a cell, whereby n consists of 60 over n minutes. It is also a measure of the current. A C-rate 

of 1 signifies that the battery is charged or discharged within 1 hour (n=60 minutes). The unit 

of the C-rate is [A]. 

 CC experiments: The current within these experiments is kept constant regarding one 

charge/discharge cycle.  

 CCCV experiments: After the CC charge, it is common to insert a trickle charge with constant 

voltage. Within this thesis, this trickle charge is performed for one hour at the highest 

voltage vs. Li/Li+ for each material.   

 Efficiency: It means either the coulombic efficiency or the energy efficiency of a cell or 

battery. Whenever talking about efficiency within this thesis, coulombic efficiency is meant.  

 
100

arg

arg ×=
eCh

eDisch
Coulombic Q

Q
η  

eq. 18 

     

ηC o u l o m b i c  . . . . . . . . . . . . . . .  Coulombic eff iciency / % 

QD i s c h a r g e / c h a r g e  . . . . . . .  Amount of charge that leaves/enters a battery or cel l  during cycl ing / Ah  

 Shelf and cycle life: The shelf life of a battery or cell provides the deterioration of itself upon 

storage. The shelf life is influenced by the cell design, storage temperature, electrochemical 

system and the state-of-charge of the battery or cell. Therefore, ideal conditions should be 

chosen to minimize the self-discharge rate. Instead of the shelf life, the cycle life states the 

number of cycles of a battery or cell, usually until 80 % of its nominal capacity is achieved.  

 Electrolyte window: The electrolyte window Eg signifies the voltage range within which the 

electrolyte is stable (no oxidation or reduction occurs). The borders of the electrolyte 

window are the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO) of the liquid electrolyte.  
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2.2 Lithium-ion battery 

2.2.1 Brief historical development 

The rapid market growth of portable electronic devices in the 1980s [24] forced the global battery 

market to the development of technologies with a lighter weight, a decrease in size and an increase 

of their capacity. The incorporation of metallic lithium in the battery seemed favorable due to the 

following reasons [25]:  

 Weight reduction: Among all metals, lithium is the lightest one (6.94 g mol-1).  

 Size reduction: Metallic lithium possesses a low density of 0.53 g mL-1.  

 Higher energy density: Metallic lithium owns the most negative standard potential against 

NHE (cf. Table 2). 

Primary lithium batteries were already applied in the 1960s and 1970s [26]. These primary cells 

consisted of lithium as negative electrode material and e.g. SO2 or MnO2 as positive electrode 

material. The invention of a secondary battery that contained metallic lithium as anode material was 

complex since it led to dendrite formation and capacity fading with progressive recharging. Around 

the 1980s, three fundamental points for the secondary LIB technology were published. Firstly, Peled 

showed that the development of an interface on the negative electrode material is crucial for the 

operation of alkali metals in non-aqueous electrolytes [27]. He demonstrated the necessity of 

controlling certain parameters to influence the SEI formation. Secondly, Mizushima et al. [28] 

reported about a new positive electrode material LiCoO2 with an ordered rock salt structure and 

promising electrochemical characteristics. Thirdly, many researchers [29][30][31] focused on the 

substitution of metallic lithium by a second intercalation electrode3. The application of two 

intercalation electrodes that reversibly insert/deinsert lithium in its ionic form is termed „rocking-

chair” technology [32]. Based on former inventions, utmost interest in the commercialization of 

secondary LIBs was attracted with the introduction of a safe cell chemistry, the graphite/LiCoO2 

rocking-chair battery [7]. This rechargeable lithium-ion cell showed a two to three times higher 

gravimetric energy density compared to Ni-Cd batteries. Together with its potential above 3.6 V [33], 

a high energy density secondary lithium-ion battery was invented.  

Since 1991, most research activities focus on the improvement of the LIB performance due to highly 

desirable implementation of the LIBs in stationary and automotive applications. This chapter gives an 

overview of some state-of-the-art components as well as next generation LIB components. Further, 

the formation of electrode/electrolyte interfaces and causes for capacity fading are described. At the 

end of the chapter, the functional principle of the LIB is summarized.  

                                                           
3 Intercalation electrodes reversibly take up/release lithium-ions without any conversion reaction of the 
 material itself. 
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2.2.2 Active materials for LIBs 

The positive and negative active materials are the part of the LIB, where the maximum achievable 

chemical energy, which is converted in electrical energy, is stored. In contrast to e.g. Ni-Cd batteries, 

many different LIB intercalation electrodes exist (cf. Figure 5). Therefore, the choice of the proper 

active materials depends on their target application. As already mentioned in chapter 2.1.2, the 

specific energy density is influenced by the average operating voltage of the LIB and the specific 

capacity of its contained active materials. To achieve a high value thereof, a sufficient amount of 

lithium-ions must be available within the cell and the voltage gap between the positive and the 

negative electrode should be as large as possible. Considering Figure 5 it is obvious, that the higher 

the capacity of the implemented negative electrode material the more material input of positive 

electrode is necessary. Since negative electrode materials have been thoroughly enough researched, 

ongoing R&D focuses on the development of new high voltage positive electrode materials. 

The review article by Nitta and Yushin [34] summarizes electrode parameters for the right choice of 

active materials. To mention a few, delithiation capacities, capacity loadings (mAh cm-2), rate 

performance, coulombic efficiency, affordability and safety of the materials need to be considered 

before application. Particular attention has also to be paid on the accurate particle size of the active 

materials and conductive coatings thereof. Hence, a decrease in lithium-ion diffusion lengths, an 

increase in electric conductivity and an improvement of electronic transport might be achieved by 

careful tuning of the particles [35]. 

 

Figure 5: Potential versus capacity plot of common positive and negative electrode active materials based on [33], [36] 
and [37]. The grey area shows the electrochemical stability window of 1 M LiPF6 in EC/DEC (1:1). 
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The intercalation/deintercalation of lithium-ions and thus the caused voltage behavior and reversible 

capacity depend on the crystallinity and morphology of the graphitic and non-graphitic carbons 

[43][44]. Herein, the insertion/deinsertion mechanism of lithium-ions is described for graphitic 

carbons. 

The stacking order of the graphene sheets is A-B and A-B-C for hexagonal and rhombohedral 

graphite, respectively [43]. Since the transformation energy between the two crystal systems is low, 

both stacking orders are always contained. To facilitate the explanation of the charging/discharging 

of graphite, only hexagonal graphite is treated. Hexagonal graphite belongs to the P63/mmc space 

group and consists of graphene layers with sp2 hybridized carbons [45]. Van der Waals forces weakly 

bond the graphene sheets. Lithium insertion happens according to eq. 25 during charging of the LIB. 

As illustrated in Figure 7 (i), this process only occurs at the prismatic surface or at the edge/defect 

sides of the basal plane surfaces [43][46]. Therefore, lithium intercalation behaviors are depending 

on the different ratios of prismatic to basal plane surfaces and on the particle sizes of the negative 

active material. Upon the insertion of lithium into the graphite lattice, the stacking order of the 

graphene sheets shifts from A-B-A to A-A-A. Structural defects may prevent this sliding and thus full 

lithiation is inhibited. Further, the distance between two graphene layers is increased from 

0.3354 nm to 0.370 nm, meaning a volume expansion of 10.3 % [43]. 

 

Figure 7: Crystal structure of hexagonal graphite (i) and of graphite with fully intercalated lithium-ions (ii), showing a 
stacking order of the graphene layers of A-B-A and A-A-A, respectively. Redrawn and modified from [43]. 

Figure 8 shows that the intercalation of lithium into graphite occurs stepwise at different voltage 

stages [43][47]. Stage II is divided into II and II L, because lithium inserts diversely, leading to 

different lithium packing densities in the graphite. A clear distinction between the stages is not 

possible and therefore some stages coexist at certain voltage regions. Song et al. [48] show by XRD 

and high resolution transmission electron microscopy measurements that LiC6 and LiC12 coexist in the 
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lithiated graphite particle. The lithiation state of the graphite is closely related to a color change.  

Harris et al. [45] publish that LiC18, LiC12 and LiC6 present a dark blue, red and golden color, 

respectively. They demonstrate that the lithiation starts at the active materials contact to the current 

collector and progresses towards the surface of the electrode. Complete lithiation of the graphite 

(LiC6) results in a theoretical capacity of 372 mAh g-1. Since graphite operates outside the 

electrochemical stability window of the electrolyte the irreversible capacity loss of the first 

charge/discharge cycle prevents the achievement of the theoretical value. Therefore, a practical 

capacity of 80-95 % [43] of its theoretical value can be reached during the first charge/discharge 

cycle and a protective layer, the SEI, forms on its surface.  

 

Figure 8: (i) Galvanostatic curve illustrating the stage formation in graphite upon lithium intercalation. Redrawn from 
[43] and modified by adding optical micrographs taken by in-situ measurements from S. J. Harris et al. [45] upon charging 
of the graphite. (ii) Corresponding cyclovoltammetric measurement.  

Ongoing research on carbonaceous materials focuses on the improvement of the rate capability of 

graphite [44]. To achieve higher capacities, the application of hard carbons as well as special 

arrangements of graphene in graphene-based active materials seems attractive [39][49]. Although 

the specific capacity of graphitic carbons is low compared to lithium alloys, hard carbons and 

graphene (cf. Figure 5) their substitution as negative electrode material remains challenging due to 

their excellent cycling behavior and long cycle life. 

2.2.2.2 Other feasible negative electrode materials 

Lithium alloys. In 1971, Dey [50] realizes that lithium alloys with other metals in 1 M LiClO4 in 

propylene carbonate according to eq. 19. This alloying occurs if the other metal is adequately 

polarized by the electrolyte [43]. Some metals that form alloys with lithium are Si, Sn and Al. 

 

 eq. 19 
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Considering the potential vs. capacity plot (cf. Figure 5), the main advantage of lithium alloys is their 

superior theoretical capacity compared to carbonaceous materials. Anyway, huge volume changes 

(cf. Table 3) of these materials have impeded their application as negative electrode material so far. 

Many research activities focus on the improvement of increasing the coulombic efficiency of the 

1st charge/discharge cycle and cycle life. Some strategies are: Downsizing of the particles, formation 

of intermetallics, application of the materials as thin film, controlling of the operating voltage and 

embedment of the lithium alloys in matrix materials [43][51][52][53]. The latter strategy seems really 

promising since Obrovac et al. [54] show that the volumetric energy density of lithium alloys is either 

increased by an increased degree of lithiation or if the volume expansion is fixed, the active material 

can be diluted with an inactive phase. 

Table 3: Comparison of the volume change upon lithium uptake of graphite, metal alloys, metal oxides and spinel-type 
anode materials. Values taken from [51], [55] and [56]. 

Lithiated species Volume increase / % Lithiated species Volume increase / % 

LiC6 10 Li4.4Sn (from Sn) 676 

LiAl 96 Li4.4Sn (from SnO2) 200 

Li4Si 320 Li7Ti5O12 1 

Transition metal oxides. They are another interesting group for high capacity negative electrode 

materials. As opposed to lithium alloys and intercalation electrodes, a conversion reaction occurs in 

most metal oxides. Li2O serves as electrochemically inactive buffer matrix that significantly improves 

cycling stability [52][57]. Generally, the conversion reaction can be illustrated according to eq. 20. 

 

 eq. 20 
 

Spinel-type negative electrode materials. Recently, Li4Ti5O12 (LTO) has gained a lot of interest for 

application in EVs due to safety reasons since the Ti4+/Ti3+ redox reaction occurs at 1.5 V vs. Li/Li+ [58]. 

Upon charging from 2.5 to 1 V vs. Li/Li+, LTO takes up three lithium-ions (cf. eq. 21) and undergoes a 

structural change from the spinel to the rock salt type. 

 

 eq. 21 

The discharging down to 0.01 V vs. Li/Li+ can even increase the lithium uptake to a number of five 

lithium-ions and thereby enhance its specific capacity. The negligible volume change upon lithium 

insertion is favorable in terms of long-term cycling performance. Particle tuning by e.g. doping or 

carbon surface modification leads to materials that sustain high C-rates and therefore, fast 

rechargeable battery systems [59][60].  
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Figure 10: Scheme of the domino-cascade model with (i) showing the strains occurring during the charging of a battery in 
LFP and (ii) the charging and discharging of LFP. Redrawn from [67]. (iii) Precision electron diffraction (PED) phase map 
recorded by Brunetti et al. [68] of either fully lithiated (red) or fully delithiated (green) LFP particles. 

The major drawbacks of phospho-olivine positive electrode materials are their low ionic and 

electronic conductivity. These drawbacks have been overcome for LiFePO4 by the synthesis of a 

nanocomposite material covered with a conductive carbon layer. At a C-rate of 0.5, 93 % of its 

theoretical capacity (170 mAh g-1) can be achieved [62]. Nevertheless, the carbon content within the 

material needs to be carefully adjusted since increasing the carbon content occurs at the expense of 

the gravimetric energy density and the tap density of the material [69]. Delacourt et al. [70] 

demonstrate that a precise control of the size of LiFePO4 should be performed in favor of the energy 

density of the material.  

Moreover, cationic or anionic doping of LiFePO4 with certain elements remarkably improves its 

electronic conductivity from 10-9-10 S cm-1 [66] to 10-1-3 S cm-1 [65] since it might reduce the anti-site 

defects of the crystal lattice. Whereas calculations [71] show that doping is only favorable for 

isovalent ions, both isovalent and aliovalent doping are found to improve the transformation kinetics 

and expand the lithium-ion diffusion channels [72]. The doping of LiFePO4 with 1 mol % Zn [73] 

reduces the shrinking upon lithium extraction and therefore improves its kinetics. Ou et al. [74] show 

that M1 site doping with magnesium does not lead to a remarkable improvement of specific capacity 

values. On the contrary, Huang et al. [75] exhibit that M2 site doping with Mg2+ increases the ionic 

and electronic conductivity. They also show that co-doped LiFe0.92Mg0.08(PO4)0.99F0.03/C demonstrates 

the best electrochemical performance since the anion doping further enhances the rate performance 

of the material.  
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Figure 11: Electrochemical stability window of common lithium salts in organic solvents and corresponding redox 
potentials of phospho-olivines. Redrawn and modified from [76]. 

Beside comparable theoretical capacity values of phospho-olivines LiMPO4 (M= Fe, Mn, Co, Ni), their 

redox potential increases as follows: Fe<Mn<Co<Ni. Theoretically, the gravimetric energy density 

could be raised from 578 Wh kg-1 for LiFePO4 to 802 Wh kg-1 for LiCoPO4 [77]. Anyway, the 

application of LiCoPO4 and LiNiPO4 is restricted not only by the lack of a suitable electrolyte but also 

due to even worse electronic conductivity compared to LiFePO4. Figure 11 illustrates that the redox 

reaction for Co2+/Co3+ of LiCoPO4 occurs at the extreme limit of the electrolyte stability. Ni is oxidized 

and reduced at a potential beyond the electrochemical stability window of common electrolyte 

systems. Therefore, they are unattended within this thesis. 

The reasons for inferior electrochemical behavior of LiMnPO4 compared to LiFePO4 are shown by 

Delacourt et al. [78]. Section 2.1.2 already mentions the overpotential, which is integral for the 

experimentally determined voltage behavior of the LIB. Within their research about LiMPO4 (M= Fe 

or Mn) they show that the charge transfer polarization at low current densities is negligible. Further, 

their CC experiments lead to the conclusion that the transport properties of the ions as well as 

electrons are decisive for the poor electrochemical performance of LiMnPO4. Nevertheless, careful 

tuning of the particle size and morphology of LiMnPO4 leads to an acceptable electrochemical 

performance. A specific discharge capacity of 119 mAh g-1 at 0.1 C for LiMnPO4 is achieved by Guo 

and coworkers [79] by applying a precipitation synthesis method. Further, Pan et al. [80] synthesize 

LiMnPO4 via a hydrothermal route with an even higher specific discharge capacity of 147.6 mAh g-1 at 

0.1 C and elevated temperature.  

The formation of solid solutions of different metal ions turned out to be favorable with regard to 

electrochemical performance and a mutual influence of the redox couple positions occurs. Therefore, 

solid solutions of phospho-olivine positive electrode materials seem very promising for next 

generation cathode materials. Muraliganth and Manthiram [81] attribute the shift in redox potentials 

to the insertion of counter cations into the crystal structure. In theory, the position of the oxidation 

and reduction reaction depends both on the electronegativity and the ionic radii of the cations. The 

two phenomena have a converse effect on the peak positions and usually one of them is 
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predominant. For LiFexMn1-xPO4 solid solutions, the influence of the ionic radii of iron and manganese 

predominates since their electronegativity is quite similar. As a matter of fact, a higher iron content 

in LiFexMn1-xPO4/C increases the covalence of the Mn-O bonds and decreases the redox potential of 

Mn2+/Mn3+. The decrease in the Mn-O-Mn band gap leads to better electrochemical performance 

[82]. However, if Fe or Mn is substituted by the more electronegative Co2+, the covalence of the Fe-O 

and Mn-O bond length decreases due to the inductive effect. Therefore, the redox potentials for 

Fe2+/Fe3+ and Mn2+/Mn3+ are increased, whereas the voltage of the redox reaction Co2+/Co3+ is 

decreased.  

The ideal values for the solid solution LiFexMn1-xPO4 are noted in the review by Zaghib et al. [63] as 

0.5 ≤ x ≤ 0.8. Anyway, new synthesis methods show that a decrease of x to 0.2 leads to a good 

electrochemical performance accompanied by an increase in energy density [83][84][85]. Even solid 

solutions with an iron content as low as 0.1 for x [86] show an improved electrochemical behavior 

compared to bare LiMnPO4. Another interesting aspect is examined by Paolella et al. [87]. In contrast 

to many other research studies, they find that platelet-shaped nanocrystals of LiFe0.5Mn0.5PO4 

without any post-thermal treatment after their synthesis show only one oxidation and reduction 

peak upon cyclovoltammetric measurements. They attribute this single phase transition to the 

uniform distribution of the cations within the crystal lattice.  

In addition, further research activities focus on the development of solid solutions with cobalt. The 

formation of e.g. LiFexCo1-xPO4 seems beneficial, since the redox potential of Co will appropriate to 

the electrochemical stability window of the electrolyte by increasing the iron content. The 

corporation of Fe and Co in the crystal lattice improves the electrochemical characteristics compared 

to bare LiCoPO4. Anyway, the experimentally determined gravimetric energy density is still worse 

than LiFePO4 [77][88]. Recently, a very good discharge capacity of 160 mAh g-1 at 0.1 C is achieved for 

carbon coated LiFe1/3Mn1/3Co1/3PO4 [89]. The insertion of three different metals into the phospho-

olivine is beneficial in terms of less capacity fading due to electrolyte instability and superior 

electrochemical performance compared to LiCoPO4.  

2.2.2.4 Two- and three-dimensional positive electrode materials 

Lithium transition metal oxides. This class LiMO2 (M= Co, Ni, Mn) is a representative of two-

dimensional positive electrode materials. Figure 12 demonstrates the crystal structure and 

corresponding cyclic voltammogram of the most widespread cathode material, LiCoO2. The layered 

structure of LiCoO2 is composed of CoO2 and Li layers, which are arranged in alternating [111] 

octahedral site planes of the crystal [90][91][92]. The structure of LiMO2 is superior to that of 

phospho-olivines, since it allows lithium-ions to move in a two-dimensional way and therefore 

structural defects or impurities are not as detrimental as in one-dimensional positive electrode 
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materials. Because of severe structural changes [90] of Li1-xCoO2 (x ≥ 0.5) upon charging, only 

approximately half of its theoretical capacity is attainable. 

To overcome the drawbacks of high toxicity and high costs of cobalt, attempts are performed to fully 

or partly replace it by Ni or Mn. Therefore, many research activities focus on the development of 

LiNi0.5Mn0.5O2 and LiNi1/3Mn1/3Co1/3O2 (NMC) [92]. Their meta-stability makes lithium transition metal 

oxides prone to oxygen loss and electrolyte oxidation followed by a subsequent decay in 

electrochemical performance. Both disadvantages might be reduced by surface coatings and doping, 

respectively [64] [91]. 

