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Kurzfassung 

Derzeit ist die Reichweite von Fahrzeugen mit Verbrennungsmotoren nicht mit reinen 

Elektroantrieben realisierbar. Gegenwärtige Standardaktivmaterialien liefern hierfür zu geringe 

Energiedichten. Vor kurzem hat das Kathodenaktivmaterial Hochvoltspinell  

(z.B. LiNi0,5Mn1,5O4) großes Interesses auf dem Gebiet der Lithium-Ionen-Batterietechnologie 

geweckt. Mit dessen Hilfe soll eine deutliche Steigerung der Energiedichten ermöglicht 

werden. Grund dafür ist die hohe theoretische mittlere Spannung von 4,7 V vs. Li des Materials 

bei einer moderaten theoretischen gravimetrischen Kapazität von 147 mAhg-1. Allerdings 

weisen Hochvoltspinell-Vollzellen starke Kapazitätsverluste und eine sehr kurze 

Zyklenlebensdauer auf.[1–6] 

Das Hauptziel dieser Dissertation besteht darin, die elektrochemischen Eigenschaften von 

C//LiNi0,4Mn1,6O4 Vollzellen zu verbessern. Dabei werden zwei verschiedene Strategien 

verfolgt: Elektrolytoptimierung durch die Zugabe von ausgewählten Additiven zu einer 

Standardelektrolytformulierung und Applikation von Al2O3-Beschichtungen auf Elektroden 

mittels eines Rakelverfahrens. Ferner vermittelt diese Arbeit ein tieferes Verständnis über den 

Einfluss der angewendeten Elektrolytadditive und der Al2O3-Schichten auf die 

Phasenzusammensetzung von LiNi0,4Mn1,6O4-Kompositkathoden, sowie auf das 

Ausschwemmungsverhalten der Übergangsmetalle, über die Struktur und die 

Zusammensetzung der SPI auf Hochvoltspinell-Elektroden und über die auftretenden 

Impedanzen in C//LiNi0,4Mn1,6O4 Vollzellen.  

Zunächst werden theoretischen Aspekte und Konzepte vorgestellt. Konkret wird die 

geschichtliche Entwicklung der Interkalations-Kathodenaktivmaterialien dargestellt, die 

wichtigsten Eigenschaften von Lithiumnickelmanganoxid-Spinellen beschrieben, Probleme 

und Aufgaben von Hochvoltspinell-Vollzellen aufgezeigt und die verwendeten 

Analysemethoden erläutert.  

Dann wird die Ermittlung eines Referenzsystems und eine allgemeine elektrochemische 

Charakterisierung von C//LiNi0,4Mn1,6O4-Pouchzellen, die den Referenzelektrolyten (1 M LiPF6 

in EC/EMC/DMC (1/1/1, w/w/w)) enthalten, beschrieben. Anschließend sind  

CC/CV-Zyklisierungen und C-Ratentests von Hochvoltspinell-Vollzellen, die ausgewählte 

Elektrolytadditive und Al2O3-Beschichtungen enthalten, aufgeführt. XRD-Analysen und 

Ramanspektroskopie wurden durchgeführt, um die Veränderung der 

Phasenzusammensetzungen von Kathoden nach Alterung von C//LiNi0,4Mn1,6O4 Vollzellen mit 

unterschiedlichen Elektrolytadditiven und Al2O3-Schichten auf den Elektroden zu untersuchen. 

Ramanspektroskopie wurde außerdem zur Bestimmung der Oxidationsstufen der 

Übergangsmetalle in den resultierenden Phasen verwendet. Mittels ICP-OES- und  

EDX-Messungen von Graphitanoden bei 0% SOC wurde das Ausschwemmungsverhalten der 
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Übergangsmetalle nach Zyklisierung von C//LiNi0,4Mn1,6O4 Vollzellen mit unterschiedlichen 

Elektrolytadditiven und Al2O3-Beschichtungen studiert. XPS-Analysen von formierten und 

gezykelten C//LiNi0,4Mn1,6O4-Pouchzellen wurden angewendet, um die Zusammensetzung und 

Entwicklung von Grenzschichten zwischen LiNi0,4Mn1,6O4-Kathoden und unterschiedlichen 

Elektrolytformulierungen zu erforschen. Insbesondere wurde die Rolle der Elektrolytadditive 

im Zusammenhang mit dem Deckschichtaufbau untersucht. Elektrochemische 

Impedanzspektroskopie von formierten und gezykelten Hochvoltspinell-Zellen wurde 

ausgeführt, um ein tieferes Verständnis hinsichtlich der Wirkmechanismen der 

Elektrolytadditive und der Al2O3-Filme in der Vollzelle zu erlangen. Basierend auf den 

Ergebnissen aus diesen elektrochemischen, mikroskopischen und spektroskopischen 

Analysetechniken wurden CC/CV-Zyklisierungen mit Spinell-Vollzellen durchgeführt, die 

unterschiedliche Kombinationen der besten beiden Additive (0,5% TMP und 0,1% LiBOB) und 

Al2O3-beschichteter Kathoden enthielten. Abschließend wurde eine Zusammenfassung aller 

gewonnen Ergebnisse erstellt.  
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Abstract 

Currently, cars powered only by electricity cannot compete with drive systems comprising 

combustion engines in terms of driving range. The main limitation is based on the low energy 

densities of standard active materials for LIBs. Recently, the cathode active material high 

voltage spinel (e.g. LiNi0.5Mn1.5O4) has triggered great interest in the field of the lithium ion 

battery technology. The latter is expected to enable a substantial enhancement of the cell 

energy densities owing to its high theoretical average voltage of 4.7 V vs. Li at a moderate 

theoretical gravimetric capacity of 147 mAhg-1. Nevertheless, high voltage spinel full cells have 

been reported to show severe capacity losses and very restricted cycle lifes.[1–6]  

The main objective of this thesis is to improve the electrochemical performance of 

C//LiNi0.4Mn1.6O4 full cells. Thereby, two different strategies are pursued: on one hand, 

electrolyte optimization by adding selected additives to a standard electrolyte formulation and 

on the other hand, application of Al2O3 coating layers on electrodes by a doctor blade process. 

Moreover, this thesis provides a better understanding regarding the influence of these 

electrolyte additives and the Al2O3 films on the phase composition and the transition metal 

dissolution behavior of LiNi0.4Mn1.6O4 composite cathodes, the structure and the composition 

of the SPI on high voltage spinel electrode surfaces, and the impedance properties of 

C//LiNi0.4Mn1.6O4 full cells. 

At the beginning, the theoretical background needed to follow this thesis is provided. It includes 

the historical development of intercalation cathode active materials for rechargeable LIBs, 

important characteristics of lithium nickel manganese oxide spinels, problems and challenges 

of high voltage spinel full cells, and the description of the utilized methods of analysis.  

Then, the establishment of a reference system and the general electrochemical 

characterization of C//LiNi0.4Mn1.6O4 pouch cells containing the reference electrolyte (1 M LiPF6 

in EC/EMC/DMC (1/1/1, w/w/w)) is described. Subsequently, CC/CV-cycling experiments and 

rate capability tests of high voltage spinel full cells comprising selected electrolyte additives 

and Al2O3 coating layers are presented. XRD analyses and Raman spectroscopy were carried 

out to examine phase compositional changes of the cathode upon ageing C//LiNi0.4Mn1.6O4 full 

cells containing different electrolyte additives and Al2O3 films on the electrodes. Raman 

spectroscopy is additionally used for determining the oxidation states of the transition metal 

ions within the resulting phases. By means of ICP-OES and EDX measurements transition 

metal dissolution studies are conducted with graphite anodes at 0% SOC after cycling 

C//LiNi0.4Mn1.6O4 full cells including diverse electrolyte additives and Al2O3 coating layers. XPS 

analysis is applied to study the chemical nature and the development of the interfacial layers 

between LiNi0.4Mn1.6O4 electrodes and the different electrolyte formulations after formatting 

and after cycling C//LiNi0.4Mn1.6O4 pouch cells comprising selected electrolyte additives. 
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Especially, the role of each additive in the SPI structure is examined. Electrochemical 

impedance spectroscopy of formatted and cycled high voltage spinel full cells was 

accomplished to gather a deeper comprehension of the mechanism of each electrolyte additive 

and the Al2O3 coating layers regarding the entire full cell. Based on the results of the 

aforementioned electrochemical, microscopic, and spectroscopic analyses, CC/CV-cycling 

experiments were conducted with spinel full cells comprising different combinations of the two 

most beneficial additives (0.5% TMP and 0.1% LiBOB) and Al2O3 coated spinel cathodes. 

Finally, conclusions about all the obtained results are drawn.  
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1. Introduction 

In recent decades, the demand for lithium ion batteries (LIBs) has grown considerably. During 

the years 2000 - 2015 a massive enhancement of worldwide LIBs sales has been registered.[7] 

Currently, the LIB market is dominated by the 3C industry (computer, communications and 

consumer electronics).[8] Mobile machines (e.g. industrial trucks, cleaning machines, 

construction machines, etc.), stationary storage systems (e.g. photovoltaic plants, 

uninterruptible power supply, autarkic power supply, etc.), and power tools play only a limited 

role. The automotive sector is also still in the early stages with respect to developing LIB driven 

cars.[8] However, according to a forecast by the market research institute Roland Berger 

Strategy Consultants GmbH, automobiles will in the future increasingly be powered with LIBs.[9] 

The main driving forces are environmental and political targets.  

Due to the worldwide concern about the consequences of global warming and the depletion of 

fossil fuels, the trend towards energy saving, the reduction of greenhouse gas emissions, and 

the substitution of fossil fuels by other materials or technologies is evolving.[10] In order to 

guarantee a sustainable, affordable, and environmentally friendly energy supply of the future, 

the Federal Government of Germany has defined ambitious goals.[10,11] Alternative energy 

sources (e.g. renewables like wind and solar energies) are promoted for electricity production. 

For instance, Germany pursues the goal to cover 80% of its power supply with the help of 

renewables by 2050.[10] Moreover, in 2050 the greenhouse gas emissions are supposed to be 

reduced by 80 - 95% compared with 1990.[10] In compliance with the cars regulation of the 

European Union, all new passenger cars must not exceed the fleet-average CO2 emission 

target of 95 g/km by 2020.[12] Additionally, the Federal Government of Germany aims at having 

one million electric vehicles (EVs) on the roads by 2020 and Germany should transform into 

the lead market for electromobility.[11] Thus, electrification of powertrains is a focus of 

automobile manufacturers leading, however, to new challenges to engineers and scientists.  

Nonetheless, the first electric motors for automobiles were already employed in the  

19th century. In 1835, T. Davenport designed an engine for the first vehicle powered by 

electricity, an electric model train, and he was granted the first patent for an electric motor in 

1837.[13] Fourteen years later, C. G. Page built an electromagnetic engine for a battery driven 

electric locomotive, which achieved a speed of 19 miles an hour.[14] However, it was the French 

physicist G. Planté, who laid the foundation for the development of EVs with the invention of 

the rechargeable lead-acid accumulator in 1859.[15,16] Even today it is the most commonly used 

battery type and it dominates the field of starter batteries.[15,17] The first EV in the world was 

assembled by G. Trouvé. He equipped a tricycle with a 0.1 hp DC motor powered by lead-acid 

batteries, which was shown at the Paris Exhibition in 1881.[18] Nine years later, F. Porsche and 

L. Lohner presented the first hybrid electric vehicle, which combined an electric engine and a 
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2.5 hp Daimler gasoline engine to reach greater driving ranges.[19] At that time, this concept 

was revolutionary and electric cars were on the rise, although automobiles comprising internal 

combustion engines were already available. At the beginning of the 20th century this changed, 

however, considerably and the market for electromobility was dying off as gasoline cars rapidly 

improved. The continuous development of internal combustion engines and the cheap oil price 

displaced the needs for electric vehicle technology and the electric drive became solely a niche 

product.[20] It was not until the 1990s that electrically powered cars have again gained interest 

across the globe. Increased oil prices and the fact that significant progress has been made in 

the area of battery technology has promoted the electromobility market. Since then, the 

research in this field has continued to grow and lots of money has been invested in 

electromobility.[21]  

For the future, electric cars are regarded as a promising alternative to vehicles containing 

conventional combustion engines. Thereby, for the next decades, drive concepts could pass 

through an evolutionary process to finally lead to a pure electric vehicle (Figure 1). 

 

Figure 1 Degree of electrification of EVs. With modifications from[22]. 

During the transition phase, internal combustion engines will be supported by a second, 

electrically based propulsion system. These vehicles are referred to as “hybrids," or “hybrid 

electric vehicles” (HEVs). Depending on the degree of electrification and the combinations 

between the two systems, various levels of hybridization exist with different features. Micro 

hybrid electric vehicles only include an automatic start-stop system and are able to recover 

brake energy (recuperation). The powertrain comprises an internal combustion engine without 

electrical assistance.[23,24]  

In contrast, mild hybrid vehicles are equipped with an electric motor. Nonetheless, its torsional 

moment and its battery power are insufficient for pure electric driving. In this case, the electric 

machine just has a supportive character and works like an electric turbocharger.[25] 
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Considering full hybrid electric vehicles, short distances or local city traffic is accomplishable 

by the electric engine alone. In practice, two types of design principles are distinguished: 

parallel and serial HEVs.[26]  

In a serial hybrid electric vehicle, there is no mechanical connection between the internal 

combustion engine and the electric one. Actually, the electric machine is exclusively 

responsible for the propulsion. The internal combustion engine only runs occasionally in an 

optimum operating range to produce electricity via a generator and, thus, to charge the battery 

during driving. Consequently, the internal combustion engine expands the driving range of the 

car. This is why HEV architectures are also named extended range electric vehicle 

(EREV).[23,27] 

The parallel hybrid is the most wide-spread technology. The internal combustion engine and 

the electric motor are coupled via a gear unit. Usually, the coupling occurs along the main axle. 

Hence, it is possible to drive in a mixed mode involving both propulsion systems or in a single 

mode.[23,28] 

A further development of the HEV concept is the Plug-in hybrid electric vehicle (PHEV). Here, 

the accumulator is not only charged by recuperation, but also externally by an electricity grid. 

Therefore, longer distances are accessible by pure electric driving.[23,29]  

Finally, battery electric vehicles (BEVs) include solely one energy storage device and one drive 

system without any additional internal combustion engine. This is the reason why these cars 

are also called “zero emission vehicles”. However, this is only true when the required electricity 

is generated by renewable energy sources. The actual propulsion occurs via the electric motor 

and the power of BEVs is provided by rechargeable battery packs. In order to compete with 

conventional cars comprising internal combustion engines, efficient batteries with high energy 

and power densities are needed.[23] Subsequently, several aspects relevant for electromobility 

are elucidated.  

Generally, battery cells for EVs are specified and evaluated according to the following five 

criteria: energy density, power density, lifetime, safety, and costs. On one hand, the gravimetric 

energy density or specific energy is defined by the energy content per mass of a battery cell 

(Whkg-1). It determines the energy storage property of a cell and, hence, the electrical driving 

range. Due to the high demand on long driving ranges, the specific energy plays an important 

role regarding the competitiveness of BEVs vs. conventional cars. On the other hand, the 

volumetric energy density is given by the energy content per spatial volume (WhL-1). Since the 

space in vehicles is limited, high volumetric energy densities are favored. Thereby, the  

so-called “inactive” materials like the separator, the electrolyte, the current collectors, and the 

cell housing have to be considered, too, as they have a significant impact on the overall cell 

weight and cell volume.[15,30] 
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The specific power, which is expressed by the power divided by the mass of the battery cell 

(Wkg-1), is crucial for the acceleration, the speed, and the quick charging capability of EVs. 

Typically, the limited rates of electron and ion transfer within the electrodes and at the 

electrode/electrolyte interfaces restrict the power of a battery cell. The surface, the porosity, 

and the wetting behavior of the electrodes have a major influence on the speed of the 

electrochemical reactions.[30] 

Batteries for automotive applications can be classified into BEV or high energy cells, PHEV 

cells, and HEV or high power cells. While PHEV cells should be a compromise between high 

energy and high power cells, high energy cells usually afford high storage capacities and low 

power densities, and high power cells deliver low energy densities and high power densities. 

The main difference of the two extreme types is the active material per electrode surface. High 

energy cells comprise thick electrodes with high contents of active materials to increase the 

storage capacities, whereas high power cells contain thin electrodes to enhance the reactions 

rates.[30] 

Furthermore, the service life of a battery cell should at least match the average lifetime of a 

new car, which is around ten to fifteen years. In practice, calendrical durability and driving 

cycles are represented by cycling battery cells at 1C until the capacity drops below 80% of the 

initial capacity. In order to simulate the seasonal temperature fluctuations, cycling and storage 

experiments are also performed under different temperatures (e.g. - 10 °C, + 23 °C, and 

+ 45 °C). Operating at various C-rates helps to estimate the rate capability of cells.[30]  

Another very important aspect with respect to battery cells for automotive applications is safety. 

Since the battery cells store energy and contain highly flammable chemicals, they might 

generate explosive mixtures upon damage. Short circuits, overcharging, heat exposure, and 

collisions as in case of accidents are potential hazards. In the future, it is essential that 

commercialized battery cells or battery modules operate safely under various driving modes.[31] 

To be able to compare the security of different battery cells with each other, the European 

Council for Automotive Research and Development (EUCAR) has determined a hazard level 

ranking, which is valid for all safety tests.[32] It ranges from zero (no effect; most safe) to seven 

(explosion; most unsafe). Currently, most battery cells achieve a hazard level of four or less, 

but cell manufactures aim to make battery cells more secure and to achieve hazard levels of 

three or less.[32] 

For automobile manufacturers and prospective clients the costs of EVs in comparison to cars 

with internal combustion engines are a decisive factor and they will certainly influence the 

market acceptance of EVs. The cell chemistry, the production, and the battery system add up 

to the overall costs, whereby mass production and the development of more efficient 

manufacturing machines will lower the total costs in the future. Actually, costs between 200 

and 600 €/kWh are predicted for 2020.[33,34]  
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Aside from the electric motor, the battery has definitely a key function concerning the electric 

powertrain in EVs. Therefore, sequential improvements in battery technology have inter alia 

been necessary requirements for the expansion of the EV market. The first battery was 

invented by Alessandro Volta in 1800. He discovered that two metallic electrodes immersed in 

an electrolyte produce a continuous current. Its original voltaic pile comprised alternating discs 

of zinc and copper separated by a cardboard that had been soaked in saltwater.[15]  

In 1867, Leclanché developed a dry battery cell consisting of a carbon rod enclosed by 

manganese dioxide, which is dipped into a zinc cylinder containing an ammonium chloride 

paste. Although this cell is frequently referred to as carbon-zinc cell, it should be noted that the 

carbon does not contribute to the electrochemical reaction, but the active parts, which produce 

electricity, are zinc and manganese dioxide.[35] The main disadvantage of this cell type is the 

participation of the electrolyte in the electrochemical reactions resulting in barely soluble 

intermediates (e.g. Zn(NH3)2Cl2, ZnO ∙ Mn2O3, and  ZnCl2 ∙ 4 Zn(OH)2), which impede ionic 

diffusion processes. Moreover, chemical corrosion leads to the formation of hydrogen causing 

a rise of the internal cell pressure and the damage of the cell housing.[36] The successor offers 

an improved performance and a longer service life as it comprises a zinc chloride solution 

instead of the ammonium chloride electrolyte.[36] Today, one of the mostly used household 

batteries are alkaline ones. In comparison to the zinc chloride type, alkaline cells with a 

potassium hydroxide electrolyte solution, a zinc anode, and a manganese dioxide cathode 

have higher specific energies (150 Whkg-1) and a longer shelf-life.[37,38] Nevertheless, alkaline 

cells are usually not rechargeable and belong to the group of primary batteries.[37]  

In 1854, Sinsteden published first experimental results on lead-acid accumulators. 

Independent of this work, five years later, the French physicist Planté presented a technically 

more mature, rechargeable lead-acid battery. It consisted of two identical lead plates immersed 

in a diluted aqueous solution of sulfuric acid.[15,39] In 1881, Fauré developed a system, in which 

the active materials are produced separately. He coated lead plates, and later lead grids, with 

a paste of red lead oxide, sulfuric acid, and water. Then, the electrodes were charged to form 

Pb and PbO2. At that time, the industrial manufacture of lead-acid batteries has started.[15,39] 

For electromobility, lead-acid accumulators are not considered as they have only a limited 

specific energy of 25 - 40 Whkg-1 and an insufficient cycle life of 400 - 800 cycles.[40,41] 

In 1899, Jungner developed the first nickel-cadmium (NiCd) accumulator. Two years later, 

Edison invented the cheaper nickel-iron (NiFe) alternative. Both systems have a nickel 

oxyhydroxide cathode and a potassium hydroxide electrolyte solution. While the NiCd battery 

comprises a cadmium metal anode, the NiFe accumulator contains a metallic iron negative 

electrode.[15] The NiFe concept is accompanied by several drawbacks such as low storage 

capacities of 50 - 55 Whkg-1, safety issues due to the formation of hydrogen, high  

self-discharge, and loss of capacity at low ambient temperatures.[41,42] The NiCd technology 
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affords good cycle life and is capable of accepting high charge and discharge rates, but also 

faces difficulties like a low energy density of approx. 50 Whkg-1, environmental concerns 

because of the toxicity of cadmium, and energy losses owing to the so-called “memory 

effect”.[41–43] This phenomenon describes the tendency of a battery to adjust its electrical 

behavior to a certain duty cycle, to which it has been repeatedly subjected. In other words, the 

accumulator can remember how much energy was drawn on previous discharges and it will 

not provide more capacity than was demanded before.[43,44] 

The next step towards higher energy densities was achieved with the commercialization of the 

rechargeable nickel metal-hydride (NiMH) battery around 1990.[15] This battery consists of a 

nickel oxyhydroxide positive electrode, a KOH electrolyte, and an alloy anode in the form of 

AB5 (A = La, Ce, Nd, and Pr and B = Ni, Co, Mn, and Al).[15,45] The metal alloy acts as a storage 

medium for hydrogen, which is the actual negative active material. This battery type has some 

advantages compared to earlier battery models such as a high specific energy of  

60 - 80 Whkg-1, a long cycle life, minimum environmental problems, a relative insensitivity to 

temperature (- 30 °C to + 45 °C), and a rapid recharging capability. Nonetheless, NiMH 

accumulators also suffer from the “memory effect” and show a higher self-discharge rate than 

NiCd samples.[46,47] NiMH batteries were mostly utilized in portable electronic devices  

(e.g. mobile phones, calculators, laptop computers, …) and in toys.[47] Although the NiMH 

technology was implemented in the first generation of HEVs, it has soon been substituted by 

lithium ion accumulators, which is primarily due to their higher energy densities and longer 

cycle lifes.  

The first commercial secondary lithium ion battery cells were produced by Exxon in the USA 

in 1970 with a lithium metal anode and a TiS2 cathode.[48] Metallic lithium is favored as material 

for the negative electrode because it is the lightest, solid element of the periodic system and, 

thus, has the highest volumetric (2100 mAhL-1) and gravimetric (3860 mAhg-1) capacity.[15] 

Furthermore, the potential of this anode lies around 0.0 V vs. Li/Li+ resulting in a maximum cell 

voltage.[15] Nevertheless, 0.3% of lithium is lost in every cycling step, since it is not completely 

reprecipitated on the metallic surface. The most serious disadvantage is, however, the 

formation of dendrites, while reprecipitating during the discharge step. These lithium needles 

are a real safety problem as they can puncture the separator and, hence, cause a short circuit 

within the battery cell.[15]  

That is the reason why researchers looked for alternative anode materials. Intercalation 

materials came into the focus of research, because they are not prone to dendrite formation 

upon cycling. Since Sony revolutionized the battery market by introducing secondary LIBs with 

a carbon anode and a lithium cobalt oxide cathode in 1990, carbon-based anodes have been 

utilized in nearly all LIBs.[49] Today, mainly synthetic and natural graphites are used as active 

materials for negative electrodes.[15] Lithium ions intercalate into the graphite structure to form 
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LiC6. Consequently, elementary, metallic lithium is no longer present in the battery cell and 

security risks are definitely reduced. Theoretically, each C6 unit in a graphitic anode is able to 

reversibly store one lithium atom, which corresponds to a theoretical capacity of  

372 mAhg-1.[15] Practically only ca. 0.9 lithium atoms are reversibly intercalated into the graphite 

anode. Approximately 10% of the lithium ions are consumed due to reactions with the 

electrolyte upon formatting the battery cell. Thereby, a so-called solid electrolyte interface (SEI) 

layer is established on the anode surface. This is an irreversible process, which is unavoidable. 

It protects the structure of the graphite electrode.[15] 

In order to further enhance the energy densities of LIBs, silicon seems to be a good choice as 

a future anode active material because it provides with 3578 mAhg-1 a significantly higher 

theoretical specific capacity than carbon-based negative electrodes.[50] Nevertheless, strong 

volume changes of Si throughout lithium insertion/extraction prevent the integration of this 

material in commercial cells. A possible way to minimize the influence of volume changes and 

to simultaneously increase the cell capacity involves the utilization of Si/C composites 

comprising only 5 - 20% silicon. Although these active materials are promising candidates to 

enhance the specific energy of LIBs, they need optimization prior to market maturity.[51] 

Apart from anode materials, the development of cathode materials has also been continuously 

pushed. Actually, the list of cathode active materials (CAMs) is very long and extensive. The 

three most prominent substance classes of intercalation materials are layered lithium transition 

metal oxides, polyanion-containing compounds, and spinel oxides. Among those the lithium 

transition metal oxides are of major relevance. LiCoO2, LiNi0.80Co0.15Al0.05O2, and 

LiNi1/3Mn1/3Co1/3O2 are well-known representatives. A detailed review of the historical 

development of intercalation CAMs for rechargeable lithium ion batteries is given in  

chapter 2.1.  

Currently, commercial LIBs for automotive applications reach specific energies between 150 

and 200 Whkg-1, volumetric energy densities of 250 - 530 WhL-1, and specific powers up to 

1500 Wkg-1 in dependence of the utilized materials (e.g. cathode and anode active materials, 

separator, etc.).[52] Figure 2 compares the specific energy and the specific power of different 

technologies in a Ragone plot.  
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Figure 2 Ragone plot of diverse electrochemical devices. Goals for BEVs and PHEVs are also 

indicated. With modifications from[53]. 

Full cells are considered as high energy systems and supercapacitors are regarded as high 

power technologies. LIBs possess intermediate power and energy features. There are also 

high energy cells or high power cells but up to now it is difficult to combine both – high energy 

and high power characteristics – in one LIB cell. While the current LIB concept is sufficient for 

PHEVs, substantial higher specific energies are needed for BEVs. The goal for the next five 

years is to achieve higher gravimetric energy densities between 250 and 300 Whkg-1.[54] 

Thereto, extensive research and development are essential.  

A promising way to realize that goal is the application of nickel substituted manganese spinels 

(e.g. LiNi0.5Mn1.5O4) as CAMs. They are also called high voltage spinels as they operate at a 

high theoretical average voltage of 4.7 V vs. Li.[55] Together with their theoretical gravimetric 

capacity of 147 mAhg-1 they are supposed to enable a substantial enhancement of cell energy 

densities. Nevertheless, the respective full cells have been reported to show severe capacity 

losses and very restricted cycle lifes.[1–6] This thesis deals with the optimization of the 

electrochemical performance of high voltage spinel full cells to extend their high specific energy 

to long-term cycling periods.  
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2. Theoretical concepts 

2.1 Historical development of intercalation cathode active 

materials for rechargeable lithium ion batteries 

In 1978, Armand claimed insertion materials as the best solution for rechargeable and  

non-aqueous LIBs. Chalcogenides and sulfides were the first cathode materials of interest.  

R. Schöllhorn of Germany and J. Rouxel of France explored layered transition-metal sulfides 

and selenides as early as 1970.[56] However, the breakthrough was reached by Exxon in the 

USA. It manufactured a LIB with metallic lithium as anode and TiS2 as cathode, whose active 

material development was mainly driven by Whittingham and co-workers.[48] On discharge at 

room temperature, Li+ are inserted from the anode into the empty octahedral sites of the 

layered TiS2 cathode and Ti4+ are reduced to Ti3+. The mechanism is reversed in case of 

charging. The stable, hexagonal close-packed structure of TiS2, which is formed by a plane of 

titanium atoms between two sheets of sulfur atoms, provides quite good reversibility. No phase 

changes are observed upon charging/discharging. By means of excess lithium anodes, 

electrochemical ageing up to 1,000 cycles with a capacity loss less than 0.05% can be 

achieved.[16,57,58] Consequently, a number of other layered sulfides and chalcogenides were 

studied during the 1970s and 1980s.[58,59] For example, E-One Moli Energy Corporation in 

Canada produced commercial Li//MoS2 coin cells.[60] In order to overcome dendrite formation 

and, thus, severe safety problems, the metallic lithium was replaced by Li-Al alloys as anode 

materials. The combination of two intercalation substances as anode and cathode materials 

was proposed by Armand, Rao et al., and Murphy et al. in the 1970s.[61] 

 

Figure 3 Relative energies of Co:3d bands and A the S2-:3p band and B the O2-:2p band. Adapted 

from[16]. 
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Nevertheless, batteries with chalcogenide and sulfide cathodes feature major limitations. 

Owing to their metallic character, they show low lithium ion conductivity or reaction speed.[58] 

In addition, cells containing such cathodes deliver insufficient operating voltages (< 2.5 V). The 

higher-valent Mn+:d band overlaps with the top of the nonmetallic p band. Hence, electrons are 

removed from the nonmetallic p band. In case of cobalt sulfide (Figure 3A), S2
2- molecular ions 

are formed as a result of electron withdrawal from the S2-:3p band. The high energy level of 

the nonmetallic p-bands in chalcogenides or sulfides prevents the generation of Mn+ ions with 

higher oxidation states. Therefore, the cell voltage is constrained to < 2.5 V.[16] 

Due to these problems, scientists focused on other CAMs. Several metal oxides like MoO3
[62], 

WO3
[63], and chromium oxides[64] were considered as reversible insertion electrodes. However, 

only Vanadium pentoxide, V2O5 has been explored for more than 30 years up to date.[65] It is 

an interesting substance because of its low cost, abundance, facile synthesis, and high energy 

density. V2O5 has a layered structure with weak V-O bonds. It consists of puckering rows of 

VO5 square pyramids along the c-axis of orthorhombic cells (Figure 4A). The general 

intercalation and deintercalation mechanism can be described as: 

 V2O5 + x Li+ + x e-  LixV2O5 (1) 

Nonetheless, V2O5 undergoes certain irreversible phase transitions during electrochemical 

cycling. The structural instability leads to pulverization of the cathode material and poor cycles. 

Rapid capacity loss, low electronic and ionic conductivity, and slow electrochemical kinetics 

makes the bulk form of V2O5 unsuitable for LIB applications. Nowadays, researchers 

concentrate on nanostructures of V2O5, which overcome the disadvantages of the bulk 

material. Nanotubes, nanobelts, nanorods, nanowaxberries (Figure 4B), nanowires 

(Figure 4C), and nanoflowers are only some of the nanostructures, which are recognized to 

improve the structural and electrochemical properties of V2O5, but with limiting success.[58,66,67] 

In the 1970s, several layered oxides containing manganese, cobalt, chromium, and other 

metals were extensively investigated. Especially, Hagenmuller and Delmas promoted the 

study on these cathode candidates.[68,69] Layered lithium transition metal compounds, however, 

did not play a major role at that time. This changed with the discovery of lithiating agents and 

convenient synthesis processes. To this end, the actual development of layered lithium 

transition metal oxides has started.[58,69] 
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Figure 4 A Schematic structure of layerd V2O5.[67] B SEM image of V2O5 nanowaxberries.[66] C SEM 

image of V2O5 nanowires.[66]  

2.1.1 Layered lithium transition metal oxides 

Goodenough and co-workers at the University of Oxford explored layered oxides LiMO2 

because the O2-:2p band is positioned at a lower energy level than the S2-:3p band 

(Figure 3).[56] The ideal structure of LiMO2 (M = V, Cr, Co, and Ni), which is isostructural with 

α-NaFeO2, is illustrated in Figure 5.  

 

Figure 5 Schematic structure of the crystallographic form of LiMO2 (blue: MO6 octahedra, and 

green: lithium ions).[70] 

The M3+ and the Li+ ions are located in alternating (111) layers of edge sharing octahedral 

interstitial sites forming cubic close-packed oxygen arrays with stack sequences of  

-O-Li-O-M-O- along the c axis. According to the notation of Delmas and Hagenmüller, LiMO2 

is designated as “O3 layered structure”, indicating that the unit cell is composed of lithium ions 

coordinated to octahedral sites and three MO2 sheets.[69,71] This rhombohedral structure with 

lithium ions located in octahedral 3a, nickel ions in octahedral 3b, and oxygen ions in 6c sites 
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(S.G. R3m) provides two dimensional diffusion pathways for lithium ions between the MO2 

layers. Thereby, Li+ ions move from one octahedral site plane to another via a tetrahedral site. 

Reversible Li+ intercalation/deintercalation occurs without damaging the lattice structure. The 

good electronic properties of LiMO2 materials are attributed to direct M-M interactions between 

the edge-sharing MO6 octahedra.[16] 

The selection of suitable transition metals M for the CAM LiMO2 is based on the following 

considerations. The energy difference between the d band of the redox pair M3+/4+ and the top 

of the O2-:2p band should be as small as possible in order to lower the Fermi energy EF of the 

cathode and to increase the cell voltage. Nevertheless, the metal d band and the nonmetal p 

band should not overlap because Li removal would lead to the introduction of holes in the  

O2-:2p band. In this case, peroxide ions O2
2-

 would be generated and the loss of O2 would be a 

consequence. Furthermore, the M3+ and M4+ ions should prefer strong octahedral sites to 

obtain structural stability.[48] The octahedral site stabilization energies (OSSEs) of a few 3d 

transition metals are given in Table 1. The OSSEs are calculated by subtracting the crystal 

field stabilization energy (CFSE) of an octahedral coordination from a tetrahedral 

coordination.[72]  

Ion 
Octahedral coordination 

Configuration         CFSE 

Tetrahedral coordination 

Configuration         CFSE 
OSSE 

V3+: 3d2 t2g
2

eg
0   -8 Dq e²t2

0
 -5.33 Dq -2.67 Dq 

Cr3+: 3d3 t2g
3

eg
0   -12 Dq e²t2

1
 (HS) -3.56 Dq -8.44 Dq 

Mn3+: 3d4 t2g
3

eg
1  (HS) -6 Dq e²t2

2
 (HS) -1.78 Dq -4.22 Dq 

Fe3+: 3d5 t2g
3

eg
2  (HS) 0 Dq e²t2

3
 (HS) 0.00 Dq 0.00 Dq 

Co3+: 3d6 t2g
6

eg
0  (LS) -24 Dq e3t2

3
 (HS) -2.67 Dq -21.33 Dq 

Ni3+: 3d7 t2g
6

eg
1  (LS) -18 Dq e4t2

3
 (HS) -5.33 Dq -12.67 Dq 

Table 1 Crystal field stabilization energies (CFSEs) and octahedral site stabilization energies 

(OSSEs) of a few 3d transition metals. Adapted from[72]. 

Based on these reflections, Goodenough concentrated on M = Cr, Co, and Ni. LiCrO2 exhibits 

a disproportion reaction (3 Cr4+ → 2 Cr3+ + Cr6+) upon lithium extraction, whereby Cr6+ ions 

occupy tetrahedral sites. Due to such irreversible structural changes, LiCrO2 was already 

rejected at very early stage. First cell tests showed that LiCoO2 (LCO) and LiNiO2 (LNO) 

cathodes undergo reversible Li deintercalation at around 4.0 V vs. Li. Considering that the 

preparation of stoichiometric LNO was rather difficult, LCO emerged as the material of choice. 

But in 1980, no electrolytes appropriate for that potential range were available.[48,56] It was not 
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until a decade later that Sony revolutionized the battery market by commercializing secondary 

LIBs with a carbon anode and a LCO cathode.[49]  

Lithium cobalt oxide (LiCoO2) 

Even today, LCO is the most commonly used standard material for the positive electrode in 

LIBs owing to its good electrochemical properties. Its specific capacity is about 145 mAhg-1 

and its average voltage amounts to 3.9 V.[53] Moreover, LCO has a lithium diffusion coefficient 

of 5 ∙ 10-9 cm²s-1, which enables good lithium ion mobility and cycling at 4 - 10 mAcm-2.[58] The 

good electronic conductivity of Li1-xCoO2 (10-3 Scm-1) is ascribed to direct Co-Co interactions 

with a partially filled t2g
6-x

 band of the Co3+/4+ couple.[73] As can be seen in Table 1, the highest 

OSSE is assigned to LCO, revealing that it affords the most stable structure comparing 

transition metals. Thus, LCO offers good cycle life. Thereby, the synthesis has a major impact 

on the material properties. In order to yield the O3 layered structure, the synthesis procedure 

must be accomplished at temperatures > 800 °C. At synthesis temperatures around 400 °C, 

Li+ and Co3+ ions are randomly distributed, forming a lithiated spinel-like phase 

([Li2]16c[Co2]16dO4, S.G. Fd3m) of poor electrochemical performance.[16]  

Although full extraction of Li+ from LCO predicts a theoretical specific capacity of 274 mAhg-1, 

its real specific capacity is ca. 145 mAhg-1. This is because reversible lithium intercalation and 

deintercalation in Li1-xCoO2 is only possible for 0 ≤ x ≤ 0.5. Higher delithiated states initiate 

structural degeneration. The reason for the material instability is schematically depicted in 

Figure 6. 

 

Figure 6 Change of the qualitative energy diagrams of LixCoO2
 depending on the lithium content. 

Adapted from[70]. 

For the low-spin Co3+:3d6 configuration, the t2g band is completely filled, while the eg band is 

empty (t2g
6

eg
0). In LCO, the t2g band overlaps with the top of the O2-:2p band. When Li1-xCoO2 is 
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charged, Co3+ is oxidized to Co4+ by electron removal from the t2g band. At potentials higher 

than 4.2 V, the topotactic delithiation mechanism exceeds x ≈ 0.5, inducing a considerable 

reduction of electron density from the nonmetal p band. As a consequence, O2 is eliminated 

according to the following reaction sequence:[48] 

 2 Co4+ + O2
2- → 2 Co3+ + O2

-  → 2 Co3+ + O2 + 2 e- → 2 Co2+ + O2 (2) 

Oxygen removal from the lattice occurs over several cycles and not only during the first cycle 

on account of the hybridization of the Co3+/4+:3d orbitals with the O2-:p orbital.[16] Hence, this 

exothermic reaction presents a high safety risk and can cause a thermal runaway. 

Furthermore, the oxygen release is accompanied by particle breaking and contact losses. As 

a result, cobalt ions dissolute in the electrolyte, deposit on the graphite anode, and promote 

the electrochemical decomposition of the electrolyte (Figure 7). Slow reactions also take place 

with the electrolyte on the cathode. These features and the associated increase of the cell 

impedance tremendously diminish the cell cycle life.[53]  

 

Figure 7 Drawing of the influence of Co dissolution on the electrolyte and the graphite anode. With 

modifications from[74]. 

As shown in the literature, surface modification by coating the particles with metal oxides such 

as ZrO2, Al2O3, TiO2, SiO2, MgO, ZnO, AlPO4, and FePO4 enables cycling of C//LCO cells up 

to 4.5 - 4.6 V and provides enhanced reversible capacities (≈ 200 mAhg-1).[16,75] More than 70% 

of the lithium ions are reversibly withdrawn from the LCO lattice and some of the coatings 

additionally suppress the side reaction of the CAM with the electrolyte.[16] Even though C//LCO 

batteries with higher energy densities are obtainable by using higher cut-off potentials, they 

are mainly used in small-format LIBs. Safety concerns, raised prices due to the limited 

availability of cobalt, and environmental issues caused by the toxicity of cobalt are some of the 

motives for scientists to search for alternatives.[76] 
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Lithium nickel oxide (LiNiO2) 

LiNiO2 was first reported by Dyer et al. in 1954. Since Goodenough dealt with LNO as CAM 

for rechargeable LIBs in the 1980s, a number of studies on this topic followed.[77] The driving 

forces for developing LNO were its lower cost, less toxicity, and potential for higher energy 

density in comparison to LCO.[53] The structure of LNiO2 is based on α-NaFeO2 analogous to 

LiCoO2 and, thus, phase transformations during charging/discharging are similar in both cases. 

LNO delivers an operating voltage of around 4.0 V and up to 75% of the lithium ions are 

reversibly extracted from its lattice resulting in a specific capacity of ca. 200 mAhg-1.[57,78] The 

difference in capacity regarding LNO and LCO is explained by the energetic positions of their 

d orbitals (Figure 8).  

 

Figure 8 Qualitative energy diagrams of Li0.5CoO2 and Li0.5NiO2. Adapted from[16].  

As already pointed out, the specific capacity of LCO is related to the substantial overlap of the 

Co3+:t2g band with the top of the O2-:2p band. The low-spin Ni3+ in Li1-xNiO2 has a  

3d7 configuration (t2g
6

eg
1), whereby the eg band only marginally touches the top of the O2-:2p 

band. Hence, stable lithium deintercalation typically proceeds until x ≈ 0.75. For x > 0.75 

oxygen is, however, released from LNO and structural corrosion sets in.[49,72] 

Despite the aforementioned advantages, LNO has not been established as CAM in LIBs 

because it suffers from a few drawbacks. On one hand, the preparation of well-ordered LNO 

is rather difficult. At high synthesis temperatures lithium partly evolves and some Ni3+ are 

reduced to Ni2+.[79] By virtue of the comparable ionic charges and radii of Ni2+ and Li+ (0.69 Å 

vs. 0.76 Å), Ni2+ tend to migrate to the octahedral sites of the lithium plane. When the cation 

mixing throughout the synthesis of LNO is too high, an electrochemically inactive rock salt type 

phase (S.G. Fm3m) is generated in addition to the preferred O3 layered structure with a R-3m 

space group (Figure 9). Both crystal modifications coexist because they have very close lattice 

parameters impeding fractionation. Therefore, LNO is always contaminated with rock salt 

domains, which significantly reduce the electrochemical performance.[57,80] As the actual 
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composition of LNO invariably comprises an excess of nickel, its chemistry is better described 

by Li1-zNi1+zO2 (0 < z < 2) or [Li1-zNiz
2+

]3a[Niz
2+

Ni1-z
3+ ]3bO2.[81] On the other hand, LNO has a lower 

OSSE than LCO (Table 1). Consequently, Ni3+ migrate from the octahedral sites of the nickel 

layer to the lithium 3a sites via the neighboring tetrahedral sites in charged LNO or under low 

heat (Figure 9). The disordering of the cations decreases the lithium diffusion coefficient and 

the power capability of the electrode.[16,57]  

 

Figure 9 Illustration of the A hexagonal R3m structure, B rock salt type space group Fm3m, 

C R3m lattice with Li vacancies in highly charged state, and D partially cation mixed phase 

with Ni ions in the Li sites (yellow: Li ions, red: nickel ions, dark blue: coordinated oxygen 

ions).[80] 

Other problems include the Jahn-Teller distortion related to the low-spin Ni3+ and irreversible 

phase transitions accompanied by substantial volume changes upon cycling.[78] Finally, the 

extremely low thermal stability of Li1-xNiO2 results in oxygen losses in highly delithiated 

states:[82] 

 Li0.30Ni1.02O2 → 0.12 O2 + Li0.30Ni1.02O1.76 (3) 

The reason for the oxygen volatilization is referred to unstable Ni4+, which are reduced to Ni3+. 

Thereby, the α-NaFeO2 structure transforms into a pseudo-spinel phase and then into a highly 

disordered space group R3hm. Oxygen release is a serious safety risk preventing the use of 

LNO in commercial LIBs.[57] 

Substituted lithium nickel oxides (LiNi1-yZyO2) 

To eliminate the major shortcomings of LNO, Ni has been partially substituted by elements 

such as Co, Mg, Al, Fe, Ti, and Ga. In a few cases, sulfur and fluorine are used for replacing 

oxygen.[72] The intention is to improve the structural stability, electrochemical capability, and 

thermal properties of LNO. Fe in LiNi1-yFeyO2, however, does not contribute to the stability of 

the layered lattice and reduces capacity with increasing y.[58] Otherwise, redox inactive Al or 
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Mg enhance the thermal stabilization and suppresses cation disordering. Although, Al- or  

Mg-doped lithium nickel oxides exhibit a better electrochemical behavior than pure LNO, 

material collapses in highly charged states are still a problem.[83,84] 

Among all the examined dopants, most attention has been devoted to electrochemically active 

cobalt. Delmas et al.[85,86–88] and Zhecheva et al.[89] studied the structural details and physical 

features of LiNi1-yCoyO2. Both groups observed that Co inhibits the migration of nickel into the 

lithium plane. Higher cobalt concentrations lead to more stable structures and higher cation 

ordering. In addition, Co impedes phase transitions associated with Li deintercalation resulting 

in less oxygen evolution compared to pure LNO. Co-substituted nickel oxides reveal a better 

thermal stability in the charged state. This is because of the Co-O bond being stronger than 

the Ni-O bond (binding energies: 1067 kJ/mol for CoO2 and 1029 kJ/mol for NiO2).[72] 

Generally, the chemical composition of LiNi1-yCoyO2 is a mixed crystal of LNO and LCO and 

alters with y (Figure 10).  

 

 

Figure 10 Compositional phase diagram of the lithium transition metal oxides LiCoO2, LiNiO2, and 

LiMnO2 (blue line: LiNi1-yCoyO2, red line: LiMn1-yCoyO2, green line: LiMn1-yNiyO2 and bright 

blue region: Ni-rich NMCs). With modifications from[78]. 

Increasing the cobalt content leads to an electrochemically more stable structure, whereas a 

greater amount of Ni enables higher capacities. Optimum LiNi1-yCoyO2 (y = 0.15 - 0.3), share 

a reversible specific capacity around 180 mAhg-1, which corresponds to the extraction of  

ca. 0.65 lithium ions from the cathode material.[57] Thereby, Ni3+ are oxidized to Ni4+ prior to the 

oxidation of Co3+ to Co4+.[72] Regarding all the Co-doped lithium nickel oxides, LiNi0.8Co0.2O2 

exhibits the best charge-discharge behavior.[90] It has been extensively investigated due to its 

low cost and high capacity.[86–88,91] 
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While LiNi1-yCoyO2 seems to be a promising cathode candidate, two problems remain 

unsolved. First, the migration of Ni3+ into the Li layer is still too high and causes capacity fading 

during cycling and, second, the generation of flammable gases during charging creates safety 

issues.[78] 

Al and Mg substitutions in LiNi1-yCoyO2 

Further developments of LiNi1-yCoyO2 oxides aimed at partially substituting cobalt by 

magnesium or aluminum. Several authors discussed the impact of low concentrations of Mg 

and Al in LiNi1-x-yCoxZyO2 (Z = Al or Mg around 0.05 atoms/mol).[84,92,93] Both substitutes prevent 

Ni migration to the Li sites and hexagonal phase conversions upon cycling. The significant 

stabilization of the delithiated form induces better thermal properties compared to LiNi1-yCoyO2 

and excellent cyclability with a high and constant capacity of ca. 170 - 180 mAhg-1. 

Furthermore, thermal runaway upon overcharging is considerably reduced in  

LiNi1-x-yCoxZyO2.[72] The most commonly used composition is the nickel cobalt aluminum oxide 

LiNi0.80Co0.15Al0.05O2 or NCA. Its tremendous commercial success is also based on its relatively 

low cost. SAFT has produced cells containing this CAM, and achieved 1000 cycles at 80% 

depth of discharge. The energy density amounted to 120 - 130 Wh/kg.[94] Lately, Panasonic 

has been constructing 18650 cylindrical cells with the chemical system C//NCA. The Tesla 

Model S comprises an 85 kWh battery pack including 7104 of such cells.[95] According to the 

2015 report,[96] Tesla Motors intends to purchase 1.8 billion LIB cells from Panasonic in the 

period from 2014 to 2017. Moreover, Panasonic agreed on a partnership with Tesla Motors 

regarding a Gigafactory that is expected to deliver a cell output capacity of 35 GWh. Thereby, 

the production of C//NCA cells is not excluded. 

Despite the enormous success of NCA, safety concerns remain due to the thermal instability 

and high specific capacity of this oxide.[97] Additionally, it was published that NCA suffers from 

severe capacity fading at elevated temperatures (40 - 70 °C) owing to strong SEI growth and 

micro-cracking at grain boundaries.[98] 

Lithium manganese oxide (LiMnO2) 

Since manganese is an environmentally benign and relatively cheap raw material in 

comparison to cobalt or nickel, LiMnO2 has received much attention as an economic and green 

alternative to LCO, LNO, etc.[99,100] Likewise, it has been proven that manganese oxides are 

safer upon overcharging.[78] Layered LiMnO2 does not adopt the α-NaFeO2 lattice of LCO, but 

crystallizes in a monoclinically distorted structure (S.G. C2/m) due to the Jahn-Teller effect 

associated with the presence of low-spin Mn3+.[53] Monoclinic LiMnO2 is characterized by good 

Li+ conductivity and a rather smooth voltage profile.[101] The preparation of layered LiMnO2 

involves an ion exchange reaction of Na+ by Li+ in NaMO2 (M = Mn and Fe).[100,102] Higher 
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synthesis temperatures produce orthorhombic LiMnO2 with Pmnm symmetry. In this structure, 

edge-sharing [LiO6] and [MnO6] octahedra are arranged in an alternating zigzag 

configuration.[103] The monoclinic form is only metastable, whereas the orthorhombic form 

shows thermodynamic stability because of the stronger antiferromagnetic interactions between 

Mn3+.[104]  

Although LiMnO2 provides a very high specific capacity of ≈ 285 mAhg-1 during the first charge 

process, the ensuing Li insertion does not restore the initial structure. Removal of more than 

50% of Li+ from the cathode material provokes manganese ions to penetrate into the vacant 

sites of the Li planes by traversing the neighboring tetrahedral sites on account of the low 

OSSE of Mn3+ (Table 1). The disproportion of Mn3+ into Mn2+ and Mn4+ supports this 

mechanism. As a result, poorly ordered crystal regions with a Li[LixMn2-x]O4 spinel structure 

evolve and Mn2+ leach out in the electrolyte leading to a destabilized SEI (Figure 11).  

 

Figure 11 Drawing of the influence of Mn dissolution on the electrolyte and the graphite anode. With 

modifications from[74]. 

Mn dissolution and irreversible phase conversions proceed throughout ageing and, thus, 

drastically depress the cycle life, the rate capability, and the capacity.[105] Thereupon, Dahn  

et al. proposed an O2 layered LixMnO2 (two MnO2 sheets are contained in the unit cell), which 

does not convert into a spinel while cycling. The resulting electrode delivers a reversible 

capacity in the range of 150 - 180 mAhg-1, but only at very low rates (≈ C/40). The insufficient 

rate capability exclude O2 layered LixMnO2 from its use as CAM.[106] Another very prominent 

manganese-containing CAM is the spinel LiMn2O4. Its properties and electrochemical behavior 

are discussed later on. 
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Substituted lithium manganese oxides (LiMn1-yZyO2) 

Further attempts to stabilize the layered LiMnO2 have merged the direct ceramic syntheses 

with partial substitutions of Mn by Al[107] and Cr[108]. Besides suppressing layered to spinel 

phase transformations, low dopant concentrations, that is 3 - 5%, also stabilize the monoclinic 

over the orthorhombic structure. Consequently, improved cycle life and better capacity 

retention compared to pure LiMnO2 have been achieved. Nevertheless, Al-doped oxides still 

undergo lattice changes upon cycling and yield defect spinel regions. In contrast, Cr 

substituents prevent spinel formation and enable capacities up to 160 - 190 mAhg-1 at 55 °C 

with a rate of 30 mA/g. The high OSSE of Cr3+ prohibits conversion into spinel, but structural 

rearrangements still occur to generate a quasi-layered phase that has an negative impact on 

the cyclability.[72] 

Other approaches to realize stable layered lithium manganese oxides involve mixed crystals. 

For instance, LiMn1-yCryO2 are mixed crystals of LiMnO2 and LiCrO2. For y ≤ 0.7, structures 

with space group C2/m are obtained. The monoclinic symmetry transforms into a hexagonal 

phase during the first charge. Thereby, Mn3+ are oxidized to Mn4+ prior to Cr3+ oxidation. 

LiMn0.5Cr0.5O2 with an average voltage of ≈ 3.3 V can be operated in a voltage range of 

2.5 - 4.4 V. The practical specific capacity amounts to 150 mAhg-1. However, this CAM suffers 

from a serious capacity drop when cycled at high current rates. At compositions of y ≥ 0.75 the 

R3m lattice is directly adopted, but rate capabilities are also poor.[72]  

Since it has been known that LCO is beneficial for electronic conductivity, structural stability, 

and performance properties, considerable interest has been aroused regarding mixed crystals 

of LiCoO2 and LiMnO2. Unfortunately, LCoO2 and LiMnO2 are not entirely miscible. Ohzuku  

et al. reported that a combination of both results in phase separation and concluded that they 

are not miscible at all.[109] In contrast, Bruce et al.[110] prepared LiMn1-yCoyO2 with y ≤ 0.5 and 

Stoyanova et al.[111] proved that up to 80% of cobalt can be incorporated into the lithium 

manganese lattice. As a matter of fact, y > 0.8 is necessary to yield oxides having the space 

group R3m. Otherwise, the high manganese content induces a cubic or a tetragonal 

symmetry.[111,112] Therefore, the line between LiCoO2 and LiMnO2 is illustrated as a black dotted 

line for cobalt concentrations below 80% in Figure 10.  

LiMn0.2Co0.8O2 with a α-NaFeO2 structure shows a low specific capacity of 134 mAhg-1 at 1C, 

albeit Mn3+ and Co3+ are oxidized to Mn4+ and Co4+, respectively. Higher C-rates cause a 

notable decrease in capacity. Furthermore, Jahn-Teller Mn3+ engender local structural 

distortions and transformation to disordered spinel phases is not prohibited by Co substituents 

leading to inferior cycle life. Hence, the demand for LiMn1-yCoyO2 cathodes ceased.[78]  

Instead LiNiO2 – LiMnO2 mixed crystals began to capture the attention of researchers.  

LiMn1-yNiyO2, which possess a R3m lattice within the range of 0.5 < y ≤ 1, were first 

investigated by Dahn et al. in 1992.[113] A manganese to nickel ratio greater than one provokes 
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the formation of a spinel owing to the presence of Mn3+. For example, LiNi0.25Mn0.75O2 behaves 

similar to LiMnO2 and develops a spinel rather than a layered phase upon ageing.[58] In 

Figure 10, the green solid and the black dashed line between LiNiO2 and LiMnO2 indicate the 

hexagonal and the spinel symmetry, respectively. Spahr et al. stated the best electrochemical 

performance for LiNi0.5Mn0.5O2, which contains Ni2+ and Mn4+.[114] Specific capacities of 

150 - 200 mAhg-1 have been reported depending on the cutoff voltage and the current 

rate.[72,76,114] The reversible oxidation of Ni2+ to Ni4+ enables such capacities, whereas Mn4+ is 

not oxidized further. Under mild cycling conditions reasonable capacity retention for at least  

50 cycles are achievable.[76,115,116] The strong OSSE of Mn4+ prevents manganese movement 

to the partially occupied 3a Li sites and, hence, no spinel emerges during 

charging/discharging.[48] In addition, LiNi0.5Mn0.5O2 offers a good thermal stability. Oxygen loss 

and material corrosion do not arise until a temperature of 300 °C is reached.[117] 

However, reliable synthesis of LiNi0.5Mn0.5O2 is critical and 8 - 10% Ni ions are usually located 

in the lithium layers, blocking Li+ diffusion. Consequently, the Li+ diffusion coefficient  

(ca. 3 ∙ 10-10 cm²s-1) and the rate capability are significantly lower compared to LCO.[58] 

Moreover, the poor electronic conductivity of 6.2 ∙ 10-5 Scm-1 is ascribed to polaronic Ni2+/Ni3+. 

Recent studies reveal that surface coating and optimized calcination are suitable for enhancing 

the performance characteristics of LiNi0.5Mn0.5O2.[118] Besides, Dahn. et al. prepared 

LiNi2/3Mn1/3O2 with a high reversible capacity of roughly 190 mAhg-1 at an  

end-of-charge-voltage of 4.6 V. Unfortunately, this CAM shows very limited cyclability at 

elevated temperatures and the thermal behavior is not sufficient for battery applications.[119]  

Lithium nickel manganese cobalt oxides (LiNi1-y-zMnyCozO2) 

The next logical step towards a stabilized CAM with superior electrochemical features was the 

combination of the cost and safety advantages of manganese oxides with the structural 

benefits and the high energy density of cobalt and nickel oxides, respectively. LiNi1-y-zMnyCozO2 

(NMCs, aka NCMs) were first explored by Liu et al. in 1999.[91] Generally, NMCs have an  

O3 layered structure with R3m symmetry. Thereby, Co3+, Ni2+, and Mn4+ occupy the octahedral 

3b sites, Li+ are found on octahedral 3a sites, and oxygen ions are on 6c sites (Figure 5). In 

contrast, real lithium transition metal oxides exhibit cation mixing between nickel and lithium 

ions. About 2 - 10% of Ni ions are located in the Li plane of the NMC lattice, depending on the 

synthesis temperature and the Co concentration. The higher the Co content, the less 

pronounced is the cation disorder. A major drawback of the Ni occupation in the 3a sites is the 

deteriorated lithium diffusion and, hence, the diminished rate capability. Despite of this fact, 

2 - 3% Ni on the Li sites helps to keep the structure organized at a high degree of 

deintercalation.[58]  
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Regarding the charging process in lithium ion cells, mainly the oxidation of Ni2+ to Ni4+ 

compensates the Li+ extraction from the electrode. The oxidation of Co3+ to Co4+ ensues in the 

later stages of the deintercalation and contributes only marginally to the overall capacity.  Mn4+ 

remain inactive throughout the entire voltage range, which is typically between 2.5 and 4.2 V. 

The tetravalent state is important as it impedes manganese dissolution and the associated 

phase changes in comparison to Mn3+. Likewise, manganese ions are essential to lower the 

prices of the CAMs and to realize a better thermal stability in NMCs relative to LCO, LNO, or 

NCA. Actually, NMCs begin to lose weight around 300 °C, which is similar to LiNi0.5Mn0.5O2. 

The energy diagrams in Figure 12 demonstrate the overlap of the Co3+/4+:t2g band with the  

O2-:2p band. While charging up to 4.2 V should not cause any problems, charging up to higher 

cutoff voltages of 4.5/4.6 V results in oxygen evolution and lattice rearrangements.[58,70]  

 

Figure 12 Qualitative energy diagrams of LiNi1-y-zMnyCozO2 for three different states of charge:  

A x = 1, B x = 0.5, and C x = 0 Adapted from[70]. 

The most common and widespread composition is LiNi1/3Mn1/3Co1/3O2 or NMC-111 containing 

equal amounts of the transition metals (midpoint of the phase diagram triangle in Figure 10). 

Its lower cost, at least equal or better cyclability even at elevated temperatures, higher 

reversible capacity, and more favorable thermal stability compared to LCO render it an 

attractive and competitive CAM for consumer batteries.[120,121] Practical specific capacities of 

150 - 160 mAhg-1 have been reported for NMC-111 below 4.3 V.[53,120,122] An increased cutoff 

voltage of 4.5 - 5.0 V provides higher capacities of ca. 200 - 220 mAhg-1, but rapid capacity 

fading is evident.[123,124] AlF3 particle coating acts as an interfacial stabilizer on the surface of 

NMC-111 and enables effective cycling up to 4.5 V with proper rate capability.[125]  
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Despite the mild thermal behavior of NMC-111, further studies have been conducted to 

decelerate its reactivity at high temperatures. For instance, partial substitution of aluminum for 

cobalt to yield LiNi1/3Mn1/3Co1/3-yAlyO2 not only improved the security features of the delithiated 

materials, but also enhanced the electrochemical properties. Nonetheless, the degree of 

substitution must be kept rather low to maintain high specific capacities.[126]  

Since NMCs with increased energy densities and reduced costs are required for vehicular 

applications, Ni-rich transition metal oxides (LiNizMnyCo1-y-zO2, 0.1 ≤ z ≤ 0.5) have moved into 

the focus of investigations. In Figure 10, these compounds are highlighted by a bright blue 

region. Usually, such CAMs have large reversible capacities (≤ 200 mAhg-1) and high 

operating voltages.[80] Particularly, LiNi1-2yCoyMnyO2 (0 ≤ y ≤ 
1

3
) Ni-rich species with equal 

amounts of Co and Mn play an important role in research. They are depicted as a black line 

between NMC-111 and LNO in Figure 10. LiNi0.8Mn0.1Co0.1O2 (NMC-811), for example, delivers 

the highest specific capacity among the Ni-rich family (≈ 180 mAhg-1).[127] Nevertheless, the 

large Ni content leads to restricted thermal stability and several non-stoichiometric phases due 

to migration of Ni ions to the Li sites analogous to the mechanism in LNO. The cation mixing 

seriously degrades lithium diffusion and lowers the rate performance. Additionally, NMC-811 

includes Mn3+ ions, which produce spinel-like structural deteriorations and, thus, poor capacity 

retention upon cycling.[78,80] Augmented Mn and Co concentrations decline the Ni/Li disorder 

as in the case of LiNi0.6Mn0.2Co0.2O2 (NMC-622). Moreover, the absence of Mn3+ affords better 

cyclability and thermal characteristics. The decreased amount of Ni impairs, however, the 

energy density.[128] Regarding security aspects, Ni-rich LiNi0.5Mn0.3Co0.2O2 (NMC-532) is also 

an interesting CAM. But its specific capacity of 161 mAhg-1 gives only a small advantage in 

comparison to NMC-111.[129] Al, Ti, and Mg dopants have been explored with respect to 

improve thermal and structural stability of Ni-rich NMCs.[93,130]  

Very recently, core-shell structured materials comprising a concentration-gradient outer layer 

have gained enormous scientific attention. Thereby, three approaches have been developed 

(Figure 13). One method is aimed at creating a pillar layered shell with rock salt domains 

around a Ni-rich core. By means of this procedure, Cho et al. prepared LiNi0.62Co0.11Mn0.58O2 

with excellent thermodynamic and electrochemical stability up to 4.5 V at high 

temperatures.[131] The other methods enclose the Ni-rich core by a thin manganese-rich spinel 

(Li1+x[CoNixMn2-x]2O4) or a heat-resisting NMC shell. Superior behavior in thermal abuse tests 

compared to standard LNO and high capacities (180 - 200 mAhg-1) with satisfactory capacity 

retention at enhanced temperatures have been achieved.[132] In spite of these promising 

experimental results, Ni-rich oxides still have many remaining challenges such as structural 

stability, surface side reactions, and safety issues. 
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Figure 13 Schematic view of different concentration-gradient core-shell cathode materials. The  

Ni-rich core is enclosed by a A Mn-rich spinel, B thermally stable NMC, or C rock salt 

phase shell. Adapted from[70,80].  