 

Figure 12: (i) Crystal structure of layered LiCoO2 [92] and (ii) its corresponding CV provided by Christian Baumann. 

Spinel-type compounds. By comparing Figure 12 with Figure 13, it is obvious that two-dimensional 

lithium transition metal oxides and three-dimensional spinel-type compounds LiM2O4 are composed 

of the same oxygen framework building block [92]. Three quarters of their octahedral sites are 

occupied by the transition metal M, whereas the lithium-ions occupy the tetrahedral sites. The 

remaining vacant quarter in the transition metal oxide layer results in a three-dimensional diffusion 

pathway for lithium-ions. Generally, the spinel framework [M2]O4 is able to insert 4 lithium-ions 

between a voltage range of 1-4.3 V vs. Li/Li+ [90], but only the two upper voltage plateaus are of 

interest. The resulting voltage plateaus depend on the stoichiometry of the spinel and therefore on 

the position of the lithium-ions in the crystal. As illustrated in Figure 13, the 4 V plateau results from 

a manganese spinel Lix[Mn2]O4 with 0 ≤ x ≤ 1 and the lithium-ions are positioned on the tetrahedral 

8a sites, respectively [91]. Since the cycling performance at ~4 V is superior to that of 3 V due to less 

severe manganese distortion by the Jahn Teller effect, only the 4 V plateau is used in practice [93]. 

Hence, the maximum theoretical capacity achievable for LiMn2O4 (LMO) is 148 mAh g-1. Anyway, the 

high rate performance and thermal stability of spinel-type materials is to the best advantage. 

Therefore, strategies are developed to cope with the Mn dissolution and improve their cycle life. 

Among these approaches, synthesizing spinels with a higher lithium than manganese content, 

synthesizing cation deficient materials, doping them with multivalent ions, applying atomic surface 

layers or blending among themselves seem promising [64][91][94][95][96][97]. 
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Figure 13: (i) Crystal structure of spinel-type LMO (three-dimensional host material) [92] and (ii) voltage vs. capacity plot 
of LixMn2O4 (0<x<2) [98]. 

2.2.2.5 Prospective materials for the positive electrode 

Regarding positive electrode materials, many research activities focus on polyanionic compounds 

since they usually exhibit a higher voltage plateau of the redox active metal due to the inductive 

effect [99]. Therefore, a higher energy density of the material is achievable. These include, inter alia, 

fluorophosphates LixMPO4F with 0 ≤ x ≤ 2 (M= V, Fe) [92][100], silicates Li2MSiO4 (M= Fe, Mn) 

[64][92], sulfates LiMSO4F (M= Fe, Mn or mixtures thereof) [99][101] and borates LiMBO3 (M= Fe) 

[92]. Among them, the highest Fe2+/Fe3+ redox potential with 3.9 V vs. Li/Li+ is found for                  

LiFe1-δMnδSO4F [101]. Therefore, the formation of solid solutions in consideration of the inductive 

effect and its impact on redox potential might be useful to achieve a higher energy density.  

Regarding Table 4, especially silicates and borates seem very promising as new positive electrode 

materials due to high theoretical capacity and high theoretical achievable energy density. But up to 

now, the practical deinsertion of lithium from Li2FeSiO4 is restricted to one lithium-ion per formula 

unit. Also, materials with the lightest polyanionic borate group need further development to increase 

their electrochemical performance. 

Table 4: Theoretical capacities of prospective cathode materials calculated by using eq. 15. 

Material Theor. cap. / mAh g-1 Material Theor. cap. / mAh g-1 

Li2FePO4F 146 (1 Li+ extracted) Li2FeSiO4 331 (2 Li+ extracted) 

 292 (2 Li+ extracted) LiFeSO4F 151 

Li2FeSiO4 166 (1 Li+ extracted) LiFeBO3 220 

Another strategy to increase the energy or power density of positive electrode materials is blending 

among them. Cathode blends generally diminish the drawbacks of their constituents. Anyway, special 

care must be taken by using blends, since this procedure might strengthen the weaknesses of their 

components as well. LiMn2O4 (LMO) bears many advantages as promising cathode material like high 

abundance of manganese, low cost and toxicity as well as high thermal stability. Its main drawback of 

manganese dissolution can be suppressed by blending and therefore the cycle life of the LIB 
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improves. Among them, mixing of LMO with either LiNi1/3Mn1/3Co1/3O2 (NMC) or LiNi0.8Co0.15Al0.05O2 

(NCA) is advantageous [102][103]. Whereas the mixture of LMO and NMC improves the capacity 

retention of the LIB, the blend of LMO and NCA exhibits higher discharge capacities compared to 

bare LMO. Nevertheless, the irreversible specific charge during the first charge/discharge cycle is 

enhanced by blending with NCA.   

Another class that has gained a lot of interest is xLi2MnO3-(1-x)LiMO2 (M=Mn, Ni, Co) thanks to its 

unique electrochemical characteristics and high initial capacity of 250-280 mAh g-1. Its major 

drawback of high irreversible capacity values in the initial charge/discharge cycle can be improved by 

applying coatings such as LiNiPO4 [104]. Therefore, this blend seems promising for automotive 

applications. 
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2.2.3 Electrolytes for LIBs 

The replacement of metallic lithium by graphitic materials as anode does not only lead to losses in 

the voltage range of the LIB, but also to severe problems if cycling occurs with electrolytes based on 

propylene carbonate (PC). This is because PC co-intercalates with the Li-ions into the graphite and 

subsequently graphite exfoliation takes place [105]. A detailed study on binary electrolyte mixtures in 

1994 [106] reveals that a solution of LiPF6 in EC:DMC shows superior cycling behavior of the 4 V LIB 

since electrolyte oxidation (broad electrochemical stability window Eg) and graphite exfoliation is 

inhibited. 

 

Figure 14: Open-circuit energy diagram of a battery. The scheme is redrawn from [36] with Φ as the work function and μ 
as the electrochemical potential of the cathode and the anode. Eg represents the electrochemical stability window of the 
electrolyte. 

As illustrated in Figure 14, the Eg of an electrolyte comprises the region wherein it is stable against 

the reduction and oxidation of the anode and the cathode, respectively. Therefore, the choice of the 

proper electrolyte system seems inevitable. A critical contemplation of published electrochemical 

stability windows is necessary because most Egs of electrolytes are determined by using ideal, 

nonporous electrodes such as Pt or glassy carbon [107]. Most applied electrodes feature a porous 

structure and hence, the behavior of oxidation and reduction of the electrolyte may differ leading to 

a decrease in its Eg. 

Generally, the most widespread liquid electrolytes in today’s LIBs are based on LiPF6 in a mixture of 

two or more carbonate solvents. 1 M LiPF6 in a binary mixture of EC:DMC is favorable owing to its 

high conductivity, sufficient passivation of the current collector, efficient SEI forming ability and high 

stability against reduction by the anode [76]. Considering high voltage applications of LIBs, results 

from recent research have shown that this binary mixture is even stable up to 5.3 V vs. Li/Li+ against 
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Li/LiNi0.45Cr0.05Mn1.5O4. Therefore, the Eg of the electrolytes generally greatly depend on the kind of 

cathode material used [108].  

Table 5: Physical properties of common organic carbonates used as electrolyte solvents taken from the review article of 
non-aqueous liquid electrolytes at 25 °C [109]. Deviations in temperature are shown in brackets.  

Solvent Structure ε / F m-1 (25 °C) η / cP (25 °C) 

EC 
 

89.78 1.90 (40 °C) 

PC 

 

64.92 2.53 

DMC 

 

3.107 0.59 (25 °C) 

DEC 

 

2.805 0.75 

EMC 

 

2.958 0.65 

 

The two most important characteristics for the right choice of solvents with regard to the conductive 

salt are their dielectric constant ε and viscosity η. Considering Table 5, the application of at least 

binary mixtures of carbonates is absolutely necessary. Whereas e.g. EC ensures sufficient dissolution 

of the conductive salt and SEI formation, a linear carbonate such as DMC is required to lower the 

viscosity and thereby simplifies the transportation of lithium-ions [109]. 

Table 6: Conductive salts (state-of-the-art and recently investigated) for LIBs and their advantages/disadvantages in 
comparison to LiPF6 [105][109][110][111][112]. 

Salt Structure Advantages Disadvantages 

LiPF6 

 

High ionic conductivity 

Good dissociation in carbonates 

Al current collector passivation  

Stable SEI formation 

Sensitive to moisture and elevated 
temperature  

LiBF4 

 

Low toxicity 

High safety  
Lower ionic conductivity 

LiClO4 

 

High ionic conductivity 

High anodic stability 
Stronger oxidative behavior 
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Salt Structure Advantages Disadvantages 

LiFSI 

 

High ionic conductivity 

Lower F content 

Al current collector corrosion 

Higher heat generation among 
decomposition 

LiDMSI 

 

Superior thermal stability Inferior electrochemical stability  

LiFOP 

 

Higher thermal stability 

Higher hydrolysis stability 
Instability of SEI 

LiBOB 
O

B

O

O

O
O

O

O

O

Li
+

 

Improved high temperature 
performance 

Al current collector passivation 

Applicable with PC 

Worse low temperature performance 

Table 6 summarizes the advantages/disadvantages of some state-of-the-art and recently studied 

conductive salts. Regarding their solubility and average ion mobility in organic carbonate solvents, 

LiPF6 exhibits the best compromise between them [109]. The two main drawbacks of LiPF6 are its 

hydrolysis sensitivity of the P-F bonds as well as the reactivity of the lewis acid PF5 with protic 

impurities and ether linkages of the organic carbonates.  

 
 

eq. 22 

At elevated temperature the endothermic equilibrium (eq. 22) is strongly favoring the formation of 

gaseous PF5 and therefore, thermal degradation of the electrolyte is remarkably enhanced [113]. 

Even if these drawbacks can be avoided by the application of other salts, currently no other salt 

outperforms LiPF6. Nevertheless, large scale applications of LIBs based on aprotic solvents and LiPF6 

might result in severe safety problems due to thermal runaway risks. To increase their safety, a 

replacement of liquid electrolytes by either solid ones or ionic liquids might be advantageous.     

Figure 15 illustrates the conductivities of different electrolyte classes. Whereas liquid electrolytes 

have a conductivity of approximately 10-2 S cm-1 at room temperature, most solid electrolytes can 

only compete with them at elevated temperatures up to 80 °C [114][115]. Other drawbacks of solid 

electrolytes might be their inferior chemical stability as well as high cost. Anyway, great promise for 

application is offered by the ceramic Li10GeP2S12 and polymer PVDF/hexafluoropropylene/lithium salt 

since they exhibit similar conductivities as liquid electrolytes [114][116]. Owing to their non-volatility 

and non-flammability, ionic liquids gain attention as another novel class of electrolytes. But their 

usually high viscosity and thus, low ionic conductivity inhibit a replacement of liquid organic 
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Figure 17: Hydrolysis of the conductive salt and subsequent reaction of generated HF with SiO2 proposed by Lux et al. 
[130]. 

Heider et al. [132] show that stainless steel or aluminum containers should be favored compared to 

plastics since the diffusion of water is avoided. Thermal aging of electrolytes, sealed in glassware, 

does not resemble the environment of a commercial lithium-ion battery and seems inappropriate 

since it is far from real application. Therefore, the housing material for the electrolyte during storage 

or thermal aging might be crucial to trace back the origin of the calendar and cycle life of a LIB and 

should be chosen close to packaging materials applied in real applications.  

2.2.3.2 Negative electrode/electrolyte interface and its fading mechanisms 

The thermodynamic instability of electrodes regarding the Eg of state-of-the-art electrolytes makes 

the development of interfaces between the electrode and the electrolyte unavoidable. Shortly after 

Peled shows that an interface develops when an alkali or alkaline earth metal is in contact with     

non-aqueous electrolyte [27], he terms this passivating layer formed on a lithium anode solid 

electrolyte interphase (SEI) [133]. This passivation layer also exists on graphite since the energy of 

graphite lies beyond the Eg of state-of-the-art electrolytes (cf. Figure 14). The SEI formation during 

the 1st charge/discharge cycle consumes electrolyte and mobile lithium-ions and hence leads to 

irreversible capacity losses. These losses are accepted due to a prolonged cycle life of the battery and 

hence, further electrolyte decomposition on the negative electrode is mostly avoided. An ideal SEI 

allows Li+ ions to pass through, whereas it is impermeable to electrons and solvated species.  

The common used carbonate solvent PC sufficiently passivates the lithium anode, whereas graphitic 

active materials are not cyclable with PC. However, EC [134] is observed to be effectively reduced 

during the first charge of graphite and ensures reversible cycling performance. Hence, almost all    

non-aqueous liquid electrolytes mostly contain EC in combination with at least one low viscous, 

linear carbonate. The onset of SEI formation during the 1st charge and its constituents greatly depend 
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on the battery components (e.g. electrolyte composition), electrochemical conditions (e.g. potential 

window) and physical conditions (e.g. cycling temperature) [135]. Nevertheless, the most widely 

adopted onset for the SEI formation is 0.8 V vs. Li/Li+. The reduction of salt anions and carbonate 

solvents leads to the formation of inorganic and organic species, respectively. The SEI close to the 

graphitic surface is mainly composed of inorganic species, whereas the outer layer consists primarily 

of organic species. Table 7 summarizes some organic and inorganic reduction products for two 

different electrolyte systems. The use of DMC leads to the formation of PEO, which can, to some 

extent, positively influence the flexibility and elasticity of the SEI. Peled et al. [136] show that a 

difference of the SEI composition not only exists in its construction, but also between the basal and 

cross-section of graphite. Organic species are found as main constituents of the basal plane, whereas 

a high lithium-ion conductivity is necessary for the composition of the SEI on the cross-section. The 

latter is comprised of mainly inorganic species, which is favorable since hereby, lithium-ion diffusion 

channels are not blocked by non-conductive polymers. 

Table 7: Dependence of the composition of the SEI on the electrolyte used [134][137][138].  

Electrolyte SEI composition 

LiPF6 in EC:DEC 
(CH2OCO2Li)2, Li2CO3, ROCO2Li, LiF, CH3CH2OLi, ROCOOR, 

C2H5OCO2Li, Li2O 

LiPF6 in EC:DMC (CH2OCO2Li)2, Li2CO3, ROCO2Li, LiF, CH3OCO2Li, LiOH, PEO 

During prolonged cycling, a partial degradation due to mechanical stresses and following repair of 

the SEI leads to an increased thickening and interfacial resistance thereof with time [133][139]. To 

avoid that the performance of the LIB worsens, it is absolutely necessary to tune the composition 

and the characteristics of the SEI by the choice of the appropriate constituents. Further, additives or 

surface modifications on the graphite directly influence the composition of the SEI [138]. To sum up, 

a good SEI should have the following prerequisites [133][135]: 

 Maximum lithium-ion conductivity, no electron conductivity 

 Fast formation kinetics as well as uniform morphology and composition 

 Compact and hole free layer to avoid further electrolyte reduction 

 A high content of inorganics such as Li2CO3 which are stable to electrolyte dissolution 

 Adequate LiF content to avoid a huge resistivity of the film 

 A certain content of polymeric species to combat mechanical stresses 

Vinylene carbonate (VC) is of particular interest as additive, since the vinyl group polymerizes 

reductively on the surface of lithiated graphite [109]. As a result, the formed SEI is rather composed 

of polymeric lithium alkyl carbonate groups, which render more flexibility and cohesion to the layer 
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[109][140]. Therefore, the addition of a few percent of VC reduces the irreversible capacity of the 

initial cycles, improves the thermal stability of the SEI and thereby enhances the cycle life 

performance of the LIB at ambient and especially at elevated temperatures [109][140][141]. 

Capacity fading of LIBs mainly origins from the degradation of the electrode/electrolyte interface, 

whereby a change in the active material or composite electrode may also evoke a capacity decay 

[142]. Regarding the graphite/electrolyte interface, several reasons may provoke capacity fading. 

Some degradation causes are shown in Figure 18. The build-up of an ineffective SEI leads not only to 

co-intercalation of solvents and lithium-ions, but also lithium may be trapped within the SEI. Dendrite 

formation and subsequent short circuits mainly occur at locations within the SEI, where the 

conductivity is highest or electrons are tunneled/dissolved [133]. Another problem arises with the 

thickening upon cycling of the LIB, since excessive polymer content might block lithium-ion migration 

[136]. Further, water introduced from the electrolyte solvents or the cathode material may 

decompose LiPF6 and might lead to the distortion of the SEI layer [138]. If graphite is cycled with 

manganese spinel, the incorporation of Mn2+ in the SEI also might have a negative impact on 

electrochemical performance [143].  

 

Figure 18: Build-up and degradation of the SEI on graphite. Redrawn from [142]. 

Anyway, the most severe consequences of electrode/electrolyte interface breakdown occur at high 

cell operating temperatures and/or high charge rates [138]. Early decomposition of the thin SEI 

layers already occurs around 110 °C and ensuing aggressive surface reactions bear a huge thermal 

runaway risk of the LIB [144][145]. Therefore, regarding non-aqueous LIBs the absolute necessity of 

an effective SEI on the graphite anode is mandatory for their application in large scale applications 

such as BEV.  
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2.2.3.3 Positive electrode/electrolyte interface, causes for capacity fading and                     

Mn2+-dissolution 

Until now, the composition of the SEI on the anode is well established. Less attention is paid to the 

positive electrode/electrolyte interface. Nevertheless, cathodes as well as anodes exhibit an 

impedance rise upon cycling, indicating the formation of passivating surface films on both.  

Before cell assembly, bare positive electrodes are covered with a thin Li2CO3 layer [146]. Considering 

Figure 14, the application of cathode materials with a higher operating voltage leads to the oxidation 

of non-aqueous electrolytes. Hence, similar passivation phenomena can be followed on positive 

electrode materials after charging/discharging of the LIB as for graphite. Generally, all cathode 

materials are covered by surface films, which might be comprised of following oxidation products: 

LiF, Li2CO3, MF2, LixPOyFz, lithium alkyl carbonates, metal alkyl carbonates, metal carbonate and/or 

polycarbonates [147][148]. PEO is only observed on layered cathodes such as LiCoO2 [146]. As for the 

graphitic SEI, surface films on the cathode depend on the battery constituents as well as on physical 

and electrochemical conditions. Therefore, the addition of additives such as fluoroethylene 

carbonate changes the morphology and the composition of the surface layer on e.g. LiFePO4, which 

leads to a surface film with lowered impedance at low temperatures [149]. 

Capacity fading evoked by positive electrodes might be caused by the following three reasons 

[142][150]: 

 Structural changes of the cathode material during cycling 

 Chemical dissolution of transition metals into the electrolyte or decomposition reactions  

 Surface film modifications 

A possibility to prevent transition metal dissolution is to apply coatings to the materials. MgO and 

carbon coating seem effective for LiCoO2 and LiFePO4, respectively [148]. Considering the thermal 

runaway, a problematic effect of the reaction between cathodes and the electrolyte is the 

development of toxic, fluoro-organic products [144]. Further, structural instabilities make some 

positive electrode materials prone to oxygen release [145].  

Special attention among positive electrode materials is warranted to manganese spinel. This material 

suffers from thermodynamic instability and electrolyte oxidation, when charged. Moreover, in a 

discharged state, manganese spinel undergoes structural changes due to disproportionation 

reactions (cf. eq. 23) as well as decomposition reactions (cf. eq. 24) with HF from the electrolyte 

[143][147][150]. 
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 eq. 23 

 

 
 eq. 24 

 

As illustrated in Figure 19, both phenomena result in the dissolution of Mn2+-ions into the electrolyte. 