Lithium-rich nickel manganese cobalt oxides  

Another strategy to realize CAMs with high energy densities and good thermal features 

involves mixed crystals between Li2MnO3 and LiMO2 (M = Cr, Ni, Co, Mn0.5Ni0.5, and 

Ni1/3Mn1/3Co1/3). Li2MnO3 or Li[Li1/3Mn2/3]O4 has a monoclinic structure with C2/m symmetry 

where interslab octahedral sites are only occupied by Li+, while Li+ and Mn4+ are located in the 

octahedral sites within the [Li1/3Mn2/3]O2 slabs in a 1:2 ratio. Hence, one third of Mn is 

substituted by Li in the transition metal layer. The alternating Li and [Li1/3Mn2/3] sheets are 

separated from each other by close-packed oxygen planes, which corresponds to an ABCABC 

stacking sequence.[133] The thermodynamic stability of Li2MnO3 is based on the ordering of Li 

in the [Li1/3Mn2/3] planes and on non-Jahn Teller distorted Mn4+, whose strong OSSE prohibits 

Mn diffusion via the tetrahedral sites.[72] Since Mn4+ cannot be further oxidized to an 

octahedrally coordinated state, Li2MnO3 was believed to be electrochemically inactive.[72,134] 

Nonetheless, it has been combined with other transition metal oxides to generate strongly 

stabilized, cheap, and low-toxic CAMs.[72] From 1997 till 1999, for example, Numata et al. 

synthesized Li(Lix/3Mn2x/3Co1-x)O2 (0 ≤ x ≤ 1). But electrochemical performance tests, which 

were carried out up to 4.4 V revealed a decreasing capacity with an increasing manganese 

content.[135] It was not until 1999, that Kalyani et al. discovered that Li2MnO3 is 

electrochemically activated on charging Li//Li2MnO3 cells to a cutoff voltage of 4.5 V.[136] 

Numerous reports on Li-rich transition metal oxides, which can be denoted as  

x Li2MnO3 ∙ (1-x) LiMO2 or Li[LixM1-x]O2 (M = Cr, Ni, Co, Mn0.5Ni0.5, and Ni1/3Mn1/3Co1/3) have 

followed.[97,115,137,138] Among the Li-rich compositions, x Li2MnO3 ∙ (1-x) LiNi1/3Mn1/3Co1/3O2 

(0 < x < 1) are the most promising candidates. These so-called Li-rich NMCs were first 

published and developed by groups at Argonne National Laboratory in the US.[139,140] Ideally, 

x should adopt values between 0.5 and 0.7.[140,141] The structure of Li-rich NMCs is composed 
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of Li2MnO3 domains with C2/m symmetry, which are integrated in the hexagonal α-NaFeO2 

lattice of LiNi1/3Mn1/3Co1/3O2 (S.G. R3m).[142] In a cycling range of 2.0 - 4.4 V only the oxidations 

of Ni2+ and Co3+ to Ni3+ and Co4+, respectively, contribute to the specific capacity of about 

80 mAhg-1. When Li-rich NMCs are charged above 4.5 V, Li2MnO3 is also involved in the 

intercalation/deintercalation process and anomalous high specific capacities greater 

250 mAhg-1 are reached.[16,53,143,144] The electrochemical activation of Li2MnO3 is based on two 

mechanisms. On one hand, Li+ extraction form Li2MnO3 is accompanied by the simultaneous 

release of oxygen.[138] On the other hand, protons, which are a result of electrolyte oxidation, 

displace Li+ in the lattice.[145] Both scenarios induce material corrosion. The loss of oxygen 

mainly occurs during the first cycle and Li2MnO3 partially decomposes. Some residual Li2MnO3 

is further activated, but rapidly consumed in the following cycles. The resulting LixMOy oxide is 

unstable upon cycling and undergoes continuous phase changes. Lithium and oxygen 

vacancies allow the migration of transition metal ions, especially Ni, to the Li layers. 

Consequently, defect tetragonal and cubic spinel structures develop, which drastically lower 

the rate capability and the average voltage (Figure 14).[146]  

 

Figure 14 Illustration of the structural rearrangements in Li-rich NMC during cycling.[147] 

The structural rearrangements are irreversible because oxygen is lost due to the formation of 

Li2O and side reactions with the electrolyte. Thereby, reaction products such as Li2O2, LiO2, 

Li2CO3, etc. are formed and the amount of mobile Li+ for intercalation/deintercalation processes 

is constantly reduced.[140,147] In summary, Li-rich NMCs feature the disadvantages of large 

irreversible capacity losses, poor rate performances, and short cycle life.[148] The partial 

substitution of Mn by Ru considerably increased the coulomb efficiency of 

Li1.2Mn0.567Ni0.166Co0.067O2.[149] Besides, it has been shown that particle coatings such as Al2O3, 

AlPO4, or AlF3 significantly improve the capacity retention and the thermal stability of Li-rich 

NMCs.[150] Nevertheless, further investigations and improvements are necessary to establish 

sufficient cyclability for commercialization.   
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2.1.2  Polyanion-containing compounds 

Since layered lithium transition metal oxides tend to loose oxygen in their charged state owing 

to the low redox potential of Ni3+/4+ and Co3+/4+ couples, researchers have looked for alternative 

CAMs. Polyanion-containing compounds including NASICON-type (natrium super ionic 

conductor) crystal lattices LixM2(XO4)3 (M = Ni, Co, Mn, Fe, Ti, or V; X = S, P, As, Mo, or W), 

olivine-type structures LiMXxO4 (M = Fe, Co, Mn, or Ni; X = P, Mo, W, or S), and  

tavorite-related substances LiMM’1-δδ(ZO4)X1-αX’α’ (M and/or M’ = metal; Z = P or S; X and  

X’ = O, OH, or a halogen) have attracted much attention.[57] In the 1980s, Manthiram and 

Goodenough studied Fe2(XO4)3 (X = S, Mo, or W) for the use as lithium insertion hosts.[151] The 

Fe2+/3+ redox couple offers good thermodynamic stability and combined with XO4
3-

 rather than 

O2- reasonable cell voltages are possible. The strength of the X-O bond determines the 

energetic position of the Fe2+/3+:d orbital and, thus, the operating voltage of the material. 

Fe2(SO4)3 has an average voltage of 3.6 V, which is 0.6 V higher than that for Fe2(WO4)3 and 

Fe2(MO4)3.[16] Although they exhibit interesting electrochemical features in combination with a 

lithium anode, they failed in LIBs with a carbon anode because none of the electrodes provides 

lithium ions.  

Metallophosphates with olivine structure (LiMPO4) 

Goodenough et al. thoroughly studied olivines with the general formula LiMPO4 (M = Mn, Co, 

Ni, and Fe) in 1997.[152] They were the first to recognize that LiFePO4 (LFP) is a promising 

cathode candidate for LIBs.[153] Since then numerous publications on LFP have appeared.[154] 

This is due to the fact that LFP is environmentally benign, low-toxic, inexpensive, and the most 

safe available CAM.[16] Its olivine-type structure consists of a hexagonal close-packed oxygen 

framework, whereby Li and Fe occupy half of the octahedral sites and P are located in one 

eighth of the tetrahedral sites (Figure 15). In the orthorhombic system (S.G. Pnma), FeO6 

octahedra share corners with each other and not edges. Therefore, lithium movement just 

takes place along the edge-sharing LiO6 chains (b axis) affording one dimensional diffusion 

paths. The tetrahedral PO4 groups separate the FeO6 octahedra from each other by sharing 

one edge with a FeO6 octahedron and two edges with a LiO6 octahedron. The isolated FeO6 

octahedra notably hamper the electronic delocalization.[70]  
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Figure 15 Schematic picture of the crystallographic structure of LiFePO4 (brown: FeO6 octahedra, 

purple: PO4 tetrahedra, and green: lithium ions).[70] 

Initially, limited reversible capacities and rate capabilities were attributed to LFP. For example, 

Goodenough et al. reported a poor practical specific capacity of < 120 mAhg-1 for LFP even at 

low current densities.[153] The theoretical capacity is ca. 170 mAhg-1. Several approaches have 

been followed to overcome the intrinsically restricted electronic and ionic conductivity of LFP.  

Doping with supervalent cations such as Nb5+, Zr4+, Ti4+, Mo6+, and V5+ increased the electronic 

conductivity by two to eight orders of magnitude.[155] Nonetheless, modeling infers that 

substitution of either Li or Fe is energetically unfavorable.[156] In addition, Zr, Nb, and Cr 

dopants are found primarily in the Li sites and, hence, inhibit Li migration by blocking the 

diffusion channels.[157]  

Subsequent investigations revealed that minimizing the particle size and coating LFP with 

carbon or conductive polymers result in significant improvement of the electrochemical 

characteristics including capacities of around 160 mAhg-1.[158] Carbon coating has not only a 

positive effect on the electronic properties of LFP, but simultaneously reduces its size by 

impeding grain growth during sintering.[159] Among all the various preparation methods,  

low-temperature microwave-assisted hydrothermal and solvothermal syntheses proved to be 

very reliable ways to produce LFP nanoparticles with excellent crystallinity.[160] On account of 

the nanosized particles less anti-site defects, i.e. iron occupancy on the Li sites, occur. 

Consequently, the rate capability of LFP is enhanced.[161] The diminution of the size to the 

nanometer scale effectively shortens the diffusion length of Li+. The electronic conductivity 

remains, however, low. Conductively coated LFP nanoparticles or LFP/carbon composites by 

contrast, offer superior electrochemical behavior.[162] Remarkable capacity values of 165 and 

61 mAhg-1 at the rate of 3 C and 65 C, respectively, have been achieved.[163] Furthermore, LFP 

electrodes exhibit very long cycle life. The lithium extraction occurs via a two-phase process: 

 LiFePO4 → FePO4 + Li+ + e-  (4) 
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FePO4 is practically isostructural with LiFePO4. In particular, only minimum displacements of 

the ordered olivine framework arise upon cycling.[53] All of these benefits, especially the great 

advantage regarding safety, have led to the relatively fast commercialization of LFP. Its limited 

specific capacity and its low crystallographic density of 3.6 gcm-3, which results in a small 

volumetric energy, restrict, nevertheless, the range of EVs comprising LIBs with LFP 

cathodes.[164] Substituting Fe2+ by Mn2+, Co2+, or Ni2+ substantially improves the energy density 

of the corresponding cathodes owing to the higher redox potentials of the related CAMs. In 

spite of this, LiMnPO4, LiCoPO4, LiNiPO4, and the associated mixed crystals LiA1-yByPO4  

(A = Fe, Mn, or Ni; B = Mn or Co) or LiMn1/3Fe1/3Co1/3PO4 still suffer from their poor intrinsic 

electronic and ionic conductivity. Reducing the particle size as well as coating with conductive 

polymers or carbon markedly increase the synthesis costs. Moreover, the doped compounds 

demonstrate lower thermal stability than LFP and unsatisfactory cyclability, which is due, 

among other things, to the fact that currently available electrolytes are not stable in the voltage 

window of Ni- and Co-containing species.[16] 

Other polyanionic compounds 

Like LFP, tavorite materials also profit from the strength of covalent phosphorous and oxygen 

bonds leading to good thermodynamic stability up to 175 °C and excellent cycling features. 

Multidimensional Li+ ion diffusion pathways (Figure 16A) provide high ionic conductivity and 

superb rate performance.[76] For instance, LiVPO4F still delivers 90% of its original capacity 

after 400 cycles at 
C

2
 and the operating voltage is equal to 4.05 V. Nonetheless, it has only a 

specific discharge capacity of 140 mAhg-1.[165] The low energy density coupled with concerns 

about toxicity and environmental impact involving vanadium containing compositions has 

prevented the wide-spread application of tavorite-type CAMs.  

 

Figure 16 Crystal structures of A lithium intercalated silicates Li2MSiO4 (blue: transition metal ions, 

yellow: Si ions, and red: Li ions), B tavorite LiMPO4F (blue: transition metal ions, yellow:  

P ions, and red: Li ions), and C LiMBO3 (blue: transition metal ions, yellow: B ions, and red: 

Li ions).[76] 
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Recently, scientists directed their interest towards the family of silicates having the general 

Li2MSiO4 (M = Fe, Mn, and Co) composition because of the natural abundance of low-priced 

silicon and the theoretical capacity of 330 mAhg-1, which corresponds to the extraction of two 

Li+ ions per transition metal unit. The practical capacity, however, is typically limited to the 

deintercalation of one Li+ ion at room temperature (166 mAhg-1). Li2MSiO4 crystallizes in a 

Li3PO4 related structure, whereby all cations occupy tetrahedral sites (Figure 16B). The nature 

of the transition metal ions and the preparation methods determine the exact polymorphic 

phase.[53,164] Nytén et al. were the first to characterize Li2FeSiO4 in 2005.[166] Structural 

rearrangements upon the initial charge comprise lithium and iron site-mixing. Intriguingly, they 

have no negative impact on the cycle life and the Li diffusion ability. Hence, Li2FeSiO4 shows 

a stable specific capacity of around 140 mAhg-1.[164] In contrast, Li2MnSiO4 undergoes 

amorphization during cycling with severe capacity decay. Large irreversible capacity losses 

have been reported for Li2CoSiO4.[164] Mixed metal compounds such as Li2MnxFe1-xSiO4 afford 

capacities of up to 250 mAhg-1. Nevertheless, structural instability causes tremendous voltage 

fading over a range of ca. 4.5 - 1.0 V resulting in poor electrochemical behavior.[53] Besides, 

all lithium metal silicates exhibit a characteristically minor electronic conductivity, which is even 

several orders of magnitude lower than that of LFP. In order to overcome this drawback, 

effective carbon coating and reducing the particle size are one of the primary challenges.[167] 

One of the newest cathode intercalation materials are borates LiMBO3, which have a 

theoretical capacity of 220 mAhg-1. The three-dimensional MBO3 framework consists of MO5 

bipyramids and BO3 trigonal planar shapes (Figure 16C). MO chains share edges along the  

[-101] direction. Li atoms are located in two tetrahedral sites and the edge-shared chains of 

LiO4 run parallel to the [001] direction.[76] An early publication by Legagneur and his group 

describes LiMBO3 (M = Mn, Fe, and Co) with extremely low practical capacities, i.e. 9 mAhg-1 

at 
C

250
.[168] It was not until 2010, that Yamada et al. recognized the actual potential of borates.[169] 

They identified the moisture in air as the main reason for the inadequate electrochemical 

performance of LiMBO3. With proper handling of the cathodes more than 75% of the theoretical 

capacity was obtained at 2C. Nonetheless, in comparison to other CAMs, borates have many 

problems including poor cyclability. Thus, much work needs to be done to optimize synthesis 

approaches and operation conditions.  

2.1.3 Spinel oxide cathodes 

In 1981, Scrosati and Thackeray investigated the spinel magnetite Fe3O4 as CAM for LIBs 

because they looked for a cheaper and environmentally more friendly alternative for LCO.[48] 

As Fe3O4 does not contain any lithium, it cannot be combined with a carbon anode in a battery 

cell. Instead, two years later, Thackeray and Goodenough proposed LiMn2O4 (LMO) as lithium 

insertion/extraction material.[170]  
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Figure 17 A Crystalline structure of LiMn2O4 and B its corresponding lithium diffusion pathways.[171] 

This oxide belongs to the AB2O4 spinel family, which is named after the original MgAl2O4 spinel. 

Commonly, the structure is composed of oxygen ions located on the 32e positions forming a 

cubic close-packed oxygen lattice, whereby 
1

8
 of the tetrahedral (8a) and 

1

2
 of the octahedral 

(16d) sites are filled by A and B cations, respectively (Figure 17A). The octahedral 16c sites 

remain unoccupied. Therefore, the cation distribution of the corresponding unit cell is given by 

{A}8a[B2]16d[O4]32e.[172] Regarding the three-dimensional framework of LMO with space group 

Fd3m (Oh
7
 factor group), edge-sharing MnO6 octahedra permit good electronic conductivity via 

direct Mn-Mn interaction. During intercalation/deintercalation Li ions migrate from one 8a site 

to the adjacent empty 16c site and then to the next 8a site, i.e. along the transport paths  

8a-16c-8a (Figure 17B). Reversibility is provided by the strong edge-shared [Mn2]O4 array that 

helps to maintain the spinel framework.[16] The 3 D network of interstitial sites allows fast uptake 

and release of Li+. Consequently, LiMn2O4 cathodes can be operated with quite high  

C-rates.[171] In addition, LMO delivers a suitable electrode potential of ca. 4.1 V.[70] The 

abundance of less toxic manganese in earth’s crust guarantees long-term availability and low 

prices.[173] Moreover, the chemical stability of LMO is considerably enhanced compared to LCO 

or LNO. The reason for this lies in the position of the d orbitals. Figure 18 depicts the band 

diagrams of Li0.5Mn2O4, Li0.5CoO2, and Li0.5NiO2. Since LMO has an average oxidation state of 

3.5, it consists to 50% of Mn4+ and Mn3+ ions. Only the latter ones are participating in the 

charging procedure. By virtue of the high-spin Mn3+:t2g
3

eg
1 configuration, electrons are only 

removed from the eg orbital, which is located well above the top of the O2-:2p band.[72] Hence, 

oxygen evolution from LMO is prohibited until 600°C is reached.[174] In contrast, the Co3+:t2g 

and the Ni3+:eg orbitals of LCO and LNO, respectively, at least touch the top of the O2-:2p band 

leading to relatively early oxygen losses at discharged states or with rising temperature.[72] Due 

to the positive properties, LMO was commercialized by NEC Moli Energy Corporation in 1996 

and has attracted lots of attention in the field of secondary LIBs.[175]  
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Figure 18 Qualitative energy diagrams of Li0.5Mn2O4, Li0.5CoO2, and Li0.5NiO2. Adapted from[72]. 

Two-phase electrochemical reactions can occur either at around 4 V through lithium extraction 

from the 8a tetrahedral sites of LMO or at ca. 3 V via additional lithium insertion into the vacant 

16c sites according to the following mechanism:[16] 

 LixMn2O4 (0 < x ≤ 1) 
      4 V      
↔      LiMn2O4 

      3 V      
↔      LixMn2O4 (1 < x ≤ 2) (5) 

Cycling LixMn2O4 over the whole compositional range of 0 ≤ x ≤ 2 would give a total capacity 

of 285 mAhg-1. Nevertheless, LMO shows serious problems in the 3 V region. The 

incorporation of excess Li+ causes electrostatic interactions between the ions on face-sharing 

16c and 8a positions. As a result, Li+ move from the tetrahedral to the adjacent 16c sites 

forming rock salt phases on the surface of the Li2Mn2O4 particles.[134] This displacement goes 

along with a Jahn-Teller distortion of the Mn3+O6 octahedra, which reduces the crystal 

symmetry from cubic to tetragonal. The transition is accompanied by a 6.5% increase in the 

unit cell volume and induces strain faults, particle cracking, and loss of electrical contact within 

the composite cathode. Thus, LMO exhibits quick capacity deterioration around 3 V.[56,72]  

The phenomenon of the cubic-to-tetragonal conversion can be explained by the ligand field 

theory (derived from the crystal field theory). Generally, the potential energy released during 

the complex formation between a positively charged metal center Mm+ and n negatively 

charged or polarized ligands L (Mm+ + n L → MLn
m+

) is based on the electrostatic attraction 

between Mm+ and the n ligands as well as the electrostatic repulsion among the ligands 

themselves and between the atomic electron shell of Mm+ and the ligands. The ligand field 

theory exclusively considers the electrostatic interaction between the d-electrons of transition 

metal complex centers (e.g. Mn3+) and the surrounding anions such as O2-. Thereby, it 

describes how the five d-orbitals (dx2-y2, dz2, dxy, dxz, and dyz) have to be distributed in order to 

attain a minimum repulsion with each other and with the electron pairs of Mm+. The d-orbitals 

of a ligand-free central metal ion are of equal energy (i.e. degenerate). If a spherically 
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symmetric field of negative charges is placed around the concerning transition metal center, 

these orbitals remain degenerate, but all of them are raised in energy. Otherwise, the 

introduction of the central ion in an octahedral arrangement of six ligands leads to the 

disappearance of the degeneracy and a splitting of the d-orbitals owing to the different 

repulsive forces between the bonding electron pairs and the d-electrons. The electrons of the 

orbitals dx2-y2 and dz2 with the highest electron density along the x-y- and the z-axis are more 

strongly repelled by the ligands. Thus, they are more energy-rich than the electrons of the  

dxy-, dxz-, and dyz-orbitals, whose electron density lies further away from the ligands between 

the axes. For the Oh point group, the energetically lower orbitals belong to the t2g irreducible 

representation, while the higher ones are eg. In case of asymmetrically occupied octahedral 

complexes, a tetragonal distortion might be energetically favorable. Regarding, for example, 

the t2g
3

eg
1 configuration of high spin Mn3+, stretching along the z-axis reduces the energy of the 

orbitals having a z component (dz2, dxz, and dyz). The associated decreased electrostatic 

repulsion by the ligands induces a stabilization of these orbitals. At the same time, the energy 

of the dx2-y2- and the dxy-orbitals is raised to compensate the energy difference. However, Mn3+ 

reveal more electrons in the energetically lower orbitals than in the higher ones. Consequently, 

the square-planar complex is stabilized by this Jahn-Teller effect (Figure 19). In contrast, Mn4+ 

are Jahn-Teller inactive because they show a uniform electron distribution on the t2g orbitals. 

An elongation or compression along the z-axis would not result in a stabilization.[172]  

 

Figure 19 Illustration of the Jahn-Teller distortion in manganese oxides. With modifications from[16]. 

Consequently, LMO is only used in the 4 V region. The enhanced voltage is due to the high 

activation energy required for Li+ to move from one 8a site to another via the energetically 

unfavorable adjacent 16c octahedral site. For 0 < x ≤ 1, LixMn2O4 demonstrates a better 

cycling behavior, but the capacity is limited to 120 mAhg-1, which corresponds to an extraction 

of ca. 0.8 Li+ per formula. Unfortunately, the lithium manganese oxide spinel also displays 

capacity fading around 4 V and the deterioration is even more pronounced at elevated 
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temperatures.[72] There are several reasons for this. Loss of crystallinity, formation of  

oxygen-rich spinel, site exchange between Li and Mn, and development of micro-strain are 

sources for the capacity decay.[176,177] In addition, at the end of discharge, the emergence of 

nonequilibrium conditions, i.e. the lithium insertion rate is higher than the diffusion rate form 

the surface to the bulk, causes a local decline of the average Mn oxidation state. The increased 

number of Jahn-Teller distorted Mn3+ leads to the production of tetragonal Li2Mn2O4 at the 

particle surfaces.[178] Furthermore, the delithiated electrodes irreversibly react with the organic 

electrolyte. Conductive carbon additives intensify the oxidation or decomposition.[179,180] Finally, 

Mn dissolution in the electrolyte provokes, among other things, the loss of active material and, 

therefore, poor cyclability. Two different mechanisms are suggested for this process. Since 

trace amounts of H2O are always found in LiPF6/organic electrolyte solutions, HF is generated 

according to the reactions below:[181] 

 LiPF6  LiF + PF5   (6) 

 PF5 + H2O → POF3 + 2 HF (7) 

 POF3 + 2 H2O → POF(OH)2
 + 2 HF (8) 

 POF(OH)2 + H2O → H3PO4 + HF  (9) 

Mn3+ disproportionates into Mn2+ and Mn4+ at low potentials when ppm levels of acidic 

components are existent in the electrolyte. In 1981, Hunter experimentally proved the 

disproportion of LMO by stirring the powder in dilute sulfuric acid:[182] 

 2 LiMn2O4 + 4 H+ → 3 λ-MnO2 + Mn2+ + 2 Li+ + 2 H2O (10) 

Mn2+ leach out in the electrolyte, whereas Mn4+ remain in the solid phase. It is confirmed that 

the vacant manganese sites are occupied by lithium ions. Hence, a defect lithium-rich spinel 

structure with strongly reduced capacity and cycle life is formed:[53,183] 

 LiMn2O4 → Li[LixMn2-x]O4 + Mn2+  (11) 

Besides, the divalent manganese ions migrate to the anode, are reduced, and precipitate as 

metallic Mn:[4]  

 Mn2+ + 2 LiC6 → Mn + 2 Li+ + 2 C6 (graphite) (12) 

As a result, self-discharge of the lithiated graphite is promoted and severe electrolyte 

decomposition takes place, which engenders excessive SEI growth.[183] By virtue of the 

presence of metallic Mn, the SEI becomes electronically conductive. Obviously, Li+ are 

reduced before they can diffuse through the surface layer and deposit as metallic Li on the 

anode. Lithium plating is a well-known safety issue and the manifested lithium dendrites are 
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considered to lead to short circuits.[184] The diminution of active lithium is reflected in a 

significant capacity drop.  

In contrast to the disproportion of Mn3+, Mn dissolution catalyzed by HF may also occur at 

higher states-of-charge (SOC). Thereby, HF reacts with LMO in the following manner:[185] 

 Li1-xMn2O4 + 2(1-x) HF → (
3 + x

4
) λ-Mn2O4 + (1-x) LiF + (1-x) H2O + (

1-x

2
) MnF2 (13) 

Insoluble, isolating side reaction products like LiF, MnF2, and MnxOy accumulate on the spinel 

electrode leading to an increase of the charge-transfer resistance. Thus, even a very small 

quantity of manganese in the electrolyte exerts a large negative influence on the cell 

performance. Figure 20 schematically illustrates the mentioned effects of Mn dissolution. 

 

Figure 20 Dissolution of lithium manganese spinel and the related effects. 

Numerous strategies have been pursued to improve the electrochemical characteristics of 

LMO. The preparation of the cation-deficient spinels Li1-xMn2-2xO4 has seemed to be very 

promising because of the enhanced Mn oxidation state. Nonetheless, they offer a diminished 

capacity in the 4 V region and it is hard to control the degree of non-stoichiometry during the 

synthesis.[53] Another method to suppress the amount of Jahn-Teller active trivalent 

manganese in the spinel structure includes cation substitutions. First, lithium-rich modifications 

with the general formula Li1+δMn2-δO4 (0 < δ < 0.33) have been examined. They cycle much 

better than LiMn2O4, but the associated capacity is much lower.[72] Later on, other transition 

metal cation dopants such as Mg2+, Ni2+, Zn2+, Co3+, Cr3+, Cu2+, and Fe3+ have been 
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investigated.[180,186–192] Most of the doped spinels LiMxMn2-xO4 (M = Mg, Ni, Zn, Co, Cr, Fe, etc. 

and 0 ≤ x ≤ 1) exhibit a plateau near 4 V and an additional 5 V plateau. The former one 

correlates with the Mn3+/4+ redox couple, while the latter one corresponds to the oxidation of 

the transition metal.[16] Ni has emerged as an attractive substituent for Mn owing to the better 

cycling stability compared to the other candidates.[189,193,194–196] Thereby, LiNi0.5Mn1.5O4 is of 

particular interest on account of the smallest Mn3+ content.[53,189] A detailed discussion on nickel 

doped spinels is given in the next chapter.  

Further approaches to realize LMO with good capacity retention have shown varying degrees 

of success. They involve reduction of the surface area by tuning the particle morphology, partial 

substitution of O2- ions by F- ions, protective coatings of the spinel particles with oxides  

(e.g. LCO, ZrO2, SiO2, V2O5, Al2O3, and MgO), the use of new electrolyte additives that 

neutralize HF and absorb protons, applications of non-fluorinated conductive salts like lithium 

bis(oxalate)borate (LiBOB), and blending LMO powder with LNO, LCO, or lithium nickel cobalt 

oxide.[16,53,67,177,197,198]  

Lithium spinel oxide cathodes containing transition metals other than Mn have also been 

explored. LiNi2O4 and LiCo2O4 are two examples. Nevertheless, the majority of these materials 

features inferior electrochemical behavior. Therefore, they are not interesting as CAMs for 

industrial purposes.[53]  

Table 2 outlines the most important electrochemical properties of some CAMs and Figure 21 

summarizes the historical development of intercalation cathode active materials for 

rechargeable LIBs. 
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Cathode active material Structure 

Average 

Potential 

(V vs. Li) 

Specific 

capacity 

(mAhg-1) 

Specific 

energy 

(Whkg-1) 

LiCoO2 layered 3.90 145 566 

LiNiO2 layered 4.00 200 790 

LiNi0.8Co0.2O2 layered 3.60 180 648 

LiNi0.80Co0.15Al0.05O2 layered 3.80 165 627 

LiNi1/3Mn1/3Co1/3O2 layered 3.80 155 589 

LiNi0.6Mn0.2Co0.2O2 layered 3.85 165 635 

LiNi0.8Mn0.1Co0.1O2 layered 3.90 180 702 

Li-rich NMCs 

(e.g. Li1.2Ni0.15Mn0.55Co0.1O2) 
layered 3.60 ≥ 250 ≥ 900 

LiMn2O4 spinel 4.10 120 492 

LiMn1.5Ni0.5O4 spinel 4.70 135 635 

LiFePO4 olivine 3.45 160 552 

Li2FeSiO4 tetrahedral 4.50 140 630 

LiVPO4F tavorite 4.05 140 567 

Table 2 Characteristics of several cathode active materials.[16,53,55,57,70,76,78,129,144,199,200]  
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Figure 21 Overview of the historical development of intercalation cathode active materials for 

rechargeable lithium ion batteries. 
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2.2 Lithium nickel manganese oxide spinels 

As mentioned in the previous chapter, several approaches have been pursued to improve the 

electrochemical features of LMO. One of the most popular and successful strategies are cation 

substitutions of manganese.[180,186–192] Among them, nickel substituted manganese spinels 

(LiNixMn1-xO4, x ≤ 0 ≤ 0.5) are of particular interest and have been studied by several 

groups.[188,189,194,201,202] Generally, they can be written as LiNix
2+

Mn1-2x
3+

Mn1+x
4+

O4 with 

x ≤ 0 ≤ 0.5.[203] The oxidation of Mn3+ to Mn4+ occurs at approx. 4.1 V, while the Ni2+/4+ redox 

couple is characterized by a long flat plateau below 4.8 V.[55] The voltage plateaus can be 

explained by the crystal field theory. The 3d levels of the transition metals Mn and Ni split into 

eg and t2g orbitals, when they are octahedrally coordinated with oxygen. Considering the  

high-spin Mn3+:3d4 configuration, three electrons occupy the t2g levels and one electron is in 

eg. For Ni2+, six electrons are located in the t2g orbitals and two electrons are positioned in the 

eg levels. The redox reactions Mn3+ → Mn4+ and Ni2+ → Ni4+ only involve the eg bands. Thereby, 

the electron on the Mn eg level has a binding energy of around 1.5 - 1.6 eV, corresponding to 

the 4.1 V plateau, whereas the electrons in the Ni eg orbitals have a higher binding energy of 

about 2.1 eV. The increased energy needed to remove the electrons leads to the enhanced 

voltage plateau of up to ca. 4.7 V.[55,188,203] Figure 22 demonstrates the evolution of the 3d 

electronic levels during charging LiNix
2+

Mn1-2x
3+

Mn1+x
4+

O4. 

 

Figure 22 Schematic diagram of the 3d electronic orbitals of Mn3+/Mn4+ and Ni2+ in 

LiNix
2+

Mn1-2x
3+

Mn1+x
4+

O4 during the charge process. With modifications from[55].  

Since the lithium nickel manganese oxide spinel LiNi0.5Mn1.5O4 has the smallest Mn3+ content 

of all LiNixMn1-xO4 types, most researchers have focused on that substance as a very promising 

CAM.[55,203–208] Mn3+ should be avoided within the spinel structure because they are prone to 

Jahn-Teller distortion and contribute to manganese dissolution (see chapter 2.1.3).[70] Amine 
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et al. and Dahn et al. were the first to discover that LiNi0.5Mn1.5O4 can be used as 5 V class 

CAM for LIBs.[187,189] LiNi0.5Mn1.5O4 has a beneficial average potential of ca. 4.7 V vs. Li and a 

theoretical capacity of 147 mAhg-1, which enable a high theoretical specific energy of 

691 Whkg-1.[55] Higher nickel contents would only be advantageous with respect to an increase 

of the material’s capacity. But simultaneously, the electronic conductivity would suffer on 

account of the complete absence of Mn3+.[209] More structural details are given below.  

2.2.1 The crystal structures of LiNi0.5Mn1.5O4 

In dependence on the cation distribution, there are two possible crystallographic forms for the 

spinel LiNi0.5Mn1.5O4: a face-centered, non-stoichiometric cation-disordered spinel 

(S.G. Fd3m) and a primitive simple cubic crystal with a stoichiometric, cation-ordered network 

(S.G. P4332).[205] Both structures are depicted in Figure 23. 

Regarding the disordered phase (S.G. Fd3m), Mn and Ni are randomly distributed in 

octahedral 16d sites, Li are located in tetrahedral 8a sites, and O, which are cubic  

close-packed, occupy the 32e positions.[205] The vacant octahedral 16c sites enable good 

lithium ion conductivity through the formation of three-dimensional 8a-16c diffusion 

channels.[207] In contrast, for the ordered phase (S.G. P4332) Ni and Mn are uniformly 

distributed in distinct 4b and 12d sites, respectively, resulting in a regular 3:1 ratio 

arrangement. Thereby, the vacant 16c sites are split into ordered 4a and 12d sites.[207]  

O occupy the 24e and 8c Wyckoff positions, whereas Li are located in 8c sites. Since the 

lithium ion diffusion occurs via the 8c-4a and 8c-12d paths, the lithium migration is retarded by 

the occupied 4b and 12d positions.[210]  
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A 

 

B 

 

Figure 23 Schematic drawing of the two structures of LiNi0.5Mn1.5O4 including the lithium ion diffusion 

paths. A face-centered spinel (S.G. Fd3m) and B primitive simple cubic (S.G. P4332).[207]  
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It is known that the synthetic routes and techniques define the properties of LiNi0.5Mn1.5O4  

(e.g. particle size and morphology) and decide which one of the two structures is produced. 

Actually, there are numerous synthetic methods for LiNi0.5Mn1.5O4 like, for example, solid state 

reactions, molten salt syntheses, wet-chemical routes, spray techniques, and polymer-assisted 

methods.[55,203,211,212,213,214] The synthesis of the disordered spinel structure under high 

calcination temperatures is typically accompanied by oxygen loss leading to the  

non-stoichiometric phase (S.G. Fd3m).[189,215,216] On account of the oxygen-deficiency within 

the spinel network, some Mn4+ are reduced to Mn3+ to afford charge neutrality.[203] Furthermore, 

rock salt impurities, i.e. NiO and/or LixNi1-xO, are usually generated under such high 

temperature conditions (Figure 24).  

 

Figure 24 Schematic illustration of the transition from spinel to rock-salt phase above 700 °C. Ni 

and/or Mn ions migrate to interstitial octahedral 16c sites and displace the Li+ ions from 

tetrahedral sites to octahedral sites.[215]  

These undesired side reaction products deteriorate the electrochemical features of the high 

voltage spinel material.[189,217,218] To avoid rock salt impurities, but not Mn3+ associated with the 

disordered spinel fraction, slow cooling from the calcination temperature (1 °Cmin-1) is 

recommended.[215] The ordered spinel phase (S.G. P4332) is obtained by annealing the sample 

at 700 °C in air or pure oxygen after the high temperature calcination. Then, ordering of Ni2+ 

and Mn4+ takes place and all oxygen vacancies are removed. The resulting powders do not 

contain any Mn3+.[205,215] Another approach concerns the direct synthesis under oxygen yielding 

the cubic spinel structure with the P4332 space group instead of Fd3m.[195,219] 

The two spinel phases have different electrochemical characteristics. Considering the rate 

capability, the disordered structure is believed to be more beneficial than the ordered 

one.[205,211,220,221] This is related to the higher ionic conductivity of the non-stoichiometric spinel 

given by the three-dimensional 8a-16c diffusion channels with low activation barriers for lithium 

ion migration. Li+ movement within the stoichiometric spinel structures is impeded by the 
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stronger electrostatic repulsion from the transition metals, which occupy the 4b and 12d 

positions.[195,205,220,222] Moreover, the disordered phase delivers a higher starting capacity than 

the ordered one due to the additional Mn3+/4+ redox couple.[204] Besides, a higher degree of 

ordering reduces the electronic conductivity of the spinel structure owing to the lack of Mn3+. 

This is because the electron transfer is supported by electron hopping between Mn3+ and 

Mn4+.[123,222,223] Consequently, a low amount of Mn3+ within the structural network is favorable 

despite its tendency to disproportionate to Mn2+ and Mn4+ with the concomitant Jahn-Teller 

distortion. Although the oxygen vacancies in the non-stoichiometric spinel contribute to 

capacity fading, there is a consensus for the better cycling stability of non-stoichiometric high 

voltage spinel compared to the ordered phase.[203,211,224] Therefore, the disordered structure is 

usually applied as CAM in LIBs.[214,225] Nevertheless, the oxygen deficiencies and Mn3+ should 

be kept below a critical value in order that the negative effects remain minimal. Valuable 

analytical techniques to distinguish the two crystal structures are, for instance, X-ray diffraction 

(XRD), neutron diffraction, X-ray absorption fine structure (XAFS), X-ray absorption near edge 

structure (XANES), electron diffraction, Raman spectroscopy, and Fourier transform infrared 

spectroscopy (FTIR).[195,203,224,226,227] 

An effective method to control the crystallographic features and to stabilize the electrochemical 

performance of high voltage spinel electrodes is partial replacement of Ni and/or Mn in 

LiNi0.5Mn1.5O4 by other metal cations.[1,228] For example, the formation of rock salt impurities 

can be avoided by metal ion doping.[1] In general, small amounts of elemental substitutions 

(e.g. Fe, Cr, Ru, Zr, Al, Co, Mg, Ga, and Cu) have been demonstrated to improve the cycling 

behavior of Li//LiNi0.5Mn1.5O4 half cells.[1,218,228–230,231]  

2.2.2 Phase transitions upon cycling 

The phase evolution of LiNi0.5Mn1.5O4 throughout Li+ intercalation/deintercalation has been 

studied by several research groups using both ex situ and in situ X-ray diffraction 

techniques.[55,195,196,200,203,224,227,230,232–234,235] However, the reported results are partially 

conflicting and are strongly dependent on the examined sample. For example, Alcantara et al. 

found that Li1Ni0.5Mn1.5O4 exhibits a single cubic phase up to Li0.5Ni0.5Mn1.5O4. Further Li+ 

extraction causes the XRD reflections to split and two cubic phases with different unit cell 

parameters are detectable from Li0.45Ni0.5Mn1.5O4 to Li0Ni0.5Mn1.5O4. Thereby, the second phase 

shows a contraction of the unit cell volume.[196] Mukerjee and co-workers investigated the 

charge/discharge mechanism of Ni-doped spinels around 5 V by in situ X-ray diffraction. They 

demonstrated the coexistence of three phases in the upper voltage plateau (4.5 - 5.2 V) with 

minimal changes in the lattice parameters within each phase.[227] Kim and his group compares 

the phase development of non-stoichiometric (S.G. Fd3m) and stoichiometric (S.G. P4332) 

high voltage spinel cathodes (LixNi0.5Mn1.5O4) by XRD. The disordered structure undergoes a 



2. Theoretical concepts 

2.2 Lithium nickel manganese oxide spinels 

43 

one-step phase transition during Li+ deintercalation from x = 1 - 0.04. Actually, the lattice 

constant of the first cubic phase decreases linearly upon Li+ extraction until x equals 

approx. 0.25, whereas that of the second cubic phase remains nearly constant at ca. 8 Å. In 

contrast, the ordered structure reveals a two-step phase transition with three distinct cubic 

phases from 1 ≤ x ≤ 0.5, 0.75 ≤ x ≤ 0.25, and 0.25 ≤ x ≤ 0.04 (Figure 25).[195] 

 

Figure 25 Variation in the lattice parameter a of non-stoichiometric (S.G. Fd3m, closed symbols) and 

stoichiometric (S.G. P4332, open symbols) high voltage spinel electrodes (LixNi0.5Mn1.5O4) 

on charge.[195] 

Ozhuku et al. also studied the mechanism of Li+ intercalation/deintercalation into/from ordered 

LixNi0.5Mn1.5O4 (S.G. P4332). They observed two cubic/cubic two-phase reactions from x = 1 to 

x = 0. More precisely, Li0Ni0.5Mn1.5O4 (8.00 Å) is reduced to Li1Ni0.5Mn1.5O4 (8.17 Å) via 

Li0.5Ni0.5Mn1.5O4 (8.09 Å). In other words, the oxidation of Ni2+ to Ni3+, and to Ni4+ induces the 

decrease of the lattice parameters from 8.17 to 8.00 Å.[236] Idemoto and his group also 

identified three phases for LixNi0.5Mn1.5O4 (S.G. P4332) in dependence of the valence state of 

nickel: Ni2+ (a ≈ 8.16 Å) to Ni3+ (a ≈ 8.09 Å) to Ni4+ (a ≈ 8.00 Å).[232] In contrast, a different phase 

evolution for the material with the P4332 space group (LixNi0.5Mn1.5O4) was recognized by 

Wang and co-workers. The first cubic phase is stated as a solid solution phase from 

1.0 ≤ x ≤ 0.2 (a ≈ 8.17 - 8.16 Å). A second cubic phase with a lattice constant of approx. 8.08 Å 

appears at around x = 0.7 through a biphasic transition. At x = 0.5 a third cubic phase starts 

growing while the other two phases are still present. They coexist till the end of charge 

(Figure 26B). For the Fd3m high voltage spinel, three distinct steps are defined. The first cubic 

phase is assigned to a solid solution-type reaction with varying lattice parameters from 

1 ≤ x ≤ 0.7 (8.17 - 8.12 Å). From x = 0.6 a second phase develops with a refined lattice 

constant at ca. 8.08 Å and from x = 0.4 a third cubic phase becomes visible with a lattice 

parameter at around 8.00 Å (Figure 26A).[224] 
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Figure 26 Evolution of the lattice constants of different phases during Li+ deintercalation. A Fd3m 

structure and B P4332 structure.[224] 

The group of Arai utilized XANES and XRD to investigate phase transition kinetics of 

LiNi0.5Mn1.5O4. Nonetheless, the authors did not specify if their measurements were made with 

ordered or disordered high voltage spinel material. It is simply noted that the phase transitions 

proceed with the coexistence of Li1Ni0.5Mn1.5O4 and Li0.5Ni0.5Mn1.5O4 in the low potential plateau 

and that of Li0.5Ni0.5Mn1.5O4 and Li0Ni0.5Mn1.5O4 in the high potential region. The changes of the 

cubic phases are related to the oxidation state changes of the transition metals.[233] Zhang  

et al. performed in situ XRD analysis on LixNi0.5Mn1.5O4 with the P4332 space group. Two-step 

two-phase reactions between three cubic phases during lithium intercalation/deintercalation 

are registered. Interestingly the first cubic phase is present throughout the whole discharging 

process (a ≈ 8.17 - 8.15 Å). The second cubic phase appears at x ≈ 0.85 (a ≈ 8.09 Å) and the 

third cubic phase evolves at x ≈ 0.4 (a ≈ 8.00 Å). All three phases coexist until x = 0.[230] 

Another report deals with temperature controlled in situ XRD measurements for clarifying the 

reaction dynamics of thin LiNi0.5Mn1.5O4 electrodes upon Li+ insertion/extraction at various 

temperatures. It is shown that the phase transitions of Li1Ni0.5Mn1.5O4 to Li0Ni0.5Mn1.5O4 occur 

in a stepwise manner via Li0.5Ni0.5Mn1.5O4 at room temperature and above. At lower 

temperatures, the complete delithiation to yield Li0Ni0.5Mn1.5O4 is restricted as the phase 

transition of Li0.5Ni0.5Mn1.5O4 to Li0Ni0.5Mn1.5O4 is rather slow and actually the rate determining 

step.[234] Chen et al. also conducted in situ XRD studies of LixNi0.5Mn1.5O4 cathodes  

(S.G. Fd3m) at room temperature. The formation of the second cubic phase Li0.5Ni0.5Mn1.5O4 

(a = 8.09 Å) is already detected at x > 0.71 at the expense of the first cubic phase 

Li1Ni0.5Mn1.5O4 (a = 8.17 Å). The third cubic phase Li0Ni0.5Mn1.5O4 (a = 8.00 Å) appeared upon 

further Li+ removal, which rendered the coexistence of three cubic phases in the sample with 

an intermediate Li+ content of 0.25 < x ≤ 0.71. At x ≤ 0.25, the spinel electrodes were solely 

composed of the second and third cubic phase. The dimensions of the lattice constants are 

supposed to be directly attributed to the transition metal oxidation states.[200] 
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All in all, several publications report on investigating the phase transitions of LiNi0.5Mn1.5O4 

composite electrodes throughout Li+ intercalation/deintercalation. Nevertheless, in 

dependence of the space group, the particle size, and the particle morphology different phase 

evolutions with only inaccurate and/or conflicting information on the transition metal valence 

states are observed.  

2.2.3 Problems and challenges of high voltage spinel full cells 

Although several researchers have put much effort on studying lithium nickel manganese oxide 

spinel materials, the breakthrough as CAM has not been achieved so far.[1,55,57,203,229] One 

reason is certainly that many improvements attained, by for example, cation-doping, 

morphological particle control, surface modification, or electrolyte optimization have largely 

been realized in half cell configurations with a lithium metal anode but not in full cell setups 

comprising a graphite anode.[1,203,214,229,237,238,239] For example, Figure 27 compares the cycling 

performance of half and full cells containing the doped high voltage spinel material  

LiNi0.5-xMn1.5MxO4 (M = Co, Fe, Ga, and Cr; x = 0 and 0.08). With the lithium metal anode all 

substituted samples exhibit a better cycling behavior than the undoped material (x = 0). In 

contrast, all doped samples still suffer severe capacity fading with the graphite anode.[229]  

 

Figure 27 Cycle performance of LiNi0.5-xMn1.5MxO4 (M = Co, Fe, Ga, and Cr; x = 0 and 0.08) cathodes 

operated with different anodes: A with a lithium metal anode when cycled between 5.0 and 

3.5 V and B with a graphite anode when cycled between 4.85 and 3.0 V.[229] 

The most important issues regarding the poor cyclability of C//LiNi0.5Mn1.5O4 full cells hindering 

their commercialization are discussed in the following.  
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Electrolyte oxidation 

Electrolyte solutions for rechargeable LIBs are primarily composed of lithium conducting salts 

(typically LiPF6) dissolved in organic carbonates such as, for instance, ethylene carbonate 

(EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate 

(EMC).[240] It has been shown that the salt species have a minimal effect on the electrolyte 

stability, which is basically determined by the solvents.[241,242] Carbonates are known to be 

reduced at ca. 1.0 V vs. Li and to be oxidized at ca. 4.7 V vs. Li.[4,201,243–247] However, carbonate 

electrolyte mixtures have an oxidation potential of only approx. 4.5 V vs. a lithium nickel 

manganese oxide spinel composite electrode because the conductive carbon additive is 

believed to have a catalytic effect for electrolyte oxidation at high voltages.[1,248,249,249–252] 

In general, the electrochemically stable window of a liquid electrolyte is given by the energy 

separation Eg between its lowest unoccupied molecular orbital (LUMO) and its highest 

occupied molecular orbital (HOMO):[201]  

 Eg = ELUMO - EHOMO (14) 

In a thermodynamically stable battery cell, the anode and cathode potentials µA and µC, 

respectively, are located within the window of the electrolyte, which constrains the open circuit 

voltage VOC of a battery to 

 eVOC = µA - µC ≤ Eg (15) 

where e represents the electron charge.[201] Otherwise, an anode with a bigger µA than the 

LUMO energy will reduce the electrolyte unless a passivation layer (SEI) establishes a barrier 

to prevent electron transfer from the anode to the electrolyte LUMO. Likewise, a cathode with 

a lower µC than the HOMO energy will oxidize the electrolyte unless the electron transfer from 

the electrolyte HOMO to the cathode is blocked by a protection layer (SPI).[201] Thus, it is 

essential to either design high capacity electrodes matched to the HOMO and LUMO of the 

electrolyte or to formulate a non-aqueous electrolyte, which allows a large thermodynamically 

stable window in order to obtain high performance lithium ion cells. Another possibility implies 

the formation of stable passivating films on the electrodes. These protection layers should 

possess the following properties:[16,201,253] 

 the ability to rapidly self-heal when broken by the volume changes occurring throughout 

cycling a lithium ion cell 

 high lithium ion conductivity permitting fast lithium ion transfer between the electrodes 

and the electrolyte 



2. Theoretical concepts 

2.2 Lithium nickel manganese oxide spinels 

47 

 high electronic resistance to avoid a thickening of the layers leading to high internal 

resistances and self-discharge, but without blocking the electron transfer between the 

active material particles and the current collectors 

 low charge-transfer resistance 

 uniform morphology and chemical composition for homogeneous current distribution  

 good adhesion to the electrodes 

 mechanical strength, flexibility, and integrity 

 thermal stability  

 insolubility in the electrolyte 

 reasonable thickness 

The combination of a graphite anode and a high voltage spinel cathode increases the cell 

voltage significantly as µC is noticeably lowered on account of the Ni2+/4+ redox couple 

compared to standard CAMs (e.g. NMC-111). Figure 28 displays schematically the electronic 

density of states and Fermi energies for a LixNi0.5Mn1.5O4 electrode.  

 

Figure 28 Schematic diagram depicting the electronic density of states and Fermi energies for a 

LixNi0.5Mn1.5O4 electrode. With modifications from[70,203]. 

The energy of a redox couple is not only governed by its formal valence state, but it also 

depends on its position relative to the top of the anion p band. While Mn3+ can be easily 

oxidized to Mn4+ around the 4 V plateau, the Fermi energy EF of the Ni3+/4+ couple is pinned at 
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the top of the O2-:2p band determining the intrinsic voltage limit vs. Li for the cathode. Thereby, 

the empty states above EF transform progressively from primarily d- to primarily p-symmetry 

upon oxidation. Hence, it is possible to access two formal valences on the active cation  

(Ni3+ and Ni4+) without a voltage step on passing from one oxidation state to another. In 

contrast, the redox energy of the Mn4+/5+ couple cannot be utilized as it lies well below the top 

of the O2-:2p band.[201,203]  

As can be seen, the Fermi energy EF of the LixNi0.5Mn1.5O4 electrode is positioned below the 

HOMO of a liquid carbonate electrolyte, which is about 4.3 V under the Fermi energy EFA of a 

lithium metal anode. This is the reason why carbonate-based electrolytes are not stable 

throughout cycling C//LiNi0.5Mn1.5O4 cells. Instead, the electrolyte components are oxidized 

above ca. 4.5 V and the corresponding reaction products deposit on the spinel electrode 

surface.[1,55,203,245,246,248,251,252] The latter range from polyethylene carbonates, polyethylene 

oxides, lithium carbonates, lithium fluoride, to fluorophosphates. Therefore, reversible 

reactions within the cell are only obtained when a passivating, Li permeable layer is formed on 

the LiNi0.5Mn1.5O4 electrode. This layer is called solid permeable interface (SPI). It prevents 

further electrolyte decomposition, which is accompanied by the self-discharge of the CAM to 

compensate for charge neutrality:[4,206] 

 Ni0.5Mn1.5O4 + x Li+ + x electrolyte → LixNi0.5Mn1.5O4 + x electrolyte+ (16) 

Although the oxidation of the alkyl carbonates results in the generation of a polymeric, Li 

conductive film, a strong performance degradation of high voltage spinel full cells is commonly 

reported.[1–6,248,251] As a matter of fact, a carbonate-based SPI does not cover the composite 

cathode sufficiently to stop the undesired electrolyte corrosion and consumption of active Li+ 

upon cycling.[248,251] Up to now, several studies have been conducted to identify the 

mechanisms of electrolyte oxidation and the respective decomposition  

products.[1,242,245,247,254–261] Aurbach et al. observed the generation of carbon dioxide, carbon 

monoxide, and carbonyl compounds such as chain organic carbonates, ketones, aldehydes, 

and formates by in situ FTIR measurements. Thereto, alkyl carbonate solutions of commonly 

used Li salts (LiPF6, LiAsF6, LiClO4, Li(NSO2CF3)2, etc.) were oxidized on metal electrodes 

including Au, Pt, and Al at onset potentials between 3.5 and 4 V vs. Li.[242] Studies by Zhang 

and Ross revealed that the electrolyte formulation composed of 1 M LiPF6 in EC/DMC 

develops CO2 at the threshold voltage of 5 V vs. Li when using glassy carbon as the working 

electrode.[254] Two other reports describe the formation of CO2 and acetone on account of the 

decomposition of PC-based electrolytes at voltages higher than 4.0 V vs. Li.[255,256] The gas 

generation causes bulging of pouch-type battery cells and is a serious performance and life 

issue. Recently, Leitner et al. speculated that excess amounts of CO2 might be reduced at the 

anode to yield Li2CO3, which consumes Li+ ions and accelerates capacity decay.[257,258] 
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Kanamura and his group investigated the electrochemical oxidation processes on Ni 

electrodes in propylene carbonate electrolytes by using cyclic voltammetry, X‐ray 

photoelectron spectroscopy, and in situ Fourier transform infrared spectroscopy. According to 

their results, Ni cathodes, electrolyte salts, and solvents are oxidized at an anodic potential 

greater than 4.2 V vs. Li. This leads to the production of polycarbonates.[259] Yang and  

co-workers examined the reaction of an electrolyte (1 M LiPF6 in EC/DMC/DEC (1/1/1, w/w/w)) 

with the surface of LiNi0.5Mn1.5O4 by storing LiNi0.5Mn1.5O4/Li coin cells at high voltages 

(4.7 - 5.3 V vs. Li). By means of ex situ X-ray photoelectron spectroscopy (XPS) and IR 

spectroscopy, polyethylene carbonate was registered on the spinel electrode surface.[245] 

Moreover, it was shown that the strong Lewis acid PF5 catalyzes the ring-opening of EC, 

followed by its polymerization into polyethylene oxide and similar products.[1,247,260,261] Kim  

et al. studied the electrolyte degradation after storing LiNi0.5Mn1.5O4 cathodes in the electrolyte 

(1 M LiPF6 in EC/DEC (1/1, v/v)) under different conditions: SOC, temperature, and storage 

time. The chemical composition of the aged electrolyte samples were determined by gas 

chromatography. Ethanol and diethyl ether were recognized as decomposition products, 

whereby the contents are strongly dependent on the test parameters. H2O and CO2 are also 

generated as undesired side-reaction products in lithium nickel manganese oxide spinel full 

cells.[1,4] Besides, Edström et al. utilized synchrotron-based soft XPS to analyze the corrosion 

of the electrolyte 1 M LiPF6 in EC/DEC (1/1, v/v) in the surface region of a conductive carbon 

electrode at high voltages up to 4.9 V. They identified the formation of hydrocarbons, ether 

species, LiF, and carbonates.[250]  

In order to stabilize the passivation layer on the LiNi0.5Mn1.5O4 cathode surface many 

researchers have focused on adding electrolyte additives to the conventional 

electrolytes.[5,262,262–279] Each novel electrolyte formulation suffers from some disadvantages. A 

real breakthrough has not been achieved so far. Another possibility involves the utilization of 

other electrolyte solvents, which have a greater oxidation stability than carbonates. Xu and 

Angell, for example, revealed that sulfone-based electrolytes exhibit a remarkable anodic 

stability of up to 5.8 V vs. Li.[241,280] However, most sulfones are unable to generate a stable 

SEI on the graphite electrode, have high melting points, and high viscosities, which limit their 

implementation in lithium ion cells.[1] Nitriles have also a higher oxidation stability than 

carbonates. Actually, electrolytes comprising up to 50 vol% dinitriles extend the anodic stability 

up to 6 V vs. Li.[281] Nonetheless, dinitriles solvents have only a limited compatibility with 

metallic Li and lithiated graphite electrodes as lithium can reduce the nitrile group.[282] Finally, 

attempts have been made to improve the oxidation stability of carbonates by replacing protons 

with fluorine, because then the HOMO of the electrolyte is lowered.[263,283] But the LUMO of the 

electrolyte is lowered, too, which might be an issue for C//LiNi0.5Mn1.5O4 full cells, when the 

fluorinated molecules are incapable of forming an effective SEI.[283,284]  
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Transition metal dissolution 

The inferior cyclability of high voltage spinel full cells is also ascribed to dissolution reactions 

of manganese and nickel into the electrolyte. Generally, two different mechanisms for transition 

metal dissolution are discussed. For instance, Mn3+ are known to disproportionate to Mn2+ and 

Mn4+ in the presence of trace amounts of acidic components as first observed by Hunter:[4,182] 

 2 Mn3+ → Mn2+ + Mn4+ (17) 

The resulting Mn2+ dissolve in the electrolyte, migrate to the anode, are reduced, and 

precipitate as metallic Mn:[4]  

 Mn2+ + 2 LiC6 → Mn + 2 Li+ + C6 (graphite) (18) 

As already described in chapter 2.1.3, the presence of metallic Mn on the graphite electrode 

provokes the self-discharge of the anode, causes the loss of active Li+, and induces massive 

SEI growth.[183] Furthermore, the SEI becomes electronically conductive, which engenders Li 

plating.[184] Although the Mn3+ content in LiNi0.5Mn1.5O4 is much lower than in LMO, it still suffers 

from severe metal ion depletion. This is primarily due to the higher operating voltage, which 

supports the reaction of HF with the CAM:[4,285,286] 

2 LiNi0.5Mn1.5O4 + 4 HF → 0.75 MnF2 + 0.25 NiF2 + 2 LiF + 2 H2O + 3 Ni0.25Mn0.75O2 (19) 

 or  

4 LiNi0.5Mn1.5O4 + 8 HF → 2 MnO2 + MnF2 + NiF2 + 4 LiF + 4 H2O + 2 Ni0.5Mn1.5O4 (20) 

HF is generated in high voltage spinel full cells according to the equations 6 - 9 (see  

chapter 2.1.3). Thereby, the dissolution of Mn and Ni increases with SOC, temperature, and 

storage time of the full cells.[1,4] The reaction products LiF, NiF2, and MnF2 accumulate on the 

cathode surface, which enhances the cell impedance.[4,287] Moreover, the loss of active material 

deteriorates the cycle life of the cells. Reactions 19 and 20 are closely related to the problem 

of electrolyte oxidation, since again the CAM is not protected sufficiently from the contact with 

electrolyte species. Consequently, surface coating of the lithium nickel manganese oxide 

spinel particles seems to be a promising way to prevent chemical interactions between the 

CAM and the electrolyte. Up to now, numerous different surface modifications of high voltage 

spinel particles including oxide coated layers (ZnO, SiO2, Bi2O3, Al2O3, ZrO2, LiCoO2, and 

LiAlO2), noble metal layers (Zn, Au, and Ag), and phosphate layers (Li3PO4, ZrP2O7, FePO4, 

AlPO4, and LiFePO4) have been applied. They have led to better cycling features and rate 

capability retention of the related cells.[288,289,289–291] Nevertheless, excess coating should be 

avoided as it will lead to the loss of rate capability because of the low lithium-ion conductivity 

of the above mentioned materials.[292] In addition, nano-sized  oxide particles can act as HF 
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scavenger.[293] For example, ZnO and Al2O3 coatings react with HF and reduce its active 

concentration in the electrolyte:[292,294] 

 ZnO + 2 HF → ZnF2 + H2O (21) 

 Al2O3 + 6 HF→ 2 AlF3 + 3 H2O (22) 

Besides, some electrolyte additives can also alleviate the HF concentration in the electrolyte 

by trapping HF, H2O, or PF5. Examples are lithium bis(oxalate)borate, tris(2,2,2-

trifluoroethyl)phosphite, pyridine, 1-methyl-2-pyrrolidione, hexamethoxycyclotriphosphazene, 

hexamethylphosphoramide, tris(pentafluorophenyl)borane, dimethylacetamide, and 

hexamethyldisilazane.[295,296,297–299] However, except for LiBOB, there are almost no systematic 

and comprehensive studies about the application of these additives in high voltage spinel full 

cells.[295] 

Additional challenges 

It should be pointed out that not only the CAM and the electrolyte experience high voltages 

(> 4.8 V) upon cycling, but the separator, the binding agents, the conductive carbons, the 

current collectors, and the cell casing must also withstand these conditions. Only recently, 

researches have paid attention towards these supposedly passive and oxidative stable cell 

components.[1,300,301]  

Considering conductive carbons, carbon black additives are typically used for high voltage 

spinel full cells to establish electronically conductive pathways throughout the electrode.[1] 

Graphitic powders are normally not applied for high voltage spinel electrodes because it is 

known that PF6
-
 can intercalate into graphite at high voltages, which results in structural 

degradation of the electrode due to exfoliation.[302] However, lately, it has been shown that 

carbon blacks, including the widely used Super P, also suffer from PF6
-
 intercalation at voltages 

above 4.0 V vs. Li.[1,249,303] Actually, Syzdek et al. suppose that all types of carbon blacks are 

electrochemically active towards LiPF6 based organic carbonate electrolytes and that PF6
-
 

intercalation is not fully reversible. The associated morphological and structural changes of the 

carbon material lead to a gradual loss of power and charge capacity of the composite 

cathode.[303] Furthermore, it has been demonstrated that conductive carbons catalyze the 

oxidation of carbonate-based electrolytes at the high voltages applied for lithium nickel 

manganese oxide spinel electrodes.[1,248–251,304] For instance, Edström et al. confirmed the 

decomposition of 1 M LiPF6 in EC/DEC (1/1, v/v) at the surface of carbon black particles at 

voltages of up to 4.9 V by synchrotron-based soft XPS.[250] Demeaux and co-workers 

compared the oxidation of carbonate-based electrolyte solutions vs. different working 

electrodes including a bare Al current collector and electrodes composed of carbon black and 

PVDF by linear voltammetry. They verified that the carbon black containing electrodes exhibit 



2. Theoretical concepts 

2.2 Lithium nickel manganese oxide spinels 

52 

an earlier onset potential of electrolyte oxidation than the pure Al current collector.[248] Similarly, 

Cabot published a patent, in which five carbon black powders with different degrees of 

graphitization and/or surface areas are investigated with respect to their activity towards 

electrolyte oxidation. Thereto, cyclic voltammograms of coin cells comprising a carbon 

black/PVDF electrode, a lithium anode, and 1 M LiPF6 in EC/DMC/EMC (1/1/1, w/w/w) +  

1% VC were recorded (Figure 29).  

 

Figure 29 Cyclic voltammograms for carbon blacks with different degrees of graphitization and/or 

surface areas. With modifications from[304]. 

As can be seen, large surface areas and many termination groups on the carbon surface lead 

to an onset of oxidation current at approx. 3.3 V. Importantly, the highly graphitized carbon 

materials reveal almost no oxidation currents up to ca. 4.7 V, which is due to electrolyte 

decomposition.[304] Therefore, the reactivity of carbon black is believed to be primarily a result 

of large surface areas and possible functional groups (e.g. hydroxyl, carbonyl, and carboxyl) 

on the carbon surface.[1,252,304]  

Another important part of the composite cathode, the binder, is also affected by the high 

voltage within a lithium nickel manganese oxide spinel full cell. Nonetheless, only few 

researchers investigated this phenomenon.[1,305,306] Fransson et al. observed large irreversible 

oxidation reactions involving the binder and the electrolyte salt LiPF6.[305] A publication by Yoon 

and his group reveals that the dominant failure mechanism of the 5 V LiNi0.5Mn1.5O4 electrode 

at elevated temperature is the contact loss between  the electrode and the current collector, 

between the LNMO particles, and between the LNMO and carbon particles. Delamination 
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implies that the binder is working improperly under extreme cycling conditions. As such, it 

contributes to the poor electrochemical performance of high voltage spinel full cells.[1,306]  

Moreover, the integrity and the anodic stability of the separator is essential and is a prerequisite 

for a good cyclability as well as a safe operation of lithium ion cells. Irrespective of this fact, 

only few reports are found regarding the oxidation stability of separators.[1] Chen et al. 

investigated the electrochemical stability of five commercially available separators for lithium 

nickel manganese oxide spinel cathode materials. It was recognized that PE-based separators 

feature the highest oxidation stability. They suggested that surface reactions occurring among 

the active material, the separator, and the electrolyte at high voltages may lead to deposits on 

the surface of the separators. Such undesired accumulations impair the first-cycle efficiency, 

capacity, rate capability, and long-term cycling stability of high-voltage lithium ion cells.[300] 

Moreover, some groups describe that the separators adopt a brown color after cycling at high 

voltages.[1,260,300,307] This discoloration is attributed to transesterification in the separator and 

electrolyte decomposition products that appear on the surface of the separator.[260,307] In order 

to achieve a good cycling behavior of high voltage spinel full cells, an oxidatively stable 

separator is necessary to avoid unfavorable side reactions, which may cause a decline in 

cyclability.  
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2.3 Methods of characterization 

2.3.1 Cycling method: CC/CV-cycling 

Cycling is an electrochemical technique applied to electrochemical cells to examine their  

long-term stability upon charging/discharging. Basically, a cell can be cycled with a constant 

current, during which the voltage change is recorded as a function of time (constant current 

cycling). When either the end-of-charge-voltage or the end-of-discharge-voltage is reached, 

the voltage might be kept constant until the current has decreased to a fixed target value 

(constant voltage cycling). Cycling procedures that involve charging/discharging steps at 

constant current (CC) mode and subsequently at constant voltage (CV) mode are also named 

CC/CV-cycling or galvanostatic/potentiostatic cycling.[308] 

The electric charge stored in a battery cell, i.e. the capacity, is given by:[309] 

 Q = ∫ I(t)dt = I ∙ Δt (23) 

 Q = electric charge stored in a battery cell 

 I = constant current 

 t = time 

Considering battery cells, the capacity is usually expressed in terms of the specific weight or 

mass of the electroactive component. This specific capacity is typically referred to the CAM, 

which is the limiting factor for the maximum electric charges stored in a full cell.[309] 

Furthermore, the specific discharge capacity is utilized rather than the specific charge capacity, 

because it represents the real usable energy (efficiency < 100%). Generally, the specific 

capacity is calculated according to the following equation:[310,311] 

 Cspecific = 
x ∙F

3600 ∙Mm
 (24) 

 Cspecific = specific capacity  

 x = number of electrons transferred per mole 

 F = Faraday constant (= 96458 Cmol-1) 

 Mm = molecular mass of the electroactive species 

The unities of the specific capacity are given by Ahkg-1 or mAhg-1. The desired velocity of a 

cycling procedure depends on the applied current. As such, the current needed to fully charge 

or discharge a battery cell during a given amount of time is called current rate or C-rate. For 

instance, for a battery cell with a nominal capacity of 1 Ah, a current of 0.1 A is defined as 

0.1 C. In other words, the battery cell requires ten hours to be fully charged or discharged. 

High C-rates are beneficial with regard to high power densities. Concurrently, the specific 

energy is reduced rapidly owing to smaller capacities.[311] 
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The data gained by CC/CV-cycling can also be utilized to calculate the differential capacity 

dQ/dU. By means of this method, voltage plateaus in the voltage-capacity diagram are typically 

transformed into peaks in the dQ/dU representation. Consequently, overlapping processes are 

more easily separated and identified. Nevertheless, the analysis is strongly correlated with the 

accuracy of the numerical differentiation of the raw data.[312] 

2.3.2 Three-electrode measurement 

The insertion of a reference electrode (RE) into a lithium ion full cell consisting of a  

carbon-based anode and a cathode comprising a lithium intercalation active material  

(e.g. lithium transition metal oxides, metallophosphates, or spinel oxides) is required to 

determine the cell balancing. In fact, the balancing of a battery cell means the balancing of the 

involved electrodes. It is described by the ratio of their capacity densities [mAh/cm2], which 

indicates the amount of charge stored per nominal area.[309,313] Usually, cell balancing is 

expressed in terms of anode oversizing or undersizing. For instance, if the ratio of the capacity 

densities of anode vs. cathode equals to 2.2 mAh/cm2 : 2.0 mAh/cm2, the anode oversizing 

corresponds to 10% at a given C-rate.  

Basically, there are three major scenarios regarding cell balancing (Figure 30). Figure 30A 

depicts the case of anode undersizing. The main drawback of this setup is that the oversized 

cathode pushes the anode potential below 0 V vs. Li leading to lithium plating on the surface 

of the negative electrode.[314–316] In other words, the anode is overintercalated and forced to 

accept more lithium ions than it may actually accommodate. Such a scenario results in the 

deposition of metallic lithium on the anode. The process is not completely reversible and, thus, 

cell capacity is lost.[317,318,319] Moreover, Li plating is a well-known safety issue, as it might occur 

in the form of dendrite growth, which can cause an internal short circuit.[320] Additionally, the 

cathode is insufficiently deintercalated and the respective active material is not entirely 

used.[319] Consequently, specific energy is lost.  

By contrast, in the case of extremely high anode oversizing, the cathode is overdeintercalated 

(Figure 30B). The high delithiation degree of the CAM might lead to a destabilization of its 

structure. Hence, a diminished cycling stability as well as a reduced safety of the lithium ion 

cells is likely to evolve.[316,321] Besides, the higher potential of the positive electrode may 

provoke electrolyte degradation by oxidation reactions.[321] Due to the fact that the active anode 

material is not totally involved in the lithium insertion/desertion processes, the specific energy 

of lithium ion cells with such an electrode combination is relatively low.[309] Furthermore, very 

high anode oversizing should be avoided to keep the costs of LIBs low.  

In fact, it is desirable to adjust the balancing of the positive and negative electrodes in such a 

way that nearly 100% of their active masses is used upon charging/discharging lithium ion cells 

to realize high specific energies. Simultaneously, cell features like the cycling behavior or the 
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safety properties should not be affected by incorrect cell balancing (i.e. anode undersizing or 

extremely high anode oversizing). This means that the anode potential should ideally adopt 

positive values just above 0 V vs. Li at the highest SOC of a lithium ion cell (Figure 30C).  

 

 

 

Figure 30 Representation of the three major scenarios regarding cell balancing: A anode undersizing, 

B extremely high anode oversizing, and C optimal cell balancing. With modifications 

from[309].  
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A possible problem with two-electrode measurements is based on recording only the full cell 

voltage. It just gives the difference between the potentials of the anode and the cathode rather 

than absolute values. Therefore, no conclusion of the individual potentials of the single 

electrodes can be made. However, it is critical to derive the potential at each electrode to check 

the cell balancing and to dissect which one of the electrodes plays the most important part with 

respect to deterioration of cell characteristics.[321,322] Furthermore, it is necessary to identify the 

changes of the electrode potentials under various cell operation conditions (e.g. long-term 

cycling, high and low C-rates, different temperatures, etc.) to develop stable and reliable lithium 

ion cells with high specific energies. Half cell measurements, i.e. the individual characterization 

of anode and cathode potentials against lithium metal, are inappropriate to estimate cell 

balancing, since interactions between anode and cathode are not considered.[322] Only a  

three-electrode arrangement allows the correct adjustment of the electrodes within a battery 

cell. 

The RE should meet several requirements. The reference potential must be stable over time 

in the cell environment under a variety of testing conditions.[321,323–325] Actually, the potential of 

the RE is recommended to be high enough to avoid surface reactions like electrolyte reduction 

(≥ 0.8 V vs. Li) and it should be lower than 4.0 V vs. Li to prevent oxidative reactions with the 

electrolyte.[321] Essentially, the RE must not participate in cell reactions, but just act as a non-

inferring spectator electrode.[326] In addition, non-polarizability, reversibility, and reproducibility 

of the reference potential are important prerequisites of a RE.[323–325]  

The most common reference material is metallic lithium. Despite the fact that it is not ideal, 

because the lithium might be affected upon cell ageing (e.g. by the formation of a SEI), it is 

sufficiently reversible and non-polarizable.[323,325,327] Moreover, the production of lithium-based 

REs is relatively simple and if the lithium is properly cleaned prior to the cell assembly, the RE 

potential is stable for several days.[323,325,328] Other materials that have been utilized as 

materials for REs are LTO, LMO, LFP, alloys of lithium with metals such as tin, aluminum, 

bismuth, and antimony, LixRuO2, and transition metal polyanion compounds including pure or 

doped compositions of LixMPO4, LixM2P2O7, LixMPO4F, LixM2(SO4)3, and LixM2(PO4)3 (M = Ti, 

V, Cr, Fe, Mn, Ni, or Co).[321,324] Among those materials LTO and LFP are the most prominent. 

Both undergo a two-phase reaction upon lithium insertion and provide a constant potential at 

1.56 and 3.43 V vs. Li, respectively.[321,323] Figure 31 shows a comparison of the  

current-potential curves of Li, Ag, and LTO reference electrodes. The non-polarizability of 

reference materials would be given by a vertical line in a current-potential diagram. As noted, 

silver metal is not a suitable choice for a RE because its equilibrium potential is not well defined. 

While not presented here, copper features the same problem as silver. As opposed to this, the 

observed potentials for Li and LTO are quite stable, which underlines their qualification as RE 

materials.[329]  
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Figure 31 Current-potential curves at v = 0.2 mVs-1 for three different reference electrode materials: 

Li, LTO, and Ag.[329]  

Regarding the position and the design of a RE, the following aspects should be taken into 

account. The active material of a RE can be directly deposited or coated onto a metal current 

collector. Possible metal current collectors are copper, nickel, stainless steel, titanium, or any 

other material, which neither alloys nor corrodes under the operating potential window of the 

RE in the cell environment.[321] To determine cell balancing, the RE is recommended to be 

placed adjacent to the negative electrode without contacting it. Indeed, the RE material should 

contact the separator positioned between the anode and the cathode.[321] The inactive part of 

the RE may be wrapped or laminated in a porous, electronically insulating material  

(e.g. polyethylene or a ceramic paste), which is electrochemically inert to inhibit ionic conduct 

with the electrolyte. The tip of the RE, where the active material is placed, might be 

encapsulated by a porous polyolefin separator acting as an ionic bridge.[321]  

Although the utilization of a RE seems to be quite simple, several challenges should be 

considered. The introduction of a third electrode into a battery cell enhances the complexity of 

the cell design. Reengineering of the cell architecture is often necessary because an additional 

port in the cell housing is required. The extra feedthrough not only complicates the cell design, 

but also provides an additional safety risk due to an additional possible rupture and leakage 

site, which could cause the entire battery cell to fail.[321] Furthermore, three-electrode cells 

containing a lithium RE have to be assembled in a glove box, making reproducibility and 

precise control of the alignment of the electrodes rather difficult.[330] 

In this thesis, a three-electrode cell is designed to monitor the individual potentials of a 

LiNi0.4Mn1.6O4 cathode and a graphite anode upon CC/CV-cycling of the corresponding full cell. 

In this manner, it is possible to check if the cell balancing is correct or if an adjustment of the 

capacity densities is needed.  
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2.3.3 X-ray diffraction 

The German physicist Wilhelm Conrad Röntgen discovered X-rays on 8 November 1895.[331] 

X-rays are electromagnetic waves with wavelengths ranging from 10-12 to 10-8 m, which is on 

the same order of magnitude as atomic distances in condensed matter.[332] Thus, 

nondestructive X-ray scattering techniques are especially qualified to investigate crystalline 

samples. In general, X-ray diffraction is applied for the identification of minerals, compounds 

and materials, the quantification of minerals, and the determination of crystal structures  

(unit-cell dimensions, symmetry, atom positions, energy densities, and grain sizes).[333] 

Typically, X-radiation is produced in a vacuum-sealed tube containing two electrodes as shown 

in Figure 32.  

 

Figure 32 A schematic of the major components in a laboratory X-ray tube. Adapted from[334].  

The tungsten filament cathode is heated by a power supply and electrons are emitted from the 

metal. The released electrons are accelerated towards the water-cooled anticathode due to an 

electric field between the two electrodes established by a voltage source.[334] More precisely, 

the acceleration voltage of the electron beam is in the range of 10 to 100 kV.[335] High-speed 

electrons hit the metallic anticathode and collide with the atoms in the metal. Standard target 

materials are Cu, Mo, Co, W, Cr, Ni, and Fe. During the impact of the electrons with the 

anticathode, the kinetic energy of the electrons is mainly transformed into heat and less than 

1% is converted into X-rays.[336] Nonetheless, two types of X-rays are generated.  

The continuous radiation or bremsstrahlung is a result of the deceleration of the high-velocity 

electrons in the electric field of the atomic nuclei. Since each electron loses its kinetic energy 

in a different way, the emitted highly energetic electromagnetic waves are a combination of  

X-rays with various wavelengths and continuous distribution. Therefore, this kind of X-radiation 

is also called white radiation and is characterized by a broad spectrum (Figure 33). 



2. Theoretical concepts 

2.3 Methods of characterization  

60 

 

Figure 33 Schematic X-ray emission spectra of a copper and a molybdenum anticathode at 40 kV. 

Sharp characteristic lines on top of the smooth continuous bremsstrahlung spectrum 

represent the radiations. The Kα doublets (not resolved here) for Cu and Mo are shown at 

λα1 = 0.154056 and λα2 = 0.154439, and λα1 = 0.07093 and λα2 = 0.071359, respectively. 

Additionally, the Kβ line for both targets, which is composed of several sublines, is illustrated 

with the center wavelength at λβ = 0.1396 and 0.06323, respectively.[338]  

The maximum energy or the shortest wavelength (threshold wavelength) of the 

bremsstrahlung is given by the entire loss of the kinetic energy of an accelerated electron 

during the slowing-down process.[335] Duane and Hunt described this inverse photoelectric 

effect in 1915.[334]  

 Eel = Ua ∙ e = Ekin = 
1

2
 ∙ me ∙ ve² = Er = hP ∙ fmax = hP ∙ 

c

λmin
 (25) 

 λmin = 
hP ∙ c

Ua ∙ e
 = 

1,2398

Ua [kV]
 [nm] (26) 

 Eel = electric energy 

 Ua = acceleration voltage  

 e = electron charge (= 1.60210 ∙ 10-19 CL) 

 Ekin = kinetic energy 

 me = electron mass (= 9.1091 ∙ 10-31 kg) 

 ve = electron velocity  

 Er = radiation energy  

 hP = Planck constant (= 6.6256 ∙ 10-34 Js) 

 fmax = maximum frequency  

 c = speed of light (= 299,792,458 
m

s
) 

 λmin = minimum wavelength  

The shorter the wavelength, the higher is the penetrating power of the white radiation. 

According to the Duane-Hunt formula mentioned above, this threshold wavelength is strongly 
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linked to the acceleration voltage. An integration over the whole continuous spectrum proves 

the quadratic dependence of the total X-ray intensity on the acceleration voltage. This is in 

agreement with the fact, that a doubling of the voltage causes a doubling of the maximum 

kinetic energy of the electron beam and a doubling of the produced, accelerated, and slowed 

down electrons. Consequently, the area under the curve of the X-ray quanta is quadrupled. In 

case of doubling the current supply, only the amount of electrons is doubled and the maximum 

kinetic energy remains constant. In addition, the intensity of the bremsspectrum strongly 

relates to the atomic number of the metallic target Za and can be estimated by equation 27.[337]  

 IB = A ∙ I ∙ Ua² ∙ Za (27) 

 IB = integrated intensity of the bremsspectrum 

 Aex = experimentally determined constant (= 1.1 ∙ 10-9 V-1) 

 I = current  

 Ua = acceleration voltage 

 Za = atomic number of the anticathode material 

Another possibility of the high-speed electrons to interact with atoms in the anticathode is as 

follows. If the incoming electron has sufficient energy to eject an inner shell electron out of its 

place, ionization occurs and the atom is left in an excited state. This scenario is a discontinuous 

process and correlates with the atomic shell model. The kind of energy is denoted as an 

absorption edge. An electron from a higher shell fills the empty site of the inner shell and the 

atom regains its stable state. The whole process takes approx. 10 ns. The difference in binding 

energy between the involved electron energy levels is released as an X-ray photon of 

quantized wavelength.  

 λ = 
hP ∙ c

ΔE
 (28) 

 λ = wavelength 

 hP = Planck constant (= 6.6256 ∙ 10-34 Js) 

 ΔE = energy difference between inner and outer shell electrons 

 c = speed of light (= 299,792,458 
m

s
) 

This wavelength or frequency of the X-ray quantum only depends on the metallic target 

material and the corresponding atomic shells.[337]  
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Figure 34 A section of an energy level diagram showing the allowed electron transitions of an atom 

involved in excitation and generation of X-rays. With modifications from[335].  

Analysis of the emitted radiation shows that the characteristic lines are assignable to given 

series with distinct fine structure. Figure 34 displays a section of the energy level diagram of 

an atom involved in the excitation and the generation of X-rays. The depicted scale, however, 

does not correspond to the actual energy differences between the electron shells. In fact, the 

energy difference between the K and L levels is ca. eight times larger as that between the L 

and M shells and about 40 times the size as that between the M and N levels.[335] The presented 

electron transitions can be explained by specific selection rules. In general, the electron shells 

are named by the principal quantum number (n = 1, 2, 3, 4, …, ∞) or by a letter of the alphabet 

(K-, L-, M-, N-shell, etc.). In compliance with the Pauli Exclusion Principle, each shell can hold 

2n2 electrons. Furthermore, each shell is comprised of one or more subshells (s, p, d, and f) 

that are determined by the azimuthal quantum number (l = 0, 1, 2, 3, …, n-1). This quantum 

number describes the form of the atomic orbitals. The spatial orientation of the atomic orbitals 

is given by the magnetic quantum number (mq = +l, …, +1, 0, -1, …, -l). Additionally, electrons 

possess an intrinsic angular momentum or electron spin, which is defined as the spin quantum 

number (s = ± 
1

2
). The total angular momentum quantum number j is a combination of the 

azimuthal quantum number l and the spin quantum number s (j = |l ± s|).[172] Regarding electron 

transitions, the following selection rules are valid:[335]  
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 Δn = arbitrary (29) 

 Δl = ±1 

 Δj = 0, ±1 

For X-ray diffraction analysis, the most significant radiations are those of the K series. The 

most intense characteristic line is the Kα doublet. Thereby, the electron transitions from L3 

(2p3/2) to K(1s) and from L2 (2p1/2) to K(1s) correlate with the Kα1 and the Kα2 lines, respectively. 

The intensity ratio of the doublet is 2:1.The Kβ3,1 line has a much lower intensity and is a result 

of the electron transition from M2,3 (2p1/2, 3/2) to K (1s).  

In 1913, Moseley discovered the correlation between the frequency or energy of the 

characteristic radiation and the atomic number.  

 
1

λ
 = 

f

c
 = Ry ∙ (Za - Sc)² ∙ (

1

n1
2 - 

1

n2
2) (30) 

 E = hP ∙ 
c

λ
  = hP ∙ c ∙ Ry ∙ (Za - Sc)² ∙ (

1

n1
2 - 

1

n2
2) (31) 

 λ = wavelength 

 f = frequency 

 c = speed of light (= 299,792,458 
m

s
) 

 Ry = Rydberg constant (= 1.097 ∙ 107 m-1) 

 Za = atomic number 

 Sc = screening constant  

 n = principal quantum number 

 E = energy 

 hP = Planck constant (= 6.6256 ∙10-34 Js) 

The screening constant Sc accounts for the shielding of the nuclear charge by the inner 

electron shells. In case of the Kα line, Sc equals one and equation 30 turns into the following 

expression:[335,339] 

 
1

λ
 = 

f

c
  = 

3

4
 ∙ Ry ∙ (Za - 1)²  (32) 

Both types of the produced X-rays (continuous and characteristic radiation) leave the vacuum 

tube through a beryllium window and hit the sample. A goniometer allows sample rotation and 

tilt to select particular diffraction angles.[340] By means of (Za - 1) monochromatic filters such as 

Cu, Mo, Co, Fe, Cr, and Ag, the bremsstrahlung and the Kβ radiation can be attenuated and 

the Kα lines are mostly diffracted form the set of atomic planes.[334]  

Bragg and Lawrence provided a geometric interpretation of the X-ray diffraction pattern. They 

regarded a crystal lattice as composed of sets of atomic planes, whereby all planes are 

assumed to be identical, parallel to each other, and equidistant from one another. When a 
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crystal is irradiated with monochromatic X-rays, a part of the beam is diffracted at the first 

plane, another part at the second plane and so on and on. Figure 35 demonstrates the 

diffraction of two X-rays at adjacent crystal planes.  

 

Figure 35 Derivation of Bragg’s law for X-ray diffraction. With modifications from[332].  

The second beam DEF has to travel the additional distance GE + EH as compared to the first 

beam ABC. Both beams are phase-shifted due to the difference in the path length. If the extra 

distance GE + HE doesn’t comply with a whole number nλ of wavelengths λ, the diffracted 

waves are only weakly amplified (destructive interference). Conversely, if the difference in the 

path length equals an integral number nλ of wavelengths λ, both beams interfere constructively.  

 GE + EH = nλ ∙ λ nλ = 1, 2, 3 …   (33) 

As can be seen from the geometric construction, the angles GBE and EBH are identical. They 

are denoted as glancing angle Θ. The length BE corresponds to the spacing da, which 

separates the two lattice planes. Consequently, the distances GE and EH can be calculated: 

 GE = EH = da ∙ sinΘ          or          GE + EH = 2 ∙ da ∙ sinΘ (34) 

By combining equations, 33 and 34 Bragg’s law can be derived:  

 nλ ∙ λ = 2 ∙ da ∙ sinΘ nλ = 1, 2, 3 …   (35) 

The integer nλ is known as the order of reflection. In summary, Bragg’s law proves that 

constructive interference only occurs at very specific glancing angles Θ, which depend on the 

spacing da of the crystal and on the wavelength λ of the X-rays. The use of visible light is not 

possible, because the incident radiation has to adopt the wavelengths nλ ∙ λ ≤ 2 ∙ da. The Miller 

indices (hkl) designate the orientation of a plane or a set of planes parallel to one another with 

respect to the crystallographic system of coordinates in the reciprocal lattice.  

Bragg’s law is the fundamental equation in X-ray diffraction. A detailed analysis of all variables 

enables the interpretation of the different diffraction patterns.[332] In this thesis, X-ray diffraction 

is used to reveal structural changes and phase transitions of the CAM high voltage spinel upon 

electrochemical cycling.  
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2.3.4 Raman spectroscopy 

Raman scattering is a nondestructive vibrational technique, which provides structural 

information at the atomic scale on inorganic and organic compounds.[341] It is based on the  

so-called Raman effect that was already predicted by A. Smekal in 1923, and in 1928 the 

scientist Sir C. V. Raman observed this phenomenon by means of filtered and focused 

sunlight.[335] It relies on the interaction of light with matter (i.e. gas, solid, and liquid). Generally, 

a photon can be absorbed or scattered by a molecule. An absorption process requires that the 

energy of the incident photon is equal to the energy difference between two real electronic 

states and that the dipole moment of the molecule changes upon the transition (infrared 

absorption conditions).[341] In contrast, photons, which are not absorbed will be elastically or 

inelastically scattered in all directions. This scattered light can be spectroscopically 

detected.[341,342] 

In case of elastic scattering, the energy of the incident photon corresponds to the one of the 

scattered photon. Thereby, the involved molecule is intermediately excited into a virtual state 

before relaxing into the final state, which is equivalent with the initial state. This processes is 

commonly named Rayleigh scattering (Figure 36).[341] The virtual state is not necessarily a true 

quantum state. Instead, the interaction between the oscillating electric field of the incident light 

and the molecule causes a very short-lived distortion of the electron cloud.[342]  

 

Figure 36 Energy level diagram for different Raman processes.  

Besides, the electron cloud of the molecule can be perturbed by molecular vibrations and for 

a very small fraction of light (approx. 1 in 107 photons) a vibrational motion occurs.[341,342] The 

interaction of optical and molecular oscillations leads to the transfer of a quantum of vibrational 

energy between the incident photon and the molecule. The remaining energy is scattered 



2. Theoretical concepts 

2.3 Methods of characterization  

66 

inelastically. Therefore, the energies of the incident and scattered photons are no longer 

equal.[341] Considering inelastic scattering, two different possibilities are distinguished: 

 Stokes Raman scattering: A part of the energy of the incoming photon is transferred 

to the molecule, which relaxes into an energetically excited vibrational state. 

Consequently, the scattered photon is lower in energy than the incident photon by an 

amount equal to the vibrational energy hP ∙ fvib.[341,342] 

 anti-Stokes Raman scattering: When the incident photon interacts with a molecule 

which is already in a vibrationally excited state, the photon may gain energy from the 

molecule. Hence, the scattered photon has a higher frequency (f0 + fvib) after the 

relaxation of the molecule into the ground state.[341,342] 

In another scenario, known as resonance Raman spectroscopy, the energy of the incident 

photon equals the energy of an electronic transition. In this case, the molecule is not excited 

into a virtual state, but a real molecular state. Thus, the respective Raman bands are much 

more intense than those described before (by as much as a factor of 106).[341] Nevertheless, 

the main disadvantage of resonance Raman spectroscopy is enhanced fluorescence and 

degradation of the sample due to the high energy of the incoming laser light.[341]  

For the classical interpretation of the Raman effect the wave theory of light is used. The 

incident optical electromagnetic field AE is calculated by equation 36:[342] 

 AE = A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) (36) 

 AE = electromagnetic field  

 A0 = amplitude 

 f0 = frequency of the laser 

 t = time 

Vibrational Raman scattering is based on the fact that the oscillating electric field of the 

incoming light induces a change in the polarizability α of the molecule. The polarizability is a 

measure for its ease to distort the electron cloud around a molecule.[341] The induced electrical 

dipole µind is given by equation 37:[335] 

 µind = α ∙ AE (37) 

 µind = induced electrical dipole 

 α = polarizability  

 AE = electromagnetic field 
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When equations 36 and 37 are combined, the electrical dipole is expressed as: 

 µind = α ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) (38) 

If the irradiated molecule is vibrating with a frequency fvib the normal mode q is reformulated 

as:[343] 

 q = q0 ∙ cos (2 ∙ π ∙ fvib ∙ t) (39) 

 q = normal mode of the oscillating system 

 q0 = vibrational amplitude   

 fvib = resonance frequency of a vibrating molecule 

 t = time 

For small vibrational amplitudes, the polarizability α is a linear function of q:[343] 

 α = α0 + (
δα

δq
)
0
 ∙ q + … (40) 

 α = polarizability 

 α0 = polarizability at the equilibrium position 

 (
δα

δq
)
0
 = rate of change of α with respect to the change in q  

 evaluated at the equilibrium position 

Combining equations 38, 39, and 40, we obtain: 

 µind = α ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) 

 = α0 ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) + (
δα

δq
)
0
 ∙ q ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) 

 = α0 ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) + (
δα

δq
)
0
 ∙ q0 ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) ∙ cos (2 ∙ π ∙ fvib ∙ t) (41) 

Then, using the trigonometric formula for the product of two cosine functions, the induced 

electrical dipole is equivalent to: 

 µind = α0 ∙ A0 ∙ cos (2 ∙ π ∙ f0 ∙ t) (Rayleigh) 

 + 
1

2
 ∙ (

δα

δq
)
0
 ∙ q0 ∙ A0 ∙ cos [2 ∙ π ∙ (f0 - fvib) ∙ t] (Stokes Raman scattering) 

 + 
1

2
 ∙ (

δα

δq
)
0
 ∙ q0 ∙ A0 ∙ cos [2 ∙ π ∙ (f0 + fvib) ∙ t] (anti-Stokes Raman scattering) (42) 

The first term of equation 42 corresponds to the Rayleigh scattering as it is not affected by 

molecular vibrations. The second and the third terms refer to inelastic scattering. More 

precisely, the second term relates to the red-shifted Stokes Raman scattering, while the third 

term denotes the blue-shifted anti-Stokes Raman scattering. If (
δα

δq
)
0
 is zero, the vibration is 
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not Raman-active. In other words, to be Raman-active, the rate of change of polarizability with 

the vibration must not be zero.[343] 

Although the anti-Stokes and Stokes Raman lines are symmetrically positioned relative to the 

Rayleigh line, the former ones are usually much weaker than the latter ones. The physical 

reason for the difference in intensity between Stokes and anti-Stokes bands is linked to the 

electron population of the respective initial states. At room temperature, the occupation of the 

vibrationally excited states of a molecule is significantly more improbable than the occupation 

of the ground state. Actually, if the system is at thermal equilibrium, the ratio of the Stokes and 

anti-Stokes intensity is governed by the sample temperature in accordance with the Boltzmann 

distribution:[344]  

 
IS

IaS
 = 

(f0- fvib)
4

(f0+ fvib)
4 ∙ e

hP ∙fvib
kB ∙ Ts  (43) 

 IS = intensity of the Stokes lines 

 IaS = intensity of the anti-Stokes lines 

 f0 = frequency of the laser 

 fvib = resonance frequency of a vibrating molecule 

 hP = Planck constant (= 6.6256 ∙ 10-34 Js) 

 kB = Boltzmann constant (= 1.3806 ∙ 10-23 JK-1) 

 Ts = sample temperature 

Quantum mechanical considerations only allow discrete atomic displacements for a given 

molecule. These normal modes refer to molecular vibrations, where each atom of a molecule 

moves with the same frequency.[341] A molecule with N atoms possesses 3N degrees of 

freedom representing its translational, rotational, and vibrational motions. While a linear 

molecule with N atoms has 3N - 5 normal modes of vibration, a nonlinear molecule has 3N - 6 

normal modes of vibration.[335] There are several types of motion, which contribute to the 

vibrational modes and can lead to a rather complex vibrational behavior. In the following, some 

examples of molecular vibrations are illustrated. 
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Figure 37 Examples of molecular vibrations. 

The two stretching modes, namely symmetrical stretching and asymmetrical stretching, 

describe changes of bonds in the same or in opposite directions, respectively. The other 

vibrational motions belong to the group of bending modes involving changes of bond angles. 

They are also named deformation modes. Bending vibrations require lower energies and 

appear at lower frequencies than stretching modes. There are two types: in-plane and  

out-of-plane bending. Regarding the former the atoms remain in the same plane as the nodal 

plane of the system as in the case of scissoring or rocking vibrations. In the scissoring 

deformation mode two atoms swing in concert towards opposite directions and in the rocking 

deformation mode two atoms move simultaneously to the same side and then to the other side. 

Concerning out-of-plane bending modes, the atoms move in and out of the nodal plane  

(e.g. wagging and twisting deformation). While in the wagging mode two atoms swing up and 

down out of the nodal plane in unison, in the twisting mode one atom moves up and the other 

moves down relative to the nodal plane.[345]  

In general, molecules or crystals can be classified according to symmetry elements or 

operations that leave at least one common point unchanged. In group theory, the point group 

representation uniquely defines a molecule by a set of symmetry operations, such as rotations 

(Cn), reflections (σh, σv, and σd), inversion (i), and improper rotations (Sn = Cnσh). The complete 

information of all symmetry transformations in a point group is provided by character tables. 

They include the number and degeneracy of normal modes and enable to determine whether 

a vibrational motion is IR-active, Raman-active or both.[341,346] 

Actually, Raman spectroscopy is known as the method of choice for the characterization of 

various carbons from three to zero dimensions such as 3D graphite, 2D graphene, 1D carbon 
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nanotubes, and 0D fullerenes.[347] It offers vibrational and crystallographic information, as well 

as knowledge about physical properties related to electron and phonon interactions.[347] 

Consequently, Raman spectroscopy is also a prominent technique for investigating  

carbon-based anode materials used in LIBs. By means of the resonance Raman effect, 

involving optically allowed electronic transitions (optical absorption or emission), very intense 

Raman signals can be observed providing precise structural information.[341,347]  

The axial resolution of opaque materials depends on the optical skin depth δ of the laser beam, 

which is given by equation 44:[341] 

 δ = (
2 ∙ λ

μ ∙ σ
)

1

2
  (44) 

 δ = optical skin depth 

 λ = laser wavelength 

 μ = magnetic permeability 

 σ = electronic conductivity 

Therefore, a high electronic conductivity of the examined sample leads to a low optical skin 

depth.  

Moreover, Raman spectroscopy is well suited for the analysis and characterization of the local 

structure of CAMs like transition metal oxides utilized in LIBs. For instance, with this vibrational 

technique structural phases can be identified, although several environments are present as 

in case of composite electrodes. Besides, the wavenumbers and relative intensities of the 

Raman bands give information about the crystal symmetry, coordination geometry, and metal 

oxidation states.[341] Thus, it is possible to differentiate various kinds of metal oxides, whose 

atomic arrangements are close to one another, to distinguish between different metal oxides 

having the same elementary analysis (e.g. MnO2, Mn3O4, Mn2O3, etc.), or to recognize 

compounds with the same stoichiometry but different crystalline structures (e.g. cubic or 

hexagonal LiCoO2).[341] 

When a conventional Raman spectrometer is coupled to an optical microscope, the technique 

is called Raman microscopy. This nondestructive analysis has usually a spatial resolution of 

less than 1 µm. The latter is determined by the selected laser wavelength and the numerical 

aperture of the microscope objective.[341] Raman microscopy allows the investigation of 

heterogeneous mixtures such as LIB electrodes, which are composed of one or two active 

materials, a binder, and conductive additives because the lateral resolution at the electrode 

surface corresponds to a typical particle size of a few micrometers.[341] Local structural 

information and the chemical composition of each component can therefore be provided 

individually.  
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In this thesis, Raman spectroscopy is applied to reveal the phase compositions of the 

differently treated LiNi0.4Mn1.6O4 electrodes and to determine the oxidation states of the nickel 

and manganese ions. The fundamentals for these examinations are given by the interpretation 

of the vibrational motions of LMO. White et al. conducted a complete factor group analysis of 

the vibrational spectrum of an ideal spinel structure of the general formula AB2O4.[348] Since the 

spinel structure belongs to space group Fd3m or factor group Oh
7
, its normal modes of vibration 

are classified according to the irreducible representations of Oh
7
 point group. In Table 3, the 

normal modes of the spinel structure are categorized. 

Symmetry 

species 

Total 
modes 

Acoustic 

modes 

Translatory 

modes 

Rotary 

modes 

Internal 

modes 

Selection rules 

A1g 1 0 0 0 1 (A1) Raman-active 

A2g 0 0 0 0 0 - 

Eg 1 0 0 0 1 (E) Raman-active 

T1g 1 0 0 1 0 Inactive 

T2g 3 0 1 0 2 (T2) Raman-active 

A1u 0 0 0 0 0 - 

A2u 2 0 1 0 1 (A1) Inactive 

Eu 2 0 1 0 1 (E) Inactive 

T1u 5 1 2 0 2 (T2) 
IR-active, not 
Raman-active 

T2u 2 0 1 1 0 Inactive 

Table 3 Classification of the normal modes of the spinel structure with the general formula 

AB2O4.[348] 

The vibrational modes of a crystal are determinable analogous to those in a free molecule. 

Thereby, N is the number of atoms in a unit cell, which has 3N degrees of freedom. Three of 

them represent pure translations and appear as the acoustic modes involved in the 

propagation of sound waves through the crystal.[348] However, free rotational movements do 

not occur in a crystal as the unit cell has a fixed orientation within the crystal. The remaining 

3N - 3 normal modes of vibration are distributed between internal (intramolecular) modes, 

translatory modes (lattice vibrations of the molecule), and rotary modes. The latter describe 

rotations of the molecule within the crystal that would become free rotations in the limit of zero 
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interaction of groups within the structure.[348] Thus, the number of total modes of the various 

symmetry species in a crystal are expressed as:[349] 

 Γtotal = Γacoustic + Γvibrational 

 = Γacoustic + Γtranslatory + Γrotary + Γinternal  

 = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 5T1u + 2T2u (45) 

Consequently, the irreducible representation for the vibrational modes of a perfect spinel 

structure is equivalent to:[349,350] 

 Γvibrational = Γtotal - Γacoustic = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 4T1u + 2T2u (46) 

The symmetrical stretching mode A1g (νs), the symmetrical deformation mode Eg (δs), and the 

three symmetrical bending modes T2g (δs) are Raman-active, whereas the remaining four 

asymmetrical bending or stretching modes T1u are IR-active:[349,350] 

 ΓRaman = A1g + Eg + 3T2g (47) 

 ΓIR = 4T1u (48) 

The other modes are inactive. It has to be noted that this analysis is only valid for an ideal 

spinel structure lacking defects or dopants. Figure 38 depicts the Raman-active vibrational 

modes of the spinel structure LiMn2O4. 

 

Figure 38 Raman-active vibrational modes of the spinel structure LiMn2O4. With modifications 

from[350]. 
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2.3.5 Inductively coupled plasma-optical emission spectroscopy 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) is one of the most 

effective methods for qualitative and quantitative multi-element analysis via optical 

spectroscopy. Modern instruments are capable of determining approx. 70 different elements. 

The detection limit is typically in the µg/L range (ppb) allowing the detection of trace 

elements.[351,352] Commonly, ICP-OES is used for bulk analysis of liquid samples or solids 

dissolved in liquids to identify elements and quantify their concentrations. The main 

advantages of this technique are its speed, wide linear dynamic range, low detection limits, 

and relatively small interference effects.[352,353] The key component of an ICP-OES instrument 

is the ICP torch (Figure 39). 

 

Figure 39 Schematic illustration of an ICP torch.[353] 

Usually, the torch consists of three concentric quartz tubes and the top end of the torch is 

surrounded by a water-cooled copper coil, called load coil, which is connected to a radio 

frequency (RF) generator. Application of RF power (ca. 700 - 1500 W) to the load coil results 

in an alternating current that oscillates inside the coil at a rate corresponding to the frequency 

of the generator (27 or 40 MHz).[351] As a consequence, RF electric and magnetic fields are 

established in the area around the top of the torch. Routinely, argon gas is directed through 

the torch and is ignited by a tesla coil to cause electrons to be stripped from argon. These 

electrons are caught up within the oscillating magnetic fields and are accelerated by them. The 

procedure of adding energy to electrons by the use of a coil in this manner is referred to as 

inductive coupling.[351] The produced high-energy electrons further collide with other argon 
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atoms generating more argon ions. A chain reaction of collisional ionization is initiated and 

continues until argon is broken down into a plasma consisting of argon atoms, electrons, and 

argon ions. It is also known as inductively coupled plasma (ICP) discharge.[351] Since RF 

energy is constantly transferred to the load coil, the plasma is sustained within the torch. 

Normally, the plasma appears very intense, brilliant white, and teardrop-shaped. The plasma 

temperature in the analytical zone is extremely high ranging from 5,000 to 8,000 K.[351,353]  

Figure 40 displays the general setup and major components of an ICP-OES instrument, as 

well as the most important steps involved in the examination of a sample. Principally, an  

ICP-OES instrument is composed of a sample introduction system, an ICP torch with nebulizer, 

a RF generator, and an optical measurement system.[352] Although all three states of matter 

(gas, solid, and liquid) have been successfully injected into an ICP, most samples start as 

liquids. These are nebulized into an aerosol, a very fine mist of sample droplets with a diameter 

of 1 - 10 µm.[351,353] Next, this aerosol is transported into the center of the ICP by an argon flow. 

The high temperature plasma removes the solvent from the aerosol creating microscopic salt 

particles (desolvation), which are decomposed into a gas of individual molecules 

(vaporization), and, which are further dissociated into atoms (atomization).[351] These atoms 

are then excited and/or ionized on account of collisions with energetic electrons. Subsequently, 

the energy is released in the form of characteristic wavelengths. The emitted light is 

polychromatic. Therefore, it must be separated into individual wavelengths in order that the 

emission from each species can be identified without any interferences. Consequently, 

monochromators or polychromators are placed in front of a photosensitive detector such as a 

photo-multiplier tube or a charge-injection device. The detected radiation is turned into 

electronic signals, which are converted into concentration information for the analyst.[351]  

In this work, ICP-OES measurements of graphite anodes at 0% SOC are conducted after 

cycling C//LiNi0.4Mn1.6O4 pouch cells to clarify whether and to what extent the dissolution of 

nickel and manganese, and the subsequent deposition of the metals on the counter electrode 

take place upon cycling. 
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A 

 

B 

 

Figure 40 A Major components and layout of a typical ICP-OES instrument.[351] B Presentation of the 

steps involved in ICP-OES sample analysis.[353] 
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2.3.6 Scanning electron microscopy and energy dispersive 

spectroscopy 

The history of the scanning electron microscope (SEM) began with an apparatus built by 

Zworykin, Hiller, and Snyder in 1942.[354] Its resolution was , however, only 1 µm, which is less 

than that of a light microscope (0.1 µm).[355] Several technological advancements increased 

the resolution up to 0.05 µm and in the early 1960s the first commercial instrument appeared. 

Since then the design of SEMs has been constantly evolved and improved.[355,356] 

Today, the maximum instrumental resolution of SEMs is in the order of 1 - 5 nm.[357] Generally, 

a SEM permits the observation and characterization of organic and inorganic materials by 

delivering high resolution topographical images of sample surfaces in a variety of different 

contrast modes.[357,358] Thereto, a finely focused electron beam is scanned in a raster across 

the surface of a specimen. The interaction of the incident electron beam with the sample 

causes the emission of electrons and photons including secondary electrons, backscattered 

electrons, Auger electrons, characteristic X-rays, and other photons of various energies. These 

signals are used to analyze the specimen in terms of surface topography, crystallography, or 

composition.[357]  

The basic layout of a conventional SEM comprises an electron gun, tow condenser lenses, an 

objective lens, an electron detection system, and a set of deflectors. All components are 

operated in a vacuum atmosphere.[356] Figure 41 displays a schematic drawing of a typical 

SEM. 

 

Figure 41 Schematic drawing of the basic layout of a typical SEM. With modifications from [359]. 

The electron gun produces electrons and accelerates them to an energy in the range of 

0.1 - 30 keV.[357] The electron source can be a thermionic emitter such as a hot tungsten or 
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lanthanum hexaboride filament, a Schottky type electron source, or a field emission type 

electron gun.[360] The three-stage electron lens system is applied to demagnify the electron 

beam to a small spot of approx. 1 - 10 nm in diameter from an original crossover diameter 

more than a thousand times larger located inside the electron gun.[356,360] In most SEMs, the 

electron beam is directed from the objective lens into the sample chamber, where it interacts 

with the specimen. A deflection system, consisting of two pairs of magnetic coils in front of the 

objective lens, moves the electron-probe in a raster-like mode across the sample and 

synchronously works with a computer display monitor.[356] Thereby, the magnification of the 

sample is defined by the ratio of the linear size of the viewing screen to the linear size of the 

raster on the sample. A magnification of the observed sample section can simply be achieved 

by a reduction of the scan coil current, while keeping the image size on the display monitor 

constant.[356]  

The highly energetic focused electron beam interacts elastically and inelastically with the 

specimen. The volume, in which these interactions take place, is called interaction volume. 

Figure 42 gives an overview of this process. 

 

Figure 42 Interaction volume and emitted signals. With modifications from[359]. 

The penetration of the primary electrons into the sample causes the scattering of electrons 

from a variety of different depths. The diverse signals are collected by electron detectors. 

Secondary electrons with a main energy range from 0.5 to 5 eV are created by inelastic 

collisions and escape from close to the specimen surface. As opposed to this, backscattered 

electrons with an energy from 50 eV up to the primary beam energy are generated by multiple 

elastic collisions and are emitted from deeper sample levels. These two signals are the most 
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prominent regarding the formation of a SEM image.[356] Auger electrons evolve from inner 

atomic shells after ionization processes as an alternative to characteristic X-ray emission. Their 

energies show up as distinctive peaks in the energy spectrum and provide material contrast 

information.[356]  

The final signal yield and image resolution is strongly influenced by the way the incident 

electron beam is scattered inside the specimen. Actually, the penetration depth Rd of the 

primary electrons depends on the atomic number Za, the mean density of the sample at the 

point of impact ρ, and the energy of the primary electron beam, which is directly proportional 

to the applied acceleration voltage Ua. The subsequent approximate formula for estimating Rd 

has been given by Kanaya and Okayama in 1972:[356] 

 Rd = 
0.0276 ∙ Aw ∙ Ua

1.67

Za
0.889

 ∙ ρ
 [µm] (49) 

 Rd = penetration depth of the primary electrons 

 Aw = atomic weight 

 Ua = acceleration voltage 

 Za = atomic number 

 ρ = mean density of the sample at the point of impact 

During a SEM experiment, characteristic X-rays are also emitted from the sample on account 

of the electron bombardment. These X-rays can be utilized for both qualitative elemental 

identification and quantitative elemental information from regions of the specimen up to circa 

one cubic micrometer in depth under normal operating conditions.[357] The corresponding 

technique is known as energy dispersive X-ray spectroscopy (EDX). EDX is usually a standard 

attachment to most conventional SEMs. Nonetheless, this method has some notable 

limitations. On one hand, X-rays are generated deep within a comparatively large interaction 

volume. The acceleration voltage of the incident electron beam has to be typically between  

10 to 30 keV to overcome the work function of the elements with high atomic number. This 

results in a rather low lateral resolution with ranges between 1 - 5 µm. On the other hand, EDX 

has a lower sensitivity for lighter elements such as, for example, He or Li. In fact, the technique 

is restricted to elements with an atomic number of four and larger.[356]  

Within this thesis, SEM is used to characterize the morphology of LiNi0.4Mn1.6O4 electrodes 

and EDX is applied to reveal Mn and Ni elemental distributions on the surface of graphite 

anodes after cycling C//LiNi0.4Mn1.6O4 pouch cells at 45 °C.  
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2.3.7 X-ray photoelectron spectroscopy 

Photoelectron spectroscopy (PES) is one of the most important techniques for the investigation 

of chemical compositions, chemical bonds, and electronic structures of interfaces and 

surfaces.[361] Information is gained by photoionization of atoms or molecules and by energy 

dispersive analysis of the emitted photoelectrons. In dependence of the applied excitation 

energy, two methods are distinguished. On one hand, for ultraviolet photoelectron 

spectroscopy (UPS) vacuum ultraviolet radiation of gas-discharge lamps (e.g. helium source; 

hf = 10 - 40 eV) is utilized to excite the electrons in the valence levels.[362] On the other hand, 

in the case of X-ray photoelectron spectroscopy (XPS) monochromatic soft X-rays (e.g. Al Kα; 

hf = 100 - 10,000 eV) are used to excite inner shell electrons.[362] Originally, a high-resolution 

XPS analyzer was developed by Siegbahn and his research group at the University of Uppsala 

in Sweden in the 1960s.[361,363] The method is also known as electron spectroscopy for 

chemical analysis (ESCA).[363] Subsequently, the principal fundamentals of XPS are described 

and elucidated.  

The physical principle and fundamental functionality of XPS 

Generally, electrons in atoms have defined binding energies, which can approximately be 

determined by equation 50 (Bohr’s atomic model):[364] 

 EB ≈ - 
Za

2

n²
 ∙ 13.6 eV (50) 

 EB = binding energy 

 Za = atomic number 

 n = principal quantum number 

Consequently, the binding energy of electrons is a function of the quantum number n and the 

atomic number Za and, thus, it is characteristic for elements. While valence electrons provide 

information about chemical bonds, inner shell electrons deliver information on the chemical 

composition of materials. Therefore, the binding energy distribution of core electrons serves 

as a chemical fingerprint for the identification of single atoms. This fact is the foundation for all 

XPS investigations.[365] 

The physical principle of PES is based on the photoelectric effect, which was first introduced 

by Einstein in 1905.[335] Accordingly, the absorption of a photon by an atom leads to its 

ionization via the emission of an electron when the energy of the incident photon is greater 

than the work function of the examined sample Φ0 and the electron binding energy EB. In other 

words, an electron with a binding energy EB in an occupied initial state (core level in case of 

XPS) is excited into a vacuum final state by a photon with the following energy:[361] 
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 E = hP ∙ f > EB + Φ0 (51) 

 E = energy of a photon 

 hP = Planck constant (= 6.6256 ∙ 10-34 Js) 

 f = frequency 

 EB = binding energy of an electron 

 Φ0 = work function of the examined sample 

The physical principle of the photoemission process is sketched in Figure 43.  

 

Figure 43 Schematic image of the photoemission process in the single-particle picture.[361]  

The photoelectron spectrum, namely the distribution of the emitted photoelectrons over the 

kinetic energy I(Ekin), is detected by an electron energy analyzer. In a first order approach it is 

an image of the occupied density of electronic states N(EB) in the examined material.[361] 

Figure 44 displays the typical functionality of a photoemission spectrometer. 
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Figure 44 Fundamental functionality of a modern photoemission spectrometer. Monochromatic 

photons with the energy hP ∙ f are produced by a light source (e.g. Al Kα X-ray anode) and 

hit the sample surface under an angle α with respect to the normal surface. The kinetic 

energy Ekin of the photoelectrons can be analyzed by an electrostatic analyzer. The whole 

setup is evacuated to ultra-high vacuum (UHV, typically p ≤ 10-10 mbar). With modifications 

from[361]. 

The energy balance of a photoionization process can also be expressed by the subsequent 

equations according to Koopman’s theorem:[366] 

 Ei(N) + hP ∙ f - Φ0 = Ef(N - 1) + Ekin (52) 

 Ekin = hP ∙ f - Φ0 - (Ef(N - 1) - Ei(N)) with EB = Ef(N - 1) - Ei(N)) (53) 

 EB = hP ∙ f - Φ0 - Ekin (54) 

 Ei(N) = energy of the N-particle system (atom) in the initial state  

 Ef(N - 1) = energy of the N-particle system (atom) in the final  

 state  

 Ekin = kinetic energy of the emitted electrons 

 EB = binding energy of the electrons  

 hP ∙ f = energy of the photons  

 Φ0 = work function of the examined sample 

The N-particle picture represents electrons in a solid. Koopman believed that N - 1 remaining 

electrons in a solid are not influenced by the formation of a hole on account of a photoexcitation 

process. This is why this assumption is called frozen orbital approximation.[367] However, in 

practice, the whole multi-particle system is affected by the irradiation with X-rays and the 

photohole changes the potential of the remaining N - 1 electrons. Actually, they relax into lower 

energy states. Moreover, Koopman’s theorem must be corrected owing to different correlation 

energies in the initial and the final states.[361,367] Hence, in order to avoid an overestimation of 

the binding energy equation 54 must be adjusted as follows: 
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 EB = hP ∙ f - Φ0 - Ekin - Erelax - EC (55) 

 EB = binding energy of the electrons  

 Erelax = relaxation energy  

 EC = correlation energy   

 hP ∙ f = energy of the photons  

 Φ0 = work function of the examined sample 

The most general theoretical interpretation of photoemission spectra is based on Fermi’s 

golden rule. This approach describes the transition probability of a multi-particle system from 

an initial to a final state due to photoexcitation:[368] 

 Wi→f = 
2π

ħP
 ∙ |〈Ψf | HPE | Ψi〉|2 ∙ δ ∙ (Ef(N - 1) - Ei(N) - hP ∙ f) (56) 

 Wi→f = transition probability of a multi-particle system from an  

 initial to a final state 

 ħP = reduced Planck constant (= 1.0545 ∙ 10-34 Js) 

 Ψf = final state  

 Ψi = initial state 

 HPE = perturbation operator 

 Ei(N) = energy of the N-particle system (atom) in the initial state  

 Ef(N - 1) = energy of the N-particle system (atom) in the final  

 state  

 hP ∙ f = energy of the photons  

The probability Wi→f for the generation of a photoelectron also signifies the intensity of a 

photoemission line, that is, the amount of generated photoelectrons. The perturbation operator 

HPE denotes the interaction of an electron in the N-particle system with the electromagnetic 

field AE. Thereby, the momentum operator p = -i ∙ ħP ∙ ∇ transforms into p → p + 
e

c
 ∙ A:[361] 
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 H = 
1

2 ∙ me
 ∙ [p + 

e

c
 ∙AE]

2

 + e ∙ V(r) 

  = 
p2

2 ∙ me
 + 

e

2 ∙ c ∙ me
 ∙ (AE ∙ p + p ∙ AE) + 

e2

2 ∙ c2 ∙ me
 ∙ AE

2
 + e ∙ V(r) 

  = H0 + HPE (57) 

                                      HPE  = 
e

2 ∙ c ∙ me
 ∙ (AE ∙ p + p ∙ AE) + 

e2

2 ∙ c2 ∙ me
 ∙ AE

2
 (58) 

 me = electron mass (= 9.1091 ∙ 10-31 kg) 

 p = momentum operator 

 e = electron charge (= 1.60210 ∙ 10-19 CL) 

 c = speed of light (= 299,792,458 
m

s
) 

 AE = electromagnetic field  

 V(r) = potential energy 

 H0 = unperturbed Hamilton operator 

 HPE = perturbation operator 

Equation 58 can be simplified when specific surface effects are neglected (e.g. ∇ ∙ AE = 0 in 

case of translational invariance of a solid):[361,369] 

 HPE = 
e

c ∙ me
 ∙ AE ∙ p (59) 

 HPE = perturbation operator 

 e = electron charge (= 1.60210 ∙ 10-19 C) 

 c = speed of light (= 299,792,458 
m

s
) 

 me = electron mass (= 9.1091 ∙ 10-31 kg) 

 AE = electromagnetic field  

 p = momentum operator 

This approximation is an appropriate basis for the quantum mechanical consideration of most 

photoemission investigations. More detailed information about the theory of photoemission 

processes can, for example, be found in reference [370]. 

Depth of information 

The high surface sensitivity is one of the most important properties of XPS. The key to this is 

not the penetration depth of the X-rays, which is in the micrometer range, but the mean free 

path λe of the photoelectrons, which depends on the kinetic energy of the emitted electrons. 

Experimental values of the mean free path of various materials are depicted in Figure 45.[365] 
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Figure 45 Plot of the mean free path λe vs. the kinetic energy of the electrons for diverse materials.[365]  

The curve is the result of an empirically determined formula for metals. As such, the mean free 

path has a minimum around λe ≈ 5 Å at a kinetic energy of Ekin ≈ 50 eV.[365] For kinetic energies 

up to 2,000 eV (as possible in case of XPS), the mean free path increases up to λe ≈ 10 - 20 Å 

according to λe ~ √Ekin.[365] Therefore, the mean free path varies only slightly between different 

materials and its limiting range is responsible for the surface sensitivity of XPS.  

Quantitative analysis 

Usually, a XPS spectrum is obtained at a particular photon energy by recording the number of 

photoelectrons as a function of kinetic energy. By means of equation 55 the binding energy 

can be calculated. Most of the time, the intensity of photoelectron lines is plotted vs. the binding 

energy. The distinct lines in a XPS spectrum reflect the core levels of the material. Typically, 

XPS spectra are quantified in terms of peak intensities and peak positions. The peak positions 

indicate the elemental and chemical composition, whereas the peak intensities reveal the 

relative concentrations of the different components.[371] Actually, the peak intensity is 

represented by the area of the photoemission line and depends on diverse parameters as 

expressed by equation 60:[363] 
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 IA = nA ∙ fX-ray ∙ σA ∙ θ ∙ y∙ λe ∙ As ∙ T (60) 

 IA = intensity of a photoemission line for element A 

 nA = number of atoms of the element A per cm3 of the sample 

 fX-ray = X-ray flux in photons/(cm2 ∙ s) 

 σA = photoelectric cross-section for the atomic orbital A in cm2 

 θ = angular efficiency factor for the instrumental arrangement  

 based on the angle between the photon path and the detected  

 electron 

 y = efficiency in the photoelectric process for formation of  

 photoelectrons of the normal photoelectron energy 

 λe = mean free path of the photoelectrons in the sample 

 As = area of the sample, from which photoelectrons are detected 

 T = detection efficiency for electrons emitted from the sample 

Consequently, the number of atoms of the element A of the sample is given by:[363] 

 nA = 
IA

fX-ray ∙ σA∙ θ ∙y ∙ λe∙ As∙T
 (61) 

The denominator in equation 61 is defined as the atomic sensitivity factor (ASF). For the 

investigation of a homogeneous sample consisting of elements A and B, the following relation 

can be derived:[365]  

 
nA

nB
 = 

IA ∙ ASFB

IB ∙ ASFA
 (62) 

The reproducibility of quantitative XPS analyses lies between 5 and 15%. In favorable cases, 

an element sensitivity of 0.1 - 1 at% is achievable.[365] Generally, for any spectrometer, it is 

possible to define multiple sets of ASF values for all elements in dependence of the X-ray 

source and the angles relative to the analyzer.[363] 

Determination of layer thicknesses with XPS 

The thickness of sufficiently thin surface layers (e.g. oxide films) might be determined with the 

help of XPS. Thereto, the correlation between the intensity of a photoemission line, the mean 

free path, and the angle of the analysis instrument is decisive (cf. equation 60). The procedure 

elucidated below refers only to homogeneously thick layers. Figure 46 demonstrates the 

geometric relationships, which are relevant for the determination of layer thicknesses.[365] 
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Figure 46 Simplified schematic of the geometric relationships, which are relevant for the 

determination of layer thicknesses. 

The film thickness is represented by d, zd signifies the emission depth of the detected 

photoelectrons with zd = z0 + d, and θ denotes the angle between the normal of the sample 

surface and the photoelectron emission direction. For the determination of the layer thickness, 

the ratio of the intensities of the photoemission lines of the pure substrate ISub
0

 and the covered 

substrate ISub
d

 is utilized. Regarding a covered sample, the photoelectrons must additionally 

pass through the film with thickness d to get to the analyzer. Thereby, the number of 

photoelectrons decreases exponentially. When both measurements are conducted under the 

same conditions and provided that the distribution of element A is equal in both cases, the 

equation 63 is valid:[365,372] 

 
ISub
d

ISub
0  = exp (-

d

λe ∙ cos (θ)
) (63) 

 ISub
0

 = intensity of a photoemission line for the pure substrate 

 ISub
d

 = intensity of a photoemission line for the covered substrate 

 d = layer thickness 

 λe = mean free path of the photoelectrons in the sample 

 θ = angle between the normal of the sample surface and the  

 electron emission direction 

Thus, the thickness of the layer is calculable when λe and θ are known for the investigated 

system: 

 d = -λe ∙ cos (θ) ∙ ln
ISub
d

ISub
0  (64) 

Strictly speaking equations 63 and 64 are only valid for dense and homogeneous surface films 

with θ ≥ 1.[373] 
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Chemical shift 

The exact binding energy of an electron does not only depend on the ionized orbital, but also 

on the oxidation state and the chemical environment of the examined element. Changes of 

these factors lead to shifts of the energetic positions of the photoemission lines in the XPS 

spectra. These shifts are called “chemical shifts”. Elements in higher valence states have 

higher binding energies owing to their higher effective nuclear charges. Hence, one of the 

strengths of XPS is the possibility to distinguish between different oxidation states and 

chemical environments. Nevertheless, the distinction of minor chemical shifts is limited by the 

spectral line width ΔE(FWHM), which is influenced by the following variables:[365,374] 

 ΔE(FWHM) = √(ΔEn
2
+ ΔEp

2
+ ΔEd

2
) (65) 

 ΔE(FWHM) = spectral line width 

 ΔEn = natural line width of the transition from the initial to the final  

 state (lifetime effect)  

 ΔEp = line width of the exciting radiation 

 ΔEd = energy resolution of the analyzer  

Most commonly, the line with of the radiation source (monochromator) has the biggest impact 

on ΔE(FWHM).[374] 

Additional spectral features in a photoemission spectrum 

Generally, the ejection of an inner shell electron from an atom generates an electronically 

excited state with a core hole in the shell. Then, the energetically excited ion can relax via two 

different routes (Figure 47): 

 X-ray fluorescence: the core hole is filled by an electron form an outer shell with 

simultaneous emission of a photon. Thereby, the energy of the photon equals to the 

energy difference of the two core levels involved in the process.[363,375] 

 Auger process: the core hole is filled by an electron from an outer shell, and a second 

electron is simultaneously emitted, carrying off the excess energy. As a consequence, 

the remaining ion is in a doubly ionized state. The nomenclature of Auger emissions is 

the same as for X-ray processes (see chapter 2.3.3). In contrast to the kinetic energy 

of XPS photoelectrons, the kinetic energy of Auger electrons is independent on the 

exciting radiation. Therefore, a change of the radiation source causes a change of the 

photoemission line positions. The positions of the Auger emission lines remain, 

however, unmodified.[363,375]  
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Figure 47 Schematic of X-ray fluorescence and the Auger processes following a photoionization 

event.[375] 

X-ray fluorescence and the Auger electron emission are competitive processes. The latter 

occurs roughly 10-14 s after the photoemission. For a binding energy range below 1.5 keV and 

for elements with a low atomic number the non-radiative decay dominates.[363,375]  

Another phenomenon in XPS spectra is the splitting of photoemission lines into multiplets. 

The p, d, and f levels split into doublets upon ionization (Figure 48).  

 

Figure 48 The splitting of the 4f-photoemission line of gold into a doublet arises from the spin-orbit 

coupling.[375] 

The effect is a result of spin-orbit coupling between unpaired electrons. While the inner 

subshells of an atom are completely filled in the initial state, in the final state after the 

photoemission one electron has been removed and an unpaired spin is left in a core level.[365] 
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The movement of an electron around the nucleus is connected with the azimuthal quantum 

number l. Furthermore, the electron has an electron spin, which is defined as the spin quantum 

number s = ± 
1

2
. As already mentioned in chapter 2.3.3, the total angular momentum quantum 

number j is a combination of the azimuthal quantum number l and the spin quantum number s 

(j = |l ± s|).[172] Thus, for a s-electron with l = 0, the total angular momentum quantum number 

j equals to 
1

2
, independently of the direction of the electron spin. Accordingly, the corresponding 

s-photoemission line is not split. In contrast, for a p-electron with l = 1 and s = 
1

2
, j can adopt 

the values j+ = l + 
1

2
 = 

3

2
 or j- = l - 

1

2
 = 

1

2
. Consequently, the p-photoemission line is split into a 

doublet. Unpaired electrons in the d and f shells behave similarly.[335] The intensity ratio of the 

spin-orbit components is given by the ratio of the respective multiplicities: 2j+ + 1 : 2j- + 1.[375] 

Table 4 summarizes the spin-orbit parameters of XPS lines.  

Subshell l s j = |l ± s| 
Ratio of the 

degeneracies (2j + 1) 

s 0 
1

2
 

1

2
 - 

p 1 
1

2
 

1

2
, 

3

2
 1 : 2 

d 2 
1

2
 

3

2
, 

5

2
 2 : 3 

f 3 
1

2
 

5

2
, 

7

2
 3 : 4 

Table 4 Spin-orbit splitting parameters of XPS lines.  

The simultaneous excitation of several electrons in an atom may also cause so-called  

shake-up and shake-off satellite lines. In both processes, electronically excited final states 

are created upon the emission of an electron. Here, the emitted photoelectron transfers a 

defined part of its energy to a remaining electron. In the case of shake-up and shake-off 

transitions this electron is additionally promoted from an occupied energy level into a bound 

unoccupied state below the vacuum level or into an unoccupied state in the continuum above 

the vacuum level, respectively (Figure 49). The first scenario involves an ionization and 

excitation process, whereas the second one leads to a doubly ionized atom.[365,375]  
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Figure 49 A Illustration of shake-up and shake-off transitions. B Shake-up structure in a Cu2p 

spectrum of copper(II) oxide (CuO).[375]  

Aside from shake-up and shake-off satellites, plasmon loss satellites can appear in XPS 

spectra. They arise from the excitation of quantized collective oscillations of the free electron 

gas density with respect to the positively charged ion cores. Plasmon satellites are found at 

higher binding energies relative to the corresponding photoemission line by amounts of 

n (ħωp) + m (ħωs), where n and m are integers and ħωp and ħωs are the energies of a bulk and 

a surface plasmon, respectively (Figure 50).[375] 

  

Figure 50 Surface (s) and bulk (b) plasmon lines associated with the Al2s at normal and at grazing 

take-off angles.[363]  

Moreover, electrons suffer from inelastic scattering processes, while moving towards the 

analyzer resulting in a gradual increase of the background in XPS spectra. This renders 

background subtraction necessary for XPS interpretation. There are numerous background 

correction possibilities available. For most analyses the basic linear, Shirley, and universal 
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cross-section Tougaard functions are the tools of choice. Actually, none of the background 

types offer a completely correct subtraction method. Hence, the selection of one background 

model over another is rather based on the choice of the least wrong than the most right. 

Detailed information on this subject is provided in the literature.[376] 

The major part of a XPS spectrum recorded with a routinely used Al Kα X-ray tube consists of 

Kα1,2 transitions. Nonetheless, there are also some minor X-ray contributions at higher photon 

energies such as, for instance, Kβ. This radiation produces additional photoelectrons, which 

lead to extra lines in the XPS spectrum at lower binding energies. These lines are named  

X-ray satellites.[363,365]  

Finally, further artifacts are so-called X-ray ghost lines. They might originate from Mg 

impurities in the Al anode or vice versa, the Cu or Ag anode based structure, oxidation of the 

anode, or the generation of X-ray photons in the thin Al foil of the X-ray window. The most 

intense spectral peaks create additional emissions in the XPS spectra. Although such minor 

lines can be puzzling, they appear only rarely with non-monochromatic X-ray sources and are 

not possible with monochromatic radiation.[363,365]  

In this thesis, XPS spectroscopy is utilized to study the chemical nature and the development 

of the interfacial layers between the LiNi0.4Mn1.6O4 electrodes and the different electrolyte 

formulations (see chapter 5.5).  