Dissolved manganese ions could migrate to the negative electrode active material and deposit on its 

surface. Whenever graphite is cycled with manganese spinel electrodes (both without surface 

modifications and electrolyte additives), a capacity decay is noticed with time. Tsunekawa et al. [151] 

show that capacity fading of lithiated graphite occurs if both, manganese quantity and water content 

in the electrolyte are high. Even if they show that there exists a good correlation between the 

capacity fade and the manganese content, no absolute proof is provided that the manganese 

deposition within and on the SEI is the main reason for the capacity decay. Xiao et al. [143] conclude 

from their experiments on manganese dissolution that the capacity decay as well as polarization of 

the cell might be evoked by the incorporation of metallic manganese nanoclusters, which thickens 

the SEI. Anyway, there seems to be a correlation between manganese ions and capacity decay within 

the LIB.  

 

Figure 19: Scheme of Mn2+ dissolution from spinel Li1-xMn2O4 and subsequent migration and incorporation in the SEI of 
the graphite.  
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2.2.5

The application of rechargeable LIBs in the automotive sector 

density cell stacks for BEV to extend the driving range. State

around 150 Wh kg

doubling of the latter. The exploration of new active materials or electrolytes is challenging since 

battery developers always need to consider the whole cell 

New systems that are based on conversion 

might even increase the energy density fivefold 

Even though their high capacities are greatly superior, drawbacks such as limited cycle life due to the 

application of lithium as negative electrode material, ir

composite electrode or the development of suitable electrolytes for lithium

huge efforts in research activities 

density of a cell is the cell design 

graphite/LiPF

thickness of the cathode increases 

distribution of an average cell design. The positive electrode has the main weight contribution. If the 

weight ratio of positive electrode to negative electrode is altered so that their capacity ratio is 

minimized, a higher specific

plating on the negative electrode increases. Therefore, the orientation of the cell design towards its 

application is indispensable. A proper capacity ratio between anode and catho

appropriate amount of electrolyte is necessary to meet safety aspects and to

transport, respectively. Generally, cell stack components are assembled in cylindrical, coin, prismatic 

or in a thin and flat battery confi

components of a rechargeable LIB are the 

electrolyte.
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Both electrodes primarily consist of active material, but electrode constituents such as binders (e.g. 

PVdF, Na-CMC) and conductive agents (e.g. carbon black) are needed for electrode fabrication. The 

current collector of the positive and negative electrode is usually aluminum and copper, respectively. 

The electrode design may differ. Whereas an optimum service life and high capacities at low C-rates 

upon discharging are achieved by high mass loadings, high rate performance electrodes are 

fabricated by considering the enlargement of reaction surfaces [16]. 

 

Figure 22: Functional principle of the discharging process of a LIB consisting of graphite and LiFePO4. The discharging of 
the positive electrode is shown for the shrinking core model of LiFePO4. Modified and redrawn from [158]. 

To avoid the contact between the positive and the negative electrode and hence to prevent short 

circuits, a separator that is soaked with non-aqueous electrolyte (e.g. 1 M LiPF6 in EC/DEC; 1/1 per 

weight) is used. Since LIBs are normally assembled in their discharged state [33], the LIB needs to be 

charged first. As most state-of-the-art LIBs use graphite as negative electrode material, irreversible 

losses occur due to the reduction of the electrolyte and related SEI formation (approx. 80 % [40] 

charge recovery within the 1st cycle). Figure 22 illustrates the discharging of a LIB that uses graphite 

and LFP as negative and positive electrode material, respectively. Upon discharging, graphite is 

oxidized and LFP is reduced. During charging, the reactions are reversed. The reactions that occur for 

the two intercalation electrodes are summarized in eq. 25 and eq. 26: 

 

 eq. 25 
 

 

 eq. 26 
 

 

 eq. 27 
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3 Experimental 

In general, all of the measurements were performed under reproducibility conditions (two to three 

fold determinations) with validated methods considering requested measurement range, accuracy 

and precision. The assembly of test cells was carried out in an argon-filled glove box (H2O < 1 ppm, 

O2 < 1 ppm). 

3.1 Synthesis and characterization of phospho-olivines LiMPO4 (M= Fe, Mn Co) 

3.1.1 Solid state synthesis of LiFe0.5Mn0.5PO4 

The solid state synthesis was performed according to Chen and Dahn [159], whereas the ball milling 

step of the powders was performed for 6 hours in acetone at 300 rpm. Therefore, appropriate 

amounts of NH4H2PO4, Li2CO3, FeC2O4*2H2O and MnC2O4*2H2O were mixed together and after 

evaporation of the acetone, the samples were pressed to a pellet with a pressure of 2 metric tons. 

The values for the heat treatment were taken following the publication of Chung et al. [160]. The 

samples were heated under inert atmosphere to 350 °C for 10 hours to eliminate volatile reaction 

products. Afterwards, the pellets were reground with 20 wt% Super P in the ball mill (Fritsch 

Pulverisette 7). The resulting powders were again pressed into a pellet and solid state synthesis was 

performed under inert atmosphere at 700 °C for 24 hours. Further slurry preparation was carried out 

according to Table 10. 

3.1.2 General procedure for microwave-solvothermal synthesis of LiFePO4, LiMnPO4 and 

LiFexMn1-xPO4 and doping thereof 

Due to the variety of different samples, LiFePO4, LiMnPO4 and exactly defined contents of       

LiFexMn1-xPO4 are further denoted according Table 8. The synthesis procedure was similar to that 

proposed by Murugan et al. [161]. 

For the preparation of sample A to sample K, Fe(CH3COO)2 and/or Mn(CH3COO)2*4H2O in 

tetraethylene glycol was/were dissolved in tetraethylene glycol (TEG) for 4 ½ to 5 hours. Then, H3PO4 

and a solution of LiOH*H2O in TEG was added to the latter and the pH was then adjusted to the 

proper value. The ratios of lithium, phosphate and iron/manganese were equimolar. The final 

concentration of the reaction mixture was 0.14 mol L-1. The synthesis of the homogenous mixture 

occurred in a quartz vessel, which was carefully sealed by a Teflon®-coated silicone septum. An 

Anton Paar Monowave 300 microwave oven was operated at 600 W and temperature and pressure 

were controlled on-line during reaction (cf. Figure 23). 
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Table 8: Summary of the sample denominations used within the experimental as well as within the results and discussion 
part of this thesis. 

 x y Sample denomination 

LiFexMn1-xPO4/C 1.0 - A 

 0.9 - B 

 0.8 - C 

 0.7 - D 

 0.6 - E 

 0.5 - F 

 0.4 - G 

 0.3 - H 

 0.2 - I 

 0.1 - J 

 0.0 - K 

 0.5a - L 

 0.5b - M 

LiFexMnxMg1-2xPO4/C 0.490 - N 

 0.485 - O 

 0.480 - P 

 0.475 - Q 

 0.470 - R 

LiFexMnyCo1-x-yPO4/C 1/3 1/3 S 

 0.5 0.25 T 

 0.4 0.4 U 

 a Mechanically mixed LiFePO4 and LiMnPO4 together in the ball mill with sucrose. 

 b Mixing of LiFePO4 with sucrose and LiMnPO4 with sucrose separately in a ball mill and subsequently mixing  

 of the two products by using an agate mortar before the oven. 
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Figure 23: Typical profile of the microwave solvothermal synthesis. 

Resulting products were filtrated, washed with acetone and dried over night at 60 °C. All prepared 

samples were thoroughly mixed with 20 wt% sucrose in N-Methyl-2-pyrrolidon (NMP) for 1 hour at 

300 rpm in a ball mill (Fritsch Pulverisette 7). The weight ratio of solids to NMP was 1:3.5. Moreover, 

the mixture of equivalent amounts of Fe and Mn was prepared by mechanical mixing of the required 

amount of sample A, sample K and sucrose together in the ball mill (sample L). Another mixture with 

an equimolar content of Fe and Mn was prepared by separate ball mill mixing of sample A or 

sample K with sucrose and afterwards mingled manually by using an agate mortar (sample M). 

Samples A-M were annealed at 700 °C for 10 hours under inert atmosphere to obtain carbon coated 

species.  

For the preparation of Mg-substituted LiFexMnxMg1-2xPO4 (x= 0.47-0.49 in 0.005 eq.-steps) 

Mg(CH3COO)2*4H2O was added to a solution of Fe(CH3COO)2 and Mn(CH3COO)2*4H2O. Microwave-

solvothermal synthesis was performed as for samples A-K.  

3.1.3 Towards high voltage positive electrode materials 

Solid solutions of LiFexMnyCo1-x-yPO4/C were formed by direct microwave solvothermal synthesis of 

Fe(CH3COO)2, Mn(CH3COO)2*4H2O and Co(CH3COO)2*4H2O. Table 9 gives a summary of the 

synthesized products, whereby x and y state the equivalents of Fe and Mn within the structure.  

Table 9: Summary of the synthesized LiFexMnyCo1-x-yPO4/C for both preparation methods 

 x y 

LiFexMnyCo1-x-yPO4/C 0 0 

 1/3 1/3 

 0.5 0.25 

 0.4 0.4 

Carbon coating with sucrose and the post-annealing step were performed as mentioned in section 

3.1.2. 



Experimental Part Doctoral Thesis Patricia Monika Handel 

Page | 42  

3.1.4 Measurement methods and setups for positive electrode materials 

All samples described in chapter 3.1.1-3.1.3 were characterized before slurry preparation. The main 

focus was on the determination and verification of the crystal structure of all synthesized samples. 

Phospho-olivine electrodes were prepared according to Table 10. 

After casting the slurry with a film thickness of 30 µm on a 30 µm thick aluminum foil by doctor-blade 

technique, the electrode sheets were dried overnight in a vacuum oven at 80 °C. The total composite 

electrode had a final mass load of 1.8 to 3.0 mg cm-2. 

Table 10: Slurry composition of synthesized phospho-olivine electrodes 

 Component Composition / wt% 

Active material Phospho-olivine 80 

Conductive agent Super PTM Li 12 

Binder PVDF Kynar® 761 8 

Solvent NMP* - 

 *Amount depending on the viscosity of the slurry. 

 

 XRD analysis 

XRD patterns of all synthesized materials were recorded on a Bruker D8 Advance diffractometer by 

using Cu-Kα radiation between 10-80° 2 θ range (scan rate: 0.02° s-1). X’Pert High Score Plus 

(PANalytical) was used for Rietvield analysis. Therefore, reference diffractograms from the Inorganic 

Crystal Structure Database (ICSD) were applied. The refinement occurred until the measured and 

calculated profiles matched best. Following ICSD reference data was used: #92198 for LiFePO4/C, 

#1672252 for LiMnPO4/C and #54825-54829 for doped and undoped LiFexMn1-xPO4/C. The ICSD 

reference data #54826 was used to analyze the XRD diagrams of LiFexMnyCo1-x-y/C. Therefore, the 

diffractograms were semi-quantitatively analyzed by refining the flatting of the background, the 

scaling factor, atomic coordinates and the zero shift. Then, Co was added as atom and the exact 

occupancy of each transition metal was adjusted. Another semi-quantitative refinement occurred 

until the final lattice parameters were obtained. 

 

 SEM and EDX analysis 

The morphology of the powders was analyzed by Tescan Vega3 scanning electron microscope 

equipped with an Oxford Instruments INCAx-act EDX detector for determination of the elemental 

composition. To enhance the conductivity of the samples, a thin gold layer was applied to their 

surface through sputter coating.  
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Slope cuts of casted electrode films (samples F, L and P) on aluminum foil were prepared by a Gatan 

IlionTM Broad Ion Beam Argon Milling System. Cross-sections of the samples were analyzed by        

BSE-SEM and EDX spectroscopy.4 

 

 Cell assembly, CV and CC measurements 

Cell assembly occurred in a Swagelok®-T-

cell with metallic lithium as counter and 

reference electrode (cf. Figure 24). A 

polypropylene non-woven separator 

(Freudenberg FS2190) was used for 

separation of the two electrodes. It was 

soaked with non-aqueous electrolyte 

consisting of 1 M LiPF6 in EC:DEC (37.6:62.4, 

w/w, Purolyte®). 

CV measurements were recorded on a battery test station (Bio-Logic MPG-2) with a scan rate of 

30 µV s-1 and repeated twice to prove reproducibility. The Swagelok®-T-cells were subsequently 

cycled on a battery tester (MACCOR Series 4000). Unless otherwise stated, cells were fully 

charged/discharged with 0.1 C for 50 times with a constant voltage step for 1 hour after each cycle 

(CCCV). The voltage range was 3.2-3.8 V, 3.2-4.4 V and 3.2-4.7 V vs. Li/Li+ for LFP, LFMP and LMP, 

respectively. The voltage range for LFMCP was 3.0-4.9 V vs. Li/Li+ and 3.5-5.1 V vs. Li/Li+ for LCP. This 

cycling was followed by a rate capability test with 0.1 C, 0.5 C, 1 C and 0.1 C for 5 cycles each. 1 C 

refers to the theoretical capacity of each material (approx. 170 mAh g-1). Considering that 80 wt% of 

active material was contained in the final mass load of the composite electrode, the electrodes were 

charged/discharged with 0.28-0.46 mA. 

 

 ICP-OES 

ICP-OES measurements5 were performed to detect the manganese that was deposited on the lithium 

metal counter electrode. After cycling, the counter electrodes were dissolved in 2 mL high purity 

water, 1 mL HCl and 5 mL HNO3 by using a commercial microwave-assisted sample digestion system 

(Multiwave 3000). Temperature and pressure was no more than 240 °C and 40 bar, respectively. 

                                                           
4 Performed by the Austrian Centre for Electron Microscopy and Nanoanalysis FELMI-ZFE, Graz. 
5 Performed by the Institute for Analytical Chemistry and Food Chemistry, Graz, University of Technology.  

Figure 24: Schematic illustration of a Swagelok®-T-cell 
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Quantification of manganese occurred by external calibration on a CIROS Vision ICP-OES with 

scandium as internal standard. The Mn (II) 257.661 nm emission line was used. 

 

 GITT 

GITT measurements were performed in Swagelok®-T-half cells of the samples C, I and K. The 

formation step of the cells occurred at 0.1 C between a voltage range of 3.2 to 4.4 V vs. Li/Li+. The 

cells were charged at 0.05 C for 40 minutes followed by a recorded relaxation of the voltage for two 

hours. As soon as 4.4 V were achieved, the discharge of the half cell to a voltage of 3.2 V occurred 

according to the aforementioned parameters (cf. chapter 5.2, Table 36). The current density was 

between 0.23 and 0.26 mA cm-2 for LFMP. 

 

 Four point resistivity measurement 

The electrical conductivity of samples A, C, F, I and K was determined by four point resistivity 

measurements on a battery test station (Bio-Logic VMP3). Therefore, a slurry according to Table 10 

was prepared for each material and casted on Mylar® foil by doctor-blade technique with a film 

thickness of 150 µm. The width of the dried samples was 1 cm, film thickness was determined by 

micrometer screw. The distance between two points was chosen to be 2.5 cm, 5 cm, 7.5 cm and 

10 cm. Four point resistivity measurements occurred in galvanostatic mode with a current of 100 µA. 

 

 Particle sizing 

A particle size measuring instrument (Fritsch Analysette 22 NanoTec Plus) was used to determine the 

particle size distribution of the samples. Therefore, ~0.010 g Na4O7P2*10H2O was dissolved in ~10 mL 

deionized water and 0.1-0.2 g of sample and ~10 µL of Dusazin 901 were added. The suspension was 

dispersed in an ultrasonic bath at ambient temperature for five minutes (Fisher Scientific FB15063) 

and measured within a measurement range of 0.08-2000 µm.  
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3.2 Thermal aging of a state-of-the-art LIB electrolyte 

3.2.1 General procedure 

An electrolyte solution containing 1 M LiPF6 in EC:DEC 

(40:60, w/w) was prepared in an argon-filled glove 

box and stirred for 15 hours. DEC and EC were 

distilled for further purification and dried by 

molecular sieve before use. Battery grade LiPF6 was 

used as received. 10 mL of electrolyte was 

transferred into a multi-layer aluminum foil bag 

(pouch bag, 7.5 × 15 cm, cf. Figure 25) and carefully 

sealed under argon atmosphere. Contained water 

was determined by coulometric Karl Fischer titration 

and is summarized in Table 11. The influence of protic 

impurities and silicon species on the thermal aging in 

pouch bags was examined. 

Therefore, several pouch bags were stored at ambient and elevated temperature (60 °C). From all 

pouch bags subsamples were analyzed after 15 hours (termed as „fresh electrolyte”), 2 days (60°C), 

7 days (60°C) and 28 days (ambient temperature and 60°C) according to section 3.2.2. 

CC charge/discharge experiments were only carried out for the electrolytes aged at 60 °C for 28 days. 

Table 11: Added protic impurities and silicon species and their approximate water content 

Electrolyte Added species Water content / ppm 

1 M LiPF6 in EC:DEC 75 µL deionized water 1000 

1 M LiPF6 in EC:DEC 0.053 g undried LiFePO4 1400 

1 M LiPF6 in EC:DEC 0.015 g undried n-SiO2 powder 10 300 

1 M LiPF6 in EC:DEC 0.015 g dried n-SiO2 powder 400 

1 M LiPF6 in EC:DEC 0.015 g undried n-Si powder 2000 

 

To show the influence of glass surface on thermal degradation, additional electrolyte samples were 

filled in glass vials (Supelco®) and sealed. Further samples were flame-sealed under reduced pressure 

in Duran® NMR-tubes. 

 

 

Figure 25: Schematic illustration of the measurement 
setup used for electrolyte aging. 
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3.2.2 Measurement methods and setups for electrolyte aging 

 Acid-base titration 

The total acid concentration of the electrolyte samples was determined by acid-base titration 

reaction using water-free sodium carbonate Na2CO3 and highly purified water (Milli-Q, Millipore). 

Therefore, approximately 1 g of electrolyte was diluted in ~100 mL Milli-Q water and titrated quickly 

with 0.002 M Na2CO3-solution.  

 

 Coulometric Karl Fischer titration 

To determine the water content of liquid and solid samples, a Mitsubishi Moisture Meter Model     

CA-100 and a Mitsubishi Water Vaporizer Model VA-100 coupled to the CA-100 was applied. 

Approximately 1 g of liquid sample was directly injected into the CA-100. Solid samples were 

measured at an oven temperature of 300 °C and under argon carrier gas flow of approximately 

250 mL min-1. A delay time of two minutes was chosen and the measurement of the solid samples 

was carried out until a stable value of 0.1 µg s-1 was reached.  

 

 NMR-spectroscopy 

Homo- and heteronuclear NMR-spectroscopy was performed on a Varian Mercury 300 MHz 

spectrometer. Samples aged in pouch bags were transferred in screw-mountable NMR-tubes. Flame-

sealed Duran® NMR-tubes were measured without further treatment. To avoid the contamination 

with deuterated solvents, external lock signal was provided by a C6D6 filled glass capillary. 1H- and 

13C-NMR spectra were referenced to the solvent residual signal, 19F-NMR spectra to 

trichlorofluoromethane CCl3F and 31P-NMR resonances to phosphoric acid H3PO4. Tetramethylsilane 

C4H12Si was used as reference in 29Si-NMR spectra. Spin lattice relaxation time (T1) was determined 

via inversion recovery experiment. If only one decomposition product occurred within the 

decomposition region of the 19F-NMR spectra, acquisition of quantitative 19F-NMR spectra was 

performed. Therefore, the time between two scans (d1) was adjusted to be tenfold T1. 