2.3.8 Electrochemical impedance spectroscopy 

In the 1880s, the establishment of electrochemical impedance spectroscopy (EIS) was initiated 

by O. Heaviside, who introduced impedance into electrical engineering.[253,377] A. E. Kennelly 

and C. P. Steinmetz extended his extraordinary work rather soon by vector diagrams and 

complex representation.[377] Nowadays, EIS has become a very appropriate method in 

materials research and development. The respective results can often be correlated with many 

complex materials variables: from mass transport, rates of chemical reactions, corrosion, and 

dielectric properties, to defects, microstructure, and compositional influences on the 

conductance of solids.[378] EIS is suitable for the investigation of ageing phenomena and 

degradation effects in fuel cells and rechargeable batteries.[253,377] The following properties 

make this technique a powerful diagnostic tool:[253,379] 

 it is a linear technique, where the results are readily interpreted in terms of linear 

systems theory 

 multiple parameters are determined by a single measurement 

 it is a nondestructive method 
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 if the measurements are over an infinite frequency range (theoretically), the impedance 

contains all of the information that are obtained from the examined system by linear 

electrical response methods 

 it has a high experimental efficiency (i.e. the amount of information transferred to the 

observer compared to the amount produced by the experiment) 

 the validity of the generated data is controlled by integral transform techniques  

(e.g. the Kramers-Kronig transforms), which are independent of the involved physical 

and chemical processes  

During an impedance measurement, a sinusoidal AC voltage U with an angular frequency ω 

and a defined small amplitude U0 is applied. Thereby, the voltage signal is equivalent to:[380] 

 U = U0 ∙ sin (ω ∙ t) (66) 

 U = AC voltage as a function of time 

 U0 = amplitude of the AC voltage 

 ω = 2 ∙ π ∙ f = angular frequency  

 t = time 

Regarding the analysis of a linear or pseudolinear system, the response to the sinusoidal AC 

voltage input U is an induced sinusoidal AC current I with the same angular frequency ω, but 

shifted by the phase angle Φ:[380] 

 I = I0 ∙ sin (ω ∙ t + Φ) (67) 

 I = AC current as a function of time  

 I0 = amplitude of the AC current  

 ω = 2 ∙ π ∙ f = angular frequency  

 t = time 

 Φ = phase angle  

By the utilization of the subsequent Euler’s relationship 

 e(i ∙ Φ) = cos (Φ) + i ∙ sin (Φ) with the complex number i = √-1 (68) 

it is possible to express the AC voltage and the AC current as complex functions:[380] 

 U = U0 ∙ e
(i ∙ ω ∙ t) (69) 

 I = I0 ∙ e
[i ∙ (ω ∙t + Φ)] (70) 

Accordingly, Figure 51 demonstrates that the sinusoidal curves U and I can also be pictured 

by vectors with the lengths U0 and I0, rotating around the origin of the vector diagram with the 

angular frequency ω.  
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Figure 51 Vector diagram and sinusoidal curves of the input potential U and the current response I in 

dependence of time. With modifications from[381]. 

Analogous to Ohm’s law the AC resistance or impedance Z of the system is defined as the 

ratio of input voltage U and measured output current I:[380] 

 Z = 
U

I
 = 

U0 ∙ e(i ∙ ω ∙ t)

I0 ∙ e[i ∙ (ω ∙t + Φ)] = 
U0

I0
 ∙ e(-i ∙ Φ) = |Z| ∙ e(-i ∙ Φ) (71) 

Thus, the impedance Z is a complex number that can be split into a real and an imaginary 

part:[380]  

 Z = |Z| ∙ e(-i ∙ Φ) 

 = |Z| ∙ [cos (Φ) - i ∙ sin (Φ)] 

 = |Z| ∙ cos (Φ) - i ∙ |Z| ∙ sin (Φ) 

 = Z’ - i ∙ Z’’ 

 = real part - imaginary part (72) 

The reciprocal value of the impedance Z is the admittance Y[382] 

 Y = 
1

Z
 = 

I

U
 = 

I0 ∙ e[i ∙ (ω ∙t + Φ)]

U0 ∙ e(i ∙ ω ∙ t)  = 
I0

U0
 ∙ e(i ∙ Φ) = 

1

|Z|
 ∙ e(i ∙ Φ) (73) 

and the phase angle Φ at a particular angular frequency ω is given by:[380] 

 tan (Φ) = 
Z

''

Z
'      or     Φ = arctan (

Z
''

Z
') (74) 

The phase angle Φ and the impedance Z depend on the angular frequency ω of the utilized 

voltage U. Modern impedance measurement equipment enables the automatic application of 

the voltage input with variable frequencies, while the output impedance (current) responses 
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are collected as the frequency is scanned from very high (MHz - GHz) values, where timescale 

of the signal is in micro- and nanoseconds, to very low frequencies (µHz) with timescales of 

the order of hours.[380] Consequently, it is possible to determine the full set of parameters when 

the measurement is carried out over a large number of frequencies. 

The above described procedure for recording EIS data is named potentiostatic mode because 

a sinusoidal AC voltage perturbation is superimposed on a fixed DC voltage, applied to the 

investigated system, and the respective sinusoidal current response is logged.[383] This 

measurement mode is recommended for most impedance experiments due to its extreme wide 

dynamic range and uncomplicated perturbation amplitude control.[384] However, in the case of 

battery cells the potentiostatic procedure is likely to lead to systematic measurement errors 

since their equilibrium voltage is variable with respect to their SOC or may change upon the 

process control. Moreover, EIS measurements of battery cells are accomplishable under 

various test parameters such as temperature variations causing a significant drift of the 

potential. This would result in a dramatic drift of the DC voltage if the potentiostatic mode is 

utilized. As a fixed DC current is more often representative of the stationary state of a battery 

cell than a fixed voltage, a controlled DC current is better suited for EIS experiments with 

battery cells.[383,385] Therefore, the galvanostatic mode is preferred for EIS measurements with 

electrochemical cells. This operation mode is conducted at a fixed DC current, which is 

superimposed by a sinusoidal current perturbation. The resulting sinusoidal potential response 

is recorded to determine the impedance.[383] In the pseudo-galvanostatic mode, the DC current 

and the AC voltage amplitude are set. Similarly to the considerations for the true galvanostatic 

mode, DC current control is recommended for investigations of drifting systems. The given AC 

voltage amplitude ensures that the resulting voltage amplitude response values do neither 

become unwantedly small, nor unacceptably high in relation to the nonlinear properties. More 

precisely, the voltage amplitude is nearly equal for all frequencies.[383,385,386]  

The results obtained from an EIS measurement are usually depicted in a so-called Nyquist plot 

or complex-plane impedance plot, where the imaginary impedance part -Z’’ (y-axis) is plotted 

vs. the real impedance part Z’ (x-axis).[387] Exemplarily, Figure 52 displays an arbitrary Nyquist 

plot.  
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Figure 52 Representation of the Data of an EIS measurement in a Nyquist plot. With modifications 

from[388].  

Commonly, the complex conjugated form of Z is represented in this plot. Hence, the algebraic 

sign of Z’’ is negative. Besides, it should be noted that each point on the Nyquist plot marks 

the impedance at one specific frequency, which increases from the right to the left. 

Nevertheless, it is not visible what frequency was used to record the data points. By means of 

this diagram the impedance is illustrated as a vector of length |Z| and the phase angle Φ is 

positioned between this vector and the x-axis.[388] 

The analysis and interpretation of EIS measurements is typically accomplished with the help 

of equivalent electrical circuit models. Most of the circuit elements are standard electrical 

components like the resistor RΩ, the capacitor CF, and the inductor L1. In addition, there are 

elements, which are specifically defined for electrochemical processes. By the combination of 

these electrical components, a network of parallel or series connections is realized, and the 

individual electrochemical resistances are simulated. Table 5 lists the most common circuit 

elements, their circuit symbol, their impedance, and the corresponding Nyquist plot. 
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Circuit element Circuit symbol Impedance Nyquist plot 

Resistance RΩ 
 

Z = RΩ 

 

Capacitor CF 

 

Z = 
1

i ∙ ω ∙ CF
 

 

Inductor L1 
 

Z = i ∙ ω ∙ L1 

 

Constant phase 

element (CPE)  
Z = Z0 ∙ 

1

(i ∙ ω)
de

 

 

Warburg W1 
 

Z = Z0 ∙ 
1

(i ∙ ω)
0.5 

 

Series connection 

RC element  
Z = Z1 + Z2 

 

Parallel connection 

RC element 

 

Z = (
1

Z1
 + 

1

Z2
)

-1

 

 

Table 5 Most common circuit elements, their circuit symbol, their impedance, and the 

corresponding Nyquist plot. With modifications from[389].   

As can be seen, the resistance RΩ is independent of frequency and has no imaginary part. 

According to Ohm’s law, the current through a resistor is always in phase with the voltage 

(Φ = 0°).[390] Regarding the capacitor, its impedance is a function of frequency and has only an 

imaginary part. Actually, a capacitor’s impedance declines with increasing frequency. The 

current through a capacitor is phase shifted by - 90° with respect to the voltage.[390] In contrast, 

the impedance of an inductor raises with frequency and the respective current is phase shifted 

by 90° relating to the voltage. But like capacitors, inductors have only an imaginary impedance 

component.[390] Considering the impedance formula of the constant phase element (CPE),  
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Z0 is the impedance of an ideal capacitor and de is an empirical constant, ranging from 0 to 1. 

Interestingly, CPE behaves as a pure capacitor when de = 1, whereas it behaves as a pure 

resistor when de = 0. Moreover, the CPE becomes equivalent to the so-called Warburg 

element W1 when de = 0.5. A Warburg impedance is featured by identical real and imaginary 

contributions, resulting in a phase angle of 45°.[390] 

As already mentioned, EIS is a valuable technique for the interpretation of fundamental 

electrochemical and electronic processes.[378] Although, this method seems to be simple in 

principle, there are some noteworthy difficulties. An important complication of EIS analysis is 

based on the fact that the equivalent circuit elements represent ideal lumped-constant 

properties. An electrochemical cell is, however, not a perfect system, which renders an 

equivalent circuit that consists only of ideal electrical circuit components inadequate to 

describe the electrical response. This is why in practice distributed impedance elements such 

as CPEs are additionally used to simulate the experimental EIS data. These components 

significantly improve the fitting for a cell with distributed properties.[378] Another major 

disadvantage of EIS is associated with the possible ambiguities in interpretation. There is a 

very large amount of possibilities for the composition of the equivalent circuit simulating the 

measured EIS data. Actually, an equivalent circuit including three or more circuit elements can 

often be rearranged in various ways and still yields exactly the same results.[378] Thereto, 

Figure 53 shows a flow diagram suggesting a general characterization procedure for EIS 

studies involving material-electrode systems like battery cells.  

 

Figure 53 Flow diagram for the EIS measurement and characterization of a material-electrode 

system.[378] 
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This means that some basic rules should be obeyed, while analyzing EIS spectra:[378] 

 utilization of the knowledge of the physical and chemical processes involved 

 comparison of the equivalent circuits with the predictions of a physical model, which 

might yield simpler expressions for the elements of one of the circuits than for the others 

 usage of the criterion of simplicity: given equally good fits, the circuit with the smallest 

number of elements is recommended  

 implementation of several EIS measurements under different conditions  

(e.g. temperature variation or changes regarding the electrodes ): the circuit in which 

the changes of the fitting parameters are least, and/or closest to the theoretical 

expectations should be preferred  

Then, the impedance analysis of battery cells enables the creation of a working kinetic model 

of a whole cell, the evaluation of the effect of the cell components on material power capability, 

and even a comparison between different chemistries.[378] Figure 54 displays the kinetic steps 

that occur in most LIBs and the corresponding impedance spectrum of intercalation materials, 

originally proposed by Barsoukov et al.[378,391] 

 

Figure 54 A Kinetic steps common in most LIBs. B Corresponding impedance spectrum of 

intercalation materials.[378] 
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The processes are:[253,378]  

 ionic conduction through the electrolyte into the cavities between electrode particles 

and electronic conduction through the conductive part of the active layer 

 lithium ion migration through the surface insulating layer of the active material denoting 

the resistance of the surface film (high frequency semi-circle in a Nyquist plot) 

 electrochemical reactions at the electrolyte-film and at the film-particle interfaces 

signifying charge-transfer resistances, including electron transfer resistance on the 

electronic/ionic conduction boundary (middle to high frequency semi-circle in a Nyquist 

plot) 

 lithium ion diffusion into the bulk of the active material particles via solid-state diffusion 

characterizing the Warburg impedance that appears in the low-frequency region of the 

Nyquist plot 

Other processes, like for example, the change of the crystalline structure, are likely to become 

limiting at frequencies below 1 mHz.[378] Conduction through the electrolyte, the porous 

separator, and the wires of the experimental setup are not depicted in Figure 54. They all 

dominate the high frequency features of an impedance spectrum above 10 kHz. At even higher 

frequencies, the inductance of the wires and electrode winding is noticeable.[378] 

In this work, EIS of formatted and cycled C//LiNi0.4Mn1.6O4 pouch cells is accomplished to get 

a deeper comprehension of the mechanism of each electrolyte additive and the Al2O3 coating 

layers regarding the entire full cell.  
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3. Motivation and objective 

As already mentioned in the introduction, LIBs for automotive applications are generally 

characterized according to the following five criteria: energy density, power density, lifetime, 

safety, and costs. The main advantage of high voltage spinel full cells in comparison to 

conventional NMC-111 full cells is their enhanced specific energy due to their high average 

potential of ca. 4.7 V vs. Li, which could lead to greater driving ranges for EVs.[55] However, 

the main drawback of lithium nickel manganese oxide spinel full cells is their limited cycle life, 

which means a rapid decline of energy density with increasing cycle number. Figure 55 depicts 

the 1C cycling performances of a C//LiNi0.4Mn1.6O4 and a C//NMC-111 full cell at room 

temperature. For the spinel cell a voltage window of 3.3 - 4.8 V was applied and the NMC cell 

was cycled between 3.0 and 4.2 V. The distinction in the voltage regions of the two cells is 

ascribed to the different activity of the redox couples of the CAMs. NMC-111 belongs to the 

group of layered lithium transition metal oxides and, therefore, offers other electrochemical 

features than the spinel material LiNi0.4Mn1.6O4. Nonetheless, both performances are 

compared because NMC-111 is already used as a commercial CAM in LIBs in combination 

with a graphite anode and, thus, is a good indicator for the quality of the C// LiNi0.4Mn1.6O4 cell.  

 

Figure 55 A Specific discharge energy vs. cycle number plots and B residual discharge energy vs. 

cycle number plots of a C//LiNi0.4Mn1.6O4 and a C//NMC-111 full cell at room temperature 

at 1C. The spinel cell is cycled between 3.3 and 4.8 V and the NMC-111 cell is cycled 

between 3.0 and 4.2 V.  

As can be seen, the cathode of the C//LiNi0.4Mn1.6O4 full cell provides an initial specific energy 

of ca. 561 Wh/kg, whereas the cathode of the C//NMC-111 full cell delivers only 533 Wh/kg at 

the beginning of the cycling experiment. Nonetheless, the high voltage spinel cell exhibits a 

faster capacity fading than the NMC-111 cell. The residual discharge energy of the former cell 

is found to be 80% after 500 cycles. Hence, the actual energy density is only available in the 

first few cycles. This cycling behavior is insufficient with regard to automotive applications. 
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Therefore, the overall aim of this work is to stabilize the cycle life of high voltage spinel full cells 

in order that their high specific energy is accessible over a long-term cycling period.  

As described in chapter 2.2 the two major issues concerning lithium nickel manganese oxide 

spinel full cells are transition metal dissolution and electrolyte oxidation. Figure 56 illustrates 

the possible degradation reactions occurring while cycling these cells. The base electrolyte 

(usually carbonate components) is oxidized at the surface of the charged cathode, whereupon 

a non-controlled, porous film is established. Due to the permeable structure of this SPI the 

electrolyte remains in contact with the composite cathode throughout cycling, which results in 

massive electrolyte decomposition and a thick SPI layer. Furthermore, HF can attack the spinel 

particles leading to Mn and Ni dissolution. The transition metals migrate through the electrolyte 

and accumulate on the anode surface causing severe SEI formation, depletion of active Li+, 

and lithium plating. Besides, HF might also cause the breakdown of the SEI by reacting with 

film components such as Li2CO3. All these mechanisms contribute to the deterioration of high 

voltage spinel full cells. 

 

Figure 56 Schematic illustration of possible degradation mechanisms occurring upon cycling high 

voltage spinel full cells. With modifications from[270].  

Within this thesis the subsequent two strategies are pursued to alleviate the above named 

ageing phenomena and to improve the cycling stability of C//LiNi0.4Mn1.6O4 full cells:  

 electrolyte optimization by adding selected additives in certain concentrations to a 

standard electrolyte formulation  

 application of Al2O3 coating layers on the electrodes (anode, cathode, and both) by a 

doctor blade process 



3. Motivation and objective 

102 

The utilization of selected electrolyte additives in C//LiNi0.4Mn1.6O4 cells is based on two ideas. 

On one hand, the additives are supposed to participate in the SPI generation to create a stable, 

covering, and preferably non-porous layer on the cathode surface. Then further electrolyte 

oxidation can be diminished since the direct contact between the composite cathode and the 

electrolyte components is suppressed. Hence, the additive-derived SPI remains rather thin and 

less Li+ are consumed. Likewise, a dense SPI should prohibit the interaction between HF and 

the CAM particles. In this manner, transition metal dissolution can be reduced. On the other 

hand, the additives can scavenge HF, PF5, and/or H2O from the electrolyte and, thereby, also 

weaken the Mn and Ni depletion. Figure 57 summarizes the possible functions of electrolyte 

additives in high voltage spinel full cells.  

 

Figure 57 Schematic illustration of the possible functions of electrolyte additives in high voltage spinel 

full cells. With modifications from[270]. 

The other approach, which involves the application of an aqueous Al2O3 slurry on a graphite 

anode, on a LiNi0.4Mn1.6O4 cathode, or on both electrodes by a doctor blade process, aims at 

scavenging HF from the electrolyte solution (Figure 58).  

 

Figure 58 Schematic picture of the application locations of the Al2O3 layers within C//LiNi0.4Mn1.6O4 

full cells. 
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Thus, transition metal dissolution should be inhibited within the cell and less metallic Mn and 

Ni is expected to be found on the anode. Moreover, degradation of the CAM and excessive 

SEI production is intended to be avoided.  

Initially, a reference system is established and a general electrochemical characterization of 

C//LiNi0.4Mn1.6O4 pouch cells comprising the base electrolyte (1 M LiPF6 in EC/EMC/DMC 

(1/1/1, w/w/w)) is accomplished in order to be able to examine and assess the ageing 

phenomena of LiNi0.4Mn1.6O4 electrodes. For instance, the ideal voltage range of high voltage 

spinel full cells has to be verified and identified. The goal is to achieve the greatest possible 

energy density over cycle life. Besides, three-electrode measurements are essential to 

guarantee that the cell is balanced correctly. This means prevention of lithium plating on the 

anode and inhibition of an overdeintercalation/destabilization of the CAM. Both failure 

mechanisms must be excluded prior to further investigations.  

When the reference system is determined, 1C CC/CV-cycling experiments are conducted at 

45 °C with C//LiNi0.4Mn1.6O4 pouch cells containing selected electrolyte additives or Al2O3 

coating layers on the electrodes. The high temperature is chosen to accelerate the degradation 

processes within the cells and, hence, to observe the impact of the additives and the ceramic 

films on the cell performance earlier. Furthermore, rate capability tests are carried out with the 

electrolyte- and Al2O3-modified cells before (BOL) and after (EOL) the cycling stability tests at 

45 °C. The purpose is to study the influence of the additives and the ceramic layers on the 

charge-transfer processes at the electrode surfaces under various current loads at different 

states of health.  

XRD analyses of fresh and cycled spinel electrodes reveal structural changes and phase 

transitions upon cycling high voltage spinel full cells in dependence of the applied electrolyte 

additives. To complement the structural investigations, Raman spectra of completely 

discharged cathodes are recorded after formatting C//LiNi0.4Mn1.6O4 full cells at 23 °C and after 

cycling these cells for 250 cycles at 45 °C without and with the utilized electrolyte additives 

and the Al2O3-coated electrodes. Moreover, Raman scattering is an appropriate method to 

determine the oxidation states of the transition metals within different structural phases.  

The depletion of Mn and Ni ions from the composite cathodes is verified by ICP-OES and EDX 

measurements of the respective graphite anodes at 0% SOC after cycling the spinel pouch 

cells at 45 °C for 250 cycles. Thereby, the effect of the electrolyte additives and the ceramic 

films on the transition metal dissolution behavior is of particular interest.  

XPS studies of formatted and cycled LiNi0.4Mn1.6O4 electrodes are conducted to principally 

examine the chemical nature and the development of the interfacial layers between the 

cathodes and the diverse electrolyte formulations. The participation of each additive in the SPI 

structure is investigated and correlated with the electrochemical characteristics of high voltage 

spinel full cells.  
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Electrochemical impedance spectroscopy of formatted and cycled C//LiNi0.4Mn1.6O4 pouch cells 

is carried out to get a deeper comprehension of the mechanisms of the electrolyte additives 

and the Al2O3 coating layers regarding the entire full cells. Then not only the cathode part of 

the lithium ion cell is taken into account, but the influence of the anode side is also considered.  

Finally, the cycling performance of C//LiNi0.4Mn1.6O4 pouch cells is further improved by applying 

the results obtained from the electrochemical, microscopic, and spectroscopic analyses.  
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4. Experimental conditions 

4.1 Chemicals and materials 

Electrode materials 

The cathode active material powder (LiMn1.6Ni0.4O4) was provided by Clariant (now referred to 

as Johnson Matthey Battery Materials GmbH). Carbon black C-NERGYTM SUPER C65 

(Brunauer-Emmett-Teller (BET) surface area = 62 m2g-1, ash content = 0.01 wt%) was 

purchased from Timcal. Polyvinylidene fluoride (PVDF) binder KynarTM ADX-161 was 

purchased from Arkema. N-ethyl-pyrrolidon (NEP) was supplied by BASF. Aluminum foil 

A1N30H18 (15 µm thickness) was purchased from Nippon Foil Mfg. Co., Ltd. The graphite 

anode was provided by VOLKSWAGEN VARTA Microbattery Forschungsgesellschaft mbH & 

Co. KG. 

Electrolyte chemicals 

The reference electrolyte solution 1 M LiPF6 in EC/EMC/DMC (1/1/1, w/w/w) was purchased 

from BASF with an initial water content of < 7 ppm and an initial HF content of < 20 ppm. The 

following additives were utilized for the development of new electrolyte formulations without 

further purification: 

Additive 

abbr. 

Additive 

name 
Supplier 

FEC fluoroethylene carbonate 
Novolyte Technologies, Inc.  

(now referred to as BASF) 

HFiP tris(1,1,1,3,3,3-hexafluoroisopropyl) phosphate Suzhou Fluolyte Co., LTD. 

HMDS hexamethyldisilazane Sigma-Aldrich Co. LLC. 

LiBOB lithium bis(oxalato)borate Chemetall GmbH 

LiTFSI lithium bis(trifluoromethanesulfonyl)imide 3M 

SA succinic anhydride Sigma-Aldrich Co. LLC. 

SEN sebaconitrile Merck KGaA  

TEHP tris(2-ethylhexyl) phosphate Merck KGaA 

TFPi tris(2,2,2-trifluoroethyl) phosphite Sigma-Aldrich Co. LLC. 

TMP trimethyl phosphate Sigma-Aldrich Co. LLC. 

TTSP tris(trimethylsilyl) phosphate TCI Deutschland GmbH 

Table 6 Utilized additives and corresponding suppliers.  
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Separator 

The separator VS1220A1 was purchased from Teijin Limited. Its thickness and its porosity 

were 20 µm and 48%, respectively. 

Other cell materials 

Chromated aluminum current collectors were purchased from Laminazione Sottile S.p.A and 

nickel current collectors were purchased from AMETEK, Inc. Polyethylene lamination pads 

were supplied by Showa Denko Europe GmbH. The adhesive tape polyimide anti-acid,  

anti-alkali was purchased from Shenzhen Meixin Electronics Co., Ltd. The pouch foil was 

provided by Showa Denko Europe GmbH. Lithium metal with a thickness of 140 µm for the RE 

was provided by Chemetall GmbH.  
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4.2 Instruments 

 CC/CV-cycling and differential capacity: potentiostat-galvanostat unloading 

installation MCCD from VARTA Microbattery GmbH; potentiostat-galvanostat 

multifunction SERIES 4000 Automated Test System from Maccor, Inc. 

 Three-electrode measurement: multifunction SERIES 4000 Automated Test System 

from Maccor, Inc. 

 X-ray diffraction spectroscopy: X-ray diffractometer theta/theta D5000 from Siemens 

with a Bragg-Brentano cupper tube (40 kV and 40 mA) and a secondary  

graphite-monochromator 

 Raman spectroscopy: FT-Raman microscope LabRAM ARAMIS from Horiba Jobin 

Yvon GmbH with a liquid N2-cooled detector; excitation wavelength 632 nm  

(He-Ne-laser with 17 mW) 

 Inductively coupled plasma-optical emission spectroscopy: 720-ES ICP optical 

emission spectrometer from  Varian Inc. 

 Scanning electron microscopy: scanning electron microscope Phenom ProX from 

Phenom-World equipped with an energy dispersive X-ray spectrometer; field-emission 

scanning electron microscope Vega TS 5136 XM from TESCAN equipped with an 

energy dispersive X-ray analysis unit AZ-TecEnergy Standard from Oxford Instruments 

 X-ray photoelectron spectroscopy: X-ray photoelectron spectroscope PHI Model 

5000 from Physical Electronics, Inc. included in the DAISY-BAT (DArmstädter 

Integriertes SYstem für BATterieforschung)  

 Electrochemical impedance spectroscopy: potentiostat-galvanostat ZENNIUM with 

a frequency response analyzer (FRA) unit with a frequency range up to 4 MHz at 

± 2.5 A and at a compliance voltage of ± 14 V from ZAHNER-elektrik GmbH & Co. KG 

 Glove box:  MB-200B modular glovebox workstation with vacuum oven (250 °C) from 

MBRAUN; H2O < 1 ppm; O2 < 1 ppm 

 Rheometer:  Kinexus pro+ from Malvern Instruments Ltd. 

 Calender: type EW 160 ∙ 200 from Bühler & Co. GmbH 
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4.3 Sample preparation and measuring conditions 

Cathode preparation 

Cathodes were prepared by coating an aluminum foil with a slurry composed of 94 wt% 

LiNi0.4Mn1.6O4, 3 wt% SUPER C65, and 2 wt% KynarTM ADX-161. First, the binder was 

dissolved in NEP. Then, carbon black was added to this binder solution, while stirring the 

suspension with a dissolver at 400 rpm. After stirring for 45 min at 1,800 rpm, the active 

material was added and the whole suspension was stirred for 2 h at 1,400 rpm. Next, the paste 

was casted onto the aluminum foil with a doctor blade and the cathodes were dried for 0.5 h 

at 120 °C. Finally, the cathodes were calendered yielding a film thickness of ca. 70 µm and an 

electrode density of ca. 2.9 gcm-3.  

Cell assembly of two-electrode pouch cells 

LiNi0.4Mn1.6O4 cathodes and graphite anodes of 3.1 cm x 5.0 cm and 3.25 cm x 5.15 cm, 

respectively, were punched and dried at 150 °C for 15 h and 130 °C for 5 h under vacuum, 

respectively. Chromated aluminum and nickel current collectors were welded to the cathode 

and anode, respectively, and the welding points were masked with polyimide adhesive tape. 

Separators of 3.6 cm x 5.4 cm were cut by a laser. The electrodes and the separator were 

stacked (anode - separator - cathode) and put into a pouch. Pouches containing the electrodes 

and the separator were dried at 95 °C for 15 h under vacuum and inserted into a glove box. 

400 µL electrolyte was filled into the pouches before the cells were sealed. The final size of a 

pouch cell was: 0.5 mm thickness, 35 mm width, and 62 mm length.  
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Figure 59 Cell assembly of a two-electrode pouch cell.  

Cell assembly of three-electrode pouch cells 

Generally, the three-electrode pouch cells were assembled similarly to the two-electrode 

pouch cells. However, in addition, a RE was built and inserted into the full cell. Thereto, a nickel 

current collector of 50 mm x 4 mm size and 70 µm thickness was laminated by polypropylene 

except for the tip. Then, the collector and some separator sheets of 10 mm x 10 mm were dried 

at 95 °C for 15 h under vacuum. The subsequent RE preparation was made in a glove box. 

Around the bare tip of the current collector a lithium sheet of 7 mm x 7 mm was folded, which 

was further encapsulated by a separator sheet. The separator was fixed with a polyimide 
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adhesive tape. This RE was placed immediately adjacent to the negative electrode in the 

pouch cell without direct contact. In fact, the RE was in direct contact with the separator 

positioned between the anode and the cathode.  

 

Figure 60 Three-electrode arrangement.  

CC/CV-cycling 

Electrochemical characterization was performed both with two-electrode and three-electrode 

pouch cells. Regarding the latter, a separate auxiliary voltage input was used for monitoring 

the potential of the positive electrode, which was cycled versus the negative electrode. The 

potential of the anode referred to Li metal was then obtained by subtracting the total voltage 

of the full cell from the potential of the cathode.  

Generally, all pouch cells were formatted in a voltage window of 3.3 - 4.8 V at 0.1C at 23 °C 

for two cycles, followed by three 1C cycles between 3.3 and 4.8 V at 23 °C. After this formation 

procedure the cells were cycled with a constant current in the voltage range from 3.3 to 4.8 V 

at 1C at 45 °C. Thereby, a constant voltage step was applied at the cutoff-voltages of 3.3 and 

4.8 V. Indeed, the end-of-discharge-voltage and the end-of-charge-voltage were kept constant 

until the current decreased to 0.05C. The current for 1C could be determined by the product 

of the theoretical specific capacity and the absolute mass of the CAM. Variations in the cycling 

parameters are directly mentioned in the text. The differential capacity dQ/dU was directly 

determined by the program software MIMSclient.  

X-ray diffraction 

XRD diffraction of fully discharged LiNi0.4Mn1.6O4 cathodes (0% SOC) was accomplished after 

250 cycles at 45 °C to investigate changes of the spinel structure during cycling 

C//LiNi0.4Mn1.6O4 pouch cells without and with various electrolyte additives. The cycled cells 

were disassembled in a discharged state within a glove box and the cathodes were washed 

with dimethyl carbonate as well as dried over night at room temperature under argon 

atmosphere.  
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The XRD patterns were collected in reflection mode in an angular range between 10 and 120 ° 

in step scan mode (step size 0.03 °, counting time 12 s/step). The divergence aperture was 

0.5 °.  Scattered beam slit and detector slit were 1 and 0.2 mm, respectively. XRD analysis 

was done by the method “Whole Powder Pattern Decomposition (WPPD)” after Pawley.[392] 

The XRD measurements were carried out by the Zentrum für Sonnenenergie- und 

Wasserstoffforschung Baden-Württemberg (ZSW).  

Raman spectroscopy 

Raman spectroscopy was conducted with fully discharged LiNi0.4Mn1.6O4 cathodes (0% SOC) 

after full cell formation at 23 °C and after 250 cycles at 45 °C without and with the utilized 

electrolyte additives and the Al2O3 coating layers. The formatted and cycled cells were 

disassembled in a discharged state within a glove box and the cathodes were washed with 

dimethyl carbonate as well as dried over night at room temperature under argon atmosphere.  

An He-Ne-laser with an excitation wavelength of 632 nm and a power of 17 mW was applied 

to the sample surface. The diameter of the laser beam at the sample was 0.9 µm. The 

measurements were taken with a neutral density filter (1% permeability) and a confocal 

microscope with a 100 µm aperture giving a lateral resolution of 0.4 µm. The hole and slit were 

adjusted to 150 and 112 µm, respectively. The Raman spectroscopic measurements were 

carried out by Volkswagen AG. The obtained Raman spectra were fitted with OriginPro 8 to a 

Lorentz function.  

Inductively coupled plasma-optical emission spectroscopy 

ICP-OES measurements of graphite anodes at 0% SOC were conducted after cycling 

C//LiNi0.4Mn1.6O4 pouch cells at 45 °C for 250 cycles in the voltage window of 3.3 - 4.8 V. The 

cycled cells were dissembled in a discharged state within a glove box and the anodes were 

washed with dimethyl carbonate as well as dried over night at room temperature under argon 

atmosphere. The anode paste/powder was scrapped off the copper current collector. 1 g of 

this anode powder was dissolved in 10 mL concentrated hydrochloric acid in order to perform 

the analyses.  

Scanning electron microscopy and energy dispersive spectroscopy 

SEM micrographs of the LiNi0.4Mn1.6O4 raw substance and the calendered LiNi0.4Mn1.6O4 

cathodes were utilized to investigate particle and electrode morphology, respectively. The 

sample preparation includes either spreading a small portion of the CAM powder onto a 

conductive carbon tape on a SEM pin stub, which is later mounted on a specimen holder or 

directly mounting the cathode on a sample holder. After introducing the sample into the 
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chamber, evacuation took place and images were taken. The acceleration voltage and spot 

size were varied for different experiments and are given in the bar below each image. EDX of 

graphite anodes was accomplished to verify the results obtained by ICP-OES. Sample 

preparation was the same as in case of LiNi0.4Mn1.6O4 cathodes.  

X-ray photoelectron spectroscopy 

XPS analyses were applied to principally study the chemical nature and the development of 

the interfacial layers between the LiNi0.4Mn1.6O4 electrodes and the different electrolyte 

formulations after formatting C//LiNi0.4Mn1.6O4 pouch cells containing various electrolyte 

additives at 23 °C and after cycling these cells for 250 cycles at 45 °C. The formatted and 

cycled cells were disassembled in a discharged state within a glove box and the cathodes were 

washed with dimethyl carbonate as well as dried over night at room temperature under 

vacuum. Then, the cathodes were transferred into the ultra-high vacuum (UHV) chamber for 

the XPS experiments without any contact to air or moisture by using a transfer chamber. The 

base pressure in the UHV chamber was about 10-10 mbar. For the XPS measurements a 

focused monochromatic Al Kα radiation (hf = 1,486.6 eV) was utilized. The diameter of the  

X-ray illuminated area was 200 µm. The XPS spectra were collected at a pass energy of 

23.5 eV. The spectrometer was calibrated using the photoemission line Ag 3d5/2 with a binding 

energy of 368.3 eV. All XPS measurements were carried out by the Darmstadt University of 

Technology. The complete measurements setup is shown in Figure 61. 

 

Figure 61 DArmstädter Integriertes SYstem für BATterieforschung (DAISY-BAT).[393] 
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The background under the XPS spectra was subtracted using the Shirley-type function. The 

photoelectron peak positions and areas were obtained by a weighed least-square fitting of 

model curves (70% Gaussian, 30% Lorentzian) to the experimental data. The peak fitting 

procedure was performed with CasaXPS software.  

Electrochemical impedance spectroscopy 

EIS measurements were operated with formatted and cycled C//LiNi0.4Mn1.6O4 pouch cells 

using the pseudo-galvanostatic mode. The examinations were carried out at 23 °C using an 

AC 10 mV voltage amplitude and a 1 µA DC current. The frequency range ranged from 1 MHz 

to 50 mHz. All EIS measurements were carried out at 80% SOC of the cells. Nyquist diagrams 

were fit with ZView.  
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5. Results and discussion 

5.1 Compositional and morphological investigation of 

LiNi0.4Mn1.6O4 as cathode active material 

The lithium nickel manganese oxide spinel powder was analyzed by ICP-OES. The elemental 

composition of the material is LiMn1.59Ni0.38O4, which is in good agreement with the theoretically 

expected stoichiometry LiMn1.6Ni0.4O4.  

SEM micrographs of the starting material and the related particle size distribution are depicted 

in Figure 62. As can be seen, the sample is composed of granules with well-defined crystalline 

octahedral particles. Consequently, a rather broad spread of particle sizes is observed. The 

primary particles have diameters of 0.2 - 2.0 µm. In contrast, the granules strongly differ in size 

and are in the range of 2 - 50 µm. Thereby, most of them adopt diameters between 5 and 

25 µm.  

 

Figure 62 A SEM images of LiNi0.4Mn1.6O4 powder particles with 2,000- and 5,000-times amplification. 

B Particle size distribution of the LiNi0.4Mn1.6O4 powder.  

SEM images of calendered LiNi0.4Mn1.6O4 electrodes are shown in Figure 63. They reveal a 

homogenous embedding of the spinel particles in the carbon-binder matrix. Due to the 

octahedral shape, small size, and low crystalline density (4.2 gcm-3)[394] of the particles, the 

porosity of the cathode film is lower compared to electrode films with spherical NMC-111 

particles. The overall porosity of the cathode film, calculated from the raw densities, is around 

30% and offers sufficient wettability of the spinel electrodes. The cathode film has a thickness 

of ca. 70 µm after calendering and the electrode density amounts to 2.9 gcm-3. The  

cross-sections of the cathodes demonstrate that the spinel particles are, to some extent, 

pressed into the aluminum foil, affording good electronic conductivity.  
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Figure 63 SEM images of a LiNi0.4Mn1.6O4 composite electrode. A View of the electrode surface with 

2,000-, 10,000- and 50,000-times amplification. B Cross-sections of the electrode with 

2,500- and 5,000-times amplification.  
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5.2 Electrochemical characterization of C//LiNi0.4Mn1.6O4 full cells 

5.2.1 Determination of the reference system and general electrochemical 

response of LiNi0.4Mn1.6O4 cathodes 

In order to investigate and evaluate ageing phenomena of LiNi0.4Mn1.6O4 cathodes, a reference 

system has to be established. In this work the electrodes, the separator, the electrolyte, and 

the cell assembly outlined in chapter 4 are set as references. Subsequently, a general 

electrochemical characterization of the spinel cathode is accomplished and the most suitable 

operating voltage range for C//LiNi0.4Mn1.6O6 full cells is determined. 

Differential capacity plot  

Figure 64 displays the calculated differential capacity dQ/dU profile of a C//LiNi0.4Mn1.6O6 full 

cell at room temperature. The cell was cycled two times in a region of 3.3 - 4.8 V prior to the 

actual measurement between 2.0 and 4.9 V at a current density of 1C. The voltage window is 

extended to ensure that the entire electrochemical activity of the spinel is covered.  

 

Figure 64 Calculated differential capacity dQ/dU profile of a C//LiNi0.4Mn1.6O6 full cell at room 

temperature between 2.0 and 4.9 V at 1C. 

As expected, three distinctive peaks are identified. Removal of Li from the tetrahedral sites of 

the spinel framework initially probes the oxidation of Mn3+ → Mn4+ around 3.9 V vs graphite. 

Further Li deintercalation leads to the oxidation of Ni2+ → Ni3+ and Ni3+ → Ni4+. The 

corresponding anodic peaks are found at 4.6 and 4.7 V vs. graphite, respectively. During 

discharging all oxidized species are reduced to their original oxidation state. The reaction of 

the Mn3+/4+ redox couple is still detected at 3.9 V vs. graphite, whereas the two cathodic nickel 
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peaks are shifted towards lower voltages of 4.5 and 4.6 V vs. graphite and are not as well 

resolved as the associated anodic peaks. This behavior is related to polarization effects and is 

more pronounced at high C-rates. It has been pointed out that the Ni2+/3+ and Ni3+/4+ redox 

energies are strongly influenced by the adjacent ionic environment.[395] For example, ordered 

LiNi0.5Mn1.5O4 spinels exhibit a larger displacement in the voltage of the oxidation and reduction 

reactions than disordered spinels induced by a diminished electronic and ionic conductivity 

due to the considerably decreased Mn3+ concentration.[396] Overall, the disordered 

LiNi0.4Mn1.6O4 spinel shows good reversibility upon intercalation/deintercalation. Since the 

more exact chemical formula of this spinel is expressed by LiNi0.4
2+

Mn0.2
3+

Mn1.4
4+

O4, it can be 

concluded that only about 20% of the capacity arises from the oxidation of Mn3+ to Mn4+ and 

the remaining 80% can be ascribed to the Ni2+/4+ redox couple. According to the literature, the 

charge/discharge process of LiNi0.5Mn1.5O4 occurs via two reversible phase transitions 

between three cubic phases related to the lithium content and the different oxidation states of 

the transition metals.[230,233,234,397] The group of Baddour-Hadjean described two cubic/cubic 

phase mechanisms for LiyNi0.4Mn1.6O4 from y = 1 to y = 0.
[349] However, the reported results are 

partially conflicting as they depend on the examined sample (see chapter 2.2.2).  

CC/CV-cycling  

Next, CC/CV-cycling experiments were conducted with C//LiNi0.4Mn1.6O6 full cells at room 

temperature (Figure 65). Various voltage ranges were applied at a charge-discharge rate of 

1C to verify the one enabling the best cycle life and specific capacity.  

 

Figure 65 Specific discharge capacity vs. cycle number plots of C//LiNi0.4Mn1.6O6 full cells at 1C and 

at room temperature in dependence of the voltage ranges.  
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Low end-of-charge-voltages down to 3.8 V were also studied to demonstrate the beginning of 

the contribution of the Mn3+/4+ and Ni2+/4+ couples to the capacity of the cell chemistry. Merely 

a negligible specific discharge capacity of ca. 4.1 mAhg-1 is noticed for the cell cycled in the 

voltage window from 3.3 to 3.8 V because the CAM is not electrochemically triggered in this 

section. Nevertheless, a minimal capacity is observed owing to the commencing oxidation of 

Mn3+ and the existence of a minor amount of movable lithium ions in the electrolyte. Slightly 

larger specific capacities of 16.4 and 36.9 mAhg-1 are determined for the cutoff voltages of  

4.1 and 4.5 V, respectively. This is due to the reaction of Mn3+ to Mn4+, which is progressively 

actuated. As illustrated in Figure 64, the Ni2+/3+ redox chemistry is not active until 4.6 V are 

reached. That explains the higher capacity of 73.8 mAhg-1 for the region of 3.3 - 4.6 V. Further 

raising the end-of-charge-voltage to 4.7, 4.8, and 4.9 V results in full activation of the CAM 

including the Ni3+/4+ redox couple and enhanced specific capacities of 118.9, 123.3, and 

131.1 mAhg-1 are registered, respectively. Regarding the cells examined between 3.3 V and 

the stated diverse charge cutoff voltages, more serious capacity fading is perceived with 

elevated end-of-charge-voltages. This might be due to several factors such as intensified 

electrolyte, binder, and carbon black decomposition and strengthened transition metal 

dissolution. Moreover, the small-sized primary particles of LiNi0.4Mn1.6O4 offer a high surface 

area, which increases the probability for undesirable side reactions with the electrolyte. 

In Figure 65, a few cells reveal a sudden decay and then a growth of the specific capacity in 

the first cycles after formation. On one hand, it is possible that the porous cathode is not 

completely wetted at the beginning of the electrochemical experiment. While cycling the 

electrolyte penetrates into the pores of CAM and, therefore, additional capacity is available. 

On the other hand, the repeated steps of lithium insertion and extraction cause changes of the 

LiNi0.4Mn1.6O4 structure. More precisely, an increase of the pore volumes takes place and, as 

a consequence, the electrolyte diffuses deeper into the structure of the CAM. Thus, more 

matter is involved in the redox reactions leading to supplementary capacity.   

Apart from the discharge cutoff voltage of 3.3 V, also lower and higher  

end-of-discharge-voltages in combination with 4.8 and 4.9 V charge cutoff voltages are tested. 

This is done to validate the most appropriate cycling range for C//LiNi0.4Mn1.6O4 full cells and 

to analyze to what extent the cell capacity is really influenced by the redox chemistries. 

Altogether, the cycling stability deteriorates from 3.3 - 4.8 to 3.3 - 4.7, 3.0 - 4.8, 3.5 - 4.9, 

3.4 - 4.9, 3.3 - 4.9, 3.0 - 4.9, and 2.0 - 4.8 V. Although the cells examined up to 4.9 V show a 

higher specific capacity in the first cycle of the CC/CV experiment than the ones with reduced 

end-of-charge-voltages, they suffer from a stronger capacity decay. The selected cutoff 

discharge voltages have no impact on the initial capacity confirming that the Mn3+/4+ couple is 

primarily active above 3.5 V vs. graphite anode. But the end-of-discharge-voltages significantly 
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affect the cell life, which declines from 3.5 to 2.0 V. The reason for this relates to the anode 

side of the cell. A more detailed elucidation is given later on. 

Obviously, the cell operated in a voltage window of 3.3 - 4.8 V delivers the best performance 

of all measured cells. It still provides a specific discharge capacity of 98.6 mAhg-1 after  

500 cycles, i.e. a capacity retention of 80%. This is quite impressive. Most reports show severe 

capacity losses for full cells containing a graphite anode and a high voltage spinel electrode 

even at room temperature, at low current densities, or comprising electrodes with low active 

material loadings or little specific capacity densities.[1–6] Most likely, the carbonate-based 

standard electrolyte formulation has already formed a stable passivation layer on the cathode 

surface and, thus, electrolyte oxidation is possibly suppressed. Chapter 5.5 will give detailed 

information on this subject.  

Specific energy and voltage profile 

Nonetheless, the cycling behavior is not the only aspect with respect to the selection of a 

convenient voltage region. The specific energy of the CAM, which is the product of the specific 

discharge capacity multiplied by the average voltage, has to be considered, too. In this context, 

just the cells tested with charge cutoff voltages of 4.8 and 4.9 V are evaluated more carefully. 

Table 7 summarizes the main electrochemical properties of C//LiNi0.4Mn1.6O4 full cells 

investigated under the different voltage applications. Figure 66 depicts the associated 

discharge profiles of the first cycle after formation at 1C and room temperature and the related 

specific energies. All cells feature a long, flat plateau present at ca. 4.6 - 4.5 V characterizing 

the reduction of Ni4+ → Ni2+ and a plateau at 4.0 - 3.8 V originating from the Mn3+/4+ activity in 

agreement with Figure 64.  

It is demonstrated that the full cells cycled between 3.5 and 4.9 V offer the highest specific 

energy in the first cycle (600 Whkg-1) and those measured in the range of 2.0 - 4.8 V exhibit 

the lowest gravimetric energy density (559 Whkg-1). Notably, the energy difference between 

the 4.8 and 4.9 end-of-charge-voltages is about 40 Whkg-1, which is principally due to the gap 

in the discharge capacities as the average voltages are very similar to each other. 

Nevertheless, the remarkable specific energies of the cells with the 4.9 V cutoff voltage are 

merely valid for the first few cycles because of the fast capacity decay while cycling (Figure 65). 

In the ensuing cycles, their capacity and their gravimetric energy density drop to the same level 

and even below the values of the cells with an end-of-charge-voltage of 4.8 V. In sum, the 

specific energy decreases for all cells during cycling but the degeneration is more critical for 

the cells with the 4.9 V cutoff voltage. Hence, the 3.3 - 4.8 V window provides the highest 

amount of gravimetric energy density over cycle life.  
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Specific energy 

(Whkg-1) 

Specific discharge 

capacity (1st cycle) 

(mAhg-1) 

Average 

voltage 

(V) 

Voltage range 

(V) 

Residual 

capacity after 

500 cycles (%) 

600.0 131.4 4.57 3.5 - 4.9 62.4 

598.9 131.3 4.56 3.4 - 4.9 59.4 

598.5 131.1 4.56 3.3 - 4.9 59.4 

596.6 131.4 4.54 3.0 - 4.9 56.2 

561.4 123.3 4.55 3.3 - 4.8 80.0 

559.6 123.3 4.54 3.0 - 4.8 73.2 

559.1 123.0 4.54 2.0 - 4.8 56.5 

Table 7 Electrochemical data of C//LiNi0.4Mn1.6O4 full cells cycled for 500 cycles within different 

voltage windows at 1C and at room temperature. 

 

Figure 66 Voltage profiles of the first cycle of C//LiNi0.4Mn1.6O4 full cells operated within various 

voltage ranges at 1C and at room temperature and related specific energies. 
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Three-electrode measurements 

Thereafter, three-electrode studies were carried out to track the individual potentials of the 

LiNi0.4Mn1.6O4 cathode and the graphite anode upon CC/CV-cycling of the corresponding full 

cell within the above presented voltage regions. In this manner, it is possible to check the cell 

balancing. For this purpose, a Li metal reference electrode was incorporated into the 

C//LiNi0.4Mn1.6O4 pouch cell. Actually, just the data from the full cell and the cathode half cell 

were recorded. The anode potential was calculated by subtracting the total voltage of the full 

cell from the potential of the positive electrode. First, six cycles were conducted between 3.3 

and 4.9 V to stabilize the system. Then, each voltage window was measured twice, whereby 

the original range from 3.3 to 4.9 V was applied after every second cycle for levelling reasons. 

All cycles are recorded with a current density of 1C at room temperature.  

Cell balancing 

In Figure 67, the measured voltage of the full cell (green line), the measured potential of the 

positive electrode (red line), and the calculated potential of the negative (black line) electrode 

are graphically shown as a function of cycling time. The small, sharp lines, which are partially 

visible in the anode potential curve are artifacts. They exist because the measuring system 

was too slow to keep up with the rapid change between the charge and discharge processes.  

 

Figure 67 Voltage profile of a three-electrode C//LiNi0.4Mn1.6O4 pouch cell operated within various 

voltage regions and the corresponding measured cathode (Li//LiNi0.4Mn1.6O4) and 

calculated anode (Li//C) potentials at room temperature at 1C. 
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The potential of the negative electrode does not fall below the 0 V potential line throughout the 

whole experiment. Instead, it lies always at ca. 0.07 - 0.08 V vs. Li pertaining to the fully 

charged states of the cell. Deposition of metallic lithium on the anode is known to occur when 

the anode potential adopts negative values.[314–316] Therefore, it can be assumed that, at least 

in the first few cycles, no lithium plating occurs due to a suitable ratio of anode and cathode 

capacities.  

Likewise, balancing seems to be acceptable in terms of achieving a potential difference as 

large as possible between the Li//C and Li//LiNi0.4Mn1.6O4 half cell potentials attaining a 

preferably high specific energy. The small anode potential or slight anode oversizing of approx. 

4% at 0.1C allows the activation of nearly 100% of the active masses of both electrodes. As a 

result, high specific capacities are realized. The cathode potential is detected at  

ca. 0.07 - 0.08 V above the full cell voltage in the highest states of charge. Thus, for a 4.9 V 

charge cutoff voltage the potential of the positive electrode reaches almost 5.0 V during 

charging. This leads to more severe corrosion or decomposition of the electrolyte, binder, 

carbon black, and CAM compared to the end-of-charge-voltage of 4.8 V. Consequently, the 

cells charged up to 4.9 V display a faster capacity fading than those operated up to 4.8 V. 

Influence of the discharge cutoff voltages on the cell performance 

Furthermore, the examined voltage ranges reveal a dissimilar behavior of the potentials of the 

positive and negative electrodes while discharging (Table 8). 

Voltage range (V) 
Cathode potential at 0% SOC 

(Li//LiNi0.4Mn1.6O4) (V vs. Li) 

Anode potential at 0% SOC 

(Li//C) (V vs. Li) 

3.5 - 4.9 3.83 - 3.85 0.33 - 0.35 

3.4 - 4.9 3.75 - 3.77 0.35 - 0.37 

3.3 - 4.9 3.78 - 3.81 0.48 - 0.51 

3.0 - 4.9 3.55 - 3.58 0.55 - 0.58 

3.3 - 4.8 3.75 - 3.76 0.45 - 0.46 

3.0 - 4.8 3.53 - 3.56 0.53 - 0.56 

2.0 - 4.8 3.96 - 4.02 1.96 - 2.02 

Table 8 Examined voltage ranges and associated cathode (Li//LiNi0.4Mn1.6O4) and anode (Li//C) 

potentials in the completely discharged states of a C//LiNi0.4Mn1.6O4 full cell.  
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Thereby, it is recognized that particularly the anode potentials strongly depend on the 

discharge cutoff voltages. Regarding the same charge cutoff voltage, the following connection 

is established. The lower the end-of-discharge-voltage, the higher is the associated Li//C 

potential in the completely discharged states of the cell. This circumstance relates to the fact 

that the cycling performance declines with decreasing discharge cutoff voltage (Figure 65). 

The 2.0 - 4.8 V region is a special case and is discussed later on. The position of the cathode 

potential, which ranges from 3.53 to 3.85 V vs. Li in the lowest states of charge (excluding 

2.0 - 4.8 V), has no detrimental effect on the cell. The location of the anode potential 

influences, however, the stability of the SEI and, hence, the electrochemical characteristics of 

the full cell. Commonly, SEI formation starts below 1.3 V vs. Li in the presence of alkyl 

carbonates and the layer becomes thicker when the potential is further lowered.[398,399] During 

delithiation of the graphite anode, the Li//C potential is raised again. Now, partial dissolution of 

the SEI takes place. Thus, upon cycling SEI formation and dissolution are in a dynamic 

equilibrium.[72] The higher the potential of the negative electrode is situated above the 0 V 

potential in the discharged state of the full cell, the more unstable is the SEI and the more 

serious is the weakening of this surface layer. Accordingly, throughout cycling lithium is 

consumed more rapidly due to permanent SEI reconstitution and thick layers are built up. 

Therefore, faster capacity deterioration is determined for the cells operated with diminished 

end-of-discharge-voltages. 

The voltage region 2.0 - 4.8 V – a special case 

The 2.0 - 4.8 V window unveils a different behavior for the potential of the positive electrode 

upon discharging compared to the other examined voltage regions. When the full cell reaches 

a voltage of ca. 2.7 - 2.8 V, the Li//LiNi0.4Mn1.6O4 potential stops shrinking at around 3.5 - 3.6 V 

vs. Li and augments up to ≈ 4.0 V vs. Li until the full cell is totally discharged to 2.0 V. This 

implies that the cathode begins to release Li+ at about 3.5 - 3.6 V vs. Li or in other words is 

already charged again, whereas the full cell is still discharged. Simultaneously the  

Li//C potential increases up to ca. 2.0 V vs. Li. This indicates that the entire deintercalation of 

Li+ is accompanied by complete SEI dissolution and degradation of the graphite anode. The 

anode can only provide Li+, which have been inserted in the cycles before or that have been 

used to generate the SEI layer. No additional lithium is available to further discharge the 

cathode below 3.5 V vs. Li. This would only be feasible in the case of a lithium anode instead 

of graphite as demonstrated in the past.[400] Consequently, the lithium metal reference 

electrode is not contributing to the reaction in the full cell confirming the good quality of the 

three-electrode setup. The LiNi0.4Mn1.6O4 electrode already starts to extract Li+ prior to the 

overall discharge of the full cell in order to compensate the high Li//C potential that primarily 

originates from the corrosion of the anode. The disintegration of the negative electrode is even 
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more intensified in the second cycle between 2.0 and 4.8 V. The deformed or divergent curves 

of the ensuing cycles (3.3 - 4.9 V) prove the damage of the anode. 

Interim conclusion  

For the following investigations of C//LiNi0.4Mn1.6O4 full cells the 3.3 - 4.8 V region is utilized. 

This voltage window affords the best cycle life and, hence, delivers the largest sum of specific 

energy over cycling of all studied ranges, despite the comparably lower original specific 

discharge capacity. Moreover, it has been shown that, at least in the first few cycles, the 

3.3 - 4.8 V cell is well balanced with respect to the prevention of lithium plating and considering 

the attainment of a rather high gravimetric energy density. The increase of the anode potential 

in the discharged state of the full cell is tolerable and does not cause an irreversible cell 

damage.  

Long-term three-electrode cycling experiment 

Finally, a long-term cycling experiment was performed with a three-electrode C//LiNi0.4Mn1.6O4 

pouch cell between 3.3 and 4.8 V at room temperature. Here, the objective is to ensure that 

improper cell balancing is indeed not the reason for capacity fading. Initially, ten cycles were 

recorded including the data of the reference electrode. Owing to the lack of three-electrode 

measurement channels, just the cycling data of the full cell were recorded. Nevertheless, the 

two-electrode cycling was paused after 50, 250, and 500 cycles to monitor the development of 

the individual potentials of anode and cathode. The cycling performance of the corresponding 

cell is illustrated in Figure 68.   

 

Figure 68 A Specific discharge capacity vs. cycle number plot and B residual discharge capacity vs. 

cycle number plot of a C//LiNi0.4Mn1.6O4 three-electrode pouch cell cycled between 3.3 and 

4.8 V at 1C at room temperature. The arrows indicate the interruption of the two-electrode 

cycling and the beginning of the three-electrode measurement, which was conducted for 

five cycles in each case.  
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The arrows indicate the interruption of the two-electrode cycling and the beginning of the  

three-electrode measurement, which was conducted for five cycles in each case. The specific 

starting capacity amounts to 122.3 mAhg-1, which is virtually the same as that reported for the 

3.3 - 4.8 V region. The capacity decay proceeds, however, more rapidly than in the  

two-electrode assembly. After 500 cycles, the capacity retention is only 74% compared to 80% 

in the two-electrode setup. The cycling interruptions and pauses are presumably responsible 

for the poorer electrochemical features of the three-electrode pouch cell. 

Figure 69 depicts the full cell voltage (green line), the anode (black line), and the cathode (red 

line) potentials of the first ten cycles and after 50, 250, and 500 cycles for five cycles. 

Throughout the whole experiment the anode potential adopts positive values. Thus, no lithium 

precipitation on the anode surface arises. As a matter of fact, no lithium plating is observed on 

the surface of the negative electrode after opening the cell in the glovebox. 

 

Figure 69 Voltage profile of a three-electrode C//LiNi0.4Mn1.6O4 pouch cell operated within the 

3.3 - 4.8 V region and the corresponding measured cathode potential (Li//LiNi0.4Mn1.6O4) 

and the calculated anode (Li//C) potential measured at room temperature at 1C. The first 

ten cycles and five cycles after 50, 250, and 500 cycles are depicted.  

Consequently, the electrodes are also balanced correctly with respect to long-term cycling. In 

the highest states of charge, the anode potential is registered at 0.07 - 0.08 V vs. Li regarding 

the cycles from 0 to 255. For the last five cycles, it declines slightly to 0.05 - 0.06 V. 

Analogously, the cathode potential is positioned at 4.87 - 4.88 V vs. Li for a minimum of  

255 cycles before it decreases to 4.85 - 4.86 V vs. Li after 500 cycles. Evidently, ageing 

mechanisms take place that lead to the potential drops. The degeneration of the spinel cell is 

even more noticeable considering the enhancement of the anode and cathode potentials in 
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the lowest states of charge during cycling. The potentials of the negative and positive 

electrodes rise from ca. 0.30 up to ca. 0.79 V and from 3.60 to 4.09 V, respectively. Besides, 

the time required for one charge/discharge cycle becomes shorter and shorter with increasing 

cycle number. All these phenomenona occur due to electrochemical consumption of active 

lithium during CC/CV-cycling by, for example, massive surface layer formation.  

If lithium is lost, the CAM is not entirely restored upon discharging. Consequently, the 

respective cathode potential is higher in the completely discharged state of the full cell. The 

anode potential follows to compensate the lithium deficit and the 3.3 V cutoff voltage of the full 

cell is still reached.  

During the subsequent charge process less lithium is deintercalated and the associated 

potential is lowered below 4.87 - 4.88 V vs. Li. Hence, the anode receives only a reduced 

amount of lithium ions. But the potential of the negative electrode drops and secures the 4.8 V 

end-of-charge voltage of the full cell. Probably, some of the pores of the carbon anode are 

clogged by the components of a thick SEI. This scenario has already been described in the 

literature.[318,401] Therefore, the negative electrode takes up only a limited number of Li+ before 

platting takes place.  

Conclusion 

Altogether, the marginal anode oversizing of ca. 4% at 0.1C is sufficient to prevent deposition 

of metallic lithium throughout cycling. In addition, the accurate balancing of the electrodes 

enables high specific capacities due to the almost complete involvement of both active 

materials in the electrochemical processes. Thus, the capacity decay of the C//LiNi0.4Mn1.6O4 

pouch cell is not the result of incorrect balancing. Instead, serious loss of active lithium is 

suggested to be the main source of the cycling behavior. The reasons for this will be discussed 

later in this thesis.  

5.2.2 Cycling stability studies 

In general, the cycle life and the specific energy are important parameters, which determine 

the suitability of lithium ion accumulators for certain applications. The automotive industry 

demands highly energetic LIBs to realize long-range electric cars and the battery service life 

should at least match the average life expectancy of a new car. The latter is around ten to 

fifteen years. CC/CV-cycling is a prominent method to estimate the longevity and specific 

energy of lithium ion batteries or cells and to examine the influence of diverse experimental 

conditions. Hereafter, the impact of different temperatures, electrolyte additives, and Al2O3 

coating layers on the cycling behavior of C//LiNi0.4Mn1.6O4 full cells is investigated and 

evaluated. 
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Temperature dependence 

First of all, full cells containing a graphite anode and a LiNi0.4Mn1.6O4 cathode were cycled 

between 3.3 and 4.8 V at 1C, whereby three different temperatures were applied (Figure 70). 

The cells exhibit specific starting capacities of 123.3, 123.7, and 95.2 mAhg-1 at 23, 35, and 

45 °C, respectively, and the residual discharge capacities are found to be 90%, 76%, and 61%, 

respectively. As expected the capacity decay proceeds faster at higher temperatures, because 

the ageing processes are accelerated according to Arrhenius. At 45 °C, an immediate capacity 

loss during the initial cycle is observed. Therefore, intensified ageing mechanisms must occur 

such as for instance the formation of thicker SEI on the graphite surface. Some layer 

components are not stable at elevated temperatures and they readily decompose to create a 

porous SEI with partly bare graphite surfaces. As a consequence, additional SEI formation 

evolves.[402] Concurrently, a thicker SPI on the cathode surface might develop. Electrolyte 

oxidation and film growth on the positive electrode are recognized processes in high voltage 

spinel cells.[1,4,229] Both scenarios, extra SEI as well as supplementary SPI formation, result in 

irreversible consumption of electrochemically active Li+.  

 

Figure 70 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C as a 

function of the temperature.  

Afterwards, it attempts to improve the cycle life of C//LiNi0.4Mn1.6O4 cells by selected electrolyte 

additives and Al2O3 coating layers on the electrodes. The cycling stability studies are all 

conducted with a current rate of 1C at 45 °C in order to accelerate the degradation of the full 

cell and, thus, to track the effect of the electrolyte additives or the ceramic layers. Furthermore, 

good high temperature performance is a prerequisite for applying high voltage spinel LIBs in 

EVS, HEVs, or PHEVs.  
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Electrolyte optimization 

Many researchers have focused on developing novel electrolytes and electrolyte additives to 

extend the cycling performance of high voltage spinel electrodes operated at high 

potentials.[5,262,262–267] Nonetheless, each novel electrolyte formulation features some 

disadvantages.  

As outlined in chapter 3, in this work the utilization of selected electrolyte additives in 

C//LiNi0.4Mn1.6O4 cells is based on two ideas. On one hand, the additives are supposed to form 

a more stable SPI on the cathode surface than the reference electrolyte (1 M LiPF6 in 

EC/EMC/DMC (1/1/1, w/w/w)) without any additives. If the layer is dense enough and covers 

the full surface of the spinel electrode, it prohibits further electrolyte oxidation because the 

direct contact between the composite cathode and the electrolyte components no longer 

exists. Hence, the additive stabilized SPI remains rather thin and less Li+ are depleted. 

Likewise, the SPI should prevent the interaction between HF and the LiNi0.4Mn1.6O4 particles. 

Therefore, transition metal dissolution can be suppressed. On the other hand, the additives 

might already trap PF5 from the conducting salt, H2O, and/or HF from the electrolyte and 

alleviate Mn and Ni dissolution.  

Herein, additives belonging to the groups of anhydrides, borates, fluorinated carbonates, 

imides, nitriles, phosphates, phosphites, and silicon-containing compounds are investigated. 

In the literature additives or cosolvents from similar or same substance classes have been 

reported to improve the electrochemical properties of high voltage materials.[268–277] Adding 

substances such as sulfones and biphenyls to the base electrolyte have also been shown to 

enhance the electrochemical behavior of high voltage spinel cells.[5,266,278,279] Nevertheless, 

they are not considered due to the following reasons. Sulfone-based electrolytes suffer from 

very high viscosities with low conductivities. Low sulfone concentrations in carbonate-based 

electrolytes also diminish the conductivity owing to incomplete dissociation.[266] The utilization 

of biphenyls as additives or cosolvents is critical as they decrease the ionic conductivity, too. 

The formed polymer layer on top of the cathode is frequently too thick to enable fast lithium 

diffusion.[5] 

Table 9 provides an overview of all examined electrolyte additives. The additives are listed 

alphabetically. Originally, 0.5% of each additive was added to the reference electrolyte. Then, 

higher and lower concentrations were tested to determine the ideal concentration of each 

additive.  
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Additive 

abbr. 

Additive 

name 
0.1% 0.5% 1% 1.5% 2% 2.5% 5% 10% 

FEC fluoroethylene carbonate         

HFiP 
tris(1,1,1,3,3,3-

hexafluoroisopropyl) phosphate 
        

HMDS hexamethyldisilazane         

LiBOB lithium bis(oxalato)borate         

LiTFSI 

lithium 

bis(trifluoromethanesulfonyl) 

imide 

        

SA succinic anhydride         

SEN sebaconitrile         

TEHP tris(2-ethylhexyl) phosphate         

TFPi 
tris(2,2,2-trifluoroethyl) 

phosphite 
        

TMP trimethyl phosphate         

TTSP tris(trimethylsilyl) phosphate    1.7%     

Table 9 Overview of all examined electrolyte additives. The associated concentrations are given in 

weight percent. 

Fluoroethylene carbonate 

Generally, fluorinated cyclic and linear carbonates are interesting candidates for LIB 

electrolytes as they possess more desirable physical properties like, for example, lower melting 

point, increased oxidation stability, and less flammability as compared to the non-fluorine 

substituted carbonates.[263,403] Among all explored fluorinated carbonate additives or 

cosolvents, fluoroethylene carbonate (FEC) is the most prominent (Figure 71). Its capability to 

form a stable SEI on graphitic anodes has been thoroughly studied.[404,405] In addition, FEC has 

been found to improve the cycle performance of silicon anodes.[406]  

 

Figure 71 Chemical structure of fluoroethylene carbonate. 

As opposed to this, the impact of FEC on the electrochemical characteristics of cathodes has 

been much less investigated.[405,407] Recently, FEC has been tested as additive or cosolvent in 
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high voltage spinel cells. S. Passerini et al. demonstrated the beneficial effect of adding both 

1.6 wt% FEC and 2 wt% SA to the base electrolyte (1 M LiPF6 or 1 M LiFAP in EC/DMC 

(1/1, w/w)) on charge retention over cycling and on self-discharge of C//LiNi0.4Mn1.6O4 

SwagelokTM-type cells.[408] K. Amine and his group examined a new electrolyte composed of 

1 M LiPF6 in FEC/F-EMC/F-EPE (3/5/2, v/v/v) in C//LiNi0.5Mn1.5O4 coin cells. The electrolyte 

improved the voltage stability and the cycling behavior of the cell at room temperature and at 

55 °C compared to an electrolyte of 1.2 M LiPF6 in EC/EMC (3/7, w/w) due to fewer solid 

decomposition products on anode and cathode.[6] In another report by H.-C. Shin and  

co-workers, the addition of 1 wt% FEC to 1.5 M LiPF6 in EC/DEC (1/1, v/v) reduces the ageing 

mechanisms of half cells comprising LiNi0.5Mn1.5O4 at 55 °C. A protective surface film with 

fluoride-containing components and free fluoride ions is proposed to prevent LiF accumulation 

on the cathode and, hence, extends the cell life.[409] Moreover, Si//LiNi0.5Mn1.5O4 cells including 

the electrolyte formulation 1 M LiPF6 in FEC/DMC (1/4, w/w) showed an excellent cycling 

stability.[271] 

In this thesis, a comparative study of the carbonate-based reference electrolyte and the related 

FEC-added electrolyte solutions was accomplished. Figure 72 displays the cycle life of 

C//LiNi0.4Mn1.6O4 pouch cells without and with diverse contents of FEC.  

 

Figure 72 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, 2.5, 5, and 10% FEC. 

The reference cell is depicted as a black line. Its initial capacity is 95.2 mAhg-1, which 

diminishes to 58.0 mAhg-1 (61% residual discharge capacity) after 250 cycles. As can be seen, 

adding concentrations of 5 and 10% FEC to the base electrolyte leads to an overall 

deterioration of the cycling features. The formation of very thick surface films on the electrodes, 

which is accompanied by a severe loss of active lithium ions, is the reason for this rapid 

capacity decay. In contrast, the specific starting capacity of the spinel cell is significantly 

improved by 0.1%, 0.5%, and 2.5% FEC. It amounts to 114.9, 110.8, and 120.0 mAhg-1, 
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respectively. Nonetheless, all FEC-containing electrolytes exhibit a faster electrochemical 

degeneration than the reference one. Still, the cell with 0.5% FEC delivers the highest 

gravimetric energy density regarding the whole cycle life. Its specific discharge capacity after 

cycling equals to 57.4 mAhg-1, which is almost as high as in the reference and corresponds to 

52% capacity retention. But, owing to the greater initial capacity, higher total specific energy is 

achievable. This additive concentration is recommended for C//LiNi0.4Mn1.6O4 cells as it offers 

the largest advantages over the base electrolyte of all FEC quantities. Higher and lower 

amounts of FEC result in deterioration of the ageing phenomena.  

The investigations of the mechanisms of FEC are outlined in chapter 5.3 and following. 

Thereto, the cell with 2.5% FEC was selected, since it revealed the best cycling behavior at 

the starting point of the analyses.  

Hexamethyldisilazane 

Hexamethyldisilazane (HMDS) is an organosilicon compound having the molecular formula 

C6H19NSi2 (Figure 73). Typically, it is used for the preparation of organic and inorganic 

trimethylsilyl derivatives or as laboratory reagent.[410]  

 

Figure 73 Chemical structure of hexamethyldisilazane. 

In 2001, H. Yamane et al. discovered that HMDS significantly suppresses Mn dissolution of 

Li1.01Mn1.99O4 cathodes after high temperature storage at 80 °C owing to the removal of H2O 

and the neutralization of HF.[198] Furthermore, J.-S. Liu and his group confirmed the positive 

effect of HMDS on the cycle performance of LiMn2O4 electrodes.[411] As far as we are aware, 

there is, however, no detailed study on the electrochemical and physical properties of lithium 

electrolytes containing the additive HMDS for lithium nickel manganese oxides spinels as 

CAMs.  

In this work, HMDS is investigated, for the first time, as additive for lithium ion cells including a 

graphite anode and a high voltage spinel cathode. Figure 74 represents the capacity retention 

of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 45 °C without and with 0.1%, 0.5%, 

1.5%, and 2% HMDS. The addition of 2% of the organic silicon substance to the base 

electrolyte (light blue line) engenders a drastic reduction of the initial cell capacity. Therefore, 

merely a specific discharge capacity of 49.8 mAhg-1 is realized after 250 cycles. The high 

amount of HMDS may initiate an immediate, excessive production of surface layers on the 
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electrodes, which is responsible for the low specific starting capacity. All other additive 

concentrations lead to a higher specific starting capacity than the reference electrolyte (black 

line) and at least the same or even higher specific discharge capacities are achieved at the 

end of cycling. The cells with 0.1% (dark blue line) and 0.5% HMDS (red line) start at  

115.8 and 122.6 mAhg-1, respectively, but quickly loose capacity upon charging and 

discharging to 57.9 and 57.6 mAhg-1, respectively. Nevertheless, they afford more specific 

energy over cycle life than the reference. The best CC/CV-cycling stability is attained by 

utilizing 1.5% HMDS (green line). Although capacity fading still exists, there is a considerable 

improvement as compared to the baseline. 60% residual discharge capacity (61.5 mAhg-1) is 

obtained after 250 cycles. For the post-mortem analyses, the cell with 0.5% HMDS was chosen 

as it offers the greatest sum of specific energy over cycling.  

 

Figure 74 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, 1.5, and 2% HMDS. 

Lithium bis(oxalato)borate 

Among various additives for lithium nickel manganese oxide spinels, lithium bis(oxalato)borate 

or LiBOB (Figure 75) is one of the most promising candidates.  

 

Figure 75 Chemical structure of Lithium bis(oxalato)borate. 

It has been recognized as a bifunctional electrolyte component, which is able to form stable 

surface films on high voltage spinel cathodes and graphitic anodes and it is known to inhibit 
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Mn dissolution.[272] The incorporation of LiBOB into carbonate-based electrolyte formulations 

has been reported to substantially enhance the electrochemical features of Li//LiNi0.5Mn1.5O4 

and graphite//LiNi0.5Mn1.5O4 cells.[247,269,272,307] 

Within this study, several quantities of LiBOB were tested for C//LiNi0.4Mn1.6O4 pouch cells via 

CC/CV-cycling experiments at 45 °C in order to determine the optimum additive concentration 

(Figure 76). 

 

Figure 76 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, 1, and 1.5% LiBOB. 

The addition of 1.5% LiBOB to the reference electrolyte (bright blue line) has a negative impact 

on the cycle life. The specific discharge capacity after cycling merely equals to 49.9 mAhg-1. 

Severe SEI and/or SPI generation is presumably the reason for the fast capacity fading. In 

contrast, all cells with lower additive concentrations exhibit better performances than the 

reference with respect to the specific discharge capacity after 250 cycles. The residual 

discharge curve of 1% LiBOB (green line) shows the most favorable behavior of all curves. It 

reaches 61.3 mAhg-1 at the end of the cycling, corresponding to 68% of its original capacity. 

Nonetheless, the highest specific energy over all cycles is observed for the cell comprising 

0.1% LiBOB (dark blue line) since it has a starting capacity of 115.7 mAhg-1, which only drops 

to 63.8 mAhg-1 after 250 cycles. The 0.5% LiBOB cell (red line) also improves the final specific 

discharge capacity, which equals to 61.0 mAhg-1, and enhances the gravimetric energy density 

of the C//LiNi0.4Mn1.6O4 cell compared to the base electrolyte, although it is not as high as that 

of the cell with 0.1% LiBOB.  

To clarify the influence of LiBOB on the characteristics of C//LiNi0.4Mn1.6O4 cells, microscopic 

and spectroscopic examinations were undertaken with 0.5% LiBOB cells, as they had 

demonstrated the best cycling properties at the starting point of the analyses.  
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Lithium bis(trifluoromethanesulfonyl)imide 

Generally, electrolytes with lithium bis(trifluoromethanesulfonyl)imide or LiTFSI (Figure 77) are 

somewhat less conductive than LiPF6 electrolytes. But, the former salt has a higher thermal 

stability, is not prone to hydrolysis owing to very stable C-F bonds, has a higher degree of ionic 

dissociation, and is well soluble in non-aqueous electrolytes.[398,412] The main drawback of 

LITFSI in aprotic solvent-based electrolytes is, however, its tendency to corrode Al current 

collectors. This has prevented the wide-spread application of LiTFSI rather than LiFP6.[413–415] 

In contrast, LiTFSI does not cause any corrosion of the Al current collector in ionic liquids[416], 

nor do highly concentrated LiTFSI electrolytes.[417]  

 

Figure 77 Chemical structure of Lithium bis(trifluoromethanesulfonyl)imide.  

In this thesis LiTFSI is utilized, for the first time, as an electrolyte additive in a  

carbonate-containing electrolyte formulation for the CAM high voltage spinel. But, as illustrated 

in Figure 78, all additive concentrations result in capacities, which fade more quickly than those 

of the reference electrolyte (black line).  

 

Figure 78 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.5, 1, and 1.5% LiTFSI.  

The worst result is registered for the cell with 1% LiTFSI (red line). It shows just 36.7 mAhg-1 

or 36% of its initial capacity after cycling. Applying 0.5% LiTFSI (blue line) helps to keep the 

initial specific discharge capacity at 104.1 mAhg-1 for 14 cycles before it starts to decrease 
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down to 45.8 mAhg-1, whereas 1.5% LiTFSI (green line) leads again to a lower specific 

discharge capacity of 41.6 mAhg-1 after 250 cycles.  

Gassing is identified as the primary reason for the poor cyclability of the cells containing LiTFSI. 

These cells have not only become very thick while cycling but they even have burst towards 

the end of the CC/CV-cycling experiment. This is due to the pressure of formed gases such 

as, for instance, CO2 or H2. Consequently, LiTFSI promotes the decomposition of the base 

electrolyte and is unstable at high voltages up to 4.8 V. Winter et al. have revealed that various 

electrolyte degradation processes, including TFSI-anion decomposition, occur prior to the 

actual corrosion of the Al current collector in rechargeable LIBs with 1 M LiTFSI in EC/DEC 

(3/7, w/w).[418] Nevertheless, no corrosion of the Al current collector is detected in the 

C//LiNi0.4Mn1.6O4 cells comprising LiTFSI after cycling. A passivation reaction involving LiPF6 

prohibits its deterioration.[61,419] In spite of the fact that electrolyte oxidation and gassing are 

predominantly responsible for the rapid capacity decay, post-mortem analyses of the high 

voltage spinel cell with 1.5% LiTFSI were carried out. However, not all characterization 

methods could be applied because of cell damage. 

Succinic anhydride 

Lately, researchers have focused on anhydrides as additives to improve the features of  

non-aqueous electrolytes for lithium nickel manganese oxide electrodes. Glutaric anhydride, 

for example, has been recognized to alter the composition of the LiNi0.4Mn1.6O4 

cathode/electrolyte interphase by promoting stable fluorophosphates and lowering the relative 

amount of resistive LiF. Thereby, capacity fading upon cycling and self-discharge mechanisms 

are suppressed through a thicker but more ionically conductive SPI, which behaves like a 

polymer electrolyte interface.[420] Besides, succinic anhydride or SA (Figure 79) has been 

added to a solution of 1 M LiPF6 in EC/DMC (1/1 v/v) to reduce the self-discharge of 

Li//LiNi0.4Mn1.6O4 SwagelokTM-type cells.[273] An enhanced coulombic efficiency and a 

decreased capacity loss per cycle is noticed with the incorporation of SA. S. Passerini and his 

group have explored the electrochemical behavior of C//LiNi0.4Mn1.6O4 full cells with 1.6 wt% 

FEC and 2 wt% SA added to the base electrolyte (1 M LiPF6 or 1 M LiFAP in EC/DMC 

(1/1, w/w)).[408] The combination of both additives increases the capacity retention over cycling 

and diminishes the self-discharge of the lithium nickel manganese oxide cells.  

 

Figure 79 Chemical structure of succinic anhydride. 
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Hereafter, four SA concentrations were investigated to check whether the above stated 

positive results are applicable to C//LiNi0.4Mn1.6O4 pouch cells. Unexpectedly, all SA-containing 

cells display an enormous degradation of the cycling performance compared to the reference 

(Figure 80). The cells with 0.5% (dark blue line), 2.5% (red line), 5% (green line), and 10% SA 

(bright blue line) start at specific discharge capacities of 88.6, 95.6, 87.5, and 109.4 mAhg-1, 

respectively. The associated final residual discharge capacity values correspond to only 25%, 

32%, 20%, and 4%, respectively. Contrary to what is reported in the literature, high as well as 

low amounts of SA cause a drastic capacity decline throughout cycling. In the following, 

spectroscopic and microscopic studies were conducted with the 2.5% SA cell to determine the 

origin of the poor cyclability.  

 

Figure 80 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.5, 2.5, 5, and 10% SA.  

Sebaconitrile 

Commonly, nitrile solvent-based electrolytes are known to meet a variety of requirements such 

as improved low temperature performance and enhanced thermal and electrochemical stability 

at high temperature and voltage (up to 6 V vs. Li).[277,421] Glutaronitrile (GLN), for instance, has 

been evaluated by Y. Abu-Lebdeh and I. Davidson as co-solvent in electrolyte mixtures to 

realize the formulation 1 M LiTFSI in GLN/EC (1/1, v/v) for C//LCO cells. It showed moderately 

good discharge capacities and low capacity fade up to 100 cycles.[422] The same authors have 

also tested the effect of 1 M LiTFSI or 1 M LiTFSI/0.1 M LiBOB in ADN/EC electrolytes 

(1/1, v/v) on C//LCO lithium ion cells.[281] Discharge capacities of 108 mAhg-1 with very good 

capacity retention were obtained. TIAX LLC has developed a butyronitrile-based 

electrolyte.[277] With the addition of at least 10 vol% butyronitrile to 1 M LiPF6 in EC/EMC  

(3/7, w/w ) or EC/DMC/EMC (1/1/1, w/w/w) excellent high voltage and high temperature cycling 

stabilities of C//LiNi0.5Mn1.5O5 cells have been demonstrated. Sebaconitrile or SEN (Figure 81) 
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has already been studied as additive in 1 M LiPF6 or 1 M LiBF4 dissolved in EC/DMC (1/1 w/w) 

for Li//LiCoO2 or Li//LiCoPO4 cells.[423] Although SEN provides better stability at higher 

potentials, the cycling of LiCoPO4, which is conducted up to 6 V vs Li+/Li, shows low 

reversibility and efficiency of insertion/deinsertion processes due to the oxidative 

decomposition of the electrolyte. Several nitriles have been cited in patents as possible 

cosolvents or additives for capacitors or batteries by Samsung and Ube Industries.[424]  

 

Figure 81 Chemical structure of sebaconitrile.  

Nonetheless, to the best of our knowledge, there is no detailed investigation of SEN added to 

carbonate-based electrolytes for high voltage spinel cathodes. In this work, SEN is selected 

as additive of all commercially available aliphatic dinitriles because it exhibits a faster formation 

of a cathodic protective layer than dinitriles with shorter alkane chains.[425] The cycling behavior 

of C//LiNi0.4Mn1.6O4 pouch cells comprising the reference electrolyte 1 M LiPF6 in 

EC/EMC/DMC (1/1/1, w/w/w) without (black line) and with 0.5% (blue line), 1% (red line), and 

2% SEN (green line) is depicted in Figure 82.  

 

Figure 82 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.5, 1, and 2% SEN.  

All additive concentrations enable a higher specific starting capacity than the base electrolyte 

(black line). But at the same time, the presence of SEN exacerbates the capacity degeneration. 

Employing 1% SEN gives the best result of all three different amounts. The related cell delivers 

an initial specific discharge capacity of 98.7 mAhg-1 and maintains 57.1 mAhg-1 after cycling 
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(56% residual discharge capacity). Hence, further examinations are accomplished with the 

C//LiNi0.4Mn1.6O4 pouch cell including 1% SEN.  

Tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate 

Tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate or HFiP (Figure 83) was first employed as an 

additive in an electrolyte composed of 1.0 M LiPF6 in EC/EMC (3/7, w/w/w) for 

Li//LiNi0.5Mn1.5O4 coin cells by A. v. Cresce and K. Xu in 2011.[264] They identified the highly 

fluorinated phosphate ester structure as stabilizer of carbonate-based electrolytes on 5 V class 

cathode surfaces. Besides, they proved that HFiP forms a protective interfacial chemistry on 

the LiNi0.5Mn1.5O4 cathode, and on account of this, enhances the electrochemical properties of 

the spinel cell. One year later, they patented the application of HFiP in non-aqueous 

electrolytes for C//LiNi0.5Mn1.5O4 cells.[274] Another year later, Du Pont patented the handling of 

HFiP in carbonate-containing electrolytes for C//LixNiyMzMn2-y-zO4-d cells (x = 0.03 - 1.0, 

y = 0.3 - 0.6, z = 0.01 - 0.18, d = 0 - 0.3, and M = one or more of Cr, Fe, Co, Li, Al, Ga, Nb, 

Mo, Ti, Zr, Mg, Zn, V, and Cu).[275] 

 

Figure 83 Chemical structure of tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate. 

Herein, the influence of HFiP on the cycling characteristics of C//LiNi0.4Mn1.6O4 pouch cells at 

45 °C was evaluated. Figure 84 illustrates the cycle life of the reference cell (black line) and of 

the cells with 0.1% (blue line), 0.5% (red line), and 1% HFiP (green line). Each additive 

concentration induces an increase of the initial specific discharge capacity of the spinel cells. 

When using 0.1% HFiP, LiNi0.4Mn1.6O4 provides 101.7 mAhg-1 but maintains only 44.8 mAhg-1 

after 250 cycles (44% residual discharge capacity). With the addition of 0.5% HFiP, the spinel 

full cell exhibits a specific starting capacity of 99.2 mAhg-1 and still yields 57.9 mAg-1 after 

cycling, which is virtually the same as that of the reference cell. Consequently, a bit more of 

specific energy is gained over cycle life with 0.5% HFiP compared to the base electrolyte. A 

further augmentation of the additive concentration up to 1% causes, however, again a decline 

in the final specific discharge capacity to 53.9 mAhg-1. This is contrary to the results of A. v. 

Cresce and K. Xu, who reported a stabilized electrochemical behavior of Li//LiNi0.5Mn1.5O4 

cells, when 1% HFiP is added to a carbonate-based electrolyte.[264] The benefits and 

drawbacks of HFiP were analyzed by several microscopic and spectroscopic methods. 
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Detailed information is given in the following chapters. All examinations were carried out with 

0.5% HFiP cells, as they show the most marked improvement with respect to the generation 

of specific energy. 

 

Figure 84 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, and 1% HFiP.  

Tris(2-ethylhexyl) phosphate  

The chemical structure of tris(2-ethylhexyl) phosphate (TEHP) is represented in Figure 85. Like 

HFiP, the application of TEHP as additive or cosolvent for non-aqueous electrolytes in 

C//LiNi0.5Mn1.5O4 cells has been patented by A. v. Cresce and K. Xu owing to its advantageous 

impact on the interfacial chemistries formed at high potentials.[274] Besides, du Pont claimed 

the utilization of TEHP in carbonate-based electrolytes for C//LixNiyMzMn2-y-zO4-d cells 

(x = 0.03 - 1.0, y = 0.3 - 0.6, z = 0.01 - 0.18, d = 0 - 0.3, and M = one or more of Cr, Fe, Co, Li, 

Al, Ga, Nb, Mo, Ti, Zr, Mg, Zn, V, and Cu).[275] No other publications on TEHP with lithium nickel 

manganese oxide spinel cathodes are known.  

 

Figure 85 Chemical structure of tris(2-ethylhexyl) phosphate.  

Herein, C//LiNi0.4Mn1.6O4 pouch cells with diverse quantities of TEHP are characterized. 

Figure 86 illustrates the cycle life of the reference (black line) and the TEHP-containing cells 

at 45 °C between 3.3 and 4.8 V.  
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Figure 86 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, and 1.5% TEHP. 

The cells with 0.1% (blue line), 0.5% (red line), and 1% TEHP (green line) afford specific 

starting capacities of 102.2, 93.1, and 101.8 mAhg-1, respectively, and the associated capacity 

retention amounts to 32%, 43%, and 4%, respectively. Therefore, TEHP is not supportive in 

terms of stabilizing the cycling properties of the cell chemistry C//LiNi0.4Mn1.6O4. Instead, the 

additive aggravates the capacity decay. Post-mortem analyses of the 0.5% TEHP cell were 

done to find the major source of this deterioration. 

Tris(2,2,2-trifluoroethyl) phosphite 

The fluorinated alkyl phosphite tris(2,2,2-trifluoroethyl) phosphite or TFPi (Figure 87) was first 

reported as a thermal stabilizer for electrolytes comprising LiPF6 of Li ion cells.[297,298,398] Then, 

in 2012, A. v. Cresce and K. Xu tested TFPi as additive or cosolvent for non-aqueous 

electrolytes in C//LiNi0.5Mn1.5O4 cells. They recognized the contribution of phosphite to the 

generation of a protective SPI layer. One year later, du Pont patented the utilization of TFPi in 

carbonate-based electrolytes for C//LixNiyMzMn2-y-zO4-d cells (x = 0.03 - 1.0, y = 0.3 - 0.6, 

z = 0.01 - 0.18, d = 0 - 0.3, and M = one or more of Cr, Fe, Co, Li, Al, Ga, Nb, Mo, Ti, Zr, Mg, 

Zn, V, and Cu).[275] 

 

Figure 87 Chemical structure of tris(2,2,2-trifluoroethyl)phosphite.  
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In this study, three different amounts of TFPi were added to the base electrolyte 1 M LiPF6 in 

EC/EMC/DMC (1/1/1, w/w/w) in order to conclude the ideal concentration of TFPi for 

C//LiNi0.4Mn1.6O4 cells. Thereto, 1C CC/CV-cycling experiments were conducted at 45 °C in 

the voltage region of 3.3 - 4.8 V (Figure 88). 0.1%, 0.5%, and 1.5% TFPi lead to a distinct 

improvement of the initial specific discharge capacity of 110.0, 115.4, and 111.0 mAhg-1, 

respectively, compared to the reference with a specific starting capacity of 95.2 mAhg-1. The 

cell with 0.1% TFPi exhibits, however, only a residual discharge capacity of 48%  

(53.0 mAhg-1). 52% capacity retention (57.6 mAhg-1) is achieved with 1.5% TFPi. The most 

beneficial effect is realized with the 0.5% TFPi cell, which still reveals 63.7 mAhg-1 after cycling. 

This additive concentration is even superior to the reference considering the specific energy 

gained over cycle life. Thus, the cell containing 0.5% TFPi was used for the spectroscopic and 

microscopic investigations of the mechanisms of the additive.  

 

Figure 88 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, and 1.5% TFPi. 

Trimethyl phosphate 

Alkylphosphates are primarily known as flame retardant agents.[205,398] Wang and colleagues 

were the first to propose trimethyl phosphate (TMP, see Figure 89) as a flame retardant 

additive or cosolvent in a mixed carbonate-based electrolyte solution.[426]  

 

Figure 89 Chemical structure of trimethyl phosphate.  
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Typically, more than 20 vol% of TMP  and less than 20 vol% DEC are necessary to alleviate 

the flammability of ternary systems such as 1 M LiPF6 in EC/PC/TMP and 1 M LiPF6 in 

EC/DEC/TMP.[205,427] The high quantity of TMP helps to reduce the thermal decomposition of 

the conducting salt LiPF6 by trapping organic radicals (e.g. H ∙) and the performance of 

common lithiated transition metal oxides like LCO or LMO is enhanced by TMP-containing 

electrolytes.[398,426] Nevertheless, large amounts of TMP are not compatible with graphitic 

anodes. The additive hinders the formation of a compact SEI.[205,398] Moreover, Wang and  

co-workers from Japan Aerospace Exploration Agency stated in 2006: “The poor reduction 

stability of the TMP solvent has led some authors to conclude that the goal of a TMP-based 

nonflammable electrolyte is impractical for lithium-ion cells.”[428]  

In contrast, TMP has been patented as additive or cosolvent for non-aqueous electrolytes in 

C//LiNi0.5Mn1.5O4 cells by A. v. Cresce and K. Xu owing to its influence on the cathode surface 

layer.[274] Furthermore, du Pont claimed the utilization of TMP in carbonate-based electrolytes 

for C//LixNiyMzMn2-y-zO4-d cells (x = 0.03 - 1.0, y = 0.3 - 0.6, z = 0.01 - 0.18, d = 0 - 0.3, and 

M = one or more of Cr, Fe, Co, Li, Al, Ga, Nb, Mo, Ti, Zr, Mg, Zn, V, and Cu).[275] Recently, 

Utsugi et al. have demonstrated that the cycle performance of LTO//LiNi0.5Mn1.5O4 coin cells is 

increased by the electrolyte formulation 1 M LiPF6 in TMP.[268] They corroborated that a 

polymer film derived from decomposition of TMP was formed on the cathode particles 

diminishing further electrolyte oxidation.  

In this thesis, the impact of TMP on the electrochemical features of C//LiNi0.4Mn1.6O4 pouch 

cells is explored. Figure 90 displays the cycling behavior of C//LiNi0.4Mn1.6O4
 full cells without 

and with various quantities of TMP.  

 

Figure 90 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, and 1.5% TMP. 

All three additive concentrations result in higher initial specific discharge capacities than the 

base electrolyte (black line). Especially, the cell with 0.5% TMP (red line) provides an elevated 
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specific discharge capacity of 119.1 mAhg-1. 0.1% TMP (blue line) causes a rapid capacity 

decline and merely 44% of the original capacity is attained after 250 cycles. 1.5% (green line) 

and 0.5% TMP improve the final specific discharge capacity to 60.1 and 63.5 mAhg-1, 

respectively. The electrolyte with 0.5% TMP delivers the most specific energy regarding the 

whole cycle life and, hence, this additive concentration is recommended for C//LiNi0.4Mn1.6O4 

full cells. The modes of action of TMP are analyzed by microscopic and spectroscopic methods 

in the following chapters. 

Tris(trimethylsilyl) phosphate 

N.-S. Choi and his group have pointed out that tris(trimethylsilyl) phosphite is a promising 

additive for 5 V-class LiNi0.5Mn1.5O4 cathode materials because it suppresses the 

decomposition of LiPF6 by hydrolysis, effectively eliminates HF promoting Mn and Ni 

dissolution, and is involved in the generation of a protective layer on the cathode surface. As 

a consequence, excellent cycling stability of high voltage spinel full cells has been reported.[270] 

Likewise, the patent by Bhat et al. shows enhanced cyclability of C//LiNi0.5MN1.5O5 cells when 

carbonate-based electrolytes include tris(trimethylsilyl) phosphate or TTSP (Figure 91).[276] 

Besides, Li W. and co-workers have found that incorporation of TTSP in carbonate-containing 

electrolytes for Li//LiNi0.5Mn1.5O4 half cells leads to good capacity retention. They identified 

TTSP as a film-forming agent, which inhibits the oxidation of electrolyte and the dissolution of 

manganese during cycling.[429] 

 

Figure 91 Chemical structure of tris(trimethylsilyl) phosphate.  

In this work, organophosphorus TTSP is investigated as additive for the base electrolyte 1 M 

LiPF6 in EC/EMC/DMC (1/1/1, w/w/w) in order to improve the electrochemical properties of 

LiNi0.4Mn1.6O4 electrodes. Figure 92 depicts the specific discharge capacity vs. cycle number 

obtained upon CC/CV-cycling between 3.3 and 4.8 V at 45 °C for C//LiNi0.4Mn1.6O4 pouch cells 

without (black line) and with several amounts of TTSP.  



5. Results and discussion 

5.2 Electrochemical characterization of C//LiNi0.4Mn1.6O4 full cells 

144 

 

Figure 92 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with 0.1, 0.5, and 1.7% TTSP. 

The cells comprising 0.1% (blue line), 0.5% (red line), and 1.7% TTSP (green line) reveal 

specific starting capacities of 120.1, 103.2, and 102.5 mAhg-1, respectively, and the 

corresponding residual discharge capacities equal to 45%, 56%, and 56%, respectively. Thus, 

the good results described within literature could not be confirmed. The cell with 0.1% TTSP 

exhibits a drastic capacity deterioration, whereas the cell with 0.5% TTSP has almost no 

influence on the performance of C//LiNi0.4Mn1.6O4 cells. The 1.7% TTSP cell offers a higher 

starting capacity but a little lower end capacity as the reference after cycling. For analyses, the 

last mentioned additive concentration is selected to examine the functional mechanism of 

TTSP on LiNi0.4Mn1.6O4 cathodes.  

Conclusion 

HMDS, LiTFSI, and SEN were studied, for the first time, as electrolyte additives for the CAM 

lithium nickel manganese oxide spinel. However, only HMDS improves the electrochemical 

characteristics of C//LiNi0.4Mn1.6O4
 pouch cells. Figure 93 summarizes the CC/CV-cycling 

behavior of the high voltage spinel full cells with the reference electrolyte and with the best 

additive concentrations. The additives are ordered according to their decreasing beneficial 

effect. Hereby, the ones named above the reference enable a higher specific energy over cycle 

life than the base electrolyte. As can be seen, the cell containing 0.5% TMP displays by far the 

most advantageous cyclability, while 2.5% SA causes the most severe capacity fading.  
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Figure 93 Specific discharge capacity vs. cycle number plots of C//LiNi0.4Mn1.6O6 full cells cycled 

between 3.3 and 4.8 V at 1C at 45 °C in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without 

and with various electrolyte additives.  

Finally, Table 10 represents the C//LiNi0.4Mn1.6O6 full cells with the additive concentrations that 

were investigated by microscopic and spectroscopic methods. Again, the substances are 

ordered according to their decreasing beneficial effect, whereby the ones named above the 

reference enable a higher specific energy over cycle life than the base electrolyte. For each 

additive, the concentration that revealed the best cycling behavior at the starting point of the 

analyses has been selected.  
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Ranking of the  

cycling stability 
Additive 

Influence on the 

cycling stability 

1 0.5% TMP + 

2 0.5% TFPi + 

3 0.5% LiBOB + 

4 0.5% HMDS + 

5 0.5% HFiP + 

6 reference 0 

7 1.7% TTSP - 

8 1% SEN - 

9 2.5% FEC - 

10 0.5% TEHP - 

11 1.5% LiTFSI - 

12 2.5% SA - 

Table 10 Overview of the additive concentrations that were investigated by microscopic and 

spectroscopic methods. 

Optimization with Al2O3 coating layers 

Another strategy to enhance the electrochemical properties of high voltage spinel electrodes 

is surface coating of the particles or of the prefabricated electrodes. Herein, an aqueous Al2O3 

slurry is coated on graphite anodes and on LiNi0.4Mn1.6O4 cathodes by doctor blading. The 

resulting thicknesses of the ceramic films were about 4 - 5 µm. Figure 94 shows cross-sections 

of a calendered LiNi0.4Mn1.6O4 electrode with an Al2O3 layer on top of it prior to the cell tests. 

The images clearly reveal the small-sized, quite uniformly deposited Al2O3 particles on the 

outer surface of the cathode. The grainy and porous nanostructured ceramic layer provides 

sufficient pathways for electron and lithium ion transfer and, hence, ensures good reversibility 

of the charge/discharge processes. As outlined in chapter 3, Al2O3 should prevent Mn and Ni 

dissolution into the electrolyte by scavenging HF and is supposed to alleviate the deposition 

of Mn2+ and Ni2+ on the graphite surface, which implies avoiding excessive SEI formation and 

inhibiting damage to the SEI layer.  
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Figure 94 Cross-sections of a LiNi0.4Mn1.6O4 composite electrode with A 2,500- and B 5,000-times 

amplification. 

The positive impact of coating Al2O3 onto the surface of high voltage spinel particles on their 

electrochemical performance has already been verified.[290,291,430–432] Usually, two mechanisms 

are proposed. On one hand, the ceramic layer traps HF from the electrolyte and, thus, prohibits 

transition metal dissolution. On the other hand, Al2O3 coating acts as a physical protection 

layer. It blocks direct contact between the non-aqueous electrolyte and the CAM. As a 

consequence, less side reactions involving electrolyte decomposition occur. It is important to 

note that complete coverage is the key for the latter functionality.[1,292]  

Lately, the process of atomic layer deposition (ALD) has been established to coat ultrathin 

Al2O3 surface coatings on lithium nickel manganese oxide cathodes. For example, P. Lu and 

his group have prepared Al2O3-modified LiNi0.5Mn1.5O4 thin-film electrodes by pulsed laser 

deposition. They have found increased cycling stability and rate capability of the associated 

half cells. Notably, 20 nm thick Al2O3-modified samples showed the best results. The ceramic 

layer not only minimizes harmful side reactions between the spinel material and the electrolyte, 

but also guarantees rapid diffusion and migration of lithium ions in the course of 

intercalation/deintercalation.[433] L. Hu et al. describe enhanced cycling characteristics for 

Li//LiNi0.5Mn1.5O4 coin cells, when the cathode surface is coated with ultrathin ALD-Al2O3 layers 

(< 1 nm). It has been confirmed that the ceramic coating reduces electrolyte oxidation on high 

voltage LIB cathodes.[434] Similarly, C. Zhou and co-workers have demonstrated excellent 

capacity retention for ALD-Al2O3-modified LiNi0.5Mn1.5O4 electrodes in half cells. The extremely 

thin ceramic layer mitigates undesirable side reactions during cycling and maintains the 

electronic and ionic conductivity of the spinel cathode.[435] Moreover, P. Lu et al. have 

investigated thin atomic layer deposited Al2O3 surface coatings (< 5 nm) on graphite and 

LiNi0.5Mn1.5O4 electrodes by galvanostatic cycling experiments of the corresponding full cells. 

It has been recognized that although Al2O3 layers on the positive electrode suppress Mn 

dissolution, the Al2O3 coating on the negative electrode is even more advantageous. Here, 
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additionally Mn deposition on the graphite anode is prevented. Consistently, the ceramic layer 

on the graphite electrode leads to better cell lifes than coating on the spinel cathode.[436] 

In this study, the electrochemical performance of pouch cells containing Al2O3-coated graphite 

anodes and LiNi0.4Mn1.6O4 cathodes is evaluated and compared to the reference cell 

comprising bare electrodes. Figure 95 illustrates the 1C cycling properties of the 

C//LiNi0.4Mn1.6O4 full cells without (black line) and with a ceramic layer on the cathode (blue 

line), on the anode (red line), and on both electrodes (green line) in the voltage window of 

3.3 - 4.8 V at 45 °C.  

 

Figure 95 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells cycled between 3.3 and 4.8 V at 1C at 45 °C 

in 1 M LiPF6 EC/EMC/DMC (1/1/1, w/w/w) without and with a ceramic layer on the spinel 

cathode, on the graphite anode, and on both electrodes.  

The reference exhibits an initial specific discharge capacity of 95.2 mAhg-1, which diminishes 

to 58.0 mAhhg-1 after 250 cycles. Interestingly, the Al2O3 coating on both electrodes causes a 

rapid capacity decay at the beginning of cycling. Afterwards, the cell life is stabilized. This 

phenomenon is also observed for the cell with the Al2O3-coated anode. Therefore, it is believed 

that the ceramic layer on the graphite electrode hampers SEI formation. It results in a rather 

thick surface layer that is not fully developed or stabilized until ca. 25 cycles after starting the 

cycling experiment. The initial fast capacity decline reflects the additional consumption of 

active lithium ions due to the severe SEI generation. While the cell with the Al2O3-modified 

anode offers only 53.5 mAhg-1 or 62% of its original capacity after cycling, the cell with both 

coated electrodes features a final capacity of 58.0 mAhg-1 (52% residual discharge capacity). 

The better performance of the latter cell is ascribed to the positive influence of Al2O3. Regarding 

the full cell with the ceramic layer deposited on the spinel electrode, a high specific starting 

capacity of 103.4 mAhg-1 is achieved and superior cyclability with 62% capacity retention 

(63.7 mAhg-1) over 250 cycles is attained. Al2O3 coating also impedes surface layer formation 

on the cathode. Nonetheless, in this case, the suppression of direct contact between the 
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electrode materials and the electrolyte is favorable to circumvent harmful side reactions upon 

cycling.  

Conclusion 

As far as we are aware, there is no report so far involving detailed investigations of the 

combined use of Al2O3-modified LiNi0.4Mn1.6O4 cathodes and Al2O3-modified graphite anodes 

(4 - 5 µm layer thickness). The cycling stability examinations above demonstrate that the cell 

with Al2O3 coating on the spinel cathode produces the most specific energy, which is markedly 

greater as the gravimetric energy gained by the reference. Microscopic and spectroscopic 

post-mortem analyses of the full cell including both Al2O3-modified electrodes will give more 

information on the impact of the ceramic layer on the electrochemical features of high voltage 

spinel full cells in the following chapters.  

5.2.3 Rate capability tests 

Apart from CC/CV-cycling experiments, rate capability tests were conducted with 

C//LiNi0.4Mn1.6O4 to examine the suitability of the electrolyte additives and the Al2O3 films for 

facilitating charge-transfer processes at the electrode surfaces. Thereto, the correlating full 

cells were cycled for four cycles between 3.3 and 4.8 V at room temperature under 

subsequently varied C-rates. The applied charge/discharge rates were increased from 1C to 

5C, then reduced to 0.1C, and finally enhanced again to 1C. Owing to this order, it is possible 

to tell if the particular cell is irreversibly damaged by the high C-rate of 5C or if it recovers after 

cycling with lower C-rates. The rate capability studies were accomplished at BOL and EOL to 

verify the charging capability of these cells after 250 cycles.  

Electrolyte optimization 

A comparison of the rate capability between C//LiNi0.4Mn1.6O4 cells without and with various 

different electrolyte additives before cycling is depicted in Figure 96A. For the reference cell, 

specific discharge capacities of 116.8, 37.3, 118.2, and 112.8 mAhg-1 are detected for the  

C-rates of 1, 5, 0.1, and 1C, respectively. The strong capacity decay at 5C reveals that the 

lithium diffusion processes upon intercalation/deintercalation are too slow to realize a 

satisfactory capacity at the high C-rate. In other words, the time for completely 

charging/discharging the cathode or the anode is insufficient and the actual potential of the 

CAM cannot be used. Nevertheless, at the second 1C cycle approx. 97% of the original 

capacity is retained in LiNi0.4Mn1.6O4. This represents good structural integrity and leaves no 

structural damage after high current cycling. The 0.1C discharge capacity is slightly higher 

than the 1C value. Here, more time is available for the lithium ions to migrate from the cathode 
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to the anode and vice versa. Considering the additive-containing full cells at BOL, an overall 

similar behavior is noted. The cells comprising 0.5% TMP, 0.5% HFiP, 1.7% TTSP, 1% SEN, 

2.5% FEC, and 2.5% SA afford higher specific discharge capacities compared to the base 

electrolyte for all C-rates. Hence, these additives enable faster diffusion kinetics at BOL. On 

the contrary, 0.5% TFPi, 0.5% TEHP, and 1.5% LiTFSI lead to higher 1C and 0.1C capacities, 

but to significantly lower 5C capacities than the baseline. Cells with 0.5% LiBOB, and 0.5% 

HMDS unveil nearly the same specific discharge capacity values as the reference cell.  

The rate capability tests of the same cells after the CC/CV-cycling experiments are displayed 

in Figure 96B. At EOL, the cell cycled in the base electrolyte provides much lower capacities 

than before. 32.4, 2.4, 44.5, and 32.9 mAhg-1 are registered at 1, 5, 0.1, and 1C, respectively. 

Consequently, lots of lithium is consumed. Side reactions and massive surface layer formation 

on the electrodes are responsible. Thus, the spinel structure is not completely retained. It 

shows a lithium deficit. Obviously, the 0.5% TMP cell, which delivers 7.2 mAhg-1 at 5C and up 

to 52.0 mAhg-1 at 1C is the best performing one with respect to the rate capability of 

C//LiNi0.4Mn1.6O4 cells. Therefore, the TMP-derived SEI/SPI facilitates charge-transfer 

processes at the electrodes. 0.5% LiBOB and 0.5% HMDS also engender higher specific 

discharge capacities than the reference electrolyte. The introduction of 1.7% TTSP and  

0.5% TEHP into the base electrolyte exacerbates the rate capability of the spinel full cells. This 

is because the former additives develop low-impedance protective layers on the 

anode/cathode surfaces, whereas the latter hamper faster kinetics of the electrodes. Cells 

containing 0.5% TFPi and 0.5% HFiP exhibit capacities similar to the reference. Results 

concerning other additives are not presented, since their capacity values were zero for all  

C-rates. This proves the negative effect of these substances on the cycling properties and the 

rate capability of C//LiNi0.4Mn1.6O4 cells.  
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A 

 

B 

 

Figure 96 Rate capability tests of C//LiNi0.4Mn1.6O4 pouch cells without and with various electrolyte 

additives cycled between 3.3 and 4.8 V at room temperature at different C-rates A before 

and B after the CC/CV-cycling experiments at 45 °C.  

Optimization with Al2O3 coating layers 

The rate capability of the cells with bare and Al2O3-coated graphite and spinel electrodes 

before and after the cycling stability studies is illustrated in Figure 97. At BOL, the  

Al2O3-modified sample reveals lower specific discharge capacities for all measured C-rates 

than the reference. At EOL, compared with pristine electrodes, the modified sample offers 

appreciably higher capacities in the whole C-rate cycling. In fact, the 1, 5, 0.1, and 1C 

capacities equal to 37.6, 7.7, 52.5, and 37.7 mAhg-1, respectively. Therefore, Al2O3 helps to 
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lower resistances at the electrode surfaces with increasing cycle number and plays an 

important role in improving the electrochemical characteristics of C//LiNi0.4Mn1.6O4 cells.  

A 

 

B 

 

Figure 97 Rate capability tests of C//LiNi0.4Mn1.6O4 pouch cells with bare and Al2O3-coated electrodes 

cycled between 3.3 and 4.8 V at room temperature at different C-rates A before and B after 

the CC/CV-cycling experiments at 45 °C. 
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5.3 Post-mortem analyses of the cathode active material – 

determination of different phase compositions 

5.3.1 X-ray diffraction 

As outlined in chapter 2.2.2, numerous publications refer to two topotactic two-phase reactions 

of LiNi0.5Mn1.5O4 involving three cubic phases throughout charging/discharging. All of them 

depend on the lithium content and the transition metal oxidation states, whereby the reports 

are partially conflicting.[195,200,206,224,230,233] In this work, non-destructive ex situ XRD 

spectroscopy of fully discharged LiNi0.4Mn1.6O4 cathodes (0% SOC) was performed after 250 

cycles at 45 °C to investigate changes of the spinel structure during cycling C//LiNi0.4Mn1.6O4 

pouch cells without and with various electrolyte additives. All reflections and the corresponding 

2Θ-values are listed in Table 12 and all refined results are summarized in Table 13. The cell 

comprising 1.5% LiTFSI was not analyzed by XRD because of cell damage due to massive 

gassing while cycling.  

Figure 98A represents the XRD pattern for a fresh LiNi0.4Mn1.6O4 cathode, which exhibits a 

phase-pure cubic spinel structure lacking impurities such as NiO or LixNi1-xO. The sharp 

reflections from the (111), (220), (311), (222), (400), (331), (511), (440), (531), (442), (533), 

(622), (444), (551), (731), (800), and (733) planes are characteristic for LiNi0.4Mn1.6O4 

(JCPDS#80-2162, see chapter 7). They indicate that the original material is highly crystalline. 

Performing Rietveld refinement gives the following cation distribution for LiNi0.4Mn1.6O4  

(S.G. Fd3m). Li ions occupy the tetrahedral 8a sites, Ni and Mn ions are randomly distributed 

in octahedral 16d sites, and O ions are located in 32e sites (Table 11). The associated lattice 

parameter and the cell volume equal to a = 8.18 Å and V = 547 Å3, respectively. Subsequently, 

this structure is denoted as the first cubic phase of LiNi0.4Mn1.6O4.  

Atom 
Wyckoff 

position 
X Y Z occupancy 

Li 8a 1/8 1/8 1/8 1 

Ni 16d 1/2 1/2 1/2 0.2 

Mn 16d 1/2 1/2 1/2 0.8 

O 32e 0.263 0.263 0.263 1 

Table 11 Structural parameters obtained from Rietveld refinement of a fresh LiNi0.4Mn1.6O4 cathode 

based on space group Fd3m.  
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Figure 98 X-ray diffraction spectra of fresh and cycled LiNi0.4Mn1.6O4 cathodes (1C; 45 ºC; 0% SOC) 

of cells without and with various electrolyte additives. The spinel material reveals three 

cubic phases in dependence of the lithium content as well as the transition metal oxidation 

states: A first cubic phase, B second cubic phase, C second and third cubic phase, and 

D third cubic phase.  

first cubic phase 

second cubic phase 

* LixNi1-xO 

second and third cubic phase 

* LixNi1-xO 

third cubic phase 

* LixNi1-xO 
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Figure 98B - D displays the XRD patterns of the spinel electrodes after cycling at 45 °C in the 

additive-free reference electrolyte and with diverse electrolyte additives. Interestingly, different 

XRD patterns are observed after 250 cycles. All cycled cathodes reveal decreased and slightly 

broadened intensities compared to the fresh one. The weakened spinel diffractions are 

attributed to thick layers of electrolyte decomposition products on top of the cathode. It is 

assumed that each additive provokes the formation of another composition of SPI, which might 

protect the electrode from structural corrosion upon cycling. More detailed information on the 

SPI layer is discussed in chapter 5.5. The broadening of the reflection is directly related to the 

loss of crystallinity, which is initiated by increased defects of the cycled LiNi0.4Mn1.6O4 like for 

example voids introduced by transition metal dissolution. 

The diffraction intensity of the (220) plane near 2Θ ≈ 31° diminishes for the cycled spinel 

material in contrast to the fresh one. Generally, this reflection originates from cations occupying 

the 8a tetrahedral sites. As already stated, in the fresh LiNi0.4Mn1.6O4 cathode only Li ions are 

located in the 8a sites. On one hand, the decline of the (220) diffraction is assigned to the 

development of a thick SPI, which attenuates all reflection intensities. On the other hand, it 

implies the loss of active Li ions during cycling. This is confirmed by cycling stability studies in 

the previous chapter. Additionally, the extremely low diffraction intensity precludes the 

occupation of 8a tetrahedral sites by transition metal ions (Mn and/or Ni), since in this case the 

(220) reflection would be stronger than for the fresh electrode due to the better diffraction ability 

of Ni and Mn cations compared to Li ions.[5,223,437]  

The XRD spectra of the cycled LiNi0.4Mn1.6O4 cathodes show five additional reflections at 

2Θ = 37.6°, 43.7°, 63.4°, 76.1°, and 80.1° as marked by asterisks in Figure 98B - D. They are 

ascribed to the presence of LixNi1-xO impurities (x << 1), which are produced throughout the 

electrochemical process (NiO, JCPDS#04-0835, see chapter 7).[189,253,438] Unfortunately, it is 

impossible to determine the exact amount of the generated LixNi1-xO for each sample, because 

the respective reflections are rather small and are partially overlapped with the diffractions of 

the spinel material. Nevertheless, structural deterioration of the CAM takes place and is, 

among other things, responsible for capacity fading in CC/CV-cycling experiments.  
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hkl 

Fresh  

electr. 

2Θ (°) 

0.5% 

TMP 

2Θ (°) 

0.5% 

TFPi 

2Θ (°) 

0.5% 

LiBOB 

2Θ (°) 

0.5% 

HMDS 

2Θ (°) 

0.5% 

HFiP 

2Θ (°) 

 

Ref. 

2Θ (°) 

1.7% 

TTSP 

2Θ (°) 

1% 

SEN 

2Θ (°) 

2.5% 

FEC 

2Θ (°) 

0.5% 

TEHP 

2Θ (°) 

2.5% 

SA 

2Θ (°) 

111 18.8 19.0 19.1 
19.1 

19.2 

19.1 

19.2 

19.1 

19.2 

19.1 

19.2 

19.1 

19.2 
19.2 19.2 19.2 19.2 

220 30.9 31.3 31.3 
31.4 

31.6 

31.4 

31.6 

31.4 

31.6 

31.4 

31.6 

31.4 

31.6 
31.5 31.5 31.5 31.5 

311 36.4 36.9 36.9 
37.0 

37.2 

36.9 

37.2 

36.9 

37.2 

36.9 

37.2 

37.0 

37.2 
37.2 37.2 37.2 37.2 

LixNi1-xO - 37.6 37.6 37.6 37.6 37.6 37.6 37.6 37.6 37.6 37.6 37.6 

222 38.1 38.6 38.6 
38.7 

39.0 

38.6 

38.9 

38.6 

38.9 

38.7 

38.9 

38.7 

38.9 
38.9 38.9 38.9 38.9 

LixNi1-xO - 43.7 43.7 43.7 43.7 43.7 43.7 43.7 43.7 43.7 43.7 43.7 

400 44.3 44.9 44.9 
45.0 

45.3 

44.9 

45.2 

44.9 

45.2 

44.9 

45.3 

45.0 

45.3 
45.2 45.2 45.2 45.2 

331 48.5 49.1 49.2 
49.2 

49.6 

49.1 

49.6 

49.2 

49.6 

49.2 

49.6 

49.2 

49.6 
49.5 49.5 49.5 49.5 

511 58.6 59.4 59.4 
59.5 

60.0 

59.4 

60.0 

59.5 

60.0 

59.5 

60.0 

59.5 

60.0 
59.9 59.9 59.9 59.9 

LixNi1-xO - 63.4 63.4 63.4 63.4 63.4 63.4 63.4 63.4 63.4 63.4 63.4 

440 64.4 65.3 65.3 
65.4 

65.9 

65.3 

65.9 

65.4 

65.9 

65.4 

65.9 

65.4 

65.9 
65.8 65.8 65.8 65.9 

531 67.8 68.7 68.7 
68.8 

69.4 

68.7 

69.3 

68.8 

69.3 

68.8 

69.4 

68.8 

69.4 
69.3 69.3 69.3 69.4 

442 68.8 69.7 69.8 
69.8 

70.6 

69.8 

70.6 

69.8 

70.6 

69.8 

70.6 

69.8 

70.6 
70.5 70.6 70.5 70.5 

LixNi1-xO - 76.1 76.1 76.1 76.1 76.1 76.1 76.1 76.1 76.1 76.1 76.1 

533 76.3 77.4 77.4 
77.5 

78.0 

77.4 

78.0 

77.5 

78.1 

77.4 

78.0 

77.4 

78.0 
78.0 78.1 78.0 78.1 

622 77.4 78.5 78.5 
78.6 

79.2 

78.5 

79.1 

78.6 

79.2 

78.6 

79.2 

78.6 

79.2 
79.1 79.1 79.1 79.2 

LixNi1-xO - 80.1 80.1 80.1 80.1 80.1 80.1 80.1 80.1 80.1 80.1 80.1 

444 81.5 82.7 82.7 
82.8 

83.5 

82.7 

83.4 

82.8 

83.5 

82.8 

83.5 

82.8 

83.5 
83.4 83.4 83.4 83.5 

551 84.6 85.8 85.8 
85.7 

86.7 

85.8 

86.7 

85.9 

86.7 

85.9 

86.7 

85.9 

86.7 
86.6 86.6 86.6 86.7 

731 92.7 94.2 94.2 
94.3 

95.1 

94.2 

95.0 

94.3 

95.0 

94.3 

95.1 

94.3 

95.1 
95.0 95.1 95.0 95.1 

800 97.8 99.4 99.4 
99.5 

100.6 

99.4 

100.5 

99.5 

100.6 

99.5 

100.6 

99.5 

100.6 
100.5 100.6 100.5 100.5 

733 100.9 102.7 102.7 
102.8 

103.8 

102.7 

103.8 

102.8 

103.8 

102.8 

103.9 

102.8 

103.9 
103.8 103.9 103.8 103.8 

Table 12 XRD reflections and corresponding 2Θ-values of fresh and cycled LiNi0.4Mn1.6O4 cathodes 

(1C; 45 ºC; 0% SOC) of cells without and with various electrolyte additives. 
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Fresh  

electr. 

0.5% 

TMP 

0.5% 

TFPi 

0.5% 

LiBOB 

0.5% 

HMDS 

0.5% 

HFiP 

 

Ref. 

1.7% 

TTSP 

1% 

SEN 

2.5% 

FEC 

0.5% 

TEHP 

2.5% 

SA 

a  

(Å) 
8.18 8.09 8.08 

8.07 

8.02 

8.08 

8.02 

8.07 

8.01 

8.07 

8.01 
8.03 8.03 8.03 8.03 8.02 

V  

(Å3) 
547 529 528 

526 

516 

528 

516 

526 

514 

526 

514 
518 518 518 518 516 

RWp 

(%) 
15.4 17.0 19.9 

14.5 

14.5 

15.1 

15.1 

16.8 

16.8 

14.8 

14.8 
16.9 16.8 15.8 16.0 13.8 

RBragg 

(%) 
1.76 2.52 3.97 

1.92 

1.70 

1.90 

1.16 

1.35 

1.16 

1.35 

1.16 
2.74 2.56 2.11 2.34 1.06 

Table 13 Refinement results for fresh and cycled LiNi0.4Mn1.6O4 cathodes (1C; 45 ºC; 0% SOC) of 

cells without and with various electrolyte additives based on space group Fd3m.  

More importantly, the reflections of the spinel electrodes shift to higher 2Θ angles after  

250 cycles at 45 °C. These diffraction shifts correspond to two newly formed, distinct cubic 

phases of the same space group as the initial phase but with different refined lattice constants 

of 8.07 - 8.09 Å (second cubic phase) and 8.01 - 8.03 Å (third cubic phase). Thus, the cell 

parameters decrease by ≈ 1% and ≈ 2 % compared to the first cubic phase (8.18 Å). The 

estimated values of the cubic lattice constants for the three phases are in good agreement with 

the literature.[195,200,232,233,236,349,439] Thereby, it has to be noted that typically phase transitions 

are correlated with charge and discharge processes rather than cycling. Moreover, only 

Baddour-Hadjean et al. have examined the structural changes of the high voltage spinel 

material with the composition LiNi0.4Mn1.6O4, while the others refer to the composition 

LiNi0.5Mn1.5O4.[349]  

Regarding the cycled LiNi0.4Mn1.6O4 cathodes, 0.5% TMP and 0.5% TFPi lead to the 

generation of the second cubic phase, whereas 1.7% TTSP, 1% SEN, 2.5% FEC, 0.5% TEHP, 

and 2.5% SA result in the formation of the third cubic phase. The reference cell and the cells 

containing 0.5% HFiP, 0.5% HMDS, and 0.5% LiBOB exhibit both, the second and the third 

cubic phase of LiNi0.4Mn1.6O4 after 250 cycles at 45 °C. Figure 99 gives an overview of the 

lattice constants of the fresh and the cycled LiNi0.4Mn1.6O4 cathodes in dependence of the 

applied electrolyte additive. The smaller lattice dimensions of the second and third cubic 

phases and the associated reflection shifts towards higher 2Θ angles are directly connected 

to a reduced lithium content as well as higher transition metal oxidation states in the spinel 

lattice.  
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Figure 99 Overview of the lattice constants of the fresh and the cycled LiNi0.4Mn1.6O4 cathodes  

(1C; 45 ºC; 0% SOC) in dependence of the applied electrolyte additive.  

While, the fresh cathode has no lithium deficiency, the cycled electrodes have lost different 

amounts of active lithium due to side reactions with the electrolyte, HF or trace amounts of 

H2O. As outlined in chapter 5.2, the base electrolyte and the diverse electrolyte additives have 

variable effects on the cycling stability of C//LiNi0.4Mn1.6O4 pouch cells. Hence, they change the 

residual quantity of lithium in the positive electrodes. Calculating the lithium content x in the 

completely discharged LixNi0.4Mn1.6O4 cathodes from the specific discharge capacities 

obtained after cycling, gives the following correlations: 

first cubic phase: x = 1 

second cubic phase: 0.432 ≤ x ≤ 0.433 

second and third cubic phase: 0.392 ≤ x 0.415 

third cubic phase: 0.207 ≤ x ≤ 0.390 

Consequently, the longer the cell is aged and the lower the amount of lithium is in the spinel 

cathode, the more pronounced is the phase transition within the LiNi0.4Mn1.6O4 material. The 

second cubic phase represents only slightly aged spinel electrodes, whereas the third cubic 

phase signifies severely aged LiNi0.4Mn1.6O4 cathodes. To the best of our knowledge, this is 

the first time that ageing degrees of LiNi0.4Mn1.6O4 electrodes have been identified by means 

of their phase composition.  

With declining lithium content, the transition metal valence states increase on account of 

charge compensation. Initially, Mn3+ (r ≈ 0.65 Å) is oxidized to Mn4+ (r ≈ 0.53 Å) and then Ni2+ 

(r ≈ 0.69 Å) to Ni3+ (r ≈ 0.56 Å) and to Ni4+ (r ≈ 0.48 Å).[232,440] Therefore, the diminution of the 
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lattice parameters is concordant to the diminishing ionic radii of the transition metal ions and 

the corresponding shortened Mn-O and Ni-O bond lengths. Actually, the Mn3+-O bond length 

of ≈ 2.01 Å reduces to 1.89 Å for the Mn4+-O bond length, while the Ni2+-O, Ni3+-O, and Ni4+-O 

bond lengths equal to ≈ 2.06, ≈ 1.97, and ≈ 1.88 Å, respectively.[441] Based on the previously 

calculated intercalation stages of the cycled spinel electrodes, the subsequent oxidation states 

are expected:  

first cubic phase: Ni2+, Mn3+/4+ 

second cubic phase: Ni2+/3+, Mn4+ 

third cubic phase: Ni3+/4+, Mn4+ 

However, the real valance states of each transition metal in LiNi0.4Mn1.6O4 are determined by 

Raman spectroscopy, which is elucidated in the next chapter.  

Conclusion 

The cycled LiNi0.4Mn1.6O4 cathodes reveal considerable changes in their XRD patterns 

compared to the fresh electrode. A thick SPI layer and presumably transition metal dissolution 

cause the shrinkage and the broadening of the reflection intensities, respectively. Moreover, 

the formation of LixNi1-xO impurities contributes to the structural deterioration of the CAM upon 

cycling. The ageing of the spinel electrodes is strongly influenced, to a varying extent, by the 

reference electrolyte and the diverse electrolyte additives. This leads to different phase 

compositions of the cycled LiNi0.4Mn1.6O4 cathodes. Herein it is shown, for the first time, that 

ageing of LiNi0.4Mn1.6O4 electrodes is derived from their phase composition at 0% SOC. An 

electrolyte additive is only effective when just the second cubic phase is observed for the 

cycled and completely discharged spinel electrode. In this work, 0.5% TMP and 0.5% TFPi 

have the most beneficial impact on the electrochemical characteristics of C//LiNi0.4Mn1.6O4 

cells. The corresponding cycled cathodes exhibit solely the second cubic phase at 0% SOC. 

0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP deliver both cubic phases and 1.7% TTSP, 

1% SEN, 2.5% FEC, 0.5% TEHP, and 2.5% SA provide the third cubic phase of LiNi0.4Mn1.6O4 

after 250 cycles at 45 °C. Hereby, the latter additives weaken the cycling behavior of the spinel 

full cells. Cycled C//LiNi0.4Mn1.6O4 pouch cells with Al2O3-modified electrodes were not 

investigated by X-ray diffraction owing to the thickness of the ceramic layer.  
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5.3.2 Raman spectroscopy 

The structural properties of fully discharged LiNi0.4Mn1.6O4 cathodes (0% SOC) were also 

studied by Raman spectroscopy after formation at 23 °C and after 250 cycles at 45 °C without 

and with the utilized electrolyte additives and the Al2O3 coating layers. Raman scattering is 

capable of probing the vibration modes of cations and the coordinated oxygen ions in transition 

metal oxides. It is very sensitive to local variations of the crystal symmetry. When cells are 

formatted or cycled, lithium is removed from the spinel lattice due to side reactions with the 

electrolyte, HF, or trace amounts of H2O. Accordingly, the transition metals are oxidized and 

the environment of the oxygen atoms is changed resulting in an alteration of the Raman 

signals.  

Literature references  

There are merely three authors, which report on Raman spectra of LiNi0.4Mn1.6O4 

cathodes.[194,349,440] Park et al. and Wei et al., however, have simply shown the spectra of fully 

intercalated LiNi0.4Mn1.6O4 electrodes without discussing the vibrational modes regarding band 

shifts, symmetry elements (A1g, T2g, and Eg), and the attribution of the Raman signals to the 

corresponding transition metal cation oxygen bonds and their valence states (Li+-O, Ni2+-O, 

Mn3+-O,…).[194,440] On the contrary, Baddour-Hadjean and co-workers have extensively studied 

Raman scattering of LiNi0.4Mn1.6O4 cathodes including the assignment of the Raman bands to 

the respective symmetry species and to the transition metal cation oxygen bonds 

(Table 14).[349] This group has also proven the existence of three cubic phases for 

LiNi0.4Mn1.6O4 by Raman spectroscopy. Nevertheless, they confined their investigations to the 

observation of structural changes upon charging and discharging processes. Hence, the 

spectra have been recorded at different SOCs. No examination of cycled spinel electrodes has 

been carried out.   