 

 GC-MS and HS-GC-MS measurements 

All GC-MS spectra were recorded on an Agilent Technologies 7890 GC coupled with a mass selective 

detector 5975. Helium was used as carrier gas (constant flow rate: 1 mL min-1). A HP-5MS capillary 

column (30 m x 0.32 mm x 0.25 µm) was applied for separation. The gas filled compartment of the 

pouch bags was analyzed by manual injection (Hamilton samplelockTM syringe, 2 mL gas volume per 

sample, split ratio of 1:500) into the split/splitless injector. The compounds were separated between 
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40 to 180 °C (rate 10 °C min-1). To be able to detect certain decomposition products which might 

react with the GC column, a metal separation column (Ultra alloy® EGA tube, Frontier-Laboratories 

LTD.) with a length of 2.5 m and an inner diameter of 0.12 mm was applied. The gas filled 

compartment of certain pouch bags was analyzed by manual injection (Hamilton samplelockTM 

syringe, 1 mL gas volume per sample, split ratio of 1:200). All compounds that evolve between 40 to 

300 °C are detected by the mass spectrometer.  

Dichloromethane (CH2Cl2) was chosen as diluent for the liquid electrolyte samples. Liquid electrolyte 

samples were injected via autosampler (split ratio of 1:100) and measured with a heating rate of    

7 °C min-1 from 38 to 45 °C, 10 °C min-1 between 45 and 70 °C, and 20 °C min-1 from 70 to 200 °C. The 

mass spectrometer operated in electron ionization (EI) mode with an electron energy of 70 eV. 

 

 UV-Vis spectroscopy 

Changes in color of the aged electrolytes were monitored by an UV-1800 UV-VIS spectrophotometer 

(Shimadzu Corp.) within a wavelength range from 800 to 200 nm.  

 

  Cell assembly and CC experiments 

Industrially manufactured electrodes 

were used for the assembly of pouch 

bicells (cf. Figure 26). LiFePO4/C was 

chosen as positive electrode material 

(bilaterally coated, 5 × 3.1 cm, total mass 

load: 16.5 g cm-2), graphite as negative 

electrode material (butterfly-electrode, 

each 5.1 × 3.2 cm, total mass load: 

7.0 g cm-2) and two microporous polymer 

films consisting of PP/PE/PP as separators 

(5.5 × 3.5 cm each). The composition of 

the electrodes is summarized in Table 12. Lithium metal was assembled as reference electrode.  

Table 12: Composition of the industrially manufactured electrodes. 

Cathode Composition / wt% Anode Composition / wt% 

LiFePO4/C 88 Graphite 91 

Conductive agent 6 Conductive agent 6 

PVDF 6 Binder 3 

Figure 26: Schematic illustration of a pouch bicell. 
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The separators were soaked with 0.6 mL of the fresh as well as aged electrolytes according to      

Table 13. MACCOR Series 4000 battery tester was applied for CC experiments. The formation of the 

pouch bicells occurred according to VARTA standard formation procedure for LFP electrodes. After 

the formation, the bicells were charged/discharged for 200 times between 2.4 and 3.6 V vs. Li/Li+ at a 

C-rate of 1 C which corresponds to 60 mA. 

Table 13: Added electrolytes (1 M LiPF6 in EC:DEC, 40:60, w/w). 

Time Temperature Note 

- - Fresh electrolyte 

28 days 60 °C In contact with polymer surface 

28 days 60 °C In contact with glassy surface 

28 days 60 °C +75 µL deionized water 

28 days 60 °C +0.015 g undried n-SiO2 powder 

To examine the influence of aged electrolytes on the cell performance of LFMP solid solutions, 

Swagelok®-T-cells are assembled and cycled for active material C and active material K as mentioned 

in section 3.2.1. 
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4 Results and Discussion 

4.1 Synthesis and characterization of next generation cathodes for LIBs 

Since 1991, Li1-xCoO2 has become the most widely used positive electrode material in the LIB 

technology. Nevertheless, not only the high cost and toxicity of the transition metal cobalt but rather 

the significant risk of thermal runaways, enhanced through possible oxygen release, entails problems 

regarding customer applications. The absolute necessity for ensured safety among LIB application in 

portable devices and automotive batteries forces researchers to the exploration of new, safer battery 

chemistries. Therefore, phospho-olivines such as e.g. LiFePO4 represent a promising positive 

electrode active material. In recent years, drawbacks such as their low electronic conductivity could 

be eliminated through carbon coatings or doping. Hence, phospho-olivines have become competitive 

with layered transition metal oxides and currently, some automobile manufacturers already use 

them for the construction of BEV. Anyway, to extend the driving range of BEVs, cells that provide 

higher energy densities are needed.  

Within this chapter, the focus is on the synthesis of solid solutions like LiFexMn1-xPO4/C and, to a 

minor extent, LiFexMnyCo1-x-yPO4/C to increase the oxidation potential that is supplied by the positive 

electrode material. Initially, to show the superiority of the microwave solvothermal synthesis over 

solid state synthesis methods, LiFe0.5Mn0.5PO4/C is compared to an electrode prepared by solid state 

synthesis method. Thereafter, the adjustment and optimization of some process parameters is 

shown. The electrochemical performances of LiFexMn1-xPO4/C (x= 0, 0.1, 0.2, …, 1 in 0.1 eq. steps) are 

discussed and the solid solution forming process is examined along every step of the material 

preparation process. Finally, high voltage electrode solid solutions LiFexMnyCo1-x-yPO4/C are 

discussed.  

4.1.1 Solid state synthesis versus solvothermal microwave assisted synthesis 

Herein, the advantages of solvothermal microwave assisted synthesis of phospho-olivines are 

discussed and a comparison of them to the solid state synthesis method is made. Since the powders 

for solid state synthesis were prepared by mixing the precursor with Super P in a ball mill, a similar 

preparation procedure was also performed for the microwave synthesized powders. Basically, the 

microwave synthesized samples are prepared according to chapter 3.1.1, whereas the ball milling 

step occurred with 20 wt% Super P rather than sucrose. The two samples synthesized by solid state 

method did only differ in their educt concentrations and are further on named according to Table 14. 

The associated sample, which was synthesized by the solvothermal microwave method, is further on 

called MW. 
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Table 14: Precursor concentrations and sample denominations for the powders synthesized by solid state method.  

Sample Li2CO3 / eq. FeC2O4*2H2O / eq. MnC2O4*2H2O / eq. NH4H2PO4 / eq. 

SS-1 0.6 0.5 0.5 1 

SS-2 0.5 0.5 0.5 1 

Structural characterization. The XRD diagrams (cf. Figure 27) of the received powders show some 

impurities for SS-1. Whereas the XRD patterns of sample MW and SS-2 do not contain any impurities, 

the pattern of SS-1 includes some reflexes of magnetite Fe3O4. Moreover, by comparison of the 

diffraction pattern to literature (cf. [162][163]), there are parts of some peaks that might correspond 

to heterosite species FexMn1-xPO4. The excess of lithium carbonate when synthesizing sample SS-1 

leads to comparable peak positions in the diffractograms. The stoichiometric sample SS-2 shows a 

slight shift to higher angles. This might result from internal strain, leading to a shift in d-spacing (e.g. 

structural defects).  

 

Figure 27: XRD patterns of LiFe0.5Mn0.5PO4/C prepared by microwave solvothermal method (black) or solid state synthesis 
SS-1 (green) and SS-2 (blue). (i) Between 10-80° 2Ɵ and (ii) magnified view between 20.2-21.0° 2Ɵ. 

Table 15 summarizes the obtained lattice constants after Rietvield refinement. It is obvious that the 

excess of lithium leads to an increase in lattice parameters. The value of lattice constant c is similar 

for sample MW and sample SS-2. On the other hand the lattice constants a and b show a slight 
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reaches an initial discharge capacity of approx. 90 mAh g-1, the discharge capacity of electrode SS-2 is 

lower by 10 mAh g-1.  

 

Figure 29: Comparison of the specific discharge capacities and efficiencies of the 1st 25 cycles at 0.1 C and ambient 
temperature of electrode MW (triangle) and SS-2 (square).  

Phospho-olivines synthesized by microwave irradiation are superior regarding electrochemical 

performance and retaining of preparation time and thus energy compared to solid state synthesized 

samples. Therefore, a solvothermal microwave assisted synthesis with carefully adjusted process 

parameters is shown. 

4.1.2 Solvothermal microwave assisted synthesis 

4.1.2.1 Tuning of the synthesis process 

Post-annealing step. Considering Figure 30, it is obvious that a post-thermal treatment after the 

microwave solvothermal synthesis is necessary to obtain a crystal structure at all and electrochemical 

activity as a consequence. Since the prespecified operating conditions of Anton Paar Monowave 300 

do not allow higher operating temperatures (limited to 300 °C), the exposure time of microwave 

irradiation to the sample was limited. The phospho-olivine phase is already formed after the 

microwave process. The peak positions are in good accordance with ICSD reference spectra, even if 

their intensities are poor. Anyway, the post-annealing step induces a rearrangement of the atoms in 

the unit cell, leading to a more crystalline and purer structure with defined pathways for lithium-ion 

movement. Sucrose decomposes during this step and increases the electronic conductivity of the 

samples. Therefore, the electrochemical performance improves remarkably and the two redox 

couples for Fe2+/Fe3+ and Mn2+/Mn3+ become clearly visible. 
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Figure 30: XRD patterns and corresponding 2nd cycle of the CV of LiFe0.5Mn0.5PO4 (i) + (iii) after microwave solvothermal 
synthesis and (ii) + (iv) after the post-annealing step with sucrose as carbon source.  

Carbon content. As mentioned in chapter 4.1.1, the microwave solvothermal synthesis was 

previously performed according to section 3.1.1, whereas the ball milling step occurred with              

20 wt% Super P rather than sucrose. Since the slurry composition is the same (cf. Table 10) and no 

further decomposition of the Super P occurs during the oven treatment, resulting carbon 

concentration of the powders is rather high. This carbon content results in a decrease in gravimetric 

energy density as well as tap density of the sample. As shown in Figure 31, the electrochemical 

performance of the samples is not good either. LFP and LFMP reach a practical discharge capacity of 

120 and 86 mAh g-1, respectively (80 wt% of active material after the post-annealing step within the 

composite electrode is used for calculation). 
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Figure 31: 3rd cycle of the CV of (i) LiFePO4/C and (ii) LiFe0.5Mn0.5PO4/C with Super P as carbon source.  

According to literature [161][164][165], carbon coatings from sucrose lead to good electrochemical 

performances of phospho-olivines. Therefore, instead of adding 20 wt% Super P, 20 wt% sucrose is 

added to the powders before the ball milling step. This leads to an improvement in the 

electrochemical performance and quite good capacities with less carbon content in the final 

composite electrode. Elemental analysis is used to analyze the carbon content of the samples and 

results in 5-8 wt% per sample. Electrochemical results are shown in chapter 4.1.2.2. 

Particle size. Figure 32 clearly illustrates that the synthesized particles after the oven form 

agglomerates of a few micrometers in size. The 10 kx magnification demonstrates the surface of the 

agglomerates. It is obvious that the agglomerates consist of nanometer sized particles. 

 

Figure 32: SEM images of LiFe0.5Mn0.5PO4/C with (i) 1 kx, (ii) 5 kx and (iii) 10 kx magnification.   

It is well known [62][70] that nanometer-sized phospho-olivines perform electrochemically very well. 

Therefore, ball milling of these powders in NMP is used to downsize these agglomerates. Table 17 

summarizes some results obtained by Fritsch Analysette 22 NanoTec Plus. Tensides are added to 

reduce the surface tension of the samples. Although all samples were dispersed by ultrasonic waves, 

agglomerates of the nanometer-sized particles still remain. The results, obtained by the application 

of Fraunhofer theory, are determined as particle volumes (Q3(x)) of the sample. The values reveal 

that a downsizing of the agglomerates by ball milling is basically possible. Anyway, a dependence of 

particle size neither on grinding time nor on the size of the grinding balls can be ascertained. 
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Table 17: Parameters and resulting particle sizes for LiFe0.5Mn0.5PO4/C grinded in NMP. 

Ø TC / mm Speed / rpm Time / h Q3(x) / µm, ≤50 % Q3(x) / µm, ≤90 % 

- - - 6.36 26.29 

3 900 3.5 3.16 14.42 

3 900 4 4.37 10.24 

0.6 900 7 1.99 10.44 

0.6 900 8 4.35 11.17 

Even though particle sizes are diminished by grinding the powders after the oven treatment,       

Figure 33 shows that the capability of lithium-ion insertion and deinsertion of the material is 

impossible. Therefore, the grinding procedure annihilates the particles, in particular their carbon 

coating. Hence, ball milling experiments are solely performed before the post-annealing step. Good 

electrochemical characteristics are obtained if the powders are mixed with sucrose and NMP for half 

an hour at 300 rpm in the ball mill only before the oven treatment (cf. Figure 33 (ii)). If another ball 

milling step occurs after the oven treatment, the ability of reversible insertion/deinsertion of lithium-

ions is lost. Henceforth, the ball milling step only occurs before the oven treatment within the 

standard synthesis procedure of all powders. 

 

Figure 33: 2nd cycle of the CVs of LiFe0.5Mn0.5PO4/C. (i) After the oven treatment and subsequent ball milling with a 
diagram at the bottom that shows a magnified view of the y-axis. (ii) After the oven treatment without further ball 
milling. 

pH adjustment. Especially for iron, the value for the redox potential between Fe2+ and Fe3+ is 

dependent on the pH-value [166]. Therefore, it is necessary to adjust the pH during microwave 

synthesis to obtain phase pure powders without any contaminations of Fe(III) species. Among        

pH-values in the range of 6 to 9, especially between 6.0 and 7.5, the synthesized powders show 

superior performance with regard to their electrochemical behavior. Therefore, all materials are 

prepared by applying this particular pH range. 

Concentration adjustment. The dependence of precursor concentrations in tetraethylene glycol 

(TEG) on electrochemical performance is determined as well. Hence, three different concentrations 

between 0.10 and 0.14 M are examined. Below 0.10 M TEG does not solve the educts sufficiently 
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Table 18: Disagreement indices of the Rietveld refinement for sample A to sample K. 

Sample RProfile RWeighted Profile RBragg RExpected 

A 2.19 3.07 2.61 0.64 

B 2.14 2.93 1.63 0.65 

C 1.86 2.42 1.12 0.66 

D 2.13 2.93 1.66 0.65 

E 2.19 2-75 1.11 0.69 

F 1.90 2.40 1.26 0.73 

G 2.49 3.13 1.26 0.74 

H 2.44 3.03 1.10 0.75 

I 2.78 3.47 1.33 0.79 

J 2.72 3.40 1.44 0.81 

K 3.28 4.08 1.69 0.84 

The slight shift of peak intensities is influenced by the kind of atoms and their arrangement in the 

unit cell. A shift in peak position is observed, if the Mn-content in LiFexMn1-xPO4/C is increased 

meaning higher Mn-contents result in a shift to a lower angle and an increase in the atomic lattice   

(d-spacing) since its ion radius is bigger compared to Fe2+. A linear increase in lattice parameters a, b, 

c and cell volume occurs. This increase is summarized in Table 19. 

Table 19: Lattice parameters (a, b, c and cell volume) for samples A-K. The standard deviation of the lattice constants is 
shown in brackets. 

Sample a / Å b / Å c / Å Volume / Å³ 

A 10.3211(7) 6.0039(4) 4.6941(4) 290.88 

B 10.3343(5) 6.0136(3) 4.6997(3) 292.07 

C 10.3491(3) 6.0242(2) 4.7047(2) 293.31 

D 10.3600(3) 6.0333(2) 4.7125(2) 294.55 

E 10.3778(2) 6.0441(1) 4.7149(1) 295.74 

F 10.3890(1) 6.0536(1) 4.7191(1) 296.79 

G 10.4008(3) 6.0631(1) 4.7256(1) 298.00 

H 10.4134(2) 6.0735(1) 4.7309(1) 299.21 

I 10.4250(2) 6.0836(1) 4.7369(1) 300.42 

J 10.4355(3) 6.0933(2) 4.7442(2) 301.67 

K 10.4495(3) 6.1032(2) 4.7485(2) 302.84 

To confirm the formation of a solid solution by microwave solvothermal synthesis accompanied by a 

post-annealing step, the diffraction pattern of microwave synthesized sample G is compared to a 

manual mixture of 0.4 eq. of sample A with 0.6 eq. of sample K. Figure 34 (iii and iv) definitely 



Experimental Part

 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

versa

SEM images 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

Figure 

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

of Fe

an influence on the position of the redox couples (cf. 

lower 

Figure 
and 

 

Experimental Part

 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

versa

SEM images 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

Figure 

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

of Fe3+ 

an influence on the position of the redox couples (cf. 

lower 

Figure 
and electrode

Experimental Part

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

versa.  

SEM images 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

Figure 35: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

3+ and Mn

an influence on the position of the redox couples (cf. 

lower is 

Figure 36: 2
electrode

Experimental Part

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

SEM images 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

and Mn

an influence on the position of the redox couples (cf. 

is the

: 2nd 
electrode

Experimental Part

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

SEM images demonstrate

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

and Mn

an influence on the position of the redox couples (cf. 

the position of the

 cycle of the cyclovoltammetric measurements of 
electrode I (grey

Experimental Part

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

demonstrate

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

and Mn3+, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

position of the

cycle of the cyclovoltammetric measurements of 
grey

Experimental Part 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis

demonstrate

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests.

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

position of the

cycle of the cyclovoltammetric measurements of 
grey) at a scan rate of 30

 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

solvothermal synthesis,

demonstrate

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

Electrochemical tests. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

position of the

cycle of the cyclovoltammetric measurements of 
) at a scan rate of 30

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

, in whi

demonstrate 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

 As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

position of the

cycle of the cyclovoltammetric measurements of 
) at a scan rate of 30

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

in whi

 that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

position of the oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
) at a scan rate of 30

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

in which manganese

that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
) at a scan rate of 30

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analys

ch manganese

that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
) at a scan rate of 30 µV

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

material K. Therefore, XRD analysis suggests the formation of solid solutions by microwave 

ch manganese

that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
µV s

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ch manganese

that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
-1 at 25

Doctoral Thesis

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ch manganese

that as synthesized particles are a few nanometers in size. Moreover, the 

particles are highly agglomerated (cf. Figure 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
at 25 

Doctoral Thesis

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ch manganese-ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

Figure 

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii)

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
 °C. 

Doctoral Thesis

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

Figure 35

decomposition of sucrose, particles are well embedded in carbon.

: SEM images of (i) sample C, (ii) sample H and (iii) sample K with 10

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi

Two distinct redox couples are observed at ~3.4-3.5

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of 
 

Doctoral Thesis

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

35) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon.

sample K with 10

As illustrated by Martha et al. 

segregation occurs in all of the synthesized multi-transition metal phospho

3.5 V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

cycle of the cyclovoltammetric measurements of electrode

Doctoral Thesis

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon.

sample K with 10

As illustrated by Martha et al. 

transition metal phospho

V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. 

oxidation and reduction potential of Fe

electrode

Doctoral Thesis 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon.

sample K with 10

As illustrated by Martha et al. [167]

transition metal phospho

V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

an influence on the position of the redox couples (cf. Table 

oxidation and reduction potential of Fe

electrode

 

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon.

sample K with 10

[167]

transition metal phospho

V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

Table 

oxidation and reduction potential of Fe

electrode C (

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon.

sample K with 10 kx magnification.

[167], in case of active material I, cation 

transition metal phospho

V vs. Li/Li+ and ~3.9

, respectively. The formation of a solid solution between sample A and sampl

Table 20

oxidation and reduction potential of Fe

C (black

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

decomposition of sucrose, particles are well embedded in carbon. 

kx magnification.

, in case of active material I, cation 

transition metal phospho

and ~3.9

, respectively. The formation of a solid solution between sample A and sampl

20). The higher the iron content, the 

oxidation and reduction potential of Fe3+/Fe

black), electrode

demonstrates the difference between the two preparation met

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

kx magnification.

, in case of active material I, cation 

transition metal phospho

and ~3.9

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

/Fe

), electrode

demonstrates the difference between the two preparation methods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

kx magnification.

, in case of active material I, cation 

transition metal phospho

and ~3.9 V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

/Fe2+ redox couple.

), electrode

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

kx magnification.

, in case of active material I, cation 

transition metal phospho-

V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

redox couple.

 

), electrode

Patricia Monika Handel

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

kx magnification. 

, in case of active material I, cation 

-olivines (cf. 

V vs. Li/Li

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

redox couple.

 

), electrode E (green

Patricia Monika Handel

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and sha

, in case of active material I, cation 

olivines (cf. 

V vs. Li/Li+

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

redox couple.

green

Patricia Monika Handel

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

) and differ in size and shape. Due to the 

, in case of active material I, cation 

olivines (cf. 

+ for the reduction 

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

redox couple.

green), 

Patricia Monika Handel

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

, in case of active material I, cation 

olivines (cf. 

for the reduction 

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

redox couple. 

electrode

Patricia Monika Handel

Page | 

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

, in case of active material I, cation 

olivines (cf. Figure 

for the reduction 

, respectively. The formation of a solid solution between sample A and sampl

). The higher the iron content, the 

electrode

Patricia Monika Handel

Page | 

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

, in case of active material I, cation 

Figure 

for the reduction 

, respectively. The formation of a solid solution between sample A and sample K has 

). The higher the iron content, the 

electrode G (

Patricia Monika Handel

Page | 

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

, in case of active material I, cation 

Figure 36

for the reduction 

e K has 

). The higher the iron content, the 

G (blue

Patricia Monika Handel

Page | 58

hods. Whereas microwave

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

, in case of active material I, cation 

36). 

for the reduction 

e K has 

). The higher the iron content, the 

blue) 

Patricia Monika Handel 

58 

hods. Whereas microwave 

synthesized samples only show one peak at certain peak positions, the manually mixed sample shows 

a splitting of the peaks due to two different lattice parameters of the active material A and active 

is suggests the formation of solid solutions by microwave 

ions occupy the interstitial sites of sample A and vice 

that as synthesized particles are a few nanometers in size. Moreover, the 

pe. Due to the 

 

, in case of active material I, cation 

). 

for the reduction 

e K has 

). The higher the iron content, the 

) 



Experimental Part Doctoral Thesis Patricia Monika Handel 

Page | 59  

Table 20: Maximum oxidation and reduction peaks vs. Li/Li+ for the electrodes C, E, G and I. 

 Fe2+→Fe3+ / V Fe3+→Fe2+ / V Mn2+→Mn3+ / V Mn3+→Mn2+ / V 

Electrode C 3.53 3.40 4.02 3.92 

Electrode E 3.54 3.39 4.11 3.92 

Electrode G 3.54 3.45 4.14 3.91 

Electrode I 3.61 3.49 4.20 3.88 

Generally, LiFePO4/C exhibits higher electron transfer kinetics and a lower charge transfer resistance 

compared to LiMnPO4/C. Therefore, the peak potential separation of the Fe3+/Fe2+ redox couple is 

minor compared to that of Mn2+/Mn3+. An excess of manganese in the lattice induces a shift to higher 

oxidation potentials of Mn2+ and lower reduction potentials of Mn3+ in LiFexMn1-xPO4/C. The peak 

potential separation for the Mn2+/Mn3+ redox reaction is primarily influenced by the anodic reaction. 

The obtained results are consistent with Muraliganth et al. [81]. Since the phosphate group is fixed in 

the olivine structure, the insertion of counter cations definitely causes the shift in redox potentials. In 

theory, the position of the oxidation and reduction reaction in the CV depends both on the 

electronegativity and the ionic radii of the cations. The two phenomena have a converse effect on 

the peak positions. However, since iron and manganese exhibit a similar electronegativity, the 

influence of the ionic radii of the cations predominates. As a matter of fact, the higher manganese 

content in LiFexMn1-xPO4/C affects the lattice parameters and Mn-O bond lengths are increased. This 

decrease in covalence of the latter causes a shift in the redox-potential during lithium 

insertion/extraction that can be observed in the CVs. 

 

Figure 37: (i) CC charge profiles and (ii) CC discharge profiles of electrode K (blue), electrode I (orange), electrode G (red), 
electrode E (grey) and electrode C (black) displaying the 1st cycle at 0.1 C and 25 °C for each material.  

After cyclic voltammetry, the same cells are treated with the aforementioned CCCV program.      

Figure 37 shows the resulting CC profiles for the first cycles of electrode C, E, G, I and K. The materials 
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exhibit a flat voltage profile with one or two plateau regions. The first plateau at around                 

4.0 V vs. Li/Li+ and the second plateau at around 3.5 V vs. Li/Li+ belongs to Mn3+/Mn2+ and Fe3+/Fe2+ 

redox couple, respectively. The coexistence of Mn and Fe in the olivine enhances the CC discharge 

capacity compared to sample K. A general trend of a higher capacity can be supposed when the iron 

content is increased in the sample. If iron is reduced to 0.2 eq. in the structure, the capacity drops 

dramatically. The ex-situ carbon coating from sucrose and post-annealing step at 700 °C under inert 

atmosphere further enhances electronic and ionic conductivity. Microwave synthesized active 

material C exhibits an initial discharge capacity of 123 mAh g-1 at 0.1 C and 25 °C whereas electrode I 

shows only 58 mAh g-1.  

 

Figure 38: Specific discharge capacity vs. cycle number at 25 °C with a C-rate of 0.1 C of electrode K (blue), electrode I 
(orange), electrode G (red), electrode E (grey) and electrode C (black). 

All samples show good stability upon cycling and only a slight capacity fading with ongoing cycling. 

The capacity retention after the CCCV program is 91 %, 95 %, 95 %, 100 % and 93 % for electrode C, 

E, G, I and K, respectively. Sample E and sample G show a similar behavior upon cycling regarding 

their capacity retention and specific discharge capacities. The experimental specific energy density is 

highest for sample C and lowest for sample K (cf. Table 21). This result disagrees from the 

theoretically calculated energy density values since manganese worsens the electronic conductivity 

of the samples. In contrast to the linear dependence between the theoretical energy density values 

and the transition metal concentration, no such correlation can be specified for the experimental 

energy densities. The reason for this might be the different particle sizes of the agglomerates. 
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Table 21: Energy densities of the active materials corresponding to Figure 38.  

 
Energy density / Wh kg-1 

Theoretical 

Energy density / Wh kg-1 

For the 1st discharge cycle 

Energy density / Wh kg-1 

For the 50th discharge cycle 

Electrode C 609 429 393 

Electrode E 631 377 359 

Electrode G 653 391 370 

Electrode K 675 203 204 

Electrode I 697 222 210 

After these cycling experiments, the lithium metal electrode is analyzed in terms of manganese 

dissolution. The final manganese content on the negative electrode is 0.054 ± 0.04 mg L-1 and 

0.72 ± 0.18 mg L-1 for sample C and sample K, respectively. Hence, the increase of 0.8 eq. of 

manganese within the solid solution for sample K leads to a 14-fold increase of detectable 

manganese on the anode. Consequently, the higher the manganese content in the sample, the more 

severe the manganese dissolution will be. Note that the improper detachment of the separator from 

the sample might be the reason for the high standard deviation since manganese can be contained 

within the separator as well. To avoid the sticking of the non-woven fabric mat to the lithium metal, 

future cell assemblies for manganese quantification purposes should be carried out with a 

microporous polymer separator (e.g. from Celgard). 

The electric conductivity is measured by four point resistivity measurements. A current of 100 µA is 

applied to the metal tips and the corresponding voltage is determined. The electrical resistance and 

electric conductivity is calculated according to eq. 28 and eq. 29. 

 

Li

AU

×
×=δ  eq. 28 

 

δ
σ 1=  eq. 29 

 

δ . . . . . . . . . . . . . . . . . . . .  Specif ic,  electrical  resistance / Ω m 

U .. . . . . . . . . . . . . . . . . . .  Voltage / V 

A . . . . . . . . . . . . . . . . . . . .  Cross sectional area / m² 

i  . . . . . . . . . . . . . . . . . . . . .  Current / A 

L . . . . . . . . . . . . . . . . . . . . .  Distance between two measurement points / m 

σ . . . . . . . . . . . . . . . . . . . .  Electrical  conductivity / S m
- 1

 

 

Nevertheless, no significant trend in electric conductivity is obvious and all values are of the same 

order of magnitude. 
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To gain insight into the lithium-ion diffusivity as well as into the internal resistance of the solid 

solutions, GITT measurements are recorded for sample C and I. Figure 39 illustrates the 

measurement principle. The thermodynamic equilibrium of the electrode is disturbed by a short 

current load until t0 + τ is reached. During the raise of the voltage, overpotential phenomena that are 

characteristic for the electrode occur (cf. chapter 2.1.2). Afterwards, the relaxation back to the 

thermodynamic equilibrium condition is recorded under no load conditions. 

 

Figure 39: Scheme of GITT measurements. ΔEt signifies the change of transient voltage whereas ΔEs describes the total 
change of steady state voltage after the current pulse. Redrawn from [168]. 

This relaxation corresponds to the lithium-ion diffusivity rate within the material. As shown in     

Figure 40, the iron in electrode C relaxes faster than the manganese upon delithiation. Therefore, the 

kinetics of lithium insertion and deinsertion into the LFP particles proceed at a higher velocity. The 

GITT of electrode I clearly demonstrates that the higher the delithiation is, the lower the lithium-ion 

diffusivity of the sample will be. Therefore, a higher electrode resistance occurs if lithium is 

deinserted from LMP compared to LFP. Further, among lithiation, the resistance increases as the 

voltage decreases. Considering the shrinking core model, it is evident that the internal resistance 

grows among insertion of lithium-ions into FePO4 since lithium-ions need time to diffuse into the 

core of the particles. Therefore, lithiation of the shell occurs fast whereas the whole nucleation of 

the particle proceeds slower. In contrast, the cascade model describes the development of lithium-

poor and lithium-rich domains among lithiation. Since the material is only able to reinsert a certain 

amount of lithium-ions, the lithium-ion mobility decreases when both domains have developed. The 

insertion of a higher concentration of lithium-ions into the lithium-poor domains results in an 

increase in the internal resistance of the sample.  
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Figure 40: GITT measurement of (i) electrode C and (ii) electrode I. 

Figure 41 compares typical relaxation profiles for the Fe2+/Fe3+ and Mn2+/Mn3+ redox couple of 

electrode C. It is obvious that the Mn2+/Mn3+ redox couple exhibits a higher IR drop and slower 

relaxation compared to the Fe2+/Fe3+ redox couple. The IR drop corresponds to a drop in voltage 

evoked by the resistance of a sample. For GITT measurements, the IR drop is a time-independent 

constant [168]. Hence, the worse electrochemical performance if the manganese content in the solid 

solution is high can be explained through the higher internal resistance of the electrode. 

 

Figure 41: Difference in relaxation for electrode C of (i) Fe2+/Fe3+ redox couple and (ii) Mn2+/Mn3+ redox couple.  

Anyway, the higher manganese content might lead to an increase in energy density of the sample. 

For instance, electrode G shows in comparison to electrode E an increase in its gravimetric energy 

density of 3.1 %. Moreover, electrode F (cf. chapter 4.1.2.3) exhibits a remarkable gravimetric energy 

density of 512 Wh kg-1 referring to the active material compared to sample G, which corresponds to 

an increase of the energy density by 22.5 %. The equimolar mixture of iron and manganese seems 

particularly favorable in terms of electrochemical properties. Therefore, sample F is chosen as 

benchmark for further characterizations and preparation methods, as will be discussed in the next 

chapter. 



Experimental Part Doctoral Thesis Patricia Monika Handel 

Page | 64  

4.1.2.3 Preparation details with focus on the solid solution formation determining step 

To determine the essential step for the solid solution formation, the equimolar compound 

LiFe0.5Mn0.5PO4/C (sample F) was not only prepared directly in the microwave oven, but also by ball 

milling or manual mixing procedures. The resulting sample L is prepared by ball mill mixing of the 

appropriate amount of sample A and K together with sucrose. Sample M is made by separate ball mill 

mixing of active material A or K with sucrose and afterwards equimolar amounts of active material A 

and K are mixed in an agate mortar. Finally, sample L and sample M are post-annealed as mentioned 

before. The difference in the preparation methods for sample F, L and M is illustrated in Figure 42. 

 

Figure 42: Schematic illustration of the different preparation methods. The framed area signifies that a solid solution is 
formed for LiFe0.5Mn0.5PO4/C. 
 

Structural Characterization. As shown in Figure 43, the only difference in crystal structure is a slight 

shift to lower angles for sample F compared to sample L. The appearance of the peaks is similar for 

both samples. On the contrary, the peak shape of sample M is clearly distinct from that of sample L 

and sample F. Since iron and manganese exhibit a similar X-ray diffraction due to their almost same 

crystal lattice, the signals of the LiFePO4/C and LiMnPO4/C are overlapping in the diffraction pattern 

of sample M. Therefore, in the case of active material L, it is demonstrated that the formation of a 

solid solution occurs by mechanical mixing of sample A and K together in the ball mill and with the 

subsequent annealing step at 700 °C.  
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Figure 43: (i) XRD patterns of sample F, sample L and sample M. (ii) Magnified view of 20.2-21.0° 2θ of the 
aforementioned species. 

SEM-BSE images (cf. Figure 44) of the prepared electrodes on aluminum current collectors reveal 

that casted electrode films are non-uniform regarding the particle size and morphology of the 

positive electrode material. No difference between both preparation methods is obvious. Nanoscale 

particles agglomerate to distinct particles up to several microns in size. The edge of the agglomerates 

is partly covered by denser packed particles. According to XRD analysis and elemental mapping, iron 

and manganese are evenly distributed among the agglomerates. The active material is well 

embedded in carbon. Considering the two different preparation methods, neither difference in 

morphology nor in particle distribution and size is obvious. The red marks in Figure 44 highlight white 

particles, which correspond to tungsten carbide (TC). That means some abrasion occurs during the 

ball milling step. Nevertheless, TC remains inert during the electrochemical experiments. 
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Figure 44: SEM-BSE images of the slope cuts of (i) electrode F and (ii) electrode L. 

Whereas a solid solution is formed for sample F and L, the post-annealing step at 700 °C of the 

manual mixture of 0.5 eq. sample A with 0.5 eq. sample K and sucrose in an agate mortar does not 

result in the formation of a solid solution. This difference is also evident in Table 22 and will be 

discussed later. 

Table 22: Comparison of the lattice parameters of samples F, L and M with the standard deviations in brackets.  

 a / Å b / Å c / Å Volume / Å³ 

Sample F 10.3890(1) 6.0536(1) 4.7191(1) 296.79 

Sample L 10.3832(3) 6.0493(2) 4.7185(2) 296.37 

Sample M 10.3967(2) 6.0734(1) 4.7280(1) 298.54 

Electrochemical tests. As mentioned above, two distinct redox couples are apparent in the 

cyclovoltammetric chromatograms for sample F, L and M. CC charge and discharge profiles for the 

first cycle of the three different materials are shown in Figure 45. The specific discharge capacity of 

sample K is remarkably increased by the formation of the solid solution with Fe in sample F and L, no 

matter if the particles are synthesized directly through microwave irradiation of both Fe(CH3COO)2 

and Mn(CH3COO)2*4H2O or through ball-mill mixing of sample A and sample K. Regarding the 

microwave synthesizing method, the slightly higher values for the lattice parameters a, b, c and the 

total cell volume might cause a superior capacity compared to the mechanically mixed powder       

(cf. Table 22). Sample M exhibits even higher values for a, b, c and the cell volume, respectively. Since 

sample M is no solid solution, a mixture of the unit cells for LMP and LFP occurs, leading most 

probably to this increase in lattice parameters. 

The superior mixing during the microwave synthesis in solution might lead to a more even 

distribution of manganese and iron within the lattice, causing a lower charge transfer resistance for 

sample F. Active material F, L and M exhibit an initial discharge capacity of 139 mAh g-1, 127 mAh g-1 

and 91 mAh g-1, respectively. 
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Figure 45: (i) CC charge profiles and (ii) CC discharge profiles for electrode F (black), electrode L (grey) and electrode M 
(blue). For each material the 1st cycle at 0.1 C and 25 °C is shown. 

Figure 46 displays the development of the specific discharge capacities among 50 CC cycles and the 

rate capability tests of the three different materials. The materials are stable upon cycling, showing 

97 % for sample F, 99 % for sample L and 100 % for sample M of their initial discharge capacity after 

50 CC charge/discharge cycles. Since the capacity for the samples after their exposure to higher 

current densities is approximately the same, the materials are stable to higher C-rates. Anyway, the 

higher C-rates diminish the capacities of the samples. Whereas at 0.5 C the specific discharge 

capacities are 126, 110 and 81 mAh g-1 for electrode F, L and M, they decrease at 1 C to 115, 106 and 

69 mAh g-1, respectively. 

 

Figure 46: (i) Specific discharge capacities vs. cycle number at 25 °C with a C-rate of 0.1 and (ii) rate capability tests for 
electrode F (black), electrode L (grey) and electrode M (blue). 

According to Figure 47, two distinct voltage plateaus are visible for all materials at a C-rate of 0.1 C. 

By increasing the CC charge/discharge rate, the second plateau slightly disappears for sample F, 

whereas the first plateau disappears for sample M. Regarding sample F, the second fading plateau 

(Fe2+/Fe3+) might result from the formation of a solid solution with particles that show diverse 

kinetics upon lithium insertion/deinsertion. On the contrary, the individual particles of LMP and LFP 
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for sample M behave different when the charge densities are increased. Therefore, at higher C-rates, 

active material L suffers from lower overpotentials compared to active material F and M, which 

results in higher discharge potentials for both, the delithiation of LMP and LFP. Hence, sample L 

seems to be kinetically favored, even though the overall achievable capacity is higher for sample F in 

all experiments. 

 

Figure 47: Discharge profiles of (i) sample F (black), (ii) sample L (grey) and (iii) sample M (blue). The 2nd, 6th, 11th and 16th 
cycle corresponding to Figure 46 (ii) are shown.  

It is evident that the formation of solid solutions LiFexMn1-xPO4/C leads to superior electrochemical 

behavior compared to sample M and poorly-conducting sample K. 

4.1.2.4 Isovalent doping of equimolar LiFeMnPO4/C 

The aliovalent doping with 0.01 eq. and 0.02 eq. Zr4+ does not lead to a significant improvement or 

deterioration of the electrochemical performance compared to undoped LiFe0.5Mn0.5PO4/C. 

Therefore, this thesis only deals with isovalent doping of LFMP with different concentrations of Mg2+. 

Structural characterization. Figure 48 illustrates the XRD patterns of some magnesium-doped 

powders in comparison to sample F. It is evident, that the spectra are similar with regard to their 

peak positions and intensities and no impurities are detected. An increase in magnesium content 

leads to a shift to slight higher angles. 
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Figure 48: XRD patterns of the (i) magnesium doped LFMP in comparison to sample F. (ii) Magnified view of the same 
samples from 20.2-21.0 ° 2θ. Only magnesium doped samples N, P and R are shown to avoid complexity.  

The decrease in cell volume (cf. Table 23) is caused by the insertion of the smaller Mg2+-ion into the 

crystal lattice. 

Table 23: Lattice parameters of the Mg-doped samples in comparison to sample F. The standard deviation of the lattice 
constants is shown in brackets.  

Sample a / Å b / Å c / Å Volume / Å³ 

F 10.3890(1) 6.0536(1) 4.7191(1) 296.79 

N 10.3840(4) 6.0510(2) 4.7203(2) 296.59 

O 10.3844(2) 6.0505(1) 4.7186(1) 296.47 

P 10.3761(6) 6.0486(4) 4.7209(3) 296.29 

Q 10.3770(3) 6.0470(1) 4.7177(1) 296.03 

R 10.3672(6) 6.0426(3) 4.7216(3) 295.78 
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SEM-BSE images of the slope cut of sample P show that the doped sample has a similar morphology 

as the undoped one. The nanosized particles agglomerate to huger particles with a few µm in size. 