Considering LiNi0.5Mn1.5O4 cathode more Raman data are available for both crystal structures 

(Fd3m and P4332).[200,223,349,442–448] But, in none of these publications spinel electrodes are 

characterized after cycling. Instead, most of the time, only the modification of the vibrational 

modes of LMO with the introduction of Ni2+ ions in the spinel lattice is described or the Raman 

spectra are simply used to present the differences between the Fd3m and P4332 space groups. 

Thereby, Raman responses often are insufficiently discussed. Usually, just the A1g band is 

interpreted and an increase of the vibrational modes for the P4332 symmetry is noticed 

compared to the Fd3m symmetry. Sometimes, the attribution of the Raman signals to the 

symmetry species is not consistent but contradictory as seen in the Tables 14 and 15. They 

give an overview of high voltage spinel Raman frequencies and the associated symmetries, 

according to various literature references. 

 



 

 

Baddour-

Hadjean[349] 
Uchida[442] Massot[443] 

Kostecki[200] Mauger[444] 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1): 

P4132 

Raman  

ω (cm-1): 

Fd3m 

Symmetry 

species 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1): 

P4132 

Raman  

ω (cm-1): 

Fd3m 

Symmetry 

species 

163 T2g
1

 - - 202 - - - - 202 - - 

220 T2g
1

 - - 240 - - - - 240 - - 

- - - - 335 340 - - - 327 335 - 

- - - - 387 - - - - 378 - - 

407 Eg 407 - 407 398 - 404 Eg 407 395 - 

487 T2g
2

 - - - - - - - - - - 

500 T2g
2

 500 - 495 498 - 496 T2g
2

 495 496 - 

513 T2g
2

 - - 540 - - - - - - - 

- - - - 583 - T2g
3

 - - - 582 T2g
3

 

593 A1g - - 595 602 T2g
3

 593 T2g
3

 595 605 T2g
3

 

613 A1g 615 A1g 611 - T2g
3

 612 T2g
3

 611 - - 

640 A1g - - 638 638 A1g 635 A1g 638 636 A1g 

653 T2g
3

 - - - 665 - - - - - - 

 Table 14 Raman frequencies and their respective attributions according to literature references.   
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Crisci[445] Sun[446] Zhao[447] Kim[448] Cho[223] 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1): 

P4132 

Raman  

ω (cm-1): 

Fd3m 

Symmetry 

species 

Raman  

ω (cm-1) 

Symmetry 

species 

Raman  

ω (cm-1): 

P4132 

Raman  

ω (cm-1): 

Fd3m 

Symmetry 

species 

- - - - - - - - - 119 120 - 

- - - - 170 169 - - - 152 152 - 

- - - - 228 - - - - 213 - - 

- - - - 249 - - - - 284 - - 

- - - - 337 - - - - 364 - - 

411 T2g
1

 400 - 416 415 - 400 T2g
1

 396 394 - 

498 T2g
2

 488 - - - - - - - - - 

505 T2g
2

 - - 510 510 - 492 T2g
2

 488 489 - 

- - - - - - - - - 515  - 

- - - - - - - - - - 589 T2g
3

 

580 - 

620 
T2g

3
 602 T2g

3
 604 

- T2g
3

 - - 584 596 T2g
3

 

642 A1g 633 A1g 621 610 T2g
3

 590 T2g
3

 602 602 T2g
3

 

- - - - 649 649 A1g 633 A1g 630 628 A1g 

- - - - - - - - - - - - 

 Table 15 Raman frequencies and their respective attributions according to literature references. 
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In this thesis, the vibrational technique is adopted to further confirm the phase compositions of 

the differently treated positive electrodes and to determine the oxidation states of the nickel 

and manganese ions.  

As described in chapter 2.3.4, the vibrational modes of the manganese spinel LMO with space 

group Fd3m (Oh
7
) are:[350]  

 Γvibrational = A1g + Eg + T1g + 3T2g + 2A2u + 2Eu + 4T1u + 2T2u (75) 

where the symmetrical stretching mode A1g (νs), the symmetrical deformation mode Eg (δs), 

and the three symmetrical bending modes T2g (δs) are Raman-active. The remaining four 

asymmetrical bending or stretching modes T1u are only IR-active. Any of the remaining modes 

are inactive. Hence, for an ideal spinel structure lacking defects or dopants the following five 

vibrational Raman modes are expected: 

 ΓRaman = A1g + Eg + 3T2g (76) 

Reference cathode 

Formatted reference LiNi0.4Mn1.6O4 cathode 

Figure 100 demonstrates the Raman spectra of LiNi0.4Mn1.6O4 reference cathodes after 

formation at 23 °C and after cycling in the voltage window of 3.3 - 4.8 V at 45 °C. They feature 

normalized y-axes concerning the strongest Raman band. Three phase compositions are 

visible. Formatting the reference C//LiNi0.4Mn1.6O4 cell without any electrolyte additives or Al2O3 

coating layers leads to the first cubic phase exhibiting 10 sharp vibrational modes 

(Figure 100A). The sharpness of the Raman bands indicates well separated Ni and Mn sites 

with integer valence state distribution (Ni2+, Mn3+, and Mn4+).[445] Thereby, the oxidation states 

of the transition metals M are identified on the basis of their distinct band positions as the 

frequencies of the M-O vibrations depend on the corresponding bond strengths and lengths. 

Higher valence states of the transition metal cations relate to stronger and shorter M-O bonds 

and, in consequence, to higher binding energies and associated wavenumbers. 

By virtue of the unequal occupancy of Mn3+ and Mn4+ in LiNi0.4Mn1.6O4, the electron hopping 

rate between manganese cations and, thus, the electrical conductivity is lower than for 

unsubstituted LiMn2O4. Here, Mn3+ and Mn4+ have an equal 16d site occupancy of 0.5. This 

cannot be fully compensated by the nickel cations. In case of Raman spectroscopy, however, 

a diminished electrical conductivity is advantageous because of a greater optical skin depth of 

the incident laser beam providing a higher scattering intensity.[194]  

The observation of broad, but split Raman bands representing a larger number of Raman 

signals compared to those predicted for undoped LMO is mainly attributed to the introduction  
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Figure 100 Raman spectra of completely discharged reference LiNi0.4Mn1.6O4 cathodes after formation 

at 23 °C (A first cubic phase) and after cycling in the voltage window of 3.3 - 4.8 V at 45 °C 

(B second and C third cubic phase).  
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of nickel and to the simultaneous existence of Mn3+ and Mn4+ ions. The latter provoke stretching 

vibrations of both locally distorted MnO6
9-

 and isotropic MnO6
8-

 octahedra.[350] The local  

Jahn-Teller related lattice distortions of Mn3+ featuring larger ionic radii than Mn4+ cations cause 

a loss of translation invariance. In fact, a breakdown of the Raman selection rules is supposed 

and, thus, more vibrational modes than projected are registered in LiNi0.4Mn1.6O4.[449]  

A common feature of high voltage spinel Raman spectra is the strong A1g band between  

550 and 650 cm-1 and a group of bands between 100 and 550 cm-1 of weaker intensity. The 

intense A1g signal is generally viewed as the stretching of the 16d site cation oxygen bonds.[450] 

The splitting of this vibrational mode is ascribed to the stretching of the Mn4+-O, Ni2+-O, and a 

mixture of the Ni2+- and Mn3+/4+-O bonds at ≈ 592, 615, and 640 cm-1, respectively. 

Consequently, the Mn3+ to Mn4+ ratio or the average manganese oxidation state is reflected by 

the A1g Raman response.  

The weak shoulder at ≈ 666 cm-1 has T2g symmetry and also originates from bending vibrations 

of the 16d site cation oxygen bonds (Ni2+- and Mn3+/4+-O bonds). The second Raman-active 

band of T2g symmetry is rather broad and composed of one Mn4+- and two Ni2+-O bending 

modes at approx. 475, 500, and 525 cm-1, respectively. At ca. 407 cm-1, a phonon line 

corresponding to the Eg symmetrical deformation mode is detected. It is assigned to the 

vibration of Ni2+-O bonds.  

The lowest energy T2g
3

 phonons at around 163 and 220 cm-1 are predominantly derived from a 

vibration of the Li sublattice. As such they are the Li+-O stretching motion, which is a part of 

the tetrahedral cation movements of LiO4.[341] Tarte has proposed that the tetrahedral vibration 

of LiO4 appear in the low wavenumber region, because the low charge of monovalent Li+ ions 

counteracts the effect of the shortness of the Li+-O distances and reduces the frequency.[451] 

Notably, for LiMn2O4 the Li+-O vibrational mode is usually located between  

365 - 382 cm-1.[341,350,449] Nonetheless, Baddour-Hadjean et al. have also examined 

LiNi0.4Mn1.6O4 cathodes by Raman spectroscopy and they registered the T2g
3

 symmetry in the 

low frequency region at 163 and 220 cm-1, too.[349]  

After formation, the spinel lattice of the reference LiNi0.4Mn1.6O4 cathode is largely intercalated 

again by Li+ and the electrode shows good reversibility throughout the formation process. The 

oxidation states of the transition metal cations are found to be Ni2+ and Mn3+/4+. Table 16 

summarizes the Raman signals of the formatted LiNi0.4Mn1.6O4 reference cathode, which 

represents the first cubic phase.  
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Symmetry species Assignment Raman ω (cm-1) 

T2g
3

 δs (Li+-O) 163 (s), 220 (w) 

Eg δs (Ni2+-O) 407 (m) 

T2g
2

 δs (Mn4+-O) 475 (w) 

T2g
2

 δs (Ni2+-O) 500 (s), 525 (w) 

A1g νs (Mn4+-O) 592 (w) 

A1g νs (Ni2+-O) 615 (w) 

A1g νs (Ni2+-O, Mn3+/4+-O) 640 (vs) 

T2g
1

 δs (Ni2+-O, Mn3+/4+-O) 666 (sh) 

Table 16 Position, intensity, symmetry, and assignments of the Raman-active modes of the 

formatted reference LiNi0.4Mn1.6O4 cathode (0% SOC) representing the first cubic phase  

(w = weak, m = medium, s = strong, vs = very strong, sh = shoulder).  

Cycled reference LiNi0.4Mn1.6O4 cathode 

The Raman spectra of the cycled LiNi0.4Mn1.6O4 reference electrode recorded at several 

positions are substantially different. They disclose the presence of two phases in the sample. 

In agreement with the crystallographic data, two phases correspond to the second and the 

third cubic phase of LiNi0.4Mn1.6O4 (Figures 100B and 100C). For both phases the intensity of 

the low frequency mode T2g
3

 (Li+) at ≈ 163 cm-1 is significantly reduced and the Raman band at 

220 cm-1 disappeared completely. This is due to the fact that electrochemically active lithium 

ions are consumed upon cycling and, therefore, the spinel lattice is not entirely reintercalated 

at 0% SOC. If the cathode is fully delithiated, the T2g
3

 symmetry reflects the vibrations of oxygen 

ions only.[350] Besides, the Eg (Ni2+) phonon line at approx. 407 cm-1 is invisible.  

Considering the medium frequency range, the T2g
2

 (Mn4+) signal positioned at ca. 475 cm-1 for 

the first cubic phase is slightly shifted to a lower frequency domain for the second and the third 

cubic phases. While the Raman band is rather broad with respect to the second cubic phase 

(ca. 300 - 600 cm-1), a narrower one is observed for the third cubic phase at around 470 cm-1. 

The differences in the T2g
2

 (Mn4+) modes regarding the three phases are in direct connection 

with the development of the nickel cation valence states and their weak or dominant Raman 

signals.  

Actually, the two Ni2+-O bending modes of the first cubic phase are replaced by Ni3+-O and 

Ni4+-O Raman bands at approx. 530 and 542 cm-1, respectively, for the second and the third 
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cubic phase. All of these nickel oxygen bonds have the T2g
2

 symmetry. The shifts of the 

symmetric bending vibration of NiO6 to higher frequency regions is related to the shortness of 

the Ni-O bond lengths on account of the enhanced oxidation state of the nickel ions. Obviously, 

for the third cubic phase the T2g
2

 (Ni3+) Raman signal is clearly diminished compared to the 

second cubic phase and the T2g
2

 (Ni4+) phonon line is much sharper and more prominent. As a 

result, the amount of Ni3+ is noticeably lower and the Ni4+ content is much higher in the third 

cubic phase than in the second one. In other words, the intense high frequency Raman 

response T2g
2

 (Ni4+) corroborates that in the third cubic phase a large percentage of Ni3+ is 

oxidized to Ni4+. Consequently, some parts of the reference electrode have lost more lithium 

upon cycling (third cubic phase) than other parts (second cubic phase). 

Remarkably, at ≈ 500 cm-1 an additional Raman mode is found for both phases after cycling. 

It is typically viewed as the vibration of NiO.[440,444] Hence, the formation of LixNi1-xO impurities 

throughout cycling is confirmed by Raman spectroscopy. The existence of LixNi1-xO proves that 

structural deterioration of CAM takes place causing accelerated capacity fading of the 

C//LiNi0.4Mn1.6O4 cell.  

Concerning the A1g signal, its intensity declines continuously from the first to the second and 

to the third cubic phase owing to the pronounced increase of the Ni4+-O Raman band. 

Moreover, A1g phonons are only composed of the Mn4+-O and the Ni3+/4+-O stretching modes 

located at ca. 590 and 649 cm-1, respectively. No vibrations of Ni2+-O and Mn3+-O bonds are 

detected anymore, since the Ni2+ and Mn3+ ions are oxidized to Ni3+/4+ and Mn4+ ions, 

respectively, for the cycled LiNi0.4Mn1.6O4 cathode. Further, the Raman response  

T2g
1

 (Ni2+, Mn3+/4+) disappeared for both phases.  

Table 17 illustrates the evolution of the transition metal oxidation states of the formatted and 

the cycled LiNi0.4Mn1.6O4 reference cathodes by means of the changes in the position of the 

Raman-active bands. The phase composition of LiNi0.4Mn1.6O4 is strongly dependent on the 

lithium content and the transition metal valence states.  
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Symmetry 

species 
Assignment 

First cubic 

phase 

Raman ω (cm-1) 

Second cubic 

phase 

Raman ω (cm-1) 

Third cubic 

phase 

Raman ω (cm-1) 

T2g
3

 δs (Li+-O) 163 (s), 220 (w) 163 (m) 163 (w) 

Eg δs (Ni2+-O) 407 (m) - - 

T2g
2

 δs (Mn4+-O) 475 (w) 300 - 600 470 (w) 

T2g
2

 δs (Ni2+-O) 500 (s), 525 (w)   

 
δs (Ni2+-O) 

LixNi1-xO 
- 500 (w) 500 (w) 

T2g
2

 δs (Ni3+-O) - 530 (m) 530 (vw) 

T2g
2

 δs (Ni4+-O) - 542 (vs) 542 (vs) 

A1g νs (Mn4+-O) 592 (w) 590 (s) 590 (m) 

A1g νs (Ni2+-O) 615 (w) - - 

A1g 
νs (Ni2+-O,  

Mn3+/4+-O) 
640 (vs) - - 

A1g νs (Ni3+/4+-O) - 640 (m) 640 (m) 

T2g
1

 
δs (Ni2+-O,  

Mn3+/4+-O) 
666 (sh) - - 

Table 17 Position, intensity, symmetry, and assignments of the Raman-active modes of the 

formatted and the cycled reference LiNi0.4Mn1.6O4 cathodes (0% SOC). The transition metal 

oxidation states determine the phase composition of LiNi0.4Mn1.6O4 (vw = very weak,  

w = weak, m = medium, s = strong, vs = very strong, sh = shoulder). 

Conclusion 

In conclusion, the formatted LiNi0.4Mn1.6O4 reference cathode leads to the first cubic phase, 

which is characterized by Ni2+ and Mn3+/4+ ions. In contrast, the cycled reference spinel 

electrode involves the second and the third cubic phase with LixNi1-xO impurities. The 

associated transition metal oxidation states are Mn4+, Ni3+, and Ni4+. Hereby, the third cubic 

phase features only a very small amount of Ni3+. Thus, in accordance with the XRD data the 

phase composition of the LiNi0.4Mn1.6O4 electrode relates to the ageing degree of the spinel 

electrode. The first cubic phase denotes the most intact and the third cubic phase marks the 

most impaired cathode.   
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Formatted LiNi0.4Mn1.6O4 cathodes 

Electrolyte optimization (formatted cells) 

After formatting C//LiNi0.4Mn1.6O4 pouch cells containing electrolytes with the diverse electrolyte 

additives selected in chapter 5.2, Raman spectroscopy of the corresponding totally discharged 

cathodes (0% SOC) was conducted to verify if the additives have already a significant effect 

on the structural properties of CAM in the first few cycles. Figure 101A depicts the Raman 

spectra of the formatted spinel electrodes, which are ordered according to the decreasing 

effect of the electrolyte additive regarding the cycle life. The individual deconvoluted spectra 

are shown in chapter 7 (appendix). For comparative purposes, the vibrational modes of the 

reference are displayed, too. Independently of the electrolyte additive, all cathodes exhibit 

solely the first cubic phase of LiNi0.4Mn1.6O4 with the characteristic A1g, Eg, and T2g symmetries 

that are elucidated above. The oxidation states of the transition metals Ni and Mn equal to  

2+ and 3+/4+, respectively. Therefore, each cathode is adequately intercalated again by lithium 

ions after the last formation step and the spinel framework is maintained. The amount of 

consumed lithium ions has been determined by cycling the spinel cell in the voltage window of 

3.3 - 4.8 V at 0.1C for one cycle at the end of the formation. The lithium content in the 

LiNi0.4Mn1.6O4 cathodes has been calculated from the specific discharge capacities at 0% SOC. 

With the exception of the 0.5% TEHP and 0.5% HMDS samples, the irreversible loss of lithium 

ions amounts to approx. 15% after formation. The 0.5% TEHP and 0.5% HMDS additives 

enhance the lithium consumption to ca. 20%, which is presumably due to reinforced surface 

layer generation during the formation cycles. This higher lithium deficiency is also visible in the 

Raman spectra by a diminished intensity of the T2g
3

 (Li+) phonon line.  
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 A  

 

 B 

 

Figure 101 Raman spectra of formatted LiNi0.4Mn1.6O4 cathodes (23 ºC; 0% SOC) A without and with 

various electrolyte additives and B with Al2O3-modified electrodes resulting in the first cubic 

phase.  
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Optimization with Al2O3 coating layers (formatted cells) 

Likewise, Al2O3-coated spinel cathodes were analyzed by Raman spectroscopy after 

formatting C//LiNi0.4Mn1.6O4 pouch cells comprising Al2O3-modified electrodes (Figure 101B). 

Once more, the first cubic phase with the transition metal valence states of Ni2+ and Mn3+/4+ is 

obtained. Hence, the Al2O3 coating does not contribute to an enhancement of the lithium loss 

during formation. More precisely, approx. 15% of active lithium ions are consumed, which 

corresponds to the same quantity as in the case of the reference. Accordingly, the T2g
3

 (Li+) 

Raman bands of both spectra have a similar intensity. Despite the 4 - 5 µm thick Al2O3 layer, 

enough lithium ions are reintercalated into the cathode at the end of the formation to establish 

the first cubic phase again.  

With the help of all of these Raman data and the computed lithium contents x in the formatted 

LixNi0.4Mn1.6O4 cathodes (0% SOC) the composition of the first cubic phase is estimated: 

first cubic phase: Li1.0 - 0.78Ni0.4
2+

Mn1.6
3+/4+

O4 

Consequently, the expected oxidation states of the transition metals for the first cubic phase, 

as stated earlier, are confirmed. 

Cycled LiNi0.4Mn1.6O4 cathodes 

Electrolyte optimization (cycled cells) 

The Raman spectra of LiNi0.4Mn1.6O4 cathodes cycled for 250 cycles at 45 °C with and without 

various electrolyte additives are illustrated in Figure 102. The individual deconvoluted spectra 

are shown in chapter 7 (appendix). In compliance with the crystallographic records, 0.5% TMP 

and 0.5% TFPi lead to the generation of the second cubic phase (Figure 102A), whereas  

1.7% TTSP, 1% SEN, 2.5% FEC, 0.5% TEHP, 1.5% LiTFSI, and 2.5% SA produce the third 

cubic phase (Figure 102C). Other additives such as 0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP 

and the base electrolyte cause the formation of both cubic phases (Figure 102B). Therefore, it 

is confirmed that the effect of the electrolyte additive on the cycling stability of the full cell is 

reflected by the phase composition of the LiNi0.4Mn1.6O4 cathode.  

As mentioned before, the second and the third cubic phase reveal the existence of unfavorable 

LixNi1-xO impurities and both phases are characterized by a well-developed T2g
2

 (Ni4+) Raman 

band. This is considerably more pronounced for the third cubic phase. It implies higher Ni4+, 

but less Ni3+ and Li+ contents for the third cubic phase compared to the second cubic phase, 

although only minor differences between the intensities of the T2g
3

 (Li+) signals of both phases 

are visible.   
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A 

 

second cubic phase 

B 

 

 second cubic phase  third cubic phase 

C 

 
third cubic phase 

Figure 102 Raman spectra of cycled LiNi0.4Mn1.6O4 cathodes (1C; 45 ºC; 0% SOC) A with 0.5% TMP 

and 0.5% TFPi (second cubic phase), B with 0.5% LiBOB, 0.5% HMDS, 0.5% HFiP, and 

the reference electrolyte (second and third cubic phase), and C with 1.7% TTSP,  

1% SEN, 2.5% FEC, 0.5% TEHP, 1.5% LiTFSi, and 2.5% SA (third cubic phase).   
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Optimization with Al2O3 coating layers (cycled cells) 

Similarly, Raman spectroscopy of Al2O3-coated LiNi0.4Mn1.6O4 cathodes was accomplished 

after cycling C//LiNi0.4Mn1.6O4 pouch cells with Al2O3-modified electrodes at 45 °C in the voltage 

range of 3.3 - 4.8 V (Figure 103). Interestingly, both cubic phases are observed for the cycled 

cathode as in the case of the reference. This is in agreement with the results of the  

CC/CV-cycling experiments. Here, the base electrolyte and the Al2O3 coating on both 

electrodes result in about the same discharge capacity after 250 cycles.  

 

 second cubic phase third cubic phase 

Figure 103 Raman spectra of cycled LiNi0.4Mn1.6O4 cathodes (1C; 45 ºC; 0% SOC) with and without 
Al2O3-modified electrodes (second and third cubic phase).  

Calculating the lithium content x in the completely discharged LixNi0.4Mn1.6O4 cathodes 

(electrolyte and Al2O3-optimized full cells) from the specific discharge capacities achieved after 

cycling, gives the following phase compositions:  

second cubic phase: Li0.433 - 0.432Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4 

third cubic phase: Li0.390 - 0.207Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4, but with only a minor Ni3+ content 

The transition metal valence states of the second cubic phase are higher than expected and 

the oxidation of Ni3+ to Ni4+ is already strongly progressed. Therefore, severe transition metal 

dissolution must have occurred throughout cycling. The variables x and y describe the 

unknown amounts of nickel and manganese lost upon the CC/CV experiment. ICP-OES and 

EDX measurements were conducted to examine this phenomenon and are outlined in the next 

chapter.  

  



5. Results and discussion 

5.3 Post-mortem analyses of the CAM – determination of different phase compositions 

174 

Conclusion  

In summary, the phase compositions found by XRD spectroscopy could be confirmed by the 

Raman scattering technique. In addition, the Al2O3-coated spinel electrodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells with Al2O3-modified electrodes at 45 °C are composed of the 

second and the third cubic phases. Generally, for the first time, three cubic phases with the 

characteristic A1g, Eg, and T2g symmetries of LiNi0.4Mn1.6O4 cathodes (0% SOC) were 

determined by Raman spectroscopy after formatting and cycling the corresponding spinel full 

cells. Furthermore, the lithium contents and the oxidation states of the transition metal cations 

were identified for the particular cubic phases: 

first cubic phase: Li1.0 - 0.78Ni0.4
2+

Mn1.6
3+/4+

O4 

second cubic phase: Li0.433 - 0.432Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4 

third cubic phase: Li0.390 - 0.207Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4, but with only a minor Ni3+ content 

Thus, ageing of the spinel electrode is given by its phase composition at 0% SOC and is 

corroborated Raman and XRD spectroscopy. While the first cubic phase represents the most 

intact, the third cubic phase signifies the most harmed cathode. Nonetheless, the detected 

valence states for the cycled completely discharged cathodes do not coincide with the 

expected ones. Consequently, nickel and manganese ions have probably been washed out of 

CAM during cycling. In the subsequent chapter, this circumstance is verified by ICP-OES and 

EDX measurements.  
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5.4 Transition metal dissolution studies 

As described in the chapters 2.1.3 and 2.2.3, one of the major failure mechanisms of LMO and 

high voltage spinel cathodes in full cells is transition metal dissolution into the electrolyte with 

a negative effect on both electrodes.[1,3,4,295] On one hand, the cathode suffers from the loss of 

active material and, in addition, undesired reaction products such as LiF, MnF2, NiF2, and 

polymerized organic species are formed. They are known to accumulate on the surface of the 

spinel electrode.[4,287] On the other hand, metal deposition on the graphite anode causes lithium 

plating and catalyzed electrolyte decomposition, which is accompanied by a destabilization 

and an excessive growth of the SEI.[3,74,452] As a consequence, substantial consumption of 

lithium ions is reflected by a significant capacity decay of the associated full cells throughout 

cycling.[4] 

The origin of the transition metal dissolution is mainly ascribed to the existence of trace 

amounts of acidic components in the electrolyte. This results in the formation of HF in 

LiPF6/organic electrolyte solutions, where ppm levels of H2O are present (see equations 6 - 9 

in chapter 2.1.3).[181] HF not only catalyzes the disproportion of Mn3+ to Mn2+ and Mn4+, but also 

reacts with the CAM at high potentials according to the equations 19 - 20 (chapter 2.2.3). In 

the literature, several approaches to prohibit transition metal dissolution concerning 

manganese spinels are proposed including the application of various surface layer coatings 

on the active material particles or on the electrodes and the utilization of diverse electrolyte 

additives with, however, limited success.[247,270,289,429,432,453] Both strategies aim at scavenging 

HF or establishing a physical protection layer between the spinel cathode and the electrolyte 

to suppress chemical side reactions.  

In this work, ICP-OES and EDX measurements of graphite anodes at 0% SOC are conducted 

after cycling C//LiNi0.4Mn1.6O4 pouch cells at 45°C for 250 cycles in the voltage window of 

3.3 - 4.8 V. This is done to clarify whether and to what extent the dissolution of nickel and 

manganese, and the subsequent deposition of the metals on the counter electrode take place 

upon cycling. Moreover, the influence of the selected electrolyte additives and the  

Al2O3-modifed electrodes on the transition metal dissolution behavior of the C//LiNi0.4Mn1.6O4 

full cells is investigated.  
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The reference cell 

Figure 104A displays the experimentally obtained nickel and manganese concentrations 

migrated from the spinel to the graphite electrode, while cycling the reference C//LiNi0.4Mn1.6O4 

pouch cell at 45 °C. In order to achieve a better understanding of the impact of the transition 

metal dissolution, the related total amounts of nickel and manganese on the anode are 

calculated (Figure 104B). Actually, 1.27% and 0.27% of Mn and Ni ions are dissolved from the 

LiNi0.4Mn1.6O4 composite cathode. This corresponds to 1,886 and 106 µg Mn and Ni, 

respectively, on the graphite anode. It should be considered that the actual sum of the 

dissolved transition metal ions is even higher as typically more than twice as much Ni and Mn 

are registered in the electrolyte solution.[4,33] Nonetheless, it is noted that the concentration of 

dissolved Mn is 4.76 times as large as that of Ni in the spinel electrode. This value is clearly 

higher than the stoichiometric ratio of Mn/Ni in the LiNi0.4Mn1.6O4 material, demonstrating a 

stronger tendency of Mn to be washed out the CAM as compared to Ni. In terms of the 

calculated overall amounts of the transition metals, the pronounced dissolution of Mn ions 

becomes even more apparent.  

A B 

 

Figure 104 A Nickel and manganese concentrations migrated from the spinel to the graphite electrode 

while cycling the reference C//LiNi0.4Mn1.6O4 pouch cell at 45 °C for 250 cycles.  

B Calculated related total amounts of nickel and manganese found on the anode.  

The EDX elemental mapping analysis of the cycled anode is shown in Figure 105. The Mn and 

Ni elemental distributions in the sample are rather uniform and indicate a homogenous 

arrangement of Mn and Ni on the graphite electrode. Furthermore, the intensified densities for 

the Mn mapping compared to Ni confirm the ICP-OES data and the fact that Mn dissolves 
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more easily than Ni. The associated SEM picture unveils the EDX recording position of the 

graphite anode, which is partly covered by SEI components. 

 

Figure 105 EDX area mappings of a graphite anode at 0% SOC (A Mn and B Ni elemental 

distributions) after cycling a C//LiNi0.4Mn1.6O4 pouch cell at 45 °C for 250 cycles and the 

corresponding SEM picture (C).  

Based on the equations 17 - 20 in chapter 2.2.3, the following reactions are suggested for the 

transition metal dissolution mechanism in C//LiNi0.4Mn1.6O4 pouch cells: 

Disproportion of Mn3+[4] 

 2 Mn3+ → Mn2+ + Mn4+ (in the presence of trace amounts of acidic components) (77) 

 Mn2+ + 2 LiC6 → Mn + 2 Li+ + 2 C6 (graphite) (78) 

As already mentioned in the previous sections, Mn2+ leaches out into the electrolyte and is 

reduced on the surface of the counter electrode. Thus, self-discharge of the lithiated graphite 

is initiated, active Li+ ions are depleted, and electrolyte decomposition takes place leading to 

the formation of very thick SEI layers.[183] In addition, lithium plating might occur on account of 

the presence of metallic Mn.[184] But, Mn3+ is only a minority in the active material LiNi0.4Mn1.6O4 

(at most 20%). Therefore, the subsequent reactions are supposed to be primarily responsible 

for the transition metal dissolution.  

Decomposition of LiNi0.4Mn1.6O4 by HF[4,285,286] 

 2 LiNi0.4Mn1.6O4 + 4 HF → 0.8 MnF2 + 0.2 NiF2 + 2 LiF + 2 H2O + 3 Ni0.2Mn0.8O2 (79) 

or 

 4 LiNi0.4Mn1.6O4 + 8 HF → 

 → 2 MnO2 + 1.2 MnF2 + 0.8 NiF2 + 4 LiF + 4 H2O + 2 Ni0.4Mn1.6O4 (80) 
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These decompositions of LiNi0.4Mn1.6O4 by HF contribute, inter alia, to the diminution of the 

cycle life. In contrast to reaction 80, no generation of MnO2 is observed on the cathode surface 

by XRD spectroscopy. Hence, reaction 79 seems to be more feasible. The insoluble reaction 

products LiF, MnF2, and NiF2 might accumulate on the spinel electrode resulting in an increase 

of the charge-transfer resistance. XPS and EIS studies outlined in chapters 5.5 and 5.6 will 

give more information on the surface composition of the cathode and the respective 

resistances.  

Since the acidic component HF is the main initiator of the transition metal dissolution, replacing 

LiPF6 by other conducting salts appears to be a promising approach to circumvent this 

problem. Nevertheless, most of the other conducting salts have some considerable limitations 

hindering their wide-spread applications in lithium ion full cells.[253,398,454] Usually, electrolytes 

comprising lithium tetrafluoroborate (LiBF4) have a substantially lower conductivity relative to 

those containing LiPF6.[455] The main drawback of LITFSI and lithium trifluoromethanesulfonate 

(LiSO3CF3) in aprotic solvent-based electrolytes is their tendency to strongly corrode the Al 

current collector, in addition to a reduced ionic conductivity.[413,414,456] Lithium perchlorate 

(LiClO4) and lithium hexafluoroarsenate (LiAsF6) were both widely used for electrolyte research 

in the 1970s and 1980s. But, nowadays their utilization is largely precluded due their explosive 

and highly toxic potential.[398,457] The significantly decreased conductivity of electrolytes 

containing LiBOB or lithium difluoro(oxalato)borate (LiODFB) rather than LiPF6 is the major 

impediment to their use as conducting salts in commercial LIBs.[458] 

Another strategy to overcome the difficulties of non-aqueous electrolytes is the application of 

ionic liquids, which are solely composed of ionic species without any organic molecules. Their 

main benefits are reduced flammability, diminished volatility, high thermal stability, and a 

relatively good ionic conductivity.[398,459] However, the electrochemical performance of lithium 

ion battery cells including ionic liquids is rather poor especially when compared to conventional 

organic electrolytes.[398] The primary reason for this is the enhanced viscosity of ionic liquids, 

which is 1 - 3 orders of magnitude higher than those of conventional solvents.[460] Moreover, 

ionic liquids exhibit a poor wettability of the electrodes and the separator as well as a restricted 

reductive stability.[461] 

On account of these issues, ionic liquids and conducting salts other than LiPF6 were not 

investigated within this work. Instead, various electrolyte additives and Al2O3-coated electrodes 

were analyzed by ICP-OES and EDX measurements with respect to their effect on the 

transition metal dissolution characteristics of C//LiNi0.4Mn1.6O4 pouch cells.  
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Electrolyte optimization 

The anodes of C//LiNi0.4Mn1.6O4 full cells were examined by ICP-OES at 0% SOC after  

250 cycles at 45 °C. Figure 106A depicts the experimentally determined transition metal 

content losses from the spinel electrode and Figure 106B illustrates the calculated total amount 

of Ni and Mn on the graphite electrode. For comparison, the results of the reference cell are 

also shown. The additives are ordered according to their decreasing effects, whereby those 

placed on the left side of the reference enable a greater specific energy over cycle life than the 

base electrolyte.  

 A 

 

 B 

 

Figure 106 A Nickel and manganese concentrations migrated from the spinel to the graphite electrode 

while cycling C//LiNi0.4Mn1.6O4 pouch cells containing various electrolyte additives at 45 °C 

for 250 cycles. B Calculated related total amounts of nickel and manganese found on the 

anode.  
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Generally, it can be seen that for all samples Mn dissolution is more prominent than Ni 

dissolution. More precisely, the concentration of the washed-out Mn is about 4.5 - 4.8 times 

higher than that of Ni. Therefore, the additives have virtually no influence on the relative ratios 

of dissolved Mn and Ni. Or in other words, both transition metal contents change similarly in 

dependence of the respective electrolyte additive, which changes the HF concentration in the 

full cells.  

Remarkably, the ICP-OES data largely correlate with the results of the CC/CV-cycling 

experiments (see chapter 5.2.2). All those additives that have improved the cycle life of 

C//LiNi0.4Mn1.6O4 full cells, reveal a reduced transition metal dissolution compared to the 

reference. A poorer cycling performance is connected with an enhanced amount of Mn and Ni 

deposited on the negative electrode. Hence, the metal ion diminution of the cathode is in direct 

connection with the electrochemical characteristics of the C//LiNi0.4Mn1.6O4 pouch cell. The 

increase of the transition metal dissolution is attributed to the formation of porous and/or very 

thick SPI layers on the cathode surfaces as the water content in the cells comprising various 

electrolyte additives remained constantly low. A highly porous SPI with bare spinel electrode 

surfaces cannot completely prevent the direct contact between the electrolyte components and 

the active material. Consequently, HF attack proceeds and more Mn and Ni leach out into the 

electrolyte. The longer the SPI is unstable, the more serious is the depletion of Mn and Ni. The 

properties of the different cathode surface layers are analyzed by XPS, as outlined in the next 

chapter. 

0.5% TEHP and 2.5% SA lead to the most sever transition metal dissolution with 2,492 and 

2,469 µg Mn and 162 and 159 µg Ni, respectively, accumulated on the graphite electrode. This 

is in agreement with the fast capacity fading of the associated full cells. The stronger ageing 

of the 2.5% SA cell is probably caused by more detrimental SPI features. Although the cycling 

behavior of the full cell with 1.5% LiTFSI is inferior to the one with 0.5% TEHP, less Mn and Ni 

are detected on the anode. This is most likely related to the fact that the 1.5% LITFSI full cell 

is damaged by massive gassing throughout the cycling experiment. 

Regarding the electrolyte additives, reducing the transition metal dissolution, two scenarios 

are suggested: elimination of HF, H2O, or PF5 and/or establishment of a physical protection 

layer by a thin and stable SPI. Here, just the first mechanism is considered as the subsequent 

chapter will provide more detailed information on the function of the SPI. 

0.5% LiBOB minimizes the precipitation of Mn and Ni to 1,442 and 85 µg or to 0.97% and 

0.21%, respectively, which are the lowest values for all examined additives. As elucidated by 

Kim et al. LiBOB is able to sequester PF5, a strong Lewis acid, that initiates the formation of 

HF pursuant to the equations 6 - 9 in chapter 2.1.3.[247] Scheme 1 demonstrates the possible 

mechanism of LiBOB in C//LiNi0.4Mn1.6O4 full cells containing LiPF6/organic electrolyte 

solutions.   
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Scheme 1 Proposed interaction of LiBOB with LiPF6 resulting in suppressed HF generation. 

Whether LiBOB also takes part in the structure of the cathode SPI as proposed by Choi and 

by Lucht is discussed later on.[272,307]  

Besides, 0.5% TMP and 0.5% TFPi also weaken the transition metal dissolution. Actually, only 

1,477 and 1,468 µg Mn and 86 and 84 µg Ni, respectively, are registered on the graphite 

electrode after 250 cycles. While TMP is known to lower the metal deposits exclusively by 

stabilizing the SPI,[274,275] TFPi is believed to trap PF5 according to the following 

mechanism:[253,295] 

 

Scheme 2 Proposed interaction of TFPi with LiPF6 resulting in suppressed HF generation. 

Thus, the production of HF and the loss of active material are alleviated and the cycle life of 

C//LiNi0.4Mn1.6O4 full cells is significantly extended as confirmed by the cycling stability studies 

in chapter 5.2.  

Furthermore, it is observed that the Mn and Ni concentrations leached out from the composite 

cathode drop to 1.15 and 0.24% for the cell cycled with 0.5% HFiP. The lower identified 

contents of the transition metals on the anode denote that the film on the LiNi0.4Mn1.6O4 

electrode formed by HFiP is protective and suppresses Mn and Ni depletion. No evidence for 

removal of HF, H2O, or PF5 is given by HFiP.  
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As opposed to this, the organosilicon compound HMDS is suggested to eliminate water and 

HF impurities by the following reactions and, therefore, to improve the cell performance:[295,454] 

 

Scheme 3 Proposed interaction of HMDS with H2O leading to suppressed HF generation. 

In fact, the Ni and Mn amounts found on the graphite electrode equal to 1,740 and 96 µg, 

respectively, for the 0.5% HMDS cell. These values are lower as compared to the reference, 

but slightly higher than those for the 0.5% HFiP sample. Differences in the SPI compositions 

and properties are possibly responsible for this trend. If and to what extent HMDS is involved 

in building up a surface film on the cathode, is investigated by XPS as described in  

chapter 5.5. 

The results obtained by ICP-OES measurements were reviewed and confirmed by EDX 

spectroscopy, which was also conducted with the cycled anodes at 0% SOC. Exemplarily, 

Figures 107 and 108 represent the Mn and Ni elemental distributions in the negative electrodes 

of the 0.5% TMP and the 0.5% TEHP cells, that is, those with the lowest and the highest 

transition metal dissolution, respectively. 

 

Figure 107 EDX area mappings of a graphite anode at 0% SOC (A Mn and B Ni elemental 

distributions) after cycling a C//LiNi0.4Mn1.6O4 pouch cell with 0.5% TMP at 45 °C for  

250 cycles and the corresponding SEM picture (C). 
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Figure 108 EDX area mappings of a graphite anode at 0% SOC (A Mn and B Ni elemental 

distributions) after cycling a C//LiNi0.4Mn1.6O4 pouch cell with 0.5% TEHP at 45 °C for  

250 cycles and the corresponding SEM picture (C). 

As can be seen, for the 0.5% TMP graphite electrode Mn and Ni particles are more uniformly 

or homogeneously arranged than for the 0.5% TEHP sample. In the latter, regions with varying 

intensities are observed. Especially, the Mn mapping reveals a highly concentrated 

accumulation of Mn particles. This is probably due to the increasingly contaminated graphite 

surface upon cycling, which then offers more and less favorable locations for the metal ions to 

deposit. Besides, the overall metal ion dissolution is more pronounced for the pouch cell 

containing 0.5% TEHP. As already shown by ICP-OES, it also exceeds the transition metal 

depletion of the reference (cf. Figure 106). The associated SEM pictures unveil the EDX 

recording positions of the graphite anodes, which are partly covered by SEI components 

Optimization with Al2O3 coating layers 

Additionally, transition metal dissolution studies have been accomplished with 

C//LiNi0.4Mn1.6O4 pouch cells including bare and Al2O3-modified electrodes. After 250 cycles at 

45 °C and between 3.3 and 4.8 V, the full cells were disassembled at 0% SOC and the anodes 

were analyzed by ICP-OES. Actually, the anodes of spinel full cells with ceramic layers on the 

cathode, on the anode, and on both electrodes are examined. Figure 109A displays the 

experimentally obtained transition metal content losses from the cathodes and Figure 109B 

illustrates the calculated total amount of Ni and Mn precipitated on the graphite electrode. For 

comparison, the results of the reference cell are also presented. 
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A B 

 

Figure 109 A Nickel and manganese concentrations migrated from the spinel to the graphite electrode 

while cycling C//LiNi0.4Mn1.6O4 pouch cells without and with a ceramic layer on the spinel 

cathode, on the graphite anode, and on both electrodes at 45 °C for 250 cycles.  

B Calculated related total amounts of nickel and manganese found on the anode. 

Interestingly, all three full cells comprising Al2O3-modified electrodes effectively suppress metal 

ion depletion from the composite spinel electrodes regardless of the application location and 

the number of the Al2O3 coating layers. Only around 1,100 and 61 µg Mn and Ni, respectively, 

have been accumulated on the anodes after 250 cycles. That corresponds to approx. 0.74% 

and 0.15% Mn and Ni, respectively, which are leached out from the cathodes. Consequently, 

the modification of the electrodes with Al2O3 surface layers is more beneficial with respect to 

the reduction of transition metal dissolution than any electrolyte additive. Commonly, Al2O3 is 

supposed to react with HF in the electrolyte:[292] 

 Al2O3 + 6 HF→ 2 AlF3 + 3 H2O (81) 

In the presence of the HF scavenger Al2O3, a part of the acidic component is removed and the 

electrolyte is neutralized. To this end, the corrosion of the cathode and the transition metal 

dissolution decline. The cycling behavior in the first few cycles of the C//LiNi0.4Mn1.6O4 pouch 

cells comprising differently located Al2O3-modified electrodes is, therefore, attributed to a 

hampered SEI formation in terms of graphite anodes modified with ceramic layers. EDX 

measurements of anodes cycled in C//LiNi0.4Mn1.6O4 pouch cells with Al2O3 coating layers on 

both electrodes are in accordance with the ICP-OES data and corroborate the low Mn and Ni 

deposits (Figure 110).  
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Figure 110 EDX area mappings of a graphite anode at 0% SOC (A Mn and B Ni elemental 

distributions) after cycling a C//LiNi0.4Mn1.6O4 pouch cell with Al2O3 coating layers on both 

electrodes at 45°C for 250 cycles and the corresponding SEM picture (C). 

Conclusion 

In summary, it has been recognized by ICP-OES and EDX analyses that transition metal 

dissolution is indeed a major issue for C//LiNi0.4Mn1.6O4 pouch cells. Thereby, Mn is more easily 

washed out the spinel active material than Ni. The metal ion depletion is primarily caused by 

HF in the electrolyte. Of all electrolyte additives, 0.5% LiBOB has the most beneficial impact 

on transition metal dissolution, whereas 0.5% TEHP leads to the highest metal contents on the 

anode. The positive influence of additives is related to the elimination of HF, H2O, or PF5 and/or 

the establishment of a physical protection layer by a rather thin and stable SPI. An increase of 

metal ion diminution in the cathodes is presumably based on thick and porous SPI layers. 

Moreover, Al2O3 has been proven to be an effective HF scavenger alleviating transition metal 

dissolution. All in all, there is a direct connection between the degree of metal ion depletion 

and the cycling stability of the C//LiNi0.4Mn1.6O4 pouch cells. In this work, only the Mn and Ni 

contents on the graphite electrode are considered. However, the actual sum of the dissolved 

transition metal ions is even higher as in general more than twice as much Ni and Mn are 

registered in the electrolyte solution.[4,33] Thus, the oxidation states of the three cubic phases 

determined in the previous chapter can be justified. In the subsequent chapter, the results of 

the XPS investigations are discussed.  
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5.5 Characterization of the solid permeable interface  

Generally, it is accepted that LiPF6/non-aqueous electrolyte solutions are oxidized on the 

cathode side of high voltage spinel cells as the Ni2+/4+ redox couple is activated at ca. ≥ 4.7 V 

vs. Li. This is clearly below the HOMO of common liquid carbonate-based electrolytes as 

already mentioned in chapter 2.2.3.[229,243,253] Inside the composite cathode, the conductive 

carbon is believed to have a catalytic effect on the electrolyte oxidation at high voltages so that 

the carbonate electrolyte mixtures are already oxidized at approx. 4.5 V.[1,248,249,249–252] If the 

decomposed products adhere to the cathode surface further side reactions are suppressed, 

film formation is reduced, and cycling behavior of the corresponding cells is stabilized. 

Nevertheless, the development of a SPI layer is always accompanied by degradation of the 

cell performance due to an increased electrode resistance and lithium ion consumption. This 

leads to capacity losses.[243,307,462,463] Therefore, a dense, and preferably thin SPI film with high 

lithium ion conductivity is desirable to maintain ion transport upon charging/discharging. 

Concurrently, its electronic conductivity must be kept as low as possible. The thickness and 

the composition of the SPI strongly influence the electrochemical features of lithium ion cells 

and depend on various parameters. For example, temperature, storage time, cycle number, 

SOC, potential, cathode structure, and electrolyte formulation.[464–466] While the interfacial layer 

on the anode side, the SEI, has been thoroughly studied, there is much less known about the 

SPI on the cathode surface. This is mainly because traditional CAMs such as NMCs or LCO 

are typically operated up to only 4.2 V. Under these conditions standard organic electrolytes 

are considered oxidatively stable.[243,464]  

Edström and Eriksson et al. conducted XPS depth profile analyses of manganese spinel 

electrodes stored or cycled at 60 °C. They found a SPI with a stacked structure on the cathode 

surface, whereby organic polymers and polycarbonates are positioned underneath Li-rich 

layers indicating that the inner region is close to the cathode and P-O species like LixPOyFz 

mark the outer region near the electrolyte.[465,466] This is in contrast to the composition of the 

SEI, where the inorganic phase is located at the anode side and the organic layers are placed 

on top.[398] Recently, several researchers have focused on investigating the interfacial layers 

between high voltage spinel cathodes and the electrolytes.[2,4,239,239,244,245,250,268, 

270–272,287,307,408,429,462,467,468] Nonetheless, most examinations just concentrate on half cells 

comprising lithium anodes, which compensate lithium losses during cycling in contrast to 

graphite anodes and, consequently, enable longer cycle lifes.[239,244,245,248-250,272,285,307,429,467-469] 

Although many of the SPI components are known, the mechanism of SPI formation, the 

structure, the thickness, and the function of the SPI are poorly understood.[465,466,470] 

Additionally, the involvement of numerous electrolyte additives in the generation of the surface 

layer is unclear.[243]  
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In this thesis, XPS analysis is applied to study the chemical nature and the development of the 

interfacial layers between the LiNi0.4Mn1.6O4 electrodes and the different electrolyte 

formulations after formatting C//LiNi0.4Mn1.6O4 pouch cells containing various electrolyte 

additives at 23 °C and after cycling these cells for 250 cycles at 45 °C. Especially, the role of 

each additive in the SPI structure is examined. Thereto, the full cells were dissembled at  

0% SOC in a glove box purged with argon gas and the cathode was transferred to the X-ray 

photoelectron spectrometer without any contact to air or moisture. In the following, the XPS 

results are presented and the thickness of the SPI is partly corroborated by SEM images. XPS 

data are summarized in the appendix (chapter 7). Precise knowledge of the chemical system 

and good reference values are essential to develop a suitable model for the nature of the 

species based on the deconvoluted high resolution spectra. The quantitative evaluation of the 

XPS data is critical and problematic owing to the sample roughnesses and non-uniform film 

thicknesses of the SPI layers.[471] Hence, herein only qualitative interpretation of the XPS 

records is accomplished. Since all measurements were performed under the same conditions 

a direct comparison of all the batches is feasible and valuable for the elucidation of the SPI 

properties. The binding energies and the relative area under the peaks provide the relevant 

information.  

The reference cell 

Figures 111 and 112 display the XPS spectra of LiNi0.4Mn1.6O4 electrodes in the Mn2p, Ni2p, 

C1s, O1s, F1s, and P2p regions after formation at 23 °C and after cycling at 45 °C. The 

concentrations of Mn and Ni have decreased after 250 cycles, whereas the concentrations of 

C, O, F, and P have increased. Thus, SPI is evidently generated throughout cycling and covers 

the bulk material with organic/inorganic components.  
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Figure 111 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells containing the base electrolyte at 23 °C and after B cycling these cells for  

250 cycles at 45 °C. 

   



5. Results and discussion 

5.5 Characterization of the solid permeable interface 

189 

 
A B 

  

  

  

Figure 112 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells containing the base electrolyte at 23 °C and after B cycling these cells for  

250 cycles at 45 °C. 
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Mn2p: Regarding the Mn2p spectra, the Mn2p3/2 signal is observed at a binding energy of 

641.6 and 641.7 eV after formation and after cycling, respectively. The spin-orbit splitting is 

the energy separation between the Mn2p3/2 and Mn2p1/2 levels and amounts to approx. 12 eV. 

These results are very similar to the reported data for Mn2p3/2 and Mn2p1/2 in spinels.[448,472,473] 

Because of the binding position of Mn2p3/2 it is assumed that Mn adopts primarily the 

tetravalent oxidation state, which is in agreement with the Raman data. According to the 

literature, lower valence states are usually detected at lower binding energies.[363,448,472] 

Moreover, the shapes of the Mn2p1/2 and Mn2p3/2 peaks indicate mainly Mn4+ states and the 

satellite of Mn2p3/2 is superimposed by the Mn2p1/2 band, which is just the case for Mn3+ and 

Mn4+.[213] In spite of this, it is quite difficult to obtain the exact distribution of trivalent and 

tetravalent oxidation states from XPS based solely on the Mn2p spectrum.[474,475] It is, however 

feasible to conclude that Mn4+ is more dominant than Mn3+ for the formatted sample and it has 

already been shown by Raman spectroscopy that the cycled spinel cathode includes only 

Mn4+. Other Mn species like for example MnF2 or MnxOy, which might be a part of the SPI are 

not observable in the Mn2p spectrum due to the broadness of the Mn2p3/2 and Mn2p1/2 

signals.[363,476]  

Ni2p: For the formatted LiNi0.4Mn1.6O4 electrodes, the XPS spectrum of Ni reveals a major 

asymmetric peak at 854.7 eV and a smaller signal at 872.0 eV due to Ni2p3/2 and Ni2p1/2, 

respectively. The additional emissions visible at around 860.1 and 879.2 eV are rather broad 

and are attributed to the existence of satellites, which are superimposed by F(KL1L2,3) and 

F(KL1L1) Auger transitions originating from fluoride containing components such as LiF.[363,474] 

Consequently, the determination of the Ni oxidation states is very problematic. The binding 

energy of Ni2p3/2 is, however, close to that reported for NiO (854.8 eV).[477,478] Therefore, it is 

supposed that Ni2+ are stabilized in the spinel structure after formation. Raman spectroscopy 

has corroborated the same valence state for Ni in the formatted spinel cathodes. Interestingly, 

the Ni2p spectrum of the cycled sample reveals identical binding positions for Ni2p3/2 and 

Ni2p1/2 at 854.8 and 872.0 eV, respectively and the extra signals are also observable. This 

would mean that the dominant oxidation state of Ni is still divalent after 250 cycles, which is in 

contrast to the Raman results unveiling Ni3+ and Ni4+. The reason for the registration of Ni2+ 

can presumably be ascribed to the development of LixNi1-xO impurities as found by XRD and 

Raman analyses. Ni3+ and Ni4+ present in the cycled LiNi0.4Mn1.6O4 electrodes cannot be 

verified by XPS because of the broad signals of the satellites and the F(KL1L2,3) and F(KL1L1) 

Auger transitions. Higher valent Ni states would be positioned in these regions and are most 

likely superimposed by the satellites and Auger peaks. This is also why it is impossible to 

recognize if there are Ni compounds (e.g. NiF2) included in the SPI film.  
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C1s: The C1s spectrum of the formatted cathode has a prominent band at 284.5 eV from the 

conductive carbon within the electrode. Besides, two characteristic PVDF features are seen at 

285.8 and 290.3 eV due to CH2, and CF2, respectively. The much stronger intensity of the  

CH2 peak alludes to the existence of electrolyte decomposition products as, for instance, 

ethers (H2C=CH2) and other hydrocarbon chains. Since the constitutive elements of the 

cathode are clearly detected, it can be concluded that after formation only a thin surface layer 

is formed. C-O and C=O groups are located at 287.1 and 288.8 eV, respectively, in a ratio of 

approx. 2:1 as expected for polyethylene carbonate (PEC, Scheme 4). Generally, the C-O 

peak indicates decomposed species such as alkoxides and carbonates (e.g. RCH2OLi, PEC, 

ROCO2Li, Li2CO3, ROLi, ROH, and ROR), while the C=O peak solely refers to carbonyl 

components (mainly carbonates, e.g. PEC, ROCO2Li and Li2CO3).[363,479,480] R in the chemical 

formulas represents alkyl groups or hydrogen. All of these are a result of the oxidation of the 

electrolyte and the appearance of the C-O or C=O bands in the C1s spectrum of the reference 

demonstrate that electrolyte decomposition takes place during formation. The oxidation of the 

carbonates at the surface of LiNi0.4Mn1.6O4 is commonly described to occur at around 4.7 V vs. 

Li.[4,201,243–247] Thereby, it has to be considered that the single carbonate solvents have some 

differences in the electrochemical stability. Actually, cyclic carbonates are slightly more stable 

than linear ones. Examples are: EC ≈ PC (≥ 4.7 V) > DMC ≈ EMC (≥ 4.5 V).[249,251] Here, the 

oxidation potentials are measured vs. a high voltage spinel composite electrode. Binary and 

tertiary electrolyte mixtures exhibit nearly the same oxidation potential vs. the composite 

cathode (≥ 4.5 V).[249,251] Schemes 4 and 5 depict a variety of possible oxidative reaction 

pathways of EC, DMC, and EMC, the main components of the base electrolyte. 

Scheme 4A shows the decomposition reaction of EC initiated by the strong Lewis acid PF5, 

which catalyzes the ring-opening polymerization of EC to yield PEC or polyethylene oxides 

(PEO).[1,247,260,261] Under standard conditions (voltages up to 4.2 V and ambient temperature) 

the reactions are endothermic.[481] Nonetheless, since the reference C//LiNi0.4Mn1.6O4 full cell 

was cycled up to 4.8 V at 45 °C, enough activation energy could be provided to trigger the 

polymerization of EC. The 2:1 ratio of the C-O and C=O peaks suggests the generation of PEC 

after formatting the reference cell. The driving force is the evolution of CO2. A minor swelling 

of the spinel cell was observed after cycling confirming the development of gases such as CO2. 

This gas can further be reduced to formate, oxalate, carbonate, and CO.[260] Here, just the 

reaction of PF5 with EC is demonstrated. But, actually the oxidation of other carbonates like 

for example EMC can also be catalyzed by PF5.[482] 
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Scheme 4 A Lewis-acid-catalyzed ring-opening polymerization of EC. Adapted from[245,247,260].  

B Autocatalytic decomposition of LiPF6-based carbonate electrolytes (R = alkyl groups). 

Adapted from[295].  
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Scheme 5 Possible reactions of A EC and B linear carbonates (R = alkyl groups) under oxidative 

conditions. Adapted from[242].  
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The origin of the autocatalytic decomposition of LiPF6-based carbonate electrolytes 

(Scheme 4B) is trace impurities of water producing HF according to the equations 6 - 9 in 

chapter 2.1.3.[181] The resulting POF3 is the starting point of the reaction cycle and catalyzes 

the corrosion of carbonates (e.g. EC, DMC, and EMC).[295] Until now, many research groups 

have investigated the autocatalytic decomposition cycle in dependence of various organic 

carbonates used as electrolyte solvents.[483] Carbon dioxide (CO2), ethylene (H2C=CH2), 

fluorophosphoric acid (O=PF(OH)2), difluorophosphoric acid (O=PF2(OH)), dialkyl 

fluorophosphates (O=PF(OR)2), alkyl difluorophosphates (O=PF2(OR)), alkyl fluorides (RF), 

and PEC were identified as main degradation products. At least, carbonates and alkyl groups 

are also generated upon the formation of C//LiNi0.4Mn1.6O pouch cells as can be seen in the 

C1s spectrum.  

Scheme 5 displays alternative reactions of EC and linear carbonates under oxidative 

conditions without the catalytic effect of LiPF6.[242] Obviously, the oxidation of carbonates is 

multifold and leads to new carbonyl compounds, which include open chain organic carbonates, 

ketones, aldehydes, and formates. Small fragmented molecules are supposed to dimerize or 

oligomerize to larger ones. These long chain polycarbonates are believed to accumulate on 

the cathode surface during the operation of Li ion cells.[242] The herein conducted XPS studies 

cannot completely differ between the decomposed products. But, it can be verified to what 

extent the oxidation of the electrolyte took place and the principal chemical nature of the SPI 

is determined.  

The C1s spectrum of the cycled positive electrode reveals an enhanced CH2 signal at 286.1 eV 

and significantly increased C-O and C=O signals at 287.3 and 289.1 eV, respectively, in 

comparison to the formatted cell. The CF2 (290.3 eV) and C-C (285.0 eV) peaks exhibit lower 

percentage peak areas. Thus, a thick SPI has been formed throughout cycling. Especially, the 

C=O peak has become more pronounced after 250 cycles unveiling the intensified generation 

of compounds with carbonyl groups. 

O1s: The O1s spectrum of the formatted cathode has a sharp feature around 529.5 eV 

originating from the LiNi0.4Mn1.6O4 oxygen, and two bands from the surface film at 533.7 and 

at 532.1 eV. The former refers to carbonate, phosphate (e.g. PO(OR)3), and fluorophosphate 

(e.g. O=PF(OR)2, LixPFyOz), while the latter denotes carbonyl and alkoxy species.[363,479,480] In 

agreement with the C1s region, the O2- band is clearly visible at 529.5 eV signifying the 

existence of a rather thin SPI. After 250 cycles, the lattice oxygen (529.3 eV) is strongly 

reduced, whereas the C-O (533.8 eV) and C=O (532.1 eV) peaks have grown considerably 

indicating excessive SPI formation including carbonates. The much higher signal intensity of 

C-O as compared to C=O is related to an enhanced contribution of PEC, phosphates, and 

fluorophosphates to the surface layer. The development of a LixNi1-xO impurity cannot be 

proven by the O1s section as the signal is superimposed by the O2- band.  
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F1s: After formatting C//LiNi0.4Mn1.6O4 pouch cells, the F1s spectrum of the cathode is 

composed of CF2 (687.6 eV) from the PVDF binder, a mixture of LixPFy, LixPFyOz, and 

O=PFOR (686.8 eV), and LiF (684.7 eV) as a result of LiPF6 corrosion. If NiF2 and MnF2 are 

also present on the electrode surface is hard to tell as the respective signals overlap with the 

LiF peak.[363,474,477] LixPFyOz and O=PFOR represent fluorophosphates. In case of the reference 

cell, the amount of O=PFOR is proposed to be rather low. Decomposition products of LiPF6 

are the main source of the LiF and LixPFyOz/O=PFOR signals and tend to easily precipitate on 

the LiNi0.4Mn1.6O4 surface.[430,484,485] Moreover, LiPF6 itself participates in the SPI and adds up 

to the cell resistance.[238,486] For the cycled spinel electrode the bands of LiF (684.0 eV) and 

LixPFy/LixPFyOz (686.9 eV) are much stronger, while the peak area of the CF2 signal (687.6 eV) 

is smaller than after formation. Consequently, an increase of the SPI thickness has occurred 

upon cycling.   

P2p: The P2p region of the formatted cathode has a quite broad shape involving phosphate 

species (e.g. PO4
3-

, OP(OR)3) at 133.3 eV, fluorophosphates LixPFyOz/O=PFOR at 134.5 eV, 

and LixPFy residues at 136.3 eV. Degradation products such as LixPFy and LixPFyOz/O=PFOR, 

were found to grow with cycling. Hence, it is suggested that some components of the surface 

film are not stable upon cycling at 45 °C between 3.3 and 4.8 V and decompose to create a 

porous SPI that only partially passivates the electrode particles. As a matter of fact, fresh 

electrolyte is constantly transported to the exposed sections of the cathode surface and the 

degradation reactions continue to form organic and inorganic species. Nevertheless, the 

incomplete SPI is sufficient to stabilize the cycling behavior of C//LiNi0.4Mn1.6O4 pouch cells in 

order that still 95.2 mAhg-1 (61% residual capacity) have been achieved after 250 cycles at 

45 °C at 1C between 3.3 and 4.8 V (Figure 70, chapter 5.2.2).  

Conclusion 

The surfaces of the reference LiNi0.4Mn1.6O4 cathodes were analyzed by XPS after formation 

at 23 °C and after 250 cycles at 45 °C. It is shown that the base electrolyte is not stable under 

these conditions. The generation of a film consisting of organics and inorganics on the spinel 

electrode surface is documented. After formatting C//LiNi0.4Mn1.6O4 pouch cells, a thin SPI has 

already formed and becomes substantially thicker during cycling. Carbonyl species (mainly 

carbonates, e.g. PEC), alkyl groups, alkoxides, hydroxides, phosphates, fluorophosphates, 

and residues of the conducting salt LiPF6 are components of this surface layer as confirmed 

by the C1s, O1s, F1s, and P2p spectra. Since the SPI keeps growing upon cycling, it is 

concluded that some layer components are not stable under the oxidative cycling conditions 

and decompose to form a porous surface film. Then, the cathode particles are only partially 

passivated by the film and the reference electrolyte is continuously oxidized at the bare 

positions of the electrode. Besides, the Mn2p spectrum reveals the dominance of Mn4+ vs. 
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Mn3+ for the formatted sample, and the cycled one solely contains Mn4+ as proven by Raman 

spectroscopy. The interpretation of the Ni2p region is much more critical because of the 

appearance of additional emissions like satellites, which are superimposed by F(KL1L2,3) and 

F(KL1L1) Auger transitions. Therefore, in this case, trivalent and tetravalent Ni ions cannot be 

determined by XPS. In spite of this, the development of LixNi1-xO impurities and Ni2+ could be 

identified in the cycled and the formatted spinel electrode, respectively. 

Electrolyte optimization 

Hereafter, the influence of various electrolyte additives on the structure of the SPI is 

investigated by XPS. The additives are ordered according to their decreasing beneficial effect 

on the CC/CV cycle life of C//LiNi0.4Mn1.6O4 full cells (see chapter 5.2.2). The cell comprising 

1.5% LiTFSI was not analyzed by XRD, because of the cell damage that has been triggered 

by massive gassing during cycling. The Mn2p and Ni2p regions are not discussed in detail 

anymore as no major differences are detected relative to the references. The spectra are 

displayed in the appendix (chapter7).  

Trimethyl phosphate 

After formatting and cycling C//LiNi0.4Mn1.6O4 pouch cells comprising 0.5% TMP, XPS 

measurements of the respective cathodes were carried out to examine the nature of the film 

generated on the electrode particles (Figure 113). Only Utsugi et al. have studied the polymer 

layer derived from the decomposition of TMP on the surface of a high voltage spinel cathode 

by XPS.[268] Nonetheless, in contrast to this work, Utsugi concentrated on the cycle 

performance of LTO//LiNi0.5Mn1.5O4 coin cells and merely elucidated the C1s and P2p regions. 

C1s: Regarding the C1s spectrum of the spinel electrode formatted with 0.5% TMP, a high 

similarity to the corresponding reference spectrum is visible. However, the overall peak area 

of the C-C signal at 284.5 eV is slightly lower. The PVDF characteristics CH2 and CF2 appear 

at 285.7 and 290.3 eV, respectively, whereby the latter is more pronounced for the 0.5% TMP 

sample than for the reference indicating a higher number of alkyl fluorides. Both the C-O and 

C=O bands are significantly stronger compared to the electrode formatted without any additive. 

This suggests that more carbonates and alkoxides accumulate on the surface of the cathode. 

Hence, after formation more electrolyte degradation products are observed for the 0.5% TMP 

cell than for the reference but the SPI is still rather thin. The C1s region of the LiNi0.4Mn1.6O4 

electrode cycled with 0.5% TMP looks notably different in comparison to the formatted one. 

Surprisingly, the peak areas of the C-O and C=O bands at 287.1 and 288.9 eV, respectively, 

have not increased after 250 cycles. This implies that no additional carbonates and alkoxides 

precipitated on the cathode surface. The signal of the conductive carbon (284.7 eV) is 

marginally diminished owing to an enhancement of the CH2 band (285.9 eV).  
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Figure 113 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TMP at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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O1s: Analysis of the O1s regions of the spinel electrodes after formatting and cycling 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP confirm the results obtained from the C1s spectra. 

The formatted 0.5% TMP sample unveils larger peak areas for the C-O and C=O bands at 

533.6 and 531.9 eV, respectively, than for the reference pointing to higher amounts of 

carbonates and alkoxides deposited on the cathode surface. Concurrently, the signal detected 

at 529.4 eV attributed to O2- from the LiNi0.4Mn1.6O4 lattice, has a smaller percentage peak area 

than the one in the reference spectrum. Considering the O1s spectrum of the spinel electrode 

cycled with 0.5% TMP, the O2- band (529.3 eV) is further reduced because of the substantial 

growth of the C-O signal (533.7 eV). As opposed to this, the C=O peak area remains virtually 

unchanged. Consequently, the development of carbonates and alkoxides is impaired after 

formation. This is the reason why the O2- peak area is still larger than for the reference. 

Nevertheless, phosphate, fluorophosphate, and LixPFyOz species might the origin of the 

distinct C-O band after 250 cycles.  

F1s: The area of the CF2 signal at 687.6 eV in the F1s spectrum of the formatted 0.5% TMP 

sample is a little larger compared to the reference, although the peak area assigned to 

LixPFy/LixPFyOz/O=PFOR components (687.0 eV) is markedly larger. This underpins the fact 

that alkyl fluorides are present in the SPI. Furthermore, the strong and broad band at 687.0 eV 

denotes the participation of TMP in the structure of the surface film. The existence of metal 

fluorides (LiF, NiF2, or MnF2) is given by the band at 684.3 eV, which is slightly more intense 

relative to the reference. Cycling C//LiNi0.4Mn1.6O4 full cells leads to a strong increase of the 

LixPFy/LixPFyOz/O=PFOR species (686.9 eV) in the SPI and on account of this the  

CF2 (687.6 eV) and the LiF/NiF2/MnF2 peaks (684.4 eV) reduce in intensity. It is assumed that 

TMP is mainly responsible for the accumulation of LixPFy/LixPFyOz/O=PFOR.  

P2p: Examination of the P2p spectrum of the cathode formatted with 0.5% TMP reveals three 

characteristic signals at 133.4, 134.6, and 136.3 eV, which are ascribed to phosphates, 

fluorophosphates, and conducting salt residues, respectively. PO4
3-

 and LixPFyOz/O=PFOR 

reveal greater peak areas than same in the reference spectrum. LixPFy is slightly weaker. This 

proves that LiPF6 residues and decomposition products are not the only source for 

fluorophosphates. For the cycled spinel electrode all three components in the structure of the 

surface layer are even more evident. Thereby, PO4
3-

 and LixPFyOz/O=PFOR dominate. Thus, 

TMP definitely participates in the SPI formation.  

In summary, the addition of 0.5% TMP to the base electrolyte causes a reduction of LixPFy and 

carbonates in the structure of the cathode surface film and enhances the contributions of 

phosphates and fluorophosphates compared to reference cells without any additives. Utsugi 

and co-workers proposed the following film formation mechanism: 
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Scheme 6 Film formation mechanism of TMP on a LiNi0.4Mn1.6O4 cathode. Adapted from[268]. 

Nucleophiles such as fluoride ions (F-) or alkoxide ions (CH3O-) attack the phosphor atom of 

TMP. The resulting fragment reacts with another TMP and a chain reaction proceeds 

successively to generate a polymer surface layer on the spinel electrode.[268] This film is even 

visible in the SEM images as documented in Figure 114. 

     

Figure 114 A SEM image of the surface of a LiNi0.4Mn1.6O4 composite electrode after 0 cycles with 

8,000-times amplification. B SEM images of the surface of a LiNi0.4Mn1.6O4 composite 

electrode after 250 cycles at 45 °C in the base electrolyte containing 0.5% TMP with  

2,000- (middle) and 8,000-times amplification (right).  

Fractures in the surface film might be due to the preparation process of the electrode for the 

SEM analysis. Nonetheless, the TMP-derived SPI is proposed to be a porous layer network as 

the amount of phosphates and fluorophosphates increases during cycling. Generally, the  

TMP-based surface layer influences the cycling behavior of C//LiNi0.4Mn1.6O4 pouch cells 

containing 0.5% TMP. As a matter of fact, a phosphate-containing SPI with only low 

proportions of the conducting salt has a beneficial effect on the electrochemical performance 

of C//LiNi0.4Mn1.6O4 full cells, whereas SPIs consisting primarily of carbonates have a negative 

influence on the cycling properties. Very low concentrations of TMP (e.g. 0.1%) cannot, 

however, stabilize the surface film on the spinel electrode and after a few promising cycles 

capacity fading sets in (see chapter 5.2.2 Figure 90). Higher concentrations of TMP such as 

1.5% lead to the generation of thick and/or resistive layers, which result in accelerated cell 

ageing for the cells of this thesis.  
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Tris(2,2,2-trifluoroethyl) phosphite 

C1s: Figure 115 illustrates the XPS patterns of LiNi0.4Mn1.6O4 electrodes from the formatted 

and the cycled full cells comprising 0.5% TFPi. After the formation of C//LiNi0.4Mn1.6O4 cells the 

C1s regions of the reference and the 0.5% TFPi sample are very similar. The major differences 

are that the peak area of the CH2 band at 285.9 eV is somewhat smaller and that the signal of 

the conductive carbon at 284.6 eV is stronger than in the reference spectrum. This implies the 

generation of a thinner SPI throughout the formation, which changes significantly upon cycling. 

Then, the C-C band (284.7 eV) is substantially lowered as in the case of 0.5% TMP cells. This 

is because of the production of a relatively thick surface film. The peak areas of all four signals 

including the CH2 (285.9 eV), the C-O (287.2 eV), the C=O (289.0 eV), and the CF2 bands 

(290.2 eV) are substantially increased after 250 cycles. Therefore, hydrocarbon chains, 

alkoxides, carbonates, and alkyl fluorides are likely to be part of the SPI. Nevertheless, fewer 

carbonyl groups are involved in the SPI in comparison to the reference. The enhancement of 

the CF2 peak is attributed to the CF3 groups in TFPi and strongly suggests that TFPi plays an 

important role in the surface layer formation.  

O1s: In agreement with the C1s pattern, the O1s region of the cathode formatted with  

0.5% TFPi is virtually identical to the reference spectrum. Hereby, the O2- signal at 529.5 eV 

is more prominent confirming the generation of a rather thin SPI. The C-O and C=O bands at 

533.7 and 532.0 eV, respectively, exhibit nearly the same low peak areas signifying the 

existence of carbonates, alkoxides, phosphates, and fluorophosphates in the SPI structure. 

After 250 cycles, the intensity of the O2- signal (529.4 eV) is drastically reduced and 

simultaneously, the peak areas of the C-O and C=O bands are noticeably enlarged. This 

implies severe SPI production. The higher intensity of the C-O signal versus C=O one is 

connected to the enhanced formation of carbonates, phosphates, and fluorophosphates.  

F1s: The F1s spectrum of the formatted 0.5% TFPi sample unveils a greater sum of 

LixPFyOz/LixPFy/O=PFOR (686.9 eV) and CF2-containing components (687.7 eV) than in the 

reference underlining the involvement of TFPi in the SPI structure. Besides, the signal for LiF, 

NiF2, and/or MnF2 present at 684.2 eV has about the same peak area as in the reference chart. 

After 250 cycles, this signal is declined. Although the cycled cathode provides larger amounts 

of LixPFyOz, O=PFOR, and LixPFy (687.0 eV) than the formatted cathode, the respective peak 

area is considerably reduced in comparison to the reference. The P2p spectrum gives more 

detailed information.  
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Figure 115 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TFPi at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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P2p: Formatting C//LiNi0.4M1.6O4 pouch cells comprising 0.5% TFPi leads to the development 

of a significant amount of phosphates (133.6 eV) on the surface of the cathode as shown in 

Figure 115. Hence, TFPi is certainly integrated in the SPI. Relative high intensities of 

LixPFyOz/O=PFOR (134.6 eV) and LixPFy (136.4 eV) coincide with this fact. Proportions of 

phosphates (133.7 eV) and fluorophosphates (134.7 eV) grow during cycling, whereas the 

peak area of the conducting salt residues (136.2 eV) hardly increases. This observation 

corroborates the participation of TFPi in the cathode surface film and explains the relatively 

low peak area of the mixed LixPFyOz/LixPFy signal in the F1s spectrum.  

All in all, the base electrolyte with 0.5% TFPi leads to a similar structure of the SPI as the one 

with 0.5% TMP. However, the surface layer of the phosphite contains a slightly higher content 

of carbonyl groups than that of the 0.5% TMP sample. This is probably the reason for the 

poorer cycling performance of the 0.5% TFPi cell in comparison to the 0.5% TMP cell. 

Nevertheless, the cycling stability of the C//LiNi0.4Mn1.6O4 cell including 0.5% TFPi is still quite 

good and better than that of the reference (see chapter 5.2.2). High quantities of phosphates 

and fluorophosphates in the SPI are believed to be responsible for this trend. Aside from LiPF6, 

TFPi is suggested to release these species. To the best of our knowledge there is no report 

on analyzing TFPi-based surface layers formed on high voltage spinel electrodes by XPS. The 

mechanism displayed in Scheme 7, which is proposed for the polymerization of TFPi, is in 

accordance with the results on tris(trimethylsilyl) phosphite as presented in the literature[270]. 

Phosphite can react with HF in the electrolyte solution. As a consequence, P-OH groups are 

formed. Furthermore, polymers based on the P-O lattice are released and accumulate on the 

cathode surface. In this way, HF is also scavenged by TFPi. Under oxidative conditions, TFPi 

also generates radicals, which can further react with other electrolyte components (e.g. EC) to 

produce long chain molecules that contribute to the SPI formation.  

 

Scheme 7 Schematic representation of two possible reaction mechanisms for the electrochemical 

decomposition of TFPi. Adapted from[270]. 
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A SEM picture of the surface film generated by the reference electrolyte comprising 0.5% TFPi 

is depicted in Figure 116. 

 

Figure 116 A SEM image of the surface of a LiNi0.4Mn1.6O4 composite electrode after 0 cycles with 

8,000-times amplification. B SEM images of the surface of a LiNi0.4Mn1.6O4 composite 

electrode after 250 cycles at 45 °C in the base electrolyte containing 0.5% TFPi with  

4,000- (middle) and 10,000-times amplification (right).  

The SPI looks considerably different from those created by the 0.5% TMP cell. This is 

presumably due to the different functional groups of the two additives (CF3 vs. CH3). Since the 

SPI continuously develops during cycling, electrolyte can still interact with the cathode and the 

resulting film is porous. Nonetheless, the SPI properties indubitably help to improve the cycling 

characteristics of C//LiNi0.4Mn1.6O4 full cells. The concentration of 0.5% TFPi seems to be the 

best compromise as 0.1% TFPi only stabilizes the surface film in the first few cycles and  

1.5% TFPi creates thick and/or resistive layers (see chapter 5.2.2, Figure 88). 

Lithium bis(oxalato)borate 

LiBOB is known to effectively suppress electrolyte oxidation by the production of a stable SPI 

on high voltage spinel cathode surfaces.[247,272,307,467] Herein, XPS measurements of a 

LiNi0.4Mn1.6O4 cathode cycled with 0.5% LiBOB at 45 °C between 3.3 and 4.8 V are 

accomplished to identify the decomposed elements on the electrode and to either verify or 

dispute the literature results. Figure 117 gathers the corresponding XPS regions.  
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Figure 117 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after cycling C//LiNi0.4Mn1.6O4 pouch 

cells with 0.5% LiBOB for 250 cycles at 45 °C between 3.3 and 4.8 V.  

C1s: The C1s spectrum reveals five types of carbons. The peak area from the carbon of the 

spinel cathode (C-C; 284.5 eV) is considerably lower than in the reference and the 0.5% TFPi 

sample indicating serious SPI formation. The bands of carbon bonded to hydrogen  

(CH2; 285.7 eV) and fluorine (CF2; 290.5 eV) have about the same peak areas as in the 

reference. This is consistent with the fact that LiBOB does not introduce many C-H and no  

C-F bonds in the SPI. In contrast to this, the signals of the carbon singly bonded to oxygen  

(C-O; 287.0 eV) and of the carbon of the carbonyl groups (C=O; 289.0 eV) are much more 

intense as those in the reference and the 0.5% TFPi cell. Thus, LiBOB is clearly part of the 

surface layer formed on the cathode.  

O1s: The metal oxide signal at 529.5 eV in the O1s pattern is very low owing to the strong 

presence of C=O components (532.2 eV) in the SPI. Nevertheless, the carbonyl band has a 

similar peak area as that of the reference and is even smaller than that of the 0.5% TFPi batch. 

This is probably a result of low concentrations of alkoxides within the surface film structure. 

The peak area of the C-O band is also reduced compared to the reference denoting that 

phosphates and fluorophosphates do not play an important role in SPI production. 

Nevertheless, both the C-O as well as the C=O signals are obviously greater in percentage 

than in the reference spectrum signifying the involvement of LiBOB in the surface layer.  
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F1s: Analysis of the F1s spectrum offers additional information. The PVDF band at 687.7 eV 

remains distinct after 250 cycles because the LixPFy/LixPFyOz/O=PFOR and the LiF/NiF2/MnF2 

peaks have not grown much. Consequently, the development of phosphates, 

fluorophosphates, conducting salt residues, and metal fluorides is inhibited by the  

LiBOB-based SPI.  

P2p: Supplementary to the F1s data, the P2p spectrum of the cycled spinel electrode is 

investigated by XPS. It is composed of PO4
3-

 (133.3 eV), LixPFyOz/O=PFOR (134.5 eV), and 

LixPFy (136.2 eV). In comparison to the base electrolyte, noticeably less phosphates, 

fluorophosphates, or salt deposits are registered with 0.5% LiBOB. This is in compliance with 

the F1s region and confirms that the LiBOB-containing SPI alleviates the decomposition of 

LiPF6. 

In short, 0.5% LiBOB is included in the SPI generation of C//LiNi0.4Mn1.6O4 pouch cells as the 

surface layer comprises high contents of carbonyl species and the corrosion of the conducting 

salt is effectively suppressed in agreement with literature. Scheme 8 illustrates the formation 

of a surface film with LiBOB molecules according to Lucht, Choi, and Cui et al.[269,272,307] 

 

Scheme 8 Film formation mechanism of LiBOB on a LiNi0.4Mn1.6O4 cathode.[269,272,307] 

Under oxidative conditions, as given upon cycling the system C//LiNi0.4Mn1.6O4 at 45 °C in the 

voltage range of 3.3 and 4.8 V, LiBOB creates borate radicals, which subsequently cross-link 

and produce polymers leading to a passivating layer.[269,272] The SPI seems to be rather thin, 

but very stable since electrolyte oxidation is declined in comparison to the reference. Ion-dipole 

interactions between electron-deficient boron in the SPI and electron-rich anions such as PF6
-
 

may prevent electrolyte degradation.[299,307,487] This explains why the cycling stability of a high 

voltage spinel full cell containing 0.5% LiBOB is better than that of a cell without any additives 

(see chapter 5.2.2). However, the capacity fading is faster than that of the 0.5% TFPi cell. 

Decreasing the concentration of 0.5% LiBOB to 0.1% LiBOB improves the cycling performance 

of the respective full cell and is even superior to that with 0.5% TFPi (see chapter 5.2). A 

thinner SPI with the same properties as that of the 0.5% LiBOB sample is likely to be 

responsible for this behavior. If the film becomes too thick, the amount of carbonates is too 

enormous and counteracts the electron deficiency of boron. Consequently, less Lewis  

acid-base adducts are likely to be formed.   



5. Results and discussion 

5.5 Characterization of the solid permeable interface 

206 

Hexamethyldisilazane 

As previously mentioned in chapter 5.2.2, HMDS is studied, for the first time, as additive for 

lithium ion cells including a graphite anode and a high voltage spinel cathode. After formation 

C//LiNi0.4Mn1.6O4 full cells at 23 °C and after cycling these cells at 45 °C XPS measurements 

of the corresponding cathodes were conducted to check whether organosilicons take part in 

the SPI production (Figure 118).  

C1s: After formation, the C1s spectrum of the spinel electrode shows substantially stronger 

CH2 (285.7 eV), C-O (287.0 eV), and C=O bands (289.1 eV) than seen in the reference. It 

suggests an excessive SPI generation incorporating hydrocarbon chains, alkoxides, and 

carbonates. Especially the C-O peak is slightly more intense, because it probably overlaps 

with carbon bond to nitrogen (C-N). Therefore, HMDS provokes fast electrolyte corrosion and 

a thickening of the surface layer. Accordingly, the peak area of the conductive carbon at 

284.5 eV is reduced, while the CF2 peak area (290.4 eV) is very similar to that in the reference. 

Surprisingly, cycling C//LiNi0.4Mn1.6O4 pouch cells comprising 0.5% HMDS does not lead to a 

further increase of the SPI thickness as derived from XPS. Instead a decline of mainly alkyl 

groups, but also alkoxides and carbonates in the SPI are detected as the peak areas of the 

CH2 (285.7 eV), C-O (286.9 eV), and C=O bands (288.8 eV) are reduced. They actually adopt 

values, which are nearly analogous to those of the formatted standard electrode. The 

remaining two bands, that is, the C-C (284.5 eV) and the CF2 bands (290.2 eV) exhibit greater 

peak areas than before as the composite cathode is again stronger visible. Hence, after 

250 cycles parts of the organic SPI have dissolved in the electrolyte implying that the  

HMDS-based surface film is not stable throughout cycling.  

O1s: Examinations of the O1s region of the cathode formatted with 0.5% HMDS confirm the 

above observations. The C-O and C=O bands at 533.6 and 531.9 eV, respectively, are 

considerably larger than those of the reference. Aside from carbonates and alkoxides, 

phosphates and fluorophosphates are responsible for the SPI thickness. Simultaneously, the 

sharp feature around 529.5 eV originating from the LiNi0.4Mn1.6O4 oxygen has a relatively lower 

percentage peak area, when compared to the reference spectrum. Cycling C//LiNi0.4Mn1.6O4 

pouch cells causes a diminution of the C-O (533.5 eV) and C=O signals (531.4 eV) and 

concomitantly, an enhancement of the O2- band (529.3 eV). Thus, some of the organics of the 

SPI are depleted. Thereby, the peak area of the C-O band is noticeably less reduced than the 

C=O one alluding to the stability of phosphate-containing species in the SPI.  
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Figure 118 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% HMDS at 23 °C and after B cycling these cells for 250 cycles at 

45 °C.  
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F1s: Regarding the F1s pattern of the formatted 0.5% HMDS electrode, three prominent 

signals are found at 687.6, 687.0, and 684.8 eV, which relate to PVDF and alkyl fluorides, 

LixPFy/LixPFyOz/O=PFOR, and LiF/NiF2/MnF2, respectively. In this case, the intensity of the 

LixPFy/LixPFyOz/O=PFOR band is solely the result of the decomposition of the conducting salt 

and is much stronger than that of the reference. Consequently, the structure and thickness of 

the surface film is also based on LiPF6 corrosion products. In contrast to the organic phase of 

the SPI, the inorganic phase is stable upon cycling, since the peak areas of the 

LixPFy/LixPFyOz/O=PFOR (686.9 eV) and LiF/NiF2/MnF2 signals (684.8 eV) have increased, 

whereas that of the CF2 band (687.7 eV) has declined after 250 cycles.  

P2p: The P2p spectrum complements the F1s data. Much higher quantities of LixPFy 

(136.4 eV) and LixPFyOz/O=PFOR (134.4 eV) are seen for the formatted 0.5% HMDS sample 

relative to the reference, while the signal for the phosphate (132.8 eV) has approx. the same 

intensity as that in the reference. All three components add up to the SPI. After 250 cycles, 

mainly the LixPFyOz/O=PFOR species have grown underlining the stability of 

fluorophosphates.  

In conclusion, 0.5% HMDS induces the generation of a much thicker SPI in comparison to the 

reference during formatting C//LiNi0.4Mn1.6O4 pouch cells. Alkoxides, alkyl groups, carbonates, 

phosphates, fluorophosphates, and metal fluorides are recognized to be involved in the 

network of the surface layer. Nonetheless, after 250 cycles some of the organics of the SPI 

are dissolved in the electrolyte and only the inorganics such as PO4
3-

, LixPFyOz, O=PFOR, LiF, 

NiF2, and MnF2 increase with cycle number. HMDS is presumably not suitable for stabilizing 

surface films on the spinel cathode. That might be due to its tendency to react with water, 

which is always present in trace amounts in the cell as described in chapter 5.4 (Scheme 3). 

Despite of this, the addition of 0.5% HMDS to the base electrolyte helps to achieve better 

CC/CV-cycling results (see chapter 5.2.2). On one hand, HMDS reduces Mn and Ni dissolution 

by scavenging HF and H2O as outlined in chapter 5.4. On the other hand, the SPI produced 

during formation is protective in the beginning of the cycling tests and only loses its passivating 

effect after a few cycles. Adding 1.5% HMDS to the base electrolyte leads to an even thicker 

layer after formation, which is in agreement with the lower starting capacity of this full cell 

compared to that comprising 0.5% HMDS (see chapter 5.2.2). The thicker film is stable for 

longer cycling times and, therefore, enables a better residual capacity. Nevertheless, the 

cycling stability cannot keep up with losses in gravimetric energy density. For the 

C//LiNi0.4Mn1.6O4 pouch cell including 2% HMDS this scenario is intensified and the specific 

energy gained over 250 cycles is much lower than that of the reference.  
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Tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate 

HFiP has already been utilized as stabilizer in carbonate-based electrolytes on 5 V class 

cathode surfaces by A. v. Cresce, K. Xu and Du Pont.[264,274,275] It is supposed to induce 

protective interfacial chemistry on LiNi0.5Mn1.5O4 cathodes, and on account of this, to enhance 

the electrochemical properties of spinel cells. As shown in chapter 5.2.2, 0.5% HFiP exhibits a 

better cycling behavior relative to the reference. However, this is the first time that XPS 

investigations of formatted and cycled LiNi0.4Mn1.6O4 electrodes are conducted. The respective 

spectra are displayed in Figure 119.  

C1s: The C1s region of the cathode formatted with 0.5% HFiP unveils five characteristic bands 

at 284.5, 285.7, 286.9, 288.8, and 290.3 eV, which are correlated with C-C, CH2, C-O, C=O, 

and CF2, respectively. The peak area of the CH2 signal is very similar to that of the reference, 

whereas the C-O and C=O bands are marginally stronger. This indicates that higher quantities 

of electrolyte degradation products such as carbonates and alkoxides are present on the spinel 

electrode surface compared to the reference. Moreover, the peak area of the CF2 band is 

greater than that of the standard suggesting that the CF3 groups of HFiP participate in the SPI 

generation. Consequently, the signal of the conductive carbon is smaller compared to the 

reference. Cycling C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP delivers slightly augmented 

CH2 (285.7 eV), C-O (287.0 eV), and C=O bands (288.8 eV). These have almost the same 

peak area as those of the reference after 250 cycles. Hence, electrolyte corrosion proceeds 

upon cycling, but it is not as severe as prior to the formation step. The peak area of the CF2 

signal has also grown with increasing cycle number signifying the involvement of HFiP in the 

SPI structure. The diminished signal of the conductive carbon is located at 284.6 eV.  

O1s: The O1s spectrum obtained after formatting C//LiNi0.4Mn1.6O4 full cells comprising  

0.5% HFiP exhibits clearly enhanced C-O and C=O bands at 533.6 and 531.9 eV, respectively, 

compared to the reference. This is due to the formation of a thicker SPI with carbonyl, alkoxy, 

phosphate, and fluorophosphate components. As a result, the relative peak area of the  

O2- band is lower in comparison to the O1s spectrum of the cell including the base electrolyte. 

After 250 cycles, the signal of the lattice oxygen (529.3 eV) is reduced and the peak areas of 

the C-O (533.6 eV) and C=O bands (532.0 eV) are further extended. Nonetheless, the amount 

of carbonyl groups and alkoxides in the surface film have only slightly risen. The much stronger 

intensity of the C-O peak compared to that of C=O suggests the existence of carbonates  

(e.g. PEC), phosphates, and fluorophosphates.  
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Figure 119 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 
pouch cells with 0.5% HFiP at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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F1s: Considering the F1s pattern of the formatted 0.5% HFiP sample, a prominent feature is 

detected at 687.6 eV representing CF2 groups of the PVDF binder and CF3 groups of HFiP 

integrated in the surface film. Furthermore, higher quantities of LixPFy, LixPFyOz,  

O=PFOR (687.0 eV), LiF, NiF2, and/or MnF2 (684.5 eV) are found on the surface of the spinel 

cathode than for the reference. Thus, formatting C//LiNi0.4Mn1.6O4 full cells containing 0.5% 

HFiP leads to a thicker surface film in comparison to the reference. As opposed to this, cycling 

these cells induces solely the enhancement of the LixPFy/LixPFyOz/O=PFOR band (687.1 eV), 

whereby it is still lower than that of the reference after 250 cycles. Hence, electrolyte and salt 

degradation is inhibited by the addition of 0.5% HFiP to the base electrolyte. Although the peak 

area of the CF2 band in the C1s region has increased after cycling, it (688.0 eV) has declined 

in the F1s spectrum. This is due to the strong contribution of the LixPFy/LixPFyOz/O=PFOR 

signal. As a consequence, the peak area of the LiF/NiF2/MnF2 band (685.2 eV) also appears 

after the formation step.  

P2p: The P2p spectrum of the spinel electrode formatted with 0.5% HFiP shows higher 

contents of phosphates (133.3 eV) and fluorophosphates (134.5 eV) than the reference, while 

the amount of conducting salt residues (136.3 eV) in the SPI is similar to that of the reference. 

HFiP is proposed to be the source for PO4
3-

 and LixPFyOz/O=PFOR. After 250 cycles, the peak 

areas of all three species are intensified. Indeed, higher PO4
3-

 and LixPFyOz/O=PFOR 

originating from HFiP are registered than for the reference. Nevertheless, the values of their 

peak areas are lower compared to the 0.5% TFPi cell. Concurrently, less LixPFy are included 

in the surface layer than for the standard film but more than in the case of the  

0.5% TFPi-derived SPI. Since the cycling behavior of the 0.5% HFiP cell is better than that of 

the reference and worse than that of the 0.5% TFPI cell, it is concluded that phosphates and 

fluorophosphates stabilize surface films, whereas the conducting salts are not beneficial with 

respect to layer formation.  

Summarizing this section, it should be noted that HFiP provokes the production of a thicker 

film on the cathode surface than the base electrolyte during formation. Carbonates, alkoxides, 

phosphates, fluorophosphates, and conducting salt residues are incorporated in the SPI. In 

addition, HFiP itself is also integrated into the layer. It is further demonstrated that the film is 

rather stable throughout cycling as the amount of electrolyte decomposition products is only 

slightly enhanced on the LiNi0.4Mn1.6O4 electrode surface after 250 cycles. Finally, it is thinner 

as that of the reference. Interestingly, phosphates and fluorophosphates, which mainly arise 

from HFiP, help to passivate the cathode surface and are responsible for the better 

electrochemical performance of C//LiNi0.4Mn1.6O4 pouch cells comprising 0.5% HFiP versus 

spinel full cells without any additives. Scheme 9 depicts a possible mechanism for the 

polymerization of HFiP.  
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Scheme 9 Polymerization mechanism of HFiP while cycling C//LiNi0.4Mn1.6O4 full cells.  

The film formation proceeds analogously to the one elucidated above for TMP. Likewise, the 

SPI is made visible by SEM imaging (Figure 120). 

 

Figure 120 A SEM image of the surface of a LiNi0.4Mn1.6O4 composite electrode after 0 cycles with 

8,000-times amplification. B SEM images of the surface of a LiNi0.4Mn1.6O4 composite 

electrode after 250 cycles at 45 °C in the base electrolyte containing 0.5% HFiP with  

4,000- (middle) and 10,000-times amplification (right).  

The established surface film looks very similar to that generated by 0.5% TFPi. The identical 

functional groups of both additives (CF3) are probably the reason for this similarity. As outlined 

in chapter 5.2.2, only 0.5% HFiP has an advantageous effect on the cycling features of 

C//LiNi0.4Mn1.6O4 pouch cells. Higher and lower quantities of HFiP cause a rapid capacity 

decay. The concentration of 0.1% is too low to form a stable layer and the addition of 1% is 

too high resulting in thick or resistive films.   
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Tris(trimethylsilyl) phosphate 

Li W. and co-workers have found that the introduction of TTSP in carbonate-containing 

electrolytes for Li//LiNi0.5Mn1.5O4 coin cells leads to good capacity retention. They have shown 

by means of XPS that TTSP generates a stable surface film on LiNi0.5Mn1.5O4 cathode 

surfaces, which inhibits the oxidation of the electrolyte and improves the cycling characteristics 

of Li//LiNi0.5Mn1.5O4 half cells.[429] In this thesis, the benefits of TTSP with respect to the  

CC/CV-cycling behavior of C//LiNi0.4Mn1.6O4 pouch cells could not be verified (see chapter 

5.2.2, Figure 92). XPS analyses of LiNi0.4Mn1.6O4 electrodes from formatted and cycled full 

cells including 1.7% TTSP are carried out to understand the different surface chemistry of the 

cathode with standard and TTSP-based electrolytes (Figures 121 and 122).  

A B  

  

  

Figure 121 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 1.7% TTSP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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Figure 122 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 1.7% TTSP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 

C1s: In contrast to the reference, the C1s spectrum of the spinel electrode formatted with 1.7% 

TTSP reveals greater C-O (287.0 eV) and C=O signals (288.8 eV) and a smaller CH2 band 

(285.9 eV) indicating higher quantities of alkoxy and carbonyl groups and lower quantities of 

CH2 in the SPI network. The peak areas of the conductive carbon (284.7 eV) and of  

CF2 (290.4 eV) are approx. the same relative to those of the cell formatted with the base 

electrolyte. The ratio of the peak intensities changes drastically upon cycling. The  

C-C (284.4 eV) and CF2 signals (291.4 eV) are remarkably reduced, whereas the relative peak 

areas of CH2 (285.7 eV), C-O (287.3 eV), and especially C=O (289.5 eV) increase enormously. 

Consequently, the surface film has grown extensively with carbonyl compounds playing the 
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most important role. Thus, TTSP does not inhibit electrolyte corrosion, but somehow 

accelerates the oxidation. Although the relative peak areas of CH2, C-O, and C=O have 

strongly augmented after 250 cycles, the actual area values have only slightly increased or 

have even reduced. This unexpected behavior relates to the other SPI species and is 

elucidated later.  

O1s: After formatting C//LiNi0.4Mn1.6O4 full cells, the O1s pattern exhibits already substantially 

enhanced C-O and C=O bands at 533.8 and 532.1 eV, respectively, which are clearly more 

intense than those of the reference after 250 cycles. Accordingly, the electrode is covered by 

a very thick SPI and the oxygen signal of LiNi0.4Mn1.6O4 is extremely low. In agreement with 

the C1s spectrum, many carbonyl compounds and alkoxides are incorporated in the SPI. In 

addition, lots of phosphates and fluorophosphates are integrated in the surface layer to explain 

the large peak areas. After 250 cycles, the phenomenon is even stronger. Tremendously larger 

C-O (536.0 eV) and C=O peak areas (532.6 eV) are registered and the O2- band (529.3 eV) is 

further reduced. Carbonates and alkoxides are certainly produced throughout the cycling but 

the exceptionally great peak area of the C-O signal is a result of the participation of phosphates 

and fluorophosphates in the surface film formed. The slight shift of the C-O signal to higher 

binding energies underlines this assumption.  

F1s: The F1s region of the cathode formatted with 1.7% TTSP unveils a distinct 

LixPFy/LixPFyOz/O=PFOR peak at 687.1 eV, which is more prominent than any of the F1s 

spectra discussed so far after formation. Concurrently, the CF2 (688.0 eV) and LiF/NiF2/MnF2 

bands (684.6 eV) are considerably diminished. Therefore, the contribution of TTSP to the SPI 

production is given. Cycling C//LiNi0.4Mn1.6O4 pouch cells induces such a strong enhancement 

of the LixPFy/LixPFyOz/O=PFOR signal (687.0 eV) that the PVDF (CF2) and the LiF/NiF2/MnF2 

peaks are superimposed by its intensity. Hence, the decomposition and polymerization of 

TTSP proceeds with increasing cycle number. 

P2p: While the peak area of the PO4
3-

 band at 133.7 eV is greater than that of the reference in 

the P2p spectrum after formatting C//LiNi0.4Mn1.6O4 pouch cells, it is still smaller than that 

generated by the other phosphate-containing additives after formation. Nonetheless, a very 

large amount of fluorophosphates (135.0 eV) and salt residues (136.4 eV) participates in the 

SPI. This underpins the fact that TTSP but also high concentrations of the LiPF6 conducting 

salt are involved in the surface film structure. After 250 cycles, the phosphate band at 133.6 eV 

is enormously enhanced and the peak area is greater than that of all other phosphate-based 

additives. Moreover, LixPFy (136.7 eV) and LixPFyOz/O=PFOR (135.8 eV) have drastically 

increased. Apparently, TTSP takes part in the surface layer network and leads to the 

production of a very thick layer.  
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Si2p: The best evidence for the contribution of TTSP to the SPI generation is given by the 

Si2p spectra in Figure 122. While after formation the amount of TTSP integrated in the surface 

film of the LiNi0.4Mn1.6O4 cathode is too low to be detected in the Si2p region, after 250 cycles 

a band is clearly noticed at 95.5 eV, which signifies the existence of silicon in the SPI.[363] A 

possible polymerization mechanism of TTSP is given in Scheme 10: 

 

Scheme 10 Possible film formation mechanism of TTSP while cycling C//LiNi0.4Mn1.6O4 full cells. With 

modifications from[239].  

The reaction proceeds similar to the one for TMP. In this case, however, Si takes also part in 

the mechanism and creates a strong polymeric network. The thick surface layer is visible in 

SEM images (Figure 123).  

 

Figure 123 A SEM image of the surface of a LiNi0.4Mn1.6O4 composite electrode after 0 cycles with 

8,000-times amplification. B SEM images of the surface of a LiNi0.4Mn1.6O4 composite 

electrode after 250 cycles at 45 °C in the base electrolyte containing 1.7% TTSP with 

6,000- (middle) and 10,000-times amplification (right). 

The TTSP-derived SPI looks different from those depicted so far. The incorporation of Si might 

be the reason. The fractures in the layer are very likely due to the preparation of the spinel 

electrode for the SEM measurements. Nevertheless, the films must be porous, since 

throughout cycling massive SPI generation is observed. In addition, Si might catalyze the 

electrolyte degradation.  

As aforementioned, the actual peak areas of the carbonyl and alkoxy groups have only slightly 

increased or have even reduced upon cycling, whereas the relative peak areas have 
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substantially increased. This phenomenon relates to circumstances that tremendous quantities 

of phosphates and fluorophosphates are present on top of the carbonyl and alkoxy species. In 

other words, the organics of the SPI are covered by inorganics. This is in compliance with the 

results of Edström and Eriksson et al., who conducted XPS depth profile analyses of 

manganese spinel electrodes stored or cycled at 60 °C.[465,466] In spite of the extremely thick 

SPI produced by 1.7% TTSP, the cycling behavior of the respective full cell is still moderate 

(see chapter 5.2.2, Figure 92). Lower concentrations like, for instance, 0.1% and 0.5% TTSP 

presumably establish thinner layers. But, 0.1% TTSP is insufficient to stabilize the SPI 

effectively and 0.5% TTSP just reveals similar cycling features as the reference.  

Sebaconitrile 

To the best of our knowledge there is no detailed investigation of SEN added to  

carbonate-based electrolytes for high voltage spinel electrodes. In this section, XPS spectra 

of cathodes from formatted and cycled C//LiNi0.4Mn1.6O4 pouch cells comprising 1% SEN are 

examined (Figures 124 and 125) to study the influence of this additive on the surface chemistry 

of the electrodes.  

A B 

  

  

Figure 124 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 1% SEN at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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Figure 125 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 1% SEN at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 

C1s: The formatted cathode shows five characteristic bands corresponding to the active 

material (conductive carbon at 284.7 eV), the PVDF binder (CF2 and CH2 at 290.4 and 

285.9 eV, respectively), and organic contaminants (C=O and C-O at 288.7 and 287.0 eV, 

respectively). In comparison to the standard electrolyte, more carbonates and alkoxides are 

found in the surface layer. After 250 cycles, the spinel electrode is significantly covered by 

decomposition products as the C-C band at 284.5 eV is hardly visible. Furthermore, the peak 

area of the CF2 band (290.3 eV) is diminished. In contrast, the intensities of C=O (289.0 eV), 

C-O (287.0 eV), and CH2 (285.5 eV) are substantially increased. The ratio of the C-O vs.  

C=O peak areas is nearly 2:1 suggesting that carbonates are mainly involved in the surface 
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layer. SEN has probably reacted in an acid-catalyzed hydrolysis, which results in carbonates 

from the original nitrile.[488] The strongly amplified CH2 band confirms the participation of SEN 

in the SPI layer network. Since the C-N signal overlaps with the C-O one no additional bands 

are detected.[363,423]  

O1s: The O1s spectrum of the cathode formatted with 1% SEN provides an already strongly 

reduced signal of the LiNi0.4Mn1.6O4 oxygen (529.7 eV). In addition, greatly enhanced C-O and 

C=O bands are registered at 533.7 and 532.1 eV, respectively. Thus, lots of carbonyl and 

alkoxy groups contribute to the surface film. In agreement with the C1s spectrum, the amount 

of these compounds has enormously grown upon cycling. The O2- peak at 529.6 eV is nearly 

vanished due to the thick organic phase.  

F1s: After formatting C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN the F1s spectrum of the spinel 

electrode exhibits an intense LixPFy/LixPFyOz/O=PFOR band (686.7 eV). As no extra 

phosphate source except for the conducting salt LiPF6 is available, salt degradation must be 

responsible. Besides, little quantities of LiF, NiF2, and/or MnF2 are noticed at 684.5 eV. The 

PVDF component CF2 (687.6 eV) is lowered relative to the reference. After 250 cycles, the 

peak area of the LixPFy/LixPFyOz/O=PFOR band (686.7 eV) dominates the spectrum. 

Consequently, the SEN-based SPI does not prevent the corrosion of LiPF6. The amount of LiF, 

NiF2, and/or MnF2 (685.2 eV) has also slightly increased. The weak CF2 band is identified at 

687.9 eV.  

P2p: The P2p spectra corroborate the conclusions drawn from the F1s patterns. While the 

phosphate signal (133.0 eV) is rather small after formation, the LixPFyOz/O=PFOR band 

(135.1 eV) and especially the LixPFy peak (136.5 eV) are more pronounced in comparison to 

the reference. The intensities of all three species have grown throughout cycling. Thereby, the 

value of the LixPFy peak area has considerably intensified demonstrating contributions from 

the conducting salt in the SPI network. 

N1s: Finally, the N1s regions of the spinel electrodes formatted and cycled with 1% SEN 

underpin the involvement of nitrile in the SPI structure. After formation, two nitrogen peaks at 

402.2 and 400.3 eV are present, corresponding to NH2
+
 and/or NH3 and C-N bonds, 

respectively. Interestingly, after 250 cycles, the intensity of NH2
+
 and/or NH3 groups have 

increased, whereas that of the C-N species have slightly decreased. This also indicates that 

SEN has partially been hydrolyzed to carboxylic acids and ammonium.  

In conclusion, 1% SEN has established a layer on the spinel electrode surface upon cycling 

C//LiNi0.4Mn1.6O4 pouch cells at 45 °C between 3.3 and 4.8 V. This SPI contains obviously more 

alkyl bonds, carbonyl groups, and salt residues than the reference. The two latter are expected 

to impair the origin of the faster capacity fading of the full cells comprising 1% SEN in 

comparison to the cells without any additive. 0.5% SEN even induces more rapid cell ageing 

as the surface film on the cathode is unstable upon cycling (see chapter 5.2.2, Figure 82). The 
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addition of 2% SEN to the base electrolyte leads to an enhanced production of carbonyl 

compounds and the corrosion of LiPF6. As a consequence, a faster capacity decay is observed 

(see chapter 5.2.2).  

Fluoroethylene carbonate 

C1s: Figure 126 displays the XPS regions of spinel electrodes after formatting and cycling 

C//LiNi0.4Mn1.6O4 pouch cells including 2.5% FEC. Regarding the C1s spectrum of the 

formatted cathode it is recognized that the peak areas of the CF2 (290.3 eV), C=O (288.7 eV), 

and C-O signals (286.9 eV) are larger than those observed in the reference reflecting higher 

quantities of carbonyl, alkoxy, and CF2 species in the SPI. As a result, the C-C band at 

284.6 eV is slightly diminished compared to the reference. The peak areas of the CH2 signals 

are very similar to each other. After 250 cycles, the intensity of the conductive carbon band 

(284.6 eV) has further disappeared because the amount of carbonyl (mainly carbonates), 

alkoxy, and CF2 groups in the surface layer has increased. Hence, as an additive FEC changes 

the composition of the SPI in comparison to the base electrolyte and takes part in the layer 

network.  

O1s: The O1s patterns of the formatted and cycled cathodes confirm the C1s data. The  

O2- signal of the active material is progressively reduced with increasing cycle number since 

carbonates and alkoxides continue to precipitate on the electrode surface. This also supports 

the assumption that FEC contributes to the surface film structure, but it does not inhibit 

electrolyte oxidation.  

F1s: Analysis of the F1s spectrum of the spinel electrode formatted with 2.5% FEC leads to 

three signals at 687.6, 687.0, and 684.8 eV, which are ascribed to CF2, 

LixPFy/LixPFyOz/O=PFOR, and LiF/NiF2/MnF2, respectively. All three peaks are slightly more 

distinctive as those in the reference spectrum. The greater sum of CF2 species relates to the 

participation of FEC in the SPI, whereas the higher intensities of the other species are mainly 

attributed to a reinforced decomposition of the conducting salt LiPF6. Cycling C//LiNi0.4Mn1.6O4 

full cells causes a substantial enhancement of all compounds implying ongoing electrolyte 

corrosion. Nonetheless, less salt degradation products are found than on the surface of the 

reference and the cycled 1% SEN sample.  
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Figure 126 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 2.5% FEC at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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P2p: After formation the influence of the phosphate species (132.8 eV) on the SPI is rather 

small. Accordingly, more LixPFy (136.2 eV) and LixPFyOz/O=PFOR (134.3 eV) are registered 

on the surface of the cathode particles than for the reference. The CC/CV-cycling experiment 

provokes the generation of additional PO4
3-

 (133.6 eV) and fluorophosphates (134.6 eV), while 

no additional salt residues (136.2 eV) are noticed. All in all, the amount of phosphates is about 

the same as in case of the reference but less fluorophosphates and salt degradation products 

are observed.  

Interestingly, the combination of relatively low quantities of phosphates and fluorophosphates 

in the surface layer and large accumulations of carbonyl species worsens the cycling 

performance relative to the reference and that of the 1% SEN cell (see chapter 5.2.2). 

Reducing the FEC concentration to 0.5% is an improvement with respect to the cycling 

characteristics of the spinel full cells because the carbonyl groups in the surface film are 

diminished. 0.1% FEC is, however, too low to provide sufficient SPI stability and higher additive 

concentrations just exacerbate the phenomena observed for the 1.5% FEC sample.  

Tris(2-ethylhexyl) phosphate  

Although TEHP has been claimed as film-forming agent for non-aqueous electrolytes in 

C//LiNi0.5Mn1.5O4 cells by A. v. Cresce and du Pont, there are no publications on XPS 

measurements regarding high voltage spinel cells comprising TEHP.[274,275] Herein, XPS 

investigations on spinel electrodes are carried out after formatting C//LiNi0.4Mn1.6O4 pouch cells 

with 0.5% TEHP at 23 °C and after cycling these cells for 250 cycles at 45 °C in the voltage 

range from 3.3 to 4.8 V (Figure 127).  

C1s: The C1s spectrum obtained after formation exhibits a weaker conductive carbon band 

(284.5 eV) than the reference owing to a greater contributions from carbonyl, alkoxy, and alkyl 

groups. The CF2 signal (290.4 eV), which is primarily assigned to the PVDF binder, has approx. 

the same peak area as that of the reference. After 250 cycles, the C-C (284.6 eV) and the CF2 

peaks (290.4 eV) are extensively reduced on account of a substantial enhancement of the alkyl 

(285.7 eV), the carbonyl, and alkoxy bonds in the SPI network. Especially, the growth of the 

alkyl groups is a clear indication that TEHP is involved in the film generation.  

O1s: The O1s region of the cathode formatted with 0.5% TEHP reveals larger C-O (533.6 eV) 

and C=O bands (531.9 eV) and a smaller O2- signal (529.5 eV) than the reference, which is in 

compliance with the C1s information. Remarkably, the cycled electrode shows an immense 

increase of the C-O (533.7 eV) and C=O signals (532.2 eV) signifying high quantities of 

carbonates and alkoxides, but also phosphates and fluorophosphates in the SPI. As a result, 

the signal of the lattice oxygen at 529.4 eV is quite low.    
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Figure 127 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TEHP at 23 °C and after B cycling these cells for 250 cycles at 45 °C.  
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F1s: Examining the F1s region of the cathode after formatting C//LiNi0.4Mn1.6O4 pouch cells 

results in three features at 687.8, 686.9, and 685.1 eV corresponding to CF2, 

LixPFy/LixPFyOz/O=PFOR, and LiF/NiF2/MnF2 species, respectively. Although the PVDF peak 

(CF2) is still very dominant, the LixPFy/LixPFyOz/O=PFOR peak is intensified compared to the 

reference. The amount of metal fluorides is, however, very low. The latter changes 

considerably upon cycling. The peak area of the LiF/NiF2/MnF2 band (685.0 eV) has increased 

after 250 cycles and, additionally, more salt residues and fluorophosphates (687.0 eV) are 

present on the surface of the electrode. Consequently, the CF2 signal at 687.8 eV is weaker 

than before.  

P2p: The P2p spectra of the cycled and formatted cathode essentially coincide with the F1s 

data. Nonetheless, the impact of TEHP on the SPI becomes more evident as the PO4
3-

 band, 

which is already stronger than in the reference spectrum after formation, grows with increasing 

cycle number. Moreover, it is recognized that LixPFyOz/O=PFOR outweigh LixPFy. This 

corroborates the participation of THEP in the layer network, too. 

In summary, it is demonstrated that TEHP is included in the SPI structure because very high 

quantities of alkyl, carbonyl, alkoxy, and phosphate groups are detected on the spinel electrode 

surface after 250 cycles. Scheme 11 illustrates a possible film formation mechanism according 

to the one that has been elucidated above for TMP.  

 

Scheme 11 Possible film formation mechanism for TEHP.   

It has to be noted that the large hydrocarbon chains are likely to be connected with each other. 

In spite of the polymerization of TEHP, the additive has no passivating function, since 

electrolyte degradation is not prevented but reinforced. A rather thick and dense SPI has 

developed as can be seen in Figure 128. Especially, the large accumulation of organic 

components is proposed to influence the cycling properties of the C//LiNi0.4Mn1.6O4 full cells. 

Thus, higher additive concentrations fail to improve the electrochemical behavior of the cells. 

Unexpectedly, 0.1% TEHP accelerates the cell ageing. This is presumably due to the fact that 

lower TEHP concentrations not only reduce the amount of organics but also the sum of 

phosphates and fluorophosphates in the SPI.  
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Figure 128 A SEM image of the surface of a LiNi0.4Mn1.6O4 composite electrode after 0 cycles with 

8,000-times amplification. B SEM images of the surface of a LiNi0.4Mn1.6O4 composite 

electrode after 250 cycles at 45 °C in the base electrolyte containing 0.5% TEHP with 

4,000- (middle) and 10,000-times amplification (right).  

Succinic anhydride 

As outlined in chapter 5.2.2, SA has already been used as electrolyte additive for high voltage 

spinel cells.[408] Thereby, Passerini and co-workers have used XPS measurements to study 

modified cathode surfaces of cycled Li//LiNi0.4Mn1.6O4 SwagelokTM-type cells comprising 4 and 

8 wt% SA. They recognized the formation of a thinner and more stable SPI compared to the 

base electrolyte.[273] In this thesis, XPS analysis is the method of choice to investigate the 

surface of spinel electrodes after cycling C//LiNi0.4Mn1.6O4 pouch cells containing 2.5% SA at 

45 °C between 3.3 and 4.8 V to determine the origin of their poor cyclability. The respective 

spectra are depicted in Figure 129. 

C1s: The C1s region unveils very intense C-O (287.0 eV) and C=O bonds (289.2 eV), which 

are attributed to decomposed species such as alkoxides and carbonates. Indeed, the peak 

area of the C=O signal is remarkably large and definitely more pronounced than that of the 

reference. Hence, SA seems to be incorporated in the SPI. Furthermore, the peak area of the 

CH2 band at 285.7 eV is slightly enhanced compared to that of the reference. In contrast, lower 

C-C (284.5 eV) and CF2 signals (290.4 eV) are found on the cathode surface owing the strong 

accumulation of the organics.  

O1s: In agreement with the aforementioned results, the O1s spectrum also exhibits distinctive 

C-O and C=O bands at 533.7 and 532.1 eV, respectively. The former corresponds to the 

presence of carbonyl species, whereas the latter denotes carbonyl compounds and alkoxides. 

Thereby, mainly carbonates are involved in the surface film. This implies the participation of 

SA in the SPI. Nevertheless, it has to be noted that P-O compounds like for instance PO(OR)3 

and O=PF(OR)2 may also contribute to the band at 533.7 eV. More information on the 

integration of phosphates and fluorophosphates on the SPI is derived from the F1s and P2p 

spectra. 
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Figure 129 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after cycling C//LiNi0.4Mn1.6O4 pouch 

cells with 2.5% SA for 250 cycles at 45 °C between 3.3 and 4.8 V. 

F1s: Actually, the amount of salt residues and fluorophosphates (687.0 eV) in the SPI is only 

slightly greater compared to the reference. In addition, less metal fluorides (685.1 eV) are 

present in the surface layer as noticed in the F1s spectrum.  

P2p: The P2p spectrum verifies these observations. Thereby, it is interesting to see that more 

LixPFy (135.8 eV) than LixPFyOz/O=PFOR (134.3 eV) are produced on the spinel electrode 

particles. Phosphates (132.8 eV) only play a minor role in the structure of the surface film.  

All in all, the analyzed surface layer is modified by the addition of 2.5% SA to the base 

electrolyte. The SPI is primarily characterized by large amounts of carbonyl groups involved in 

the film network with no major precipitations of phosphates on the cathode surface. It is 

assumed that these organics are the main reason for the fast capacity fading of 

C//LiNi0.4Mn1.6O4 full cells comprising 2.5% SA. As a consequence, higher SA concentrations 

lead to a more severe cycling behavior (see chapter 5.2.2, Figure 80). The addition of  

0.5% SA also causes poor cyclability as the number of carbonates incorporated in the layer is 

probably still too high. Thus, the results of Passerini et al. could not be confirmed. Instead, SA 

is found to induce more rapid cell ageing. It is possible that the different cell design, that is, 

SwagelokTM-type cells vs. pouch cells, lead to the different cycling and XPS results.  
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Conclusion 

In conclusion almost none of the applied additives could prevent a thickening of the SPI upon 

cycling C//LiNi0.4Mn1.6O4 pouch cells at 45 °C in the voltage window of 3.3 and 4.8 V. In nearly 

all cases the SPI has become bigger with increasing cycle number. This implies that some 

layer components are not stable at elevated temperatures and readily decompose to create 

relatively porous surface films. Hence, fresh electrolyte can constantly be transported to 

exposed sections of the cathode surface resulting in continuous degradation reactions.  

An exception is the addition of 0.5% HMDS to the standard electrolyte. Although the  

HMDS-based SPI is rather thick after formatting C//LiNi0.4Mn1.6O4 pouch cells, it is not stable 

upon cycling and becomes much thinner than that of the reference. The tendency of HMDS to 

react with water, which is always present in trace amounts in the cell, is believed to be the 

origin for the unstable surface layer. Nevertheless, a better CC/CV-cycling behavior is 

achieved with 0.5% HMDS than with the base electrolyte (see chapter 5.2.2). On one hand, 

HMDS reduces Mn and Ni dissolution by scavenging HF and H2O as outlined in chapter 5.4. 

On the other hand, the SPI produced during formation is protective in the beginning of the 

cycling tests and only loses its passivating effect after a few cycles.  

Table 18 provides a ranking of the SPI thicknesses concerning all applied electrolyte additives 

in relation to the reference. The additives are ordered according to their decreasing benefits, 

whereby those listed above the reference enable a higher specific energy over cycle life than 

the base electrolyte. While 0.5% HMDS produces the thinnest SPI of all additives, 1.7% TTSP 

generates by far the thickest film of all additives. As can be seen, the thicknesses of the surface 

layers on the cathode are not directly correlated to the cycling performance of the respective 

full cells. Instead, it is supposed that the composition of the SPI is more relevant and has a 

stronger impact on the electrochemical features of the pouch cells. The influence of the SEI 

on the anode surface is not discussed in this section. 

Table 18 summarizes the XPS results and gives an overview on the diverse SPI compositions 

in dependence of the electrolyte additives. The reference cell serves as a benchmark with 

equally sized circles. Greater circles signify higher quantities of the respective components 

within the SPI structure in comparison to the reference, whereas smaller circles denote lower 

amounts.  

Each additive modifies the structure of the SPI layer in another way and different film 

compositions are detected. Generally, it is recognized that phosphates and fluorophosphates 

included in the SPI improve the cycling performance of spinel full cells, whereas too many 

carbonyl and alkoxy groups have a negative effect on the cycling stability. Likewise, salt 

residues accelerate the capacity decay of the cells. Therefore, most phosphate-based 

additives are beneficial with regard to the electrochemical characteristics of C//LiNi0.4Mn1.6O4 

pouch cells. Actually, 0.5% TMP and 0.5% TFPi provide the two best cycling results of all 
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additives. Nevertheless, long hydrocarbon side chains should be avoided (cf. 1.7% TTSP or 

0.5% TEHP). Moreover, 2.5% SA, 0.5% TEHP, 2.5% FEC, 1% SEN, and 1.7% TTSP produce 

high quantities of carbonates on the spinel electrode leading to a poor cyclability. An exception 

is the addition of 0.5% LiBOB to the standard electrolyte. This additive also generates lots of 

carbonates on the cathode surface but the cells still offer a very good cycling behavior. This is 

related to the electron-deficient boron atoms, which interact with electron-rich anions  

(e.g. PF6
-
), and, which stabilize the SPI. Another special case is 0.5% HMDS, which is 

elucidated above.  

By means of analyzing the TTSP-derived SPI more precise information on the film composition 

could be gathered. It is found that the organics of the layer are located at the cathode side 

underneath the inorganics, which are positioned towards the electrolyte side. This coincides 

with the results reported by Edström and Eriksson et al., who conducted XPS depth profile 

analyses of manganese spinel electrodes stored or cycled at 60 °C. [465,466]  

Finally, it should be noted that in this thesis TFPi-, HMDS-, SEN-, and TEHP-derived surface 

layers on high voltage spinel cathodes have been analyzed for the first time. Cycled 

C//LiNi0.4Mn1.6O4 pouch cells with Al2O3-modified electrodes were not investigated by XPS 

owing to measuring problems involving the thickness of the ceramic layer. In the next chapter, 

EIS measurements will reveal the effect of the various additives and the Al2O3-modified 

electrodes on the impedance of formatted and cycled C//LiNi0.4MN1.6O4 full cells. Then, the 

influence of the SEI is also considered.  
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carbonates) 

C-O 
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CF2, 
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fluorides 

LixPFy 
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LixPFyOZ 
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PO4
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LiF, 

NiF2, 

MnF2 

metal 

fluorides 

Si 

silicon 

NH2+/NH3, 

C-N 

amines, 

nitriles 

Ranking of 

the SPI 

thicknesses 

0.5% 

TMP          0 

0.5% 

TFPi           0 

0.5% 

LiBOB           -- 

0.5% 

HMDS 
          --- 

0.5% 

HFiP           - 

ref.           0 

1.7% 

TTSP        +++ 

1%  

SEN        + 

2.5%  

FEC         - 

0.5% 

TEHP        + 

2.5%  

SA         + 

 Table 18 Overview on the diverse SPI compositions in dependence of the electrolyte additives and ranking of the SPI thicknesses.
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5.6  Electrochemical impedance spectroscopy 

Next, we focused on electrochemical impedance spectroscopy of formatted and cycled 

C//LiNi0.4Mn1.6O4 pouch cells to get a deeper comprehension of the mechanism of each 

electrolyte additive and the Al2O3 coating layers regarding the entire full cell. Now not only the 

cathode part of the lithium ion cell is taken into account, but the anode is also considered. 

Generally, EIS is helpful to differentiate the contribution of Li ion migration through the surface 

films, charge-transfer through the electrode-electrolyte interface, and the solid-state diffusion 

of Li ions in the active materials.[489] As an example, Figure 130 illustrates the Nyquist plot of 

the reference C//LiNi0.4Mn1.6O4 pouch cell after formation. It can be clearly divided into five 

impedance contributions. 

 

Figure 130 An example of a Nyquist plot of a C//LiNi0.4Mn1.6O4 pouch cell.  

The skin effect is based on the inductive resistance of a conductor and adopts negative  

-Z’’ values as can be seen in the diagram above. The alternating polarity of the current flow 

changes the magnetic field around the electrical conductor and the resulting currents are 

directed opposite to the alternating current source. Thereby, the changing magnetic field 

provokes a stronger counter-voltage within the conductor than on its surface. More precisely, 

the generated counter-voltage is largest in the centerline of the conductor and, thus, the current 

flow shifts to the surface. The effective cross-section of the conductor is reduced and the 

inductivity is enhanced. The higher the frequency, the more pronounced becomes the skin 
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effect and at very high frequencies only a very small area of the conductor surface, the skin, is 

electrically conductive.[490] 

The intercept of the semi-circle in the high frequency region with the x-axis (real impedance) 

is attributed to the internal resistance Ri of the cell, which is caused by all the ohmic resistances 

existent in the cell. These are, for instance, the resistances of the electrolyte, the separator, 

the current collectors, and the cell body. In addition, Ri is dependent on the distance of the 

electrodes to each other and the electrode areas.[431,491] 

The diameter of the semi-circle in the high frequency region represents the lithium ion migration 

through the surface layers on the electrodes (surface resistance Rs). It overlaps with a 

depressed semi-circle in the medium frequency region, whose diameter corresponds to the 

charge-transfer resistance Rct at the electrolyte-film and at the film-particle interfaces. The 

slope at low frequencies is assigned to the lithium ion diffusion in the bulk electrodes and is 

called Warburg impedance.[269,484,491,492]  

Typically, impedance spectra are analyzed and interpreted by modelling electrical equivalent 

circuits describing physical processes as outlined in chapter 2.3.8. In case of the Nyquist plots 

of formatted and cycled C//LiNi0.4Mn1.6O4 pouch cells attained by EIS measurements, the 

subsequent equivalent circuit is utilized for fitting the experimental data.  

 

Figure 131 Equivalent circuit used to fit the electrochemical impedance spectra.  

L1 and Ri denote the inductive resistance and the internal cell resistance, respectively. The 

formation of the surface layer, which is characterized by a lower ionic conductivity compared 

to the liquid electrolyte, is given by the resistor Rs and a capacitor Cs placed in parallel. Rs 

signifies the migration of lithium ions inside the surface film and Cs represents the polarization 

of the film. The charge-transfer resistance Rct is coupled to a constant phase element CPEct, 

which reflects the charge-transfer through an electrochemical double layer at the interface of 

two phases with different potentials (e.g. electrolyte-film and film-particle interfaces). The 

constant phase element is selected instead of a capacitor because of the roughness and 

inhomogeneity of the composite electrodes as demonstrated by a depressed semicircle in 

Figure 130. W1 is the Warburg impedance related to the solid state diffusion of lithium ions 

inside the high voltage spinel particles.[491,493]  
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The reference cell 

Figure 132 illustrates the Nyquist diagrams obtained after formatting C//LiNi0.4Mn1.6O4 pouch 

cells comprising the base electrolyte at 23 °C and after cycling these cells at 45 °C for  

250 cycles.  

A 

 

B 

 

Figure 132 Nyquist plots of C//LiNi0.4Mn1.6O4 cells at 80% SOC after A formatting C//LiNi0.4Mn1.6O4 

pouch cells containing the base electrolyte at 23 °C and after B cycling these cells for  

250 cycles at 45 °C. 

After formation, Ri, Rs, and Rct equal to 0.4, 0.3, and 1.2 Ω, respectively, and after 250 cycles 

all resistances have substantially increased to 0.7, 0.5, and 7.9 Ω, respectively. One 

explanation for the elevated resistance Ri is the degradation of the conducting salt LiPF6. A 

lower amount of LiPF6 relates to lower ionic conductivity of the cell. Furthermore, the internal 

resistance is indirectly a result of the surface layer formation. Lithium ions are consumed by 

electrolyte oxidation/reduction and are no longer available as charge carriers. Consequently, 
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the ionic conductivity of the electrolyte is diminished and the resistance is enhanced. The 

generation of a SPI has already been proven by XPS analyses and SEI formation is a 

permanent feature while operating lithium ion cells. The increase of the surface resistance is 

in agreement with these observations. Generally, a higher charge-transfer resistance can be 

ascribed to new grain boundaries owing to structural changes and/or to impeded lithium ion 

pathways as in case of a forming surface film. Here, the latter aspect is proposed to be 

responsible for the augmentation of Rct. Thereby, the compositions of the surface films 

determine the thicknesses of the electrochemical double layers at the electrolyte-film and  

film-particle interfaces, and therefore the strength of Rct.  

Electrolyte optimization 

Figure 133 shows the values acquired from the equivalent circuit fitting of the internal 

resistance Ri, the surface resistance Rs, and the charge-transfer resistance Rct for formatted 

and cycled C//LiNi0.4Mn1.6O4 pouch cells with and without various electrolyte additives. For 

comparison, the diagram displaying the Rct values after 250 cycles additionally contains the 

specific discharge capacity values after cycling C//LiNi0.4Mn1.6O4 cells. All corresponding 

Nyquist plots and EIS data are depicted in the appendix (chapter 7). The cell containing  

1.5% LiTFSI was only analyzed after formation because of the cell damage that has been 

triggered by massive gassing while cycling.  