Particle sizes are non-uniform and all of them are well surrounded by a carbonaceous matrix. By 

comparing Figure 49 to Figure 44 it is obvious that the particles of the magnesium doped samples do 

not have any denser particles at the edge of the LFMP agglomerates. EDX spectra reveal that both as 

„LFMP” marked particles in Figure 49 contain magnesium. Some abrasion of TC grinding balls is 

detected as well (red, dashed circle).  

 

Figure 49: SEM-BSE images of the slope cut of sample P. 

Electrochemical tests. As shown by Figure 50, the insertion of Mg2+ into the crystal lattice definitely 

influences the electrochemical performance of the samples. Whereas the position of the Fe2+/Fe3+ 

redox couple is quite similar, the reduction of Mn2+/Mn3+ redox couple is shifted to a higher voltage 

(cf. Table 24). Therefore, the current peaks for the Mn2+/Mn3+ redox couple for the magnesium-

doped sample are less separated and the reaction is more reversible as for sample F. 

 

Figure 50: Comparison of the CVs of electrode F (black) and electrode P (blue). 

The cause of peak potential shifting of Mn2+/Mn3+ redox couple is twofold. On the one hand, as 

mentioned in the theoretical part, the doping of phospho-olivines with isovalent Mg2+ leads to an 
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increase in electronic conductivity. Therefore, redox reactions may occur faster compared to 

undoped LFMP. On the other hand, magnesium shows a lower electronegativity than iron and 

manganese. Hence, the positive inductive effect leads to an enrichment of electron density on iron 

and manganese and their redox couples are shifted to higher voltages. Due to an influence of 

primarily the Mn2+/Mn3+ peak position, the better electrochemical performance is rather attributed 

to the increase in electronic conductivity.  

Table 24: Maximum oxidation and reduction peaks vs. Li/Li+ for the electrodes F, N and P. 

 Fe2+→Fe3+ / V Fe3+→Fe2+ / V Mn2+→Mn3+ / V Mn3+→Mn2+ / V 

Electrode F 3.55 3.43 4.12 3.91 
Electrode N 3.52 3.44 4.12 3.96 
Electrode P 3.52 3.44 4.12 3.99 

In consideration of the discharge profiles (cf. Figure 51) of the 1st cycles at 0.1 C it turns out that a 

magnesium content of 0.04 eq. leads to the highest discharge capacity in comparison to sample F.  

 

Figure 51: Profiles of the 1st discharge cycle of electrodes F (black), P (blue), N (green) and R (grey). 

Therefore, electrochemical results are only shown for sample P. At 0.1 C, the undoped electrode F 

shows a slight superior electrochemical performance compared to electrode P (cf. Figure 52). After 

50 CC cycles at 0.1 C, the initial discharge capacity of 139 mAh g-1 and 128 mAh g-1 decreases by 97 % 

and 95 % for active material F and P, respectively. At low current densities, sample F exhibits less 

capacity fading compared to the magnesium doped one.  
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Figure 52: Specific capacities vs. cycle number at 25 °C with a C-rate of 0.1 and corresponding efficiencies for electrode F 
(black) and electrode P (blue). 

At higher current densities an inverse behavior is detected. Both electrodes undergo also 200 cycles 

at 1 C charge/discharge current. It is obvious from Figure 53 that the magnesium doped sample 

shows a slightly better cycling stability than sample F. The initial discharge capacities at 1 C are 

98 mAh g-1 and 109 mAh g-1 for sample F and sample P, respectively. The residual discharge capacity 

of sample F is 94 %. On the contrary, sample P is more stable with regard to cycling at higher C-rates, 

showing a residual discharge capacity of 97 %.  

The steady demand for shorter charging times requires active materials that can sustain high current 

densities. To show the performance of doped and undoped phospho-olivines, as high C-rates such as 

5 and 10 are applied to electrode F and P. Figure 54 displays the measured discharge profiles. It is 

striking that active material P reaches a specific discharge capacity of 50 mAh g-1 at 10 C. At the same 

C-rate the undoped sample F shows a specific discharge capacity of 36 mAh g-1. Therefore, the 

conclusion is that even if the doping with the isovalent Mg2+-ion does not enhance the capacities of 

phospho-olivines at low current densities, it definitely improves the high rate performance of the 

material. The magnesium doping might result in stabilization of the structure since a shortening of 

the bond lengths and additionally a reduction of the cell volume occurs. These results are consistent 

with those obtained by Huang et al. [75]. 
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Figure 53: Specific capacities vs. cycle number of electrode F (black) and electrode P (blue) at 25 °C with a C-rate of 1 and 
corresponding efficiencies. 

 

Figure 54: Discharge profiles of (i) electrode F (black) and (ii) electrode P (blue) at different C-rates. 

4.1.2.5 Towards high voltage positive electrode materials LiFexMnyCo1-x-yPO4  

To enhance the energy density of the LIB by applying high voltage cathode materials, solid solutions 

LiFexMnyCo1-x-yPO4 and LiCoPO4/C are synthesized according to chapter 3.1.2. LiCoPO4/C is 

synthesized to serve as reference sample for the comparison of the electrochemical properties. The 

electrochemical performance of this material is shown in Figure 55. As it can be seen in the CV, two 

peaks are visible during the extraction of lithium from the electrode. Bramnik et al. [169] attribute 

this behavior most probably to the formation of two new phases (Li0.7CoPO4 and CoPO4) during 

charging of the battery. Within their research, they show that CC measurements are not sufficient 

enough to resolve the two voltage plateaus, whereas potentiostatic intermittent titration technique 

(PITT) is. The in situ synchrotron XRD studies clearly demonstrate the formation of two two phase 

regions among the oxidation of LiCoPO4. One phase consists of LiCoPO4 and Li0.7CoPO4 whereas the 

other domain consists of Li0.7CoPO4 and CoPO4. In the measured CV the two phases are evident at 

4.81 V vs. Li/Li+ and 4.91 V vs. Li/Li+. The positions of the two oxidation peaks, which may also result 
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from polarization of LiCoPO4/C or from electrolyte oxidation, coincide very well with results from 

Bramnik et al. [169]. 

The CC measurements reveal a capacity fade of the electrode. This capacity fading is most likely 

attributed to the electrolyte oxidation. The slow charging/discharging rate of 0.1 C even promotes 

the capacity fading since the electrode remains longer in the high voltage region where oxidation of 

the electrolyte occurs. The CC measurement in Figure 55 illustrates that the initial cycles exhibit a 

huge discrepancy between specific charge and discharge capacities, resulting in low efficiencies for 

each cycle. The efficiency is worst within the initial cycles. The reasons to this behavior might be 

electrolyte decomposition and the limited transport of ions and electrons within the electrode itself. 

The former can lead to concentration polarization of the electrode, whereas the latter is inherent for 

phospho-olivine materials. After the 10th cycle, the irreversible efficiency with a value of 20 % per 

cycle remains more or less unchanged. Only 34 % of the initial specific discharge capacity remains at 

the end of the 50 CC cycles.  

 

Figure 55: (i) 2nd cycle of the CV and (ii) CC measurement of LiCoPO4/C. 

The electrochemical stability window of the applied electrolyte as well as of another binary 

electrolyte mixture is shown in Figure 56. It should be noted that the measurement is carried out 

with a nonporous Pt working electrode. Therefore, results using the LiCoPO4/C as working electrode 

may differ. The electrochemical stability window of the Purolyte® electrolyte is superior regarding its 

oxidative stability compared to the binary mixture of EC:EMC. The latter already shows oxidation 

after 5 V vs. Li/Li+. Therefore, application of the LiCoPO4/C with redox potentials of 4.81 V vs. Li/Li+ 

and 4.91 V vs. Li/Li+ for the oxidation and 4.7 V vs. Li/Li+ for the reduction reaction is problematic. The 

cycling behavior might be improved by the application of highly stable electrolytes that are less 

prone to oxidation at high voltages. But, binary mixtures of organic carbonates remain the electrolyte 

of choice for ionic conductivity and viscosity reasons so far. 
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Figure 56: (i) Anodic stability and (ii) cathodic stability of used Purolyte® electrolyte (black) and 1 M LiPF6 in EC:EMC 
(65.2:32.5, w/w + 2.3 wt% VC, green). The linear sweep voltammograms are recorded with Pt as working electrode at a 
scan rate of 1 mV s-1. 

Structural characterization. As can be seen from XRD diagram of sample S, the appearance of only 

one peak for the material indicates that a solid solution of the three transition metals has formed. 

The spectrum reveals the olivine phase and is, again, indexed as orthorhombic Pmnb space group.  

 

Figure 57: XRD patterns of sample S (i) between 10-80° 2θ and (ii) magnified view between 20.2-21.0° 2θ. 

The lattice parameters for samples S, T, U and LiCoPO4/C are summarized in Table 25. Whereas the 

cell volume increases with higher manganese and iron content, it decreases as the cobalt content is 

increased.  
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Table 25: Lattice parameters (a, b, c and cell volume) of sample S, T, U and LiCoPO4/C. The standard deviation of the 
lattice constants is shown in brackets. 

Sample a / Å b / Å c / Å Volume / Å³ 

LiCoPO4/C 10.2001(2) 5.9039(1) 4.7003(1) 283.05 

S 10.3272(5) 6.0119(4) 4.7154(4) 292.76 

T 10.3307(9) 6.0122(5) 4.7074(5) 292.38 

U 10.3496(6) 6.0292(4) 4.7181(3) 294.41 

Electrochemical tests. To decrease the amount of electrolyte oxidation and thereby enhance the 

cycle stability, solid solutions LiFexMnyCo1-x-yPO4 are synthesized. Considering Figure 58, it is evident 

that three redox couples occur in the solid solution: Fe2+/Fe3+, Mn2+/Mn3+ and Co2+/Co3+. In 

comparison to Figure 55, no two phase reaction mechanism for the Co2+/Co3+ redox couple is visible. 

These results are in accordance with those obtained by Amine et al. [170] and indicate a reversible 

one stage redox reaction for Co2+/Co3+ within the solid solution LFMCP. This might be explained by 

less electrode polarization and parasitic reactions. The solid solution formation of Fe, Mn and Co 

diminishes the amount of electrolyte oxidation and hence, the mass transfer limitation at the 

electrode/electrolyte interface might be reduced as well.  

 

Figure 58: 2nd cycle of the CV for (i) electrode S (black), (ii) electrode T (blue) and (iii) electrode U (grey).  

According to literature, the formation of a solid solution LiFexMnyCo1-x-yPO4 shifts the Co2+/Co3+ redox 

potential to lower values. This is favorable for the stability of the electrolyte. Table 26 summarizes 

the values of the peak maxima obtained by CV measurements. The mutual influence of Fe, Mn and 
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Co is more pronounced for the oxidation than for the reduction reaction. By withdrawing electron 

density from the Fe-O and Mn-O bonds through the more electronegative cobalt, the peak positions 

of the Fe2+/Fe3+ and Mn2+/Mn3+ redox reactions are shifted to higher potentials with increasing cobalt 

content. 

Table 26: Maximum of the oxidation and reduction peaks (V vs. Li/Li+) of the 2nd cycle of the CV for the sample S, sample 
T and sample U.  

Sample Fe2+→Fe3+ Fe3+→Fe2+  Mn2+→Mn3+  Mn3+→Mn2+ Co2+→Co3+ Co3+→Co2+  

S 3.53 3.43 4.18 4.03 4.79 4.63 

T 3.48 3.43 4.14 4.05 4.73 4.65 

U 3.50 3.44 4.14 4.03 4.72 4.61 

Figure 59 displays the specific charge and discharge profiles of the 1st cycle of the CC measurement. 

Three plateaus, which correspond to the Fe2+/Fe3+, Mn2+/Mn3+ and Co2+/Co3+ redox reactions are 

visible for both the charge and discharge reactions. According to their molar fractions in the solid 

solution, these plateaus are more or less pronounced during the oxidation and reduction reactions.  

 

Figure 59: Voltage vs. capacity plots for the 1st cycle of CC measurement of (i) sample S (black), (ii) sample T (blue) and 
(iii) sample U (grey).  

The highest charge capacity of 160 mAh g-1 is achieved for sample T. This value is close to the 

theoretical one. Nevertheless, sample S and U show an irreversible efficiency of approx. 10 %, while 

sample T exhibits twice as much. Regarding the specific discharge capacities, it is apparent that 

sample S shows a lower value compared to sample T and U. This phenomenon might be explained by 

the higher cobalt content and therefore, the higher electrolyte oxidation. By comparing these 
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samples to LiCoPO4/C with a first irreversible efficiency of 40 %, the initial cycling performance is 

definitely improved.   

But again, capacity fading arises with proceeding cycle time. Figure 60 illustrates the cumulated 

irreversible efficiency vs. cycle number. For the 1st and 2nd CC cycle, this value is highest for sample T, 

followed by sample S and sample U. After the 2nd CC cycle, the irreversible capacities follow a linear 

trend. It seems that the electrolyte oxidation remains constant for each CC cycle. The values for the 

irreversible capacities are 6-7 %, 15-16 % and 5 % for sample S, T and U, respectively. As can be seen 

from these results, an equimolar ratio between iron and manganese with less cobalt content in the 

solid solution seems favorable with regard to the electrochemical performance of                 

LiFexMnyCo1-x-yPO4/C. 

 

Figure 60: Cumulated irreversible efficiencies vs. cycle number for sample S (black), sample T (blue) and sample U (grey).  

To sum up, the incorporation of Co into the crystal lattice of LFMP increases the practical energy 

density of the material compared to bare LiCoPO4/C but is to the detriment of the cycle life of the LIB 

(cf. Table 27). Nevertheless, the calculated energy density of sample F is still superior compared to 

solid solutions of iron, manganese and cobalt. Unless no electrolyte is developed that is stable 

against high oxidation potentials, LiCoPO4/C or solid solutions thereof with Mn and Fe will never be 

deployed. Anyway, the high theoretical energy density of LiCoPO4/C should spur further research in 

novel electrolyte solutions.  

Table 27: Specific energy densities for LiCoPO4/C and the solid solutions of the three transition metals                
LiFexMnyCo1-x-yPO4/C. 

Sample 
Spec. cap. / mAh g-1 

Theoretical 

Energy density/ 
Wh kg-1 

Theoretical 

Energy density / Wh kg-1 

For the 1st discharge cycle 
Energy density / Wh kg-1 

For the 50th discharge cycle 

LiCoPO4/C 167 802 360 121 
S 169 696 437 225 

T 169 668 482 19 

U 167 665 480 439 
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4.1.3 Conclusion and outlook 

Within this thesis, it is shown that an exact stoichiometry is necessary to reduce impurities such as 

heterosite species among solid state synthesis of LiFexMn1-xPO4/C. Due to superior electrochemical 

characteristics of the sample which is synthesized by microwave solvothermal synthesis, this method 

is further improved. The device-specific parameters of the Anton Paar Monowave 300 limits the 

microwave irradiation time to a maximum achievable temperature of 300 °C for the reaction mixture. 

Hence, a post-thermal treatment of the samples is necessary to obtain well defined crystal 

structures. Furthermore, the decomposition of sucrose during the post-thermal treatment has 

turned out as a superior carbon source compared to Super P with regard to the energy density of the 

LIB. The optimum for the pH-value and the precursor concentration in TEG is 6.0-7.5 and 0.14 M, 

respectively. The particles are identified to form agglomerates in the sub-micrometer range. A 

decrease in particle size after the post-annealing step undertaken by ball milling has not turned out 

to be advantageous, since the electrochemical performance of the particles is lost.  

 

Anyway, LiFexMn1-xPO4/C is successfully prepared by microwave assisted solvothermal synthesis with 

a post-annealing step. XRD patterns of the synthesized powders are in good agreement with ICSD 

reference diffractograms and reveal the olivine phase. An increase in the lattice parameters (a, b, c 

and cell volume) is observed if the manganese content is increased in LiFexMn1-xPO4/C. According to 

XRD patterns, sample G shows only one peak in the spectrum whereas a mixture of 0.4 eq. of active 

material A and 0.6 eq. of active material K after the oven results in a splitting of the peaks. Two 

overlapping peaks are also apparent if the powders are mixed after the ball milling step and 

afterwards post annealed. Accordingly, the formation of a solid solution occurs for microwave 

solvothermal synthesis accompanied by a post-annealing step as well as for the ball milling step with 

the same post-thermal treatment.  

The formation of solid solutions LiFexMn1-xPO4/C leads to superior electrochemical behavior and to a 

more stable olivine structure compared to poorly-conducting sample K. The two distinct redox 

couples Fe2+/Fe3+ and Mn2+/Mn3+ are both apparent in cyclic voltammograms and in the voltage vs. 

capacity profiles of CC experiments. Their position is definitely influenced by the iron and manganese 

content in the sample. Except for electrode F, specific discharge capacity raises if the iron content is 

increased, but unfortunately at the expense of manganese dissolution and its migration to the 

counter electrode. Anyway, the superior electrochemical behavior of sample F suggests that an 

equimolar mixture of iron and manganese within the solid solution is definitely favorable. 



Experimental Part Doctoral Thesis Patricia Monika Handel 

Page | 80  

GITT measurements show a minor IR drop as well as a faster relaxation for the Fe2+/Fe3+ compared to 

the Mn2+/Mn3+ redox couple. Therefore, the lithium-ion diffusivity is faster for the oxidation and 

reduction reaction of iron. 

Further analysis on the equimolar mixture shows that a solid solution is either formed by microwave 

irradiation and a post-annealing step or if sample A and sample K are initially ball-milled together 

with sucrose and then post annealed. Manual mixing of active material A with K before the post-

annealing step does not lead to the formation of the solid solution. Since sample M exhibits a worse 

electrochemical behavior, slope cuts are just performed for sample F and L. They demonstrate a 

similar morphology for both samples meaning nanosized particles forming agglomerates up to 

several microns in size that are well embedded into a carbonaceous matrix. 

Electrode F achieves a specific discharge capacity of 139 mAh g-1 and 115 mAh g-1 at 0.1 C and at 1 C, 

respectively. The two distinct voltage plateaus at 0.1 C exhibit a different behavior upon the 

application of higher C-rates. In the case of sample L the two distinct plateaus are clearly 

distinguishable at 1 C, while microwave synthesized sample F shows a rather fading character of the 

voltage profile for the Fe3+/Fe2+ redox reaction. The reason might be the lower over-potential of 

material L compared to sample F. Anyway, the highest energy density of 512 Wh kg-1 is achieved for 

the active material F that is prepared by microwave irradiation. 

 

The isovalent doping of LiFexMn1-xPO4/C with magnesium leads to similar electrochemical 

characteristics at low C-rates compared to the undoped sample. Nevertheless, the rate performance 

is improved at high current densities. The insertion of 0.04 eq Mg into the crystal lattice results in a 

specific discharge capacity of 50 mAh g-1 at 10 C. 

 

The 5 V cathode material LiCoPO4/C suffers from severe capacity fading due to the instability of the 

electrolyte. The formation of solid solutions LiFexMnyCo1-x-yPO4/C improves the electrochemical 

performance compared to sheer LiCoPO4/C. The irreversible capacity of the 1st CC cycle is reduced 

und further cumulated irreversible efficiencies are improved. Nevertheless, capacity fading cannot be 

completely avoided and compared to LiFexMn1-xPO4/C, the main advantage of high cycling stability 

disappears by the incorporation of Co into the crystal lattice. LiCoPO4/C and solid solutions thereof 

with Fe and Mn further exhibit a worse practical, specific energy density compared to 

LiFe0.5Mn0.5PO4/C.  
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For further improvements of the electrochemical performance of LiFexMn1-xPO4/C, the influence of 

the solution medium among microwave assisted solvothermal synthesis and its impact on particle 

size should be determined. The carbon source might be crucial for the final electrode performance 

and therefore, other sources than sucrose should be investigated. The isovalent doping of the 

material is favorable for the electrode performance at high C-rates. Hence, other isovalent metals 

should be introduced into the crystal structure and their performance at high current densities 

should be investigated.  

Regarding the improvement of CC cycling of LiFexMnyCo1-x-yPO4/C, as mentioned in literature for 

LiCoPO4/C [171], two different approaches might be crucial to reduce electrolyte oxidation as well as 

capacity fading. On the one hand, variations in the electrolyte compositions regarding its high voltage 

stability should be performed. On the other hand, surface coatings of the material such as aluminum 

coatings from layer deposition could avoid or at least mitigate the electrolyte decomposition. 
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4.2 Aging behavior of a state-of-the-art LIB electrolyte 

The trend towards an ever-higher energy density of LIBs makes the implementation of high voltage 

positive electrode materials indispensable. The application of LiMnPO4 and LiCoPO4 for next 

generation LIBs seems encouraging, due to a higher operating voltage and consequently resulting 

higher theoretical energy density compared to LiFePO4. Nevertheless, LiMnPO4 suffers from worse 

lithium-ion diffusion kinetics and inferior electronic conductivity in contrast to LiFePO4. It is shown in 

section 4.1 that solid solutions of iron and manganese in phospho-olivines perform very well, 

achieving a high gravimetric energy density of 512 Wh kg-1 for LiFe0.5Mn0.5PO4/C cell chemistry. Even 

if the electrochemical performance of LiFe0.5Mn0.5PO4/C is good, manganese is detected on the 

counter electrode. Since Mn2+ dissolution might promote capacity fading of the LIB as mentioned in 

chapter 2.2.3.3 and is enhanced at higher temperature, the attention is now drawn to the thermal 

degradation of state-of-the-art electrolytes. It is important to gain definite comprehension of their 

thermal aging behavior to make reliable statements about this impact on Mn2+ dissolution.  

Due to contradictions in literature regarding electrolyte decomposition products and different 

housing materials, the influence of glassware and polymer surface on thermal electrolyte 

degradation is first examined. All samples are analyzed according to Figure 61. Further, the impact of 

protic impurities and silicon species on thermal degradation of the electrolytes is shown. Especially 

the progression of acid formation (e.g. HF) is followed, since it might be crucial for Mn2+ dissolution. 

Finally, the effects of aged state-of-the-art electrolytes on the electrochemical performance are 

shown by test cells using carbon coated LFP as positive electrode material. For this experiments, DEC 

and EC are chosen as solvents, since previous studies have shown that this composition leads to 

faster degradation compared to e.g. DMC. Generally, all samples show a slight decrease in water 

content and no further decomposition products are detected by GC-MS of liquid samples.  

 

 

Figure 61: Analysis methods and determined characteristics of the electrolytes aged in pouch bags.  
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4.2.1 Aging caused by packaging materials 

The theoretical part already tackled the problem of different housing materials for liquid electrolytes, 

which might have an influence on their thermal degradation. Yang et al. [123], for instance, shows 

that addition of water to the electrolyte does only lead to an enhancement in the acid content upon 

aging if the electrolyte is not in contact with glassware. On the contrary, other researchers [119][131] 

find a variety of thermal degradation products but all electrolyte aging experiments are performed in 

glassware. Therefore, this topic is dealt in greater depth within this chapter and the influence of 

glassy surface on electrolyte degradation is examined. 

4.2.1.1 Glassy surface 

If the electrolyte is sealed in Duran® NMR tubes, the 1H-, 19F-, 31P-, 13C-NMR spectra are in good 

agreement with the published results of Campion et al. [119] and Ravdel et al. [122] even if a lower 

decomposition temperature of 60 °C is used. As shown in Table 28, most of the decomposition 

products already occur after 2 days at elevated temperature.  

Table 28: Overview of decomposition products occurring in 1 M LiPF6 in EC:DEC (40:60, w/w) upon aging at 60 °C in flame 

sealed, Duran® NMR tubes (19F- and 31P-NMR spectra). 

Exposure time Nucleus δ/ppm m J/Hz Product species 

2 days 19F / 31P -74,2 / -144,4 d / sept 708 / 708 LiPF6 

 19F / 31P -85,0 / -19,9 d / t 947 / 947 O=PF2(OH) 

 19F / 31P -86,0 / -20,8 d / t 1005 / 1005 O=PF2(OEt) 

 19F / 31P -89,5 / -34,8 d / q 1068 / 1068 O=PF3 

 19F -156,4 s  HF 

28 days* 19F / 31P -85,1 / -10,4 d / d 961 / 961 O=PF(OEt)2 

 19F -87,15 d 926 O=PF(OH)2 

 19F -212,5 tq 47,9 (CH2); 26,7 (CH3) EtF 

*Additional decomposition products to those already occurring after 2 days at 60 °C 

Difluoro substituted compounds appear after two days, monofluoro substituted decomposition 

products are observed after 28 days at 60 °C. Monofluoro substituted degradation products develop, 

if either O=PF2(OH) is reacting with water or if O=PF2(OEt) is reacting with further organic carbonate. 

Since signals in 31P-NMR spectra are overlapping, no clear phosphorus signal is identified for 

O=PF(OH)2 with a coupling constant of 926 Hz. The electrolyte samples aged at elevated temperature 

in sealed Duran® NMR tubes turn yellowish to brownish with increasing time (cf. Figure 62). This 

change in color may result from the increasing amount of alkylated mono- and difluorinated 

decomposition products (π-bonding). Further, a white precipitate, which is identified as LiF, is formed 

on the bottom of the NMR tubes. 
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Figure 62: UV-Vis spectrum of 1 M LiPF6 in EC:DEC (40:60, w/w) aged at 60 °C and in contact with glassware after 2 days 
(orange), 7 days (blue) and 28 days (green). 

Owing to the applied column, acid decomposition products such as fluorophosphoric acids cannot be 

identified via GC-MS. 

Concerning the electrolyte decomposition in glassy headspace vials, phosphoryltrifluoride O=PF3 

(m/z= 104, 85, 69) is present in the background of the electrolyte without any additives. After 2 days 

at 60 °C the gaseous phase of the thermally aged electrolyte contains Et2O (m/z= 59, 45, 31), 

O=PF2(OEt) (m/z= 115, 103, 85) and O=PF(OEt)2 (m/z= 155, 127, 81), as shown in Table 29. As for 

samples aged in Duran® NMR tubes, the change of color is also apparent in glassy headspace-GC-MS 

vials and white precipitate forms on the bottom. 

Table 29: Summary of decomposition products of 1 M LiPF6 in EC:DEC (40:60, w/w) detected by either NMR spectroscopy 
or HS-GC-MS measurements upon aging at 60 °C in different packaging materials. 

Product species Glassy/Duran® surface Polymer surface 

O=PF2(OH) 2 days (NMR) 2 days (NMR) 

O=PF2(OEt) 2 days 

(NMR, HS-GC-MS) 

28 days 

(HS-GC-MS) 

O=PF3 2 days (NMR) - 

HF 2 days (NMR) - 

O=PF(OEt)2 2 days (HS-GC-MS) 

28 days (NMR) 

- 

O=PF(OH)2 28 days (NMR) - 

EtF 28 days (NMR) - 

Et2O 2 days 

(HS-GC-MS) 

28 days 

(HS-GC-MS) 
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4.2.1.2 Polymer surface 

In contrast, aging of the electrolyte in a pouch bag has not led to any detectable decomposition 

products, except for the difluorinated phosphoric acid (O=PF2(OH)). No significant enhancement of 

its peak intensity has occurred after 28 days at 60 °C compared to the freshly prepared electrolyte. 

No change in color of the electrolyte samples is observed. 

After 28 days exposition at elevated temperature in a pouch bag, the gas-filled compartment of aged 

electrolytes only contains traces of Et2O (m/z= 59, 45, 31) and traces of O=PF2(OEt) (m/z= 115, 103, 

85). Since NMR-spectroscopy is less sensitive than GC-MS, decomposition products such as Et2O or 

O=PF2(OEt) cannot be identified using this technique because they only occur in trace quantities, if 

pouch bags are used as sample housing. 

As shown by Heider et al. [132] the impact of higher temperature onto the electrolytes generally 

leads to a faster decrease in water content accompanied by a faster increase in total acid content. 

Exactly this behavior is followed by acid-base titration and coulometric Karl Fisher titration. During 

aging the total amount of free acid evolves steadily, depending on the initial concentration of protic 

impurities and temperature (cf. Figure 63). After 28 days at elevated temperature the total acid 

content rises even above 4500 µg g-1 if the electrolyte is in contact with glassware, whereas it stays 

below 250 µg g-1 for the electrolyte aged in a pouch bag. Hence the higher the applied temperature 

and the more the electrolyte is in contact with -Si-O- groups from glassware, the more conductive 

salt decomposition is caused.  

To sum up, these findings clearly show that only if the electrolyte is in contact with glass surface 

during aging the results of NMR-spectroscopy and GC-MS distinguish tremendously from the 

electrolyte aged in sealed pouch bags. Therefore, the SiO2-surface probably promotes the LiPF6 

decomposition. 

 

Figure 63: (i) Total acid content of the electrolyte aged during contact with glass vials (white) and with polymer surface 
(black). (ii) Proposed electrolyte decomposition if only polymer surface is in contact with the electrolyte. The dashed 
arrow shows the product which is only detected by HS-GC-MS.  
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Since the aging of electrolytes in air tightly sealed pouch bags mostly resembles the environment of a 

commercial LIB and is closest to real application, further analysis of electrolyte aging is performed in 

pouch bags to avoid the environmental impact of e.g. glass surface. 

4.2.2 Aging caused by protic impurities 

According to literature, an increase in protic impurities leads to a faster decomposition of 

electrolytes. In commercial LIBs, these protic traces may origin, for example, from electrolyte 

solvents, poor quality of LiPF6 (adsorbed HF), aqueous processing of electrode slurries or from the 

hygroscopy of most common cathode materials and subsequent insufficient electrode drying. 

To show the influence of protic contamination on the thermal degradation in a battery-like 

environment, a certain amount of deionized water as well as of undried LFP powder with a well-

known water content are separately added to the chosen electrolyte system and air tightly sealed 

under argon atmosphere. Hereby, the addition of deionized water should simulate the infiltration of 

moisture by passive components like the electrolyte or the separator, while the addition of the LFP 

powder should demonstrate the impact of poorly dried active material. Furthermore, undried LFP 

powder may offer a catalytic surface in the degradation process in contrast to solely added deionized 

water. 

4.2.2.1 Deionized water 

As shown by the NMR spectra in Figure 64, the direct addition of 1000 ppm deionized water only 

leads to the decomposition product O=PF2(OH). A minor increase in the peak intensity of O=PF2(OH) 

is detected upon storage at elevated temperature with time. No change of color of the electrolyte 

samples is observed. To determine the increase in decomposition product O=PF2(OH) quantitatively, 

inversion recovery experiments are recorded for the electrolyte samples. Benzotrifluoride is used as 

internal standard and quantification of the total amount of O=PF2(OH) occurs according to the 

following equation. 
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m ... . . . . . . . . . . . . . . . . .  Mass / g 

I  . . . . . . . . . . . . . . . . . . . . .  Intensity of the integrals 

N . . . . . . . . . . . . . . . . . . . .  Number of NMR active nuclei  within the structure 

M .. . . . . . . . . . . . . . . . . .  Molecular weight / g mol
- 1

 

P . . . . . . . . . . . . . . . . . . . .  Purity of the internal standard Benzotrif luoride (std) / % 

 

The addition of 1000 ppm deionized water leads to an approximate increase of 75 % of O=PF2(OH) 

peak intensity upon aging at 60 °C for 28 days compared to its initial concentration, although its 

concentration in the electrolyte samples is still nominal. 
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 eq. 31 

 

 
eq. 32 

 

 eq. 33 

 

 eq. 34 

The elevated temperature initiates the polypropylene breakdown and is enhanced by the presence 

of acids within the electrolyte mixture. Firstly, according to eq. 31, primary and secondary radical 

molecules develop. The tertiary radical is formed through rearrangement reaction from the primary 

one (cf. eq. 32). The remaining hydrocarbons and their tautomers result from hydrogen transfer 

reactions, radical transfer reactions, β-scission and/or radical recombination reactions (cf. eq. 33,    

eq. 34).  

The titration of the electrolyte with 0.002 M Na2CO3-solution shows definitely that the total acid 

amount is much higher compared to the electrolyte aged with and without undried LFP in a pouch 

bag. Hence, the higher the applied temperature and the higher the concentration of protic 

impurities, the more conductive salt decomposition is caused as shown by Figure 65.  

 

Figure 65: Comparison of the total acid content of the electrolyte aged with 1000 ppm deionized water (blue) and with 
undried LFP powder (grey). 

This increased acid content might be problematic since HF could etch parts of the SEI (eq. 35) on the 

negative electrode or promote, if contained, the manganese dissolution of the positive one 

(cf. Figure 19). 
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 eq. 35 

   
 

 eq. 36 
 

  

4.2.2.2 Undried positive electrode material (LFP) 

As for the electrolyte samples with added deionized water, NMR spectra show that the addition of 

undried LFP only leads to the formation of O=PF2(OH) without any change of color among prolonged 

heat exposure of the electrolyte. 

As illustrated in Figure 66, the addition of undried LFP leads to similar gaseous decomposition 

products as for the electrolyte with 1000 ppm water. If the samples are aged for 28 days at 60 °C, 

small amounts of 2-methylprop-1-ene (m/z= 56, 41, 39), traces of 2-fluoro-2-methylpropane or 

fluoroethane (m/z= 61, 41) and Et2O (m/z= 59, 45, 31) are determined by HS-GC-MS measurement.  

 

Figure 66: HS-GC-MS chromatograms of the electrolyte aged at 60 °C for 28 days containing either 1000 ppm of deionized 
water (black, solid line) or 1000 ppm water incorporated in LFP (black, dotted line). 

The acid/base titration shows that no acceleration of the electrolyte degradation is visible neither at 

ambient nor at elevated temperature when undried LFP is added. Approximately the same amounts 

of acid are detected for the electrolyte with and without added undried LFP aged in pouch bags. 

Thus, at ambient and elevated temperature the incorporated water in the LFP remains within the 

powder. 
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To sum up, the addition of the aforementioned protic impurities to the electrolyte and following 

aging in pouch bags at elevated temperature leads to the formation of O=PF2(OH) and a slight 

amount of gaseous products. Generally, undried LFP causes less decomposition of the electrolyte and 

behaves similar as the pure electrolyte aged in a pouch bag. Nevertheless, the direct addition of 

deionized water induces the evolvement of huge amounts of acid, which might be problematic for 

the electrochemical performance of the LIB.  

4.2.3 Aging caused by silicon species 

The thermal degradation of 1 M LiPF6 in EC:DEC (40:60, w/w) up to monofluoro substituted 

decomposition products only occurs, if the electrolyte is in contact with Duran® NMR tubes or 

Supelco® glass vials. To clearly demonstrate whether or not the silicon surface is the main promoter 

of thermal decomposition, a certain amount of electrolyte in pouch bags containing n-SiO2 powder is 

exposed to ambient and elevated temperature. The n-SiO2 powder should simulate the surface of 

glassy, sealed NMR-tubes and glassy ampoules, respectively. By addition of dried n-SiO2 powder to 

one batch the interferences of absorbed water and the electrolyte should be eliminated. To further 

examine if absorbed water on the surface of the powder leads to an even faster acceleration of the 

electrolyte degradation, undried n-SiO2 powder is added to another batch. Since it turns out that the 

n-SiO2 powder definitely influences the electrolyte degradation, problems might be caused by the 

application of silicon materials as negative electrode material. The -Si-O- surface groups of silicon 

might influence the thermal decomposition of state-of-the-art electrolytes as well. Hence, a certain 

amount of dried n-Si powder was added to the chosen electrolyte system and air tightly sealed under 

argon atmosphere. 

4.2.3.1 n-SiO2 powder (Dried and undried) 

Figure 67 illustrates the 19F-NMR and 31P-NMR spectrum of the aged electrolyte containing dried      

n-SiO2 powder after 28 days at 60 °C. It is apparent that beside the conductive salt LiPF6, 

decomposition products such as O=PF2(OH) and O=PF2(OEt) occur. 1H- and 13C-NMR spectra confirm 

this result. Therefore, the added dried n-SiO2 powder definitely enhances the thermal aging 

compared to the electrolyte that is aged in pouch bags. Table 30 summarizes the decomposition 

products occurring at 60 °C after 2 days and 28 days. Phosphoryl trifluoride O=PF3 is only detected 

after 2 days since it is consumed within the autocatalytic decomposition cycle (eq. 37 to eq. 39). 
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According to HS-GC-MS measurements, the addition of n-SiO2 powder leads to the formation of 

diethyl ether, fluorinated hydrocarbons and unsaturated hydrocarbons (cf. Figure 68). Ethylene 

fluoride (m/z= 47, 33, 27) is identified in the background of the argon signal. No difference occurs 

according to the electrolyte decomposition products between dried and undried n-SiO2 powder. It is 

noticeable, regarding to the HS-GC-MS spectra that the addition of n-SiO2 powder leads to exactly 

the same gaseous decomposition products as the addition of 1000 ppm deionized water                    

(cf. Figure 66 and Figure 68). Again, the huge amount of evolved acids causes the degradation of the 

inner pouch bag polyolefin layer.  

 

Figure 68: HS-GC-MS spectra after 2 days at 60 °C of 1 M LiPF6 in EC:DEC (40:60, w/w) with added undried n-SiO2 powder 
(black, solid line) and dried n-SiO2 powder (grey, solid line). 

The rising amount of HF and fluorinated phosphoric acids with electrolyte exposure time consumes a 

higher amount of base Na2CO3 during acid-base titration. As can be seen in Figure 69, absorbed water 

on n-SiO2 does not lead to higher values of acid formation compared to the electrolyte aged with the 

dried one. Anyway, it can be noted that n-SiO2 powder is definitely a promoter of the electrolyte 

decomposition and is even more severe than protic impurities. Therefore, the highly reactive surface 

of n-SiO2 might react with the hydrolysis products of LiPF6. Lux et al. proposed that n-SiO2 powder 

consumes 4 molecules of HF and leads to the formation of the gaseous product SiF4 and 2 molecules 

of water [130].  

 
 eq. 40 
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Figure 69: Comparison of the evolvement of free acids for the electrolyte containing either undried n-SiO2 powder (blue) 
or dried n-SiO2 powder (grey) stored up to 28 days at 60 °C. 

The etching of the glass surface and the n-SiO2 powder occurs most probably according to Christe and 

Wilson [175] and Pande et al. [176], and leads first of all to the formation of hydrofluorosilicic acid 

H2SiF6, which is stable in aqueous media (cf. eq. 41).  

 
 eq. 41 

Since the electrolyte is mostly composed of aprotic media and only minimum water is contained 

either in its solvents or released through the etching reaction, H2SiF6 is decomposed to lead SiF4.  

 H2SiF6 SiF4 + 2 HF
 eq. 42 

Nevertheless, SiF4, which should appear in the NMR spectrum at -162 ppm [177] is not detected. The 

only unassigned peak appears in the 19F-NMR spectrum of the flame sealed Duran® NMR tube at         

-149 ppm. The resonance might correspond to SiF4 since the surrounding media of the electrolyte 

can lead to a shift to lower field (F-, HF- and HF2-). Further, SiF4 is not detected by HS-GC-MS 

measurements. It is possible that SiF4 reacts with the GC column. Therefore, a metal capillary tube 

(Ultra alloy® EGA tube) is installed instead of the HP-5ms GC column. Anyway, it is not possible to 

detect SiF4 with this column either. The reason to that is the similar stationary phase compared to the 

HP-5ms GC column. Therefore, the decomposition product might react with the stationary phase as 

well, leading only to one clearly detectable peak with a m/z ratio of 85. This m/z ratio might belong 

to O=PF2 or even to SiF3. Hence, uncoated metal capillary tubes and other ionization methods that 

are more sensitive to the detection of the molecular ion peak should be applied to be able to detect 

SiF4.  