After formatting C//LiNi0.4Mn1.6O4 full cells, Ri, Rs, and Rct of the most cells adopt nearly the 

same values as those of the reference within the limits of accuracy of the measurements. 

Hence, similar thicknesses of the SEI/SPI with comparable charge-transfer properties are 

assumed. What is most interesting are the higher resistances Ri and Rs caused by 1% SEN 

and 2.5% SA compared to the reference indicating more surface film generation on either one 

or both electrodes. It has been demonstrated by XPS analyses that 1% SEN indeed leads to 

a noticeably thicker SPI than the standard electrolyte after formation. In contrast, the  

1.5% LiTFSI cell displays lower Ri and Rs values in comparison to the reference reflecting 

thinner surface layers. It is supposed that LiTFSI is responsible for excessive gas production 

inside the cell partially inhibiting the accumulation of decomposed species on the electrodes. 

Regarding the charge-transfer resistance Rct of the formatted spinel full cells, 2.5% SA 

provokes the highest resistance among all additives. This is probably due to a large amount of 

carbonates, which are already integrated in the surface films. This is also why 0.5% LiBOB 

contributes to a slightly higher Rct value than the reference. The other additives induce approx. 

identical charge-transfer resistances without any major differences.  
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A B 

  

  

  

Figure 133 Fitted values Ri, Rs, and Rct of electrochemical impedance measurements of 

C//LiNi0.4Mn1.6O4 pouch cells with and without various electrolyte additives A after formation 

at 23 °C and B after 250 cycles at 45 °C between 3.3 and 4.8 V. The diagram displaying 

the Rct values after 250 cycles additionally contains the specific discharge capacity values 

after cycling C//LiNi0.4Mn1.6O4 cells for comparison reasons.   
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Considering the cycled C//LiNi0.4Mn1.6O4 pouch cells, Ri, Rs, and Rct of all cells have markedly 

increased. Nevertheless, the additives, which have improved the cycling behavior of the spinel 

full cells (0.5% TMP, 0.5% TFPi, 0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP) lead to lower or 

at least similar resistances than the cell with the base electrolyte. For instance, the cell 

including 0.5% TMP exhibits diminished internal and surface resistances compared to the 

reference suggesting slightly thinner surface layers formed on the electrodes. XPS 

investigations have revealed that the SPI has about the same thickness as that of the 

reference. As a consequence, TMP is not supposed to support surface film formation on the 

anode and the corresponding SEI must be thinner compared to the reference. Moreover, the 

addition of 0.5% TMP to the standard electrolyte results in the lowest charge-transfer 

resistance. The reason for this are most likely the very high quantities of phosphates and 

fluorophosphates in the SPI. Concurrently, less carbonyl and hydroxyl groups have been 

detected in the SPI by XPS compared to the reference. Besides, the additive clearly hampers 

transition metal dissolution and precipitation on the anode surface as outlined in chapter 5.4.  

Interestingly, for the 0.5% TFPi cell, Ri and Rs behave differently as Ri is smaller and Rs is 

larger compared to the reference. The lower internal resistance is presumably a result of the 

smaller salt residues in the SPI as found by XPS and is not related to thin surface layers. 

Actually, the thickness of the SPI created by 0.5% TFPi is very similar to that of the reference 

(see chapter 5.5). Therefore, the marginally higher surface resistance Rs compared to the 

reference is probably due to a thicker SEI on the anode surface. This might be also the reason 

for the greater charge-transfer resistance of the cell comprising 0.5% TFPi in comparison to 

the 0.5% TMP cell. Likewise, the TFPi-derived SPI contains a slightly higher content of 

carbonyl groups than that of the 0.5% TMP sample (see chapter 5.5).  

Ri and Rs of the cells including 0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP are comparable to 

each other and to the reference. All three additives, but especially 0.5% LiBOB and  

0.5% HMDS, are supposed to contribute to the SEI on the anode surface as their SPI 

thicknesses are detected to be thinner as that of the reference (see chapter 5.5). Regarding 

these three additives, 0.5% HMDS leads to the lowest charge-transfer resistance, which is 

most likely due to the extremely thin SPI with very low carbonyl groups. 0.5% HFiP has a 

higher Rct because of the greater accumulation of carbonyl compounds on the cathode surface. 

In spite of the many carbonyl groups within the SPI, 0.5% LiBOB leads to a relatively low Rct. 

It is an exception, as boron in the SPI layer network can counteract the negative inductive 

effect of the carbonyl groups. More information is given later on.  

In contrast, the additives, which have accelerated the capacity decay of C//LiNi0.4Mn1.6O4 

pouch cells (1.7% TTSP, 1% SEN, 2.5% FEC, 0.5% TEHP, and 2.5% SA), cause higher or 

nearly identical resistances than the base electrolyte. Enhanced Ri and Rs are attributed to a 

greater sum of decomposition products on the anode and/or cathode surface. Since for the 
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2.5% FEC cell a thinner SPI is registered than for the reference (see chapter 5.5), the higher 

Rs is ascribed to a rather thick SEI. The other additives lead to thicker surface films on the 

cathode as demonstrated in chapter 5.5. Nonetheless their participation in the SEI layer 

network on the anode is not excluded.  

1.7% TTSP generates an extremely thick SPI and/or SEI. In this case, the layer on the cathode 

surface is the origin of the high internal and surface resistances as proven by XPS. In spite of 

this, the respective charge-transfer resistance is rather low. It is believed that the large 

amounts of phosphates and fluorophosphates, which are also incorporated in this SPI, weaken 

the negative influence of the carbonates and, thus, reduce the charge-transfer resistance 

within the cell. In contrast, 2.5% SA does not induce more film formation than 1.7% TTSP, but 

the resulting Rct is exceptionally high after 250 cycles. High quantities of carbonate species 

are thought to be the source of the extensively increased resistance Rct, whereby only low 

amounts of phosphates are present in the SPI. Furthermore, nickel and manganese particles 

that accumulate on the anode surface upon cycling also add to the charge-transfer resistance 

(see chapter 5.4).  

In general, the surface film on the cathode has a strong impact on the cycling behavior of the 

full cells. Thereby, surface films primarily consisting of phosphates and fluorophosphates are 

considered more stable in the oxidative environment given in the spinel full cells as those 

based on carbonyl compounds (mainly carbonates). The latter are more reactive towards PF5 

or POF3 and might be further decomposed to CO2 and alkyl fluorides. Moreover, the negative 

inductive effect of oxygen atoms is much more pronounced in carbonates than in phosphates 

because of the nature of their chemical bonds. While in carbonates only electrons from the 

second shell are involved in the chemical bonds, phosphor in phosphates provides electrons 

form the third shell for the bonding with oxygen. Consequently, carbonates are much stronger 

molecular dipoles than phosphates, provoke stronger polarizations, establish much thicker 

electrochemical double layers at the electrolyte-film and film-particle interfaces, and are the 

main reason for enhanced charge-transfer resistances of C//LiNi0.4Mn1.6O4 pouch cells. The 

carbonate-based additive LiBOB is an exception due to the presence of electron-deficient 

boron within the structure. These may form Lewis acid-base adducts with electron-rich anions 

such as PF6
-
. All the data obtained by EIS measurements are in good agreement with the 

results gained by rate capability tests (see chapter 5.2.3).   



5. Results and discussion 

5.6 Electrochemical impedance spectroscopy 
 

237 

Optimization with Al2O3 coating layers 

Subsequently, changes in the resistances of bare and Al2O3-coated electrodes are 

investigated by EIS after formatting and cycling C//LiNi0.4Mn1.6O4 pouch cells as visible in 

Figure 134. The corresponding Nyquist plots and EIS statistics are illustrated in the appendix 

(chapter 7). For comparison, the diagram displaying the Rct values after 250 cycles additionally 

contains the specific discharge capacity values after cycling C//LiNi0.4Mn1.6O4 cells. 

After formation, Ri, Rs, and Rct are higher than those for the reference owing to the thick coating 

layers, which may cause unwanted side effects such as suppressed ionic conductivity and 

greater Li ion diffusion barriers. In other words, Li ion migration is impeded by the insulating 

Al2O3 films. As expected, the resistances of both samples have substantially increased after 

250 cycles at 45 °C in the voltage window of 3.3 and 4.8 V. But surprisingly, the Al2O3-modified 

electrodes lead to lower resistances in comparison to the bare electrodes. Actually, Ri, Rs, and 

Rct equal to 0.7, 0.5, and 7.9 Ω, respectively, for the reference and 0.6, 0.4, and 7.7 Ω, 

respectively for the cell comprising the Al2O3-coated anode and cathode. Therefore, Al2O3 

coating layers restrain undesired side reactions during cycling (e.g. electrolyte decomposition), 

inhibit the generation of resistive layers, and suppress the development of impedances. 

Besides, the protective effects of Al2O3 films do not hinder lithium ion transfer as Rct is even 

smaller compared to the reference. Again, the EIS data correlate well with the results of the 

rate capability tests (see chapter 5.2.3). 
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Figure 134 Fitted values Ri, Rs, and Rct of electrochemical impedance measurements of 

C//LiNi0.4Mn1.6O4 pouch cells without and with a ceramic layer on both electrodes A after 

formation at 23 °C and B after 250 cycles at 45 °C between 3.3 and 4.8 V. The diagram 

displaying the Rct values after 250 cycles additionally contains the specific discharge 

capacity values after cycling C//LiNi0.4Mn1.6O4 cells for comparison reasons.
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5.7 Improvement of the cycling stability of C//LiNi0.4Mn1.6O4 full 

cells 

Finally, attempts have been made to improve the cycling characteristics of C//LiNi0.4Mn1.6O4 

pouch cells, based on the findings of the previous experiments. Thereto, 1C CC/CV-cycling 

experiments were conducted with spinel full cells comprising various modifications at 45 °C in 

the voltage region of 3.3 - 4.8 V (Figure 135 - 137). For comparison purposes the cycle life of 

the reference (thick black line), the 0.5% TMP cell (dark blue line), and the cell containing an  

Al2O3-coated cathode (green line) are depicted, too, in each diagram.  

First of all, a cell with an Al2O3-coated cathode and 0.5% TMP added to the standard electrolyte 

was cycled. Hereby, 63.7 mAhg-1 is measured at the end of cycling, corresponding to 70% of 

its original capacity (Figure 135, red line). The idea was to gather the beneficial aspects of both 

components in one cell and to realize a more stable cycling behavior compared to the cells 

tested before. It has been shown that 0.5% TMP weakens the transition metal dissolution and 

establishes a quite favorable SPI with high concentrations of phosphates on the surface of the 

cathode, while Al2O3-modified spinel electrodes have been proven to suppress the 

development of high impedances and to be an effective HF scavenger. In fact, the 

corresponding cell displays slightly better cycling features than the ones containing only  

0.5% TMP or only the Al2O3-coated cathode.  

 

Figure 135 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells with various modifications cycled between  

3.3 and 4.8 V at 1C at 45 °C. Here, especially, the cell containing 0.5% TMP and an Al2O3 

layer on the cathode is considered (red line). 

In another attempt, 0.5% TMP and 0.1% LiBOB were added to the base electrolyte to combine 

the advantages of phosphate- and borate-based surface films, that is, their protective and  

low-impedance properties, in a single full cell. Moreover, both additives were found to reduce 
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Mn and Ni depletion from the composite spinel electrode. The respective cell reveals a 

significantly decelerated capacity fading compared to the reference, since 67% of the starting 

capacity (95.5 mAhg-1) are retained after 250 cycles (Figure 136, bright blue line). 

Nonetheless, the large capacity drop at the beginning of the cycling, which is presumably due 

to the generation of a TMP- and LiBOB-derived surface layer, prevents an even better cycle 

life.  

 

Figure 136 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells with various modifications cycled between  

3.3 and 4.8 V at 1C at 45 °C. Here, especially, the cell containing 0.5% TMP and  

0.1% LiBOB is considered (bright blue line). 

Next, the electrolyte including 0.5% TMP and 0.1% LiBOB was combined with an  

Al2O3-modified spinel electrode in one full cell because the coating layer has been 

demonstrated to effectively prevent transition metal dissolution and to inhibit the production of 

resistive and thick surface films. Actually, for the relevant cell still 71.6 mAhg-1 is measured 

after 250 cycles, which corresponds to 72% residual capacity (Figure 137, orange line). These 

values are the best among all cycled cells confirming the positive influence of all three 

modifications relative to the reference. Consequently, it has been shown, for the first time, that 

the cycling performance of C//LiNi0.4Mn1.6O4 pouch cells is considerably improved by the 

combination of adding 0.5% TMP and 0.1% LiBOB to the base electrolyte and coating the 

spinel electrode with an Al2O3-based ceramic layer.  
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Figure 137 A Specific discharge capacity vs. cycle number plots and B residual discharge capacity vs. 

cycle number plots of C//LiNi0.4Mn1.6O4 cells with various modifications cycled between  

3.3 and 4.8 V at 1C at 45 °C. Here, especially, the cell containing 0.5% TMP, 0.1% LiBOB, 

and an Al2O3-modified spinel electrode is considered (orange line). 
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6. Conclusion 

Currently, cars powered only by electricity cannot compete with drive systems comprising 

combustion engines in terms of driving range. This main limitation is based on the low energy 

densities of standard active materials for LIBs. Recently, the cathode active material high 

voltage spinel (e.g. LiNi0.5Mn1.5O4) has triggered great interest in the field of the lithium ion 

battery technology. The latter is expected to enable a substantial enhancement of the cell 

energy densities owing to its high theoretical average voltage of 4.7 V vs. Li at a moderate 

theoretical gravimetric capacity of 147 mAhg-1. Nevertheless, high voltage spinel full cells have 

been reported to show severe capacity losses and very restricted cycle lifes.[1–6]  

Herein, two different approaches to improve the electrochemical performance of 

C//LiNi0.4Mn1.6O4 pouch cells are addressed: on one hand, electrolyte optimization by adding 

selected additives in distinct concentrations to a standard electrolyte formulation and on the 

other hand, application of Al2O3 coating layers on the electrodes by a doctor blade process. 

Moreover, this thesis offers a better understanding regarding the influence of these electrolyte 

additives and the Al2O3 films on a number of aspects. For example, the phase composition and 

the transition metal dissolution behavior of LiNi0.4Mn1.6O4 composite cathodes, the structure 

and composition of the SPI on high voltage spinel electrode surfaces, and the impedance 

properties of C//LiNi0.4Mn1.6O4 full cells. 

First of all, a reference system was established and a general electrochemical 

characterization of C//LiNi0.4Mn1.6O4 pouch cells containing the reference electrolyte  

(1 M LiPF6 in EC/EMC/DMC (1/1/1, w/w/w)) was conducted to investigate and evaluate ageing 

phenomena of LiNi0.4Mn1.6O4 electrodes. The spinel full cells comprising the base electrolyte 

were cycled in diverse voltage windows at 1C at room temperature to verify the one enabling 

the best cycling characteristics and specific capacity. To this end, the range of 3.3 - 4.8 V was 

determined as the most advantageous cycling condition in terms of gravimetric energy density 

as a function of cycle life. As a matter of fact, a specific discharge capacity of 98.6 mAhg-1 after 

500 cycles, i.e. a capacity retention of 80% was detected, which is already a quite good result. 

For automotive applications higher cycling stabilities are, however, a must. Three-electrode 

measurements were additionally carried out to ensure that improper cell balancing is not the 

reason for capacity fading. A marginal anode oversizing of approx. 4% at 0.1C was recognized 

to be sufficient to prevent lithium plating on the anode and still to guarantee a relatively high 

specific energy throughout cycling. It was confirmed that the capacity decay of 

C//LiNi0.4Mn1.6O4 pouch cells is not caused by erroneous balancing. Instead, serious loss of 

active lithium is suggested to be one of the main sources of the unsatisfactory cycling 

performance.  
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Subsequently, assays were performed to improve the cycle life of C//LiNi0.4Mn1.6O4 cells by 

selected electrolyte additives with certain concentrations and Al2O3 coating layers on the 

electrodes. Thereto CC/CV-cycling experiments were conducted with a current rate of 1C 

between 3.3 and 4.8 V at an elevated temperature of 45 °C to accelerate the degradation of 

the full cells and, thus, to track the effect of the electrolyte additives or the ceramic layers on 

the cell properties.  

Among all probed compounds HMDS, LiTFSI, and SEN were studied, for the first time, as 

electrolyte additives for the CAM lithium nickel manganese oxide spinel. However, only HMDS 

improves the electrochemical features of C//LiNi0.4Mn1.6O4 pouch cells. Cells comprising  

0.5% TMP displayed by far the most beneficial cyclability. Likewise, the addition of  

0.1% LiBOB, 0.5% TFPi, 1.5% HMDS, 0.5% FEC, or 0.5% HFiP to the base electrolyte led to 

enhanced specific capacities after 250 cycles compared to a reference. In contrast, cells 

including 1.7% TTSP, 1% SEN, 0.5% TEHP, and 0.5% LiTFSI exhibited a poorer cycling 

behavior than a reference, while the cell with 2.5% SA revealed the most severe capacity 

deterioration. For microscopic and spectroscopic examinations the following additive 

concentrations were chosen because they provided the best cycling performance at the 

starting point of the analyses: 0.5% TMP, 0.5% TFPi, 0.5% LiBOB, 0.5% HMDS, 0.5% HFiP, 

1.7% TTSP, 1% SEN, 2.5% FEC, 0.5% TEHP, 1.5% LiTFSi, and 2.5% SA. 

Concerning the ceramic layers, three different possibilities were considered. Coating the 

aqueous Al2O3 slurry on the graphite anode, on the LiNi0.4Mn1.6O4 cathode, or on both 

electrodes by a doctor blade process. The resulting thicknesses of the ceramic films were 

about 4 - 5 µm. As far as we are aware, there is no report involving detailed investigations of 

the combined use of Al2O3-modified LiNi0.4Mn1.6O4 cathodes and Al2O3-modified graphite 

anodes. The best cycling stability was observed for full cells containing just an Al2O3-coated 

spinel electrode. Microscopic and spectroscopic post-mortem analyses were conducted with 

full cells including both Al2O3-modified electrodes to gain more information on the impact of the 

ceramic layer on the electrochemical features of high voltage spinel full cells. 

To conclude the electrochemical measurements, rate capability tests were accomplished at 

BOL and EOL with C//LiNi0.4Mn1.6O4 pouch cells. The purpose was to examine the suitability 

of the selected electrolyte additives and the Al2O3 layers for facilitating charge-transfer 

processes at the electrode surfaces. Generally, all cells showed a strong capacity decay at 

5C. This is due to lithium ion migration upon intercalation/deintercalation, which is, however, 

too slow to realize satisfactory capacities at high C-rates. At BOL, for the subsequent 1C cycle 

approx. 92 - 98% of the original capacities are retained in LiNi0.4Mn1.6O4. This means good 

structural integrity of the spinel composite electrode after high current cycling without structural 

damage.  
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At EOL, all cells delivered much lower capacities than at BOL. Consequently, lots of lithium is 

consumed during cycling due to side reactions and massive surface film formation on the 

electrodes. Hence, the spinel structure is not completely retained, but exhibits lithium 

deficiencies. Only 0.5% TMP, 0.5% LiBOB, 0.5% HMDS, and the Al2O3-modified electrodes 

engender higher specific capacities than the standard electrolyte regarding all C-rates. Cells 

containing 0.5% TFPi and 0.5% HFiP unveiled, in contrast, similar capacities as the reference. 

Therefore, theses additives develop rather low-impedance layers on the anode/cathode 

surfaces. Al2O3 helps to lower resistances at the electrode surfaces with increasing cycle 

number. All the other samples hamper the charge-transfer kinetics within the C//LiNi0.4Mn1.6O4 

cells, which is verified by a negative impact on their rate capability. 

XRD analyses demonstrated considerable changes regarding the fresh and the cycled spinel 

electrode patterns. Lower and broader reflection intensities of the cycled samples are 

presumably caused by the formation of thick SPI layers and transition metal dissolution, 

respectively. Besides, LixNi1-xO impurities (x << 1) were detected within the XRD spectra of all 

cycled LiNi0.4Mn1.6O4 cathodes contributing to the structural degradation of the CAM. Ageing of 

the spinel electrodes is strongly influenced, by the reference electrolyte and the diverse 

electrolyte additives, which lead to different phase compositions of the cycled LiNi0.4Mn1.6O4 

cathodes. In this thesis it is shown, for the first time, that ageing of LiNi0.4Mn1.6O4 cathodes is 

derived from their phase composition at 0% SOC. The first cubic phase denotes the most intact 

and the third cubic phase marks the most impaired cathode. An electrolyte additive is only 

effective when just the second cubic phase is observed for the cycled and completely 

discharged spinel electrode. In this work, cells comprising 0.5% TMP and 0.5% TFPi reveal 

the best cycling behavior and the corresponding cycled cathodes exhibit solely the second 

cubic phase at 0% SOC. For 0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP, the second and the 

third cubic phases were found, whereas 1.7% TTSP, 1% SEN, 2.5% FEC, 0.5% TEHP, and 

2.5% SA resulted in the third cubic phase of LiNi0.4Mn1.6O4 after 250 cycles at 45 °C. Actually, 

the latter additives accelerate the capacity fading of spinel full cells. The first cubic phase was 

merely registered for the fresh electrode. Cycled C//LiNi0.4Mn1.6O4 pouch cells with  

Al2O3-modified electrodes were not investigated by X-ray diffraction owing to problems related 

to the thickness of the ceramic layer. 

Raman spectroscopy of fully discharged spinel cathodes (0% SOC) was used after formatting 

C//LiNi0.4Mn1.6O4 full cells at 23 °C and after cycling these cells for 250 cycles at 45 °C without 

and with the utilized electrolyte additives and the Al2O3-coated electrodes. This was done to 

further confirm the phase compositions of the differently treated positive electrodes and to 

determine the oxidation states of the nickel and manganese ions within these phases. All in 

all, the phase compositions and the LixNi1-xO impurities found by XRD spectroscopy could be 

corroborated. To the best of our knowledge, this is the first time that three cubic phases with 
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the characteristic A1g, Eg, and T2g symmetries of LiNi0.4Mn1.6O4 cathodes (0% SOC) were 

attested after formatting and cycling the respective spinel full cells. Furthermore, the lithium 

contents and the oxidation states of the transition metal cations were documented for the 

particular cubic phases:  

first cubic phase: Li1.0 - 0.78Ni0.4
2+

Mn1.6
3+/4+

O4 

second cubic phase: Li0.433 - 0.432Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4 

third cubic phase: Li0.390 - 0.207Ni0.4 - x
3+/4+

Mn1.6 - y
4+

O4, but with only a minor Ni3+ content 

Thus, ageing of a LiNi0.4Mn1.6O4 electrode is given by its phase composition at 0% SOC and 

can be identified by Raman and XRD spectroscopy. While the first cubic phase represents the 

most intact, the third cubic phase signifies the most harmed cathode. Nonetheless, the 

experimentally obtained valences states for the cycled and totally discharged spinel electrodes 

do not coincide with the calculated values. Transition metal dissolution is a possible reason. 

This was verified by ICP-OES and EDX measurements of graphite anodes at 0% SOC after 

cycling C//LiNi0.4Mn1.6O4 pouch cells at 45 °C for 250 cycles in the voltage window of 

3.3 - 4.8 V. Thereby, it was observed that Mn ions are more easily washed out the spinel active 

material than Ni ions. It has to be noted that the actual sum of the dissolved transition metal 

ions is even higher as presented herein. In general, more than twice as much Ni and Mn ions 

are registered in the electrolyte solution.[4,33] The major cause of the metal ion depletion is the 

acidic component HF in the electrolyte. In terms of electrolyte additives, 0.5% LiBOB,  

0.5% TFPi, 0.5% TMP, 0.5% HFiP, and 0.5% HMDS reduce transition metal dissolution, 

whereas 1.7% TTSP, 1% SEN, 1.5% LiTFSi, 2.5% FEC, 2.5% SA, and 0.5% TEHP lead to 

higher metal deposits on the anode in comparison to the reference electrolyte. On one hand, 

the elimination of HF, H2O, and PF5 and/or the establishment of a physical protection layer by 

a thin and stable SPI contribute to the diminution of the transition metal dissolution. LiBOB, 

TFPi, and HMDS were demonstrated to suppress HF generation by trapping PF5 and H2O, 

respectively. On the other hand, enhanced metal ion depletion is probably based on thick and 

porous SPI layers. Moreover, Al2O3 was proven to be the most effective HF scavenger of all 

investigated modifications leading to the lowest amounts of Mn and Ni ions accumulated on 

the anode.  

XPS analyses were applied to study the chemical nature and the development of the interfacial 

layers between the LiNi0.4Mn1.6O4 electrodes and the different electrolyte formulations after 

formatting C//LiNi0.4Mn1.6O4 pouch cells containing various electrolyte additives at 23 °C and 

after cycling these cells for 250 cycles at 45 °C. Each additive in the SPI structure is especially 

examined. It was found that almost none of the additives prevent a thickening of the SPI upon 

cycling the spinel full cells. In most cases, the SPI has become thicker with increasing cycle 

number. This implies that some layer components are not stable at elevated temperatures and 
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readily decompose to create porous surface films. Hence, fresh electrolyte is constantly 

transported to sections of the cathode surface resulting in continuous degradation reactions.  

An exception is the addition of 0.5% HMDS to the standard electrolyte. Although the  

HMDS-based SPI is rather thick after formatting C//LiNi0.4Mn1.6O4 pouch cells, it is not stable 

upon cycling. It becomes much thinner than that of the reference. The tendency of HMDS to 

react with water, which is always present in trace amounts in the cell, is believed to be the 

origin for the unstable surface layer. Nevertheless, a better CC/CV-cycling behavior is 

achieved with 0.5% HMDS than with the base electrolyte (see chapter 5.2.2). On one hand, 

HMDS reduces Mn and Ni dissolution by scavenging HF and H2O as outlined in chapter 5.4. 

On the other hand, the SPI is protective in the beginning of the cycling tests and only loses its 

passivating effect after a few cycles.  

In contrast to 0.5% HMDS, 1.7% TTSP generates by far the thickest film of all additives. The 

ranking of the SPI thicknesses concerning all applied electrolyte additives is depicted in 

Table 19. The additives are ordered according to their decreasing benefits, whereby those 

listed above the reference give rise to a higher specific energy over cycle life than the base 

electrolyte. Interestingly, the thicknesses of the surface layers on the cathode are not directly 

correlated with the cycling performance of the respective full cells. Instead, the composition of 

the SPI is more relevant and has a stronger impact on the electrochemical features of the 

pouch cells.  

Each additive modifies the structure of the SPI layer in another way and different film 

compositions are detected. Generally, it is recognized that phosphates and fluorophosphates 

included in the SPI improve the cycling performance of spinel full cells. Too many carbonyl and 

alkoxy groups, in contrast, have a negative effect on the cycling stability. Likewise, salt 

residues accelerate the capacity decay of the cells. Therefore, most phosphate-based 

additives are beneficial with regard to the electrochemical characteristics of C//LiNi0.4Mn1.6O4 

pouch cells. Actually, 0.5% TMP and 0.5% TFPi provide the two best cycling results of all 

additives. Nonetheless, long hydrocarbon side chains should be avoided (cf. 1.7% TTSP or 

0.5% TEHP). Furthermore, 2.5% SA, 0.5% TEHP, 2.5% FEC, 1% SEN, and 1.7% TTSP deliver 

high quantities of carbonates accumulated on the spinel electrode leading to a poor cyclability. 

An exception is the addition of 0.5% LiBOB. This additive also generates lots of carbonates on 

the cathode surface but the cells still offer a very good cycling behavior. This is related to the 

electron-deficient boron atoms, which interact with electron-rich anions (e.g. PF6
-
) and stabilize 

the SPI. Another special case is 0.5% HMDS, which is explained above.  

By means of the analysis of the TTSP-derived SPI more precise information on the film 

composition could be gathered. Here, the organic phase of the layer is located at the cathode 

underneath the inorganic phase, which is positioned towards the electrolyte side. This 
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coincides with the results reported by Edström and Eriksson et al., who conducted XPS depth 

profile analyses of manganese spinel electrodes stored or cycled at 60 °C. [465,466]  

Moreover, it should be noted that in this thesis TFPi-, HMDS-, SEN-, and TEHP-derived 

surface layers on high voltage spinel cathodes have been analyzed for the first time. Cycled 

C//LiNi0.4Mn1.6O4 pouch cells with Al2O3-modified electrodes were not investigated by XPS 

owing to the thickness of the ceramic layer.  

Electrochemical impedance spectroscopy of formatted and cycled C//LiNi0.4Mn1.6O4 pouch 

cells enabled a deeper comprehension of the mechanism of each electrolyte additive and the 

Al2O3 coating layers regarding the entire full cell. For all cycled C//LiNi0.4Mn1.6O4 pouch cells 

Ri, Rs, and Rct of all cells have markedly increased in comparison to the formatted samples. 

Nevertheless, the additives, which have improved the cycling behavior of the spinel full cells 

(0.5% TMP, 0.5% TFPi, 0.5% LiBOB, 0.5% HMDS, and 0.5% HFiP) lead to lower or at least 

similar resistances than those of the cell with the base electrolyte. In contrast, additives, which 

have accelerated the capacity decay of C//LiNi0.4Mn1.6O4 pouch cells (1.7% TTSP, 1% SEN, 

2.5% FEC, 0.5% TEHP, and 2.5% SA) cause higher or nearly identical resistances than the 

base electrolyte. Besides, it is supposed that TFPi, LiBOB, HMDS, HFiP, and FEC also 

participate in the SEI formation as the corresponding cells reveal higher Rs values than 

expected from XPS measurements. In general, it is found that the surface film on the cathode 

has a strong impact on the cycling behavior of the full cells. Thereby, surface films primarily 

consisting of phosphates and fluorophosphates are more stable under oxidative conditions as 

those based on carbonyl compounds (mainly carbonates). The latter are more reactive towards 

PF5 or POF3 and are likely to decompose to CO2 and alkyl fluorides. Moreover, the negative 

inductive effect of the oxygen atoms is much more pronounced in carbonates than in 

phosphates owing to the nature of their chemical bonds. While in carbonates only electrons 

from the second shell are involved in the chemical bonds, phosphor in phosphates provides 

electrons form the third shell for bonding with oxygen. Consequently, carbonates are much 

stronger molecular dipoles than phosphates, provoke stronger polarizations, and establish 

much thicker electrochemical double layers at the electrolyte-film and film-particle interfaces. 

Thus, they are the main reason for enhanced charge-transfer resistances of C//LiNi0.4Mn1.6O4 

pouch cells. The carbonate-based additive LiBOB is an exception due to the presence of 

electron-deficient boron within the structure. It is likely to form Lewis acid-base adducts with 

electron-rich anions such as PF6
-
. 

Regarding the cells containing Al2O3-coated electrodes, surprisingly, lower resistances (Ri, Rs, 

and Rct) in comparison to the cell with bare electrodes are detected after 250 cycles. Thus, 

Al2O3 coating layers indeed restrain undesired side reactions during cycling (e.g. electrolyte 

decomposition), inhibit the generation of resistive layers, and suppress the development of 
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impedances. Besides, the protective effect of Al2O3 films does not hinder lithium ion transfer 

as Rct is also smaller compared to the reference.  

Finally the cycling characteristics of C//LiNi0.4Mn1.6O4 pouch cells were further improved 

based on the findings of the electrochemical, microscopic, and spectroscopic analyses. 

Thereto, 1C CC/CV-cycling experiments were conducted with spinel full cells comprising 

various modifications at 45 °C in the voltage region of 3.3 - 4.8 V. It was found that the spinel 

full cell including a combination of an Al2O3-modified spinel electrode and a base electrolyte 

modified with 0.5% TMP and 0.1% LiBOB enhances the cycling performance. Actually, the cell 

delivered the best cycling behavior. It is assumed that TMP and LiBOB establish protective 

and low-impedance surface films. Both additives reduce Mn and Ni depletion from the 

composite spinel electrode. Al2O3 coating effectively prevents transition metal dissolution and 

inhibits the production of resistive and thick surface films. Hence, it was shown, for the first 

time, that the cycling characteristics of C//LiNi0.4Mn1.6O4 pouch cells are considerably improved 

by the combination of adding 0.5% TMP and 0.1% LiBOB to the base electrolyte and coating 

the spinel electrode with an Al2O3-based ceramic layer.  

All in all, this thesis provides the first detailed and comprehensive investigation of 

C//LiNi0.4Mn1.6O4 full cells including electrochemical, spectroscopic, and microscopic methods. 

Table 19 gives an overview on the main results gained within in this thesis. 

 

 

 



 

 

Modification 

Ranking  

of the  

cycling 

stability 

Influence on 

the cycling 

stability 

Phase 

composition 

of the 

LiNi0.4Mn1.6O4 

cathode 

Reduction  

of the 

transition 

metal 

dissolution 

Ranking of 

the SPI 

thicknesses 

Carbonyl-

rich SPI 

(mainly 

carbonates) 

Phosphate-

rich SPI 

Reduction of 

the charge-

transfer 

resistance 

0.5% TMP 1 + 2. cubic phase ++ 0   +++ 

0.5% TFPi 2 + 2. cubic phase ++ 0   + 

0.5% LiBOB 3 + 
2. and 3. cubic 

phase 
++ --   ++ 

Al2O3 layer 

on both 

electrodes 

4 + 
2. and 3. cubic 

phase 
+++ not examined not examined not examined + 

0.5% HMDS 5 + 
2. and 3. cubic 

phase 
+ ---   ++ 

0.5% HFiP 6 + 
2. and 3. cubic 

phase 
+ -   + 

reference 7 0 
2. and 3. cubic 

phase 
0 0   0 

1.7% TTSP 8 - 3. cubic phase - +++   - 

1% SEN 9 - 3. cubic phase - +   -- 

2.5% FEC 10 - 3. cubic phase -- -   - 

0.5% TEHP 11 - 3. cubic phase --- +   -- 

1.5% LiTFSI 12 - 3. cubic phase -- not examined not examined not examined not examined 

2.5% SA 13 - 3. cubic phase --- +   --- 

 Table 19 Overview on the main results gained within this thesis. 
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7. Appendix 

7.1 X-ray diffraction 

 

 

Figure 138 Standard XRD data and patterns for A LiNi0.5Mn1.5O4 and B NiO. 
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7.2 Raman spectroscopy 

Fitted Raman spectra of formatted LiNi0.4Mn1.6O4 cathodes 

First cubic phase 

Symmetry 

species 

0.5% 

TMP 

0.5% 

TFPi 

0.5% 

LiBOB 

0.5% 

HMDS 

0.5% 

HFiP 

1.7% 

TTSP 

1% 

SEN 

2.5% 

FEC 

0.5% 

TEHP 

1.5% 

LiTFSI 

2.5% 

SA 

T2g
3

 
163 

220 

163 

220 

161 

220 

163 

220 

163 

220 

163 

118 

161 

118 

163 

220 

163 

220 

163 

118 

163 

220 

Eg 407 409 407 407 409 407 407 407 407 407 407 

T2g
2

 474 475 474 475 475 475 475 475 474 474 475 

T2g
2

 
500 

524 

500 

525 

498 

524 

500 

525 

500 

525 

498 

525 

498 

525 

500 

525 

498 

525 

498 

525 

500 

525 

A1g 594 594 592 594 594 592 592 594 594 592 594 

A1g 613 613 613 613 615 613 613 613 613 613 615 

A1g 640 640 638 638 640 638 638 640 638 638 640 

T2g
1

 666 666 664 664 666 664 664 664 664 664 664 

Table 20 Assignments and positions of the Raman active modes in cm-1 of formatted LiNi0.4Mn1.6O4 

cathodes (0% SOC) in cells with various electrolyte additives resulting in the first cubic 

phase. 

Symmetry 

species 

Al2O3 coating layer on 

anode and cathode 

T2g
3

 
163, 

220 

Eg 407 

T2g
2

 475 

T2g
2

 
500, 

525 

A1g 594 

A1g 615 

A1g 640 

T2g
1

 666 

Table 21 Assignments and positions of the Raman active modes in cm-1 of formatted LiNi0.4Mn1.6O4 

cathodes (0% SOC) in cells with Al2O3-modified electrodes resulting in the first cubic phase. 
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Figure 139 Raman spectra of completely discharged LiNi0.4Mn1.6O4 cathodes after formation at 23 °C 

with A 0.5% TMP, B 0.5% TFPi, C 0.5% LiBOB, D 0.5% HMDS, E 0.5% HFiP, and  

F 1.7% TTSP leading to the first cubic phase.  
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Figure 140 Raman spectra of completely discharged LiNi0.4Mn1.6O4 cathodes after formation at 23 °C 
with G 1% SEN, H 2.5% FEC, I 0.5% TEHP, J 0.5% LiTFSI, K 2.5% SA, and  
L Al2O3-modified electrodes leading to the first cubic phase.  
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Fitted Raman spectra of cycled LiNi0.4Mn1.6O4 cathodes 

Second cubic phase 

Symmetry 

species 

0.5% 

TMP 

0.5% 

TFPi 

0.5% 

LiBOB 

0.5% 

HMDS 

0.5% 

HFiP 

Al2O3 coating layer on 

 anode and cathode 

T2g
3

 163 163 163 163 163 163 

T2g
2

 300 - 600 300 - 600 300 - 600 300 - 600 300 - 600 300 - 600 

T2g
2

 (LixNi1-xO) 498 498 500 500 500 498 

T2g
2

 530 532 532 532 530 530 

T2g
2

 541 541 542 542 542 542 

A1g 590 592 592 590 590 592 

A1g 638 638 640 640 638 640 

Table 22 Assignments and positions of the Raman active modes in cm-1 of cycled LiNi0.4Mn1.6O4 

cathodes (0% SOC) in cells with various electrolyte additives and Al2O3-modified 

electrodes resulting in the second cubic phase. 
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Figure 141 Raman spectra of completely discharged LiNi0.4Mn1.6O4 cathodes after 250 cycles at 45 °C 
with A 0.5% TMP, B 0.5% TFPi, C 0.5% LiBOB, D 0.5% HMDS, E 0.5% HFiP, and  
F Al2O3-modified electrodes leading to the second cubic phase. 
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Third cubic phase 

Symmetry 

species 

0.5% 

LiBOB 

0.5% 

HMDS 

0.5% 

HFiP 

1.7% 

TTSP 

1% 

SEN 

2.5% 

FEC 

0.5% 

TEHP 

1.5% 

LiTFSI 

2.5% 

SA 

T2g
3

 163 163 163 165 163 163 165 165 163 

T2g
2

 468 468 470 470 470 468 468 470 468 

T2g
2

 (LixNi1-xO) 498 500 500 498 500 500 500 498 500 

T2g
2

 530 532 530 530 530 530 530 530 530 

T2g
2

 541 542 542 542 542 542 542 542 542 

A1g 590 592 590 590 590 590 590 590 590 

A1g 638 640 638 638 638 640 638 638 638 

Table 23 Assignments and positions of the Raman active modes in cm-1 of cycled LiNi0.4Mn1.6O4 

cathodes (0% SOC) in cells with various electrolyte additives resulting in the third cubic 

phase. 

Symmetry 

species 

Al2O3 coating layer on 

anode and cathode 

T2g
3

 163 

T2g
2

 468 

T2g
2

 (LixNi1-xO) 498 

T2g
2

 530 

T2g
2

 542 

A1g 590 

A1g 638 

Table 24 Assignments and positions of the Raman active modes in cm-1 of cycled LiNi0.4Mn1.6O4 

cathodes (0% SOC) in cells with Al2O3-modified electrodes resulting in the third cubic 

phase. 
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Figure 142 Raman spectra of completely discharged LiNi0.4Mn1.6O4 cathodes after 250 cycles at 45 °C 
with A 0.5% LiBOB, B 0.5% HMDS, C 0.5% HFiP, D 1.7% TTSP, E 1% SEN, and  
F 2.5% FEC leading to the third cubic phase. 
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Figure 143 Raman spectra of completely discharged LiNi0.4Mn1.6O4 cathodes after 250 cycles at 45 °C 
with G 0.5% TEHP, H 1.5% LiTFSi, I 2.5% SA, and J Al2O3-modified electrodes leading to 
the third cubic phase.  
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7.3 X-ray photoelectron spectroscopy 

Reference 

C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.5 1.2 1999 33.9 

After cycling 285.0 1.7 2177 29.7 

CH2     

After formation 285.8 1.4 1863 31.6 

After cycling 286.1 1.7 2105 28.8 

C-O     

After formation 287.1 1.4 852 14.4 

After cycling 287.3 1.7 1417 19.4 

C=O     

After formation 288.8 1.4 471 8.0 

After cycling 289.1 1.7 911 12.4 

CF2     

After formation 290.3 1.4 716 12.1 

After cycling 290.3 1.5 711 9.7 

Table 25 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells containing the base electrolyte at 23 °C and after cycling 

these cells for 250 cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.5 1.7 1675 29.7 

After cycling 529.3 1.8 1584 14.8 

C=O     

After formation 532.1 1.9 1982 35.1 

After cycling 532.1 2.0 3958 36.9 

C-O     

After formation 533.7 1.9 1991 35.2 

After cycling 533.8 2.0 5200 48.4 

Table 26 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells containing the base electrolyte at 23 °C and after cycling 

these cells for 250 cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.7 2.2 229 3.5 

After cycling 684.0 2.3 639 7.2 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 686.8 2.1 1326 20.0 

After cycling 686.9 2.1 4674 52.6 

CF2     

After formation 687.6 2.0 5068 76.5 

After cycling 687.6 2.1 3567 40.2 

Table 27 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells containing the base electrolyte at 23 °C and after cycling 

these cells for 250 cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.3 2.1 18 8.1 

After cycling 133.6 1.9 40 7.7 

LixPFyOz, O=PFOR     

After formation 134.5 2.0 121 56.0 

After cycling 134.7 2.0 196 37.9 

LixPFy     

After formation 136.3 2.1 77 35.9 

After cycling 136.5 2.0 283 54.5 

Table 28 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells containing the base electrolyte at 23 °C and after cycling 

these cells for 250 cycles at 45 °C. 
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Trimethyl phosphate 

A B 

  

  

Figure 144 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TMP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.5 1.2 1725 25.9 

After cycling 284.7 1.6 1560 21.4 

CH2     

After formation 285.7 1.3 1565 23.5 

After cycling 285.9 1.5 2340 32.1 

C-O     

After formation 286.8 1.6 1517 22.8 

After cycling 287.1 1.7 1527 21.0 

C=O     

After formation 288.8 1.9 616 9.2 

After cycling 288.9 1.4 604 8.3 

CF2     

After formation 290.3 1.7 1242 18.6 

After cycling 290.2 1.7 1254 17.2 

Table 29 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.4 1.3 2314 26.0 

After cycling 529.3 1.3 1951 18.2 

C=O     

After formation 531.9 2.2 3182 35.7 

After cycling 531.9 2.3 3210 30.0 

C-O     

After formation 533.6 2.1 3410 38.4 

After cycling 533.7 2.3 5532 51.7 

Table 30 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.3 2.0 310 3.7 

After cycling 684.4 1.2 251 2.9 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 687.0 2.0 2510 29.5 

After cycling 686.9 2.1 5275 61.2 

CF2     

After formation 687.6 2.0 5693 66.9 

After cycling 687.6 2.1 3091 35.9 

Table 31 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.4 1.5 63 22.1 

After cycling 133.7 1.5 95 15.7 

LixPFyOz, O=PFOR     

After formation 134.6 1.7 155 54.0 

After cycling 135.1 2.4 343 56.9 

LixPFy     

After formation 136.3 1.6 68.9 24.0 

After cycling 136.8 1.6 165 27.4 

Table 32 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Tris(2,2,2-trifluoroethyl)phosphite 

A B 

  

  

Figure 145 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TFPi at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.6 1.2 2419 41.9 

After cycling 284.7 1.7 1530 19.6 

CH2     

After formation 285.9 1.3 1469 25.4 

After cycling 285.9 1.7 2788 35.6 

C-O     

After formation 287.1 1.3 785 13.6 

After cycling 287.2 1.7 1858 23.8 

C=O     

After formation 288.8 1.4 444 7.7 

After cycling 289.0 1.7 698 8.9 

CF2     

After formation 290.3 1.4 658 11.4 

After cycling 290.2 1.7 949 12.1 

Table 33 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TFPi at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.5 1.7 1684 31.5 

After cycling 529.4 1.6 1282 11.0 

C=O     

After formation 532.0 1.9 1821 34.0 

After cycling 532.2 1.9 4554 39.2 

C-O     

After formation 533.7 1.9 1847 34.5 

After cycling 533.8 1.9 5790 49.5 

Table 34 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TFPi at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.2 1.1 266 3.6 

After cycling 684.6 1.8 155 2.7 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 686.9 2.1 1944 26.4 

After cycling 687.0 2.0 2046 34.8 

CF2     

After formation 687.7 2.1 5154 70.0 

After cycling 687.8 2.2 3678 62.6 

Table 35 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TFPi at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.6 1.9 61 21.6 

After cycling 133.7 2.0 86 18.0 

LixPFyOz, O=PFOR     

After formation 134.6 1.9 147 52.3 

After cycling 134.7 2.0 297 62.4 

LixPFy     

After formation 136.4 1.8 74 26.2 

After cycling 136.2 2.0 94 19.7 

Table 36 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TFPi at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Lithium bis(oxalato)borate 

  

Figure 146 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after cycling C//LiNi0.4Mn1.6O4 pouch 

cells with 0.5% LiBOB for 250 cycles at 45 °C between 3.3 and 4.8 V.  

C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After cycling 284.5 1.2 1033 14.2 

CH2     

After cycling 285.7 1.7 2205 30.3 

C-O     

After cycling 287.0 1.9 1873 25.8 

C=O     

After cycling 289.0 2.3 1355 18.6 

CF2     

After cycling 290.5 1.6 807 11.1 

Table 37 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% LiBOB at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After cycling 529.5 1.5 1171 13.7 

C=O     

After cycling 532.2 2.1 3965 46.4 

C-O     

After cycling 533.8 1.8 3414 39.9 

Table 38 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% LiBOB at 45 °C.  
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After cycling 684.8 2.1 212 3.2 

LixPFy, LixPFyOz, 

O=PFOR 
    

After cycling 687.0 2.0 2184 33.5 

CF2     

After cycling 687.7 1.8 4133 63.3 

Table 39 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% LiBOB at 45 °C. 

 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After cycling 133.3 1.4 10 4.2 

LixPFyOz, O=PFOR     

After cycling 134.5 2.1 161 65.6 

LixPFy     

After cycling 136.2 2.3 74 30.2 

Table 40 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% LiBOB at 45 °C. 
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Hexamethyldisilazane 

A B 

  

  

Figure 147 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% HMDS at 23 °C and after B cycling these cells for 250 cycles at 

45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.5 1.0 1447 23.5 

After cycling 284.5 1.0 1734 31.9 

CH2     

After formation 285.7 1.6 2131 34.6 

After cycling 285.7 1.3 1449 26.7 

C-O     

After formation 287.0 2.2 1308 21.3 

After cycling 286.9 1.6 1030 19.0 

C=O     

After formation 289.1 2.0 659 10.7 

After cycling 288.8 1.8 434 8.0 

CF2     

After formation 290.4 1.2 608 9.9 

After cycling 290.2 1.3 782 14.4 

Table 41 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HMDS at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.5 1.2 2146 27.5 

After cycling 529.3 1.1 2608 32.4 

C=O     

After formation 531.9 2.3 2724 34.9 

After cycling 531.4 2.5 2590 32.2 

C-O     

After formation 533.6 2.2 2929 37.5 

After cycling 533.5 2.4 2850 35.4 

Table 42 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HMDS at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.8 2.0 234 2.4 

After cycling 684.8 2.0 621 6.4 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 687.0 1.9 3242 33.7 

After cycling 686.9 2.0 4721 48.9 

CF2     

After formation 687.6 1.9 6156 63.9 

After cycling 687.6 1.9 4310 44.7 

Table 43 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HMDS at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 132.8 1.9 16 5.0 

After cycling 133.2 1.2 21 4.9 

LixPFyOz, O=PFOR     

After formation 134.4 2.1 191 58.4 

After cycling 134.4 1.9 286 66.4 

LixPFy     

After formation 136.4 2.1 119 36.6 

After cycling 136.2 2.2 124 28.7 

Table 44 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HMDS at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate 

A B 

  

  

Figure 148 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% HFiP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.5 1.1 1196 21.2 

After cycling 284.6 1.4 1092 16.8 

CH2     

After formation 285.7 1.6 1855 33.0 

After cycling 285.7 1.5 2005 30.9 

C-O     

After formation 286.9 1.6 955 17.0 

After cycling 287.0 1.5 1407 21.7 

C=O     

After formation 288.8 2.0 698 12.4 

After cycling 288.8 1.7 948 14.6 

CF2     

After formation 290.3 1.6 923 16.4 

After cycling 290.2 1.7 1039 16.0 

Table 45 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.4 1.2 1942 25.7 

After cycling 529.3 1.3 1303 12.2 

C=O     

After formation 531.9 2.3 2791 36.9 

After cycling 532.0 2.1 3974 37.1 

C-O     

After formation 533.6 2.2 2826 37.4 

After cycling 533.6 2.1 5427 50.7 

Table 46 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.5 1.7 321 3.8 

After cycling 685.2 1.2 199 2.6 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 687.0 1.8 2275 26.8 

After cycling 687.1 1.9 3593 46.1 

CF2     

After formation 687.6 2.2 5895 69.4 

After cycling 688.0 2.3 4010 51.4 

Table 47 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.3 1.5 39 14.4 

After cycling 133.7 1.6 66 13.1 

LixPFyOz, O=PFOR     

After formation 134.5 1.9 161 58.5 

After cycling 134.7 2.2 277 55.3 

LixPFy     

After formation 136.3 2.0 75 27.2 

After cycling 136.3 2.1 158 31.6 

Table 48 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Tris(trimethylsilyl) phosphate 

A B 

  

  

Figure 149 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 1.7% TTSP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 

Si2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

Si2p     

After formation - - - - 

After cycling 95.5 1.0 17.9 100.0 

Table 49 Experimental data of the Si2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

 

  



7. Appendix 

7.3 X-ray photoelectron spectroscopy 

276 

C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.7 1.5 1984 31.5 

After cycling 284.4 1.2 426 9.6 

CH2     

After formation 285.9 1.6 1684 26.7 

After cycling 285.7 1.7 1229 27.7 

C-O     

After formation 287.0 1.7 1192 18.9 

After cycling 287.3 1.9 1250 28.2 

C=O     

After formation 288.8 1.7 747 11.8 

After cycling 289.5 2.1 1208 27.2 

CF2     

After formation 290.4 1.7 698 11.1 

After cycling 291.4 1.7 325 7.3 

Table 50 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.5 1.4 755 8.0 

After cycling 529.3 1.2 1045 6.3 

C=O     

After formation 532.1 2.1 3963 41.8 

After cycling 532.6 4.0 6317 38.0 

C-O     

After formation 533.8 2.2 4774 50.3 

After cycling 536.0 3.7 9246 55.7 

Table 51 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.6 2.3 173 3.3 

After cycling 685.2 1.9 123 5.1 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 687.1 2.3 2451 46.5 

After cycling 687.0 1.7 5782 73.5 

CF2     

After formation 688.0 2.5 2649 50.2 

After cycling 687.8 1.5 521 21.5 

Table 52 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.7 2.4 27 1.9 

After cycling 133.6 2.6 331 12.0 

LixPFyOz, O=PFOR     

After formation 135.0 2.5 663 46.5 

After cycling 135.8 2.6 1110 40.3 

LixPFy     

After formation 136.4 2.5 734 51.6 

After cycling 136.7 2.5 1314 47.7 

Table 53 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Sebaconitrile 

A B 

  

  

Figure 150 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 1% SEN at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 

N1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-N     

After formation 400.3 2.6 762 92.6 

After cycling 400.3 2.4 487 69.4 

NH3, NH2
+
     

After formation 402.2 2.7 61 7.4 

After cycling 401.8 2.2 215 30.3 

Table 54 Experimental data of the N1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.7 1.4 2012 29.7 

After cycling 284.5 1.9 272 3.2 

CH2     

After formation 285.9 1.4 2081 30.7 

After cycling 285.5 1.8 4048 47.4 

C-O     

After formation 287.0 1.5 1307 19.3 

After cycling 287.0 1.8 2608 30.6 

C=O     

After formation 288.7 1.6 621 9.2 

After cycling 289.0 1.8 966 11.3 

CF2     

After formation 290.4 1.6 750 11.1 

After cycling 290.3 1.8 642 7.5 

Table 55 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.7 1.8 762 14.0 

After cycling 529.6 1.6 109 1.2 

C=O     

After formation 532.1 1.9 2280 41.8 

After cycling 532.2 1.9 3560 40.3 

C-O     

After formation 533.7 1.9 2410 44.2 

After cycling 533.8 2.0 5228 58.5 

Table 56 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.5 1.9 94 1.0 

After cycling 685.2 1.8 112 1.5 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 686.7 2.1 3468 37.3 

After cycling 686.7 1.9 4768 63.9 

CF2     

After formation 687.6 2.0 5732 61.7 

After cycling 687.9 1.9 2586 34.6 

Table 57 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.0 1.8 16 4.1 

After cycling 132.8 2.1 21 3.1 

LixPFyOz, O=PFOR     

After formation 135.1 2.2 135 35.9 

After cycling 134.7 2.1 222 32.7 

LixPFy     

After formation 136.5 1.8 225 60.0 

After cycling 136.4 1.9 436 64.2 

Table 58 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Fluoroethylene carbonate 

A B 

  

  

Figure 151 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 2.5% FEC at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.6 1.2 1490 24.7 

After cycling 284.6 1.2 983 13.7 

CH2     

After formation 285.7 1.3 1668 27.6 

After cycling 285.7 1.4 2110 29.3 

C-O     

After formation 286.9 1.6 1148 19.0 

After cycling 287.0 1.4 1652 22.9 

C=O     

After formation 288.7 1.6 731 12.1 

After cycling 288.6 2.0 1197 16.6 

CF2     

After formation 290.3 1.5 1008 16.7 

After cycling 290.2 1.9 1257 17.5 

Table 59 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% FEC at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.4 1.3 2110 22.3 

After cycling 529.3 1.2 1300 12.1 

C=O     

After formation 531.9 2.3 3536 37.4 

After cycling 532.1 2.3 4554 42.8 

C-O     

After formation 533.6 2.2 3803 40.2 

After cycling 533.8 2.0 4780 45.0 

Table 60 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% FEC at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 684.8 1.7 261 3.7 

After cycling 685.2 1.2 280 3.3 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 687.0 1.8 1689 23.9 

After cycling 686.9 1.6 2669 31.9 

CF2     

After formation 687.6 2.1 5123 72.4 

After cycling 687.7 2.0 5429 64.8 

Table 61 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% FEC at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 132.8 0.5 4 1.5 

After cycling 133.6 1.9 43 12.6 

LixPFyOz, O=PFOR     

After formation 134.4 2.0 178 59.6 

After cycling 134.6 2.0 181 53.1 

LixPFy     

After formation 136.2 2.3 116 38.9 

After cycling 136.3 2.0 117 34.2 

Table 62 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% FEC at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Tris(2-ethylhexyl) phosphate  

A B 

  

  

Figure 152 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after A formation C//LiNi0.4Mn1.6O4 

pouch cells with 0.5% TEHP at 23 °C and after B cycling these cells for 250 cycles at 45 °C. 
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C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After formation 284.5 1.2 1292 21.4 

After cycling 284.6 1.1 720 9.0 

CH2     

After formation 285.8 1.7 2331 38.6 

After cycling 285.7 1.7 3442 42.9 

C-O     

After formation 287.1 1.6 1050 17.4 

After cycling 287.1 1.6 1836 22.9 

C=O     

After formation 288.8 1.6 655 10.8 

After cycling 289.0 1.7 1424 17.7 

CF2     

After formation 290.4 1.5 716 11.9 

After cycling 290.4 1.2 612 7.6 

Table 63 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TEHP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After formation 529.5 1.3 1575 20.3 

After cycling 529.4 1.3 1218 10.3 

C=O     

After formation 531.9 2.2 2910 37.4 

After cycling 532.2 2.2 4492 38.1 

C-O     

After formation 533.6 2.1 3288 42.3 

After cycling 533.7 2.1 6093 51.6 

Table 64 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TEHP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After formation 685.1 0.1 8 0.1 

After cycling 685.0 2.2 367 6.4 

LixPFy, LixPFyOz, 

O=PFOR 
    

After formation 686.9 1.8 2752 36.7 

After cycling 687.0 1.8 2630 45.8 

CF2     

After formation 687.8 1.8 4748 63.2 

After cycling 687.8 2.2 2745 47.8 

Table 65 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TEHP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After formation 133.4 1.5 37 11.1 

After cycling 133.6 1.4 56 14.2 

LixPFyOz, O=PFOR     

After formation 134.6 2.0 176 52.3 

After cycling 134.6 1.7 195 49.4 

LixPFy     

After formation 136.5 2.3 123 36.6 

After cycling 136.0 1.9 144 36.4 

Table 66 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after formatting 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TEHP at 23 °C and after cycling these cells for 250 

cycles at 45 °C. 
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Succinic anhydride 

  

Figure 153 XPS spectra of LiNi0.4Mn1.6O4 electrodes at 0% SOC after cycling C//LiNi0.4Mn1.6O4 pouch 

cells with 2.5% SA for 250 cycles at 45 °C between 3.3 and 4.8 V. 

C1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

C-C     

After cycling 284.5 1.2 674 10.2 

CH2     

After cycling 285.7 1.7 2244 33.9 

C-O     

After cycling 287.0 2.1 1742 26.3 

C=O     

After cycling 289.2 2.1 1583 23.9 

CF2     

After cycling 290.4 1.3 375 5.7 

Table 67 Experimental data of the C1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% SA at 45 °C. 

O1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

O2-     

After cycling 529.4 1.3 1684 17.7 

C=O     

After cycling 532.1 2.3 4194 44.0 

C-O     

After cycling 533.7 2.0 3659 38.4 

Table 68 Experimental data of the O1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% SA at 45 °C.  
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F1s 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

LiF, NiF2, MnF2     

After cycling 685.1 2.0 346 4.1 

LixPFy, LixPFyOz, 

O=PFOR 
    

After cycling 687.0 1.8 4926 58.1 

CF2     

After cycling 687.8 2.4 3212 37.9 

Table 69 Experimental data of the F1s spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% SA at 45 °C. 

 

P2p 

Signal Binding energy 
(eV) 

FWHM 

(a.u.) 

Area 

(CPSeV) 
Area (%) 

PO4
3-

     

After cycling 132.8 0.9 17 3.6 

LixPFyOz, O=PFOR     

After cycling 134.3 1.6 203 43.4 

LixPFy     

After cycling 135.8 2.3 248 53.0 

Table 70 Experimental data of the P2p spectra of LiNi0.4Mn1.6O4 cathodes after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% SA at 45 °C. 
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7.4 Electrochemical impedance spectroscopy 

Trimethyl phosphate 

 

Figure 154 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TMP at 23 °C. 

 

Figure 155 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% TMP at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.2 

Rs 0.3 1.0 

Rct 1.3 2.0 

Element Value Error % 

Ri 0.6 2.9 

Rs 0.4 2.9 

Rct 2.9 2.9 



7. Appendix 

7.4 Electrochemical impedance spectroscopy 

290 

Tris(2,2,2-trifluoroethyl)phosphite 

 

Figure 156 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TFPi at 23 °C. 

 

Figure 157 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% TFPi at 45 °C. 

 

  

Element Value Error % 

Ri 0.4 0.9 

Rs 0.3 0.6 

Rct 1.1 1.7 

Element Value Error % 

Ri 0.5 2.0 

Rs 0.6 2.5 

Rct 7.5 1.6 
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Lithium bis(oxalato)borate 

 

Figure 158 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% LiBOB at 23 °C. 

 

Figure 159 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% LiBOB at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.0 

Rs 0.3 0.5 

Rct 1.5 1.6 

Element Value Error % 

Ri 0.6 2.9 

Rs 0.5 4.9 

Rct 5.7 2.2 
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Hexamethyldisilazane 

 

Figure 160 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HMDS at 23 °C. 

 

Figure 161 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% HMDS at 45 °C. 

  

Element Value Error % 

Ri 0.4 0.7 

Rs 0.3 0.9 

Rct 1.1 1.4 

Element Value Error % 

Ri 0.6 1.7 

Rs 0.5 1.0 

Rct 4.6 1.5 
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Tris-(1,1,1,3,3,3-hexafluoroisopropyl) phosphate 

 

Figure 162 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% HFiP at 23 °C. 

 

Figure 163 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% HFiP at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.2 

Rs 0.3 1.2 

Rct 1.2 1.5 

Element Value Error % 

Ri 0.6 2.8 

Rs 0.4 3.9 

Rct 7.3 2.1 
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Reference 

 

Figure 164 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells containing the base electrolyte at 23 °C. 

 

Figure 165 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles containing the base electrolyte at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.1 

Rs 0.3 0.8 

Rct 1.2 2.3 

Element Value Error % 

Ri 0.7 2.2 

Rs 0.5 5.2 

Rct 7.9 2.7 
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Tris(trimethylsilyl) phosphate 

 

Figure 166 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 1.7% TTSP at 23 °C. 

 

Figure 167 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 1.7% TTSP at 45 °C. 

  

Element Value Error % 

Ri 0.3 0.8 

Rs 0.3 0.9 

Rct 1.0 2.0 

Element Value Error % 

Ri 1.0 1.4 

Rs 1.0 2.5 

Rct 9.0 1.9 
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Sebaconitrile 

 

Figure 168 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 1% SEN at 23 °C. 

 

Figure 169 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 1% SEN at 45 °C. 

  

Element Value Error % 

Ri 0.4 0.9 

Rs 0.4 0.6 

Rct 1.1 1.8 

Element Value Error % 

Ri 0.8 2.2 

Rs 0.5 1.4 

Rct 10.5 2.7 
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Fluoroethylene carbonate 

 

Figure 170 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% FEC at 23 °C. 

 

Figure 171 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% FEC at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.3 

Rs 0.3 1.6 

Rct 1.2 1.4 

Element Value Error % 

Ri 0.7 3.3 

Rs 0.5 6.8 

Rct 9.9 2.5 
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Tris(2-ethylhexyl) phosphate  

 

Figure 172 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 0.5% TEHP at 23 °C. 

 

Figure 173 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 0.5% TEHP at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.1 

Rs 0.3 0.6 

Rct 1.3 1.8 

Element Value Error % 

Ri 0.8 0.6 

Rs 0.6 3.7 

Rct 11.2 1.8 
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Lithium bis(trifluoromethanesulfonyl)imide 

 

Figure 174 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 1.5% LiTFSI at 23 °C. 

  

Element Value Error % 

Ri 0.3 0.8 

Rs 0.3 0.7 

Rct 1.1 1.8 
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Succinic anhydride 

 

Figure 175 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with 2.5% SA at 23 °C. 

 

Figure 176 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with 2.5% SA at 45 °C. 

  

Element Value Error % 

Ri 0.4 1.1 

Rs 0.3 0.7 

Rct 2.1 4.7 

Element Value Error % 

Ri 0.6 2.4 

Rs 0.5 5.3 

Rct 23.0 1.7 
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Al2O3 coating layer on anode and cathode 

 

Figure 177 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after formation 

C//LiNi0.4Mn1.6O4 pouch cells with Al2O3 coating layer on anode and cathode at 23 °C. 

 

Figure 178 Nyquist plot and respective EIS data of C//LiNi0.4Mn1.6O4 cells at 80% SOC after cycling 

C//LiNi0.4Mn1.6O4 pouch cells for 250 cycles with Al2O3 coating layer on anode and cathode 

at 45 °C. 

 

Element Value Error % 

Ri 0.5 1.9 

Rs 0.4 0.9 

Rct 2.3 1.1 

Element Value Error % 

Ri 0.6 1.8 

Rs 0.4 7.9 

Rct 7.7 4.8 
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