As for the samples aged in sealed Duran® NMR tubes, a hyperchromic shift in the UV-Vis spectrum 

occurs at the peak maximum of ~274 nm. Therefore, the samples absorb more ultraviolet light upon 

aging.  
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Figure 71: Amount of total acids in 1 M LiPF6 in EC:DEC (40:60, w/w) containing undried n-Si powder at 60 °C (blue) and at 
ambient temperature (grey).  

 

4.2.4 Electrochemical behavior of aged electrolytes 

It is important to examine the effects of thermally degraded electrolyte, especially considering 

misuse, harsh storage conditions or failure of the cooling element. Within this chapter, the focus is 

on the electrochemical performance of test cells assembled by using some of the thermally exposed 

electrolytes from chapter 4.2.1 to 4.2.3. As decomposition of the electrolyte proceeds faster with 

elevated temperature and with progressive time, only the electrolytes aged for 28 days at 60 °C are 

applied.  

4.2.4.1 Pouch cells with industrially manufactured electrodes 

The assembly of the test cells occurs with a well known battery chemistry used in automotive 

application: Graphite and carbon coated LFP as negative and positive electrode material, 

respectively. In order to determine the origin of the differences in voltage profiles, a lithium metal 

reference electrode is implemented. According to Wu et al. [178] and Belt et al. [179], the application 

of metallic lithium as reference electrode is possible due to an adequately stable potential among 

time and temperature. The advantages of lithium metal reference electrode are twofold: On the one 

hand it sufficiently monitors the individual electrode performances. On the other hand, it is possible 

to determine the degree of delithiation/lithiation of the materials since the scaling is the same. 

Nevertheless, metallic lithium is not as stable as NHE reference electrode and possible developments 

of surface layers as well as polarization effects must not be neglected. These results (cf. Figure 72) 

agree with literature [178] [179] and show that the measured and calculated cell voltages are in good 

agreement.  



Experimental Part

 

Figure 

Figure 

voltage

30

electrolyte, whereas it is highest for the electrolyte that 

powder. 

Figure 
and aged electrolytes: In contact with polymer 
deionized H

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part

 

Figure 

Figure 

voltage

30 % SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

powder. 

Figure 
and aged electrolytes: In contact with polymer 
deionized H

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part

Figure 72: Comparison of the theoretical and calculated cell voltage vs. Li/Li

Figure 73

voltage 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

powder. 

Figure 73: Voltage vs. 
and aged electrolytes: In contact with polymer 
deionized H

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

73 displays the voltage vs. 

 is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

powder.  

: Voltage vs. 
and aged electrolytes: In contact with polymer 
deionized H2O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

: Voltage vs. 
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

: Voltage vs. 
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

Experimental Part 

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

: Voltage vs. state
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

 

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

state-
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

-of-charge (SOC)
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

charge (SOC)
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

the SEI formation is at 0.8 V vs. Li/Li

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

charge (SOC)
and aged electrolytes: In contact with polymer 

O (green) and with dried n

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

V vs. Li/Li

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

charge (SOC)
and aged electrolytes: In contact with polymer 

O (green) and with dried n-SiO

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

V vs. Li/Li

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

displays the voltage vs. SOC profile

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

charge (SOC) plot of 
and aged electrolytes: In contact with polymer 

SiO2 powder (dark grey). 

The influence of the aged electrolytes o

displays the voltage vs. SOC plot of the first charge cycle for graphite.

V vs. Li/Li+. Most reduction occurs for the aged electro

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

SOC profile

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

plot of 
and aged electrolytes: In contact with polymer 

powder (dark grey). 

The influence of the aged electrolytes on

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

SOC profile

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

plot of the overall cell voltage 
and aged electrolytes: In contact with polymer surface (blue), in contact with glassy surface (grey), with 1000

powder (dark grey). 

n the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

SOC profile 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

powder (dark grey). 

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

 of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

powder (dark grey). 

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

powder (dark grey). 

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that 

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

powder (dark grey).  

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

Doctoral Thesis 

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

electrolyte, whereas it is highest for the electrolyte that is

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

 

: Comparison of the theoretical and calculated cell voltage vs. Li/Li

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

s in contact with glassy surface and n

the overall cell voltage 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

: Comparison of the theoretical and calculated cell voltage vs. Li/Li+ for the cell with the fresh electrolyte.

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

the overall cell voltage vs.
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

for the cell with the fresh electrolyte.

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

vs. Li/Li
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite.

. Most reduction occurs for the aged electro

for the cell with the fresh electrolyte.

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

Li/Li+. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

displays the voltage vs. SOC plot of the first charge cycle for graphite. It is obvious, that the onset of 

. Most reduction occurs for the aged electro

for the cell with the fresh electrolyte.

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

. Most reduction occurs for the aged electro

 

for the cell with the fresh electrolyte.

of the formation cycle at 0.1

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

. Most reduction occurs for the aged electro

Patricia Monika Handel

 

for the cell with the fresh electrolyte.

of the formation cycle at 0.1 C for the 

is similar for the fresh electrolyte and the electrolyte aged in a pouch

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

. Most reduction occurs for the aged electro

Patricia Monika Handel

for the cell with the fresh electrolyte.

C for the 

is similar for the fresh electrolyte and the electrolyte aged in a pouch bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

. Most reduction occurs for the aged electrolyte in contact with 

Patricia Monika Handel

for the cell with the fresh electrolyte.

C for the 

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel

for the cell with the fresh electrolyte.

C for the cell

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. 

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel

Page | 

for the cell with the fresh electrolyte.

cell. 

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

the SEI formation step is of particular interest. Figure 

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel

Page | 

for the cell with the fresh electrolyte. 

. The

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000

Figure 

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel

Page | 

 

The cell 

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

in contact with glassy surface and n-SiO

 

. Fresh electrolyte (black, solid line) 
surface (blue), in contact with glassy surface (grey), with 1000 ppm 

Figure 

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel

Page | 96

cell 

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

SiO2

. Fresh electrolyte (black, solid line) 
ppm 

Figure 74

It is obvious, that the onset of 

lyte in contact with 

Patricia Monika Handel 

96 

cell 

bag until a value of 

% SOC is achieved. As the charging proceeds, the resistance of the cell is lowest for the fresh 

2 

. Fresh electrolyte (black, solid line) 
ppm 

74 

It is obvious, that the onset of 

lyte in contact with 



Experimental Part Doctoral Thesis Patricia Monika Handel 

Page | 97  

glassy surface. Since the applied glassware is not dried before sealing, absorbed water as well as          

-Si-O- surface groups influence the electrolyte decomposition. Therefore, more decomposition 

products compared to H2O or n-SiO2 powder develop among aging. The contained impurities lead to 

enhanced irreversible decomposition during the formation cycle. According to expectations, the 

sample with dried n-SiO2 powder shows more reduction at the anode surface and therefore a higher 

resistance among charging. In contrast, the resistance among charging for all other aged electrolytes 

is lower in comparison to the fresh electrolyte. Considering the difference in voltage profiles of 

anode to cathode, it appears that it is approximately the same for all electrolytes. Therefore, the 

conclusion is that the small differences in voltage profiles after the SEI formation most possibly 

originate from a slight difference in positioning of the reference electrode or from contact 

resistances between metallic lithium and the nickel current collector. 

 

Figure 74: Voltage vs. state-of-charge (SOC) plot for the graphite electrode vs. Li/Li+. Fresh electrolyte (black, solid line) 
and aged electrolytes: In contact with polymer surface (blue), in contact with glassy surface (grey), with 1000 ppm 
deionized H2O (green) and with dried n-SiO2 powder (dark grey).  

Table 31 summarizes the charge capacities, discharge capacities and efficiencies that are preserved 

from the formation cycle. The efficiencies are highest for the fresh electrolyte and the electrolyte 

aged in a pouch bag. Less than 90 % of efficiency is achieved for the other samples. Hence, water as 

well as -Si-O- surface groups definitely decrease the charge recovery of the first cycle due to a higher 

amount of SEI formation and corrosion reactions. Hence, the aging conditions of the electrolyte are 

crucial in terms of the electrochemical performance of the cell, especially considering the specific 

energy. 
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Table 31: Charge and discharge capacities as well as efficiencies for the 1st cycle of the formation procedure.  

Sample Charge cap. / mAh Discharge cap. / mAh Efficiency / % 

Fresh 69.5 64.7 93.1 

Aged in PB 67.3 62.4 92.7 

Aged in glass vials 69.2 62.0 89.6 

+ 1000 ppm H2O 71.2 61.8 86.8 

+ dried n-SiO2 69.4 63.9 85.4 

The results of the CC curves are summarized in Figure 75 and Table 32. According to the cell 

specifications, a capacity of 57-58 mAh can be expected at 1 C. Therefore, our results for the initial 

discharge capacities nearly reach the expected value. It is evident that all cells show a good 

performance among cycling. The reason for this is most probably the stable cell chemistry.  

 

Figure 75: Stability during 200 CC cycles of (i) fresh electrolyte and aged electrolytes (ii) in a pouch bag, (iii) in glassy vials, 
(iv) with 1000 ppm H2O and (v) with undried n-SiO2 powder.  

Regarding Table 32, the electrochemical performance of the thermally aged electrolyte in a pouch 

bag is similar to the fresh one. Even the addition of protic impurities to the electrolyte and 

subsequent aging at elevated temperature only influences the SEI formation in the 1st CC cycle, but 

has no impact on further cycling. A correlation exists between the capacity retention and the contact 

of electrolyte to glass surface or n-SiO2 during degradation. Upon cycling, the discharge capacity 

significantly decays if the utilized electrolyte is aged in flame sealed glass vials. Exactly the same 

behavior, but to a lesser extent, is noticed if the electrolyte is degraded in contact to dried n-SiO2 

powder. Accordingly, the conclusion is that the housing material of the electrolytes during storage is 

crucial in terms of electrochemical performance of the cell.  
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Table 32: Initial discharge capacities of the 1st CC cycle and corresponding values of capacity retention after 200 CC cycles.  

Sample Initial discharge cap. / mAh Capacity retention / % 

Fresh 55 99.8 

Aged in PB 52 100.0 

Aged in glass vials 54 94.0 

+ 1000 ppm H2O 55 100.0 

+ dried n-SiO2 56 98.9 

Even if the cycle performance is similar for the fresh and aged electrolytes, the mean discharge 

voltages differ after prolonged cycling for the aged electrolytes (cf. Table 33). Whereas the fresh 

electrolyte approximately reaches the same mean discharge voltage after cycling, all aged 

electrolytes exhibit an increase in cell resistance. Among all aged electrolytes, the cell resistance is 

highest for the electrolyte aged with 1000 ppm of water and lowest for the electrolyte aged with 

dried n-SiO2 powder. Hence, the conclusion is that the surface films and parasitic reactions made 

from the aged electrolytes have a higher resistance among lithium insertion/extraction compared to 

the fresh electrolyte. 

Table 33: Mean discharge voltages vs. Li/Li+ of the 1st and 200th cycle and their absolute difference value. 

Sample Initial voltage / V Voltage after 200 cycles / V |Δ| / mV 

Fresh 3.1387 3.1384 0.3 

Aged in PB 3.1326 3.1377 5.1 

Aged in glass vials 3.1298 3.1368 7.0 

+ 1000 ppm H2O 3.1161 3.1069 9.2 

+ dried n-SiO2 3.1401 3.1371 3 

 

4.2.4.2 Electrochemical performance of LFMP/C half cells containing the aged electrolytes 

To show the influence of the aged electrolytes on the cycle performance of solvothermal microwave 

synthesized solid solutions, Swagelok®-T-cells of sample C and sample G are assembled. Therefore, 

the electrolyte aged in a pouch bag with 1000 ppm deionized water and the electrolyte aged in a 

glass vial for 28 days at 60 °C are used. These electrolytes are chosen since their amounts of total 

acids evolved are hugest. As known to literature, manganese dissolution is enhanced by acid 

contents within the electrolyte. Therefore, the effect of high acid contents in the electrolyte on 

cycling performance is examined. Figure 76 clearly demonstrates that the aged electrolytes lead to 

capacity fading of the LIB. After 50 CC cycles at 0.1 C, the initial discharge capacity diminishes 

remarkably for the aged electrolytes compared to the fresh one. 
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Figure 76: Specific discharge capacities vs. cycle number of the Swagelok®-T-cells cycled with 0.1 C at 25 °C for (i) 
electrode C and (ii) electrode G. Fresh electrolyte (black), electrolyte aged with 1000 ppm deionized water (blue) and 
electrolyte aged in a glass vial (grey). 

Table 34 summarizes the capacity retentions of the initial discharge capacities. It is evident that the 

highest capacity fading of the LFMP solid solution results if the electrolyte aged in glass vials is added. 

Further, the higher the manganese content, the lower the capacity retention. Hence, the evoked 

acids such as HF and O=PF2OH upon electrolyte aging definitely lead to a decay in the 

electrochemical performance, whereby an increase of the dissolved manganese might be the reason.  

Table 34: Summary of initial discharge capacities and corresponding capacity retention after 50 CC cycles.  

Electrode C Initial disch. cap. / mAh g-1 Cap. retention / % 

Fresh 116 96 

Aged in glass vials 116 86 

+ 1000 ppm H2O 115 92 

Electrode G Initial disch. cap. / mAh g-1 Cap. retention / % 

Fresh 105 95 

Aged in glass vials 111 72 

+ 1000 ppm H2O 107 79 
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4.2.5 Conclusion and Outlook 

To sum up, a method for the characterization of the thermal aging of LIB electrolytes is developed. 

This method ensures the exclusion of environmental impacts such as e.g. glass surface. Especially the 

surface of glassware as well as n-SiO2 powder serves as degradation promoter and leads to the 

reaction of LiPF6 with carbonate solvents. Therefore, aging of 1 M LiPF6 in EC:DEC occurs at a rather 

low speed as far as influencing variables such as catalytic surface, ambient air, protic impurities and 

too high temperatures are excluded. Even aging of the electrolyte with added n-Si powder leads to its 

decomposition. Unfortunately, the elevated temperature and the evolved high amount of acids that 

result if the electrolyte is in contact with 1000 ppm H2O or n-SiO2 powder lead to a slight 

decomposition of the inner pouch bag layer. Nevertheless, the results suggest that the polypropylene 

decomposition is likely to have hardly any influence on the electrolyte degradation since only 

unsaturated, branched hydrocarbons are detected via HS-GC-MS measurements.  

This result promotes further investigations to examine the thermally degraded electrolytes in battery 

test cells. The implementation of metallic lithium on a nickel current collector as reference electrode 

is successfully performed. Therefore, the cathodic and anodic performances are detected separately. 

This is of particular interest since the monitoring of the performance of each electrode is useful to 

improve the cell performance, increase the cycle life and reduce costs of the LIB.  

From these results it is evident that most irreversible loss of capacity during the SEI forming step 

occurs, if the electrolyte has been in contact with glassware during aging. This result is in good 

accordance with the analysis results of the thermally aged electrolytes. Further, the aged electrolyte 

with 1000 ppm H2O shows the second highest amount of reduction at the graphite electrode. 

Anyway, the prolonged cycling of the test cells with aged electrolyte that contained 1000 ppm H2O 

show a good long term performance with hardly any decay in discharge capacity retention. 

Therefore, the conclusion is that acidic hydrogens from difluorophosphoric acid O=PF2(OH) as well as 

from hydrofluoric acid HF are reduced on the anodic surface within the first charge cycle. Afterwards, 

they do not have an influence on CC performance. Hence, the formed SEI on graphite most probably 

resembles the SEI from the fresh and the aged electrolyte in a pouch cell.  

This contrasts sharply, if the thermal degradation of the electrolyte occurs in contact with glassware 

or n-SiO2. The capacity retention after 200 CC cycles at 1 C is lowest if the electrolyte is in contact 

with glassware, followed by the electrolyte that is aged with dried n-SiO2 powder. Considering the 

NMR spectroscopy and GC-MS results, the negative impact on cycling performance most probably 

stems from the formation of ethyl difluorophosphate O=PF2(OEt), ethyl monofluorophosphate 

O=PF(OEt)2, ethylene fluoride EtF and diethyl ether Et2O. The developed SEI on graphite might differ 

from that formed by the fresh electrolyte, resulting in a less stable as well as less flexible surface 
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layer. Further, the amount of active lithium within the electrolyte is lower since during electrolyte 

decomposition LiF is formed. Therefore, the electrochemical performance of the cells might be worse 

as well. 

The cell performance of LFMP solid solutions degrades, if either aged electrolytes in glass vials or 

aged electrolytes with 1000 ppm deionized water are used for cell assembly. A reason to that might 

be the increase in manganese dissolution. To further proof this assumption, ICP-OES measurements 

of the lithium metal counter electrodes should be performed and the composition of the resulting 

SEI on the lithium metal should be examined.  

This method, as per description (cf. Figure 61), is and was used to study the influence of different 

battery components on the thermal aging of the electrolyte and their consequences for 

electrochemical performance. Due to non-disclosure agreements, these results are not embodied in 

this thesis.  

Future research should focus on the thermal aging of electrolytes and their immediate effects on 

various battery chemistries. Hence, it should be possible to conclude if the electrochemical 

performance decline is influenced by the degraded electrolyte to a greater or lesser extent. To gain 

insight into the resulting electrode/electrolyte interfaces, surface techniques such as SEM-EDX, 

Fourier transform infrared spectroscopy FTIR and X-ray photoelectron spectroscopy should be 

applied.   
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5 Appendix 

5.1 List of Chemicals 

Table 35: Summary of the used chemicals. 

Chemicals Supplier Purity 

Acetone Fisher Scientific ≥ 99.97 % 

Ammonium dihydrogenphosphate Sigma Aldrich 98+ % 

Cobalt(II) acetate tetrahydrate Alfa Aesar ≥ 98 % 

Dichloromethane Roth ≥ 99.9 % 

Diethylene Carbonatea Sigma Aldrich ≥ 99 % 

Dusazin Fritsch  

Ethylene Carbonate Acros Organics ≥ 99 % 

Hydrofluoric acid Sigma Aldrich ≥ 48 % 

Hydrochloric acid Merck suprapur 

Iron(II) acetate Strem Chemicals Inc. 97 % 

Iron(II) oxalate dihydrate Alfa Aesar 99 % 

Lithium carbonate Sigma Aldrich 99.995 % 

Lithium hexafluorophosphate Stella Chemifa Corp. b.g.b 

Lithium hydroxide monohydrate Fluka ≥ 99 % 

Lithiumironphosphate Clariant Int. Ltd.  

Magnesium(II) acetate tetrahydrate Sigma Aldrich ≥ 99 % 

Manganese(II) acetate tetrahydrate Sigma Aldrich 99 % 

Manganese(II) oxalate dihydrate Alfa Aesar 99 % 

n-Si powder Nanostructured & Amorphous Materials Inc. 99 % 

n-SiO2 powder Sigma Aldrich 99 % 

Nitric acidc   

N-Methyl-2-pyrrolidone Alfa Aesar 99.5 % 

Phosphoric acid Fluka 85 % 

Polyvinylidenfluorid Kynar® 761 Creavis Technologies  

Purolyte® A6 Series Novolyte Technologies b.g. 

Sodium pyrophosphate Alfa Aesar + 97 % 

Super PTM Li Timcal Ltd.  

Tetraethylene glycol Sigma Aldrich 99 % 
aDistilled for further purification  bBattery grade   cPurified by subboiling 
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5.2 List of Programs for CC experiments 

Table 36: GITT program of the Swagelok®-T-cells (PH_GITT_LFMP.000) 

STEP 1 (Repeated 35 times) 

Mode Parameter Voltage / V 

Charge 0.05 C for 40 minutes 4.4 

 Rest for 2 hours  

 STEP 2 (Repeated 35 times)  

Mode Parameter Voltage / V 

Discharge 0.05 C for 40 minutes 3.2 

 Rest for 2 hours  

 STEP 3 (1 full cycle)  

Mode C-Rate Voltage / V 

Charge 0.1 4.4 

Discharge 0.1 3.2 
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